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Abstract 
While a large number of building performance tools have 
been developed to help designers in the performance 
assessment, the practice is still in search of an integrated 
approach during the early stages of design. This study 
describes the application of an integrated and systematic 
workflow for an alternative generation, analysis, and 
selection in the early stages of multi-performance design. 
Referred to as Design Space Construction (DSC), this 
workflow offers a decision-making framework for multi-
objective parametric analysis and addresses the problem 
of generation of different design configurations. This 
study demonstrates the application of this workflow in a 
K-8 school design, to increase daylight and energy 
performances, to understand the strengths and challenges 
of applying design space exploration methods in practice.  

Introduction 
The building design process is an iterative multivariable 
multi-objective decision-making problem. Horváth 
(2005) describes design process as “an iterative search 
process in which designers gather, generate, represent, 
transform, manipulate, and communicate information and 
knowledge related to various domains of design 
concepts.” At the early stage of design, conceptual 
alternatives are proposed given requirements and then 
will be assessed or ranked in the next phases of design 
(Pahl et al., 2007). The main challenge of early design 
development, therefore, is the generation of promising 
concepts to be further developed and revised during the 
detailed design phase (Rezaee et al., 2019). A poor 
selection of a design concept can rarely be compensated 
at later design stages and incurs a great redesign expense. 

Although the early stage of design is a vital phase of the 
development process due to its influence on all 
subsequent phases concerning cost, quality and 
performance (Chong, Chen, & Leong, 2009), the building 
industry lacks a consistent approach to collaborative 
decision making with performance benefits during this 
stage. Designers seek to fulfil the performance 
requirements, but without a proper framework for design 
exploration and assessment (Augenbroe, 2011). 

Many authors have addressed the performance-based 
design approach early on the design using optimization 
and heuristics. Echenagucia et al. (2015), for instance, 
have developed a methodology to optimize the design in 
respect to heating, cooling, and daylighting for early 

phases of building design focusing on building envelope. 
Another line of research by Caldas has proposed a 
generative design system, using a genetic algorithm (GA) 
combined with lighting and thermal analysis to generate 
performance-driven design options, such as for patio 
houses (Caldas, 2011), building façade elements (Caldas, 
2008) or other architectural elements. Turrin et al. (2011) 
have combined this same technique with parametric 
modelling to achieve a performance-oriented process in 
design, with a specific focus on building geometry. 
However, the majority of optimization techniques may 
find solutions for well-defined problems; in the complex, 
ill-defined nature of the building design process, 
particularly at the earlier stages of design where many of 
the parameters have not been determined, it is 
questionable if their outcome remains valid after design 
proceeds in unpredictable directions.  

Some issues make the application of rigorous 
optimization techniques in early design arguable: (1) in 
the building design process, we do not seek to identify 
purely one “optimal solution.” We aim instead at 
supporting more broadly feasible solutions that fulfil the 
performance requirements while giving the designers 
freedom and creativity to develop designs that meet 
additional, and likely non-quantifiable, criteria. (2) A 
good approach in design is not the one that only leads to 
a better solution as a “design product,” but also helps 
designers in the “design process” to understand the 
problem itself, the importance of each design parameter, 
relationships between parameters, and the effect of one 
decision on subsequent decisions. The current application 
of optimization in building design cannot help designers 
in all dimensions of the complex design process.  

Another consideration in early design exploration and 
optimization is the generation of the alternatives. 
Although the parametric design generates a large number 
of design alternatives based on the combinatorial 
variation of design parameters, research also indicates 
that architects struggle to implement and manage 
parametric analysis in a systematic framework. Gane & 
Haymaker have described the difficulty of parametric 
design due to lack of formal processes for translating 
multi-stakeholder requirements into specific parameters 
used to generate alternative spaces, and processes for 
understanding the impact of these parameters on multi-
stakeholder value (Gane & Haymaker, 2012). According 
to Clevenger et al., current practice fails to generate high 
quality design alternatives due to a lack of systematic 
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methods for evaluating the efficacy of design exploration 
processes (Clevenger, Haymaker, & Ehrich, 2013).  

Therefore, we seek to apply a performance-based design 
methodology that not only helps designers formulate the 
performance requirements, generate design alternatives, 
and carry out the assessment, but more importantly can 
manage the process properly. Our goal is not to find one 
optimal solution for design. On the contrary, we are 
looking for the design exploration method that provides 
relevant knowledge and insight into the design, while not 
limiting the design freedom.  For this goal, we use design 
space construction (DSC) framework that will be 
described in the second section. Section three depicts the 
application of such a framework in the design of a K-8 
school in Savannah, GA, and section four discusses the 
results while section five focuses on the conclusions. 

Design Space Construction  
Design Space Construction (DSC) is a framework that 
gathers and structures design questions and information to 
support decisions in multi-objective building design 
(Haymaker et al., 2018). It addresses the challenges 
designers have in implementing the parametric design in 
practice. As shown in Figure 1, DSC synthesizes relevant 
concepts and processes in constructing design space and 
exploring the space for informed design decision-making.  
Such a systematic approach can help designers answer 
questions in parametric design exploration while ensuring 
the process is efficient, replicable, scalable, robust, and 
provide reliable quality of outcomes. 

 
Figure 1: The Design Space Construction Framework.  

DSC Framework 

As Haymaker et al. (2018) pointed out DSC framework 
guides teams through a process of objective definition, 
alternative generation, impact analysis and value 
assessment. It first assembles the relevant team members 
to establish the objectives of the design exploration and 
the criteria used for decision-making.  This involves 
identifying the key roles of the process including 
designer, energy modeller, computational designer, and 
data analyst.  

 Objective Definition involves defining  objectives, 
goals, constraints, and preferences.  

 Alternative Generation involves changing the options 
of design variables to develop large design spaces for 
exploration.  

 Impact Analysis evaluates the influence of the 
options of an alternative on the design objectives.  

 Value Assessment synthesizes impacts and 
stakeholder preferences into an objective function 
that orders the alternatives regarding their suitability 
as design solutions. 

The current method for alternative generation and data 
analysis in this study is based on the Full Factorial design 
in which we define varied options (i.e., levels) for each 
design variable. The final size of the design space is the 
product of the number of options of the parameters.  

DSC Implementation 

The implementation platform for DSC is within 
Rhinoceros/Grasshopper with a layered technological 
solution comprising parametric modelling interfaces, 
analysis engines, and plugins and wrappers (Roudsari, 
Pak, & Smith, 2013). The visual parametric modelling 
technology uses Rhino/Grasshopper or Rhino/Python for 
automation of alternatives generation.  The data 
visualization interface is outside the Rhino environment 
within a web-based visualization tool, including Design 
Explorer. Such implementation has four layers to address 
the challenge of data flow across parametric models, 
analysis software and web-based visualization services.  

 A parametric modeling layer supports the design 
generation and analysis specification tasks.  

 The analysis engines layer executes the actual 
performance analyses.  

 The interface layer extracts the input data required by 
the analysis engines from the parametric models and 
collects the results.  

 The data visualization layer gathers stakeholder input 
preferences and plots the data of every alternative of 
the design space. 

The next section describes the application of the DSC 
integrated with a novel method for building form 
generation in a systematic method.  

Design of the Savannah K-8 School 
The New Hampstead Elementary-Middle School site is 
located in Savannah, Georgia, directly west of the existing 
New Hampstead High School. The climate zone is 2A Hot 
and Humid from the standard ASHRAE 169-2013 (2013).  
The site is bounded by undeveloped, wooded land to the 
north and south, as well as west. The total site area is 77.0 
acres, and its elevation is approximately 14-19 feet. As 
depicted in Figure 2, the site has a large area that can 
accommodate different building orientation and gives 
designers great freedom in that regard.   

 
Figure 2: Savannah K-8 Site map. 
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 The project will be a 139,000 GSF (12,913-m2) building, 
consisting of a comprehensive kindergarten through 
eighth grade program, and, the spaces to support those 
programs include cafeteria, gymnasium, media centre, 
integrated career education, and exterior play-space and 
sports filed. The building should host the cafeteria, 
gymnasium, and performing arts programs in one story 
building volume, while the bulk of the academic spaces 
will be located in one, one-and-a-half, or two-story 
academic wings. 

The project sought to provide natural daylighting as a 
fundamental design criterion to improve students’ 
learning performance. Another main objective of the 
design addressed the reduction of energy consumption, so 
that along with achieving significant energy cost savings, 
it would produce environmental, economic, and 
educational benefits. The design team planned to engage 
the energy and daylighting performance consideration 
from conceptual stages to make an informed decision 
regarding the building configuration. Given the program 
and design objectives, the following were the main 
questions brought up by the design team: 

 Since the development of design models can be time-
consuming, can we develop a process to create useful 
alternatives in a short amount of time? 

 With many program variables, can we understand 
how the width and the number of stories for a double 
loaded classroom bar impact energy and daylighting? 

 What is the appropriate size of the open space 
between classroom bars in regards to daylighting? 

 For a large site with no existing structures, how much 
will the building orientation affect the energy and 
daylighting performance? 

 What will be the implications of the different 
effective window to wall ratios for each of these 
massing alternatives? 

Constructing General DSC Workflow 

We, as the DSC team, created a process for a knowledge-
based decision framework regarding the configuration of 
the school project. While the scale of the site and 
regulations of the city gave infinite possibility/flexibility 
regarding the massing and orientation, it could not help 
designers in limiting the building configuration option 
space.  Therefore, we aimed to understand, describe, and 
construct the configuration of the project derived from the 
parameterization of the design of a prototype school 
program. Such a process performed in two stages: (1) 
identifying the general patterns in the design of school 
buildings, parameterizing the design components shaping 
the massing, and developing an algorithm that generated 
building configuration based on the area requirements of 
the spaces and design constraints. (2) After selecting a 
subset of shapes that could represent a wide range of 
logical block arrangements according to the design rules 
provided by the team, size, and several classroom bars, we 
expanded the options by incorporating orientation and 
window to wall ratio (WWR) using the full factorial 
method. We then derived the analytical models for all 
design alternatives for energy and daylight assessment 
and post-processed the results to guide designers at the 
earliest stages of design work. Figure 3 describes, at a 
high level, the process the team undertook to construct the 
design space in a collaborative and scripted nature. 

Generating Building Configuration Alternatives 

In collaboration with the design team, we examined and 
identified generic configuration patterns for school 
derived from program and functional requirements as the 
basis of form generation. Our approach considered school 
building massing as a cluster of simple blocks 
representing different design programs, each varied in   
size and number of floors within an acceptable range 
while the floor area remained constant.

 

 
Figure 3: The Design Space Construction process for Savannah K-8. 
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We developed a custom building form generation (BFG) 
algorithm within Rhino/Python that randomly generated 
program blocks and configuration options. Blocks formed 
around an axial spine, which represents the main 
circulation corridor. The size and layout of the blocks and 
their arrangements around the spine are specified based 
on the spatial and adjacency relationship. Table 1 lists the 
required areas and ranges of sizes and number of floors 
for these programs/blocks, and Figure 4 depicts the 
parameterization of the massing blocks and different 
configuration alternatives derived from the algorithm. 
The BFG algorithm considers blocks as spatial objects; it 
first generates the central corridor along which a vector 
would travel, place spatial program blocks on either side 
based on the relational and directional requirements, and 
terminate at the instant of plotting the last block. The 

computational approach to generate permutations uses 
Markov Chain Monte Carlo method (Wu & Hamada, 
2011). Markov chains were set up for each spatial object 
with a possible configuration defined as a state. Based on 
this set up, by evaluating the probabilities for each state, 
a decision for that state is derived. Table 2 explains a 
sample decision process for classroom blocks including 
varied states, and Figure 5 shows the decision tree for that 
space showing the Markov chain and probabilities for 
each permutation. As seen, a state for the classroom block 
to be decided can be bending or not bending the classroom 
bars, distributing the rooms within two, three, or four 
separate blocks, or being placed on one side or two sides 
of the central corridor. The stochastic nature of the BFG 
algorithm affirms that we consider varied possibilities 
while of the configurations based on the constraints and 
requirements from the design team. 

Table 1: List of spaces and constraints for Savannah K-8 case study. 

 

 
Figure 4: (a) Parameterizing the building massing for school, (b) Samples of massing alternatives generated by BFG. 

Program 
Max Area 

(m2) 
Min EW 

Length (m)
Max  EW 

Length (m)
Min NS 

Length (m)
Max NS 

Length (m) 
Min 

Stories 
Max 

Stories 
Admin and Media Centre 929 12.2 76.2 12.2 76.2 1 2 

Art, Art Kiln, Art Storage, Skills, 
Business Lab, Tech Lab, Resource, 

Elevator, Toilets) 
929 12.2 76.2 12.2 70.1 1 2 

Classroom Block (10 Classrooms, 
Restrooms, Stair Core) 

1207 18.7 25.9 45.7 70.1 1 2 

Classroom Block (?) 1207 18.7 25.9 45.7 70.1 1 2 
Classroom Block (?) 1207 18.7 25.9 45.7 70.1 1 2 
Classroom Block (?) 1207 18.7 25.9 45.7 70.1 1 2 
Classroom Block (?) 1207 18.7 25.9 45.7 70.1 1 2 
Classroom Block (?) 1207 18.7 25.9 45.7 70.1 1 2 

Circulation L1 (Corridors, Entrance 
Lobby) & L2 

1114 NA NA NA NA 1 2 

Gymnasium 929 24.4 24.4 38.1 38.1 1 1 
Band Room (Toilets, Storage, Offices,

Comm, Elec) 
498 16.7 29.5 16.7 29.5 1 1 

Vocal (Office, Storage, Mech) 498 16.7 29.5 16.7 29.5 1 1 
Dining (+Lockers, Storage, Toilets, 

Kitchen, Serving Area) 
1266 28.6 44.2 28.6 44.2 1 1 

Total Area Target SF 12,913   
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Table 2: Components of the configuration, decisions, and evaluation for the classroom block. 

SI No Decisions Name Expression 
Prior 

Condition 

0 Bent or not T0 T0 = (x≤0.3 ꓦ x>0.3) (Ø) 

1 Classroom on 1 or 2 sides T1 T1 = (x≤0.5 V x>0.3) (Ø) 

2 On left or right T2 T2 = (x≤0.5 V x>0.5) (T1) 

3 2,3, or 4 blocks T3 T3 = (x≤0.33) ꓦ (x>0.33 ꓥ x≤0.66) ꓦ (x>0.66 ꓥ x≤1.00) (T1) 

4 2,3, or 4 blocks T4 T4 = (x≤0.33) ꓦ (x>0.33 ꓥ x≤0.66) ꓦ (x>0.66 ꓥ x≤1.00) (T1) 

5 left > right T5 T5 = (x≤0.5 V x>0.5) (T1 ꓥ T4) 

6 Top or Bottom T6 T6 = (x≤0.5 V x>0.5) (T1 ꓥ T4) 

7 
3 on right, 3 on left, or 

left==right 
T7 T7 = (x≤0.4) ꓦ (x>0.40 ꓥ x≤0.60) ꓦ (x>0.60 ꓥ x≤1.00) (T1 ꓥ T4) 

8 Top or Bottom T8 T8 = (x≤0.45) ꓦ (x>0.45 ꓥ x≤0.75) ꓦ (x>0.75 ꓥ x≤1.00) (T1 ꓥ T4 ꓥ T7) 

9 middle T9 T9 = (x≤0.15) ꓦ (x>0.15 ꓥ x≤0.60) ꓦ (x>0.60 ꓥ x≤1.00) (T1 ꓥ T4 ꓥ T7) 

10 bottom T10 T10 = (x≤0.20) ꓦ (x>0.20 ꓥ x≤0.55) ꓦ (x>0.55 ꓥ x≤1.00) (T1 ꓥ T4 ꓥ T7) 

 
Figure 5: Construction of Markov chain and probabilities for generating classroom block. 

Objective Definition and Assessment 

As mentioned before, the project sought to achieve higher 
daylighting while minimizing total energy consumption 
and cost. We have used site Energy Use Intensity (EUI) 
as the energy performance indicator that should be 
reduced and applied to the EnergyPlus (2001) engine for 
the simulation. For the Daylight analysis, we have used 
Radiance (Compagnon, 1997) engine to model 
illuminance levels within the building to be between 300 
to 3000 lux for 9 a.m. and 3 p.m. on clear sky day at 
equinox, as required by the USGBC LEED v4 (2009), 
indoor environmental quality credit, daylight option 2.  

These indicators are simple yet valid metrics for 
comparative analysis at the conceptual stage. Our daylight 
method, for instance, includes both regularly and non-
regularly occupied spaces. However, in the comparative 
and explorative analysis, we do not look at fulfilling a 
specific performance requirement; instead, we aim to 
understand the characteristics of those solutions that lead 
to higher daylighting and lower energy use possibilities. 

To consider multi objectives in exploration, we defined a 
value, which is a synthesis of alternative performances 

(impacts) and stakeholder preferences into an objective 
function that sorts the alternatives (Straube & Eng, 2012). 
To define value in this project, we chose a relatively 
straightforward strategy by normalizing both objective 
indicators and sorting the results for each indicator from 
zero to one. Given x is the performance indicator,  

𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑥 𝑥 min 𝑥 / max 𝑥 min 𝑥  
(1) 

Then, based on the goal to minimize or maximize the 
objective, we assign positive or negative factor to each 
indicator and then weight them based on the stakeholders’ 
preference on each objective (ρi), depicted as a 
percentage.  

𝑉𝑎𝑙𝑢𝑒 𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝐸𝑈𝐼 ∗ 𝜌
𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝐷𝑎𝑦𝑙𝑖𝑔ℎ𝑡 ∗ 𝜌                          (2) 

Since both the energy and daylighting performances have 
the same importance to the stakeholders, we assign 50% 
to each objective: 𝜌  𝜌 50%.  

Design Exploration  

Design variables for parametric model consist of 54 
options of building massing, resulted from BFG, five 
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options of building orientations, and four options of 
WWR, total 1,080 design alternatives as listed in Table 3. 
There is no significance to the number of options; the only 
limitation that governed the work was to provide timely 
feedback to the design process that fits the research in 
practice paradigm. For the selection of the 54 forms 
among unlimited random variation, we generated and 
evaluated different configuration. With the help of the 
design team, we filtered the alternatives that included all 
variations of compactness, number of classroom bars, 
number of classroom stories, width and length of each 
space, and the distributions of the spaces around the axial 
spine.  For compactness, our study refers to the research 
that compares a ratio of the above-grade wall area (W) to 
the floor area (FA) (Hazelrigg, 2012). 

                                       𝑊/𝐹𝐴                                  (3) 

Table 3: Savannah K-8 investigated variables. 

Design 
Variable 

BFG 
Massing  

WWR Orientation Total  

# of Options 54 4 5 1080 

Options 
M1 to 
M54  

25%, 
30%, 
35%, 
40% 

0°,  
45°,  

90°, 135°, 
180° 

 

Table 4: Assumptions for Savannah K-8 case study. 

Variable SI units Assumption 

Roof R-Value SI m2 K/W 3.671 

Wall R-Value SI W /m2 K 1.421 

Window U-Value SI W /m2 K 3.972 

Window SHGC % 0.25 

Window VT % 0.5 

Floor R-Value m2 K/W 3.389 

Exposed Floor R-Value m2 K/W 3.389 

Skylight R-Value m2 K/W 0.271 

Air Changes Per Hour ACH 0.6 

Ventilation Rate per Area m3/ m2s 0.0006 

Ventilation Rate/Person m3/ m2s 0.005 

Number of People/Area - 0.249 

Lighting Power Density W/ m2 9.365 

Occupancy Schedule - daily 

Equipment Loads/Area W/ m2 10.97 

HVAC heating set point °C 18 

HVAC cooling set point °C 26 

HVAC heating setback °C 12 

HVAC cooling setback °C 32 

Baseline HVAC System - Ideal Loads 

Since the goal of the design team was to make a decision 
regarding the massing and configuration at that stage of 
design, the materiality and other assumption were 
constant derived from the regulations and best practices 

for other variables. Table 4 lists the assumptions we 
considered for the other non-variable parameters 

Results and Discussion 

After running 1,080 iterations of a design in regards to 
energy and daylighting, we explored and visualized the 
results using parallel coordinate plot (PCP). PCP is a 
visualization plot for an n-dimensional space, consists of 
n parallel lines, typically vertical showing all design 
variables and objective performances. While the design 
alternatives and their options for every variable are to the 
left, the performance objective indicators to the right. 
Figure 6 shows the entire design space in PCP, which 
provides an understanding of how the variables affect the 
objectives. It helps users explore the output design space 
and makes trade-offs, and is central to the DSC 
framework. 

By interactively selecting an interval of any coordinate, 
the design space is reduced to the set of alternatives that 
match the new threshold of values. Figure 7 shows the 
interactive filter of the alternatives with lower EUI and 
higher daylight illuminance, the correlation between these 
indicators, the higher WWR and particular sets of massing 
options. As shown in Figure 8, more filtering and 
selecting the highest value function shows the alternative 
with maximum value from a selective combination of 
objectives: EUI of equal or less than 284 kWh/sm (90 
kBtu/sf) and average illuminance of more than 40%.  

Table 5: Results and recommendations for building 
configuration. 

Design Parameter 
Recommended 
Value/Range 

# of Classroom Floors 2 

# of Classroom Bars 3 

Compactness Less than 2 

Orientation No significant effect 

WWR 40% 

Classroom Bar Width 54.2-64.9 (meter) 

Classroom Bar Length 18.6-22.2 (meter) 

Open Space btw Classrooms 9.1-19.2 (meter) 

Corridor Spine Length 144.4-166.4 (meter) 

By exploring the options here and evaluating the 
correlations between design parameters and two main 
objectives in Figure 7, we noticed that only the two stories 
classrooms with three bars lead to the highest value. 
Among all acceptable design alternatives, the overall 
WWR of 40% is the only option that fulfils both 
objectives. However, different options of classroom bar 
width and length can help achieve higher performance 
objectives. Also, all orientation options are leading to the 
better performances with similar magnitude, and thus this 
parameter does not affect the overall performances. The 
scatter plots in Figure 9 confirm these observations and 
depict the relationship between EUI (x-axis), Daylighting 
(z-axis), and three design variables of WWR, orientation, 
and the number of classroom (y-axis). While Figure 9(a) 
shows an obvious correlation in which higher WWR will 
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increase both performances, the large distributed scattered 
points in Figure 9(b) shows no strong correlation between 
orientation in regards to both performances. According to 
Figure 9(c), the lower number of classroom bars has 
improved EUI, but not daylighting, and thus we see tjree 
bars as an optimum value considering both performances. 

The aim of this approach has been less on finding the best 
solution in design decision scenario, and more on guiding 
designers by limiting the design space. As listed in Table 

5, we have one solution for some of the parameters such 
as to the number of classroom bars while there is a range 
for other design parameters such as classroom length, 
which gives team design freedom.  

Conclusion 
The implementation of DSC workflow integrated with 
performance analysis tools in the school case study 
provided a consistent approach early on for a large 
population of alternatives. 

 
Figure 6: The plot of the design space of 1080 alternatives. 

 
Figure 7: Filtering alternatives within a threshold value looking for correlations. 

 
Figure 8: The preferred region of the design space based on the objectives. 

          
Figure 9: Examples of 3D scatter plots showing the correlations between design variables and two objectives of EUI 

and Daylighting: (a) WWR, (b) compactness, and (c) number of classroom bars. 
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The systematic infrastructure of DSC assisted designers 
in all three steps of the design process: generating design 
alternatives, multi-performance analysis, and final 
selection and decision- making. By collaborating with the 
project team, we defined the basic design rules for the 
school configuration, identified design constraints, 
generated alternative using random sampling techniques, 
and evaluated design alternatives regarding all 
performance objectives. We gradually filtered and 
reduced design space in an iterative and efficient 
decision-making process, which is a quicker and more 
accurate technique than the current practice or parametric 
analysis alone. This approach advanced decision-making 
process that considered massing strategy trade-offs 
between energy and daylight while fulfilling design 
constraints. Instead of offering a single optimal design 
solution, this method provides a range of characteristics 
of promising design alternatives, and offeres valid insight 
and guidance, without limiting the freedom of the design. 
Additional advanced visualization techniques such as 
parallel coordinate graphs helped designers in qualitative 
exploration and decision-making during the early design 
process. 
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