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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. 

________________________________________________________________________________________________ 

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

 
1024

 

 
  



 

 

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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