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Abstract

Calibrated climate-based lighting simulation mod-
els of buildings perform an essential role in post-
occupancy evaluations (POE), such as annual fre-
quency assessments of daylighting quality and visual
discomfort. However, the role of lighting analysis is
temporally limited by instantaneous measurements or
limited in scale by requiring constant monitoring of
occupied spaces with expensive sensors. Building cal-
ibrated models is thus challenging due to limited in-
formation, short durations of access, the concurrent
presence of electric lighting and daylighting, and tran-
sient usage of dynamic shades of occupied spaces. In
this paper, the authors present a calibration process
to build annual daylighting and electric lighting simu-
lation models based on one-time field measurements,
exemplified through a dataset of 540 individual office
desks across 10 office spaces. The authors calibrated
lighting models to be reliable enough for assessing
the relationship of annualized climate-based daylight-
ing metrics (CBDMs) to participants long-term per-
ceptions of lighting quality. The proposed process
to build calibrated climate-based models for POE’s
based on one-time field measurements at each build-
ing is validated through comparing measured and
simulated illuminance data at every work desk and re-
sults are sufficiently positive with logarithmic relative
RMSE values of 4.3% and 6.8% and relative RMSE
values of 25.8% and 45.5% for horizontal and ver-
tical illuminances respectively. Vertical illuminance
was found to vary more with measured data due to
the uncertainty of monitor screen luminances. This
paper demonstrates that measured data through one-
time visits can be utilized to build reliable calibrated
lighting simulation models to integrate long-term an-
nual lighting results in post-occupancy evaluations.

Introduction

Simulating daylighting and electric lighting in digital
architecture models in various stages of design have
become quintessential for informing design decisions
to meet quantitative and qualitative lighting goals
by predicting building performance prior to construc-

tion. Post-occupancy evaluations (POE’s) of com-
pleted buildings and spaces close the loop by provid-
ing feedback on the end-quality of a design to the
building and construction industry who can assess if
the project brief was met as well as serve an impor-
tant role by allowing researchers to generate knowl-
edge of occupant well-being based on actual user ex-
periences.(Oseland (2007)) Most POE’s focus on in-
stantaneous measures of illuminance or visual com-
fort using High Dynamic Range (HDR) photography
techniques within a monitoring time period. How-
ever, architects, energy consultants, engineers, light-
ing designers and researchers designing for daylight
today use computer daylighting simulations and an-
nualized lighting measures (Reinhart and Fitz (2006))
and recently including climate-based daylighting met-
rics (CBDMs) and annual visual comfort analysis to
assess potential designs instead of static daylighting
metrics (Reinhart et al. (2006)). To truly ’close the
loop’, these annual daylighting metrics need to be
evaluated based on a comparison with overall user
perceptions of space and the annual lighting they ex-
perience. To this end, this manuscript describes a
process of calibrating daylight simulation models dur-
ing POE field studies which can be used to calculate
annual CBDMs as a component of building POE’s
based on short-term visits instead of long-term mon-
itoring. Having said that, the proposed methodology
does not aim to replace current POE methods but
rather to extend and refine the capabilities of POE’s
by correlating actual annual daylighting metrics to
the overall queried experiences of occupants.

Background

Many measurement-driven POE studies in the re-
search literature are based on instantaneous mea-
surements and do not utilize long-term monitoring
nor annual predictive data. Bear and Bell (1992)
measured illuminance, source luminances, surface re-
flectance, geometric factors and subjective informa-
tion for 471 participants as early as 1992. Parpairi
et al. (2002) measured luminance and illuminance val-
ues manually at offices and libraries. Dahlan et al.
(2009) measured discomfort glare metrics using High
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Dynamic Range (HDR) photography along with il-
luminance and subjective information. Choi et al.
(2012) measured instantaneous luminance using HDR
photography and illuminance using a mobile sensor
cart. Hirning et al. (2013, 2014, 2017) measured dis-
comfort glare using HDR photography where pho-
tographs were taken from the occupant’s point of view
where participants filled out a short subjective sur-
vey. Mangkuto et al. (2017) used HDR photography
to measure luminance and glare metrics in a library
space with measures paired with subjective informa-
tion. In summary, for direct measurement POE stud-
ies, it is feasible to quickly collect a large number of
data from a diverse range of participants. However,
limitations do emerge—the vast majority of studies
collect limited seasonal or temporal data, localizing
the results at the specific point-in-time the measure-
ments are taken.

Another approach employed by researchers has been
to utilize long-term data monitoring in order to
gather a more holistic representation of POE par-
ticipant’s lighting experiences. Fan et al. (2009)
recorded HDR photographs and frequent subjective
information using a computer application for 5 occu-
pant workstations. Cameras were mounted as close
to the head position of the occupant as feasible,
which resulted in errors generally below 25% . Konis
(2013, 2014) recorded ambient environmental condi-
tions, HDR photographs, and subjective ratings on
a continuous scale. Drosou et al. (2016) installed
2 high-quality HDR camera capture setups in class-
rooms, monitoring their lighting performance every
10-minutes for an entire year. Limitations included
a period of data loss due to camera shutter failure
and a single, fixed viewing location not from an oc-
cupant point of view. Extrapolating from the above
studies, continuous measurement studies are limited
by the cost and maintenance of equipment, thereby
enhancing the quality of data per participant but lim-
iting the number of participants for which data can
be reasonably and affordably collected over a period
of time.

A third, but less utilized, approach is to em-
ploy daylighting simulations, often using a validated
Radiance-based engine such as DaysimWard (1994);
Reinhart and Walkenhorst (2001). Reinhart et al.
(2014) used quasi-calibrated CBDM results paired
with subjective data to identify annual lighting per-
formance levels that correlate with perceptions of
’daylit.’ Jakubiec and Reinhart (2016)used a day-
lighting model based on measured material proper-
ties, exacting geometric reconstructions, and specific
weather data to assess annual lighting and glare met-
rics at a 6-minute time interval, but the model’s cali-
bration was not checked with measurements, and con-
tributions from electric lighting were ignored. Bellia
et al. (2017) expressed the opinion that this approach
was not feasible due to the complexity and time com-

mitments of modeling data. Mardaljevic et al. (2016)
noted that CBDMs are difficult to validate in prac-
tice due to obstructions on the workplane where sen-
sors would ordinarily be placed for long-term mon-
itoring and that illuminance data is not ordinarily
a part of building management systems. They pro-
pose to use a continuous luminance camera to derive
illuminance on vertical surfaces in order to validate
CBDM illuminance calculations. Other researchers
have noted the importance of appropriate material
properties in simulations to achieve accurate results.
(Jakubiec (2016); Brembilla et al. (2015))

Methodology

In this section, the authors seek to showcase the work-
flow to obtain annual climate-based daylighting mod-
els from one-time measurements at any building and
location. Measurements at office desks of 540 oc-
cupants in 10 offices were recorded during the pe-
riod between October 2016 and August 2017. Cal-
ibrated climate-based daylighting models were then
built according to field measurements: HDR images,
illuminance and luminance measurements, material
reflectance measures, space measurements, and ex-
ternal weather data. Figure 1 explains the general
overall workflow. Computational scripts were writ-
ten to automate each process due to a large amount
of data.

Figure 1: Overall workflow for calibrating climate-
based daylighting models from single point-in-time
measurements.

Field Measurements

Of the 10 offices measured, some occupy multiple
floors, and 2 offices are situated in the same build-
ing separated by 12 floors. Beyond formal and lay-
out differences, each office has different material fin-
ishes and luminaire selection. High Dynamic Range
(HDR) photographs, workplane, and vertical illumi-
nance, and luminance measurements from a neutral
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(a) 1. Camera setup for HDR photography, 2. Vertical
illuminance measurement location, 3. Horizontal illumi-
nance measurement location.

(b) Luminance measurement setup.

Figure 2: Measurements and HDR photography setup.

grey card were captured and recorded at each of the
540 occupants’ desks. Occupants were asked immedi-
ately preceding the measurements to fill out a short
5-minute subjective survey on their perceptions of in-
stantaneous and long-term lighting quality. Before
measurements are taken, occupants are asked to leave
their desk such that the camera and lighting sensors
can be positioned freely at the eye position and on
the workplane. Horizontal illuminance (lux) on the
desktop surface is measured once after the HDR pho-
tographs are taken. Figure 2 illustrates the position-
ing of the illuminance and luminance meters for the
respective measurements. Luminance measurements
(cd/m2) from a grey card are recorded with a lumi-
nance meter (Konica Minolta LS-100), and vertical
illuminance (lux) is recorded with an illuminance me-
ter (Konica Minolta Illuminance Meter T-10A or Il-
luminance Spectrophotometer CL-500A) before the
first exposure and after the last exposure of the HDR
photographs are captured, in front of the fisheye lens
from the occupant’s viewpoint. The average value
of the before and after luminance measurements are
used in calibrating the images, to account for minor
changes in lighting levels during the HDR capture.
If illuminance or luminance values differ significantly,
the image is discarded.

HDR Photography

HDR fisheye photographs were taken at each occu-
pant’s desk to capture luminance values from their

point of view shortly after filling out the subjective
survey, see Figure 3. The methods used are according
to the recommendations proposed by Inanici (2006);
Jakubiec et al. (2016). The occupant is asked to va-
cate their desk before the measurements start—see
Figure 2a. A full frame DSLR camera (Canon EOS
5D Mark III) with a fish-eye lens (Canon EF 8-15mm
f/4L Fisheye USM or Sigma 8mm f/3.5 EX DG Cir-
cular Fisheye Lens) was used with a stable tripod. A
series of 16 photographs with exposure times at an in-
terval of 1 stop from 8 sec. to 1/4000 sec. were taken.
The individual exposures were converted to the Ra-
diance angular fisheye (-vta) image projection (Ward
(1994)) based on measurements of the lens projec-
tions taken with a panoramic tripod head. The im-
ages are then cropped to a 180-degree opening angle
with a circular mask and resized to 800x800 pixels.
The series of photographs were then converted into
HDR images using Photosphere (Ward (2005)). Ap-
proximately half of the HDR images captured in this
study did not have a corresponding luminance mea-
surement. These images were calibrated based on ver-
tical illuminance measurements taken at the camera
lens. Images with a corresponding luminance mea-
surement were then calibrated in Photosphere manu-
ally using the luminance data measured on the grey
card. Finally, vignetting correction was applied to
the HDR photos to correct for light attenuation at
the edge of the fisheye photograph(Jakubiec et al.
(2016)).

Figure 3: An example of HDR image collected from
each of the 10 office spaces measured.
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Physical Measurements

A laser scanner (FARO FOCUS 3D X330) was used
to scan the interiors and exteriors of the office spaces
that act as a geometric reference for the precise con-
struction of a 3D model by approximating the interior
layout including dimensions and positions of furniture
and electric lighting, see Figure 4. The scan files were
processed into point clouds and finally used to build
a detailed surface model in Rhinoceros 3D (McNeel
and Associates (2017)). However, laser scanning is an
optional step and may be replaced by hand measure-
ments, or using as-built BIM-models after verifying
their measurements. The surface geometry created
in this step is converted to polygonal meshes and ex-
ported to the Radiance .rad format (Ward (1994)).

Figure 4: Example of 3D scan point cloud and screen
captures of furniture plan and luminaires (orange
rectangles).

Measurement of Material Reflectance Data &
Translation to Radiance Material Definitions

Material reflectance data of surfaces were measured
using a spectrophotometer (Konica Minolta CM-
2600d Spectrophotometer) based on an average value
of three-point measurements across each surface ma-
terial type. Each material finish had two types of
reflectance recorded, Specular Component Included
(SCI) and Specular Component Excluded (SCE) re-
spectively which are both full-spectrum colorimetric
measurements. The material data was converted to
Radiance material definitions as described by Jaku-
biec (2016). Where the glazing transmittance infor-
mation is not obtainable, it was either measured if the
windows are operable or estimated from initial visual-
ization simulations. Where the glazing transmittance
was known, it was converted to transmissivity by mul-
tiplying by 1.09 (Jacobs (2012)). A generic monitor
model was used for all the desks, modeled according
to Jones and Reinhart (2017) but with modifications
to match the average observed screen luminances in
Singapore with a high-state pixel luminance of 125
cd/m2 and low-state pixel luminance of 33 cd/m2.

A generic roller blind with a direct normal trans-
mittance of 0.01, front reflectance of 0.37, back re-
flectance of 0.56 and diffuse transmittance of 0.2, and
transmittance that drops to zero at 84 degrees, was
used.

External Measurements

Global horizontal solar irradiation (W/m2) is mea-
sured in real-time from an existing weather station lo-
cated at the rooftop of the authors’ university campus
at 36 m above ground level with no urban obstruc-
tion, using a silicon pyranometer and recorded every
5 minutes by a data logger. Global horizontal solar
irradiation was split using the Reindl et al. (1990)
method into direct-horizontal and diffuse-horizontal
irradiance. A customized Radiance .wea weather file
(Reinhart and Walkenhorst (2001)) was then created
for each office space back-dated one year from the
date of visit.

Validation of HDR Images

To validate the accuracy of the HDR images, which
will be used for glare analysis and point-in-time cal-
ibration of the daylighting model, measured verti-
cal illuminance, Emea, was compared to the total
pixel illuminance contribution from the equiangular
HDR images Ev, as calculated in equation 1. As
the HDR images with illuminance measurements were
calibrated to the measured illuminances, only the
HDR images that were calibrated through the lu-
minance measurements are included in this valida-
tion. The grey line illustrates the ideal calibration of
HDR images, and it is notable that the total pixel
illuminance contribution fell slightly below than the
sensor measured vertical illuminance for luminance-
calibrated images.

Ev =
∑

θp<90◦

Lpωp cos θp (1)

where Lp is the luminance (cd/m2) of the individual
pixel, p, ωP is the solid angle (str) of that pixel, and
θp is the incident angle from the pixel to the center of
the photograph. The authors then calculate the root
mean squared error (RMSE) between the HDR illu-
minance and sensor-measured illuminance with equa-
tion 2 as follows:

RMSE =

√∑
(Ev − Emea)2

n
(2)

where Ev is the total pixel illumination contribution
derived from n number of HDR images, Emea is the
measured vertical illuminance. The relative RMSE,
RMSErel, refers to the percentage deviation from the
mean while relative mean bias error MBErel is the
Mean Bias Error relative to the mean. Both were
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calculated according to Equations 3 to 5:

RMSErel =
RMSE

Ēmea
(3)

MBE =

∑
(Ev − Emea)

n
(4)

MBErel =
MBE

Ēmea
(5)

where Ēmea is the mean of the measured vertical il-
luminances. RMSE on the logarithmic scale is also
calculated, as the photopic sensitivity response of the
human eye to lighting intensity is on a logarithmic
scale rather than on a linear basis. (Reinhart and
Andersen (2006)) Hence logRMSErel is also calcu-
lated as per Equations 6 to 7:

logRMSE =

√∑
(log10Ev − log10Emea)2

n
(6)

logRMSErel =
logRMSE

log10Ēmea
(7)

The results showed a RMSErel of 23.24% in linear
space, logRMSErel of 9.60% in logarithmic visual
space, a slight negative bias of -9.91% MBErel, where
MBE in linear space is -21.9lux.

Calibration of Electric Lighting

As the exact model and lamp selection of the lu-
minaires were not available, an appropriate IES file
(Committee et al. (1991)) was selected to be used
in the simulation models, based on luminaire dimen-
sions and photometric distributions observed in the
captured HDR images. After loading the IES file into
the lighting simulation model, the luminaires were lo-
cated as per the 3D scan data. An occupant’s view-
point was simulated using high-quality ambient Radi-
ance parameters, and the global horizontal irradiance
value that is recorded by the weather station nearest
to the time of field measurement was used as the in-
put for the Perez all-weather sky model (Perez et al.
(1993)) during a calculation. To keep daylight contri-
bution to a minimum, a viewpoint further away from
the facade was chosen when calibrating the photomet-
ric distribution and intensity of electric lighting data.
A scale factor is approximated and ies2rad was run
to multiply the brightness output of the luminaires.
This process was repeated until an appropriate scal-
ing factor was reached.

CBDM Simulation Data and IES Simulation
Data

Grid-based annual lighting simulations without roller
blinds and electric lighting were run for all 10 of-
fice spaces indicating the various daylighting condi-
tions due to the diverse building typologies, mate-

rials, floor plans, and building depths. Figure 5 il-
lustrates the variation of daylight experienced by the
participants in the 10 surveyed office spaces repre-
sented by Annual Mean Illuminance. A red line il-
lustrates a Daylight Autonomy value of [75%] at an
illuminance threshold of 300 lux. For validation pur-
poses, climate-based daylighting simulations were ran
using Daysim (Reinhart and Walkenhorst (2001)) for
each office space, with roller blinds, per 5-minute time
step using the custom weather data file generated for
each office space. Since light is additive, the sim-
ulated daylight and electric light illuminances were
simulated separately and are summed up to calculate
total simulated horizontal or vertical illuminance.

Figure 5: Annual Mean Illuminance and Daylight
Autonomy for all 10 offices simulated (without roller
blinds and electric lighting).

Results

After the iterative process of calibrating the electric
and daylighting portions of the lighting simulation
models (see Figure 1), the authors compared the ac-
curacy of the results with measurements by extracting
the point-in-time simulation data nearest to the time
of measurement for each of the 540 occupant desks
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Figure 6: Scatter plots of measured vs simulated hor-
izontal and vertical illuminance.

measured during the 13 month period of this study.
RMSErel values of 25.8% and 45.5% were achieved
between sensor measured illuminance and simulated
point-in-time illuminances horizontally and vertically
as illustrated in Figure 6. The grey line is a y = x
identity line representing the ideal calibration situa-
tion. Vertical illuminance deviates from the measured
illuminance more than that of horizontal illuminance.
Vertical RMSErel values are exasperated by the vari-
ety of monitor types and configurations measured at
various workstations where on/off status, the bright-
ness setting, monitor type, monitor size, and mon-
itor number vary wildly between participants; all of
these will have an impact on measured vertical illumi-
nance. Logarithmic differences are known to express
perceived lighting differences by the human eye better
than actual absolute differences in different lighting
situations. (Reinhart and Andersen (2006)) Hence,

the authors decided to use logRMSErel as a paired
validation measure of the CBDM daylighting mod-
els indicating how close calculations come to human
perceptual differences in addition to standard linear
lighting unit errors. In the base-10 logarithmic visual
space, the models had 4.3% and 6.8% logRMSErel
for horizontal and vertical illuminances respectively.
The overall MBE was 0.3 lux (0.0006%) and 61.8 lux
(23.3%) for horizontal and vertical simulated illumi-
nance respectively.

Figure 7: Comparison of calibrated HDR images and
simulated visualizations from the same viewpoint.

Figure 7 compares two selected calibrated HDR
images to simulated visualizations using false-color
luminance images, which are representative of those
simulated during the calibration process. Differences
specifically in the monitor brightnesses can be
observed based on discrete user factors as mentioned
as a cause of high vertical errors in the previous
paragraph.

Discussion

The authors believe that sharing their experience
with the field measurement and calibration process
of the 10 models in this paper would be beneficial to
the reader. Although the accuracy of field-calibrated
models is not expected to surpass that of those in
controlled laboratory setups, it is still a sufficiently
reliable method to determine and detect lighting vari-
ations in a POE study. Problematic data points with
large discrete errors have to be identified and recti-
fied while calibrating the simulation models, as well
as correcting for global errors due to electric lighting.
In addition, some limitations in practice such as in-
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dividual user differences in monitor screens, items in
the workspace, and shade use must be accepted. The
authors believe that the validation process presented
in this manuscript is important to accurately drive
POE results based on calibrated annual lighting sim-
ulations by nearly eliminating bias errors and min-
imizing relative errors. Six participant data points
were removed during data analysis due to horizon-
tal and vertical illuminance errors of more than 1,000
lx, which may be attributed to weather data inac-
curacies likely due to disparate cloud cover patterns
at specific times. These discrepancies are typical and
expected of field measurements, unlike precise labora-
tory measurements that can be controlled to a higher
level of accuracy. It is also sometimes difficult to ob-
tain information of actual glazing transmittances for
fixed glazing since they cannot be measured easily in
the field. Modeling directional and diffusing proper-
ties of complex glazing and roller blinds also present
challenges where no detailed goniophotometer mea-
surements exist. Where possible, the authors have
tried to obtain accurate information from the indi-
vidual building developers to increase the accuracy of
the models. In addition, the location of the weather
station may also cause discrepancies in the custom
sky models used to simulate the instantaneous light-
ing data used in calibrations due to global horizontal
irradiance being recorded from a different location on
the island up to 25 km away in the case of this study.
In the future, portable irradiance data loggers could
be utilized at least during the field measurement pe-
riod.

Conclusion

The proposed process to build calibrated climate-
based models for POE’s based on one-time field mea-
surements at each building is validated through com-
paring measured and simulated illuminance data and
the results are sufficiently positive with logRMSErel
values of 4.3% and 6.8% and RMSErel values of
25.8% and 45.5% for horizontal and vertical illumi-
nances. While 20% is often seen as a best-case vali-
dation result in the lighting community, the authors
suggest that the additional horizontal error observed
in this study is acceptable given the complex field
conditions and the fact that the errors only make up
a small logarithmic perceived logarithmic difference
in lighting. As occupied spaces are usually of lim-
ited access to researchers, the non-invasive method
presented here can allow reliable annual lighting in-
formation to be used for POE’s through short visits
instead of relying on long-term and invasive direct
monitoring data using illuminance sensors or HDR
photographs. As the proposed workflow does not re-
quire constant monitoring and is non-invasive, this
could also increase the willingness of participants to
engage in lighting POE studies.

The authors find that the proposed workflow of

building calibrated models of existing spaces opens
up possibilities of assessing long-term quantitative
lighting results after a short visit for measurements
that can be analyzed in correlation to subjective
occupant responses that are collected in the same
visit (Jakubiec et al. (2018)). It was found that
annual mean illuminance related to the general occu-
pants’ satisfaction to access to daylight. The authors
acknowledge that the proposed methodology may be
more complex than a simpler point-in-time measure-
ment, but building calibrated CBDM daylighting
models enables researchers to simulate annual day-
lighting metrics based on measured annual weather
data. At the same time, it is significantly cheaper
than long-term monitoring techniques due to fewer
demands of manpower and equipment. Predicted
lighting results from the design or construction
phase of the building may also be analyzed with the
post-occupancy results later on, for an additional
feedback loop to architects and lighting designers and
policymakers for lighting requirements in sustainable
building assessment criteria.
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Abstract 
Quality of light in living environments affects users' 
performance, mood and behaviour. This research is 
aimed to assess, through an experimental approach, 
quality of lighting environment and well-being 
experienced inside buildings of School of Architecture in 
Florence and has involved 187 students. This trial 
consists of two stages, one objective and one subjective 
analysis: the aim is to compare results obtained from 
lighting measurements taken in classrooms with 
responses gathered from questionnaires submitted to 
students. This study proposes therefore a new 
assessment methodology for lighting comfort in learning 
environments. 
Introduction 
International scientific studies confirm that there is a 
close connection between architectural environment 
quality (including natural and artificial lighting) and 
users wellbeing: for instance, sub-optimal lighting 
conditions in schools cause fatigue, lack of attention and 
have negative effects on students’ performance.  
Over the past 25 years, biological effects of light have 
been deeply investigated under biological and medical 
research, pointing out existing links between light 
quality and people performance and health (Baron et al. 
1991) (Pechacek, 2008). Moreover, it was found that 
effects of a good lighting system go beyond regular 
visual effects (Králiková et al., 2016); biological effects 
of light produce benefits on health, wellbeing, awareness 
and on sleep quality as well (Ödemis et al., 2011).  
One of the most important outcomes, according to many 
researchers, is that quality of light is not just related to 
quantity, but it heavily depends on psychological and 
behavioural elements (Veicht, 2000-2013; Van Bomme, 
et al., 2004).  
John Flynn (1992) played a pioneering role in pointing 
out this fundamental issue, in cooperation with other co-
workers: their studies suggest that lighting environment 
conditions can affect users’ mood. Among most 
important researchers, Boyce (2004-2013) as well 
includes visual comfort and relaxation in good-lighting 
factors.   
Meaningful results concern how specific hormones, such 
as melanopsin, influence circadian rhythm in human 
clock and other important hormones. 

In addition, new retinal ganglion photoreceptors cells 
regulating perception of biological effects, discovered by 
David Berson (2002), represent a fundamental finding in 
this research field. 
Brainard (1997-2001) as a consequence of similar 
results, suggests new approaches to lighting design, in 
order to arouse both visual and circadian effects of light. 
Also, lighting effects related to learning environment 
were explored, mostly in recent times, focusing on 
connection between artificial light features and students’ 
cognitive skills, mood and behaviour. (Castilla et al., 
2017-2018).  
Aspects of visual quality in lighting projects, such as 
lighting level, spatial distribution of light and colour 
rendering index (CRI), must be extended if we want to 
accomplish lighting projects that provide more benefits 
for users. In addition, it is well known that lighting 
colour, in relation to environment colour and to lighting 
contrast level, affects emotionally moods and space 
perception. Even a good-quality lighting colour helps 
improving performances, comfort and users’ well-being 
(Kay et al., 2015).  
Scientific research under lighting design offers valuable 
suggestions for survey methodologies to be implemented 
in different contexts. DENERG (Energy Department) 
and LAMSA (Analysis and Modelling Laboratory for 
Environmental Systems) at Torino Polytechnic promoted 
for years researches on lighting quality evaluation and 
wellness perception in different architectural 
environments (Shahrom, 2015), through practical 
experimental methods on field. Researchers aim to build 
up guidelines for lighting projects in relation to 
surrounding features and space perception (Khademagha 
et al., 2016).  
Based on research reviews and considering current 
legislation parameters (EN 12464-1) the proposed 
survey methodology consists in a stage of objective 
analysis, including computer simulations through 
software DiaLux Evo®(2016), direct measurements and 
comparison with minimum standards, alongside with 
subjective analysis, covering a questionnaire for the 
students. The purpose is to explore how people who 
daily attend learning environment feels about lighting 
effects, and to compare gained results with similar 
researches’ outcomes (Marty et al., 2003).  
The final aim is to gather information and find valuable 
solutions in order to carry out high-quality lighting 
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projects. Students from School of Architecture in 
Florence were chosen as subjects of the research, in 
order first to assess their satisfaction with existing 
lighting system in school environment where the 
computer monitor is observed for several hours; then, in 
order to see how future architects should take care of 
artificial lighting implications.  
School is divided in two different seats: a building 
partially refurbished, called Santa Teresa, with some 
new classrooms (which we’ll refer to as building A),and 
a historical not refurbished building, called Santa 
Verdiana (which we’ll call building B). Students from 
three-years undergraduate and master's’ degree usually 
attend building A, while students enrolled at five-years 
degree usually attend courses in building B. 
Methods 
This trial comes from similar experiences previously 
outlined (Ödemis et al., 2011; Castilla et al., 2017-2018; 
Shahrom, 2015); it relates to learning environment 
comprising different classrooms distinguished by shape 
and location, with features summarized in Figure 4, in 
which different activities are carried out (frontal classes, 
studio classes and more) during many hours from 
morning to late afternoon. 
During subjective analysis stage, students were asked to 
undergo an individual multiple-choice assessment 
questionnaire, drawn up in order to investigate users’ 
perception of a daily-experienced environment. The 
questionnaire is composed by 35 questions, and 
structured as follows: 
1. Questions 1-9: subjects’ daily habits. Questions 
concerned subject age and gender, amount of days and 
hours he/she spends inside school building, and any 
visual disorder he/she is affected by, in order to 
investigate students’ background. 
2. Questions 10-16: local environment quality 
evaluation, specifically referring to classroom conditions 
perceived while filling the questionnaire – therefore 
students are also asked to indicate date, time and 
classroom in which they are answering questions. 
3. Questions 17-20: global environment quality 
evaluation, referring to the whole school setting that 
students are daily experiencing.  
4. Questions 21-26: self-awareness assessment of 
regulatory parameters in illumination design field, 
looking at students as future architects and designers.   
5. Questions 27-35: lighting quality evaluation of 
9 different school rooms, also assessed in relation to the 
kind of activity performed in it, through qualitative 
scoring from 1 (Min) to 5 (Max). 
Later on, after assessing actual environment quality in 
daily-experienced surroundings, subjects are asked to 
evaluate a virtual representations of potential lighting 
systems. A virtual mock-up university classroom – 
comparable in size, floor plan and windows layout to 
existing rooms belonging to the new wing of the School 
(building A), is projected through a monitor. In this 
mock-up, 8 different lighting systems and surface 

colours (different in light direction, temperature and 
colour choices) are applied through modelling software 
DiaLux Evo (summarized in Figure 1). The CRI is 
constant and equal to 84. All the pictures were drawn up 
taking values of average illuminance of 500 Lux, 
according to European legislation on lighting 
requirements for schools (EN 12464-1). 

 
Figure 1: Overview table of lighting parameters and 

colour choices applied to rendering pictures 
These conditions were selected with the aim to propose 
different combinations of light-coloured walls and floor, 
dark-coloured ones, primary-coloured painted walls, 
matched with both warm-light (3000 K) and cold-light 
(4000 K) solutions. The lighting system remains 
unchanged in all the pictures: LED ceiling lamps similar 
to existing ones in building A classrooms (Figure 2). 

 
Figure 2: Data of lamps chosen for rendering pictures 
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During this trial stage, students were asked to look at the 
8 pictures inside a “test-box”: the monitor is located 
inside a box closed on three sides and put on a work 
table, as shown in Figure 3. Participants look at the 
pictures inside the box: the casing shields the monitor 
from external light sources, so that visual perception is 
not altered. Participants were asked to rate from 1 (min) 
to 5 (max) the 8 pictures inside the test-box, according to 
their personal taste.  

 
Figure 3: Clarification system of “test box” trial 

Together with subjective analysis, on-site illuminance 
measurements were taken in order to link subject 
answers to current lighting and weather conditions, both 
factors influencing outcomes. Classrooms where 
students replied the questionnaire have been classified 
according to architectural and environmental features, 
including exposure, layout and windows surface amount 
(Figure 4). For each classroom, measurements points 
where students usually sit are indicated on floor plan, 
with related resulting values (Figure 5).  
A luxmeter datalogger Delta Ohm HD2102.2 with the 
illuminance probe LP 471 PHOT was used to take 
illuminance measurements inside the classrooms. 
Furthermore, all lamps present in classrooms were 
collected and classified, with the aim to replicate ideal 
lighting conditions in virtual models. 
A total amount of 7 experimentation days were carried 
out during a period between November 20th and 
December 18th, 2018. During the first six trial stages, 
187 students were involved in the assessment 
questionnaire, spread over different learning courses at 
School. Among the students attending the trial, there 
were respectively 37 students enrolled at first grade, 131 
from second grade and 19 from fourth grade. The last 
trial stage involved 52 students from 4th grade. 
Illumination levels (Lux) have been reported in 
classrooms where trials were carried out, considering 
each room in two different situations: first with artificial 
lights on, and then with artificial lights off (only natural 
lighting). Results were summarised in charts (example in 
Figure 5), and ultimately, they shall be compared to each 
other in order to identify cases where both natural and 
artificial lighting levels are far away from regulatory 
requirements. 
Illuminance measurements were taken during winter 
time (November-December) when there is a 
predominance of cloudy days, and when students are 

supposed to attend many classes    inside school 
environment. During 6 days of trial, weather conditions 
didn’t change much: mostly cloudy during daylight 
hours, with occasionally rainfall and temperature around 
6°C. Daylight in those days was pretty faint and tended 
to reduce significantly in early afternoon hours. These 
weather conditions often seem to not provide enough 
natural lighting inside learning environment, also due to 
windows’ layout and exposure in most of the 
classrooms. That’s why luxmeter measurements, taken 
on only-natural light condition, show significantly low 
values of lighting levels (as shown in Figure 4). 
Nevertheless, preliminary results show that natural 
lighting can’t be adequately replaced by using only 
current artificial lighting systems (with particular 
reference to classroom 11). Luxmeter measurements 
shall be taken again during springtime (May), when 
students are still attending many classes, but weather 
conditions get better. 

 

 
Figure 4: Features of classrooms where trial was 

carried out 
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Figure 5: From above to the left: Floor plan and 

pictures of a classroom 402 inside building  A, pictures 
of the classroom and of existing lamps, and table with 

illuminance levels measured in it (first with lights on and 
then with lights off) 

Results 
Differences emerge between students attending building 
A and the ones studying in building B: first ones mostly 
gave positive appraisals of their school environment, 
while second ones generally show dissatisfaction with it. 
(Figure 6).  

 
Figure 6 : Assessment of school environment quality 

related to two different School seats 
The difference between the two buildings does not 
depend exclusively on the age of the building, and on the 
fact that a wing of building A – where trial was carried 
out - was recently refurbished. These two seats highly 
differ from each other in classrooms layouts, windows 
sized and distribution, and furnishing distribution inside 
classrooms. Renovated classes in building A are 
generally characterised by rectangular layouts, uniform 
desks distribution, and several and wide windows on a 
whole wall or on two opposite walls. Otherwise, there 
are many different spaces in building B, and inside some 
of them windows are only a few, or too little to light up 
the whole space, or badly exposed to light, or not located 
in ideal positions (behind student’s backs as in 
classroom 11).  
Therefore, during subjective analysis stage, it was 
decided to shape the virtual mock-up classroom with 
reference to architectural features of building A’s 
refurbished classrooms: the virtual model shares with 
existing rooms the rectangular floor plan, windows size 
and distribution all over a single wall, ceiling height, and 
number, type and layout of ceiling lamps.   
There’s another important finding related to how much 
time architecture students spend working on a computer 
for school projects: 100% of 4th grade students declare 
an everyday use of laptop, and 63% of them use it for 
more than 6 hours a day. Only students from 1st year say 
they don’t need to use it very much: 80% of them use a 
laptop only 2-3 hours a day, and half of them don’t even 
use it every day. This degree curriculum requires daily 
and long laptop activity, mostly inside school spaces, 
and it becomes more and more essential for students 
every year (Figure 7).  
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Figure 7 : Replies to question: “how much time do you 

spend using a computer?” 
Over-exposure to back-lighting screen could be related 
to visual disorders, which affect mainly older students, 
only 20% of 4th grade students don’t suffer for any 
visual disease, compared to 30% of 1st grade students. 
Among most common diseases, 47% of respondents 
suffer for myopia, and 29% suffer for astigmatism; 
students from 4th year widely suffer also for headache 
and visual fatigue (Figure 8). 

 
Figure 8: Visual disorders penetration rates 

Then respondents were asked to assess lighting quality 
in classrooms related to educational activities carried out 
in it, including frontal lectures (often requiring a 
projector), drawing studio classes, design classes 
(making a full use of computer) and technical work like 
building handmade scale models. The results of 
questionnaire responses show that no classroom was 
scored with a top grade for lighting environment; 
moreover, older classrooms in building B got the lower 
scores.  

The gap between the two school seats is notably 
pronounced relating to technical activities such as 
drawing classes, building A environment are deemed 
appropriate for such classes, while building B 
classrooms don’t satisfy students at all (Figure 9).  
Overall, students claim that they have sufficient 
awareness of good lighting requirements, although only 
5,5% of them feels to be well prepared (despite basic 
lighting teaching is provided for in the curriculum) 
(Figure 10).  

 
Figure 9: Assessment of lighting quality related to 

activities carried out in classrooms 

 
Figure 10: Self-awareness assessment of regulatory 

parameters in illumination design field 
This fact may be connected to another two interesting 
results: architecture students give much more value to 
natural lighting design than to artificial lighting design, 
and this is particularly true for older students; high levels 
of daylight are welcomed despite students using laptop 
for a long time (see Figure 7). 
Seventh and final test was conducted on 18th of 
December, involving 52 students, 25 males and 27 
females. Participants were asked to rate from 1 (min) to 
5 (max) the 8 pictures inside the test-box previously 
described (Figure 3). The values have been collected and 
averaged with reference to each single proposed solution 
(Figure 11).There were no significant differences 
between scores awarded by female students and ones 
awarded by males (Figure 12). 
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It was found that pictures in which the classroom is 
painted with bright colours and illuminated with warm 
light (pictures 3 and 6, Figure 13) are preferred over 
ones in which a cold light is applied. Solution that had 
the lower score is picture number 2 (Figure 14), which 
characteristics are reported in Figure 1.  

 
Figure 11: Average of the scores given to single pictures 

(range from 1 to 5) 

 
Figure 12: Average of the scores given related to gender 

of the evaluators; values from 1 (min) to 5 (max) 

 

 
Figure 13: Pictures 3(top) and 6 (bottom) rated with 

higher scores 

 
Figure 14: Picture 2 rated with lower scores 

In order to verify whether there is a match between 
classroom walls colours and students’ preferences, 
participants were invited to state their favourite 5 colours 
on World Colour Survey diagram (Kay et al., 2015). We 
can conclude from outcomes that most of the students 
give preference to following colours on WCS diagram:  
B-5 (light pink), C-10 (light yellow), E-5 (orange), G-16 
(green-blue), C-23 (light blue) (Figure 15). 

 
Figure 15: Favourite colours selected on WCS diagram 
Conclusion 
Involving students in the trial and asking them to express 
their subjective perception of school environment proved 
to be extremely important. This way, it has been possible 
to investigate users’ feelings, and reach many 
conclusions: lighting solutions adopted inside 
Architecture School environment don't always fulfil 
students' needs and tastes. As previously mentioned, 
Architecture degree requires an all-day-long stay inside 
school environment: and as the school years go forward, 
students are supposed to spend more and more time 
inside school building, often even during night-opening.  
Artificial lighting in many classrooms, as emerges from 
the data in Figure 4, is not always capable to adequately 
make up for natural light absence. Therefore, according 
to several researches undertaken on working 
environment lighting, it would be advisable to think 
about a dynamic and variable-during-the-day lighting 
system, so that it can be closer to light-dark cycles and 
can properly enhance circadian rhythms. This way, light 
becomes a means of implementation of biological effects 
of light. 
It might be important to consider the differences 
emerged between the answers given by the students 
enrolled in the last years (4th year) and those given by 
the students of the first years (1st and 2nd). 
Elder students, in addition to spending longer times 
inside school, are more exposed to laptop back-lighting 
screens, as they need to study and work on their 
computers much more than their younger colleagues do. 
Besides, outcomes show that visual disorders and 
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worsening of vision are more widespread within elder 
students. Therefore, in line with other studies, the 
following topic will be further investigated: real 
adequacy of existing lighting system for students who 
are regularly exposed to screen light, and how much it is 
related to worsening visual disorders. A bad quality of 
light, as many researches highlight, not only leads to 
visual fatigue, but it also has adverse repercussions on 
emotive issues, causing lack of attention and students' 
performance. That’s why it’s important to consider, in 
learning environments as well, important parameters 
already adopted in computer workstations and other 
spaces within the offices, such as illumination, 
luminance distribution, glare (UGR), and colour 
rendering index (CRI). 
With regard to users’ assessments, refurbished building 
environment is much more highly evaluated than older 
building one. Trial results point out critical issues, 
especially according to students who attend the building 
where there's a fewer natural lighting. Furthermore, 
School of Architecture environments require different 
lighting specifications depending on varying visual 
tasks, which can change during the same day according 
to teaching activities carried out (like going from a 
studio class to a frontal lecture). This suggests that it is 
necessary to have the chance to adjust intensity and 
quality of light, changing for instance lamps colour 
temperature. That's why a lighting system capable of 
adapting to changing needing is recommended.  
In conclusion, students’ assessment regarding the virtual 
classroom pictures (second trial stage) shows how all 
respondents’ tastes share the same preferences, with no 
meaningful distinction based on people gender or age: 
users would rather attend classrooms characterized by 
light and bright tones, not strongly coloured, and they 
feel better with a diffused and warm lighting. This trial 
stage has been significantly useful in order to defining 
lighting and environmental models that meet the 
subjects’ needs; students had the chance to picture the 
most suitable environment for their learning activities, 
accounting this degree’s abovementioned characteristics. 
Users’ predilections about lighting temperature and 
surfaces colours should be taken into account while 
developing a good design (Marty et al., 2003). Artificial 
lighting design should be considered as a significant 
design factor, especially in educational environment. 
The success of the project should be related to physical 
and psychological conditions of users, and not only to 
the fulfilment of limit values given by standards. 
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Abstract 

It is currently impractical to predict glare in buildings 
under a year’s worth of sky conditions, let alone for 

multiple locations in a room, due to the time required to 
render each view. We introduce a method to calculate 
daylight glare probability (DGP) that replaces rendered 
images with view factors to a discretized sky dome for 
direct lighting. Our method accurately predicts DGP 
under a year’s worth of climate-based skies on a grid of 
sensor points in a matter of minutes. Using conventional 
DGP simulation, this calculation would take 4600 core 
hours, or 133,000 times longer than our method. 
Introduction 

We desire daylight in buildings to offset electric lighting 
costs and promote the health and well-being of occupants 
(Veitch, 2005). However, excessive daylight illuminance 
and contrast can cause glare, and the transient nature of 
daylight makes glare difficult to predict. Glare is highly 
view dependent and subject to change with variation in 
furnishings and finishes. Particularly in open-plan offices, 
the combination of expansive glazing and flexible 
furniture layouts makes glare difficult to mitigate through 
design. 
Daylight glare probability (DGP) is widely recognized as 
the most reliable quantitative metric for glare (Wienold & 
Christoffersen, 2006). A new European standard (EN 
17037, 2018) recommends a minimum glare protection 
for spaces where reading or computer work occur: DGP 
should not exceed 45% for more than 5% of occupied 
hours (Deroisy & Deneyer, 2017). We refer to the fraction 
of time that a space operates independently without glare 
as its glare autonomy. The autonomy concept has 
previously been used to describe the independence of a 
space from thermal, luminous, and ventilation control 
(Ko, Schiavon, Brager, & Levitt, 2018). However, glare 
autonomy presents a unique computational challenge 
because conventional DGP prediction requires time-
intensive image rendering. Calculating DGP for a 
parametric design space can take thousands of core hours 
(Jakubiec, 2018). For practicality, EN 17037 allows the 
lighting designer to select only the most critical views for 
glare analysis. 
In this paper, we present a new method for calculating 
DGP without images. Our method uses daylight 
coefficient and sky matrices that have become common 
for climate-based daylighting simulation. We replace the 

luminance and illuminance terms of the DGP equation 
with view factor-based calculations in a modified version 
of the dctimestep program from RADIANCE (Larson & 
Shakespeare, 1998). This matrix-based glare calculation 
is significantly faster than rendered image-based 
simulations. We speed the calculations up further by 
computing the daylight coefficient matrices with GPU-
based ray tracing. In a room model containing 819 sensor 
points with eight viewing directions at each, we calculate 
imageless DGP for 3508 occupied hours in two minutes. 
This is 133,000 times faster than conventional DGP 
simulation. Using this method, we can quickly create 
spatial mappings of point-in-time glare and cumulative 
glare autonomy. 
Background 

Glare is a subjective phenomenon in which excessive 
brightness or contrast in a person’s field of view causes 

visual discomfort. Depending on its magnitude, glare may 
be classified as disability or discomfort glare. Disability 
glare occurs when a bright light source in the field of view 
produces a loss of contrast in the retinal image (CIE 117, 
1995). Discomfort glare causes visual irritation but not 
impairment; it may become disability glare as the light 
source grows in area or brightness (Hopkinson, 1972). 
Glare most often occurs when a bright light source such 
as the sun appears directly in the field of view. The 
primary exception to this is veiling glare, where a 
reflected light source such as sunlight on a computer 
monitor obscures a transmitted image (Jakubiec & 
Reinhart, 2012). 
Daylight Glare Probability 

The likelihood that an occupant will experience glare in a 
given view can be calculated through a variety of metrics, 
including Daylight Glare Index (DGI) (Hopkinson, 1972), 
CIE Glare Index (CGI) (Einhorn, 1979), Unified Glare 
Rating (UGR) (CIE 117, 1995), Visual Comfort 
Probability (VCP) (Harrold, 2003), and Daylight Glare 
Probability (DGP) (Wienold & Christoffersen, 2006). Of 
these, DGP is regarded as the most reliable because it 
considers both brightness and contrast and because it 
correlates with subjective assessments (Van Den 
Wymelenberg, Inanici, & Johnson, 2010; Jakubiec & 
Reinhart, 2012; Van Den Wymelenberg & Inanici, 2014; 
Pierson, Wienold, & Bodart, 2018). While initially 
developed for analysis of photographic images, DGP may 
also be used for predictive analysis using rendered images 
(Jones & Reinhart, 2017). 
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DGP predicts the fraction of occupants who will 
experience glare in a given view to be: 

 𝐷𝐺𝑃 = 5.87 × 10−5𝐸𝑣 + 
 brightness term 

0.0918 × log10 (1 + ∑
𝐿𝑠,𝑖

2 𝜔𝑠,𝑖

𝐸𝑣
1.87𝑃𝑖

2

𝑛

𝑖=1

) + 0.16 

 contrast term 

(1) 

Where Ev is the vertical eye illuminance, Ls,i and ωs,i are 
the luminance and solid angle of the ith glare source, and 
the Guth position index Pi represents the eye’s sensitivity 

to the source direction (Luckiesh & Guth, 1949). A 
reference implementation of this formula forms the basis 
of the evalglare program (Pierson, Wienold, & Bodart, 
2018), now distributed with RADIANCE. 
Human subject studies correlate certain DGP thresholds 
with the onset of glare (Table 1). When DGP exceeds the 
disturbing threshold, occupants are likely to complain of 
glare. Thresholds below and above this indicate the onset 
of perceptible and intolerable glare, respectively. Initial 
studies in Germany and Denmark suggested a 40% DGP 
threshold for uncomfortable glare (Wienold, 2009a). 
However, additional studies in Idaho (Van Den 
Wymelenberg & Inanici, 2014), Indonesia (Mangkuto, 
Kurnia, Azizah, Atmodipoero, & Soelami, 2017), and 
California (McNeil & Burrell, 2016) suggest thresholds 
between 22% and 85% depending on situation and 
culture. Notably, only the California study allowed 
occupants to adjust their positions, leading to a much 
higher glare threshold. Jakubiec’s adaptive zone concept 

(2012) permits similar flexibility. 
Table 1: DGP thresholds from previous studies 

The duration of glare conditions also affects occupant 
comfort (Jakubiec & Reinhart, 2016; Bian & Ma, 2018). 
EN 17037 specifies that intolerable glare should not occur 
in more than 5% of occupied hours. Wienold (2009b) 
suggested this tolerance based on a similar allowance for 
thermal comfort (EN 15251, 2007). 
Simplified Glare Metrics 

The major drawback of predictive DGP is the amount of 
time required to render images used to derive the contrast 
term of Equation (1). High-quality RADIANCE renderings 
can take hours to produce, although Jones and Reinhart 
(2017) showed that unbiased low-quality renderings 
produce similar DGP results, and their production can be 
sped up using graphics hardware through Accelerad. 
Nonetheless, the time required to produce a set of 
renderings for annual calculation or for analysis of many 
views remains prohibitive for most applications. 
To achieve faster predictions, some glare analysis 
methods consider only brightness. Wienold (2009b) 

developed a simplified DGP calculation (DGPs) based 
solely on Ev. Because it ignores individual glare sources, 
DGPs applies only for views without direct sun or 
specular reflections. Wienold’s DGPs formula aligns the 

40% threshold for disturbing glare with a vertical eye 
illuminance of 3500 lux. Other human subject studies 
found visual discomfort occurring at 2000 lux (Bian & 
Luo, 2017), 1700 lux (Karlsen, Heiselberg, Bryn, & 
Johra, 2015), 1500 lux (Jakubiec, Reinhart, & Van Den 
Wymelenberg, 2015), or as low as 1250 lux (Van Den 
Wymelenberg & Inanici, 2014). Horizontal illuminance is 
sometimes used as a view-independent proxy for glare. 
Based on horizontal illuminance, the Useful Daylight 
Illuminance exceeded (UDI-e) metric predicts visual 
discomfort well, underestimating discomfort in 6.9% of 
cases and yielding false positives for glare occurrence in 
4.8 – 5.8% of cases, while running 20 times faster than 
DGP calculation (Jakubiec, 2018). 
An improvement on fast DGP prediction uses separate 
simulations for the brightness and contrast terms. Most 
glare sources (typically defined as regions of the visual 
field with luminance at least 2000 cd/m2 or five times the 
average task luminance) represent direct views to the sun 
or other light sources, so the luminance in Equation (1) 
can be calculated with a faster zero-ambient-bounce 
rendering. The enhanced simplified DGP metric (eDGPs) 
combines a zero-ambient-bounce luminance simulation 
with a lower-resolution illuminance simulation to 
approximate DGP with high accuracy (relative mean bias 
error (MBE) under 2% and relative root-mean-square 
error (RMSE) under 5%) (Wienold, 2009b). 
When glare calculations are applied to annual data to 
create a climate-based daylighting metric (CBDM), 
sampling methods can reduce overall simulation time. 
Kleindienst, Bodart, and Andersen (2008) split the year 
into 56 representative periods based on similar sun angles 
with only one simulation per period. Using random 
sampling, Sullivan and Donn (2018) achieve 6% error in 
CBDM performance indices calculated for 10 days per 
month and 10% error when sampling 5 days per month. 
For spatial CBDM calculations, they achieve additional 
speedup by reducing sensor grid resolution to 10 × 10. 
Recently, many CBDM calculations have been sped up 
using multi-phase methods. Rather than performing 
traditional luminance or illuminance calculations (using 
the RADIANCE rpict and rtrace programs, respectively), 
multi-phase methods use rcontrib to calculate 
contributions of sky patches to the luminance or 
illuminance of a scene (Subramaniam, 2018). Point-in-
time luminance and illuminance levels are linear 
combinations of these contributions calculated by matrix 
multiplication (using the program dctimestep). The two-
phase method corresponds to simple daylight coefficients 
(Tregenza & Waters, 1983). The three-phase method 
incorporates complex fenestration systems with moderate 
accuracy (MBE below 13% and RMSE below 23%) 
(McNeil & Lee, 2013), while the more precise five-phase 
method achieves less than 10% error for DGP (Geisler-
Moroder, Lee, & Ward, 2017).  

Location Glare Threshold 

Perceptible Disturbing Intolerable 

Germany, Denmark 35% 40% 45% 
Idaho, USA 23% 25% — 
Indonesia 21% 22% 24 – 26% 
California, USA — 85% — 
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Method 

Our method, called imageless DGP, achieves fast annual 
DGP simulation without sacrificing the contrast term or 
hourly resolution. The fundamental idea is to replace the 
luminance and illuminance terms in Equation (1) with 
multi-phase method calculations. 
Brightness Term 

The brightness term of Equation (1) depends solely on 
vertical eye illuminance (Ev), which we calculate via the 
two-phase method: 

 𝐸𝑣
′ = 𝑘𝐷8 ∙ 𝑆 (2) 

where D8 is a vector of daylight coefficients calculated by 
rcontrib with 8 ambient bounces, S is a vector of sky patch 
radiance generated by gendaymtx, and k is the luminous 
efficacy of daylight approximated at 179 lumens per watt. 
The number of elements in D8 and S is the number of 
Reinhart sky patches, which are subdivisions of Tregenza 
sky patches (Bourgeois, Reinhart, & Ward, 2008). 
In practice, the two-phase method in RADIANCE creates 
matrices that relate the illuminance at any number of 
points to sky conditions at any number of times: 

 E𝑣
′ = 𝑘D8S (3) 

where the bold terms represent matrices. For cases with 
complex fenestration systems, other multi-phase methods 
may replace the two-phase calculation. 
Contrast Term 

The contrast term of Equation (1) is a summation over a 
set of glare sources. Conventional DGP or eDGPs 
calculations identify these sources by searching within a 
high dynamic range photograph or rendering. Our goal is 
to deduce the position, size, and luminance of all glare 
sources without rendering an image. Keeping in mind that 
daylight glare sources result from direct views to the sun 
and sky, we consider each patch of the Reinhart sky 
subdivision as a potential glare source. The observed 
luminance Lp of sky patch p with radiance sp and solid 
angle ωp is: 

 𝐿𝑝 =
𝑘𝑑1𝑝𝑠𝑝

𝜔𝑝 cos 𝜃𝑝

 (4) 

where d1p is the daylight coefficient for that sky patch 
calculated by rcontrib with one ambient bounce. We 
observe the following about d1p: First, the single ambient 
bounce occurs off the sensor plane itself, so it does not 
account for reflections from other objects. Thus, d1p is a 
view factor from the observer to the sky patch and equals 
zero for occluded patches. Second, d1p depends on 
orientation; we use cosine weighting with the angle θp 
between the view direction and the center of the sky patch 
to maintain the view independence of Lp. Third, the 
numerator in of Equation (4) has units of illuminance. We 
divide by ωp to complete the conversion to luminance. 
In the calculation of DGP or eDGPs, only parts of the field 
of view with luminance above a threshold count as glare 
sources. The luminance contribution of each sky patch 
that we consider for the contrast term is then: 

 𝐿𝑝
′ = {

𝐿𝑝 if 𝐿𝑝 > 2000 cd/m2 and 𝜃𝑝 < 90°

0 otherwise                                             
 (5) 

To complete the terms in Equation (1) without rendering 
an image, we calculate the Guth position index Pp for the 
centre of each sky patch relative to the current view 
direction. 
Annual Simulation 

We use the luminance and illuminance calculation 
methods described above to efficiently generate DGP 
values for an entire year. This climate-based annual glare 
simulation involves the following steps: 
1. Calculate S for each hour of the year using 

gendaymtx. 
2. Calculate D8 for each view position and direction 

using the two-phase method or a higher-order multi-
phase method in rcontrib. 

3. Calculate D1 for the same view positions and 
directions using the two-phase method in rcontrib. 

4. Calculate 𝐸𝑣
′ , L′p, ωp, and Pp for each hour and view, 

and substitute these values in Equation (1) to 
calculate DGP for each view at each hour. We 
perform this step in a modified version of dctimestep. 

Note that sp and d1p are entries in S and D1, respectively. 
The output of our modified dctimestep is a single matrix 
of DGP values where each row corresponds to one view 
and each column represents one hour of the year. 
Results 

We compared the speed and accuracy of imageless DGP 
to conventional DGP calculation, eDGPs, and DGP from 
images created with two-phase method rendering. 
Because of the excessive time required to simulate annual 
DGP over many views using the other methods, we 
limited those tests to either a single view or a single time 
and extrapolated the time required for the full simulation. 
For DGP and eDGPs simulations of a single time, we used 
the rpict -S option to produce all renderings from one call 
to rpict, resulting in faster simulation using cached 
irradiance. For DGP simulations of a single point, we used 
two-phase method rendering to produce 8760 hourly 
images with rcontrib and dctimestep. Table 2 lists the 
relevant simulation parameters in our tests, where the 
rcontrib parameters apply both to imageless DGP and to 
the two-phase rendering method. 

Table 2: Simulation parameters 

We performed the comparison on a digital model of a 
hypothetical 19 m × 10.9 m open-plan corner office space 
with floor-to-ceiling windows on the south and east sides 
(Figure 1). The room was furnished with desks, shelves, 

Parameter rcontrib rpict / rtrace 

Ambient accuracy (-aa) 0 0.13 
Ambient bounces (-ab) 8/1 7 
Ambient divisions (-ad) 50000 2048 
Ambient resolution (-ar) N/A 256 
Ambient super-samples (-as) N/A 512 
Maximum ray reflections (-lr) -10 7 
Minimum ray weight (-lw) 2e-5 1e-3 
Image size (-x, -y) N/A 300 
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and computer monitors, as well as optional venetian 
blinds. The room contained a grid of 819 sensor locations 
with 0.5-m spacing located at a typical seated eye height 
1.3 m above the floor. We considered eight equally 
spaced viewing directions at each location for a total of 
6552 views. Using TMY3 climate data for Minneapolis, 
Minnesota, we considered 3508 occupied hours during a 
typical year. Conventional DGP simulation of all hours 
and views would require rendering 23 million images. 

 

Figure 1: Open plan office space. 

All tests ran on a Windows desktop with a 3.6 GHz Intel® 
Core™ i7-7700 processor with 4.2 GHz overclocking, 
16 GB memory, and a solid-state drive. For Accelerad’s 
GPU-based computations, the machine had an NVIDIA® 
Quadro RTX™ 8000 graphics card with 4608 CUDA® 
cores and 48 GB GDDR6 memory. 
Accuracy 

We compare the accuracy of imageless DGP to other DGP 
methods for both annual and spatial variation. The annual 
value is measured for a single east-facing view (Figure 2) 
for all occupied hours (8 AM to 6 PM accounting for 
daylight savings time). The January 1st and June 21st 
values are measured for all 6552 views at a single time on 
a dim overcast and bright sunny day, respectively. 
We make comparisons to both conventional DGP and 
eDGPs because both methods are commonly used in 
practice. For the annual case, we calculate conventional 
DGP on images created with two-phase rendering and 
eDGPs on zero-ambient-bounce rpict renderings using 
rtrace to calculate Ev. For the point-in-time cases, we use 
rpict with the -S option for both DGP and the rendering 
pass in eDGPs. These methods do not produce identical 
results, so we also compare DGP and eDGPs to gage the 
error magnitude already present in commonly used 
methods. Figure 3 presents the comparison of accuracy 
among these three methods. The mean bias error (MBE) 
is: 

 MBE =
1

𝑛
∑ 𝐷𝐺𝑃𝑖 − 𝐷𝐺𝑃ref,𝑖

𝑖

 (6) 

and the root-mean-square error (RMSE) is: 

 RMSE = √
1

𝑛
∑(𝐷𝐺𝑃𝑖 − 𝐷𝐺𝑃ref,𝑖)

2

𝑖

 (7) 

 

  

  

 
Figure 2: View of the space without blinds (left) and 

with blinds (right) at 11:30 on June 21st. 

 
Figure 3: Accuracy of imageless DGP compared to 

conventional DGP and eDGPs. 

The accuracy of imageless DGP lies within the range 
previously found for other prediction methods. MBE is 
less than 8% and RMSE is less than 10% for the 
investigated cases. The lowest errors occur between 
imageless DGP and annual DGP calculated via the two-
phase method, which also uses a discretized sky. Figure 4 
shows the correlation between DGP, eDGPs, and 
imageless DGP for each of the tests from Figure 3. Errors 
that occur for DGP values below 20% are caused by the 
increased contribution of ground reflectance to glare at 
low light levels. Because the ground is treated as a single 
patch, it is not localized as well by imageless DGP as by 
other methods, but its low reflected luminance is also 
unlikely to cause glare. 
Our method’s accuracy could depend on the number of 
patches in the sky division because smaller patches will 
match the Perez sky in rpict with greater fidelity (Perez, 
Seals, & Michalsky, 1993). Figure 5 presents the MBE 
and RMSE for imageless DGP depending on the number 
of sky patches. Notably, all MBE values are less than 1%, 
even for the coarsest sky subdivision. 
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Figure 5: Accuracy of imageless DGP compared to 5185 

sky patches. 

Speed 

We averaged the run times over ten trials for imageless 
DGP with each level of sky subdivision and present the 
results in Table 3. These times include gendaymtx, 
rcontrib for both one and eight ambient bounces, and our 
modified version of dctimestep. We used both classic 
RADIANCE and Accelerad versions of rcontrib, although 
our modified dctimestep is not parallelized. 

For comparison, we extrapolate the time necessary to 
calculate DGP for all 6552 views at all 3508 occupied 
hours using other methods (Table 3). We also include 
naïve rendering of a single image with the settings in 
Table 2 for reference. 
Of the other methods we tested, the fastest method to 
achieve a full spatial glare autonomy calculation is 
repeated point-in-time eDGPs, which we project to take 
83 core-days without blinds or 164 core-days with blinds. 
Imageless DGP achieves similar results in two minutes, 
representing a 58,300-fold speedup without blinds and a 
133,000-fold speedup with blinds. Furthermore, our 
matrix-based method produces results for all 8760 hours 
of the year, including unoccupied hours, which we do not 
factor into the extrapolations for other methods. 
Memory 

Memory use is another limiting factor for annual and 
spatial simulations. For annual simulations using 
conventional DGP and eDGPs, it is not necessary to 
preserve the rendering from each timestep after 
calculating its DGP, so the memory requirement is just the 
size of a single high-dynamic range image, typically one 
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Figure 4: Imageless DGP plotted against conventional DGP and eDGPs for each test. 
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to two megabytes. For the remaining methods, it is 
necessary to store multiple intermediate images or 
matrices. The last column of Table 3 lists the disk space 
requirement for each method from our tests. 
Discussion 

Imageless calculation offers a significant speedup over 
conventional glare prediction methods while providing 
similar accuracy. It can therefore be useful for daylighting 
design and analysis. In this section, we discuss possible 
uses of imageless glare calculations and make 
recommendations for practitioners. 
Glare Autonomy 

We define a new term, glare autonomy, as the fraction of 
occupied hours that a view is free of glare. We consider 
the view free of glare when DGP is below a user-defined 
threshold, such as 40%. Calculating glare autonomy 
requires annual calculation of DGP for each occupant 
position and view direction under consideration. While 
the idea of glare autonomy can already be found to a 
limited extent in EN 17037, the ability to calculate it 
quickly using a personal computer is new. Glare 
autonomy can be displayed by mapping it to positions and 
view directions, as with the colored arrows in Figure 6. 
If we set a target for the maximum number of hours that 
DGP can exceed the threshold, we can also define spatial 

glare autonomy as the fraction of views in the space that 
achieve that target. Following the conventions for 
daylight autonomy, we abbreviate glare autonomy for a 
threshold of 40% DGP as GA40%, and the corresponding 
spatial glare autonomy with a target of 5% of occupied 
hours as sGA40%,5%. 
Other Glare Metrics 

Imageless calculation may be applied to glare metrics 
other than DGP. Using much the same process as already 
described, CGI can be calculated with the additional 
direct vertical illuminance term: 

 𝐸𝑑
′ = 𝑘𝐷1 ∙ 𝑆 (8) 

VCP can be calculated using an approximation of mean 
luminance similar to that proposed by Jakubiec (2018): 

 𝐿𝑎 =
𝐸𝑣

′

𝜋
 (9) 

DGI and UGR require an approximation of the 
background luminance: 

 𝐿𝑏 =
𝐸𝑣

′ − 𝐸𝑑
′

𝜋
=

𝑘

𝜋
(𝐷8 − 𝐷1) ∙ 𝑆 (10) 

Thus, we provide a generalized method to linearize 
calculation of annual visual comfort metrics without the 
time-consuming rendering step. 

Point-in-Time DGP (Noon, June 21st)  Glare Autonomy (Annual) 

 

 

 
 

 0% 100%  
 

 0% 100% 
Figure 6: Spatial mappings of DGP (left) and GA (right) using coloured arrows arrayed at each sensor point. 

 

Table 3: Simulation time and memory requirement for DGP calculation methods 

Method 
RADIANCE (minutes) Accelerad (minutes) Disk Space 

(bytes) Without Blinds With Blinds Without Blinds With Blinds 

Imageless DGP 

145 sky patches 25.2 25.1 2.1 1.8 38,306,740 
577 sky patches 28.1 27.1 5.5 4.1 151,649,716 
2305 sky patches 43.4 39.3 22.0 15.8 605,021,523 
5185 sky patches 67.3 58.1 49.4 34.9 1,360,641,363 

 Per Simulation Extrapolated 
 

Without Blinds With Blinds Without Blinds With Blinds 

Annual single point 2-phase DGP 8.1 hours 8.1 hours 6 years 6 years 1,625,088,933 
eDGPs 54 hours 308 hours 40 years 230 years ~2,000 

Point-in-time 
DGP 1.3 hours 4.1 hours 186 days 600 days 1,585,107,134 
eDGPs 34.2 minutes 1.1 hours 83 days 164 days 190,204,820 

Naïve rendering of single image 5.2 minutes 36.6 minutes 229 years 1600 years ~2,000 
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Recommendations 

It is often tempting to use fast computational methods for 
expedience, so users must understand when such methods 
apply. Imageless DGP presumes that the sun and sky are 
the only sources of glare in a space. Brightly reflecting 
floors, ground surfaces, or bodies of water may limit the 
accuracy of imageless DGP. Although it supports direct 
views of the sun, it should not be used for spaces with 
specular reflections or light-redirecting fenestration 
systems. As with two-phase rendering, it may not 
perceive the sun as a glare source through electrochromic 
glazing. Nonetheless, imageless DGP can determine 
when blinds or electrochromic glazing might be necessary 
based on simulation performed without them. 
Designers must always ask whether spatial metrics are 
relevant. We warn against the overuse of spatial metrics 
because they can hide the causes of glare issues. In some 
cases, such as comparisons of visual comfort over many 
parametric design options, use of spatial metrics to 
condense a large amount of data is unavoidable (Jones & 
Reinhart, 2018). In other cases, glare autonomy maps 
(Figure 6) may be more useful to inform design decisions. 
There is a tendency when using gridded sensor arrays to 
give equal weighting to all sensors. However, even in 
spaces with flexible furniture arrangements, designers 
should consider that some areas are more likely than 
others to be occupied. When view locations and directions 
are known or can reasonably be guessed, these views 
should be given additional or exclusive weight in spatial 
calculations. For example, in a classroom, one might only 
consider view directions within a few degrees of the front-
facing direction (Konis, 2017). For clarity, we 
recommend nomenclature that references view direction; 
for instance, the range of space that reaches 40% DGP for 
no more than 5% of occupied hours considering only east-
facing view might be written sGA40%,5%,east. 
One advantage of imageless DGP calculation is the ability 
to consider multiple thresholds or parameter settings. Our 
method retains evalglare’s ability to modify settings such 
as brightness threshold that affect its sensitivity to 
contrast (Pierson, Wienold, & Bodart, 2018). Given that 
glare tolerance varies based on situation and culture, it is 
also useful to consider multiple DGP thresholds and 
exceedances beyond sGA40%,5%. The 5% exceedance limit 
proposed by EN 17037 is originally based on a standard 
for thermal comfort, rather than any study of glare 
tolerance (Wienold, 2009b). With faster calculations, we 
may be able to develop evidence-based standards for 
annual tolerance of visual discomfort. 
Conclusion 

Our method can quickly determine the glare autonomy of 
a point or the spatial glare autonomy of an entire space, 
floor, or building. The accuracy of imageless DGP is 
similar to that of conventional DGP calculations from 
two-phase renderings, and as such, the time savings of our 
method is well worth any numerical inaccuracy. 
With the introduction of EN 17037, annual DGP 
calculation will soon become a mainstay of daylighting 

design. As currently presented in that standard, it is up to 
the designer to predict locations of problematic glare. The 
new ability through imageless DGP to quickly generate 
spatial glare maps for any hour of the year can enhance 
designers’ ability to detect and mitigate visual discomfort 

issues. This is in keeping with the greater goal to 
encourage accurate user experience analysis of buildings 
early in the design process when there are more 
opportunities to positively affect building performance. 
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Abstract 

This paper investigates daylight performance in courtyard 

buildings with focus on how different design 

configurations affect daylight availability and potential of 

glare in the courtyard’s adjoining spaces. The study is 

conducted under clear sky conditions of the UAE. The 

analysis of the performance variables in question 

depended on Climate-based Daylight Metrics (Daylight 

Autonomy variations). The method relied on computer 

simulations using DAYSIM software under Rhino 3D 

modeler Interface. The study analyzed daylight 

penetration into the adjacent spaces with varying window-

to-wall ratio (WWR from 40-100%) using several 

metrics: Daylight Autonomy variations (DA, sDA, 

DACon, DAmax) and Useful Daylight Illuminance (UDI). It 

concludes with prediction models and design guidelines 

on the optimum courtyard design and proper sizing of the 

courtyard’s space and adjacent zones for improved 

daylight availability and visual comfort. 

Keywords: climate-based daylight modeling, daylight 

simulation, courtyard, clear sky.  

Introduction 

The courtyard in hot arid climates served as a cool air 

collector at night and a shade provider during the daytime. 

Acting as the central space of a building and the heart for 

occupant activities, the courtyard provides a direct link to 

the outdoor environment while introducing daylight into 

the adjacent spaces. There is also lack of evidence of their 

performance concerning daylighting, especially in clear 

skies conditions. The majority of the previous studies 

carried out on the environmental aspects of the courtyard 

examined its thermal performance, energy analysis, and 

solar shading and exposure (Aldawoud, 2008; Aldawoud 

& Clark, 2008; Muhaisen, 2006). Other studies 

investigated daylight availability in atria buildings in 

locations with overcast skies. The gap of needed research 

that help predict daylight availability under desert 

climates (with clear sky conditions) formed the main 

motivation behind this study. There is also a high 

potential for improving the performance of the courtyard 

in the clear sky conditions when its design is combined 

with other bioclimatic solutions based on previous 

investigations by the authors in different building 

configurations (Al-Sallal & Dalmouk, 2011; Al-Sallal & 

Abu-Obeid, 2009; Al-Sallal & Ahmed, 2007), for 

instance addition of window shading elements (e.g., 

window screens, light shelves, bio-shaders, awnings, 

arcades), landscaping elements in the courtyard space 

(e.g., trees, plants), and/or a shading fabric to cover the 

courtyard itself  (e.g., toldo). These added elements have 

not been tested yet in the current work but they are 

considered in the ongoing project in which this paper is 

part of.    

Theoretically, every climate would require a unique 

design to achieve an optimum performance; (Moore, 

1993). How daylight performs in courtyard buildings is a 

function of daylight availability in the locality and the 

building design that affect its penetration (Muhaisen, 

2006). While the availability of daylight depends on sky 

conditions, penetration of daylight to the interior depends 

on the building and its courtyard geometrical designs. 

Whichever the case, the courtyard is an architectural 

element that should take full advantage of the available 

daylight to enhance the luminous indoor environment for 

optimum human performance. 

Method 

To investigate in detail how daylight behaves in the 

courtyard and the spaces adjacent to it, wide-ranging 

simulation cases were conducted. The Climate Based 

Daylight Metrics (CBDM) method of calculation was 

selected due to its high potential to offer a holistic and 

more reliable results compared to the traditional methods 

that are dependent on limited dates/hours representing the 

average or extreme conditions of the year. The daylight 

simulation software “DIVA-for-Rhino” was used to 

simulate detailed daylighting calculations in the courtyard 

and its adjacent spaces (DIVA, 2018). It is a DAYSIM 

plug-in that is incorporated into 3-Dimensional GUI to 

accurately calculate daylight performance in simulated 

spaces using RADIANCE simulation engine, Daylight 

coefficient and Perez sky models (Reinhart, 2009). 

The main function of the adjacent zones was considered 

as office spaces. The calculations were based on 

achieving a target illuminance level of 400 lux or more, 

as recommended by the IES lighting handbook for offices.  

The location tested was that of Abu-Dhabi, UAE with 

latitude 24.5oN and longitude 54.4oE. Parameters 

considered when defining the variables affecting the 

design of the courtyard were the courtyard’s geometry 

(length, width and height), building orientation, surface 

reflection (in the courtyard and the space adjoining it), 

window-to-wall ratio of the courtyard’s windows (WWR 

= 40-100 %) with no shading. The surface reflectance 
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values of the office space were defined based on the 

recommendations by IESNA for office use (DiLaura et 

al., 2011) (Table 1). The glazing was specified as clear 

double-glazed with 79% transmittance.  

Table 1: Reflectance values of the indoor surfaces used 

in the study, based on IESNA specifications. 

Layer Material Reflectance Value 

Ceiling ≥ 90 

Floor ≥ 20 

Wall ≥ 60 

 

Courtyards in buildings can be found with many shapes 

and sizes but the square and rectangle shapes are the most 

dominant. The shape (either square or rectangle) was 

identified as the first variable for the courtyard geometry. 

The second variable was to define the dimensions in terms 

of length, width and height. A side length of 4 meters was 

considered as the minimum size of a reasonable small 

courtyard in a medium size building.  It was used as a 

modular unit to size all courtyard cases evaluated in the 

study also. Hence, the first square-shaped courtyard was 

defined to have 4m×4m×4m dimensions; which is 

equivalent to (1:1:1) ratio. The sizing of the other square-

shaped courtyards was then a representation of the ratios 

defined in Table 2, Left column. The rectangle shape 

courtyard started by doubling one of the sides of the 

square with the ratio of (1:2:1) and the longer edges facing 

the north/south orientations. In a similar manner, the 

sizing of the other rectangle-shaped courtyards was done 

(Table 2, right column). The orientation that was applied 

for the rectangular courtyard’s cases faced North/South 

for the long sides based on previous recommendations by 

a previous study (Muhaisen, 2006). East/West 

orientations were excluded only at the current stage of this 

research considering that such orientation could cause 

direct sunlight into the rooms and occupants’ eyes due to 

the low altitude sun angles; which could lead to increased 

levels of heat gains and glare. It is planned though to test 

other orientations including the intermediate ones (i.e.; 

NE, NW, SE, SW) in subsequent stages of the research 

project in which this paper is part of.  The courtyards with 

the identified configurations shown in Table 2 were the 

ones simulated in the study. Yet, the method also 

demonstrates in a later stage how to interpolate between 

the produced results to predict the performance of other 

courtyard configurations. Each individual case of the 

courtyards defined in Table 2 was simulated separately at 

the center location of a square building (36m×36m). The 

reason for this size was to detect the admitted daylight in 

as much of the room depth as possible and calculate the 

percentage of the floor covered by adequate daylighting 

levels throughout the year.  

Table 2: Sizing Ratios of Simulated Courtyards 

Square Shaped (W:L:H) Rectangular Shaped (W:L:H) 

1:1:1 2:2:1 3:3:1 4:4:1 6:6:1 1:2:1 2:4:1 3:6:1 4:8:1 

1:1:2 2:2:2 3:3:2 4:4:2 6:6:2 1:2:2 2:4:2 3:6:2 4:8:2 

1:1:3 2:2:3 3:3:3 4:4:3 6:6:3 1:2:3 2:4:3 3:6:3 4:8:3 

  

Table 3: Investigated Courtyards Forms 

 

Each of the defined courtyard sizes (Tables 2-3) was 

simulated with three different height cases: 1, 2, or 3 

floors (Fig.1-2), a reasonable height range for a medium-

size public building.  

 
Figure 1: Section Drawings through Simulated 

Configuration of Courtyard (8×8) with WWR 100%. 

The simulated cases included windows on the central 

courtyard walls only; (no windows on the other walls); 

with two WWR scenarios: 40% and 100%. The method 

also demonstrated how to predict the performance of 

other WWR configurations, based on interpolation of the 

results.  

 

Figure 2: Section Drawings through Simulated 

Configuration of Courtyard (8×8) with WWR 40%. 

The boundary conditions can be outlined as follows: 

 The size of the indoor space adjoining the courtyard 

extends from the boundary wall of the courtyard to 

the 36×36m building’s boundary. This size is 

determined for a midsize public building for office, 

educational, or commercial use. 
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 The building height ranges from 1 to 3 floors, for the 

same reason as above. 

 The courtyard’s size was made proportionate to the 

building size reaching to a maximum of 24×24m due 

to climatic reasons. 

 The longer sides of the rectangle-shaped courtyard 

were limited to North/South orientations to reduce 

heat gains and glare. 

 

 

Figure 3: DA/sDA isocontours of the square-shaped 

courtyard configurations with 100% WWR. 

 

 
Figure 4: DA/sDA isocontours of the square-shaped 

courtyard configurations with 40% WWR. 

 

Results and Discussion 

The results of the Daylight Autonomy (DA) variations in 

relation to the simulated cases are represented as 

percentage values of the space area along with visual 

representations of the DA distribution in the space shown 

in isocontours maps. The Isocontours maps of the space 

make it easy to identify different boundaries of daylit 

areas. For the spatial daylight autonomy (DA/sDA) this 

boundary line corresponds to the area where 50% of the 

occupied time is receiving daylight levels equal or above 

the target illuminance, anything below this boundary line 

in the green blue shade of the legend is considered 

underlit, it can also be expressed as DA/sDA(400lux) 50%. 

Figs. 3 and 4 show the DA/sDA isocontours of the square-

shaped courtyard configurations with WWR=100% and 

WWR=40% respectively,. The isocontours of the other 

variations of DA (i.e., DACon, DAMax and UDI) are shown 

in Figs. 5-8. DA/sDA is as an incremental method while 

DACon is a continuous method. What is observable in the 

DACon Isocontours is that the boundary of the daylit area 

is not as sharp as the case in DA/sDA. This is due to the 

partial credit given to sensor nodes that are not fully 

saturated with daylight, but do receive some daylight 

contribution. DAMax Isocontours represent areas indicated 

by magenta color as areas with high potential of visual 

discomfort and glare (Fig. 6). This area receives ten times 

or more than the defined target lux; in this case the area is 

receiving more than 4000 lux. The useful daylight 

illuminance (UDI100-2000lux) for WWR=100% and 

WWR=40% are shown in Figs. 7 and 8, respectively. The 

other (non-useful) bins (i.e., UDI<100lux and UDI>2000lux) 

represent the hours when there is a lack of sufficient 

daylight and the hours when there is an oversupply of 

daylight that can lead to visual or thermal discomfort. 

 

 
Figure 5: DACon isocontours of the square-shaped 

courtyard configurations with 100% WWR. 
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Table 13: DA/sDA Isocontours of Square Shaped 40% WWR Courtyard Configurations 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DA/sDA 
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 0.62% 11.19% 32.16% 50.25% 92.7% 
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Figure 6: DAMax isocontours of the square-shaped 

courtyard configurations with 100% WWR. 

 

 
Figure 7: UDI100-2000 isocontours of the square-

shaped courtyard configurations with 100% WWR. 

 

 

 

Figure 8: UDI100-2000 isocontours of the square-

shaped courtyard configurations with 40% WWR. 

Analysis  

The values of DA/sDA are further analyzed to understand 

their representation in relation to the courtyard’s shape, 

size, height and WWR. In general, what was evident from 

the DA/sDA Isocontours maps is that the daylit area is 

almost symmetrical in all directions with circular shape 

boundary in the square shaped courtyards with 100% 

WWR and petal shape for 40% WWR, and increases in 

similar pattern when the courtyard size was increased. 

Similar behavior applies to the rectangle shape courtyard. 

This is in terms of daylit area shape behavior, but when 

looking at DAMax Isocontours what is evident is that the 

area of the adjacent space facing north has minimum to 

almost no potential for visual discomfort. Bar charts were 

generated to further understand the behavior of DA/sDA 

in the different courtyards configurations (Figs. 9-10). 

The general observable trend is that DA/sDA value in 

smaller courtyards sizes especially in the lower floors 

tends to be very low and increases significantly to higher 

value as the height of the floor increases. This high 

difference in values diminishes as the size of the courtyard 

increases. What is also evident from the bar chart is that 

when the building is in a single floor prototype the 

DA/sDA value is higher than that on the highest floor on 

the other prototypes, the reflected light coming from the 

courtyard ground causes this. Therefore, attention should 

be given to use a suitable ground surface since it 

contributes to altering lighting in the adjacent spaces. 

To further understand the DA/sDA behavior in all 

simulated courtyards a relationship between the courtyard 

volume — the Aspect Ratio method AR=L×W/H2 

adopted in Dekay (2010), the building height 

configuration and the DA/sDA value was established, for 

both the square and the rectangle shaped courtyards. This 
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Table 29: UDI 100-2000 Isocontours of Square Shaped 40% WWR Courtyard Configuration 
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relationship was expressed graphically in charts for all 

evaluated configurations. 

 

Figure 9: Impact on DA/sDA when increasing courtyard 

size with 100% WWR. 

 

Figure 10: Impact on DA/sDA when changing courtyard 

shape from square to rectangle with 100% WWR. 

Fig. 11 shows a sample of the produced charts depicting 

the relationship between the courtyard aspect ratio (AR) 

and DA/sDA value for the square-shaped courtyards with 

a single floor building. These charts can help architects to 

design buildings with sufficient and comfortable 

daylighting in the adjacent spaces of the courtyards.  

 

 

Figure 11: Relation between courtyard aspect ratio (AR) 

and DA/sDA value in square-shaped courtyards with a 

single floor building. 

The governing equations of the relationship between DA 

and AR for all variants of the DA were established to give 

the designer freedom of choice to either use the charts or 

the equations to size the desired courtyard. The generic 

form of this equation is expressed as: 

 

                                𝐷𝐴 = 𝑐 ln(𝐴𝑅) ∓ 𝑏                (1) 

 

Where c and b are constants depending on the courtyard 

and building design configurations (courtyard shape, 

floor, building total number of floors) and ln is the natural 

logarithm function of the aspect ratio (AR) of the 

courtyard. For the single floor building with a square 

courtyard, the DA equation is expressed as: 

 

                                𝐷𝐴 = 24.4 ln(𝐴𝑅) ∓ 15.9               (2) 

 

Another important outcome of this research are the tools 

produced to help architects in minimizing the effect of 

direct sunlight and potential glare such as in museums 

when high levels of light might damage artefacts. After 

finding the aspect ratio based on the desired target 

(depending on DA/sDA or DACon), the designer can use 

the DAMax charts or the equations to predict the percentage 

of the total space area receiving illuminance levels higher 

than 4000 lux. For example, if the AR was determined as 

15 from the previous section, the DAMax will be 30% (as 

shown in Fig. 12), meaning that 30% of the space will 

have a potential to receive direct sunlight or excessive 

daylight ten times of the desired target illuminance (400 

lux). 

 

Figure 12: Relation between courtyard aspect ratio (AR) 

and DAMax value in square-shaped courtyards with a 

single floor building. 

As stated earlier, certain relationship in terms of the 

variables that influence the value of the desired daylight 

level in the design of the courtyard and the adjacent space 

to it was created. This was reflected as a scenario or a set 

of steps to be followed by the designer based on courtyard 

shape (square and rectangle) and building height 

configuration (single, two and three floors), using 

different charts or equations derived from regressions of 

the derived data. These charts and equations can be added 

to building codes to help architects to define appropriate 

courtyard sizing based on chosen target level of DA/sDA 

and DA/sDA other variations. 
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Conclusion 

The attained findings from the extensive simulations were 

used to develop mathematical models of relationships 

between design variables and their effect on daylight 

autonomy performance measures; which at the end 

created a set of design tools for optimizing courtyard 

design including graphical representations and formal 

equations. The tools generated can be very useful in 

promoting the use of courtyards as an important element 

for deep daylight penetration into buildings. They can be 

used to optimize the sizing of courtyards for better 

daylight performance under clear sky climates. 

The investigations have revealed a number of important 

findings: 

• The square shaped courtyard proved to be more effective 

in terms of daylight admittance and behavior. 

• Reducing the WWR proved to enhance the results in 

terms of visual comfort, as this was evident when 

comparing the DAMax isocontours of smaller and larger 

values of WWR. 

• The area of the adjacent space facing north is the most 

favorable for visual comfort. 

• The general observable trend is that CBDM values in 

smaller courtyards especially in the lower floors tend to 

be very low and this effect increases significantly to 

higher values as the height of the floor increases. This 

high difference between values diminishes as the size of 

the courtyard increases. 

• Courtyard ground reflectance contributes to altering 

light levels into the adjacent spaces; this is observable 

when comparing the DA results of a single floor 

building to the values on the top floor of a building with 

similar courtyard properties. 

Future research should investigate other courtyard design 

factors including other building and courtyard geometries, 

other orientations including the intermediate ones, 

additions of courtyard and window shading devices (e.g., 

toldo, window screens, light shelves, bio-shaders, 

awnings, arcades), and landscaping elements in the 

courtyard space (e.g., trees, plants) as these factors could 

contribute in improving daylighting performance in clear 

sky conditions. Parallel investigations that help create 

design tools for optimized courtyard daylighting in other 

climatic conditions is highly recommended. 
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Abstract 
Annual luminance maps provide meaningful evaluations 
for occupants’ visual comfort, preferences, and 
perception. However, acquiring luminance maps require 
labor-intensive and time-consuming simulations or 
impracticable long-term field measurements. This paper 
presents a novel method to accelerate annual luminance-
based evaluations utilizing a deep neural network (DNN). 
From a small subset (5%) of high dynamic range (HDR) 
imagery, our method can predict annual panoramic 
luminance maps (with 360-degrees horizontal and 180-
degrees vertical field of view) within an hour. Unlike the 
fixed camera viewpoint of perspective or fisheye 
projections that are commonly used in daylighting 
evaluations, panoramas allow full degree-of-freedom in 
camera roll, pitch, and yaw, thus providing a robust 
source of information for an occupant’s visual experience 
in a given environment. The DNN predicted high-quality 
panoramas are validated against Radiance RPICT 
renderings using a series of quantitative and qualitative 
metrics. With the developed workflow, practitioners and 
researchers can incorporate long-term luminance-based 
metrics over multiple view directions into the design and 
research process without the lengthy computing 
processes. 
Introduction 
Design and research practices of daylighting are shifting 
from illuminance-based metrics towards human centric 
luminance-based evaluations. Luminance maps capture 
the subject’s field of view and provide millions of values 
that can be used to evaluate the variabilities in the 
luminous environment, such as the luminance variations, 
contrast, positions and intensity of light sources, and 
background luminance levels. Luminance distribution 
patterns determine the visual comfort (e.g., discomfort 
glare), visual appearance and task visibility in a given 
scene (Wienold and Christoffersen, 2006; Jakubiec and 
Reinhart, 2012; Suk et al., 2013; Konis, 2014; van den 
Wymelenberg and Inanici, 2015; Rockcastle et al, 2016).  
Meaningful daylighting evaluations require long-term 
analysis to have a comprehensive understanding of the 
luminous environment under a wide range of naturally 
occurring sky and sun conditions. Ideally, daylighting 
evaluation period should be annual to capture the seasonal 
variations of daylight, and the time step should be small 

enough (e.g., 1 hour) to capture the observed short-term 
daylight variations. However, annual luminance-based 
simulations require generating a luminance map at each 
time step of the entire year (approximately 3500-4000 
daylight hours), resulting in significant simulation time.  
Many accelerating approaches have been developed to 
make long-term daylighting simulations more efficient 
and accessible to design professionals. In 1983, a 
numerical methodology of classic Daylight coefficient 
(DC) (Tregenza and Waters) approach was developed to 
accelerate annual daylighting simulations by using an 
efficienct approximation based on the concept of dividing 
the celestial hemisphere into discrete sky segments and 
calculating the sensor’s illuminance by accumulating the 
contribution of each segment. Based on this methodology, 
multi-phased DC approaches (Laouadi et al., 2008; Ward 
et al., 2011) have been proposed to improve the 
simulation accuracy of complex fenestration systems. 
However, multi-phased DC methodologies are still 
computationally expensive and require steep learning 
curves.  
Recent accelerating methodologies of long-term 
daylighting evaluations leverage the developments in 
modern computing technologies. One solution is to utilize 
parallel computing to trace multiple primary rays 
simultaneously on a graphics process unit (GPU) (Jones 
and Reinhart, 2014). Due to its highly parallel structure, a 
modern GPU can efficiently process a large block of data, 
which is not achievable by a general-purpose central 
processing unit. The second solution is to utilize machine 
learning to create predictive models from observed data, 
bypassing the expensive computations involved with 
physcially based modelling systems. Researchers have 
investigated learning-based models for illuminance 
predictions (Kazanasmaz et al., 2009; Zhou and Liu, 
2015; Navada et al., 2016; Ahmad et al., 2017). Though 
inspiring, illuminance predictions are less complicated 
compared with luminance predictions due to lower 
resolutions of calculation points and lack of dependency 
on view directions. As a result, annual illuminance 
predictions can be achieved through standard simulation 
practices without significant simulation time.  
The objective of this study is to explore the use of 
machine learning, particularly deep neural networks, to 
accelerate long-term per-pixel luminance predictions of 
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indoor scenes. Statistical methods have been investigated 
for per-pixel luminance predictions (Inanici, 2013). They 
succeed in predicting images under overcast skies but 
require further improvements for sunny sky conditions. 
Our machine learning methodology is built upon the 
algorithm developed by Liu et al. (2018), which 
demonstrated that DNN models can solve complicated 
rendering problems by accurately predicting the annual 
luminance maps of a fixed perspective view from 5% of 
annual renderings. We have improved Liu et al.’s model 
through multiple algorithmic refinements, which will be 
discussed in the following sections. The results show 
increased accuracy for luminance predictions under 
various sky conditions. We have utilized 360° panoramas 
as opposed to single fixed perspective views. There is an 
increasing demand for panoramic luminance maps as 
recent studies in luminance-based evaluations integrate 
subject’s visual experience over multiple viewing 
directions (Jakubiec and Reinhart, 2012; Rockcastle et al., 
2017). However, generating panoramic luminance maps 
is even more time-consuming than single fixed-view 
perspectives.  
This study provides an end-to-end workflow that 
regresses annual HDR panoramas from sparse samples 
using a DNN framework. The DNN approach accelerates 
the generation of panoramic luminance maps and only 
requires a few seconds of computing time during 
evaluation. The accuracy, applicability, and usefulness of 
the proposed DNN model is examined using a series of 
quantitative and qualitative metrics. We share a public 
dataset of high-quality annual HDR panoramic luminance 
maps to enable reproducibility and future explorations 
(https://github.com/yueAUW/neural-daylighting.git). 

Learning from the HDR Panoramas 
Artificial Neural Network 
An artificial neural network (ANN) (McCulloch and Pitts, 
1943) is a powerful machine learning technique for 
modeling complex systems. ANNs are composed of 
neuron-like connected computing nodes, organized into 
hierarchic layers from input layers, hidden layers, to 
output layers. Each pair of the connected nodes are 
assigned a weight parameter which controls the degree of 
influence a node has on its connected pair. An ANN finds 
the relationships between inputs and outputs through a 
learning process. The learning process involves multiple 
steps: 1) input data passes through the input layers 
towards the output layers; 2) at the output layer, the 
predicted results are calculated and compared with the 
ground truth using an error metric termed a loss function; 
3) the weight parameters are updated according to the 
calculated errors; 4) the previous steps are repeated 
several times (epochs) until the error between the 
prediction and ground truth is minimized. After the model 
is trained, it can be used for predictions given new input 
data. A DNN consists of more hidden layers between the 
input and output layers than a shallow ANN and can learn 
more complicated non-linear relationships. In this work, 
we use a DNN to learn the light transport model which 

represents the relationship between input lighting 
conditions and output luminance maps. 
Light Transport Model 
The light transport model describes how light travels in a 
scene. In traditional physically-based renderings, a light 
transport model is computed using the complete scene 
information including the light sources, geometries, and 
materials. In this study, the light transport model is 
inferred from sparse samples of luminance maps 
generated under various illumination. We use a DNN to 
estimate the light transport model (M) through learning 
the non-linear relationship between Illumination 
conditions (input I) and the corresponding pixel 
luminance values (output L). The estimated light transport 
model (M) allows the scene to be rendered under novel 
lighting conditions. Using this method, generating annual 
luminance maps becomes a three-step process that 
involves: 1) acquiring sparse samples of luminance maps; 
2) estimating the light transport model from the sparse 
samples using the DNN, and; 3) predicting annual 
luminance maps using the estimated light transport 
model. The total calculation time is significantly reduced 
compared with the traditional annual simulation method. 
Instead of rendering luminance maps for the entire year, 
we only need to render a small set of them.  
The illumination condition (input I) is parameterized with 
the following features: 1) the pixel location defined by the 
x and y coordinates (px, py); (2) the sun location defined 
by sun altitude and azimuth angles (al, az); 3) the sky 
condition defined by direct and diffuse irradiances (dir, 
dif), which are main input parameters to generate sky 
luminance maps using the Perez sky model (Perez et al. 
1993); 4) the average luminance value for an image pixel 
(avg), to improve convergence (Ren et al., 2015); 5) the 
pixel luminance of the sun patches (sunpatch) which aids 
the neural network in reconstructing sharp shadows and 
sun penetrations (Liu et al., 2018). Our studies show that 
augmenting the input by adding Perez sky luminance 
maps (skymap) improves the accuracy of the predicted 
luminance maps. In comparison to direct and diffuse 
irradiance parameters, panoramic Perez sky maps provide 
spatial information of the sky luminance distributions. 
Both sun patches and sky maps can be simulated quickly, 
thus have little impact on the simulation efficiency. The 
input feature vector includes 9 parameters I=(px, py, al, 
az, dir, dif, avg, sunpatch, skymap). The output vector L 
is the pixel luminance under the given lighting condition.  
To develop the methodology under controlled settings, 
we train and evaluate the neural networks with high-
quality HDR images and demonstrate that our method can 
reconstruct accurate luminance maps. Figure 1 gives an 
overview of the proposed methodology. The workflow 
starts with the sample data generation process using the 
Radiance rendering engine (Ward, 1994). For each 
daylighting condition, the proposed system uses Radiance 
to generate a set of three HDR panoramic images 
consisting of high-quality interior maps, sky maps, and 
low-quality sun patches. The interior maps are used as 
ground truth, and the sky maps and sun patches are input 
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to the neural network training. After the training is 
finished, the light transport model is estimated and can be 
used to predict luminance maps under new lighting 
conditions.  
Data Generation 
The test room for the simulation is set to be an open plan 
office with basic furniture arrangement and a south facing 
side window, located in Seattle (47.6°N, 122.3°W) 
(Figure 2). The dimension of the room is 6m (width) by 
14m (depth) and 4.5m (height). The camera is set to be in 
the front center of the room at eye level (1.6m from the 
floor) to correspond to a standing human’s perspective. 
The materials for walls, ceiling, floors, and outdoor 
ground have reflectance values of 50%, 80%, 20%, and 
20% respectively. The interior maps are rendered with 4 
ambience bounces (-ab 4) and sun patches are rendered 
with 0 ambient bounce (-ab 0); they share the other 

RPICT rendering parameters (-ps 2 -pt .05 -pj .9 -dj .7 -ds 
.15 - dt .05 -dc .75 -dr 3 -st .15 -aa .1 -ar 512 -ad 2048 -as 
1024 -lr 8 -lw .005). Sky maps are generated with the 
same rendering parameters as the interior maps. We 
generate all data with Perez all-weather sky model with 
inputs of direct and diffuse irradiances extracted from 
EnergyPlus weather file. All images are rendered as 
equirectangular (spherical) panoramas from a single 
viewpoint (Figure 3). The panoramas are rendered with a 
pixel resolution of 1840×920 and downsized to 460×
230  using Radiance pfilt for anti-aliasing. All sets of 
images are generated in 1-hour intervals from sunrise to 
sunset for the entire year, resulting in 4379 data samples. 

Figure 2: Plan and section of the test scene used in 
Radiance simulations 

Figure 3:  a) and b) Full 360º field of view models an 
occupant’s visual experience and provides more 
complete evaluations than a single fixed perspective 
view; Radiance generated equirectangular panoramas 
are used as (c) inputs to the DNN and then converted to 
fisheye images (d) for visual comfort analysis. 

Figure 1: Overview of the workflow: a) A sparse data set is rendered using the Radiance simulation engine. b) Each data 
point includes three panoramas consisting of interior maps, sky maps, and sun patches. The interior maps are used as 
ground truth for the DNN training process, while the sky maps and the sun patches are used as the input to the DNN. c) 
All images are pre-processed and normalized. The sun patches and simulation parameters are combined to create the 
input for the DNN.  d) The network is trained to predict the interior maps. e) The trained network can then be used to 
generate interior maps from novel sky maps, sun patches, and simulation parameters. Further long-term luminance-
based analysis (e.g., glare and spatial contrast analysis) can be performed using these predicted interior panoramas. 
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Generating such a large dataset enables developing and 
testing models. When applying the workflow into 
practice, the user only needs to provide a small amount of 
HDR images.  
Data Pre-processing 
Data pre-processing is an important step. Initially, all 
features are normalized to the range of 0 to 1. Feature 
normalization tends to improve the training process by 
insuring that all features are in the same scale.  Due to the 
nature of high dynamic range renderings, the luminance 
values of the scene can span several orders of magnitude 
(e.g., the brightest part of the solar corona compared to 
the shadows in the room), and are not evenly distributed 
throughout the range. In our database, the range of the 
ground truth is 100-10+8.3cd/m2. The luminance of the 
overhead sun, 1.6×10+9 (Karandikar, 1955), is used to 
scale luminance values. After the feature scaling, the 
majority of these values are very low. This leads to 
underestimation of the lower range of luminance values 
and results in poor prediction performance. Several 
processing steps are performed on the luminance 
intensities to better distribute the values throughout the 
range. First, a log10 transform is applied to spread the 
range of luminance more evenly, and the maps are 
normalized to the range of [0, 1]. Then a gamma 
correction of 1.5 is performed to shift the intensity 
distribution towards a mean value of ½. Our experiments 
show that the model performance is greatly improved 
after the pre-processing. When the training is completed, 
a reverse transform is applied to reconstruct the high 
dynamic range luminance maps. 
Network Architecture  
The machine learning model in this study is built upon the 
model developed by Liu et al. (2018). In their study, a 
Convolutional Neural Network (CNN) model is used to 
regress the light transport model from the training input. 
However, this model has difficulties learning fine details 
under different lighting conditions. Since training the 
CNN requires the complete panorama input (460 × 230 × 
9), small batch sizes are required during training due to 
GPU memory limitations. In other words, only a few 
lighting conditions are presented to the network in each 
batch step during training. The limited amount of data in 
the small batch does not well represent the overall data 
distribution of the entire model, and the training does not 
converge as well as it could if each batch better 
represented the data distribution. To overcome this 
limitation, we use a multi-input deep dense network 
model architecture. The input data at each training step is 
sampled from all pixels and various lighting conditions in 
the entire training set. Experiments show that the updated 
model and batch sampling strategy greatly reduces the 
prediction error. 
Our network architecture divides the 9 input features into 
two separate vectors as input to a two-input deep network 
consisting of fully connected layers with ReLU 
activations. The first input branch, which encodes px, py, 
al, az, dir, dif, avg, and skymap, consists of four fully 
connected layers, each with 600 nodes. The second input 

branch, which encodes sunpatch, consists of a single 400 
nodes fully connected layer. The first input branch 
encodes parameters describing global illumination while 
the second input branch encodes direct sun illumination. 
The two branches are concatenated to form a 1000 node 
layer, which is followed by a fully connected layer of 600 
nodes. The output layer is a single fully connected node 
that predicts luminance values. During training, the 
differences between predicted and ground truth 
luminance values are calculated using a loss function, and 
the model weights are updated accordingly. 
The loss function in this study is composed of two 
functions: 	ℒoss(𝑦, 𝑡) = 	ℒ/01(𝑦, 𝑡) 	+ 	λ × ℒ414(𝑦, 𝑡) , 
where y is the network prediction, t is the ground truth, 
and λ  controls the relative weights between two 
functions. The first function calculates the L2 distance 
(MSE) between the predicted and ground truth luminance 
ℒ/01(𝑦, 𝑡) =

5
6
∑ 𝜔9(𝑦9 − 𝑡9);6
9<5 , where 𝜔9  is the solid 

angle for pixel i. Solid angle weight 𝜔9 is added so that 
each pixel is appropriately weighted for spherical 
panoramic solid angle projection (Figure 4). A second 

loss of 	ℒ414(𝑦, 𝑡) = 	𝜔9=
∑ (>?@A?)B?
∑ A?B?

 is added to improve 

the model performance with a weight λ of 10.  

Training Details  
The generated images are divided into training, validation 
and test sets. The model learns to approximate the light 
transport model from the data in the training set and 
evaluates its performance with the validation set during 
training. After the model is trained, its performance is 
evaluated using the test set. Note that there is not an 
overlap between the test/validation dataset and the 
training set. Hence, all tests are performed for lighting 
conditions that have not been seen by the network before. 
K-means clustering (i.e., a clustering method which 
partitions the data into k relatively equal-sized groups) is 
utilized to select the training samples evenly distributed 

Figure 4: (Top) The equirectangular (spherical) 
panorama is mapped from a unit sphere. The north 
pole (A) and south pole (B) on the sphere become the 
top (AA) and bottom (BB) edges of the corresponding 
panorama. (Bottom) The image shows the solid-angle 
projection of each pixel in the panorama. 
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over the light domains (Figure 5) in order to cover various 
sun positions and sky conditions.  

We use the ADAM optimizer (Kingma and Ba, 2014) 
with an initial learning rate of 10-3, reducing the learning 
rate by a factor of 2 once learning stagnates, and a 
minibatch size of 6 × N, where N = width × height × 8 is 
the total number of input parameters in one image. The 
minibatch size of 6 is selected so it fills the 11GB memory 
of the GPU. The model is trained for 30 epochs (which 

we find sufficient) or until the validation loss reaches a 
minimum threshold (10-10). Training takes roughly 30 
minutes on a Nvidia GeForce 1080Ti GPU. At test time, 
predicting a high-quality panoramic luminance map only 
takes 1/10 second.  
Results and Analysis 
The neural network model is trained with 200 samples 
(5% of 4379 images). The performance of the trained 
model is then evaluated on the test set of 500 randomly 
selected lighting conditions, which have not been seen by 
the network before. The predicted panoramas are 
compared with the panoramas rendered by Radiance 
using per-pixel errors, falsecolor analysis with image 
subtraction operations, and human-centric metrics (visual 
comfort and perceptual metrics). 
The first set of metrics are per-pixel errors measured by 
ℒ/01 and ℒ414 used in the loss function. The errors are 
solid projected angle weighted and calculated with 
logarithmic (log10) luminance values to correlate with the 
human visual system (Fechner, 1966). Note the range of 
ground truth intensities is [0, 8.3]. Our network succeeded 
in achieving a log10 ℒ/01  of 9.85e-03 and a ℒ414  of 
4.93e-02 on the test set.  
Per-pixel errors do not necessarily prompt significant 
differences in architectural design evaluations. For 

Figure 5: The K-means method is utilized to make the 
selected training samples well-distributed over the 4-
dimensional light domain visualized in two 2-
dimensional plots: (Left) distribution plot over sky 
condition dimensions (direct and diffuse irradiances), 
and (Right) over sun position dimensions (azimuth and 
altitude angle). Red dots represent the selected training 
samples while grey dots represent all data points. 

Figure 6: Six exemplary test cases with different sky types are displayed in falsecolor with a logarithmic scale.  
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example, if the sun is estimated to be located a pixel off 
its ground truth location, a significant 𝓛𝑴𝑺𝑬  and 𝓛𝑹𝑬𝑹 
error will incur but will hardly lead to a different design 
decision. Here, the per-pixel errors are provided as 
benchmarks for future studies.  Metrics that are 
commonly used by design professionals, such as 
falsecolor images, daylight glare probability (DGP) 
(Wienold and Christoffersen, 2006), and RAMMG (Rizzi 
et al., 2004) are utilized to evaluate the results. 
Falsecolor Image Comparison 
Falsecolor images are commonly used to study the 
luminance distributions and the resulting visual effect, 
comfort and performance. In Figure 6, we show the 
comparison results in falsecolor with a logarithmic scale, 
with error maps illustrating the absolute difference 
between ground truth and predicted luminance maps. We 
select six representative samples under different sky 
conditions (clear, intermediate, and overcast) from the 
test set. The results show that: 1) Our predicted luminance 
panoramas (generated from 5% sparse samples) are 
visually imperceptible from ground truth results in 
falsecolor images without the help of error maps. This 
implies that the proposed method will lead to the same 
design decisions as conventional rendering methods, with 
orders of magnitudes less of calculation time. 2) Among 
all sky conditions, images of the clear sky with high direct 
irradiance values are most challenging to predict with the 
highest error. This is mostly due to the higher luminance 
ranges of these images than those of the overcast sky. 3) 
The error maps show that higher errors in each case occur 
in the window area with the highest ground truth 
luminance. Overall, we obtain high-quality results 
illustrating the ability of our network to predict panoramic 
luminance maps under novel lighting conditions. Figure 7 
shows the comparison between our model and the one 
proposed by Liu et al. (2018). Our model can handle 
higher luminance range (108) and generate images with 
clearer boundaries and finer details. The applicable 

luminance range of Liu et al.’s model is 0-3´104 while our 
panorama data is 0-108. 
DGP 
DGP is a visual comfort indicator that describes the 
subjective magnitude of discomfort glare with high values 
illustrating the higher percentage of the population who 
would perceive the scene as glary (Wienold and 
Christoffersen, 2006). The output of the DGP model is 
given on a scale of four ordinal values, ranging from 
imperceptible (< 0.35), perceptible (0.35 to 0.40), 
disturbing (0.40 to 0.45), to intolerable (> 0.45) glare. 
For DGP analysis, each panoramic luminance map in the 
test set is converted to 10 equidistant fisheye images over 
360 degrees of rotation in the y-axis using 36-degree 
increments (Figure 3). DGP is then applied to both the 
predicted and ground truth fisheye images. Figure 8 
shows the per-view-angle DGP comparison of an 

Figure 7: (a) the ground truth luminance map, luminance 
map predictions of our model (b) is compared to that of (c) 
Liu et al. (2018). (b) has clearer boundaries and finer 
details, indicating higher accuracy on the lower range 
values. (d) and (e) are errors maps for (b) and (c).  

b)                                            d)  
 
 
 
c)                                            e)                                  

a)                             

Figure 8: Comparison of Radiance rendered and DNN predicted fisheye images over a 360 degree view in 36 degree 
increments. The ground truth and predicted fisheye images are labeled with the DGP value. The error maps are 
labeled with absolute difference in DGP values. All images are shown in false color with a logarithmic scale. 
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exemplary test lighting condition (January 21st 11:30 am, 
direct and diffuse irradiances of 553 and 87 W/m2), with 
error maps illustrating the absolute differences. The result 
illustrates that 1) a subject’s visual comfort level can 
change vastly across various view directions of the same 
scene depending on the shift of the sun location into and 
out of the field of view, 2) the neural network model 
accurately predicts the overall luminance environment, 
with the predicted DGP values from fisheye images 
closely matching those of ground truth ones in all 
directions, and 3) the more significant errors occur in the 
window region.   
Figure 9 shows the comparison scatter plot of the DGP 
values for all of the test lighting conditions. The analysis 
shows a strong agreement overall (with an r2 of 0.992), 
but exhibits a bias with the predicted model 
underestimating DGPs at higher ranges. Further 
investigation shows the high errors occur during winter at 
midday, when sun direct appears in the field of view 
through the south-facing window (Figure 10). The model 
has difficulties in estimating the sun luminance (10+9 
cd/m2) which is multiple orders of magnitudes higher than 
the rest part in the scene. The failure cases are negligible 
as 1) these cases only account for about 1% of the total 
tests cases; 2) the predictions still fall into the same zone 
(intolerable) as the ground truth DGPs, and 3) the 
situation is avoidable in the real world when people have 
an ability to change their view directions and positions to 
avoid a direct view of the sun. For scenes with actual DGP 
in the imperceptible, perceptible and disturbing zone, our 
method produced very little variation.  

RAMMG 
RAMMG is a contrast measure of images and is utilized 
as a perceptual predictor of contrast-based visual 
characteristics of daylight (Rockcastle et al., 2016). 
RAMMG performs a pyramid subsampling of the image 
to various levels (at each level, the resolution is reduced 
to half of the previous level) and combines the average 
contrast calculated at each level. RAMMG is applied to 
both the predicted panoramas and Radiance rendered 
panoramas in the test set. Subsampling of five levels is 
used taking into consideration the image resolution (460 
by 230). Figure 11 illustrates the correlation between the 
predicted and ground truth RAMMGs; it shows a strong 
agreement (r2 of 0.978) with a few errors at higher ranges 
when the sun directly appears through the window. 

Conclusion 
In this paper, we have developed a robust workflow to 
perform annual luminance-based evaluations that are 
orders of magnitudes faster than the conventional 
simulation methods. Our method leverages a deep neural 
network to learn the non-linear light transport model from 
sparse samples (5%) of HDR imagery and predict annual 
panoramic luminance maps under new lighting 
conditions. The predicted panoramic luminance maps can 
be transformed into fisheye projections for any view 
direction. We demonstrated the accuracy of the method 
through comparisons with Radiance RPICT renderings 
using per-pixel error metrics, visual comfort, and contrast 
metrics. 
Architects, lighting designers, and researchers can 
effectively use the workflow to perform multi-view 
annual lighting analyses. Making annual luminance-
based simulations more accessible will enable further 
development of luminance-based metrics for daylighting 
studies and foster wider usage of human-centric 
evaluations in the design processes. This methodology 

Figure 9: Scatterplot comparison of DGP values 
calculated using ground truth and predicted images. 
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Figure 10: Scatter plots of DGP prediction errors 
(differences between predictions and ground truth) and 
the sun altitude (left) and azimuth (right). The max errors 
occur at sun altitude and azimuth of roughly 20 and 0°, 
respectively, when sun directly appears in the field of view 
through the south window during winter at midday. 
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Figure 11: Comparison of RAMMG values calculated 
using ground truth and predicted images: (top) original 
data, and (bottom) zoomed in data. 
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can be applied for generating annual luminance maps 
utilizing HDR photographs of existing environments. As 
a future work, we plan to shorten the required data 
collection period to facilitate the feasible gathering of 
HDR photography-based training sets. We also plan to 
compare the model performance and accuracy against 
multi-phased daylight coefficient methods.  
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Abstract 

Whilst simulation techniques for predicting building 
performance are maturing, questions still arise as to how 
key input assumptions, such as user control, ultimately 
affect the resultant predictions. A sensitivity analysis was 
performed to identify the impact of blinds control on 
daylighting and energy simulations. The analysis was 
performed on a side-lit office with simple and complex 
façade systems. Daylighting simulations were conducted 
using RADIANCE, while energy analysis was run 
through EnergyPlus. The study found statistical evidence 
that blinds’ control influenced the evaluation of building 
performance, particularly for facade designs with no 
external shading. The impact of user control was highly 
dependent on the facade system, orientation, and climate. 
Introduction 

Simulation tools are becoming available and accessible to 
non-expert users to evaluate building performance. 
However, most simulations have intrinsic uncertainties 
due to the unavoidable approximation of calculation 
engines (Tregenza, 2017) and the often unclear principles 
upon which model parameters (Ibarra and Reinhart, 2009) 
and simulation settings (Jones and Reinhart, 2017) are 
selected. For example, many core input parameters are 
often left to their default settings. Also, the assumptions 
defining input parameters, on which the calculations are 
based, can lead to unreliable simulation estimates if not 
precisely determined. To reduce the errors expected from 
simulations, there is a need to carefully define these 
assumptions and to trade-off the outcomes in order to 
improve simulation accuracy (Tregenza, 2017). 
One of the further sources of uncertainty in simulations is 
represented by the behaviour of occupants and their 
interactions with environmental control systems. In fact, 
predicting building performance in isolation to human 
behaviour, using standardised fixed conditions as 
simulation input assumptions, may result in inaccurate 
evaluations that do not reflect actual performance in use 
(Tregenza and Mardaljevic, 2018; ASHRAE, 2007). For 
instance, building users frequently activate daylight-
control systems, such as blinds and shades, to regulate 
interior lighting and thermal conditions when excessive 
sunlight is received in the space. Such behaviour will 
therefore affect indoor light levels and potentially impact 
on heating/cooling requirements (Reinhart, 2004; Van 
Den Wymelenberg, 2012; Nezamdoost and Van Den 
Wymelenberg, 2017; Bourgeois et al., 2006; Wienold et 
al., 2011). Therefore, if user control is not properly 

considered when evaluating building performance, this 
can result in substantial discrepancies between simulated 
and measured data (Roetzel et al., 2010; Gaetani et al., 
2016). The high level of uncertainty from user operation 
can severly impact on design decisions if these are 
uniquely taken based on simulated data at the early design 
development stages (Van Den Wymelenberg, 2012). 
Human actions to control environmental conditions inside 
buildings are not yet thoroughly handled within 
simulation tools. Despite the existence of some data-
based models that might support the prediction of human 
behaviour, their use by practitioners is still very limited 
(Gaetani et al., 2016), although the need for a more 
accurate evaluation of building performance is featured in 
some building standards and codes (ASHRAE, 2007; 
IESNAI, 2012; CIBSE, 2015). Nevertheless, the most 
commonly used methods for performance evaluation 
assume the typical standard settings with blinds remaining 
in a fixed position (da Silva et al., 2012). In recent years, 
this has attracted attention, triggering research on 
modelling human actions and their integration in building 
simulations for more realistic evaluations (Haldi and 
Robinson, 2010; Nezamdoost and Van Den 
Wymelenberg, 2017). 
Blinds Control  

Triggers of Blinds Control  

At a fundamental level, blinds are mostly operated to 
control unwanted solar radiation and to protect against 
discomfort glare and excessive heat gains (Inoue et al., 
1988; Reinhart, 2003; Van Den Wymelenberg, 2012). 
The operation rate is mainly dependent on climate 
conditions, latitude and orientation, sky conditions, time 
of day and year, etc. (Van Den Wymelenberg, 2012; 
Nezamdoost and Van Den Wymelenberg, 2017). 
Additionally, factors including quality of view, privacy, 
floor level, external obstructions, etc., may play a role in 
whether blinds are left open or closed (Nezamdoost and 
Van Den Wymelenberg, 2017). Some studies have 
investigated the impact of façade components on blinds 
operation. Research by Singh et al. (2016) showed that 
glazing with a high visible transmittance can result in 
higher glare, which may lead to closing the blinds more 
frequently. Other studies in the literature show that some 
façade parameters (e.g. shading devices, window size, 
etc.) have an impact on the received glare (Wienold et al., 
2011; Brotas and Rusovan, 2013), although this might not 
be directly correlated to blinds operation. There is still a 
gap in the understanding of facade characteristics and 
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their likely impact on blinds operation rate (Van Den 
Wymelenberg, 2012). 
Blinds control has been associated with external stimuli 
that can result in occupant discomfort. Variables 
including illuminance, solar irradiance, and glare indices, 
with various thresholds, have been correlated to blinds 
operation in the literature. As such, illuminance data has 
been commonly used to simulate the triggering of blinds 
based on vertical (Reinhart, 2003, Nezamdoost and Van 
Den Wymelenberg, 2017) and horizontal light incidence 
(Tzempelikos and Shen, 2013; Katsifaraki et al., 2017; 
Konstantzos et al., 2015). In addition, solar radiation 
transmitted through the window can be a major factor 
influencing indoor visual and thermal comfort 
(Katsifaraki et al., 2017). Several quantities of horizontal 
solar irradiance at the work plane (Reinhart, 2004), 
vertical solar irradiance transmitted inside or incident 
outside the window (Lee and Selkowitz, 1995; Wienold 
et al., 2011; da Silva et al., 2012; Tzempelikos and Shen, 
2013), and solar irradiance falling on the occupant 
(Newsham, 1994) have been correlated to blinds 
occlusions for different thresholds. Among several 
quantities, the threshold of 50W/m2 received on the work 
plane is mostly adopted as a trigger for blinds occlusion 
(Reinhart, 2004; Wienold, 2007; Bourgeois et al., 2006; 
da Silva et al., 2012) as it represents, according to field 
studies, the point where blinds are often closed (Reinhart, 
2003; Inoue et al., 1988). Furthermore, blinds operation 
has been correlated to glare indices such as the Daylight 
Glare Index (DGI), specifically for values of DGI higher 
than 20 (da Silva et al., 2012). Additionally, the Daylight 
Glare Probability (DGP) has also been used to trigger the 
closing of blinds when its value exceeds 0.35 (perceptible 
glare) (Wienold, 2007; Wienold et al., 2011) or 0.40 
(disturbing glare) (Jakubiec and Reinhart, 2012).  
In addition to controlling glare occurrence, some studies 
have quantitatively correlated blinds operation to 
overheating using indoor temperature (Katsifaraki et al., 
2017). Solar irradiation has also been used as an indicator 
for thermal discomfort. According to Newsham (1994) 
and Inoue et al. (1988), field studies have shown that solar 
irradiance greater than 233W/m2 received on the 
occupants represents the point at which the maximum rate 
of blinds operation occurs, as it results in a 20% 
probability of blinds control. This threshold echoes the 
20% PPD thermal comfort criterion of ISO Standard 7730 
(Newsham, 1994). 
Blinds Control and Building Simulation 

Based on the previously mentioned variables, several 
models/algorithms that predict blinds control have been 
developed and integrated within building simulations for 
more reliable evaluation. For example, Reinhart (2004) 
proposed the model ‘Lightswitch 2002’ to predict 
dynamic personal response and control of light and blinds. 
The algorithm assumes blinds to be fully lowered as soon 
as the incoming direct solar irradiance exceeds 50W/m2 at 
the workplace. Later, Bourgeois et al. (2006) integrated 
the Lightswitch algorithm within building simulation to 
evaluate the impact of blinds control on whole building 

energy performance. An expanded version of the original 
Lightswitch model was proposed to further distinguish 
between a user who closes the blinds to avoid direct light 
on the workspace, and a user who closes the blinds once 
the DGP becomes disturbing (DGP>0.40) (Jakubiec and 
Reinhart, 2012). An alternative model was proposed by 
the Illuminating Engineering Society (IES LM-83) 
suggesting blinds closure whenever more than 2% of the 
analysis points receive direct sunlight of 1000 lux or 
more, unless the blinds are not installed or the criteria of 
Annual Sunlight Exposure (ASE) are already met 
(IESNAI, 2012). 
With respect to different algorithms that were built either 
on illuminance, DGP, solar irradiance data, etc., 
variations in performance outcomes of daylight and 
energy might often emerge when these models are applied 
(Bourgeois et al., 2006; Wienold et al., 2011; da Silva et 
al., 2012). Interestingly, the resultant differences may 
even lead to opposing shading positions (Wienold, 2007). 
Variations in simulation outputs may occur even when the 
outcomes from some of these algorithms are compared to 
each other (Nezamdoost et al., 2014). In fact, there is no 
consensus on which criteria best predicts user actions, 
although some studies have attempted to define the best 
performing criterion balancing energy demands with user 
comfort (da Silva et al., 2012). There is, however, 
agreement that user actions affect building performance, 
leading to variations in daylight and energy predictions. 
The resultant variations in simulation outcomes are a 
source of uncertainty for designers who seek a certain 
level of accuracy at each design stage. This poses the 
question of how these variations change our interpretation 
of a model’s performance. The literature has not 
examined in detail how different blinds control input 
parameters and operation criteria might influence final 
simulation outcomes. Moreover, no consideration has 
been given to the influence of façade configurations on 
blinds activation and their likely impact on performance 
evaluation. A review of the literature thus raises the two 
questions. (1) How do controlling decisions impact on 
daylight and energy predictions and influence 
performance evaluation, particularly at an early stage of 
design? (2) Is blinds control, and its likely impact on 
building performance, affected by façade configurations? 
In response, this study aims to examine the influence of 
blinds control on building simulations, using key 
performance indicators of daylight and energy as decision 
making criteria, for different facade configurations. 
Methodology 

Annual daylight and energy simulations were performed 
using a reference office (Reinhart, 2013) under the hot 
climate of Cairo, Egypt, and the temperate conditions of 
Nottingham, UK, with east, south, and west orientations. 
Simulations were carried out for normally-occupied 
office schedules using the 8am-6pm occupancy model, 
with consideration of daylight savings for Nottingham. 
Grasshopper (V.0.9.0076) was used to conduct the 
simulations through interfacing with the lighting 
modelling engine RADIANCE via the DIVA V.4 tool. 
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For energy modelling, the Archsim plugin for 
Grasshopper was used to interface with EnergyPlus 
(V.8.2.7) where all energy simulations were run.  
Model parameters 

A reference office, of size 3.6m(W) x 8.2m(L) x 2.8m(H), 
was used for the model. Materials’ optical and thermal 
properties are shown in Table 1. No external obstructions 
were considered. Two façade designs with varying levels 
of complexity were utilised to examine the likely impact 
of different configurations on blinds operation rate. The 
first was a simple design featuring a fully-glazed façade. 
The second was a complex façade with an egg-crate 
louver system (Figure 1). The enclosed space featured six 
workstations in two rows facing the internal walls. 
 

 
Figure 1: Simple and complex façade configurations.  

Table 1: Optical and thermal properties of the model. 

Component Properties 

Glazing Glazing Double Pane Clear: Tvis=80%; 
SHGC= 72%; U-value= 2.71W/m2K. 

Interior walls Lambertian diffuser with a 50% reflectance 
0.15 m brick (Y=5.38 W/m2K), (Adiabatic)  

Exterior wall 35% reflectance 0.15m brick, U-value= 
2.33W/m2K. 

Ceiling Lambertian diffuser with 80% reflectance 
0.2m concrete (Y=6.00 W/m2K), (Adiabatic)  

Floor Lambertian diffuser with 20% reflectance 
0.2m concrete (Y=6 W/m2K), (Adiabatic)  

Furniture Opaque material with 50% reflectance  
Computers  Self-luminance of screen = 250cdm2 
Blinds Total transmission= 0.04, reflection= 0.41 
External 
ground 

Lambertian diffuser with 20% reflectance 

The reference office was assumed to be heated and cooled 
by an HVAC system during the hours of occupation. 
Setpoint temperatures for the Nottingham climate were 
21oC for heating and 25oC for cooling based on the CIBSE 
Guide A (CIBSE, 2015). In accordance with the literature 
for Cairo, the setpoints were 22oC for heating and 26oC 
for cooling (Sherif et al., 2014). Four out of the six 
workstations were assumed to be constantly occupied 
(Reinhart, 2013) (see Figure 2) resulting in a peak 
occupancy of 0.13 person/m2. The total internal appliance 
load was set at 8 W/m2 corresponding to one EnergyStar-
rated LCD monitor and laptop per occupant present. The 
installed peak lighting power density was set at 11.38 
W/m2. The reference office was modelled with a dimming 
light control installed. Three light sensors were set at each 
workstation row. When daylight levels fell below the 
target of 300 lux, artificial lighting was switched on.  
Blinds Characteristics and Controlling Scenarios 

A roller blind was used in this study to shade the window 
when conditions giving rise to visual/thermal discomfort 

were present. This type of shading device was specifically 
chosen over other types of internal blinds as the published 
studies for roller shades are generally scarce, although this 
system is commonly used in perimeter offices 
(Konstantzos et al., 2015). The blinds were installed 0.1m 
from the window, and were assumed to totally shade the 
glazed area when a predefined discomfort threshold was 
reached based on the following scenarios:  
• Scenario 1 (SC.1): Evaluation based on blinds always 

opened or no blinds installed (baseline case). 
• Scenario 2 (SC.2): The blinds were assumed to be 

fully lowered as soon as disturbing glare (i.e., 
DGP>0.4) was received, based on (Jakubiec and 
Reinhart, 2012), otherwise the blinds were kept open. 
DGP was measured from the perspective of two seated 
subjects (view positions 1 and 2) shown in Figure 2, 
at a head height of 1.2m. The location of the two 
subjects was near the window at a distance of 1.2m 
perpendicular to the window direction (facing 
computer screens), where the sun was more likely to 
be in the field of view, severe glare/overheating 
sensation was more likely to occur, and, more 
importantly, both subjects had direct access to the 
internal blinds control (manual). 

• Scenario 3 (SC.3): The blinds were controlled based 
on the criteria proposed by the IES LM-83 standard 
(IESNAI, 2012) whenever more than 2% of the 
analysis points received direct sunlight of 1000 lux or 
more. The area of each desktop was around 1.7 m2 

(which exceeds the 2% specified in IES LM-83). For 
this, annual hourly data for average direct illuminance 
were generated on each desktop sensor.   

• Scenario 4 (SC.4): The blinds were controlled in 
accordance with the direct solar irradiance received on 
the desktop, based on the Lightswitch model 
(Reinhart, 2004). The scenario assumed that blinds 
were fully lowered when incoming direct solar 
irradiance above 50W/m2 hit the horizontal workplace 
of user 1 and 2. Otherwise, the blinds were kept open.  

• Scenario 5 (SC.5): The blinds were assumed to be 
lowered as soon as sunlight of solar intensity > 233 
W/m2 was received on occupants (Newsham, 1994; 
Inoue et al., 1988). Sensors for solar irradiance were 
located at the head height (1.2m) of a sitting person.  

• Scenario 6 (SC.6): The blinds were always closed. 
 
As seen above, the proposed scenarios aim to prevent 
visual discomfort at the eye and desktop levels (scenario 
2, 3, and 4), and to avoid overheating (scenario 5). 
Conversely, scenarios 1 and 6 represent the extreme cases 
for comparison. The measurements of illuminance and 
solar irradiance for SC. 3 and 4 were taken, at a height of 
0.8m, on the desktop of users 1 and 2 (see Figure 2) 
divided by a grid of 0.6x0.6m for the simple façade and 
0.4x0.4m for the complex one, consistent with a previous 
study from the authors (Abdelwahab et al., 2017). 
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Figure 2: View positions (User1,2) and sensor positions.  
Shading Schedules 

Different scenarios were integrated within daylight and 
energy simulation tools through the shading schedules 
that represent the data of blinds positioning for 8760 
hours/year. The generation of the shading schedules was 
based on the pre-calculation of the different indicators of 
DGP, direct illuminance, and solar irradiance, for an 
hourly time step, received separately for a given façade 
configuration, orientation, and climate. For example, in 
order to calculate daylight and energy based on SC.2, 
hourly DGP values were pre-calculated from the 
perspective of  subject 1 and 2 and converted into a 
separate schedule (shading schedule) where DGP values 
equal or higher than 0.4 were counted and replaced by 1, 
which means blinds were closed, whereas DGP values 
less than 0.4 were replaced by 0 (blinds were open). 
Performance Indicators and Statistical analysis 

Daylight Autonomy (DA) was used to measure the 
percentage of the operation period that a daylight level 
was exceeded across the year. Conversely, spatial 
Daylight Autonomy (sDA) described the percentage of 
floor area receiving a target illumination for at least 50% 
of annual occupied hours (IESNAI, 2012). Energy use 
was calculated in terms of lighting, heating, and cooling 
loads, expressed in kWh per year per m2 of floor area.  
The absolute Root-Mean-Square Error (RMSE) was used 
to examine the differences detected when comparing 
daylight estimates with and without blinds control. For 
energy loads, no reference suggests how high or low 
RMSEs should be for a simulation to be considered 
‘reliable’. Therefore, relative RMSE values were 
calculated to normalize the estimated errors from energy 
loads in relation to the predicted energy in the baseline 
case (with no blinds) to help interpret the results. The 
Cohen’s d coefficient was used to estimate the effect size 
of the differences in daylight estimates simulated with and 

without blinds control. The interpretation of the effect size 
(d) was based on published benchmarks (Ferguson, 2009), 
where: d<0.41= negligible; 0.41≤d<1.15= small; 
1.15≤d<2.70= moderate; d≥2.70=large.  
Results  

All cases with different controlling scenarios were 
analyzed for annual daylighting and energy simulation 
outcomes. The analysis was conducted separately for the 
simple and complex façade configurations. The results 
were statistically compared against the scenario with no 
blinds, which was used as a reference baseline case.  
Daylighting Simulation  

As expected, consideration of blinds control to prevent 
visual discomfort through a simple façade via scenarios 2, 
3, or 4, significantly reduced daylight estimates compared 
to the case that had a fixed condition with no blinds 
(SC.1). The analysis shown in Table 2 detected 
considerable errors under the Cairo climate, particularly 
for the south and west façades with RMSE varying 
between 20% and 39% for DA, this depending on the 
scenario applied. The estimated RMSEs were lower in the 
case of the east façade (RMSE 15%-22%). Among 
different controlling scenarios, SC.3 signalled the highest 
errors compared to the baseline case (SC.1), whereas the 
errors resulting from SC.2 and SC.4 were lower. When 
the differences were statistically measured, the effect size 
(Cohen’s d) detected differences with small or moderate 
magnitude for DA under SC.2, 3 and 4, compared to SC.1. 
Interestingly, the errors in simulation outcomes were 
consistently lower under the Nottingham climate for the 
east and west facades (RMSE varied between 8%-17% 
DA). Only the errors for the south façade were more 
evident (RMSE varied between 22%-42% DA), with 
effect size estimates detecting differences of small to 
moderate magnitude. The example in Figure 3 illustrates 
the differences of DA, via a colour map, and the resultant 
sDA% in accordance with the applied scenarios. As 
noted, ultimately daylight distribution across the floor 
area can vary considerably (14.3-100%sDA) when 
considering blinds control, irrespective of the applied 
scenario. In essence, this shows how sensitive 
performance evaluation might be with respect to input 
parameters of user actions. This aspect can be critical 
when rating building performance, particularly 
considering that, for example, some certification systems 
such as LEED and WELL use sDA% for accrediting 
indoor daylighting.

spatial Daylight Autonomy sDA% 

SC. 1 SC. 2 SC. 3  SC. 4 SC. 5 SC. 6 100DA 

 
0 DA 

100% sDA 71.4% sDA 35.7% sDA 57.1% sDA 100% sDA 14.3% sDA 

      
Figure 3: Simple façade configuration (Cairo): sDA% for each controlling scenario in the south façade.
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In the case of the complex façade configuration, the 
analysis showed lower errors with RMSEs varying 
between 4.9% and 16% DA in Cairo and 3.3% and 13.4% 
DA in Nottingham, depending on the orientation. Both 
SC.2 and 3 detected significant differences compared to 
SC.1, with small effect sizes for the south façade under 
both climates and for the west façade in Cairo. The 
differences were negligible for all other comparisons. 
On the other hand, activating the blinds to control 
overheating via scenario SC.5 showed no or marginally 
low errors for both façade configurations under both 
climates compared to the baseline case (SC.1) (RMSEs 
<2% DA) except for the case in the south façade under 
Cairo climate. In this particular case, the analysis showed 
errors with RMSE 6.6% DA and differences characterised 
by small magnitude of effects. Otherwise, this scenario 
had no significant impact on any of the other cases. 

Table 2: Comparisons between DA obtained with 

different controlling scenarios vs. SC.1.  
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1.22 
1.74 
1.05 
0.05 
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10.18 
17.18 
8.53 
0.65 
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0.37 
0.62 
0.31 
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6.73 
9.65 
4.16 
2.10 
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0.22 
0.32 
0.12 
0.01 
2.70 

Lastly, the scenario with blinds always closed (SC.6) 
resulted in considerable differences compared to SC.1. 
The RMSE analysis detected errors higher than 58% DA 
for both façade designs in all orientations under both 
climates. This led to significant differences in simulation 
outcomes with strong and moderate effects magnitude. 
This indicates that passive daylight control, represented in 

this extreme scenario, can cause major discrepancies 
between simulated and actual daylighting performance. 
From the statistical analysis of the data, it can be inferred 
that user’s actions to control blinds to avoid glare, via the 

specified scenarios based on DGP, direct illuminance, or 
direct solar irradiance, can significantly affect daylighting 
simulation outcomes compared to the case when blinds 
control is not considered, particularly for simple façade 
systems. The precision of daylighting simulation was less 
impacted in the case of complex façade designs, although 
substantive errors were detected in some cases based on 
the selected scenario. 
Energy Simulation 

During occupancy hours, no heating loads were detected 
for the specified set points under Cairo climate, 
complying with other studies in the literature conducted 
under the same climate with no or almost negligible 
heating requirements (Sherif et al., 2014). Conversely, for 
Nottingham, no cooling loads arose from the simulations 
for both façade designs in all tested orientations.  
It should be noted that, irrespective of the scenario under 
examination, activating the blinds caused lighting loads to 
increase as a result of receiving lower levels of 
daylighting. Therefore, more lighting loads were used to 
maintain indoor lighting levels above the target 
illuminance (i.e., 300 lux). Cooling and heating loads 
were affected by blinds operation in different ways. 
Independently of lighting requirements and their thermal 
impact, activating the blinds can reduce solar heat transfer 
through the window, especially if shading devices are 
externally installed to prevent solar heat gains. The 
reduction in heat transfer from the window, however, is 
normally lower in the case of internal blinds because the 
heat has already been transferred into the space through 
the window (CIBSE, 2015). On the other hand, activating 
the blinds increases the use of artificial lighting that has 
constant heat radiation which, in turn, represents a source 
of heat that causes an increment in cooling or a decrement 
in heating loads (Bourgeois et al., 2006). In other words, 
blinds operation can either lower or raise heat input as it 
reduces heat transfer from the window, but at the same 
time, it increases heat gain from lighting luminaires that 
are switched on. The following sections show in detail the 
differences in energy loads deriving from blinds control 
compared to the baseline case with no blinds (SC. 1). 
Lighting loads 
For the case of the simple façade, the inferential data from  
Table 3 shows that activating the blinds to control visual 
discomfort via SC.2, SC.3, or SC.4 resulted in high 
RMSEs varying between 6.1-8.2 kWh/m2 (east), 9.7-16.3 
kWh/m2 (south), and 5.9-9.3 kWh/m2 (west), depending 
on the scenario, compared to lighting loads obtained with 
no blinds (SC.1) under the Cairo climate. The estimated 
errors are equal or lower under the Nottingham climate. 
For the case of the complex facade, RMSEs varied 
between 3.9-6.9 kWh/m2 (east), 3.9-7.8 kWh/m2 (south) 
and 3.6-5.1 kWh/m2 (west) in Cairo, while the impact was 
lower in Nottingham, with RMSEs ranging between 1.0-
6.0 kWh/m2 for all orientations. For both façade 
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configurations, the highest errors consistently occurred 
with SC.3 compared to SC1.  
The statistical errors from SC.2, 3, 4, showed to be 
especially relevant for lighting energy modelling under 
the Cairo climate, particularly for the simple façade, 
relative to the lighting loads obtained without blinds 
(SC.1). This corresponded to an inflation in lighting loads 
by almost 1 to 5 times, depending on the scenario and the 
orientation. The impact was lower under the Nottingham 
climate with lighting loads errors of 35-81% (east), 90-
179% (south), and 18-43% (west), this again depending 
on the scenario under examination. The errors were lower 
for the case of the complex façade, likely due to the fact 
that the blinds have the least operation rate.  
Activating the internal blinds to control overheating using 
SC.5 resulted in marginal errors in lighting energy loads 
with RMSEs ≤2.3 kWh/m2 compared to SC.1 under all 
orientations. Considering the blinds always closed 
scenario (SC.6), this caused substantial differences to the 
case with the simple façade and no blinds (SC.1), with 

RMSEs varying between 24.7-33.4 kWh/m2 under the 
Cairo climate, this depending on orientation. The analysis 
in Nottingham led to errors of smaller scale. Lighting 
loads were lower by almost 5 to 10 times in Cairo, and by 
2 to 3 times in Nottingham, in case of modelling lighting 
energy without considering blinds control (passive 
daylight use). The errors were generally of smaller 
magnitude for the complex façade, representing an 
increment by 3 to 7 times in Cairo and by almost 1 to 2 
times in Nottingham, depending on the façade orientation. 
These results suggest that integrating user actions to 
control visual discomfort is crucial for lighting energy 
modelling and, if not considered, it might mislead 
performance evaluation. However, consideration of all 
the metrics that are suggested in the literature as triggers 
to the activation of blinds control – i.e. DGP, direct 
illuminance, or direct solar irradiance – generally resulted 
in substantial errors in the simulated lighting energy loads 
under all the orientations tested compared to the case 
without blinds (or with blinds always open, SC.1). 

 

Table 3: Comparisons between energy loads obtained with different controlling scenarios vs. SC.1. 
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The results also show the dependency of controlling 
decisions and their likely impact on lighting energy 
calculations based on different façade components. As 
such, the estimated errors were lower for the façade 
design with external shadings because these block the 
ingress of direct sunlight, reducing causes of discomfort 
that trigger blinds control. This outcome was consistent 
under both climates, although the results under the clear-
sky condition of Cairo were more clearly affected. 
Heating and Cooling loads 
The RMSE analysis illustrated in  
Table 3 shows that using the blinds to prevent visual 
discomfort via SC.2, 3 or 4 in the case of the simple facade 
resulted in errors in heating loads between 2.4-5.6 
kWh/m2 in the east, 2.6-6.4 kWh/m2 in the south, and 0.1-
1.4 kWh/m2 in the west façade compared to the simulation 
results of SC.1. This represented 2-6%, 5-14%, and 0-2% 
respectively of the heating loads obtained. In the case of 
the complex facade, the RMSE analysis produced errors 
lower than 5 kWh/m2 for all orientations, representing 
only 0-4% of the heating loads obtained under SC.1 for 
the east and west facades, and 2-8% for the south façade. 
Using the same scenarios when modelling cooling energy 
use in Cairo, errors lower than 6 kWh/m2 for both façade 
designs, which represents less than 10% of the cooling 
loads obtained with no blinds were produced. 
The SC.5 scenario produced almost no influence on the 
estimated heating and cooling loads. Closing the blinds 
during occupation time (SC.6) resulted in large 
differences in heating predictions compared to SC.1 with 
RMSEs ranging between 9.3-17.3 kWh/m2 in all 
orientations, corresponding to 16-24% of heating loads. 
The analysis of the complex façade led to similar results. 
In case of cooling loads, SC.6 caused more evident 
differences, with RMSE of 17.0 kWh/m2 in the east 
façade compared to SC.1. The impact was much lower for 
the south and west orientations (<5 kWh/m2). When 
testing the complex facade, RMSEs were between 14.3 
and 19.8 kWh/m2 in all orientations, representing almost 
11%-36% of the cooling energy obtained with SC.1.  
These results indicate that modelling heating and cooling 
requirements in isolation of user actions, based on the 
scenarios explored in this study, has a relatively lower 
impact than lighting loads on simulation outcomes, except 
for the case with passive daylight users who always draw 
the blinds during the occupation time.  
Discussion and Conclusion  

Using sensitivity analysis techniques, the impact of blinds 
control on daylight and energy simulations was 
statistically measured. The main findings from this study 
suggest that individual controlling decisions to prevent 
causes of visual discomfort from the window, based on 
the scenarios tested, are crucial in building simulations 
that drive decision making. A significant discrepancy was 
statistically detected between the simulated data with and 
without the integration of user control, leading to sizeable 
discrepancies of indoor daylighting levels and estimation 
of lighting energy requirements.  

Controlling the blinds to limit heat transfer from the 
window was found to have a marginal or no effect on 
simulation outcomes for all orientations and façade types. 
Generalisation of these inferences should, however, be 
treated with caution as they largely vary depending on the 
climatic conditions. As such, the errors in daylighting 
levels (DA) and lighting energy were more evident under 
the hot climate condition of Cairo and reduced 
dramatically under the temperate climatic condition of 
Nottingham, irrespective of the scenario applied. This 
suggests that the impact of blinds control on the reliability 
of light and energy simulations can be more significant 
under clear skies. In terms of façade components, 
simulation outcomes were significantly impacted by 
blinds control for simple façades exposed directly to the 
sun. The impact was lower, yet still significant, in the case 
of external shading (complex façade) because this 
configuration limits the ingress of excessive sunlight.  
From the wide range of statistical differences in 
daylighting and energy outcomes detected in this study, it 
can be concluded that building performance evaluation is 
always likely to be subject to uncertainty from user 
control. In response, some approaches suggest defining 
this range in simulations as the worst/best case scenario 
of occupant behaviours since the real behaviour will lie 
somewhere between those boundaries (Roetzel et al., 
2010). However, it should be noted that, in reality, the 
impact of manipulating shading systems on building 
performance can be much higher especially if blinds are 
manually controlled. In this case blinds controlled 
manually might often be kept down until the end of the 
day, even after discomfort issues from daylight have been 
resolved (Reinhart, 2003). This was examined in this 
study using the scenario with a passive daylight user, who 
leaves the blinds closed (SC.6). This scenario ultimately 
led to relevant differences in daylighting levels and 
lighting energy loads. Although this represents an 
extreme case, it showed how the use of blinds can 
substantially impact on building performance. Moreover, 
people are less likely to interrupt their work in order to 
manually operate the blinds, especially if the controlling 
point is not easily accessible or the mechanism is not easy 
to manoeuvre (Bordass et al., 1994). This suggests that the 
influence of activating blinds may inflate as a result of 
keeping the blinds down for longer occupational times. 
With respect to the variations in simulation outputs 
resulted from each scenario separately, further field 
studies are needed to identify the scenario (e.g. DGP, etc.) 
that best predicts user action, so the gap between predicted 
and measured building performance can be reconciled. 
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Abstract 

Despite the progress in daylight modelling determined 

by the development of dynamic daylight calculation 

software, the simulation of daylight-linked control 

systems (DLCSs) does not provide reliable results, since 

available calculation software are not able to account for 

all the factors influencing DLCSs performance. The 

paper presents a new tool called DET (DLCSs 

Evaluation Tool) able to simulate DLCSs and to evaluate 

the energy saving they provide. A simple case-study is 

used to compare DET results with those provided by 

DIVA for Rhino, demonstrating that DET generally 

calculates higher consumptions than DIVA.  

Introduction 

Daylight-linked control systems (DLCSs) represent a 

useful strategy to save energy due to electric lighting 

(Dubois and Blomsterberg 2011) and at the same time to 

improve occupants’ wellbeing: Their use allows 

optimizing daylighting, positively affecting people’s 

visual and non-visual comfort (Boyce et al. 2003).  

Despite the progress in daylight modelling determined 

by dynamic daylight simulations introduction, the way 

DLCSs are modelled is not very reliable. Factors 

affecting their performance are a lot (Bellia et al. 2016) 

(photosensor characteristics, control strategy, calibration 

conditions, lighting systems characteristics) and 

available software do not account for all of them.  

Currently, DLCSs functioning is generally simulated by 

means of the same software used to dynamically 

simulate daylight availability in indoor environments. In 

this field, the most accredited software is surely Daysim, 

a validated software based on RADIANCE engine. In 

Daysim, the user divides the work-plane in different 

control zones and, for each one of them, sets the control 

strategy and the lighting system characteristics. For each 

control zone, the software dynamically calculates the 

luminaires light output necessary to perfectly integrate 

daylight, the related absorbed power and the 

corresponding energy consumptions, assuming an hourly 

or sub-hourly time step. The most significant 

approximations of this software are two: luminaires light 

output is evaluated starting from illuminance at the 

work-plane and not from photosensor detections; the 

calibration procedure is completely neglected.    

The same calculation procedure is used in DIVA: a 

highly optimized daylighting modelling plug-in for 

Rhinoceros based on Daysim engine. Differently from 

Daysim, DIVA has another limitation: it allows 

simulating daylight availability exclusively considering a 

1-hour time step, but previous studies (Littlefair 2001, 

Bellia et al. 2018) underlined that brief-time daylight 

oscillations strictly influence DLCSs functioning.    

Another DLCSs simulation tool based on Daysim is the 

modified JAVA GUI for Daysim developed at Penn 

State University by Mistrick. It introduces interesting 

novelties compared with Daysim, since it is able to 

model photosensors characteristics and to account for 

different control algorithms. However, it is not perfectly 

compatible with Windows operating systems.    

Rogers developed an Excel Macro called SPOT (Sensor 

Placement + Optimization Tool) (Rogers 2006) useful 

during DLCSs design process to define control 

strategies, to choose photosensors from a database of 

commercially available products and to establish their 

location. Furthermore, the software is able to simulate 

the calibration phase of different control typologies 

(switching, stepped and dimming ones). Its limitations 

are the following: daylight availability modelling is 

simplified and only spaces characterized by simple 

geometry can be modelled.   

Since each available software is based on different 

calculation procedure, the use of a software or another 

determines a different evaluation of the related energy 

consumptions. For example, Doulos et al. (2005) 

compared SPOT and Daysim and they found that energy 

consumptions obtained by means of SPOT are15% lower 

than those obtained by means of Daysim.  

Based on these premises, researchers proposed different 

methodologies to overcome the weak points of the 

available software. Some of these studies suggest the use 

of quick and simplified methods, alternative to dynamic 

daylight simulations, that can be useful especially in the 

first phase of the design process. In this context the study 

by Lo Verso et al. (2014) are interesting. Among the 

simplified calculation models, the one proposed by the 

European standard EN 15193-1:2017 has to be 

considered as well.  

On the other hand, other studies proposed strategies to 

perfect the dynamic calculation methods overcoming the 

above-mentioned limitations. For example, one of the 

most debated issue is photosensors modelling, 

accounting for spatial and spectral responses (Doulos et 

al. 2008b, Ehrlich et al. 2002). Other researches (Doulos 
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et al. 2008a, Roisin et al. 2008) focused on the lighting 

systems characteristics, deepening issues connected to 

the ballast dimming response function, i.e. the curve 

relating light output and absorbed power.  

This paper presents a simulation tool called DET 

(DLCSs Evaluation Tool) developed by Bellia and 

Fragliasso (2017). It can be used to post-process 

dynamic daylight simulation results obtained by using 

software like Daysim or DIVA, in order to simulate 

DLCSs performance, accounting for some aspects not 

considered by the currently available calculation tools. 

The work is divided in two parts. In the former one, after 

a brief description of DET, the calculation procedures 

used by DIVA and by DET are described and compared. 

In the latter, the two tools are used to simulate the 

functioning of closed-loop proportional dimming 

systems in a simple case study and obtained results are 

compared.  

A little focus on DET 

DET is an Excel worksheet with macro and it is 

conceived to be a sort of external plug-in for dynamic 

daylight simulation software. It consists in three mainly 

screens that users can easily navigate, moving from one 

to another (see for example Figure 1). The first screen 

allows input data to be inserted and the specific control 

algorithm to be selected. In the second one the setting 

parameters referred to the chosen control algorithm must 

be added. Finally, the third screen shows the results.  

As it can be seen in Figure 1, to use DET, users must 

simply insert the parameters indicated in the blue cells, 

writing them in the corresponding grey cells. 

Specifically, in the first screen, data to insert in columns 

C, D, E and F must be copied and pasted from the output 

files of the dynamic daylight simulations software.  Once 

this is done, users must push one of the buttons named as 

the corresponding control algorithm (open-loop and 

closed-loop switching, open-loop and closed-loop 

stepped, open-loop dimming, closed-loop integral reset 

and proportional). The second screen (see Figure 2), 

different for each algorithm, must be used to insert the 

parameters necessary to simulate the calibration of the 

DLCS. From the same screen, users can come back to 

the previous section, if they got wrong in choosing the 

control algorithm. Once all the parameters are set, the 

“Simulate control system functioning” allows running 

the simulation. At this point, all the results will 

automatically appear in the last screen in the form of 

graphs similar to those reported in Results section (see 

Figure 5) together with the numerical values which 

graphs are referred to. 

Comparison between DIVA and DET 

In both DIVA and DET, modelling of DLCSs 

functioning is based on the results of a previously 

performed dynamic daylight simulation, aiming at 

obtaining annual illuminance trends at the work-plane. 

In DIVA, the two calculation phases are strictly 

connected, since the same software is used to carry out 

both of them. On the contrary, when using DET, the 

daylight simulation results obtained by means of DIVA 

or another calculation software must be transferred in 

DET.  

Despite it is different, the DLCSs modelling procedure 

can be divided in four different steps for both software: 

1. Setting of calculation parameters referred to the 

control system; 

2. Definition of the photosensor location and of the 

work-plane control points (i.e. those points where 

specific lighting conditions must be guaranteed);   

3. Calculation of the luminaires light output (δ) 

(expressed as the percentage ratio of the emitted 

luminous flux to the total one), necessary to 

integrate daylight and achieve the required task 

illuminance at the control points; 

4. Calculation of the absorbed power based on the 

obtained light output.  

Considering that the calculation approach is dynamic, 

steps 3 and 4 are repeated for each value of work-plane 

daylight illuminance previously obtained by means of 

the dynamic daylight simulations.  

DIVA - Step 1: Setting of calculation parameters 

In DIVA the DLCSs dimming system functioning can be 

simulated by adding the “Photosensor controlled 

dimming” control to the lighting system. For this control 

typology, the corresponding calculation parameters are: 

• Lighting Power (LP) [W]: the power absorbed by the 

lighting system when luminaires are on and the light 

output is 100%; 

• Lighting Setpoint (LS) [lx]: the target illuminance 

prescribed by regulations; 

• Ballast Loss Factor (BLF) [%]: the percentage of 

peak energy used by a dimming system, when it is 

dimmed down at 1%. 

• Standby Power (SP) [W]: the amount of energy 

absorbed by some automatically lighting systems 

even when the system is "off".   

DIVA - Step 2: Definition of work-plane and 

photosensor location 

In DIVA there is no difference between the photosensor 

and the work-plane location, meaning that the DLCS 

functioning is simulated considering that the photosensor 

is located at the work-plane and, consequently, the light 

it detects is the same received by the work-plane. The 

user has to select one or more points belonging to the 

work-plane calculation grid used for dynamic daylight 

simulations, then the software models the DLCS, 

considering that the daylight illuminance at the work-

plane will be perfectly integrated by means of electric 

light. If more than one point is selected, luminaires will 

be dimmed, in order to guarantee the LS at the most 

disadvantaged point, i.e. the point receiving less 

daylight.  

DIVA - Step 3: Light output calculation 

For each hourly data t, the luminaires light output, δt, is 

evaluated as it follows: 
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𝛿𝑡 = {

0.01                   𝑖𝑓𝐸𝑑𝑙,𝑡 ≥ 𝐿𝑆

(𝐿𝑆 − 𝐸𝑑𝑙,𝑡)

𝐿𝑆
    𝑖𝑓𝐸𝑑𝑙,𝑡 < 𝐿𝑆

 (1) 

Where Edl,t is the daylight illuminance at the most 

disadvantaged of the points selected by the user.  

DIVA - Step 4: Absorbed power calculation 

In DIVA, the calculation of the absorbed power is 

divided in two phases. In the former one, starting from 

δt, the Power Ratio (PRt) is calculated. PRt is the 

percentage ratio of the absorbed power at the time t (Pt) 

to the total power of the system. To calculate PRt, it is 

assumed that there is a linear relationship between the 

light output and the absorbed power. The slope of the 

straight line describing the relation can be defined 

considering that when δ is maximum, i.e. it is 100%, the 

corresponding power ratio is 100%, whereas, when δ is 

minimum, i.e. it is 1%, the power ratio is equal to the 

Ballast Loss Factor. So, at each time t, the power ratio is:   

𝑃𝑅𝑡 = {

𝐵𝐿𝑆                                             𝑖𝑓 𝛿𝑡 = 0.01
1 − 𝐵𝐿𝐹

0.99
∙ 𝛿𝑡 +

𝐵𝐿𝐹 − 0.01

0.99
 𝑖𝑓 𝛿𝑡 > 0.01

 (2) 

In the latter phase, the absorbed power is calculated 

starting from PRt as: 

𝑃𝑡 = 𝑃𝑅𝑡 ∙ (𝐿𝑃 + 𝑆𝑃) (3) 

So, the software considers that both the LP and the SP 

are dimmed as a function of the available daylight.  

As regards the output, the software provides exclusively 

the annual trend of the PRt and the annual energy 

consumption expressed in kWh.  

DET - Steps 1 and 2: Setting of calculation 

parameters and definition of work-plane and 

photosensor location 

As it was previously reported, DET is conceived to be a 

sort of external plug-in of dynamic daylight simulation 

software. So, before setting the calculation parameters 

specifically referred to the control system, the results of 

the previously performed dynamic daylight simulations 

must be copied and pasted in the first software screen 

(Figure 1). Here the user has to insert the following data: 

• Etask: the illuminance required by regulations; 

• Time step: the time step of the dynamic daylight 

simulations. It can be 1 hour (like in DIVA) or 1 

minute. The 1-minute time step is considered since 

DET can be used coupled not only with DIVA, but 

also with other software like Daysim, able to provide 

as output sub-hourly data. As an alternative, the user 

can insert results of measured daylight data as well; 

• Amount of days: number of simulation days; 

• Detections per day: number of data obtained by 

means of the simulation each day. 

Then in the columns from C to F, the user must copy 

simulations results in the following order: 

• Day in column C; 

• Time in column D; 

• Edl in column E; 

• Sdl in column F. 

Edl is the daylight work-plane illuminance obtained by 

means of simulations. The user can insert illuminance 

values referred to the most disadvantaged point of the 

calculation grid or to the average values of all the 

calculation points. Sdl is the photosensor signal. 

Differently from DIVA, in DET the light output is 

evaluated according to the detections of the photosensor 

and not to the work-plane illuminances. For this reason, 

when using DET, during the previous dynamic daylight 

simulations, it is necessary to set both a calculation grid 

located at the work-plane and a calculation point at the 

location of the photosensor. Illuminances at this point 

can be assumed coincident with the photosensor 

detections and copied in D column.  

After dynamic daylight simulation results have been 

inserted, the user chooses the control algorithm by 

clicking the corresponding button. In this way he 

activates the following screen (see Figure 2). In DET, 

the control algorithm is in-depth modelled, accounting 

for the calibration phase. For example, for closed-loop 

dimming systems (considered in this application) the 

control functioning is simulated according to the 

algorithm reported in Figure 2. It considers that 

luminaires are continuously regulated from a maximum 

light output to a minimum one, without being completely 

switched-off. The slope of the control straight line is 

evaluated defining two points during the calibration. The 

first one is set night-time, when daylight is absent, the 

light output is the maximum one and the photosensor 

detects exclusively electric light. The second set-point is 

defined when daylight is such that the light output 

necessary to integrate daylight is slightly above the 

minimum one (Di Laura et al. 2011). To properly set the 

control algorithm, the following parameters are needed: 

• 𝛿𝑚𝑎𝑥 [%]: the maximum light output of the 

luminaires; 

• 𝛿𝑡𝑐 [%]: the light output at the calibration. It depends 

on daylight conditions occurring at the calibration; 

• 𝛿𝑚𝑖𝑛 [%]: the minimum light output which 

luminaires can be dimmed down at; 

• 𝑆𝑒𝑙,𝛿𝑚𝑎𝑥: electric light component of the photosensor 

signal at night-time calibration; 

• 𝑆𝑑𝑙,𝑡𝑐: daylight signal at the photosensor at day-time 

calibration; 

• 𝐸𝑒𝑙,𝛿𝑚𝑎𝑥 [lx]: electric light work-plane illuminance at 

night-time calibration; 

• 𝐸𝑑𝑙,𝑡𝑐 [lx]: daylight illuminance at the work-plane at 

day-time calibration; 

• P100%  [W]: power absorbed by all luminaires when 

they are on at 100%; 

• Pδmin  [W]: power absorbed by all luminaires when 

they are on at the minimum light output; 

• Pstand-by [W]: power absorbed by all luminaires in 

stand-by conditions; 

• Pother [W]: power absorbed by auxiliary devices such 

as photosensors and controllers. 

Differently from DIVA the minimum and maximum 

light output are set by the user and not chosen by default. 
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Figure 1: DET first screen 

This allows accounting two factors: 1) the minimum 

light output can be different depending on the chosen 

light source and it is not necessarily equal to 1%; 2) the 

use of DLCSs can be associated to the luminance 

maintenance control strategy. Indeed, lighting systems 

are generally over-dimensioned to consider the luminous 

flux decay over time. So, at the beginning of their life 

cycle luminaires can be dimmed to save energy. This 

means that, when setting the DLCS, the maximum light 

output must be lower than 100%.  

Parameters referred to daylight data at calibration (𝑆𝑑𝑙,𝑡𝑐 

and 𝐸𝑑𝑙,𝑡𝑐) can be inferred from results of dynamic 

daylight simulations, choosing a daylight condition 

proper for the calibration, according to practice 

prescriptions (Di Laura et al. 2011). On the other hand, 

parameters referred to electric light (𝑆𝑒𝑙,𝛿𝑚𝑎𝑥  and 

𝐸𝑒𝑙,𝛿𝑚𝑎𝑥) can be obtained by means of DIVA itself, or by 

means of another electric light simulation software. 

DET - Step 3: Light output calculation 

For each hourly or sub-hourly data t, considering closed-

loop dimming systems, the luminaires light output is 

evaluated as it follows: 

𝛿𝑡 = {

𝑚 ∙ 𝑆𝑑𝑙,𝑡 + 𝑞

1 − 𝑚 ∙ 𝑆𝑒𝑙,100%

 𝑖𝑓 𝑆𝑑𝑙,𝑡 ≤ 𝑆𝑑𝑙,𝑙𝑖𝑚

𝛿𝑚𝑖𝑛                      𝑖𝑓 𝑆𝑑𝑙,𝑡 > 𝑆𝑑𝑙,𝑙𝑖𝑚

 (4) 

Where: 

𝑚 =
𝛿𝑡𝑐 − 𝛿𝑚𝑎𝑥

𝑆𝑡𝑐 − 𝑆𝑒𝑙,𝛿𝑚𝑎𝑥

 (5) 

𝑞 =
𝑆𝑡𝑐 ∙ 𝛿𝑚𝑎𝑥 − 𝑆𝑒𝑙,𝛿𝑚𝑎𝑥 ∙ 𝛿𝑡𝑐

𝑆𝑡𝑐 − 𝑆𝑒𝑙,𝛿𝑚𝑎𝑥

 (6) 

𝑆𝑑𝑙,𝑙𝑖𝑚 =
𝛿𝑚𝑖𝑛(1 − 𝑚 ∙ 𝑆𝑒𝑙,100%) − 𝑞

𝑚
 (7) 

Sdl,t is the daylight component of photosensor signal at 

each time t, inferred by the software from column F in 

the first screen. Stc is the total photosensor signal at the 

day-time calibration (daylight component plus electric 

light component) and it is calculated as: 

𝑆𝑡𝑐 = 𝑆𝑑𝑙,𝑡𝑐 + 𝛿𝑡𝑐 ∙ 𝑆𝑒𝑙,100% (8) 

Sel,100% is the electric light component of the photosensor 

signal when luminaires are on at 100% and it is: 

𝑆𝑒𝑙,100% =
𝑆𝑒𝑙,𝛿𝑚𝑎𝑥

𝛿𝑚𝑎𝑥

 (9) 

DET - Step 4: Absorbed power calculation 

In DET, whatever control algorithm is chosen, at each 

time t, the absorbed power (Pt) is: 

𝑃𝑡 = 𝑃𝑙𝑢𝑚.𝑡 + 𝑃𝑜𝑡ℎ𝑒𝑟  (10) 

Where Plum.t is the power absorbed by the luminaires and 

Pother is that absorbed by the photocell and other auxiliary 

devices. In turn, Plum.t can be evaluated assuming a linear 

relationship between the light output and the absorbed 

power and considering that, when the light output is 

equal to δmin, the absorbed power is equal to Pδmin, when 

it is equal to 100% the power is P100%. Plum.t is evaluated 

as:  

𝑃𝑙𝑢𝑚.𝑡 = {
𝑚𝑃 · 𝛿𝑡 + 𝑞𝑃  𝑖𝑓 𝑙𝑢𝑚𝑖𝑛𝑎𝑖𝑟𝑒𝑠 𝑎𝑟𝑒 𝑜𝑛
𝑃𝑠𝑡𝑎𝑛𝑑−𝑏𝑦     𝑖𝑓 𝑙𝑢𝑚𝑖𝑛𝑎𝑖𝑟𝑒𝑠 𝑎𝑟𝑒 𝑜𝑓𝑓

 (11) 

Where: 

𝑚𝑃 =
𝑃100% − 𝑃𝛿𝑚𝑖𝑛

1 − 𝛿𝑚𝑖𝑛
 (12) 

𝑞𝑃 =
𝑃𝛿𝑚𝑖𝑛 − 𝛿𝑚𝑖𝑛 · 𝑃100%

1 − 𝛿𝑚𝑖𝑛
 (13) 

So, in DET only the luminaires power is dimmed and it 

is considered that the stand-by power and the power of 

other components are steady rates of the power.  

As regards the output, DET provides the energy 

consumptions in kWh and the trends on time varying of 

light output, absorbed power, electric light illuminance 

at the work-plane and total illuminance at the work-

plane (daylight plus electric light).  

Case study description 

Dynamic daylight simulations were performed by means 

of DIVA referred to a typical sidelit office 4m·4m wide 

and 3m high. The room dimensions are reported in 

Figure 3. Simulations were repeated 8 times considering 

that the office was located in two cities characterized by 

different weather conditions, Naples (Latitude 40° 51' 22 

N, Longitude 14° 14' 47 E) and Berlin (Latitude 52° 31' 

27 N, Longitude 13° 24' 37 E), and assuming that for 

each city the window was oriented according to the four 

main cardinal points in turn. It was considered that the 

office was located at the second floor of a three-story 

building and that a building of the same height was 

positioned in front of it at a distance of about 15 m.
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Figure 2: Closed-loop proportional dimming setting screen 

The following reflectances were used for architectural 

surfaces: 0.50 - interior walls, 0.80 – ceiling, 0.20 – 

floor, 0.50 – furniture, 0.50 – window frame, 0.35 – 

exterior walls, 0.20 – outside ground. The visual 

transmittance of the window glazing was 0.8. As for 

shading devices, the DIVA “conceptual shading”, 

modelled according the Lightswitch algorithm (Reinhart 

2004) was used for east, south and west windows. This 

algorithm considers that an ideal shading system is 

activated when direct irradiance at the work-plane is 

higher than 50 W/m2. When the shading is activated the 

direct component of daylight is completely shielded and 

the diffuse one is reduced of 75%. The weather data file 

used for simulations were IWEC ones and they were 

downloaded from the Energy Plus web site. It was 

considered that the office was occupied from Monday to 

Friday, from 9:00 to 18:00 and that daylight-saving time 

ranged from April the 1st to October the 31st. Calculation 

parameters were set according to (Reinhart 2006) and 

they were: ambient bounces 7, ambient division 1500, 

ambient sampling 100, ambient resolution 300, ambient 

accuracy 0.05. Illuminance values were calculated both 

for a calculation grid located at the work-plane (points 

from W1 to W6 in Figure 3) and at a point positioned at 

the ceiling and simulating the photosensor (P point in 

Figure 3).  By using DIALux software a lighting system 

was designed considering that the performed visual task 

was “technical drawing”. To perform this task, 

according to the EN 12464-1:2011, an average 

illuminance value equal to 750 lx and a uniformity value 

of 0.7 have to be achieved. 

The chosen typology of luminaire was a recessed 

dimmable LED light source previously tested at the 

Photometry and Lighting Laboratory of the Department 

of Industrial Engineering of the University of Naples 

Federico II (Italy). Specifically, in the laboratory 

measurements of absorbed power and illuminance were 

performed by means of an electronic power meter 

connected to the fuse box of the laboratory and by a 

Konica Minolta T10A illuminance meter, located under 

the luminaire at the horizontal plane and at a distance 

from the floor equal to 0.75 m. Measurements were 

repeated varying the luminous flux from the minimum to 

the maximum by means of a DALI controller. It was 

found that there was a linear relationship between light 

output and absorbed power and that the minimum light 

output was 34% (the work-plane illuminance varies from 

115 lx to 338 lx). Moreover, when the light output was 

100% the absorbed power was 47.1 W, whereas when 

the light output was 34%, the power was 16.9 W, i.e. the 

36% of the total power. To fulfil prescriptions, 

considering a 0.8 maintenance factor, four luminaires 

(total power 188.4 W) were necessary (see Figure 3), 

guaranteeing at the desk an average illuminance equal to 

816 lx and a uniformity value equal to 0.96. 

Based on the daylight illuminance trends obtained by 

means of the dynamic daylight simulations, by knowing 

the characteristic of the lighting system, the functioning 

of the closed-loop dimming system was simulated with 

both DIVA and DET. Tables 1 and 2 report calculation 

parameters related to the control system for DIVA and 

DET respectively.  

 

Table 1: DIVA control calculation parameters 

Calculation Parameter Corresponding value 

Lighting Power (LP)  188.4 W 

Lighting Setpoint (LS)  750 lx 

Ballast Loss Factor (BLF) 4% 

Standby Power (SP) 3 W 

Table 2: DET control calculation parameters 

Calculation Parameter Corresponding value 

𝛿𝑚𝑎𝑥 100% 

𝛿𝑚𝑖𝑛 34% 

𝑆𝑒𝑙,𝛿𝑚𝑎𝑥 355 lx 

𝐸𝑒𝑙,𝛿𝑚𝑎𝑥 1020 lx 

P100% 188.4 W 

Pδmin 67.6 W 

Pstand-by 0.8 W 

Pother 3 W 
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Figure 3: Office measured plan and section 

For DIVA simulations, all the work-plane calculation 

points were selected as control points. Laboratory 

measurements demonstrated that luminaires cannot be 

dimmed under the 34%, however DIVA considers by 

default that the luminous flux can be reduced till the 1%. 

For this reason, the BLF (i.e. the percentage of power 

that luminaires would absorb if they were able to reach 

the 1% of light output) was obtained considering the 

linear relation between power and light output observed 

in the laboratory. Moreover, it must be noticed that, 

despite the name, the DIVA “Stand-by power” 

calculation parameter cannot be considered an actual 

stand-by power, indeed, according to the calculation 

procedure (see the equation (3)), it is not the power 

absorbed when luminaires are off. For this reason, the 

3W value (i.e. the value used in DET for the Pother) was 

attributed to the stand-by parameter in DIVA. On the 

contrary, in DET, the stand-by power value was that 

measured in the Laboratory (0.2 W per luminaire). 

Electric light illuminance values at the work-plane and at 

the photosensor useful to simulate the night-time 

calibration were calculated by means of DIALux. It was 

considered that the maximum light output was 100%, in 

order to make results comparable with those provided by 

DIVA.  

Table 3: DET day-time calibration parameters  

 𝑬𝒅𝒍,𝒕𝒄 [lx] 𝑺𝒅𝒍,𝒕𝒄 [lx] 𝜹𝒕𝒄 [%] 

Naples East 377 321 40 

Naples South 350 210 43 

Naples West 386 310 39 

Naples North 342 206 43 

Berlin East 356 292 42 

Berlin South 188 350 43 

Berlin West 189 335 45 

Berlin North 196 362 42 

As for the day-time calibration, for each case study a 

couple of work-plane illuminance and photosensor 

signal was inferred by the dynamic daylight simulation 

results (see Table 3) and the corresponding light output 

value was calculated. For DET simulations, when 

uploading dynamic daylight simulation results (Figure 

1), the average value of the daylight illuminances at the 

six calculation points was inserted in the E column.  

Results 

Figure 4 reports annual energy consumption in kWh for 

both cities calculated by means of DIVA and DET 

related to each orientation. As it was easy to predict, 

DET always determines higher consumptions compared 

with DIVA. This happens because DIVA considers that 

luminaires can be dimmed till the 1%, whereas DET 

uses 34% as minimum light output. It must be observed 

that the percentage difference between consumptions 

evaluated with the two software (indicated on the 

graphs) depends on the specific case. It ranges from 

1.54% (Berlin-East orientation) to 14.87% (Naples 

North orientation). By the data observation it can be 

concluded that the higher the daylight availability is, the 

more the percentage difference between the two software 

increases. North orientation is characterized by the 

highest daylight availability and consequently lower 

energy consumption, since for this configuration, it is 

never necessary to use shading. On the contrary, given 

the occupancy scheduling and the necessity to use 

shading system, the east orientation is more 

disadvantaged in terms of daylight availability. This 

determines higher consumptions. When daylight 

availability is significant and work-plane daylight 

illuminances are generally high and close to the required 

task illuminance, the minimum light output has a 

significant weight in determining consumptions. Indeed, 

the hours amount during which luminaires are on at the 

minimum light output is high. This explains the results 

trend. It must be underlined that, even when the 

percentage differences between the two software are 

low, the modelled power trends can be very different, 

meaning that the luminaires light output and the related 

lighting conditions are different. This can be observed in 

Figure 5, representing the power trends corresponding to 

June and December and referred to the two limit cases 

for which the minimum and the maximum percentage 

differences were observed (Berlin-East and Naples-

North). It can be noticed that the differences between the 

power trends modelled by the two software are not due 

exclusively to the minimum light output setting. 
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Figure 4: Energy consumption due to lighting system 

Indeed, the shifts can be observed for power levels 

higher than Pδmin (i.e. 67.6W) as well. In this case, the 

differences depend on the fact that DET calculates the 

light output according to the photosensor detections and 

not according to the work-plane illuminances. Finally, it 

must be underlined that the differences between the two 

software depends on the considered month as well. On 

December, differently from June, the trends are very 

similar. This means that the photosensor detections can 

be more or less representative of the work-plane 

illuminance conditions depending on the daylight 

availability, and specifically on the daylight distribution 

in the studied environment, that in turn depends on the 

outdoor weather conditions. The lower daylight 

availability is and the higher the skylight incidence in 

determining work-plane illuminances is, the more 

reliable the photosensor detections are. In these 

conditions the calculation approximations due to the fact 

that DIVA models the control functioning directly 

starting from work-plane illuminances are less 

significant, and the trends obtained using the two 

software are more similar. 

Conclusions 

The paper analysed the way two software, DIVA and 

DET, model the functioning of closed-loop dimming 

control systems, comparing the results obtained related 

to 8 simple case-studies. It was found that DET always 

provides energy consumptions values higher than DIVA.  

This is due to two calculation simplifications of DIVA 

software, overcome by DET: 1) differently from DET, 

DIVA considers that luminaires can  be  always  dimmed  

 

Figure 5: Power trends during June and December 

related to Naples – North and Berlin – East 

down till a minimum value equal to 1% of the total 

emitted flux, that is not true for all the light sources; 2) 

DIVA calculates the power absorbed by the luminaires 

starting from work-plane illuminances and not from 

photosensor detections. The observed differences have 

not the same weight for each observed case-study. 

Specifically, it was observed that the higher the daylight 

availability is, the more divergent the results provided by 

the two software are. This is due to the incidence of the 

minimum luminaires light output setting. Moreover, it 
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was demonstrated that, even when the annual energy 

consumptions are similar, the corresponding absorbed 

power trends can be very different. This depends on the 

fact that DET, differently from DIVA, calculates the 

control system functioning starting from the photosensor 

detections. DIVA assumes that the integration between 

daylight and electric light is always perfect, since it 

considers that the photosensor is located at the work-

plane. This determines that, when electric light is 

needed, the sum of daylight and electric light 

illuminances at the work-plane is always equal to the 

task. On the contrary, when the photosensor is 

realistically located, the integration is not perfect. DET 

allows to evaluate this issue, providing, beyond the 

power trends, the illuminance trends at the work-plane. 

This allows assessing if during its operating life the 

control system is able to integrate daylight, or it 

determines illuminance levels not adequate to fulfil 

regulation prescriptions. Moreover, it must be underlined 

that DET is composed of two calculation modules: the 

simulation one (described in the paper) and the 

evaluation one. The evaluation one contains the 

calculation procedures to assess the performance of 

DLCSs based on their capability in integrating daylight 

expressed by means of  specific performance parameters 

DIA (Daylight Integration Adequacy), LD% (Percentage 

Light Deficit), ILE% (Percentage Intrinsic Light Excess) 

and LW% (Percentage Light Waste) proposed by Bellia 

and Fragliasso (2017). On the contrary, in DIVA the 

evaluation of the performance is exclusively done by 

evaluating the energy consumptions. Finally, contrarily 

to DIVA, by means of DET different control systems 

typologies can be simulated (open-loop switching, 

stepped and dimming systems and closed-loop 

switching, stepped, integral reset and proportional 

dimming systems). Further studies are necessary to 

validate DET, by means of comparisons with real control 

systems to evaluate the reliability of the obtained results.   
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Abstract 

The aim of the paper is to find a correlation between 

lighting parameters and spatial properties in a museum 

environment to understand how artificial lighting 

influences visitor movements and behaviours. Lighting 

parameters are represented by the modelling index while 

spatial properties by space syntax indices. The 

importance of tools to understand the influence of light 

on the visitor experience in a museum is very important 

because lighting is crucial in designing art exhibitions. 

The results obtained by correlations in galleries of the 

Natural History Museum of the University of Pisa (Italy) 

suggest that human behaviour is more influenced by the 

visual interaction between different points of the space 

than by the shortest paths linking different points. 

Introduction 

The purpose of the paper is to assess the efficacy of 

space syntax as a simulation tool for lighting designers 

and establish a relation between spatial properties and 

artificial lighting parameters in a museum environment. 

Spatial properties are investigated through a space 

syntax analysis, a verified methodology to forecast 

human behaviours and movements in spatial layouts 

(Balocco, 2018). Among lighting parameters, special 

relevance has the modelling index because is able to 

describe how a display set is perceived: the appearance 

of an object is enhanced when its features are lit so that 

form and textures are revealed clearly and pleasingly, 

meaning that light should not be too directional, or it 

produces harsh shadows, neither should be too diffuse, 

or the contrast is null (EN 12464-1, 2011). The aim is to 

investigate and understand how artificial lighting 

influence visitor movements in a museum environment. 

The comprehension of the effects due to lighting is 

essential in exhibitions design and in enhancing the 

visitors experience. In a museum contest, lighting is one 

of the most powerful curatorial tools available to fulfils 

the main goal of a museum as a space for contemplating 

art (Feltrin, 2017; Leccese, 2018; Krukar, 2014). Space 

syntax analysis gives a theoretical understanding on how 

people make use of space and if a correlation between 

space syntax indices and lighting parameters is found, 

the result is that light also contributes to influence people 

behaviours and movements. Providing lighting designers 

with simulation tools to understand and control the 

influence of light upon the experience of the visitors is 

an important goal because lighting in museum takes a 

leading part in affecting the visitor behaviour and is a 

crucial step when designing art exhibitions. An effective 

and efficient method for design different lighting 

strategies (for the enhancement of observer perception, 

preferences and patterns of their visual scanning) is 

provided by means of space syntax analysis and 

correlation indices. 

Space syntax analysis has been applied to urban studies 

and complex buildings. In the first case, it has been used 

as a method for street lighting rationalization, energy 

saving improvement, outdoor environmental quality and 

lighting systems sustainability (Beccali, 2018; Choi, 

2006; Kazemidemneh, 2018; Leccese, 2019). In the 

second case, it has been used as a method for interior 

spatial structure rearrangement, for user wayfinding 

evaluation and for user safety and orientation, i.e. in 

offices, shopping malls, hospitals, museums, railway 

stations and  cultural buildings (Antonakaki, 2007; 

Tzortzi, 2011). At the present status in the scientific 

literature, space syntax has already been applied to carry 

out studies in interior environments of museums. For 

example in 2003, Stavroulaki and Peponis analysed with 

space syntax the spatial construction of Carlo Scarpa’s 

design of the Castelvecchio art museum at Verona 

(Stavroulaki, 2003). In 2012, Reynoso and Reynoso 

studied the best places for effective security control at 

the Museo Nacional de Colombia (Reynoso, 2012). In 

2014, Krukar analysed the spatial organisation of 

museums and its influence on the visitors experience 

(Krukar, 2014). At present, there are no literature 

references concerning the use of space syntax for 

improving lighting in indoor environment (enhancing 

visitors experience and visual perception) and for 

protecting artworks by preventive conservation. 

In this paper the space syntax methodology is described 

and applied to the case study of the Natural History 

Museum of the University of Pisa, where some galleries 

were analysed. The obtained results are discussed with 

special reference to the correlation between spatial 

properties and modelling index. The modelling index 

can be considered as the lighting parameter most 

influencing the spatial perception of the exibited 

artworks. 

Case study: the Natural History Museum of 

the University of Pisa 

The Natural History Museum of the University of Pisa is 

one of the most ancient museums in the world. The 
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Museum was born at the end of the XVI century as a 

“Gallery” attached to the Pisa Garden of Simples (the 

current Botanic Garden). Since the end of the Seventies, 

the Museum is hosted in the Carthusian Monastery of 

Calci (near Pisa), a XIV centuries building of great 

historical-architectural value (see Figure 1). In Figure 2, 

the ground, the first and the second floor plans of the 

galleries hosting the Museum are shown. 
 

 

Figure 1: Aerial view from the west of the Carthusian 

Monastery that houses the Natural History Museum. 

 

Space syntax applied to indoor 

environments 

In order to evaluate the possibility to use space syntax 

analysis to improve lighting and enhance visual 

experience, this type of technique was applied to some 

galleries of the Natural History Museum. 

Space syntax analysis background 

Space syntax analyses are a complex of techniques for 

the analysis of the inter-visibility connections within 

buildings or urban networks. 

 

The analyses are based on the role of the space 

configuration as the primary element generating the 

movement flows that occur on it (Turner, 2005). In the 

late 1980s Hillier and Hanson published the book “The 

Social Logic of Space” (Hillier, 1988), in which they 

discussed the existence of a two-way relationship 

between space and socio-cultural models; spatial syntax 

theory is a method to explore this relationship 

(Kazemidemneh, 2018). The theory states that 

movement is essentially related to the space 

configuration and is its major product (Dursun, 2007). 

The most used space syntax techniques are the axial 

analysis, the angular segment analysis and the visibility 

graph analysis (Bebhabani, 2014). 

The axial analysis assumes that urban space is 

articulated into a plot of lines. Each straight line 

corresponds to a human sight line: it is assumed that an 

observer perceives the space of the city by straight lines 

corresponding to his perspectives and his movement in 

the city is guided by them (Sharmin, 2017). 

The angular segment analysis is an extension of the axial 

analysis. In angular segment analysis, the axial lines are 

broken up into segments, from junction to junction. 

What the angular segment analysis adds to is that each 

segment is weighted by the angle of its connections to 

other segments (Turner, 2000; Kolovou, 2017). 

The visibility graph analysis is a technique based on the 

concept that a user moves in space in base of how he 

perceives the space. Therefore, the basic element of 

visibility graph analysis is the single point. Space is 

divided in a cluster of points and every point is identified 

as the possible location of the user (Lee, 2017). 

 

 

 

Figure 2: Plans of the galleries of the Natural History Museum of the University of Pisa (Italy). 
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Among the various available techniques for space syntax 

analysis, the visibility graph analysis was chosen, 

deemed more suitable for building interiors because is 

suited to spaces with defined areas and clear boundaries. 

In the visibility graph analysis, each point of the space 

has a unique geometrical relationship with its 

surroundings which gives it unique visual properties. In 

a plan, a unique property of each point is the area visible 

from that point, in the shape of a polygon, called isovist 

(van der Hoeven, 2014). Due to the impracticality of 

considering all points, the space is typically articulated 

into a fine grid (ideally in the size of a human) and 

isovists of each cell on the grid are drawn. A graph is 

then developed with the cells as its nodes and the 

existence of visibility between cells as its edges (Turner, 

2001). The properties of the isovists have already been 

linked with human spatial behaviour by putting in 

evidence how humans are sensitive to the isovist area 

and quite skilled at recognising the points in space which 

provide the largest isovist size (Wiener, 2007). 

Syntactic measures assessment 

After superimposing a grid on the analysed spatial 

layout, different numeric values (syntactic measures) is 

possible to calculate to give a quantitative value to the 

obtained representation. Among the various syntactic 

measures, the connectivity (C) and the integration (I) 

indices have been used. The connectivity index (C) 

counts how many points of the grid are visible from an 

analysed point, given the walls restrictions. The 

connectivity index derives from the concept of isovist, 

which is a polygon drawn on a building layout around a 

point of reference (Benedict, 1979). This polygon covers 

the entire surface area visible from the reference point 

(see Figure 3). The integration index (I) represents the 

accessibility of a given point within the analysed layout 

and describes the mean depth of a point with respect all 

the other points (Cataldo, 2015). The depth of a single 

point is defined as the topological (and not geometrical) 

distance separating a pair of points and it is measured as 

the number of points that divides them along the shortest 

path linking the two points. 

 

 

 

The integration index (I) is defined as: 

I = (k – 1) / Dt   (1) 

with: k total number of points in the grid superimposed 

to the spatial layout, Dt total depth of a point (the total 

depth of a point is the sum of the depths with respect all 

the other points). The integration index quantifies how 

close a given point is from all the other points. The 

greater the integration index value of a point in a spatial 

layout is, the more accessible and integrated in the 

system is, vice versa the lower the value of the 

integration index is, the more isolated and segregated the 

point results. 

 

Figure 3: Example of the isovist polygon for the point A, 

corresponding to the entrance of the museum at the ground 

floor. 

 

Space syntax analysis results of the case study 

Space syntax analysis can be automated with the help of 

softwares, in this paper the spatial properties have been 

derived using depthmapX software (UCL–Bartlett 

School of Architecture–Space Syntax Lab). The input 

data for the software are the plans of the museum 

galleries in a vector format (dxf file). In the plans, the 

boundaries given by walls and museum display cases are 

reported to reproduce the viewer’s eye limits (at the 

height of 1.50 m). The outputs of the software are colour 

charts and numeric tables, and are very useful for the 

comparison of the various syntactic measures produced. 

 

 

 

Figure 4: Visibility graph analysis for the ground floor of the Natural Museum of the University of Pisa: (left) connectivity index (C), 

(right) integration index (I) chromatic scales. 
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As an example in Figure 4, the visibility graph analysis 

for the museum ground floor galleries, chosen as the 

case study, is shown. In Figure 4 the syntactic measures 

of the connectivity index (on the left) and of the 

integration index (on the right) are shown with a 

chromatic scale. The colour scale, according to (Turner, 

2004), runs from blue (very low values) to red (very high 

values). 

In the space syntax analysis, the three floors have been 

placed next to each other. If the floors were placed above 

the others, the analyses and building simulation would 

have been more complex. In the latter case, a more 

advanced tool set working in three-dimensions would 

have been required (while depthmapX is a software for 

two-dimensions analyses). To work around the three-

dimension problem, links have been added manually. 

Two links have been manually added between the 

ground floor and the first floor and between the first 

floor and the second floor at the position of the stairs. 

At the end of the space syntax analysis, applied to the 

three floors of the Museum, the results are the following. 

The minimum value obtained for the connectivity index 

(C) is 6, the maximum value is 2056; the minimum value 

obtained for the integration index (I) is 1.71, the 

maximum value is 4.66. 

The highest values of the connectivity index (C) are at 

the entrance of the Museum, at the intersection between 

the Historical gallery and the Reptiles gallery (ground 

floor, Figure 2) and at the top of the stairs in the 

Cetacean gallery (second floor, Figure 2). The lowest 

values of the connectivity index are in the 

Wunderkammern (ground floor, Figure 2) which has a 

space configuration as a cul-de-sac. 

The highest values of the integration index (I) are for the 

points near the stairs leading from the ground floor to the 

first (see Figure 2). These points are the most barycentric 

in the Museum layout, so the most central and integrated 

points. The lowest values of the integration index are for 

the points at the end of the Cetacean gallery (second 

floor, Figure 2). These points are the most segregated 

and peripheral in the Museum layout. 

The modelling index 

The appearance of a building interior is enhanced when 

the structural features, the people and the objects within 

the space are lit so that form and texture are revealed 

clearly and pleasingly. This feature is very important in 

museum galleries where the action of seeing object is the 

goal and the main purpose of visitors, so the visual task 

is at the base of the visitor experience. 

In order to have objects lit in a clearly and pleasingly 

way, lighting should not be too directional or it will 

produce harsh shadows, neither should it be too diffuse 

or the modelling effect will be lost entirely, resulting in a 

boring luminous environment. According to the 

European technical standard and international 

guidelines, the modelling index should be considered to 

evaluate the modelling effects for both indoor and 

outdoor environments. 

The modelling index was chosen among the various 

lighting parameters to be related to the spatial properties 

of the museum galleries, where the visitor looks at the 

exhibited objects walking along a path (with short stops) 

with a behaviour similar to that held in outdoor 

pedestrian paths. For this reason the modelling index 

(M), introduced by CIE 136/2000 and defined as the 

ratio of vertical (EV) to semi-cylindrical (ESC) 

illuminance at a point, was chosen: 

M = EV  / ESC   (2) 

For uniform arrangement of luminaires or roof lights, a 

value of M in the range 0.8–1.3 is an indicator of good 

modelling. In other words, people consider the lighting 

of 3D-objects features to be well balanced when the 

modelling index is included in this range of values 

(Zaikina, 2016). The modelling effect improves as the 

modelling index decreases. For values of the modelling 

index higher than 1.3, shadows appear very soft and the 

3D-objects contour are not clearly distinguishable from 

the background. For values of the modelling index lower 

than 0.8, the perceived images are with a high contrast 

and shadows are very harsh. 

In this paper the modelling index was experimentally 

evaluated by a survey campaign and calculated by 

software simulations, with the aim to point out possible 

correlations between spatial properties and modelling 

index. 

In situ measures of the modelling index 

A survey campaign of the modelling index was carried 

out in the Historical gallery of the Museum, without the 

contribution of daylighting. Usually, different series 

experimental measurements on lighting measurements 

need an adequate measurement grid set up. In Figure 5, 

the experimental grid adopted in the Historical gallery is 

shown. In Table 1, the measured values of the semi-

cylindrical (ESC) and vertical (EV) illuminance are 

shown. At each point of the measurement grid, the 

modelling index was calculated as the ratio between the 

semi-cylindrical and the vertical illuminance in the main 

direction in which the space is travelled by the visitors. 
 

Table 1: Illuminance values measured in the Historical gallery 

(the IDs of the anlysed points are indicated in Figure 5). 

Points 

ID 
ESC 
(lx) 

EV 
(lx) 

Points 

ID 
ESC 
(lx) 

EV 
(lx) 

1 62.8 54.5 10 54.2 63.9 

2 55.1 38.9 11 51.8 52.9 

3 52.4 46.2 12 68.7 66.6 

4 48.8 27.4 13 52.3 30.5 

5 66.7 33.4 14 40.3 31.5 

6 35.2 23.1 15 51.5 41.3 

7 28.2 18.7 16 20.9 15.5 

8 15.5 15.7 17 13.1 13.6 

9 11.5 11.9    
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Figure 5: Historical gallery, grid of the illuminance measurement points (left) and photo of the room (right). 

 

 

All the instruments used, belong to the Laboratory of 

Lighting and Acoustics of the School of Engineering 

(University of Pisa). The technical instruments 

characteristics are in compliance with the requirements 

suggested in UNI 11142 Italian technical standards (UNI 

11142, 2004). For the vertical illuminance measurements 

the luxmeter Delta Ohm mod.2101.2 was used, equipped 

with the adequate probe mod.LP 471 PHOT. For the 

semy-cilindrical illuminance measurements the luxmeter 

PRC Krockmann mod.Radiolux 111 was used, equipped 

with the adequate probe mod.111112-2. The values of 

semi-cylindrical and vertical illuminance have been 

measured at a height of 1.50 m. The used instruments are 

accompanied by the calibration certificates, issued by 

accredited laboratories, according to the Italian standard 

for portable photometers (UNI 11142, 2004). 

Software simulation of the modelling index 

Simulations were carried out by DIALux evo software 

(DIAL Gmbh), using a 3D model of the Historical 

gallery and luminaires arrangements, without the 

contribution of daylighting. Photometric data of the 

luminaires were implemented using EULUMDAT 

photometric files. In Table 2, the luminaire main 

photometric data are shown. 

 
Table 2: Photometric data of the luminaire installed in the 

Historical gallery of the Museum. 

  

P =31 W 

Φ =2240 lm 

 =72 lm/W 

TC =3000 K 

 

In Figure 6, the luminaire position is provided. 

Luminaires in the Historical gallery are 9 and are 

mounted at a height of 3.20 m. Simulations were 

performed by estimating the maintenance factors 

according to CIE 97 recommendation (CIE 97, 2005). 

In Table 3, the illuminance simulated values for the 

same points of the measurement grid are shown. The 

simulation model was validated comparing the obtained 

calculated values with in situ measured ones. The 

percentage difference between the modelling indices 

calculated from the measured values and the modelling 

indices calculated from software simulations are always 

less than 14 %. 

In Figure 7, a false-colours rendering of the vertical 

illuminance mapping and semi-cylindrical illuminance 

mapping for the Historical gallery are shown, at the 

height of 1.50 m. 
 

 

 

Figure 6: Luminaire arrangements in the Historical gallery. 

 

Table 3: Illuminance values simulated in the Historical gallery 

(the IDs of the anlysed points are indicated in Figure 5). 

Points 

ID 
ESC 
(lx) 

EV 
(lx) 

Points 

ID 
ESC 
(lx) 

EV 
(lx) 

1 64.7 47.8 10 61.6 63.3 

2 59.2 42.4 11 58.2 54.5 

3 50.4 41.6 12 66.7 60.5 

4 54.2 34.5 13 52.8 35.0 

5 58.5 34.1 14 44.3 33.9 

6 37.0 23.3 15 45.6 39.3 

7 30.6 19.5 16 21.3 15.2 

8 14.5 14.8 17 12.5 14.8 

9 11.3 10.9    

 

Research of correlation between spatial 

properties and modelling index 

The purpose of the paper is to assess the efficacy of 

space syntax as a simulation tool for lighting designers 

and establish a relation between spatial properties and 

lighting parameters in a museum environment. For this 

reason, in this Section a relationship between the space 

syntax indices and the modelling index was investigated. 

The correlation was researched in 17 points, the same of 

the measurement grid shown in Figure 5. 
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Figure 7: False-colours rendering of the vertical illuminance mapping (top) and semi-cylindrical illuminance mapping (bottom) for 

the Historical gallery. 

 

Relations between the space syntax indices and the 

modelling index were carried out with a linear regression 

analysis performed using the least squares method and 

then calculating the coefficient of determination (R
2
). 

The least squares method is an optimization technique 

with the aim to find an interpolation function that is as 

close as possible to the points of a data set. The 

coefficient R
2
 indicates which fraction of the data 

variance is due to the linear dependence between the 

variables x and y. R
2
 indicates how much the linear 

regression model is adherent to the phenomenon under 

study. That is, the more R
2
 is close to 1, the greater the 

goodness-of-fit of the linear model is. 

Two cases were analysed. Within the first one 

correlations between space syntax indices and modelling 

index were investigated. Within the second one 

correlations between the space syntax indices and the 

natural logarithm of the modelling index were 

investigated. 

Correlations between space syntax indices and 

modelling index 

In the case of the Historical gallery of the Museum: in 

Figure 8, the correlation between the integration index 

and the modelling index is shown; in Figure 9, the 

correlation between the connectivity index and the 

modelling index is shown. 

In the correlation between the integration index and the 

modelling index (see Figure 8), the coefficient R
2
 is near 

to zero and the regression line cannot express the trend 

of the data that appears disordered and chaotic. As a 

matter of fact, data are very scattered with respect to the 

regression line. The horizontal regression line suggests 

that for the variations of the integration index are not 

influencing the modelling index variations. 

 

 

Figure 8: Correlation between the integration index (I) and the 

modelling index (M) for the Historical gallery. 

 

The coefficient R
2
 provided in Figure 9 (R

2
=0.70) shows 

that the regression line can explain the data trend with 

70% probability. 
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Figure 9: Correlation between the connectivity index (C) and 

the modelling index (I) for the Historical gallery. 

 

Correlations between the space syntax indices and 

the natural logarithm of the modelling index 

In this case, referred to the Historical gallery of the 

Museum again, the use of the natural logarithm was 

adopted according to (Nenci, 2006). In Figure 10, the 

correlation between the integration index and the 

logarithm of the modelling index is shown. In Figure 11, 

the correlation between the connectivity index and the 

logarithm of the modelling index is shown. 

 

 
Figure 10: Correlation between the integration index (I) and 

the logarithm of the modelling index (M) for the Historical 

gallery. 

 

In Figure 10, the coefficient R
2
 of the correlation 

between the integration index and the logarithm of the 

modelling index is near to zero as in the previous case 

(see Figure 8). All the data appear very scattered with 

respect to the regression line. 

 

 
Figure 11: Correlation between the connectivity index (C) and 

the logarithm of the modelling index (M) for the Historical 

gallery. 

The coefficient R
2
 provided in Figure 11 (R

2
=0.65) 

shows that the regression line can explain the data trend 

with 65% probability. In the comparison of correlations 

between the connectivity index and the modelling index, 

the coefficient R
2
 moderately increases from 0.65 

(present case, see Figure 11) to 0.70 (previous case, see 

Figure 9) and the slope of the regression line is always 

positive. 

Discussion and conclusive remarks 

The analysis discussed for the Historical gallery of the 

Natural History Museum of the University of Pisa shows 

an important correlation between the modelling index 

and the space syntax connectivity index (the correlation 

was expressed by the R
2
 coefficient showing a maximum 

value of 0.70). The correlation refers to standard 

conditions of artificial lighting as experienced by 

visitors. 

For all the analysed rooms of the Museum, the 

correlation with the integration index (I) was found to be 

negligible on the contrary the correlation with the 

connectivity index (C) was found stronger. These results 

suggest that in museum spaces human behaviour is more 

influenced by the visual connections and the visibility 

interactions (meaning the property, expressed by the 

connectivity index, of a point to be visible to all other 

points in space) than by the shortest paths linking 

different points (property expressed by the integration 

index). 

The correlation found shows a link between human 

behaviours and movements and lighting levels, 

confirming the initial hypothesis. Understanding the 

more crowded area or which are the focal points of a 

space can help lighting designers in redirecting lights for 

the desired effects. 

This research is a preliminary study to explore the 

potential of space syntax as a tool to understand the 

influence of lighting on human behaviours. The results 

appear encouraging, but an extensive research in a large 

number of cases, considering also the effects of 

daylighting (in our present study only artificial light was 

considered), could reinforce the discussed outcomes. 
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Abstract 
Building energy simulation codes treat light-shelves as 
perfectly diffuse, while examples in bibliography with 
dynamically controlled light-shelves are really   limited. 
The paper examines two control strategies of an exterior 
specular light-shelf, proposing a fast computational 
methodology for the estimation of solar radiant flux 
impinging on the window. This methodology is used to 
develop a selection indicator based on sunlight 
redirection ability together with the solar radiation in 
comparison with the “No light-shelf” case. Results show 
that the best performing dynamic light-shelf is the one 
controlled according to the maximization of average 
daylight levels in areas away from the perimeter zone. 

 

Introduction 
Light shelves represent one of the most popular –and 
simplest-  design choices in contemporary buildings and 
are often suggested in the literature as effective devices 
that can improve the lighting quality of a space and offer 
energy savings especially when daylight controls are 
used.  Light-shelf’s placement relative to the window 
makes it possible to act as a shading device (by blocking 
the excessive sunlight from entering the interior space if 
installed externally reducing solar gains) and as a 
daylighting device (by forwarding the reflected sunlight, 
usually onto the ceiling plane advancing daylight deeper 
into the space). Till today many light shelf designs have 
been proposed (Kontadakis et al., 2018) from flat or 
curved static  or sun-tracking, using specular reflection 
or refraction. Their performance is mainly examined in 
relation to the indoor lighting levels which were 
estimated using measurements and/or simulations 
without taking into account solar gains. A rare case in 
the bibliography is a work  by Franco I.M. (2007)  who 
examined the difference between static and dynamic 
light shelfs (tilt angle adjustment) who performed 
Illuminance and radiant energy measurements.  Two test 
cells were used in parallel with one of them having a 
static light shelf and the other a dynamic one using 
polished aluminum on the upper surface. In comparison 
with standard horizontal shading devices the heat gain 
using light shelves increased, but this does not seem to 
affect overheating conditions. Raphael (2011) examined 
a light shelf with adaptive geometry. Using simulation 
together with a global optimization algorithm, estimated 

the hourly variation of the light shelf tilt angle in an 
effort to increase light levels in areas away from the 
window, achieving about 12% additional lighting energy 
savings compared to the savings achieved using static 
light-shelf.   Warrier and Raphael (2017)   using both 
experiments is scale models and simulations concluded 
that about  21% increase in illuminance can be achieved 
using horizontal light shelves made of aluminum or glass 
mirror. Illuminance can be increased even more 
(threefold)   if a rotating external light shelf is used.  
Building energy simulation algorithms such as 
EnergyPlus (2018) considers static horizontal light 
shelves by adding the extra luminous flux due to 
reflectance on the light-shelf’s upper surface to the flux 
that the window receives from the sky and ground. This 
methodology is not capable of taking  into account either 
specular reflections or light shelf’s variable tilt angles. It 
is therefore evident that although there are design 
recommendations for light-shelfs in relation to their 
daylighting behaviour, the solar gains are omitted.  In 
this paper a simple method (combination of  the flux 
transfer approach together with  ray tracing)  is proposed 
to assess the performance of light shelves in relation to 
the solar radiant flux impinging on the window. It is 
computationally fast and considers the effects of 
specular reflection and the dynamic operation of the 
light-shelf according a) to the sun’s elevation and b) the 
maximization of daylight levels in the area away from 
the perimeter zone, on an hourly basis for a whole year.  

 

Methodology 
To examine the  solar flux on the window surface,  a 7m 
depth  space has been simulated with south oriented 
façade. Window is divided into two parts by  an external 
specular dynamic light-shelf.  Examined space 
characteristics are presented in the following table. 

Table :  Test room characteristics 

Dimensions (internal) 4 x 7 x 3 m 
View Window 1.6 x 1 m (window sill 1m) 

Clerestory window 1.6 x 0.5 m 
Floor reflectance 0.3  
Walls reflectance 0.6 

Ceiling reflectance 0.8 
Light-shelf’s upper surface 

reflectance   
Total reflectance 91% 

Diffuse reflectance 12 % 
Light-shelf’s down surface 0.5 (diffuse) 
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reflectance   
Glazing  transmittance 0.6 (normal-normal) 

Ground reflectance 0.2 
Light-shelf length 0.5 and 0.7 m 

Working surface height 0.8 m 
Grid size 0.5 x 0.5 m 

 
 

The tilt angle of the light-shelf is controlled using two 
strategies. In the first one (CS #1)  light-shelf tilt angle 
changes according to the projected sun’s elevation angle 
on the facade and an aiming point on the ceiling. The 
aiming point is located at the approximately at the 
middle of the non-daylight zone in an effort to increase 
illuminance levels in that area. Daylight zone depth (DZ) 
as defined in EN 15193-1:2017 (2017) can be estimated 
according to the following equation: 

 

                             DZ=2.5* WHH-WSH                   (1) 

 

Where WHH and WSH are the window head height-
working surface height accordingly.  

Figure 1 below presents the relation between the sun’s 
position and aiming point. 

 

 
Figure 1: Definition of various angles used to calculate 

light-shlf tilt angle (θ) when CS#1 control strategy is 
used.   

 

Using the above figure, the tilting angle of the lightshelf 
is defined as follows (Kostantoglou M. & Tsangrassoulis 
A., 2012) : 

                                   θ=(θsun-ω)/2                  (2) 

where θsun is the projected sun’s elevation angle and ω is 
a constant angle defined by the aiming point. 

The second control strategy (CS#2) is based on 
achieving the maximum illuminance value in the non-
daylight zone. In order to estimate the light-shelf’s tilt 
angle, hourly Radiance (Ward G, 1994) simulations were 
performed using the sun as the only light source (direct 
and reflected on ground) without any diffuse light from 
the sky. For each  hour  19 different tilt angles were 
simulated from 00 to 450 with 2.50 step and the angle 
achieved the highest average illuminance in the non-
daylight zone was selected.  The two figures below 
present the hourly distribution of average illuminance in 
the non-daylight zone for both control strategies and the 

light-shelf tilt angle. The days presented are the 21st day 
for all months of the year. 

 

 
Figure 2: Hourly distribution during the 21st day of each 
month of average illuminance in the non-daylight area 

using sunlight only as light source. (Light-shelf depth 0.5 
m) 

 

 
Figure 3: Hourly distribution during the 21st day of each 
month of light-shelf tilt angle for both control strategies 

using sunlight only as light source. (Light-shelf depth 0.5 
m) 

 

As expected  CS#2  provide more illuminance in the 
non-daylight zone while the light-shelf’s  tilt angle 
throughout the day differs substantially  from those 
achieved with control strategy CS#1.  This increase in 
illuminance is more profound during summer months. 
During winter, due to the lower elevation of the sun, 
direct sunlight enters the room, diminishing the effect of 
the sunlight redirection resulting in smaller relative 
illuminance differences. Although increasing the 
illuminance in the non-daylight zone can reduce  lighting 
energy consumption, cooling consumption can be 
increased due to increased solar gains. These gains are 
directly associated to the solar flux balance on the 
window. In our theoretical model, the calculation of the 
solar and the sky radiant flux impinging on the widow is 
based on the following assumptions: 

• The vertical window is of limited dimensions 
and it is  located on an infinite perfectly absorbing wall, 

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
1029

 

 
  



• The upper surface of the light shelf  is  treated 
as specular for the calculation of the reflected solar beam 
radiation and as a diffuse with the same reflectance for 
sky diffuse radiation, 

• An isotropic sky model is used, 

• The width of the light-shelf is equal to the 
width of the window. 

The geometry used to support the calculation procedure 
is based on the use of two different coordinate systems, a 
Global Coordinate System (GCS) and a Local 
Coordinate System (LCS). GCS GCS can be placed on 
any arbitrary point with X-axis-axis and Y-axis-axis 
facing East and North respectively. LCS LCS is placed 
on the lower left corner of the window with x-axis and y-
axis  axes parallel to the width and height of the window. 
The coordinate systems together with the window 
examined is presented depicted in Figure 3. 

 
 

Figure 3: Window –light shelf geometrical 
configuration. 

 

The window is separated into two parts an upper 
(clerestory) and a lower (view) one. For the light shelf’s 
surfaces, we adopt the terms front and back. Front is 
defined as the upper mirror surface while back is the 
opposite. The total radiant flux arriving on the upper 
window can be calculated by adding a number of 
luminous fluxes either directly from sun and sky or 
indirectly though reflection. The calculation of these 
fluxes is presented  in the  following equations for the 
upper and lower window respectively. 

Radiant flux on the clerestory window: 

 Radiant  flux due to the solar beam radiation: 

            Φ1=Edir_norm*Adir_upper* cos θ1             (3) 

Where Edir_norm is direct normal irradiance, Adir_upper  is 
the area of the upper window that is radiated by solar 
beam radiation and θ1 is the angle of incidence of the 
beam radiation on the window plane. It is possible that 
the Adir_upper  can be smaller than the total area of the 
upper window because a tilted light shelf can shade a 
part of the upper window. The calculation of this shaded 
area is based on the same methodology used for the 
calculation of the reflected radiation as this is presented 
below. 

 Radiant flux due to beam radiation that is reflected 
from the front surface of the light shelf: 

           Φ2=Edir_norm*ρfront*Areflected* cos θ2                (4) 

Where ρfront is the reflectance of the upper surface of the 
light shelf, Areflected is the area of the upper window 
surface radiated by reflected sunlight and θ2 is the angle 
of incidence of the reflected beam with the window 
plane. Although there are more sophisticated techinques 
for the calculation of Areflected (Sutherland G. &. 
Hodgman W., 1974), (Weiler K &  Atherton A. 1977) 
our method implements a simpler approach due to the 
simple geometry used. By using a corner point on the 
light-shelf and considering specular reflection, the 

reflected ray (�⃑�)  is calculated from the incident ray (𝐼) 
and the normal (𝑁⃑) to the light-shelf plane (normalized) 
according to the law of reflection:   

                            �⃑� = 𝐼 − 2𝑁⃑ 𝑁⃑ ⋅ 𝐼          (5) 

The right corner point (P0), facing the window, is used 
when sun’s azimuth is smaller than that of the window 
as presented in Figure 4 while  the left corner point is 
used in any other case. 

 
 

Figure 4: Schematic representation of the calculation 
methodology used to estimate the area of the upper 

window radiated by reflected sunlight. 

 

Intersecting the reflected ray with the window the 
position of point P can be calculated. Depending on the 
position of this point, the area lighted by the reflected 
sunlight is calculated. Figure 5 below presents all 
parameters involved in the calculation of 𝐴 , 
when the sun’s azimuth is smaller than that of the 
window. 
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Figure 5: Parameters used for calculation of the 
clerestory area radiated by reflected sunlight. 

 

In Table 2 all alternative scenarios are presented in 
relation to the position of the intersection point together 
with the calculation of Areflected. 

 

Table 2: Calculation of Areflected according to the intersection 
point local coordinates when the sun’s azimuth is smaller than 

that of the windows 
 

If   0 < 𝑃 ≤ 𝑤  and 𝑃 ≤ ℎ  then  
Areflected=0.5·(P’x+w)·P’z 

 
If   0 < 𝑃 ≤ 𝑤  and 𝑃 > ℎ  then  

Areflected=0.5·(w+P’x+(P’z-h1)·(w-P’x)/P’z)·h1 

 
If  0 < 𝑃 ≤ 𝑤 and 𝑃 ≤ ℎ  then 

Areflected=0.5·w·(P’z+(P’z·P’x)/(w-P’x)) 
 

If 𝑃 ≤ 0  and 𝜁 ≥ arctan
ℎ

𝑤  then 

Areflected=0.5·(w-(h1·(w-P’x)/P’z))·w·h1 
 

If 𝑃 ≤ 0     and 𝜁 > arctan
ℎ

𝑤   then 

Areflected=0.5·w·P’z·w/(w-P’x) 
 

For estimating the shaded area in the lower window, a 
similar procedure is used. The proposed method is 
extremely fast. Hourly calculations of Areflected for a 
whole year on an Intel i7-3520M 2.9Ghz , take 2 secs. 
  

 Radiant flux due to the sky: 
 

                           Φ3=Edif_hor*Fuws*Auw             (6) 

 
Where 𝐸 _  is the horizontal diffuse irradiance,  𝐹  
is the upper window sky view factor and 𝐴  is the area 
of the upper window. 
The Sky view factor (𝑆𝑉𝐹) is the  ratio of the 
illuminance received by a surface to the illuminance 
received from the entire sky hemisphere. Several  
approaches  have been presented for estimating 𝑆𝑉𝐹𝑠, 
using either analytic or numerical methods and  
photographic techniques with fisheye images (Wu Jie et 
al. , 2013). Unfortunately, the analytical calculation of 
the sky factor between an arbitrary oriented surface and 
the sky can be quite complicated. In this work, a ray 
tracing technique was used to estimate the illuminance 
on the window from a uniform sky of arbitrary 
luminance 𝐿 w/o considering the contribution of 
interreflections. This was achieved by dividing the sky 
hemisphere into patches of altitude and azimuth and the 
illuminance on a point on the window is found for each 
patch. The number of elevation and azimuth angles used 
for the subdivision can affect considerably the calculated 
illuminance from the sky and the computation time as 
well. Inherently, this approach results in an improvement 
of the accuracy towards the zenith. To overcome the 

problem, a fine resolution of 1 degree is used with the 
disadvantage of longer processing time. Consequently, 
after the separation of the window area into small 
patches, the sky illuminance on a point (𝐸 ) located on 
the center of each patch is given by:  

 

                        𝐸 = ∑ 𝐿 ∗ sin 𝑖 ∗ 𝑆𝐴   (7) 

 

Where, ω is the total number of patches, 𝑖  is the angle 
of incidence and 𝑆𝐴  is the subtended size of the sky-
patch. The solid angle is calculated by the following 
formula: 

𝑆𝐴 =
∗ ∗   

               (8) 

Where, NPA is the number of patches in an azimuth 
band,  𝜃  and 𝜃  are the upper and lower altitude 
limits of the sky patch. Thus, the Sky View Factor is 
calculated as follows (Compagnon R., 2004): 

 

                                       𝐹 =
∑

∗
                       (9)   

 
The same approach can be applied to the lower window 
as well. To verify its results a simple case was selected. 
One rectangle window and an overhang of the same 
length, having one common edge, and at an angle of 900 
to each other as presented in Figure 6. 

 
Figure 6: Test case used to calculate sky view factor. 

The  view factor between the window and the overhang 
F  is 0.14618 according to Howell et al. (2010) while 
the view factor between the window and ground Fw-g is 
0.5. Thus, the sky view factor Fw-s is equal to: 

 

             𝐹 = 1 − 𝐹 − 𝐹 = 0.35382               (10) 

 

Two sky resolutions have been tested (10 and 100) 
together with eight cases concerning the number of 
patches (𝑛 ∗ 𝑛 ) that the window is divided into. Figure 
7 presents the results. 
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Figure 7:  View Factor calculation using raytracing 
algorithm against analytic solution for case of Figure 6. 

Thus using 10 sky resolution, it seems that after a 10x10 
window subdivision the accuracy is not further 
improved, making ray tracing  reliable enough to 
calculate the 𝑆𝑉𝐹  of  the window for the examined 
geometric configuration. Processing time is 56 secs  on 
an Intel i7 − 3520M 2.9Ghz. 

 
 Radiant flux due to the reflection of diffuse sky 

radiation on the light-shelf: 
 

Φ = 𝜌 ∗ 𝐹 ∗ 𝐸 _ ∗ 𝐹 ∗ 𝐴    (11) 
 
Where, 𝐹  and 𝐹  are the view factors of the 
upper window to the upper surface of the light-shelf and 
the sky factor of the upper surface of the light shelf to 
the sky respectively. The 𝐹  is quite complicated to be 
estimated analytically especially in cases where the 
light-shelf is tilted. To overcome this, 𝑉𝐼𝐸𝑊3𝐷 
algorithm was used (Walton G., 1986). 𝑉𝐼𝐸𝑊3𝐷 uses an 
integration technique  to calculate the view factors 
between planar surfaces which consist of complicated 
3D scenes. 𝐹  is calculated as follows: 
 
                     Ffslsky=0.5*(1+cos(90+θ) )             (12) 
 
Where 𝜃 is the light-shelf tilt-angle with respect to 
horizontal. 
 
 Radiant flux due to the ground reflected radiation: 
 
                 Φ6=Etot_hor*ρground*Fuwg*Auw            (13) 
 
Where, 𝐸 _  is the global horizontal irradiance, 
𝜌  is the ground reflectance and 𝐹  is the upper 
window view factor to the ground. The latter can be 
calculated indirectly as: 
 
                 𝐹 = 1 − 𝐹 ∗ 𝜌 + 𝐹               (14) 

 
Radiant flux on the view  window: 
 Radiant flux due to the solar beam radiation: 
 

𝛷 = 𝐸 _ ∗ 𝐴 _ ∗ cos(𝜃 )            (15) 

 
Where, 𝐴 _  is the area of the window that is not 
shaded and 𝜃  is the angle of incidence of beam sunlight 
on the lower window. 
 
 Radiant flux due to the sky diffuse radiation: 
 

             𝛷 = 𝐸 _ ∗ 𝐹 ∗ 𝐴                       (16) 
 
Where, 𝐹  is the lower window 𝑆𝑘𝑦 𝑉𝑖𝑒𝑤 𝐹𝑎𝑐𝑡𝑜𝑟 and 
𝐴  is its  area. The method used for the calculation of 
sky view factor is the same with the one applied in the 
upper window. 
 
 Radiant flux due the ground reflected radiation: 

 
          𝛷 = 𝐸 _ ∗ 𝜌 ∗ 𝐹 ∗ 𝐴                (17) 

 
Since the tilt of the light-shelf is always positive the 
lower window view factor to the ground, 𝐹  is 0.5. 

 
 Radiant  flux due to the reflection of diffuse sky and 

ground radiation on the light-shelf: 
  

Φ = 𝜌 ∗ 𝐹 ∗ 𝐸 ∗ 𝐹 + 𝐸 _ ∗

       𝜌 ∗ 𝐹 ∗ 𝐴                        (18) 
 

Where 𝜌  is the reflectance of the back side surface 
of the light shelf, while  𝐹 ,𝐹  and  Fblg are the view 
factors of the lower window to the back surface of the 
light-shelf,  of the back face and to the sky and ground 
respectively. 𝐹  can be easily calculated using the 
formula:  
                     Fbls=0.5*(1+cos(180-θ) )           (19) 

 
The calculation of 𝐹 _ ,  is more 
complicated.  Ground view factor is the ratio of the 
illuminance on the light shelf’s back face  to the 
horizontal illuminance on the ground. Figure 8 shows a 
representation of the sky-ground dome of radius  𝑅. 
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Figure 8: Geometry used for the calculation of the view 
factor of the back side of the light-shelf to the ground. 

 

The irradiance at a point on the back side of the light-
shelf due to an element of the ground of unit radiance L  
is given by: 
 

𝛿𝛦 =
∗ ∗ ∗ ( )∗

∗ (sin(𝛾) ∗ cos(90 − 𝜃) −

                        cos(𝛾) ∗ sin(𝜃) ∗ cos(𝛼))              (20) 
 
The last part of the above equation represents the cosine 
of the incidence angle,  𝛼 is the azimuth angle, 𝛾 is the 
elevation angle and 𝜃 is the angle formed between the 
light-shelf and the horizontal axis. Integrating the above 
equation, the illuminance on the back surface can be 
calculated: 
 

𝛦 = ∫ ∫ 𝐿 ∙ 𝑑𝑎 ∙ cos(𝛾) ∙ 𝑑(𝛾) ∙ (sin(𝛾) ∙

          cos(90 − 𝜃) − cos(𝛾) ∙ sin(𝜃) ∙ cos(𝛼))        (21) 
 

𝛦 = 𝐿 ∙ cos (90 − 𝜃) ∙ ∫ 𝑑𝛼 ∫ cos(𝛾) ∙ 𝑑(𝛾) ∙
//

/

sin(𝛾) − 𝐿 ∙ sin(𝜃) ∙ ∫ cos(𝑎) ∙ 𝑑𝑎 ∫ 𝑑𝛾 ∙ cos (𝛾)
//

/

             (22) 
 

                    𝐸 = 𝐿 ∙
( )  ( )

∙ 𝜋         (23) 
 
Thus, the view factor of the back  surface of the shelf to 
the ground is: 
 
                Fblg=0.5*(cos(90-θ)+sin(90-θ) )         (24) 

 
 Radiant  flux due to the  reflection of direct beam 

radiation on the back surface of the light-shelf: 
If the angle of incidence between the beam sunlight and 
light shelf’s back surface ( 𝜃 ) > 0, then 
 
 𝛷 = 𝜌 ∗ 𝐹 ∗ 𝐸 ∗ 𝐴 ∗ 𝑐𝑜𝑠 𝜃           (25) 

Else, 
                                        Φ = 0                           (26) 
 
Results 

To investigate the impact of a dynamic light-shelf on the 
radiant flux  balance  on the window, an analysis was 
performed for a South oriented window located in 
Athens, Greece (Lat. 37.90, Lon. 23.730). The analysis 
was carried out on hourly basis (8:00-18:00) for a whole 
year using climatic data of the area. As mentioned 
previously the analysis focuses on exploring the impact 
of light-shelf’s operation on the total radiant flux 
impinging on the window.  

There are two issues that need to be addressed when a 
specular light-shelf is used. The first one is related to 
whether the radiant flux on the window due to direct 

sunlight is modified by the presence of the light shelf 
while the second one to its sunlight redirection ability. 
To express this modification we introduce a new 
parameter for the latter called Redirection Ratio (RR)  
which is defined  as the ratio between the reflected to 
total sunlight flux on the window. A higher value of RR 
together with a reduction of solar radiation in 
comparison with the “No light-shelf” case, can be a 
reliable indicator for selecting the proper control strategy 
of a dynamic light-shelf, during the  early stage of 
design. Figures 9 and 10  show the monthly average 
daily profile of redirection ratio (RR) and radiant flux 
(W).  Summer months (June/July/Aug) show higher RR 
values in comparison to that during winter with control 
strategy CS#1 result in higher values of RR against those 
of CS#2 during noon. Average RR values for the 
summer period are 0.52, 0.49 and 0.31 for CS#1, CS#2 
and static respectively while during winter months the 
aforementioned values change to 0.07, 0.05 and 0.1. 
Increasing light-shelf depth from 0.5 to 0.7 m causes an 
increase in the RR values by 11% ,11.36% and 0.05% 
during summer and 35.3%, 29.5% and 35.1% for winter 
months. 
 

 
Figure 9: Monthly average daily profile of Redirection 
ratio for all control strategies (light-shelf depth 0.5m) 

 

 

 
 
Figure 10: Monthly average daily profile of Redirection 
ratio for all control strategies (light-shelf depth 0.7m) 

Since the calculation of radiant flux is performed on 
hourly basis for the whole year, global monthly daily 
radiation on the window can be easily calculated. Figure 
11 shows the monthly average daily profile of the radiant 
flux while figure 12 the relative change of monthly 
average daily global radiation on the window between 
the all cases with static or dynamic light-shelf and the 
“no light-shelf” case. 
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Figure 11: Monthly average daily profile of radiant flux 
for all control strategies and light-shelf depths. 

 

 
Figure 12: Relative change of monthly average daily 
global radiation on the window between the all cases 
with static or dynamic light-shelf and the “no light-

shelf” case. 

Installing mirror horizontal light-shelf on a window  
result in a reduction is radiation. This reduction is higher 
as the depth of the light-shelf increases  especially 
during summer months. On the other hand, dynamic 
light-shelves show a completely different behaviour , 
increasing  daily radiation on the window during 
summer months and reducing it in all other months. 
Judging from the results it seems that the best control 
strategy  for the case examined is  CS#2 (0.5 m) since 
daily global radiation on the window increases only by 
0.88% and 0.02% for June and July and at the same 
time, daylighting levels,  increase considerably in the 
non-daylit zone of the space.  

 

Conclusions  

In this work, a simplified methodology for calculating 
the radiant flux on a window equipped with a mirror 
light-shelf was proposed.  Using certain assumptions this 
methodology can be easily implemented in a computer 
software and give building professionals a way to predict 
the performance of  these systems and explore a series of  
design possibilities including dynamic control. As 
mentioned in the introduction, current building energy 
simulations codes do not treat dynamically moving  
specular light-shelves while Radiance software due to 
the change of sun’s position and the light-shelf’s tilt in 
each time step requires an increased processing time. For 
example the hourly calculations of the reflected radiation 
on the clerestory window for a whole year on an Intel i7-
3520M 2.9Ghz , takes ~2 secs.  The results indicate that 
static horizontal mirrored light shelves reduce radiant 
flux on the window in comparison to the “No light-shelf 
case”. This reduction is larger during the summer 
months due to the shading of the lower part of the 
window and it is accompanied by an increase in the ratio 
of the reflected to total luminous flux. Daylight in the 
non-daylit area due to this redirection is not affected 
much since the maximum change during summer is 
5.6% for a light-shelf with 0.5 m depth. Τhis is 
accompanied by a reduction of global daily radiation 
between 18.7 and 20.3 % . 

On the other hand, dynamic light shelves increase 
significantly daylight levels due to sunlight redirection in 
the non-daylight zone by more than 1500% during 
summer months. Its seems that the best performing 
dynamic light-shelf is the one controlled according to the 
maximization of average daylight levels in areas away 
from the perimeter zone (CS#2) with depth equal to the 
clerestory window height. This arrangement manages to 
maintain radiation values on the window similar to that 
of the “no-light-shelf” case with a slight increase (less 
than 1%) during June and July. The same calculation 
procedure can be applied in various locations, different 
working time schedules and different window geometric 
configurations while its integration to a building 
simulation energy code can improve the results obtained. 
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Abstract 

To date, the best daylighting assessment technique is 
provided by climate-based simulation tools, which require 
remarkable efforts to create and calibrate realistic models. 
The data-driven approaches represent an interesting 
opportunity to support the physics-based modelling. This 
work proposes a novel method aimed at the optimization 
of energy use and luminous environment for a set of 
lighting control system solutions. The method processes 
experimental data of occupancy and lighting switch on/off 
events of an individual side-lit office in an academic 
building at high latitude via DIVA4Rhino; then, the 
climate-based simulation results provide the data 
necessary for the data-driven static optimal control that 
allow different control strategies of the lighting systems 
according to their lighting power density. The control 
allows optimal strategies giving priority to either energy 
saving or luminous environment improvement, depending 
on the energy efficiency of the lighting installation, while 
guaranteeing comfort base level. The results show that the 
method allows to achieve energy savings up to 18.6% by 
maintaining high visual comfort levels. 
Introduction 

Lighting control systems in commercial buildings are 
ubiquitously promoted as energy saving measure, and 
building codes sustain such approach. With increasing 
market penetration of lighting-emitting diodes (LEDs) 
(U.S. Dept. of Energy, 2016), the average load for 
functional illumination decreases, while lighting design 
solutions increase. This leads to two major observations: 
• on one hand, if LEDs decrease the load for functional 

illumination, the use of lighting control systems that 
actually save energy during ‘on’ lighting states, e.g. 

daylight harvesting, may lead to marginal savings; 
• on the other hand, more design flexibility arises. If 

energy use is not the main target, lighting can be 
designed so that other amenities of the visual space are 
enhanced, e.g. by providing granular dimming or 
colour tuning. 

In regards to the first observation, researches have showed 
that parasitic uses in the lighting system may account for 
25-30% of the total energy for lighting system with 
efficient light sources (Roisin et al., 2008; Aghemo et al., 
2014). In extreme cases, with adequate daylight provision 
and low occupancy rates, lighting controls may even 
offset energy saving (Gentile et al., 2018; Gentile and  

 
Dubois, 2017). In such cases, the purpose of lighting 
control may shift from mere energy saving to 
improvement of the luminous environment, which is 
today more possible than even given the intrinsic design 
flexibility of LEDs. 
Therefore, the lighting control system purpose becomes 
twofold:  
• saving energy when loads for functional illumination 

are high (de Rubeis et al., 2017); 
• improving some aspects of the luminous environment 

when loads for functional illumination are low. 
In such context, this work proposes a novel method aimed 
at the optimization of energy use and the prediction of any 
indicator of visual comfort for a set of lighting control 
system solutions. In fact, visual comfort is extremely 
complex and it does not only depend on ‘hard’ measures, 

being closely linked to subjective perception (Boyce, 
2014). For daylighting and electric lighting integration, a 
number of dimensions of lighting quality has been 
identified in a survey of recent literature (Gentile et al., 
2016), where luminance-based metrics seem to be better 
predictors of comfort (Kruisselbrink et al., 2018). 
However, most of current standards and regulation relies 
on illuminance-based metrics and so are verified the vast 
majority of existing lighting designs. Therefore, in this 
paper, for illustrative purposes, we take the simplest case 
of horizontal illuminance on the work plane as indicator 
of visual comfort.  
The method processes experimental data of occupancy 
and switch on/off events of the lighting system by means 
of climate-based simulation and employs these data to 
implement a data-driven optimization algorithm. 
The proposed method is applied to an individual side-lit 
office in an academic building located in Lund, Sweden, 
with west orientation. The actual occupancy profile of the 
room and the real operation of the lighting system are 
logged by a SCADA system. The calibrated models are 
simulated via DIVA4Rhino. Based on the experimental 
data and the climate-based simulation results, a data-
driven static optimal control, derived following the 
methodology proposed in Jain et al. (2018), is designed to 
optimize performance metrics for both energy 
consumption and luminous environment. The proposed 
approach introduces two main advantages: 
• it particularly exploits his potential when the system 

has a lot of components interacting in complicated, 
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nonlinear ways, and assembling a single global model 
using standard technique can be prohibitive; 

• once validated, based on the Lighting Power Density 
(LPD), it provides the possibility to optimize the 
energy saving of the lighting system (for high LPD) 
and/or visual comfort (for low LPD). 

The significance of employing the proposed methodology 
lies on the fact that when dealing with complex systems 
(e.g. controlling m working plane illuminance levels with 
n luminaires drove by different dimming levels, as in the 
case of open office rooms), it allows to create models that 
can be used to setup optimization problems for energy 
savings and visual comfort.    
The results obtained by applying the proposed method to 
an academic case study showed that the controller is able 
to provide energy savings while guaranteeing visual 
comfort. In our simulated testbed we achieved an energy 
saving up to 18.6%. 
Notation. We denote by |𝑇| the number of leaves of the 
tree 𝑇. 
Methods 

The method proposed in this work is based on the 
interaction between experimental data, climate-based 
lighting simulation, and data-driven modelling. As 
known, the climate-based simulation, which represents 
the best tool to assess building’s thermal performance (de 
Rubeis et al., 2018a), and daylight harvesting 
maximization (de Rubeis et al., 2018b) and the effects 
provided by lighting control systems, requires remarkable 
model creation and calibration efforts. Therefore, the 
availability of experimental and simulated data allows to 
create data-driven models that can be used to provide 
optimal lighting control strategies in a short time.   
The proposed method, shown in Figure 1, is divided into 
four main steps. The first step is represented by the 
experimental campaign to know the actual occupancy 
profile of the room, the lighting switch on/off events, and 
the luminance values of the room’s structural 

components. Secondly, the 3D model is created via 
DIVA4Rhino simulation tool considering the weather file 
of the city where the building is located, the photometric 
properties of the room, and the actual occupancy profile. 
Then, the experimental data coupled with the climate-
based simulation results are used to create data-driven 
models to setup the data-driven static optimal control 
through which different control strategies of the lighting 
system can be performed.   
More precisely, the idea is to use historical data that can 
be collected into a building, together with the Machine 
Learning methodology of Regression Trees, to derive a 
mathematical model to: 
• predict the illuminance levels at the working plane; 
• employ such models to setup a static optimization 

problem in order to optimize the dimming level with 
the aim of either energy saving and/or luminous 
environment improving, depending on the lighting 
power density, within intervals of acceptability. 

With the last step of the method, the results obtained by 
the control strategies have been collected in terms of 
energy savings and luminous performance.    

 
Figure 1: Block diagram of the proposed method. 

Climate-based simulation  

In this work, a side-lit office room of an academic 
building located in Lund (Sweden) has been modelled in 
Rhinoceros 3D and simulated via DIVA4Rhino. The 
building that host the room and the surrounding buildings 
were considered in the model, although the climate-based 
simulation was performed only on the considered office 
room. 
For this room, data on both actual occupancy and lighting 
use (on or off) have been logged by the SCADA system. 
The daylight modelling followed good practice (Dubois 
et al., 2019). In particular: 
• in order to account for obstructions and reflections, the 

surrounding buildings have been modelled and their 
measured reflectances have been used (Figure 2); 

• the ground reflectance of main ground materials has 
been measured and averaged; 
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• the window mullions, as well as the geometry of the 
opening, have been modelled in detail (Ibarra and 
Reinhart, 2013); 

• although all surfaces were assumed perfectly 
diffusive, their reflectance was measured with a 
reference reflectance plate and luminance meter. 
Reflectance for lateral walls, which have bookshelves, 
varies with rooms; in such case, an average of 
measured reflectances was used. 

 
Figure 2: Climate-based simulation model. 

However, as a main limitation, the model does not 
account for the use of shading devices, i.e. shading is fully 
open. Measured values of the surfaces reflectance are 
shown in Table 1.  

Table 1: Surfaces properties.  

Surface  Reflectance 

Office walls 0.80 
Office lateral walls 0.60 

Office floor (grey linoleum) 0.19 
Office ceiling 0.90 

Exterior brick wall 0.28 
Window and door frame  0.88 

Office desk 0.35 
Surrounding building 0.52 

Surrounding roofs 0.20 
Surrounding walls (brick walls) 0.28 

Ground 0.25 
Door glazing (transmittance) 0.90 

Window glazing (transmittance) 0.75 

In detail, the analyzed side-lit individual office room is 
shown in Figure 3. The room is located at the fourth of 
five floors of the building and it is used by teaching staff. 
The room surface is equal to 16.9 m2 and it has a single 
window facing west, with a window-to-wall ratio equal to 
30%. The total power installed for the lighting system is 
equal to 112 W provided by two fluorescent T5 fixtures 
with 2 x 28 W tubes each. As indicated in the European 
Standard EN 12464-1 (European standard, 2011) the 
maintained illuminance target on the work plane is equal 
to 500 lx. Given the proximity between Copenhagen and 
Lund (about 40 km) and their similar climatic conditions, 
the simulations were carried out considering the 
Copenhagen weather file. 

 
Figure 3: Fisheye of the analyzed side-lit office room. 

The model has been checked via quick assessment of 
daylight factors throughout selected rooms. Further 
information on the model are available on a previous 
paper (Gentile and Dubois, 2017). 
The yearly occupancy profile was logged by a SCADA 
system with a sampling time of 10 min, on 24/7 basis. The 
period between 19th January and 16th February turned out 
to be missing due to problems in the logging system; 
therefore, it has been hypothesized that during this period 
the office room would always be unoccupied.  
Based on the measured data, the office room resulted 
occupied for 561.8 h/yr (i.e. 6.41% of the total 8760 h/yr); 
the switch on/off events revealed that the lighting system 
was turned on 1.45% of the year (i.e. 127.2 h/yr), namely 
the 22.63% of the occupied time. Moreover, for 16.3 h/yr 
(0.19% of the year) the lighting system was switched on, 
although the room was unoccupied. For a better 
understanding of the actual occupancy profile of the 
office room, see Figure 4. 
Since the simulation software uses an hourly occupancy 
schedule, some simplifications have been made: if the 
room was occupied less than 30 min, then it was 
considered unoccupied; instead, if it was occupied more 
than 30 min, an hourly occupancy was appraised.  

 
Figure 4: Occupancy profile of the room. 
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The modelled lighting system was controlled by an 
occupancy detector and a daylight dimming controller, 
with an overall standby power equal to 1 W.  
The simulations were performed by hypothesizing two 
measuring grids (at work plane and ceiling) whose nodes’ 

distance has been defined following the European 
Standard EN 12464-1.  
The climate-based simulation at the work plane eight 
provided the results summarized in Table 2.  

Table 2: Climate-based simulation results. 

Description Value U.M. 

Daylight Autonomy (DA300) 43% - 
Continuous DA (cDA300) 63% - 

Mean Daylight Factor (DF) 1.8% - 
Energy Consumption (lighting system) 10.6 kWh/yr 
Energy Consumption (standby power) 0.2 kWh/yr 

It is worth noting that the total energy consumption is very 
low due to the low lighting power density (6.6 W/m2), the 
limited time of room occupancy (6.41% of the entire 
year), and the good daylight provision. In fact, the limited 
use of the lighting system is highlighted also by the 
simulated dimming schedule, shown in Figure 5.   

 
Figure 5: Dimming schedule of the lighting system. 

Data-driven optimal control with Regression 

Trees 

In this section we introduce a data-driven framework to 
optimally control dimming level in order to optimize both 
the energy consumption and the visual comfort inside a 
building. For the sake of simplicity, we state the problem 
formulation for one room only, but it can be easily 
extended to multiple rooms. The idea is to modify the 
construction algorithm of a well-known machine learning 
methodology, the Regression Trees, to obtain a data-
driven model that can be used in a static optimal control 
problem formulation. Such model is built upon historical 
datasets that are created collecting data from the sensors 
inside the room (or data provided by climate-based 
simulations). In particular, this section is divided in two 
subsections: 
1. identification: where we show how to modify the 

Regression Trees learning methodology in order to 
obtain control-oriented models. To this aim we 
follow the procedure already introduced in Behl et al. 
(2016), and Jain et al. (2018); 

2. control: where we setup the static optimal control 
problem. 

Model identification using Regression Trees 

Let an historical dataset 𝐷 = {𝑋, 𝑌} be given, composed 
by data collected from the sensors during normal 
operation of the building. The dataset is composed by 𝑛 
samples. In particular: 
• 𝑌 = {𝑦𝑘}𝑘=1,…,𝑛 is the set of data associated to the 

variables (outputs) we want to predict, i.e. the 
illuminance target values on the working plane 𝑦𝑘 ∈
ℝ𝑝;  

• 𝑋 = {𝑑𝑘 , 𝑢𝑘}𝑘=1,…,𝑛 is the set of data (features) 
associated to the variables we can directly measure, 
i.e. solar radiation and illuminance values at the 
ceiling 𝑑𝑘 ∈ ℝ𝑞 , and to the variables we can control, 
i.e. the dimming levels 𝑢𝑘 ∈ ℝ𝑚.  

The dataset 𝐷 is used to train a regression tree, so that it 
can be used as a model in run time to predict the response 
𝑦 given the current measurements of 𝑑 and 𝑢. 
In this paper we limit our considerations to the case of a 
single room, as described above. As output variable we 
limit our prediction to a single point of the measuring 
plane, so 𝑝 = 1. Furthermore, as features of 𝑑 we consider 
a single illuminance node on the ceiling, and the solar 
radiation measurement, so 𝑞 = 2. Since in the room there 
are two luminaires, but with only one control signal, we 
have that 𝑚 = 1. 
Our goal is to learn, using Regression Trees, a model of 
the following form  
                                   �̂�𝑘 = 𝑓(𝑑𝑘 , 𝑢𝑘)                              (1) 
that relates the value of the response variables with the 
value of the features, so that we can use it in an optimal 
control problem. To this aim, the main issue is that the 
classical Regression Trees algorithm does not allow to 
obtain a closed-form expression of the function 𝑓, so it 
cannot be used in an optimal control problem. This is 
because the regression tree 𝑇 is obtained partitioning the 
dataset into smaller regions 𝑅𝑖 , 𝑖 = 1, … , |𝑇| (the leaves of 
the tree), and assigning to each region the average value 
of the output part of the samples contained in it. 
Consequently, the prediction provided by the tree is a 
constant (see Breiman et al., 1984, or more briefly Jain et 
al., 2018 for further details on how to train a regression 
tree). 
A solution to this issue follows the procedure described in 
Jain et al. (2018), and consists into assigning to each 
region an equation as (1). More precisely, the process is 
divided in 3 steps: 
1. we split the dataset 𝑋 into to 2 subsets: 𝑋𝑑 =

{𝑑𝑘}𝑘=1,…,𝑛, the dataset containing non-control 
variables, and 𝑋𝑐 = {𝑢𝑘}𝑘=1,…,𝑛, the dataset 
containing control variables; 

2. we train a regression tree 𝑇 using the dataset 𝐷𝑑 =
{𝑋𝑑 , 𝑌} (it will be clear in the next section why this 
choice is necessary to make our model suitable for 
control); 

3. we associate to each region 𝑅𝑖 of 𝑇 an affine model 
of the form 

                               �̂�𝑘 = 𝛽0
𝑖 + 𝛽1

𝑖 𝑢𝑘   (2) 
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that relates the lighting level 𝑦𝑘 to the dimming level 
𝑢𝑘. 

Parameters 𝛽0
𝑖  and 𝛽1

𝑖  are obtained solving a classical least 
square problem using data from 𝑋𝑐 associated to the 
samples of each region. A graphical representation of this 
procedure is depicted in Figure 6. 

 
Figure 6: Regression tree structure and leaf model 

derived using the dataset split procedure defined above. 

Optimal control using Regression Trees 

Once the Regression Trees-based model is created, model 
(2) can be used to setup an optimal control problem to 
control dimming level while saving energy and 
guaranteeing visual comfort. In particular, the following 
problem can be setup: 
 
              min

𝑢𝑘

𝐸𝑚𝑎𝑥𝑢𝑘 + 𝜌‖�̂�𝑘 − 𝑦𝑟‖2 

              𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜: 
                                 �̂�𝑘 = 𝛽0

𝑖 + 𝛽1
𝑖𝑢𝑘  (3) 

                                 0 ≤ 𝑢𝑘 ≤ 1 
                                 �̂�𝑘 ≥ 𝑦𝑚𝑖𝑛 . 
The variable 𝑦𝑟 represents the reference illuminance value 
that we want to have in the room. The weight 𝜌 is used to 
decide if we want to give more importance to the visual 
comfort or to the energy saving. So the objective is to 
minimize the weighted sum of the energy consumption 
and the visual comfort, subject to the fact that the 
dimming level has to be bounded by 0 (switched off) and 
1 (maximum power), and that the (estimated) illuminance 
level �̂�𝑘 cannot be lower than a minimum comfort 
threshold 𝑦𝑚𝑖𝑛. 𝐸𝑚𝑎𝑥 is the energy consumption of the 
light when the dimming level is 1. Clearly, different 
optimization functions can be chosen leveraging this data-
driven modelling framework. 
At each time step 𝑘 = 0,1,2, . .., we: 
1. get the measurement of 𝑑𝑘 from the sensors; 
2. narrow down the leaf of the tree to get model (2); 
3. solve the static optimization problem (3); 

4. apply the optimal dimming level 𝑢𝑘
∗  provided by (3); 

5. repeat the process at 𝑘 + 1. 
Simulation results 

In this section we first provide results concerning data-
driven identification and describe the procedure used to 
derive the model, and then we discuss the setup of the 
optimal control strategy showing the closed-loop 
simulation results.  
Identification 

In order to derive the illuminance model at the working 
plane we first build a dataset 𝐷 = {𝑋𝑑 , 𝑋𝑐 , 𝑌}, and then we 
use it and the procedure introduced above to derive a data-
driven model as the one depicted in Figure 6 and 
described by Equation (2). The features in 𝑋𝑑 are the solar 
radiation and the illuminance at the ceiling, the feature in 
𝑋𝑐 is the dimming level, and the output to predict features 
in 𝑌 is the illuminance at the working plane. The historical 
data composing the dataset 𝐷 have been generated using 
the DIVA4Rhino simulation model above described, with 
a sampling time of 1 hour. In particular, the results 
provided by the node placed at the central point of the 
measuring grid have been employed (Figure 7). 

 
Figure 7: Measuring grid (the node selected to provide 

the data useful for the data-driven optimization is 

indicated with a red star).  

We split the dataset 𝐷 into a training dataset containing 
all the samples from January to November, and a 
validation dataset containing all the samples of 
December. The training dataset is used to derive the data-
driven model, while the testing dataset is used to validate 
it. 
Remark: although one year of data has been considered to 
train the data-driven model, the amount of data necessary 
can be much less. In particular, the size of the dataset is 
related to the amount of information that it contains, e.g. 
one week of data that covers a wide variety of situations 
is a good dataset. Furthermore, once the model is created, 
also using few data, it can be updated as more data are 
generated.    
Validation results, obtained by comparing the prediction 
of the data-driven model with the illuminance values at 
the working plane, are plotted in Figure 8 showing the 
good quality of the prediction. In particular, let 𝑛𝑠 be the 
number of samples in the testing dataset, the Root Mean 
Square Error (RMSE), computed as 
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                            𝑅𝑀𝑆𝐸 = √
∑ (𝑦𝑖−�̂�𝑖)2𝑛𝑠

𝑖=1

𝑛𝑠
,                     (4) 

between the real (𝑦) and the predicted (�̂�) trajectories is 
equal to 43.32 lux, while the Normalized RMSE 
(NRMSE) in percentage, computed as 

                     𝑁𝑅𝑀𝑆𝐸 =
𝑅𝑀𝑆𝐸

𝑚𝑎𝑥(𝑦)−𝑚𝑖𝑛(𝑦)
× 100,            (5) 

is equal to 7.99%. 

 

Figure 8: Validation results on testing data from 

December.  

Closed-loop control 

Provided the models identified in the previous section, 
here we run closed-loop optimal control simulations that 
implement the control problem (3). We defined an 
illuminance target value equal to 𝑦𝑟 = 550 lx and a 
minimum illuminance value 𝑦𝑚𝑖𝑛 = 400 lx. The 
illuminance target value differs from the one previously 
used in the paper (500 lx) to emphasize the effect the 
control can have in managing the trade-off between 
energy saving and visual comfort. We ran simulations for 
3 different levels of 𝜌, i.e. 𝜌 = 10, 𝜌 = 10−3, and 𝜌 =
10−6, to highlight that this problem formulation allows 
different levels of visual comfort at the cost of energy 
consumption depending on the lighting power density. In 
particular, the weight 𝜌 is defined in three different 
conditions:  
• 𝜌 = 10−6 for high lighting power density (e.g. 12 

W/m2) to give more importance to energy 
consumption minimization; 

• 𝜌 = 10 for low lighting power density (e.g. 4 W/m2) 
to privilege visual comfort; 

• 𝜌 = 10−3 a trade-off between the two boundary cases. 
These categories were chosen after consultation of a large 
worldwide survey of existing installations (Dubois & 
Gentile 2016) and expected efficiency of retrofitted 
lighting systems (Dubois et al., 2015). 
Remark: by visual comfort we mean a certain predefined 
visual illuminance level that can be comfortable for the 
occupants, and that can be setup as set point. It is out of 
the scope of this paper to consider more complex model 
for the comfort, although it can be taken into account 

since the optimal control problem formulation (3) can be 
generalized in that sense. 
The optimal control was active only when the room was 
occupied, while it was automatically turned off when the 
room was empty. Occupancy and disturbance data have 
been taken directly from the testing dataset. 
The results of the simulations are shown in Figures 9 and 
10. A simulation period of 4 days, from December 13th to 
December 17th, has been chosen, since that was the busiest 
period in December, i.e. when the room resulted to be 
more occupied (see Figure 5). In particular, the top graph 
of Figure 9 shows the predicted illuminance values on the 
working plane. Although on December 14th and 15th at 
noon the room was empty and so the lighting system was 
switched off, the high illuminance levels are due to the 
external solar radiation. Moreover, Figure 9 reveals how 
the illuminance values go farther from the illuminance 
target value (550 lux) as the value of 𝜌 increases. 

 
Figure 9: Controlled illuminance levels (top), and 

dimming levels applied for different values of 𝜌 

(bottom), with respect to occupancy profile from 

December 13th to December 17th.  

As a consequence, as depicted in Figure 10, it is possible 
to appreciate the energy saving due to the lower dimming 
levels applied into the room when a higher lighting power 
density is hypothesized (Figure 9, bottom graph).  

 
Figure 10: Energy consumption for different values of 𝜌, 

from December 13th to December 17th. 

Over the 19 operation hours of the lighting system (i.e. the 
occupied hours during the considered period of 4 days) it 
is worth noting to observe that: 
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• when the dimming control is on the choice of the 
lower ρ (𝜌 = 10−6), i.e. the energy saving represents 
the main goal, the energy consumption resulted equal 
to 1492 Wh; 

• when the dimming control has the highest value of ρ 
(𝜌 = 10), i.e. the visual comfort is privileged, the 
energy consumption resulted equal to 1832 Wh and 
the maintained illuminance is closer to the illuminance 
target; 

• the control strategies provided by the data-driven 
optimization, changeable with respect to the lighting 
power density, allow energy savings up to 18.6% (i.e. 
340 Wh).  

Conclusion 

In this paper, a novel method aimed at the optimization of 
energy usage and luminous environment for a set of 
lighting control system solutions is proposed. The 
method, based on experimental data, calibrated climate-
based lighting simulation, and data-driven optimization, 
has been tested on an actual side-lit office room in an 
academic building at high latitude.   
The results obtained have shown that the data-driven 
optimization allows different control strategies as a 
function of the lighting power density. In fact, with high 
lighting power density (e.g. 12 W/m2) the controller 
favors the energy saving, while with low lighting power 
density (e.g. 4 W/m2) visual comfort is optimized 
maintaining illuminance values on the working plane very 
close to the assigned illuminance target.  
In particular, in the testbed simulated in this work, the 
impact of the trade-off between energy savings and visual 
comfort results in an energy saving up to 18.6% at the 
price of going far from the visual comfort reference, and 
was obtained by comparing different lighting power 
densities and the resulting control strategies. 
Although the proposed method has been used for the 
study of a simplified case study, its application to a more 
complex case would exploit its potential. 
Therefore, in future work the following aspects will be 
analyzed: 
• considering multiple nodes on the work plane, also 

with furniture, and multiple luminaires controlled by  
different control signals; 

• extension to Random Forests as in Jain et al., (2017) 
and Smarra et al. (2018); 

• extend the case study setup to take into account sub-
hourly profiles for occupancy. 
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Abstract 

Current daylighting simulation practice often ignores the 
importance of façade thickness, despite its real influence 
on the total building performance. This research therefore 
aims to determine the effect of various facade thickness 
on daylight performance in a simulated reference office. 
An isolated reference office with an unglazed opening on 
one of the short façade was taken as case study, modelled 
and simulated in Radiance and Daysim, using weather 
data of Bandung, Indonesia. The thickness of the window 
façade was varied within 0.05~0.50 m, and the following 
daylight metrics were determined: average daylight 
factor, spatial daylight autonomy, spatial useful daylight 
illuminance, simplified daylight glare probability on 
selected viewpoints, and annual lighting energy demand. 
Results suggest that variation of façade thickness yields 
different impacts, which is largely significant on the 
average daylight factor, but is subtler on the climate-based 
daylight metrics and lighting energy demand. 
Introduction 

Daylighting in buildings has long been understood as one 
of the most important features of indoor environmental 
quality. The provision of daylight in buildings, if done 
properly, may reduce the electrical energy demand, while 
creating a positive environment in terms of comfort, 
health and well-being (e.g. Aries et al., 2010; Bluyssen et 
al., 2011; Aries et al., 2015). 
Since the application of daylighting in buildings typically 
involves a conflicting objective, for instance in terms of 
thermal versus visual comfort (e.g. Ochoa et al., 2012; 
Goia et al., 2013; Zhang et al., 2017), it is now not 
uncommon to perform computational modelling and 
simulation to predict the performance of the proposed 
daylighting systems. However, current practice in 
daylighting simulation often ignores or underestimates 
the impact of façade thickness on the simulated daylight 
performance. In modelling interior space for daylighting 
simulation, the uncertainty in façade thickness is often 
assumed negligible.  
Practical observations on several CAD programs/ 
software that are commonly employed to model and/or 
simulate daylighting, i.e. SketchUp, Rhinoceros, 
DIALux, show that the default value assigned for façade 
thickness is zero. In other words, the façade is assumed 
infinitely thin, unless the user specifies otherwise. Other 
software, e.g. VELUX Daylight Visualizer assigns default 

value of 0.300 m for the wall (façade) thickness. This 
value is somehow close to the baseline value of façade in 
the reference office of van Dijk and Platzer (2003), which 
is 0.355 m. In the reference office of Reinhart et al. 
(2013), the interior wall thickness (presumably similar 
with the façade wall thickness) is assumed to be 0.150 m. 
Therefore, one may conclude that the assumed 
‘reference’ or ‘baseline’ value for this quantity is quite 

diverse. However, to the best of our knowledge, it seems 
that there are no specific investigations on how critical 
the uncertainty of this value is, with regard to daylighting 
performance. Van Dijk and Platzer (2003) proposed 
some possible variations on the façade thickness, ranging 
from 0.295 until 0.325 m, but these were given in the 
context of thermal simulation. Reinhart et al. (2013) 
investigated the influence of window area on their 
reference office but did not consider any variation of 
façade thickness.  
Meanwhile, in predicting total building performance 
simulation, it is important to assign proper values for 
façade thickness, since it largely influences the heat 
transfer into and out from the building. For daylighting 
case, a relatively thick façade may serve the role as static 
shading device, which can effectively reduce the 
effective daylight opening area, which will affect the 
daylight performance and lighting energy demand, hence 
should not be negligible. There are multiple reasons for 
choosing different values of façade thickness and these 
have implications on many aspects of building 
performance and, consequently, the occupant response. 
For their reference office, van Dijk and Platzer (2003) 
had proposed some possible variations on the façade 
thickness, ranging from 0.295 until 0.325 m, 
corresponding to the thermal mass and insulation level. 
In that report, the same reference office was proposed for 
(day)lighting simulation (in Section 8); but in that 
section, the importance of assuming façade thickness is 
not particularly mentioned, thus giving the impression 
that façade thickness is somehow negligible (which is 
actually not) in daylighting simulation. 
Again, if one wishes to use any of the mentioned 
programs/software that assume zero façade thickness, the 
discrepancy with the proposed ‘reference’ value will 

presumably be significant, unless the user is completely 
aware of the issue so that he/she will specify a non-zero 
value for the façade thickness. Nevertheless, the effect of 
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this value selection on the daylighting performance of the 
building needs to be quantified in a systematic way. 
Therefore, this research aims to determine the effect of 
various façade thickness on daylight performance and 
lighting energy demand in a simulated reference office, 
while also considering the impact of window orientation. 
Methods 

An isolated building (reference office, adopted from van 
Dijk and Platzer (2003)) with inner space of 6 m × 4 m × 
3 m and a single, unglazed opening measuring 3 m × 1 m 
(window-to-wall ratio of 25%) on one of the short façade, 
was taken as the case study. The building was modelled 
in Radiance and simulated in Daysim, using the weather 
data of Bandung, Indonesia (6°54’53” S, 107°36’35” E). 

The ceiling, wall, and floor reflectance was respectively 
0.8, 0.5, and 0.2, all were kept constant. The window 
orientation was varied between north, east, south, and 
west. The thickness of the window façade was varied 
from 0.05 m until 0.50 m, with an interval of 0.05 m 
(Figure 1).  

 
(a)                                           (b) 

 
(c) 

Figure 1: The modelled building, here shown with the 

window façade of (a) 0.05, (b) 0.10, and (c) 0.50 m thick. 

Daylight metrics 

Daylight performance in the building was evaluated by 
observing the following daylight metrics as determined 
from the simulation:  
1. Average daylight factor (DFav), which is the spatially 

averaged daylight factor (DF) at the defined sensor 
points (Figure 2) on the workplane height (0.75 m 
above the floor). The DF itself is defined as the ratio 
between internal (Eint) and external (Eext) illuminance 
measured simultaneously under the standard CIE 
overcast sky, so that: 

int

ext

DF 100%E

E
=                (1) 

 
Figure 2: Floor plan of sensor points on the interior 

space. 
 

2. Spatial daylight autonomy (sDA300/50%), which is the 
spatial fraction of the floor (or workplane) area having 
daylight autonomy of 300 lx (DA300) at least 50% of 
the annual occupied time T (IES, 2013), so that: 

300lx
300DA 100%Et

T

=                   (2) 

and: 

300 300DA 50% DA 50%
300/50%

total total

sDA 100% 100%
A n

A n

 
=     

(3) 
 

where A is the area, which is usually approximated by 
the number of sensor points n, in this case also 
referring to Figure 2. 

3. Spatial useful daylight illuminance (sUDI-a50% and 
sUDI-e50%), which is the spatial fraction of the floor 
(or workplane) area having useful daylight autonomy 
within range of respectively 100~2000 lx (UDI100~2000, 
or UDI-a) and > 2000 lx (UDI>2000, or UDI-e) at least 
50% of the annual occupied time T, so that: 

100 2000lx
100~2000UDI 100%Et

T

 =            (4) 

2000lx
2000UDI 100%Et

T


 =                (5) 

and: 

100~2000UDI 50%
50%

total

sUDI-a 100%
n

n


            (6) 

2000UDI 50%
50%

total

sUDI-e 100%
n

n

 
              (7) 

Note that the use of these sUDI metrics are modified 
by the authors, since specific standards applying them 
are not yet available. The temporal threshold of 50% 
can however be drawn in parallel with the sDA300/50% 
and has been proposed in literature e.g. by Mangkuto 
et al. (2016). 
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The default value of upper threshold for UDI 
calculation in Daysim is 2000 lx, since the program 
was mainly developed before the proposal of raising 
the upper threshold to 3000 lx was published. In 
addition, there are some findings from field study in 
the tropics (e.g. Hirning et al., 2013; 2014; Mangkuto 
et al., 2016; 2017), suggesting that building occupants 
in the tropics may be more sensitive to discomfort 
glare and high illuminance values from daylight, so 
that smaller value for the upper threshold shall be 
preferred. Therefore, in this case, the default value of 
2000 lx was assigned as the upper UDI threshold. 

4. Simplified daylight glare probability (DGPs), which 
is the simplified version of the original DGP proposed 
by Wienold and Christoffersen (2005; 2006): 
 

DGP = 5.87×10–5 Ev  

          + 0.0918 log

























+

=

n

i iv

isis

PE

L

1
287.1

,
2

,1


+ 0.016    (8) 

The DGPs relies only on vertical illuminance (Ev) 
component, so that: 

DGPs = 6.22×10–5 Ev + 0.184             (9) 

The Ev was simulated at the red points in Figure 2, 
which is located at the room’s long axis, at height of 

1.5 m facing directly to the window. 
Two DGPs metrics were reported in this study, i.e. the 
mean annual DGPs at the central point (DGPs(c)), and 
the spatially-averaged mean annual DGPs among the 
red points in Figure 2 (DGPs(s)). 

5. Annual lighting energy demand (ED), which is the 
total demand for electrical lighting energy in a year 
for the simulated space, in kWh/m2. 

Simulation settings 

Table 1 displays the assigned simulation parameters in 
Daysim. 

Table 1: Daysim simulation parameters. 

Parameter Value 

Ambient bounces (ab) 5 
Ambient divisions (ad) 1000 
Ambient super-samples (as) 20 
Ambient resolution (ar) 300 
Ambient accuracy (aa) 0.1 
Limit reflection (lr) 6 
Specular threshold (st) 0.15 
Specular jitter (sj) 1 
Limit weight (lw) 0.004 
Direct jitter (dj) 0 
Direct sampling (ds) 0.2 
Direct relay (dr) 2 
Direct pretest density (dp) 512 

The simulated space is continuously occupied from 
Monday through Friday at 08.00 until 17.00 hrs, giving 
the total annual hours of occupancy of 2349 hours. The 
electric lighting is activated 2370.8 hours per year. The 
occupants are assumed to perform visual task requiring a 
minimum workplane illuminance of 300 lx.  

Note that the total annual occupancy duration is 2349 
hours, corresponding to 261 working days at nine hours 
(08.00~17.00) each. The annual duration in which electric 
lighting is activated is calculated with the algorithm of 
Lightswitch-2002 model (Reinhart, 2004). In a nutshell, 
the model assumes certain “switch-off probabilities for 
different times of user absence for a lighting system 
without controls, with an occupancy sensor”, referring to 

Pigg et al. (1996). For a direct photocell-controlled 
dimmed lighting system, the weekday profile of the 
annual mean electric lighting load in the reference office 
is provided in Figure 8b in Reinhart (2004). The profile 
suggests some small loads of electric lighting even before 
(05.00~07.00) and after (18.00~23.00) working hours. 
Therefore, the annual duration of electric lighting 
activation is somewhat longer than the total annual 
occupancy duration. 
No additional external nor internal shading device was 
defined on the façade. The lighting control algorithm is 
defined in general according to the Lightswitch-2002 
model as developed by Reinhart (2004). The electric 
lighting system has an installed lighting power density 
(LPD) of 7.25 W/m2. This value was chosen with 
reference to Lo Verso et al. (2017), corresponding to the 
specified workplane illuminance of 300 lx. Note that the 
Indonesian national standard (BSN, 2000; 2001) suggests 
LPD of 15 W/m2 for typical office room, but this was 
prescribed in the era before the emerging of LED lighting, 
which now can provide a much lower LPD.  
The system is automatically controlled via an on/off 
occupancy sensor with a delay time of 5 minutes. The 
dimming system has an ideally commissioned photocell 
control with a ballast loss factor of 0%, while the lighting 
system has no standby power per unit area. No dynamic 
shading device system is assigned for the simulated space. 
Results and Discussion  

Trend visualisation 

All metrics obtained from the simulation are displayed in 
graphs in Figure 3 until 9, as a function of the façade 
thickness, categorised for the four orientations. 

 

Figure 3: The resulting DFav. 
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Figure 4: The resulting sDA300/50%. 

 
Figure 5: The resulting sUDI-a50%. 

 

 
Figure 6: The resulting sUDI-e50%. 

 

 
Figure 7: The resulting DGPs(c). 

 

 

Figure 8: The resulting DGPs(s). 

 

Figure 9: The resulting ED. 

 

Among all of the compared metrics, it is observed that the 
DFav is the only one that constantly changes (decreases in 
this case) as the façade become thicker (Figure 3). 
Obviously, since DF is defined for the CIE overcast sky 
that is rotationally symmetrical, the impact of façade 
orientation on the metric is virtually negligible. While DF 
value conceptually does not depend on façade orientation, 
Daysim implements daylight coefficients from Tregenza 
sky elements (based on Perez all weather sky) in its 
calculation. Therefore, there shall be a confirmation 
whether the correct algorithm has been implemented in 
computing DF value, e.g. by reducing the sky model to 
standard overcast or by including only the diffuse sky 
luminance. This was done in this study by testing various 
orientations while observing the average DF. The results 
in Figure 3 clarifies that the obtained DF in this case is 
indeed independent of orientation. 
When averaged over the orientations, a linear relation (R2 
= 0.9926) between DFav [%] and the façade thickness (x 

[m]) can be obtained, which reads: 
 

 DFav = –4.6967x + 5.1421                  (10) 
 

That is, for every 0.05 m increase of the façade thickness, 
the DFav can be expected to reduce by a linear difference 
of approximately 0.235%. It should be noted that 
Equation 10 is valid only for this case (particularly the 
opening area and configuration). Different opening and/or 
room size may result in a different relationship. 
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As for the spatially-evaluated climate based daylight 
metrics (CBDM), i.e. sDA300/50%, sUDI-a50%, and sUDI-
e50%, it is found that increasing the façade thickness does 
not linearly increase nor decrease the metrics. Some 
fluctuations of sDA300/50% exist as the façade becomes 
thicker, and slight differences occur between the 
orientations (Figure 4), but the general tendency is the 
sDA300/50% becomes smaller as the façade goes thicker, 
thus roughly in line with the DFav trend. 
With regard to sUDI-a50%, and sUDI-e50%, increasing the 
façade thickness at certain range, i.e. 0.10 until 0.45 m for 
the former, and 0.20 until 0.45 m for the latter, gives very 
little or entirely no impact (Figure 5 and 6). At these 
ranges, the orientation also has got no influence. Beyond 
these ranges, the difference in the resulting metrics 
becomes noticeable again.  
At the smallest thickness (0.05 m), the sUDI-a50% is at 
minimum, whereas the sUDI-e50% is at maximum. The 
opposite is true at the largest thickness (0.50 m). This 
suggests that a very thin façade correspond to excessive 
amount of daylight (sUDI-e50% ≈ 17% at north orientation, 

11% at west), and a thick façade can significantly reduce 
it (sUDI-e50% ≈ 6% at north, 3% at west). Consequently, 
the actually ‘useful’ daylit area (sUDI-a50%) is increased 
from around 83% at north and 89% at west, into around 
95% and 97% at the respective orientations. 
Also as a consequence, the DGPs(c) and DGPs(s) decrease 
as the façade becomes thicker, though the difference 
between the highest (at 0.05 m thickness) and the lowest 
DGPs value (at 0.50 m thickness) at any given orientation 
is not more than 0.07 (Figure 7 and 8). One-way ANOVA 
to test the effect of orientation on DGPs(c) and DGPs(s) 
suggests this choice of input is significantly influential to 
the output (Table 2 and 3).  
 

Table 2: Result of one-way ANOVA testing the effect of 

orientation on DGPs(c). 

Source SS df MS F p 

Between group 0.0282 3 0.0094 35.2 <0.001 
Within group 0.0096 36 0.0003 
Total 0.0378 39  

 
 
Table 3: Result of one-way ANOVA testing the effect of 

orientation on DGPs(s). 

Source SS df MS F p 

Between group 0.0576 3 0.0192 42.4 <0.001 
Within group 0.0163 36 0.0004 
Total 0.0739 39  

 
In Tables 2 and 3, SS is the sum of square, df: degree of 
freedom, MS: mean square, F: the statistical test value 
having F distribution, basically defined as the ratio of 
between-group-variability to within-group-variability, p: 
the probability or significance value that when the null 
hypothesis is true, the statistical summary would be 
greater than or equal to the actual observed results. 

The Tukey HSD (honestly significant different) test, 
which is a single-step multiple comparison procedure 
and statistical test (Tukey, 1949), was performed on the 
ANOVA results. This test is typically conducted after 
performing an ANOVA (post-hoc analysis) to find means 
that are significantly different from each other. In this test, 
all pairs of means are compared, based on a studentised 
range distribution (Q) that has a similar distribution to the 
t distribution.  
The post-hoc Tukey HSD test reveals that the east 
orientation yields significantly higher DGPs compared to 
the other three orientations (Table 4). This can be 
explained by the fact that east façade receives more solar 
radiation before noon in which the sky is mostly clear and 
rain is unlikely to occur. Meanwhile, there is higher 
chance of rain during afternoon, as is commonly found in 
the tropics, resulting in a somewhat lower solar radiation 
on the west façade.  
 

Table 4: Result of Tukey HSD test on orientations with 

regard to DGPs(c) and DGPs(s) 

Pair 
w.r.t. DGPs(c) w.r.t. DGPs(s) 

Q p Q p 

North v East  10.36 0.001* 11.13 0.001* 

North v South   3.01 0.163  3.78 0.052 
North v West   0.97 0.900  0.77 0.900 
East v South 13.38 0.001* 14.91 0.001* 
East v West 11.33 0.001* 11.91 0.001* 
South v West   2.04 0.482   3.00 0.164 

*significant at 95% or higher confidence level 

 
It can also be observed that DGPs at north orientation is 
higher than that at south, which is logical since the 
simulated location of Bandung, Indonesia is at the 
southern hemisphere (6°54’53” S), even though is very 
close to the equator. Chance of precipitation again plays 
an important role here: the smallest amount of rain (on 
average 68~77 mm of precipitation (Climate-Data.org, 
2018)), occurs in the middle of the year (June to August), 
when the north façade is exposed to direct sunlight. 
During the beginning and end of the year, the chance of 
rain is much higher (217~291 mm of precipitation 
(Climate-Data.org, 2018)), thus reducing the amount of 
direct sunlight received on the south façade. These 
findings are in line with those reported by Mangkuto et al. 
(2016), also for the climate of Bandung, highlighting the 
fact that the impact of façade orientation on daylight 
metrics is negligible, except for DGPs. 
Lastly, the influence of façade thickness on lighting 
energy demand is also sensible, though there are some 
fluctuations across the way (Figure 9). Orientation does 
have some influence on the obtained metric, though much 
less compared to DGPs. Generally, thicker façade 
corresponds to higher ED, varying from roughly 6.5 
kWh/m2/yr at 0.05 m thickness, to roughly 7.5 kWh/m2/yr 
at 0.50 m thickness. 
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Impact of façade thickness 

To objectively compare the impact of façade thickness 
variation on all metrics, the coefficient of variance (CV), 
i.e. ratio between standard deviation and mean, were 
calculated across the façade thickness, for the four 
orientations separately. Table 5 displays the results, 
together with the averaged value over all orientations. 
 

Table 5: Coefficient of variation of all metrics, 

calculated across the façade thickness, categorised 

based on orientations. 

Metric North East South West Average 

DFav 0.18 0.19 0.18 0.19 0.19 
sDA300/50% 0.09 0.10 0.09 0.09 0.09 
sUDI-a50% 0.03 0.02 0.01 0.02 0.02 
sUDI-e50% 0.30 0.30 0.16 0.25 0.25 

DGPs(c) 0.04 0.07 0.03 0.04 0.04 
DGPs(s) 0.04 0.05 0.05 0.05 0.05 

ED 0.06 0.05 0.06 0.07 0.06 
 
It is found that on average, the largest CV values are given 
by sUDI-e50% (0.25), DFav (0.19), sDA300/50% (0.09), and 
ED (0.06); whereas the CV for the remaining metrics are 
not larger than 0.05. One-way ANOVA to test the effect 
of façade thickness on those aforementioned three metrics 
reveals that the influence of thickness is indeed significant 
(Table 6). 
 
Table 6: Result of one-way ANOVA testing the effect of 

façade thickness on DFav, sDA300/50%, sUDI-e50% and ED. 
Metric Source MS F p 

DFav 
Between group 18.345 5.737 <0.001 
Within group   3.197 

sDA300/50% Between group 131.09 31.59 <0.001 
Within group    4.15   

sUDI-e50% Between group 2.0370 4851 <0.001 
Within group 0.0004   

ED Between group 0.626 14.80 <0.001 
Within group 0.042 

 
Tukey HSD test was performed to group the thickness 
values based on their significance level, with regard to the 
four aforementioned metrics. The mean values across 
orientation are plotted in Figure 10 until 13, as a function 
of façade thickness. In those figures, error bars represent 
the 95% confidence interval. Based on the Tukey HSD 
test, the mean of DFav can be clustered into ten significant 
groups (Figure 10), i.e. each value of thickness yields a 
significantly different DFav to all other thickness values, 
since there is zero impact from façade orientation, hence 
the error bars do not overlap each other. Therefore, it can 
be concluded that modifying the façade thickness at 0.05 
m interval will result in a statistically significant reduction 
of the DFav. 
 

 
Figure 10: Mean DFav across façade thickness, clustered 

into ten significant groups. 
 

 

Figure 11: Mean sDA300/50% across façade thickness, 

clustered into five significant groups. 
 

 
Figure 12: Mean sUDI-e50% across façade thickness, 

clustered into three significant groups. 
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Figure 13: Mean ED across façade thickness, clustered 

into five significant groups. 

 

As for DA300/50%, sUDI-e50%, and ED, only three (A, B, C) 
or five (A, B, C, D, E) significant groups can be assigned 
to the ten values of thickness, thus is considerably less 
than the number of significant groups with regard to DFav. 
There are also some large overlaps between consecutive 
thickness values, so that some of the resulting mean of the 
metrics can be placed in two or even three significant 
groups (Figure 11 until 13). Uncertainties due to variation 
of façade orientation are not constant across the thickness, 
but among the discussed four metrics, the most consistent 
uncertainties are found for the ED.  
The presented results are limited by the choice of climate, 
which in this case is the tropical one. However, the results 
may be considered to some extent as a guideline in 
selecting appropriate value of façade thickness, while 
predicting the impact it may yield on various daylight 
metrics and lighting energy demand. This can be useful 
not only during the design phase, but also when the 
building is operational, for instance if a certain type of 
external shading or outer skin façade is to be added or 
attached to the existing construction. Follow-up of this 
study can therefore be directed towards assessing the 
investigated effect on real building spaces, and how to 
further optimise it.  
Conclusion 

Based on the simulation results, variation of façade 
thickness is found to yield different impacts on the 
daylighting performance indicators and lighting energy 
demand. The impact is largely significant on average 
daylight factor (DFav) with no effect of façade orientation, 
as expected. The sDA300/50% tends to become smaller as 
the façade goes thicker, but sUDI-a50% and sUDI-e50% may 
keep constant for a certain range of façade thickness, i.e. 
0.20 until 0.45 m. 
The DGPs(c) and DGPs(s) decrease as the façade becomes 
thicker, though the difference between the highest and the 
lowest DGPs value at any given orientation is not more 
than 0.07. It is observed however that the east orientation 
yields significantly higher DGPs compared to the other 
three orientations, due to high annual solar radiation and 
low precipitation in the particular exposure time. 

Each façade thickness value yields a significantly 
different DFav, but no more than five significant groups 
can be assigned to the remaining metrics. Thus, the impact 
of varying façade thickness is the largest on DFav and is 
somewhat subtler on the climate-based daylight metrics 
and lighting energy demand. 
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Abstract 

Spectral properties of daylight surpasses any other light 
source. Its dynamic intensity and spectra across the full 
spectrum facilitates sustainable daylighting practices, 
produces best color rendition, and regulates circadian 
rhythms in all living beings. However, simulation models 
do not typically include spectral variability; daylight is 
modelled as a uniform, equal energy white source. In this 
paper, tristimulus calibration procedures are utilized to 
create spectrally accurate High Dynamic Range (HDR) 
photographs. HDR photographs of skies are collected and 
utilized as an input to image based lighting (IBL) 
simulations. The impact of color variations across the sky 
dome and between different sky conditions are studied. 
Per-pixel photopic luminances, tri-stimulus chromatic 
distributions, Correlated Color Temperatures (CCT) and 
circadian luminance and illuminance values are 
quantified for image-based daylighting simulations, and 
compared with standard colorless Perez skies. 
Introduction 

Color content of the indoor light is important to evaluate 
the color appearance, perceptual and aesthetic 
considerations, circadian lighting, and plant (horticulture) 
lighting. Daylight availability and luminance variability 
across the sky have long been measured and simulated. 
However, spectral content and its distribution is not well 
known.  
Photopic lighting units and measurement devices are 
based on the CIE 1924 Standard Observer response curve, 
V(λ). It is the spectral efficacy for photopic vision in 
human beings (Wyzecki and Stiles, 2000). Although CIE 
Standard Colorimetric Observer (XYZ) was adopted in 
1931 for color and heterochromatic brightness matching 
properties in human beings, daylight metrics and 
simulations (luminance and illuminance calculations) 
singularly focus on CIE Y, which is the CIE 1924 
Standard Photopic Observer.  
The recent studies in non-visual (circadian) responses of 
light and the photobiological interactions in plants 
(photosynthesis, circadian and circannual rhythms) point 
to a need for simulating spectral properties of light beyond 
human visual responses. Photopic and circadian 
measurement units are derived from 380 to 780 nm range 
in the electromagnetic radiation. While the photopic 
response (V(λ)) is most sensitive at 555 nm (green 
region), circadian response favours the blue rich light at 

480 nm (Lucas et al., 2014). The action spectra for plant 
photosynthesis is different from human visual and non-
visual responses (ANSI/ASABE, 2017). It extends 
beyond the human range and favours both the blue and 
red regions of spectra. Therefore, it is necessary to 
augment the current simulation practices with the ability 
to generate spectrally accurate raw data to study the 
impact of lighting on human visual and non-visual 
systems along with plant photosynthesis. 
One of the major obstacles is the lack of quantitative data 
on the color distributions across the sky dome. The 
simulated models typically treat daylight as equal energy 
white source. CIE and Perez sky models in Radiance 
software (Ward, 1999) are modelled with RGB values of 
(1, 1, 1), which yields to a sky and sun with the Correlated 
Color Temperatures (CCT) of 5,453 K. This is close to the 
generalized classification that “daylight with sunlight 
present at noon” typically produces around 5,000- 5,500 
K (Lechner, 2014). Overcast skies are reported to 
typically have CCT of 7,000 K and blue skies in summer 
range between 10,000 to 25,000 K. Yet, even when the 
color of the sky is considered, 6500 K is assumed to 
approximate daylight, and the spectra of the sky dome is 
modelled as uniform.  
There are very few spectral measurements of the skies 
around the world. These measurements are usually 
limited to global horizontal CCT measurements in Kelvin 
(Chain et al., 1999; Hernandez-Andres et al., 2001). One 
of the significant CCT data collection studies includes 
2,600 daylight spectra measured in a two-year period in 
Granada, Spain (Hernandez-Andres et al., 2001). The 
dominant CCT value for this location was 5,700 K, but 
the data clearly affirms a wide variation between 3,758 K 
and 34,573 K. 
More recently, affordable hand held spectrophotometers 
facilitate the measurement of global horizontal spectra in 
W/m2/nm, but these measurements are sporadic at best. 
Even scarcer, is the variability of spectra across the sky 
dome as typical sky scanners do not include narrow field 
spectrophotometers. 145 patch sky spectra measurements 
are collected in one location (Knoop et al., 2014). Other 
researchers focus on developing spectral photographing 
methodologies. Efforts include scanned fish-eye 
photographs (low dynamic range (LDR) images) of the 
sky and color-calibration with cards of known spectral 
power distributions (Hernandez-Andres et al., 2003) or 
digital LDR images calibrated with broadband color 
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filters (Nieves et al., 2005; Uetani, 2014);  the results are 
useful for reporting relative chromaticities and 
luminances.  
High Dynamic Range (HDR) image-based skies have 
been used to simulate indoor and outdoor scenes with 
naturally occurring conditions (Inanici, 2010; Inanici and 
Hashemloo, 2017). However, previous work focused on 
luminance distributions rather than the color accuracy. 
Analytical models (Bird and Riordan, 1986; Lee and 
Hernandez-Andres, 2005) provide simulations for clear or 
overcast skies, leaving out any other sky type. Computer 
graphics models include Preetham et al. (1999), Hosek 
and Wilkie (2012), and Kider et al. (2014). Two recent 
circadian simulation software allow for multi spectral 
simulations (Lark, 2015 and ALFA, 2018). Lark 
simulates uniformly colored skies based on global 
horizontal CCTs, and ALFA simulates the spectra of the 
sun and the sky using U.S. Air Force Geophysics 
Laboratory’s atmospheric constitute profiles. A 
comparison study has been performed (Balakrishnan, 
2018), but the validation of these theoretical models are 
difficult, as long-term measurements are scarce.  
The objectives of this paper are:  
i) To demonstrate the tri-stimulus calibration of HDR 
images to achieve color accuracy: Absolute per-pixel 
luminances, tri-stimulus chromatic distributions, CCTs, 
and circadian luminance and illuminance values can be 
accurately derived from color calibrated imagery. 
ii) To analyse sky images to provide an empirical and 
accessible methodology to study the color variation across 
the sky dome; and  
iii) To quantify color based metrics for indoor simulations 
using image-based skies, and to compare them with the 
standard colorless Perez skies. 
Methodology 

High Dynamic Range Sky Imagery 

Measuring and simulating spectra at each wavelength is 
generally expensive. In many practical applications, 
colorimetric measurements are done in three-dimensional 
(sRGB or XYZ) color space. The methodology presented 
here demonstrates a practical workflow to incorporate tri-
stimulus calibration of HDR images. 
Two different categories of data have been collected. 
Long-term data are captured with HDR images of the sky 
dome between December to June, on one day of the month 
in hourly intervals.  
It is important to note that intensity and spectra of daylight 
reaching the eye is dependent not only on the sky, but on 
the reflections from the surrounding surfaces. Daylighting 
in urban settings is a product of i) the variability of the 
intensity and the spectra of the sun and the sky (as a 
function of location, position of the sun, weather, cloud 
cover, turbidity, and seasonal variations), and ii) the 
reflections and shadows from the surrounding (as a 
function of urban density, spectra and reflectivity of urban 
fabric, vegetation, and terrain). As the second category, 
four sets of sky models have been captured along with 

accompanying four vertical orientation imagery. The 
HDR images of the sky dome and four vertical 
orientations (with 90° increments) are collected in a 
successive manner using a Canon EOS 5D fitted with a 
Sigma 8mm F3.5 EXDG fisheye lens.  
Standard capturing practices were followed with an 
aperture size of f/11, white balance of daylight and ISO of 
100. Luminance variations are captured by changing the 
shutter speed [15 – 1/8000s]. As each capture can be 
completed under a 2-minute period, all five images were 
captured under a 10-minute duration. A sixth HDR image 
(of the sky) is taken to confirm that the sky conditions did 
not change significantly between the first and last image 
capture. 
Each series of multiple exposure photographs are 
accompanied with two scientific grade measurements at 
the camera lens level: Konica Minolta LS-110 Luminance 
is used to measure the luminance meter of a grey scale 
card from the position of the camera lens. An UPRtek 
MK350S Spectrophotometer was placed on the camera 
lens, horizontal for sky measurements and vertical for the 
other scenes, to align with the same view as the 180° 
fisheye lens. The spectrophorometer measurements 
included CIE human tristimulus values (CIE XYZ), CCT, 
and normalized spectral power distributions between 380 
– 780nm at 1nm intervals.  
Sigma fisheye lens exhibits a projection that is similar to 
an equidistant projection up to 60° from the center and 
diverges towards an equisolid angle between 60° and 90°. 
This aberration was corrected using a python code so that 
the images exhibit an equidistant projection.  
Each series of exposures were merged into HDR image 
using Photosphere (Ward 2005). The post processing 
procedures include i) vignetting correction for the 
aperture of f/11; ii) luminance calibration based on a grey 
scale card in the scene for vertical scenes; iii) direct and 
diffuse irradiance/illuminance calibration for sky images; 
iv) luminous overflow correction based on global 
illuminance measurements; and v) tristimulus color 
calibration using CIE XYZ measurements.   
A number of previous publications focus on standard 
capturing practices and post-processing operations (such 
as vignetting corrections, luminance and illuminance 
calibrations, and overflow corrections); and they are 
understood and accepted as best practices (Inanici 2006, 
Jakubiec et al., 2016a, b). However, tristimulus color (CIE 
XYZ) calibrations is a recent research focus and it 
deserves further discussion here. 
Tristimulus Color Calibration 

The color space in digital photography is the standard 
RGB space (sRGB) with CIE standard illuminant D65 
(IEC, 1999). The reference primaries (x,y) for the sRGB 
channels and CIE standard illuminant D65 are (0.64, 
0.33), (0.3, 0.6), (0.15, 0.06), and (0.3127, 0.329) 
respectively. Using these primaries, RGB values can be 
used to calculate the XYZ values (1) (Glassner, 1995). 
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 [
𝑋
𝑌
𝑍

] [
0.4124 0.3576 0.1805
0.2127 0.7152 0.0722
0.0193 0.1192 0.9505

] [
𝑅
𝐺
𝐵

] (1) 

Radiance software has a different color system. The 
reference primaries (x,y) for the RGB channels differ 
minimally (0.64, 0.33), (0.29, 0.6), (0.15, 0.06) from the 
sRGB primaries, but the standard light source is defined 
as equal energy white (0.33, 0.33). Equation (2) shows the 
linear transformations of Radiance RGB values to XYZ. 
RGB to XYZ transformations are performed at a per-pixel 
scale.  

 [
𝑋
𝑌
𝑍

] = [
0.5142 0.3239 0.1620
0.2651 0.6701 0.0648
0.021 0.1228 0.8530

] [
𝑅
𝐺
𝐵

] (2) 

The illuminance meters and spectrophotometers are 
cosine corrected devices. Figure 1 demonstrates the 
difference between the equidistant projection and cosine 
corrected hemispherical fisheye projection. The fisheye 
images collected in this study align with an equidistant 
projection after corrected for geometric aberrations.  
Scientific grade illuminance meters and 
spectrophotometers collect data through a hemispherical 
projection.  
Hemispherical projection follows the cosine law. 
Averaging the luminance of pixels in a cosine corrected 
imagery and multiplying it with Π yields to the resulting 

illuminance from the hemispherical light source.  

            
Figure 1: Equidistant and hemispherical (cosine 

corrected) projections 

If the per-pixel values in a cosine corrected HDR 
photograph are processed with (179*(0.2127*R + 0.7126 
* G + 0.0722 * B)), multiplying the average pixel values 
(luminance in cd/m2) in the circular fisheye region with Π 

yields to illuminance (CIE Y) in lux (1). Similarly, 
processing pixel values with (179*(0.4124*R + 0.3576 * 
G + 0.1805 * B)) and multiplying average pixel values 
with Π, yields to CIE X. Average pixel values processed 
with (179*(0.0193*R + 0.1192 * G + 0.9505 * B)) and 
multiplied with Π, yields to CIE Z. If the color calibration 
of the camera is accurate, the tristimulus values derived 
from these HDR images will match to the measured 
tristimulus values of the specectrophotometer.  
A recent research (Jung and Inanici, 2018) demonstrate 
the calibration procedures with HDR imagery to capture 
spectrally accurate data. This research focuses on 
developing a tristimulus calibration functions for a given 
camera. Following the same methodology, a database of 
HDR images are utilized to compare the CIE XYZ data 
derived from HDR images and the measured values. 
Three channels in HDR images have consistent color 
aberrations, which make it possible to correct for them. 
Since luminance and illuminance calibrations are 

performed in HDR photographs prior to color calibration, 
derived CIE Y values match the spectrophotometer 
measured Y channel. However, CIE X is typically 
underestimated and CIE Z is overestimated. Following 
the reverse transformation equation from XYZ to RGB 
(3), correction factors are derived for each channel of 
RGB color space of the camera through a regression 
analysis. Derived color calibrations are camera specific, 
therefore, they can be reliably utilized for any image taken 
with that camera. The camera color calibrations are 
derived using this methodology for the camera used in this 
research, and applied to long term sky data. Camera 
calibration in this method yields to average errors of 10%. 

 [
𝑅
𝐺
𝐵

] = [
3.2406 −1.5372 −0.4986

−0.9689 1.8758 0.0415
0.0557 −0.2040 1.0570

] [
𝑋
𝑌
𝑍

] (3) 

For the second category of data with sky and vertical 
images, CIE XYZ values were measured in situ. Each 
HDR image is further calibrated and fine-tuned to keep 
errors within 1% error margin.   
CCT 

CCT values are measured in-situ with the 
spectrophotometer at the position of the axis of the fisheye 
lens. CCT values from the HDR imagery have been 
calculated using the McCamy (1992) method at a per-
pixel scale (3-6). As the HDR images are color corrected, 
the spectrophotometer measured and color calibrated 
CCT values align, as they should. 

 𝑥 =
𝑋

𝑋+𝑌+𝑍
 (3) 

 𝑦 =
𝑌

𝑋+𝑌+𝑍
  (4) 

 𝑛 =
𝑥−0.3320

𝑦−0.1858
  (5) 

 𝐶𝐶𝑇 = 437𝑛3 + 3601𝑛2 − 6861𝑛 + 5514.31  (6) 
Equivalent Melanopic Lux (EM.Lx) 

The human ocular system facilitates vision and regulates 
circadian rhythms (i.e. synchronizes the internal body 
clock with the local time). The photoreceptors and neural 
pathways are different for these two mechanisms. As a 
result, their computation methods are different. CIE XYZ 
defines the spectral efficiency for the visual response. 
There is not a standardized circadian efficiency function 
yet. However, the melanopic curve (Enezi et al. 2011) that 
is scaled to match the photopic curve (Lucas et al. 2014) 
is the most commonly used circadian metric and its unit 
is Equivalent Melanopic Lux (EM.Lx). 
For sRGB color space, melanopic curve yields to RGB 
coefficients as seen in (7) (Jung and Inanici, 2018). In a 
cosine corrected, color calibrated HDR imagery, the per-
pixel values are processed with equation (7), and 
multiplying the average pixel values with Π, yields to 
Equivalent Melanopic Lux (EM.Lx). The pixel values are 
Equivalent Melanopic cd/m2 (EM.cd/m2). Radiance RGB 
values can be  used to calculate EM.Lx as shown in (8). 
 𝐸𝑀𝐿𝑠𝑅𝐺𝐵 = 
 179 ∗ (0.0013 ∗ 𝑅 + 0.3812 ∗ 𝐺 + 0.6175 ∗ 𝐵)  (7) 

𝐸𝑀𝐿𝑅𝑎𝑑𝑅𝐺𝐵 = 
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 179 ∗ (0.0023 ∗ 𝑅 + 0.3911 ∗ 𝐺 + 0.6066 ∗ 𝐵)  (8) 
Tristimulus Analysis of HDR Sky Models 

Six sky images are selected to demonstrate significant 
spectral variability across different skies, and within each 
sky dome (Figure 2). For each set, false color legends 
show per-pixel variations (cd/m2 for photopic luminance, 
Kelvin for CCT, and EM.cd/m2 for circadian luminance). 
The global horizontal photopic illuminance, CCT values, 
and EM.Lx are derived from the HDR photographs. The 
advantage of HDR image skies is that color variations 
across the sky dome can be easily studied through the 
CCT maps. Although a previous research (Chain et al., 
1999) suggest that high luminance values of sky 
correspond to low CCTs, and low luminance values 
correspond to high CCTs, both the HDR measurements 
and the spectrophotometer measurements done for this 
research do not always support this proposition. 
The sky in Set 1 (Figure 2.a) is taken in May at 9:00 under 
cloudy sky conditions. Global horizontal measurement is 
16,111 Lx. The CCT is low at 4,797 K. The circadian 
stimulus is lower than the photopic illuminance at 11,820 
EM.Lx. This is expected, as a low CCT point to a blue 

deficient sky spectra. Under mostly cloudy sky 
conditions, the color variation across the sky dome is not 
significant. Orientation does not create luminance 
variations under overcast skies, as the sky luminance is 
symmetric on a plan view. A similar pattern is observed 
with the spectra.   
The sky in Set 2 (Figure 2.b) is taken on the same day at 
16:45 under partly cloudy sky conditions. The global 
horizontal illuminance is quite high at 90,536 Lx, and 
CCT is 5,630 K. The circadian stimulus is lower than the 
photopic illuminance at 64,085 EM.Lx. In general, the 
EM.Lx values are lower than the photopic values up to 
CCT values of 6,000 - 6500 K; and they are above the 
photopic values with CCTs exceeding 6,500 K. More 
importantly, the CCT map in this set shows the color 
variations across the sky dome. The results from this sky 
and other skies where the solar corona is visible, agree 
with findings from Hernandez et al. (2003). The highest 
luminance values and the lowest CCTs are observed near 
the solar corona. The spectral distributions in non-
overcast skies are neither uniform nor symmetrical. 

 
Luminance CCT Circadian L Luminance CCT Circadian L 

100    cd/m2     100,000 

 

1,000       K        10,000 

 
100 EMcd/m2 100,000 

 

100      cd/m2   100,000 

 
1,000        K        10,000 

 
100 EMcd/m2 100,000 

 

a. May 23, 9:00 b. May 23, 16:45 

 

16,117 Lx 

 

4,797 K 

 

11,820 EM.Lx 

 

90,356 Lx 

 

5,630 K 

 

64,085 EM.Lx 

c. January 31, 12:00 d. November 9, 13:48 

 

4,591 Lx 

 

6,539 K 

 

4,581 Em.Lx 

 

8,711 Lx 

 

6,452 K 

 

8,745 EM.Lx 

e. February 20, 12:00  f. December 4, 14:20 

 

13,389 Lx 

 

12,511 K 

 

16,891EM.Lx 

 

3,725 Lx 

 

22,686 K 

 

8,206 EM.Lx 

Figure 2: A Selection of HDR Sky models that are collected under naturally occurring sky conditions. Per-pixel 

photopic luminance maps are plotted in false color in cd/m2; CCT images demonstrate per-pixel CCT variations in 

Kelvin, and reveal the color variations across the sky dome; and circadian luminance images are plotted in false color 

in EM.cd/m2. Global photopic illuminance (Lx), CCT and EM.Lx values are derived from the HDR sky models. 
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The sky in Set 3 (Figure 2.c) is an example of a cloudy 
sky in January at noon. Global horizontal measurement is 
4,591 Lx. With 6,539 K, the Em.Lx values are similar to 
the photopic lux at 4,581.  There are luminance variations 
across the sky dome, but color variations are relatively 
uniform. In other words, simulations of building spaces 
with orientations will have different  daylight availability, 
but not different spectral content. The November overcast 
sky (Figure 2.d) demonstrates a similar pattern, though 
the global illuminances are higher. 
February sky at noon (Figure 2.e) yields to a photopic 
illuminance of 13,389 Lx, and a high CCT of 12,511 K. 
The most chromatic sky colors are across and away from 
the sun. The circadian stimulus is 16,891 EM.Lx. 
The last set (Figure 2.f) is taken on December 4 at 14:20. 
The low sun in the sky produces a global illuminance 
value of 3,725 Lx and a high CCT of 22,686 K. High CCT 
points to a blue rich light, and as a result, circadian 
stimulus has increased more than double to 8,206 Em.Lx. 
The variability of sky spectra is significant, thus the 
spectra of indoor spaces with different orientations will 
vary substantially.  
In sum, current practices that consider a uniform spectra 
across the sky dome has dual oversimplifications. 
Fluctuations among different sky types, dates, and times, 
and variations across the sky dome are not appropriately 
modelled. 
Tristimulus Analysis of HDR Sky Models 

and Vertical Orientations 

Although sky models are important to simulate the 
daylight source, global vertical light values at the eye 
level are orientation specific and modified with the 
reflections from the surrounding surfaces. The image sets 
with HDR images of the sky dome and four vertical 
orientations are collected in November and December to 
study the spectral variations at the eye level (Figure 3).  
For the data sets in Figure 3, a standard (colorless) Perez 
sky is simulated with the same direct and diffuse 
irradiances as the HDR sky image. The photopic 
luminance distributions between the actual HDR skies 
and theoretical Perez skies do not always match (due to 
the cloud cover and other atmospheric conditions), but 
since the same direct and diffuse irradiance measurements 
are used to generate the Perez skies, similar global 
horizontal illuminances are achieved between HDR skies 
and Perez models. The similarities end there. As Perez 
skies are colorless (i.e. equal energy white), CIE X and Z 
values are always equal to CIE Y. The circadian stimulus 
is always equal to photopic stimulus, and CCT is always 
fixed at 5,453 K regardless of date, time, and sky 
condition in Perez skies. They do show significant 
variability in HDR skies, as they should. 
In set 1 (Figure 3.a), sky is dominantly cloudy. Both the 
sky image and the four vertical orientations provide 
similar photopic, circadian, and spectral data.  
The data sets are collected with low altitude sun angles 
that yield to large incidence angles with a horizontal 

surface. In contrast, the low sun strikes vertical surfaces 
with a small incidence angle.  As a result, there are 
significant differences between the global horizontal and 
vertical measurements with sunny skies, especially for 
orientations facing the solar corona. The differences are 
not limited to photopic luminance and illuminances, they 
are observed with CCT and EM.Lx and EM.cd/m2, as 
well. The spectral power distribution curves in 1nm 
intervals between 380-780 nm clearly demonstrate the 
color differences between the sky dome and the four 
vertical orientations.  
Sky in Set 2 (Figure 3.b) yields to global horizontal 
measurements of 27,481 Lx, 5797 K, and 25,603 EM.Lx. 
The first vertical orientation directly faces the solar 
corona and yields to global vertical measurements of 
96,323 Lx, 5,150 K, and 86,896 EM.Lx. The deficiency 
of color around the solar corona decreases the CCT and 
EM.Lx values. In contrast, the second vertical orientation 
produces a much lower photopic illuminance of 5,993 lx 
with a much higher CCT of 10,264 K, and as a result 
circadian stimulus is higher than the photopic one.  
Global horizontal illuminance is associated with a high 
CCT in the sky of Set 3 (Figure 3.c), but all vertical 
orientations have much lower CCTs than the sky dome. 
Two vertical orientations that include the solar corona 
have much higher photopic and circadian stimuli, and the 
other two orientations have lower photopic and circadian 
stimuli than the sky. 
The fourth set (Figure 3.d) demonstrates the bluest sky 
among the studied scenes. Once again, the intensity and 
spectral variability between the sky and the vertical 
orientations are significant based on orientation. The 
Perez sky simulations do not incorporate this variability. 
Analysis of Image based Simulation Results 

Image based lighting (IBL) is a simulation technique that 
utilizes 180° HDR images as light sources instead of 
theoretical sky models (Debevec, 2002; Inanici, 2010). A 
sidelit space (with room dimensions of 6 x 14 x 4.5 m) has 
been simulated in Radiance software for four orientations. 
The floor, wall, and ceiling materials have 20%, 70%, and 
70% reflectivity (Figure 4). Since the simulated space has 
a single window with one orientation, vertical HDR 
images in four cardinal orientations are utilized as light 
sources so that the spectra of both the sky and the 
surrounding could be incorporated in simulations. The 
simulations are repeated under Perez skies, as well.  
Figure 5 demonstrates the differences under colorless 
Perez sky and color-calibrated HDR skies. The HDR sky 
and the orientations utilized in IBL simulations are the 
image probes shown in Figure 3.b (Nov 17th, at 12:02). 
With Perez sky, the variations between four cardinal 
orientations are simply based on sky luminance 
distributions. The sun positions alight in both sky models, 
but Perez sky has a wider solar corona. The wider corona 
and a relatively uniform sky model throughout the rest of 
the dome, favours the south orientation, but the photopic 
illuminances at the eye level do not vary significantly in 
other orientations. 
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Figure 3: HDR images of the sky dome and four vertical orientations are given along with the Perez sky simulations 

that produce the same global horizontal illuminance as HDR imagery. CIE XYZ, CCT EM.Lx and photopic:melanopic 

ratios are provided for each scene. False color images for the scene show photopic cd/m2; normalized spectral power 

distributions show the global spectral measurements taken at the lens level. Global horizontal illuminance values 

varied 2.1%, 0.8%, 10%, 2.7%  before and after total image capture duration in scenes a,b,c, and d, respectively.  
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Figure 4 The setting used for simulations  

In HDR capture, solar corona is more compact and 
intense. HDR images are taken in a relatively empty urban 
setting, distant vegetation are visible in the images 
covering lower portions of the sky towards the horizon. It 
can be seen from the vertical HDR imagery in Figure 3.b 
that the sun indeed casted long and sharp shadows during 
the data capture. The intense directional light source in 
IBL simulation creates a much intense south facing room 
as observed in Figure 5.b. The photopic illuminance 
outside the window is 96,323 Lx; the illuminance inside 
at the camera level is 62,440 Lx. This orientation has a 
low CCT due to the relatively colorless nature of the solar 
corona. In contrast, the west facing room has much lower 
vertical illuminances with a high CCT. The interior 
photopic illuminance, CCT values, and EM.Lx values 
mirror the outdoor conditions that were captured in 
vertical HDR images. They contrast sharply with 
relatively uniform CCT values in colorless Perez skies.  
Perez skies yield to similar circadian and photopic stimuli 
in each orientation, as a result of colorless sky model. The 
spectral variation across the sky dome in HDR images 
yield to a much variable circadian stimulus as a dependent 
of orientation in IBL simulations.    

Conclusion 

This research demonstrates that actual skies have 
significant variations for spectra across the sky dome. The 
spectra also differs considerably based on date, time, and 
sky type. Although similar dynamics of luminance 
variations are well understood and adequately modelled, 
standard simulation models do not address spectra. 
Therefore, they are not adequate for calculating color-
based metrics. The color metrics utilized in this paper 
include the standard human tristimulus response (XYZ), 
CCT, and equivalent melanopic stimuli.  
The first step in developing theoretical spectrally accurate 
models is to measure them on a long-term and in different 
geographies around the world. Such information was 
instrumental in developing the sky luminance distribution 
models. The methodology presented in this paper can be 
utilized for measuring and understanding the variability 
of sky spectra based on location, date and time, and 
atmospheric conditions. Meanwhile, the HDR images 
captured under naturally occurring sky conditions, and 
calibrated with the tristimulus techniques discussed here, 
can be reliably used to simulate and calculate color 
metrics. 
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Figure 5 A sidelit room with a single window has been rotated to four orientations. Top row shows the traditional 

Radiance simulations under colorless Perez sky, bottom row show the image based lighting simulations with color 

corrected HDR imagery. CIE XYZ, CCT and EM.Lx are provided for each scene. False color images for the scene show 

photopic cd/m2 
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Abstract 

Complex fenestration systems (CFS) are becoming a part 
of the building designer’s daylight strategies to bring 
higher quality of daylighting. While numerous tools 
effectively analyse the behaviour of CFS in the building 
space, the field lacks a comprehensive CFS design tool 
that takes the built context and environmental conditions 
into consideration. The paper proposes a method for 
designing CFS with their performance optimized 
considering the building context and environmental 
conditions. A parametric forward raytracing design tool is 
presented and the design evaluation criteria for such CFS 
is developed to assist building practitioners in easily and 
quickly design CFS. The tool is to reduce the need for 
learning complicated technologies, outsourcing the 
design task or breaking a link in the workflow of building 
designing. A case study is carried out to test the current 
and potential capabilities of the proposed work-in-
progress method. The results show that an optimized CFS 
design using the forward raytracing tool can be achieved 
in shorter times with improved performance compare to 
non-optimized CFS designs. 

Introduction 

Effective daylighting is one of the valuable strategies that 
designers aim to achieve when designing buildings. It has 
a positive physiological effect on occupants occupying 
the space especially in commercial buildings and office 
spaces where occupants have to stay indoors for long 
periods of times (Boyce, Hunter, & Howlett, 2001; Farley 
& Veitch, 2001) (Choi, Beltran, & Kim, 2012; Joseph, 
2006). Moreover, effective daylighting strategies are a 
useful approach for saving energy in buildings (Gratia & 
De Herde, 2003). One way to have adequate daylighting 
in a space is through the use of complex fenestration 
systems (Garcia-Hansen, 2006; Isoardi, 2009; Mayhoub, 
2014).  Complex fenestration systems (CFS) are building 
assemblies that improve the daylight performance of 
indoor spaces in building (Jakica, 2017).  They are usually 
characterised to redirect daylight from overexposed space 
perimeter to deeper areas inside the room, reducing the 
visual discomfort and increasing the daylight distribution 
in the space (Kischkoweit-Lopin, 2002). This allows CFS 
to overtake artificial lighting during day time which 
increases energy savings. The complex fenestration 
systems often contain optical elements (such as mirrors, 
prisms, thin films) that redirect light towards the ceiling 
and reflect it downwards deeper into the space (Jakica, 

2017). Current practices to optimize the daylighting 
design within the whole building design process are 
becoming more efficient. Designers tend to use new 
technologies that implement CAD techniques to easily 
model, manipulate, and design fenestration systems to 
optimize the daylight performance within a building 
space. However, the technology is currently limited when 
it comes to designing complex fenestration systems 
(CFS). In order to design a CFS that responds to the 
building conditions, complicated daylight simulation 
methods are used (Garcia-hansen, Isoardi, Hirning, & 
Bell, 2012; Hirning, Garcia Hansen, & Bell, 2010)due to 
the complexity of the simulation techniques needed to 
simulate the optical behaviour of CFS.  
Requirements for Optimizing CFS Design 

In order to design an optimum CFS that enhances the 
daylight quality within a space a number of important 
factors are considered. The key factors are the 
illumination levels, daylight distribution, glare 
probability, energy consumption levels, and other non-
technical parameters such as cost, maintenance, and 
availability (Garcia-hansen et al., 2012). While it is 
improbable to design a fenestration system that 
recognizes the best of all the factors together, an optimum 
design that balances between those factors can be reached 
through an iterative process. When optimizing a CFS, 
changing certain parameters can drastically affect the 
outcome of the performance of the CFS. Most of those 
factors are geometrical parameters that contributes in the 
redirection and transport of light to certain vectors, while 
other parameters might include the material surface 
reflectivity or the material refractive index. 
It is also important to note that optimizing the design of a 
complex fenestration system is different than analysing it, 
thus the tools and techniques used in analysing CFS can 
be distinct from the tools required for designing one. 
CFS Evaluation and Design 

The performance of a CFS can be measured using a 
transmission matrix called Bidirectional Scattering 
Distribution Function (BSDF). A BSDF describes the ray 
scattering properties of a fenestration system according to 
the geometry and materials used in it (Ward, Mistrick, 
Lee, McNeil, & Jonsson, 2011). The BSDF can be 
generated by modelling the geometry and assigning the 
material of the fenestration system and by running it 
through a raytracing simulation program we can extract 
the directional properties of the fenestration system. Two 
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commonly used raytracing programs that can generate 
such properties are Radiance’s genBSDF command and 
TracePro.  
The CFS bidirectional scattering properties are beneficial 
for accurate daylighting and thermal simulations, which 
allow evaluating the CFS annual climatic performance in 
the building during the design stage within Radiance 
simulation software, which is a backwards raytracing 
program (Mcneil, Jonsson, Appelfeld, Ward, & Lee, 
2013). El-Henawy et al., 2014; Hoffmann et al., 2016; 
Mashaly et al., (2017) were able to simulate CFS on 
Radiance and evaluate their annual performance on a 
particular setting. When it comes to tailoring the design 
of CFS and changing the parameters, it is hard to optimize 
the design using radiance; since such simulation method 
can effectively analyse the performance of pre-designed 
CFS, however, this approach does not allow for 
optimisation of the CFS tailored to a specific space.  
In order to accurately design complex fenestration 
systems, one should refer back to the fundamentals of 
light redirection (refraction and reflection). Such 
technique requires knowledgeable professionals in the 
fields of optics and have always required familiarity with 
specialized optical design tools such as TracePro or 
Zemax to simulate and optimize light redirecting systems 
(Jakica, 2017). TracePro and Zemax are validated optical 
design tools that use forward raytracing to simulate the 
exact optical behaviour of different components such as 
lenses, prisms and mirrors (Andersen, Rubin, & 
Scartezzini, 2003). Mashaly et al., 2017; Mohamed et al., 
(2014) used the TracePro software in designing, 
optimizing and measuring the performance of daylight 
prismatic panels, reflectors and concentrators. (Isoardi, 
2009) used Zemax to optimize the design of an optical 
system created for multistorey buildings in tropical and 
subtropical environments. However, the drawback to the 
optical design tools that they are not incorporated with the 
whole building design process. (Jakica & Zanelli, 2014) 
developed a raytracing algorithm specifically for 
developing complex building integrated photovoltaic 
(BIPV) systems. The application of the algorithm was 
mainly on a macro scale. 
However, recently a number of researchers started to 
show interest in finding simpler methods to design CFS 
responsive to the built environment (McNeil & Lee, 2012; 
Tsangrassoulis, Bourdakis, Geros, & Santamouris, 2006; 
Tsangrassoulis, Machairas, & Axarli, 2013; Vera, Uribe, 
Bustamante, & Molina, 2017) the advantages and 
limitations of these methods are discussed in the next 
section of the paper. 
Existing Methods 

In one of the few publications on designing CFS within 
the building context, Vera, Uribe, Bustamante, & Molina, 
(2017) attempted to optimize the shape of a single CFS 
design. The design process took place with 3 variables in 
the geometry of the CFS after which they were combined 
to generate 1,728 BSDF files for all the iterations, and 
then fed into an optimization engine that uses Radiance 
that tests the designs the spatial Daylight Autonomy 

(sDA) and Annual Sunlight Exposure (ASE), as well as 
Energy Plus thermal simulation engine that outputs the 
thermal energy data. The optimum solution for one of the 
cities they simulated was reached after 35 iterations, 
which was coordinated through an optimization engine 
called GenOpt that reads the Radiance and Energy Plus 
program outputs and using a hybrid Particle Swarm 
Optimization and Hooke-Jeeves Pattern search (PSO-HJ) 
(Vera et al., 2017). The average computing time of each 
simulation was about 3:45 mins that is a total time of 131 
minutes, however, it remains unknown how much time 
was taken to create the 1,728 BSDF files, which can take 
a much significant amount of time than the main 
simulation. 
The observed limitations of the existing method were: 

 Running a number of pre-set iterations of a 
certain design to measure the performance of a 
single CFS iteration lacks the flexibility to 
quickly analyse and change the design according 
to the building conditions. 

 Limited number of solutions. 
 Time consuming to simulate the behaviour of a 

single CFS configuration. 
 Design optimization is dependent on holistic 

factors such as sDA and ASE however it can’t 

include specific factors such as glare; therefore, 
it is less responsive to the occupant’s comfort. 

 Knowledge in advanced radiance techniques is 
needed to simulate and design CFS. 

 Unlinked design process from the rest of the 
building design process. 

Another publication by (Tsangrassoulis et al., 2013) 
presented a simple method to design the profile curve of 
static specular slat-type systems using GenOpt and a Java 
Genetic Algorithm Package (JGAP). They developed a 
2D raytracer that simply reflects user-defined equally-
weighted parallel rays on the slates curved profile and 
their weight (ray power) is reduced according to the 
surface reflectance of the slates. And their ray detection 
method was done using a semi-circle that calculated the 
2D flux transmitted and 2D angular flux distribution 
exiting the slates system. According to (Tsangrassoulis et 
al., 2013) only direct solar radiation and specular 
reflections are considered. Their aim was to reduce 
summer direct rays while increasing winter rays 
transmission, increase the view portion of the blinds 
system and control the redirection of rays by transmitting 
them upwards. 
The observed limitations of the existing method were 

 They worked with very simple 2D raytracer that 
simulates reflection only. Which makes their 
method only works with simple blind slates. 

 Their workflow implies that they designed the 
slate in their raytracer without accounting for 
room dimensions or external obstructions. 

The proposed method 

The purpose of this research is to propose a new simpler 
method for designing complex fenestration systems 
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(CFS) while considering the building context. This is 
achieved through reviewing the requirements and the 
state-of-the-art methods to design CFS and pointing out 
the gaps and limitations faced. Then a proposed method 
and tool will be introduced under the name CFStrace, in 
an attempt to fill the gaps of previous methods along with 
a parametric forward raytracing tool that supports the 
method. Afterwards, the method and CFStrace are tested 
in a case study to comparatively assess its effectiveness 
and accuracy. 
The proposed method is formulated to attempt to address 
some of the limitations in the existing methods. The 
proposed method analyses the behaviour of complex 
fenestrations within the context of a built environment. A 
forward raytracing technique is used to assess the optical 
behaviour of complex structures such as prisms, blinds, 
and louvers. The forward raytracing technique used in 
CFStrace will only focus on the direct light from the 
daylight component, since the direct daylight has a major 
portion of the light power needed to design accurate and 
representative CFS. And the performance criteria are set 
around the direct sun rays’ power and points of incidence. 
That being said, the complex fenestrations’ form is 
changed through parametric modelling of the geometry’s 

3-dimensional form. 
In order to achieve that, Grasshopper for Rhino is used, 
which is a parametric modelling visual scripting tool that 
allows parametric geometry modification using simple 
sliders and visual programming. Grasshopper has proven 
to be a reliable tool in parametric design and optimization 
of daylight problems (Eltaweel & SU, 2017; Wagdy & 
Fathy, 2015). The geometry was modelled using 
parametric scripting on Grasshopper. The geometry’s 

represented as Breps that is linked to a raytracing tool 
developed using python programming language (Jakica & 
Zanelli, 2014). The raytracing technique used is a forward 
raytracing technique that uses a deterministic model 
where the rays hitting a surface split and follows specular 
paths (Jakica & Zanelli, 2014). The raytracing is done 
using optics physics laws: Snell's law for determining the 
direction of the ray’s output and Fresnel law for defining 
the intensity of transmitted rays as well as reflected rays. 
Afterwards the raytraced light enters inside the room and 
bounces of the surfaces of the walls and ceiling to be 
collected at the working plane for daylight and 
performance analysis. 
The raytracing process is as follows (Figure 2): 

1. Sunlight rays are rendered incident on the plane 
of the fenestration system (vector direction 
depending on the position of the sun). 

2. Sunlight rays passing through the obstacles 
outside the room will be omitted from the 
calculation. 

3. The optical properties (such as the refractive 
index or the reflectivity of materials used) of the 
CFS will determine the trajectory of the rays 
while entering the space. 

4. The power of reflected rays will be determined 
by the reflective properties of the materials used 
in the room’s inner walls. 

5. The number and power of incident rays per area 
in the room will be calculated on a specified 
working plane. 

Advantages of proposed method: 
1. Less steps to reach an optimum solution. 
2. Less scientific knowledge is needed to design 

CFS, architects and building engineers can use 
the method and tools to design new CFS. 

3. Time saving. 
4. New computer-generated (generative) design 

options which makes flexible designs custom-
made for different locations. 

 

 
Figure 1: The proposed CFS design workflow. 

 
Figure 2: Conceptual steps of the raytracing technique 

with an obstruction. 

 
Figure 3: Conceptual plan view of the raytracing 

technique shown above in Figure 2. 

Validation of the raytracing tool 

The raytracing tool, CFStrace, was validated against 
TracePro, one of the familiar and validated forward 
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raytracing software. Mashaly, Nassar, & El-Haggar 
(2018) used TracePro to validate their mathematical 
model for light redirecting panels design in order to 
ensure the output ray angles are accurate. TracePro uses 
the Monte Carlo method to simulate light diffraction and 
light scattering, where random directions are chosen for 
the rays through either scattering or diffraction processes. 
To ensure accuracy in the comparison between TracePro 
and CFStrace, a model with a sine wave light redirecting 
panel was selected and created on grasshopper and 
imported to TracePro to test the validity of the raytracing 
algorithm. Eight different solar altitudes were tested for 
both models (10 to 80) with 130 rays of equal power 
directed towards the window area and 45 rays within the 
total number of rays are directed towards the panel. 
Around 88-90% of the rays in both models were directed 
in a similar direction the other 10-12% of the rays were 
directed at different angles due to some randomness in ray 
splitting since TracePro uses the Monte-Carlo method and 
CFStrace’s raytracing component uses a deterministic 

method in raytracing. Figure 4 shows the comparison 
between the TracePro and CFStrace. 
Furthermore, tables 1 and 2 shows the results of the 
number of rays incident and the total power incident 
respectively on the floor and ceiling resulting from the 
panel redirection. The root mean square errors (RMSE) 
are calculated and shown in the tables.  
Consideration of the external context (environment) 

The bounds of the dynamic ray trace simulation depend 
on the sun path diagram of the simulated space location 
and external obstructions (such as other buildings and the 
own building’s structure that might cause self-shading in 
some areas). 
To ensure the annual sun’s positions are being covered, 

rays are emitted towards the fenestration system every 10 
degrees. The angles created will be according to the 
boundaries of the sun path diagram of the selected 
location. And depending on the required optimization 
criteria, certain angles will be included in the simulation 
process. 

Table 1: Comparison of the number of rays incident on the surfaces and the RMSE between TracePro and CFStrace. 

  Number of rays incident  
  10 deg 20 deg 30 deg 40 deg 50 deg 60 deg 70 deg 80 deg RMSE 

Floor TracePro 34 40 46 38 10 10 3 13 
3.5 CFStrace 39 45 48 36 9 5 5 10 

 difference 5 5 2 -2 -1 -5 2 -3 

Ceiling TracePro 11 6 2 1 9 19 27 37 
2.3 CFStrace 10 4 3 1 9 21 32 40 

 difference -1 -2 1 0 0 2 5 3 
 

Table 2: Comparison of the total power incident on the room surfaces and the RMSE between TracePro and CFStrace. 

  Power  
  10 deg 20 deg 30 deg 40 deg 50 deg 60 deg 70 deg 80 deg RMSE 

Floor TracePro 63% 74% 82% 46% 16% 6% 4% 7% 
3.2% CFStrace 66% 77% 83% 44% 10% 5% 4% 2% 

 difference 2% 3% 2% -2% -6% -1% 0% -5% 

Ceiling TracePro 16% 4% 4% 2% 15% 33% 62% 67% 
2.1% CFStrace 13% 5% 2% 1% 15% 37% 62% 69% 

 difference -3% 1% -2% -2% 0% 4% 0% 2% 
           

Total TracePro 80% 78% 85% 48% 31% 40% 67% 73% 
2.8% CFStrace 79% 82% 85% 48% 25% 42% 66% 71% 

 difference -1% 4% 0% 0% -5% 2% 0% -3% 

 

Figure 4: Sample of the TracePro Results vs. the grasshopper raytracing script for the same. 

setting. 
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Figure 5: Illustrated example of how the target of 

uniformity is met at a single point in time.  

Optimization 

An objective function of achieving uniform daylighting 
throughout the depth of the space as well as eliminating 
glare at the occupant’s workspace is being met through 

optimizing the complex fenestration’s geometry.  
To achieve uniform lighting the number of rays per square 
area is automatically counted and matched against the 
counted rays in different areas on the room’s working 

plane. 

Case study 

Setting 

A case study has been carried out to check the integrity of 
the proposed workflow and test the created tool’s 

progress. The case study is done on a virtual mock up 
room (called the reference office) that is used in daylight 
simulation and comparative analyses of different façade 
technologies (Reinhart, Jakubiec, & Ibarra, 2013). The 
room illustrates the perfect example of an under lit room 
at the depth and well daylight at the window perimeter 
creating a “cave effect” as shown in Figure 6. 
A performance criteria have been set to optimize the 
design of a CFS at multiple key dates to cover the sun 
positions at different times of the year for Brisbane, Qld. 
Key dates such as the summer and winter solstice and 
spring or autumn equinoxes are considered in the 
optimization process to cover the high, mid and low sun 
angles. Light redirecting panels (LRP) were selected to 
replace the clearstory panels of the fenestration system, 
see Figure 8. 
Optimization criteria 

An evolutionary solver (Galapagos for Grasshopper) is 
used to find the optimized solution. Galapagos works on 
maximizing the value of the objective function (a.k.a. 
fitness function) given by changing the parameters of the 
redirecting panel geometry. The geometry of the 
redirecting panels is the key parameter to achieve the 
maximization in the fitness function. The parameters are 
defined as the Genomes and in this case study they were 
limited to the number of waves (or the distance of on full 
cycle or period), justification of the maximum amplitude 
point, and the amplitude of the waves, figure 10 illustrates 
the i. And the objective function is the number of rays 
incident on the working plane of the room and their 
position from the window. 

 
Figure 6: The “Cave Effect” phenomena in the depth of 

the reference office room. 

The equation below summarizes the equation used as the 
fitness function. 
 𝑓(𝑥) = 𝑁𝑟𝑎𝑦𝑠 + ∑ 𝑃𝑟𝑎𝑦 × 𝑑𝑤𝑖𝑛  (1) 
Nrays = number of rays incident on the working plane, 
Pray = Power of incident ray, 
dwin = distance from window factor. 
Figure 7 illustrates the 3 genomes used in the optimization 
process and Figure 12 illustrates the objective function 
used as the fitness function in the optimization process. 

 
Figure 7: Geometry manipulation variables and their 

constrains. 

Comparative analysis of the designed CFS using 

Radiance’s 3 phase method  

After the optimum design was selected, further analysis 
took place on Radiance to validate the optimum CFS 
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performance. Annual illuminance measures were taken 
for 2 cases:  

 Case 1 with an initial CFS design that is not 
optimized. The non-optimized CFS was selected 
from previous literature by (El-Henawy et al., 
2014) 

 Case 2 with the optimized CFS according to the 
conditions set. 

 
Figure 8: The 2 cases that are compared to each other 

using the 3-phase method. 

The measurements were taken at sensor points set up all 
around the room’s working plane at a 72 x 74 cm grid. 

Results & Discussion 

In the proposed raytracing tool, the optimum CFS for the 
specific settings for Brisbane and room orientation is 
reached after 80 simulations. While each simulation took 
around 9 seconds, meaning that the optimum solution was 
obtained after 12 minutes. The simulations were 
performed on a desktop computer with an 8-core Intel® 
Core™ i7-6700 processor clocked at a maximum of 3.4 
GHz, 16 GB RAM, 1 TB hard drive, an Intel® HD 
Graphics 530 Card and a Windows© 7 Enterprise 64-bit 
operating system. The most significant illuminance 
measure comparison was the annual illuminance at the 
sensor point closest to the window and the sensor point 
further from the window. As shown in Figure 9, at the 
sensor near the window the optimized CFS showed 
decrease in the illumination levels throughout most of the 
year at 12 PM noon, with the values decreasing the most 
at autumn and spring seasons. While at summer the effect 
of using an optimized CFS is not significant and in some 
rare occasions the optimized CFS would have higher 
illumination values, however only up to 2% increase. 
Whereas at the sensor point deep inside the room, as 
illustrated in Figure 10, the optimized CFS seems to have 
up to 60% increase in illumination levels at autumn and 
spring periods, while it declines to values slightly above 
10% in summer and around 20% in winter periods. 
This means that the optimized CFS managed to increase 
illumination levels deep inside the room, while decreasing 
the lighting near the window at most of the time of the 
year. This result means the optimized CFS can achieve 
more daylight uniformity, especially at spring and autumn 
periods. Around 50% of the time the lighting has 
improved by 30% or more at the node deep inside the 
room, while light levels decreased near the window by 
10% in 60% of the time. 

It is important to notice that the area just under the 
window will always have high illumination levels since 
direct sunlight enters through the clear glass window 
pane.   
 

 
Figure 9: Change done by using an Optimized CFS 

rather than a non-optimized CFS (Near the window). 

 
Figure 10: Change done by using an Optimized CFS 

rather than non-optimized CFS (Deep inside the room). 

As shown in Figure 11 & Figure 13, the overall quality of 
daylight improved using the optimized design throughout 
the area of the room. The under lit area (illuminance 
readings below 300 lux) crawled back deeper inside the 
room by 1.5 meters as it experienced around 30% to 60% 
increase in daylight. Moreover, the area near the window 
exhibited around 13% decrease in illumination. 

 
Figure 11: Illumination readings at the 21st of 

September at 12 PM noon. 

0.85

0.87

0.89

0.91

0.93

0.95

0.97

0.99

1.01

1.03

1.05

0 2000 4000 6000 8000

P
er

ce
n

ta
ge

 o
f 

ch
an

ge

Hours of the year

0.90

1.00

1.10

1.20

1.30

1.40

1.50

1.60

1.70

0 2000 4000 6000 8000

P
er

ce
n

ta
ge

 o
f 

ch
an

ge

Hours of the year

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
1065

 

 
  



 
 

 

 

Figure 13: Improvement percentage when using the 

optimized CFS at the 21st of September at 12 PM noon. 

Limitations to the case study 

Although the performance criteria positively affected the 
daylight performance for the specified date. Further 
annual analysis should be carried out after the scripting 
for taking annual performance into consideration is done. 
An algorithm will be developed to intake the weather data 
of the targeted location and extract the necessary 
information to map the required angle of the sun, its 
corresponding solar power and cloud coverage which will 
give a weight to each sun position. Since simulating the 
8760 hours per year will seem to be a heavy 
computational task to carry on, a compromise has to be 
made and an average value of each major sun angle in 
increments of 5 or 10 degree will be calculated. This will 
give a limited number of sun angles, depending on the sun 
path diagram, that can be included into the optimization 
simulation process. Other performance criteria will be 

developed and considered whilst developing the 
workflow and tools to optimize CFS and other parameters 
will be tested to result in better performances for the CFS. 
Only LRPs with certain constrains have been used in the 
case study as a proof of concept of the workability of the 
proposed method and tool. Further types of CFS will be 
tested and more comprehensive analysis will be done to 
compare and test different strategies and CFS. The inner 
room boundaries reflection components will be 
developed, although the reflectivity of surfaces is already 
considered, for further development the scattering of 
specular rays will be taken into consideration. 

Conclusion 

A new proposed method for designing CFS is presented 
along with a parametric raytracing tool. The case study 
implementing the method indicated significant 
improvement in the time needed to optimize the 
parameters of the light redirecting panel to redirect light 
inside the reference office room at a specific setting (time, 
location, and orientation). Moreover, the CFS optimized 
had better daylight results than a non-optimized CFS in 
terms of illumination levels and daylight uniformity. 
Ultimately, the proposed work-in-progress method offers 
a solution to improve the daylighting inside buildings by 
offering optimized CFS design options to increase 
illumination, have uniform daylighting inside the space, 
and reduce the glare to the occupants. The outcome of the 
case study points out that using CFS improves the 
daylighting. Additionally, the method for designing and 
analysing such systems would differ than the approach 
taken to design and optimizing simple daylight 
fenestration systems. 
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Abstract 
Among all components of building energy use, the energy 
consumption caused by electric lighting can account for 
more than one quarter. Daylight are more preferable than 
artificial lighting since its quality is the one light source 
that most closely matches human visual response.  
Daylight-linked lighting control strategies can effectively 
reduce the electricity consumption of lighting. The 
daylight illuminance inside and outside a room are largely 
determined by the sky luminance distributions. However, 
the actual sky conditions are more complicated because 
of the changeable weather. The sky luminance 
distributions models could be very helpful for predicting 
the sky conditions. The Perez All-weather model and the 
CIE (International Commission on Illumination) Standard 
Sky model are the two most famous and widely used 
approaches to provide a framework for representing 
actual sky conditions. This study aims to evaluate the 
energy saving potential of daylight-linked lighting control 
strategies using the above models. RADIANCE was used 
as the simulation engine for daylight illuminance, while 
EnergyPlus was used to evaluate the energy savings. The 
simulation results of vertical illuminance were analysed 
and compared with the measured data. Lighting schedules 
derived from the interior daylighting levels were imported 
to the energy models. Results showed that at least 55% 
lighting energy and 9% cooling energy reduction can be 
achieved using daylight dimming controls based on the 
two sky luminance distribution models.  The findings and 
implications were discussed. 
Keywords: Daylighting, Energy simulation, Lighting-
control, Energy efficient. 
Introduction 
Building energy accounts for a large amount of total 
energy consumption of the society. In densely built cities 
such as Hong Kong, almost 90% of total electricity 
consumption is contributed by buildings (EMSD., 2018). 
Electric lighting is commonly used to create visually 
comfortable interior environment, especially for office 
buildings. Among all components of energy use in 
commercial buildings, the electric lighting can account 
for about 20%-30% of total electricity use (Chow et al., 
2013). Daylight is more preferable than artificial lighting 
since it can provide both the visual comfort and good 
colour rendering. Daylighting is an effective and 
sustainable development strategy for achieving energy-

efficiency (Li et al., 2013). Photoelectric lighting controls, 
such as dimming controls, can effectively reduce the 
lighting energy consumption without deteriorating the 
visual comfort. The precision of the lighting control 
depends on the accuracy of the indoor illumination levels 
obtained. Without direct measurements, lighting 
simulation results could be used for evaluating daylight-
linked lighting controls. 
The daylight illuminance inside a room is largely 
determined by the illuminance levels received by the 
vertical fenestrations and the vertical illuminance is 
mainly determined by the sky luminance distribution 
patterns (Li, 2010). However, the actual sky conditions 
are more complicated and less predictable because of the 
changeable weather. Thus, in the absence of 
measurements, sky luminance distribution models could 
be very helpful for predicting the actual sky conditions. 
The choice of different sky luminance distribution models 
for calculating the daylight illuminance is rarely 
considered in practices of energy and daylighting 
simulations. In this study, two most famous and widely 
used sky luminance distribution models were evaluated to 
predict the vertical and indoor daylight illuminance.  Sky 
luminance distributions and horizontal and vertical 
illuminance data in 10-min interval measured in 2005 
were analysed for this study. The predicted vertical 
illuminance was compared with the measured data and the 
errors were presented. A daylight-linked lighting control 
strategy based on the indoor illuminance predicted by the 
above two sky models was applied to a reference office 
building. The lighting and cooling energy saving 
potentials were studied. RADIANCE was used to 
simulate the daylight illuminance, while EnergyPlus was 
used to evaluate the energy savings. The findings are 
significant for daylighting and energy-efficient building 
designs. 
Sky Luminance Distribution Models 
CIE Standard General Sky Model 
The International Commission on Illumination (CIE) has 
adopted a list of 15 standard skies in 2003 to provide a 
classic overall framework for representing actual sky 
conditions (CIE, 2003). The Standard General Sky Model 
was first proposed by Kittler (1997). The model was also 
recognized by the International Organisation for 
Standardisation (ISO). Each standard sky represents a 
unique and well-defined sky luminance pattern which 
models the sky under a wide range of conditions, from the 
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heavily overcast sky to cloudless weather. The standard 
intends to provide a universal basis for the classification 
of measured sky luminance distributions and to give a 
method for calculating sky luminance in daylighting 
design procedures. The luminance distribution for each 
CIE standard sky can help in determining the daylight 
illuminance on any inclined surfaces; this is particularly 
useful for variously oriented vertical planes. Since 
daylight is the visible part of solar irradiance, the same 
calculation procedures for computing daylight 
illuminance based on standard sky classifications can also 
be applied to predict sky irradiance (Li and Lou, 2018). 
The mathematical expression of the standard predicts the 
ratio of the luminance of an arbitrary sky element (La, 
cd/m2) to the zenith luminance (LZ, cd/m2) with a relative 
gradation function 𝜑(𝑍)/𝜑(0°) and a relative scattering 
indicatrix function 𝑓(𝜒)/𝑓(𝑍*). The gradation function 
assumes a smooth luminance gradation between horizon 
and zenith. The scattering function indicates the direct 
sunlight scattering in the atmosphere, brightness of a sky 
element changes with the scattering angle. Both gradation 
and indicatrix functions are of six types covering overcast 
to clear skies. The combinations can generate many sky 
types but only 15 relevant were selected to be the standard 
set. The equations are given as follows: 

𝐿, =
𝐿.
𝐿/
=
𝜑(𝑍)
𝜑(0°)

𝑓(𝜒)
𝑓(𝑍*	)

(1) 

 
𝜑(𝑍)
𝜑(0°) =

1 + 𝑎 exp(𝑏/ cos 𝑍	)
1 + 𝑎 exp 𝑏

(2) 

 

𝑓(𝜒)
𝑓(𝑍*)

=
1 + 𝑐	 =exp(𝑑𝜒) − exp @𝑑𝜋2 BC + 𝑒 cos

E 𝜒	

1 + 𝑐	 =exp(𝑑𝑍*) − exp @
𝑑𝜋
2 BC + 𝑒 cos

E 𝑍*
(3) 

where 𝐿, is the relative sky luminance of an arbitrary sky 
element, 𝑍 and 𝑍*are the zenith angle of the sky element 
and the sun (rad); 𝜒 is the scattering angle in degree (the 
shortest angle between the sun and the sky element); a, b, 
c, d and e are the coefficients specified by each 15 
standard sky type, see Appendix. 𝜒 can be obtained by 
the following equation: 
𝜒 = arccos(cos 𝑍* cos 𝑍 + sin 𝑍* sin 𝑍 cos|𝜙 − 𝜙*|) (4) 
where  𝜙 and 𝜙* are the azimuth angle of the sky element 
and the sun (rad). Figure 1 shows the angles defining the 
position of a sky element and the sun. 

 
Figure 1: The angles defining the position of a sky 

element and the sun. 

Perez All-weather Model  
The Perez All-weather Model also refers to Perez All-sky 
Model or Perez 1993 Model (Perez, Seals and Michalsky, 
1993). The model retains a mathematical expression that 
is a generalization of the CIE clear sky formula which 
includes five adjustable coefficients to account for 
luminance distributions. The relative luminance can be 
described by: 

𝐿, =
𝑓(𝑍, 𝜒)
𝑓(0°, 𝑍*	)

=

	
[1 + 𝑎 exp(𝑏/cos	 𝑍	)] × [1 + 𝑐 exp(𝑑𝜒) + 𝑒 cosE 𝜒	]
[1 + 𝑎 exp(𝑏)] × [1 + 𝑐 exp(𝑑𝑍*) + 𝑒 cosE 𝑍*	]

(5)
 

The Perez All-weather model is designed to use hourly or 
shorter time step global and direct irradiance to predict 
sky luminance angular distribution. It is similar to CIE 
Standard General Sky Model except the adjustable 
coefficients are parameterized of insolation conditions. 
Three variables are used to determine the five coefficients, 
namely solar zenith angle (𝑍*), the sky’s clearness (𝜀) and 
sky brightness (Δ). The equations are given as follows:  

𝜀 =
=𝐼VW + 𝐼X𝐼VW

+ 1.041	𝑍*ZC

[1 + 1.041	𝑍*Z\
(6) 

Δ = (𝑚	𝐼VW)/𝐸𝐼 X (7) 
where  𝐼VW is the horizontal diffuse irradiance (W/m2),  𝐼X 
is the direct normal irradiance (W/m2),  𝐼 X is the direct 
normal extraterrestrial irradiance (W/m2) and 𝑚  is the 
optical airmass.  
The five coefficients of the model are treated as functions 
of the above parameters. The functions are analytical in 
terms of Δ and 𝑍*  and discrete in terms of 𝜀 . For each 
coefficient, a total of eight functions of Δ  and 𝑍* 
corresponding to eight sky clearness intervals are derived. 
The eight intervals of 𝜀 represent eight categories of sky 
clearness from overcast sky (1< 𝜀 < 1.065) to very clear 
sky (𝜀 > 6.2).  The Δ and 𝑍*  analytical form is the same 
for each coefficient at individual 𝜀 interval, as described 
as follows:  

𝑥 = 	𝑥c + 𝑥E𝑍* + Δ(𝑥Z + 𝑥d𝑍*) (8) 
where 𝑥 denotes the five coefficients in Equation (5), 𝑥f 
are coefficients determined by the intervals of 𝜀. The two 
exceptions are for the coefficients c and d in the first 𝜀 
interval (1, 1.065). These functions are: 

𝑐 = expg[Δ(𝑐c + 𝑐E𝑍*)\
hij − 𝑐d (9) 

𝑑 = −exp[Δ(𝑑c + 𝑑E𝑍*)] + 𝑑Z + Δ𝑑d (10) 
 For details and all the values of the coefficient  𝑥f, can be 
found in (Perez, Seals and Michalsky, 1993). 
For daylighting calculation purposes, the sky absolute 
luminance distributions can be obtained with values of 
zenith luminance or of horizontal irradiance/illuminance 
by both CIE model and Perez’s model.  
Data measurements 
 The measurements of daylight illuminance and sky 
luminance data made in 2005 were used for this study. 
The measurements were made at a station on the top-roof 
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of a campus building in Hong Kong. The illuminance data 
includes global and diffuse outdoor illuminance on a 
horizontal plane, and vertical global illuminance at the 
four cardinal orientations (N, E, S and W). Six 
illuminance sensors (T-10M) were mounted on the 
rooftop in a position relatively free from obstructions and 
easily for maintenance.   The measurement interval of 
illuminance data is 1 min and was averaged to 10 min 
interval to make a consistence with the sky luminance 
data. 
The sky luminance distributions were measured by a sky 
scanner (EKO MS-300LR), which was manufactured and 
calibrated by the EKO Company of Japan. It measures the 
luminance of 145 sky patches by rotating the sensor head 
in both altitude and azimuth directions. The number of 
each sky patch and its altitude and azimuth angles are 
shown in Figure 2. Each complete scanning cycle took 
about 4 min and corresponding measurements were taken 
every 10 min. Details of the daylight illuminance and sky 
luminance measurements can be found in earlier works 
(Li, 2005). Data collection started before sunrise and 
finishes after sunset. The output data from the illuminance 
sensors and scanner were transmitted and recorded using 
data-management software on a microcomputer placed 
inside the laboratory space at the top floor. To eliminate 
spurious data and erroneous measurements which may be 
caused by instrumentation malfunction, power failure or 
senor calibration, quality control tests based on CIE 
guidance (CIE, 1994) were carried out. After the quality 
control tests, around 14000 datasets were retained for 
analysis. 

 
Figure 2: Measurement points of each sky patch and its 

altitude and azimuth angels. 
Reference building 
To evaluate the effects of photoelectric lighting control 
strategy using the two sky luminance distribution models, 
an office building was selected as the reference building 
for the analysis. The geometry of the reference building 
was derived from the Commercial Reference Buildings of 

US (DOE, 2019). The reference buildings also known as 
commercial building benchmark models which can 
provide complete descriptions for whole building energy 
analysis and research. The medium size office building 
was selected for the analysis. It has three stories, each 
floor has five zones including one core zone and 4 
perimeter zones, all zones are assumed to be office space. 
Since there would be no daylight reach the core zone, the 
lighting energy and cooling energy analysis was carried 
out for the four perimeter zones. Figure 3 illustrates the 
perspective view of the reference office building. 

 
Figure 3: Perspective view of the reference building.  

The areas of the north/south zone and the east/west zone 
for each floor are 207 m2 and 131 m², respectively. The 
floor to floor height is 3.96 m and floor to ceiling height 
is 2.74 m. The window sill height is 1 m from the floor. 
The window to wall ratio (WWR) for each zone is 0.33, 
and the windows are assumed to be evenly distributed 
along the perimeter walls.  Properties of the building 
envelope and parameters of the interior surfaces are 
summarized in Table 1. 

Table 1: Parameters of building envelope. 
 U-value 

(W m-2K-1) 
Reflec
-tance 

SHGC Transmitt
-ance 

Roof 0.358 0.7 - - 
Wall 0.704 0.5 - - 
Floor 1.862 0.3 - - 

Window 5.835 0.4 0.251 0.6 
Table 2 gives the occupant densities, equipment and 
lighting electricity densities, fresh airflow rate for each 
zone，which can meet the criteria specified by ASHRAE 
Standard 62.1-2007 (ASHRAE, 2007) and Hong Kong 
building energy code BEC-2018 (EMSD, 2018). 

Table 2: Internal loads of the reference building. 
Occupancy  Equipment 

18.6 (m2/person) 10.8（W/m2） 
Lighting  Fresh air 

6.7 (W/m2） 0.0125 (m3/s/person)  

A VAV (variable air volume) system with water-cooled 
chiller was installed to serve the reference building.  
Single duct air terminal and dual cooling coil were used 
and the COP (coefficient of performance) of the systems 
is 3.23 which can meet the requirements of the standard 
(ASHRAE, 2007). Zone cooling air temperature was set 
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to 25.5 ℃  according to the local suggestions (EMSD, 
2018). The zone cooling design supply air temperature 
was 12.8  ℃ and the constant minimum air flow fraction 
was 0.3.  The daily operation, occupancy, equipment and 
HVAC schedules were referred to the office buildings and 
followed the specifications of the standard. Other settings 
were followed the default of the original benchmark 
models except for the lighting schedules.  
The energy-efficient T5 fluorescent lamps with an 
efficacy of 75 lm/W were used and it can keep the 
illuminance levels of office space at 500 lux which can 
meet the criteria. High frequency continuous dimming 
controls based on the daylight illuminance at the 
photoelectric sensors were adopted to reduce the energy 
consumption of electric lighting of the perimeter zones of 
the reference building. The photoelectric sensors were 
installed at the centers of four perimeter zones of each 
floor. The height of the sensors was 1 meter from the floor, 
which was consistent with the height of common working 
planes. The plan view of the reference office building and 
the positions of the photoelectric sensors are illustrated in 
Figure 4.  

 
Figure 4: Plan view of the reference building and 

position of photoelectric sensors. 
 

 
Figure 5: Relationship between power consumption 
ratio and light output ratio of the dimming control. 

It is assumed that the dimming control have the ideal 
characteristic of light output being perfectly proportional 
to power consumed. The lamps cannot be dimmed to total 
extinction, a minimum light output ratio of 12.5% and a 

minimum consumed power ratio of 33% was used in this 
study. Figure 5 shows the relationship between the power 
consumption ratio and the light output ratio of the 
dimming system. The target illuminance was set to 500 
lux for the reference office building. The daylight-linked 
lighting controls can dim down the electric lighting when 
the daylight level surpass the target illuminance. The 
dimming controls are more preferable than simple on-off 
daylight-linked lighting control which can disturb 
occupants and shorten the lamp life. Dimming controls 
vary the light output of lamps in accordance with the 
prevailing daylight level, which can avoid the rapid and 
frequent switching of lights on and off, particularly during 
unstable weather conditions when daylight levels are 
fluctuating around the target illuminance (Li, et al., 2015).  
Simulation approach 
The lighting simulation programme RADIANCE (Ward, 
and Shakespeare, 1998) was used to calculate the vertical 
and indoor illuminance. It is a sophisticated lighting 
visualisation system. The package employs backward ray-
tracing algorithms to calculate the light received by a 
given point. It has been reported that RADIANCE could 
accurately simulate interior illuminance for a range of 
realistic sky conditions. The latest version (5.2) of 
RADIANCE was used in this study. The measured 
horizontal illuminance data were selected as the inputs for 
both sky models to acquire the sky luminance distribution 
patterns.  
EnergyPlus (DOE, 2019) is a whole building energy 
simulation software to model both energy consumption 
for heating, cooling, ventilation and lighting and process 
loads. EnergyPlus has the potential to be the most 
accurate method of solving for the heating and cooling 
loads in a building because it accounts for all energy flows 
in their most basic, fundamental form and does not 
impose any simplifications on the solution technique 
(Wang and Zhai, 2016). It also supports sub-hourly, user-
definable time steps for schedules and it automatically 
varied time steps for interactions between thermal zones 
and HVAC systems. These allow EnergyPlus to model 
systems with fast dynamics while also trading off 
simulation speed for precision. Thus, EnergyPlus was 
used to evaluate the lighting and cooling energy of the 
reference building.  
Results 
The two sky luminance distribution models were used to 
predicted the vertical illuminance, and their performance 
was assessed by comparing with measured data. The 
daylight illuminance at the positions of four photoelectric 
sensors were also calculated with the two different sky 
models. Then, the dimming lighting control was applied 
to each perimeter zones of the reference office building 
respectively. The lighting and cooling energy saving 
potentials were compared. 
CIE standard sky classification  
Since the coefficients to calculate relative sky luminance 
for the CIE Standard General Sky Model are constants for 
each standard sky type, it is necessary to classify the skies 
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into the 15 Standard Sky. The measured sky luminance 
and the horizontal diffuse illuminance data were used for 
sky classification. As the modelled sky luminance 
distributions were in relative values, each scanned 
luminance value should be normalized to the horizontal 
diffuse illuminance by multiplied by a normalisation ratio. 
The standard sky interpreted is the one with the lowest 
root mean square error (RMSE) between the predicted 
luminance values by each set of standard skies and the 
measured values. Detailed calculations of the process can 
be found in (Li et al., 2014). Figure 6 summarizes the 
occurrence of each sky type. It indicates that Sky 1, 8 and 
13 accounts for about 70% of all the sky conditions. 

 
Figure 6: Occurrence of each CIE Standard Sky.  

Vertical illuminance  
The vertical global illuminance (𝐸mn) on the four cardinal 
surfaces facing the north, east, south and west can be 
determined using the following equation:  

𝐸mn = 	𝐸mW + 𝐸mo + 𝐸mp (11) 
where 𝐸mW is the vertical diffuse illuminance (Lux), 𝐸mo 
is the direct illuminance (Lux) and 𝐸mp  is the ground-
reflected illuminance (Lux).   
Calculation of the direct illuminance is quite straight 
forward, given the position of the sun and the orientation 
of the surface. The ground-reflected illuminance depends 
on the average ground reflectivity (0.2 in this study), it is 
assumed that vertical surface receives half of the total 
solar illuminance reflected isotropically from the ground. 
The mathematical equations of the above two components 
can be found in (Li et al., 2005). The critical issue would 
be the handling of the sky-diffuse component which 
depends on the sky luminance levels and distributions. It 
has been pointed out that the sky-diffuse component is 
considered as the largest potential source of 
computational error. The diffuse illuminance on an 
inclined plane can be obtained by integrating the 
luminance distribution of the sky dome ‘seen’ by the 
plane. The sky luminance data predicted by CIE Standard 
General Sky Model and Perez All-sky Model can be 
generated from the horizontal measurements of 
illuminance. The luminance of each sky patch adopted by 
RADIANCE was taken from the two sky models 
separately, and the global illuminance on four vertical 
surfaces were simulated. The RMSEs (in percentage) 
against the measured data were calculated and the results 
are shown in Figure 7.  

 
Figure 7: Errors of predicted vertical global illuminance 

against measurements.  
In general, the error of predict vertical global illuminance 
are less than 15.8% for all the directions. The overall 
performance of the CIE model is slightly better than that 
of the Perez model. The RMSEs are 15% for the Perez 
1993 model and 14.6 % for the CIE Standard Sky model. 
As for the four directions, vertical illuminance data on 
east, south and west surfaces predicted by the CIE model 
are more accurate than those of the Perez model.    
Lighting and cooling energy  
The two sky luminance distribution models were also 
evaluated in terms of indoor daylighting illuminance. 
RADIANCE was also used for simulating the indoor 
illuminance at the positions of photoelectric sensors 
installed in each perimeter zone of the reference building. 
Profiles of daylight illuminance data in 10 min interval 
were made according to the simulation results.  
The lamps can produce a visual comfort indoor 
environment, but they will also emit radiation into the 
space, which will become a part of internal cooling loads. 
Daylight-linked lighting controls can not only reduce the 
lighting electricity consumption but also can help to 
reduce the cooling energy of the building. Since the target 
illuminance was set to 500 lux, when there is no daylight, 
the light output of the lamps would be 500 lux at the full 
power, and when the daylight level exceeds 500 lux, the 
lamps would work at 33% of the full power. If the daylight 
illuminance is less than 500 lux, the lamps will be 
adjusted to a proper level to compensate the daylight to 
keep the illuminance of the space at 500 lux. Thus, 
profiles of actual lighting schedules distinguished from 
the original lighting schedules can be obtained based on 
the simulated daylight illuminance. 
Then, the 10-min lighting schedules generated using 
different sky luminance distribution models were 
imported to EnergyPlus to conduct the simulations. The 
annual lighting energy consumption and annual cooling 
energy consumption of the four perimeter zones were 
acquired. The lighting energy and cooling energy in each 
floor were summed up according to each direction. The 
simulation results of the reference building with and 
without daylighting scheme (with original lighting 
schedules) were compared. Figure 8 gives the annual 
lighting electricity consumption (kWh), while Figure 9 
presents the annual cooling energy consumption (kWh). 
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Figure 8: Annual lighting energy consumption of the 

four perimeter zones.  
 

 
Figure 9: Annual cooling energy consumption of the 

four perimeter zones.  
According to Figure 8, more that 55% of the annual 
lighting electricity consumption can be reduced for each 
zone by dimming lighting controls. It indicates a large 
potential of energy saving can be achieved by various 
daylight-linked lighting control strategies. The lighting 
energy saving of the south zone is slightly larger than that 
of the north zone calculated based on both the two sky 
models. This is because the south zone is more accessible 
to the sunlight and thus obtaining more daylight which is 
greater that the target illuminance. For all the four 
directions, the energy savings calculated by the CIE sky 
model is smaller than that of the Perez sky model.  
According to Figure 9, this difference for the cooling 
energy saving seems to be neglectable. The largest 
cooling energy consumption of the south zones is because 
of the largest amount of heat gains caused by solar 
radiation. Around 9- to 9.5% of the total annual cooling 
energy consumption for each zone can be reduced by 
lighting controls. This could make an important 
contribution to the overall energy efficient building 
design.  
Although the CIE sky model and the Perez model have 
similar performance for evaluate the lighting and cooling 
energy reduction potential of lighting controls, the CIE 

model has a better performance for predicting the vertical 
daylight illuminance. Since the indoor daylight level is 
largely determined by the vertical illuminance level 
received by the fenestration, the CIE model may be more 
suitable for indoor daylight determination and evaluating 
daylight-linked lighting control strategies. In addition, the 
coefficient of the CIE model are constants but the Perez 
model’s coefficients depend on other parameters. Once 
the standard sky sets have been classified, the sky 
luminance distributions can be easily calculated. It 
indicates that the CIE model would be more applicable 
than the Perez model. Even with limited measurement of 
sky luminance data, there are various methods for 
classifying the CIE standard sky sets (Li et al., 2014). 
Conclusions 
The selection of different sky luminance distribution 
models for calculating the daylight illuminance is rarely 
considered in energy and daylighting simulations. In this 
study, two widely used sky luminance distribution models 
were evaluated and compared. Model performance was 
assessed in terms of vertical global illuminance, indoor 
daylight illuminance, lighting and cooling energy saving 
under corresponding lighting controls. The performance 
for predicting vertical illuminance was validated by 
measured data. Although similar performance of the two 
sky models were identified, the CIE model would be more 
convenient to be used once the sky conditions have been 
identified. More measured data of actual indoor daylight 
illuminance and lighting power consumption data should 
be analysed. Further work will focus on the evaluation of 
the sky luminance distribution models based on more 
recent long-term measurements and on the development 
of more applicable methods for sky classification. The 
CIE Standard Sky model is suggested to be incorporated 
to the present daylight and energy simulation software for 
facilitating the computational resources of lighting 
simulation. The findings of this work are significant for 
daylighting designs, lighting control system analyses and 
energy-efficient building evaluations.  
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Appendix 
Coefficients and descriptions of the 15 CIE standard skies. 

 

Sky No. Gradiation
group a b Indicatrix

group c d e Description of luminance distribution

1 1 4 -0.7 1 0 -1 0
CIE standard overcast sky, steep luminance
gradation towards zenith azimuthal uniformity

2 1 4 -0.7 2 2 -1.5 0.15
Overcast, with steep luminance gradation and
slight brightening towards the sun

3 2 1.1 -0.8 1 0 -1 0
Overcast, moderately graded with azimuthal
uniformity

4 2 1.1 -0.8 2 2 -1.5 0.15
Overcast, moderately graded and slight
brightening towards the sun

5 3 0 -1 1 0 -1 0 Sky of uniform luminance

6 3 0 -1 2 2 -1.5 0.15
Partly cloudy sky, no gradation towards zenith,
slight brightening towards the sun

7 3 0 -1 3 5 -2.5 0.3
Partly cloudy sky, no gradation towards zenith,
brighter circumsolar region

8 3 0 -1 4 10 -3 0.45
Partly cloudy sky, no gradation towards zenith,
distinct solar corona

9 4 -1 -0.55 2 2 -1.5 0.15 Partly cloudy, with the obscured sun
10 4 -1 -0.55 3 5 -2.5 0.3 Partly cloudy, with brighter circumsolar region
11 4 -1 -0.55 4 10 -3 0.45 White-blue sky with distinct solar corona
12 5 -1 -0.32 4 10 -3 0.45 CIE standard clear sky, low luminance turbidity
13 5 -1 -0.32 5 16 -3 0.3 CIE standard clear sky, polluted atmosphere
14 6 -1 -0.15 5 16 -3 0.3 Cloudless turbid sky with broad solar corona
15 6 -1 -0.15 6 24 -2.8 0.15 White blue turbid sky with broad solar corona
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Abstract 

The use of daylight offers a positive contribution to 

building energy savings yet also provoke a shortfall 

anticipation such as the large amount of light and visual 

discomfort. Moreover, building energy demand will also 

depend on the lighting control system combined with 

occupants’ behaviour of which is still rarely studied. This 

paper addressed the evaluation of climate-based daylight 

performance in a simulated reference office with a single 

unglazed opening measuring various window-to-wall 

ratio on one of the short façades facing different 

orientations. Modelling and simulation were performed in 

Radiance and Daysim using weather data of Yogyakarta 

and Bandung, Indonesia. Six different lighting control 

conditions were included. The following metrics observed 

are: average daylight factor, spatial daylight autonomy, 

spatial useful daylight illuminance, simplified daylight 

glare probability and lighting energy demand due to the 

lighting control system. Sensitivity analysis using 

multiple linear regression was also included. Excluding 

the average daylight factor, the results yielded similar 

trends for each metrics in two cities. However, the trend 

of sDA and sUDI-e in Yogyakarta are getting higher than 

Bandung in contrast with lighting energy demand. 

Moreover, combination switch-off occupancy & dimming 

system shows the most efficient lighting control system in 

all conditions. 

Introduction 

The use of daylight in building design can provide 

positive improvement i.e. energy savings or in contrary 

the negative effects i.e. boosting thermal cooling load and 

the energy needs. The large amount of light, its quality 

and uncontrolled glare can also provoke visual discomfort 

of building occupants. To overcome this issue, several 

daylight metrics have been recommended by previous 

studies. It can be using the well-recognized daylight factor 

(Moon, P. and Spencer, D.E. 1942; R.G. Hopkinson et 

al., 1966; A.C Stevenson, 1937) and some extensive 

metrics based on climate perspective i.e. daylight 

autonomy (Illuminating Engineering Society (IES). LM-

83-12, 2012) and useful daylight illuminance (UDI) 

(Nabil A and Mardaljevic J, 2005; 2006). As an undesired 

impact of harvesting sunlight into the building, glare 

effect is also considered to estimate in a daylit space. It is 

therefore the metrics for estimate daylight glare 

probability is also included in some literatures (Jakubiec, 

J.A and Reinhart, C.F, 2011). 

The exploration of daylight optimization by evaluating 

climate-based daylight metrics as an effect of 

modification of façade orientation, ratio between window 

and wall surface area facing certain orientation has been 

massively studied (Arimi F, 1977; Johnson R, et al., 1984; 

Johnson R et al., 1985). A lot of work can also be found 

corresponding to this topic. However, it is noticed that 

most studies on this territory were carried out in 

subtropical area (Inanici M.N and Demirbilek F.N, 2000; 

Goia F et al., 2013; Ochoa C.E et al, 2012; Lartigue B et 

al., 2014; Futrell B.J et al, 2015; Shen H and Tzempelikos 

A, 2013). Although there are several previous related 

works conducted in tropics, a number is still less attention 

and the output variables are approximately similar 

(Linhart F et al., 2010; Ermonds I.R and Greenup P.J, 

2002; Rahim R et al, 2004; Janjai S et al, 2013). 

Moreover, the specific effect of energy consumption due 

to the lighting control system which combines 

participatory of occupants are rarely studied, in particular 

for tropical area (Theodorson J, 2014; Mangkuto R.A et 

al., 2016; Vanhoutteghem L et al, 2015). 

It is therefore, this study reports the effect of window size 

(window-to-wall ratio), its orientation and lighting control 

system to the climate-based daylight performance. 

Daylight metrics including daylight factor (DF), daylight 

autonomy (DA), useful daylight illuminance (UDI), and 

daylight glare probability (DGP) were carried out in this 

study. Spatial distribution (discrete number) of the results 

from sensors were undertaken. Limitation and modified 

threshold to capture effective numbers of metric results 

were determined. In particular, the effect of active and 

passive combination for lighting control system was also 

investigated. 

Methods 

A case study is a reference office with inner space of 6 m 

x 4 m x 3 m (as proposed by van Dijk and Platzer, 2003) 

and a single unglazed opening measuring various 

window-to-wall ratio (10%, 30%, 50%, 70%) on one of 

the short façades facing different orientation (East, North, 

South, West). Opening is always positioned in the central 

of the wall. The building was modelled in Radiance and 

simulated in Daysim 3.1e to perform daylight analysis 
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over a year, using 0.5 m grid resolution and 5 min time 

step. The reflectance for wall, ceiling and floor was 0.7, 

0.35, and 0.35 respectively and kept constant during the 

simulation. 

A comparative study of several lighting simulation 

softwares reported by Acosta I et al., (2015) found that the 

erroneous results generated by Daysim 3.1 is very 

acceptable compared to another programs. Unglazed roof 

and façade opening models were tested on the study and 

concluded that except on the odd occasion, Daysim 3.1 

has a high precision. 

The site locations were set for Yogyakarta (7°47'49.4' S, 

110°22'13.90'' E) and Bandung (6°54'53.07'' S, 

107°36'35.3'' E), Indonesia. Yogyakarta is located near 

the southern coast of Java Island, surrounded by the 

province of Central Java and Indian Ocean on the south 

side. The city is categorized as tropical monsoon climate 

region (Am) according to Köppen-Geiger climate 

classification and located at an elevation of 128 m above 

sea level. Bandung is categorized as tropical rainforest 

region (Af) and located at an elevation of around 768 m 

above sea level. It is lying on a river basin surrounded by 

high Late Tertiary and Quaternary volcanic terrain 

(Climate-Data.org, 2018). 

 

Figure 1: Elevation view of façade dimension [cm] with 

WWR of (a) 10%, (b) 30%, (c) 50%, and (d) 70% ( 

CBD performance 

In order to assess the building performance over daylight 

condition, several climate-based daylight metrics were 

evaluated as the result from simulation: 

1. Daylight factor (DFav,>2%), which is a percentage of 

spatially distributed daylight factor (DF) detected by 

sensors at specific position which having the value 

>2%. Daylight factor itself is a well-known 

parameter of which represents the ratio between 

indoors (Eint) and outdoors (Eext) illuminance 

available on the workplane. In this case, the sensors 

are located along the centre position facing the 

window with 0.75 m height. 

 DF =
𝐸𝑖𝑛𝑡

𝐸𝑒𝑥𝑡
× 100% (1) 

2. Spatial daylight autonomy (sDA300/50%), which 

demonstrates a percentage of floor area or workplane 

that receives of at least DA 300 lx for at least 50% of 

the annual occupied time T (IES, 2013). Consider that 

DA300 is formulated by (2) and SDA300/50% is a ratio 

of area of which in practice, is approximated by 

number of sensors (n) in certain positions of area A, 

hence the equation for sDA300/50% is expressed in (3). 

 DA300 =
𝑡𝐸≥300𝑙𝑥

𝑇
× 100% (2) 

and 

 DA300/50% ≈
𝑛𝐷𝐴300≥50%

𝑛𝑡𝑜𝑡𝑎𝑙
× 100% (3) 

Continuous daylight autonomy (cDA) was also 

included to provide fraction of occupied hours per 

year where the illuminance at a point is greater than 

or equal to a target threshold value. Additionally, 

partial credit is given where the illuminance is less 

than the threshold value. It has a mutual relationship 

with a control system that dims the electric lighting 

(Ai, 2016). In conjunction with the continuous DA, 

the maximum DA was also assessed in this study 

which represents a condition where illuminance is ten 

times higher than threshold value. Hence, this is 

carried out to observe possible glare condition. 

3. Spatial useful daylight illuminance (sUDI-a50% and 

sUDI-e50%), which represents a ratio between floor 

area or workplane that having useful daylight 

autonomy within defined range of illuminance i.e. 

100~2000lx (sUDI100~2000 or sUDI-a) and >2000 lx 

(sUDI>2000 or sUDI-e). Temporal threshold of 50% is 

included to provide more adequate analysis as 

initially proposed by literature (Mangkuto R.A et al., 

2016). Consider the same approach with SDA that 

the amount of UDI could be approached by a number 

of sensors in area or space, so that: 

 sUDI − a50% =
𝑛𝑈𝐷𝐼100−2000≥50%

𝑛𝑡𝑜𝑡𝑎𝑙
× 100% (4) 

 sUDI − e50% =
𝑛𝑈𝐷𝐼>2000≥50%

𝑛𝑡𝑜𝑡𝑎𝑙
× 100% (5) 

It should be noted that the use of sUDI metric is an 

additionally proposed by the authors and therefore 

there is no standards available. 

In later publications, UDI > 2000 lx was changed to 

UDI > 3000 lx by means to detect the likely 

appearance of glare. However, several findings from 

the study in tropics suggested that building occupants 

in the tropics may be more sensitive to discomfort 

glare and high illuminance values from daylight, so 

that smaller value for the upper threshold shall be 

preferred (Hirning et al., 2013; 2014; Mangkuto et 

al., 2016; 2017). 

4. Simplified daylight glare probability, which is the 

simplified model from the authentic one that 

represents the percentage of occupied times all over 

the year which the simplified daylight glare 

probability (DGPs) at certain number of points 

exceeds 0.35. This model explained can be 

intensively found in (Wienold and Christoffersen, 

2006, 2005) and also has been successfully applied in 

(Mangkuto et al., 2016). 
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DGP = 5.87 × 10−5 𝐸𝑣 

+0.0918 log [1 + ∑ (
𝐿𝑠,𝑖

2 𝜔𝑠,𝑖

𝐸𝑣
1.87𝑃𝑖

2)𝑛
𝑖=1 ] + 0.016 (6) 

Where 𝐸𝑣 is the vertical eye illuminance from the 

light source [lx]; 𝐿𝑠 is the luminance of the source 

[cd/m2]; 𝜔𝑠 is the solid angle of the source seen by 

the observer; and 𝑃 is the position index which 

represents the change in perceived discomfort glare 

relative to the angular displacement of the source 

from observer’s line of sight. The model proposed by 

(Wienold and Christoffersen, 2005) neglects the 

logarithmic part depending on the luminance and 

solid angle of the source seen, so that:  

 DGPs = 6.22 × 10−5𝐸𝑣 + 0.184 (7) 

The 𝐸𝑣 was evaluated for the sensors positioned at 

1.5 m height in the central point along facing the 

window. 

5. Lighting energy demand per year [kWh/m2], which is 

the annual energy demand predicted due to the use of 

electric lighting to satisfy target illuminance in the 

investigated lighting zone. 

Simulation settings 

Daysim 3.1e was operated to perform daylight simulation. 

Parameters set up before the simulation begin is shown in 

Table I. 

Table 1: Parameter setup for Daysim. 

Parameters Value 

Ambient bounces (ab) 7 

Ambient divisions (ad) 1500 

Ambient super-samples (as) 100 

Ambient resolutions (ar) 300 

Ambient accuracy (aa) 0.1 

Limit reflection (lr) 6 

Specular threshold (st) 0.15 

Specular jitter (sj) 1 

Limit weight (lw) 0.004 

Direct jitter (dj) 0 

Direct sampling (ds) 0.2 

Direct relay (dr) 2 

Direct pretest density (dp) 512 

The zone is continuously occupied Monday through 

Friday from 8:00 to 17:00. The total annual hours of 

occupancy at the work place are 2349 hours. Thus, it 

represents a total of 261 working days during nine hours 

(08.00~17.00) per day. The electric lighting is activated 

2370.8 hours per year which is calculated according to 

Lightswitch-2002 model (Reinhart, 2004). As referred to 

Pigg et al. (1996), the model assumes “switch-off 

probabilities for different times of user absence for a 

lighting system without controls, with an occupancy 

sensor”. The model proposed by Reinhart (2004) 

considered different schemes of occupancy and lighting 

usage algorithm. In such models, for instance, there are 

switch-off delay time of around 10 minutes for occupancy 

sensor which accumulated the total hours of electric 

lighting is somewhat longer.  

A number of different lighting control condition was 

simulated in this case i.e. 1) manual on/off switch near the 

door, 2) switch off occupancy sensor, 3) switch on/off 

occupancy sensor, 4) Photosensor controlled dimming 

system, 5) combination switch-off occupancy & dimming 

system, and 6) combination on/off occupancy & dimming 

system. In principle, two types of active and passive user 

behaviour are provided in Lightswitch model. In this case, 

equal mix of active and passive user behaviour in which 

both type of users will be equally distributed throughout 

the building was assumed for all lighting control 

conditions. The active blind control was applied which 

means user avoids direct sunlight on workplane.  

The occupant performs a task that requires a minimum 

illuminance level of 300 lux. As mentioned by (Lo Verso 

et al., 2017), the installed lighting power density (LPD) 

for requirement illuminance 300 lx on the workplane is 

7.25 W/unit area. In some conditions needed, the 

dimming system has an ideally commissioned photocell 

control with a ballast loss factor of 0.00 percent. The 

lighting system has a total standby power of 0.00W per 

unit area. General definition of lighting control algorithm 

according to the Lightswitch-2002 model by Reinhart 

(2004) was applied. The office has no external nor internal 

shading device system installed. 

Sensitivity Analysis 

Assuming a linear relationship between output variables 

𝑦𝑖 and any input variables 𝑥𝑖 containing 𝑝-vector, 

multiple linear regression was performed in this case 

towards sensitivity analysis. Suppose a computer model 

has inputs 𝑥1, … . , 𝑥𝑘 and output Y, after constructing and 

runs of the computer model, the multivariate observation 

(𝑥𝑖1, … . , 𝑥𝑖𝑘, 𝑌𝑖); 𝑖 = 1, … , 𝑛 can be used to formulate an 

approximate regression model of the form, 

𝑦𝑗 = 𝛽0 + 𝛽1𝑥𝑖1 + 𝛽2𝑥𝑖2 + ⋯ + 𝛽𝑘𝑥𝑖𝑘 + 𝜀𝑖 (8) 

Basically, standardizing all variables in the regression 

model can be used to eliminate the problems come up with 

different variables being measured in different units as the 

formula follows, 

 X∗ = (𝑋 −  �̅�)/𝑠𝑥 (9) 

where �̅� and 𝑠𝑥 is sample mean and standard deviation 

respectively. The formula (8) can be expressed in the 

matrix form as, 

 𝒀 = 𝑿β + ε (10) 

Solving to determine 𝛽 which represents the standard 

regression coefficients (SRCs) that value the sensitivity of 

output variables as a function of input variables. 

Maximum value of SRC can be either 1, corresponds to 

positive influence of the input, or -1 corresponds to 

negative influence of the input. 

Results and Discussion 

Trend analysis 

All graphics resulted from the simulation data are 

presented in Figure 2 to 7 as a function of window-to-wall 

ratio in all orientations in two cities. 
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Figure 2: DFav in all conditions. 

 

 

Figure 3: sDA300/50%  in all conditions. 

 

 

Figure 4: cDA and mDA in all conditions. 

 

 

Figure 5: sUDI-a,50% in all conditions. 

 

Figure 6: sUDI-e,50% in all conditions. 

 

 

Figure 7: Average DGPs in all conditions. 

 

The notation of “J” and “B” respectively refer to 

“Yogyakarta” and “Bandung”. Meanwhile, the notation 

E, N, S, and W each represents building orientations. 

The daylight factor constantly changes over the 

orientation and geographical location (Figure 2). The 

percentage of minimum daylight factor (2%) as agreed 

upon literatures significantly comes up in a linear trend 

over the glazing ratio for all orientations. It is because the 

effect of façade orientation is automatically negligible 

since the model is simulated under CIE overcast sky that 

is rotationally symmetrical. Averaging the number over 

all orientations, a coefficient of determination between 

DFav>2% and window-to-wall ratio can be obtained both 

for Yogyakarta and Bandung (𝑅 = 0.985) as linear 

correlation is expressed in (8) and (9), respectively. It is 

noticeable that the relations between DFav>2% and WWR 

for two cities are insignificant difference. It is because 

these cities are located at the southern hemisphere. 

However, the result for different metrics might be 

dissimilar because of the geographical elevation of cities 

is not identical. 

 y = 14.351x + 4.3831 (8) 

 y = 14.416x + 4.2208 (9) 

The different results are noticeable of the results for 

spatial daylight autonomy (sDA300/50%) in two locations 

(Figure 3). Both graphical lines show insignificant 

difference between glazing-face directions, however, 

Yogyakarta has a higher sDA300/50% than Bandung as the 
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gap can be considered particularly in a condition of 

WWR50%. Either in Yogyakarta or Bandung, a slope 

(sDA300,50% / window-to-wall ratio) declines or stable after 

WWR 50%. In Yogyakarta, percentage of area that at 

least a half of total occupied time receives above the 

illuminance threshold approaching to 100%. It means 

additional openings will accommodate an excessive 

amount of light which also lead negative impacts for 

comfort i.e. thermal and visual (glare), and so the energy 

consumption (i.e. cooling load).  

Considering the partial credit for illuminance <300 lx in 

continuous daylight autonomy (cDA) (Figure 4), the 

condition occurs more rapidly which is in WWR 30% and 

50% individually for Yogyakarta and Bandung. This 

condition may occur due to the occurrence of direct 

sunlight in a daylit space. A patch of direct sunlight on a 

workplane will dispense greater illuminance than average. 

It can be investigated by measuring the occurrence of 

greatly higher daylight illuminance in space. It can be 

represented by maximum daylight autonomy (mDA). The 

threshold of mDA is 10 times higher than illuminance 

threshold (300 lx). In Figure 4, the highest percentage of 

mDA is increasingly exist for west-oriented building 

facade in Yogyakarta (19.48% - 59.74%) for all WWR 

variations. It is followed by east orientation and linearly 

increase at similar value for two cities. The geographical 

location for Indonesia that passed by equator naturally 

allows the sunlight appears from east to west during a day. 

Thus, the building surfaces facing on these directions 

obtain longer duration of sunlight exposures (assuming 

without a shading). That is, west and east orientation is 

not highly recommendable if direct sunlight is undesired. 

The remaining trends show similar line with a small 

difference. 

Likewise, sUDI-a50% and sUDI-e50% of all orientations 

individually displays similar trend over the changes of 

window-to-wall ratio (Figure 5). The maximum sDA-a50% 

occurs in WWR30% after increasing significantly from 

WWR10%. It slightly decreases after the maximum point 

with small differences between different orientations in 

each city. Excluding WWR10%, Bandung has higher 

sUDI-a50% than Yogyakarta in contrast with sDA300,50%. 

This is because sUDI-a50% has a lower threshold and a 

wide range of illuminance than sDA300,50%. It can be 

estimated that a space in Bandung has much bigger low 

illuminance value in at least 50% of annual occupied 

hours. In contrary, Figure 6 keeps showing that sUDI-e50% 

in Yogyakarta is always higher than Bandung in all 

variations. It also makes sense to say that the more 

opening area will increase sUDI-e50% value. North and 

west orientation commits the highest contribution for 

sUDI-e50% in Yogyakarta while facing the opening to east 

orientation effects more increasingly in Bandung rather 

than west orientation. It also can be seen that by facing the 

openings into south always provides a minimum sUDI-

e50% in all openings area. 

According to the potential glare that may occur along with 

the changes of opening area and its orientation, the 

average annual daylight glare probability (avDGPs) was 

spatially quantified as the graphic is displayed in Figure 

7. As seen, north and east opening arrangement provoke 

a higher probability for glare condition. If we consider 

that the maximum threshold is 0.35 (DGP >0.35 is not 

suggested), then WWR30 is the maximum ratio for north 

orientation for both locations. Although the output west 

and south orientated openings are very small and 

identical, it is intuitively contradictory, particularly for 

west orientation, since it has the highest mDA and sUDI-

e50% which correlates positively with a high illuminance 

and potential glare effect. One the reasonable argument 

for this is because the DGPs was only measured by the 

sensors in the middle position along the line that facing 

the window, but the other metrics are averaged related 

illuminance in all sensor positions. Moreover, this case 

can be further studied in the upcoming evaluation. On the 

other hand, although mDA value in west orientation is 

crucial to be considered particularly WWR50% and 70%, 

the numbers are relatively small for sUDI-e50% (<35%). 

Thus, the results for DGPs to these orientations is still 

notably acceptable. 

In summary, evaluating graphical results of climate-based 

daylight metrics by descriptive approach yielded that for 

WWR50%, south orientation or west can be primarily 

recommended in this case. 

Lighting Energy Demand 

In this study, lighting energy demand because of different 

behavior of lighting control system inside the building is 

provided in Figure 8.  

 
(a) 

 
(b) 
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(c) 

 
(d) 

Figure 8: Lighting energy demand for each orientation 

(a) East, (b) North, (c) South, and (d) West in 

Yogyakarta (blue line) and Bandung (red line). 

The type of lighting control system in Figure 8 is 

represented by symbol as follows, 

1) (+) manual on/off switch near the door 

2) (×) switch off occupancy sensor 

3) (△) switch on/off occupancy sensor 

4) (◇) Photosensor controlled dimming system 

5) (□) mixed switch-off occupancy & dimming system  

6) (o) mixed on/off occupancy & dimming system 

Overall, lighting energy demand is stable or decreases 

when the opening area increases. Building located in 

Bandung consumes larger electrical energy for lighting 

than Yogyakarta. In south-facing opening, the difference 

becomes significant for the same type of lighting control 

system. It may occur because the building receives the 

most effective sunlight on that direction (maximum sUDI-

a50%, minimum DGPs) so that the energy lighting control 

is under an optimum calculation in each location. 

In tropical climate region, the context is somewhat unique 

and different compared to subtropics due to the relative 

position of the sun which is quite 'balanced' between north 

and south throughout a year, therefore it is presumably not 

accurate to obtain window orientation for optimum 

daylight performance by guessing. It is somehow 

different from subtropical climates where the sun's 

position tends to always be in the south (or north), so the 

optimum orientation is clear. 

In Figure 8, lighting energy demand can reduces 

significantly by increasing area of openings since daylit 

space would receive higher amount of daylight. However, 

it indicates the rising of UDI>2000lx and DGPs which is 

followed by visual discomfort due to glare and thermal 

cooling load. These parameters (UDI>2000lx and DGPs) can 

be utilized as proxy to estimates acceptable visual glare, 

increasing temperature, cooling load and therefore 

cooling energy demand, and optimum WWR by objective 

and subjective measures within room observed. Note that 

the exact amount of cooling energy demand exclude the 

intention of this study. 

In all conditions, switch on/off using occupancy sensor 

shows large energy consumption and generate same 

estimation for different location. This system is 

sometimes highly desirable either by users / occupants or 

building manager because it offers minimum efforts to 

lighting management. However, without adjusting the 

setting point periodically due to the changes of opening 

area, active hours, sensor-based number of occupancy or 

seasoning factor, the system will be energy wasteful. 

Slightly better, switching on/off using electric button 

manually near the door or just applying switch off sensor 

can improve lighting energy demand. As a matter of 

choice, this could be easier to be implemented yet active 

participation of occupants is intensively expected. Lately 

contribution or indiscipline behavior consequently 

increases the lighting energy consumption. 

The remaining is some suggestions for lighting control 

system during occupied hours. Switch-off occupancy 

arrangement combined with dimming system improves 

energy consumption into a lowest demand. A 

combination between on/off occupancy and dimming 

system or by controlling dimming system using 

photosensor is still higher to some degree. Alternatively, 

these schemes can be valuable when selectively deciding 

the lighting control system of buildings. 

Sensitivity analysis 

The standard regression coefficient (SRC) was evaluated 

for five performance indicators from all input variables as 

displayed in Figure 9. 

 

Figure 9: Standard regression coefficient for four input 

variables. 

Generally, window-to-wall ratio is the most influential 

factors to all variables either in negative or positive 

agreement. Location and orientation are two moderate 

factors to all performance indicators. Lighting control 

exclusively dominates the energy demand. 
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As window-to-wall ratio is a significant factor on CBD 

metrics and energy for lighting, daylight factor is the most 

dependent variable to WWR (SRC = 0.99). It is also 

influenced by the orientation but negligible. Building 

location and WWR both have an impact to sDA300/50%, 

sUDI-a50%, and DGPs>0.35. According to sDA300/50%, 

sUDI-a50%, modifying surface ratio between wall and 

opening has more meaningful effect to sDA300/50% 

(SRCwwr= 0.91, SRClocation= 0.33) and sUDI-a50% 

(SRCwwr= 0.4, SRClocation= 0.18) than moving the location 

(has opposite effect for sDA300/50%). It means targeted 

value of these metrics can be achieved by modifying the 

opening ratio of building surface. 

In contrary, DGPs is highly influenced by orientation 

(SRC = -0.86) and WWR (SRC = 0.28). Different location 

has a small contribution to DGPs since the SRC is only 

0.07. Lastly, lighting electric consumption is affected by 

all variations (lighting control, WWR, location and 

orientation). It can be intuitively predicted that lighting 

control and WWR are two dominant factors towards 

energy consumption of lighting since the standardized 

regression coefficient (SRC) is 0.54 and 0.51 

respectively. 

In terms of building design and performance for tropical 

humid area, in both cities, location selection has a small 

contribution to DGPs>0.35. Orientation plays an important 

role to DGPs>0.35. As can be seen in Figure 7, DGPs at 

south and west orientations are lower than north and east 

which is related to the climate condition within these area. 

Note that locations used in this study are located at 

southern hemisphere where Yogyakarta has a tropical 

monsoon climate and Bandung has tropical rainforest 

climate. During dry season (June to September) when 

total precipitation becomes very low (49~68 mm and 

68~77 mm in Yogyakarta and Bandung and respectively), 

the north façade is exposed to direct sunlight. During the 

wet months (from October to May), average precipitation 

is much higher (136~392 mm in Yogyakarta and 83~291 

mm in Bandung) thus reducing the total amount of direct 

sunlight in south façade (Climate-Data.org, 2018). 

According to lighting energy demand and DGPs, window 

ratio to the wall has also a considerable contribution. The 

amount of DGPs due to building orientation can be 

compensated by varying percentage of WWR. However, 

although increasing WWR could increase CBD metrics 

and reduce lighting energy consumption, it would enlarge 

a thermal load of which lead to increase thermal energy 

demand. Different design strategies can be included to 

solve this condition such as implementing light shelf to 

prevent direct sunlight (Binarti F and Dewi S, 2016), and 

utilizing chromatic glazing technology as a filter of direct 

sunlight. Parametric design could also be an alternatives 

to obtain optimum design between CBD metrics, glare 

condition, and energy demand (Linhart F et al., 2010). 

Conclusion 

Simulation results show that daylight factor (DFav>2%), 

excluding for WWR, has a largely insignificant different 

for all variables. Most of results have similar trend for 

each WWR and façade orientation. In addition, building 

located in Yogyakarta obtains higher results of metrics 

(sDA300/50%, cDA, mDA, sUDI-a50%, avDGPs) than in 

Bandung, excluding for sUDI-e50%. According to 

graphical results, building with WWR50% with south 

orientation can be primarily recommended in this case as 

west orientation is following. 

The integration between active and passive schemes for 

lighting control system yield that the maximum energy 

savings can be potentially achieved by combining switch-

off occupancy & dimming system. A combination 

between on/off occupancy and dimming system and by 

controlling dimming system using photosensor are the 

next alternatives. 

Based on sensitivity analysis, WWR has a powerful 

positive contribution to daylight metrics, contradictory to 

energy demand. The ratio between opening and wall 

surface area is considerably no more than 50% in tropics. 

However, shading installation and selection of material 

used that still neglected in this study can also achieve 

different (or better) performance. Cost-effective factor as 

a part of financial efficient design is also suggested for 

future work to obtain whole optimum design. Concerning 

to energy efficiency, the selection of lighting control 

system and window to wall ratio are two primary issues 

as revealed in this study. 
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Abstract 

This paper presents a study that explores instantaneous 
and long-term lighting design metrics based on subjective 
evaluations within higher educational buildings in a 
tropical weather. Three types of classrooms–computer 
labs, collaborative spaces, and lecture halls–were studied. 
Lighting simulation models were calibrated and validated 
using measurements taken onsite and utilized to generate 
both instantaneous and annual climate-based lighting 
predictors. Four hundred and thirty-nine participants’ 

responses to online questionnaires were collected. From 
an analysis of this data, the authors recommend 
instantaneous horizontal illuminance of 150 lx and 
vertical illuminances of 200 lx as the lighting thresholds 
for classrooms access to daylight, which result in 80% of 
occupants reporting imperceptible or noticeable daylight 
glare, as well as 53% of occupants comfortable with 
daylighting environments. Annual mean vertical 
illuminance of 200 lx during the daytime leads to 85% of 
occupants satisfied with annual access to daylight. 
Daylight falling on monitors should be controlled around 
100 lx or lower to satisfy at least 70% of occupants and 
reduce reflections in monitors. For classrooms under 
electric lighting, horizontal illuminance of 200 lx and 
vertical illuminance of 250 lx are recommended to 
achieve visual comfort for 60% of occupants and visual 
discomfort for 7% of occupants. 

Introduction 

Lighting has an important impact on comfort, learning, 
and task performance as has been alluded to by many 
researchers. Heschong et al. (2002 and 2007) 
demonstrated the improvement of students’ performance 

associated with sufficient and uniform daylight and later 
proposed the positive correlation between student 
performance and horizontal illuminance under daylight. 
Theodorson (2009) demonstrated the importance of 
daylight from teachers’ perspectives. Dunn et al. (1985) 
suggested designing lighting environments according to 
an individual’s needs. Although many studies have 

demonstrated lighting’s positive influence on student 

performance, insufficient research explores lighting 
design thresholds from the occupant’s perspective in 
educational spaces. 

Instead of employing the same visual discomfort and 
lighting design thresholds for all countries and contexts, 

recent research has shown that occupant preferred lighting 
levels are influenced by the climactic context. Although 
Wienold et al. concluded Daylight Glare Probability 
(DGP)’s highest performance in lab studies globally 

(2019), Mangkuto et al. (2017) suggested much lower 
Daylight Glare Probability (DGP) thresholds for detecting 
results from perceptible to intolerable glare in Indonesia. 
Hiring et al. (2017) proposed the ratio of window to 
background luminance as the more sensitive measure of 
occupant discomfort under tropical skies. Dahlan et al. 
(2009) concluded that participants accepted dimmer 
daylighting environments in Malaysia. These previous 
studies show the necessity of exploring daylighting design 
metrics under tropical skies for educational facilities. 

Despite the fact that many studies focusing on 
instantaneous lighting metrics (Hirning, Isoardi, & 
Garcia-Hansen, 2017; Jakubiec, Reinhart & Van Den 
Wymelenberg, 2015; Van Den Wymelenberg, 2012; 
Wienold & Christoffersen, 2006) limited studies have 
explored long-term lighting metrics. Wienold proposed a 
simplified method of calculating annual DGP and defined 
the annual daylight glare comfort classes without 
subjective assessments (Jan Wienold, 2009). Similarly as 
Useful Daylight Illuminance (UDI) (Nabil & Mardaljevic, 
2006) and Daylight Autonomy (DA) (Reinhart, 
Mardaljevic, & Rogers, 2006; Reinhart & Walkenhorst, 
2001), Spatial Daylight Autonomy & Annual Sunlight 
Exposure (IES-LM-83, 2012) proposed annual climate-
based metric of avoiding direct sunlight without further 
proof involving occupant subjective evaluations. Jakubiec 
and Reinhart (2016) proposed an annual discomfort glare 
model specific to the site and participants in their study. 
Rockcastle and Andersen (2014) suggested  image-
based annual spatial contrast and annual luminance 
variability as a metric by simulating ten conceptualized 
spaces without subjective evaluations.  

This study aims to fill the gap by combining detailed 
physical measurements, correlations with occupant 
subjective data on perception, and an investigation of 
instantaneous and long-term simulation metrics used in 
design. This research investigates lighting metrics within 
three types of classrooms in Singapore. Lighting data 
within 12 classrooms were measured or simulated. Four-
hundred and thirty-nine participants evaluated their 
instantaneous and long-term lighting experience within 
the 12 classrooms. One aim of this paper is to examine the 
effectiveness of existing lighting design metrics in terms 
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of predicting subjective assessments. The other aim is to 
propose appropriate lighting design metrics for higher 
education spaces in tropical climates. 

Method 

Subjective survey 

Computer labs, collaborative learning spaces, and lectue 
halls were studied at the Singapore University of 
Technology and Design (SUTD) (1.3N, 104.0E) and 
Building and Construction Authority Academy (BCAA) 
(1.3N, 103.9E). For each classrooms, participants were 
asked for their consent to undertake a 5-minute online 
survey at the beginning or end of a class. For two 
computer labs and four collaborative spaces at SUTD, 
participants filled the survey under only daylighting 
condition while electric lights were off. For two other 
computer labs at BCAA and four lecture halls, 
participants filled the survey under electric lighting as the 
rooms had no daylight access. The collection of survey 
responses started in September 2017 and ended in 
November 2018. Each questionnaire asked a participant 
to indicate his or her current seating position when filling 
the survey and his or her regular seating positions based 
on a provided floorplan layout. Then, questions associated 
with instantaneous and long-term visual comfort and 
satisfaction with daylight levels were asked. With the 
limit of space, the authors present only six questions in 
this paper, as shown in Table 1, along with the 
corresponding data analysis.  

Table 1: Select questions and response options in the 

subjective survey. 

Question Response 

Instantaneous Evaluation Questions  

1. Mark the degree of glare you 
experienced while taking this 

survey. 

Imperceptible (No glare), 
Noticeable (Little glare), 

Disturbing (Significant glare), 
Intolerable (Extreme glare)  

2. Assuming you have to 
conduct your daily work under 
the current conditions, do you 

feel that the lighting is 

Clearly comfortable, 
Comfortable, Just comfortable, 

Neutral, Just uncomfortable, 
Uncomfortable, Clearly 

uncomfortable  
3. Indicate the cause(s) or 

source(s) if you are 
experiencing glare or visual 

discomfort. 

Reflections in computer screen, 
Window, Shading device, 

Electric lighting, Personal desk 
lamp, Other (Indicate)  

4. Currently, which adjectives 
describe the lighting in your 

current location? 

Gloomy, Dim, Comfortable, 
Bright, Glary  

Long-term Evaluation Questions  
5. How satisfied are you with 

your access to daylight? 
Very satisfied, Satisfied, A little 

satisfied, Neutral, A little 
dissatisfied, Dissatisfied, Very 

dissatisfied 
6. The lighting quality in the 

space positively influences my 
productivity at work. 

Strongly agree, Agree, A little 
agree, Neither agree nor 

disagree, A little disagree, 
Disagree, Strongly disagree 

 

Space Measurement and Lighting Model Calibration 

The computer labs and collaborative spaces have exterior 
windows and access to daylight, while the lecture halls 
only have electric lights without exterior windows. Table 
2 lists 12 studied classrooms’ dimension, orientation, 
window to wall ratio (WWR), glazing transmittance, and 
seating capacity. With small WWR and low glazing 
transmittance, two computer labs at BCAA were 
considered under primary electric lighting.  

Table 2: Twelve classrooms’ detailed information. 

Computer Labs at SUTD 
No. Size 

(m) 

Orient. WWR Glazing 

trans. 

Seat 

No. 

1 15.5 by 
10.3 

East & West 48.4%  
58.6% 

83.7% 40 

2 15.6 by 
15.3 

East & West 47.1% 83.7% 50 

Computer Labs at BCAA 
3 8.2 by 

9.4 
South 3.5% 54.7% 40 

4 8.2 by 
9.4 

South 3.5% 54.7% 40 

Collaborative Spaces at SUTD 
5 12.5 by 

17 
Northeast 
Southwest 

51.1% 
56.5% 

61.7% 128 

6 12.6 by 
8.6 

North South 73% 61.5% 30 

7 14.8 by 
28.7 

East & West 55.6% 61.6% & 
41.6% 

43 

8 12.5 by 
8.5 

Northeast 
Southwest 

53.5% 
58.7% 

64.4% 64 

Lecture Halls at SUTD 
9 10.7 by 

17.1 
-- -- -- 60 

10 12.7 by 
13.7 

-- -- -- 148 

11 12.7 by 
13.7 

-- -- -- 145 

Lecture Halls at BCAA 
12 16.3 by 

10.2 
-- -- -- 128 

 

For computer labs and collaborative spaces, three to six 
seating positions were randomly selected to record 
instantaneous luminance distributions via the High 
Dynamic Range (HDR) image technique (Inanici, 2006). 
We also followed the recommended guidelines from 
Jakubiec et al’s (2016a and 2016b) studies to ensure the 

accuracy of HDR images. A 3D scanner was used to 
record the geometric information of the interior spaces 
and exterior surrounding environments. A 
spectrophotometer was used to measure interior and 
exterior material reflectance and specularity. Glazing 
transmittances were measured onsite by comparing 
vertical illuminance measurements on both sides of the 
glazing. Monitors and electric lights in computer labs 
were calibrated separately based on the HDR images. In 
addition to a plastic casing, a monitor was comprised of 
three layers: high-state pixels, low-state pixels, and a 
translucent screen (Jones & Reinhart, 2016). A monitor’s 
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calibrated Radiance materials for one classroom are listed 
in Table 3. Figure 1 illustrates the field measure and 
simulated luminance map in one computer lab. Table 4 
presents the representative falsecolor luminance images 
of measured HDR and simulated images for computer 
labs and collaborative spaces. Lecture halls only include 
measured HDR images as no dynamic daylighting 
necessitated a simulation model. Simulated vertical 
illuminance (Ev) was compared to measured Ev. For two 
computer labs and four collaborative spaces under daylit 
conditions, 27 groups of illuminance calibration data 
resulted in a Mean Bias Error (MBE) of 3.1% and a Root 
Mean Square Error (RMSE) of 16.8% of the mean 
measured vertical illuminance. For two computer labs 
under electric lighting, 9 groups of calibration data 
resulted in a MBE of 10.1% and RMSE of 15% of the 
mean measured vertical illuminance. As the simulated Ev 
resulted in MSE and RMSE lower than 20%, the 
simulated lighting data generated by the calibrated models 
can accurately represent real lighting environments (Jones 
& Reinhart, 2015; Kong, Utzinger, & Humann, 2018).  

Table 3: Monitor Radiance material properties. 

Translucent 

screen   

void trans MonitorTrans  
0 0 7 0.525 0.525 0.525 0.044 0 0.99 1 

High pixel void glow HighPixel  
0 0 4 0.27933 0.27933 0.27933 0 

Low pix void glow LowPixel  
0 0 4 0.03352 0.03352 0.03352 0 

Dark case void plastic DarkPlastic  
0 0 5 0.054 0.054 0.062 0.013 0.05 

Light case void plastic MonitorCase  
0 0 5 0.7 0.70 0.65 0.035 0.0 

 

Table 4: Falsecolor images of HDR images and 

associated simulated luminance maps for computer labs 

and collaborative spaces, along with HDR images for 

lecture halls. 

Computer Labs under Daylight 

HDR image Simulated Luminance 

Maps 

Scale 

   
Computer Labs under Electric Lighting 

HDR image Simulated Luminance 

Maps 
Scale 

   
Collaborative Spaces under Daylight 

HDR image Simulated Luminance 

Maps 
Scale 

   
Lecture Halls under Electric Lighting 

HDR image HDR image Scale 

  

 

 

 
Figure 1: 3D scan of a computer lab and HDR 

measurement (left) and the lighting model and simulated 

luminance maps (right). 

According to participants’ reporting of their instantaneous 
and regular seating positions, both instantaneous and 
annual climate-based simulations were generated for 
computer labs and collaborative spaces using the 
accurately calibrated simulation models. Weather data 
was extracted from a weather station located at SUTD. 
Custom 5-minute Daysim-format weather files were 
created for the year of data including the survey period. 
Annual lighting predictors corresponding to each 
participant were calculated by averaging simulated annual 
lighting predictors at his or her regular seating positions.  
Data analysis 

For instantaneous lighting predictors, horizontal 
illuminance on a working plane (Eh) and vertical eye 
illuminance (Ev) were either simulated using the 
calibration models for computer labs and collaborative 
spaces or measured under electric lighting conditions 
within lecture halls. Extracted from either simulated 
luminance maps for computer labs and collaborative 
spaces or HDR images taken within lecture halls, 
luminance-based lighting predictors were calculated from 
three areas: an entire scene, the 40o horizontal band, and 
the monitor area only for computer labs (Figure 2). Based 
on an entire scene, the mean luminance (Lmean) and results 
of daylight glare indices, including Daylight Glare Index 
(DGI) (Hopkinson, 1972), Unified Glare Rating (CIE 
Technical Committee, 1995), and Daylight Glare 
Probability (Jan Wienold & Christoffersen, 2006), were 
calculated for correlation analysis. Based on the 
horizontal 40o band, the mean luminance (Bandmean) was 
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selected due to its ability of quantifying ‘visual lightness’ 

(Loe, Mansfield, & Rowlands, 1994) and its strong 
regression with subjective visual comfort (K. G. Van Den 
Wymelenberg, 2012). The maximum luminance 
(Bandmax), luminance standard deviation (Bandstd), and 
coefficient of variation (COV) of luminance (BandCOV) 
(Mahić, Galicinao, & Van Den Wymelenberg, 2017) were 
extracted. In order to extract reflective luminance values 
in monitors, monitor luminance were simulated without 
any light source. Then, reflective luminance values were 
calculated by subtracting the monitor luminance from the 
instantaneous simulated luminance map. The mean 
luminance in reflections (Refmean), luminance percentiles 
in reflections (RefNth), and the percent of a screen with 
reflections over predetermined luminance thresholds 
(RefNper) were calculated for analysis. Contrast ratios in 
monitors were calculated following Equation (1), as 
shown below:  

𝐶𝑅𝑉 =
𝐿𝐻 +  𝐿𝑟

𝐿𝐿 +  𝐿𝑟

      (1) 

where LH is the high-pixel values on a monitor, LL is the 
low-pixel values on a monitor, and Lr is the luminance 
distribution from reflected light. 

 
Figure 2: Analysis areas for instantaneous lighting 

predictors. 

For annual lighting predictors, three basic illuminance-
based predictors, Eh, Ev, and illuminance falling on a 
monitor (Em), were simulated annually at 5-minute 
intervals at each workstation. Then, annual lighting 
predictors at each seating position, like annual mean 
horizontal and vertical illuminance, along with Daylight 
Autonomy (DA) at 500 lx of Eh, Ev, and Em, were 
calculated. Finally, annual lighting predictors associated 
with a participant were calculated by averaging all his or 
her regular seating positions. As no simulation model was 
built for lecture halls due to constant electric lighting 
conditions, horizontal and vertical illuminance were 
directly measured with the electric lighting at full power. 
Annual lighting predictors were also obtained by 
averaging measured lighting predictors at a participant’s 

regular seating positions.  
In this paper, a simple correlation between a single 
simulated or measured lighting predictor and a surveyed 
subjective evaluation was analyzed. Subjective responses 
were grouped based on a corresponding lighting predictor 
that was numerically ordered and grouped. Then, the 
correlation between the mean lighting predictor of each 
group and the percent of participants selecting a 
predetermined question option was sought. For example, 
130 responses for the computer labs under daylight were 
divided into 11 groups with each group between 11 and 
12 responses (√130 = 11.4). Groups are divided based 

on quantiles of the simulated or measured lighting 
predictors. This data analysis method has been commonly 
used in lighting studies seeking correlations between 
subjective assessments and lighting predictors (Hirning, 
Isoardi, & Garcia-Hansen, 2017; Jakubiec, Quek, & 
Srisamranrungruang, 2018; Jan Wienold & Christoffersen, 
2006).  
Results 

Demographic 

A hundred and eighty-eight valid responses to the survey 
were analyzed for the computer labs, 130 of which were 
collected within two computer labs under daylight, while 
58 of which were collected within two other computer 
labs under primary electric lights with minimal daylight. 
Furthermore, 157 valid responses were collected within 
four collaborative spaces under daylight, and 94 valid 
responses were collected within four lecture halls under 
only electric lighting conditions. The total responses 
within three types of classrooms were 439. Table 5 shows 
participants’ age, gender, and use of eyewear. Since the 
research focused on higher educational buildings, over 98% 
of the participants for three types of classrooms were 
between 18 and 30 years of age. Females roughly 
outnumbered males at a 2:1 ratio. Around a quarter of 
participants for each type of classroom did not wear either 
contacts or glasses while taking the survey. 

Table 5: Demographic information for three types of 

classrooms. 

Computer Labs 

Age Gender Eyewear 

18-20 years 23.5% Male 35.6% Contacts 13.3% 

21-30 years 75.4% Female 64.4% Glasses 60.6% 

31-40 years 1.1%   None 26.1% 
Collaborative Spaces 

Age Gender Eyewear 

18-20 years 17.8% Male 36.3% Contacts 9.6% 
21-30 years 80.9% Female 63.7% Glasses 68.2% 
31-40 years 1.3%   None 22.3% 

Lecture Halls 
Age Gender Eyewear 

18-20 years 25.5% Male 35.1% Contacts 10.6% 

21-30 years 73.4% Female 64.9% Glasses 59.6% 

31-40 years 1.1%   None 29.8% 
 

Physical Lighting Data  

Table 6 presents the mean, maximum, minimum, and 
standard deviations of instantaneous Eh and Ev for four 
groups of data. Both two computer labs and four 
collaborative spaces under daylight presented greater Eh 
and Ev variations with relatively lower mean Eh and Ev. 
Instantaneous Ev range for collaborative spaces varied 
between 196.4 and 1390.3 lx with the greatest standard 
deviation of 230.1 lx. Unlike the simulation models of 
computer labs, the simulation models of collaborative 
spaces had no monitors; therefore, collaborative spaces 
presented greater Ev than computer labs. On the contrary, 
two computer labs and four lecture halls under electric 
lighting presented clustered distribution of Eh and Ev with 
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greater mean Eh and Ev. Lecture halls had the greatest 
mean Ev of 410.1 lx. 

Table 6: Mean, maximum, minimum, and standard deviations of instantaneous Eh and Ev for four groups of data. 
 Eh Ev 

Mean Max. Min. S.D. Mean Max. Min. S.D. 

Computer labs under daylight 128.8 689.4 27.1 123.4 120.1 342.9 53.4 55.3 

Computer labs under electric lighting 281.6 430.2 133.8 64.6 121.5 201.1 29.1 30.2 

Collaborative spaces under daylight 112.3 919.4 11.2 105.8 196.4 1390.3 17.4 203.1 

Lecture halls under electric lighting 184.4 347 92.2 64.8 410.1 741 141.2 127.5 

Inferential Statistics for Instantaneous Subjective 

Assessments 

Within three types of classrooms, simulated and measured 
instantaneous lighting predictors were correlated with 
participants’ current subjective responses. All the data 
analysis listed in this paper were statistically significant 
correlated with the p-value lower than 0.05 or 0.1. Given 
that R2 > 0.25 is moderate effect and R2 > 0.64 is strong 
effect, most of the correlations shown in Table 7 or the 
rest presented moderate or strong effect size. Table 7 
shows the representative lighting predictors correlated 
with the percent of participants comfortable or 
uncomfortable with their instantaneous lighting 
environments Questions 2 and 4 in Table 1. For computer 
labs under daylight, both the log10 of Ev and the log10 of 
Bandstd were positively correlated with the percent of 
occupants comfortable with daylighting environments. 
An Ev of 250 lx resulted in 58.8% of occupants 
comfortable with daylighting environments. Bandstd of 
200 lx resulted in 45.1% of occupants comfortable with 
daylighting environments. For computer labs under 
electric lighting, greater DGI falling between 8.6 and 15.3, 
lower than the prescribed threshold of 18 to identify 
noticeable glare. Greater DGI values between 8.6 and 
15.3 led to higher percent of occupants comfortable with 
electric lighting environments. Figure 3 shows the 
correlation between the log10 of Ev and the percent of 
occupants comfortable or uncomfortable with electric 
lighting environments within lecture halls. An Ev of 250 
lx resulted in 60.1% of occupants comfortable with 
lighting environments, 7.4% of occupants uncomfortable 
with lighting environments, and the remaining occupants 
holding neutral attitudes.  

Table 7: Correlations between selected lighting 

measures and the percent of participants comfortable 

with their lighting environments. 

Computer Labs under Daylight 
 Equation p-value R2 

Comfortable y=57*log10(Ev)-77.86 0.0146 0.4476 

y=35.49*log10 (Bandstd)-
36.52   

0.0522 0.2857 

Computer Labs under Electric Lighting 

 Predictor p-value R2 

Comfortable y=5.678*DGI-11.874 0.0717 0. 4112 

Lecture Halls under Electric Lighting 

 Predictor p-value R2 

Comfortable y=60.97*log10 (Ev)-
86.07 

0.0941 0.2556 

Uncomfortable y=-91.2* 
log10(Ev)+226.1 

0.0176 0.4256 

Uncomfortable y=-100.79* 
log10(Eh)+282.86 

0.0036 0.6851 

 
Figure 3: Correlations between vertical illuminance and 

the percent of participants comfortable with (red) or 

uncomfortable with (blue) instantaneous lighting 

environments for lecture halls under electric lighting. 

The percent of participants reporting disturbing or 
intolerable glare for computer labs under daylight, for 
computer labs under primary electric lighting, for 
collaborative spaces, and for lecture halls were 23.3%, 
12.3%, 15.5%, and 17.2%, respectively. However, none 
of the DGP result for all 439 simulated or measured 
scenes was greater than 0.35, the defined value to identify 
perceptible (noticeable) glare (Jan Wienold & 
Christoffersen, 2006). UGR (CIE Technical Committee, 
1995), a contrast-based glare, accurately predicted 
subjective evaluations of disturbing or intolerable glare 
varying between 0% and 21.1%. Considering these low 
accuracy predicted by existing glare indices and 
thresholds,  new, simple lighting predictors were derived 
from this study. Table 8 shows that Eh was correlated with 
participants reporting imperceptible or noticeable glare as 
well as disturbing or intolerable glare–Question 1 in Table 
1—for both computer labs and collaborative spaces under 
daylight. For computer labs under daylight, an Eh of 200 
lx resulted in 69.2% of participants reporting 
imperceptible or noticeable glare and 30.8% of 
participants reporting disturbing or intolerable glare. 
Figure 4 displays the correlations between subjective 
glare assessments and Eh for collaborative spaces under 
daylight. Similar as the correlations revealed in computer 

y = -91.2 * log10(Ev) – 226.1 
adj. R2 = 0.4256 
p-value = 0.0176 

y = 60.97 * log10(Ev) – 86.07 
adj. R2 = 0.2556 
p-value = 0.0941 

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
1087

 

 
  



labs, an Eh of 200 lx resulted in 21.6% of participants 
reporting disturbing or intolerable glare and the remaining 
reporting imperceptible or noticeable glare. Although 
UGR was revealed as the only glare index correlated with 
subjective evaluations, low percent of occupants reporting 
disturbing or intolerable glare led to flat slope of the 
correlation. When UGR varied between 4 and 26, the 
range obtained from all the simulated and measured data,     
the percent of occupants reporting disturbing or 
intolerable glare differed from 12% to 19%.  

Table 8: Correlations between lighting predictors and 

the percent of participants reporting glare degrees. 

Computer Labs under Daylight 
 Equation p-value R2 

Imperceptible  

& Noticeable 

y=-18.059* 
log10(Eh)+110.8 

0.0937 0.2007 

Disturbing  

& Intolerable 

y=18.059* log10(Eh)-
10.8 

0.0937 0.2007 

Collaborative Spaces under Daylight 
 Equation p-value R2 

Imperceptible 

 & Noticeable 

y=-16.591*log10 

(Eh)+116.607 
0.0328 0.3484 

Imperceptible  

& Noticeable 

y=-0.3062*UGR 
+89.0314 

0.0902 0.2065 

Disturbing  

& Intolerable 

y=16.591*log10 

(Eh)-16.607 
0.0328 0.3484 

Imperceptible  

& Noticeable 

y=0.3062*UGR-16.607 0.0902 0.2065 

 

 
Figure 4: Correlations between horizontal illuminance 

and the percent of participants reporting imperceptible 

or noticeable glare (red) and the percent of participants 

reporting disturbing or intolerable glare (blue) for 

collaborative spaces under daylight. 

Table 9 shows the representative correlations between 
lighting predictors and glare sources – Question 3 in Table 
1. For computer labs under daylight, reflections in 
monitors was the top glare source reported by 87 (71.3%) 
participants. The percent of a screen with reflections over 
predetermined thresholds were tested against the percent 
of participants reporting reflections. The predetermined 
thresholds varied between 1 and 40 cd/m2. The minimum 
luminance threshold correlated with subjective reported 
reflections was 16 cd/m2 with a p-value of 0.03334 and R2 
of 0.3463 (Figure 5). Luminance values between 16 and 
40 cd/m2  were also correlated with subjective reported 

reflections. As shown in Figure 5, even if all simulated 
reflections in monitors were lower than 16 cd/m2, there 
were still 61.5% of participants reporting reflections. In 
other words, even minimal reflections caused by daylight 
led to a significant portion of participants to report 
reflections. According to the field measurements and 
calibration models, the monitors had low and high state 
luminance of 2 and 24 cd/m2, respectively. CRV of 2.2, 
lower than 4 recommended by ISO (9241-303, 2008), was 
obtained following Equation (1). Furthermore, the log10 
of Bandstd was negatively correlated with the percent of 
participants reporting reflections. The Bandstd varied 
between 45 and 450 cd/m2, and the maximum Bandstd of 
450 cd/m2 led to 50.1% of participants experiencing 
reflections in monitors.  

Table 9: Correlations between lighting predictors and 

the percent of participants reporting glare sources. 

Computer 

Labs 

under 

Daylight 

Window as Glare Source 
Equation p-value R2 

y=8.245*BandCOV +28.926 0.0072 0.5228 
y=44.55*log10(Ev)-38.33 0.0755 0.2328 

Reflections in Monitors 
Equation p-value R2 

y=-39.42*log10 

(Bandstd)+154.68 
0.01 0.4884 

y=0.618*Ref16per+ 61.5467 0.0333 0.3463 
Collaborat

ive Spaces 

under 

Daylight 

Window as Glare Source 
Equation p-value R2 

y=33.415*log10(Ev)-12.048 0.0082 0.509 
y=log10(Bandmax)-59.27 0.009 0.5 

Lecture 

Halls 

under 

Electric 

Lighting 

Electric Lights 
Equation p-value R2 

y=47.8*log10(Bandstd)-53.46 0.0399 0.4006 
y=-31.81*log10 

(Bandmax)+173.98 
0.0826 0.2792 

 

 
Figure 5: Correlation between the percent of reflections 

over 16 cd/m2 and the percent of participants reporting 

reflections in monitors as glare source for computer labs 

under daylight. 

Figure 6 shows the correlation between the log10 of Ev and 
the percent of participants reporting windows as a glare 
source with a p-value of 0.0082 and R2 of 0.509 for 
collaborative spaces. An Ev of 250 lx resulted in 68.1% of 

y = 0.6184 * Ref16per + 61.5467 
adj. R2 = 0.3463 
p-value = 0.03334 

y=-16.591*log10 (Eh)+116.607 
adj. R2 = 0.3484 
p-value = 0.0328 

 y=16.591*log10(Eh)-16.607 
adj. R2 = 0.3484 
p-value = 0.0328 
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participants reporting windows as a glare source. Ev was 
also found as the predictor of glare caused by windows 
for computer labs under daylight with a p-value of 0.0755 
and R2 of 0.2328 (Table 9). Other lighting predictors, like 
BandCOV and Bandmax, were also correlated with the 
percent of participants reporting windows as a glare 
source for classrooms under daylight. In lecture halls 
under electric lighting, Bandmax (p-value = 0.0399, R2 = 
0.4006) and Bandstd (p-value = 0.0826, R2 = 0.2792) were 
correlated with the percent of participants reporting 
electric lights as a glare source. 

 
Figure 6: Correlation between vertical illuminance and 

the percent of participants reporting windows as a glare 

source for collaborative spaces under daylight. 

Inferential Statistics for Long-term Assessments 

This section presents representative correlations between 
annual lighting predictors and occupant subjective 
evaluations. Table 10 lists representative annual lighting 
predictors correlated with the percent of participants 
satisfied or dissatisfied with annual access to daylight at 
their regular seating positions for both computer labs and 
collaborative spaces under daylight. Eh-mean and Ev-mean 
averaged the annual mean horizontal and vertical 
illuminance under daylight of an individual’s regular 
seating positions within one classroom. Em-mean averaged 
the annual mean daylight falling on monitors, and 
MonDA500 averaged Daylight Autonomy at 500 lx 
(DA500lx) on monitors of a participant’s regular seating 

positions. Figure 7 shows the positive correlation between 
the log10 of Ev-mean and the percent of participants satisfied 
with annual access to daylight in red with a p-value of 
0.0055 and R2 of 0.5484, as well as the correlation 
between the log10 of Ev-mean and the percent of participants 
dissatisfied with annual access to daylight in blue with a 
p-value of 0.0176 and R2 of 0.4256. Ev-mean wherein 202 
lx predicted that no occupant dissatisfied with annual 
access to daylight. And Ev-mean of 200 lx predicted 85% 
occupants’ satisfaction with daylight in computer labs. 
For collaborative spaces, however, the log10 of Em-mean 
was negatively correlated with the percent of participants 
satisfied with annual access to daylight (p-value = 
0.03513, R2 = 0.3095), and MonDA500 was positively 
correlated with the percent of participants dissatisfied 
with annual access to daylight (p-value = 0.05406, R2 = 

0.3124) (Table 10). According to the extracted correlation, 
Em-mean of 100 lx resulted in 70.7% of occupants satisfied 
with annual mean daylight falling on their monitors, while 
Monmean of 300 lx lowered the satisfaction percent to 
60.3%. Given that the monitor pixel brightness was low, 
the required Monmean was also low. Nonetheless, these 
correlations reveal the necessity of controlling the amount 
of light falling on monitors.  

Table 10: Correlations between annual mean lighting 

predictors and the percent of participants satisfied or 

dissatisfied with annual accessible daylight. 

Computer Labs under Daylight 

 Equation p-value R2 
Satisfied y=48.3*log10(Ev-mean)-26.17 0.0055 0.5484 

Dissatisfied y=-54.46*log10(Ev-

mean)+125.53 
0.0176 0.4256 

Collaborative Spaces under Daylight 

 Equation p-value R2 
Satisfied y=-21.644*log10 (Em-

mean)+113.95 
0.0351 0.3095 

Dissatisfied y=31.802*MonDA500+13.022 0.0541 0.3124 

 
 

 
Figure 7: Correlations between simulated annual mean 

daytime vertical illuminance and the percent of 

participants satisfied with (red) or dissatisfied with 

(blue) annual access to daylight for computer labs under 

daylight. 

Finally, Table 11 shows correlations between annual 
mean lighting predictors and the percent of participants 
agreeing or disagreeing with lighting aids on productivity. 
For computer labs under primary electric lighting, Eh-mean 
was positively correlated with the percent of participants 
agreeing with lighting aids on productivity with a p-value 
of 0.0241 and R2 of 0.6058, as shown in Figure 8. For 
lecture halls under electric lighting, Ev-mean was negatively 
correlated with the percent of participants disagreeing that 
lighting aids on productivity with a p-value of 0.0425 and 
R2 of 0.3908. Participants preferred consistent electric 
lighting conditions to varying daylighting conditions 
while working.  

Table 11: Correlations between annual mean lighting 

predictors and the percent of participants agreeing or 

disagreeing with lighting aids on productivity. 

y = 33.415 * log10(Ev) – 12.048 
adj. R2 = 0.509 
p-value = 0.0082 

y = 48.3 * log10(Ev-mean) - 26.17 
adj. R2 = 0.5484 
p-value = 0.0055 

y = -54.46 * log10(Ev-mean) + 
125.53 
adj. R2 = 0.4256 
p-value = 0.0176 
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Computer Labs under Electric Lighting 

Agree Equation p-value R2 
y=148.5*log10(Eh-mean)-331.14 0.0241 0.6058 

Lecture Halls under Electric Lighting 

Disagree Equation p-value R2 
y=-48.14*log10(Ev-

mean)+127.35 
0.0425 0.3908 

 
Figure 8: Correlations between annual mean horizontal 

illuminance and the percent of participants agreeing 

with lighting aids on productivity for computer labs 

under electric lights. 

Conclusion 

As the study included six classrooms under primary 
diffuse daylight without direct sunlight penetration, 
participants experienced contrast-based glare most often. 
DGP does not detect glare according to subjective 
perception, which confirms the conclusion  drawn from 
office buildings under tropical climates (Hirning et al., 
2017; Jakubiec et al., 2018). By proposing Ev and Eh, this 
study shows the possibility of employing simple and 
direct lighting predictors for creating comfortable lighting 
environments in the tropics. The coefficient of 
determination (R2) in this study varied between 0.2007 
and 0.6058, most of which were moderate effect (R2 > 
0.25) and strong effect (R2 > 0.64). However, these values 
outperform previous studies with the maximum R2 
varying between 0.212 and 0.35 (K. G. Van Den 
Wymelenberg, 2012; Jakubiec, Reinhart, & 
Wymelenberg, 2015; Mahić et al., 2017).  
Second, reflections in monitors, one type of glare that is 
normally difficult to quantify (Jakubiec, Reinhart, & 
Wymelenberg, 2015), is significantly correlated with 
subjective responses in our study. However, as mentioned 
in the result section, there were high percent of 
participants reporting reflections in monitors even 
without reflections over 16 cd/m2. One explanation is due 
to the glossy  monitors in the computer labs. The monitors 
within computer labs under daylight were glossy screens 
with a smooth outer polarising layer, more specularly 
reflective than matte screens. Another explanation is due 
to the monitor arrangement. All monitors faced towards 
one side of the double-loaded windows, which can easily 
lead window reflections to appear in the monitors. The 
relative orientation between monitors and windows play 

an important role in subjective visual comfort (Kong, 
Utzinger, Freihoefer, & Steege, 2018). 
For classrooms access to daylight, the authors recommend 
horizontal illuminance of 150 lx and vertical illuminances 
of 200 lx as design thresholds to strike a balance between 
lighting comfort and daylight glare. Annual mean vertical 
illuminance of 200 lx during the daytime leads to 85% of 
occupants satisfied with annual access to daylight. For 
classrooms where screen-based tasks predominate, 
daylight falling on monitors should be limited to 100 lx to 
satisfy 70% of occupants and reduce reflections in 
monitors. For classrooms under only or primary electric 
lighting, horizontal illuminance of 200 lx and vertical 
illuminance of 250 lx are recommended to achieve visual 
comfort for 60% of occupants and visual discomfort for 
7% of occupants. More importantly, designers can utilize 
the correlation equations—listed in Tables 7 to 11—from 
our study to create comfortable and satisfying lighting 
environments for the predetermined percent of occupants 
by controlling these simple, direct lighting predictors. 
Limitations and Future Work 

One limitation of this work is the exclusion of occupants 
while simulating instantaneous luminance distributions. 
For computer labs, the exclusion of occupants potentially 
increases reflection areas in monitors, given that 
occupants normally block a person-shape reflection of 
windows behind. Another limitation is the number of 
campuses where data collection was conducted. Future 
studies should be conducted at other universities to either 
confirm the narrow range of interior lighting distributions 
and low monitor brightness or enrich and enlarge both 
interior and monitor lighting ranges.   
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Abstract 

Occupant behaviour (OB) models relating to daylighting 
and blind use have been developed for cellular office 
configurations. However, this is not the case for large 
open plan offices that represent different spatial, 
daylighting and occupancy characteristics. This paper 
presents a methodology to simulate annual blind use 
based on the daylight availability for large open plan 
offices. A novel multi-directional illuminance grid was 
used to simulate annual blind use; to account for multiple 
view-points and occupants. The results found that this 
method can be used to predict annual blind use in large 
open plan offices to improve building performance 
simulations and occupancy models.  
Introduction 

Optimising natural light to support visual comfort for 
building occupants whilst reducing energy consumption 
is a pertinent goal in green building design. However, 
occupants play a highly influential role on building 
performance and energy use (Asadi, Mahyuddin, & 
Shafigh, 2017; Fabi, Andersen, Corgnati, & Olesen, 2012; 
Gunay, O'Brien, & Beausoleil-Morrison, 2013; Haldi & 
Robinson, 2011; Jia & Srinivasan, 2015). In the case of 
visual comfort, occupants can make adaptive changes to 
electrical lights (switch on/off), blinds (occlusion) and/or 
localised interventions (i.e. cardboard to block view of 
glare or bright sources of light) to restore comfort levels 
(Roche, Dewey, & Littlefair, 2000). However, these 
adaptive actions can undermine electrical efficiency 
strategies (Gunay et al., 2013). Thus, occupant behaviour 
models (OB) have been developed to better account for 
behaviour leading to adaptive changes to reduce this 
uncertainty. The goal for OB models is to predict 
behaviour by realistically simulating user interactions 
and/or presence. Accurate models allow for realistic 
simulations of building system use to determine the most 
effective system strategies.  

Current OB models relating to visual comfort and 
blind use have only been developed for cellular office 
configurations. These offices typically contain single or 
shared occupancy and feature one window opening and 
blind shade. One of the earliest OB models was developed 
by Newsham (1994) called Lightswitch. This model was 
based on predicting blind use and light switch on/off 
events to improve thermal comfort. A south facing 
cellular room (4.5 x 7.5 x 3m) was developed using 

FENESTRA. If the solar intensity of 233 W/m² reached 
an occupant (based on the sunlight patch depth), the 
probability for blind shade operation would be 20%. This 
threshold was based on a field study conducted by Inoue, 
Kawase, Ibamoto, Takakusa, and Matsuo (1988) who 
found that the depth of sunlight penetration in a room was 
proportional to the percentage of blinds closed in a room. 
Similarly, Reinhart (2004) developed a model called 
Lightswitch-2002 to predict manual blinds and electrical 
light switch on/off events for cellular offices using a 
stochastic approach. The control algorithm for blind use 
prediction was based on solar irradiance from previous 
field studies. If 50 W/m² reached the workstation, blinds 
would be fully lowered and re-opened every morning the 
following day upon occupants’ arrival to work. 

The issue is that these models may not be suitable to 
predict blind shade use in large open plan offices. Unlike 
cellular offices, occupants in open plan offices have 
exposure to both natural and electrical light sources from 
multiple direction and orientations. Modern open plan 
offices are designed with undivided walls to 
accommodate the greater portion of the office population. 
Predominate features such as floor to ceiling height 
glazing/windows along the building perimeter are 
maximised to optimise the benefits of natural light (Green 
Building Council of Australia, 2008; Leadership in 
Energy and Envrionmental Design, 2013). Generally, to 
provide sufficient electrical lighting in offices, 320 lux 
(maintained illuminance) is recommended for screen-
based activities for either the horizontal or vertical work-
plane. For daylighting control strategies, blind shades are 
recommended to prevent visual discomfort or glare 
(Australian Standards, 2006, 2008). In the case of green 
buildings, blind shades are required to achieve a visual 
light transmittance of ≤10% (Green Building Council of 
Australia, 2017). However, in large open plan offices that 
have a window to wall ratio (WWR) as great as 90%, the 
vertical illuminance would be a considerable factor for 
blind use modelling; particularly when work activities are 
conducted on vertical display terminals (VDT). Thus, 
existing thresholds used to predict blind shade use may 
not be optimal if the directionality of the occupants’ 

dominant facing position is on the vertical plane. These 
considerations would need to be accounted for in OB 
models particularly when there are different occupant 
workstation locations, multiple view orientations and 
daylight sources. This has yet to be explored. Such an 
unaccounted difference spatially and characteristically 
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would make blind use simulations inaccurate (Hoes, 
Hensen, Loomans, de Vries, & Bourgeois, 2009). 
However, one challenge is providing a way to simulate 
blind use that would consider the aforementioned factors. 
To this end, the aim of this study was to propose a 
simulation methodology for annual blind use for large 
open plan offices; using a novel approach to simulate both 
the horizontal and vertical illuminance. The simulation 
methodology also aimed to consider the practical issues 
of capturing illuminance measurements in a real office 
setting populated by building occupants to reflect real 
world conditions.  
Simulation methodology  

 
(a) 

 
(b) 

Figure 1. (a) Case study of a typical large open plan office 

in Brisbane, Australia. (b) North-west portion of the office was 

examined using a multi-directional illuminance grid indicated 

in red. 

A large open plan office located on the seventh floor in a 
subtropical climate in Brisbane, Australia (27°28’41.921” 

N, 153°1’45.632” E, atl.11m) was selected as a case 

study.  

The building was modelled with no neighbouring 
buildings. For testing the methodology, only a section of 
the North-West portion of the office was examined 
(approx. 15.4m x 7.2m x 3m) (refer to Figure 1a). 
Although a portion of the office was investigated, the 
method can be extended to simulate an entire floor. The 
office featured daylight penetration from floor to ceiling 
height glazing panels (non-operable windows) and solar 
blind shades (Venetian with no slats). A total of eight 
workstations separated by shared privacy screens (height 
1.13m) were examined (see Figure 1b). The methodology 
adopted a non-linear algorithmic approach using 
Grasshopper in Rhinoceros (Rutten, 2014). This approach 
was selected for its parametric ability to create parameters 
that can be adjusted and applied over other projects 
(Wagdy, 2013; Wagdy & Fathy, 2016).  

Further, the methodology was developed to mimic the 
sensor points of a real datalogger currently deployed in 
field studies (see Figure 3). These dataloggers were built 
to capture illuminance in five directions (one horizontal 
illuminance sensor on the upper cube surface, and 4 
vertical illuminance sensors) simultaneously in large open 
plan offices. This is to determine illuminance thresholds 
to predict blind opening percentages based on occupant 
locations. Hence, the proposed methodology was aimed 
to provide a framework to simulate illuminance values 
extrapolated from practical and realistic scenarios. In this 
study a total of 40 sensor points were simulated. The 
algorithm was developed across three stages (see Figure 
2). In stage 1, a novel multi-directional illuminance grid 
was created to simulate the daylight availability from 
horizontal and vertical sensor points. Stage 2 involved 
applying a sorting and grouping logic to both blind shades 
and sensor points. This was to address the issue of 
deciding which blind shade(s) and sensor point(s) would 
be triggered. Stage 2 defined illuminance thresholds to 
trigger blind shade opening percentages; to create a series 
of annual blind shade schedules. To compare results,  
Lightswitch-2002 by Reinhart (2004) was used to produce 
the same blind schedule. The following sections further 
describe the simulation methodology in detail.  
Stage 1: multi-directional illuminance grid 

To simulate annual blind use, a multi-directional 
illuminance (lux) grid was first developed (see Figure 4). 
First, parameter points were arbitrarily defined to 
construct the points and to define the location of each 
sensor grid. A total of eight grids were placed on top of 
the privacy screens separating occupant workstations 
(mounting height 1.13m). This location was considered as 
the most realistic, consistent and practical position in real-
world conditions. 

 
Figure 2. Simulation methodology workflow in three stages
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Five vector rays were constructed for each grid to 
simulate five sensors (horizontal and vertical planes). 
Each vector ray was assigned with an identity number (0, 
1, 2, 3, 4, etc.,) using the point parameter function; 
totalling up to forty sensor points. To determine which 
blind shade was controlled by which sensor point, a 90° 
geometrical cone was projected from each sensor, to 
intersect with the nearest glazing panel. This defined the 
sensors’ control range, which was set to 5m for the 
purposes of this study.  

 
(a) 

 
(b) 

Figure 3. (a) Dataloggers used to capture empirical data 

in large open plan office (currently used in field studies). (b) 

Multi-point illuminance grid based on occupant workstation 

locations to mimic dataloggers. 

 
Figure 4. Multi-point illuminance grid simulating five 

sensor points: four vertical points and 1 horizontal. 

Stage 2: sorting and grouping logic  

An annual daylight simulation was initialised to calculate 
the hourly mean illuminance at each sensor point. This 
was simulated using an existing local weather data file 

and parameters described in Table 1. Radiance parameters 
used were: -aa .1 -ab 7 -ad 4096 -ar 512 -as 1024 -dr 2 -
ds .2 -lr 12 -lw .001 -dj 0 -lr 6 -sj 1 -st 0.15. The purpose 
of this step was to calculate the daylight availability for 
all forty sensor points without blind shades; to apply 
illuminance thresholds to trigger blind opening 
percentages for stage 3. A sorting and grouping logic were 
applied to determine the most likely sensor to control the 
blind shade(s). Identifying who would control this in a 
cellular office would be straight forward. However, this 
methodology would need to account for multiple 
occupants and to assume that they all share all blind 
shades. This was reflected in the overlap in the sensors’ 

control range; where multiple sensor points control 
(intersect) the same blind shades (see Figure 5). 
Therefore, the calculated mean illuminance for each 
sensor point was sorted in multiple lists based on the order 
of performance (highest to lowest mean annual 
illuminance). The sensor(s) that would trigger the blind 
shade was therefore based on the sensor(s) that would 
read the highest illuminance value. A selection criterion 
was then reversed so that the glazing panels were the 
selector rather than the sensor points; to sort through the 
highest performing sensor(s) to trigger blind occlusion.  

Table 1. Building and material parameters 

Space parameters 

Floor level  7th floor (+22.00m)  
Gross floor area  2712.1 m²  
Space area 
(studied) 

118.1 m² 3m x 16.8m x 
7m 

Internal surface materials 

Walls  Reflectance  50% 
Ceiling  Reflectance  80% 
Floor  Reflectance  20% 
Furniture  Reflectance  50% 
Window parameters 

WWR  90% 
Glazing  Transmittance  80% 
Window frame Reflectance  Metal diffuse 
Shading parameters 

Blind Type  Manual roller blinds  
Blind Material Transmittance 4% 
Multi-point illuminance grid 
Control range  5m   

Stage 3: thresholds and blind scheduling  

To date, there are no agreed thresholds nor metric to 
define daylight tolerance levels that would trigger 
occupants to change blind shade settings. Previous studies 
that have investigated this, have reported different results.  
As mentioned earlier, Newsham (1994) used the solar 
intensity of 233 W/m² as the predictor variable whereas  
Reinhart (2004) found 50 W/m². Conversely, Lindelöf 
and Morel (2008) adopted 800 to 1200 lux on the 
horizontal work-plane to estimate visual discomfort in 
small offices for both blinds and lighting controls in their 
probability model, which was consistent  with a 
probability model developed by Haldi and Robinson 
(2010). These findings were not applied in this study for 
the illuminance thresholds; since this study assumed that 
the vertical illuminance would also be a significant 
predictor variable. This was to account for the vertical 
viewing position and directionality of the occupants.  
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure 5. Example of sensor points selecting the same 

glazing panels. (a-d) vertical illuminance sensor points and (e) 

horizontal illuminance from multi-illuminance grid 1.  Sorting 

and grouping logic applied to select sensor to control blind 

shade. 

In this study, the illuminance thresholds were arbitrary to 
complete the simulation workflow.  
However, these parameters can be easily adjusted based 
on new evidence as derived from ongoing field studies. 
The illuminance thresholds were applied to predict the 
blind opening percentage for each blind shade to produce 
an annual blind shade schedule. This schedule describes 
the blind shade status as either 0 (fully opened), 0.25, 0.5, 
0.75 or 1  
 (fully closed) at an hourly interval. Blind shade triggering 
events were set in four different states (for both horizontal 
and vertical sensor points) that was passed through 
custom logical gates in Grasshopper:  
• 0-200 lux triggers 100% fully opened  
• 200-600 lux triggers 75% opened  
• 600-1200 lux triggers 50% opened  
• 1200-1800 lux triggers 25% opened  
• >1800 lux triggers 0% opened  
The final daylight simulation was performed using the 
same parameters in Table 1. The results were discussed in 
detail below.  
Results and discussion  

A methodology to simulate annual blind use for large 
open plan offices was presented, with the goal to provide 
a framework that can account for the practical 
implications of extrapolating real-world data. The results 
show that using a multi-directional illuminance grid to 
estimate the daylight availability at multiple workstation 
locations can provide more detailed information about 
blind use patterns for multiple occupants. This method 
accounted for vertical illuminances exceeding >1800 lux 
that would otherwise not be detected with existing models 
(see Figure 6). Previous studies that have focused on blind 
shade prediction in cellular offices, typically feature only 
one window and considered either the horizontal 
illuminance or solar irradiance as the predictor variable. 
However, for large open plan offices that have a WWR as 
great as 90%, multiple view-points to multiple glazing 
panels (or windows) should be a considered variable to 
predict blind shade use. This is particularly so if the main 
work activities are conducted on VDT screens. In 
comparison to cellular offices, simulating blind shade use 
is much more complex in large open plan offices that are 
undivided by internal walls. It would require determining 
which occupant would be most likely to operate the blind 
shade(s) and deciding which blind would be occluded. In 
this case, empirical data would be necessary to further 
explore this issue.  

 
Figure 6. Example of annual illuminance for one vertical 

sensor point exceeding >1800. 
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The proposed methodology was compared with 
Lightswitch-2002. DIVA in Grasshopper was used to 
simulate an annual blind shade schedule using the same 
parameters in Table 1. Two annual blind shade schedules 
were produced from each approach by simulating only 
one blind shade. Schedules were simulated based on the 
annual mean illuminance (without blind shades) from 
Figure 7a. 

To make the comparison, the illuminance thresholds 
were set to only two states: <600 lux (fully opened) and 
>600 lux (fully closed). This was because DIVA was only 
able to define blind states based on integers (0=fully 
closed, 1=fully opened) and not floating values (i.e. 0.25).  

 
(a) 

 
(b) 

 
(c) 

Figure 7. Simulating one sensor point and blind shade to 

compare annual blind shade schedule with Lightswitch-2002. 

(a) Initial simulation to obtain annual daylight availability 

(without blind shades). (b) Annual blind shade results using the 

proposed methodology (vertical illuminance). (c) Annual blind 

shade results using Lightswitch-2002 (solar irradiance). 

The results showed that the proposed methodology 
predicted annual blind shade use more frequently 
throughout the day across the entire year as shown in 
Figure 7b (black = 100% closed and white = 0% opened). 
On the other hand, Lightswitch-2002 predicted blind 
shade use only between May and September as shown in 
Figure 7c. The difference was due to the unit of 
measurement, where Lightswitch-2002 predicted blind 
shade use based on solar irradiance (50 W/m²); detecting 
only the most critical times of the year in which the sun 
would be at its lowest angle. On the other hand, the 
proposed methodology was able to detect additional 
brightness (i.e. reflectivity, diffused light etc.) that would 
influence blind shade use.  

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 8. Further comparison between both approaches 

using the daylight availability (illuminance values available 

after blinds are drawn from Figure 7). (a) Proposed 

methodology - annual vertical illuminance values still 

available after blinds were drawn from Figure 7b. (b) 

Proposed methodology – annual blind shade use based on the 

available vertical illuminance from (a). (c) Lightswitch-2002 – 

annual horizontal illuminance values still available after blinds 

were drawn from Figure 7c. (d) Lightswitch-2002 – annual 

blind shade use based on the available horizontal illuminance 

from (c). 

To further this point, an additional comparison was 
made between both approaches. In Lightswitch-2002, the 
horizontal illuminance is automatically calculated from 
the solar irradiance as part of its output. This was 
extracted (see Figure 8c) to simulate a subsequent blind 
schedule shown in Figure 8d. This was also repeated 
using the proposed methodology as shown in Figure 8a 
(annual vertical illuminance) and Figure 8b (annual blind 
schedule). This comparison was only made possible since 
the blind shade was set to the same opacity realistic of 
solar blind shades (5%). The results confirm that blind 
shade use would be more frequent when simulating the 
illuminance in Lightswitch-2002. Figure 8c shows the 
horizontal illuminance levels exceeding >1800 that would 
not have otherwise been detected using the solar 
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irradiance (note: illuminance values were based on the 
daylight availability after blinds were simulated from 
Figure 7b).  

Overall, the results highlighted two important 
findings. First, illuminance was able to detect more 
frequent blind use throughout the year compared to solar 
irradiance. Second, the vertical illuminance was found to 

be as pertinent as the horizontal illuminance in detecting 
high illuminance levels and the variation between each 
glazing panel. Further, in comparison to Lightswitch-2002 
the proposed methodology was more flexible in 
simulating the daylight availability in large open plan 
offices. DIVA employs a 7m horizontal grid depth from 
the building perimeter with a 1.5 x 1.5 sensor radius 
spacing. 

Table 2. Results of the blind schedule simulation for multi-illuminance grid 0 (refer to Figure 3). 

Multi-illuminance grid 0 

 Sensor 0 Sensor 1 Sensor 2 Sensor 3 Sensor 4 

Time 𝑬𝒉 Opening 

% 

𝑬𝒗 Opening 

% 

𝑬𝒗 Opening 

% 

𝑬𝒗 Opening 

% 

𝑬𝒗 Opening 

% 

24:00:00 0 0 0 0 0 0 0 0 0 0 
01:00:00 0 0 0 0 0 0 0 0 0 0 
02:00:00 0 0 0 0 0 0 0 0 0 0 
03:00:00 0 0 0 0 0 0 0 0 0 0 
04:00:00 0 0 0 0 0 0 0 0 0 0 
05:00:00 68 0 220 25 288 25 104 0 152 0 
06:00:00 416 25 1292 75 1688 75 612 50 896 50 
07:00:00 832 50 2584 100 3328 100 1204 75 1792 75 
08:00:00 1240 75 3864 100 4968 100 1796 75 2640 100 
09:00:00 2064 100 5832 100 6420 100 2408 100 3368 100 
10:00:00 2112 100 6292 100 7220 100 2632 100 3872 100 
11:00:00 1624 75 5320 100 7328 100 2520 100 4088 100 
12:00:00 1976 100 6428 100 9272 100 3192 100 4640 100 
13:00:00 1536 75 5076 100 7296 100 2504 100 3932 100 
14:00:00 1376 75 4560 100 6896 100 2324 100 3560 100 
15:00:00 1088 50 3596 100 5496 100 1892 100 2820 100 
16:00:00 672 50 2224 100 3440 100 1188 50 1772 75 
17:00:00 280 25 920 50 1348 75 472 25 696 50 
18:00:00 32 0 104 0 136 0 48 0 72 0 
19:00:00 0 0 0 0 0 0 0 0 0 0 
20:00:00 0 0 0 0 0 0 0 0 0 0 
21:00:00 0 0 0 0 0 0 0 0 0 0 
22:00:00 0 0 0 0 0 0 0 0 0 0 
23:00:00 0 0 0 0 0 0 0 0 0 0 
24:00:00 0 0 0 0 0 0 0 0 0 0 

*𝐸ℎ = horizontal illuminance, 𝐸𝑣 = vertical illuminance and % = blind opening percentage (0% fully opened, 0.25, 0.5 half opened, 
0.75, 1.0 fully closed). 

Although this might work for smaller offices, it would 
be hard to adapt this method for large offices, which need 
a flexible method to configure optimal seating positions 
for multiple building occupants. This was noted by 
Reinhart (2004). In addition, one other limitation with 
DIVA was that it predicted only two states: fully opened 
(100%) and fully closed (0%). If DIVA was able to read 
floating values rather than simplifying blind opening 
percentages, it would be more reflective of occupants 
occluding a variety of opening percentages (see Table 2). 
By using this approach, blind shade use can be 
deterministically predicted by accounting for multiple 
workstation locations and view-points.  

This was achieved by defining the range of the 
geometrical cones (5m) in order to assign and group each 
sensor point based on its intersection with each glazing 
panel. If multiple sensors shared the same blind shade, the 
sensor that read the highest illuminance value would be 

defined as the most likely occupant to lower the blind 
shade(s).  

 
Figure 9. Example of DIVA simplifying annual blind shade 

use from Figure 8b by using integers. 

One limitation to this approach was that it did not 
consider the adaptive responses which would categorise 
occupants into active and passive users, as highlighted in 
literature (Haldi & Robinson, 2008, 2011). For instance, 
if one sensor from a datalogger read >1800 lux and a 
different dataloggers’ sensor read between 1200-1800 
lux, the active user would be the occupant to occlude the 
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blind shade, irrespective of the illuminance value. That is, 
some occupants are more likely to interact with blind 
shades than others. The authors are currently conducting 
field studies to observe the relationship between these 
variables in real world settings, which will be published 
in a subsequent paper.  

The simulation results can be found in the following 
link: https://goo.gl/kzUQYJ.  
Conclusion  

This paper presented a methodology to simulate annual 
blind use for large open plan offices. A novel multi-
illuminance grid was developed to account for multiple 
occupant workstations and view-points and blind shades. 
The results showed that by using this method, each blind 
shade can be simulated to show the opening percentage at 
an hourly interval across an annual year. In comparison to 
previous blind use models, this method realistically 
accounts for the practical implications of collecting 
empirical data in real-world scenarios, in order to 
facilitate comparison to field measurements. Further, 
when comparing this method with existing blind use 
models, the results found that the illuminance highlighted 
periods for additional shading. The next stage is to use 
field results to refine thresholds and validate this 
approach.  
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Abstract 
We present a framework for evaluating views in open plan 
work spaces, such as offices and classrooms. Previously 
proposed analysis methods have evaluated views from a 
few select positions on a building’s perimeter, looking 
outward to specific objects of interest. Our approach 
evaluates views in a spatially distributed grid, considering 
the occupant visual experience to be fluid and dynamic 
within a space. The framework does not (nor can it ever) 
measure the quality of a view. Instead, it analyzes 
compositional elements that one sees within a particular 
field of vision, such as proportion of sky to ground, 
diversity of visual elements, and depth-of-field. The 
method employs standard architectural modeling 
software, and is meant to be a tool that can be used 
iteratively and easily throughout a design’s development. 
The framework is applied to a concept-level office project 
to illustrate the potential for view analysis in early design. 
The case study depicts how the view analysis framework 
can reveal visual opportunities throughout a floor plate 
that may not be intuitively apparent by looking at an 
architectural model alone.  
Introduction 
Vision is the means by which we perceive and connect to 
our environment. It plays a significant role in one’s 
experience moving through a building and one’s sense of 
place within the surrounding context. As it informs our 
spatial experience, seeing also impacts our comfort and 
well-being in a building. Given that people spend up to 21 
hours a day inside (Environmental Protection Agency, 
1989), visual experience and the associated quality of 
indoor environment become evermore important.  
The impacts of views on human well-being is widely 
documented in a large body of environmental psychology 
literature. Across building types, from offices and schools 
to hospitals and residential dwellings, views have a 
positive impact on occupants: they improve workplace 
satisfaction, productivity, focus, employee retention,  life 
satisfaction, stress modulation, and patient recovery time 
in hospitals (Aries, Veitch, & Newsham, 2010; Chang & 
Chen, 2005; Farley & Veitch, 2001; Gladwell et al., 2012; 
J. J. Kim & Wineman, 2005; Li & Sullivan, 2016). The 
desirability of views, whether it be a result of the human 
health impacts, associated prestige of a space, or pure 
visual delight, reflects in buyers’ and renters’ real estate 
choices. The preference for desirable views can increase 

the value of a property anywhere from three to over 50% 
depending on property type and location (Baranzini & 
Schaerer, 2011; Damigos & Anyfantis, 2011; Jim & 
Chen, 2009; Kaysen, 2017).  
Given the benefits and preference for views, there is a 
longstanding interest in understanding, defining, and 
evaluating them. Yet, there is no standard method or set 
of metrics to evaluate views. Views are often grouped 
together with daylight, a quality for which there are well 
established assessment methods that measure different 
human impacts such as intensity (illuminance), temporal 
dynamics, contrast (glare), spectrum (circadian response), 
etc (Andersen, 2015). There is a positive correlation 
between the two phenomena, however, they are distinct 
experiences. It is possible to have good daylight with a 
bad view and bad daylight with a good view. Therefore, it 
is critical that views are evaulated independently from 
daylight, by its own measures.  
Efforts in practice and research have been made to 
standardize view quality, both to inform building design 
and to enable comparison between buildings. Design 
firms have devised their own methods of evaulating views 
from a building façade. For example, Doraiswamy et al. 
developed a parametric framework to shape a Kohn 
Petersen Fox Associates (KPF) tower concept in New 
York City (2015). Similarly, Studio Gang used both 
digital and physical modeling methods to analyze views 
from the balconies of the Aqua Tower in Chicago (2016). 
Green building certifications and design standards 
consider views to be a core component of indoor 
environmental quality and comfort, and have thus 
included their own methods of evaluation. The 
Leadership in Energy and Environmental Design (LEED) 
certification system credits buildings that have a 
minimum amount of floor area with a direct line of sight 
to the outdoors (U.S. Green Building Council, 2013). In 
Europe, the new standard EN-17037 Daylight in 
Buildings (coming into effect in 2019) recommends a 
minimum horizontal angle of view, depth-of-field and 
layering of view objects (European Committee for 
Standardization Technical Committee CEN/TC 169, 
2018).  
In this work, we deconstruct a view into its elemental 
components, account for the types of visible objects, the 
diversity of visible objects, and depth-of-field. We 
acknowledge that it is impossible to quantify the quality 
of a view given the complexity of the human spatial 
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experience. Perception is more complicated than simply 
the objects in view, and the phenomenology of visual 
perception evades computational simulation. (Pepperell, 
2012). Fully aware of the limitations of quantiative 
methods to understand visual experience, we do not claim 
to quantify a view in full. Instead, we analyze select 
formal components of the view. Human visual perception 
is based on relational observations, and thus is not just 
about what is seen (whether it be buildings, sky, 
landmarks, and open space), but also where and how each 
of the points of interest relate to one another. As Rudolf 
Arnheim writes in his seminal book Art and Visual 
Perception, “no object is perceived as unique or isolated. 
Seeing something involves assigning it a place in the 
whole: a location in space, a score on the scale of size or 
brightness or distance” (1974). Considering relational 
observation as a core principle of visual perception, we 
propose a method that begins to capture and characterize 
a comprehensive picture of the occupant’s view. By 
understanding a view’s parts, we may begin to better 
conceptualize its whole.  
The elements of a desirable view are context dependent 
and subjective. A good view in a dense urban setting is 
different from a good view in a rural environment. Despite 
the variability, most views share the same visual 
components, albeit in different proportions: sky, 
landscape, ground, and objects of interest. In 
combination, these elements provide a connection to the 
natural world; provide a sense of place in the surrounding 
context; and create intrigue and delight. Alongside the 
compositional elements, formal qualities such as view 
angle and depth-of-field contribute to the 
conceptualization of a view. Moreover, a view changes as 
one moves within a room, therefore it is critical that an 
architectural analysis of views accounts for an occupant 
in different positions in space.  
Defining and Measuring a View  
Much of the development of computational view analysis 
in architecture is built upon early work done within 
landscape geography and urban planning. Tandy first 
proposed the idea of a isovist or viewshed, a 2D field of 
space visible at eye height, for landscape surveying 
(1967). This concept was adopted by Benedikt to create 
the isovist field, measuring the volume of space visible in 
architectural form (1979). The idea has been further 
expanded in space syntax research to assess mutual 
connections between two points through a visibility 
graph, and in three dimensions as a 3D visibility graph 
(Turner, Doxa, O’Sullivan, & Penn, 2001; Varoudis & 
Psarra, 2014). At the urban scale, Morello and Ratti 
proposed a method to count urban visual elements (paths, 
nodes, districts, edges, landmarks) that are visible through 
a 3D isovist in order to understand the city’s form as a 
system (2009). At the building scale, various proposed 
architectural view analysis methods have adopted the 
isovist and 3D visibility graph concepts. The Ladybug 
Grasshopper plug-in uses this method to determine if pre-
specified visual features are viewable from designated 
positions (Sadeghipour Roudsari, 2016). Similarly, 
Doraiswamy et al. used raytracing to analyse lines of sight 

that are unobstructed, varied, and those that see either 
landmarks or landscape in Manhattan (2015).  
In this work, like in previous methods, we employ vector 
raytracing in a 3D model and calculate the types of objects 
reached by the projected rays. Contrary to earlier 
methods, however, we analyse the frame of view as a 
whole picture rather than a compilation of individual 
objects. Moreover, we propose a method that assesses 
views distributed throughout a space, rather than at a few 
distinct points. A view within a building is fluid and 
dynamic; one experiences it not just at discrete points but 
as one moves through a space. Therefore, to understand 
views as an element of architecture, it is critical that we 
evaluate the view throughout a space.   
Methodology  
We propose a method for analysing the formal 
components of a view at spatially distributed points 
throughout a full floorplate. The method is built upon the 
idea that a view depends not just on what one sees outside 
a window, but how the interior space frames the view. The 
method does not evaluate the quality of a view. Instead, it 
analyses the visibility of pre-specified visual elements 
that the user considers to be part of the view, both 
individually and as a whole. In this way, the tool aids the 
designer in the process of shaping and understanding 
visual accessibility from within a building. 
The framework builds upon previously proposed methods 
that quantified select elements of views, described in the 
previous section. The precedents use raytracing to 
evaluate three-dimensional spatial views, however the 
methods limit the analysis to select objects of visual 
interest (Doraiswamy et al., 2015; Sadeghipour Roudsari 
& Pak, 2013). In this work, we assert that a view is more 
than just the select physical elements that one can see. The 
quality of a view is a product of the entire composition 
within one’s frame of view. Furthermore, within a 
building, the visual experience changes from one position 
to another, and therefore views must be evaluated not just 
at the façade, but throughout a floorplate.  

Figure 1: Rays cast from position of occupant 
eye within the 120-degree cone of vision. 
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The framework is developed in the Rhinoceros 3D 
modelling environment and its visual scripting plug-in 
Grasshopper, using Radiance and DIVA-for-Rhino 
(Robert McNeel & Associates, 2016b, 2016a; Solemma, 
2018; Ward, 2016). We employ DIVA-for-Rhino to tag 
the exterior objects and build the Radiance model, and use 
the Radiance program rtrace to trace the rays. A Python 
script initiates the Radiance simulation and post-
processes the output to return the view results. 
The view analysis sends out an array of rays from the 
position of a person’s eye within a 120-degree cone of 
vision, as depicted in Figure 1. All orientations are 
weighted equally, assuming that the person may change 
direction and angle of their head; however, this may be 
modified depending on the project.  
For each ray cast, the simulation returns the type of object, 
the object identification name, and the distance of the 
object that the ray first intersects. This output is processed 
to return the following view metrics for each grid node 
within the floor plate, as illustrated in Figure 2:  
1. Type: Total number of rays that hit each type of 

outdoor view element: sky, landmarks, buildings, 
landscape, and ground. The object types are easily 
editable and may be revised to suite a particular 
project site and context.  

2. Diversity: The total count of unique exterior objects 
(excluding sky and ground) that are intersected by 
rays from one point. This is an indicator of diversity 
of the view, assuming that seeing more objects at 
once leads to a more interesting perspective.  

3. Depth-of-Field: The difference between the nearest 
exterior object and farthest exterior object (excluding 
sky) that is intersected by rays from a single origin. 

This is an indicator of whether the eye can see both 
near and far objects from the same position.    

The three category of results – types of objects, diversity 
of unique objects, and distance of objects – touch upon 
the qualities that may contribute to an intriguing view. 
The metrics are intended to give the user insight into what 
one may see from each position within the space, but stop 
short of placing a qualitative value on the frame of view. 
The determination of view quality is still in the hands of 
the user. This is deliberately left open as the definition of 
a good view is highly dependent on both context and 
content. For example, a good view in a dense urban 
environment may be the bustling street under the city 
skyline, while a good view in the countryside is a 
panorama of a single mountain range. In the former, one 
would see many object types, with a large number of 
unique objects (i.e. diversity) and at different distances 
(i.e. depth-of-field). In the latter, there would be few 
unique objects; they would all be of similar type and far 
from the viewer. Both views may be considered good, but 
for different and perhaps even contradictory reasons.   
Because the objects of interest are defined by the user, 
internal elements can be assigned in the same way that 
external elements are assigned. This way, one may 
evaluate indoor and outdoor views simultaneously. This 
is particularly important given that the user’s visual 
experience  is dependent on not just the visual content in 
the surrounding environment, but the architectural 
framing of the view.  
Similarly, internal partitions, external shading devices, 
and façade elements may be added to the 3D model to 
quantify how much of a visual obstruction is created by 
counting the number of rays hitting the façade element. 

Figure 2: Elements of the human view captured by the view analysis framework: exterior object types (sky, 
landmark, buildings, landscape, ground); the diversity of objects seen; the depth-of-field, i.e. range between the 

closest and farthest object seen (excluding the sky). Graphic icon credits: the Noun Project (sky: Madeleine 
Bennett, landmark: Alvaro Cabrera, buildings: Made x Made, landscape: ani, ground: Peter van Driel). 
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Different glazing types would not impact the analysis as 
it is assumed that, while glazings may have different light 
transmittance and thermal properties, so long as the 
glazing is transluscent the user’s line of sight is not 
impacted. The light penetrating a window does impact the 
visibility of the view, however it would not impede the 
compositional elements in view. As long as the glazing is 
transluscent, we assume that the occupants can see the 
view.  
Currently, the method considers objects visible in all 
directions from the node. In future work, we intend to 
allow the user to specify a primary view orientation, to 
prioritize views in that direction.  
Test Case: Concept-Level Open Office 
The view analysis framework is applied to a proposed 
architectural design for a five-storey office building. The 
project, developed to the concept-level, is for a company 
headquarters building in a small town near Munich, 
Germany. The project is situated in a context with a 
variety of objects of visual interest in all orientations. It is 
part of a master plan development directly north of the 
historic town centre. The office building is on a proposed 
main pedestrian artery, which is envisioned to be a vibrant 
and busy streetscape.  Figure 3 shows the building and 
surrounding environment, as well as the simulation set up 
for a sample floor, in which the simulation grid is applied 
with a 2-m by 2-m spacing. There are three atriums that 
penetrate through all five floors of the building. The floor 
is primarily open office spaces and meeting rooms. Clear 
glazed partitions run parallel to the façade around the 
office areas, allowing a line of sight across the full floor. 
Opaque partitions are used to create areas of privacy, 
meeting rooms, and utility spaces.  

Figure 4: Set up of the 3D model for the case study 
office project. Sensor grid represents potential 

occupant positions throughout the space (2-m x 2-m); 
and the site model shows the types of exterior objects 

included in the simulation. 

Figure 3: Floor plans and cumulative view analysis result for second floor of test case office building. The colour 
gradient diagram illustrates a cumulation of both the object count for each object type and the depth-of-field 

calculation for all of the rays. The analysis results are annotated to explain the variation in the coloration, creating 
areas of more open or closed views.   
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The main visual points of interest outside the building are 
the central pedestrian artery, historic town centre, green 
spaces, and more generally, the neighbouring buildings 
(which are less notable but contribute to the sense of place 
in the site). We tag these four visual object types in the 
model. For all rays cast from each grid point, the 
simulation records what type of object is intersected 
(either one of the four types of objects of interest or sky 
or ground) and its distance from the origin point. Using 
the results of the ray tracing, for each grid point we 
calculate how many rays reach each object type, how 
many unique objects are seen from the point, and the 

depth-of-field (i.e. the distance of the closest and farthest 
object reached). The total count of objects and the depth-
of-field results are cumulative metrics that consider all 
object types, and are indicators of the relationship of the 
exterior objects of visual interest as a whole, rather than 
as individual parts.   
Results  
We present the view analysis results for one floor within 
the test case office building, the second floor. The second 
floor is an open plan office space. The exterior envelope 
and the walls facing the atriums are glazed. Inside the 

Figure 5: Results for sample floor in the example office project. 
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space, transparent glazed partitions organize the internal 
plan, with opaque partitions used where there is a need for 
privacy, acoustic isolation, or utility spaces. The site plan 
of the building, the second-floor plan and the 2-m by 2-m 
analysis grid are illustrated in Figure 3.  
Figure 4 depicts the cumulative view analysis result for 
the sample floor. Figure 5 depicts each of the view 
components analysed individually to illustrate how each 
element contributes to the overall view. In each case, the 
colour gradient from red to yellow to blue indicates more 
level of openness, i.e. areas that are blue have either more 
exposure or see more objects. For each point in the sensor 
grid, 291 rays are traced. The number of rays that reach 
exterior objects varies significantly, from zero to 63%. On 
average 13% of the rays reach exterior objects from a 
single point. The rays that do not reach exterior objects 
are intersected within the building. Rays that are internal 
are not necessarily undesirable, as visual connectivity 
inside the building may significantly contribute to one’s 
visual experience in the space. In addition to showing the 
results for the individual object types, Figure 5 presents 
the results of the diversity and depth-of-field calculations. 
The diversity metric indicates how many unique exterior 
objects are intersected by the 291 rays cast from a single 
point. The depth-of-field metric indicates the distance 
range of exterior objects that are seen from a single point 
(excluding the sky), i.e. the difference between the 
distance of the farthest and nearest exterior objects 
intersected. The depth-of-field results range from zero to 
425 meters, with an average of 16 meters. While the 
depth-of-field measure is limited by the extent of the 3D 
model, it does provide a sense of whether one can see 
objects that are both close and far from a particular 
location.  
Combining the individual visual analysis results (shown 
all together in Figure 5), we create a holistic metric of the 
total view potential at each point in the grid. The resulting 
cumulative metric is depicted for each analysis point in 
Figure 4, with annotations explaining why the results vary 
in particular areas of the floor plan. To derive the 
cumulative results, we normalized the constituent metrics 
on a scale of zero to 100, and directly added them together 
at each analysis point. Though the weighting is up to the 
user, one could weigh the different sub-metrics to 
emphasize a particular view property over the others. For 
example, the historic district may be more valuable to see 
than the neighbouring buildings, and thus may be counted 
twice as much. The weighting of the metrics is dependent 
on the user of the tool. 
Discussion 
In this work, we present a nuanced, multi-dimensional 
view evaluation methodology, developed to inform the 
design of new buildings. We consider the occupant visual 
experience to be dynamic, one that changes as a person 
moves through the space. It requires an approach that can 
be equally fluid and adaptable. We acknowledge the 
limitations in the methodology. Most significantly, the 
calculated view metric must be validated by a user study.  
We plan to conduct a human subject survey to better 

understand the qualities of views that people do and do 
not prefer. Evaluating the preferred views, we may better 
understand the compositional components of a view that 
users like. Determining human preferences through 
empirical testing will inform what aspects of a view are 
prioritized within the framework. It will also help to hone 
the methological and technical approach to the work.  
Given the importance of considering the full visual 
experience, both inside and outside the space, it is critical 
to account for internal views in the analysis framework. 
Internal visual connections are an important aspect of how 
one perceives a space, arguably even more than outdoor 
views because the objects in sight are in close proximity 
to the occupant. Inside the building, visual engagement 
can encourage socializing and human interaction. 
Particularly in open work spaces, visual exposure impacts 
occupant satisfaction, collaboration, productivity, and 
perseverence (Bernstein & Turban, 2018; Haapakangas, 
Hongisto, Varjo, & Lahtinen, 2018; J. Kim & de Dear, 
2013; Kong, Utzinger, Freihoefer, & Steege, 2018; 
Roberts et al., 2019; Zerella, von Treuer, & Albrecht, 
2017). Moreover, internal visual elements may take the 
place of external views when they are not available. For 
example, views to vegetation inside the building may 
substitute a view to the natural environment where it does 
not exist. Studies show that these internal views to a 
representation of nature, either indoor vegetation or 
digital projections of natural scenes, are valued (Gray, 
2017; Zhao, Azaria, & Paradiso, 2017).  
By evaluating both indoor and outdoor views at once, we 
can better address the overall visual comfort and well-
being of occupants. To this end, we are exploring a 
method for mapping the internal visual connectivity at 
each sensor point to overlay with the external view results 
(Turan & Reinhart, 2018). The methodology presented in 
this paper can be applied to indoor objects, just as it is to 
external objects. Thus, it is suited for a comrehensive 
analysis of internal and external visual experience. In the 
next steps of this work, we will explore this opportunity 
further.  
Conclusion 
We present a framework for evaluating spatially-
distributed views in open plan work spaces. We propose 
not to calculate the quality of a view, but rather to quantify 
its compositional elements that contribute to the overall 
visual experience. Previous analysis methods have 
evaluated views from a few select positions on a 
building’s perimeter, looking outward to specific objects 
of interest. We evaluate views that occupants see as they 
move through a floor plate, accounting for dynamic 
visuals as they change position. The framework is 
conceived to be iteratively employed by architects, with 
rapid results to inform a project’s design as it develops. 
We test the framework on an open plan office building in 
the concept phase of design development. The results 
illustrate the multitude of possible outcomes of the view 
analysis, depending on how the view elements are 
weighted. The example shows the way in which the 
framework may inform one’s interpretation of views, 
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while still leaving the qualitative valuation in the hands of 
the tool user. There are limitations to the approach, 
however, this work is the first step of a more robust view 
evaluation method for use within architectural practice. 
To this end, the view analysis framework is a 
comprehensive computational methodology for 
evaluating view performance in architectural, spatially-
distributed terms, using a flexible quantitative metrics that 
describe the occupants’ visual experience in architectural 
space. 
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Abstract 

The paper presents an analysis methodology to 
dynamically assess daylight characteristics in indoor 
environments, based on the combination of bi-
dimensional indicators (i.e. indicators based on the 
traditional illuminance calculation) with three-
dimensional ones (based on the concept of the Cubic 
Illumination). For this purpose, the Useful Modeling 
Indices (UMIs) are introduced. The method is applied to 
two particular case-studies: the atrium and the peristyle in 
the Villa of the Mysteries in Pompeii. These architectural 
structures, being conceived as filtering spaces to attenuate 
entering daylight, represent a particularly interesting field 
of research.  
 
Introduction 

Today, advances in the field of numerical analysis of 
daylighting performance in buildings have enabled to gain 
in-depth knowledge about photometric assessment of 
daylight quality.  
Light quality is indirectly explored by considering 
different aspects: quantity of light (illuminance and 
luminance), distribution of light (uniformity, luminance 
distribution), glare (disability glare, discomfort glare, 
veiling reflections), spectral power distribution of light 
(color appearance, light color quality), daylight (daylight 
penetration, outside view), directionality of light 
(direction and modeling), and dynamics (variability and 
rhythm) (Kruisselbrink et al., 2018). 
These aspects can be assessed by means of specific 
performance indicators and several attempts have been 
developed to generate models of unique indices, capable 
of evaluating and describing this construct (Boyce, 2013): 
the visibility level model, the lighting quality index, the 
comfort, satisfaction and performance index, the interior 
lighting evaluation system and the ergonomic lighting 
indicator. However, all of the abovementioned indicators 
have significant limitations.  
In recent years, dynamic daylight paradigm has resulted 
in the significant progress in assessing daylight 
dynamically and in the proposal of new indicators - such 
as UDI (Nabil & Mardaljevic, 2005) DA and DAcon 
(Reinhart et al., 2006), sDA and ASE (IES LM-83-12 -. 
New indicators are mainly based on the analysis of the 
annual trends of daylight illuminances. Illuminance is 
essentially a two-dimensional concept, insofar as it is 

concerned with the density of luminous flux incident at a 
point on a surface. However, as it was previously 
mentioned, when assessing light, it is fundamental to 
consider not only quantitative aspects, but also qualitative 
ones, accounting for directionality and spatial distribution 
in the three dimensions of the space. Consequently, new 
advances in the definition of spatial illumination metrics 
are necessary, in order to consider that, given a point, the 
light reaching it has different effects depending on the 
incidence direction. So, considering differently oriented 
planes, all containing the point, illuminances referred to 
each plane can assume values more or less divergent 
depending on the spatial light distribution. The 
comparison among these illuminance values can be useful 
to have an idea of the three-dimensional light patterns.  
Based on these concepts, various three-dimensional 
illuminance metrics have been proposed over the past 
three decades, to describe what Lynes et al. (1966) 
referred to as the vectorial flow of light within 
architectural environments: the modeling ratio, the mean 
cylindrical and semicylindrical illuminances, the scalar 
(mean spherical) illuminance, the semi-scalar (mean 
hemispherical) illuminance, the vectorial illuminance, the 
vector-to-scalar illuminance ratio, and the cubic 
illumination (Ashdown, 1998). One of the most thorough 
descriptions and explanations about these indices has 
been given by Cuttle (1997, 2008, 2014) and later 
rewritten in different books and journals. 
Cuttle proposes the underlying principle of cubic 
illuminance (Cuttle, 1997). The cubic illuminance is 
based on the idea to calculate illuminance values referred 
to the surfaces of a cube. These surfaces are aligned 
parallel to the x, y and z axes, and the illuminances 
referred to the six surfaces are specified -E(x), E(-x), E(y), E(-

y), E(z) and E(-z)- so that E(z) is the familiar horizontal 
illuminance. These measured or predicted illuminance 
values on the facets of a cube enable the estimation of a 
range of spatial illumination metrics. These metrics 
(vector to scalar ratio; cylindrical to horizontal 
illuminance ratio, vector to cylindrical illuminance ratio, 
and vertical to horizontal illuminance ratio) are useful to 
assess modeling of faces and environments, as described 
by Kruisselbrink et al. (2018). 
Recently, Monteoliva et al. (2018) have proposed to apply 
the principles of the cubic illumination into the paradigm 
of dynamic simulation, through a new concept: useful 
modeling indices (UMIs). UMIs make it possible to 
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quantify annual occurrence of proper light modeling 
conditions. The perception of volume, texture and the 
intensity of colors also depend on the direction of light. It 
is important to consider that this dynamic methodology 
can be applied to different modeling indicators that arise 
from the information obtained from cubic illuminance, 
such as: vector to scalar ratio, vector to cylindrical 
illuminance ratio, and vertical to horizontal illuminance 
ratio. 
In this paper, these indices are used to evaluate 
daylighting conditions in one of the most famous ancient 
Pompeian domus: Villa of the Mysteries.  
Indeed, in this context, Roman Villas represent a very 
stimulating research field. Ancient architects carefully 
considered daylighting (Paoli, 2006), despite the limited 
use of transparent materials due to the scarce availability 
and costs for glass panes or very thick gypsum layers. For 
this reason, also owing to the Mediterranean sunny 
climate, “patios” (atria and peristyles) represented 

architectural solutions able to mitigate the entrance of 
daylight in the inner spaces of the houses and at the same 
time to serve as “smart” connection between indoor and 

outdoor spaces, by properly shadowing and attenuating 
light distribution.  
Based on these premises, the paper aims at assessing 
daylight characteristics of two spaces in the Villa of the 
Mysteries: one of the atria and the peristyle. For this 
purpose the annual occurrence of desired daylighting 
conditions was assessed by means of a modeling 
performance indicator: the useful vector to scalar ratio 
(u|E|/Esr(0.1-0.2)). This method estimates the annual 
occurrence (%) of the |E|/Esr ratio in the range 0.1-0.2 for 
the selected node. Furthermore, this procedure can be 
linked to dynamic daylight analysis with traditional 
metrics based on illuminances, in order to better evaluate 
the quality of daylighting. 
 
Methods 

This section is divided into three main sections: Spaces 
description, Daylight simulation, and Dynamic daylight 
performance metrics assessment. 
Spaces description 

As it was reported in the Introduction, in this work Villa 
of the Mysteries, located in Pompeii, 23 km from the city 
of Naples (Italy) (Latitude 40º 45’ N; Longitude 14º 28’ 

E), was chosen for daylight analyses (see Figure 1).  
It is a suburban Villa located outside the north walls of the 
ancient city, on a sloped plot of land, chosen because of 
the wonderful panorama it faced. The Villa was 
completely brought to light in 1929-1930 by Amedeo 
Maiuri and its original nucleus dates back to the first half 
of the II century B.C. (Maiuri, 1931). The current shape 
of the Villa is the result of several refurbishment works, 
performed over time till the Vesuvius eruption in 79 A.C. 
The building has a complex structure keeping together 
both characteristic spaces of a typical Villa d’otium and 
those proper of the Villa rustica. Thanks to the good state 
of conservation, it is possible to almost easily suppose the 

shape of the Villa before the eruption and to build its 
virtual model (see Figure 1).  
The daylight analysis was focused on two spaces in the 
Villa characterized by direct daylight penetration: (a) the 
Peristyle: 21.9 m x 15 m (328.5 m2, 92.8 m² of which 
covered), and (b) one of the atria: 7.2 m x 7.4 m (53.28 
m2, 39.8 m2 of which covered). 
 

 
Figure 1: General view of the Villa of the Mysteries. 

Render images of (a) Peristyle and (b) Atrium in the 3D 

model 

 
Daylight simulation 

The CAD model of the Villa of the Mysteries was 
generated with Trimble SketchUp Make v. 2015. It has 
Ruby code language, an interpreted, reflexive and object-
oriented programming language, which makes it easier for 
users to generate program segments to modify its 
functionality. Within this code language, the Warehouse 
Groundhog extension (Molina et al., 2008) Open Source 
v.3 (GPLv3) was used for making 3D models compatible 
with the RADIANCE environment. RADIANCE (Ward 
& Rubinstein, 1988) is a highly accurate raytracing 
software, considered to be one of the most powerful and 
popular forms of lighting simulation software and it has 
been extensively validated in the last 20 years (Berardi & 
Wang, 2014). 
The photometric characterization of the interior materials 
of the spaces was entered according to measured 
reflectance and color values published in a previous work 
(Bellia et al., 2017): (i) Walls (Medium Concrete (rho = 
0.204), Dark yellow (rho = 0.261), Yellow (rho = 0.343), 
Dark red (rho = 0.099), Red (rho = 0.162), Black (rho = 
0.0), Multicolor average (rho = 0.118), Red Brick (rho = 
0.138); (ii) Floor (Black and white (rho = 0.42)); (iii) 
Ceiling (Dark Wood (rho = 0.227)); and (iv) Outground 
(Greenish Grass (rho = 0.102)). 
Simulations were performed using the weather data file 
referred to Naples (Latitude 40º 51’ N; Longitude 14º 16’ 

E), downloaded by Energy Plus web-site 
(ITA_Naples.162890_IWEC), since currently a weather 
data file specific for Pompeii (Latitude 40º 45’ N; 

Longitude 14º 28’ E) does not exist.  
The simulation parameters used in RADIANCE 
correspond to Jacobs´ accurate scene (Jacobs, 2012): (ab) 
5; (ad) 2048; (as) 512; (aa) 0.08; (ar) 512; (dt) 0; (ds) 0. 
The simulation was performed for all the hours of the day 
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characterized by availability of solar radiation as reported 
in the chosen weather data file (see Figure 2).  
 

 
Figure 2: Scheduling used for dynamic daylight 

simulations  

 

Dynamic daylight performance metrics assessment  

Daylighting was evaluated by means of both two-
dimensional metrics and three-dimensional ones. On one 
hand, from two horizontal grids of 308 sensors and 70 
sensors (h = 0.8 m) located in the Peristyle and the Atrium 
(see Figure 1) respectively, it was possible to evaluate the 
dynamic spatial daylight autonomy (sDA).  As proposed 
by the IES LM-83-12, the sDA represents the percentage 
of the area that meets a given Daylight Autonomy 
(generally 50%) for a set analysis period, referring to a 
specific illuminance level (for example 300 lx). The 
illuminance level considered as target is chosen 
depending on the visual task performed in the analyzed 
space. When the function of the space is not specified, 300 
lx can represent a proper value, being generally prescribed 
for not particularly accurate visual tasks. As regards this 
application, the atrium and the peristyle are two 
circulating areas, so, according to modern design criteria 
reported in the EN 12464-1 standard, the task illuminance 
should be equal to 100 lx. However, as it was previously 
mentioned, the analyzed spaces were conceived by 
ancient Romans as interfaces between outdoor and indoor, 
so they can be classified as a sort of semi-outdoor spaces 
receiving a big amount of daylight and being often lit by 
direct sunlight. Consequently, they are generally 
characterized by illuminance levels much higher than 100 
lx. sDA referred to 100 lx (and to 300 lx as well) would 
be equal to 100%, being not significant to describe the 
spaces.  For this reason, authors decided to calculate sDA 
according to a higher target, i.e. 1000 lx. 
On the other hand, in each one of the spaces four positions 
located under the arcades, at a distance from the floor 
equal to 1.2 m, were selected: position 1 (under the north 
arcade), position 2 (under the east arcade), position 3 
(under the south arcade), position 4 (under the west 
arcade); obtaining in this way a total of 8 evaluation 
positions (see Figures 3 and 4).  
 

 
Figure 3: Selected positions for the three-dimensional 

metrics analysis in the Peristyle 

 

 
Figure 4: Selected positions for the three-dimensional 

metrics analysis in the Atrium 

 
Subsequently, the cubic illuminance (Ecubic = E(x), E(y), 
E(z), E(-x), E(-y), E(-z)) was analyzed for each one of the 
positions. It must be underlined that, even though the two 
principal axes of the Villa are not perfectly oriented 
according to the north-south and east-west directions (see 
Figure 1), the x and y directions considered for cubic 
illuminance calculations are the very north-south and 
east-west axes, corresponding to the Cartesian 
coordinates used both in RADIANCE and in Sketchup.  
By calculating cubic illuminance, it was possible to 
acquire for each position in both spaces, the vertical 
illuminances (Evertical), i.e. the illuminances referred to the 
surfaces oriented towards north (E(y)), east (E(x)), south 
(E(-y)) and west (E(-x)) and the horizontal illuminance 
(E(z)). 
Then three-dimensional metrics were calculated. The 
concept of useful modeling indices (UMIs) was used for 
this study (Monteoliva et al., 2018). This is an approach 
to quantify the annual occurrence of desired daylighting 
conditions using modeling performance indicators. In this 
particular case UMIs is applied to the static paradigm 
indicator called vector to scalar ratio (|E|/Esr), making it 
the useful vector to scalar ratio (u|E|/Esr(0.1-0.2)).  
First of all, it was necessary to calculate the static |E|/Esr 
for each position and for each record of the weather data 
file, according to the following calculation procedure.  
The illuminance vector ´E components on each of the 
cubic axes therefore are: 
 

′𝐸(𝑥) = 𝐸(+𝑥) − 𝐸(−𝑥) (1) 
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′𝐸(𝑦) = 𝐸(+𝑦) − 𝐸(−𝑦) 
′𝐸(𝑧) = 𝐸(+𝑧) − 𝐸(−𝑧) 

 
The vector sum is also a vector (|E(x,y,z)|) with the 
illuminance as magnitude (|E|) (Ashdown, 1998). The 
direction of the illumination vector is the altitude angle 
generated between the maximum and minimum 
luminance rays (Ashdown, 1998; Cuttle, 1997). 
 

|𝐸(𝑥,𝑦,𝑧)| = √′𝐸(𝑥)
2 + ′𝐸(𝑦)

2 + ′𝐸(𝑧)
2  

(2) 
 

 
This intensity of luminous flux is described by the 
magnitude of the illumination vector with respect to the 
total amount of incident light in this infinitesimal sphere, 
also called scalar illumination, Esr, (5) (Lynes et al. 1966). 
To reach this value it is necessary to calculate previously 
symmetric components on the x, y and z axes (3); and 
symmetric illuminance (4). 
 

∼ 𝐸(𝑥) =
𝐸(+𝑥) + 𝐸(−𝑥) − |𝐸(𝑥)|

2
 (3) 

∼ 𝐸 =
∼ 𝐸(𝑥)+∼ 𝐸(𝑦)+∼ 𝐸(𝑧)

3
 

(4) 
 

𝐸𝑠𝑟 =∼ 𝐸 +
|𝐸|

4
 (5) 

 
Finally, it is possible to calculate the vector to scalar ratio: 
 

|𝐸| 𝐸𝑠𝑟⁄  (6) 
 
According to Cuttle (2008), based on the values assumed 
by |E|/Esr it is possible to evaluate the light modeling 
characteristics since the perception of volume, texture and 
colors also depends on the direction of light. Specifically, 
we can distinguish (a) weak modeling (|E|/Esr<0.1): it 
happens when the volume of the face shows low contrast, 
produced mainly by diffuse light; (b) moderate modeling 
(0.1<|E|/Esr<0.2)): it appears when the volume of the face 
shows a pleasant and well balanced contrast and three-
dimensional volumes are perceived with details and 
textures; (c) strong modeling (|E|/Esr>0.2): it occurs when 
the volume shows an excessive contrast with very dark 
shadows over the face, caused by a source of light with a 
strong directional component.  
Based on these premises the UMIs method estimates the 
annual occurrence (%) of |E|/Esr in the range 0.1-0.2 in the 
selected node. Then the annual occurrences of |E|/Esr 
lower than 0.1 and higher than 0.2 are evaluated as well. 
Differently from the two-dimensional metrics, the UMI 
allows evaluating the light quality in a space, accounting 
for its modeling effects, overcoming the typical 
quantitative evaluation approach based on the calculation 

of the illuminance levels at a surface. In this way it is 
possible to have an idea not only about the quantity of 
light entering a space, but about its quality in terms of 
balance between diffuse and direct light. When daylight 
is implied, this means to evaluate the relationship between 
diffuse daylight (skylight and reflected daylight) and 
direct sunlight. 
 
Results 

Two-dimensional metrics 

When evaluating the horizontal grid with the dynamic 
metric sDA (1000lx, 50%), the results for both spaces 
have a similar percentage of daylight availability area, 
obtaining 66.56% and 57.89% in the Peristyle and 
Atrium, respectively.   
Analyzing the average vertical illuminances in the four 
orientations (E(x), E(-x), E(y), E(-y)), we can see that the 
Peristyle presents the highest average annual values in 
points 1, 2 and 4, highlighting the vertical illuminances 
related to the surfaces oriented to the South (E(-y) = 1375 
lx), West (E(-x) = 1592 lx), and East (E(x) = 1643 lx), 
respectively (see Table 1 and Figure 5). In the other 
positions and directions, Evertical values are always lower 
than 1000 lx. 
 
Table 1: Results of the dynamic simulation (Ecubic) in the 

Peristyle 

Peristyle 

Position 1 Position 2 

E(x) 694 E(-x) 170 E(x) 168 E(-x) 1592 

E(y) 92 E(-y) 1375 E(y) 351 E(-y) 986 

E(z) 397 E(-z) 531 E(z) 484 E(-z) 486 

Position 3 Position 4 

E(x) 44 E(-x) 283 E(x) 1643 E(-x) 270 

E(y) 734 E(-y) 112 E(y) 1038 E(-y) 231 

E(z) 154 E(-z) 128 E(z) 612 E(-z) 603 

 

 
Figure 5: Results of distribution of average vertical 

illuminances in point 1, 2, 3 and 4 in the Peristyle 

 
This result can be explained considering that the point 3 
is the one located under the south arcade of the peristyle 
and it receives direct daylight from North. On the 
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contrary, Positions 1, 2 and 4 receive direct daylight from 
South, West and East respectively.   
In relation to the average annual horizontal illuminance 
(i.e. E(z)), position 4 stands out with an E(z) = 612 lx, being 
E(z) values always lower than 500 lx for all the other 
positions.  
An interesting aspect deserving being underlined is that, 
for all four of the positions, there is always a significant 
difference between results related to E(x) and E(-x) and to 
E(y) and E(-y). This means that the light conditions 
perceived by an observer located in correspondence of the 
calculation point, would be very different depending on 
his direction of view. This is due to the fact that the 
analyzed space is a passage between outside and inside 
and direct daylight comes only from one direction. 
Considering the (z) and the (-z) axes, the related 
illuminances are quite similar. This is probably due to the 
fact that the light reflected by the floor has a significant 
incidence in determining the E(-z).      
The results in the Atrium (see Table 2 and Figure 6) show 
the highest average vertical illuminances in points 1 and 
2, highlighting for the first position the illuminances 
referred to the surfaces directed towards South (E(-y) = 
3745 lx) and East (E(x) = 1973 lx), and for the second 
position towards the South (E(-y) = 1918 lx) and West 
(E(-x) = 3746 lx). In both positions, all the other vertical 
illuminances assume values lower than 1000 lx. Likewise, 
positions 3 and 4 present for all orientations Evertical values 
lower than 1300 lx, except for point 3, characterized by an 
E(y) value equal to 1434 lx and point 4 characterized by an 
E(x) value equal to 1795 lx). In relation to E(z), points 1 and 
2 present a similar condition, with E(z) values higher than 
2500 lx, while for points 3 and 4  E(z) is lower than 1100 
lx. 
Therefore, contrary to what previously observed, in the 
case of the atrium differences between the illuminances 
evaluated according to the positive and the negative axes 
are quite significant not only for x and y directions, but 
also for the z one as well.  
 
Table 2: Results of the dynamic simulation (Ecubic) in the 

Atrium  

Atrium 

Position 1 Position 2 

E(x) 1973 E(-x) 744 E(x) 767 E(-x) 3746 

E(y) 692 E(-y) 3745 E(y) 653 E(-y) 1918 

E(z) 2981 E(-z) 1701 E(z) 2628 E(-z) 1254 

Position 3 Position 4 

E(x) 332 E(-x) 607 E(x) 1795 E(-x) 1201 

E(y) 1434 E(-y) 188 E(y) 1035 E(-y) 716 

E(z) 809 E(-z) 510 E(z) 1095 E(-z) 822 

 
Figure 6: Results of distribution of average vertical 

illuminances in point 1, 2, 3 and 4 in the Atrium 
 

Three-dimensional metrics 

In the Peristyle, when analyzing u|E|/Esr(0.1-0.2) values (see 
Table 3), it can be observed that positions 1, 2 and 3 
present annual values lower than  3%. That is to say that 
in these points, only 3% of the year (132 hours) is 
characterized by moderate modeling conditions (0.1 
<|E|/Esr< 0.2). Likewise, point 4 in the Peristyle, is the 
position with the greatest occurrence of useful conditions 
(u|E|/Esr(0.1-0.2)=57.34%). The occurrence of default and 
excess conditions show that all positions have strong 
modeling as the predominant condition (|E|/Esr>0.2), 
obtaining annual percentages always higher than 97% in 
the points 1, 2 and 3 and higher than 40% in point 4. This 
determines that the weak modeling condition 
(u|E|/Esr(<0.1)) presents annual values lower than 10%. 
From the dynamic modeling methodology (see Figure 7) 
it is possible to observe that in point 1 the conditions of 
u|E|/Esr(>0.2) is relatively constant throughout the year, 
highlighting extreme conditions (|E|/Esr>0.3) in the half-
season period during the first hours of the morning until 
noon. However, this condition in position 2 occurs from 
noon until 6:00 p.m. approximately (Esr(>0.2)=97.48%). 
Regarding point 3, a behavior similar to point 1 can be 
observed. However, it does not present significant 
extreme conditions. Finally, position 4, as it was 
mentioned, presents moderate modeling conditions for 
most of the year, highlighting the strong modeling 
conditions (41.85%) in the summer period from the first 
hours of the morning until midday. 
 

Table 3: u|E|/Esr(0.1-0.2) values in positions 1, 2, 3 and 4 

referred to the Peristyle  

 Peristyle 

u|E|/Esr(<0.1) u|E|/Esr(0.1-0.2) u|E|/Esr(>0.2) 

Position 1 0.00 % 0.72 % 99.28 % 

Position 2 0.26 % 2.26 % 97.48 % 

Position 3 0.17 % 0.48 % 99.35 % 

Position 4 0.81 % 57.34 % 41.85 % 
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Figure 7: |E|/Esr annual trends in positions 1, 2, 3 and 4 

referred to the Peristyle  

 
When analyzing the Atrium (see Table 4), a greater annual 
occurrence of the moderate modeling condition is 
observed, in relation to the Peristyle, in most of the 
positions except point 2 (u|E|/Esr(0.1-0.2)=8.51 %).  

 

Table 4 – u|E|/Esr(0.1-0.2) values in positions 1, 2, 3 and 4 

referred to the Atrium 

 Atrium 

u|E|/Esr(<0.1) u|E|/Esr(0.1-0.2) u|E|/Esr(>0.2) 

Position 1 1.71 % 53.22 % 45.07 % 

Position 2 1.17 % 8.51 % 90.32 % 

Position 3 0.00 % 90.70 % 9.30 % 

Position 4 55.51 % 29.28 % 15.21 % 

 
Figure 8: |E|/Esr annual trends in positions 1, 2, 3 and 4 

referred to the Atrium  

 
The positions 1 and 3 present a u|E|/Esr(0.1-0.2) of 53.22% 
and 90.70%, respectively. Also, when evaluating 
conditions outside this "useful" range, we can observe that 
positions 1 and 2 mainly have strong modeling conditions 
of 45.07% and 90.32%, respectively. However, in point 4, 
the percentage of annual occurrence in weak modeling 
condition is equal to 55.51 %. 
In the dynamic analysis (see Figure 8), we can see that the 
extreme conditions are more dispersed than in the 
Peristyle. However, we can highlight point 1, where 
|E|/Esr values higher than 0.2 occur mainly in the autumn 
and winter period, during the first hours of the morning 
until noon. In relation to point 2, a dispersion similar to 
the Peristyle is presented when considering the condition 
of u|E|/Esr(>0.2) throughout the year, between noon to 6:30 
p.m. On the other hand, point 3 presents the most constant 
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condition throughout the year, highlighting a small value 
(10%) in the summer months of u|E|/Esr(>0.2) between 
12:00 p.m. and 2 p.m. Finally, position 4 presents a 
different behavior compared to the other positions, being 
characterized by conditions throughout the year mainly 
below the "useful" range, concentrating the strong 
modeling condition (u|E|/Esr(>0.2)) in the early hours of the 
morning until noon (15.20%) during summer. 
The observed annual trends of the |E|/Esr can be explained 
considering the direction from which daylight reaches 
each considered point: the higher the incidence of direct 
sunlight is, the higher the |E|/Esr values are. 
For example, as for positions 2, receiving daylight from 
West, the highest values of |E|/Esr are observed during the 
evening hours in all the seasons for the peristyle and in all 
the seasons except winter for the atrium. Conversely, for 
the position 4 receiving daylight from East, the highest 
values can be observed in both spaces during the first 
hours of the day especially in summer.  
 

Conclusions 

The authors of this work have previously produced 
several studies in this area (Monteolivaet al., 2018; 
Monteoliva & Pattini, 2017; Bellia et al., 2017). At the 
moment, all methods evaluating the effects of light on 
modeling were used as ad hoc assessment according to a 
static approach.  
This article presents a new look focused on the adaptation 
of the cubic illuminance to the dynamic paradigm, with 
the particularity of applying the dynamic methodology of 
useful modeling indices (UMIs) proposed by the authors 
in previous works, for the first time to the modeling 
indicator vector to scalar ratio (|E|/Esr). This generates the 
possibility not only to evaluate the annual occurrence of 
"useful" modeling conditions -moderate modeling 
(u|E|/Esr(0.1-0.2))-, but also to assess and quantify default 
conditions (u|E|/Esr(<0.1)) and excess (u|E|/Esr(>0.2)) ones. It 
is important to consider that this dynamic methodology 
can be applied to other modeling indicators that arise from 
the information obtained from cubic illuminance, such as: 
vector to cylindrical illuminance ratio (Bean, 1978), and 
vertical to horizontal illuminance ratio (Love & Navvab, 
1994). 
From these results it was possible to analyze in greater 
depth the dynamic behavior of daylight in two spaces with 
direct daylight penetration into the Villa, applying two-
dimensional metrics (sDA, Evertical) and three-dimensional 
metrics (u|E|/Esr(0.1-0.2)). As a result of the analysis of two-
dimensional metrics, a similar behavior was obtained for 
sDA(1000lx, 50%) values between both spaces, with a 
difference between them lower than 10% in favor of the 
Peristyle. However, when evaluating the vertical (E(x), E(-

x), E(y), E(-y)) and horizontal (E(z)) illuminances in the 
selected positions, the Atrium is the space with greater 
availability of daylight. This greater availability of 
daylight is also evident in the analysis of the three-
dimensional metric useful vector to scalar ratio 
(u|E|/Esr(0.1-0.2)), obtaining in Peristyle, only in position 4 a 

u|E|/Esr(0.1-0.2) higher than 50% (57.33%), while the other 
positions did not exceed 3%. On the other hand, the 
Atrium presented in position 1 and 3, u|E|/Esr(0.1-0.2) values 
of 53.21% and 90.69%, respectively. 
Beyond the application of UMIs, the paper demonstrates 
that the use of dynamic daylight simulations is a proper 
tool to study daylighting conditions in ancient buildings.  
First of all, daylight analysis is useful to better knowing 
the way ancient architects managed daylight in their 
buildings. The application of the same analysis typology 
to other spaces of the villa (and in other similar buildings) 
would allow understanding the relationship between the 
ancient building criteria and the necessity to harvest 
daylight, that was the principal light source, when electric 
light did not exist. Moreover, it would provide useful 
information about the luminous environment (both in 
quantitative and qualitative terms) which ancient people 
were used to.  
Moreover, this analysis typology is useful to analyze what 
the current daylight conditions are, when excavations are 
visited nowadays. In this context the atria and the 
peristyles are particularly interesting, since they are sort 
of filtering spaces between inside and outside, allowing 
the passage of people from spaces characterized by 
significant light gradients. So, they represent a mean to 
strictly attenuate entering daylight and at the same time to 
allow visual adaptation, both when getting in and out the 
building. Indeed, Pompeii ruins, differently from most of 
the archeological excavations, that can be considered 
outdoor spaces, preserve in part their structure, meaning 
that a lot of buildings are equipped with original or rebuilt 
roofs. This determines that along the visit path of the ruins 
people continuously move from outdoor to indoor spaces 
and vice-versa and consequently they have to adapt to 
different lighting conditions. For this reason, some spaces 
appear really dark, whereas in others, the direct daylight 
entrance determines veiling effects on the painted walls, 
disturbing their view. Results of the daylight analysis can 
help in understanding the proper design strategies 
necessary to solve these problems: for example, the use of 
an electric lighting system integrating daylight also during 
day or the installation of proper shading devices.  
The proposed research is only the first step to deepen the 
knowing of daylight use in ancient architectures by means 
of the most recent simulation techniques and parameters. 
Further studies are necessary in order to extend the 
proposed procedure to other daylit rooms in ancient 
domus and to other ancient buildings.  
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Abstract 

Window’s external shading is playing a major role in 

preventing unwanted direct solar gain. Thus, the main 

objectives of this study are to optimize the fixed windows’ 

shading type (overhang with sided-fins, simple overhang, 

and louvers) for the four main orientations (East, West, 

North, and South) using Genetic Algorithm (GA). 

The findings show savings in East by 27%, 25%, and 24% 

for the overhang with sided-fins, simple overhang and 

louvers respectively. Therefore, to select among the 

optimum energy efficient solutions, climate-based 

daylighting metrics were utilized to assess the daylighting 

availability. The other orientation were straightforward 

were the results in favor of overhang with sided-fins. 

Introduction 

Buildings consume 40% of the annual world energy and 

even larger in sever hot climate countries. For example, 

buildings in the State of Kuwait account for 70% of the 

electrical power consumed at peak time in summer days 

(ME, 2005). One of the main factors that contribute to 

buildings heat gain is direct solar gain through windows. 

Building design in Kuwait is usually carried out by the 

owner preference. Windows configuration and its effect 

on energy use are rarely concerned during the design 

stages. Such decisions which are ignored at an early stage 

are hard to change later. In fact, buildings owners are 

fascinated by how transparent their buildings are, 

regardless of their severe energy use consequences. 

Therefore, the influence of the windows design choices 

(including shading strategies) has to be evaluated 

completely based on energy perspective and visual 

comfort. This can be accomplished by minimizing energy 

use for heating, cooling, and electric lights along with 

increasing the natural light (daylight) to its maximum 

possible availability. Such an approach requires particular 

coupling of building simulation program and an 

optimization algorithm; this is referred to by building the 

simulation-based optimization technique (BSOT). Thus, 

in this study “state-of-the-art” EnergyPlus (Crawley et al., 

2001) is linked with a Genetic Algorithm (GA) to achieve 

such an approach. 

In this study, the input variables to the simulation program 

represent the shading device design elements such as 

projection and inclination of shading devices. 

Simultaneous changing of these parameters will lead to 

different possible solutions. These possible solutions 

(search space) can be searched systematically by an 

optimization method. The search space in this study had 

been directed by the two main objectives, which are 

minimizing energy use and maximizing daylighting.  

In this paper, the building simulation-based optimization 

technique (BSOT) is utilized to get the optimum 

window’s shading devices. The best solutions are further 

assessed by using climate-based daylighting metric as 

post-processing to consider the annual daylighting 

availability.  

Building a Simulation-based Optimization 

Technique 

Many types of research have proven that the building 

simulation-based optimization approach can improve 

building energy efficiency and indoor environment 

(Caldas and Norford, 2001; More and Wright, 2003). In 

order to implement a building simulation-based 

optimization technique (BSOT); an optimization 

algorithm has to be coupled with a building simulation 

program such as EnergyPlus, BSIM, and DOE-2. In this 

research, the Genetic Algorithm was selected as an 

Evolutionary Algorithm (EA) to implement the search 

while, EnergyPlus was chosen to simulate the building.  

Evolutionary Algorithm (Genetic 

Algorithm)  

In natural law, strong genes will survive for many 

generations. Similarly, in artificial creatures, a random set 

of chromosomes (population) is initiated first, which 

represents initial solutions to the studied problem. Then, 

an evolution to that initial population takes place, using 

reproduction operators: selection, crossover, and 

mutation (Goldberg, D.E., 1989). A selection operator is 

invoked to create a new intermediate population of 

parents, where the probability for each individual to 

survive is in linear proportion to its fitness value. 

Basically, above average individuals will be most likely 

to have more copies in the intermediate population, while 

below average individuals will be at risk of being 

discarded. After the population of parents has been 

selected, a reproduction operator is applied to produce the 

new offspring. Then a fine alteration of the new 

chromosomes is appealed by what is called a mutation 

operator; GA process is illustrated in Figure 1. 

From the above description, the reproduction looping will 

keep continuing forever, forming an infinite loop. 

However, this process is terminated if one of the 
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following four conditions is satisfied: a) a good solution 

is found, b) a certain number of generations or function 

calls have been reached, c) a set time has elapsed, or d) no 

improvement has taken place in the solution.  

In this study, initial trails of different population sizes 

have been tried to ensure the search not trapped on local 

optimum solutions or run longer than it is needed. The 

trials revealed that a GA of a relatively small size 

population (size 15) with a high reproduction rate, 100% 

crossover, and 20% mutation rate with a fixed number of 

generations (100) are the efficient combination selection. 

Such GA configuration agreed with the findings of Alajmi 

and Wright (2014). 

Start

Initialize 

Population

generation = 0

Evaluation

Cond? Stop

Reproduction

Crossover

Mutation

generation = 

generation + 1

Assign Fitness

Yes

No

Selction

 
Figure 1: Basic Genetic Algorithms (GAs) flowchart. 

Building Simulation Program (EnergyPlus) 

This new-generation building energy simulation program 

is the outcome of more than two decades of developments 

by the U.S. Department of Energy (Crawley et al., 2001). 

One of the major features of EnergyPlus is the integration 

between the building loads, system and plant. This feature 

allows accurate space temperature predictions using the 

Predictor-Corrector Method. This method predicts the 

mechanical system load needed to maintain the zone air 

set point and simulates the mechanical system to 

determine its actual capacity. Then, it recalculates the 

zone air-heat balance to determine the actual zone 

temperature. Numerous research projects have validated 

the performance and accuracy of the EnergyPlus (Olsen 

and Chen, 2003). 

In this study, the program calculates the heating, cooling, 

lighting, and equipment consumptions and visual comfort. 

Research Methodology 

Optimizing any scientific problem requires an extensive 

evaluation of the objective function. In the case of 

building optimization problem, a massive number of 

building simulations are required to be evaluated. This 

may be one of the main obstacles of using the simulation-

based technique. For instance, in this research eight 

design parameters are assigned to be varied on different 

step size (bounds); this turned into 1104 possible 

solutions for each orientation (4×1104=4416).  

To overcome such an obstacle, the following approaches 

may be implemented: a) using parallelized method 

through the network, b) storing the evaluated solution is 

saved in a database or virtual memory so as not to re-

evaluate the similar solutions, c) simplifying the objective 

function and/or its constraints.  

In this study, the first three mentioned above approaches 

are considered. Precisely, the most effective approach is 

parallel function calls (building simulations). This 

requires a high-performance computing machine. 

Therefore, a server of 48 threads (ENSIMS X3200) 

powered by 2x Intel Xeon 2.5GHz with a memory size of 

64GB RDIMM was allocated to accomplish the 

computation. This powerful machine (server) enables 

multi-tasking simulations, up to 56 at the same time. 

Design Parameters 

The design parameters and its bound values need to be 

selected carefully to an increase the computational time. 

The selected design parameters in this study are as 

follows: 1) the overhang projection which is set from zero 

to half of the window height (H), 2) its inclination (tilt) 

from 90° to 135° (90°+45°) from vertical surface, 3) the 

side-fins is selected to be up to the half of the window 

width (W), and 4) the louvers are set apart by 0.9m and 

allowed to project incrementally in a step of 0.25m from 

0.25-1.0m. It worth notice that the glazing materials 

construction is set to 6mm-low-e and 12mm air gap for all 

cases. Also, the frame and divider materials are chosen to 

be aluminum and represent 5% of the total window area. 

A list of these design parameters is given in Table 1. 

These design parameters generate 1104 possible solutions 

for each orientation making a total of 4416 possible of 

total solutions (search space).  

Table 1: Design parameters values. 

No. Variable LB UB 
Step-

size 

No. 

Steps 

1 Overhang tilt (°) 90 135 5° 10 

2 overhang projection (m)  0 H/2 5% 10 

3 side-fins projection (m) 0 W/2 5% 10 

4 two louvers (m) 0 1.0 0.25 

m 
4 

Objectives Functions 

In this study, the first objective function is to minimize 

the annual cooling and heating consumptions of the 

studied office. The second objective function is to 

increase the daylighting illuminance to reduce electrical 

lighting. The objective functions of the annual energy 

consumption, )x(f and )y(f , can be expressed as 

follows: 

𝑓(𝑥) = [𝑄𝑐(𝑥) + 𝑄ℎ(𝑥)]/3.6 × 106 (1) 

𝑓(𝑦) = [𝐸𝐷𝑎𝑦𝑙𝑖𝑔ℎ𝑡𝑖𝑛𝑔(𝑥)]   (2) 
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 xQc
 and  xQh

 are the room’ annual cooling and heating 

energy consumptions (J), respectively. The denominator 

is a factor to convert the energy to kWh. 

𝐸𝐷𝑎𝑦𝑙𝑖𝑔ℎ𝑡𝑖𝑛𝑔(𝑥) is the room’ daylighting (lux).  

The two competing objectives are; minimizing the heating 

and cooling consumptions, and maximizing the natural 

light (daylighting). The relation is formed in Eq. 3.  

𝑓(𝑥𝑦) = 𝑓𝑚𝑖𝑛(𝑥) + 𝑓𝑚𝑎𝑥(𝑦)   (3) 

The Modelled Zone 

The geographic location and the orientation of the 

building have a profound effect on the solar gain by the 

windows and walls. The façade that received the largest 

amount of radiation is dependent on the latitude and the 

season under consideration. Since the cooling load is the 

main electrical consumption in hot climate countries, the 

focus is given to the façade that received the maximum 

radiation from the sun during long days of summer. In the 

northern part of the equator, the facade facing west 

receives the largest solar radiation, during the summer 

season whereas the façade facing south receives the 

largest solar radiation during winter and a full year. The 

space considered in this study is a single office in a mid-

floor of a multistory commercial building in the State of 

Kuwait. The dimensions of the representative room that 

used to optimize window’s shading devices are illustrated 

in Figure 2. The exterior wall was fixed to be 4.2m wide 

and 4.0m heights. For the glazing feature, a double low-e 

6mm clear glass with 12mm air is used (the common 

practice construction for a new office building in Kuwait). 

The indoor temperatures were set at 21°C and 23°C for 

the winter and summer seasons, respectively. 

Local Weather Data 

In this work, the weather data for Kuwait City (29.22° 

Latitude, 47.98° Longitude, and 55m elevation) has been 

selected as the external weather of the simulated office 

(typical metrological year, TMY). The design days of 

summer and winter seasons in Kuwait, as per the Energy 

Conservation Code of Practice (MEW-R-6, 2014), are 

given in Table 2. 

 

Figure 2: Schematic of the office design parameters. 

Table 2: Design days in Kuwait. 

Design 

Day 

Dry-bulb 

temp. 

(°C) 

Daily Range 

Temp. (°C) 

Month/ 

Day 

Summer 48 13 

 

7/21 

Winter 5.6 7 1/21 

The data of these design days, together with the design 

supply temperatures, are used to automatically size the 

heating, ventilating, and air conditioning (HVAC) 

systems using EnergyPlus simulation program. However, 

building response to the auto-sized HVAC system is 

considered over a complete meteorological year, in order 

to accurately calculate the total building energy 

consumption. In this study, the ideal load template 

available in EnergyPlus is used “HVACTemplate: Zone: 

IdealLoadsAirSystem” to calculate the required heating 

and cooling demands on each calculating step for the zone 

with a design factor of 1.25 for heating and 1.15 for 

cooling.     

Set-up of Numerical BSOT Process 

The EnergyPlus building simulation program is utilized in 

this study to simulate the zone load. An EnergyPlus input 

file (IDF) that represents the baseline model is developed 

and tested. The results of this model are used after that to 

evaluate optimum solutions. The search for solutions is 

started by setting the upper and lower limits and the 

stepwise in the considered design variables. This is done 

using the jEPlus tool (Zhang, 2009), which allows 

changing the values specified for each of the design 

parameters within their limits. Values of these parameters 

are fed automatically to the IDF file.  

Once the project is defined in jEPlus, the tool 

(jEPlus+EA) is used to perform the Genetic Algorithms, 

GA, optimization process (Zhang, 2012). The jEPlus+EA 

process was executed remotely through the allocated 

server. The entire process is illustrated in Figure 3. The 

steps of research methodology that are used in this 

numerical simulation can be summarized as: 

 Define the studied zone using EnergyPlus to create 

the IDF file with the following inputs: 

a. weather file 

b. zone dimensions 

c. window dimensions 

d. internal load 

e. constructions materials 

f. occupant activity and internal load schedules 

g. daylighting and glare set values 

 Set the lower bound (LB), upper bound (UB) and the 

stepwise of the design parameters using the jEPlus 

tool. 

 Select one of the shading options. 

 Find the optimum solutions within the search space 

using the jEPlus+EA tool. 

 Repeat the procedures for each orientation; see 

Figure 2. 

The optimization run is performed using the Non-

dominated Sorting Genetic Algorithm II (NSGA-II) 

implemented in jEPlus+EA. The specifications of the 

algorithm settings include: 

 Integer encoding of the design variables 

 Population size 15 

 Binary tournament selection  

 Hybrid (single point, uniform, and arithmetic) 

crossover operator, with a 100% crossover rate.
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Figure 3: Numerical SOT process set-up.

 Random mutation with 20% mutation rate. 

 Pareto archived elitism operator 

 Evolution is limited to 100 generations for each run. 

The selection of algorithm settings is dependent on the 

characteristics of the problem. Based on the experience of  

optimization problems in building design and the results 

of the pilot run, this setting is considered to perform well 

(Wright and Alajmi, 2016). 

Climate-based Daylighting Metrics 

Assessment 

Dynamic or climate-based daylighting assessment 

become a useful tool to evaluate the harvesting of natural 

light in a space. There are many metrics to evaluate the 

daylighting presence in a space such as Spatial 

Daylighting Autonomy (sDA), and Useful Daylighting 

Illuminance (UDI).  

The sDA is defined as a percentage of the task area that 

meets a minimum daylight illuminance level for a given 

fraction of operating hours per year, i.e., that meets a 

defined daylight autonomy level. 

The recommended thresholds in this research are 300 lux 

and 80% of operating hours, daily from 7 am to 3 pm local 

time (incorporating daylight savings time), and the sDA 

value is given in percent. sDA is calculated according to 

follows: 

      𝑠𝐷𝐴300,50% =
𝐸≥300 𝑙𝑥 for at least 50% of operating hours

Overall analysis area

      (4) 

According to the Illuminating Engineering Society (IES), 

the target values for the spatial daylight autonomy are as 

follows: 

 sDA300, 50% ≥ 55%: nominally acceptable daylight 

sufficiency, 

 sDA300, 50% ≥ 75%: preferred daylight sufficiency. 

The other dynamic daylighting assessment that was used 

in this research is useful daylighting illuminance (UDI). 

It is UDI is the annual occurrence of daylight illuminances 

across the workplace within a given range (Nabil, A. and 

J. Mardaljevic, 2005). This range was defined to 

encompass “useful illuminances for occupants” from a 

comprehensive review of occupant’s behavior with 

lighting with dimming and blinds. Unlike electric 

lighting, where the target is of 500 lx, some studies 

showed that daylight around 100 lx can be sufficient and 

illuminances higher than 2000 to 2500 lx lead to a visual 

discomfort. 

To summarize four categories were defined: 

 Daylight illuminances less than 100 lx are not 

sufficient. 

 Daylight illuminances between 100-500 lx are 

generally sufficient and can be reinforced by electric 

lighting. 

 Daylight illuminances between 500-2000/2500 lx are 

autonomous towards electric lighting. 

 Daylight illuminances higher than 2000/2500 lx lead 

to visual discomfort. 

Limits defined above can be discussed depending on the 

local activities and occupants. Anyway, the scheme is 

more important than the exact value, and the useful UDI 

is considered as the collection of illuminances between 

100 and 2000/2500 lx. As explained above, there are 

several ranges to classify satisfaction of illuminance level: 

not sufficient, useful and too high. Moreover, in the useful 

UDI range, there are two complementary UDI ranges: 

supplementary and autonomous. 

All ranges are defined as follows: 

 UDI-f: UDI fell-short: The illuminance is less than 

100 lx, 

 UDI-s: UDI supplementary: The illuminance is 

greater than 100 lx and less than 300/500 lx, 

 UDI-a: UDI autonomous: The illuminance is greater 

than 300/500 lx and less than 2000/2500 lx, 

 UDI-e: UDI exceeded: The illuminance is greater 

than 2000/2500 lx. 

 So in this research UDI-a was used to compare the 

optimum solutions of the shading devices. 

Results and Discussion 

Although the two objectives functions are set for the 

optimum solutions obtained by the BSOT process, the 

optimum solutions should not be dominated by one of the 

objective functions. When the BSOT process converged 

with no domination of either objective functions, the 

solution is called Pareto-front solutions (Deb, 2001).  

These solutions are presented by red points in Figure 4. 

Pareto-front solutions are survived for many generations 

during the BSOT process. On the other hand, the blue 
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points (Figure 4) are those solutions produced for the last 

generation run. They have not matched the Pareto-front 

solutions produced by the BSOT process.  

Table 3 lists the optimum solutions of all examined 

shading options. In Table 3, there are various optimum 

solutions for the East orientation all the tested shading 

options showing good performance concerning energy 

consumption, only 3% differences. However, the other 

orientation dominated by the overhang with sided-fin 

shading device. Thus, a climate-based daylighting 

assessment is employed for each orientation only to select 

among those best solution, see Table 3. As a result of the 

daylighting assessment, the simple overhang showed the 

best performance from the perspective of energy, and 

daylighting availability in the East, as well as its, eases of 

construction.  Whereas in the other orientations (South, 

North, and West), the overhang with sided-fins showed 

far better results in respect of energy, more than 10%, 

which make the daylighting assessment is limited to them. 

Conclusion 

The main objectives of this paper are to minimize energy 

consumption and to maximize daylighting availability of 

three different window’s attachments. The three-fixed 

window’s shading options are overhang with sided-fins, 

simple overhang, and louvers. Each of which has been 

parameterized to find the optimum configuration using a 

Genetic Algorithm to look for the optimum solutions 

within the search space. Interestingly, the optimum 

shading options on the East orientation required a further 

assessment to select among the close best optimum 

solutions (within 3% difference). In this side (East), the 

simple overhang showed an overall best option from both 

energy and daylighting perspectives. However, the 

overhang with sided-fins solution dominated the other 

orientation (South, West, and North).  

Table 3: Optimum solutions of window's attachment for 

each orientation. 

Type 

Over

hang. 

Proj. 

(m) 

Lou

vers  

Proj. 

(m) 

Overhang 

Tilt  

Angle (°) 

Fin  

Proj. 

(m) 

Energy 

saving  

% 

East 

Overhang 

with 

sided-fins 

1.2 - 130 1.0 27 

Simple 

overhang 

1.3 - 135 - 25 

louvers - 1 m - - 24 

North 

Overhang 

with 

sided-fins 

1.2 - 130 1.1 14 

West 

Overhang 

with 

sided-fins 

1.2 - 130 1.3 28 

Simple 

Overhang 

1.1 - 130 - 19 

South 

Overhang 

with 

sided-fins 

1.2      - 130 1.3 36 

Simple 

overhang 

0.9 - 125 - 20 
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Figure 4: Pareto-front of optimum solutions of the two main objectives shown in red dots. 

Table 4: Climate-based daylighting assessment of the East orientation. 
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Abstract

This paper investigated the uncertainty introduced in
Climate-Based Daylight Modelling (CBDM) by two
solar radiation and one luminous efficacy models, cho-
sen among those often found in Building Performance
Simulation (BPS) tools. Analyses were carried out for
two locations, Camborne, UK, and Sonnblick, Aus-
tria. Irradiances and CBDM metrics were found to
be more accurately predicted by the model used for
IWEC climate files, as such model can be optimised
for each specific location. The model used within
CIBSE climate files was found to be less accurate. In
both cases, the direct component prediction exhibited
significant errors.

Introduction

Building Performance Simulation (BPS) makes ex-
tensive use of climate files to represent boundary con-
ditions when evaluating building designs. The origi-
nal scope of these files was to represent typical en-
vironmental conditions in a single year, for use in
energy performance analysis (Barnaby and Crawley,
2011). For any location, a so-called Typical Meteoro-
logical Year (TMY) can be constructed by collating
the most representative months, usually selected from
a dataset of 10–15 years (Wilcox and Marion, 2008).

A number of additional evaluations – including day-
lighting – started utilising climate files to represent
the external environment. For CBDM, direct normal
irradiance and diffuse horizontal irradiance are usu-
ally required to recreate the luminous sky distribution
at each time step. One of the most widespread cli-
mate file formats, the Energy Plus Weather (EPW),
contains both sets of three irradiance and illumi-
nance components (global and diffuse horizontal, di-
rect normal). However, these quantities are very sel-
dom measured directly. For example, in all CIBSE
and ASHRAE climate datasets they are derived from
cloud cover and other weather variables through the
use of solar radiation models.

The present paper analyses in depth how solar radi-
ation models are implemented in ASHRAE Interna-
tional Weather for Energy Calculations (IWEC) and

CIBSE Test Reference Years (TRY) climate files, and
what are the consequences for CBDM evaluations and
metrics. Previously, Copper and Sproul (2013) inves-
tigated the effect of changing solar radiation mod-
els in building energy modelling for Australian loca-
tions. A few papers investigated the effect on CBDM
metrics of using standard climate files from different
sources (Iversen et al., 2013; Bellia et al., 2015), al-
though none of them looked more deeply at the differ-
ence in solar radiation models implemented in those
datasets.

More details on the empirical models applied for the
creation of CIBSE and IWEC files are presented be-
low and illustrated in Figure 1. Please refer to the
Nomenclature section at the end of the paper for an
explanation of the acronyms.

CIBSE Climate Files

CIBSE offers typical, extreme and future climate files
for 14 British locations (CIBSE, 2016). The typical
years are called TRY but they should not be confused
with the American TRYs, which are Actual Meteoro-
logical Years (AMY) selected for being characterised
by average weather conditions (Barnaby and Crawley,
2011). CIBSE TRYs can be compared to American
TMYs, i.e. years created by collating 12 representa-
tive months selected from a wider dataset, using the
Finkelstein-Schafer (FS) statistics (Finkelstein and
Schafer, 1971). The weather variable weights are as-
signed following the ISO method (Eames et al., 2016).

Irradiance quantities are derived from Cloud Cover
data – recorded by the UK Met Office at a large num-
ber of weather stations – using the Cloud-Radiation
Model (CRM) (Muneer, 2004). The CRM relies
on the Kasten-Czeplak (Kasten and Czeplak, 1980)
model to derive both global and diffuse horizontal ir-
radiance, and on the Perez luminous efficacy model
to derive illuminance components (Perez et al., 1990).

ASHRAE IWEC Files

The EnergyPlus website (DOE, nd) provides IWEC
files for locations out of the US and Canada. There
exists also a larger dataset of IWEC2 files for world-
wide locations (Huang et al., 2014), but that was not
evaluated in this study. The methodology followed
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Figure 1: Flowcharts illustrating the sequence of empirical models applied in CIBSE (left) and IWEC (right)
files to derive irradiance and illuminance quantities.

to produce IWEC files is meticulously described by
Thevenard and Brunger (2001). Similarly to CIBSE
files, the creation of representative years uses FS
statistics, but more weather variables are considered
in the selection process and they are given different
weights (Thevenard and Brunger, 2002a).

The procedure to derive solar irradiance is more com-
plex than the one used for CIBSE files. At first, the
METSTAT clear sky model (Maxwell, 1998) is used
to derive global horizontal irradiance under clear sky
conditions. This requires several input variables, as
specified in Figure 1. The clear sky global horizon-
tal irradiance (GHICL) is then used in the Kasten-
Czeplak cloudy model, in conjunction with cloud
cover data. The fitting parameters a and b contained
in the Kasten-Czeplak formulation (Eq. 1) are opti-
mised at each location, in order to minimise errors
when comparing modelled data against daily radia-
tion historical records from the World Radiation Data
Center (WRDC) (Thevenard and Brunger, 2002b).
The Kasten-Czeplak cloudy model can be formulated
as:

GHI = GHICL × (1 − a× CCb) (1)

where:

GHI is Global Horizontal Irradiance;

GHICL is Global Horizontal Irradiance for clear sky;

CC is Cloud Cover;

a and b are the Kasten site-dependent coefficients.

The diffuse and direct parts of global irradiance are
then computed with the Perez DIRINT model (Perez
et al., 1991). The conversion from irradiance to il-
luminance is performed via another model by Perez
et al. (1990), the same used for CIBSE files.

Methods

The main scope of this paper was to evaluate the em-
pirical models used to derive irradiance and illumi-
nance in CIBSE standard climate files and in IWEC
files, and to quantify the uncertainty in CBDM re-
sults due to these solar radiation models.

Two locations were used for the analysis: (i) Cam-
borne, UK, characterised by a warm temperate cli-
mate (Cfb as per Köppen-Geiger classification); and
(ii) Sonnblick, Austria, characterised by a polar tun-
dra climate (ET as per Köppen-Geiger classification).
These two locations were chosen among the available
weather stations within the Baseline Surface Radi-
ation Network (BSRN). The BSRN records global
horizontal, direct normal and diffuse horizontal irra-
diance with high grade measuring instruments, at 1
minute time step; it was specifically set up to pro-
vide reference datasets for solar radiation model val-
idation (Ohmura et al., 1998). Data from 2016 were
selected for the analysis, as for this year it was pos-
sible to retrieve almost-complete data series from all
the databases used for the analysis, with a maximum
of 4.2% of missing data.

For both locations, the following comparisons were
investigated (see Nomenclature at the end of the pa-
per):

1. CRM modelled from CC against BSRN measured
(GHI, DNI, DHI);

2. IWEC modelled from CC against BSRN mea-
sured (GHI, DNI, DHI);

3. Perez modelled from GHI against PHE (Public
Health England) measured (GHE, only for Cam-
borne);

4. CBDM interior illuminances (total and direct) ob-
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tained by using irradiances from CRM, IWEC
and BSRN measured;

5. CBDM metrics calculated from the illuminance
profiles obtained in step 4.

Cloud cover data and other weather parameters nec-
essary for the CRM and IWEC models were retrieved
from two different sources. For Camborne, hourly
data provided by the Met Office were used (Met Of-
fice, 2012). For Sonnblick, data could be found in the
Integrated Surface Database (ISD) (NOAA, nd); tem-
perature and pressure data were available at hourly
time steps, whereas cloud cover was recorded every
three hours and a linear interpolation was therefore
performed to derive hourly time series.

As explained in the Introduction, the IWEC model in-
cludes an optimisation of Kasten’s parameters depen-
dent on the location. Such optimisation was carried
out by reducing MBE and RMSE when comparing
results from the IWEC model with BSRN measured
data. For Camborne, the parameters used in this
work were a = 0.74 and b = 5.0; for Sonnblick, they
were a = 0.56 and b = 2.1.

Illuminance data used to test the Perez luminous ef-
ficacy model were provided by PHE, which records
global horizontal illuminance at Camborne weather
station and other eight British locations (PHE, nd).
BSRN measured irradiance values and Met Office
measured dew point temperatures were used as input
for the model. For solar altitudes lower than 2.5◦, a
constant diffuse luminous efficacy of 120 lm/W was
applied, as suggested by CIBSE (2015).

The CBDM analysis was performed on a case study
classroom available online for download (cit. removed
for blind review). Figure 2 shows the model exterior
and the interior plan view, with the contour of the
working plane in red. The room internal dimensions
are 11.2 m x 7.9 m, and the height is 3 m. The space is
side-lit by a curtain-wall window (WWR=72%) ori-
ented towards South; the interior surfaces were as-
signed standard reflectance values (20% for the floor
and external ground plane, 50% for walls, and 70%
for the ceiling); furniture was not included in the sim-
ulation.

To test the different solar radiation models, three .wea
files were created from the following direct normal
and diffuse horizontal irradiance time series: hourly
averaged BSRN measured data; cloud cover-derived
data via the CRM; and data derived from the IWEC
model. In all cases, the luminous efficacy model
that allows conversion from irradiance to illuminance
was the Perez model (Perez et al., 1990), applied di-
rectly within the Radiance simulation system (Lar-
son et al., 1998). Similarly, the sky luminance dis-
tribution model adopted for all simulations was the
Perez All-Weather model (Perez et al., 1993), coded
within the Radiance gendaymtx command. Hence,
the isolated influence of the climate files’ solar radi-

ation models on CBDM illuminance results could be
evaluated.

(a) (b)

Figure 2: Exterior view (a) and interior plan view
(b) of the classroom model used as case study for

CBDM evaluations.

CBDM metrics – calculated from the illuminance pro-
files obtained as explained before – were also evalu-
ated, to understand whether differences in solar radi-
ation models affect them. Metrics were chosen among
those that are commonly required by daylight stan-
dards and guidelines (Education Funding Agency,
2014; US Green Building Council (USGBC), 2013)
and those used for conservation purposes, namely:

• Daylight Autonomy (DA), 300 lx threshold;

• Useful Daylight Illuminance (UDI), UDI-s: 100–
300 lx thresholds, UDI-a: 300–3000 lx thresholds;

• Total Annual Illuminance (TAI), in klx hrs;

• Annual Sunlight Exposure (ASE), 1000 lx and
250 hrs thresholds.

Blinds were not included in the model, and an 8 a.m.
to 6 p.m. occupancy schedule was considered.

Results

The results obtained by testing CRM and IWEC
models against BSRN measurements are presented
first, followed by the analysis of annual illuminance
profiles and CBDM metrics.

Solar Radiation Models

The first set of results came from the comparison be-
tween BSRN measured irradiances and irradiance val-
ues modelled with either the CRM or IWEC model.
The CRM was found to significantly underestimate
irradiance values, and the direct normal component
in particular. The IWEC model was characterised by
smaller errors, which was expected as Kasten’s pa-
rameters were optimised to reduce such errors. How-
ever, clear sky predictions – not dependent by Kas-
ten’s cloudy sky parameters – were also found to be
more accurate than those obtained by the CRM. The
clear sky model inserted within the IWEC method is
indeed more complex than the one used within the
CRM, and this could explain the better performance.

Figures 3 and 4 show the linear regression analy-
sis performed for Sonnblick data. The former Fig-
ure compares BSRN measured irradiances with CRM
modelled irradiances; none of the three components
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Figure 3: Linear regression analysis for Sonnblick data, comparing BSRN measured irradiance with
CRM-modelled irradiance. The three irradiance components (global horizontal, direct normal and diffuse

horizontal) are shown. All values equal to zero were not considered in the analysis.

Figure 4: Linear regression analysis for Sonnblick data, comparing BSRN measured irradiance with
IWEC-modelled irradiance. The three irradiance components (global horizontal, direct normal and diffuse

horizontal) are shown. All values equal to zero were not considered in the analysis.

Figure 5: Relative Mean Bias Error (rMBE) and relative Mean Absolute Error (rMAE, mirrored in the
negative part of the plots) of the CRM and IWEC models when compared to BSRN measured irradiances.
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is accurately predicted by the CRM model, with the
global component performing the best with a coeffi-
cient of determination of r2 = 0.64. The direct nor-
mal component clearly show the dependence on the
cloud cover values expressed in oktas, which causes
the horizontal bands that the graph displays. The
latter Figure compares BSRN data with irradiances
modelled using the IWEC procedure; the prediction
are slightly better than those obtained with the CRM,
but the correlations still present a significant scatter,
in particular when looking at the direct normal com-
ponent.

The statistical error analysis visualised in Figure 5
and reported in Table 1 confirms that the IWEC
model generally performs better than the CRM, and
that it is more suited to be applied to different loca-
tions as its parameters can be optimised accordingly.
The Figure shows relative Mean Bias Error (rMBE)
and relative Mean Absolute Error (rMAE) for the two
models and for both locations under analysis. Both
models are characterised by larger errors for the di-
rect normal component, and by more pronounced er-
rors for Sonnblick data; this could be partly explained
by the fact that, for this location, cloud cover data
were recorded every three hours rather than one. For
the CRM model, the worse predictions obtained for
Sonnblick data are also caused by the fact that the
model was optimised for British locations, and that
the procedure followed to create CIBSE files does
not include any parameter calibration that allows the
model to adapt to different climates.

Table 1: Relative errors and coefficient of
determination for CRM and IWEC solar radiation

model when compared to BSRN measured data,
expressed as percentage.

Camborne Sonnblick
GHI DNI DHI GHI DNI DHI

CRM rMBE -16 -31 -2 -51 -55 -45
rMAE 30 69 32 62 92 75
r2 85 54 64 64 53 35

IWEC rMBE 0 -3 1 2 13 -13
rMAE 22 50 28 30 54 47
r2 86 61 72 69 57 57

The Perez luminous efficacy model was tested against
PHE global horizontal illuminance data recorded at
Camborne. For Sonnblick there were no measured
illuminance data available. As Figure 6 shows, the
correlation between measured and modelled data is
extremely good, with a coefficient of determination
r2 = 1.0. Relative errors were found to be small
too, with a MBE = -2.3% and MAE = 4.4%. Di-
rect normal and diffuse horizontal illuminances were
not available for comparison, thus the accuracy of
the Perez luminous efficacy model could be evaluated
only for global illuminance.

Figure 4: Mean Bias Error (MBE) and Mean Absolute Error (MAE) of the CRM and IWEC models when
compared to BSRN measured irradiances.

Figure 5: Correlation between global horizontal illu-
minance values measured by PHE at Camborne, UK,
and illuminance values derived from BSRN global ir-
radiances using the Perez luminous e�cacy model.

Thevenard, D. J. and A. P. Brunger (2002b). The
development of typical weather years for interna-
tional locations: Part II, Production. ASHRAE
Transactions 108 PART 2 (4596), 376–383.

(2008). Users manual for TMY3 data sets .

Figure 6: Correlation between global horizontal
illuminance measured by PHE at Camborne, UK,
and illuminance values derived from BSRN global

irradiances using the Perez luminous efficacy model.

CBDM Results and Metrics

The final step of the present study was to quantify
the uncertainty that solar radiation models bring to
CBDM evaluations. The irradiance time series ob-
tained from BSRN measurements and from the two
models under evaluation – CRM and IWEC – were
inserted in .wea climate files for use in annual daylight
simulation. Two indoor illuminance profiles were ob-
tained from each simulation: one representing global
illuminance at each sensor and at each time step; the
other representing only illuminance coming from di-
rect sunlight, also at each sensor and at each time
step. From these two profiles, the average illuminance
over the working plane at each time step was consid-
ered for the error analysis.

In Figure 7 – showing total and direct illuminance
values averaged over the working plane, for Sonnblick
– it can be noticed that the illuminance results ob-
tained from the IWEC-modelled irradiances performs
better than the illuminances obtained from the CRM-
modelled series. However, none of the two average
illuminance time series correlates well with the refer-
ence results from BSRN irradiances. The two models
lead to very similar coefficients of determination and
the two regression lines seem to indicate a tendency
to under-predict average illuminance values within
the room. The coefficients of determination found
for Camborne (reported in Table 2) are higher than
for Sonnblick, and they also show a marked similarity
between the two models.

Table 2 reports the errors found when comparing av-
erage illuminance obtained with CRM- and IWEC-
derived climate files against BSRN-derived files. Er-
rors for the CRM are larger than those found for the
IWEC model, with Sonnblick data resulting in even
larger errors than for Camborne. Generally speak-
ing, the error range and ranking are similar to those
found for the irradiance values used as input in the
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Figure 7: Linear regression analysis of indoor
average illuminance values obtained from CRM- and
IWEC-modelled irradiance input, compared against
average illuminances obtained from BSRN-measured
irradiance time series for Sonnblick, Austria. The

top plot shows total illuminance, whereas the bottom
plot shows direct sunlight illuminance.

simulation (see Table 1), but with rMAEs for direct
sunlight illuminance increasing from those observed
for the direct normal irradiance component.

From the total and direct illuminance profiles, CBDM
metrics were calculated and the results correspond-
ing to different solar radiation models were compared.
When looking at CBDM metrics, visualised in Figure
8, it can be observed that DA and TAI results are con-
sistent with the errors found for the illuminance pro-
files, i.e. the use of CRM led to an under-prediction of
the daylight performance, whereas the IWEC model
resulted in a slight over-prediction, compared to refer-
ence BSRN-derived values. For Sonnblick, the higher
proportion of low illuminance values when using the
CRM is signalled by UDI-s values, which reach 10%
for CRM and only 3% for IWEC, compared to the ref-
erence value of 5%. UDI-a results are not significantly
affected by changes in solar radiation models, al-
though differences can be found when looking at other
UDI ranges. The behaviour of ASE is the most unex-

Table 2: Relative errors and coefficients of
determination for indoor average illuminance

simulated with irradiances derived from the CRM
and IWEC solar radiation models.

Camborne Sonnblick
Total Direct Total Direct

CRM rMBE -8 -35 -54 -79
rMAE 34 72 70 108
r2 77 62 66 68

IWEC rMBE 6 3 4 0
rMAE 29 51 35 54
r2 78 64 66 64

pected one, with both CRM- and IWEC-derived re-
sults significantly over-predicting values obtained by
using BSRN measurements. This is counter-intuitive,
as the errors associated with direct normal irradiance
and with direct sunlight illuminance – the only light
component contributing towards ASE values – would
indicate a significant under-prediction for the CRM
and a slight over-prediction by the IWEC model.
However, looking at the bottom plot of Figure 7, it
can be noticed that there are many instances where
BSRN values are very close to zero, whereas CRM
and IWEC results reach values over 10,000 lx. This is
likely to be the cause of the difference in ASE results;
there are several instances throughout the year when
direct illuminances obtained from the BSRN series
did not exceed the ASE threshold of 1000 lx, whilst
CRM and IWEC series led to illuminances higher
than 1000 lx, which were therefore accounted for in
the ASE calculation.

Table 3 summarises the mean errors characterising
CBDM metrics when obtained from either the CRM
or the IWEC solar radiation models. The errors are
averaged between those found for the two locations
under analysis, but they cannot be generalised for
other locations.

Conclusion

The study presented in this paper evaluated the ef-
fect that solar radiation models have on CBDM re-
sults. Climate files commonly used in simulation rely
on such models to derive irradiance and illuminance
values from more widely available weather measure-
ments.

Findings showed that the model used within CIBSE
TRYs (CRM) results in an under-prediction of solar
irradiance, in particular its direct normal component
(rMBE = -31% for UK climates). The models con-
tained in IWEC files resulted in better estimates and
were applicable to both locations under evaluation
(rMBE within ±3% for Camborne, UK, and within
±13% for Sonnblick, Austria). This is an advantage
generated by the optimisation of the site-specific pa-
rameters specified in the cloudy sky model, as rec-
ommended by the creators of the IWEC procedure.
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Figure 8: CBDM metrics obtained for the two locations under analysis, Camborne and Sonnblick. The metrics
were calculated from three different illuminance profiles: the reference one was obtained by using measured

irradiances from BSRN as input of the CBDM simulation; the other two were obtained by using irradiances
derived from the CRM and IWEC models.

Table 3: rMBE for average indoor illuminance (total and direct) and for CBDM metrics when using different
solar radiation models (averages between the two analysed locations). Values are expressed as percentage.

illavg ill diravg TAI DA ASE UDI-n UDI-s UDI-a UDI-x

CRM -30.6 -56.8 -21.1 -2.1 29.0 4.5 39.6 2.2 -12.6
IWEC 4.9 1.7 4.5 3.1 37.9 -1.4 -33.2 -1.0 14.2

However, this solution might not always be possible,
if there are not reliable sources of irradiation measure-
ments at the site of interest. Additionally, Thevenard
and Brunger (2002b) reported issues with the perfor-
mance of the IWEC model for tropical locations, that
were not investigated in this study and that could re-
sult in erroneous CBDM evaluations. More locations
and climatic characteristics will be considered in fu-
ture studies to test the scalability of the findings from
the present work.

The Perez luminous efficacy model was investigated
for a single location: Camborne, UK. The model was
found to be highly accurate for hourly measurements,
with errors within ±4% and a coefficient of determi-
nation r2 = 1.

In the last part of the analysis, annual indoor illu-
minance and CBDM metrics were simulated. The
errors characterising average illuminances were found
to be very similar to those previously obtained for ir-
radiance values. However, differences found in some
CBDM metrics were not always in agreement with the
deviations in illuminance values, in particular ASE
results. ASE was significantly over-predicted when
using solar radiation models; in case of evaluations

for compliance, this would lead to a higher rate of
failing design options. It is worth noticing that ASE
was found to be very sensitive to changes in input
variables by previous studies (Brembilla et al., 2017),
and it is therefore not surprising that solar radiation
models had a significant – and unpredictable – effect
on this particular metric.

From this study, it can be concluded that the CRM
is not adequate to guarantee realistic CBDM evalua-
tions, especially for climates outside the UK, whereas
the IWEC model is a more appropriate solution to
derive most CBDM metrics, for temperate and cold
climates.
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Nomenclature

CC = Cloud Cover
GHICL = Clear Sky Global Horizontal Irradiance [W/m2]
GHI = Global Horizontal Irradiance [W/m2]
DNI = Direct Normal Irradiance [W/m2]
DHI = Diffuse Horizontal Irradiance [W/m2]
GHE = Global Horizontal Illuminance [lx]
MBE = Mean Bias Error
MAE = Mean Absolute Error
rMBE = relative Mean Bias Error [%]
rMAE = relative Mean Absolute Error [%]
r2 = coefficient of determination
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Abstract

This paper presents a new way to determine measures
of view at the building aperture. It introduces the
concept of the view lumen – this is the illumination
effect received at the building aperture from a visible
external entity (e.g. ground, sky, obstruction, etc.)
which is made self-luminous for this purpose. The
paper describes the fundamental principle behind the
view lumen, and gives some preliminary illustrations
of the technique to show its potential. The examples
employ the British Standard framework to define cat-
egories of view. That is, three layers named upper,
middle and lower comprising, respectively, sky, natu-
ral or man-made objects (e.g. buildings) and ground.
The proposal is an extension of the recently intro-
duced sunlight beam index.

Introduction

The guidelines and recommendations currently used
to evaluate daylight and daylight related quantities
for planning purposes are invariably simplistic in con-
ception, having changed little since they were first de-
vised a half-century or more ago. Techniques such as
climate-based daylight modelling (CBDM) are gen-
erally preferred by practitioners to evaluate building
designs (Mardaljevic (2006)). However they are cur-
rently deemed too complex for their use to be made
mandatory for regulatory purposes, though there is
one notable example where evaluation of school build-
ing designs using CBDM is compulsory (Mardaljevic
(2015)). This paper proposes a novel framework for
the evaluation of daylight and view which has all the
features necessary to form the basis of a regulatory
method for planning purposes. The basis of the ap-
proach is to evaluate meaningful measures of sunlight,
skylight and view for individual or groups of build-
ing apertures, i.e. windows. Importantly, and unlike
many of the existing approaches, the new method ac-
counts for the window size. Although this first im-
plementation uses Radiance, the calculation is fun-
damentally geometric and therefore suited for im-
plementation as, say, a BIM plugin. The outcome
is largely immune to accidental blunders or deliber-

ate game playing providing the geometry is correct –
an essential consideration for any method that could
form the basis of, say, a future EU/CEN standard.

The evaluation of sunlight, skylight and view at the
building aperture presents something of a paradigm
shift compared to existing approaches. The sunlight
beam index (SBI) was originally conceived as a means
to rate a window aperture’s potential to receive sun-
light for solar access purposes (Mardaljevic and Roy
(2016)). SBI is an area measure of the ‘connected-
ness’ of a building aperture to all of the possible oc-
curring sun positions for that locale and for that par-
ticular aspect of the aperture including all possible
obstructing surfaces – averaged across the aperture.
Similarly, the aperture skylight index (ASI) is an area
measure of the ‘connectedness’ of an aperture to the
sky vault in terms of the illumination received from
a uniform luminance sky dome – averaged across the
aperture (Mardaljevic (2017)). This paper introduces
the concept of the ‘view lumen’ as a measure of the
aperture’s ‘connectedness’ to the three key layers that
provide the components of view: ground, foreground
(e.g. buildings) and sky. In effect, the geometry that
comprises each of the view layers is made luminous,
and the flux of illumination from each layer (received
at the aperture and averaged across it) serves as proxy
measures for each of the view layers.

View ‘layers’

The following is from British Standard BS 8206-2
Lighting for buildings – Code of practice for daylight-
ing (British Standards Institute (2008)):

“Daylighting gives to a building a unique variety and
interest. An interior which looks gloomy, or which
does not have a view to the outside when this could
reasonably be expected, will be considered unsatisfac-
tory by its users.”

‘‘Most unrestricted views have three ‘layers’, as fol-
lows:

1. upper (distant), being the sky and its boundary
with the natural or man-made scene;

2. middle, being the natural or man-made objects
themselves;
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3. lower (close), being the nearby ground.

Views which incorporate all three ‘layers’ are the most
completely satisfying.”

The formulation of view as comprising three ‘layers’
provides the framework for the proposal here that the
lumen can be used as proxy for view. The lumen is the
SI unit of luminous flux (symbol φ, units lm). The SI
unit of illuminance lux (symbol E units lx) is defined
in terms of lumens per unit area, i.e. 1 lx=1 lm m−2.

The principle behind using the lumen as a proxy for
view at the building aperture is simple: the illumi-
nance effect (at the aperture) of a self-luminous ob-
ject is taken to be a measure of the potential view of
that object from the aperture. This is in fact a direct
extension of a recently proposed concept called the
aperture skylight index which, to provide the neces-
sary context, is described below.

The aperture skylight index

The aperture skylight index (ASI) was conceived as
a measure of the ‘connectedness’ of an aperture to
the sky vault in terms of illumination received from
a uniform luminance sky (Mardaljevic (2017)). This
measure was chosen in preference to, say, the solid
angle of sky visible at the aperture for a number of
reasons:

1. Illuminance received at the aperture relates more
directly to the illumination potential of the aper-
ture than solid angle because it already includes
the cosine weighting of the visible sky.

2. The determination of solid angle has to be made
at a point, say, the middle of the aperture,
whereas the illuminance can be determined across
the entire aperture.

3. The use of illuminance determined across the
aperture allows for accurate evaluation of ar-
bitrarily complex shading structures, e.g. brise-
soleil, mashrabiya, etc.

The CIE standard overcast sky formulation was not
used because it is in fact an “extreme” type of over-
cast sky that occurs in reality much less often than
its commonplace usage for daylight evaluations might
suggest (Enarun and Littlefair (1995)). Furthermore,
the ASI is intended to be a measure of connectedness
between the aperture and the sky irrespective of any
particular sky luminance pattern. In that regard, it is
perhaps more in keeping with at least part of the orig-
inal rationale for the daylight factor, i.e. to provide
a rating irrespective of the actually occurring con-
ditions (Mardaljevic and Christoffersen (2017)). The
daylight factor approach may be said, with hindsight,
to have ‘jettisoned’ that founding rationale when the
uniform sky was replaced with the CIE standard over-
cast sky formulation (Mardaljevic (2013)).

The sky is defined as a hemisphere of uniform lumi-
nance. The luminance L assigned to the uniform sky

is 2000/π cd m2. This normalises the sky to deliver
2000 lx of illuminance on the horizontal. Or equiv-
alently, a 1 m2 unobstructed horizontal aperture re-
ceives 2000 lm of illumination from the sky, Figure 1.
A vertical aperture ‘sees’ half as much sky as a hor-
izontal one. Thus the aperture skylight index for a
1 m2 unobstructed vertical aperture is 1000 lm.
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Figure 1: Normalised lux from a sky of luminance
2000/π cd m2 as a function of zenith angle θ.

The lumen as a proxy for view

Keeping with the convention devised for the aper-
ture skylight index, but extending now the concept
to include view, every square metre of aperture has
the potential to receive 2000 lumens of ‘view’ from
the self-luminous entities that comprise the external
scene. Thus the measure of view of the sky is numer-
ically equal to the aforementioned aperture skylight
index. As noted in the previous section, a horizont-
tal 1 m2 aperture in a thin roof (e.g. a skylight) ‘sees’
only the sky and so has an aperture skylight index
of 2000 lm. In the revised schema, the aperture has
2000 lm of view of the sky. And, of course, no view
whatsoever of anything else. A vertical 1 m2 aperture
in a thin wall receives 1000 lm of view of the sky and
1000 lm of view of the ground (in the absence of any
obstructions). The middle ‘layer’ in the British Stan-
dard document is that comprising ‘natural or man-
made objects’, hereafter referred to as ‘obstructions’
for brevity since they can obstruct a view of either or
both of the sky and ground ‘layers’. This is illustrated
in Figure 2 where the three layers of sky, obstructions
and ground are coloured, respectively, red, green and
blue.

As noted in the Introduction, the illuminance re-
ceived at the building aperture from each of the lay-
ers is calculated using the Radiance lighting simula-
tion system (Ward Larson et al. (1998)). The lumi-
nous entities are described in the simulation as fol-
lows. The sky and non-local ground are described as
source solid angles, i.e. effectively at infinity. This
creates a continuous luminous envelope without any
gaps (Figure 2). Nearby ground surfaces are assigned

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
1130

 

 
  



Window
area A

<latexit sha1_base64="gZrypnUe+lvL2OLre7jOZgDK6b4=">AAAB6HicbVDLSgNBEOz1GeMrPm5eBoPgQcKuCHqMePGYgHlAsoTZSW8yZnZ2mZkVwpIv8OJBEa9+kjf/xskmB00saCiquunuChLBtXHdb2dldW19Y7OwVdze2d3bLx0cNnWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwupv6rSdUmsfywYwT9CM6kDzkjBor1W97pbJbcXOQZeLNSbl6DDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rP80Ak5s0qfhLGyJQ3J1d8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy2aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmZcVzK179qly9mKUBBTiBUzgHD66hCvdQgwYwQHiGV3hzHp0X5935mLWuOPOZI/gD5/MH/luNAw==</latexit><latexit sha1_base64="gZrypnUe+lvL2OLre7jOZgDK6b4=">AAAB6HicbVDLSgNBEOz1GeMrPm5eBoPgQcKuCHqMePGYgHlAsoTZSW8yZnZ2mZkVwpIv8OJBEa9+kjf/xskmB00saCiquunuChLBtXHdb2dldW19Y7OwVdze2d3bLx0cNnWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwupv6rSdUmsfywYwT9CM6kDzkjBor1W97pbJbcXOQZeLNSbl6DDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rP80Ak5s0qfhLGyJQ3J1d8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy2aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmZcVzK179qly9mKUBBTiBUzgHD66hCvdQgwYwQHiGV3hzHp0X5935mLWuOPOZI/gD5/MH/luNAw==</latexit><latexit sha1_base64="gZrypnUe+lvL2OLre7jOZgDK6b4=">AAAB6HicbVDLSgNBEOz1GeMrPm5eBoPgQcKuCHqMePGYgHlAsoTZSW8yZnZ2mZkVwpIv8OJBEa9+kjf/xskmB00saCiquunuChLBtXHdb2dldW19Y7OwVdze2d3bLx0cNnWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwupv6rSdUmsfywYwT9CM6kDzkjBor1W97pbJbcXOQZeLNSbl6DDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rP80Ak5s0qfhLGyJQ3J1d8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy2aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmZcVzK179qly9mKUBBTiBUzgHD66hCvdQgwYwQHiGV3hzHp0X5935mLWuOPOZI/gD5/MH/luNAw==</latexit><latexit sha1_base64="l240LcVvAsaJ+xF+/qpIqe167n4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD1WvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M72Z++wmV5rF8MJME/YgOJQ85o8ZKjdt+ueJW3TnIKvFyUoEc9X75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia88TMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14lrcuq51a9xlWldpHHUYQTOIVz8OAaanAPdWgCA4RneIU359F5cd6dj0VrwclnjuEPnM8fjD+Mrw==</latexit>

Sky
Natural/man-made objects
Ground

R
<latexit sha1_base64="vVfLoTQ0p1Dyhrn+x9aJ2d0HRU8=">AAAB6HicbVDLSgNBEOz1GeMrPm5eBoPgQcKuCHoMePGYiHlAsoTZSW8yZnZ2mZkVwpIv8OJBEa9+kjf/xskmB00saCiquunuChLBtXHdb2dldW19Y7OwVdze2d3bLx0cNnWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwup36rSdUmsfywYwT9CM6kDzkjBor1e97pbJbcXOQZeLNSbl6DDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rP80Ak5s0qfhLGyJQ3J1d8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy2aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmZcVzK179qly9mKUBBTiBUzgHD66hCndQgwYwQHiGV3hzHp0X5935mLWuOPOZI/gD5/MHGC6NFA==</latexit><latexit sha1_base64="vVfLoTQ0p1Dyhrn+x9aJ2d0HRU8=">AAAB6HicbVDLSgNBEOz1GeMrPm5eBoPgQcKuCHoMePGYiHlAsoTZSW8yZnZ2mZkVwpIv8OJBEa9+kjf/xskmB00saCiquunuChLBtXHdb2dldW19Y7OwVdze2d3bLx0cNnWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwup36rSdUmsfywYwT9CM6kDzkjBor1e97pbJbcXOQZeLNSbl6DDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rP80Ak5s0qfhLGyJQ3J1d8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy2aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmZcVzK179qly9mKUBBTiBUzgHD66hCndQgwYwQHiGV3hzHp0X5935mLWuOPOZI/gD5/MHGC6NFA==</latexit><latexit sha1_base64="vVfLoTQ0p1Dyhrn+x9aJ2d0HRU8=">AAAB6HicbVDLSgNBEOz1GeMrPm5eBoPgQcKuCHoMePGYiHlAsoTZSW8yZnZ2mZkVwpIv8OJBEa9+kjf/xskmB00saCiquunuChLBtXHdb2dldW19Y7OwVdze2d3bLx0cNnWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwup36rSdUmsfywYwT9CM6kDzkjBor1e97pbJbcXOQZeLNSbl6DDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rP80Ak5s0qfhLGyJQ3J1d8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy2aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmZcVzK179qly9mKUBBTiBUzgHD66hCndQgwYwQHiGV3hzHp0X5935mLWuOPOZI/gD5/MHGC6NFA==</latexit><latexit sha1_base64="zSIYQVP4GaN6q1gO4H4MpvSkZUo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvHhsxX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8MJME/YgOJQ85o8ZKjft+ueJW3TnIKvFyUoEc9X75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia88TMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14lrcuq51a9xlWldpHHUYQTOIVz8OAaanAHdWgCA4RneIU359F5cd6dj0VrwclnjuEPnM8fpgOMwA==</latexit>

G
<latexit sha1_base64="FnJi4srdlCzOPVGbZFQOKphRpbQ=">AAAB6HicbVDLSgNBEOz1GeMrPm5eBoPgQcKuCHoMeNBjAuYByRJmJ73JmNnZZWZWCEu+wIsHRbz6Sd78GyebHDSxoKGo6qa7K0gE18Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Hbqt55QaR7LBzNO0I/oQPKQM2qsVL/rlcpuxc1Blok3J+XqMeSo9Upf3X7M0gilYYJq3fHcxPgZVYYzgZNiN9WYUDaiA+xYKmmE2s/yQyfkzCp9EsbKljQkV39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJZovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEyalxXPrXj1q3L1YpYGFOAETuEcPLiGKtxDDRrAAOEZXuHNeXRenHfnY9a64sxnjuAPnM8fB4KNCQ==</latexit><latexit sha1_base64="FnJi4srdlCzOPVGbZFQOKphRpbQ=">AAAB6HicbVDLSgNBEOz1GeMrPm5eBoPgQcKuCHoMeNBjAuYByRJmJ73JmNnZZWZWCEu+wIsHRbz6Sd78GyebHDSxoKGo6qa7K0gE18Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Hbqt55QaR7LBzNO0I/oQPKQM2qsVL/rlcpuxc1Blok3J+XqMeSo9Upf3X7M0gilYYJq3fHcxPgZVYYzgZNiN9WYUDaiA+xYKmmE2s/yQyfkzCp9EsbKljQkV39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJZovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEyalxXPrXj1q3L1YpYGFOAETuEcPLiGKtxDDRrAAOEZXuHNeXRenHfnY9a64sxnjuAPnM8fB4KNCQ==</latexit><latexit sha1_base64="FnJi4srdlCzOPVGbZFQOKphRpbQ=">AAAB6HicbVDLSgNBEOz1GeMrPm5eBoPgQcKuCHoMeNBjAuYByRJmJ73JmNnZZWZWCEu+wIsHRbz6Sd78GyebHDSxoKGo6qa7K0gE18Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Hbqt55QaR7LBzNO0I/oQPKQM2qsVL/rlcpuxc1Blok3J+XqMeSo9Upf3X7M0gilYYJq3fHcxPgZVYYzgZNiN9WYUDaiA+xYKmmE2s/yQyfkzCp9EsbKljQkV39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJZovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEyalxXPrXj1q3L1YpYGFOAETuEcPLiGKtxDDRrAAOEZXuHNeXRenHfnY9a64sxnjuAPnM8fB4KNCQ==</latexit><latexit sha1_base64="cXRquNATgCGeaj844qU3bbXtdLc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WPOixBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp357SdUmsfywUwS9CM6lDzkjBorNe765Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rwxs+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6rnlv1GleV2kUeRxFO4BTOwYNrqME91KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AJVXjLU=</latexit>

B
<latexit sha1_base64="aPg7sgXzpzI1YIK6jZtAXx8owKk=">AAAB6HicbVDLSgNBEOz1GeMrPm5eBoPgQcKuCHoMevGYgHlAsoTZSW8yZnZ2mZkVwpIv8OJBEa9+kjf/xskmB00saCiquunuChLBtXHdb2dldW19Y7OwVdze2d3bLx0cNnWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwupv6rSdUmsfywYwT9CM6kDzkjBor1W97pbJbcXOQZeLNSbl6DDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rP80Ak5s0qfhLGyJQ3J1d8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy2aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmZcVzK179qly9mKUBBTiBUzgHD66hCvdQgwYwQHiGV3hzHp0X5935mLWuOPOZI/gD5/MH/9+NBA==</latexit><latexit sha1_base64="aPg7sgXzpzI1YIK6jZtAXx8owKk=">AAAB6HicbVDLSgNBEOz1GeMrPm5eBoPgQcKuCHoMevGYgHlAsoTZSW8yZnZ2mZkVwpIv8OJBEa9+kjf/xskmB00saCiquunuChLBtXHdb2dldW19Y7OwVdze2d3bLx0cNnWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwupv6rSdUmsfywYwT9CM6kDzkjBor1W97pbJbcXOQZeLNSbl6DDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rP80Ak5s0qfhLGyJQ3J1d8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy2aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmZcVzK179qly9mKUBBTiBUzgHD66hCvdQgwYwQHiGV3hzHp0X5935mLWuOPOZI/gD5/MH/9+NBA==</latexit><latexit sha1_base64="aPg7sgXzpzI1YIK6jZtAXx8owKk=">AAAB6HicbVDLSgNBEOz1GeMrPm5eBoPgQcKuCHoMevGYgHlAsoTZSW8yZnZ2mZkVwpIv8OJBEa9+kjf/xskmB00saCiquunuChLBtXHdb2dldW19Y7OwVdze2d3bLx0cNnWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwupv6rSdUmsfywYwT9CM6kDzkjBor1W97pbJbcXOQZeLNSbl6DDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rP80Ak5s0qfhLGyJQ3J1d8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy2aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmZcVzK179qly9mKUBBTiBUzgHD66hCvdQgwYwQHiGV3hzHp0X5935mLWuOPOZI/gD5/MH/9+NBA==</latexit><latexit sha1_base64="xIoqs7h219WuDkCto0eLWPBRHz0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M72Z++wmV5rF8MJME/YgOJQ85o8ZKjdt+ueJW3TnIKvFyUoEc9X75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia88TMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14lrcuq51a9xlWldpHHUYQTOIVz8OAaanAPdWgCA4RneIU359F5cd6dj0VrwclnjuEPnM8fjcOMsA==</latexit>

Sky and 
ground
source 
solid 
angles Luminous entities

Figure 2: Specification of the luminous environment
to calculate the view lumen.

the same luminance as the (distant) source solid an-
gle ground. Obstructions which comprise the middle
layer are similarly assigned an equivalent luminance.
The Radiance system has three channels which are
generally used to compute each ray’s contribution
to RGB spectral irradiance, i.e. the primaries com-
monly used in computer graphics to generate colour
images. Note, strictly speaking, luminous entities in
the Radiance system are described in terms of their
spectral radiance. Thereafter, photometric quantities
(typically, illuminance and/or luminance) are derived
from the spectral radiance/irradiance values. How-
ever, for simplicity, the luminous entities in the Ra-
diance scene(s) are described here in terms of their
(derived) photometric values rather than the actual
radiometric quantities specified in the input files.

That the British Standard refers to three layers of
view which is also the number of spectral channels
used by Radiance is, of course, merely a coincidence.
Albeit a useful one since the illuminance contribution
from three (luminous) view layers can be determined
in a single run by setting each respective view layer
to have a red, green or blue radiance value. This also
helps with regard to intelligibility of the scene content
since the layers are readily identified by their colour,
as will be demonstrated in the examples that follow.

Scene 1: Illuminance and view at
a point

Scene 1 description

This example demonstrates the basic principle for us-
ing illumination as a proxy for view by considering
the illumination effect of a unit square polygon (e.g.
‘obstruction’) at various distances and for three view

vectors. A graphic of the scene is shown in Figure 3.
The obstruction is positioned centrally above the XY
plane and aligned along the y-axis. There are five cal-
culation points distributed along the positive y-axis
with distance from the obstruction/origin yp ranging
from 0.2 to 5. The view vector defines the orien-
tation of the (virtual) surface for the calculation of
illuminance, i.e. it is the surface normal for the (vir-
tual) receiving surface. The three view vectors are:
directed towards the obstruction; directed 45◦ away
from the obstruction; and, directed 90◦ away from
the obstruction (Figure 3).
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(1 -1 0)
<latexit sha1_base64="/flQ1o2U/4yJga/uMjZwwteV2FY=">AAAB+nicbZDLSsNAFIZP6q3WW6ru3ASLUBeWRAS7LLhxWcFeoA1lMp20QycXZk7UEts3ceNCEbc+iTvfxmnahVZ/OPDxn3OYM78XC67Qtr+M3Mrq2vpGfrOwtb2zu2cW95sqSiRlDRqJSLY9opjgIWsgR8HasWQk8ARreaOrWb91x6TiUXiL45i5ARmE3OeUoLZ6ZrGL7AHTsjOdnumyTyc9s2RX7EzWX3AWUKodQqZ6z/zs9iOaBCxEKohSHceO0U2JRE4FmxS6iWIxoSMyYB2NIQmYctPs9Il1op2+5UdSV4hW5v7cSEmg1Djw9GRAcKiWezPzv14nQb/qpjyME2QhnT/kJ8LCyJrlYPW5ZBTFWAOhkutbLTokklDUaRV0CM7yl/9C87ziaL65KNWq8zQgD0dwDGVw4BJqcA11aACFe3iCF3g1Ho1n4814n4/mjMXOAfyS8fEN5NyTwA==</latexit><latexit sha1_base64="/flQ1o2U/4yJga/uMjZwwteV2FY=">AAAB+nicbZDLSsNAFIZP6q3WW6ru3ASLUBeWRAS7LLhxWcFeoA1lMp20QycXZk7UEts3ceNCEbc+iTvfxmnahVZ/OPDxn3OYM78XC67Qtr+M3Mrq2vpGfrOwtb2zu2cW95sqSiRlDRqJSLY9opjgIWsgR8HasWQk8ARreaOrWb91x6TiUXiL45i5ARmE3OeUoLZ6ZrGL7AHTsjOdnumyTyc9s2RX7EzWX3AWUKodQqZ6z/zs9iOaBCxEKohSHceO0U2JRE4FmxS6iWIxoSMyYB2NIQmYctPs9Il1op2+5UdSV4hW5v7cSEmg1Djw9GRAcKiWezPzv14nQb/qpjyME2QhnT/kJ8LCyJrlYPW5ZBTFWAOhkutbLTokklDUaRV0CM7yl/9C87ziaL65KNWq8zQgD0dwDGVw4BJqcA11aACFe3iCF3g1Ho1n4814n4/mjMXOAfyS8fEN5NyTwA==</latexit><latexit sha1_base64="/flQ1o2U/4yJga/uMjZwwteV2FY=">AAAB+nicbZDLSsNAFIZP6q3WW6ru3ASLUBeWRAS7LLhxWcFeoA1lMp20QycXZk7UEts3ceNCEbc+iTvfxmnahVZ/OPDxn3OYM78XC67Qtr+M3Mrq2vpGfrOwtb2zu2cW95sqSiRlDRqJSLY9opjgIWsgR8HasWQk8ARreaOrWb91x6TiUXiL45i5ARmE3OeUoLZ6ZrGL7AHTsjOdnumyTyc9s2RX7EzWX3AWUKodQqZ6z/zs9iOaBCxEKohSHceO0U2JRE4FmxS6iWIxoSMyYB2NIQmYctPs9Il1op2+5UdSV4hW5v7cSEmg1Djw9GRAcKiWezPzv14nQb/qpjyME2QhnT/kJ8LCyJrlYPW5ZBTFWAOhkutbLTokklDUaRV0CM7yl/9C87ziaL65KNWq8zQgD0dwDGVw4BJqcA11aACFe3iCF3g1Ho1n4814n4/mjMXOAfyS8fEN5NyTwA==</latexit><latexit sha1_base64="ls17M2naOOURIoM6wFjxglrbNgg=">AAAB+nicbZDLSsNAFIYn9VbrLdWlm8Ei1IUlEcEuC25cVrAXaEOZTCft0MkkzJyoJbZv4saFIm59Ene+jdM2C2394cDHf85hzvx+LLgGx/m2cmvrG5tb+e3Czu7e/oFdPGzqKFGUNWgkItX2iWaCS9YADoK1Y8VI6AvW8kfXs37rninNI3kH45h5IRlIHnBKwFg9u9gF9ghp2Z1Oz005Z5OeXXIqzlx4FdwMSihTvWd/dfsRTUImgQqidcd1YvBSooBTwSaFbqJZTOiIDFjHoCQh0146P32CT43Tx0GkTEnAc/f3RkpCrcehbyZDAkO93JuZ//U6CQRVL+UyToBJungoSASGCM9ywH2uGAUxNkCo4uZWTIdEEQomrYIJwV3+8io0Lyqu4dvLUq2axZFHx+gElZGLrlAN3aA6aiCKHtAzekVv1pP1Yr1bH4vRnJXtHKE/sj5/AHLAk2w=</latexit>

(1 0 0)
<latexit sha1_base64="fIVN291a+fYND9ekrF6kIeHE2ZA=">AAAB+XicbZDLSsNAFIZP6q3WW7zs3ASLUDclEcEuC25cVrAXaEOZTKft0MkkzJwUS2ifxI0LRdz6Ju58G6dpF9p6mIGP/z+HOfMHseAaXffbym1sbm3v5HcLe/sHh0f28UlDR4mirE4jEalWQDQTXLI6chSsFStGwkCwZjC6m/vNMVOaR/IRJzHzQzKQvM8pQSN1bbuD7AnTkjebueZcTbt20S27WTnr4C2hWD2DrGpd+6vTi2gSMolUEK3bnhujnxKFnAo2LXQSzWJCR2TA2gYlCZn202zzqXNplJ7Tj5S5Ep1M/T2RklDrSRiYzpDgUK96c/E/r51gv+KnXMYJMkkXD/UT4WDkzGNwelwximJigFDFza4OHRJFKJqwCiYEb/XL69C4LnuGH26K1coiDcjDOVxACTy4hSrcQw3qQGEMz/AKb1ZqvVjv1seiNWctZ07hT1mfP3T/k4g=</latexit><latexit sha1_base64="fIVN291a+fYND9ekrF6kIeHE2ZA=">AAAB+XicbZDLSsNAFIZP6q3WW7zs3ASLUDclEcEuC25cVrAXaEOZTKft0MkkzJwUS2ifxI0LRdz6Ju58G6dpF9p6mIGP/z+HOfMHseAaXffbym1sbm3v5HcLe/sHh0f28UlDR4mirE4jEalWQDQTXLI6chSsFStGwkCwZjC6m/vNMVOaR/IRJzHzQzKQvM8pQSN1bbuD7AnTkjebueZcTbt20S27WTnr4C2hWD2DrGpd+6vTi2gSMolUEK3bnhujnxKFnAo2LXQSzWJCR2TA2gYlCZn202zzqXNplJ7Tj5S5Ep1M/T2RklDrSRiYzpDgUK96c/E/r51gv+KnXMYJMkkXD/UT4WDkzGNwelwximJigFDFza4OHRJFKJqwCiYEb/XL69C4LnuGH26K1coiDcjDOVxACTy4hSrcQw3qQGEMz/AKb1ZqvVjv1seiNWctZ07hT1mfP3T/k4g=</latexit><latexit sha1_base64="fIVN291a+fYND9ekrF6kIeHE2ZA=">AAAB+XicbZDLSsNAFIZP6q3WW7zs3ASLUDclEcEuC25cVrAXaEOZTKft0MkkzJwUS2ifxI0LRdz6Ju58G6dpF9p6mIGP/z+HOfMHseAaXffbym1sbm3v5HcLe/sHh0f28UlDR4mirE4jEalWQDQTXLI6chSsFStGwkCwZjC6m/vNMVOaR/IRJzHzQzKQvM8pQSN1bbuD7AnTkjebueZcTbt20S27WTnr4C2hWD2DrGpd+6vTi2gSMolUEK3bnhujnxKFnAo2LXQSzWJCR2TA2gYlCZn202zzqXNplJ7Tj5S5Ep1M/T2RklDrSRiYzpDgUK96c/E/r51gv+KnXMYJMkkXD/UT4WDkzGNwelwximJigFDFza4OHRJFKJqwCiYEb/XL69C4LnuGH26K1coiDcjDOVxACTy4hSrcQw3qQGEMz/AKb1ZqvVjv1seiNWctZ07hT1mfP3T/k4g=</latexit><latexit sha1_base64="DA3DDWnBi08Qmvhkl2QOQtBMFL4=">AAAB+XicbZDLSsNAFIYnXmu9RV26CRahbkoigl0W3LisYC/QhjKZnrRDJ5Mwc1IsoX0SNy4UceubuPNtnLZZaOthBj7+/xzmzB8kgmt03W9rY3Nre2e3sFfcPzg8OrZPTps6ThWDBotFrNoB1SC4hAZyFNBOFNAoENAKRndzvzUGpXksH3GSgB/RgeQhZxSN1LPtLsITZmVvNnPNuZr27JJbcRflrIOXQ4nkVe/ZX91+zNIIJDJBte54boJ+RhVyJmBa7KYaEspGdAAdg5JGoP1ssfnUuTRK3wljZa5EZ6H+nshopPUkCkxnRHGoV725+J/XSTGs+hmXSYog2fKhMBUOxs48BqfPFTAUEwOUKW52ddiQKsrQhFU0IXirX16H5nXFM/xwU6pV8zgK5JxckDLxyC2pkXtSJw3CyJg8k1fyZmXWi/VufSxbN6x85oz8KevzBwLjkzQ=</latexit>

Figure 3: 3D graphic of scene 1 showing obstruction
and the five calculation points.

Hemispherical and angular fish-eye renderings of the
scene from the viewpoint yp=0.2 and directed along
vector (0 −1 0) are shown in Figure 4. Note, the
hemispherical fisheye view more closely relates to the
illuminance received at the point than the angular
view.

Hemispherical Angular

Figure 4: Hemispherical and angular (normal) views
of obstruction at yp=0.2.

Scene 1 results

The hemispherical fisheye view of the obstruction and
the illuminance effect produced by it at all 15 combi-
nations of five viewpoints and three view vectors are
given in Figure 5. The illuminance at the point pro-
duced by the (green) obstruction is superposed over
the (blue) ground. For all cases, the total illuminance
from all three view layers is 2000 lux:

2000 = Esky + Eobs + Egnd (1)

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
1131

 

 
  



The ground comprises half the view in every case,
thus the illuminance effect of the ground Egnd is
1000 lux for all the cases shown in Figure 5. Thus
the illuminance effect of the sky Esky (not shown in
the figure) is simply:

Esky = 1000 − Eobs (2)

Figure 5 also shows the solid angle of the obstruction
ωobs from the point yp for each of the five distances.
This illustration clearly shows how the illuminance ef-
fect of the obstruction varies with distance and view
direction. At the viewpoint closest to the obstruc-
tion (yp=0.2), the illuminance effect diminishes from
921 lux to 310 lux (i.e. by a factor of ∼3) as the view-
point shifts from normal to orthogonal. At yp=1 the
change in view direction results in the illuminance di-
minishing from 360 lux to 42 lux: a factor ∼9 drop.
At yp=2 the same change in view direction results in
a drop of factor ∼16.
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0.2

0.5
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!obs
<latexit sha1_base64="vkty2uW6VzkJ7LDmXZLrRcD10AM=">AAAB83icbZDLSgMxFIbP1Futt3rZuQkWwVWZEcEuC25cVrAX6Awlk2ba0FyGJCOUoa/hxoUibn0Zd76N6bQLbf0h8PGfczgnf5xyZqzvf3uljc2t7Z3ybmVv/+DwqHp80jEq04S2ieJK92JsKGeSti2znPZSTbGIOe3Gk7t5vftEtWFKPtppSiOBR5IljGDrrDBUgo7wIFexmQ2qNb/uF0LrECyh1jyDQq1B9SscKpIJKi3h2Jh+4Kc2yrG2jHA6q4SZoSkmEzyifYcSC2qivLh5hi6dM0SJ0u5Jiwr390SOhTFTEbtOge3YrNbm5n+1fmaTRpQzmWaWSrJYlGQcWYXmAaAh05RYPnWAiWbuVkTGWGNiXUwVF0Kw+uV16FzXA8cPN7VmY5EGlOEcLuAKAriFJtxDC9pAIIVneIU3L/NevHfvY9Fa8pYzp/BH3ucP5N+SPA==</latexit><latexit sha1_base64="vkty2uW6VzkJ7LDmXZLrRcD10AM=">AAAB83icbZDLSgMxFIbP1Futt3rZuQkWwVWZEcEuC25cVrAX6Awlk2ba0FyGJCOUoa/hxoUibn0Zd76N6bQLbf0h8PGfczgnf5xyZqzvf3uljc2t7Z3ybmVv/+DwqHp80jEq04S2ieJK92JsKGeSti2znPZSTbGIOe3Gk7t5vftEtWFKPtppSiOBR5IljGDrrDBUgo7wIFexmQ2qNb/uF0LrECyh1jyDQq1B9SscKpIJKi3h2Jh+4Kc2yrG2jHA6q4SZoSkmEzyifYcSC2qivLh5hi6dM0SJ0u5Jiwr390SOhTFTEbtOge3YrNbm5n+1fmaTRpQzmWaWSrJYlGQcWYXmAaAh05RYPnWAiWbuVkTGWGNiXUwVF0Kw+uV16FzXA8cPN7VmY5EGlOEcLuAKAriFJtxDC9pAIIVneIU3L/NevHfvY9Fa8pYzp/BH3ucP5N+SPA==</latexit><latexit sha1_base64="vkty2uW6VzkJ7LDmXZLrRcD10AM=">AAAB83icbZDLSgMxFIbP1Futt3rZuQkWwVWZEcEuC25cVrAX6Awlk2ba0FyGJCOUoa/hxoUibn0Zd76N6bQLbf0h8PGfczgnf5xyZqzvf3uljc2t7Z3ybmVv/+DwqHp80jEq04S2ieJK92JsKGeSti2znPZSTbGIOe3Gk7t5vftEtWFKPtppSiOBR5IljGDrrDBUgo7wIFexmQ2qNb/uF0LrECyh1jyDQq1B9SscKpIJKi3h2Jh+4Kc2yrG2jHA6q4SZoSkmEzyifYcSC2qivLh5hi6dM0SJ0u5Jiwr390SOhTFTEbtOge3YrNbm5n+1fmaTRpQzmWaWSrJYlGQcWYXmAaAh05RYPnWAiWbuVkTGWGNiXUwVF0Kw+uV16FzXA8cPN7VmY5EGlOEcLuAKAriFJtxDC9pAIIVneIU3L/NevHfvY9Fa8pYzp/BH3ucP5N+SPA==</latexit><latexit sha1_base64="MciJE7wTmpqEw7+CA2C850ID9h4=">AAAB83icbZDLSgNBEEVrfMb4irp0MxgEV2FGBLMMuHEZwTwgM4SeTiVp0o+hu0cIQ37DjQtF3Poz7vwbO8ksNPFCw+FWFVV9k5QzY4Pg29vY3Nre2S3tlfcPDo+OKyenbaMyTbFFFVe6mxCDnElsWWY5dlONRCQcO8nkbl7vPKE2TMlHO00xFmQk2ZBRYp0VRUrgiPRzlZhZv1INasFC/jqEBVShULNf+YoGimYCpaWcGNMLg9TGOdGWUY6zcpQZTAmdkBH2HEoi0MT54uaZf+mcgT9U2j1p/YX7eyInwpipSFynIHZsVmtz879aL7PDepwzmWYWJV0uGmbct8qfB+APmEZq+dQBoZq5W306JppQ62IquxDC1S+vQ/u6Fjp+uKk26kUcJTiHC7iCEG6hAffQhBZQSOEZXuHNy7wX7937WLZueMXMGfyR9/kDcsOR6A==</latexit>

yp
<latexit sha1_base64="ZlVmHS0x3hwEXSDNpOBZ3NMJfOE=">AAAB6nicbZDLSsNAFIZPvNZ6q5edm8EiuCqJCHZZcOOyor1AG8pkOmmHTiZh5kQIoY/gxoUibn0id76N07QLbf1h4OM/5zDn/EEihUHX/XbW1jc2t7ZLO+Xdvf2Dw8rRcdvEqWa8xWIZ625ADZdC8RYKlLybaE6jQPJOMLmd1TtPXBsRq0fMEu5HdKREKBhFaz1kg2RQqbo1txBZBW8B1cYpFGoOKl/9YczSiCtkkhrT89wE/ZxqFEzyabmfGp5QNqEj3rOoaMSNnxerTsmFdYYkjLV9Cknh/p7IaWRMFgW2M6I4Nsu1mflfrZdiWPdzoZIUuWLzj8JUEozJ7G4yFJozlJkFyrSwuxI2ppoytOmUbQje8smr0L6qeZbvr6uN+jwNKMEZnMMleHADDbiDJrSAwQie4RXeHOm8OO/Ox7x1zVnMnMAfOZ8/286OKg==</latexit><latexit sha1_base64="ZlVmHS0x3hwEXSDNpOBZ3NMJfOE=">AAAB6nicbZDLSsNAFIZPvNZ6q5edm8EiuCqJCHZZcOOyor1AG8pkOmmHTiZh5kQIoY/gxoUibn0id76N07QLbf1h4OM/5zDn/EEihUHX/XbW1jc2t7ZLO+Xdvf2Dw8rRcdvEqWa8xWIZ625ADZdC8RYKlLybaE6jQPJOMLmd1TtPXBsRq0fMEu5HdKREKBhFaz1kg2RQqbo1txBZBW8B1cYpFGoOKl/9YczSiCtkkhrT89wE/ZxqFEzyabmfGp5QNqEj3rOoaMSNnxerTsmFdYYkjLV9Cknh/p7IaWRMFgW2M6I4Nsu1mflfrZdiWPdzoZIUuWLzj8JUEozJ7G4yFJozlJkFyrSwuxI2ppoytOmUbQje8smr0L6qeZbvr6uN+jwNKMEZnMMleHADDbiDJrSAwQie4RXeHOm8OO/Ox7x1zVnMnMAfOZ8/286OKg==</latexit><latexit sha1_base64="ZlVmHS0x3hwEXSDNpOBZ3NMJfOE=">AAAB6nicbZDLSsNAFIZPvNZ6q5edm8EiuCqJCHZZcOOyor1AG8pkOmmHTiZh5kQIoY/gxoUibn0id76N07QLbf1h4OM/5zDn/EEihUHX/XbW1jc2t7ZLO+Xdvf2Dw8rRcdvEqWa8xWIZ625ADZdC8RYKlLybaE6jQPJOMLmd1TtPXBsRq0fMEu5HdKREKBhFaz1kg2RQqbo1txBZBW8B1cYpFGoOKl/9YczSiCtkkhrT89wE/ZxqFEzyabmfGp5QNqEj3rOoaMSNnxerTsmFdYYkjLV9Cknh/p7IaWRMFgW2M6I4Nsu1mflfrZdiWPdzoZIUuWLzj8JUEozJ7G4yFJozlJkFyrSwuxI2ppoytOmUbQje8smr0L6qeZbvr6uN+jwNKMEZnMMleHADDbiDJrSAwQie4RXeHOm8OO/Ox7x1zVnMnMAfOZ8/286OKg==</latexit><latexit sha1_base64="btCn4ckzo0g+z4qRDv6VgwtZ4co=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeyx4MVjRfsBbSib7aZdutmE3YkQQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjuljc2t7Z3ybmVv/+DwqHp80jFxqhlvs1jGuhdQw6VQvI0CJe8lmtMokLwbTG/n9e4T10bE6hGzhPsRHSsRCkbRWg/ZMBlWa27dXYisg1dADQq1htWvwShmacQVMkmN6Xtugn5ONQom+awySA1PKJvSMe9bVDTixs8Xq87IhXVGJIy1fQrJwv09kdPImCwKbGdEcWJWa3Pzv1o/xbDh50IlKXLFlh+FqSQYk/ndZCQ0ZygzC5RpYXclbEI1ZWjTqdgQvNWT16FzVfcs31/Xmo0ijjKcwTlcggc30IQ7aEEbGIzhGV7hzZHOi/PufCxbS04xcwp/5Hz+AGmyjdY=</latexit>

(0 -1 0)
<latexit sha1_base64="e909DLX9Jk3Uw6VF+e8IWPjas38=">AAAB+nicbZDLSsNAFIZP6q3WW6ru3ASLUBeWRAS7LLhxWcFeoA1lMp20QycXZk7UEts3ceNCEbc+iTvfxmnahVZ/GPj4zzmcM78XC67Qtr+M3Mrq2vpGfrOwtb2zu2cW95sqSiRlDRqJSLY9opjgIWsgR8HasWQk8ARreaOrWb11x6TiUXiL45i5ARmE3OeUoLZ6ZrGL7AHTsj2dnjnTqX066Zklu2Jnsv6Cs4BS7RAy1XvmZ7cf0SRgIVJBlOo4doxuSiRyKtik0E0UiwkdkQHraAxJwJSbZqdPrBPt9C0/kvqFaGXuz4mUBEqNA093BgSHark2M/+rdRL0q27KwzhBFtL5Ij8RFkbWLAerzyWjKMYaCJVc32rRIZGEok6roENwlr/8F5rnFUfzzUWpVp2nAXk4gmMogwOXUINrqEMDKNzDE7zAq/FoPBtvxvu8NWcsZg7gl4yPb+NPk78=</latexit><latexit sha1_base64="e909DLX9Jk3Uw6VF+e8IWPjas38=">AAAB+nicbZDLSsNAFIZP6q3WW6ru3ASLUBeWRAS7LLhxWcFeoA1lMp20QycXZk7UEts3ceNCEbc+iTvfxmnahVZ/GPj4zzmcM78XC67Qtr+M3Mrq2vpGfrOwtb2zu2cW95sqSiRlDRqJSLY9opjgIWsgR8HasWQk8ARreaOrWb11x6TiUXiL45i5ARmE3OeUoLZ6ZrGL7AHTsj2dnjnTqX066Zklu2Jnsv6Cs4BS7RAy1XvmZ7cf0SRgIVJBlOo4doxuSiRyKtik0E0UiwkdkQHraAxJwJSbZqdPrBPt9C0/kvqFaGXuz4mUBEqNA093BgSHark2M/+rdRL0q27KwzhBFtL5Ij8RFkbWLAerzyWjKMYaCJVc32rRIZGEok6roENwlr/8F5rnFUfzzUWpVp2nAXk4gmMogwOXUINrqEMDKNzDE7zAq/FoPBtvxvu8NWcsZg7gl4yPb+NPk78=</latexit><latexit sha1_base64="e909DLX9Jk3Uw6VF+e8IWPjas38=">AAAB+nicbZDLSsNAFIZP6q3WW6ru3ASLUBeWRAS7LLhxWcFeoA1lMp20QycXZk7UEts3ceNCEbc+iTvfxmnahVZ/GPj4zzmcM78XC67Qtr+M3Mrq2vpGfrOwtb2zu2cW95sqSiRlDRqJSLY9opjgIWsgR8HasWQk8ARreaOrWb11x6TiUXiL45i5ARmE3OeUoLZ6ZrGL7AHTsj2dnjnTqX066Zklu2Jnsv6Cs4BS7RAy1XvmZ7cf0SRgIVJBlOo4doxuSiRyKtik0E0UiwkdkQHraAxJwJSbZqdPrBPt9C0/kvqFaGXuz4mUBEqNA093BgSHark2M/+rdRL0q27KwzhBFtL5Ij8RFkbWLAerzyWjKMYaCJVc32rRIZGEok6roENwlr/8F5rnFUfzzUWpVp2nAXk4gmMogwOXUINrqEMDKNzDE7zAq/FoPBtvxvu8NWcsZg7gl4yPb+NPk78=</latexit><latexit sha1_base64="+5Qv/Q0qVQvKQIGXZmCBK7Hwbbw=">AAAB+nicbZDLSsNAFIYn9VbrLdWlm8Ei1IUlEcEuC25cVrAXaEuZTCft0MkkzJyoJTZv4saFIm59Ene+jdM2C239YeDjP+dwzvxeJLgGx/m2cmvrG5tb+e3Czu7e/oFdPGzqMFaUNWgoQtX2iGaCS9YADoK1I8VI4AnW8sbXs3rrninNQ3kHk4j1AjKU3OeUgLH6drEL7BGSspOm526aOmfTvl1yKs5ceBXcDEooU71vf3UHIY0DJoEKonXHdSLoJUQBp4JNC91Ys4jQMRmyjkFJAqZ7yfz0KT41zgD7oTJPAp67vycSEmg9CTzTGRAY6eXazPyv1onBr/YSLqMYmKSLRX4sMIR4lgMecMUoiIkBQhU3t2I6IopQMGkVTAju8pdXoXlRcQ3fXpZq1SyOPDpGJ6iMXHSFaugG1VEDUfSAntErerOerBfr3fpYtOasbOYI/ZH1+QNxM5Nr</latexit>
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Figure 5: Illuminance received from the obstruction at
all 15 combinations of five viewpoints and three view
vectors.

The same data presented graphically better illus-
trates the relation between distance, view direction
and the illuminance effect of the obstruction. Readily
apparent in Figure 6, the fall-off in solid angle closely
follows the overall trends in the diminution of illumi-
nance with increasing distance from the obstruction.
However, of course, the solid angle subtended by the
obstruction at any particular distance is the same ir-
respective of view direction, whereas the illuminance

effect varies strongly with view direction. It would ap-
pear largely self-evident from this simple illustration
that the illumination effect from the layers of view
certainly has some potential to serve as a basis for
the quantification of view. This is further extended
in the example below where, rather than illuminance
at a point, it is lumens arriving at an aperture that
form the the measure of view.
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⇡
<latexit sha1_base64="9FfS0pSzgYifISbrC5GtYtG/V7Q=">AAAB6nicdVDJSgNBEK2JW4xbXG5eGoPgaehJYqK3oBePEc0CyRB6Oj1Jk56F7h4hDPkELx4U8eoXefNv7EwUVPRBweO9KqrqebHgSmP8buWWlldW1/LrhY3Nre2d4u5eW0WJpKxFIxHJrkcUEzxkLc21YN1YMhJ4gnW8yeXc79wxqXgU3uppzNyAjELuc0q0kW76MR8US9guV+rlag1h+9zBtcqpIbjsVGt15Ng4Q6lxABmag+JbfxjRJGChpoIo1XNwrN2USM2pYLNCP1EsJnRCRqxnaEgCptw0O3WGjo0yRH4kTYUaZer3iZQESk0Dz3QGRI/Vb28u/uX1Eu2fuSkP40SzkC4W+YlAOkLzv9GQS0a1mBpCqOTmVkTHRBKqTToFE8LXp+h/0i7bDrad62qpcbFIA/JwCEdwAg7UoQFX0IQWUBjBPTzCkyWsB+vZelm05qzPmX34Aev1AyRYjmU=</latexit><latexit sha1_base64="9FfS0pSzgYifISbrC5GtYtG/V7Q=">AAAB6nicdVDJSgNBEK2JW4xbXG5eGoPgaehJYqK3oBePEc0CyRB6Oj1Jk56F7h4hDPkELx4U8eoXefNv7EwUVPRBweO9KqrqebHgSmP8buWWlldW1/LrhY3Nre2d4u5eW0WJpKxFIxHJrkcUEzxkLc21YN1YMhJ4gnW8yeXc79wxqXgU3uppzNyAjELuc0q0kW76MR8US9guV+rlag1h+9zBtcqpIbjsVGt15Ng4Q6lxABmag+JbfxjRJGChpoIo1XNwrN2USM2pYLNCP1EsJnRCRqxnaEgCptw0O3WGjo0yRH4kTYUaZer3iZQESk0Dz3QGRI/Vb28u/uX1Eu2fuSkP40SzkC4W+YlAOkLzv9GQS0a1mBpCqOTmVkTHRBKqTToFE8LXp+h/0i7bDrad62qpcbFIA/JwCEdwAg7UoQFX0IQWUBjBPTzCkyWsB+vZelm05qzPmX34Aev1AyRYjmU=</latexit><latexit sha1_base64="9FfS0pSzgYifISbrC5GtYtG/V7Q=">AAAB6nicdVDJSgNBEK2JW4xbXG5eGoPgaehJYqK3oBePEc0CyRB6Oj1Jk56F7h4hDPkELx4U8eoXefNv7EwUVPRBweO9KqrqebHgSmP8buWWlldW1/LrhY3Nre2d4u5eW0WJpKxFIxHJrkcUEzxkLc21YN1YMhJ4gnW8yeXc79wxqXgU3uppzNyAjELuc0q0kW76MR8US9guV+rlag1h+9zBtcqpIbjsVGt15Ng4Q6lxABmag+JbfxjRJGChpoIo1XNwrN2USM2pYLNCP1EsJnRCRqxnaEgCptw0O3WGjo0yRH4kTYUaZer3iZQESk0Dz3QGRI/Vb28u/uX1Eu2fuSkP40SzkC4W+YlAOkLzv9GQS0a1mBpCqOTmVkTHRBKqTToFE8LXp+h/0i7bDrad62qpcbFIA/JwCEdwAg7UoQFX0IQWUBjBPTzCkyWsB+vZelm05qzPmX34Aev1AyRYjmU=</latexit><latexit sha1_base64="gr//YVim2AMtTH2CbRZijPHJgYM=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4GnomMdFb0IvHiGaBZAg9nZ6kSc9Cd48QhnyCFw+KePWLvPk3dhZBRR8UPN6roqqenwiuNMYfVm5ldW19I79Z2Nre2d0r7h+0VJxKypo0FrHs+EQxwSPW1FwL1kkkI6EvWNsfX8389j2TisfRnZ4kzAvJMOIBp0Qb6baX8H6xhG23XHMrVYTtCwdXy2eGYNepVGvIsfEcJVii0S++9wYxTUMWaSqIUl0HJ9rLiNScCjYt9FLFEkLHZMi6hkYkZMrL5qdO0YlRBiiIpalIo7n6fSIjoVKT0DedIdEj9dubiX953VQH517GoyTVLKKLRUEqkI7R7G804JJRLSaGECq5uRXREZGEapNOwYTw9Sn6n7Rc28G2c1Mp1S+XceThCI7hFByoQR2uoQFNoDCEB3iCZ0tYj9aL9bpozVnLmUP4AevtE7ItjhE=</latexit>

Figure 6: Illuminance effect and solid angle as a func-
tion of distance.

Scene 2: View lumens at an aperture

Scene 2 description

This scene comprises a hypothetical room with a 1 m2

window aperture set in a 0.3 m deep reveal – delib-
erately chosen to be large to demonstrate the view
shading effect of intrinsic structural elements, Fig-
ure 7. A measure of the view of each of the three
layers from the aperture is taken to be equivalent to
the lumens arriving at the aperture from each of the
three layers in turn. The first two cases (A and B)
consider the view layers of sky and ground only. To
illustrate the view shading effect of the reveal, the
first case (A) considers the aperture without the re-
veal; and the next case (B) with the reveal. Three
‘natural or man-made’ obstructions are evaluated in
turn: a sloped object (C); a set of six vertical strips
(D); and, a small square obstruction (E), Figure 7.

For comparison, the view lumens calculated across
the aperture are compared with the view lumens cal-
culated at a single point at the middle of the aperture
– numerically this is equal to the illuminance calcu-
lated at the point multiplied by the area (i.e. 1 m2).

Scene 2 results

Prior to the five A to E cases, the first result pre-
sented here is an illustration of the difference be-
tween an area calculation of lumens and a point esti-
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Figure 7: 3D graphic of scene 2.

mate when intrinsic shading structures such a win-
dow reveal are present. The illuminance across a
1 m2 aperture set in a 0.3 m reveal is presented in
Figure 8. Note, for this illustration there is no at-
tempt to make a distinction between the three view
layers. Recall that all the luminous entities in the
scene (apart from intrinsic structural elements) have
a luminance of 2000/π cd m2, and so will produce an
illuminance of 2000 lux in the absence of any shading
from intrinsic structural elements. Thus, without a
reveal, the illuminance across the aperture would be a
uniform 2000 lux. With the reveal, however, the illu-
minance across the aperture ranges from a minimum
of 471 in the corners to a maximum of 1556 lux in the
middle. The mean illuminance across the aperture E
was 1159 lux (Figure 8). The total lumens φ received
at the aperture area A is simply:

φ = EA (3)

Thus the 1 m2 aperture received 1159 of the maxi-
mum possible 2000 view lumens. The ‘lost’ lumens
are those caused by the shading of the reveal, i.e. a
view loss due to self-shading by intrinsic structural
elements. Consider now the degree to which the mid-
dle point estimate of lumens received (i.e. 1556 lm)
exceeds the actual value calculated across the aper-
ture (i.e. 1159 lm).

Since each square metre of aperture has the potential
to receive 2000 lm of view, the view lumens lost due
to shading by intrinsic structural elements (reveals,
overhangs, balconies, etc.) is, in the general case for

an aperture area A, simply:

φlost = 2000A− (φsky + φobs + φgnd) (4)

Thus, 841 lm of view were lost due to the deep reveal
for the example shown in Figure 8.

lux

  
400
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1000
1200
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1600
1800
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Mean
Min

1556 lux
1159 lux
471 lux

Figure 8: Illuminance across a 1m2 aperture set in a
0.3 m reveal.

Moving on now to the point estimate and aperture
values of the view lumens for the five A to E cases, the
results are summarised in Figure 9. For each case, the
view lumens from each of the three layers are shown
for the point estimate and the aperture calculation.
The rendering shows the simulated view of each case
from the centre of the aperture.

Case A: For both the point estimate and aperture
calculation the results are identical – both predict a
1000 lm of view of the sky and a 1000 lm of view of the
ground. To be expected since, without a reveal, the
view of the scene does not vary across the aperture.

Case B: Now the shading effect of the reveal
markedly diminishes the view lumens from both the
sky and the ground, however the reduction for the
aperture (1000 to 580 lm) is much greater than that
for the point (1000 to 774 lm). The view lumens
calculated using the single point totalled 1548 lm,
whereas those calculated across the aperture totalled
1160 lm.

Cases C to E: For these remaining cases there are
three view layers. In each case, the point calculation
significantly overestimates the view lumens arriving
at the aperture compared to the aperture calculation.
The degree to which this occurs depends on the visual
extent of the obstruction from the aperture. For cases
C and D the point calculation overestimates the view
lumens of the obstruction significantly – by approxi-
mately a quarter and a third respectively. However,
for case E, where the obstruction is centrally placed
and subtends a small angle, the overestimation is neg-
ligible, i.e. 136 view lumens compared to 130 for the
aperture calculation.
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Figure 9: Lumens received from sky, obstruction and
ground – point and aperture calculation.

The sunlight beam index

To complete the picture presented here of, what
is tentatively called, ‘aperture-based daylight mod-
elling’, a brief recap of the sunlight beam index is
given in this section. As noted in the Introduction,
the sunlight beam index is a measure of an aperture’s
‘connectedness’ to all of the annually occurring pos-
sible sun positions where sunlight can be incident on
the aperture (Mardaljevic and Roy (2016)). A sin-
gle, unambiguous measure of sunlight beam potential
forms the basis of the sunlight beam index (SBI). The
annual SBI is the cumulative measure of the cross-
sectional area of sunbeam that can pass through a
window aperture over the period of a full year. It
accounts for all the possible above horizon sun posi-
tions and is determined on an hourly or sub-hourly
basis. SBI therefore has a temporal dimension and
can be decomposed into a series of shorter aggregate
time periods, e.g. 12 monthly totals, 24 monthly am

and pm totals, etc.

With the area given in square metres and the time
period given in hours (or more typically, a fraction
of an hour), the sunlight beam index (SBI) has units
of m2 hrs. This formulation makes good sense for a
number reasons:

• It is consistent with fundamental illumination
physics (e.g. the cosine law of illuminance as a
proxy for reduced area of cross-sectional beam).

• The penetration depth of the sun’s rays into the
space will be reduced with increasing angle of
incidence.

• Large incidence angle sun illumination on the
window will have a proportionate (i.e. small)
contribution in any evaluation without requiring
any recourse for arbitrary cut-off conditions, e.g.
‘dead angles’, etc.

• The glazed area is properly accounted for.

• Shading – whatever its origin – is properly ac-
counted for.

Any meaningful evaluation must account for the en-
tire year of possible sun positions to capture all of the
potential occurrences of sun and and, importantly,
shading also.

An example temporal map for an unobstructed 1 m2

south-facing vertical aperture for London, UK is
shown in Figure 10. Note, the scale shows a max-
imum of 0.25 m2 because the SBI is determined for
15 minute increments (for this 1 m2 aperture). As ex-
pected, the highest SBI values occur around noon
in winter when the angle between the sun posi-
tion and the aperture surface normal is the smallest.
The annual SBI is 1927 m2 hrs, i.e. this is the total
cross-sectional area of sunlight beam that could pass
through the aperture in a year for that orientation/lo-
cation (under continuous clear sky conditions).

Total SEI   1927 m2 hrs
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Figure 10: Sunlight beam index temporal map for a
1 m2 south-facing aperture in London, UK.

If required, the total SBI for a dwelling or building
can be obtained by summing all SBIs for the rele-
vant windows or window groups. Thus it becomes
possible to characterise the sunlight beam index for
an entire building (e.g. dwelling) with a single SBI
value (Mardaljevic and Roy (2016)). The same could
easily be achieved to calculate the combined view po-
tential for any or all of the apertures in a dwelling,
apartment or building using the view lumen method
described here.
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Discussion

The rationale for the sunlight beam index was to have
an approach that could form a common basis across,
say, all EU/CEN countries for the evaluation of sun-
light at almost any level of geometrical complexity.
In fact, the impetus for it was the direct result of
serving on an EU/CEN panel for a number of years
and witnessing at first hand the intractability of ei-
ther improving existing methodologies (all different
in one way or another) by incremental means or fash-
ioning from them a synthesis which could work effec-
tively across all relevant building scales and for all
nations. Since it appeared that the existing method-
ologies were not capable of any incremental improve-
ment that could lead to a viable synthesis, a funda-
mental rethinking of the basis for the evaluation of
the sunlight potential in buildings was needed. This
resulted in the sunlight beam index. Shortly after-
wards, as a complement to SBI, the aperture skylight
index was devised as a measure of the ‘connectedness’
(i.e. skylighting potential) of the aperture.

That rationale has been further extended here to
the consideration of measures of view determined at
the window aperture. The aperture skylight index
has effectively been subsumed within the view lumen
framework since the methodology and the numerical
measure is identical.

Outside – Inside

The connectedness of a building aperture to all of the
possibly occurring sun positions together with mea-
sures of the three layers of view (including the intrin-
sic shading of view) are, it is proposed, potentially
very useful indicators of building performance to have
at the early stages of building facade design. The
sunlight beam index gives a measure of the potential
for sunlight provision, and so could serve as a proxy
for various related aspects of building performance
e.g. glare, overheating, etc. Similarly, the measure
of view/connectedness to the sky (φsky) is an indica-
tor of the skylighting potential of the aperture. How
these measures relate to actual performance indica-
tors, say, sunlight fluxes and skylight lumens com-
puted using CBDM is yet to be determined – this is
ongoing work.

How the measures of view lumens relate to tradi-
tional notions of the assessment of view in spaces
(e.g. those in the recently published CEN standard
FprEN 17037) presents a rather more challenging
task. Views from inside, of course, depend on a num-
ber of factors – some related to the building design,
others essentially arbitrary (e.g. selected assessment
positions) and/or subjective without perhaps a gen-
eral consensus regarding key determinants of outcome
(e.g. width of the desired view). The proposal pre-
sented in this paper cannot settle any of those is-
sues. However it does perhaps offer another way to
approach them.

Rather than prescribing guidelines for view as it is
presently done (i.e. from inside to outside), another
approach could be to give recommendations for key
geometric properties of the internal space based on
the provision of so many view lumens for each of the
layers (determined at the aperture). Importantly, the
sky layer provides a measure of the skylighting po-
tential of the aperture – a key consideration. Some
prescription would need to be given regarding the po-
sition of the aperture(s) for their potential to offer
view, e.g. something like: ‘a given percentage of the
area of the aperture(s) must fall within a given height
range above the floor’. Other prescriptions could re-
late to the volume of the space together with, say, the
aspect ratio of the floor plan, etc. Another consider-
ation perhaps is the placement of the aperture within
the wall thickness. For view in particular, it could be
argued that the aperture used for calculation should
be a virtual surface coplanar with the inner wall sur-
face, i.e. taking account also of the internal wall re-
veal depth. These are merely speculations to provoke
discussion.

Rights to light

Any new obstruction could have a detrimental effect
(i.e. injury) on the daylight provision to the surround-
ing buildings depending on the particulars of the pro-
posed design/context. Attempts to systematise the
assessment of daylight injury date back to at least the
1800s (Kerr (1865)). Daylight injury can be measured
in terms of the reduced view of the sky or the dimin-
ished illumination from it. Or, it could be judged in
terms of the potential reduction in direct sun inso-
lation, either for particular times of the day/year or
the number of annual probable sunlight hours (Little-
fair (2011)). The method used may depend on local
custom/practice or a legal requirement. In the UK,
the possible infringement of “daylight adequacy” to
an existing space by a proposed building is sometimes
determined using the “rights to light” schema (Har-
ris (2007)). The century-old “rights to light” schema,
originally devised by Waldram, has been critiqued in
a number of papers, e.g. see Chynoweth (2009) and
Defoe and Frame (2007).

Given the simplicity of the aperture metrics, it should
be possible to determine if there is any relation be-
tween a user’s perception of the asset value of a win-
dow and its ‘connectedness’ to the sky and/or sun as
indicated by the view layers metrics and the sunlight
beam index. Such a study would be best carried out
on geometrically similar/identical apartments that
have different levels of view of obstructions, the sky
and the possible sun positions. Thus an aperture-
based assessment of daylight injury could be a more
straightforward replacement for the Waldram method
than say, full-blown climate-based daylight modelling
(Mardaljevic et al. (2015), Ross and Quy (2018)).
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Building performance pedagogy

The author believes that the aperture-based approach
described here could help to encourage a more ‘mind-
ful’ approach to full-blown daylight simulation than
appears to be the case today. The proliferation of
easy-to-use climate-based daylight modelling tools,
in particular those that allow for routine paramet-
ric analysis, has resulted in something of a ‘simulate
first, think later’ mindset. Such tools often proclaim
that they are “user centric” and that the generation
of voluminous parametric results somehow “empow-
ers the user”. The reality often appears to be some-
what different: the easy-to-generate reams of simu-
lation output are just as likely to overwhelm rather
than empower the user. Whilst parametric analysis
clearly has its uses, the case is made here that sim-
ulation novices (and not just novices) might better
appreciate the basic principles of daylighting and so-
lar shading from first understanding the performance
of the building space at the envelope level (i.e. the
apertures) before venturing to predict daylight met-
rics for the inside of the space.

Conclusion

The idea presented here is perhaps something of a
departure from what one normally expects in build-
ing science nowadays, i.e. invariably an addition, ex-
tension, enhancement, etc. to a well-established tech-
nique. As such, it may require something of a pause
for thought to properly consider the possibilities that
aperture-based daylight modelling offers. As noted,
the impetus for it was direct experience on EU/CEN
panels resulting in, for this author, the realisation
that (radical?) new ideas were needed in order to re-
think the basis of building standards/guidelines, cer-
tainly for application at the planning level.
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Abstract 

Access to direct light is often considered a desirable 

quality in residential architecture. A novel daylighting 

performance metric called the Residential Daylight 

Score (RDS) has been suggested for cold and temperate 

climates to monitor diurnal and seasonal fluctuations in 

both daylight and access to direct light. However, direct 

light can significantly influence heating and cooling 

loads, and more research that correlates direct light with 

its thermal contributions is needed to make daylighting 

recommendations for warmer climates. As of now, 

residential daylight evaluation remains difficult in arid, 

hot, and humid climates, in which the effect of direct 

light on cooling loads is the largest. The authors 

juxtapose access to direct light with thermal and 

daylighting contributions across 14 different climate 

zones. The authors then propose a climate-based schema 

that considers thermal implications of daylight in 

residential architecture to adapt the RDS for use in 

warmer climates. 

Introduction 

The benefit of direct light in residential architecture has 

been long discussed in the European context. Since the 

beginning of the early twentieth century, architectural 

design guidelines, such as those by Neufert (Neufert & 

Neufert, 2012), have emphasized that domestic programs 

should be oriented toward the changing direction of 

direct light throughout the day. Several European 

countries provide regulations or guidelines to stipulate 

that each residential unit have access to direct light 

(German Institute for Standardization, DIN., 1999), 

which is regarded as an essential qualitative parameter 

for passive heating in dense urban neighborhoods with 

limited solar exposure on the façade (Strømann-

Andersen & Sattrup, 2011). Even in warmer climates, 

access to direct light significantly influences the 

efficiency of vitamin D synthesis in the human body. 

Studies show that changes in contemporary Middle 

Eastern housing design that omit private outdoor spaces, 

such as courtyards, can be directly correlated with 

Vitamin D deficiencies in the female population 

(Fonseca, Tongia, el-Hazmi, & Abu-Aisha, 1984; Alagöl 

et al., 2000). Direct light is also needed to create 

physiologically and visually stimulating luminous 

environments (Andersen, Mardaljevic, & Lockley, 2012; 

Rockcastle & Andersen, 2014). As evident through these 

benefits, evaluation techniques that acknowledge the 

positive effects of direct light in the residential setting 

are needed. 

Residential Daylight Score 

The Residential Daylight Score (RDS) was introduced as 

the first residential architecture-specific daylighting 

performance metric (DPM) that rewards the incidence of 

direct light (Direct Light Access, DLA) and evaluates 

general daylight supply (Residential Daylight Autonomy, 

RDA) (Dogan & Park, 2017; Dogan & Park, 2018). To 

account for seasonal and diurnal fluctuations in daylight, 

both the RDA and the DLA are evaluated in 12 

timeframes (4 seasons and morning, noon, and evening). 

For each timeframe, the RDA evaluates whether a 

residential unit receives sufficient daylight (≥300lx) for 

50% or more of daytime hours, based on thresholds for 

the Spatial Daylight Autonomy (sDA) (IESNA, 2012). 

The DLA evaluates the duration of direct sunlight access 

in a residential unit for each of the 12 timeframes. 

Finally, a composite RDS score is computed, with a 

maximum of 24 points (Figure 1). As the RDS assumes 

the presence of direct light in the interior to be 

beneficial, it was recommended for use only in cold and 

temperate climates, where passive solar heating is 

desirable and overheating in summer months is less of a 

concern.  

Direct Light, Cooling Loads, and Glare 

Because of its potential to increase cooling loads during 

warm months and impact occupant comfort (Utzinger & 

Wasley, 1997; Bennet & O’Brien, 2017), expectations 

and occupant response to direct light will differ in 

warmer climates. Intuitively, the value of direct light on 

an autumn day in Anchorage is much higher than that on 

the same day in Miami.  

However, much of the research addressing the negative 

impacts of direct light have focused on completely 

blocking out direct light from the interior (typically 

  

Figure 1: Residential Daylight Score 
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office spaces) to reduce visual glare, either with view-

based glare probability metrics (Wienold & 

Christoffersen, 2006; Wienold, 2009; Jakubiec & 

Reinhart, 2012) or floor-plan-based oversupply metrics 

(Nabil & Mardaljevic, 2005; Mardaljevic, Andersen, 

Roy, & Christoffersen, 2011; IESNA, 2012). However, 

glare may be a less serious problem in the residential 

context, as occupants have an increased ability to change 

their orientation and posture and to control the shading 

in their environments (Jakubiec & Reinhart, 2012; Xue, 

Mak, & Cheung, 2014). In many cases, overheating due 

to direct light is a larger concern to residents than visual 

glare (Bennet, O’Brien, & Gunay, 2014). 

Meanwhile, other studies have acknowledged the 

importance of balancing daylight (and more specifically, 

direct light) with its thermal impacts, and various 

proposals have been made to present the two kinds of 

data side-by-side (De Groot, Zonneveldt, Paule, & SA, 

2003; Franzetti, Fraisse, & Achard, 2004; Hviid, 

Nielsen, & Svendsen, 2008). Reinhart and Wienold have 

proposed a “daylighting dashboard” that separately 

evaluates the daylight autonomy, occupant comfort 

(visual glare and view), and energy costs of space, 

modeled both with and without blinds (2011). Strømann-

Andersen and Sattrup have noted that increased urban 

density moderately increases heating energy loads due to 

decreased exposure to direct light (2011). Kleindienst 

and Andersen have proposed three side-by-side, goal-

based metrics that evaluate illuminance, glare, and solar 

heat gain (2012). Other studies address the effects of 

different kinds of shading schedules and thresholds on 

the artificial lighting, cooling, and heating energy loads 

of interior space in a specific climate (Nielsen, 

Svendsen, & Jensen, 2011; Shen & Tzempelikos, 2012). 

Many of these studies and metrics acknowledge that 

daylighting performance must be understood not only in 

terms of providing sufficient daylight supply but also in 

the increase in cooling loads due to passive solar heat 

gain. However, a broader consensus on how to evaluate 

direct light in dwelling units with respect to its thermal 

impact still needs to be found.  

Exhaustively defining the relationship between daylight 

performance and thermal implications is a difficult task, 

due to a large number of parametric possibilities in 

defining the experimental space, its construction and 

fenestration type, and other geometric variables. 

Nevertheless, the authors propose an energy simulation-

based framework to study this relationship across 14 

major climate zones and to inform a proof-of-concept 

adaptation of the DLA so that direct light in an 

apartment is considered beneficial only when it either 

decreases heating energy loads or does not increase 

cooling loads.  

Methods 

The authors indicate 14 climate zones defined by 

ASHRAE 90.1 2013 (ASHRAE, 2014) (Table 1). For 

each climate zone, example cities according to ASHRAE 

definitions and their corresponding latitudes are listed.  

Table 1: ASHRAE climate zones 

Zone  Climate 

Zone Name 

Example Cities Latitude 

1A 
Very Hot-

Humid 

Miami 25°47′N 

Singapore 1°17′N 

2A Hot-Humid 
Houston 29°46′N 

Hong Kong 22°17′N 

2B Hot-Dry 
Phoenix 33°27′N 

Cairo 30°3′N 

3A Warm-Humid 
Atlanta 33°45′N 

Tel Aviv 32°04′N 

3B Warm-Dry 
Los Angeles 34°03′N 

Mexico City 19°26′N 

3C Warm-Marine 
San Francisco 37°47′N 

Cape Town 33°56′S 

4A Mixed-Humid 
New York 40°40′N 

Seoul 37°34′N 

4B Mixed-Dry Albuquerque 35°07′N 

4C 
Mixed-

Marine 
Seattle 

47°37′N 

5A Cool-Humid 
Chicago 41°53′N 

Munich 48°08′N 

5B Cool-Dry Denver 39°44′N 

6A Cold-Humid 
Minneapolis 44°59′N 

Moscow 46°44′N 

6B Cold-Dry Helena 46°36′N 

7 Very Cold Anchorage 61°13′N 

 

The authors create a shoebox with the dimensions of 6m 

x 10m x 3m and a floor area of 60m2 as the test space. 

The shoebox has a single South-facing window. All 

surfaces, except the façade, are adiabatic. A fully 

conditioned space with a low air change rate (ACH = 

0.3) and no natural ventilation is assumed. While the 

lack of natural ventilation may result in an over-

estimation of cooling loads, the creation of a nearly 

airtight design space allows the calculation of pure (or 

“theoretical”) heating and cooling loads solely based on 

climate, construction, and geometry. Potential cooling by 

natural ventilation would thus not be considered in this 

study.  

For all climates, 4 levels of window-to-wall ratios 

(WWRs) are tested: 10%, 30%, 50%, and 70%.  

For all WWRs, both “heavy” (concrete/masonry) and 

“light” (metal/timber frame) constructions are employed 

to account for differences in thermal loads. For each 

construction type, ASHRAE-defined U-values are used 

(ASHRAE, 2014) (Table 2).  

4 shading types are then employed for all construction 

types. There is currently a lack of consensus on 

simulating residential blind usage. Therefore, sDA 

specifications for blind usage as specified by LM-83 

(IESNA, 2012) were employed as a proxy. For a floor 

area of 60m2, interior blinds must be drawn for all hours 

during which 5 or more of the floor grid sensors receive 
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1000lx or more of direct light. The 4 shading types 

(Table 3) include: An external shade that completely 

blocks the incidence of direct light in the interior; no 

shading whatsoever; interior blinds according to the sDA 

protocol; and a 1m balcony extrusion (a common feature 

in residential architecture) with interior blinds according 

to the sDA protocol. 

Table 2: Heavy mass vs. light mass construction  

Mass 

Type 

Constr. 

(exterior to 

interior) 

Façade 

U-val. 

(W/m2K) 

Façade 

Heat 

Capacity 

(kJ/m2K) 

Glazing 

Specification 

 

Heavy 

mass 

20mm 

Gypsum / 

20-109mm 

Foam Glass 

Insulation / 

300mm 

Concrete / 

20mm 

Gypsum 

U-0.404-

0.857 
731.4-738.6 

U-1.820-

2.840, 

Tvis 0.65, 

SHGC 0.27 

Light 

mass 

20mm 

Gypsum / 

83-205mm 

Foam Glass 

Insulation / 

20mm 

Gypsum 

U-0.248-

0.533 
52.1-64.0 

U-1.820-

2.840, 

Tvis 0.65, 

SHGC 0.27 

 

Table 3: Shading types 

Shading Type Shading Condition 

Type A 
External shade that completely blocks 

direct light 

Type B No shading 

Type C Dynamic interior blinds (sDA protocol) 

Type D 
1m extrusion above window + Dynamic 

interior blinds (sDA protocol) 

 

In total, 448 shoeboxes (14 climate zones x 4WWRs x 2 

constructions x 4 shading types) are created. The authors 

acknowledge that this is only a preliminary set of 

variables; an expansion of variables to include other 

orientations and glazing layouts is eventually necessary. 

The 448 shoeboxes are tested for percentage of daylit 

floor area (defined by the sDA and RDA), heating 

energy loads, theoretical cooling energy loads, and 

electric lighting energy loads. An  electric heat-pump 

with a coefficient of performance (COP) of 3 is 

assummed for heating and cooling loads. DIVA4 is used 

for daylighting simulations (Solemma LLC., 2016), 

while Archsim is used for thermal simulations (Dogan, 

2013). A summary of the workflow is found in Figure 2.  

Daylighting and energy loads are summarized using the 

12 time-bins from the RDS (Table 4) to facilitate a better 

understanding of seasonal and diurnal differences. 

Schedules for apartment occupancy, heating and cooling, 

electrical lighting, and equipment follow those of the 

U.S. Department of Energy (DOE) Reference Buildings, 

Midrise Apartment, v. 1.4 7.2 (Department of Energy, 

2004). All geometry, construction, and simulation 

parameters are provided in the Appendix. 

 

Table 4: Diurnal and seasonal analysis timeframes that 

produce the 12 time-bins 

Morning Noon Evening 

Sunrise-11 11-15 15-Sunset 

 

Spring Summer Fall Winter 

Feb/07-

May/06 

May/07-

Aug/06 

Aug/07-

Nov/06 

Nov/07-

Feb/06 

 

Results 

Figure 3 shows the impact of direct light on daylighting, 

heating loads, cooling loads, and electric lights loads 

through a comparison between no direct light in the 

interior (Shading Type A) to full exposure to direct light, 

with no exterior shading or interior blinds (Shading Type 

B).  

Figure 4 shows a close-up of Heavy Mass: 50% WWR: 

Heating Load Changes: Winter as an example for how 

the chart is to be read: As the climate zones become 

colder, direct light further reduces heating loads 

(decrease shown in green), particularly during morning 

hours. The biggest reduction in this condition is seen 

during morning hours in the Cool-Dry climate (Denver, 

39°44′N), with a decrease in heating loads by 

  

Figure 2: Workflow: Shoebox combinations and testing metrics 
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Figure 3: Changes in daylit floor area, heating loads, cooling loads, and artificial lighting loads by fully admitting 

direct light (i.e. transition from Shading Type A to Shading Type B). 
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3.8/kWh/m2/year. In Very Cold climates (Anchorage, 

61°13′N), however, there is a smaller reduction of 

heating loads, as thermal losses through the glazing are 

larger than thermal gains by direct light. The results in 

Figure 3 confirm a number of intuitive assumptions: 

First, admitting direct light into the interior dramatically 

increases the daylit floor area, particularly during noon 

hours (given the southern orientation of the shoebox). 

For example, a shoebox with a 30% WWR in a Cool-

Humid climate (Chicago; 41°53′N) will see an increase 

of more than 50% points in daylit areas during noon 

hours across the year (Figure 3-a); that is, during spring 

noon hours, there is an increase from 10% of the floor 

area being daylit to 64% of the floor area being daylit 

(thus +54% points), and so forth. During morning and 

evening hours throughout the year in that climate, there 

will be moderate increases in the daylit area, except for 

winter evenings, during which there is an increase of 

only 15% points (Figure 3-a). The increase in daylit floor 

area will also slightly reduce artificial lighting loads, 

particularly during summer evenings and to a lesser 

degree in spring and fall evenings.  

Second, direct light in the interior will decrease heating 

loads, particularly during spring and winter months in 

mixed to very cold climates. Increased WWR further 

reduces heating loads due to increased admittance of 

direct light in the interior. Similar trends, although 

slightly diminished, are observed in light-mass 

construction as well. For example, a shoebox with heavy 

construction and 50% WWR in a Mixed-Humid climate 

(New York, 40°40′N) sees heating loads reduced by 2.5, 

1.0, and 1.4 kWh/m2/year respectively during winter 

morning, noon, and evening (Figure 3-b). In a light 

construction of the same parameters, the heating loads 

are reduced by 1.9, 0.9, and 1.1 kWh/m2/year 

respectively during the same time-bins (Figure 3-c). 

Third, direct light in the interior will increase theoretical 

cooling loads throughout all climates, although during 

different seasons. Very hot to mixed climates will see 

heightened increases in cooling loads in winter months, 

during which solar altitude is lower. For example, a 

shoebox with heavy construction and 70% WWR in a 

Hot-Dry climate (Phoenix, 33°27′N) sees direct light 

increase theoretical cooling loads by roughly 3 to 5 

kWh/m2/year during winter noon and evening (Figure 3-

e). Direct light will cause less increase in summer 

months when solar altitude is high: 0.2, 0.3, and 0.1 

kWh/m2/year respectively during a summer morning, 

noon, and evening (Figure 3-d). In cool to very cold 

climates, the increase in cooling loads is mostly limited 

to the summer and fall. Similar trends are observed in 

light-mass construction, with the notable difference that 

increases in cooling loads are shifted back toward the 

noon and evening hours across all seasons. 

Discussion 

Annual Changes in Energy Loads: Cost vs. Benefit 

Figure 5 shows changes in annual loads in “heavy mass” 

shoeboxes as a result of the transition from no direct 

light (Shading Type A) to varying degrees of direct light  

 
(Shading Types B,C,D). The total energy loads represent 

the overall benefit or cost of direct light in the interior. 

Across all WWRs, direct light in the interior will 

increase total energy demand in very hot to warm 

climates, despite decreases in electric lighting loads. An 

increase in WWR will again intensify this trend. Direct 

light becomes a benefit in most mixed to very cold 

climates, due to a combined decrease in heating and 

electric lighting loads. For conditions with no shading 

whatsoever (shading type B), the most increase in total 

  

Figure 4: Close-up: Changes in heating loads as a result 

of admitting direct light (Shading Type A to B) for Heavy 

Mass: 50% WWR: Heating Load Changes: Winter 

 

Figure 5: Annual changes in heating, cooling, and 

electric lighting loads as a result of admitting direct 

light (Shading Type A to Types B,C,D) 
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energy loads is in 70% WWR, Hot-Dry climates (more 

than 20 kWh/m2/year; Figure 5-a), while the largest 

reduction is found in 70% WWR, Cold-Humid climates 

(around 10 kWh/m2/year; Figure 5-b). However, interior 

blinds (Shading Type C) will increase total energy loads 

in most climates (even mixed climates), as electric loads 

decrease only slightly (or even slightly increase). The 

said shoeboxes will see a respective increase of nearly 

25 kWh/m2/year (Figure 5-c) and a decrease of only 5 

kWh/m2/year (Figure 5-d) with Shading Type C.  

Of course, simply examining the total annual increase or 

decrease in energy loads is a binary approach to the 

problem. Thus, seasonal and diurnal analysis is still 

necessary to understand when specifically direct light is 

thermally harmful.  

Adapting the Direct Light Access (DLA) Score 

Using this information, the authors select 6 residential 

projects across various climates (Figure 6) from an 

existing set of building models, taking 20 apartment 

units from each project, to assess the impact of energy 

demand consideration in the calculation of the Direct 

Light Access (DLA) score.  

As of the current RDS, the DLA gives a full score for a 

time-bin only if there is a daily average of 2 or more 

hours of direct light in the interior during that time-bin. 

Partial scores are possible, in the case that the 2 average 

daily hours are not met. As there are 12 time-bins, the 

maximum DLA score is 12. As an initial exploratory 

adaptation, the authors suggest that all time-bins in 

which direct light increases cooling loads and does not 

reduce heating loads be excluded from the DLA 

analysis. Thus, all time-bins during which direct light is 

not useful for thermal purposes would be excluded from 

the DLA score.  

Figure 7 shows the DLA analysis of apartment units in 

each of the 6 residential projects. The analysis is across 

all 12 time-bins, and the y-axis reports the average daily 

hours of direct light for each time-bin. All time-bins that 

are considered inappropriate for DLA evaluation – i.e. 

time-bins in which direct light will negatively impact 

 

Figure 6: Six residential projects for DLA adaptation 

 

 

 

 

 

 

 

Figure 7: DLA analysis of apartment units in each of 6 

residential projects. Y-axis reports average daily hours of 

direct light per time-bin. All time-bins that are considered 

inappropriate for DLA evaluation are shaded out.  

 

Proj. A: Hot-Humid; Heavy Mass; 30% WWR 

Proj. B: Warm-Humid; Heavy Mass; 30% WWR 

Proj. C: Warm-Dry; Heavy Mass; 30% WWR 

Proj. D. Warm-Dry; Light Mass; 10% WWR 

Proj. E. Mixed-Humid; Heavy Mass; 50% WWR 

Proj. F. Cool-Humid; Heavy Mass; 70% WWR 
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cooling loads and will not reduce heating loads – are 

shaded out. As a result, for example, none of the time-

bins in the Hot-Humid climate (given Heavy Mass, 30% 

WWR) will be appropriate for DLA analysis. That is, 

direct light in the interior will always be harmful in that 

climate. In such case, exterior balconies would be 

recommended, as direct light is still vital for various 

physiological benefits (Fonseca, Tongia, el-Hazmi, & 

Abu-Aisha, 1984; Andersen, Mardaljevic, & Lockley, 

2012). In Mixed-Humid and Cool-Humid climates, on 

the other hand, only the summer and fall time-bins 

would be inappropriate for DLA analysis.   

Future Steps 

The current workflow is a proof-of-concept that is based 

on simulation data of South-facing shoeboxes. Other 

orientations and room configurations (such as corner 

spaces with two facades) need further consideration. 

East- or West-facing spaces, for example, would likely 

result in higher cooling loads in the morning and the 

evening. Further, modeling blind use in residential 

architecture remains challenging and requires more 

research as to whether either the LM-83 blind model or a 

thermally-driven model is adequate. Possibly, an 

altogether new model that also considers views and 

privacy concerns, for example, may be needed. 

Conclusion 

While direct light access is widely regarded as a 

qualitative benefit, consequential heat gains may be 

undesirable in warmer climates. In order to understand 

the presence of direct light and its impact on heating, 

cooling, and electric lighting energy loads, this study 

establishes an EnergyPlus- and Radiance-based 

simulation framework to identify diurnal and seasonal 

timeframes during which direct light is either a benefit or 

a cost in terms of energy loads. The study analysed 448 

shoeboxes of varying WWRs, construction types, and 

shading conditions across 14 climate zones. It is 

proposed to utilize the presented framework to adapt the 

DLA so that direct light is rewarded only when there are 

no negative thermal implications, expanding the 

applicability of the RDS to a larger variety of climates. 
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Appendix 

Table A1: Surface reflectance and window transmittance 

Surface Type Refl. / Tvis 

Ceiling 70% 

Floor 20% 

Interior Wall 50% 

Glazing (Double Pane, Low-E) 65% 

(When applicable) Exterior Shading 35% 

Outside ground 20% 
 

Table A2: Radiance parameters 

aa .15 ab 5 ad 2048 ar 512 as 1024 
 

Table A3: Interior Dynamic Blinds Parameters 

Min. Number of Sensors for Blind Trigger 5 

Sensor Spacing 0.6m 

Sensor Min. Distance from Window 0.1m 

Sensor Max. Distance from Window 10.0m 

Roller shade total transmission 4% 

Roller shade direct transmission 1% 

Roller shade total reflection 41% 
 

Table A4: Zone Loads 

People: Density 0.0283 p/m2 

People: Schedule Department of Energy 

reference buildings, 

midrise apartment, v. 1.4 

7.2: APT_OCC_SCH 

Equip: Loads 5.38 w/m2 

Equip:  Schedule Department of Energy 

reference buildings, 

midrise apartment, v. 1.4 

7.2: APT_EQP_SCH 

Lights: Loads 3.88 w/m2 

Lights: Target 300 lx 

Lights: Dimming Continuous 

Lights: Schedule Department of Energy 

reference buildings, 

midrise apartment, v. 1.4 

7.2: APT_LIGHT_SCH 

Heating: Setpoint 21.1 C 

Heating: Av. Schedule All On 

Cooling: Setpoint 23.9 C 

Cooling: Av. Schedule All On 

Hum: On/Off On 

Hum: Bounds 20-80% 

Mechanical Ventilation: On/Off Off 

Natural Ventilation: On/Off Off 

Infiltration 0.3 ACH 

Hot Water Peak Flow (l/h/person) 1.667 

Coefficient of Performance (H/C) 3 

Primary Energy Factor (H/C, 

Lighting) 

2.2 
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Abstract 

Daylighting is a challenging architectural aspect that is 
usually avoided in exhibition spaces. This is due to the 
high variation over time and being influenced by spatial 
variations, which may affect exhibits sensible to light. 
Thus, when introducing daylight in such spaces, there 
should be a special concern on controlling light entering 
the space for each hour of the year and its impact on 
distribution pattern. This paper approaches the above 
problem through a simulation-based workflow to 
understand the effect of opening positions on daylight 
distribution pattern. Then, layout design was correlated to 
façade opening to optimize their positions according to 
the recommended lighting annual exposures. Results 
showed that daylight can contribute to object’s 

illumination by 80% without exceeding the maximum 
allowable exposure limit. 
Introduction 

It is important to provide a well-designed exhibition 
spaces and controlled environment for the exhibits to 
protect them from damage. Light is one factor that triggers 
irreversible damage to the artefacts. This can be caused by 
all wavelengths of light and the scale of influence depends 
on the sensitivity of objects and duration of exposure 
(Kamal et al., 2018). The lighting strategy for exhibitions 
aims to decrease both light intensity and duration of 
exposure to light especially for the highly sensitive 
materials besides, installing high-efficient lighting 
fixtures. 
Preventive conservation policy of any museum should 
take into account the light sensitivity of the exhibits 
before setting the adequate light levels. A series of 
museum lighting guidelines have been published by 
different authorities where annual photometric exposure 
limits are given as shown in Table 1 (del Hoyo-Meléndez 
et al., 2011). The differences in the maximum allowable 
exposure values return to the number of hours and days 
per year when the artefacts are assumed to be exposed to 
light radiation. For example, the IES determine 50 lux the 
maximum annual exposure based on 8 hours per day over 
125 days over the year. Whereas, the CCI recommends it 
to be 100 lux based on 8 hours per day for 250 days per 
year. 
Daylighting in museums can be accompanied by risks on 
the artefacts sensible to light, so it is avoided most often 
and replaced by artificial light which is simpler to apply 
and control. Taking Tutankhamun galleries in the grand 
Egyptian museum as an example, daylighting was almost 

eliminated by a black box gallery where only 2% of light 
was allowed which reaches less than 50 Lux inside the 
gallery. This is well-enough to provide way finding for 
visitors, whereas at night indirect wall and ceiling lighting 
will illuminate the gallery with 10-50 lux in addition to 
remotely controlled lighting in the showcases (Kamal et 
al., 2018).  

Table 1: Summary of recommended annual exposure 

limits for museum artefacts (del Hoyo-Meléndez et al., 

2011). 

Recommending 

organization 

Low 

sensitivity 

(klx h/y) 

Moderate 

sensitivity 

(klx h/y) 

High 

sensitivity 

(klx h/y) 

Illuminating 
Engineering 
Society of North 
America (IES) 

Variable  480  50 

Heritage 
Collections 
Council, 
Australia 

- 507–650 127–200 

Canadian 
Conservation 
Institute (CCI) 

- 1000 (ISO 
4) 

100 (ISO 2) 

 
There are two arguments regarding this issue; one argues 
that artificial lights are preferable and the other advocate 
the integration of daylight with artificial lights (Baker et 
al., 2013). Both present a good point of view, the former 
argues that daylight radiation and its variation are the 
most damaging factors to pigments, textiles and sensitive 
materials. The characteristics of daylight can be 
resembled using white artificial lights. Also, daylight 
systems are more expensive compared to artificial light 
systems. In addition, avoiding window openings can solve 
easily the concern of infiltration and dust inside the space. 
On the other hand, most of the exhibits have been created 
under the natural light whereas, artificial lights prevent 
visitors to observe the tiny details of the artwork. Besides, 
the use of daylight can decrease the costs of artificial light, 
reduce energy consumption and the negative 
environmental impacts accompanied with it. And unlike 
the monotonous artificial light, the variation of daylight is 
a source of visual interest to the visitors (de Oliveira and 
Guedes, 2006).  
Visual interest is associated directly with luminance 
variation which is directly related to the distribution of 
daylight patterns. So, these patterns have a vital role in 
making architectural spaces more exciting and 
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stimulating. Spatial contrast can provide positive visual 
impressions of the space. This daylight aspect can be 
measured using annual metrics; Spatial Contrast (SC) and 
Luminance Variability which are suggested to quantify 
contrast-based perceptual visual effects (Rockcastle and 
Andersen, 2014).  
Spatial contrast with interesting daylight distribution can 
be achieved with irregular patterns. Manipulating 
geometric regularity of facades configurations results in 
various daylight patterns that influence the perceived 
spatial ambiance. In (Chamilothori et al., 2016), the effect 
of façade configurations on perception was examined 
through an experiment where participants were asked 
about how pleasant, interesting, and exciting two 
immersive scenes using virtual reality. Results indicated 
that irregular pattern gained more positive responses 
regarding pleasantness, excitement, interest, and 
complexity compared to regular pattern and blinds. This 
study was extended to investigate the impact of façade 
geometry and sunlight patterns on heart rates with an 
emphasis on the importance of space context on both 
subjective responses and objective physiological 
indicators (Chamilothori et al., 2019).  
In a space context having cultural or educational setting 
like exhibition spaces, it is important to capture the 
interest of the visitors while protecting the exhibits. The 
quality of exhibits has a major role; however, it is equally 
important that the architectural space is well designed to 
stimulate its visitors. From the perspective of daylight, 
different aspects should be considered for designing a 
daylit exhibition space; 1) illuminance levels adequate to 
visualize exhibits but at the same time 2) do not exceed a 
maximum value to protect the exhibits from damage, 3) 
daylight distribution patterns and spatial contrast based on 
activity type and layout design, 4) visitor’s visual interest 
and 5) visual comfort.  
Pointing to the evaluation of daylight based on its 
distribution patterns, Caldas and Santos (2016) introduced 
an interactive system that considers daylight distribution 
for daylighting design named ’painting with light’. They 
used evolutionary genetic algorithms to search for 
solutions that meet the required light levels with the 
specified spatial coloured pattern of light distribution. 
Still, limited attention has been paid to layout design in 
relation to daylight distribution which is important in 
spaces like exhibitions, So, this paper aims to analyse the 
distribution patterns of daylight in relation to facade 
opening positions. A simulation workflow was proposed 
to evaluate and optimize openings allocations to ensure 
meeting the recommended daylight exposure according to 
the IES while considering spatial contrast. The following 
section describes the adopted parametric approach which 
rationed the use of daylight without compromising the 
condition of the objects. 
Methodology 

In this paper, a generic exhibition space located in Cairo 
was modelled using Rhinoceros software and its 
parametric platform Grasshopper (Rutten, 2019). The 
space is assumed to be North oriented so that only 

diffused daylight can enter the space for 8 hours per day 
from 10am to 6pm. Space dimensions and materials are 
illustrated in Table 2. Diva-for Rhino (Solemma, 2019), 
which interfaces Radiance and Daysim, was used for 
daylighting simulations. The North façade was divided 
into a 10*6 square grid of 0.5*0.5m each square can be 
used as an opening as shown in Figure 1. Sixty (60) 
simulations were conducted where each square cell of the 
façade was given a glazing material while others were 
kept opaque so that we can understand the effect of each 
position of the openings on daylight distribution on all 
interior surfaces. Eight analysis grids were used to capture 
the illuminance distribution inside the space which 
includes 6 grids parallel to the internal surfaces of the 
room (floor, roof, and the 4 walls) besides horizontal grid 
at 70 cm, and vertical grid facing the main façade looking 
to outside. 

 
Figure 1: Space Layout and Façade Openings. 

The space encompassed three objects; a show case in the 
centre of the space precisely to be 2.25m far from the main 
facade, and two painting on the side walls aligned with 
the showcase as shown in Figure1. The simulation process 
comprised of three consecutive steps. First, identifying 
the optimal opening positions based on layout design. 
Second, optimising their size to rationing daylight 
entrance. Third, selecting the duration of exposure to 
make the best use of daylight and minimize artificial 
lights 
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Table 2: Space Parameters and Materials. 
S

p
a

ce
 

P
a

ra
m

et
er

s 
Floor Level Ground Floor 
Space dimensions 5.00*5.00m 
Height 3.00m 

M
a

te
ri

a
ls

 Ceiling reflectance 80% 
Walls reflectance 50% 
Floor reflectance 20% 
Double pane Glazing Transmittance 80% 

  
Phase One: Identifying Opening Positions 

Based on layout design of the space, six sensors were 
intersected with the showcase position. Average 
illuminance at these sensors was calculated for each 
façade configuration. A weighting factor was given to 
each opening position indicating its contribution to the 
amount of daylight incident on the showcase. This 
weighting factor denotes the average Continuous 
Daylight Autonomy (DAcon) of the intersecting sensors 
with the showcase. This daylight metric was used as it 
gives partial counts for illuminance levels below the 
threshold (Reinhart et al., 2006), which was set in this 
study to be 50 Lux.  
Then, the opening positions were sorted based on DAcon 
values. The configuration which corresponded to the 
highest DAcon was selected to be the main source of light 
for the showcase. It represented the optimal position for 
highlighting the showcase compared to other 
configurations. This process was repeated for the two 
paintings hanging on the wall. So, three opening positions 
were selected for each object. 
Phase Two: Optimising Openings scale 

After setting opening positions, the second phase was 
concerned with optimizing their size aiming to maximize 
daylight while keeping illuminance levels below 50 Lux. 
Scale ratio of the three openings was varied from 1 to 0.5 
with increment 0.1 forming 63 variations to represent 216 
different configurations. The performance of these 
configurations was evaluated based on illuminance 
incident on the three objects. First, they were sorted 

according to the average illuminance, calculated on 
sensors intersected with the three objects, to choose the 
highest average value while maintaining at the same time 
the maximum illuminance at any point in time to be below 
50 Lux. In this phase, daylight illuminance was 
maximized. However, 50 Lux was not achieved totally by 
daylight, so it should always be compensated by 
dimmable artificial light for certain hours to reach 50 Lux 
at each hour of the day.  
Phase Three: Optimizing Duration of Exposure 

According to the IES, the duration of exposure is 8 hours 
per day for 125 days per year resulting in 1000hrs to reach 
the recommended 50klux h/year. In this phase, it is aimed 
to reach the required exposure, (HT) in lux hours, so that 
it would not exceed the maximum allowable limit of 
50klux/year at the three located objects. The duration of 
daylight exposure was aimed to be maximized as much as 
possible to reduce the use of artificial light. Accordingly, 
the 125 days of the year were proposed to be chosen for 
the four months in the year when daylight use is higher 
than the artificial for the three objects location. So, 
illuminance contribution of daylight was calculated and 
compared against that of artificial for the 8 hours of the 
day along all months of the year. 
Results 

Phase one: 

Each opening position has an index from 0 to 59 starting 
from the bottom right corner to the upper left corner. 
Results of the sixty positions were sorted three times 
according to the average Continuous Daylight Autonomy 
(DAcon) on the painting on West wall, show case, and the 
painting on East wall. For the West wall painting, indices 
46 and 47 were found to have highest weighting factor; 
71%, and 70% respectively representing the best opening 
positions of illuminating the painting. Both positions were 
at 2.25m high from the ground and 1.75 and 1.25m far 
from the West wall. For the showcase, position index 34 
was found to have the highest weighting factor of 74%. It 
is located in the centre of the façade at a height 1.75m 
from the ground. As for the East painting, indices 43 and 

Figure 2: Indices of opening positions and their weighting factors corresponding to the average DAcont on a) West 

Painting, b) Showcase, and c) East Painting. 
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32 were found to have the largest illumination impact of 
74% and 73% respectively. They are in the right side of 
the façade 1.75m and 1.25m far from the East edge and 
2.25m and 1.75m high from the ground. Intending to 
realize spatial contrast inside the space, the three openings 
were chosen to be apart from each other as much as 
possible. Thus, indices 47, 34, and 32 were chosen to be 
the best to highlight the three objects mounted inside the 
exhibition space as shown in Figure 2. 
Phase two: 

Then, to make sure that illuminance levels do not exceed 
50 Lux on the three objects, which are assumed to be 
highly sensitive to light, openings scale were optimized. 
All possible combinations of the scale size formed 216 
different configurations. Hourly illuminance for all 
combinations were simulated. Then, average illuminance 
at the three objects grids was calculated which ranged 
from 4 Lux at the smallest opening scales 0.5, 0.5, and 0.5 
to 70 Lux at largest opening scales 1, 1 and 1. After 
sorting the configurations according to their average 
illuminance, configuration number 68 with openings scale 
0.8, 0.5, and 0.9 as shown in Figure 3 was found to have 
the highest average illuminance 29 Lux without 
exceeding 50 Lux at any point in time. 
 

 
Figure 3: Optimized Openings scale. 

 Phase Three: 

After ensuring that daylight illuminance did not exceed 50 
Lux, artificial light should be considered which 
complements the deficiency of daylight at certain times of 
the day. Assuming that the artificial system mounted is 
dimmable with sensors, 50 Lux will be maintained for the 
8 hours of the day. It is equally important to identify the 
time of exposure as to control the illuminance falling on 
the objects. By comparing the contribution of daylight and 
artificial light in illuminating the objects, it was found that 
best time for exhibiting is from May to August as the 
daylight contributes with 61%, 74% and 80% for 
illuminanting the three objects respectively 

 
Figure 4: Illuminance caused by daylight and artificial 

light for a) West painting, b) Showcase, c) East painting. 

Discussion 

Daylight has spectral power distribution that provides a 
better colour rendering than artificial lights, so it 
contributes to the interpretation of the museum collection 
and visually enriches their display. It also can contribute 
to energy efficiency by reducing artificial lighting 
consumption and the negative impacts associated with it; 
CO2 emissions in addition to its positive impact on people 
wellbeing. On the other hand, intensity control and spatial 
limitation of daylight are considered two main challenges 
of daylighting design that hinders its use in museums. 
This is especially when direct sunlight is accompanied. It 
is also important to consider the illumination 
requirements for each object and minimizes the exposure 
to light to prolong their lifetime. Another limitation is that 
daylight metrics are confined to providing benchmarks 
that represent the overall performance of the space 
without much consideration to the distribution of light 
spatial pattern which is an important evaluation aspect. 
So, in this study, a North-oriented exhibition space in 
Cairo was chosen as a case study to define a method for 
controlling daylight distribution so that the benefits of 
daylight can be exploited rather than eliminating its use. 
Daylight controlling factors used in this study were: 1) 
positioning of objects inside the space, 2) maximizing 
illuminance levels on objects while keeping the limit of 
50 Lux, as objects type were assumed to be highly 
sensitive to light, 3) minimizing the dependency on 
artificial lights. 
First, the study addressed the positioning of façade 
openings; the façade was divided into sixty square cells. 
All positions were simulated to demonstrate their effect 
on all interior surfaces with a concentration on the three 
surfaces were objects are located in. Figure 5 shows the 
distribution for random configurations. Optimal opening 
positions were selected to focus the light on objects inside 
the space and endow spatial contrast. Thus, openings were 
designed to be small while considering not to be close to 
each other. Then, the selected openings sizes were 
optimized to get the highest average illuminance on the 
objects while keeping the limit below 50Lux for all hours 
of the year. At last, the exposure period was chosen to be 
within the summer months to rely more on daylight for 
the illumination of objects. The proposed simulation 
method supports more energy efficient spaces. The main 
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aim was to rely more on daylight than on artificial light 
while giving it more control to highlight the objects and 
draw more attention to them by making contrast with 
daylight.  
Conclusion 

Daylight is a key factor for users’ environmental comfort. 
The architect’s role is important to decide on the effective 

integration of daylighting systems for a better 
environment. In this way, comfortable and efficient visual 
conditions can be created while minimizing the negative 
effects. Although daylight is characterized by high 
variations along the day and year, this study provides a 
method to understand these variations and control it 
through façade design. The allocation of façade openings 
and the resulting daylight distribution is a defining 
element in perceiving the space and objects inside. Its 
optimisation can enhance the quality of space through 
providing more daylight and reducing artificial light 
dependency which reached only 20% when the exposure 
duration was correctly selected between May and August 
to maximize the use of daylight against artificial light.  
The suggested parametric workflow can be replicated for 
other orientations and locations by following the three 
mentioned phases of optimization.  In this specific case 
where only diffused light enter the space, some 
conclusions can be drawn and generalized. The layout 
design of the exhibition space plays a vital role in the 
façade configuration, so it should be considered from the 
early start. There are no specific benchmarks for 
evaluating the distribution of daylight can be found aside 
from uniformity which is not the issue in a space like 
exhibitions. On the other hand, contrast can be more 
favoured as it was proven from literature that it increases 
visual interest. So, for endowing more excitement in the 
space, it is recommended to apply small openings on 
certain locations forming random daylight pattern to 
highlight objects in the space. According to the 
distribution analysis of this case study, objects are better 
to be located not more than 2.5m far from the façade to 
get more affected by daylight so, in case of large 
exhibitions spaces, skylights is a better alternative for 
introducing effective daylight. 
Future work aims to apply a human centric design 
approach seeking to regard perceptual qualities of light by 
quantifying luminance variation and correlating it with 
users’ visual subjective perception of the exhibition 
space. Applying this approach will be used to assess the 
integration of daylight against the use of merely artificial 
lights from the visitor’s point of view. Acquired data will 
give more insight to enhance our proposed method and 
how the collected data can be integrated into the 
simulation workflow. Also, to understand how facades 
characteristics and daylight distribution impact users’ 

experience of the exhibition space. 
Real measurements are needed in future research to 
validate the method and ensure the accuracy of results. 
Also, a correction factor might be deduced to come closer 
to the physical measurements. 
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Abstract 
This paper presents a post-occupancy daylighting study 
within 17 residences in Singapore consisting of 35 
participants. Each residence was visited, and a calibrated 
daylighting model was constructed and validated based 
upon 100’s of individual illuminance measurements. A 
survey on subjective lighting quality was administered to 
each participant. The authors find that simulated annual 
climate-based daylight measures can be used to predict 
subjective lighting evaluations such as satisfaction with 
access to daylight, whether a space is perceived as dim or 
bright, and when overall daylighting levels are too low. 
Using the mean annual daylight level per sensor, at a 
spatial median illuminance threshold of 175 lx, more than 
80% of people are predicted to be satisfied with access to 
daylight in kitchens; however, in bedrooms and living 
rooms, satisfaction with daylight was high even at low 
lighting levels. Kitchens can be identified as dim or bright 
and all residential space types can be identified as often 
underlit or not based upon median spatial values of annual 
sensor mean illuminance. Finally, the authors share 
reported reasons for dynamic window shading use in the 
residences studied—desire for privacy was found to be of 
similar importance to the direct sunlight, a difference 
from dynamic shading use in commercial spaces. 

Introduction 
Human factors are a huge part of recent daylighting 
analysis work. Renewed interest is emerging in physical 
reactions to light such as circadian health and alertness as 
well as subjective responses—visual discomfort, 
satisfaction with access to daylight, the relationship 
between contrast and emotive perception, and how the 
concept of ‘fully daylit’ is defined by users. Within this 
work, most of the studies based upon direct measurements 
and surveys are based in labs, classrooms, or offices. Labs 
and classrooms are the spaces most commonly available 
to the researcher, and offices are often open enough that 
polling and measurement can be widespread, minimizing 
effort and cost in data collection. Within the field of 
residential daylighting, however, there is little direct 
evidence for the way we assess the daylighting of 
residential spaces.  This paper addresses this gap through 
a direct measurement, simulation, survey, and journaling 
study within residential buildings located in Singapore.  

Several researchers and communities have addressed 
residential lighting metrics. The CIBSE Guide on 

Lighting for Communal Residential Buildings (2013) 
suggests that residential spaces should be oriented 
according to the time of light exposure they would 
experience based upon the program and makes 
recommendations for window sizing but stops short of 
any directly measurable design metrics. The Illumination 
Engineering Society (IES, 2000) on the other hand makes 
specific recommendations for lighting levels in residential 
spaces—30–50 lx in corridors and stairs, 100 lx in 
bedrooms, bathrooms and living rooms, 500 lx for 
cooking and handicrafts, and 1,000 lx for tasks of even 
greater detail. These are based on presumed lighting and 
colour-rendering sufficiency rather than specific human 
factors. When residential daylighting is assessed with 
Climate-Based Daylight Metrics (CBDM’s, Mardaljevic 
2000), it is often through a reduced illuminance target or 
a varying schedule as in Singapore’s Green Mark 
Certification system (BCA 2015) which specifies a 200 lx 
daylight target and an occupancy schedule of 7:00am–
10:00am and 4:00pm–7:00pm. LEED version 4 for 
multifamily residential (USGBC 2015) specifies that 90% 
of spaces achieve 10 lx of daylight, and that 50% of spaces 
achieve 150 lx of daylight based on field measurements. 
5,000 lx is a maximum not to be exceeded. Mardaljevic et 
al. (2012) however applied the standard Useful Daylight 
Illuminance (UDI) thresholds (<100 lx, fell short; 100 lx–
300 lx, supplemental; 300 lx–3,000 lx, autonomous and 
>3,000 lx, exceeded) residential projects, noting that they 
were designed for office spaces. Dogan and Park (2018) 
proposed a new residential daylighting metric for cold and 
temperate climates based on a review existing literature 
on lighting preferences and existing design guidelines.  

Direct measurement or simulation studies relate 
measurements to actual occupant feedback in the field. Ng 
(2003) found that in Hong Kong, residents had very low 
standards for daylight access to their windows from a 
survey of 1,027 participants and calculations of vertical 
daylight factor (VDF) on exterior windows; daylight 
factors inside of the spaces will be significantly lower. In 
bedrooms Ng found that 20% VDF was required to 
achieve 80% satisfaction in, but the VDF required in 
kitchens for an identical satisfaction level is only 4%, and 
27% VDF is needed for an 80% satisfaction rate in living 
rooms. It is difficult to relate these values to lighting 
levels inside of apartments due to window glass 
properties, shading devices, and the size of individuals 
rooms being unknown. Xue, Mak, and Huang (2016) 
conducted a survey in 108 daylit living room spaces by 
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means of stuffing mailboxes. While the units were never 
physically measured or entered, simulation models were 
constructed based upon construction documents. Only 
illuminance uniformity and the mean Daylight Autonomy 
300 lx (DA300lx) level—the percent of time where 300 
lx is achieved by daylight alone—were found to 
significantly correlate with comfort inside of their 
simulated spaces. Minimum uniformity of 0.112 and 
DA300lx of 29.6% were recommended.   

In this paper, the authors describe a new approach to post-
occupancy-based daylight assessment of residential units. 
First, the process of measuring 17 residential units in 
detail and constructing calibrated daylight simulation 
models of each is described and validated. Then a one-
time subjective survey and lighting journal system for 35 
participants is described. Finally, correlations between 
site-measurements, annual simulations, and the collected 
subjective data is reported.  

This article is an initial exploration of an extremely rich 
dataset which has been created. This initial report 
describes simple correlations between likely predictor 
variables for subjective responses where statistically-
strong correlations exist. The authors aim to reduce 
degrees of data processing freedom and inclusion of 
covariates in the analysis to minimize false positives 
(Simmons et al. 2011). 

Methodology 
Space measurements and lighting model calibration 

Seventeen residential units throughout Singapore are 
included in this study, including the following room 
counts by program: 17 living rooms, 22 bedrooms, 14 
kitchens, 2 dining rooms, and 2 study rooms. This 
manuscript focuses on the living rooms, bedrooms, and 
kitchens as there is a larger sample of these types of 
program spaces. A representation of the 17 unit layouts 
surveyed with annual mean daytime illuminance results 
plotted on top are included in Figure 1.  

For all 17 residential units, calibrated daylighting models 
were constructed. The same calibration process reported 
in previous works was followed (Jakubiec et al. 2018, 
Quek and Jakubiec 2019). 3D scan data was captured 
from within and exterior to each unit, reflective and 
transmissive material properties were measured using a 
reflectance spectrophotometer or illuminance ratios, and 
detailed 3D models were constructed in the Radiance 
format (Ward 1994) based on this information. Figure 2 
shows the 3D scan information and the resulting 
daylighting model without the exterior context.  

To ensure the validity of the 17 models, point-in-time 
illuminance data was measured along a centreline from 
each window at 1 m intervals into each residential space. 
To ensure the speed and accuracy of these measures, a 
tape measure was laid on the floor, and a plumb bob and 
level were attached to an illuminance meter. The 
researcher would then measure at 1 m intervals quickly 
while maintaining the sensor height and levelness, 
recording the time of measurement, spatial location, and 
the illuminance value. 

 
Figure 1: Annual mean daytime illuminance without 

window shades in the 17 studied housing units.  
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Figure 2: Representative 3D scan (top) and resulting 3D 

model (bottom) without a depiction of the site context 
and surrounding buildings of unit 3. 

Later, global horizontal irradiance data was extracted 
from nearby weather stations during the time of 
measurement and used to create a custom Perez all-
weather sky (Perez, seals and Michalsky 1993) which is 
used to calculate illuminance via the Radiance engine’s 
rtrace command (Ward 1994) and can be compared to 
the measured data. Figure 3 shows a calibration analysis 
with measured illuminances on the X axis and simulated 
illuminances on the Y axis for 236 measured points across 
all 17 residential units. The solid red line is the identity 
line (y=x), and the dashed lines indicate a boundary of 
±25% accuracy in log10 space. The total root mean square 
error across all sensors and models is 168.2 lx, and the 
mean bias error is 31.6 lx, indicating a slight 
overprediction in the simulation models overall.  

Subjective data collection 

Each of the 17 housing units were visited twice. On the 
first visit, the physical information used in building and 
calibrating the 3D models illustrated in the previous 
section was collected. In addition, lighting journals were 
left with the participants. Each participant was asked to 
fill in lighting journal information in each studied room 
for at least 3 times per day for a minimum week-long 
duration; however, the lighting journal information is not 
analysed in detail in this report due to a lack of space. 

A follow up second visit took place 1 week after the initial 
visit. During this visit, an approximately 45-minute 
survey was administered to each participant in the study. 
Lighting journals were collected, and participants were 
reimbursed with a S$50 grocery voucher for their week-

long participation in the study. Table 1 illustrates a 
selected subset of subjective questions which will be 
analysed in this manuscript.  

 
Figure 3: Measured and simulated illuminance values at 

236 points in the studied residential spaces.  

Results 
Participant demographics 

A wide range of ages were captured from young 
professionals to retirees. Fifty-four percent (54%, 19) of 
participants were female while 46% (16) were male. Only 
51% (18) of participants wore corrective eyewear, either 
glasses or contact lenses. Eighty-three percent (29) of 
participants were employed, 9% (3) were retired, 6% (2) 
were unemployed, and 3% (1) were on compulsory 
military service.  A histogram of participant ages is shown 
in Figure 4. 

 

 
Figure 4: Histogram of participant ages. 
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Description of collected data 

One great unknown in lighting simulation is the 
materiality of a simulation model, which were all 
measured explicitly using a Konica Minolta 2600d 
material spectrophotometer for opaque materials and 
paired illuminance measurements for transparent or 
translucent materials. Over 400 opaque materials, shades, 
and glazing assemblies were measured in the 17 
residential units, although roughly four-fifths of those 
measurements are of interior furnishings. In this 
manuscript, the authors have chosen to report some 
descriptive statistical measures—mean, median, and 
standard deviation from the mean—of standard material 
surface types: walls, floors, and glazing assemblies. 
Ceilings were not always explicitly measured if their 
visual properties were very close to those of painted walls, 
so they are not included here.   

Table 2 lists the mean, median, and standard deviation 
from the mean of the material measurements. Colored 
walls are common inside of the residences surveyed—30 
of 48 walls measured were non-white, and all walls had a 
mean reflectance of 72.4% but a large standard deviation 
of 20.8% reflectance. White walls, on the other hand, 
were found to be uniformly brighter than current 
standards (IESNA 2012) with a mean reflectance of 
86.0% and a low standard deviation. Properties of 
glazings (23.6% standard deviation from a mean of 
39.6%) and floors (22.8% standard deviation from a mean 

of 47.2%) also varied wildly between residential units and 
between rooms with different glass and floor finish types.  

Table 2: Statistical information on measured material 
properties inside 17 residential units. For opaque 
materials visible reflectance is reported while for 
glazings visible light transmittance is reported. 

Name Count Mean 
(%) 

Median 
(%) 

Std. 
(%) 

All walls 48 72.4 79.5 20.8 
White walls 18 86.0 86.8 4.1 

Glazings 38 39.6 31.8 23.6 
Floors 42 47.2 53.9 22.8 

In order to express the variety of lighting experienced 
within each program and unit, Figure 5 reports the mean 
spatial value of two CBDM’s—mean annual daytime 
illuminance and DA300lx—for each space within the 
study using a standard 9:00am-5:00pm occupancy 
schedule. The authors intend this data to paint a general 
picture of the data collected in measuring and simulating 
17 residential units. 

Table 1: Selected questions and response options included in the subjective survey. 

Question Response Range 
Demographic Questions 

1. What is your age? ≤21 years, ≤30 years, ≤40 years, ≤50 years, <65 years, or ≥65 
years

2. What is your gender? Male or Female
3. Are you wearing corrective eyewear at the time of this 
survey? 

Glasses, Contacts, No 

4. Please describe your activity status. 1. Holds a regular job, profession or internship 
2. Unemployed 
3. A student or pursuing education in some manner 
4. Retired 
5. Permanently disabled 
6. In compulsory military or community service 
7. Performing domestic work 
8. Other

Long-term Descriptive Questions
5. Think about the amount of daylight, not electric light, that 
typically reaches each room in your household. How satisfied 
are you with your access to daylight? Check one box per row 
for each room. 

(Per room) Range from Very Satisfied, to Neutral, to Very 
Dissatisfied 

7. Which adjectives typically describe the lighting in the 
following rooms? Check all that apply. 

(Per room) Gloomy, Dim, Comfortable, Bright, Glary, and 
Other (free response)

10. If you have ever closed the shades in the following rooms, 
please give a reason or reasons why. Please check or write 
down all that apply. 

(Per room) Privacy reasons, Excessive daylight, or Free 
response choice 

Long-term Ranking Questions 
Please rate your agreement with the following statements by checking a single box for each room in your household.

11. The total amount of light from daylight in the following 
rooms is often too high. 

(Per room) Range from Strongly Agree to No Opinion to 
Strongly Disagree 

12. The total amount of light from daylight in the following 
rooms is often too low. 
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Figure 5: Mean daytime illuminance compared against 

the percentage of space meeting the DA300lx50% CBDM. 

 

 
Figure 6: Example normal distribution and probit link 

function relationship. 

Inferential Statistics 

In view of the small number of participants (n=35), rather 
than using a grouping methodology when analysing the 
data as in some previous works (Wienold and 
Christoffersen 2006; Hirning, Isoardi and Cowling 2014; 

Jakubiec, Quek and Srisamranrungruang 2018), when 
correlating against the survey data the authors rely on 
probit logistical regression. Probit regression is a type of 
regression where the dependent variable is binary—for 
example satisfied or not satisfied with daylight—and is 
numerically limited between 0 and 1. The resulting probit 
function simply reports the probability that a member of 
a population will satisfy the binary criteria and obviates 
the need to group the participants by a predictor variable. 
Probit results are parameterizations of the normal 
cumulative distribution function, 𝛷 𝑧 . This is illustrated 
in Figure 6. For example, if a regression-fit probit result 
is 𝑧 1.311442 ∗ 𝑋 2.085852, then evaluating 𝑥 at a 
value of 2.243, some measured or simulated value, will 
result in a 𝑧 equal to ~0.8558 and a probability of 80.4%, 
the shaded area under the curve in Figure 6 (top), 
essentially the probability that the dependent condition 
will be true (1). For this reason, probit models result in an 
S-shaped curve (Figure 6 bottom) which is flat near a 0 or 
1 probability when the z-function is at the tails of the 
standard normal distribution (<-3 or >3) and changing 
more rapidly when it is between.  

Because the input data are binary, it is difficult to apply 
normal correlation information, such as R2 and p-values, 
to logistical regression types; however, several methods 
in the research to generate pseudo-R2 results have 
emerged. The authors use McFadden’s R2 (McFadden 
1973)—defined as 1 minus the log-likelihood of the fitted 
model divided by the log-likelihood of a null model—to 
express the goodness of fit between simulations and 
subjective information. Evaluation of McFadden’s R2 is 
different from typical R2 metrics—results as low as 0.2–
0.4 represent an excellent fit. In the authors’ opinion 
results of 0.15 represent a very good fit, 0.10 a good fit, 
and 0.07 a fair fit to the data.   

Initially when exploring the dataset described in this 
manuscript, the authors correlated the responses to 
question 5 in Table 1 (“Think about the amount of 
daylight, not electric light, that typically reaches each 
room in your household. How satisfied are you with your 
access to daylight?”) with a variety of area-based 
CBDM’s. If a participant responded that they were either 
“Slightly Satisfied,” “Satisfied,” or “Very Satisfied” with 
their access to daylight, then they are grouped in the 
satisfied category (1 in the probit analysis). Responses of 
“Neutral” satisfaction were discarded, and any 
dissatisfied responses were grouped under the dissatisfied 
category (0 in the probit analysis). CBDM’s were 
calculated using 5-minute actual year weather data and 2 
different occupancy schedules—a standard 9:00am–
5:00pm occupancy period and a 7:00am–10:00am & 
4:00pm–7:00pm occupancy period covering morning and 
evening hours presuming occupants leave their homes 
during the day.  

Daylight Autonomy (Reinhart, Mardaljevic and Rogers 
2006) results were derived using both schedules at several 
illuminance targets—200 lx, 300 lx, and 500 lx. Daylight 
Autonomy is simply the percentage of time where the 
illuminance target is met through daylight alone. In this 
paper the percentage of a space’s floor area meeting a 

80.4% 
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certain time threshold, either 25% of scheduled hours or 
50% of scheduled hours, is used to relate temporal 
information to an entire space as in IES-LM-83 (IESNA 
2012) and is abbreviated as DA300lx50% as an example for 
a 300 lx illuminance threshold and a temporal goal of 
meeting the illuminance criteria for 50% of scheduled 
hours. Useful Daylight Illuminance (UDI, Nabil and 
Mardaljevic 2005) is also used based on the summation of 
its autonomous (300 lx–3,000 lx) and supplemental (100 
lx–300 lx) lighting threshold as has been used previously 
by Mardaljevic, UDIa+s50%. 

Two other measures were calculated based on the success 
of a previous study (Jakubiec, et al. 2018)—the mean and 
median spatial values of mean temporal daylight 
illuminance. In both cases, the mean illuminance at each 
sensor value over the scheduled time is calculated. In the 
case of median, the median sensor value of these temporal 
means in the space is selected. In the case of mean, the 
spatial mean of all temporal means is calculated. Table 3 
illustrates McFadden’s R2 showing the correlation 
between selected calculated metrics and the answer to 
question 5 from Table 1. Good and very good correlations 
(McFadden’s R2 > 0.10) are colored in green while fair 
correlations (McFadden’s R2 > 0.07) are colored in blue. 

From Table 3’s results, several plausible metrics emerge 
for the prediction of satisfaction with access to daylight in 
residential spaces. Especially in the case of kitchen 
programs, simulated results correspond well with 
subjective data—there are 3 pseudo-R2 correlations 
greater than 0.15 which indicate a very good fit. The best 
of these is the median of all sensor temporal mean 
illuminance values. On the other hand, daylight metrics 
predict lighting satisfaction less well in bedrooms and 
living rooms.  

Figure 7 illustrates a graphical version of the probit 
relation between the median daylight sensor to reported 
daylight satisfaction for the three program types. The 
points represent participant responses for rooms with 
specific predicted median CBDM values, and the lines are 

the probit-derived probabilities that a participant answers 
they are satisfied (1) or not satisfied (0) with daylight 
access. What emerges from this result is a program-
specific response to lighting quality. Under any 
daylighting level, most participants were satisfied with 
daylight in their bedrooms. Living room spaces were also 
less likely to have their daylight access appraised as 
unsatisfactory when low levels of daylight are present. 
Participants assessing their kitchens, however, show a 
strong preference for higher daylighting levels and feel 
dissatisfaction with lower lighting levels. Other CBD 
measures such as DA200lx50% and DA300lx25% show 
these general trends as well when related to reported 
satisfaction. 

 
Figure 7: Probability of being satisfied with access to 
daylight by room type predicted by the median sensor 

value of temporal mean illuminance CBD metric. 

Table 3: Selected McFadden Pseudo-R2 correlations between area-based CBD metrics and participant probabilities of being 
satisfied with access to daylight separated by program and occupancy schedule. 

Program 
(Schedule) 

DA200 
(25%) 

DA200 
(50%) 

DA300 
(25%) 

DA300 
(50%) 

DA500 
(25%) 

DA500 
(50%) 

UDIa+s 
(50%) 

log10 
Mean 

log10 
Median 

Bedroom 
(9-5) 

0.0596 0.0737 0.0691 0.0668 0.0486 0.0076 0.0863 0.0150 0.0013 

Bedroom 
(7-10&4-7) 

0.0681 0.0056 0.0391 0.0000 0.0003 0.0000 0.0143 0.0054 0.0002 

Kitchen  
(9-5) 

0.1006 0.0736 0.0792 0.0734 0.1011 0.0873 0.0896 0.0977 0.1849 

Kitchen  
(7-10&4-7) 

0.0722 0.0779 0.0754 0.0593 0.0652 0.0545 0.1620 0.0755 0.1596 

Living  
(9-5) 

0.0430 0.0249 0.0266 0.0156 0.0196 0.0243 0.0687 0.0597 0.0411 

Living  
(7-10&4-7) 

0.0243 0.0295 0.0259 0.0412 0.0455 0.0199 0.0647 0.0747 0.0577 

 
 Good and very good correlations, McFadden’s R2 > 0.10 

 Fair correlations, McFadden’s R2 > 0.07 
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In kitchens, feelings of satisfaction with access to daylight 
correlated strongly with many daylight metrics in kitchen 
spaces (see Table 3), but the most successful was the 
median spatial sensor value based on a mean of daytime 
(9:00am–5:00pm) illuminance results per sensor with a 
very strong McFadden’s R2 correlation of 0.1849 (see 
Figure 7). This means that in kitchens, it is possible to 
calculate the probability with which someone is satisfied 
with their access to daylight using the normal distribution 
function illustrated in Figure 6 parameterized by the 
probit z-function. This is shown in Equation 1 for the 
relationship between the median sensor value of temporal 
mean illuminance CBD metric and feelings of satisfaction 
with access to daylight in kitchens,  

𝑧 1.311442 ∗  𝑙𝑜𝑔10 𝐸 2.085852 (1)

where 𝐸 is the median illuminance of all sensor temporal 
mean values in the space based on an annual CBD 
daylight simulation. At 175 lx, 80.4% of people are 
expected to feel satisfied with daylight levels. This is a 
significantly lower illuminance threshold than what a 
commercial standard daylight metric would use.  

In bedrooms and living rooms, even at very low median 
illuminance levels, the majority of occupants are likely to 
be satisfied with their access to daylight. However, even 
though participants are satisfied they may still find a space 
“gloomy” or “dim.” They may also find a space especially 
“bright” or “comfortable” beyond simple satisfaction with 
access to daylight levels. Figures 8 and 9 continue this 
analysis in greater detail by investigating the subjective 
response feedback from question 7 in Table 1 (“Which 
adjectives typically describe the lighting in the following 
rooms?”) compared against the same median sensor value 
daylight metric with each sensor reporting the average 
value of a 9:00am–5:00pm schedule as in Figure 7. Figure 
9 shows the probability of reporting a space as being 
typically “gloomy” or “dim” while Figure 10 shows the 
probability of reporting a space as being typically 
“comfortable” or “bright.”  

As in the previous analysis, the most extreme variety of 
response under changing daylight levels comes in kitchen 
spaces. However, in this case the least varying response 
due to daylight is in living room spaces rather than in 
bedrooms. Very few living room spaces were identified 
as being dim or gloomy by participants, and most were 
seen as comfortable or bright. Few bedrooms were 
perceived to be dim or gloomy regardless of the 
daylighting level, but the perception of comfortable or 
bright varies strongly with daylight levels in bedrooms. 
Finally, Table 4 illustrates the predictive values using 
McFadden’s R2 in predicting “gloomy / dim” and 
“comfortable / bright” using the spatial median CBD 
metric.  

 
Figure 8: Probability of reporting a room as typically 
“gloomy” or “dim” as predicted by the median sensor 

value of temporal mean illuminance CBDM. 

 
Figure 9: Probability of reporting a room as typically 
“comfortable” or “bright” as predicted by the median 

sensor value of temporal mean illuminance CBDM. 

 

Table 4: McFadden’s R2 values assessing the correlation 
between a space being perceived as “gloomy / dim” or 
“comfortable / bright” and the median sensor value of 

temporal mean illuminance CBDM. 

Space type Gloomy / dim 
prediction 

Comfortable / 
bright prediction

Bedroom 0.0096 0.0603
Kitchen 0.1341 0.1626

Living Room 0.0097 0.0292
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Dogan and Park (2018) proposed direct sunlight 
requirements for residential buildings in cold and 
temperate climates, but Singapore is a climatic context 
where it is constantly hot and humid and overheating risk 
is significant. Therefore, it is worthwhile to investigate 
the impact of minimal exposure on occupant residential 
preferences for tropical climates—questions 11 and 12 in 
Table 1, “The total amount of light from daylight in the 
following rooms is often too [high / low].” Analysis of the 
median sensor illuminance value related to question 11, 
regarding an excess of daylight, yielded poor and non-
intuitive correlations; however, when assessing lighting 
levels being too low (question 12), there was a clear 
preference. This result is shown in Figure 10, where 
McFadden’s R2 is 0.1236 for bedrooms, 0.1987 for 
kitchens, and 0.1800 for living room spaces—all good to 
very good correlations. In kitchens, where the largest 
amount of daylight is desired, a median sensor value of 
300 lx, only 21.6% of participants are expected to feel that 
daylight levels are too low. At the same 175 lx used which 
rendered 80.2% of kitchen users satisfied with daylight 
access, 48.2% of participants are expected to feel that the 
daylight levels are often too low (22.3% in bedrooms and 
16.5% in living rooms).  

 
Figure 10: Probability of reporting a room’s daylight 

levels as typically “too low” as predicted by the median 
sensor value of temporal mean illuminance CBDM. 

Finally, in light of the substantial amount of recent work 
on occupant window shade operation algorithms in 
commercial daylit spaces (Nezamdoost et al. 2018; Gunay 
et al. 2017), the authors wish to share the results of 
question 10 from Table 1—"If you have ever closed the 
shades in the following rooms, please give a reason or 
reasons why.” Of 78 reported reasons for closing the 
window shades across all room program types, 35.9% are 
to block direct sun, 33.3% are for privacy reasons, 17.9% 
are to reduce solar heat gain, and 12.8% are to block 
diffuse daylight.   

Conclusion and discussion 
The extent of analysis in this paper is limited by its format, 
but the authors have presented in detail a comprehensive 
study methodology comparing measured and simulated 
lighting levels in 17 residential housing units in Singapore 
against the subjective opinions of 35 participants who 
reside in the units. This manuscript represents a first look 
at the data and its ability to craft statistically-valid 
subjective models based on predictive lighting simulation 
data. This study is particularly novel, because it involves 
direct measurement and calibrated daylight modelling for 
the residences studied, something largely absent in the 
literature.  

It was found that daylighting analysis in residential spaces 
should vary significantly from those in commercial office 
spaces. In bedrooms and living room spaces, high 
participant satisfactions with daylight access were found 
even at very low levels of traditional CBDM’s which form 
the basis of commercial daylighting metrics. This makes 
sense given the differences in tasks between office spaces 
with high light requirements for working and residential 
spaces where light may not be as critical. The exception 
to this was found to be the kitchen, a space where the task 
of cooking requires adequate lighting. Furthermore, it was 
found that CBDM’s can be used to identify when kitchens 
especially may be classified as typically bright / 
comfortable or gloomy / dim. Finally, the authors 
compared a CBDM with the probability of feeling that 
daylight levels are often too low and found that all 
residential program types can be assessed for this criteria. 

Taking the median spatial value of all sensor mean 
daytime illuminance values, 175 lx was found to be a 
good threshold for satisfaction with access to daylight in 
kitchens, where a 300 lx median was necessary to cause 
only 21.6% of kitchen users to feel that daylight levels are 
too low. This ~10% median cutoff value is around 150 lx 
in living rooms and 200 lx in bedrooms, leading to 
different lighting targets depending on program. These 
results should have applicability for designing satisfying 
and well-daylit residences in the future, at least in the 
tropical location of Singapore.  

The authors have shown that climate-based daylight 
metrics have direct applicability to the perception of light 
inside of dwellings, although not only traditional metrics 
can work in this regard. New ways of using climate-based 
daylight modelling has been explored in this study—mean 
and median assessments of annual mean illuminance 
levels do a better job of predicting subjective results than 
traditional CBDM’s. New means of expressing quality 
lighting in residential units can be achieved without 
relying upon electric lighting sufficiency measures 
typically present in codes and green building certification 
systems.  

Limitations and future work 

There are several limitations to this work. The study 
reported herein has been carried out in one location—
Singapore. While other studies find broad acceptance 
from a limited sample, the authors do not wish to overstate 
the applicability of this work without further validation 
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studies. Future validation in other countries would be 
beneficial in finding global subjective lighting quality 
metrics.  

The amount of analysis studies in this paper is very small 
compared to the number of questions in the survey and the 
number of potential simulation outputs, only a fraction of 
which were shared in the manuscript. Therefore, this work 
serves as an initial presentation of the methodology and 
early communication of results. 
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Abstract 

This study uses calibrated simulations to evaluate the 
daylight performance of the new workshop building at 
CEPT University, Ahmedabad, India, and to validate 
Lighstanza as a daylighting simulation tool. The 
methodology included field measurement and calibrating 
a daylight model. The calibrated model of the building has 
an RMSE (Root mean square error) and an NMBE 
(Normalised mean biased error) of less than 4%. The 
building was found to be LEED v4 and Energy 
Conservation Building Code 2017 (ECBC) compliant. 
The current manual switching response to daylight saves 
€ 1,066 per year.  The Daylight Glare Probability analysis 
showed that the spaces experience glare issues only 
between 5-6 PM during the summer months.  
 
Introduction 

India is experiencing increasing urbanization and the 
majority of building energy in urban areas is consumed by 
cooling, ventilation through fans and artificial lighting (S 
Yu, M Evans, 2014). Daylighting can be a useful strategy 
to conserve energy and can give energy savings up to 45% 
(Debnath and Bardhan, 2015). There are various studies 
done on daylighting and visual comfort in spaces such as 
retail, classrooms and offices. Students in classrooms with 
daylight had 7-18% higher test scores than those students 
who had least daylight in their classrooms (Heschong 
mahone group, 1999). Chen et al., (2014) state that there 
are only a limited number of studies on daylighting for 
industrial buildings where lighting is a major electricity 
consumer. In case of low surface reflectance, or a task 
where higher visual capacity is required, accidents can be 
caused by failure to see or failure to understand what is 
seen. Most accidents that are caused by poor illumination 
are avoidable with proper planning in the use of daylight 
illumination (Oweikeye, Amasuomo and Alio, 2013). The 
findings from such studies make a case for understanding 
the actual daylight performance of the workshop at CEPT 
University.   
The new workshop building at CEPT University, 
Ahmedabad was designed by architect Gurudev Singh. 
The new building accommodates studios for Model 
Making, Wood working, Metal working, Ceramics & 
Clay, Weaving/Textile, Print & Print Making and Fab Lab 
CEPT. Ahmedabad has a clear sky climate throughout the 
year except for monsoon months. The design of the 

workshop is intended to provide daylight during 
occupancy hours (Singh, 2018). The workshop has a 
rectangular plan form with an area of 1,685 sq. m. It is a 
facility with high ceiling, north facing windows and large 
clear spans (Figure 1) to accommodate the need of each 
activity. The architect and the university facilities 
managers were interested in knowing if shading devices 
were required, or if there was any glare that may cause 
safety issues while operating the workshop equipment. 
The study determined whether the workshop requires 
additional shading in any form. According to the Energy 
Conservation Building Code (ECBC) of India, the 
lighting power density for a workshop facility is high at 
14 W/m2 and these spaces can have very high lighting 
energy use. The quantification of the daylighting savings 
can impact the future decisions on this building type 
which has one of the highest lighting energy use. 
The approach of this study was to measure illuminance 
and surface characteristics, record lighting usage patterns, 
calibrate a daylight model, and perform annual 
simulations to evaluate the daylight performance for 
visual comfort and energy savings potential.  While this 
building has exemplary daylight performance, the 
parametric study estimates the value of design decisions 
(such as material choices) in terms of the impact on 
lighting energy savings.  
This study validates Lightstanza as a tool for daylighting 
simulations.  Sketchup 3-D Models were imported in to 
Lighstanza, which provides an easy-to-use browser-based 
interface, but limited access to settings of the Radiance 
engine.  This validation exercise is a significant research 
contribution of the study. The methodology adopted to 
evaluate the daylight performance can be used for any 
building type. 

Figure 1: A visual depicting white finishes of ceiling, 

display cupboard and open doors in the workshop 
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Methodology 

The methodology for this study is broadly divided into 
four sections i.e. data collection and field measurements, 
model calibration, performance analysis using calibrated 
model, and parametric analysis. 
Data collection and field measurements 

Data collection was carried out in order to understand the 
design intent of the workshop. This included reviewing 
building drawings, visit to the site and interviewing the 
architect of the building. Literature review was done, and 
photographs were taken to document the building 
elements and daylit spaces in the workshop. 
Field measurements were carried out for instantaneous 
and long-term monitoring.  
1. Field measurements 
• Point-in-time illuminance (PIT) values were measured 

using KM-99 Digital lux meter (Figure 4). The field 
measurements were done in the model-making part of 
the workshop, which is a representative space, on a 
grid of 0.6 x 0.6 m at a work plane height of 0.75 m. 
Outdoor illuminance was measured every 5 mins for 
the same time period to ensure that oudoor levels did 
not vary considerably during the measurement period. 
Illuminance and exitance values were measured for 
interior surface finishes to calculate surface 
reflectance values (Figure 6).  
 

• Instrument details-Manufacturer: Kusam Meco, 
Accuracy: ± 5%, Range:0-50,000 lux  

2. Long term monitoring 

• Onset U12 HOBO (Figure 4) data loggers were used 
to measure the illuminance levels at 10 minute 
intervals for a period of one week and derive the light 
switching patterns by analysing the data. 

• Instrument details-Manufacturer: Onset, Range for 
light intensity:1-3000 lux, Accuracy: ± 2.5%.    

• Placing the logger on top of the shelf (Figure 5) 
allows a stronger signal to be read when the electric 
lights are turned on during daylit hours.  

3D modelling and model calibration 

The 3D model was set up with geometry and material 
definition (Figure 4) using Sketchup software to import it 
into cloud-based software Lightstanza (LightStanza, 
2017) for daylight simulation. Daylight simulation was 
performed in Lightstanza for the same time of the year as 
the measurements, with TMY data for Ahmedabad on 4th 
March at 12:00 noon. The simulation was done with a grid 
spacing and workplane height same as that for field 
measurements. The difference was calculated between 
measured and simulated values. The results are compared 
using daylight section curves. 

The objective of calibration was to minimize the 
difference between the on-site measurement data and 
simulated results by making reasonable changes to the 
model inputs (Table 1). Inputs such as dust factor on the 
glazing, accurate furniture and door positions, surface 
reflectance values, etc. are adjusted. 
The calibration process involved identifying and listing 
down the factors affecting direct component, externally 
reflected components (ERC) and internally reflected 
components (IRC) of daylight and checking the model for 
light leaks through hemispherical renderings. Inputs that 
affect the direct component of daylight are investigated to 
correct large differences, and those that affect the internal 
and external reflected components are investigated for 
small differences (Table 1). RMSE and NMBE are 
calculated, and the process of calibration was used to 
reduce these to match the overall daylight section curves.  

Figure 5: Location of data loggers placed above the 

wooden shelves in the ceramic workshop in section. 

Figure 6: 3d model used for daylight simulation 

 

Figure 4: HOBO data 

loggers used for long-term 

monitoring 

Figure 4: KM-99 digital 

lux meter used to measure 

PIT value and surface 

reflectance. 

Figure 4: Location of field (indoor and outdoor) 

measurement in workshop. 
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Table 1: Identifying factors affecting daylight in a space-

SC+ERC+IRC 

 
Factors affecting the direct component of daylight are 
adjusted to calibrate the model and reduce the error in the 
acceptable range as follows-  
• The model was built by using the drawings provided 

by the architect.  The furniture location and size 
needed to match that in the building (Figure 8) 

• The door swing of partition wall was open in the 3d 
model, but they were closed during the measurements 
and this needed to be matched (Figure 9). 

• Changing the visible transmittance (VT) of the glazing 
of north openings by considering a dust factor i.e. 
effective VT (Figure 10) 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Performance Analysis 

To evaluate the daylight performance of the workshop, 
the 3d model of the building was simulated for its annual 
performance, the lighting energy savings were estimated 

based on long-term monitoring and visual comfort was 
assessed by carrying out glare analysis. 
 
1. Annual performance 

Daylight simulation was performed for the whole 
workshop building to evaluate the annual 
performance (Table 2) in Lightstanza. 

 
Table 2:Annual metric used in this study and their 

thresholds 

 
2. Lighting energy savings 
• Since there was no other data of existing operation for 

the representative space as a base case for lighting 
energy savings, the workshop with lights turned on for 
all occupied hours (no daylighting) was considered as 
the baseline case.  

• The long-term monitoring data for Jan 12-18 was 
analyzed and to identify the times of the day when 
lights transition from off to on and vice versa. Jan 12-
18 was simulated with the calibrated model for these 
transition times.  Using the simulation results, the 
threshold illuminance at the critical task point in the 
space is identified for that transition time.  

• The simulated illuminance level at the critical point 
was then used as a threshold number for annual 
simulation-DA (switching control) and cDA 
(dimming controls). The DA or cDA value is assumed 

Possible 
differences 

Direct sky 
component 

Internal 
reflected 

component 
(IRC) 

External 
reflected 

component 
(ERC) 

People      
Furniture location       

Door swing       

Glazing dust factor       
Machinery      

Exterior china 
mosaic     

Ext. trees and 
buildings     
Trusses       

Annual 
metric 

Performance 
threshold 

Purpose of the 
daylight metric in 

the study 

Source  

sDA 75%(area) 
sDA300/50% (300 
lux for 50% of 

the time) 

LEED threshold 
for daylight 
compliance 

LM-83, 
IESNA ASE 10%(area) 

ASE250/1000 

(250 
hours,1000 

lux) 

LEED threshold 
for daylight 
compliance  

UDI 40 % of total 
building area 

with 90% 
UDI100,2000 

(100-2000 lux) 

ECBC 2017 
daylight 

compliance ECBC 
2017 

DA DA400/50%  

NBC: 
DA750/50%  

(Refer 
Appendix D.8 
for process) 

To estimate the 
lighting energy 

savings potential 
with switching 
controls as per 
NBC set-point. 

(On/Off) 

Long-
term 

monitori
ng-data 
logging   

cDA cDA 400/50%  
NBC: 

cDA750/50%  
(Refer 

Appendix D.8 
for process) 

To estimate the 
lighting energy 

savings potential 
with dimming 

controls for per 
NBC set-point. 

Long-
term 

monitori
ng-data 
logging   

Figure 10: Step 2, closing 

the doors in plan (with 

dust factor) in section. 

Figure 7: Step 1, 

matching the furniture 

layout as per the existing 

one in plan. 

 

Figure 9: Step 3, changing 

the VT of the glass with an 

effective VT 

Figure 8: Model before 

making any corrections in 

plan (as built) 
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to be the percentage of lighting energy that will be 
turned off or dimmed respectively.  

• The lighting energy savings for each case will be 
calculated as follows- 
Total lighting watts installed x (hrs. of use) x (% 
lighting energy off or dimmed) x (Area)= kWh/year 
 

3. Glare Analysis 
• Simulation in Lightstanza was performed for Annual 

sun exposure (ASE) and hemispherical view 
rendering. The results for renderings are generated for 
the option “4 seasons” in Lightstanza. The results are 

simulated at equinox and solstice days of the year. The 
occupied daylight hours considered for the 
simulations are the occupied hours of 10 am to 6 pm. 
Radiance settings were adjusted in Lightstasnza to get 
accuracy in results and smooth renderings. 

• Glare analysis was done for 6 points in different 
spaces of the workshop. For each of the point, human 
eye level scenes (5’5”) were simulated in each 

cardinal direction with the garage doors open and 
closed (Excluding the views when the camera face the 
wall point-blank). In total, there were 44 view 
renderings done for glare analysis. 

 
Parametric Analysis 

The workshop appears to have followed several best 
practice design decisions. The intent of the parametric 
analysis was to document the improvement in 
performance as a result of these decisions compared to the 
typical or traditional design decisions that are taken on the 
CEPT campus for other building in terms of the impact on 
lighting energy savings.   
Simulations in Lightstanza are performed by making 
changes to the calibrated model based on different 
parameters listed in Table 3  to calculate the impact of 
major design decisions in the workshop using daylighting 
autonomy metrics. Each parameter is changed one at a 
time in the calibrated model and its impact is assessed 
through ASE (glare), DA and sDA. The combination is 
assessed in the case of surface reflectance only.  

EX
ISTIN

G
 D

ESIG
N

 

Orientation 

North-
facing East West South 

Visible Transmittance of DGU glass (%) 

64.4%-
Including 
dust factor 

74-When 
the glass is 

clean 

60%-
When the 
glass is 
partially 

clean 

44%-
Glass 

heavily 
coated on 

dust 

Surface reflectance (%) ceiling 

73% (White 
laminate) 

38% 
Exposed 
concrete 

  
  

Surface reflectance (%) floor 

53% (epoxy 
flooring) 

21.7% 
(Kota 
stone) 

    

Surface reflectance (%) wall 

80% (White 
paint) 

43% 
(Brick 
work) 

    

Surface reflectance (%) combination 

Ceiling Floor Wall   
38% 

(Exposed 
concrete) 

21.7% 
(Kota 
stone) 

43% 
(Brick 
work) 

  

Window to floor area (WFA) % 

27% 20% 32%   
Exterior roof reflectance (%) 

90%    
(China 
mosaic) 

38%    
(Exposed 
concrete) 

    

 
The parametric are selected as per the design approaches 
typically used in other campus buildings. Parametric for 
orientation are the cardinal directions at which most of the 
buildings at CEPT University are oriented, also the most 
used building materials are exposed concrete, kota stone 
and exposed brickwork, hence the model was simulated 
with these specific materials. The impact of VT of the 
glass was analysed when it was dust free (clean), partially 
clean and with dust on it. WFA of most of the studios in 
the campus range between 16-36% (Chaudhary, 2017), 
therefore parametric for WFA are considered in this 
range. Impact of exterior roof reflectance is also studied 
(Table 3). 
Implementation and software related issues 

During this research, there were some field measurement 
related and simulation related issues that were identified. 
Measuring Visible transmittance of the north window 

openings 

To calculate the effective VT, the dust factor was 
calculated by measuring the transmittance losses for 
another classroom instead of north openings at the 
workshop, as it was physically not accessible. The next 
best alternative with accessible incline windows was 
searched in the campus and measured, and then, the dust 
factor was calculated. There was a difference in the angle 
of inclination between the FT openings and workshop 
openings. The north openings at the workshop was 69°and 
that of the FT classroom was 57°. Therefore, there are 
chances of the dust-factor being under-estimated since 
there was more dust accumulation at the workshop 
openings due to the adjacent road and due to difference in 
angle of inclination for both the openings. 
Outside illuminance  

Before starting with calibration process, first it was 
assured that the results of outside illuminance are close 
for measured and simulated values. The error was high 

Table 3: Parameters for which the calibrated model will 

be simulated 
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when compared for CIE clear sky, but the error was less 
when compared for Climate (TMY weather file of 
Ahmedabad) i.e. 0.09%. Therefore, Climate option was 
used (Table 4). 

Table 4:Results of measured and simulated values for 

outside grid 

 

Glare analysis renderings 

For glare analysis, there were some settings and 
parameters that were changed in order to get accuracy in 
results and smooth renderings in Lightstanza (Error! 

Reference source not found.). There were 44 renderings 
done and each rendering took 7-8 hours each. 
 

 Table 5: Settings that were made in Lightstanza for 

smooth and accurate renderings to assess glare 

Setting Function Rendering 
time and 
image quality 

Maxi
mum 
value 
for 
accura
cy  

Value 
used for 
renderi
ngs 

-ab 
Ambien
t 
bounce
s 

Maximu
m no. of 
diffuse 
bounces 
inside the 
space 
compute
d 

Doubles the 
rendering 
time for the 
no. 
Higher the no. 
of bounces, 
more accurate 
is the quality 

8 8 

-ad 
Ambien
t 
division
s 

Decrease
s the 
splotches 
of light 
due to 
indirect 
incident 
light 

Doubles the 
rendering time 
and increases 
the quality of 
the rendering 

4096 2000 

-as  
Ambien
t super-
samples 

No. of 
extra 
rays to 
spaces 
with high 
variance 

Direct, adds to 
(-ad) 

1024 800 

-lr                 
Limit 
reflecti
on 

Reduces 
the 
multiple 
reflectio
ns due to 
specular 
surfaces 

Slightly 
longer 
rendering time 

16 12 

Results and Analysis 

This section includes results from field measurements, 
calibration process, performance analysis and parametric 
analysis with more focus on the calibration process, glare 
analysis and lighting energy savings estimated. 
Field measurements 

The average illuminance in the space was 779 lux. 
Minimum and maximum illuminance recorded on 4th 
March, noon time were 1168 and 215 lux respectively. 
Minimum illuminance was observed below the north 
windows because it has least exposure to the direct sky 
component and maximum illuminance was observed in 
the central region of the model-making space as it has 
maximum exposure to direct sky component (Figure 11). 
The architect has used white colour in most of the interior 
surfaces such as walls, curved ceiling, flooring and 
display cupboards to increase the reflectance and to make 
the space look brighter. 
Maximum surface reflectance measured was of the white 
painted walls-80%, followed by white laminated display 
cupboard, partition door and ceiling, all had surface 
reflectance of 73%. The minimum surface reflectance was 
of unpolished wooden table in the task area-30%. The 
epoxy flooring had a reflectance of 53%.  

 

Model Calibration 

The NMBE and RMSE results before calibration were  
(-31.1) % and (31.2) % respectively. In Figure 12, the grid  

Step Result-
Average 

(Lux) 

Maximum 
(Lux) 

Minimum 
(Lux) 

 NMBE NMBE NMBE 
Error with CIE 
standard sky 

21.2% 21.9% 18.3% 

Error with based 
Climate sky  

0.09% 0.7% 3.7% 

Figure 12:Plan-grid for measured and simulated results for 

PIT results before calibration. 

17 1 17 1 

Figure 11: Points with minimum and 

maximum exposure to direct sky component 

Point for maximum 
illuminance 

Point for 
minimum 
illuminance 
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lines below north openings of the simulated grid were 
receiving less illuminance as compared to measured grid. 
The 3D model was considered as per the CAD drawings.  
In Figure 14, measured and simulated values are 
compared for specific grids to observe the difference.  
Maximum variation was observed in the 17th grid (Figure 
12), the simulated results appear in a zig-zag pattern 
whereas the in the measured grid, results are consistent. 
For the two grid lines, the results vary for the grid lines 
below the north openings. There was a difference of 
approx. 250 lux for grid 17 and a difference of approx. 
360 lux for grid 11. The results vary due to a few factors 
affecting the direct sky component- externally reflected 
component and internally reflected component of daylight 
that are not taken into consideration during simulation. 
As compared to the simulated grid before calibration in 
Figure 12, the simulated grid was seen to have more 
illuminance at the gridlines below north openings, less at 
the end near the furniture and machinery and the central 
portion of both the grids are closer in values than before, 
which correlates well with the measured grid (Figure 15). 
Matching the furniture layout based on as-built conditions 
(Error! Not a valid bookmark self-reference.) could 
noticeably bring the simulated results closer to the 
measured ones since it impacts the direct sky component 
of daylight. Accounting for effective VT had the most 
impact out of all the steps. 
Grid 11 (Figure 13) lies between two tables for task. The 
difference was maximum between measured value and 
simulated value before calibration in the grid below the 
north openings i.e. 380 lux, and the difference was 
comparatively less at the end i.e. 180 lux. The difference 
in the central grid was approx. 200 lux. After changing the 
furniture layout from as built to the existing one, the grids 
below the north opening came closer i.e. approx. 50-80 
lux. The grids at the centre and at the end also came closer 
to the measured one. There was no change after closing 
the partition door. Since the VT was over-estimated 
before, changing it by using a correction factor for dust 
had the maximum impact i.e. it affects the direct sky 
component of daylight the most as compared to the other 
two steps. The difference was negligible below the north 
opening and at the end but noticeable in the central grids 
after calibration. 

Table 6:NMBE and RMSE criteria considered and 

results achieved(Ruiz and Bandera, 2017) 

Performance Analysis 

1. Annual Performance 
• sDA and ASE simulation was done as per LEED 

compliance requirements for regularly occupied 

Calibration 

steps 

Acceptable 

range of 

error 

Results % 

NMBE RMSE 

Before 
calibration 

NMBE: ±5 
and 10% 
RMSE: 15-
30% 
 

(-31.1) % 31.2% 

Matching 
furniture to as-
built conditions 

(-11.3) % 11.4% 

Closing the 
partition doors  (-12.4) % 12.5% 

Accounting for 
VT reduction due 
to dust.  
[Correction 
factor (CF)=0.13 
Dust factor=(1-
CF) 
=0.87, effective 
VT=64.4%] 

(-3.76) % 3.78% 

Figure 15:Comparison of measured and simulated grid 

after steps of calibration. NMBE: (-3.7%), RMSE: 3.8% 

17 1 17 1 

Figure 14:Comparison of measured and simulated 

illuminance after calibration-Grid line 11 

Figure 13:Difference in Grid line-11 and 17 for 

measured and simulated PIT results before calibration 
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spaces. Corridors, storage areas, service areas and 
spaces with area < 250 sq. ft. are not considered. 

• The UDI simulation was done as per ECBC 2017 
daylight requirements. UDI was calculated as per the 
points on the grid that received illuminance levels in 
the range of 100-2000 lux for 90% daylit hours of the 
year. 

• The workshop building meets the performance 
thresholds for sDA300/50, ASE1000/250hr. and 
UDI100,2000lux to be 0.4%, 93% and 41% respectively. 
 

2. Lighting energy savings estimation 
As per the observations, for a baseline that has lights on, 
will be turned on from 10 AM till 8 pm (on average) when 
the workshop closes. 
From the PIT simulation done on critical point performed 
for the monitoring time at 5:30 PM and 6 PM, it was 
determined that the employees in the workshop are likely 
to be currently operating the lights at a control set-point 
of about 400 lux. They are using switching controls as of 
now, and if they continue to consistently operate the 
system using switching controls, they will achieve 
savings equivalent to a DA400 of 73%. The savings in 
lighting energy from daylighting will be 9,603 kWh/year 
which will amount to €1,056 annually, when compared to 
a building that has its lights on for all occupied hour.                                                                                                                                                
If the campus facilities team were to install automated 
daylighting controls, they are likely to choose the control 
set-point as per NBC illuminance level standards, i.e. 750 
lux. The savings with switching controls was 64% and 
with dimming controls, it was 75%. Savings in lighting 

energy for switching and dimming controls was 8,419 
kWh and 9,866 kWh respectively. Cost savings from 
switching and dimming controls were € 926 and € 1,085 
respectively (Figure 16), when compared to workshop 
that has its lights on for all occupied hours. 

 
3. Glare Analysis 

 
Graph in Figure 17 shows a spread of the DGP values in 
% for all six points when the garage doors are closed, i.e. 
the daylight source here are the north openings only. The 
highest DGP value was for Point 2, which is located just 
next to the garage doors since it has has maximum view 
angle towards  the north openings when compared to the 
other two points in the space, it is likely to experience 
more amount of glare. The glare can be disturbing for a 
few hours during occupied hours (summer months) of the 
day mostly between 5-6 PM. 

Figure 17: Analysis of glare for 6 points in the workshop 

from north openings for various occupied hours and 

plan above 

Figure 16:Cost savings from daylighting in lighting 

usage (€) 

Figure 18:Renderings for Point-2 when garage 

doors are open and closed. DGP values in the 

right bottom corner of each image. 

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
1166

 

 
  



When the garage doors are closed, 89% of the occupied 
hours are visually comfortable i.e. the glare was 
imperceptible (Figure 18).  
4. Parametric Analysis focussing the impact on lighting 

energy savings 
• Orientation- North was the optimum orientation for 

the workshop building, since for site orientation other 
than north, the ASE value was much higher than the 
performance threshold value. Though, the DA75050% 

and sDA300/50% values are higher, the spaces will 
experience visual discomfort in east, west or south 
orientation. 

• VT- Maximum daylight was achieved when the glass 
opening was fully clean as it was impacting the 
amount of exposure to the sky component, also the 
adjacent road and earth moving happenings at the 
workshop contributes to the amount of dust (Table 7). 

• Surface reflectance- The existing combination of 
materials used in the workshop contribute better as 
compared to other parametric options (materials 
commonly used at the campus). White surfaces used 
at the ceiling, wall and flooring provide the highest 
reflectivity in the bays. Therefore, the existing 
materials contribute in providing optimum daylight. 

• Exterior roof reflectance- As per results in Table 7 use 
of china mosaic chips are impacting the externally 
reflected component (ERC) but its contribution to the 
overall daylighting was small.  

• WFA- WFA ratio plays an important role in the 
performance of daylight, as per the results in the 
daylight performance of the workshop will improve if 
the WFA was increased. Therefore, the size of the 
openings can be optimized. 
 

Conclusion 

This study has validated Lightstanza as a tool for 
daylighting simulations. The RMSE and the NMBE were 
less both than 4%.  The user interface of Lightstanza with 
limited access to Radiance settings was adequate to 
simulate complex 3-D geometry with curved roofs, 
customize building materials, and run point-in-time as 
well as annual simulations to report results required by 
energy codes and green building rating systems.  
Lightstanza also enabled glare evaluation of the space.   
Field measurements results are compared with simulated 
results for the same day, time and TMY weather file of 
Ahmedabad was used for same sky condition. The 
daylight model was calibrated using a series of steps to 
reduce the error. The calibrated model was then used to 
evaluate annual performance, assess visual comfort, 
calculate potential lighting energy savings and do 
parametric analysis. 
In terms of daylight performance, the workshop building 
is performing exceptionally well.  The workshop building 
is LEED and ECBC daylight compliant.  
In terms of glare related visual comfort, overall the 
workshop faces no shading or harsh sun issues. Diffuse 

light enters the space for most of the year. The spaces 
inside the workshop are likely to experience glare issues 
during the summer months, mostly between the time 
period 5-6 PM when direct sun penetrates the space. The 
spaces are visually comfortable, since the glare is in the 
imperceptible range for most of the time in the months of 
December, March and September. 
If the facilities team of the workshop continue to 
consistently operate their system using switching controls 
as per existing switching pattern and usage, they will 
achieve savings in lighting energy of 9,603 kWh/year and 
cost savings will be € 1,064 annually, when compared to 
a building that has lights on for all occupied hours.  If the 
facilities team were to operate the lighting system with 
automated controls, they are likely to choose the control 
set-point value as per NBC illuminance level standards 
i.e. 750 lux. Savings in lighting energy for switching and 
dimming controls was 8,419 kWh and 9,866 kWh 
respectively. Cost savings from switching and dimming 
controls was € 932 and € 1,093 respectively, when 
compared to a building that has lights on for all occupied 
hours. 
The intent of the parametric analysis was to document the 
lighting energy savings and performance as compared to 
BAU in CEPT campus in case of switching controls. If 
the typical CEPT surface materials palette was used 
(Table 7), the difference in the lighting energy savings as 
compared to the existing design strategies used in the 
workshop will be € 204 i.e. the loss in savings annually. 
The percentage difference is 36%. Therefore, the 
upcoming buildings in the CEPT campus are likely to 
achieve significant amount of lighting energy savings if a 
building is constructed with representative design 
strategies as that of the workshop.  
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Abstract 

Illuminance prediction is critical for accurate daylighting 

simulation which is essential for daylit space designs. 

However, illuminance data are unavailable for many 

locations. There are several widely used luminous 

efficacy models to estimate illuminance from irradiance 

such as Perez, Littlefair, Muneer, and Chung models. To 

validate the performance of these models when applied 

to different locations, we recorded global and diffuse 

irradiance, global illuminance, and some meteorology 
parameters in Taipei and Kingsville. Subsequently, we 

provided luminous efficacy models for these specific 

locations by using regression and neural network. The 

results showed that Muneer and Perez models provide 

good estimation. Water content described in Perez model 

does not show significant influence in most of the 

analysis. Additionally, luminous efficacy does not seem 

to vary due to different locations, at least for temperature 

and humidity. 

Introduction 

Most building occupants like daylight and appreciate the 

changes in the indoor environment brought by the 

changes of daylight as long as it is not causing 

discomfort or disability glare (Galasiu and Veitch, 

2006). Designing a daylit space is an important part of 

architectural design. Architects need to determine 

window glazing properties for various orientations of a 

room as well as select shading solution to meet 
occupants’ requirements in daylighting and visual 

comfort. Daylighting simulation can help architects to 

predict the amount of daylight received by a work plane 

and the probability of glare. Additionally, along with the 

development of advanced dynamic shading control 

methods, illuminance are not only an essential input for 

design but also a major input for accurate daylighting, 

lighting, and shading control. Sometimes, we do not 

have enough sensors to provide an illuminance 

distribution map; models can facilitate the controllers to 

predict illuminance of the working area and to check if 

daylighting is enough for occupants’ activities or 
whether or not artificial lighting should be turned on 

with different dimming levels. 

The weather file with global horizontal illuminance and 

direct normal illuminance is critical for accurate annual 

prediction. Some of the weather data did not have 
illuminance values since most of the weather stations did 

not have devices for illuminance measurements. 

Therefore, most of the weather data use irradiance and 

luminous efficacy models to calculate illuminance. The 
luminous efficacy is defined as the ratio between the 

daylight illuminance and the solar irradiance. In other 

words, the luminous efficacy is the quotient of luminous 

flux by radiant flux, in lumens per Watt (Littlefair, 

1985). 

Li and Lou (2018) summarized ten luminous efficacy 
models in their paper. From their summary, we can find 

that most of the luminous efficacy models categorize 

efficacy as direct, diffuse, and global luminous efficacies 

and they are mostly calculated based on solar altitude, 

sky brightness, sky clearness, and precipitable water. In 

Vartiainen’s paper (Vartiainen, 2000), the models 

developed by (Perez, Webster, et al., 1987), Littlefair 

(1988), Olseth and Skartveit (1989), T. Muneer and 

Kinghorn (1997), and Chung (1992) were tested and 

compared with a constant model using measured data in 

Helsinki, Finland. The author concluded that the Perez 

model was the most accurate one and the others had a 
relative root mean square difference (RMSD) within 2% 

of constant model. Because studies showed that the 

luminous efficacy varies remarkably from region to 

region (Kong and Kim, 2013), the popular models were 

formulated with optimized coefficients at different 

locations (Azad et al., 2018; Chaiwiwatworakul and 

Chirarattananon, 2013; Cucumo et al., 2010; Kong and 

Kim, 2013). Azad et al. (2018) developed the models 

using formulas from Littlefair, Muneer, Ruiz (Ruiz et al., 

2001), and Perez and modifying their coefficients to 

build global and diffuse luminous efficacy models for a 
humid sub-tropical region based on the experimental 

data of New Delhi. However, these models do not fit 

well for the measurements in Taiwan and Kingsville, 

Texas, USA from our studies.   

Therefore, this study intends to validate these efficacy 

models – new ones and old ones against two locations – 
Taipei, Taiwan and Kingsville, Texas, USA and to verify 

the hypothesis that the efficacy models are highly 

depended on locations. We suspect that the low accuracy 

of some models in several studies might be due to 

experimental errors caused by setup and devices rather 

than locations. Irradiance, illuminance, and some 

required environments data used in this study were 

measured in Kingsville and Taipei. Furthermore, we also 

developed several new empirical models for predicting 

the global horizontal efficacy for these specific locations 
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including an example of using black box model - a 

neural network in predicting illuminance levels. 

Luminous efficacy models review 

This part reviewed a few most important luminous 

efficacy models and the major parameters used in these 

models. Besides, we discussed some common 
misunderstanding and confusions appeared in previous 

studies and websites. 

Perez model 

Perez et al. (1990) used measurements in 1985 collected 

from ten American sites and three European sites to 

construct their luminous efficacy models. They indicated 

solar zenith angle, three-hourly surface dew point 

temperature, sky clearness, and sky brightness are the 

main parameters affecting the luminous efficacy 

calculation. The sky clearness described the cloud level 

of the sky – the more common terms are overcast sky, 

partly cloudy sky, or the clear sky and the clearness was 
categorized into eight intervals representing conditions 

of the sky from overcast to clear. The brightness 

described the luminance of the sky from dark to bright. 

Global luminous efficacy was higher in dark overcast 

skies compared to bright overcast skies; similarly, it was 

higher in the overcast skies compare to clear skies 

(Perez, Webster, et al., 1987). The sky brightness ∆ is 

given by: 

I mdh
ETRN




                                  (1)  

where Idh is the diffuse horizontal irradiance [W m-2], m 

is the relative air mass [m], and ETRN is the normal 

incidence extraterrestrial radiation [W m-2] (Perez, Seals, 

et al., 1987). The relative air mass is regularly 

determined by: 

1
m

sin
                                   (2) 

where α is the solar altitude angle [degree]. It can be 

calculated using Karsten’s formula (Kasten, 1993) to 

reach an accuracy of 99.6% for zenith angles up to 89o: 

1.6364 1
sin 0.50572( 6.07995 )m [ ] . 

           (3) 

Equation (3) only applies to standard atmospheric 

pressure P0 = 1013.25 mbar at sea level (Azad et al., 

2018). For other pressure, the air mass should be 

corrected by: 

0

' .
m P

m
P


                                 (4) 

P can be determined by Lunde (1980): 

0.0001184

0

hP P e                              (5) 

where P is the atmospheric pressure [mbar] and h is the 

height above the sea level [m]. The atmospheric 

precipitable water content W [cm] is determined by: 

0.0693 0.0756dT
W e


                             (6) 

where Td is the surface dew point temperature [oC] 

(Perez et al., 1990). The sky clearness noted as ε is given 

by: 

3

dh bn dh

3

( I I ) / I 1.041Z

1 1.041Z


 



                  (7) 

where Ibn is the normal incidence direct irradiance [W m-2], 

and Z is the solar zenith angle [radian] (Perez, Seals, et 

al., 1987). Note that there is one confusion often 

happened in empirical models - the altitude α  in 
Equation (3) is in degree while the solar zenith angle in 

Equation (7) is in radian.  For each condition of the sky 

from overcast to clear, four coefficients a, b, c, and d 

derived from measurements are plugged to calculate 

global luminous efficacy, direct luminous efficacy, 

diffuse luminous efficacy, and zenith luminance. The 

global luminous efficacy Kg [lm/W] can be expressed as: 

g j j j jK a b W c cos Z d ln                   (8) 

where aj, bj, cj, and dj are the coefficients categorized by 

sky clearness ε. 

Littlefair model 

Littlefair (1988) recorded the daylight data in Garston, 

England from 1984 to 1985 to derive the global 

luminous efficacy in accordance with the solar altitude 

angle. The global luminous efficacy Kg [lm/W] only 

relating to the solar altitude angle is determined by: 

2

gK 104.4 0.18 0.009                     (9) 

where α is the solar altitude angle [degree]. 

Chung model 

Chung (1992) measured the luminous efficacy in Hong 

Kong from 1989 to 1991. Parameters were dependent on 
the solar altitude and the cloud ratio. Chung proposed 

the global efficacy model Kg [lm/W] as a function of the 

cloud ratio and the solar altitude angle. It is determined 

by: 

gK D(135.3 25.7D )   

2( 48.5 1.67 0.0098 )(1 D )               (10) 

where D is cloud ratio calculated by the ratio of diffuse 

to global irradiance and α is the solar altitude angle 

[degree]. 

Muneer model 

T Muneer and Kinghorn (1998) developed a luminous 

efficacy model based on measurements from five sites in 

the United Kingdom in the 1990s. In this model, the 

luminous efficacy only depended on the clearness index. 
The global luminous efficacy Kg [lm/W] of Muneer 
model is determined by: 

2

g t tK 136.6 74.541K 57.3421K             (11) 

where sky clearness index Kt is the ratio of horizontal 

global to extraterrestrial irradiance (T. Muneer and 

Kinghorn, 1997). 

Summary and discussion of the parameters 

of sky condition 

Solar zenith angle representing the position of the sun is 

the only parameter included in all luminous efficacy 

models. The sky clearness and brightness appeared in 

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
1170

 

 
  



several different studies is usually determined by global 

irradiance, diffuse irradiance, and position of the sun. 

However, not all papers use both clearness and 

brightness and there are some similar wording with 

different meanings. 

Many other parameters are investigated to predict 

accurately global horizontal illuminance by different 

authors. Perez et al. (1990) showed water content as a 

parameter affecting global horizontal illuminance, but 

most other papers did not include water content in their 

equations. Table 1 summarizes some parameters used in 

this paper to estimate luminous efficacies. 

Table 1: Summary of some parameters used in models. 

 Perez Littlefair Chung Muneer 

Extraterrestrial 

radiation normal to 

the Sun (ETRN) 

X    

Extraterrestrial 

radiation on a 

horizontal surface 

(ETR) 

   X 

Water content X    

Solar altitude angle X X X  

Air mass X    

Normal incidence 

direct irradiance 

X X   

Diffuse horizontal 

irradiance 

X  X  

Global horizontal 

irradiance 

  X X 

Here are some typical confusions. First, for calculating 
the sky brightness, Perez explained the extraterrestrial 

radiation I0 (ETR) in sky brightness equation as 

extraterrestrial radiation normal to the Sun, but ETR was 

typically noted as the normal incidence extraterrestrial 

radiation in nomenclature (ETRN) instead of ETR (Perez 

et al., 1990; Perez, Seals, et al., 1987). In TMY3 file 

(Wilcox and Marion, 2008), ETR represents 

extraterrestrial radiation on a horizontal surface. Several 
following papers conducted by other authors calculated 

ETR when they used Perez model instead of ETRN.  

Secondly, Perez used three-hourly surface dew point 

temperature to calculate the atmospheric water content in 

their paper. Most of the following researchers use hourly 

surface dew point temperature when applying Perez 

model. 

Experimental data in previous researches 

To validate the global luminous efficacy model, we first 

need to get accurate measurements of global and diffuse 

horizontal irradiance as well as global horizontal 

illuminance. Table 2 summarizes some common 

instruments in previous experimental studies. In most of 

the previous studies, thermopile pyranometers were used 

to measure irradiance while silicon or selenium 

photometers were used to measure illuminance. For 

measuring diffuse horizontal irradiance and illuminance, 

they installed shadow-band to block direct component of 

the sunlight. Nevertheless, shadow-band not only 
blocked direct component but also part of the diffuse 

component; therefore the diffuse component was 

adjusted accordingly (LeBaron et al., 1980). To measure 

direct normal irradiance and illuminance directly, sun 

tracker following the movement of the sun and the 

created shade is a necessity. Note that the other way 

around was to measure diffuse and total horizontal 

irradiance and illuminance and derived the direct normal 

by using calculated sun position. Other parameters 

calculated in luminous efficacy models such as ambient 

temperature, relative humidity, and precipitable water 

can be obtained using mini-datalogger, mercury 
thermometer, etc. 

Table 2: Summary of instruments used in previous 

research for efficacy studies. 

Authors Instruments 

Perez, 

Webster, 

et al. 

(1987) 

Eppley PSP (Igh), Eppley NIP (Ibh), Eppley PSP 

and shadow band (Idh), silicon-based photometer 

(Egh), silicon-based photometer and shading disk 

(Edh), and silicon-based photometer and 5o FOV 

Ges. Tube (Ebh). 

Wright et 

al. (1989) 

Eppley PSP (Igh), Eppley NIP (Ibh), and Li-Cor 

photometer and baffled tube (Ebh). 

Chung 

(1992) 

Kipp & Zonen thermoelectric pyranometer (Igh), 

Kipp & Zonen thermoelectric pyranometer 

incorporated with a shadow ring (Idh), cosine and 

color-corrected Si-photo-element sensor (Egh), 

and cosine and color-corrected Si-photo-element 

sensor incorporated with a shadow ring (Edh). 

Vartiainen 

(2000) 

Kipp & Zonen CM 11 pyranometer (Igh), Kipp & 

Zonen CM 121 shadow ring (Idh), and 

Krochmann FET30-C15-0U-D8 photometer 

(Egh). 

Cucumo 

et al. 

(2010) 

Kipp & Zonen CM 11 pyranometer (Igh), Kipp & 

Zonen CH-1 NIP pyrheliometer (Ibn), FET-GV 

photometer (Egh), FET L03 0U DX photometer 

(Ebn), and Kipp & Zonen 2AP solar tracker (solar 

tracker). 

Kong and 

Kim 

(2013) 

MS-802 pyranometer (Igh and Idh), Kipp & Zonen 

CHP1 pyrheliometer (Ibn), ML-020S-0 luxmeter 

(Egh and Edh), ML-010SD (Ebn), MS-300LR (sky 

scanner), and STR-21 sun tracker (sun tracker). 

Azad et 

al. (2018) 

Eppley pyranometer (Igh and Idh), Li 210-SA 

photometer (Egh and Edh), and Testo mini-

datalogger (ambient temperature and relative 

humidity). 

Fabian et 

al. (2018) 

Kipp & Zonen CM 3 radiometer (Igh), Kipp & 

Zonen CM 3 radiometer (Idh), Si KOSAT 010 

sensor (Egh and Edh), rain gauge Metra 

(precipitable water), mercury thermometer 

(temperature), and psychrometer by August 

(relative humidity). 

Studies found both illuminance and irradiance were 
difficult to measure to a high degree of accuracy, the 

primary sources of uncertainties are color correction, 

cosine correction, levelling, frost, condensation and dirt 

on sensors, obstructions, calibration, sensor response, 

temperature effects, shade ring corrections, and vertical 

efficacy measurements (Littlefair, 1985). According to 

Tregenza et al. (1994), measurements involving very low 

solar altitudes (less than 5o) and very low irradiance 
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values (less than 50 W m-2) should be removed to reduce 

the uncertainty in the calculation. 

Methodology 

Experimental data 

We recorded the irradiance and illuminance in Taipei 

and Kingsville using the same sets of sensors and 

instruments for both locations. Direct luminous efficacy 

can be calculated by using global luminous efficacy 

minus diffuse luminous efficacy. Because we did not 

measure diffuse horizontal illuminance, only global 

luminous efficacy is considered in this paper. 

Figure 1 shows the illuminance sensor measuring global 

horizontal illuminance, and pyranometer measuring 

global horizontal solar irradiance supplied by LI-COR 

Inc. Another instrument (shown in Figure 2) supplied by 

Delta-T Devices is employed to measure the diffuse 

component of irradiance. It prevents direct radiation 

using a perforated hemispherical dome instead of a 
shadow ring. 

 

Figure 1: LI-210R sensor (left) 

and LI-200R sensor (right). 

 

Figure 2: SPN1 sunshine pyranometer. 

The sensors were placed on the roof of Civil Engineering 

Research building at National Taiwan University for the 

measurements in Taipei and on the roof of Engineering 

building on campus of Texas A&M University 

Kingsville for the measurements in Kingsville. All the 

sensors were connected to the DAQ system with at least 

22-bit resolution for ±10V range, and we collected the 
data with 5 minutes intervals continuously during Jan-

April, May-Jun, and Oct-Nov, 2018. 

The data with solar altitude less than 5o or irradiance less 

than 50 W m-2 were removed to reduce uncertainties. 

The turbulence of the sky condition is another 
uncertainty hard to deal with. For sensors connected to 

the same data logger, there is usually a minor time lag 

for the same set of measurement interval. Sometimes, 

this 0.1 second time difference will make the sensors 

sense very different values because the cloud moves 

very fast. 

Model verification and validation 

The models of Perez, Littlefair, Chung, and Muneer 

were derived from experimental data in the US, France, 

Switzerland, Hong Kong, and the UK. Predictions are 

varied by using different models and might be varied for 

different locations as claimed in previous studies. 

According to Kottek et al. (2006), the climate in Taipei 

and Kingsville is humid subtropical climate and they 

have the similar latitudes, 25.04 and 27.5 respectively. 
Therefore, we would like to verify the applicability of 

these models and to investigate which one is the most 

suitable for calculating daylight availability for Taipei 

and Kingsville in this study and practical applications. 

Besides, we would like to check if different locations 

using the same set of instruments got similar results. 

Regression of coefficients 

Since we already know the form of equations of these 

commonly used efficacy models, to get the best results 

for these set of measurements we use regression skills to 

find the optimized coefficients by using least square 
error method. The newly developed empirical model was 

again compared to measurement results to determine 

which model’s form is the fittest one based on our 

measurement and which parameters are not as important 

as it seems. Also, to check if other researchers’ newly 

developed empirical models work well here, we  also 

compared the results calculated by Azad’s coefficients 

(Azad et al., 2018) which was developed for a hot and 

humid climate just like these two selected locations 

against our measurements. 

Neural network 

A neural network can fit any numeric input data for 
numeric target data using sigmoid hidden neurons and 

linear output neurons. However, deciding on how to set 

up the network could be a difficult task and avoiding 

overfitting is another issue. Therefore, we need sufficient 

and unbiased input as well as output databases (Li and 

Lou, 2018). We use four different combinations of 

inputs. We fine-tuned the number of nodes and layers 

with cross-validation skills by dividing the set into 10 

different training- validation sets.  After the network 

generated, we can predict output data based on input 

data and update the model while new data was collected. 

Results 

Optimized Perez model using least squares method 

Table 3:  Perez model regression coefficients based on 

the measurements in Taipei. 

𝛆 bin ai bi ci di 

1 110.681 0.623 2.694 -7.196 

2 112.242 0.846 -2.119 -6.595 

3 104.503 0.151 11.187 -6.440 

4 101.748 0.027 13.259 -5.568 

5 106.919 1.182 -0.880 -3.814 

6 111.750 1.694 -1.733 -0.063 

7 115.183 3.031 6.735 5.864 

8 93.316 6.520 6.153 -1.042 
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Table 4: Perez model regression coefficients based on 

the measurements in Kingsville. 

𝛆 bin aj bj cj dj 

1 106.342 1.056 2.156 -6.125 

2 101.448 2.077 1.887 -7.973 

3 96.160 1.207 5.157 -12.669 

4 91.781 1.168 8.937 -12.321 

5 92.187 0.774 10.355 -9.035 

6 96.080 1.513 4.611 -5.187 

7 93.329 1.921 5.100 -5.052 

8 104.084 1.753 2.240 -0.874 

The coefficients of global luminous efficacy for different 

sky clearness ε categories regressed based on the 

measurements in Taipei and Kingsville are shown in 

Table 3 and Table 4. 

Optimized Littlefair model using least squares 

method 

The global luminous efficacy Kg [lm/W] is determined 

by: 

For Taipei: Kg = 114.376 + 0.195α – 0.003α2   (12) 

For Kingsville: Kg = 108.145 + 0.165α – 0.001α2   (13) 

where α is the solar altitude angle [degree]. 

Optimized Chung model using least squares method 

The global luminous efficacy Kg [lm/W] is determined 

by: 

For Taipei: 

gK D(107.038 17.628D )   

2(112.636 0.211 0.003 )(1 D )         (14) 

For Kingsville: 

gK D(115.176 4.264D )   

2(102.622 0.334 0.003 )(1 D )         (15) 

where the D is the ratio of diffuse to global irradiance 

and α is the solar altitude angle [degree]. 

Optimized Muneer model using least squares method 

The global luminous efficacy Kg [lm/W] is determined 

by: 

For Taipei: 
2

g t tK 137.130 55.918K 34.857K     (16) 

 For Kingsville: 

2

g t tK 129.499 39.834K 22.105K     (17) 

where sky clearness index Kt is the ratio of horizontal 

global to extraterrestrial irradiance. 

Model accuracy 

In model comparison, we use root mean square error 

(RMSE) which is a common and simple function to 

calculate the distance between estimates and 

observations and is widely used for model comparison. 

RMSE gives relative high weight to higher errors. As 

shown in Table 5 and Table 6, Muneer model is the most 

accurate model for both Kingsville and Taipei and the 

second one is Perez model when using coefficients 

described in original paper. Littlefair model has the 

lowest accuracy. While both Perez and Muneer models 

achieve good results, Muneer model requires fewer 

parameters than Perez model that makes it easier to 

apply if the luminance efficacy is the only concern. 

However, Perez model includes further applications such 

as estimating illuminance on tilt surface that might be 

useful in some cases. The Azad’s coefficients model 

reveals higher errors compared to the original models in 

both Kingsville and Taipei. Azad’s Littlefair model 

shows negative results for predicting global horizontal 

illuminance if the solar altitude is equal or greater than 
7o, we suspect it is due to confusion of radians and 

degrees. Therefore, we ignore the global horizontal 

illuminance of Azad’s Littlefair model. The results show 

that the climate type might not be the sole reason why 

different locations have very different results.  

Table 5: RMSE [lux] of predicted global horizontal 
illuminance in Kingsville using different luminous 

efficacy models. 

RMSE [lux] Perez 

model 

Littlefair 

model 

Chung 

model 

Muneer 

model 

Original 

coefficients 

1168 4753 2662 986 

Azad’s 

coefficients 

1715 - - 2011 

Coefficients 

developed 

from 

measurements 

in Taipei 

1436 1575 1214 1141 

Coefficients 

developed 

from 

measurements 

in Kingsville 

570 964 814 791 

Table 6: RMSE [lux] of predicted global horizontal 
illuminance in Taipei using different luminous efficacy 

models. 

RMSE [lux] Perez 

model 

Littlefair 

model 

Chung 

model 

Muneer 

model 

Original 

coefficients 

1521 4136 2139 874 

Azad’s 

coefficients 

1928 - - 2165 

Coefficients 

developed 

from 

measurements 

in Taipei 

586 937 687 610 

Coefficients 

developed 

from 

measurements 

in Kingsville 

877 1247 931 856 

Table 5 and Table 6 reveal that models accuracy can be 

improved by using coefficients regressed from on-site 
measurements. The RMSE values also reduce when we 

use Kingsville meteorological parameters on Taipei and 

vice versa except regressed Perez model and regressed 

Muneer model using Taipei data on Kingsville. 
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However, the RMSE reduction is minimal meaning the 

models with original coefficients are already good 

enough. In the model with newly regressed coefficients, 

Perez model’s RMSE is smaller than Muneer’s. 

However, the difference is not significant enough to 

conclude whether or not water content is indeed an 

important parameter. 

Among further analysis, the Littlefair model applying 

original coefficients underestimates the global horizontal 

illuminance. The errors increase following the Sun’s 

altitude as shown in Figure 3. We might be able to 

improve the model’s accuracy by improving the 

coefficients related to solar altitude. 

 

Figure 3: Predicted global horizontal illuminance errors 
using Littlefair model against solar altitude angle. 

As shown in Figure 4, Perez model constantly 

underestimates global horizontal illuminance. On the 

other hand, from Figure 5, we can find Muneer model 

sometimes overestimates the results and sometimes 

underestimates the results. We can also find that the 
overall trends of Kingsville and Taipei are similar. The 

hypothesis that some errors might be caused by the 

instruments or measurements set up is possible while it 

cannot be fully concluded. 

 

Figure 4: Predicted global horizontal illuminance errors 

using Perez model in Kingsville and Taipei. 

 

Figure 5: Predicted global horizontal illuminance errors 

using Muneer model in Kingsville and Taipei. 

As described in the methodology session, we use four 

different combinations of inputs derived from four 

models we evaluated to build the neural network model. 

The neural network model achieved better results than 

the other models. While not significant, the Perez 

model’s parameters achieved the best results as shown in 

Table 7 and Table 8. However, with only two parameters 

- global solar radiation and solar altitude angle, we can 

already achieve a very good result. Nonetheless, the 

neural network model requires enough amount of inputs 

data set to build and to verify. For the design stage, this 
method is not practical. Conversely, for control strategy, 

it provides the ability to tune the model based on new 

measurements on site. 

Table 7: RMSE [lux] of predicted global horizontal 

illuminance in Kingsville using a neural network with 

different parameters. 

Parameters RMSE [lux] 

[Perez] Global solar radiation, water content, 

solar zenith angle, and sky brightness 

523 

[Littlefair] Global solar radiation and solar 

altitude angle 

707 

[Chung] Global solar radiation, solar altitude 

angle, and cloud ratio 

673 

[Muneer] Global solar radiation and sky 

clearness index 

704 

Table 8: RMSE [lux] of predicted global horizontal 
illuminance in Taipei using neural network with  

different parameters. 

Parameters RMSE [lux] 

[Perez] Global solar radiation, water content, 

solar zenith angle, and sky brightness 

485 

[Littlefair] Global solar radiation and solar 

altitude angle 

568 

[Chung] Global solar radiation, solar altitude 

angle, and cloud ratio 

566 

[Muneer] Global solar radiation and sky 

clearness index 

576 

Global horizontal illuminance 

 

Figure 6: Predicted global horizontal illuminance using 

four original models in Kingsville and Taipei. 
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Figure 6 shows Perez model and Littlefair model 

underestimate in predicting global horizontal 

illuminance in Kingsville and Taipei. In contrast, 

Muneer model has a trend of overestimation when global 

horizontal illuminance increases. Chung model 

underestimates for low daylight intensity and 

overestimates for high daylight intensity. 

In Figure 7, the predicted global horizontal illuminance 

using machine learning fit the measured global 

horizontal illuminance although the accuracy reduces for 

high daylight intensity in Taipei. 

 

Figure 7: Predicted global horizontal illuminance using 
machine learning with global solar radiation, water 

content, solar zenith angle, and sky brightness in 

Kingsville and Taipei. 

Conclusions 

The verification using experimental data of Taipei, and 

Kingsville shows that Muneer model achieves lowest 

RMSE and the second lowest one is the Perez model. 
The atmospheric precipitable water content described in 

the Perez model does not show significant influence in 

most of the analysis although, in the neural network 

model and models with new coefficients, the 

combinations include water content did achieve lowest 

RMSE. However, the difference is small.  

Littlefair model significantly underestimates the overall 

illuminance. While previous studies claimed that a 

different location would have different daylight efficacy 

model, the results did not fully support this hypothesis. 

At least, the difference seems not due to temperature and 

humidity. Because when compared to another model 

developed for a hot and humid climate, the results are 

not better than the original one. On the other hand, the 

results from two different locations using the same sets 

of measurement devices showed a similar trend. 

Nevertheless, more locations and data are needed to 
verify the hypothesis.  

This study also showed that even when local illuminance 

measurement data is not available, the original Perez and 

the Muneer models should be able to provide good 

enough estimation. Although the neural network 
provides lowest RMSE, it is hard to share the optimized 

luminous efficacy models for the users. However, it 

might be useful when applied to advanced dynamic 

shading, and lighting control. 
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Abstract 
Estimation of the daylight level for any point within an 
interior space is essential to daylighting designs and 
assessments. In 2003, the CIE adopted a range of 15 skies 
as international standard models that represent the actual 
skies of many places and cover the whole probable 
spectrum of skies. In many urban cities, the external 
obstructions may significantly reduce the amount of 
daylight entering to the indoor space. Previously, we 
developed a number of calculation tools to predict daylight 
illuminance for rooms facing different orientations under 
various CIE Standard Skies. This paper presents the work 
on the calculation of the PDF, ADF and VDF under 
various overcast and non-overcast obstructed skies. 
Calculation procedures are demonstrated. Characteristics 
of the findings and design implications are discussed. 
Keywords: CIE Standard Skies; Point Daylight Factor; 
Average Daylight Factor; Vertical Daylight Factor; 
Introduction 
In Hong Kong, most buildings are high-rise constructed in 
densely built business districts and the shading effect from 
nearby buildings is very significant (Li et al., 2006). This 
could restrict the quantity of daylight and solar-heat 
penetrating into the building interior, especially for rooms 
located in lower floors. Therefore, estimation of the 
daylight level for any point within an interior space is 
essential to daylighting designs and assessments (Li, 2010). 
The usual method for computing natural illuminance for a 
given location in a building is the daylight factor (DF) 
approach, which based on the traditional overcast sky 
without sunlight, as defined by the International 
Commission on Illumination (CIE). The DF approach can 
be analytically calculated using simple design aids and 
annual daylight data are not required. The point daylight 
factor (PDF) has shown the effectiveness of daylight-
linked controls in saving energy on electric lighting (Yu 
and Su, 2015). The average daylight factor (ADF), which 
is directly related to window area and less detailed input 
data than those provided by the PDF, could be a useful 
daylighting criterion (Lynes and Littlefair, 1990). The 
vertical daylight factor (VDF) representing light coming 
directly from the sky and daylight reflected from 
surrounding buildings and the ground onto a vertical 
surface has been appropriately used for compact urban 
areas with large exterior obstructions, such as Hong Kong 
(Cheung and Chung, 2005). Practitioners have become 

accustomed to using the daylight criteria that are usually 
expressed in the DF approach, which has been adopted in 
many countries (Hraska, 2011). However, such DF 
approaches are not flexible enough to predict the dynamic 
daylight variations caused by the sun movement on non-
overcast skies (Littlefair, 1989; Perez et al., 1993). 
Therefore, the daylight metric based on the DF lacks 
realism. In 2003, the CIE adopted a range of 15 skies as 
international standard models (CIE, 2003; ISO,2004) that 
represent the skies of many places and cover the complete 
probable spectrum of skies found in nature (Li et al., 2003). 
DFs have good correlation with building daylight designs. 
Previously, we calculated the correlations between the 
three DFs under various non-obstructed CIE Standard 
Skies (Li et al., 2018). This paper presents the work on the 
calculation of the PDF, ADF and VDF under the 15 
obstructed CIE skies. Calculation procedures are 
demonstrated. Characteristics of the findings and design 
implications are discussed. 
Proposed Methodology 
The DF for an internal space is often split into three 
components, namely the sky component (SC), the 
externally reflected component (ERC) and internally 
reflected component (IRC) (Hopkinson et al., 1966).  

DF=SC+ERC+IRC                         (1) 
The computation of the IRC can be based on the theory of 
the split-flux principle given as: 

IRC = tW(()*+,-).+
/(01))

)                 (2)                                                                                             

where A is the total area of all the interior surfaces, m²; C 
and D are the configuration factors of the daylight flux 
incident on the mid-height of the window pane from above 
and below the horizon, respectively, dimensionless; R is 
the average reflectance of all the interior surfaces, 
dimensionless; 𝑅45  is the average reflectance of the 
ceiling and upper walls above the mid-height of the 
window, excluding the window wall, dimensionless; 𝑅65 
is the average reflectance of the floor and lower parts of 
the walls below the mid-height of the window, excluding 
the window wall, dimensionless; t is the visual 
transmittance of the window, dimensionless; W is window 
area, m². 
Further, the luminance levels and patterns of the sky in the 
direction of views of the surface mainly influence the 
daylight illuminance incident on a window façade. An 
appropriate approach of determining the diffuse 
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illuminance on an inclined plane is to compute the 
luminance distribution of the sky dome seen by the plane 
(Kittler and Darula, 2006). Recently, we developed 
calculation tools for computing the daylight illuminance 
falling on a vertical surface of a building (VDI) and VDF 
(Li et al., 2017). The VDI and VDF are useful data for 
justifying the daylighting performance of the building 
facing large external obstructions. The SC and ERC for an 
interior reference point can be estimated from the 
corresponding VDI/VDF using the configuration factor 
principle. Figure 1 shows such the configuration factor for 
a vertical rectangle surface to a horizontal point (cfvh) (IES, 
1993).  

= 0
7
(𝑎𝑟𝑐𝑡𝑎𝑛 0

=
− =

?@A,=A
𝑎𝑟𝑐𝑡𝑎𝑛 0

?@A,=A
)       (3) 

where X=L1/L2; Y=L3/L2 
 

 
Figure 1: Layout of the configuration factor between dAp 

and Ar. 
VDF takes into account light coming directly from the sky 
and reflected daylight from surrounding buildings and 
ground both above and below the horizon onto a vertical 
surface of a building. Mathematically, the VDF can be 
written as: (Li et al, 2009) 

VDF = EF,EGH,EGI
EJ

    = C + D                         (4) 

where Es is the sky-diffuse illuminance coming directly 
from the sky (lux) (overcast skies); Erb is the reflected light 
from obstructing buildings (lux); Erg is the reflected light 
from ground (lux); Eh is the horizontal illuminance of an 
unobstructed sky (lux). 
The average daylight could be a useful daylighting 
criterion. The basic equation given by Longmore for the 
average daylight factor is expressed as: 

ADF = tW( (
/*+

+ ()*+,-).+
/(01))

)                  (5) 

where Afw is the area of the floor and lower parts of the 
walls below the mid-height of the window, excluding the 
window wall (m2). 
The important issue is to determine the configuration 
factors C and D under various obstructed sky conditions. 
Mathematically, C and D can be written as (Li et al., 2012): 

C = Es + (EOPQ/ES	)                           (6) 
D = (EOPP + EOU)/ES                          (7) 
Erb = Erba + Erbb   (8) 

where Erba is the reflected daylight from buildings above 
the horizon (lux); Erbb is the reflected daylight from 
buildings below the horizon (lux). 

Es is the obstructed vertical sky component (OVSC). The 
regression equation between OVSC and χ at various αU 
was developed and is shown in Eq.9. Appendix 1 presents 
the coefficients a0, a1, b1, a2, b2, c0, d1, d2 and ω for the 15 
CIE Standard Skies. Accordingly, the OVSC can be 
computed as (Lou et al., 2016):  
 
OVSC = [𝑎Y + 𝑎0 cos(𝜒𝜔) + 𝑏0 sin(𝜒𝜔) + 𝑎a cos(2𝜒𝜔) +
𝑏a sin(2𝜒𝜔)] d

0
0,efg	(4h,ijk,iAlm

n                                        (9) 

 
A comparative study was conducted using the results 
determined by a lighting simulation program namely 
Radiance which has been used by a number of researchers 
to computer interior illuminances and DFs.  
Model for estimating DF 
 An infinite-length urban canyon (as shown in Figure 2) 
was used in the present study. The model represents a 
typical skyline feature of densely built cities, which was 
adopted by many researchers to examine urban daylight. 
As shown in the figure, aU is the upper obstructed angle; 
aL is the lower obstruction angle; ab is the building 
obstruction angle. φN is the azimuth angle of the normal 
direction of the vertical fenestration and φN’ is the azimuth 
angle of the normal direction of obstruction.  
The PDF, ADF and VDF under the 15 obstructed CIE 
Standard Skies were estimated based on the following 
conditions. The vertical window area of 2m (W) x 4m (H) 
with the sill height of 1m off the floor was set. Figure 3 
presents the layout of the room and the reference points for 
estimating the DF. The centre of the vertical window faces 
south (sun-shading vertical surface) on 21 December 
(winter solstice) solar noon (αs=44.3° and ϕs=180°) with 
wall reflectance 0.5, ceiling reflectance 0.8 and ground 
reflectance 0.2 under 15 CIE obstructed (αU=15。; αU=30。; 
αU=45。) skies.  

 
Figure 2: The infinitively long building and obstruction 

model. 

 
Figure 3: The room layout and the reference points. 
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Result Analysis 
The modeled and simulated horizontal illuminance data 
under the 15 CIE obstructed skies with αU=30° at the 5 
points are plotted in Figure 4. Five linear trends between 
the SMI and MHI are evident. The R² for all regression 
curves are greater than 0.91 indicating that the modeled 
and simulated findings are strongly correlated. Table 2 
summarizes the ratios of SHI to MHI and their 
corresponding R² under the 15 obstructed (αU = 15°, 30° 
and 45°) CIE Standard Skies. The mean ratios of simulated 
to modeled results (SHI/MHI) reduce from 1.16 to 0.27 at 
the points of 1m and 2.5m under αU = 45°. It means that 
when the point is near to the window, it can view certain 
amount of sky. As the points move away from the window, 
the ERC becomes dominant and the ratios drop.    

Table 1: The correlation coefficients and R2 at the 5  
points under various sky obstructions. 

 

 
(a) 

 
                                           (b) 

 

 
(c) 

 

 
(d) 

 

 
(e) 

Figure 4: The SHI against MHI for an obstructed room 
(αU=30。) under the 15 CIE Standard Skies at the five 
points (a) 1m; (b) 1.5m; (c) 2m; (d) 2.25m; (e) 2.5m from 
window. 

 
It can be analyzed from the data that the cosine function of 
αU times the ratios of SHI to MHI could be correlated with 
the sine function of the sky elements and the exterior 
obstruction viewed from the reference points. Through 
regression analysis, the following equation can be formed. 

Distanc
e from 
the 
window 

αU=15。 αU=30。 αU=45。 
SHI/
MHI 

R2 SHI/
MHI 

R2 SHI/
MHI 

R2 

1m 1.18 0.98 1.26 0.99 1.16 0.95 
1.5m 1.17 0.98 1.23 0.99 0.98 0.92 
2m 1.16 0.97 1.14 0.96 0.63 0.92 
2.25m 1.15 0.97 1.07 0.91 0.28 0.77 
2.5m 1.14 0.96 0.88 0.92 0.27 0.77 
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As R² is 0.96, the illuminance can be estimated at different 
reference points.  
cos(𝛼p) × r

stu
vtu

w = 1 − 4[sin(𝛼5) + (𝜌{ − 1) sin(𝛼p)]a +
4.5[sin(𝛼p) + (𝜌{ − 1) sin(𝛼p)] − 1.1                               (10) 
(R² = 0.96) 
where αw is the angle from the window head to the 
reference point; ρb is the building reflectance 
 
The VDF, PDF and their correlations were determined 
accordingly. Figure 5 displays the simulated vertical 
daylight factor (SVDF) and modeled vertical daylight 
factor (MVDF) at 5 points under various obstructed sky 
conditions (αU=15。; αU=30。; αU=45。). It can be observed 
that ratios between SVDF and MVDF are close to 1 
(SVDF=0.96MVDF). It means that, the modeled results 
are in good agreement with the corresponding simulated 
data, and the proposed approach is applicable to the 
heavily obstructed environment. 

 

 
Figure 5: The SVDF against MVDF for an obstructed 

room under 15 CIE Standard Skies at 5 reference points. 
 
Similarly, the data of simulated point daylight (SPDF) and 
modeled point daylight (MPDF) are plotted in Figure 6. 
With the R2 of more than 0.92, it indicates that the sum of 
SC and ERC can be accurately computed by the 
corresponding VDF. Such issue can help the e of open loop 
daylight-linked lighting controls. 

 

 
Figure 6: The SPDF against MPDF for an obstructed 

room under 15 CIE Standard Skies at 5 reference points. 
 

The calculated PDF and ADF at the 6 points are plotted in 
Figure 7 and Eqs.10-15 give the mathematical expressions. 
The strength of correlations are considered very good as 
R² are 1. The point of 1m has the largest PDF and ADF.  
The DFs drop when the point is far away from the window. 
At point 2.6m, the PDF is equal to ADF. The ADF and DF 
at various points (PDF) under different room depths (with 
other parameters unchanged) were also calculated. Table 
3 shows the point that ADF is equal to PDF. It indicates 
that the point is away from the window as the depth of the 
room increases. When the room length increases by 1m, 
the point increases by 0.2m. It shows that the required 
ADF can be computed using appropriate room parameters. 
Table 2: The point of ADF is equal to PDF under different 
room depths 

Room depth 4m 5m 6m 8m 
Point distance from the 

window 
2.4m 2.6m 2.8m 3.2m 

 

 
Figure 7: The correlation between PDF and ADF for an 

obstructed room under 15 CIE Standard Skies at 6 
points. 

Point 1m:         ADF=0.36×PDF             R2=1          (11)  
Point 1.5m:      ADF=0.51×PDF              R2=1           (12) 
Point 2m:         ADF=0.71×PDF              R2=1          (13) 
Point 2.25m:    ADF=0.83×PDF              R2=1          (14) 
Point 2.5m:      ADF=0.95×PDF              R2=1          (15) 
Point 2.6m:      ADF=1.00×PDF              R2=1          (16) 
 
Conclusions 
Calculating procedures for indoor daylight determination 
under the 15 obstructed CIE Standard Skies were 
elaborated. A number of equations, figures and charts were 
presented for estimating the VDF, ADF and PDF. The 
PDF at a point can be calculated from SC and ERC using 
the configuration factor principle. The finding can be used 
in open loop daylight-linked lighting controls. The 
correlations between ADF and PDF under different room 
depths were also estimated. The ADF can be directly 
determined by PDF which may be obtained via direct 
measurement. Equation (9) can be adopted to estimate the 
daylight illuminance at the reference points according to 
MHI.  
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Daylight factors approach (DFA) has been frequently 
adopted within national standards in many countries and 
widely adopted by architects and building engineers. 
Recently, DFA has been extended for the 15 CIE standard 
skies including overcast and non-overcast conditions. It 
means that DFs are no longer a static matric and the 
drawbacks of the traditional DFA can be significantly 
eliminated. It can take into account the building directions, 
solar positions and the effect of direct and reflected 
sunlight. The daylight glare index and uniformity under 
various sky conditions and times of a day can be computed. 
One of the main advantages is that the DF is strongly 
correlated with the room parameters particularly the 
window area and transmittance. It would be easily to vary 
such parameters to meet to the criteria particularly during 
initial design stage when different building options and 
design schemes are analysed and evaluated. Computer 
simulations can be made after the design schemes have 
been finalised. Useful Daylight Illuminance (UDI) and 
Daylight Autonomy (DA) are useful daylight matrices but 
they require typical annual daylight data which may not be 
always available for many places. As the 15 CIE skies 
represent the actual skies for many places and cover the 
whole probable spectrum of skies found in nature, the 
findings could be globally adopted and would be useful to 
practitioners engaged in architectural and daylighting 
designs and evaluations. 
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Appendix 
Coefficients of Equation 8 for all 15 CIE standard Skies (0 < αU < 90。) 

Sky. a0 a1 b1 α2 b2 w c0 d1 d2 
1 0.41 0 0 0 0 0 -2.26 0 0.062 
2 -2.833 3.200 3.256 0.129 -1.415 0.458 -2.75 -0.002 0.073 
3 0.540 0 0 0 0 0 -1.44 0 0.054 
4 -3.453 4.037 3.807 0.03 -1.73 0.401 -2.31 -0.001 0.070 
5 0.60 0 0 0 0 0 -1.04 0 0.052 
6 -5.990 7.074 5.798 -0.383 -2.721 0.401 -2.22 -0.001 0..73 
7 -6.780 7.899 6.809 -0.245 -3.262 0.401 -2.21 -0.002 0.074 
8 0.615 0.358 0.042 0.042 0.025 1.432 -2.06 -0.004 0.075 
9 -4.976 6.230 5.061 -0.306 -2.511 0.401 -2.02 -0.001 0.080 
10 0.732 0.336 0.024 0.040 0.017 1.375 -1.96 -0.002 0.081 
11 0.801 0.487 -0.032 0.070 0.015 1.318 -1.86 -0.004 0.082 
12 0.949 0.575 -0.166 0.092 -0.011 1.203 -1.73 -0.003 0.085 
13 1.069 0.784 -0.357 0.134 -0.079 1.089 -1.57 -0.007 0.087 
14 1.384 0.964 -0.654 0.136 -0.169 0.974 -1.33 -0.006 0.091 
15 1.503 1.255 -0.833 0.148 -0.259 0.974 -1.14 -0.011 0.093 
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Abstract  

The calculation of the energy demand for lighting, 
including the daylight provision, is a key aspect of the 
process to assess the energy performance of a building.  
This paper compares a simplified model, from the 
European Standard EN 15193:2017, and a dynamic 
simulation tool, DIVA-for-Rhino. Both tools are designed 
to calculate climate-based daylighting conditions and the 
consequent energy demand for lighting. The two 
approaches were applied to a set of case studies. An 
analysis of correspondences and discrepancies of the 
methods and of the results is presented.  

Introduction  

Lighting of indoor and outdoor spaces is one of the key 
factors for the total consumption of primary energy at a 
large scale and the subsequent CO2 footprint. In the 
building sector, strategies to reduce the consumption for 
lighting are concerned with energy efficiency of products 
and systems and with energy saving oriented behaviour of 
users. At a building scale, the performance of lighting 
systems needs to be evaluated accounting for a number of 
interconnected factors: component efficiency, presence of 
control systems for lights and shades, user behaviour and 
daylighting in indoor spaces (Dubois et al., 2011).  
The standard EN 15193-1 (2017) belongs to a set of 
standards developed to support the implementation of the 
Energy Performance of Buildings Directives. In the 
standard, a metric (Lighting Energy Numeric Indicator - 
LENI) was introduced to quantify the energy demand for 
lighting for a building. An analytical calculation method 
was also supplied, whose basic principles are described in 
ISO 10916 (2014). This includes all the main influencing 
factors: power of lighting systems, daylight contribution 
in a space, type of lighting control and building usage. The 
“core” of the calculation method is the estimation of the 

daylight contribution: this is done accounting for the 
architectural features of the considered building, 
including windows and moveable shading systems, as 
well as for the specific climate of the considered site.  
Consequently, building practitioners are supplied with a 
detailed analytical method, which accounts for climate 
conditions, orientations and movable shadings, 
occupancy of a space and type of lighting control systems, 
to calculate the daylight availability and energy demand 
for lighting without running any simulations.  

A high number of variables were implemented in the 
method, but they are considered in a simplified way 
compared to an advanced simulation tool. The climate 
conditions are considered through discrete ranges of 
latitudes and of luminous exposure LE, which is the ratio 
of direct to global external illuminance - Hdir/Hglob (both 
calculated annually by summing up hourly contributions 
from 8:00 to 17:00). Discrete ranges are also used for the 
daylight penetration and for illuminance values, and a 
limited number of shading systems are available. The 
method is tabular, while the most advanced simulations 
tools allow, in principle, any value of above variables 
(climate, geometries, shading systems, etc.) to be 
implemented to determine daylighting and the energy 
demand for lighting for a space.  
Within this frame, this paper presents a study on the 
comparison of these two approaches to daylight and 
energy demand for lighting determination, through the 
analytical method of the standard and through DIVA-for-
Rhino simulations. For the purpose, an office room was 
used, located in different sites and with different 
orientations and windows (with or without mobile 
shades), and different types of lighting controls. Both the 
daylighting and the energy demand for lighting were 
calculated through the two approaches (analytical vs. 
DIVA). The goal was to provide information useful to a 
building design team on consistencies and discrepancies 
of the two approaches, which rely on different algorithms 
and assumptions in reproducing the complexity of the 
physical phenomena of lighting in buildings.  

Theory: approaches to calculate daylighting 

and energy demand for lighting 

Approach of standard EN 15193-1:2017  

The analytical method is based on the following formulae:  

 LENI =  
W

A
=  

WL,t+ WP,t

A
            [ kWh

m2 year
] (1)  

 WL,t =  
∑(Pn∙ FC)∙FO∙[(tD∙ FD) + tN]

1000
     [kWh

ts
] (2)  

 WP,t =  
∑  Ppc∙ts +(Pem ∙ te)

1000
              [kWh

ts
]  (3)  

where: W = annual energy required for lighting [kWh]; 
WL,t = energy for illumination [kWh]; WP,t= energy for 
standby [kWh]; A = useful area of the building [m2]; Pn = 
total power for luminaires [W]; Ppc = power for controls’ 

standby [W]; Pem = power for emergency battery recharge 
[W]; FC = constant illuminance factor [-]; FD = daylight 
dependency factor [-]; FO = occupancy dependency factor 
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[-]; tD = daylight time [h]; tN = daylight absence time [h]; 
te = battery charge time [h]; ts is the time step to which the 
calculation of WL,t and WP,t are referred (typically a year).  
Daylight is taken into account through FD. the standard 
approach introduces a segmentation of each building 
space, which is subdivided into an area that benefits from 
daylight (‘daylit area’ AD, for which FD < 1) and an area 
that does not (‘non-daylit area’ AND, for which FD is 
assumed equal to 1 and no further calculation is needed).  
FD is calculated as a function of two other factors: FD,S, or 
daylight supply factor, and FD,C, or lighting control factor. 
The first one is the factor that estimates the “daylight 

autonomy” of the zone under consideration, the second 

one accounts for the effectiveness of the type of lighting 
control system in exploiting daylight. For the calculation 
of FD,S two different façade states are considered: with 
activated and not-activated solar and/or glare protections. 
The factor is then determined as a function of: site 
(latitude); climate, through the ‘luminous exposure’ LE; 
façade orientation; daylight amount without shading 
(Daylight Factor - D); target illuminance Em.; type of 
shading. As for the lighting control factor FD,C, this is 
determined as a function of D, type of lighting control 
system and of the illuminance required for the zone.  
The occupancy dependency factor (FO) is determined 
considering the relative time when a space is unoccupied 
(absence factor FA) and the type of control system. The 
constant illuminance factor (FC) accounts for the 
reduction of energy consumption that can be achieved 
with control systems designed to maintain the target 
illuminance during the overall lighting plant life.  
Different types of lighting controls are considered in the 
calculation method: eight types of photodimming controls 
(manual, stepped, dimmed) and four types of occupancy 
controls (manual, switch off, switch on/off, dimmed). 
More information about the new calculation method of 
the EN15193 standard can be found in Aghemo et al. 
(2016), and Pellegrino et al. (2018).  
DIVA simulations  

DIVA for Rhino is a plug-in specifically conceived for the 
3D modeller Rhino. It allows dynamic simulations of 
daylighting to be carried out using the validated algorithm 
Radiance for the calculation of photometric quantities. 
The photometric quantities are calculated through a 
combined approach, which relies on the daylight 
coefficient method and on the Perez ‘all-sky weather’ 

model. Using this combined approach, DIVA calculates 
the illuminance values over a grid of points, during the 
course of a year, with a time-step of one hour. Input data 
for the simulations, beside the climate file of the site, are 
the 3D model of the considered room/building, where a 
Radiance-compatible material needs to be assigned to 
each surface of the model. It is also possible to model 
static and moveable shades, through a detailed modeling 
of the geometry as well as of the materials. For moveable 
shades, designers can use a ‘conceptual’ blind (which has 

a diffuse light transmittance of 25% and is automatically 
pulled down whenever any point of the grid receives over 
50 W/m2). Alternatively, they can model different shading 

configurations and adopt different profile of usage. 
Further input data are: grid of sensors, target workplane 
illuminance and occupancy profile of the considered 
room. As far as the calculation of the energy demand for 
lighting is concerned, it is possible to specify the total 
power for luminaires installed in the room, also specifying 
the ballast loss factor and the standby power. Besides, 
different lighting and occupancy controls are available.  
The output of the daylight simulation are: the Daylight 
Factor (D) and daylight climate-based metrics (CBDM), 
namely: Daylight Autonomy DA; continuous Daylight 
Autonomy DAcon; spatial Daylight Autonomy sDA; 
Useful Daylight Illuminance UDI, Annual Sunlight 
Exposure ASE; Daylight Glare Probability DGP. The 
output of the energy calculation is the annual lighting 
energy demand in (kWh/year). This energy use, referred 
to the floor area, corresponds to the LENI index.  

Methods  

A set of case studies was defined for the analysis of the 
daylighting supplied in a room and the corresponding 
energy demand for lighting, calculated through both the 
analytical method and dynamic simulation. A reference 
room was chosen, whose plan sizes are 6 m x 6 m, with a 
floor-to-ceiling distance of 3 m. The room has a single 
vertical opening (with a lintel height of 2.70 m and a sill 
height of 1 m above the floor), equipped with a glazing 
with a visible transmittance of 0.70. The room was meant 
to be used as a cellular office, with a target illuminance of 
500 lx and with an occupancy profile 8:00 through 17:00 
(chosen in accordance with the Standard EN 15193-
1:2017 to determine the daylight supply factor FD,S).  
A series of variables were parametrically modified to 
obtain a meaningful number of cases for which to 
compare the daylight contribution and the energy 
consumption for lighting determined analytically and 
from simulations. The analyses were carried out in two 
steps, one focused on the daylight supply in the room, one 
on the energy demand for lighting.  
Step 1: comparison of the daylight supply  

The following parameters were modified: site, opening 
size, type of shading, presence of a building ahead 
(obstruction angle of 45°), and orientation (see Table 1). 
As a result, a database of 176 cases was built.  
For each case, D* and F*

D,S were calculated analytically 
following the standard approach, while DIVA-for-Rhino 
simulations were run to calculate both the mean Daylight 
Factor (DFm) and the mean continuous Daylight 
Autonomy DAcon,m, which conceptually appears as the 
most consistent metric to be compared to FD,S, based on 
its definition in the EN 15193-2 (2017). Consequently, the 
comparison analytical method versus simulations was 
subdivided into two sub-steps:  
- Step 1a: daylight factor (D* vs. DFm)  
- Step 1b: daylight supply (F*

D,S vs. DAcon,m), according 
to what specified by de Boer et al. (2011).  

The calculation of D* and F*
D,S according to the standard 

was done through an area-weighted average of D and FD,S 
values determined for AD and AND. In more detail:  
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- for the daylight factor: the D value found for AD was 
averaged with a D = 0 that was assumed for AND  

- for the daylight supply factor: the FD,S value found for 
AD was averaged with a FD,S = 0 assumed for AND.  

The difference between non-averaged D-FD,S and 
averaged D*-FD,S

* increases as the window area (and 
hence AD) decreases. Figure 1 shows the three different 
AD for the three window types L1, L6, WW. For WW, AD 
covers the full room area, so D*=D and F*

D,S=FD,S; for L6 
AD/AND=0.79, so D*=0.79D and F*

D,S=0.79FD,S; for L1 
AD/AND=0.44, so D*=0.44D and F*

D,S=0.44FD,S.  

Table 1: variables changed for the calculation of the 

daylight supply.  

site  London, UK  
L=52.3°N  
LE=0.37  

Turin, IT  
L=45.5°N  
LE=0.43  

Palermo, IT  
L=38.1°N  
LE=0.50  

window  L1  
1 m x 1.7 m 
WWR=0.09  
carcass area 
1.70 m2  

L6  
6 m x 1.7 m 
WWR=0.57  
carcass area 
10.2 m2  

WW 
6 m x 3 m 
WWR=1  
carcass area 
18 m2  

shading  no shading for glare 
protection  

blind for glare 
protection 

obstr. angle  0°  45°  
orientation  South S West W North N  East E  

 

 
Figure 1: Definition of the area AD and AND for the three 

window configurations L1, L6, WW.  

The climate files from Energy Plus were used to run 
DIVA simulations as well as to calculated the luminous 
exposure LE=Hdir/Hglob, which was then used as input for 
the analytical calculation of F*

D,S. For simulations, a grid 
of sensors was positioned over the workplane (0.8 m 
above the floor), with a spacing of 50 cm.  
Step 2: comparison of the energy demand for lighting  

For the next stage of the study, a set of nine cases from 
the whole database was selected. These had close values 
of F*

D,S and DAcon,m, able to cover the full range of 
daylight supply (F*

D,S in the range 7%÷85%). This was 
done to proceed with the analysis of the energy 
consumption starting from cases for which the daylight 
supply was of the same magnitude.  
The following assumptions were made for the calculation 
of the energy demand for lighting: the room was assumed 
to be lit through 4 LED luminaires, each with a power of 
54 W, with a ballast loss factor of 20% and a stand-by 
power of 0.3 W (as a result, the total power installed in 
the room was 259.2 W, with a standby power of 1.2 W). 
For the different cases, the lighting power was kept 
constant, while the lighting control was varied, to 
investigate the consistencies and differences in the 

calculation of the energy demand based on the type of the 
lighting control system.  
Two further analyses were carried out: one related to the 
impact of the estimated space’s occupancy and one to the 
impact of the luminaires position in the space. 
According to the method proposed in the EN 15193-
1:2107, the luminaires position in the room implies the 
attribution of the power to AD and/or to AND. Following 
up this possibility, cases with window type L1 were used 
to analyse the effect of this option. For these cases, three 
assumptions were made: (i) all the four luminaires 
attributed to AD; (ii) two luminaires attributed to AD and 
two to AND; (iii) all the four luminaires attributed to AND. 
Cases with window type L6 and WW were not included 
in this stage, as they offer a too limited area AND compared 
to the area AD. It is therefore unlikely to have luminaires 
in AND. For all these cases, all luminaires were attributed 
to AD only (Fig. 2). For each room configuration, six 
different lighting/occupancy controls were studied: (i) 
manual switch on-off; (ii) photodimming with standby 
power; (iii) photodimming without standby power; (iv) 
manual switch with occupancy on-off; (v) manual switch 
with occupancy off; (vi) photodimming+occupancy off.  

Results  

Step 1a: comparison of the daylight factor calculated 

analytically and through simulations  

Figure 2 shows the daylight factor results (analytical and 
from simulations) for the entire database. Plotting the D* 
values versus DFm values (Fig. 3a) shows a robust 
correlation (R2=0.98). In spite of this, a difference in the 
estimates is observed: the relative difference between D* 
and DFm for all the cases analysed is in the range 0 ÷  
-47.4% (Fig. 3b), with greater differences for lower and 
intermediate daylight factor values. However, the 
analytical approach underestimates the results from 
simulations for all the cases analysed.  
Step 1b: comparison of the daylight supply calculated 

analytically and through simulations.  

Figure 3 shows the daylight contribution in the spaces 
analysed through the analytical method (F*

D,S) compared 
to the corresponding DAcon,m values from DIVA.  
The correlation between analytical and simulation results 
shows a good correlation coefficient (R2=0.87), but lower 
than the one observed for the daylight factor.  
The following considerations can be drawn:  
- range of differences: this is far broader (+26.4% ÷  

-217.4%) compared to what observed for the daylight 
factor. Except from some E-facing cases with shades, 
in almost all other cases F*

D,S provides a lower 
estimation of the daylight supply than DAcon,m  

- effect of climate: the highest differences between 
analytical and simulation results were observed for 
Palermo, then for Turin and for London: the absolute 
average percent difference is -71.4%, -43.7%, and  
-35.6%, respectively (sign ‘minus’ for the absolute 

difference indicates that the F*
D,S results are lower 

than the DAcon,m results from simulations)  
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Figure 2: DFm from DIVA vs. analytical D*.  

 
Figure 3: Daylight supply: F*

D.S vs. DAcon,m.  

- effect of obstruction: the relative difference values 
between the analytical and the simulations results for 
cases without and cases with obstruction were found 
to be similar (absolute average percent difference:  
-47.9% and -52.6%, respectively)  

- effect of orientation and of glare protection system: 
among the four orientations considered, three (S, N, 
W) showed differences between analytical and 
simulations results of a comparable magnitude 
(absolute average percent difference: -53.5% for N,  
-63.5% for S and -51.6% for W). The magnitude is 
significantly different for E-facing cases: -32.4%. This 
peculiar trend is analysed in more detail in Figure 4, 
where results for S- and E-facing cases are plotted for 
both the analytical and the simulation approach. The 
results for S-facing cases show that the difference 
between the standard approach and simulation is 
greater for cases with than without the sun protection 
system, while the opposite applies for E-facing cases.  

 
Figure 4: Effect of glare protection system (blinds) on 

results for South and East-facing cases.  

Step 2: comparison of the energy demand for lighting 

calculated analytically and through simulations  

As mentioned earlier, a limited set of nine cases were 
extracted from the entire database to proceed with the 
analysis of the energy demand for lighting (LENI values 
vs. EDlighting from simulations). Cases with similar FD,S 
and DAcon values were identified for this purpose, so as to 
have situations with a comparable estimated daylight 
amount. The nine cases were then grouped based on the 
daylight supply in three categories (Table 2): 3 cases with 
a ‘low’ F*

D,S<30% (LOW); 3 cases with F*
D,S in the range 

30%-60% (MED); 3 cases with F*
D,S>60% (HIGH).  

These cases account for conditions from little to very high 
daylight availability, and represent all the variables 
assumed: location (London LON, Turin TUR, Palermo 
PAL), window size (L1, L6, WW), obstruction angle (0°, 
45°), presence/absence of a shade (NoGlare, Glare).  
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As explained earlier, two further analyses were carried 
out: (i) the impact on EDlighting due to a different 
attribution of the luminaire power to AD and/or to AND; 
(ii) the impact on EDlighting of the absence factor FA, which 
is included in the standard approach but not in DIVA. For 
all the nine cases selected, the LENI was calculated using 
two FA values: FA=0.3 (value for cellular offices for 2 to 
6 persons) and FA=0.9 (value for bathrooms).  

Table 2: cases selected for the analysis of the energy 

demand for lighting.  

#  case  F*
D,S  

[%]  

DAcon,m  

[%] 

LOW1  PAL_L1_E_45°_Glare  6.7 7.3  
LOW2  LON_L1_W_45°_Glare  8.9  9.9  
LOW3  LON_L1_N_0°_NoGlare  17.8  18.5  
MED1  PAL_L6_E_45°_Glare  27.7  30.2  
MED2  TUR_L6_S_45°_NoGlare  45.1  50.4  
MED3  TUR_WW_E_45°_Glare  55.0  53.4  
HIGH1  LON_WW_W_45°_Glare  60.0  65.4  
HIGH2  LON_WW_S_45°_NoGlare  65.0  70.8  
HIGH3  TUR_WW_S_0°_NoGlare  85.0  96.2  

Effect of control systems  

Fig. 5 shows the different values of the EDlighting, as 
calculated through the analytical method and simulations, 
for the nine cases selected, with the six control systems. 
Supplementary information is provided in Fig. 6, which 
shows the relative difference of the analytical LENI 
values with respect to the corresponding EDlighting values 
from DIVA. Negative values show that DIVA simulation 
overestimate the analytical results and vice versa.  
The following consideration can be drawn:  
- manual control (Fig. 5a): the analytical results 

underestimate the DIVA results for cases LOW1-2-3 
and MED2 (44.4% of cases), while analytical results 
overestimating simulations for cases MED1-3 and 
HIGH1-2-3 (55.6% of cases). Analysing the data for 
the different daylight supply, the differences are as 
follows: -26.5% for LOW cases, +15.0% for MED 
cases, +68.0% for HIGH cases. The highest difference 
was found for case HIGH3 (+128.7%)  

- photodimming control (Fig. 5b): analytical values 
generally underestimate simulations (61.1% of cases), 
with an average difference of +55.8%. Similarly to 
manual controls (but with a higher magnitude), the 
analytical method underestimate simulations for LOW 
cases and the opposite applies as the daylight supply 
increases (MED and HIGH cases). In detail, the 
differences are: -37.9% for LOW cases, +10.0% for 
MED cases, +119.1% for HIGH cases. Higher 
differences were found for cases with standby rather 
than without (average difference: +61.2% vs. +50.3%)  

- occupancy control (Fig. 5c): overall, analytical results 
underestimate simulations (83.3% of cases), with an 
average difference of -40.7%. Two different trends 
were observed: for switch+occupancy on-off controls, 
analytical values are constantly lower than simulations 
(average difference: -50.4%). Differently, for 
switch+occupancy off controls, analytical values 

generally underestimate simulations for LOW and 
MED cases (average differences: -43.0% and -34.6%), 
and overestimate simulations for HIGH cases (average 
difference = +44.6%)  

- photodimming+occupancy OFF control (Fig. 5d): 
analytical values mostly underestimate simulations 
(77.8% of cases, i.e. all cases but HIGH1-3), with a 
relative difference of -39.3%. In detail, the differences 
are: -44.5% for LOW cases, -18.7% for MED cases, 
+54.8% for HIGH cases.  

 
Figure 5: Energy demand for lighting for the 9 cases 

analyzed in step 2, for different control systems.   
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Figure 6: Relative difference of EDlighting, as calculated 

through the analytical and the simulation method.  

Effect of luminaire attribution to AD and/or AND  

Fig. 7 shows the impact on LENI values of a different 
attribution of the luminaire power to AD and/or to AND.  
For the three controls (manual, photodimming without 
standby and photodimming without standby + auto off), 
the lowest LENI values were found when the luminaire 
power is attributed entirely to AD. When luminaires are 
attributed half to AD, half to AND, or entirely to AND, an 
increment in EDlighting was observed: the average 
difference was +23.2% and +46.5%, respectively. 

 
Figure 7: Impact on LENI values of a different 

attribution to the luminaire power to AD and/or AND.  

Effect of the absence factor FA (analytical method)  

Figure 8 focuses on the impact on EDlighting of the absence 
factor FA, which is part of the calculation of LENI. For 
this analysis, two sets of LENI values (one with FA = 0.3, 
one with FA = 0.9) were calculated for the nine cases and 
compared to the EDlighting from DIVA (which does not 
include a concept corresponding to FA).  
As one could expect, cases with FA=0.9 show LENI 
values lower than what observed for FA=0.3. The average 
relative difference was -75.9%, with lower values for 
cases with a manual control (-67.0%), intermediate for 
cases with occupancy OFF controls (-75.0%), and higher 
for cases with occupancy ON/OFF controls (-85.7%).  
The following trends were observed:  
- cases with FA=0.3: a prevailing underestimation of the 

analytical method with respect to simulations (70.4% 
of cases) was observed, with an average relative 
difference of -38.7%. For the different controls, the 
following average relative differences were found: 
+34.8% for the manual control (44.4% of cases with 

analytical values overestimating simulations results), 
-50.4% for the occupancy OFF control (100% of 
cases), and -30.9% for the occupancy ON-OFF control 
(66.7% of cases)  

 
Figure 8: Impact on the EDlighting of a different FA.  

- cases for FA=0.9: for all cases, the analytical method 
underestimates simulations, with the following 
average relative differences: -78.8% (all cases),  
-61.6% (manual), -87.6% (occupancy OFF), -87.3% 
(occupancy ON-OFF).  

Discussion  

The paper presented the results of a study that compared 
the output of two tools to calculate the daylight provision 
in a space and the corresponding EDlighting: an analytical 
method, from the European standard EN 15193-1, and a 
dynamic simulation tool (DIVA-for-Rhino).  
The comparison was carried out with regard to both the 
daylight supply in a room (step 1) and to the energy 
consumption for lighting (step 2), with the aim of 
quantifying the differences in the output provided by the 
two tools. Each tool accounts for all the influencing 
factors, through specific algorithms and with a different 
detail. The final estimate of the daylighting and of the 
energy use for lighting may change as a function of the 
tool adopted (Konstantoglou et al., 2016). The innovation 
of the study lies in the quantification of such differences.  
As far as the daylight supply is concerned (step 1), the 
comparison was done in terms D*(standard) vs. 
DFm(DIVA) and of F*

D,S(Standard) vs. DAcon,m(DIVA). 
The results of the study demonstrated that there is a very 
good correlation between analytical and simulation 
results about the D values (R2 =0.98, with differences in 
the range 0% ÷ -47.4%, with average percent difference 
of -30.4%). Differences are higher for cases with lower 
daylight factor (window L1) and tend to decrease (down 
to 0%) for higher daylight factor values (window WW).  
A lower correlation was observed (R2=0.87) when 
comparing F*

D,S to DAcon,m, with an absolute average 
percent difference of -50.2%, with a maximum of  
-217.4% of and a minimum of 1%. Both analyses show 
that the analytical method underestimates the daylighting 
in a room with respect to DIVA simulations.  
The lower correspondence of F*

D,S-DAcon,m values with 
respect to D*-DFm is due to the greater complexity of the 
influencing factors, particularly to the way both climate, 
orientation and movable shades are considered in the two 
approaches. For the climate, the absolute average 
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difference was higher for Palermo (71.4%), intermediate 
for Torino (43.7%) and lower for London (35.6%).  
The larger difference observed for Palermo seems to be 
linked to two peculiar features of the standard with regard 
to an unshaded spaces. First of all, to a space located at a 
latitude 30°-45° (i.e. Palermo), the standards attributes 
higher FD,S compared to the same space at a latitude 45°-
60° (i.e. London), as one would expect, but only for LE 
values up to 0.50. Over this value, the opposite trend 
applies (Aghemo et al., 2016). This means that Palermo is 
granted by the standard a lower daylight supply than 
London. Furthermore, the EN15193-1 attributes FD,S<1 
also to spaces without blinds, thus assuming a certain use 
of the blinds also for conditions labelled as ‘no glare 

protection system installed’.  
For what concerns the orientation and the use of moveable 
shades, similar absolute difference were obtained for N, 
S, and W (-53.5%, -63.5% and -51.6%), with analytical 
daylight supply underestimating simulations. A different 
magnitude was observed for E-facing cases (relative 
difference: -32.4%). The different trends seem to be due 
to the different algorithms used by the two approaches to 
model blinds, which is particularly evident when the same 
cases are compared for W or E orientation, with blinds. 
For these cases, the standard yields the same F*

D,S, while 
DIVA yields quite different DAcon,m values. The relative 
differences of F*

D,S vs. DAcon,m ranged from -128.3% to -
9.0% for W-facing cases, from -153.8% to +26.4% for E-
facing cases. Furthermore, while the analytical method 
underestimates simulations for all E-facing cases, 20.4% 
of W-facing cases show an analytical value higher than 
the simulation result. This is due to the DIVA algorithm 
to model conceptual blinds: once glare is detected, the 
blind is pulled down and left in that position for the rest 
of day. This means that E-facing spaces remain shaded for 
longer periods compared to the same spaces facing W.  
A sensitivity analysis on the influencing factors 
implemented in the standard was presented in a previous 
paper from the same Authors (Aghemo et al., 2016).  
As for the comparison of the energy demand for lighting 

(step 2), a general trend was observed quite independently 
of the different control analyzed: the analytical method 
tends to underestimate simulations for cases with LOW 
daylight supply, while the opposite applies for cases with 
HIGH daylight supply. The MED cases present different 
trends depending on the control system: for manual and 
photodimming controls, LENI values are higher than 
EDlighting values for most cases, while they are lower for 
occupancy auto off controls (both stand-alone and with 
photodimming). With occupancy on-off controls, 
analytical values are constantly lower than simulations.  
The above mentioned differences can also be explained 
(beside the different algorithms of the two methods) by 
the different number of hours used by the two tools when 
the same occupancy profile (from 8 am ‘till 5 pm) is 

selected. According to the standard analytical approach, 
this profile results in a 2500 hours throughout a year (with 
TD=2500 h, TN=250 h), while in DIVA an occupancy 
profile of 3285 h is generated. Consequently, for 

occupancy controls the longer occupancy profile in DIVA 
yields higher EDlighting values. Differently, for dimming 
controls, LENI values overestimate simulations, although 
the reduced number of hours.  
As for the impact on LENI values played by how 
luminaires are attributed to AD and/or AND, for both 
manual, photodimming and photodimming+auto off 
control an increment was observed when the luminaire 
power is attributed half to AD, half to AND, or entirely to 
AND (with respect to all luminaires in AD): the average 
difference was +23.2% and +46.5%, respectively.  
As for the impact on LENI of the absence factor FA, this 
leads to a different magnitude of the underestimation of 
analytical LENI values compared to DIVA simulations. 
Compared to DIVA values, an average relative difference 
was -38.7% when a value FA=0.3 was used; the difference 
decreased to -78.8% when a value FA=0.9 was used. It 
should be noted that the absence factor is a peculiar factor 
of the standard EN 15193-1 to account for non-continuous 
occupancy of a space, while the DIVA algorithms do not 
offer this option by default.  
It should be noted that the results obtained are valid for 
the specific database of cases used for the analyses. This 
particularly applies to step (2), for which only cases that 
showed a comparable daylight supply (F*

D,S vs. DAcon,m) 
were used. This was made with the aim of quantifying the 
impact of a number of different manual, dimming and 
occupancy controls on the EDlighting. A more general 
assessment of the energy demand for lighting should be 
done for all the cases of the database, also the ones with 
discrepancies in the calculation of the daylight supply.  
As a last comment, it is worth noticing that all analyses 
are based on weighing both the daylight factor D and the 
daylight supply factor FD,S (standard approach) as a 
function of the ratio AD/AND (thus calculating D* and 
F*

D,S). The results would change significantly using D and 
FD,S, without weighing: this would mean that a designer 
would apply D an FD,S value to the entire room area 
instead of the daylit area AD only. Figures 9 and 10 show 
how the differences between simulations and the 
analytical method change when D-FD,S rather than D*-
F*

D,S
 are used. Clearly, D* and F*

D,S are lower compared 
to D and FD,S, especially for cases with L1 (which have 
have the smallest AD) and, to a minor extent, with L6 (AD 
almost half of the room), while for cases with WW, no 
difference occurs as AD coincides with the room area. The 
following main considerations can be drawn:  
- daylight factor: using D and FD,S results in a decrease 

of the difference between the analytical and the 
simulations results. The regression line shows an even 
better correlation (R2=0.99, compared to R2=0.98 
when D*-F*

D,S
 are used). On the other hand, for 

windows L1, analytical results are higher than the 
simulations values, unlike what happens using D-FD,S  

- daylight supply: the correlation is less robust 
(R2=0.76, compared to R2=0.87 for D*-F*

D,S) and the 
analytical results overestimate the simulations values 
for a much higher number of cases compared to what 
observed when D*-F*

D,S
 are used (38.2% vs. 5.6%).  
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Building practitioner have therefore two types of analysis 
tools (analytical vs. dynamic simulation) to calculate the 
daylight supply and the EDlighting for a room. Similarities 
and discrepancy were discussed in the study. The standard 
has the merit to supply an analytical method that is 
relatively user friendly; despite some simplifications, it 
accounts for climate, orientations, moveable shades, 
occupancy and dimming controls etc. The method is for 
the earliest design phases, when advanced simulation is 
still premature as a detailed model is not available yet. 
Advance simulations allow analyses to be carried out with 
a high level of detail, by implementing, in principle, any 
value of climate, physical and optical properties and 
yielding results on a scientific basis. Nonetheless, the 
simulation results also depend on the specific algorithm 
of the software that is used (Ghobad, 2018).  

 
Figure 9: Analytical vs. simulated daylight factor: 

impact of using D rather D*.  

 
Figure 10: Analytical vs. simulated daylight supply: 

impact of using FD,S rather F*
D,S.  

Conclusions  

The evaluation of daylighting contribution and of the 
energy performance for lighting in a building is a key 
aspect in the current design practice. The availability of 
simplified calculation methods allows these aspects to be 
considered since the earliest design phases. On the other 
hand, designers have advanced simulation tools. In this 
context, this study compared the analytical method of the 
standard EN15193-1:2017 to calculate the LENI index to 
DIVA-for-Rhino, a dynamic simulation tool.  
The results showed a good correlation between the 
parameters to estimate the daylight supply. However, the 
differences, especially for what concerns the comparison 
F*

D,S vs. DAcon,m, are sometimes relevant, particularly for 
climate conditions that deviate from the data reported in 
the standard. Similarly, differences in the range -65% 
+347% were observed in the calculation of EDlighting.  
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Abstract

Colours that surround us are not just the result of sur-
face properties, rather the interplay between the spec-
tral distribution of illuminating light and spectrally
specific surface reflectance. Despite the temporal
and spatial variation of daylight spectral distribution,
daylight simulation platforms most commonly use lu-
minance based sky models (CIE or all-weather Perez
skies) that lack spectral and colorimetric information.
LARK and ALFA are the two currently available
spectral daylight simulation platforms that use spec-
tral data of skies and materials to produce daylight
renderings. The authors measure and perform visual,
spectral and colour difference comparisons of com-
plex urban scenes with different materiality—plaster
facades, vegetation, reflective facades—in LARK,
ALFA and standard non-spectral daylight simula-
tions. The comparisons present the challenges, appli-
cations and limitations of using the currently evolving
multi-spectral daylight simulations.

Background

Current daylight simulation platforms are based on
three-dimensional colour spaces, such as RGB (Red,
Green, Blue), for predictive renderings. Compu-
tations in RGB colour space does not suffice the
needs of designers when they have to predict colour
shifts, colour-dependent lighting metrics (like circa-
dian light), and changing visual perceptions occurring
under different sky conditions (Devlin et al., 2002).

Multi-spectral lighting simulation that can also
achieve the physical accuracy of light is currently
based on the Radiance lighting and visualisation plat-
form (Ward, 1994). Ruppertsberg and Bloj (2006)
validated Radiance for colour and luminance ac-
curacy using an N-step method to perform multi-
spectral simulations. The N-step algorithm divides
the spectrum into N consecutive wavebands, and a
simulation is performed in each of these N channels
rather than the standard single RGB simulation.

Applications of multi-spectral simulations or spec-
tral rendering platforms are evident in the field of
psychophysical analysis, where visual psychophysi-

cists need to produce complex simulated stimuli for
their experiments. However, these experiments use
simulated scenes created using objects and mostly
illuminated by artificial sources of light. To accu-
rately determine the colour rendering indices of light
sources Geisler-Moroder and Dür (2009) recommends
the use of spectral rendering engine instead of an
RGB-based renderer. Geisler-Moroder and Dürs val-
idation of spectral rendering (versus an RGB render)
was of real-world interior scenes illuminated by arti-
ficial light sources.

In the field of architecture and daylighting, Inanici
et al. (2015) used Ruppertsberg and Bloj’s N-step
method for multi-spectral simulations, to determine
circadian lighting. They analysed interior scenes for
circadian and photopic lux using spectral skies from
measured correlated colour temperature (CCT) val-
ues. To make the N-step method more available to
architects and lighting designers, Inanici et al. (2015)
released LARK—a grasshopper plugin (McNeel et al.,
2010) for spectral simulations to evaluate circadian
lighting (Inanici and ZGF Architects, 2015).

ALFA (Adaptive Lighting for Alertness) is also a Ra-
diance based multi-spectral simulation platform to
compute circadian lighting. ALFA performs simula-
tion on 81-colour channels, whereas LARK is set up to
run a maximum of 9-channel simulations (Solemma,
2018).

LARK and ALFA are the two currently user-friendly
programs to perform multi-spectral, physically ac-
curate daylight simulations. They are both based
on Radiance and is operated through the popular
3D modelling program for architects—Rhinoceros 3D
(McNeel et al., 2010). Hence, in this research, the au-
thors use LARK and ALFA to perform multi-spectral
simulations of complex urban scenes under measured
and computed spectral skies respectively. While pre-
vious studies have deduced colorimetric accuracy of
simplistic scenes of objects and indoor scenes under
artificial lighting, this study of urban environments
in multi-spectral simulations under daylight will be
first of its kind.
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Methodology

Working in the context of Singapore, the authors
study three commonly occurring urban environments
for their spectral characteristics.

• plaster: Environment enclosed with Housing De-
velopment Board (HDB) units, which feature
plaster facades. 80% of the population in Sin-
gapore live in such units.

• green: Environment enclosed with trees and
grass ground cover. 30% of the urban regions
in Singapore are vegetation.

• reflective: Environment surrounded with reflec-
tive glass facade. Largely represents the com-
mercial centres and office buildings of Singapore.

Measuring the urban environments

To represent each one of these urban spectral
environments—plaster, green and reflective—the au-
thors chose specific sites in Singapore that has two
qualities. One that the materiality (plaster facades,
vegetation and reflective facades) of the site encloses
the space tightly with a narrow sky view factor; sec-
ond, within 5 to 8 minutes of walk from the site, there
is an open site with a large sky view factor to mea-
sure the sky spectra. The Figure 1 shows the sky
view factor of the three chosen urban sites and its
corresponding open site.

Figure 1: Urban site sky view and open site sky view
for the three urban environments.

For each of the urban environments, High Dynamic
Range (HDR) photographs as described by (Inanici,
2006) are captured using a Canon EOS 5D Mark III
camera with a Canon equisolid projection fisheye lens
(Canon EF 8-15mm f/4L USM). Vertical global spec-
tral irradiance is measured using the Konica Minolta
CL-500A illuminance spectrophotometer. The same
equipment with a similar set up is used to measure the
global sky spectral irradiance at the open site. Fig-
ure 2 demonstrates the horizontal and vertical mea-
surement set-up at the open site and urban environ-
ment respectively. Measurements are taken under
four sky conditions—morning (6:45 to 8:45 am), clear
or intermediate, overcast and evening sky (18:00 to
19:30 pm). Morning and evening skies are categorised

Figure 2: Left: horizontal measuring set up to record
spectral measurements of sky at the open site. Right:
vertical measuring setup to record spectral measure-
ments within an urban environment.

based on the time rather than the sky conditions due
to their relatively higher correlated colour tempera-
ture (CCT) than other sky conditions between 9:00
am to 18:00 pm. Note that morning and evening skies
can also vary from clear, intermediate or overcast sky
conditions. For each location, measurements are also
taken in four directions to capture the effect of the
different portions of the sky.

Each of the urban environment was also documented
using a laser scanner (FARO FOCUS 3D X330). The
cloud data from the laser scanner is used to build de-
tailed 3D model of the environment in Rhinoceros 3D
(McNeel et al., 2010). Material spectral reflectance
data of the building finishes, ground cover, tree barks
and leaves were measured using a Konica Minolta
CM-2600d Spectrophotometer as described by Jaku-
biec (2016)

Setting up spectral simulations

LARK runs on the grasshopper plugin (McNeel et al.,
2010) in Rhinoceros 3D (McNeel et al., 2010) and is
an open-source programme. LARK is based on the
N-step algorithm and can currently run a 9-channel
simulation. The inputs to LARK are the location,
time, global horizontal solar irradiance, the measured
spectral sky data for each scenario and the measured
spectral surface reflectance for each of the surfaces in
the 3D model. There are two Radiance sky generator
program—gensky and gendaylit. LARK was initially
set-up to use the gensky program to generate the sky
spectral distribution. However, the authors edited
LARK to run the gendaylit program for uniformity of
comparison with the non-spectral daylight simulation
that also uses the gendaylit program to generate the
sky. Note, the sun in LARK is modelled as a non-
spectral equal energy white source similar to the non-
spectral simulations.

ALFA is a direct plugin to Rhinoceros 3D. The in-
puts to ALFA are—the 3D model, location, time, and
measured material spectral reflectance. The spec-
tral sun and sky in ALFA are precomputed in a
radiative transfer library called libRadtran (Mayer
and Kylling, 2005) for every location available in
ALFAs database. The atmospheric profiles used
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Table 1: Summary of the spectral (LARK and ALFA) and non-spectral (PEREZ) simulation parameters.

Parameters LARK ALFA PEREZ
Sky input Measured spectral sky irra-

diance, global solar irradi-
ance, location, time

Pre-computed spectral sky
irradiance generated in li-
bRadtran, location, time

Non-spectral and luminance
based sky, global solar irra-
diance, location, time

Sun Non-spectral, equal energy
white source

Spectral sun Non-spectral, equal energy
white source

Atmosphere N/A Sky spectra is computed us-
ing an AFGL atmospheric
profile

N/A

Sky condition Determined by the global
horizontal irradiance input
to gendaylit program

Users can choose from
overcast, hazy, heavy rain
clouds

Determined by the global
horizontal irradiance input
to gendaylit program

Simulation for-
mat

9-channel 81-channel Standard RGB

Material Input Spectral material re-
flectance

Spectral material re-
flectance

RGB material reflectance

in libRadtran to generate spectral sun and sky for
ALFA is the U.S. Air Force Geophysics Laboratory’s
(AFGL) standard mid-latitude summer profile (An-
derson et al., 1986). ALFA also allows the user to
choose between a sky condition (clear, overcast, hazy,
heavy rain clouds) and a ground spectrum.

For comparisons between spectral and widely used
non-spectral simulations, all the three urban environ-
ments are simulated in a non-spectral standard Ra-
diance environment. The inputs to the non-spectral
simulations are—detailed 3D models, location, time,
and global horizontal solar irradiance. The sky input
for non-spectral simulations is the all-weather Perez
sky model (Perez et al., 1993) based on luminance
distributions. For all further comparisons presented
in this paper, non-spectral simulations are referred to
as PEREZ simulations hereafter. Materials assigned
in PEREZ simulations are the measured spectral re-
flectance data converted to Radiance RGB material
data.

The global solar horizontal irradiance used for LARK
and PEREZ simulations are taken from the weather
station at Singapore University of Technology and
Design (SUTD), located in the east of Singapore.
ALFA does not take the global irradiance as an input.

Due to certain limitations of representing materials in
simulations, leaves of tree crowns in the green envi-
ronment are assigned as an opaque (Radiance) plas-
tic material type without any transmittance. Tree
crowns are measured for their gap percentages and
modelled as described by Balakrishnan and Jakubiec
(2016, 2018). The reflective glass facade in the re-
flective environment is assigned as a Radiance metal
material type. In reality, the facade is a reflective
glass material that both transmits and reflects light.

Table 1 summarises the simulation parameters of
LARK, ALFA and PEREZ.

Results

Visual Comparisons

Figure 3 demonstrates the visual difference between
renders of spectral and non-spectral simulations.
Colours in the non-spectral render (PEREZ) appear
to have a yellow or brown tinge because of the lack
of blue colour in its simulated sky.

Figure 3: Comparison of plaster urban environment
renders of spectral and non-spectral simulations with
HDR photographs.

Direct Light: Direct light is the light from the sun
illuminating the urban environments during the day.
Figure 4 show the effect of direct light in the dif-
ferent urban scenarios and their respective renders
using spectral (LARK and ALFA) and non-spectral
(PEREZ) simulations under a clear sky. ALFA ren-
ders direct light warmer in colour than LARK. This
effect is evident in both the plaster and green envi-
ronment shown in Figure 4. The facade in the plas-
ter environment is chosen as it directly sees the sun
and is illuminated by direct light from the sun. In
the green environment, the grass ground plane re-
ceives direct light from the sun which is reflected to-
wards the tree crowns. Thus explaining why the grass
ground plane and tree crowns in ALFA’s renders ap-
pear warmer in tone than that of LARK’s in the green
scene (Figure 4). Effect of reflected light in a scene is
pronounced only with the presence of a strong direct
light source like the sun (Gurney, 2010). Hence the
illumination effects under direct and reflected light on
a clear day is significantly influenced by the simulated
colour of the sun. In ALFA the sun is modelled us-
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Figure 4: Comparisons of the effects of direct light in
HDR photograph, non-spectral PEREZ render, spec-
tral LARK and ALFA renders of different urban en-
vironments under clear sky conditions.

ing the extraterrestrial solar spectrum and travelling
through an atmospheric profile. However, in LARK
the sun is modelled as a non-spectral equal energy
white source without an atmosphere. Therefore, di-
rect light in ALFA is warmer, has richer colour infor-
mation and varies based on its position in the sky.

Figure 5: Comparison of the effects of direct light be-
tween HDR photograph, non-spectral PEREZ render,
spectral LARK and ALFA renders under evening sky
conditions.

Shadows in a scene are also a result of a direct light
source. Bluer the diffuse sky opposite the sun the
darker and bluer are the shadows cast. With clouds in
the sky, the shadows become greyer (Gurney, 2010).
Given that ALFA’s spectral skies are based on a
mid-latitude summer atmospheric profile, it’s simu-
lated diffuse sky is bluer than that of LARK. There-
fore ALFA renders the deepest shadows compared to
PEREZ and LARK and is particularly evident in the
dappled shadows of the green scene in Figure 4.

Reflective facades that face the sun on a clear sky
throw specular reflections of the sun as seen in the
HDR photograph of the reflective environment, in

Figure 4. However, this effect does not appear in
any of the spectral or non-spectral renders.

The low-angle sun is the direct source of light in
morning and evening clear skies. Colours of the low-
angle direct light source vary based on atmospheric
constituents and distance travelled through the atmo-
sphere. In general, they are warmer with an orange
tint compared to when the sun is higher in the sky.
The HDR photographs in Figure 5 demonstrate the
effect of low-angle direct light from an evening sky.
An upper streak of yellow-orange light is seen in the
HDR photograph of the plaster facade and on the
ground of the green environment. ALFA is able to
render these streaks with warm-orange in both the
environments. In the PEREZ simulation, the streak
is rendered as white light in the plaster scene and
slightly yellowish in the green scene due to the inter-
reflections of the surrounding. For the reflective envi-
ronment, the reflection of the sun can be seen at the
bottom of the facade as a visible yellow-orange reflec-
tion in ALFA and white in PEREZ renders. LARK is
currently unable to render the effect of the low-angle
sun either in the morning or evening.

Diffuse Skylight: When there is a clear or an in-
termediate sky, the part of the sky dome that does
not contain the sun, provides the diffuse skylight.
Contrary to direct light, the diffuse skylight is a soft
non-directional light. Depending on the spectra and
sky condition the colour of the diffuse skylight can
change.

Figure 6: Comparison of the effects of diffuse sky-
light between HDR photograph, non-spectral PEREZ
render, spectral LARK and ALFA renders under clear
sky.

Figure 6 illustrates the effect of the diffuse skylight
in the plaster and reflective environment on a clear
day. The directions of the environment in Figure 6
are specifically chosen because they face the diffuse
sky (bluest part of the sky) opposite the sun. The
facade on the right in the plaster environment is illu-
minated by the diffuse skylight. Visually, the renders
in ALFA seems to capture the effect of the diffuse
sky in the plaster and reflective environment than
LARK’s renders.

However, under the morning sky, both LARK and
ALFA equally renders the effect of the diffuse sky in
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both the environments shown in Figure 7. Though
the reflection of the yellow-orange sun appears only
in the ALFA renders. The spectral sky in LARK

Figure 7: Comparison of the effects of diffuse skylight
between HDR photograph, non-spectral PEREZ ren-
der, spectral LARK and ALFA renders under morn-
ing sky.

is modelled as an average distribution of the mea-
sured spectral sky data, including the sky and the
sun. The non-spectral sun is then added to the sky-
dome. As a result, LARK currently underpredicts
the blueness of the skydome for clear skies. However,
for the morning/evening sky the measured spectral ir-
radiance represents the spectra of the skydome with
minimal contribution from the low-angle sun. More-
over, in LARK, the low-angle sun is not modelled.
Given these two reasons, renders in LARK illumi-
nated by the diffuse morning and evening sky repre-
sent richer colour information. Renders in PEREZ
under morning and evening skies (Figure 7) signifi-
cantly misrepresents the colour information.

Diffuse Overcast: Overcast or heavily clouded skies
provide a softer diffuse light for illumination with-
out sharp shadows and contrasts. Figure 8 shows the
comparison between spectral and non-spectral ren-
ders with the HDR photographs.

The global horizontal irradiance determines whether
the sky is overcast or not. It is an input to generate
the sky in LARK and PEREZ. The irradiance mea-
surements can vary from the time the spectral mea-
surement is taken at the urban scene to the open sky
measurement. This variation leads to errors—faint
speckled shadows of trees—in simulations as seen in
the plaster environment of Figure 8. The HDR pho-
tograph of the plaster facade in Figure 8 was captured
when the sky was heavily clouded. At the open site,
the sun was obscured partially. Hence a higher global
horizontal irradiance was recorded and used to run
the simulations in LARK and PEREZ.

This error in ALFA is avoided as the user can specify
the sky condition to perform the simulations. Hence,
in all the heavily clouded sky conditions simulated
in ALFA the sky is defined as overcast. However,
ALFA’s atmospheric profile for an overcast sky ren-
ders scenes with a slight yellow tint. Measurements of
global sky spectra accurately represent a uniform sky

such as an overcast sky. Hence, LARK’s colour infor-
mation in renders under overcast skies appear closer
to the HDR captures.

Figure 8: Comparison of the effects of diffuse overcast
light between HDR photograph, non-spectral PEREZ
render, spectral LARK and ALFA renders.

Spectral Comparisons

In this section, the authors present a comparison of
the measured spectral irradiance taken on site with
the spectral outputs from LARK and ALFA. Spectral
irradiance measurements were taken vertically with
the illuminance spectrophotometer shown in Figure 2,
in four directions and different sky conditions for
the various locations. Measurements using the spec-
trophotometer are referred to as sensor hereafter in
this paper.

The spectral irradiance measured using the sensor is
at every 1 nm interval. ALFA’s spectral irradiance
outputs are at every 5 nm interval from 380 nm to 780
nm. However, LARK’s spectral irradiance outputs
are 9 values, one for each of the discrete 9 channel-
bins between 380 nm to 780 nm (Inanici et al., 2015).
For comparison purposes, LARK’s spectral irradiance
measures are linearly interpolated at intervals of 5
nm. The plots of the comparisons is available online
as a Github repository (Balakrishnan, 2019).

To calculate the errors of the spectral distribution
produced by ALFA and LARK with the sensor mea-
surements, the Root Mean Square Error (RMSE) is
computed as per the equation (1). As the main focus
is to compare the spectral distribution rather than
the absolute spectral irradiance values, the RMSE is
computed for normalised spectral irradiance values.
Normalisation for every spectral distribution is ob-
tained by having a value of 1 at 560 nm.

RMSE =
1

n
·

√√√√ n∑
j=1

Ijsim − Ijsensor

Ijsensor
(1)

Ijsensor is the normalised spectral irra-
diance measured using the sensor at the
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j-th tabulated wavelength, from the set
{400, 405, . . . , 695, 700}.
Ijsim is the normalised spectral irradiance re-
sulting from either LARK or ALFA simulations
at the j-th tabulated wavelength, from the set
{400, 405, . . . , 695, 700}.

Figure 9 illustrates the RMSE errors, calculated using
the equation (1), for simulation outputs in LARK and
ALFA under the four sky conditions (clear, morning,
evening and overcast) and the three urban environ-
ments (plaster, green, reflective.)
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Figure 9: RMSE errors calculated as per equation (1)
for LARK and ALFA multi-spectral simulations un-
der the four sky conditions in plaster, green and re-
flective environments.

RMSE variation in different urban environ-
ments: Among the three environments, LARK and
ALFA have lower RMSE ranging from 0.04 to 0.18 in
the plaster environment. The relative accuracy of the
3D model and material assignment in the plaster en-
vironment is the main reason for this lower RMSE. In
the plant environment, the RMSE ranges from 0.06
to 0.38, with the most significant error caused due
to the non-inclusion of low-lying shrubs in the 3D
model. The RMSE range in the reflective environ-
ment is from 0.05 to 0.32. Assigning the sky condi-
tion as hazy in ALFA does not represent the mea-
sured cloudy evening sky. Thus, it is the cause for
the largest RMSE in the reflective environment.

RMSE variation under different sky condi-
tions: Spectral simulations with an overcast sky pro-
duced the least RMSEs (from 0.05 to 0.17) compared
to other sky conditions. The largest RMSE of 0.17
was due to assigning a sky with a partially obstructed
sun as an overcast sky. The range of RMSE for spec-
tral simulations under clear skies is 0.05 to 0.31. The
0.31 RMSE caused due to LARK’s non-spectral equal
energy white sun not reflecting warm light off the
ground in the green environment. Environments sim-
ulated under morning skies has an RMSE range 0.08
to 0.20. The low-angle sun and sky in ALFA being

reflected off the facade in the reflective environment
cause the 0.20 error. Spectral simulations under the
evening skies have the most substantial RMSE rang-
ing from 0.07 to 0.38. It is the inaccuracy of the geo-
metric model in the plant environment and the hazy
sky condition chosen to simulate the evening sky for
the reflective environment in ALFA that caused the
large RMSE.

RMSE variation between LARK and ALFA:
LARK has lower RMSE than ALFA under uniform
sky conditions where the effect of the sun is minimal,
such as with overcast, evening and morning skies. Un-
der these sky conditions, the global measured spec-
tral irradiance represents the whole skydome. Here,
the measured sky spectra input to LARK generates a
sky that has closer colorimetric properties to the real
sky. When the sun is present and there is a variation
of colour across different parts of the skydome, the
measured global spectral irradiance is only an aver-
age representation of the skydome. Therefore, with
this measurement provided as an input to LARK, it
is once again averaged to produce the spectral sky
model reducing the stark contrasts occurring in dif-
ferent parts of the skydome. Under clear skies, ALFA
returns lower RMSEs than LARK. Neither LARK
nor ALFA can currently simulate clouds, thus both
LARK and ALFA cause significant errors in scenarios
where the sun is partially obscured.

Colour Difference Comparisons

To compare the rendered coloured output of the
spectral and non-spectral simulations, the authors
propose a colour difference comparison in the CIE
L∗a∗b∗ colour space. The colour difference is the dis-
tance between two colours coordinates within a colour
space. Distances calculated between two colours in
the three-dimensional RGB space do not relate to
human perceived colour difference (Jakubiec, 2016).
However, distances in L*a*b colour space, are per-
ceptually related and hence make it a better colour
space to compute the colour difference between pix-
els of the renders—PEREZ, ALFA and LARK—from
HDR photographs.

Brightness among the rendered images and with the
HDR photographs can vary due to differences in the
simulated versus actual sky brightness. Therefore, to
compare the absolute differences in colour, the colour
difference (∆E) is computed as in equation (2) ex-
cluding the L∗ of the L∗a∗b∗ colour space.

∆E =
√

(a1 − a0)2 + (b1 − b0)2 (2)

a0 is the chromacity value in the green-red axis of
the reference colour (pixels of the HDR photograph).
a1 is the chromacity value in the green-red axis of
the target colour (pixels of LARK, ALFA or PEREZ
simulations). b0 is the chromacity value in the blue-
yellow axis of the reference colour (pixels of the HDR

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
1196

 

 
  



Table 2: Colour difference comparisons.

Light Location PEREZ
(∆E)

LARK
(∆E)

ALFA
(∆E)

Direct
Light

plaster 2.3 1.4 2.4
plant 7.1 4.0 9.6
reflective 1.6 3.6 0.8

Shade
plaster 2.0 1.6 1.7
plant 4.4 6.5 4.5
reflective 13.1 9.0 16.1

Diffuse
overcast

plaster 3.9 1.3 4.0
plant 3.9 2.6 4.4
reflective 2.0 1.8 2.1

Diffuse
skylight

plaster 8.8 5.3 5.3
plant 4.5 1.5 3.1
reflective 4.7 1.9 0.6

photograph). b1 is the chromacity value in the blue-
yellow axis of the target colour (pixels of LARK,
ALFA or PEREZ simulations).

All comparisons are performed using the default
colour setting of the simulation outputs (Radiance
RGB) and HDR image capture (sRGB). While the
exposures are adjusted to be uniform among the ren-
ders and with the HDR photographs, no further cali-
brations for colour (such as tone mapping) have been
applied.

To categorically compute the colour differences, sce-
narios are selected, one direction per location (plaster,
green and reflective) that best represents the effect of
direct light (light from the sun), shade (when direct
light falls on surfaces and causes shadows), diffuse
overcast light (light from an overcast sky) and diffuse
skylight (light from the diffuse sky). A region of 5
x 5 pixels illuminated by the categorised light effect
(direct, shade, diffuse overcast, diffuse skylight) is se-
lected among all the renders and HDR photographs
for comparisons. The Figure 10 is an example illus-
tration of pixel selection for comparisons under direct
light in the plaster environment/location.

Table 2 gives a summary of colour differences (∆E)
among the renders of the three simulations under the
different lights. Spectral renders of LARK have the
smallest ∆E for most of the scenarios and in partic-
ular under diffuse overcast light. ALFA’s spectrally
rendered pixels have the lower ∆E values for reflec-
tive facades under all the different light scenarios ex-
cept in shade where the difference is quite high. The
simulated sky in ALFA is ’bluer’ than LARK’s, and
this difference is more evident under direct light from
clear skies. This is the reason why ALFA’s renders
are a closer match to the HDR captures in the reflec-
tive environment under clear skies.

As expected non-spectral renders of PEREZ have the
largest ∆E for all the scenarios except for the grass
pixel in the shade (Figure 4). The grass material
is not accurately represented in simulations. On-
site the grass surface is a mix of green grass and

earth. However, when measuring material properties
of the grass surface, the authors took measurements
of solely the grass. Hence a slightly yellow-green grass
under shade, rendered in PEREZ, appears closer to
the colour in the HDR photograph.

The difference in ∆E among the different rendering
platforms is directly linked to how the colour of the
sky and sun in each of the platform is rendered. In
most of the cases, LARK’s renders have the closest
colour values (channel a∗ and b∗) to the HDR pho-
tograph as its sky input is measured global spectral
irradiance. In sky conditions where the effect of the
sun and the atmospheric transfer of light plays a vi-
tal role in the colour of the sky (such as clear skies)
and the material reflects the sky (such as reflective
facade) ALFA’s render’s match closely in colour to
the HDR photograph.

Conclusions

LARK and ALFA are the two most accessible and
easy to use interfaces for the daylight community to
perform spectral daylight simulations. They both
were created to compute circadian lighting. However
as shown in this paper, both platforms can produce
spectral renders that have richer colour information of
the context and represent physically accurate colour
perceptions when compared to non-spectral standard
RGB daylight simulations.

A summary of the different parameters used in ALFA
and LARK is listed in Table 1. LARK and ALFA
mainly differ in the way the sun and sky are rep-
resented. While LARK can take measured global
spectral sky irradiance as an input, it lacks an at-
mospheric profile found in ALFA. Without an atmo-
spheric profile, colour renditions of the low-angle sun
in the sky cannot be depicted. ALFA’s atmospheric
profile is currently based on a generic mid-latitude
summer sky. ALFA has the potential to improve the
accuracy of colour renditions and spectral outputs by
including location-specific atmospheric profiles.

Apart from measured spectral sky input LARK can
also take Correlated Colour Temperature (CCT) of
the sky as an input. If CCT is used, it has to be con-
verted to spectral irradiance data based on the def-
initions of CIE standard illuminants (Wyszecki and
Stiles, 1982; Inanici et al., 2015). Measured spectral
irradiance data gives more accuracy than the stan-
dard sky conditions represented by the CIE illumi-
nants. Hence the authors have published a public
Github repository (Balakrishnan, 2018) where mea-
sured global spectral irradiance data for different
equatorial skies can be downloaded.

In LARK simulations, the modelled spectral sky is
an average distribution of the measured spectral sky
data including both the sun and the sky when the sun
is present. An equal energy white sun is added, reduc-
ing the spectral contribution of the diffuse skylight in
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Figure 10: Example of colour difference comparison of pixels in direct light at the plaster location.

a clear sky render. An update to LARK weighing the
CCT of the sun and sky based on the direct and dif-
fuse global horizontal irradiance is in progress by the
authors with the original developers.

This paper presents a first-of-its-kind framework to
compare spectral daylight platforms for their visual,
spectral and colorimetric accuracy of complex day-
light scenes. These platforms are essential to rep-
resent complex architectural and urban scenes using
appearance-sensitive daylight renders respecting lo-
cal climate and context. In this work, the specifica-
tions of LARK and ALFA which affect the visual ap-
pearance of spectral renders are compared to provide
users and developers with a deeper understanding and
greater applicability of multi-spectral daylight simu-
lations in general.
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Abstract 

Daylighting availability and uniformity depend on the 
interior surface reflectance (𝜌). Currently, 𝜌 is obtained 
through suggested reference values (Illuminating 
Engineering Society 2012; CIBSE 2015; CIBSE/SLL 
2011; CIBSE/SLL 2005), laboratory tests (ASTM E 903 
(2012) describes a standardized procedure requiring a 
calibrated instrument and an as-built surface sample), or 
by on-site measures (based on luminance and illuminance 
differences). Novel methodologies compute it by 
integrating image processing and/or photometry, applied 
on false colour or HDR images. A simple procedure is 
needed for accurately assess, even in preliminary design 
phases, the reflectance of heterogeneous surface areas for 
new and historical buildings. In fact, heterogeneous 
surfaces (colour, texture, composition, ageing) difficult 
the accurate estimation of a representative reflectance 
value (�̅�) for building simulation, leading to daylighting 
performance deviation. This work presents a 
methodology, based on a per-pixel colour reflectivity 
(𝜌𝑐𝑜𝑙) evaluation, to easily acquire an approximate value 
of the surface visible reflectance (�̅�𝑣𝑖𝑠). This approach 
gives a more global �̅�𝑣𝑖𝑠 of all surface components, 
aiming to improve the accuracy of the modelled 
daylighting analysis. Additionally, the procedure is 
experimented over a sample reference test room. 
Introduction 

Buildings in real case scenario perform differently 
compared to their design. A significant gap has been 
identified by collecting and comparing post-occupancy 
and design phase performance data (De Wilde, 2014). 
Part of this deviation has been attributed to: occupant 
behavior, rooms layout (Reinhart, 2002; Wolisz, Kull, 
Streblow, & Müller, 2015), simulation type and robust 
approximations on material reflectance properties 
(Brembilla, Hopfe, & Mardaljevic, 2018). 
Indoor daylighting depends significantly on how the 
incoming light is being redistributed all over the room, 
and it can be enhanced by different strategies both 
external (e.g. shading or light redirecting devices) and 
internal (e.g. controlling reflective surfaces). Warrier & 
Raphael, (2017) tested on a scaled model the use of a 
horizontal light shelf, which coupled with a high 
reflectance ceiling (𝜌 = 0.85) could lead to an average 
illuminance level increase of 21%. Given that internal 
surfaces reflectance governs the dispersion of light, 

suitable internal strategies guarantee the success of those 
applied externally. For instance (Reinhart, 2002) reported 
that even having a lower window height, but increasing 
the ceiling reflectance, electric lighting energy savings 
can reach up to 40%. In addition to daylighting 
availability, 𝜌 can alter the circadian clock, in Cai et al. 
(2018) a �̅� = 0.8 for all internal opaque surfaces allows 
to achieve sufficient circadian stimulus, even with 30% 
Window to Wall Ratio (WWR), on December 21st, under 
an overcast sky, in a perimeter room in Helsinki. 
Daylighting analysis results have shown that its 
performance metrics are sensible to the variance of 𝜌, they 
can be determinant for achieving the design regulation 
requirements imposed to the building. In fact, Brembilla 
et al. (2018) carried out a sensitivity analysis (SA) of 
daylighting performance metrics, that under the Morris 
method, showed that with a 25% WWR and constant 
window visible transmittance (𝜏𝑣𝑖𝑠) = 0.8, wall 
reflectance’s can account for ¼ of the variations on Total 
Annual Illumination (TAI) (equivalent to Annual Light 
Exposure (ALE)); the contribution of internal �̅�𝑣𝑖𝑠 was 
found to be more critical for lower WWR. In the same 
way, it modify the results obtained for Useful Daylight 
Illuminance (UDI). Mardaljevic, Brembilla, & Drosou, 
(2015) recalls an example in which a standard office 
room, with 𝜏𝑣𝑖𝑠 = 0.76, would require a ρ = 0.8 and 0.6, 

for ceiling and walls respectively, to comply with the 
UDI100-3000 >82%, whereas the values suggested by 
guidelines (ρ = 0.7 and 0.5) would achieve a UDI100-3000 = 
79.7%; however, if the UDI300-3000 would be applied the 
absolute value of the metric could vary from 45.4% to 
38.7%. Samant and Yang simulated the effect of different 
reflectance pattern on daylighting in a case study of an 
atrium. This pattern hypothesis simulates differences in 
material reflectance for coplanar surfaces having 
consequences on Daylight factor (DF) distributions 
values. 
Therefore, a more prudent procedure for selecting, 
estimating or computing an accurate value of �̅�𝑣𝑖𝑠 to be 
inserted in the simulations should be drawn to diminish 
the gap between real and modelled building performance. 
Some work has been already done to achieve this goal 
based on the principle applied by Wienold & 
Christoffersen (2006) for the evaluation of the Daylight 
Glare Probability (DGP) using CCD cameras; one of them 
is Mardaljevic et al. (2015), which conducted few test 
based on image processing and photometry applied on 
High Dynamic Range (HDR) images dealing with the 
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luminance and illuminance contained in their metadata. 
However, results still deviate largely on real cases as the 
performed calculation of ρ relies on the principle of 

diffuse reflectivity, and the specular component 
contribution has not been considered yet, as stated by the 
author. 
Surfaces can be considered heterogeneous by their 
composition, as mosaics which are constructed according 
to the desired visual effect, but also to their buildability. 
Marbles and granites retain considerable portions of 
different color veins or grains. These surface types make 
the traditional approach described by ASTM E 903 (2012) 
and BSI 8493 (2010) of an area-weighted average largely 
time-consuming, hence unpractical or unfeasible 
approach to determine reflectance. Thus, a methodology 
similar to Mardaljevic et al. (2015), but with a different 
approach, is hereby presented, in which the 𝜌𝑐𝑜𝑙  is 
calculated for each pixel within a flat image, containing a 
sample with known 𝜌, and the whole image colour 
reflectivity is calibrated with the average of the pixels 
constructing the reference sample with known 
reflectivity. Additionally, a case of daylighting 
performance analysis was performed to determine the 
possible variance. 
Methodology 

The workflow of the study allows verification of required 
and useful data for the research work, it also permits to 
determine the proper settings with which the pictures 
should be taken and calculated. The methodology 
involved 7 samples to complete this portion of the study. 

 

 
Figure 1 - Procedure schema for calculating 𝜌∗

𝑐𝑜𝑙
. The 

black coloured path refers to the method proposed in 

this paper while the pink one shows the hypothesized 

future approach. The dotted line shows the outputs. 

The whole study can be divided into 6 parts, and a schema 
on how the proposed methodology is laid out is 
represented in Figure 1. It has extracted valuable insights 
from the methodology and results presented by 
Mardaljevic et al. (2015) however, the proposed 
workflow does not require explicitly HDR images; 
instead of 7, only 1 known reference reflectance sample 

is used; and instead of punctual references, all reference 
sample area is used. 
To understand the impact of the present work, a 
preliminary simulation with a reference room has been 
carried out. 
Sample classification, optical measurement and 

photograph capturing 

The selected samples (see Figure 2) can be classified into 
three different categories: 

1. Homogeneous samples (Sample A1, Sample A2, 
Sample A3); 

2. “Small scale” heterogeneity samples (Sample 
B1, Sample B2, Sample B3):  samples with 
micro differences in pigments’ colour that 
compose the material;  

3. “Large scale” heterogeneity sample (Sample 
C1): sample with macroscopic differences in 
colouring areas.  

 
Figure 2 - Measured samples: homogeneous samples 

(A1, A2, A3); “Small scale” heterogeneity samples (B1, 

B2, B3); “Large scale” heterogeneity sample (C1). For 

sample C1 is also identify the 3 measurement areas: 

Area_1, Area_2 and Area_3. 

The optical characterization of the solar reflectance 
(𝜌𝑣𝑖𝑠_𝑠𝑝𝑒𝑐) for the selected samples has been done using 
the spectrophotometer Perkin Elmer LAMBDA™ 950 

equipped with a 15 cm integrating sphere coated by 
Spectralon® that allows to measure the total reflectance 
from 250 to 2500 nm (entire solar spectra) with a 2 x 0,6 
cm beam size in the visible spectra (ASTM internationnal, 
2012; International Organization for Standardization, 
2003). 
Each sample was measured in 3 spots to verify its 
homogeneity. For “Homogeneous” and “Small scale” 

heterogeneity samples the measured areas were randomly 
selected over the surface, while for the “Large scale” 

heterogeneity sample (Sample C1) the three measured 
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areas were previously identified and are presented in 
Figure 2 (Area_1, Area_2 and Area_3). 
The measured samples were photographed in order to 
calibrate the image processing script that will be 
explained in the following sections. The photos have been 
done with a Sony Alpha 6300 equipped with a lens E PZ 
16-50 mm F3.5-5.6 OSS. All the photos were done with 
35mm lens-length with exposure value set to zero. 
Per-pixel reflectance calculation 

A script was written on the multi-propose programming 
language Python, using the built functions inside the 
OpenCV library. Assuming that 𝜌𝑐𝑜𝑙 ∝ 𝜌𝑣𝑖𝑠, the script 
reads the RGB data of each pixel from the camera and 
computes 𝜌𝑐𝑜𝑙  for each pixel following equation (1), 
extracted from AGi32 and ElumToolsTM documentation. 
This equation is in accordance to the eye sensitivity to the 
3 primary colours used in the most common digital 
colorspace (RGB), that is ~21% for Red, ~72% for Green 
and ~7% for Blue. 
 If the calculation requires calibration from a reference 
sample (this has been introduced to assess the variation on 
the surface lighting exposure when the picture is taken), 
then the script allows the user to navigate through the 
image to create a rectangular boundary around the 
reference sample.  The average value for this sample 
(�̅�𝑐𝑜𝑙_𝑟𝑒𝑓) would be compared with the expected 𝜌𝑣𝑖𝑠_𝑠𝑝𝑒𝑐, 
and a correcting factor   is calculated as 𝑘 =  𝜌𝑣𝑖𝑠_𝑠𝑝𝑒𝑐/

�̅�𝑐𝑜𝑙_𝑟𝑒𝑓 and used at each pixel. Then, extracting the pixels 
of the reference sample, a corrected �̅�𝑐𝑜𝑙  is obtained for 
the desired region. 

𝜌𝑐𝑜𝑙 = 0.2125 (
𝑅

255
) + 0.7154 (

𝐵

255
) + 0.0721 (

𝐺

255
) (1) 

Colour reflectance formula validation and calibration 

With the values obtained from the measurements done 
with the standard procedure and the initial trials of the 
script, it was possible to evaluate the accuracy of the 
calculation and test its reliability. Initially, with no 
calibration, the �̅�𝑐𝑜𝑙  was obtained for 6 homogeneous tile 
samples; then, formula (1) was adjusted doing a 
linearization of the results encountered, and then 𝜌∗

𝑐𝑜𝑙
 

was proposed in formula (2). 
In addition, a comparison between the area-weighted 
approach for obtaining the mean value of a heterogeneous 
surface (ASTM International, 2012; British Standard 
Institution (BSI), 2010) and the use of the script was 
compared. Assuming a 2x3 grid mosaic, with the same 
sample distribution of samples A’s and B’s in Figure 2, 
and using each one of them as reference reflectance 
sample,   the mean value for the hypothetic mosaic, 
composed by the other 5 samples, was computed. 
Moreover, using the color database contained in  BS 8493 
and 4800 (2010, 2011), colorimetric values under CIE 
standard Illuminant D65 (British Standard Institution 
(BSI), 2011b) were converted to RGB and their 
reflectance was computed to test the reliability of the 
methodology. 

�̅�𝒗𝒊𝒔 estimation for a heterogeneous floor  

After verifying the reliability of the calculation procedure, 
the methodology was applied for a  heterogenous surface 
of an office room floor located in Milan, Italy. The photos 
were taken and edited following the procedure already 
described. 
The reference sample was placed at different locations in 
the picture to evaluate the relevance of the edge problem 
effect for the calculation procedure. The value obtained 
was then used for the daylighting performance 
simulations. 
Daylighting performance simulation 

The simulations were based on the model presented in 
Figure 3. It is a 6x8x2,7 h m room, South oriented, with 
two windows (3x2 m with 0,5 m height parapet) located 
in Milan (IWEC – weather file). The calculation grid was 
0.8 m far from the floor and has a 0,3x0,3 m node density. 
The visual transmittance (𝜏𝑔𝑙𝑎𝑠𝑠) of the glass is 0.86. No 
shading system has been considered. 
 

 
Figure 3 – Simulation model. 

Most opaque building surfaces for interiors are modeled 
in Radiance using the primitive Plastic, which represents 
a type of material with a purely diffuse reflectance and 
which, as it is defined in Ward, G. and Shakespeare 
(1998). All the values are expressed in a scale between 0 
and 1. In general, if the optical properties are not known, 
the designer has to choose among suggested values 
(British Standard Institution (BSI), 1985, 2008; European 
committee for standardization, 2011) 
The reflectance values assumed in the model were: 
𝜌𝑤𝑎𝑙𝑙 = 0.5, 𝜌𝑐𝑒𝑖𝑙𝑖𝑛𝑔 = 0.8. The reflectance values 
(𝜌𝑓𝑙𝑜𝑜𝑟) assumed for the floor were: 0.3, 0.5 and the value 
obtained with the proposed image processing technique. 
Specularity value is used to consider the increase in 
specular reflection of the material and generally, a value 
of 0.07 is suggested, while values greater than 0.1 are 
generally excluded. On the other hand values over 0.2 for 
roughness are generally not considered. 
A sensitivity analysis was performed for the same 
archetype of indoor environment with the aim of 
understanding how the arbitrary choice of floor surface 
specularity and roughness values, as defined in Ward, G. 
and Shakespeare (1998), can modify the natural light 
conditions inside the room.  
The intensity of the variations resulting from a change in 
the variable surface roughness for the type of floor 
finishing chosen, was not evaluated  parametrically It was 
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therefore considered smooth, maintaining the value of 
roughness constant and equal to 0.02 in each of the cases 
represented. The specularity value was instead evaluated 
for three different conditions and respectively equal to 0, 
0.1 and 0.2. 
Experimental Results and discussion 

In summary, a total of 8 samples were assessed, and the 
value of �̅�𝑣𝑖𝑠 was estimated for a heterogeneous 
pavement, which is mainly constituted by cement screed 
and quarry tiles on an irregular mosaic. 

 
Figure 4 –ρvis for samples A1, A2 and A3. The graphic 

shows the three measures carried out for each sample 

(_1, _2, _3). 

 
Figure 5 – ρvis for samples B1, B2 and B3. The graphic 

shows the three measures carried out for each sample 

(_1, _2, _3). 

 

 
Figure 6 – ρvis for sample C1. The graphic shows the 

three measures carried out for each sample (_1, _2, _3). 

Sample characterization 

The results obtained with the samples measurements are 
shown in Figure 4, Figure 5 and Figure 6. 
The homogeneous samples (A1, A2 and A3) present very 
similar values for all the three measurements, as shown in 
Figure 4. 
The “Small scale” heterogeneity samples (B1, B2 and B3) 

show a slight difference in the visible reflectance values 
for the three measurements, maintaining the same 
behavior of its characteristic reflectance curve because of 
their heterogeneity (Figure 5).  
Whereas, the “large scale” heterogeneity sample (C1) 

shows significant differences both in the shape of the 
reflectance characteristic curve and in its integrated 
values as shown in Figure 6. 
Per-pixel reflectance calculation and calibration 

From the edited pictures taken of the 6 samples, their �̅�𝑐𝑜𝑙 
was estimated and compared with the result obtained from 
the standardized characterization procedure. Even using 
large images (6000 x 4000 pixels), the calculation per 
pixel did not take more than 40 seconds per image, which 
already becomes an advantage compared to traditional 
methodologies. The graph showing the linear correlation, 
and the one that was used for the adjustment of 𝜌𝑐𝑜𝑙 , is 
presented in Figure 7. This enabled equation (2) and the 
calculation of a more accurate reflectance value underline 
a good correlation with R2 > 0.99. 

𝜌∗
𝑐𝑜𝑙

= 1.0467 𝜌𝑐𝑜𝑙 − 0.2267  (2) 
The algebraic differences between the initial 𝜌𝑐𝑜𝑙  values 
and the 𝜌𝑣𝑖𝑠_𝑠𝑝𝑒𝑐 for each of the previous calculations 
ranged between 0.169 and 0.226, having a worse 
estimation of the dark samples. This deviation can be 
attributed to the lighting conditions when the picture was 
taken, the camera itself and/or any specular component of 
the reflectance (alters the result as stated by Mardaljevic 
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et al. (2015)). The lighting exposure issue is expected to 
be corrected from the calibration, when a reference 
sample is used within the image captured. Regarding the 
variance related to the camera, it will be assessed by 
composing HDR and correcting the colour assigned to the 
pixel using the camera response curve, which has been 
foreseen as a future work (see Figure 1). 

 
Figure 7: Equation calibration, instrument measurement 

vs script results. 

• Trials on homogeneous samples 
Using equation 2 the values fit more, obtaining a 
minimum algebraic difference of 0.007 for the 
Sample_B3, and a maximum of 0.023 for Sample_A3. 
Then, an additional test was carried out, targeting the 
Light Reflectance Value (LRV) reported for 10 color 
codes, using their colorimetric values (X,Y,Z of the CIE 
color space) under CIE standard Illuminant D65 (British 
Standard Institution (BSI), 2010), the results can be 
considered satisfactory as the maximum absolute 
algebraic difference was 0.11, and still no further 
correction has been applied to the equation. 
• Trials on heterogeneous surfaces 
Also, the script was tested to verify how it would perform 
on a heterogeneous sample (C1) which, as seen on Figure 
2, has some portions with a significant difference in 𝜌𝑣𝑖𝑠. 
This feature can lower the average value, depending on 
the amount of measures that the technician will perform, 
and the location in which they will be done. The irregular 
shape of these portion impedes a proper determination of 
the area it covers, hence increasing the uncertainty of �̅�𝑣𝑖𝑠. 
From the measurements, Sample_C1 records a 
�̅�𝑣𝑖𝑠_𝑠𝑝𝑒𝑐_𝑎𝑣𝑔 =  0.672 (performing 3 different 
measurements, one per each different section), and the 
script would recommend a �̅� ∗𝑣𝑖𝑠_𝑠𝑐𝑟𝑖𝑝𝑡= 0.504 which 
could modify greatly the daylighting performance of a 
building with an ~0.17 difference in interior surfaces’ 

reflectance. 
• Lighting correction trials, with relative measurement 
The grid test was performed to see how good the script 
was able to weight the reflectance values across the 
images to evaluate an overall �̅�𝑣𝑖𝑠 from a boundary, 
surrounding a sample with known 𝜌𝑣𝑖𝑠_𝑠𝑝𝑒𝑐, and compared 
to the area-weighted procedure normally applied. The 
results have been summarized on Table 1, showing that 

the script is performing well (minimum absolute algebraic 
difference was 0.01 and the maximum was 0.107). 
Apart from Sample_A3 and Sample_B2 (differences 
>0.03), most of the samples show a slight difference 
~0.01. For Sample_B2 its odd response can be attributed 
to the fact that it is not entirely homogeneous (brighter 
dots, are not evenly distributed around it). 

Table 1: Grid relative measure trial. 

Reference Sample Mosaic reflectance 

Sample ρvis_spec ρvis_avg ρ*
vis_script ρvis_diff 

Sample_A1 0.611 0.206 0.221 0.015 
Sample_A2 0.194 0.290 0.278 0.012 
Sample_A3 0.081 0.312 0.419 0.107 
Sample_B1 0.153 0.298 0.263 0.035 
Sample_B2 0.489 0.231 0.220 0.011 
Sample_B3 0.114 0.306 0.292 0.014 

Before testing the script with the heterogeneous floor 
surface, a proper reference sample had to be selected. 
From the results presented in Table 1, Sample_A3 had 
already been discarded because of its large surface 
reflectance deviation, followed by Sample_B1 and 
Sample_B3 which are only seemingly homogeneous, and 
their pattern could change the final output. In addition, 
Sample_A2 presents a slight roughness that could modify 
the results due to angularity and Sample_B3 seem to have 
embedded small crystals that could alter the outcome. 
Finally, Sample_A1 seems like a more suitable reference 
sample to go on with the methodology reliability analysis, 
being homogeneous, flat and having a smooth surface. 
This sample is to be considered as representative for this 
evaluation procedure. Future versions of the project 
workflow will use a unique sample that, thanks to its 
characteristics of universality, can be reproduced by 
anyone who wishes to make similar studies.  
A sensitivity analysis was carried out to establish the 
possible implications that specularity could have on the 
results of the daylight simulation analysis and to assure 
that the results later presented are consistent, if neglected.  
�̅�𝒗𝒊𝒔 for a heterogeneous floor in an office space 

The selected reference sample, was placed on top of the 
pavement, in the centre of the scene, of the images that 
were produced with the camera. This location was 
preferred to avoid problems dealing with photograph 
distortion that might occur at the edges. The results are 
shown in Figure 8, displaying a density frequency of the 
𝜌𝑐𝑜𝑙  of each pixel, and a heatmap that gives a better 
impression on how these values are distributed along the 
area. The density distribution (Figure 8a) presents values 
for 𝜌𝑐𝑜𝑙 = 0, as they correspond to the space from which 
the reference sample area was extracted; also, it records 
values 𝜌𝑐𝑜𝑙 < 0, which are a consequence of the 
adjustment in equation (2) which contribute to a more 
accurate �̅�𝑐𝑜𝑙. The value obtained for  �̅�𝑣𝑖𝑠 was 0.42 and it 
was used for comparison with the suggested values found 
in design guidelines. 
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(a) 

 
(b) 

 
(c) 

Figure 8: Pavement analysis with the proposed 

methodology. (a) Color reflectance frequency density; 

(b) Colour reflectance heat map; (c) Original picture. 

Daylighting performance evaluation 

The daylighting simulations performed are based on the 
model previously described. These were run to 
understand to what extent a simplified assumption can 
affect the final outcome. For this reason, three parameters 
were analysed: Useful daylight illuminance (UDI), 
Continuous Daylight Autonomy (CDA) and Daylight 
Autonomy (DA). 
Table 2 – UDI, CDA and DA for the assumed simulation 

model located in Milan with south orientation. 

 UDI (100-2000) CDA DA 

ρfloor=0.3 52.77 % 91.4 % 86.39 % 
ρfloor=0.43 48.56 % 91.94 % 87.39 % 
ρfloor =0.5 46.33 % 92.17 % 87.89 % 

The results presented in Table 2 shows that the 
assumption of lower 𝜌𝑓𝑙𝑜𝑜𝑟  values (0.3 in this study case), 
compared to the real one (0.43 in this study case), 
determined as a consequence higher UDI values (+8%) 
and lower values of CDA (-0.5%) and DA (-1.1%). On 
the other hand, the assumption of higher 𝜌𝑓𝑙𝑜𝑜𝑟  values (0.5 
in this study case), compared to the real one (0.43 in this 
study case), had as a consequence lower UDI values (-4.6) 
and higher of CDA (+0.3%) and DA (+0.6%) values. 
The results here presented can be also affected by other 
environmental variables and features  of the model itself 
(i.e. room shape, location, orientation and materials). 
Specularity sensitivity analysis of daylighting 

simulations 

Illuminance values over the workplane for Milan IWEC 
weather conditions and during 21 Dec and 21 Jun at 12:00 
where compared with different floor surfaces settings.  
Even if a specularity value higher than 0.1 is not normally 
considered as realistic and representative of the type of 
material selected, the same value has been reported to 
compare the relationship between the variation of the 
variable and the obtainable result, as well as the effect that 
could be generated using these values by a non-expert 
user. 
The main comments address the results due to a change 
of the specularity value between its minimum, equal to 0 
and the maximum equivalent, according to Radiance 
reference manual (Ward, G. and Shakespeare, 1998), 
equal to 0.1. In general, the increase in specularity 
generated an increase in minimum, maximum and 
average illuminance values measured on the analysis grid. 
The illuminance values frequency distributions over the 
work plan presented in Figure 9a,b clearly describe the 
effect of light distribution inside the room. In accordance 
with the specularity increase, the frequency distribution 
had a peak shift towards higher values of illuminance and 
a general redistribution that could be comparable to an 
increase in surface reflectance instead of the sole 
specularity.  
The absolute minimum gained the largest increase and 
was equivalent to about 7-10% depending on the 
considered day of the year (21 Dec or 21 Jun). The 
absolute maximum, on the other hand, showed negligible 
variations. Different considerations could have been made 
for the average indoor illuminance value. 
The greatest percentage increase, due to specularity 
change, occurred in the period in which is normal to have 
a strong difference between the maximum and the average 
illuminance value recorded over the work plane. This 
happened every time higher solar altitude occurred in 
contemporary with greater natural light availability, 
generating a peak in direct natural light availability 
mainly in correspondence of the small grid portion facing 
the window surface (21 Jun - Figure 9b). 
With the same reflectance of the room surfaces, the 
increase in floor specularity allowed an improved 
penetration and distribution of solar radiation in the 
direction of the depth of the room, increasing the absolute 
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value of the average distribution. On the contrary, during 
the winter period (21 Dic) there was a strong non-
homogeneity in the light distribution because large 
portions of the work plane were invested by direct light 
(Figure 9b). In this case, the reduced solar height allowed 
direct solar radiation to penetrate deeply into the room, 
crossing its entire depth. 
Due to higher average illuminance values over the visual 
task area, the effectiveness of specularity change was less 
significative (more than 1%).   

Table 3: Change in illuminance values over the work 

plane due to a change in floor specularity. 

  E [lux] % [%] 

Specularity 0 0.1 0.2 0 0.1 0.2 

21-
Jun 

min 820 899 1019 - 9.6% 24.2% 
max 48564 48898 49247 - 0.7% 1.4% 
average 5361 5677 6016 - 5.9% 12.2% 

21-
Dec 

min 1763 1880 1966 - 6.6% 11.5% 

max 19906 19954 20006 - 0.2% 0.5% 
average 12340 12502 12682 - 1.3% 2.8% 

The illuminance values frequency distributions over the 
work plan presented in Figure 9a,b clearly describe the 
effect of light distribution inside the room. In accordance 
with the specularity increase, the frequency distribution 
had a peak shift towards higher values of illuminance and 
a general redistribution that could be comparable to an 
increase in surface reflectance instead of the sole 
specularity.  

 

(a) 

 

 

(b) 

Figure 9: Illuminance values frequency distribution, 

with a given specularity value of 0, 0.1 and 0.2. (a) Dic-

21 (b) Jun-21 

Conclusion 

This new approach for determining the interior surfaces’ 

reflectance, and especially being thought for 
heterogeneous surfaces, has great potential to ease the 
material characterization and improve the accuracy of 
daylighting performance analysis in existing buildings. It 
also delivers a prompt response, without extensive and 
intensive laboratory tests compared to other alternative 
procedures. Moreover, this methodology can be applied 
to any kind of surface, that means that walls (including 
those with wall-papers or tapestry) and ceilings could be 
assessed with the same procedure, also surfaces that have 
an architectural value which can’t be altered by any 

means. Nevertheless, further work is foreseen to improve 
the lighting exposition correction, and to provide 
flexibility for generating the boundary that isolates the 
reference sample (so far it can only be rectangular). 
Although specularity might generate deviations, it won’t 

be yet further assessed, as it will require a further study 
on how to obtain the images of the sample. 
Given the ease of the use of the script and the versatility 
of its programming language, it is as well likely that it will 
be exploited for creating a Grasshopper component that is 
able to take 3 inputs (image, boundary coordinates and 
reference sample reflectance) and provide to the user the 
representative reflectance value for speeding any 
parametric analysis in existing buildings.  
Furthermore, the preliminary simulations carried out 
shows that (with the assumed simulation model and 
hypothesis) gross assumptions can affect UDI (both 
increasing and decreasing) values up to 8% (relative, 
4.2% absolute), CDA up to 0.54% and DA up to 1.00%. 
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Abstract 

This paper investigates the influence of glazing 
characteristics and shading device configuration on 
energy cost, daylighting and visual comfort. A typical 
patient room from a hospital design in Belgium is used as 
a baseline scenario and different window system design 
alternatives are explored through parametric modelling. 
Based on the comparative analysis, the paper discusses 
potential design options that allow for energy efficient 
and daylit patient rooms with high visual comfort. The 
methodology combines dynamic energy simulations, 
daylighting and glare analysis. The results indicate that 
glazing characteristics and shading device configuration 
have major impact on energy cost, daylighting and visual 
comfort and in order to achieve an overall good 
performance, selecting the right window system 
configuration is essential. This study also emphasises the 
need for integrated performance analysis in order to 
obtain a correct insight into the window system 
performance. 
Introduction 

Windows provide access to daylight, view to the outside, 
contribute significantly to the quality of the indoor 
environment and impact the heat flow, solar gains and 
aesthetics of buildings. Inappropriate window design may 
lead to visual discomfort as well as energy inefficient 
buildings. However, the influence of alternative window 
design options on the building performance is usually not 
explored in the early design stage even though important 
decisions are made during this stage. As it may not be 
possible for bedridden patients to move or spend time 
outdoors, it is even more important for hospital buildings 
to ensure adequate daylight and visual comfort without 
unacceptable energy use. 
Literature review shows that while various studies focus 
on window systems performance in regard to daylighting, 
energy consumption and visual comfort in office 

buildings (Bellia et al., 2017; Nielsen et al., 2011; Ochoa 
et al., 2012; Shen and Tzempelikos, 2011), only a limited 
number of studies address these topics in hospitals (Lo 
Verso et al., 2015; Shikder et al., 2010). Research on these 
topics mainly focuses on hot arid climates (Sherif et al., 
2016; Wagdy et al., 2017). On the contrary, the positive 
effects of daylight and window views on hospital users 
such as reducing stress and length of stay, maintaining or 
restoring the circadian rhythm and improving sleep 

patterns are addressed in a large number of studies (Chiu 
et al., 2018; Choi et al., 2011). Furthermore, there appears 
to be no comprehensive study that simultaneously takes 
into account the effect of window systems on the 
provision of daylight, visual comfort and energy 
efficiency in patient rooms.  
The aim of this study is to evaluate the effect of glazing 
type and shading device configuration on daylighting, 
energy performance and visual comfort in patient rooms. 
A typical patient room from a hospital design in Belgium 
with a window oriented to the south is used as a baseline 
scenario. Via parametric analysis the results of alternative 
window design strategies are analysed and compared in 
terms of energy cost, daylighting performance and visual 
comfort considering sDA (spatial Daylight Autonomy), 
ASE (Annual Sunlight Exposure), UDI (Useful Daylight 
Illuminance) and DGP (Daylight Glare Probability) based 
on the patient’s position and view direction. 
Methodology 

In this study parametric simulations are carried out to 
examine the annual effect of overhangs and fixed 
horizontal louvres on performance in comparison with no 
solar shading. Hence, this study helps to identify window 
system configurations that can achieve satisfactory year-
round performance. Internal shades are not considered in 
order to analyse the most problematic case for the 
appearance of glare.  
The alternative design options are evaluated in four steps. 
In a first step, annual simulations are carried out for 
different glazing types without any shading device. In the 
second step, various shading device configurations are 
added to the different glazing types and their influence are 
assessed on energy cost, daylighting and visual comfort. 
After analysing and comparing the data for each glazing 
type, the design options with the lowest energy cost and 
higher access to daylight and visual comfort are 
identified. A third step provides a side-by-side 
comparison of the selected design options with the 
benchmark design. The final step assesses the visual 
comfort with a point in time glare analysis at the patient’s 

position for the design options from the previous step. 
The patient room is modelled in Grasshopper, which is a 
plugin for Rhinoceros (3D modelling tool). Detailed 
patient room simulation parameters such as construction 
types, materials, schedules are assigned to the model 
using Ladybug & Honeybee components for 
Grasshopper. Parametric simulations are performed using 
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the Grasshopper plugin Colibri and for the energy and 
daylighting analysis Ladybug & Honeybee are used to 
interface with the simulation engines EnergyPlus, 
Radiance and Daysim. 
Simulation Model Description 

In order to investigate the role of the various window 
design alternatives on the energy loads, daylighting and 
visual comfort a 4.0 m x 6.0 m x 3.0 m (length x width x 
height) sample patient room with 40% WWR (Window to 
Wall Ratio) is used as the base case. Only the floor area 
occupied by the patient is taken into account for the 
simulation. The service area, including the bathroom, is 
not considered (see Figure 1). 

Figure 1. The patient room area taken into account for 

simulation 

Moreover, in order to study the impact of glazing 
characteristics on the performance six glazing types with 
different g-values, U-values and visible transmittance 
(Tvis) are considered.  
Table 1 lists the key properties of the glazing types 
adopted in this study and Figure 2 shows the position of 
the coating within the glazing. The double/triple glazing 
consists of 4 or 6 mm glass panes and 15 or 16 mm cavity 
filled with gas (90% argon). The Berkeley lab WINDOW 
7.6 software is used to determine the thermal and optical 
characteristics of the glazing. The uncoated glazing acts 
as benchmark for understanding the influence of the 

coating. The patient room has one external wall (U-value 
= 0.22 W/m2K) with a single window facing south; all 
other surfaces are assumed adiabatic and the properties of 
the envelope are according to the Belgian standards for 
new buildings. The patient room is located on the second 
floor; no external obstruction is taken into account. 
EnergyPlus weather data for Brussels (latitude 50.90° N 
and longitude 4.53° E) is used for the simulations.  
Energy Analysis 

The annual energy use and cost for heating, cooling and 
lighting are calculated using EnergyPlus and taking into 
account the solar and thermal properties of the glazing 
with detailed layer by layer glazing system modelling. A 
daylight-linked lighting control is employed using a 
lighting schedule generated by the Daysim software 
through the Honeybee component for annual daylight 
simulation. The artificial lighting power density is 6.7 
W/m2. The illumination level setpoint for activating 
lighting is 300 lux and the lighting sensor is located at the 
patient’s position. This value is set as the target threshold 

for daylighting analysis at the reference point as the 
illuminance necessary for simple examination and 
reading is 300 lux. If the illumination level drops below 
this threshold, artificial lighting is switched on to ensure 
sufficient light at the patient’s position.  
Space heating and cooling setpoint temperatures are 
assumed to be 21°C and 24°C respectively, mechanical 
ventilation is set to 2.00 (ac/h) and infiltration is 
considered 0.20 (ac/h). These assumptions are in line with 
standards provided for patient rooms in Belgium. 
Mechanical ventilation is modelled with heating and 
cooling using the EnergyPlus Ideal loads system; the 
effects of heat recovery and economiser are included. For 
heating a global system efficiency of 0.85 is considered 
and for cooling a CoP (Coefficient of Performance) of 
1.80. Natural gas (heating) and electricity (cooling and 
lighting) prices (€/kWh) are based on the Belgian market 

prices of 2017. It should be noted that the price of 
electricity for one kWh is approximately four times more 
than the price per kWh of natural gas. 

Table 1. Glazing characteristics 

 
GLZ [Tvis/g-value] Configuration  Coating features U-value (W/m2K) 

GLZ1 [0.82/0.80] 4-16-4 No coating 2.50 
GLZ2 [0.73/0.41] 4-16-4 Solar control + Thermal insulation  1.10 
GLZ3 [0.61/0.31] 6-16-4 Solar control + Thermal insulation 1.10 
GLZ4 [0.76/0.74] 4-15-4-15-4 No coating 1.70 
GLZ5 [0.75/0.53] 4-15-4-15-4 Thermal insulation + High (light transmission + g-value) 0.60 
GLZ6 [0.68/0.38] 4-15-4-15-4 Solar control + Thermal insulation 0.60 

GLZ: Glazing   Tvis: Visible transmittance   Configuration: 4, 6 Glazing thickness (mm) - 15, 16 Cavity thickness (mm) 

Figure 2. Coating position within glazing; 1- Outer glass pane 

Dotted line: position of coating(s) 
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Daylight and Glare Simulation 

The key metrics selected to assess the daylighting 
performance and visual comfort are sDA300/50%, UDI, 
ASE>250, and DGP (point-in-time and annual). The metric 
sDA300/50% describes the percentage of an analysed area 
that meets a target illuminance - in this case 300 lux- for 
at least 50% of the annual occupied hours (Sherif et al., 
2016). This threshold is used to evaluate daylight due to 
the fact that CEN daylighting standard (EN 17037) 
indicates  that the “minimum” daylight provision value 

requires 300 lux on the task plane during more than 50% 
of the daylight hours (Paule et al., 2018). ASE>250 is the 
percentage of floor area that receives direct sunlight over 
1000 lux for at least 250 occupied hours of the year which 
likely leads to visual discomfort (Sherif et al., 2016). The 
UDI metric determines when the annual occurrence of 
illuminances across the task plane is within a range 
defined as “useful” by occupants. There is much debate 
and considerable uncertainty regarding the 
preferred/tolerable upper limit for this range (Mardaljevic 
et al., 2011; Nabil and Mardaljevic, 2006). As 3000 lux is 
the upper threshold usually set for schools in UK (UK 
Education and Skills Funding Agency, 2014) and 
residential buildings (Mardaljevic et al., 2011) in this 
study this threshold is set as the upper limit for the 
simulations. Also the 3000 lux threshold could be more 
appropriate to act as a proxy for detecting glare. 
Achieving a high UDI100-3000lux percentage shows that the 
space is predominantly daylit and for the majority of the 
occupied hours does not require artificial lighting (UK 
Education and Skills Funding Agency, 2014). UDI values 
greater than 3000 lux indicates that it is too bright and an 
oversupply of daylight could lead to visual discomfort 
(Mardaljevic et al., 2011). The aim is to determine 
whether ASE>250 and UDI>3000lux  metric could serve as a 
proxy for evaluating visual comfort and detect the likely 
appearance of glare. 
In this study DGP is based on a glare view angle for the 
patient in fowler’s position (patient sitting in a semi-
upright position in bed) at 1.15 m above floor level. As 
DGP values over 0.45 are considered intolerable 
(Reinhart and Wienold, 2011), this threshold is used for 

the glare analysis. For step 1 and 2 of this study, after 
running annual glare analysis, the percentage of the 
annual occupied hours that DGP exceeds 0.45 threshold 
is calculated. Considering this study is for patients with 
limited movement, in step 3 the percentage of the annual 
occupied time that DGP is lower than 0.40 is calculated 
which shows the perceptible and imperceptible glare 
range (Wienold, 2009). 
For point in time glare analysis with HDR imaging, using 
a fish-eye lens the luminance field experienced by the 
patient is recorded to locate the source of glare at different 
times of the year. The annual glare map shows that 
intolerable glare is likely to occur around noon in winter 
months due to a lower sun angle. Based on the annual 
temporal glare map, 23rd of October from 10 am to 2 pm 
is selected for point-in-time glare analysis. Figure 3 shows 
annual DGP map for GLZ1 and GLZ3, the red parts show 
when maximum glare tends to appear. It should be noted 
that the average daily sunlight exposure (SE) on the bed 
is only provided to understand the impact of shading on 
the direct sunlight that reaches the patient’s bed, see 
Figure 4. 
The daylighting simulation is performed from 6 AM to 9 
PM, as during this period of the day the patients need 
daylight/lighting. The task level is located 0.9 m above 
the ground (bed surface) and divided into an analysis grid 
of 0.3 m spacing, the reference point (sensor) location is 
selected based on the patients position in the room. The 
walls, ceiling, floor and shading device reflectance are 
assumed to be 50%, 80%, 20% and 60% respectively. 

Figure 4. Sample average daily sunlight exposure on the 

patient’s bed 

Figure 3. Annual hourly DGP map at patient’s position for the highest and lowest light transmission glazing 
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Result and Discussion 
Step 1 

In this step, for each glazing type the annual energy cost, 
sDA300/50%, DGP>0.45, UDI>3000lux and ASE>250 are 
calculated without a shading device. The data obtained 
from this step acts as a benchmark for analysing the 
impact of shading devices. It should be noted that the 
criteria for evaluating the performance of designs are 
energy cost, sDA300/50%>50% and DGP>0.45. As 
mentioned before UDI>3000lux and ASE>250 are calculated 
to evaluate whether these metrics could predict the 
occurrence of glare. 
As can be seen in Figure 5, uncoated double and triple 
pane glazing (GLZ1 and GLZ4) show the highest energy 
cost due to higher heating and cooling loads. Furthermore, 
triple-pane GLZ6 with the lowest U-value among the 
glazing types and a g-value of 0.38 shows the least energy 
cost as a result of lower cooling loads. Figure 5 also shows 
that lighting energy use is quite similar for all rooms and 
the difference between the rooms with the highest and 
lowest light transmission glazing (GLZ1 and GLZ3) is 
less than 7% which suggests that very high light 
transmission has a minor impact on reducing the lighting 
energy use. It is observed from the results that the main 
contributor to the energy cost is the electricity used for 
space cooling. As expected the glazing with higher light 
transmission have higher DGP>0.45, UDI>3000lux and 
ASE>250 values. However, the values are relatively close 
for all glazing types and does not show a wide range. 
Step 2 

For the second step, for each glazing type different 
shading device configurations are analysed. The 
parameters of the parametric analysis and their minimum 
and maximum values are shown in table 2. This range is 
in accordance with the suns position for this latitude (Peak 
sun angle is ca. 63°) and the height of the window. The 
shading systems are modelled without mounts or anchors. 
The performance criteria taken into account for analysing 
different design alternatives are similar as in the previous 

step. The aim is to identify and compare the best 
performing option with the least energy cost, glare and 
sufficient daylight (sDA300/50%>50%) for each glazing 
type to the benchmark design option.  

Table 2. Value of parametric variables 

Variables Minimum Maximum Step 

Overhang depth 0.5 m 1.0 m 0.10 m 
Slat depth 0.1 m 0.3 m 0.05 m 

Number of slats 5 10 1 

After running the simulations it is evident that for some 
coated glazing a higher WWR (50%) is required due to 
the fact that the sDA300/50%>50% criterion is not met. 
However, for each glazing type the design option with no 
shading (previous step) still acts as a benchmark for that 
glazing and the results of the higher WWR design option 
with shading are compared to them. 
Overhang 
The best performing design options for each glazing type 
that fit the criteria are highlighted in grey. As seen in 
Figure 6, using an overhang increases visual comfort 
(lower DGP>0.45 and UDI>3000lux) and decreases daylight 
for all glazing types compared to the benchmark design 
even for coated glazing with higher WWR (50%). For 
coated glazing the increase in window size causes the 
energy cost to be slightly higher. The main aspect 
influencing the optimal depth of the overhang is the 
glazing characteristics and the required daylighting levels. 
It should be noted that the term “optimal” used in this 

study refers to the best performing design options based 
on the analysed criteria. 
Fixed horizontal louvres 
After running 180 simulations for all glazing types the 
design options that meet sDA300/50%>50% criterion are 
identified and highlighted in a light grey tone (Figure 7). 
The darker grey cells represent the slat depth which show 
better performance for that number of slats for each 
glazing type. Looking at the dark grey cells for each 
glazing type it is evident that the energy cost is similar and 
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Figure 6. Performance of the design options with overhang 
Units: Energy cost (€/year) DGP>0.45 (%) sDA300/50% (%) UDI>3000lux (%) 

Figure 7. Performance of the design options with horizontal louvres 
N: Number of slats  Units: Energy cost (€/year) DGP>0.45 (%) sDA300/50% (%) UDI>3000lux (%) 
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the main difference between the options are daylighting 
levels and the occurrence of intolerable glare. The results 
indicate that the optimal shading device design option 
differs based on the glazing characteristics and project 
goal i.e. in this study the goal is to have at least 
sDA300/50%>50% with the least annual energy cost and 
percentage of the annual occupied hours that DGP 
exceeds the 0.45 threshold. The black cells show the best 
performing shading device option for each glazing type 
that fulfils this goal. It should be noted for each glazing 
type if few design options show similar performance the 
selected optimal design is based on showing better 
performance in two out of three mentioned criteria. It is 
observed that the optimal design options (black cells) 
have more slats (9-10) but the depth of the slat changes 
based on WWR and glazing light transmission. 
Step 3: Side-by-side comparison 

Figure 8 shows the side-by-side comparison of the 
benchmark design (no shading) with the optimal design 
options for each glazing type from the second step for the 
two shading devices. As mentioned before, in this step for 
the selected design options UDI100-3000lux and DGP<0.4 is 
also investigated. Figure 8 shows that the designs with 
fixed horizontal shades show better performance in all 
analysed criteria compared to the designs with overhang. 
Moreover, fixed horizontal shades show better 

performance in all criteria except daylighting levels 
compared to the benchmark design. Moreover, the design 
options with fixed horizontal louvres have the highest 
useful daylight illuminance levels (UDI100-3000lux) 
compared to the other two options. As can be seen in 
Figure 8, the percentage of the annual occupied hours that 
DGP values are within the perceptible and imperceptible 
range are higher for design options with fixed horizontal 
louvres. Moreover, the DGP values are in accordance to 
the CEN daylighting standard (EN 17037) for medium 
glare protection level which implies that the maximum 
amount of time throughout the year when DGP exceeds 
the 0.4 threshold is 5% of the usage time. The results 
indicate that fixed horizontal louvres have significant 
impact on reducing glare and increasing visual comfort 
especially in high light transmission glazing. Also with 
the right configuration high levels of daylight with lower 
energy cost can be achieved. 
Step 4: Point-in-time glare analysis 

In this step, a point-in-time glare analysis is conducted for 
the best performing design options from the previous step 
with the highest and lowest light transmission glazing 
(GLZ1 and GLZ3). Figure 9 provides an overview of the 
patients view angle and the false colour and HDR image 
of the scene for a sample design option. Figures 10, 11 
and 12 show a fish-eye visualization of the patient’s view  
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Figure 8. Side-by-side comparison of the selected best performing design options with shading device compared to 

benchmark design (without shading) 

 

Figure 9. Patients view angle and the HDR and false colour image of the scene for a design option with fixed 

horizontal louvres (GLZ1, 12 PM, 10 slats, 0.15 m depth of slats, 23rd of October)  
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point from 10 am to 2 pm on 23rd of October. As expected, 
the figures show that horizontal louvres have a higher 
impact on controlling the source of glare (direct sunlight) 
compared to an overhang. The results show that both 
shading devices fail to prevent glare before noon caused 
by low sun angles.  

Conclusion  

The outcomes of this study revealed that the glazing 
characteristics (U-value, g-value and Tvis) and the 
shading device configuration have a major impact on the 
design performance of a south-oriented patient room and 

Figure 10. Point-in-time glare analysis of the benchmark design options 

Figure 11. Point-in-time glare analysis of the best performing overhang design options 

Figure 12. Point-in-time glare analysis of the best performing horizontal louvres design options 
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hence should be carefully selected during the early design 
process. The results highlight the fact in order to meet the 
daylighting analysis threshold the window size and 
shading device configuration should be considered 
carefully especially for the designs with lower light 
transmission glazing. This is important especially for 
patient rooms (e.g. for bedridden patients) where adequate 
daylight levels is necessary. It is observed from the results 
that the main contributor to the energy cost is the 
electricity used for space cooling, this fact shows when 
selecting glazing the effect of g-value on the cooling loads 
should be considered even in Belgium where heating is 
the dominant factor. This study also shows that UDI>3000lux 
and ASE>250 can act as a proxy and a fast first 
approximation to estimate the likely appearance of glare 
(Torres and Verso, 2015). However, the results indicate 
that there are exceptions to this hypothesis and higher 
UDI>3000lux values are not always in line with higher DGP 
values. This indicates that in order to fully understand the 
impact of window system design on visual comfort a glare 
analysis should be performed. Further research should 
include the impact of different orientation and other 
shading device on the performance. As both shading 
devices fail to prevent the glare caused by low sun angles 
before noon, it would be favourable to study the influence 
of internal blinds with bed-located controls for patients 
with limited movement. 
It can be concluded that focusing on individual aspects 
during the design process is not sufficient to get a correct 
insight into the window systems performance and an 
integrated approach is required. A parametric study 
considering the effect of different metrics (energy use, 
sDA, UDI, ASE, DGP) on window system design options 
(WWR, glazing characteristic, shading device) can 
support architects in understanding the cross effects. 
Hence, this approach can support the choice of the most 
preferred window system design solution based on the 
project goals.  
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Abstract 

This paper presents a method to incorporate personalized 
visual preferences in real-time optimal daylighting 
control. A personalized shading control framework is 
developed to maximize occupant satisfaction while 
minimizing lighting energy use in daylit offices with 
automated shading systems. Personalized visual 
satisfaction utility functions were used along with model-
predicted lighting energy use to form an optimization 
framework with two schemes. Variation of results is 
presented as a function of preference profiles, occupant 
sensitivity to utility function, and exterior conditions. 
Finally, we present a new application and an interface to 
allow occupants to be the final decision makers in real-
time balancing between their personalized visual 
satisfaction and energy use considerations, within 
dynamic optimal bounds.  
Introduction 

Occupants play a significant role in the energy use of 
buildings, while they have a strong preference for a 
customized indoor environment. The operation of 
controllable fenestration (daylighting/shading) and 
electric lighting systems (Jain and Garg, 2018) affects 
daylight provision, outside view, lighting energy use, as 
well as overall occupant satisfaction with the visual 
environment. The standard approach is to satisfy visual 
comfort criteria based on existing indices or even using 
fuzzy-logic models (Lah et al., 2006). However, 
achieving a general visual comfort criterion does not 
necessarily lead to satisfaction for individuals. Learning 
visual preference profiles (Guillemin and Molteni, 2002, 
Xiong et al., 2018) and implementing them in lighting 
controls can lead to optimized visual environments. 
In addition, learning and implementing visual preference 
models is quite challenging. Previous work on adaptive 
controls Guillemin and Molteni, 2002, Gunay et al., 2017) 
was based on occupant actions, which may not reflect 
actual occupant satisfaction, since they include the 
combined effect of many factors (Wang et al., 2016) 
including discomfort. Also, most previous shading and 
lighting interaction (or behavioral) models (Haldi and 
Robinson, 2010, Fabi et al., 2015, Reinhart, 2004, Da 
Silva et al., 2013, Inkarojrit,  2008, Mahdavi et al., 2008)  
were developed assuming manually operated systems, 
which is different from automated operation. The most 
recent findings (Meerbeek et al., 2014, 2016, Bakker et 

al., 2014, Sadeghi et al., 2016, Chaibri et al., 2016) show 
that, for automated lighting and daylighting/shading 
systems, the effects of “perceived” control, control access 

and interface play a very significant role on occupant 
preferences and satisfaction.  
Moreover, limited and simple variables (such as work 
pane illuminance) were considered when developing 
human interaction models. However, visual preferences 
depend on a variety of factors, which could be 
environmental, contextual, psychological or subjective, 
and may change over time (Galasiu and Veitch, 2006). 
Therefore, advanced modeling approaches that can 
consider multiple variables with predicted uncertainty are 
particularly useful, such as Bayesian inference models 
(Lindelof and Morel, 2008, Xiong et al., 2018, Sadeghi et 
al., 2017, 2018). However, these “generalized” visual 
preference models are challenging to implement since 
they might not work well for specific individuals in other 
space layouts. multi-user offices, or controls with conflict 
in user preferences (Despenic et al., 2017).  
Previous studies have considered comfort and energy use 
in multi-objective optimization (MOO) schemes, with 
different levels of complexity and formulation types 
(Nguyen et al., 2014, Carlucci et al., 2015). Typically, 
more than one objective function is involved, combining 
at least a measure of energy use and a measure of visual 
comfort (Ochoa et al., 2012, Ferrarra et al., 2018, Ascione 
et al., 2016). However, constructing the optimization 
problem by choosing weights that arbitrarily connect 
energy and general comfort metrics is debatable. Villa and 
Labayrade (2013) applied MOO differently, in real-time 
lighting control – controlling light dimming levels to 
minimize lighting power while maximizing the modeled 
satisfaction level obtained from subjective data.  
In this study, personalized visual satisfaction utility 
functions were used along with model-predicted lighting 
energy use to form an optimization framework in daylit 
offices with roller shades. We demonstrate the results of 
a single objective and multi-objective formulation. Unlike 
previous studies, we apply the MOO by allowing 
occupants to be the final decision makers in real-time 
balancing between their personalized visual satisfaction 
and energy use considerations, within dynamic optimal 
bounds. Essentially, we present the first method to 
incorporate personalized visual preferences in optimal 
daylighting control, without using general occupant 
behavior models or discomfort-based assumptions.  
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Methodology 

Figure 1 shows the flowchart of the method, which is 
based on a combination of model-based control and 
optimization schemes. Lighting energy use (f) is predicted 
by an integrated daylight-electric lighting model, while 
the personalized satisfaction level is quantified by a 
satisfaction utility function (u) inferred from preference 
data. In our case, u was determined from comparative 
preference experiments (Xiong et al., 2018). The 
modeling results then formulate the objectives towards 
optimal personalized daylighting (shading) control, 
following two application paths. In the single objective 
(SOO) path, the satisfaction objective is converted into a 
constraint when minimizing lighting energy use, resulting 
in unique optimal conditions, x*, achieved through 
shading operation, at each time step. In the multi-
objective optimization (MOO) path, both objectives are 
used to provide a set of optimal solutions on a Pareto front 
at each time step. The optimal points are used to provide 
a pool of options to the users, who are the final decision 
makers.  

 
Figure 1: Overall methodology flowchart. 

Integrated Daylighting and lighting energy use model 

A validated hybrid ray-tracing and radiosity daylight 
model (Chan and Tzempelikos, 2012) was used for 
daylight simulation. The model combines the accuracy of 
forward ray tracing for direct light with the computational 
efficiency of radiosity for diffuse light entering the space 

and interior reflections. Angular light transmittance 
through windows and complex fenestration systems are 
enabled (Chan et al., 2015). At each time step, incident 
beam and diffuse illuminance on the window (calculated 
for simulation or measured for real-time control) are used 
to compute transmitted beam and diffuse daylight. Xiong 
and Tzempelikos (2016) showed how this approach can 
be used for real-time, model-based shading control, which 
is partially used in this work. Interior daylight 
distributions are calculated along with vertical 
illuminance on the eye of the observer (an input to 
preference models) and dynamic glare metrics as 
required. Electric lighting is controlled based on work 
plane illuminance levels, using a set point. Lighting 
energy use is then directly computed from light dimming 
levels at each time step. For a given set of exterior 
conditions, the shading position (SP) determines indoor 
daylight illuminances, including vertical illuminance (Ev), 
and the predicted lighting power at each calculation step. 
Therefore, SP is the control variable. 
Personalized visual satisfaction model 

A method for developing personalized visual satisfaction 
profiles in daylit offices using Bayesian inference (Xiong 
et al., 2018) was utilized. Experimental measurements 
with human subjects were used to collect comparative 
visual preference data in single-occupancy private offices 
with dimmable electric lights and automated roller 
shades. The preference learning process starts with 
constructing the likelihood function, using a probit model 
structure. The probability of an occupant preferring visual 
condition 𝒒 over 𝒓 given their satisfaction utility function 
(u) values is (Guo et al., 2010): 

𝑝(𝒒 ≻ 𝒓|𝑢(𝒒), 𝑢(𝒓), 𝜎) = Φ (
𝑢(𝒒) − 𝑢(𝒓)

√2𝜎
)      (1) 

where Φ(∙) is the standard Normal cumulative 
distribution function (CDF), which serves the role of a 
sigmoid function: Φ(𝑧) = ∫ 𝜙(𝛾)𝑑𝛾

𝑧

−∞
 with 𝜙(𝛾) =

1

√2𝜋
𝑒−

𝛾2

2  being the probability density (PDF) of a standard 
Normal. The 𝜎 parameter captures how sensitive the 
individual is to the utility 𝑢(∙). If 𝜎 is large, the individual 
is insensitive to the utility. A parametrized Gaussian bell 
form was adopted for the utility function: 

𝑢(𝒙; 𝝁, 𝜮) = exp (−
1

2
(𝒙 − 𝝁)𝑇𝜮−1(𝒙 − 𝝁))           (2) 

where 𝒙 are the model variables, 𝝁 is a d-dimensional 
vector indicating the location of the peak (mostly 
preferred conditions), and 𝜮 is a positive definite matrix 
defining the shape of the function. Using the utility 
function and the pairwise comparative data following 
Bayes’ rule, we can obtain posterior distributions using 

Sequential Monte Carlo sampling and infer distinct visual 
satisfaction profiles (Xiong et al., 2018).  
Two inferred personalized satisfaction utility functions, 
reflecting different overall visual preference 
characteristics discovered for each person, are used in this 
study. The profiles are presented as a function of two 
variables: 𝐸𝑣 and SP. In addition, sky condition is used as 
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a binary variable (cloudy vs. sunny) since utility functions 
were found to strongly depend on sky type. This method 
is generic and can include multiple variables and their 
combinations. The normalized posterior medians of the 
two inferred satisfaction utilities (namely profiles A and 
B), plotted as a function of 𝐸𝑣 and SP, are shown in Fig. 
2. The shape of the utilities is different, reflecting 
different preferences. Under given outside conditions, 𝐸𝑣 
is determined by the shading position using the predictive 
lighting model. Therefore, the satisfaction utility is 
eventually a function of SP. For other shading systems 
(e.g. blinds), the rotation angle would be a variable 
instead of shade position. 

 
Figure 2. Posterior median of two inferred satisfaction 

utilities (Ev-SP model). 

Optimization 

The inferred personalized utility functions and the 
modeling results are used in an optimization framework 
to maximize visual satisfaction while reducing lighting 
energy use. Here we present two approaches (Fig. 1). The 
first approach is to formulate two objectives (occupant 
satisfaction and lighting energy use) and use them in a 
multi-objective optimization scheme. The second 
approach converts one of the objectives (occupant 
satisfaction) into a constraint and formulates a single-
objective optimization problem (minimizing energy).  
Multi-Objective Optimization (MOO)  

The two objective functions are derived based on the 
daylighting-lighting model and the inferred satisfaction 
model at each time step. Fig. 3 shows the transfer 
flowchart of variables between daylighting, lighting and 
satisfaction models, and the formulation of objectives. 
Note that 𝐸𝑣 is an intermediate shared variable, also used 
to formulate a glare constraint: 𝐸𝑣 ≤ 2700 lux. This value 
is based on DGPs (Wienold, 2007) and can be used when 
the sun is not within the field of view of the occupant 
(Konstantzos et al., 2015). By controlling SP under 
specific sky conditions, we can predict light dimming 
levels and move across the utility curves of Fig. 2. 
Maximizing visual satisfaction is equal to minimizing the 
negative utility function so the problem is expressed as:  

min
SP

{
−𝑢(SP)

𝑓(SP)
                                                                 (3) 

 
Figure 3. Models and variables transfer flowchart in 

multi-objective optimization. 

Single-Objective Optimization (SOO)  

In the SOO scheme, the objective is to minimizing 
lighting energy while maintaining occupant satisfaction 
level near the maximum. The satisfaction objective is 
converted to a constraint, using the personalized visual 
preference profiles and a relative tolerance (ε) of the 
maximum utility value. In addition, the randomness factor 
𝜎 is considered in the satisfaction constraint in order to 
investigate the impact of sensitivity of individuals on 
energy savings potential. The objective is formulated as: 

min
SP

𝑓(SP)  subject to:     

𝑢(SP) ≥ (1 − 𝜀√2𝜎) ⋅ max
SP̃

𝑢(SP̃)                              (4) 

The tolerance 𝜀 is selected as 0.1 in this study, 
representing 10% of the maximum unscaled utility, which 
equals to 1 based on the Gaussian bell form structure. The 
glare constraint is still required at every time step. 
Optimization Algorithm 

The integrated lighting and personalized visual 
satisfaction models, as well as the multi-objective 
optimization were implemented in Matlab. A fast and 
efficient simple enumeration method was adopted. The 
controlled variable SP can be pre-defined with discrete 
options as a feasible set. To compromise between 
computation efficiency and accuracy, 11 shade positions 
are pre-defined with 10% increments SP {0, 0.1, 
0.2…1}. In the MOO process, the two objective models 
run with all possible shade positions at each time step, and 
objective values are provided through the discretized 
feasible region. At each time step, SP does not belong to 
a Pareto solution if there is SP∗ that dominates it, i.e.: 
 −𝑢(SP∗) ≤ −𝑢(SP)   and   𝑓(SP∗) < 𝑓(SP) + 𝜏        (5) 
where 𝜏 is a positive constant, selected such that points 
with negligible differences in power consumption, but 
lower visual satisfaction, would be filtered out as not part 
of Pareto solutions: 0.1 W/m2 (lighting power per floor 
area) is sufficient for that purpose. In the SOO process, 
the optimal at each time step is found from the minimum 
lighting power consumption among all the feasible points, 
given the visual satisfaction constraint.  
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Results  

The effectiveness of the developed optimization strategies 
was studied through annual simulation for both SOO and 
MOO, using the two personalized satisfaction profiles of 
Fig. 2. The models were applied to the same private 
offices used to experimentally derive the inferred 
satisfaction models. The offices are 3.2 m × 4 m × 3.3 m 
high and have a south-facing curtain wall facade with 
55% window-to-wall ratio with high performance glazing 
units (normal visible transmittance=70%). They are 
equipped with motorized roller shades (openness 
factor=2.1%) and dimmable electric lights (32-W T5 
fluorescent lamps). The interior surface reflectivities are 
80% (ceiling), 50% (walls) and 30% (floor). Light 
dimming levels are mapped to work plane illuminance 
levels on a specified grid at the desk height. The offices 
are located in West Lafayette, Indiana and TMY3 data for 
that location were used. A 15-minute time step was used 
for both lighting and the satisfaction models, as well as 
for the optimization algorithm, from 8:00 am to 6:00 pm, 
to consider working hours only. The 15-min time interval 
is a compromised decision based on two considerations: 
1) frequent shading operation would disturb occupants, 
and 2) a longer time step would not respond to changing 
weather conditions on time. This time interval was 
validated as acceptable in sunny and cloudy days 
respectively through experiments. However, for capturing 
really fluctuating weather (fast passing clouds), real-time 
glare-based control could be used (Xiong and 
Tzempelikos, 2016).   
Representative optimization results  

Fig. 4 shows the MOO feasible optimal points (dashed 
line) for a single representative time step (winter sunny 
day at 5:30 pm) with Profile A. The units of the y-axis are 
relative: the lower the value on the plot, the higher the 
satisfaction utility value. The corresponding shading 
positions (the control variable) are shown next to the 
feasible points, which form a V-shaped curve. Due to the 
tolerance added in the power objective and the 
discretization of SP, the actual Pareto front limits SP 
between 0.2 and 0.5, marked with solid dots in the graph.  
Time-varying Pareto fronts and optimal points  

The shape of the feasible region, the objectives’ values, 
and the number of Pareto front points will vary with time 
(computed every 15-min). Fig. 5 shows the transition of 
the feasible region and the optimal points for two 
representative days, for both profiles. The solid dots are 
the Pareto front points obtained from MOO, while the X 
marks are the optimal solutions obtained from the SOO at 
the same time steps. In both examples, the feasible region 
becomes narrower from 11:30 am-3:30 pm, and in some 
cases the Pareto front consists of a unique point –due to 
the shape of feasible curve and the tolerance in the power 
objective. The single-objective optimization results are 
sometimes one of the Pareto front points (e.g., at 9:30 am 
and 5:30 pm). In other time steps, that is not the case, as 
the tolerance added in the SOO satisfaction constraint 
relaxes the satisfaction objective compared to the MOO 
strategy.  

MOO daily and annual results with different visual 

satisfaction profiles 

The impact of weather conditions and different visual 
preference profiles on the multi-objective optimization 
results is shown in Fig. 6. The optimal SP range is plotted 
for four days (8 am - 6 pm) of representative weather 
types (winter sunny, winter cloudy, summer sunny, 
summer cloudy) for the climate of West Lafayette, 
Indiana. During early morning and late afternoon hours, 
the glare constraint is more evident due to lower sun 
positions. Also, the optimal shade positions are seldom 
fully closed (SP=1), indicating the energy savings 
potential. The resulting optimal lighting power density 
does not exceed 2 W/m2, except when it's nearly dark 
outside. The differences between the two visual 
satisfaction profiles are clear. 

 
Figure 4. A representative Pareto front with optimal 

points (satisfaction profile A, single time step). 

 
Figure 5. Transition of MOO feasible region (dashed 

lines) and Pareto front points (solid dots), as well as 

single-objective optimal points (marked with X) during 

representative winter days for satisfaction profile A (top) 

and B (bottom). Different optimal points correspond to 

different shading positions and interior lighting 

conditions. 
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Figure 6. Daily range of optimal SP for the two visual 

satisfaction profiles under different weather conditions. 

The range of annual lighting energy use based on the 
MOO results is shown in Table 1, with two set points. For 
reference, the annual lighting energy use for the same 
office without lighting control is 31.6 kWh/m2.  

Table 1: Annual lighting energy use with MOO 

Visual satisfaction 
profile 

Range of annual lighting energy use 
(from minimum energy – maximum 

satisfaction) 
kWhr/m2 

Work plane illuminance set point 
500 lux 300 lux 

A 1 - 9.3 0.3 - 2.4 
B 1 - 8.9 0.3 - 2.3 

SOO daily and annual results with different visual 

satisfaction profiles 

The impact of weather conditions and visual 
preference profiles on the single-objective optimization 
results is shown in Fig. 7. The same daily weather profiles 
are used as before, and the optimal SP daily variations are 
plotted along with optimal lighting power. The graphical 
results are clearer compared to MOO since there are 
single optimal points in this case. Optimal SP is clearly 
determined by the different personalized satisfaction 
profiles under the same sky conditions. As a result, the 
optimal lighting power is different between the two 
profiles, and allowing a 10% relative tolerance in 
satisfaction utility can save a noticeable amount of energy 
during daytime, especially for profile A. The optimal 
annual lighting energy use is shown in Table 2. 

Table 2: Annual lighting energy use with SOO 

Visual satisfaction 
profile 

Annual lighting energy use 
(kWhr/m2) 

Work plane illuminance set point 
500 lux 300 lux 

A 3.65 0.62 
B 1.34 0.42 

 
Figure 7. SOO daily results for the two visual 

satisfaction profiles under four different weather 

conditions: optimal shading position (top) and range 

between optimal lighting power and power 

corresponding to maximum satisfaction (bottom). 

Effects of occupant’s sensitivity (𝝈) 

The personalized satisfaction utility functions include the 
parameter, which represents how sensitive each 
individual is to the utility function. An example of the 
effect of  is shown in Fig. 8. A representative satisfaction 
utility (profile A) is plotted as a function of shading 
position, for a typical winter sunny day at 5:30 pm. A 
virtual utility representing an occupant who has the same 
satisfaction profile but is less sensitive to the utility – with 
doubled 𝜎 –is plotted in the same graph. That results in a 
broader range of feasible shading positions. The optimal 
SP for that time (corresponding to the minimum lighting 
power), changes from 0.8 to 0.7. Therefore, more daylight 
is admitted and further lighting energy savings are 
realized for occupants who are less sensitive to the utility 
function. The dashed line shows the corresponding 
lighting power consumption (right y-axis) as a function of 
SP for this specific time step.  

 
Figure 8. Effect of sensitivity to the satisfaction utility 

function on optimal shading position and energy 

savings. 

Application of Multi-Objective Optimization 

- Occupants balancing between their 

personalized preferences and lighting use 

The MOO scheme is designed for application in perimeter 
offices with personalized shading and lighting controls. 

-0.5

0

0.5

1

1.5

2

2.5

0

0.5

1

1.5

2

2.5

3

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Li
gh

ti
n

g 
p

o
w

er
, W

/m
2

Sa
ti

sf
ac

ti
o

n
 u

ti
lit

y,
 u

n
it

le
ss

SP (shaded window fraction)

Utility with σ Utility with 2σ Power

Optimal with σ

Optimal with 2σ

Constrained SP

Constrained SP

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
1220

 

 
  



As the optimization usually provides a set of Pareto 
solutions, there are no standard rules for selecting a single 
“optimal” point for the control system from the solution 

set. Selecting one of the Pareto front points is equivalent 
to transforming the problem into a single-objective 
optimization with assigned weights for the objectives. 
This approach was in previous studies; however, any ad-
hoc weighting of objectives is questionable when 
considering the trade-off between energy and comfort. 
Especially for personalized control, fixing arbitrary 
weights for individuals is meaningless. To overcome this 
problem and implement personalized preferences in 
optimal controls, we propose a solution that introduces 
variable weights determined by occupants. The optimal 
points found by MOO at every time step provide a pool of 
options to the users, who become the final decision 
makers in the real-time balancing between their 
personalized visual satisfaction limits and energy use.  
Absolute energy and satisfaction numbers have no 
practical meaning to the occupants; therefore, the set of 
non-dominated points should be transformed into a set of 
sorted options ranging from “most satisfied” 

(corresponding to maximum satisfaction utility) to 
“highest energy-savings” (corresponding to minimum 

lighting energy use). These sorted points need to be 
provided as possible control options to the occupants 
using a simple, intuitive user interface.  
A slider (Fig. 9) can serve that purpose well: different 
points on the slider can be mapped to each optimal 
solution; in addition, the two ends of the slider will be 
mapped to the two extreme values of the Pareto front 
points (maximum satisfaction and minimum energy), and 
other intermediate points can be evenly sorted 
accordingly between the two ends. In that way, override 
actions would fit into the optimal conditions range. 
Communication between the web interface and the 
building management and control system is of course 
required for this application. Sliders “work best when the 

specific value does not matter to the user” – the trade-off 
between personalized satisfaction and energy objectives 
influence the user decision, while the actual values do not. 
Therefore, the actual values on the bar are hidden to users; 
by sliding in any direction, they will reflect the balance 
between objectives intuitively, without being 
overwhelmed with extra information.  

 
Fig. 9. Example of a slider with hidden mapped optimal 

points within energy and satisfaction ends. 

The number of options on the slider (possible control 
options) is variable –changes at every time step. There 
could even be only one option when there is a single 
global optimal from the MOO results. Therefore:  
• the application needs to be updated in real-time, so 

that new optimal points are calculated;  
• in each time-step, the new Pareto front points need to 

be sorted, mapped and evenly distributed on the slider;  

• dynamic snapping features should be enabled on the 
slider to select the Pareto optimal closest to the current 
bar position every time, always hidden to the users. 

An example is shown in Fig. 10 (profile A, winter sunny 
day). Suppose that we have run the MOO through this day 
and obtained the Pareto fronts for several time steps (two 
times shown here for ease of illustration). The Pareto 
points correspond to different shading positions (also 
marked on the graph), which are “mapped” on the slider 
at each time step. This information is hidden to the user.  
At 11:30 am, optimal results can be obtained with two 
shading positions: 90% and 100%. In this case, the two 
ends of the bar automatically correspond to these two 
positions, mapped to the Pareto points corresponding to 
maximum savings and maximum satisfaction 
respectively. If the user moves the slider anywhere 
towards the satisfaction end, the shades will move to fully 
closed (SP=1); otherwise, they will move to 90% position 
to minimize energy use. At 5:30 pm, optimal results can 
be obtained with four shading positions, from 20% - 50% 
closed. In this case, the bar will have 4 hidden points 
mapped to these conditions, evenly distributed on the 
slider, ranging from minimum energy to maximum 
satisfaction points. When the user moves the slider, the 
shades will move to the position closest to the mapped 
corresponding optimal on the bar, using a snapping 
feature. If the user does not change the position of the 
slider, the shades will automatically move at each time 
step to achieve optimal conditions (since these change 
with outside conditions). In this example, if the user 
selects to keep the position of the slider as shown from 
11:30 am to 5:30 pm, the shades would automatically 
move to 100% at 11:30am and 40% at 5:30 pm.  

 
Figure 10. User-enabled application of MOO in 

personalized shading and lighting control. Example of 

mapped optimal conditions on the user interface for two 

different times, with the slider bar ends corresponding to 

maximum energy savings and maximum satisfaction 

respectively, at each time step. 

Conclusion  

In this study, a personalized shading control framework is 
presented to maximize occupant satisfaction while 
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minimizing lighting energy use in offices with automated 
shading systems. We present a method to incorporate 
personalized visual preferences in real-time optimal 
daylighting control, with energy use considerations, 
without using generic behavior models or discomfort-
based assumptions. Personalized visual preference 
profiles were used with predicted lighting energy use to 
form an optimization framework using two approaches. In 
the multi-objective optimization scheme, the satisfaction 
utility and predicted lighting energy use are used as 
parallel objectives to provide a set of Pareto solutions at 
each time step. The satisfaction utility is converted into 
constraint with tolerance when minimizing lighting 
energy use in the single-objective optimization scheme. 
Representative Pareto fronts of MOO were presented, 
which prove the effectiveness of the method and the 
ability to evaluate the dynamic trade-off between the 
objectives. Daily and annual simulation results of Pareto 
solutions and optimal points show different patterns with 
different satisfaction profiles, which verify that the MOO 
strategy can learn and maintain personalization. 
Simulation results of SOO, on the other hand, show the 
effectiveness in energy savings without sacrificing 
perceptible satisfaction, by using a relative constraint.  
A new application framework of the MOO is introduced. 
Instead of assigning arbitrary weights to objectives, 
complete Pareto solutions are provided as a pool of sorted 
options to the users. In this way, occupants are the final 
decision makers in real-time balancing between their 
personalized visual satisfaction and energy use 
considerations, within dynamic hidden optimal bounds. A 
slider is presented as a potential user interface where 
different points on the slider can be mapped to each 
optimal solution; in addition, the ends of the slider are 
mapped to the two extreme values of the Pareto solutions 
(maximum satisfaction and minimum energy). Since the 
optimization is dynamic and the number of optimal 
solutions varies with time, the application needs to be 
updated real-time, so that new optimal points are 
calculated, sorted, and evenly mapped on the interface.  
The developed method serves as a prototype study on 
adaptive control strategies with learned personalized 
preference profiles and parallel energy use considerations. 
It is a first step towards optimized, preference-based 
integrated building control. Implementation of the 
proposed control framework itself could be challenging: 
the real-time learning and actual control intervals should 
be coordinated. Therefore, adaptive and online learning 
methods should be applied for updating the personalized 
models with occupant feedback during the optimization 
implementation –this is the next phase of this work.  In 
addition, more generic temporal and spatial 
comfort/preference metrics (Atzeri et al., 2016) can be 
used for overall evaluation of the controls.   
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Abstract 

The contribution of daylight plays a key role in the 

evaluation of the Lighting Energy Numeric Indicator 

(LENI), which refers to the annual lighting energy 

consumption per square meter: the higher the 

contribution, the lower the energy consumption. 

Calculation of energy need for artificial lighting is 

defined in European Standard EN 15193-1:2017; the 

daylight availability is assessed by using the Daylight 

Factor. This parameter is easy to use and commonly 

applied by designers and technicians, but it has several 

limitations. The estimation of daylight contribution 

proposed in the first version of the EN 15193:2008 was 

discussed in literature and alternative methodologies and 

models have been suggested, since it was noticed that it 

underestimated the daylight contribution. Starting from 

these considerations, this study will focus on the analysis 

of a parameter which represents a middle way between 

static and climate-based variables. This new variable is 

the Daylight Factor Target, reference parameter of the 

new EN 17037. The D target will be used in the 

alternative methodology of LENI calculation developed 

in previous studies and the results will be compared with 

the ones obtained by applying the EN 15193-1:2017 

procedure. Results showed that the Daylight Factor 

Target allows to assess in the first building design phase 

the LENI of any building which complies with the EN 

17037, independently from its characteristics, just 

choosing the operative working hours and the lighting 

power installed.  The LENI target resulted to be 50% 

lower than the values obtained using EN 15193-1:2017. 

Introduction 

Role of daylighting in buildings is relevant both for health 

and comfort of final users and for optimizing energy 

consumption.  Daylight availability allows to reduce 

artificial lighting and decrease CO2 emissions and global 

warming (Jenkins and Newborough, 2007; Aghemo et a., 

2014). Calculation of energy need for artificial lighting is 

defined in European Standard EN 15193-1:2017 

(Technical Committee CEN/TC 169 Light and lighting, 

2017) which proposes an indicator of energy efficiency of 

the lighting system called LENI (Fantozzi et al., 2017). 

The contribution of daylight plays a key role in the 

evaluation of the LENI: the higher the contribution, the 

lower the energy consumption. In the EN 15193-1:2017 

the Daylight factor (Mardaljevic et al. 2013, Longmore 

1975, Johnsen and Christoffersen 2008) is the parameter 

which puts in relation daylighting and building. During 

the years, the estimation of daylight contribution 

proposed in the EN 15193-1:2017 was discussed in 

literature and alternative methodologies and models have 

been suggested. These studies (Zinzi and Mangione 2015, 

Tian and Yuehong 2014, Lo Verso et al. 2014, Moret et 

al. 2013, Li and Wong 2007) highlighted that daylight 

contribution in the first version of the EN 15193:2008 

was underestimated, especially in Southern latitudes and 

the efficiency of Daylight Factor was questioned.  Due to 

this, the first version of the Standard EN 15193 published 

in 2008 was revised, leading to the publication of a new 

version in 2107. In the upgrade of the EN 15193-1:2017, 

many modifications have been made; among them the 

most relevant are: the use of climate data for daylight 

contribution of different locations expressed in terms of 

ratio between direct solar radiation and global solar 

radiation, the possibility of calculating different values of 

LENI as building orientation change. The use of D has 

instead remained the same. In literature, climate-based 

parameters, such as the Useful Daylight Illuminance 

(Nabil and Mardaljevic, 2006) or the Daylight Autonomy 

(Acosta et al. 2018), have been proposed as lighting 

variables for assessing as realistically as possible, the 

availability of indoor daylighting. Nevertheless, both in 

Lighting and Energy standards, they have not been yet 

accepted nor used as reference parameters. One of the 

reasons is that calculation would be longer and more 

complex compared to the evaluation of the Daylight 

Factor.  It is easy-to use parameter but it has limitations 

due to its low flexibility since it doesn’t take into account 

latitude conditions and building orientation; these two 

aspects have been included in the new version of the EN 

1519-1:2017 as additional aspects, not in the calculation 

of D. It is a-dimensional and static and is a ratio that 

represents the illuminance available indoor relative to the 

illuminance available outdoor at the same time under 

overcast skies.  Despite its limitations, the Daylight 

Factor maintains undeniable strengths, such as calculation 

speed and easiness of application. These characteristics 

cannot be found in the other climate-based parameters 

used in lighting assessments. However, what slows down 

the overcoming of the Daylight factor is its spread among 

the designers and experts, which makes it useful both in 

design and verification phases. A compromise between 

the positive aspects of the Daylight factor and the 

climate-based variables, could represent a valid 

alternative for the evaluation of the availability of 

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
1224

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://doi.org/10.26868/25222708.2019.211230 
 

https://journals.sagepub.com/doi/abs/10.1191/1365782805li128oa
https://journals.sagepub.com/doi/abs/10.1191/1365782805li128oa


daylight in buildings. Starting from these considerations, 

this study will focus on the analysis of a parameter which 

represents a middle way between static and climate-based 

variables. This new parameter will be used in the 

alternative methodology of LENI calculation developed 

in (Zinzi et al., 2018) and the results will be compared 

with the ones obtained by applying the procedure 

provided in the EN 15193-1:2017. The variable chosen 

for the calculation is a parameter, included in the new 

proposal of the prEN 17037 (Technical Committee 

CEN/TC 169 Light and lighting, 2018), which could 

replace the use of the Daylight Factor. This Standard is 

going to be approved and defines methods and 

requirements for the evaluation of daylight availability in 

buildings, as the EN 12464 (Technical Committee 

CEN/TC 169 Light and lighting, 2011), does for artificial 

lighting. This variable was chosen for many reasons, in 

particular to make technicians aware of this new lighting 

parameter for the assessment of the typical LENI for 

different outdoor illuminance conditions.  

Methodology 

The development of an alternative parameter to the 

Daylight factor standard for lighting calculation arises 

from the need to take into account the real availability of 

daylight and the characteristics of the indoor and outdoor 

environments. Authors who proposed this new parameter 

(Mardaljevic and Christoffersen, 2017), belonging to the 

working group of the CEN TC169/WG11, suggested to 

move from standard conditions of daylight calculation 

(CIE overcast Sky) to real sky conditions based on 

measured climate data. This parameter was defined as 

Daylight factor target (𝐷𝑇). In the following subsections 

the characteristics of this parameter and its application on 

this analysis will be described. 

Description of the Daylight Factor Target  

Basing on the definition (Mardaljevic and Christoffersen, 

2017), in order to achieve the required condition of 

natural lighting in the building, a specific level of Target 

illuminance must be guaranteed for a specific percentage 

of hours in the year, on a specific percentage of relevant 

area. The parameter is expressed as ratio between outdoor 

illuminance and indoor target illuminance, as the 

Daylight Factor; but the values of outdoor diffuse 

illuminance are extrapolated from measured climate data. 

The aim is to define one Daylight Factor target per each 

location.  

The equation is the following: 

 

𝐸𝑇  ×  100

𝐻𝑇

= 𝐷𝑇  [%] (1) 

 

where 

𝐸𝑇 is the indoor Target illuminance; 

𝐻𝑇  is the horizontal outdoor diffuse Target 

illuminance; 

𝐷𝑇  il the Daylight Factor Target. 

 

The ET value is set according to the EN 12464 based on 

the visual task. In the paper, authors propose to use 300 lx 

as indoor illuminance target in offices, referring to 

literature studies (Reinhart and Weissman, 2012; IES 

LM-83-12, 2012), which demonstrated the efficacy of this 

value for common visual task. In (Reinhart, 2004) it was 

pointed out that the switching probability of the artificial 

system is very high when level of indoor illuminance is 

lower than 100 lx while it is very small when indoor 

illuminance is equal or more than 300 lx. Therefore, these 

two values (100 and 300 lux) have been used in 

(Mardaljevic and Christoffersen, 2017) as reference target 

for the calculation: 300 lux for DT and 100 lx for 

minimum Daylight Factor Target (DTm).  

For the definition of the cumulative annual value of 𝐻𝑇 , 

four attempts have been made: 

1. To consider a fixed period of the year (such as 

for example operative working hours); 

2. To base the calculation on sun position defining 

a specific altitude as reference value;  

3. To take into consideration only the horizontal 

diffuse illuminances exceeding a certain 

threshold, (i.e. only daylight values); 

4. To define a fixed set of illuminances in the 

climate dataset.  

The last option resulted the more adequate, being able to 

avoid complications due to discrepancies among different 

latitudes and locations and/or other uncontrollable 

boundary effects. According to this, authors decided to 

consider a fixed set of illuminances common to all 

countries: the 8760 illuminance values were put in 

descending order; then, the first 4380 values (the highest 

ones, excluding night hours and very low daily values) 

were taken and the median value of this list was chosen as 

typical 𝐻𝑇  of each location. Finally, using equation 1, the  

𝐷𝑇  of 33 European countries were calculated; among 

them the only italian one is Rome. The most important 

aspect of this parameter is that it is location based but it is 

independent from the geometrical characteristics of the 

building: it can be considered as the target value for 

designers and technicians to compare to, in order to 

evaluate if the building complies with lighting 

prescriptions. This parameter is a reference value for side-

lit buildings. Author also defined the requirements each 

building should comply with: in a side-lit space, the 𝐷𝑇  

must be achieved on the 50% of the relevant area for the 

50% of the daylight hours in the year (2190 hours), and 

contemporary the 𝐷𝑇𝑀 must be guaranteed on the entire 

area for the 50% of the daylight hours. The new 

parameter, despite it is not estimated using exactly a 

climate-based analysis, it is more aligned to real climatic 

conditions than the Daylight Factor standard. 

Furthermore, lighting software do require only a little 

implementation to adapt to this new variable for both 

lighting and energy calculations. At a first stage, 

designers could continue calculating the DF of the 

building with the common procedure and the commercial 

software (like Dialux) and compare it with the 𝐷𝑇; lately, 

when available on commercial software, it would be 

possible to assess the Daylight Factor of each building 
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using the climate data. It can be noted that this parameter 

is from one side simple and intuitive as the Daylight 

Factor, but on the other side it seems to consider both the 

spatial distribution and the real climate data as the 

Daylight Autonomy.  

Parameter application to the case study 

The application of the 𝐷𝑇  to the current study consists of 

two steps:  

 

• the calculation of the 𝐷𝑇  for the 19 main Italian 

cities, taking into account several level of target 

illuminances 𝐸𝑇 (100, 300, 500 and 750 lux) and 

using the diffuse illuminance values provided by 

ENEA for calculating 𝐻𝑇 . The annual dataset is 

based on Typical Meteorological Year. 

• Application of the Alternative Method for LENI 

calculation proposed in (Zinzi et al., 2018) using 

the  𝐷𝑇  for each location and comparison with 

the results of the EN 15193-1:2017. 

 

The 19 cities are the following: Trento, Aosta, Trieste, 

Milano, Venezia, Torino, Bologna, Genova, Firenze, 

Ancona, Perugia, L’Aquila, Roma, Campobasso, Bari, 

Napoli, Potenza, Catanzaro, Palermo. Calculations have 

been developed using the tool Grasshopper, plug-in of the 

modelling software Rhinoceros. This software was not 

used for performing lighting simulation, but it was 

applied to automate the HT calculation for the 19 cities 

using the ENEA climate dataset. Additionally, the tool 

was used for building the LENI calculation workflow 

described in EN 15193-1:2017 , modifying some steps of 

the process according to the Alternative Method. 

When 𝐷𝑇  for each location is assessed, a LENI value can 

be calculated which correspond to the typical 

consumption of buildings in different outdoor illuminance 

conditions. According to the Alternative Method, the 

value of 𝐻𝑇  for each city is compared with the hourly 

values of diffuse illuminance 𝐸𝑑ℎ provided by ENEA. 

The working period 08:00-17:00 suggested in EN 15193-

1:2017 was chosen: in the hours when the 𝐸𝑑ℎ ≥  𝐻𝑇, the 

lighting system is switched off; on the other hand, when 

𝐸𝑑ℎ < 𝐻𝑇 , it means that daylight is not enough for 

reaching the levels of required illuminances, and 

therefore the lighting system is switched on. The sum of 

annual hours when the lighting system is on, is the t𝐴𝑀. 

In Equation 2 the complete formula for LENI calculation 

is shown:  

 

𝑊𝐿 = ∑(𝑃𝑛 ∙ 𝐹𝐶 ∙ 𝐹𝑂 ∙ t𝐴𝑀𝑛) 1000 ⁄ [𝑘𝑊ℎ/𝑦𝑒𝑎𝑟]          (2) 

 

𝑃𝑛 [W] is the power of the lighting systems installed in 

the zone; 

𝐹𝐶 [-] Constant illuminance factor; 

𝐹𝑂 [-] Occupancy dependency factor; 

t𝐴𝑀[h] the sum annual hours when lighting system is 

on. 

 

The 𝐷𝑇  represents the reference value for a building 

which complies with the new daylighting Standard EN 

17037:2018; the 𝐿𝐸𝑁𝐼 Target, associated to the 𝐷𝑇 , 

represents the lighting energy consumption of a building 

which, independently from its geometric and physics 

characteristics, is well-lit by daylight. The  𝐿𝐸𝑁𝐼 Target 

of three representative locations (Rome, Milan and 

Palermo) will be compared to the results obtained 

applying the EN  15193-1:2017.  

Case study description 

The F51 building, located inside the ENEA Research 

Centre in Casaccia was chosen as a case study. This 

building has a rectangular plan of 48 m x 12 m, composed 

by two floors with an average height of 2.7 m.  

 

Figure 1: F51 building plan in the ENEA Research 

Center 

 

In this report, the office number 108 (Figure 1) was 

analysed: dimension and characteristics are summarised 

in the table below (table 1). 

 

Table 1:  Geometrical characteristics of office number 

108, inside the F51 building in the ENEA Research 

Centre  

Room characteristics 

Width    3.5 m 

Depth 4 m 

Height 2.7 m 

Window characteristics 

Height 1.3 m 

Width 3.3 m 

Height of the 

windowsill 
1 m 

Distance from the 

ceiling 
0.5 m 

Glass transmittance 0.8 m 

 

Simulations have been performed with Grasshopper, a 

free plug-in tool of the 3D modelling software 

Rhinoceros. Average indoor illuminance 𝐸𝑚 was 

measured on a specific surface, located at 0.50 m from 

the walls and 0.75 above the floor. Variables of equation 

2 are the shown in Table 2. Total lighting power 𝑃𝑛 

depending on the required illuminance values was 

calculated with DIALux 4.13, a free commercial 

software. Fc and Fo values were taken from the EN 

15193-1:2017. 
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Table 2: Values of Pn, Fc and Fo 

𝐸𝑇 𝑃𝑛 𝐹𝐶 𝐹𝑂 

100 lx 43 W 

1 0.8 
300 lx 66 W 

500 lx 132 W 

750 lx 198 W 

 

𝑃𝑛 has been calculated with LED lighting fixtures. 

Results  

𝐻𝑇  of each location was estimated according to the 

procedure described in (Mardaljevic and Christoffersen, 

2017), using outdoor illuminance values provided by 

ENEA. Results are shown in table 3. 

 

Table 3: Values of 𝐻𝑇  for each location 

city latitude  𝐻𝑇 [lx] 

Palermo 38.12  17757 

Catanzaro 38.90  17263 

    

Potenza 40.63  17140 

Napoli 40.85  16873 

Bari 41.12  16882 

    

Campobasso 41.55  16489 

    

Roma 41.90  16010 

L'Aquila 42.35  16484 

    

Perugia 43.10  16188 

Ancona 43.62  16204 

Firenze 43.77  16051 

    

Genova 44.40  16082 

    

Bologna 44.48  15759 

Torino 45.05  15866 

    

Venezia 45.43  16148 

    

Milano 45.45  15735 

Trieste 45.63  15974 

    

Aosta 45.73  15885 

    

Trento 46.07  14907 

 

In Palermo the highest value was registered (177757 lx), 

in Milano the lowest (15735 lx). The difference is 2022 lx 

which corresponds to the 13%. The average 𝐻𝑇value 

among the 19 locations is16377 lx. 

Analyzing the trend shown in Figure 2 it can be seen that 

as latitude increase, 𝐻𝑇  decreases with a few exceptions: 

a few locations with lower latitude have a lower 𝐻𝑇  

compared with locations with higher latitide (e.g. 

Campobasso and Rome, Bologna and Venice). 

 

Figure 2: 𝐻𝑇  trend as latitude changes 

 

The calculated 𝐷𝑇  is shown in table 4 as Et changes; the 

𝐷𝑇100 value is not influenced by the different latitudes: 

the average value is 0.61%, with a minimum in Palermo 

(0.56%), and a maximum in Trento (0.67%) with a 

difference of 0.11 percentage points. Concerning the 

𝐷𝑇300 values, the average value obtained among the 

locations is 1.84%, the maximum 2.01% in Trento and 

the minimum 1.69% in Palermo, with a difference of 0.32 

percentage points. These values of 𝐷𝑇300 are aligned with 

the target value of DF 2% established in current 

regulations (Ente Nazionale Italiano di Unificazione, 

2007; Ministero dei lavori pubblici, 1975; Ministero dei 

lavori pubblici, 1967; Ministero della salute, 1975). A 

difference of 0.54% between maximum and minimum 

values of 𝐷𝑇500 can be noticed, with an average value of 

3.07%, a minimum value of 2.82% and a maximum of 

3.35%, respectively calculated in Palermo and Trento. 

Finally, the average 𝐷𝑇750 is 4.61%, with a minimum of 

4.22% in Palermo, and a maximum of 5.03% in Trento 

(difference is about 0.81 percentage points). 

It is evident that differences among 𝐷𝑇  values of the 19 

locations are lower that differences among the 

corresponding 𝐻𝑇 . Comparing the 𝐷𝑇  Rome values shown 

in (Mardaljevic and Christoffersen, 2017) (𝐷𝑇100 0.5%; 

𝐷𝑇300 1.6%; 𝐷𝑇500 2.6%; 𝐷𝑇750 3.9%) with the calculated 

ones it is possible to notice significant differences. This 

difference is due to the outdoor diffuse illuminance data 

used for 𝐷𝑇  evaluation: in this case data were provided by 

ENEA (obtained through a measurement campaign), 

while in the paper (Mardaljevic and Christoffersen, 2017) 

data were extracted from EPW weather file.  

Variations among the 𝐷𝑇  calculated in the two studies 

increase as illuminance target increases: a difference of 

20% is registered between the 𝐷𝑇750 calculated in 

(Mardaljevic and Christoffersen, 2017) and the one 

evaluated in this study. The LENI Target, estimated with 

the Alternative Method, seems to be proportional to 𝑃𝑛, as 

shown in table of Appendix 1 (shown at the end of the 

paper). 
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Table 4: 𝐷𝑇  of 19 locations depending on 𝐸𝑇 

city latitude 

DT100 

[%] 

DT300 

[%] 

DT500 

[%] 

DT750 

[%] 

Palermo 38.12 0.56 1.69 2.82 4.22 

Catanzaro 38.90 0.58 1.74 2.90 4.34 

Potenza 40.63 0.58 1.75 2.92 4.38 

Napoli 40.85 0.59 1.78 2.96 4.44 

Bari 41.12 0.59 1.78 2.96 4.44 

Campobasso 41.55 0.61 1.82 3.03 4.55 

Roma 41.90 0.62 1.87 3.12 4.68 

L'Aquila 42.35 0.61 1.82 3.03 4.55 

Perugia 43.10 0.62 1.85 3.09 4.63 

Ancona 43.62 0.62 1.85 3.09 4.63 

Firenze 43.77 0.62 1.87 3.12 4.67 

Genova 44.40 0.62 1.87 3.11 4.66 

Bologna 44.48 0.63 1.90 3.17 4.76 

Torino 45.05 0.63 1.89 3.15 4.73 

Venezia 45.43 0.62 1.86 3.10 4.64 

Milano 45.45 0.64 1.91 3.18 4.77 

Trieste 45.63 0.63 1.88 3.13 4.70 

Aosta 45.73 0.63 1.89 3.15 4.72 

Trento 46.07 0.67 2.01 3.35 5.03 

 

The 𝐻𝑇  of each location is the same for a defined 

operative time as 𝐸𝑇 changes and consequently the sum 

of the annual hours when the lighting system is on (𝑡𝐴𝑀) 

is unvaried. Despite the target indoor illuminance 

increases from 100 to 750 lx, the 𝐷𝑇  increases 

proportionally, making the 𝑡𝐴𝑀 unvaried. The only thing 

that changes is the artificial lighting power which 

increases in order to achieve the target level of indoor 

illuminance. 

Concerning the LENI values, it is possible to underline 

that the scarce variability of 𝐷𝑇  has  an influence on the 

variation of the 𝐿𝐸𝑁𝐼 target: for 𝐸𝑇 of 100 lx, the average 

LENI value is 3.08 kWh/m2year, with a maximum of 3.18 

kWh/m2year in Trieste and a minimum of 2.97 

kWh/m2year in Palermo.  

This difference is 0.21 kWh/m2year which corresponds to 

an increase of 7%. For a 𝐸𝑇 of 300 lx, the average LENI 

value is 4.71 kWh/m2year, with a difference of 0.33 

kWh/m2year between maximum and minimum values 

registered in the same cities Finally, if 𝐸𝑇 is 500 lx and 

750 lx, the difference between maximum and minimum 

are respectively of 0.65 kWh/m2year and 0.98 

kWh/m2year. 

Comparing those results with the ones obtained with the 

EN 15193-1:2017 (Table 5) for three cities (Rome, 

Palermo and Milan), it is possible to highlight that the 

LENI calculated according to the EN 15193-1:2017 is 

higher than the LENI target and, additionally, the last one 

assesses more clearly the climatic differences among 

locations. 

 

Table 5: Comparison between the LENI calculated with 

EN 15193-1:2017 and the LENI target 

location latitude 

LENI 

EN 15193-

1:2017 

(Davg 4.25%) 

[kWh/m2*year] 

LENI target 500 

(ENEA 

Edh/working 

days/DTavg 

3.02%) 

[kWh/m2*year] 

Palermo 38.12 11.51 6.29 

Roma 41.90 11.56 6.38 

Trieste 45.63 12.02 6.74 

∆(max-min) 

[kWh/m2*year] 0.51 0.45 

∆(max-min) [%] 4% 7% 

 

The parameter used in the EN 15193-1:2017 for 

characterizing the different locations is 𝐻𝑑𝑖𝑟/𝐻𝑔𝑙𝑜𝑏. The 

maximum difference of 
𝐻𝑑𝑖𝑟

𝐻𝑔𝑙𝑜𝑏
 among the Italian locations 

is 39%; this percentage has a very low impact (of about 

4%) on the 𝐿𝐸𝑁𝐼 difference. As aforementioned, 

maximum and minimum 𝐻𝑇  difference (measured 

respectively between Palermo e Trieste) is only 13%, but 

it has a more consistent influence on the 𝐿𝐸𝑁𝐼 difference 

of those cities, being about 7%.  

For energy analysis, 𝐻𝑇  seems to better point out the 

climatic characteristics of the various locations than the 

parameter 𝐻𝑑𝑖𝑟/𝐻𝑔𝑙𝑜𝑏used in the Standard EN15193-

1:2017. It is necessary to underline that this 𝐿𝐸𝑁𝐼 target 

is not exactly the 𝐿𝐸𝑁𝐼 of the building: it is the LENI of a 

generic building which independently from its geometric 

characteristics complies with the new EN 17037 lighting 

requirements.  

Conclusions 

The Daylight Factor is the reference parameter of the new 

lighting standard EN 17037, which establishes how to 

assess the availability of daylight in indoor spaces. This 

work aims to use this new lighting parameter for 𝐿𝐸𝑁𝐼 

calculation applying the Alternative methodology 

proposed in previous studies, in order to connect and 

integrate the new parameter of daylight assessment with 

the energy performance of buildings. The 𝐷𝑇  from a 

lighting point of view, is the minimum threshold of 

daylight availability in spaces to guarantee visual comfort 

for the users. The application of this parameter to Italian 

cities highlighted that: 

- The use of measured climatic weather data (as 

the ones provided by ENEA for this research) in 

the 𝐷𝑇  calculation procedure is easy 

- A single outdoor diffuse illuminance value (𝐻𝑇) 

could be a rapid and relatively accurate solution 

for defining the climate condition of each 

location 

- One of the relevant advantages of the 𝐷𝑇  is that 

it is independent from the physical and 

geometric characteristics of the building and so 
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it allows to identify target values of energy 

consumption for artificial lighting for each 

location. These values are representative of a 

well-lit building as the level of required indoor 

illuminance value changes.  

The use of 𝐷𝑇  will allow to easily calculate in the first 

building design phase the LENI of any building which 

complies with the lighting Standard EN 17037, 

independently from its characteristics, just choosing the 

operative working hours and the lighting power installed.  

It has to be noted that the power for emergency lighting 

and control systems was not considered in this evaluation. 

One of the weakness related to the potentialities of 𝐻𝑇  is 

that the differences of 𝐻𝑇  among cities are not significant 

enough to influence the 𝐷𝑇   and consequently the 𝐿𝐸𝑁𝐼 

of each location. The 𝐷𝑇  calculation trough measured 

lighting data (median 𝐻𝑇  derived from 4380 hours of 

maximum illuminance) is suitable for overcoming the 

limitations of the Daylight Factor from the lighting 

perspective, but it could not be accurate enough for 

energy analysis. Nevertheless, the 𝐿𝐸𝑁𝐼 target resulted to 

be 50% lower than the values obtained using the Standard 

EN 15193-1:2017. The 𝐷𝑇  calculation procedure also 

excludes the evaluation of building orientation, which is 

instead included in the EN 15193-1:2017. Future 

developments could include a deeper analysis of the EN 

17037 to better understand which aspects can be included 

in the calculation of the lighting energy needs of the 

buildings.  
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Appendix 1 

Values of 𝐿𝐸𝑁𝐼 𝑡𝑎𝑟𝑔𝑒𝑡 of each location for different illuminance thresholds 

 

city 
latitude 

[°] 

tAM  

(08-17) 

LENI target 

100 

[kWh/m2*year] 

LENI target 

300 

[kWh/m2*year] 

LENI target 

500 

[kWh/m2*year] 

LENI target 750 

[kWh/m2*year] 

Palermo 38.12 1202 2.97 4.54 9.07 13.61 

Catanzaro 38.90 1258 3.11 4.75 9.49 14.24 

Potenza 40.63 1264 3.12 4.77 9.54 14.31 

Napoli 40.85 1262 3.12 4.76 9.52 14.28 

Bari 41.12 1269 3.13 4.79 9.57 14.36 

Campobasso 41.55 1250 3.09 4.72 9.43 14.15 

Roma 41.90 1220 3.01 4.60 9.20 13.80 

L'Aquila 42.35 1244 3.08 4.71 9.41 14.12 

Perugia 43.10 1244 3.07 4.69 9.38 14.07 

Ancona 43.62 1255 3.10 4.74 9.47 14.21 

Firenze 43.77 1250 3.09 4.72 9.43 14.15 

Genova 44.40 1233 3.04 4.65 9.30 13.95 

Bologna 44.48 1242 3.07 4.69 9.37 14.06 

Torino 45.05 1243 3.07 4.70 9.39 14.09 

Venezia 45.43 1277 3.15 4.82 9.64 14.46 

Milano 45.45 1246 3.07 4.69 9.38 14.07 

Trieste 45.63 1289 3.18 4.86 9.72 14.58 

Aosta 45.73 1218 3.01 4.60 9.19 13.79 

Trento 46.07 1263 3.12 4.77 9.53 14.30 

LENI mean value 3.08 4.71 9.42 14.13 
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Abstract 
In recent years, the parametric design has become a great 
interest to architects. Especially in a building envelope, 
daylight control systems (e.g. shades, reflectors) take a 
method of continuous deformation until the architect finds 
interesting patterns or shapes that satisfy the architect’s 
favour. However, those new design approaches bring a 
controversial question with a reasonable sense of priority. 
In some cases, aesthetic variables control the true purpose 
of the daylight system; contrarily, the function-oriented 
daylight system could mar the visual interest of architects 
and building users. 
This paper would provide a suggestion to this issue by 
demonstrating how aesthetic preference and daylighting 
performance could be well balanced by means of Multi-
Objective Optimization (MOO). This paper aims to 
demonstrate how aesthetic preference and visual comfort 
can be woven together into a daylight control system. In 
detail, how using Multi-Objective Optimization can find 
a solution that fulfils both aesthetic satisfaction as a 
qualitative performance and visual comfort as a 
quantitative performance. 

Introduction 
The architectural design process has undergone many 
changes since the assistance of computer science has been 
introduced. The first trial had been studied for hospital 
planning by Souder and Clark (1963). After initial footage 
of the innovation, the Computer Aided Drafting (CAD) 
system has been making further progress in 
computerization (Jabi, 2013; Woodbury, 2010).  
One of the first pioneers that used computers to generate 
parametric architecture was Greg Lynn. The early 
examples of computer-generated parametric architecture 
are his blob and fold architecture.  Italian architect 
Massimiliano Fuksas’ work is another example of 
parametric design with the support of the engineering 
firm, Knippers Helbig, to create a large-scale building 
(Helbig, T., et al., 2014; Lynn 1998). 
Advances in computer science also encourage 
optimization in the field of architecture. There are several 
approaches developed for optimization in architectural 
design including space, programming, and building cost. 
It should be acknowledged that Radford and Gero (1980) 
had organized the building optimization field as a whole 
and laid a basic foundation for the architecture field in 

1980. Since then, the building optimization has been 
increasingly used. 
Recently, new technologies have been able to capture the 
unknown natural phenomena. However, the solution to 
older problems has opened the door to more complex ones 
in nature. Single objective optimization methods were not 
enough to solve these complex questions, requiring the 
development of multi-optimization methods to emerge as 
a solution to these challenges (Nguyen, et al., 2014; 
Kheiri, 2018).  
Multi-Objective Optimization methods can be identified 
as two different types. One simple solution is 
“scalarization,” which was produced with simple weight 
factors to each criterion based on the situations of 
simulation (Yi and Malkawi, 2009). Another way is using 
“Pareto front optimization,” which originated from the 
concept of Pareto Optimality. The Pareto Optimal set 
usually considers a large number of Pareto points in any 
case. In these days, the MOO with the Genetic Algorithm 
(GA) seems the most popular set in building simulation 
technology (Nguyen, et al., 2014). 
In recent years, building envelopes and daylight control 
systems (e.g. shades, reflectors) use a method of 
continuous deformation until the architect finds 
interesting patterns or shapes that satisfy the architect’s 
favour with visual comfort. However, those new design 
methods pose questions in regards to overall satisfaction. 
Sometimes aesthetic interests trump the function of the 
daylight system that contrasts its true function.  
Contrarily, the function-oriented daylight system could 
mar the visual interest of architects and building users. 
In a similar vein, this paper is a continuation of work (Yi, 
2019) that covers how to satisfy the aesthetic preference 
and visual comfort of the shading system in the MOO 
method. The main issue from the previous paper is the 
limitation of its application because of the way it 
measures qualitative performance. This paper aims to 
improve the measurement of aesthetic preference and 
apply it to a more practical case that can weave both 
qualitative and quantitative performance together into one 
system. The following covers in detail the use of the MOO 
method to find a solution that fulfils both aesthetic 
satisfaction as a qualitative performance and visual 
comfort as a quantitative performance. 
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Method 
Figure 1 shows the overall process of this paper. The 
process was divided into three main sections, wherein the 
first step of this approach is created with the use of the 
Parametric Building Layout (PBL) model and Agent- 
based Geometry Control System (AGCS). This approach 
allows the management of geometry points with fewer 
control points, which means that shifting geometry could 
be smoother and more efficient compared to changing 
whole geometry points. 
After the geometry stage is constructed, the second step is 
to evaluate the model to obtain both qualitative and 
quantitative performance. Figure 1 shows how the 
qualitative and quantitative performance can be measured 
through the simulation. This paper uses the daylight 
measurement as the objective function for the quantitative 
measure. 
The qualitative performance, which is the aesthetic 
preference of each geometrical variations, were measured 
by using an expert system. Questions were asked to users 
to find their preference of the shade system’s geometry 
configuration. Responses from the users were converted 
to numerical measurements for aesthetical preferences on 
the shade design. Those converted numerical values were 
used for qualitative objective value in the optimization 
stage. 
The final phase is the optimization stage by using 
obtained performance values from the previous step. The 
MOO method is used for this paper. The collected 

performance data from previous steps was plugged into  
MOO to find the best rankings among the given 
populations. After passing the evaluation process, if the 
result is not satisfied, reproduction will proceed to 
produce the new population of digital models. This new 
population will then be passed to step one to regenerate 
the next generation. The new generation will process the 
same steps until the target is fulfilled. This process will be 
continued until the goal is satisfied or the maximum 
number of generations is met. 
In summary, the initial iterations of AGCS in a PBL 
model are generated and transferred to the next step to 
revise the shade system. Once the shade geometry was 
constructed, simulation tools were used to determine the 
performance and whether they satisfy the objective 
functions. If the outcome of the objective function did not 
meet the goals, the next population is generated based on 
the variation process and transferred to AGCS to generate 
a new shade layout to evaluate the next generation’s 
performance. This loop continues until it reaches the goal. 
The following sections discuss each step in detail. 
Agent-based Geometry Control System (AGCS) 
Creating a PBL model is the first step of generating the 
shade geometry to determine the performance. In this 
paper, a PBL model was created based on user-defined 
variables and constraints that include each shade’s 
hanging direction (horizontal or vertical), position (inside 
or outside), shaft distribution (even or exponential), width 
(w), shaft density (low, medium, and high), and angle (a). 
Once a PBL was generated, the variables of geometry 

Figure 1: Overall process. 
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could be defined through the AGCS. The defining agent 
points are the core of the AGCS and, by determining the 
hierarchical communication between the agent points and 
the variables, control the numerous variables of the PBL 
model efficiently. A more detailed definition of PBL and 
AGCS can be found in the author’s previous paper 
(Mardaljevic, 2012). 
Quantitative Performance Evaluation  
Once the geometry is defined and built, the performances 
can be evaluated. This study considers the average 
illuminance level (Lux) and Daylight Glare Probability 
(DGP) for the quantitative objectives. The illuminance is 
mostly used to ensure a person’s observation and 
accomplish the visual task. According to the European 
lighting standard (EN12464-1), the office working area 
generally requires an illuminance level of 500 lux (2002) 
and historical recommended illuminance for mid-range of 
office task is 500-1,000 lux (Osterhaus, 1993).  
DGP is the most recent indicator used to classify glare 
discomfort from daylight (Konstantzos, and Tzempelikos, 
2014).  The DGP showed a very strong interaction with 
the user’s response regarding glare perception. A recent 
study, by Wienold, J, suggests that the recommended 
DGP limit is less than or equal to 0.35 with a 0.38 of 
average DGP limit within 5% band (Mardaljevic, et al, 
2012; Wienold, and Christoffersen, 2006). 
This paper sets an objective goal of DGP less than 0.34, 
and an average illuminance value above 500 lux as two 
quantitate performance goals. The quantitative 
optimization goal performed in this paper is only a general 
guideline that requires a more sophisticated evaluation. 
Comfort illuminance level can be varied and its nonlinear 
effect on humans. The reason for the use of this simple 
measure is to focus more on the optimized methodology 
with respecting aesthetic preference rather than 
attempting to investigate only for practical visual comfort.  
Qualitative Performance Evaluation  
To measure qualitative performance, the paper applied an 
expert system. An expert system is a computer system that 
imitates the decision-making ability of a human expert 
(Jackson, 1998). Expert systems are a type of an inference 
engine to solve complex problems based on logical 
reasoning.  

 
Figure 2: Process of expert system (Yi, 2019). 

To communicate with the user, the system inquiries 
questions to determine answers from a stored knowledge 
base by an expert. As seen on Figure 2, the inference 
engine calculates appropriate answers from input data of 
the user interface. The following section 3.4 demonstrates 
how the expert system was modelled and set up for the 
test. More detail information can be found in the author’s 
previous paper (Yi, 2019).  
Multi-Objective Optimization (MOO) 
The MOO process starts with the selection of the parents 
for the next generation using the selection function on the 
current parent population (k). The next generation (o) is 
created from the selected parents by mutation and 
crossover.  The next process combining the current 
population (k) and the children (o) into one cluster, the 
extended population (k(ex)). Extended population (k(ex)) 
computed the rank and crowding distance for all 
individuals. Based on the ranking, this extended 
population will be trimmed to retain the appropriate 
number of individuals of each rank. The process will stop 
if it meets the goal that, if the generation average of the 
relative change in the value of the spread over value is less 
than tolerance, the final spread is less than the mean 
spread over the past generations or the maximum number 
of generations is exceeded. If the process does not satisfy 
the stop condition, the next step is to repeat the first step 
of the loop to continue the process until it satisfies the goal 
(Figure 3). 

 
Figure 3: Evolution algorithm selection process (Yi, 

2019). 

Application to Design Process 
Test Model Setup 

 
Figure 4: Schematic Test Building Dimensions. 

This study chose a simple building geometry to focus 
more on the solar shade design optimization. The 
dimension of this building is 9 x 7 x 3.8 (L x W x H, m) 
with a 2 by 5 (m) southern facing window. Figure 4 shows 
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the tested building geometry.  The window is illustrated 
with a grey colour. 
Solar Shade PBL Model Setup   
As the test building geometry was set, a solar shade was 
built with the AGCS. The first step was to develop a PBL 
model based on the variables to create a solar shade 
geometry. As shown in Figure 5.1, solar shade slats could 
be arrayed in a horizontal or vertical way based on the 
user’s choice. The second variable is shown in Figure 5.2. 
This is a simple variable where a user wants to place the 
solar shade itself. There are two options: inside and 
outside. 
The next variable of the AGCS is a slat distribution 
strategy. This variable is defined in two ways: exponential 
distribution or even distribution (Figure 5.3).  Thick lines 
of each variable represent where the slats could be 
deployed based on the position value. The fourth variable 
is called the density variable which defines the number of 
slats in the designated size of the window (Figure 5.4). 
The thicker lines represent the number of slats.  
The next two variables are the changing of each slats’ 
width (Figure 5.5) and slats’ angle (Figure 5.6). All those 
variables defined in this paper are selected examples that 
showcase how shades can be designed. The definition of 
geometry variables can be different and can be changed 
based on the project’s location and situations. 

 
Figure 5: Variables and Constraints in a Conceptual 

PBL Model. 
Based on the solar shade geometry variables, a PBL 
model was used to build the AGCS. Grasshopper is used 
to build the AGCS model. This algorithm allows for the 
modification of a solar shade shape based on the given six 
variables above.  

Quantitative Simulation Setup  
The quantitative simulation is accomplished with DIVA 
tool (DIVA, 2019) of Grasshopper which uses Radiance 
as the light simulation engine. The basic parameter of the 
daylighting simulation is location, sky condition, date, 
time, and material property of geometry. The location of 
this test was set for Chicago. The test selected two 
different date and time sets for the simulation. These dates 
are December 21st, and June 21st at noon to make sure 
the illuminance level and DGP were within the desired 
range while the sun is located in the worst case during the 
year. Even though sDA or DA can give an annual 
performance of the daylight condition. The main reason 
for using illuminance level and DGP is the limitation of 
sDA or DA that can make it difficult to find the impact of 
reflected or diffused daylight through the shading system 
and it is a significant factor to find an optimal solution 
from various geometric variables of shading for this 
paper.  The sky condition for the daylight simulation is a 
clear sky with the sun. Table 1 shows the daylight model 
boundary conditions and simulation parameters used for 
the daylight simulation.  

Table 1: Radiance setup. 
Boundary Condition 

Name Set up  

Ceiling 

void plastic 
GenericCeiling_70 

0  
0  

5 0.7 0.7 0.7   0 0 

standard ceiling 
reflectance of 70% 

Wall 

void plastic 
GenericInteriorWall_50 

0 
0 

5 0.5 0.5 0.5 0 0 

standard grey wall 
reflectivity of 50% 

Floor 

void plastic 
GenericFloor_20 

0 
0 

5 0.2 0.2 0.2 0 0 

standard floor 
reflectivity of 20% 

Window 

Void glass 
Glazing_DoublePane_L

owE_Argon_65 
0 
0 

3 0.71 0.71 0.71 

Tau_vis = 0.65 
SHGC= 0.27 

# visual 
transmittance: 65% 

# visual 
transmissivity: 71% 

Solar 
Shade 
Shaft 

void metal SheetMetal 
0 
0 

5 .9 .9 .9 .8 0 

 

Simulation Setup 

Illuminc
e 

-aa .15 -ab 2 -ad 512 -ar 256 -as 128 -dr 2 -ds .2 
-lr 6 -lw .004 -dc .75 -dp 2048 -dt .05 -ms 0.063 

-st .01 

Glare 
-ps 8 -pt .15 -pj .6 -dj 0 -ds .5 -dt .5 -dc .25 -dr 
0 -dp 64 -st .85 -ab 2 -aa .25 -ar 16 -ad 512 -as 

128 -lr 4 -lw .05 -av 0 0 0 
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Expert System Interface  
The expert system in this paper asked for a preference 
look of the test shade.  The shade configuration was 
governed by 6 variables.  The query was composed based 
on six questions to find the user preference regarding 
parameters that decide the shape of the shade. These six 
questions can be divided into two groups. The first group 
is composed of parameters that should be fixed upon the 
decision of the user. The second group is parameters that 
can be changed, such as the shaft’s width, density, and 
angle.  
Figure 6 shows the interface responding to the query. The 
query comes with a 3D view that allows the user to 
explore the façade shape of their choice. This interface is 
built using a grasshopper plugin called Human UI. 

 
Figure 6: The user interface shows the questions and 3D 

view of shades on a user’s choice.  
Once the user selects the preferred look, the expert system 
proceeds to the inference engine to find the target values 
for different responses by following a decision tree used 
in the inference engine. The detail on how to develop the 
decision tree can be found in previous work (Nguyen, 
2014).  In this instance, multiplying all possible selections 
(2X2X2X3X3X3), there can be 216 possible cases for the 
user’s selection. Once the expert system is able to find the 
user’s qualitative preference, its preferred look must be 
converted into numerical values for optimization.  
A new approach is needed to convert 216 cases into an 
identifiable numeric value. In previous work (Nguyen, 
2014), the conventional method of summing each 
variable’s value was used and the result shows limitation 
on identifying sensibility of variables. For that reason, the 
method used in this paper entails assigning each 
parameter a different digit. For instance, as in Figure 7, 
this test has six questions that will have six place holders 
for each variable. Address 1a is assigned to hanging 
direction and 1b is for hanging position. In each address, 
values are assigned to the possible choices, if the hanging 
direction is vertical the value for the address 1a is 9 and if 
it is horizontal the assigned value is 0.  

 For instance, if the user’s choice is 
Vertical/Inside/Evenly/Narrow/Low/+45 then the 
assigned value is 000000, if it is Horizontal/Outside/ 
Exponentially/Wide/High/-45 then the value is 999999, 
and if it is Horizontal/inside/Exponentially/Medium/ 
High/0 then the value is 909595. Based on this logic, all  

Figure 7: Variable assignments. 
216 different cases can be defined by numeric values, 
which were used to define the preferred objective 
functions in the next section. 
Multi-Objective Optimization Function  
Six test cases were conducted by following the workflow 
as shown in Figure 1. The same PBL building model was 
used to find better design options regarding the daylight 
and look preference decided by the user. All test cases 
used the same MOO functions to determine the ideal 
shade design used to optimize illuminance, GDP, and the 
user’s preferred shade look. The objective function for all 
case studies can be written as follows: 
 min

𝑥𝑥∈𝑋𝑋
𝑓𝑓(𝑥𝑥) = [𝑓𝑓1(𝑥𝑥), 𝑓𝑓2(𝑥𝑥), 𝑓𝑓3(𝑥𝑥) ] (1) 

Where,  

 𝒇𝒇𝟏𝟏(𝒙𝒙) = −  �∑ (𝒓𝒓𝑳𝑳𝑳𝑳𝒙𝒙)𝒏𝒏𝒏𝒏
𝒊𝒊=𝟏𝟏

𝒏𝒏
�            (2) 

 𝒇𝒇𝟐𝟐(𝒙𝒙) = ∑ (𝒓𝒓𝑫𝑫𝑫𝑫𝑫𝑫)𝒏𝒏𝒏𝒏
𝒊𝒊=𝟏𝟏

𝒏𝒏
             (3) 

The goal of the case building was to find a solution that 
minimizes all three objectives. The 𝒇𝒇𝟏𝟏(𝒙𝒙) is the average 
illuminance value (Lux) of all measuring grid cells in the 
building. For illuminance, to maintain consistency with 
the other two objectives, the outcome of the simulation 
was multiplied by -1 to convert the function from 
maximization to minimization. 𝒇𝒇𝟐𝟐(𝒙𝒙), which is the 
average DGP value of summer and winter at noon.   
An objective function for the preferred looks of a shade 
(𝒇𝒇𝟑𝟑(𝒙𝒙)) can be defined as below, the objective function 
for this test is considering 6 variables (a, b, c, d, e, and f) 
that sum all variables with a designated multitude (𝟏𝟏𝟏𝟏𝒊𝒊) 
and subtract by the objective value (𝐎𝐎𝐎𝐎𝐎𝐎). Each different 
case has different objective values as discussed in the 
above section.  Objective value is based on the response 
from the user’s preference of the shade appearance. If the 
user’s look preference is Horizontal/inside/Exponentially/ 
Medium/High/0 then the objective value is 909595. The 
minimum of the difference between the objective value 
and the calculated value is closer to the goal. The 
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following table shows the objective value (𝐎𝐎𝐎𝐎𝐎𝐎) that was 
tested in this paper.     
 𝒇𝒇𝟑𝟑(𝒙𝒙) = �𝐎𝐎𝐎𝐎𝐎𝐎 – �𝒂𝒂 × 𝟏𝟏𝟏𝟏𝟓𝟓  +  𝒃𝒃 × 𝟏𝟏𝟏𝟏𝟒𝟒  + 𝒄𝒄 × 𝟏𝟏𝟏𝟏𝟑𝟑 +
 𝒅𝒅 × 𝟏𝟏𝟏𝟏𝟐𝟐 + 𝒆𝒆 × 𝟏𝟏𝟏𝟏 + 𝒇𝒇��   (4) 

Table 2: Shade preference objective value for six test 
case. 

Test case Objective value (𝐎𝐎𝐎𝐎𝐎𝐎) 

H-I-EV-N-L+45 900000 

H-I-EV-W-H-45 900999 

V-O-EV-N-L-0 090005 

V-I-EX-N-L+45 009000 

V-O-EV-M-M-0 090555 

H-O-EV-M-L-0 990505 
H: Horizontal, V: Vertical, I: inside, O: outside, EV: 

Evenly, EX: Exponentially, W: Wide, N: Narrow, H: High, 
L: Low, M: Middle, +45: 45degree up, -45:45 degree down    

Test Results 
Among 216 cases, this paper selects six test cases to show 
the efficacy of the proposed method. The six cases were 
selected that can represent all possible cases. However, 
selecting more cases would reveal more findings.  
Table 3: Comparison between base case and optimized 

solution. 

TEST CASE 
BASE 
CASE DIFFERENCE 

POINT 1 
ILLUMINANCE (LUX) 

CASE 1 H-I-EV-N-
L+45 

284.910 
201.37 

486.284 

CASE 2 H-I-EV-
W-H-45 

44.188 
259.76 

303.946 

CASE 3 V-O-EV-
N-L-0 

481.906 
4.88 

486.788 

CASE 4 V-I-EX-N-
L+45 

305.333 
180.11 

485.443 

CASE 5 V-O-EV-
M-M-0 

333.428 
153.55 

486.983 

CASE 6 H-O-EV-
M-L-0 

469.775 
15.71 

485.486 
DGP 

CASE 1 H-I-EV-
N-L+45 

0.283 
0.006 

0.289 

CASE 2 H-I-EV-
W-H-45 

0.279 
0.009 

0.288 

CASE 3 V-O-EV-
N-L-0 

0.289 
0.000 

0.289 

CASE 4 V-I-EX-
N-L+45 

0.287 
0.002 

0.289 

CASE 5 V-O-EV-
M-M-0 

0.288 
0.001 

0.289 

CASE 6 H-O-EV-
M-L-0 

0.289 
0.000 

0.289 
The selected cases were conducted with the same 
boundary conditions. Appendix 1 shows each test case's 
scattered plot of the columns of one matrix against 
another measurement. As discussed above the goal of the 
optimization was to minimize all three objectives, for that 
reason illuminance value shows in appendix 1 is negative 
to make maximization to minimization. Comparing 
different cases, plots clearly shows which test case 
performs better than other cases. For example, the plots of 
case 2 show a higher range of Look value (1600-1500) 
than other cases (400-500). This could be further 
developed into methods that it can suggest a better 
performance configuration to the user and able to guide 
them to find a better design.    
Table 3 shows the base case where illuminance and DGP 
values were calculated based on the user’s initial chosen 
shade look. The results of this base case were compared 
with one point of Pareto front result. Overall, the solution 
shows an increase of average illuminance from receiving 
daylight and able to keep a similar DGP.   
The preference value (Table 4) shows the magnitude in 
how close it is to the initially selected shape based on the 
objective function f3(x). A value closer to zero means 
more similarities to the initially selected shape. The 
results indicate that test case 2 (H-I-EV-W-H-45), which 
has a wider shade in higher density, is the most different 
from the initially selected shape. Shades like those in test 
case 2 block daylight and reduce the illuminance. So the 
solution shows a different shape than initially choose by 
a user. 

Table 4: Preference look value of test cases. 
TEST 
CASE CONFIGURATION LOOK 

CASE 1 H-I-EV-N-L+45 391.10  

CASE 2 H-I-EV-W-H-45 1,501.70  

CASE 3 V-O-EV-N-L-0 396.50  

CASE 4 V-I-EX-N-L+45 390.80  

CASE 5 V-O-EV-M-M+0 946.40  

CASE 6 H-O-EV-M-L-0 916.20  
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Figure 8 shows three test cases. Each case shows one 
point of Pareto front’s shade looks (1) compared with the 
initial shade look selected by user (Base Case). The test 
case 1 and 3 show a similarity between the base case and 
the result from optimization. The test case 2 show less 
success compared to test cases 1 and 3. The reason can be 
found from the preference objective function(𝒇𝒇𝟑𝟑(𝒙𝒙)), as 
discussed above, the shade the user prefers mostly blocks 
daylight that is different from the other two functions’ 
(𝒇𝒇𝟏𝟏(𝒙𝒙),𝒇𝒇𝟐𝟐(𝒙𝒙)) goal. For that reason, the resulting shape 
shows more difference than the other two cases.  

Discussion  
This paper proposes a design process that can satisfy two 
different types of performance, that is, the qualitative and 
quantitative performances of the building. To satisfy both 
performances, MOO was set to satisfy the user’s visual 
favour but also to effectively filter the sunlight from 
entering the building by adjusting the building shade 
geometry in response to varying outdoor and sky 
conditions. To measure these design objectives, 
Illuminance and DGP were used to measure quantitative 
performance. 
For the user’s visual preference of the shade design, this 
paper proposes utilizing an expert system to evaluate the 
appearance of the shade as a qualitative performance. 
First, the test building design was analyzed, and the 
design principles identified. These design principles were 
programmed to the NURBS system that allowed the 
manipulation and control of the geometry. Based on the 
six design principles, the building shade can be 
configured into 216 cases from an expert system. These 
cases were converted into a value that was used as the 
objective function for the test.    
The proposed methodology then tested the six different 
design cases to see how solutions were similar to the 
user’s initial choice. In terms of two quantitative 
objectives, Illuminance and DGP, the test result shows 
improvement in Illuminance level compared to the base 
case. For DGP, the results show little change in 
comparison to the base case.  Overall, the test shows 
promising results, the Pareto-front solutions show a 
similar shape to the initial choices. Some cases like the 
wider slates with a higher density shade (CASE 2) showed 
less agreeable shapes compared to the other five cases. 
However, the main reason for the significant difference in 
case 2 was the initial shape selected by a user, it was not 
a good choice for allowing daylight in.   
Conclusion 
The paper was able to demonstrate that the proposed 
method can be applied to more practical and complex test 
cases by refining the qualitative measurement method to 
improve its accuracy. The limitation of the previous paper 
was that the objective function for the qualitative measure 
requires several equations for each case, however, by 
proposing a new method, the qualitative objective 
function can be written in one equation. This allows the 
method to be utilized with more complex and practical 
variables that can be used to calculate both qualitative and 

quantitative performances which can then be applied at 
the early stages of the practical building design process 
with support from MOO.   
It is also important to note the scope and several 
limitations of this work that offers opportunities for future 
research:  
• This study utilizes an expert system for testing the 
quantitative aspect of performance. However, the result 
shows limitations in the expert systems that could be 
improved further with algorithms like unsupervised 
learning, such as k-mean clustering. 
• The test case was difficult to clearly show improvement 
from the base case. Therefore, it is suggested to test with 
a more significant test case or actual building to 
understand the proposed method’s limitations and 
possibility.  
• This work focused on daylight conditions. Other 
environmental factors should be included in future 
research, such as natural ventilation, thermal comfort, and 
building energy use. 
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Figure 8: Three test cases of a Pareto optimal front with a selected solution appearance 
 
Appendix 1: Six Test Case Results in 2d
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Abstract 
Daylight is valued as an energy efficient alternative to 
electric light and over the past few decades, climate-based 
horizontal illuminance metrics have demonstrated the 
importance of variable sky conditions on annual 
predictions. These metrics allow us to evaluate a building 
as an ensemble of spaces that can achieve a pre-set 
performance target. In addition to daylight’s ability to 
offset electric lighting, it can also impact psychological 
and physiological responses in building occupants, such 
as discomfort from glare, alertness, mood or sleep quality 
through non-visual effects, and emotion from perceived 
contrast and composition, all of which depend on a 
specific field-of-view. Occupant-centric or ‘view-based’ 
models pertaining to daylight indoors can provide 
complementary point-in-time or aggregated predictions of 
an occupant’s response over time, but are difficult to 
compare to horizontal illuminance or ‘task-based’ metrics 
in a simulation environment, because the sensor position, 
view direction, and time granularity vary greatly between 
each approach.  This paper uses a simulated office floor 
plate with varied seating and wall configurations to 
propose a method of scoring task-based and view-based 
metrics, allowing for a relative comparison.  The results 
of this comparison reveal a disconnect in performance 
narratives between each approach, supporting the need for 
further work to develop an integrated approach for 
comparing building and occupant-scale performance 
considerations. 

Introduction 
Over the last several decades, daylight has been valued as 
an energy efficient alternative to electric light.  Architects 
are taught to integrate daylight while avoiding the risk of 
visual discomfort and overheating by integrating 
appropriate shading and control strategies. This valuation 
of daylight has positioned the building as an object that 
can perform, using illuminance thresholds and energy 
consumption as quantities to optimize and human 
discomfort as a risk to mitigate.  The emergence of 
climate-based daylight metrics and their integration into 
standards aimed at improving the integration of daylight 
in buildings has encouraged both architects and 

consultants to acknowledge the impact of climate 
dynamics on daylight performance predictions.  Metrics 
like Useful Daylight Illuminance (UDI), Daylight 
Autonomy (DA) or, more recently, Spatial Daylight 
Autonomy (sDA) and Annual Sunlight Exposure (ASE), 
have emerged with increased consensus from academic 
and industry partners, and the latter are currently being 
adopted into standards like IES LM-83 (IES, 2014).  
Despite this slow and steady shift from static illuminance 
metrics toward more dynamic and realistic simulation 
protocols using climate-based metrics, horizontal task 
illumination is only one part of a rather complex web of 
human needs associated with daylight and does not 
evaluate a handful of other very important factors that 
concern human physiology, behavior, and perception 
(Galasiu & Veitch, 2006).  Our understanding of these 
impacts has shifted in large part due to emerging research 
in photobiology and neuroscience, but our ability to 
evaluate these impacts in the building design process 
alongside existing considerations is still quite limited. 
There are a number of reasons for these limitations, some 
practical and others reinforced through the existing 
analytical methods we have come to rely on.   
Task-based metrics 
Early daylight performance metrics, such as Daylight 
Factor (DF) (Moon & Spencer, 1942), emerged as a 
response to property right disputes, where the right to 
light in rapidly densifying cities demanded a means to 
measure the relative access of diffuse sky light indoors. 
In the pursuit of energy-efficient daylight integration over 
the past few decades, climate-based metrics like DA, 
UDI, sDA, and ASE emerged in response to the notion 
that sun, climate, and occupant dynamics made simplified 
metrics such as DF or point-in-time illuminance 
unreliable predictors of actual daylight penetration 
(Mardaljevic & Heschong, 2009).   
Whether static or climate-based, these task-based metrics 
all use a similar approach to evaluating a space or a 
building: a grid of task-level illuminance sensors is 
generated across a floor area and performance is achieved 
if a desired percentage or a mean value of that occupied 
area meets a defined instantaneous or annual target.  This 
mode of valuation positions the floor area as a territory 
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and the building envelope as a boundary that allows that 
territory to perform.  
View-based metrics 
View-based metrics are evaluated using sensors 
positioned at the eye-level to capture the occupant 
experience in space. Daylight Glare Probability (DGP) is 
broadly accepted in the daylight community as a robust 
method for predicting glare risk from daylight. DGP is 
commonly calculated for individual seating positions, 
assuming either a fixed view-direction (Weinold, 2011) or 
an adaptive zone (Jakubiec & Reinhart, 2011). Visual 
comfort metrics (DGP and others that preceded it) were 
transformative in the sense that they evaluated the 
performance of an occupant response instead of the task-
based capacity of a space. While illuminance metrics are 
based on thresholds that are deemed adequate for task 
activities to be comfortably achieved and are thus 
inherently ‘occupant-centric,’ the propagation of those 
values to a grid of points across an occupied floor area 
removes the specific occupant as the performance target 
and replaces it with a territory of space where possible 
visual tasks could be adequately performed. 
Over the past decade, research on the non-visual effects 
of light has brought more attention to the importance of 
light exposure in people’s well-being. The consequences 
of not achieving adequate light exposure have been linked 
to a broad range of health-related conditions as well as 
alertness and sleep quality. Knowledge about the non-
image-forming effects of light have for instance been 
integrated into the Circadian Stimulus (CS) metric, which 
weights the spectral sensitivity of irradiance at the cornea 
and rates that spectral effectiveness using a threshold 
from an activating level (CS=0.1) to a saturation level 
(CS=0.7) (Rea & Figueiro, 2016). CS opened the door for 
applied measures in the area of non-visual health, but it 
was developed from the acute melatonin suppression 
levels following a one hour light exposure. In addition to 
the limitation that melatonin naturally peaks during the 
night, the CS metric does not integrate exposure levels 
over time nor does it account for prior light history, which 
are critical factors when predicting the physiological 
effect of (day)light over time. Timing of light exposure 
affects our system in a complex and cumulative way, 
where fluctuations over the day due to solar geometry, sky 
condition, and time of year are likely to induce non-linear 
responses (Ámundadóttir, 2016). 
The non-visual Direct Response (nvRD) model goes 
beyond instantaneous exposure and predicts daily light 
dose based on cumulative vertical illuminance accounting 
for the ipRGC spectral effectiveness (Ámundadóttir, 
2016). The daily nvRD light dose predicts the potential of 
accumulated light exposure to impact the feelings of 

vitality and alertness accounting for both spectral and 
temporal changes in light exposure. Results are rated 
using thresholds that correspond to the number of ‘vital’ 
hours in a day, where the recommended daily dose is 
achieved after 8.4 hours of effective light exposure 
(Amundadottir et al., 2017). 
The emotional impacts of daylight have also been 
integrated into new prediction models such as modified 
Spatial Contrast (mSC), which proposes thresholds for 
determining the impact of daylight composition on ratings 
of calm or excitement  (Rockcastle et al., 2017). This 
model was developed from experimental data on 
subjective ratings of rendered daylit scenes. While 
emotion is composed of multiple dimensions and mSC 
only accounts for ratings of calming to exciting, it opens 
the door for other algorithms that can relate daylight 
distribution to other emotional responses in architecture. 

Simulation-based daylighting approaches 
There are a number of software tools used to compute 
task-based metrics like sDA and ASE as well as glare-
based metrics like DGP. DIVA-for-Rhino, LightStanza 
and Sefaira have risen in popularity over the last several 
years due in large part to their development of intuitive 
graphic user interfaces. LightStanza gives users the ability 
to run cloud-based simulations and compare the 
performance of design alternatives through a score card 
approach. These tools integrate task-based metrics 
alongside DGP, but they do not integrate computational 
models for occupant-centric performance in novel-areas 
like non-visual health and visual perception. 
Simulation-based tools that integrate CS and melanopic 
lux have emerged in recent years to calculate the 
instantaneous non-visual effects of light (Konis, 2016) 
(Solemma, 2018) where Leslie (2011) was the first to 
introduce CS as a part of integrated daylighting approach. 
To analyze the cumulative and dynamic effects of light on 
an occupant’s field-of-view, the nvRD metric was 
recently integrated into a workflow alongside DGP and 
mSC to offer an occupant-centric approach to daylight 
performance, where eye-level predictions were computed 
for a range of view directions from a fixed view position 
over time (Amundadottir, Rockcastle, Sarey Khanie, & 
Andersen, 2017). Building on this work, Rockcastle et al, 
2017b offered a multi-position approach which 
accelerated the workflow from an individual occupant to 
a building-scale analysis, allowing daylight performance 
to be computed across multiple skies, time steps, view 
position and view directions. Furthermore, Rockcastle et 
al. 2018 introduced a web-based visualizer called 
OCUVIS that allows for the interactive exploration of 
data, including the performance of illuminance metrics 
like DA, ASE, and DF, using floor and program tags to 
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query and aggregate results. While this approach allows 
the user direct interaction with a broad array of 
performance metrics, annual dynamics, and spatial view 
positions, there is no clear method to compare the relative 
performance of view-based metrics like nvRD, DGP, and 
mSC to task-based metrics like DF, UDI, DA or ASE.  
Task-based metrics were designed to assess an array of 
sensor points across an occupied floor area and determine 
a percentage of those sensors that achieve a given target. 
View-based metrics were designed to assess a single and 
defined view position and have been applied to an array 
of view positions and directions without a set of rules or 
recommendation for how many or how far apart these 
positions should be within an occupied floor area. When 
they are applied, task-based metrics compute performance 
across a densely-spaced sensor grid, and view-based 
metrics compute the performance of aggregated occupant 
view positions. The time granularity (instantaneous or 
daily vs. annual), sky (clear vs. overcast vs. stochastic), 
and sensor placement (eye-level immersive vs. horizontal 
grid) vary between task-based and view-based methods, 
making them difficult to compare. 

Simulation framework 
To compare the daylight performance of task-based and 
view-based metrics, simulations were run for a series of 
small office layouts and orientations using a new 
aggregate scoring method. Based on this method, view-
based performance scores (which account for nvRD, 
mSC, and DGP) are compared to  task-based scores (DA 
and ASE) in order to discuss the impact of layout, 
orientation, and seating position on occupant 
performance. 
This study considers a generic side-lit office with 3 layout 
types: ‘private’, team’ and ‘open’ (Figure 1). The offices 
are located in Portland, OR (45.5 N, 122.6 W). All three 
types include both North and South facing offices and a 
range of seating configurations that face both East and 
West., resulting in 7 unique layout conditions: 

• The ‘open’ layout is a single 84 m2 open office with
10-20 people per office.

• The ‘team’ layout is a 38m2 space with 4-8 people per
office (North and South facing).

• The ‘private’ layout consists of 4 partitioned office
spaces of 18 m2 each with single or double occupancy.

Figure 1a)-c) shows a selection of these occupancies for 
each layout; private, team, and open. 
Sensor nodes for task-based metrics were simulated at 
desk height (28 inches from the floor) with an 18 inch 
spacing between nodes and 12 inch-offset from adjacent 
walls (Figure 1a-c). 
As furniture and seating arrangement impacts direct and 
reflected photometric quantities used to compute metrics 

like mSC, DGP, and nvRD, simulated view positions 
should ideally be positioned where an occupant is likely 
to sit or stand for long periods of time, and models should 
include furniture and other visually intrusive objects. 
View positions for occupant-centric metrics were set at 
seated eye-level (42 inches from floor) and were 
simulated facing either due East or due West with ±45° 
and ±90° rotational freedom (i.e. 5 view directions per 
occupant) as seen in Figure 1d). The simulated seating 
locations for each occupant are shown in Figure 1a)-c). 

Figure 1: Space configurations: a) private, b) team, and 
c) open., with d) Showing the 5 view dir. for each 

position facing E or W with ±45° and ±90° rotation.

To compute horizontal task-based metrics (DF, 
DA, ASE), DIVA-for-Rhino was used to run 
RADIANCE and DAYSIM.  Climate-based metrics 
were simulated using the Perez sky model (gendaylit). 
RADIANCE materials were then set to default reflectance or
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transmittance values for floor (0.40), walls (0.70), 
ceiling (0.80), mullions (0.50), glazing (0.70), furniture 
(0.50), and computer (0.70 for casing, 0.20 for glass 
in off mode). The spaces were simulated without 
external blinds. 
As 3-phase or 5-phase annual simulations would be very 
computationally expensive for view-based metrics, the 
authors propose to use the “Lightsolve” approach instead.  
This method subdivides the year into 56 annual moments 
(7 monthly and 8 daily) and categorizes the sky into four 
profiles:  clear, clear turbid, intermediate, and overcast 
(Kleindienst et al, 2008 and Kleindienst & Andersen, 
2012).  Climate-based results for mSC, DGP, and nvRD 
use a weighted combination of those four sky profiles 
based on the frequency of each sky condition in the 
weather file.  Using the Perez sky model to simulate the 
relevant sky conditions, this approximate ‘climate-based’ 
method of aggregating view-based values into a single 
annual value is a first attempt at generating a synthetic 
measure that can be compared to compact climate-based 
metrics like DA and ASE. 
All the renderings used as inputs for view-based metrics 
(mSC, DGP, and nvRD) were generated using 
RADIANCE. The workflow used in this paper builds on 
the method proposed in Rockcastle et al., 2017 but 
evolves from CIE clear and overcast sky models to a 
climate-based approach using the Perez sky model. 
The authors acknowledge that further development is still 
needed to refine this approach and the results presented 
are meant to serve as a proof-of-concept that can motivate 
future work. 

Scoring and ranking method 
To produce an aggregate score for task-based and view-
based performance metrics, we developed a scoring 
method to rank the different office configurations 
simulated for this paper.  This allows us to compare task 
and view-based analyses in relative terms.   

Multi-criteria scoring method 
Multi-criteria scoring is not a novel approach in building 
performance evaluation.  WELL v2 operates on a point-
based system, with a total of 110 points available to each 
project (https://v2.wellcertified.com/v/en/overview). All 
optimizations have maximum point-values, with the 
point-value of each feature determined by its potential for 
impact. This is defined as the extent to which a feature 
addresses a specific health and wellness concern or 
opportunity for health promotion, and the potential impact 
of effective intervention. 
All parts in optimizations hold a point-value equal to or 
less than the optimization maximum. Projects may pursue 
parts under the optimization to accrue points up to the 

maximum point-value established for the optimization. 
WELL v2 offers 3 points each for circadian lighting, glare 
control, and enhanced daylight and while this equal 
weighting is not based in rigorous field-testing, the 
composite score offers a holistic multi-criteria approach. 
The scoring approach in this paper uses target levels based 
on recommended thresholds from IES LM-83. For each 
metric, the authors defined a threshold value across daylit 
hours and under climate-based sky conditions in order to 
calculate a composite score. 
The task-based score was calculated using DA and ASE. 
DA was evaluated using target work plane illuminance of 
300lx, 500lx, and 700lx; since the space is used as an 
office space. A score of 2 is assigned if 75% of space 
exceeds a given illuminance threshold (300 lx, 500 lx, 700 
lx) for at least 50% of occupancy hours.  Only a score of
1 is assigned if the threshold exceeds 55% of the space.
This approach gives a total maximum score of 6, with a
higher score indicating a brighter space. To account for
the potential of overlit area due to direct solar exposure,
the percentage of space with ASE (1000 lx, +250 hours)
above 10% of the floor area was used to apply a negative
score of 2.
To score the view-based results, a percentage of view 
directions was used instead of floor area as a relative 
analogy. The DGP and mSC values for each instance were 
rated using the thresholds (0.40 for DGP and 7 for mSC) 
and then counted as the percent of sensors that either 
satisfy this threshold or not. The same was done for nvRD 
except on a daily basis and was then made into a weighted 
sum according to sky type occurrence for climate-based 
comparison.  This allows us to offer an occupant-centric 
evaluation for annual climate-based performance. 
To determine targets for this percentage, the IES LM-83 
standard as well as the annual DGP approach (Weinold, 
2011) were used as references. A score of 2 was assigned 
if 75% or more view directions surpassed a given 
threshold and a score of 1 was assigned for 55% of view 
directions. To account for the risk of glare, at most 5% of 
view directions should exceed the glare-risk threshold to 
get a performance score, in that case a score of 2 was 
subtracted from the total score. Each metric (nvRD, mSC, 
DGP) contributes a maximum of 2 to the total score. Thus 
the maximum score is 6 and offers a possible 
implementation of occupant-centric annual performance 
that can be compared to task-based illuminance metrics. 
The authors acknowledge that the selected thresholds of 
55% and 75% (of all simulated view directions) may be 
considered arbitrary and while they are based on values 
implemented in IES LM-83’s application of sDA (percent 
of usable floor area reaching a target daylight 
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performance), further research would be needed to 
determine if they are appropriate for view-based metrics. 
These thresholds should therefore be considered as proof-
of-concept and are only useful in their capacity to 
compare performance between methods in relative terms.  
Ranking as a visual representation 
To compare the rate of change and rank-order of different 
space configurations using the developed scoring method 
we have chosen a rank diagram. Each set of results are 
ordered according to the computed score and then 
compared by connecting each group’s values on one type 
of results to their values on the second type of results. 
What this visualization aims to reveal is whether each 
group of office configurations increases, decreases, or 
remains similar between human-centric and horizontal 
illuminance results. 

Results 
Results have been organized into two sections: climate-
based summary and impact of view directions. All results 
were run without shading systems to allow for a direct 
comparison between task-based and view-based metrics 
as there currently is no control algorithm designed to 
trigger an adaptive shading system for emotion metrics 
(nor for non-visual effects, although their cumulative 
nature would probably make them a trigger for shade re-
opening). 

Climate-based results 
Figure 2 shows tables including the percentage of view 
directions and floor area for occupant-centric and 
horizontal illuminance results, respectively, under 
climate-based conditions. The results are listed for each 
office configuration and selected performance metrics. As 
the authors were interested in the comparison of view-
based performance between a single view direction and a 
180-degree array of view directions, we included separate
view-based scores for 5 view-directions (upper section of
table in Figure 2A) and 1 view-direction (lower section of
table in Figure 2A). The table for horizontal illuminance
in Figure 2B) contains fewer lines for the ‘Private’ office
than in Figure 2A) as the results for task-based metrics are
not influenced by whether the occupants face towards
East or West.
The target thresholds used in this paper are explained 
below the tables in Figure 2 (for more details see previous 
section ‘Scoring and ranking method’). The cells in the 
results tables are highlighted to indicate if a target level 
was reached or not. Light grey cells indicate that a value 
of 1 is contributed to the total score, while dark grey cells 
give a score of 2. Unshaded values indicate that a 
threshold was NOT achieved and is therefore under target.

Figure 2: Climate-based summary of the multi-criteria scoring method to allow for the comparison of performance 
between A) occupant-centric results (view-based metrics) and B) horizontal illuminance results (task-based metrics). 

Results for daylight factor are also shown, but are not integrated into the task-based score. 
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To indicate “bad” performance or a negative contribution 
to the total score, the cells are colored black. The total 
score is summed in the rightmost column of each table 
and used to rank the results plotted in Figures 3 and 4. 
Figures 3 and 4 show the task-based and view-based 
scores for each simulated office type and orientation, 
based on “iterations” of metric types and based on 
different sky types. The produced diagrams very quickly 
indicate that it would be difficult to build a 
straightforward narrative about performance, as task- and 
view-based scores do vary, and sometimes greatly, for 
each space and orientation, while 3 out of 7 office achieve 
a view-based score > 3 based on 5 view directions, only 2 
out of 7 achieved a view-based score > 3 based on a single 
view direction. 
As is often the case in building performance simulation 
for dynamic factors like daylight, it is always difficult to 
know which metrics to prioritize and what methods 
deliver the most robust and holistic valuation, but 
acknowledging this complexity is already an important 
step towards a more holistic approach to daylight 
performance. 
Analyzing Figure 3, we can see that the ‘Team S’ office 
performs well in the task-based score, but poorly for 
view-based scores, with performance dropping from 2 
when we consider five view-directions, to only 1 when we 

consider a single view-direction. Alternatively, the 
‘Private NE’ offices achieve a moderate task-based score 
of 3 and strong view-based scores of 5. 
Figure 4 shows a further break-down of view-based 
results for each office and orientation under clear, clear 
turbid, intermediate, and overcast skies, as well as the 
synthesized results for a statistical climate-based sky.  
Results in this figure are shown for both a single view 
position as well as for a percentage of 5 view-directions. 
The results indicate that both sky and number of view-
directions have a measurable impact on view-based 
performance scores. More work is needed to determine 
the implications of our climate-driven view-based score, 
as we do not know how comfort, emotion, and/or health 
are actually impacted under long-term exposure to a 
specific sky condition or series of sky conditions. 
A climate-based prediction can be very useful for task-
based methods where performance may indicate an 
impact on energy consumption and when hourly and daily 
extremes may cancel one another out. On the other hand, 
extremes driven by sky condition may greatly impact 
occupant-centric responses, where glare and emotion are 
directly linked to contrast and sky type.  For this reason, 
the authors are wary of presenting a climate-based 
prediction without also considering the clear and overcast 
conditions for these metrics.

Figure 3: Diagram showing ranking of offices using a composite performance scores for horizontal illuminance 
metrics on the left and occupant-centric metrics on the right. The size of each category is scaled with the number of 

occupants in each space: open (10 people), team (4 people per office), and private (2 people per office). 
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Figure 4: Diagrams showing the ranking of offices using a composite performance score for occupant-centric metrics. 

Impact of view direction 
While both task-based and view-based scores account for 
excessive daylight through either DGP or ASE metrics, 
task-based metrics do not account for where occupants are 
seating within a room and can therefore under or 
overestimate the risk for glare.  Seating position and view 
orientation also have an impact on health (nvRD) and 
emotion (mSC), as distance from the window and daylight 
composition in the field-of-view will result in variable 
performance outcomes between occupants.   At the same 
time, any evaluation of a building through a view-based 
score would be subject to seating arrangement. 
As seen in Figure 3 and 4, the number of view directions 
analyzed per occupant can impact  results. Figure 4 shows 
the view-based score using a single view direction 
compared to a more rotational freedom (5 view 

directions) for the simulated sky types. The difference can 
mainly be explained by mSC and DGP, which both 
depend on the lighting distribution in the space. Note that 
the light comes from the side, i.e. no occupant faces the 
window.   
In general, 1 view direction achieves higher scores, as 
results are not calculated from 5 view directions (with 
some looking away from the window). Figure 5 refines 
this analysis by showing the impact of office and view 
orientation on individual view-based metrics for the open, 
team, and private office types. In these results, office type 
(Open, Team and Private), room orientation (North, South 
or Center), and view direction (East or West) impact the 
percentage frequency of view directions that achieve a 
performance threshold for each view-based metric. 

Figure 5: Percentage frequency of view directions achieving occupant-centric performance using climate-based 
weighting by seat locations for A) 5 view directions, and B) 1 view direction. The box plots show the distribution 
between different performance criteria grouped by office layout for C) 5 view directions and D) 1 view direction.
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The South-facing offices have a higher frequency of view 
directions above the frequency threshold for nvRD >= 8.4 
(both E and W view directions and all types). In contrast, 
the NW-facing private office achieves the worst 
performance for this metric. 
East and West view directions have less of an effect on 
mSC values, which are more impacted by office size, with 
the private offices resulting in a higher frequency of view 
directions under the desired threshold. This may be due to 
the reduced percentage of views exposed to the façade, 
resulting in more diffuse light deeper into the space. 

Conclusion 
This paper reveals divergent daylight performance 
narratives between task-based and view-based metrics, 
opening a dialog about how view-based metrics may be 
considered alongside task-based metrics for a more 
holistic evaluation. The analysis presented in this paper 
shows that occupant-centric performance is impacted not 
only by office layout and orientation, but also by seating 
location and view direction, which can worsen an 
occupant’s risk for glare or increase their non-visual 
exposure to healthy daylight during key times. While a 
single office layout and orientation could produce several 
different view-based scores depending on seating 
location, task-based scores rely on space rather than 
occupancy to determine performance. This opens up an 
important conversation about how we should be 
evaluating daylight performance for human factors at the 
building scale. If seating positions can produce vastly 
different performance outcomes in terms of comfort, 
health, and emotion, then perhaps a more occupant-
centric approach could help us design better indoor 
environments for human well-being.    
In addition to the larger questions brought about by this 
analysis, this paper also reveals the need for new 
algorithms that can drive dynamic shading systems based 
on view-based factors.   While some studies have used 
DGP as a trigger for dynamic shading systems (Correa, da 
Silva, & Andersen, 2012) there are no controllers 
currently on the market that can control exterior shading 
devices based on occupant and view-specific comfort 
models. It is therefore not currently possible to compare 
the results of metrics like sDA as defined by the LM-83 
standard (which requires shading) to the view-based 
metrics presented here.  The authors would be intrigued 
to see a view-based controller that could control exterior 
shading systems based on models for comfort, health, or 
emotion. 
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Abstract 

Access to acceptable levels of daylight are important for 
people’s quality of life.  Multi-unit residential buildings 
(MURBs) are known to perform poorly in terms of 
daylight compared to other residential building types. 
There are neither appropriate agreed upon metrics, nor 
effective methods for designing for daylight in MURBs. 
This paper presents results of a speculative design study 
that utilizes generative design to explore alternative 
geometries for the MURB tower typology. The 
experiment combines a genetic algorithm for spatial 
variation with climate-based daylight modeling (CBDM) 
to test the new forms against variations of the point tower 
MURB floorplan are commonly used. This paper 
identifies the poor performance of typical MURBs for 
daylight, and proposed new techniques for form 
generation. A new workflow has been developed and 
tested and a number of challenging issues have been 
identified. 
Introduction 

As the trend toward urban intensification continues in 
Canadian cities and around the world, a large number of 
existing and new housing are multi-unit residential 
buildings (MURBs) According to Canadian Census data, 
one third of new housing are MURBs and 1.9 million 
households live in this kind of housing (2016 Census). It 
is imperative that quality of life and inhabitant wellbeing 
be prioritized in this building type, as the compact 
footprint and repeated floorplate typical of MURBs pose 
challenges to attaining satisfactory levels of daylight and 
ventilation. MURB unit aspect ratios of 1:2 are not 
uncommon in current practice, which leads to suites that 
are deep with unacceptable levels of daylight (Peters and 
Kesik 2018).  Numerous studies show daylight has a great 
impact on people’s health and wellbeing (Veitch and 

Galasiu 2012) and daylight is central to architectural 
quality and desirability.  Further studies are needed into 
performance based design exploration of formal and 
geometric options that maximize daylight. Many 
considerations drive MURBs design, but these are 
suspended in this study to isolate daylight as a design 
parameter.  
MURBs design are not optimized for daylight, either in 
the building form or in the arrangement of individual 
units.  MURB design tends to prioritize efficiency of 
repeating floorplates and developers seek financial gains 

for maximizing number of units and ease of construction.  
MURB research tends to focus on quantitative building 
performance aspects such as energy efficiency, 
ventilation and to a lesser extent daylight (Kesik and 
O’Brien 2017). This study is part of a larger ongoing 
study into daylight metrics, tools and design workflows in 
MURBs, and this sub-study offers a more speculative 
consideration of how generative design can facilitate 
daylight can be a design driver for new geometries and 
building forms in MURBs. This paper uses generative 
design to develop new geometries that privilege daylight, 
and climate-based daylight modeling (CBDM) to test the 
new forms against variations of the point tower MURB 
floorplan are commonly used. The aim is to propose and 
test new ways of working to compare options of MURB, 
and new design options for better daylighting (Figure 1). 
While daylighting was the primary consideration in the 
research underlying this paper, future studies will take a 
more robust generative design approach to consider 
additional factors to housing quality such as visual 
privacy, amenity such as terraces, green roofs and other 
considerations. 
Generative design tools offer designers exciting 
possibilities in performance based design. There are few 
MURBs experiments event though new workflows are 
urgently needed to offer better quality of life.  Some 
recent MURB examples were examined as inspiration for 
this paper, especially those with highly articulated facades 
that are designed for daylight.  For example, 56 Leonard 
Street by Herzog and de Meuron is an irregular residential 
tower design in New York with a non-repeating floorplan 
and highly articulated and expressive façade.  It serves as 
a formal inspiration to this research project offering an 
alternative tower aesthetic, although it is unclear if the 
façade design is performance driven. According to the 
architects, it was designed using formal strategies of 
staggering, setback and pixilation and it has been an 
architectural and commercial success (Herzog and de 
Meuron website). MVRDV’s three story ‘Valley’ project 

in the Netherlands was a relevant precedent for this 
research in terms of design workflow and computational 
design.  Designers at MVRDV were able to articulate and 
parametricize the project’s design objectives and use a 

genetic algorithm to generate options in terms of daylight, 
views, structural design and code compliance 
(Christodoulou et al 2018).  While the MVRDV project 
used multi-parameter optimization, this paper focuses on 
daylight.    
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Figure 1: Generative Design Workflow 

Methods  

This research uses two methods of performance-based 
design evaluation, first a genetic algorithm (Rutten 2013) 
and then climate based daylight modeling (CBDM) using 
DIVA-for-Rhino (Solemma 2016). Computational design 
was used and in particular a Genetic algorithm (GA) was 
developed because the design issues of form and daylight 
are complex, with potentially competing variables. The 
goal was to find solution “sets” of optimal design options 

rather that a singular solution.  This allowed the setting of 
specific performance targets, and enabled the options to 
be optimized for very specific targets. 

 
Figure 2: Isometric view of Point Tower ‘base case’ 

geometry and CBDM analysis of typical floor. Shown 

are the percentage of occupied hours that these nodes 

receive the target illuminance of 100 lux. 

Genetic Algorithm 

The initial design approach was to break up the building’s 

floor-plates into modular ‘tiles’ for analysis and use a 

genetic algorithm to test a variety of combinations of 
these tiles based on daylight performance. With each 
arrangement of tiles, a new set of floor-plates is created 
and the entire building is re-tested for daylighting quality. 
Because the computational load of a full DIVA-for-Rhino 
for every design options was deemed not feasible, a proxy 
for daylighting quality was developed based on 
daylighting rules of thumb (Figure 3). These rules state 
that typically adequate daylight will penetrate 1.5 times 
the height of the window head (Reinhart, 2005). This 
basic rule of thumb does not consider the orientation of 
the building and so the algorithm does not either, the best 
performing options from this set of iterations are then 
tested in DIVA-for-Rhino. 
 

 

 
 
 

 
Figure 3: Daylight Rule of Thumb is typically measured 

as 1.5-2 times the head height of the window. 

The study experimented with: the building footprint size 
and shape, number of storeys, floor-to-floor height and 
depth of the floor/ceiling structure. For this study, new 
options are compared to a ‘base case’, the point tower 

typology which is a typical MURB high-rise with a 27m 
x 27m footprint, that is 26 storeys tall, with 3m external 
floor-to-floor height and .5m of structure between floors 
(figure 2). The relevant geometric parameters became 
inputs into the genetic algorithm, the floor area on each 
floor relate to a 3m x 3m grid. Using Galapagos’s 

Simulated Annealing algorithm, these grid tiles are either 
turned ‘on’ or ‘off’ (Rutten 2013). For each combination, 

all ‘on’ tiles are treated as a new floorplate. To determine 

the ‘fitness’ of each floor-plate a combination three 
factors are combined to provide an overall fitness value.  
In using the parametric tool, the floorplate was arranged 
into zones for analysis.  The 27mx27m floorplate was 
considered in three 9mx9m square zones which were then 
divided into smaller ‘tiles’ of 3mx3m.  The smallest unit 

of measure in the geometry studies was 3m tiles are 
approximately the size of a room. The building cores for 
the stairs, elevators, and unit entry areas are simplified as 
the middle 9mx9m zone of the building.  In this study, the 
cores are considered a low priority for daylight to 
prioritize daylight in the principle rooms of the dwellings.  
A genetic algorithm was used three ways to evaluate the 
performance of the design options.  A light ray factor is 
achieved by arraying each floor-plate with points, and 
from each point rays are cast at an angle of 33.69 degrees 
(which corresponds to the daylight rule of thumb) toward 

Figure 1: Generative Design Workflow. 
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the exterior of the building. The ratio of the rays cast to 
the rays which escape (i.e. those that do not intersect a 
ceiling above) provides a percentage of rays that hit the 
sky. A perfect score would be 1, meaning all tiles have 
light access. However, if this were the only driving factor 
the algorithm would find a solution in which most tiles are 
‘off’, leaving the few remaining tiles with lots of access 

to light but creating a building with almost no occupiable 
space.  The second evaluation metric, the GFA factor is 
indexed to the floor area. This is the ratio of the ground 
floor area (GFA) of the generated floorplates to the 
possible GFA (i.e. if all tiles were ‘on’).  Lastly, as a way 

to encourage the algorithm to seek tile combinations that 
make continuous floor-plates (i.e. not an archipelago of 
floor regions) the region factor acts as a penalty for each 
region beyond the minimum (in this case 26 regions, one 
for each floor). 
Daylight Modeling 

DIVA-for-Rhino was used to evaluate the best versions of 
four studied options generated by the GA.  In order to test 
the best case scenarios, the window to wall ratio was set 
at 100% WWR to test all possible daylight availability, 
the building is positioned on a 45 degree angle facing 
South-East/South-West and internal partition walls are 
not considered. Vancouver was used as the building 
location and surrounding buildings and site context were 
not considered.  This study assumed the buildings is 
occupied 8am-6pm with Daylight Savings Time (DSTI) 
invoked, analyzed in 60 minute increments. This is a 
typical occupancy schedule for daylighting, although 
some studies are challenging these assumptions in 
residential applications (Dogan and Park 2017). For the 
analysis grid, the node height and spacing assumptions are 
0.5 m high, the node spacing is 0.5 m apart.  This gives a 
relatively human scale proportion for the unit of measure 
when compared to the dwelling-scale measure used in the 
geometry study. The target illuminance threshold for 
measuring two similar dynamic daylight metrics: spatial 
daylight autonomy (sDA) was tested and the mean spatial 
daylight autonomy was also calculated (Illuminating 
Engineering Society of North America, 2012).   
There are a number of daylighting performance metrics 
(DPM) used to quantity natural light and its availability 
including glare, aesthetics and non-visual effects of 
daylight. These metrics are not developed for use in 
MURB, and normally focus on performance issues facing 
workplace and office buildings (Dogan and Park 2018) 
which are not suitable for MURB.  This study uses Spatial 
Daylight Autonomy (sDA) a commonly used annual 
daylighting metric that is more relevant than other 
options, such as Daylight Factor, for analysis of MURB. 
DA refers how much of the interior area (in this case the 
sensors were set at 0.5 high) receives a target daylight 
illuminance (often set to 300 lux in office settings, in this 
case 100 lux was used) at least 50% of the occupied hours. 
Mean Spatial Daylight Autonomy (Mean sDA) is the 
percentage of annual daytime hours that a floorplate’s 

daylight levels are above a specified illumination level 
(IESNA 2012). Mean DA was found to be more of a 

relevant dynamic daylight metric to compare and interpret 
the performance of the different floorplans. 

Table 1: Surface reflectance and glass transmittance 

used in the DIVA simulations. 

Material Reflectance/ 

Transmittance 

Ceiling 70% 
Floor 20% 

Internal Walls 70% 
Façade Spandrel 

Panel 
35% 

Façade Glazing 65% 

Results 

Four series of design experiments were carried out and 
compared to an analysis of the base case MURB (figure 
1). The point tower base case MURB has low levels of 
spatial daylight autonomy (DA100lux [50%]=2%) and 
low mean spatial daylight autonomy (15%) on all floors.  
Point Tower- Articulated Floorplates 

Option A1 generated options that added articulation to the 
floorplates by creating unique floorplates that removes 
tiles that do not receive daylight, and relates to 
surrounding floors.  When a floor tile is generated, a 
ceiling tile is added so each floor remains only one storey 
tall. The ceiling tiles block daylight rays so options are 
generated that optimize for the best performance for the 
overall building form. In some cases, the floorplates have 
large balconies, and often there are internal courtyards.   
The highest performing floor is the top level, floor 26. The 
spatial daylight autonomy is 9% (compared to base case 
of 2%) and the mean spatial daylight autonomy is 28%, 
(base case is 15%).  This floorplan arrangement of offers 
a number of unusual spatial relationships for MURB. 
There are large (3m x 3m minimum) outdoor balconies 
with views down multiple levels into the building next to 
the core, bringing daylight into the core and heightening 
the sense of being at the top of the building.  As with 76 
Leonard Street, parts of the floorplan and in some cases 
the units could be geometrically distinct from one other, 
there could be a sense of being in a separate house, with 
different visual and acoustic relationships from the 
neighbours.  
Floor 9 is also one of the highest performing floorplates 
(Figure 4). The algorithm generated this arrangement to 
allow light to come in from the sides, adding articulation 
to the floorplate and the overall building form. The 
arrangement of spaces is highly unusual for MURB, with 
spatial complexity despite the unit being arranged over 
one level. There are balconies with views to the sky as the 
next floor is five stories above, and internal courtyards 
where there can be indoor-outdoor views into the rooms. 
The daylight is improved and there would be cross 
ventilation, large outdoor areas and increased views to the 
sky inside the principle rooms.  The spatial daylight 
autonomy is 8% (compared to base case of 2%) and the 
mean spatial daylight autonomy is 27%, (base case is 
15%). 
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Figure 4: Option A1 Series. The four best optimized 

versions of this series. 

 

Figure 5: Detail of the building geometry of Option A1-1 

highlighting Floor 9, and the CBDM unit analysis of 

Floor 16 using DIVA-for-Rhino. The analysis shows 

percentage of occupied hours that these nodes receive 

the target illuminance of 100 lux. 

In terms of spatial daylight autonomy six of the 
floorplates equal the spatial daylight autonomy target of 
2% as in the base case, six perform less well in terms of 
DA but better in mean DA, and fourteen exceed the base 
case with the highest being 9%. Reflecting on results of 
Option A1 and the testing of version 1, the limitation of 
keeping each unit a single floor height was determined to 
be restrictive, and Option A2 explores the potentials of 
generating double height spaces.   

Table 2: Option A1 Version 1 DIVA results 

 

Point Tower- Double Height Spaces 

Option A2 improves upon Option A1 by improving 
daylight by generating double height spaces. The top four 
versions of a number of generate versions in this Option 
study are shown in image X.  The algorithm generated 
options based on rules that dictated that when a floor tile 
does not have a corresponding tile above, a double-height 
space is created and a ceiling tile is added two floors 
above. Option A2 produced a wider range of performance 
than A1.  In terms of spatial daylight autonomy, two of 
the floorplates equal the spatial daylight autonomy target 
of 2% as in the base case, eleven perform less well in 
terms of DA but better in mean DA, and thirteen exceed 
the base case with the highest at 16%.  

 
Figure 6: Option A2 Series. The four best optimized 

versions. 

 
Figure 7: Detail of the building geometry of Option A2-1 

highlighting Floor 3, and the CBDM unit analysis of 

Floor 9 using DIVA-for-Rhino. The analysis shows 

percentage of occupied hours that these nodes receive 

the target illuminance of 100 lux. 

Some of the results are impacted by the different floor 
areas generated per floor and the corresponding daylight 
performance. For example, floor 3 is the highest 
performing at 16% DA. This floorplate is small as it is 
generated by accommodating many double height spaces 
on the first floor. The entire floorplate of Level 3 is only 
198m2 (2131 sqft) including the core zone, so there will 
be fewer units. These units would arguably be very high 
quality and higher value, as their views into neighbouring 
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suites on the floor would be at the double height part of 
that suite, so there would be increased privacy between 
neighbours. The dwellings on level 3 would enjoy the 
highest level of spatial daylight autonomy, double height 
spaces and terraces with four story high views to the sky. 
Level 3 is also clearly distinguishable as an architectural 
feature on the building’s façade from street level, making 

it unique and potentially more desirable.  
Table 3: Option A2 Version 1 DIVA results. 

 
Reflecting on results of Option A2 and the testing of 
version 1, the double height spaces do as expected bring 
in more daylight and the decision to limit the height to two 
levels seems appropriate. The wide variety of 
performance was unexpected, and many floorplates 
performed better, but many also much worse than 
expected.  This Option could use further refining, and a 
follow up study will add in the parameter of minimum 
floor area per floor in order to create more usable results. 
However, care would need to be taken to test different 
weightings of the floor area parameter because if a 
specific minimum or maximum floor area rule was 
incorporated then it would significantly lower the number 
of generated options. This could potentially weaken the 
overall findings of generating options designed for 
achieving daylit interior spaces, as it could shift the focus 
to floorplates that maximize quantity of interior floor area 
Point Tower- Complexity 

The starting point for the Option B1 series was the 27mx 
27m point tower, but the goal was to create more 
articulated and high-performance floorplate geometries, 
with a repeated single level floorplan. Option-B1 
generates options that are based on the rule that when a 
tile on one floorplate does not have a corresponding tile 
above, a ‘ceiling’ tile is added so each floor is only one 

storey tall. Option B1-1 was the best performing version 
and it has large balconies and internal courtyards. The 
higher floors are slightly better performing than the lower 
levels.  All of the floors perform better than the point 
tower base case examined in Option A1 and A2. The very 
articulated forms look similar to another typical MURB 
typology, the ‘barbell’ shape, or H-shape tower. For 
comparison, a typical H-shape tower was analyzed (see 
figure X). The H-shape tower is a relevant ‘base case’ for 

Options B1 and Options B2. The H-shape base case 
MURB has higher levels of spatial daylight autonomy 
than the point tower base case, (DA100lux [50%]=3% and 

4% on level 26) and higher mean spatial daylight 
autonomy (17% and 19% on level 26). Option B1-1 did 
not perform significantly higher than the H-shape base 
case see Table 4 below.  It is surprising that the B1 
Options did not greatly improve in terms of daylight. 
Given the nature of the GA, it was expected that the GA 
should have found options that were more close to the H-
shape if it is in fact higher performing. There could be a 
number of reasons for this, including limitations in the 
GA fitness functions. 

                         
Figure 8: The geometry and typical unit analysis of the 

commonly used MURB geometry, the H-Shape Building 

using DIVA-for-Rhino. The analysis shows percentage of 

occupied hours that these nodes receive the target 

illuminance of 100 lux. 

    
Figure 9: Option B1 Series. The four best optimized 

versions and a unit analysis of Floor 24 using DIVA-for-

Rhino.  The analysis shows percentage of occupied hours 

that these nodes receive the target illuminance of 100 lux. 

 

Table 4: Option B1 Version 1 DIVA results. 

 
Point Tower- Complexity 

Option-B2 generated sets of two floorplates, and these 
pairs are repeated 13 times.   When a tile on the bottom 
floor-plate does not have a corresponding tile above, a 
double-height space is created and a ceiling tile is added 
two floors above. In the most optimized option, B2-1, the 
double height space has only one double height space, a 
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single tile adjacent to the core. B2-2, B2-3 and B2-4 have 
more double height spaces.  The set of alternating large 
and small floorplates could be imagined as potentially an 
open and daylit garden level and a more enclosed area.  
The ‘floating’ terraces on odd floors are disconnected 

from the floorplate, but these could be connected and be 
useful and unusual outdoor space. In this option, the floor 
plate has the core exposed in areas so it is daylit in areas. 
The forms generated are interesting form a privacy 
perspective, as the B2-1 option is broken into four distinct 
stacked ‘buildings’. With so much outdoor space shown, 

it is clear that the north facing decks would be less useful.  
A future study could then maximize the large outdoor 
decks based on daylight to gain better performance on 
smaller floorplates 
 

 
Figure 10: Four Options B2 Series. The four best 

optimized versions. B2-1 Floor 8 and Floor 9 South-
East/South-West facing unit analysis using DIVA-for-

Rhino. The analysis shows percentage of occupied hours 

that these nodes receive the target illuminance of 100 lux. 

 
Figure 11: B2-1 Floor 8 and Floor South-East/South-
West facing unit analysis using DIVA-for-Rhino. The 

analysis shows percentage of occupied hours that these 

nodes receive the target illuminance of 100 lux. 
Discussion  

As noted in the introduction, this speculative design study 
had a number of limitations because the complex 
variables of MURB design were not all taken into 
account. Building energy performance, structural 
efficiency, fire security, and economic viability are 
acknowledged as highly relevant issues in developing 
optimized design solutions for MURBs but in the interest 
of focusing on daylight, these aspects were not 
parametricized or evaluated in this study. Some of these 
variables could be taken into account in a further study. A 
more detailed study could take into account surrounding 
buildings, which would naturally impact the daylight in 
 

Table 5: Option B2 Version 1 DIVA results. 

 
MURBs. Additionally, only one climate zone (Vancouver 
BC) and orientation (South-East/South-West) was tested 
and this could be expanded to compare to other building 
types and orientations.  Larger questions of ‘what is good 

daylight in MURBs’ will be explored in future studies 

involving on site measurements and occupancy surveys to 
better explore what metrics, illuminance thresholds and 
environmental considerations impact daylight in MURBs. 
Conclusions  

This study focuses on daylight, yet there are a number of 
building performance aspects that need to be critically 
examined in order to design for quality of life in MURB. 
With so many variables, there are difficulties 
ininterpreting results due to conflicting findings. New 
studies investigate the need for new metrics specific to 
MURB, such as visual privacy (Alkalali et al, 2018), 
which examines the often conflicting desires for privacy 
inside the home and windows for views and daylight.  
Ventilation autonomy (Ko et al, 2018) is a metric that 
allows for the simultaneous assessment and visualization 
of ventilation, thermal and lighting comfort data in order 
to make it easier for designers to understand trade offs and 
benefits of design options.  
Computational design tools offer great potentials for 
designing MURBs with better daylight. In particular, the 
use of a genetic algorithm to better understand complex 
variables and parametricize design aspects has been 
useful. While a GA should not guide the design of 
MURBs, GAs can uncover design opportunities and 
moments that can be further explored by the designer. In 
this paper, the intention was to explore generative design 
and climate-based daylight modelling as means of 
developing performance based and aesthetically 
interesting building forms that offer enhanced daylighting 
in MURBs. This paper identified the poor performance of 
typical MURBs for daylight, and proposed new 
techniques for form generation. A new workflow was 
developed and tested and a number of challenging issues 
have been identified. This section summarizes the interim 
conclusions stemming from the study underlying this 
paper. 
Building Scale: The design of the building’s geometry, in 
particular making the perimeter form more articulated, is 
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shown to have a large impact on daylight in individual 
units. There is a need for more studies that experiment 
with the building’s geometry for improved daylight in 

MURB units. 
Metrics for Measuring Daylight: There is a need for 
better metrics for measuring daylight quality in MURBs.  
Spatial Daylight Autonomy was found to be useful when 
considered in relation to results from other metrics such 
as Mean Spatial Daylight Autonomy in order to enable 
comparison and interpretation of results. This conclusion 
supports earlier research by Peters and Kesik 2018.   
Iterative Workflow: The generative design workflow 
developed and tested here of using a GA in Grasshopper 
and CBDM in Diva for Rhino tests these workflows for 
applicability as of an iterative design process. The fact 
that these tools are within the architect’s design 

environments (Grasshopper and Rhino are increasily used 
by designers) shows promise that this workflow could be 
practical.  
Unusual Spatial Qualities for MURBs: The generative 
design tool found spatial arrangements not normally seen 
in MURBs design. Double height spaces, courtyard 
outdoor spaces within the floorplate, and large outdoor 
terraces were all highly performing options for daylight. 
The outdoor qualities more closely match environmental 
characteristics found in other residential building types, 
giving the MURBs patios and front yards that may make 
them more desirable.   The typical point tower base case 
MURB has low levels of spatial daylight autonomy 
(DA100lux [50%]=2%) and low mean spatial daylight 
autonomy (15%) on all floors.  All of the studies presented 
in this paper exceeded these levels in either DA or Mean 
DA. 
Daylight Proxy: The daylight proxy used in the GA based 
on Daylight Rule of Thumb worked well, and when 
compared to the DIVA analysis the best performing GA 
options were also highly performing for Mean Spatial 
Daylight Autonomy. The proposed generalized 
methodology could work with different proxys including 
climate and orientation. 
Localized Optimization vs Building Optimization: A 
significant challenge in setting the parameters and 
interpreting the results of this study has been in the 
balancing design moves that contribute to localized 
optimization and those which contribute to overall 
building performance. For example, to make a suite daylit 
internal courtyards and outdoor terraces shape the 
floorplate but impact via overshading and preventing 
double height spaces on the floor below.   could be tested 
in a future study.  A follow up study will test where 
partition walls would go based on daylight as a spatial 
organizing feature; could consider outdoor spaces – 
interior and exterior balconies; and could test optimizing 
for other climate zones.  
Acknowledgements 

The authors gratefully acknowledge the BC Housing 
Research Excellence Program for funding this project. 
Special thanks to our colleagues for sharing their 

knowledge and providing feedback on this paper and the 
underlying study. 
References 

Alkhalili, N., Kesik, T., O’Brien, W.O., Peters, T. (2018) 

Developing and testing visual privacy metrics. 7th 

International Building Physics Conference IBPC 

2018 Ithica (USA). September 23-26, 703-708.  
Christodoulou, A., Vola, M., Rikken, G. Case Study for 

the Application of Multidisciplinary Computational 
Design Assessment and Constructability Optimisation 
Tools. SimAUD 2018, Delft, (Netherlands) 51-58. 

DIVA. (2016). Version 4. Solemma LLC. Retrieved from 
http://solemma.net  

Dogan, T and Park, Y.C. (2017). A new framework for 
residential daylight performance evaluation. 
Proceedings of Building Simulation 2017: The 15th 

IBPSA Conference, San Francisco, (USA). August 7-
9. 

Dogan, T and Park, Y.C (2018) A critical review of 
daylighting metrics for residential architecture and a 
new metric for cold and temperate climates. Lighting 

Res. Technol. 2018; 0: 1-25. 
Galasiu, A. and Reinhart, C. (2008). Current daylighting 

design practice: a survey. Building Research & 

Information 36(2), 159–174. 
Government of Canada, Canadian Census Data, (2016). 
Herzog and de Meuron, “56 Leonard Street” 

https://www.herzogdemeuron.com/index/projects/co
mplete-works/301-325/305-56-leonard-street.html 
Accessed 5 May 2018 

Illuminating Engineering Society of North America, 
IESNA. (2012). LM-83-12 IES Spatial Daylight 

Autonomy (sDA) and Annual Sunlight Exposure 

(ASE). New York, NY, USA: IESNA Lighting 

Measurement.  
Kesik T., & O’Brien, L.  Enhancing the livability and 

resilience of Multi-unit residential buildings 
(MURBs): MURB Design Guide, Version 1.0 January 
2017. 
https://www.daniels.utoronto.ca/faculty/kesik_t/MU
RB-Design-Guide/MURB-Design-Guide-v1.0-
Jan2017.pdf 

Ko, W.H., Schiavon, S., Brager, G., Levitt, B. Ventilation, 
thermal and luminous autonomy metrics for an 
intergrated design process. Building and Environment 
145(2018) 153-165. 

Peters T., & Kesik T. (2018). Daylight Simulation for 
Multi-Unit Residentail Buildings: Occupant Centered 
Approaches to Assessment. eSim 2018. Montreal 
(Canada)  May 9-10. 

Reinhart, C.F., 2005. A simulation-based review of the 
ubiquitous window-head-height to daylit zone depth 
rule-of-thumb. Proceedings of Building Simulation 

2005: The 9th International IBPSA Conference, 
Montreal (Canada) August 15-18, 1011–1018. 

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
1253

 

 
  

https://www.herzogdemeuron.com/index/projects/complete-works/301-325/305-56-leonard-street.html
https://www.herzogdemeuron.com/index/projects/complete-works/301-325/305-56-leonard-street.html
https://www.herzogdemeuron.com/index/projects/complete-works/301-325/305-56-leonard-street.html
https://www.herzogdemeuron.com/index/projects/complete-works/301-325/305-56-leonard-street.html


 

 

Rutten, D. (2013). Galapagos on the Logic and 
Limitations of Generic Solvers. Architectural Design, 

March/April (222) 132-135. 
Veitch, J., & Galasiu A. (2012). The Physiological and 

Psychological Effects of Windows, Daylight, and 
View at Home: Review and Research Agenda. 
National Research Council of Canada Institute for 

Research in Construction NRC-IRC Research Report 

RR-325. 

 

 
 
 
 
 
 

  

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
1254

 

 
  


	t6 - Daylighting and lighting
	t6_210105
	t6_210218
	_Hlk536778311
	_Hlk536778969
	_Hlk536780402
	_Hlk536778642
	_Hlk536779946

	t6_210267
	t6_210307
	t6_210369
	t6_210371
	t6_210378
	t6_210392
	t6_210483
	t6_210494
	t6_210503
	t6_210585
	t6_210599
	t6_210626
	t6_210677
	t6_210728
	t6_210742
	t6_210755
	t6_210761
	t6_210785
	t6_210800
	t6_210843
	t6_210866
	t6_210898
	t6_210912
	t6_210928
	t6_210943
	t6_210951
	t6_211175
	t6_211185
	t6_211194
	t6_211230
	t6_211259
	Multi-Objective Optimization on Daylight Control System’s Qualitative and Quantitative Performance
	(leave this line blank)
	Abstract
	Introduction
	Method
	Agent-based Geometry Control System (AGCS)
	Quantitative Performance Evaluation
	Qualitative Performance Evaluation
	Multi-Objective Optimization (MOO)

	Application to Design Process
	Solar Shade PBL Model Setup
	Quantitative Simulation Setup
	Expert System Interface
	Multi-Objective Optimization Function

	Boundary Condition
	Set up
	Name
	standard ceiling reflectance of 70%
	void plastic GenericCeiling_70
	0 
	Ceiling
	0 
	5 0.7 0.7 0.7   0 0
	standard grey wall reflectivity of 50%
	void plastic GenericInteriorWall_50
	0
	Wall
	0
	5 0.5 0.5 0.5 0 0
	standard floor reflectivity of 20%
	void plastic GenericFloor_20
	0
	Floor
	0
	5 0.2 0.2 0.2 0 0
	Tau_vis = 0.65
	Void glass Glazing_DoublePane_LowE_Argon_65
	SHGC= 0.27
	# visual transmittance: 65%
	Window
	0
	# visual transmissivity: 71%
	0
	3 0.71 0.71 0.71
	void metal SheetMetal
	Solar Shade Shaft
	0
	0
	5 .9 .9 .9 .8 0
	Simulation Setup
	-aa .15 -ab 2 -ad 512 -ar 256 -as 128 -dr 2 -ds .2 -lr 6 -lw .004 -dc .75 -dp 2048 -dt .05 -ms 0.063 -st .01
	Illumince
	-ps 8 -pt .15 -pj .6 -dj 0 -ds .5 -dt .5 -dc .25 -dr 0 -dp 64 -st .85 -ab 2 -aa .25 -ar 16 -ad 512 -as 128 -lr 4 -lw .05 -av 0 0 0
	Glare
	Objective value (𝐎𝐛𝐣)
	Test case
	900000
	H-I-EV-N-L+45
	900999
	H-I-EV-W-H-45
	090005
	V-O-EV-N-L-0
	009000
	V-I-EX-N-L+45
	090555
	V-O-EV-M-M-0
	990505
	H-O-EV-M-L-0
	H: Horizontal, V: Vertical, I: inside, O: outside, EV: Evenly, EX: Exponentially, W: Wide, N: Narrow, H: High, L: Low, M: Middle, +45: 45degree up, -45:45 degree down   
	Test Results
	BASE CASE
	DIFFERENCE
	TEST CASE
	POINT 1
	ILLUMINANCE (LUX)
	H-I-EV-N-L+45
	CASE 1
	H-I-EV-W-H-45
	CASE 2
	V-O-EV-N-L-0
	CASE 3
	V-I-EX-N-L+45
	CASE 4
	TEST CASE
	LOOK
	CONFIGURATION
	V-O-EV-M-M-0
	CASE 5
	391.10 
	H-I-EV-N-L+45
	CASE 1
	H-O-EV-M-L-0
	1,501.70 
	H-I-EV-W-H-45
	CASE 2
	CASE 6
	DGP
	396.50 
	V-O-EV-N-L-0
	CASE 3
	390.80 
	V-I-EX-N-L+45
	CASE 4
	946.40 
	V-O-EV-M-M+0
	CASE 5
	916.20 
	H-O-EV-M-L-0
	CASE 6
	Discussion
	Conclusion
	References

	t6_211290
	t6_211380




