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Abstract: Designing is a problem-solving activity. The process is usually iterative: a solution is
proposed, then analysed and tested until it satisfies all constraints and best fulfils the criteria. Usually,
a designer proposes a solution based on intuition, experience, and knowledge. However, this does
not work for problems they are facing for the first time. An alternative approach is generative
design, where the designer focuses on iteratively defining a problem with its constraints and criteria
in the form of a parametric computational model, and then leaves the search for the solution to
the algorithms and their ability to rapidly generate and test several alternatives. The result of this
approach is not only a set of solutions embedding implicitly the knowledge but also a model where
problem-defining knowledge is quite explicit. The idea of the proposed approach is the exploitation
of synergies between the designer and the algorithms. The designer focuses on problem definition
and the algorithm focuses on finding a solution, showing that the capacity of the generative approach
to replace the designer is limited. In the paper, we first present the framework of generative design,
then apply the process to a case study of designing an efficient shading solution, and in the end,
we present the results and compare them with the traditional approach. The approach is general
and can be applied in other areas of engineering. It is relevant both to designers as well as software
developers who are expected to take this approach further. More theoretical work is needed to study
problem definitions as a form of knowledge representation in engineering.

Keywords: generative design; optimisation; computational design; parametric modelling; BIM;
automation; shading study

1. Introduction

In recent years, technological development has accelerated drastically. This is re-
flected in the increasing use of digital tools being introduced in the construction industry.
The work of designers over time has already changed by replacing pen and paper with
computer-aided design (CAD) tools and now with Building Information Modelling (BIM).
Building design is becoming more comprehensive, interconnected, and coordinated, but
it still involves a lot of manual work and especially rework. Traditionally, the designer
proposes the solution based on their experience, previous projects, and creativity under
the given conditions and objectives, while the computers are to help with presentation,
documentation, and analysis, but other alternatives may be considered to assist in design
development.

One such approach is generative design, where the main idea is the collaboration
between the designer and the computer/algorithm, which has complementary capabilities,
such as, on the one hand, sorting large amounts of data, generating and analysing a large
number of results, finding optimal solutions, and iterative improvement of the solution [1,2];
on the other hand, real world experience, deep knowledge, understanding, and history of
working in the field. In this process, we shift the focus from creating the design solution to
defining the design problem with its constraints and criteria, where a well-defined problem
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can then be analysed with various algorithms to generate a large set of results from which
the designer can find the best suited solution [2].

Early concepts of today’s generative design were explored by Frazer [3], and use cases
in engineering were presented in 2002 [4], in which the thermal and light performance
of a building was studied using genetic algorithms that controlled the size of windows
and generated several possible solutions, which were then verified in a detailed thermal
analysis program. It was suggested that the same procedure could be applied to other
building design problems. The same authors [5] extended the earlier work by developing a
generative design system capable of generating different architectural solutions, evaluat-
ing their performance with building energy simulation software, and searching for new
solutions with a genetic algorithm, all in one iteration. They pointed out the limitations
of computational models for design representation and also questioned the authorship
of the design between the intelligent software and the architect. Other early work [6]
explored the use of generative design for structural design. They utilised truss components
with parametric relations and constraints used with genetic algorithms to generate various
cantilever systems that were analysed and evaluated based on mass to find the optimal
design.

Further exploration of the generative design process was defined by Krish [7], where
it was stated that the generative process consists of three components: a design schema, a
means of creating variations, and a means of selecting a desirable outcome. The designer’s
role in this process focuses on continuously modifying the model and constraints based
on the judgment of the results until a viable design solution is found. In this approach,
a parametric model is used in conjunction with CAD to generate a set of distinctive
designs that are evaluated and filtered based on multiple objectives to produce a smaller
set of possible designs that the designer can use for further development. This method
is demonstrated in the development of an MP3 player and a coffee table from an early
conceptual design to a detailed design. Sign and Gu [8] reviewed various generative design
systems that use different solvers for design generation, such as Shape Grammar, L-System,
cellular automata, genetic algorithms, and swarm intelligence. Although the different
systems share common features, they are limited to a single solver and tailored to a specific
design task. On this basis, they proposed an integrated generative design framework that
supports multiple techniques. In this framework, the designer creates a knowledge base for
design evaluation and a generation procedure from which design solutions are generated
and evaluated against the knowledge base.

Generative design concepts have been used for various applications. In structural
engineering, generative design was used to investigate different planar space truss sys-
tems [9], and for the spatial-structural optimisation, two different techniques were used:
topology optimisation and evolutionary optimisation [10]. The same principles were used
for generating different floor layouts and evaluating them according to multiple objectives
to find an optimal floor plan of a single-story building [11], and designing the office layout
based on the worker preferences, productivity, daylight, and outside view [12]. Various
generative design techniques were also used to explore creative shape variations [13] and
for searching topological designs with optimal thermal paths [14]. Recent research is also fo-
cused on using artificial intelligence methods to generate designs, as shown by the authors
Yoo et al. [15], where they used neural networks to generate various designs of a 2D wheel.

Although generative design is seeing its increased use in design exploration, there are
still some misconceptions, such as equating generative design with topology optimisation
or Al that will replace the designer. The aim of this paper is to present a clear generative
framework and process relevant to the current use of computational and BIM models, and
to show its application on the case study of an efficient shading system.

2. Generative Design

Generative design is an iterative design process in which the designer defines the
computational model and its design goals; next, the computer automates the generation of
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a variety of design alternatives, which are to help a designer better understand the design
and the relationships between parameters and objectives, thus helping to further develop
the design or find the final design solution [7].

Usually, the designer does not know which design solution best fits the given condi-
tions. The designer proposes a design and then analyses it using various tools to determine
whether the proposed solution is suitable or not. This works for well-known problems but
fails for new problems due to lack of experience or for problems with a large number of
possible solutions. The designer may also not know if the solution found is the best or if it
can be improved. With iterations, a small sample can be produced to compare different
design solutions, but this takes time that we sometimes cannot afford.

In the generative design approach, we define the problem and its objectives in a form
of a computational model and let the algorithms generate multiple design alternatives.
This automates the iterative process of creating and analysing design solutions, resulting in
a wider range of viable solutions. With the help of a larger sample, we can gain knowledge
about the behaviour and performance of the design problem, which allows us to further
develop the model that will lead to the suitable solution.

2.1. Generative Design Framework

We can identify the three main features (Figure 1) that make up the generative design
framework: Computational Model, Generator, and Design Evaluation.

Generative Design

Generator
Evolutionary optimisation Pareto front
Topology optimisation Parallel coordinates plot
Random generation Side-by-side comparison
Other solvers Other tools

Figure 1. Generative design framework components.

2.1.1. Computational Model

In generative design, building a computational model is the main task that takes the
most focus and time. This model can be viewed as a description of a design problem
that includes all design parameters, constraints, and objectives. It can be understood as a
deterministic function that, given a certain input, produces a certain output, which may be
in the form of a shape, geometry, image, or data. Such models consist of a set of rules or
instructions on how the model should behave given the initial conditions [16]. They require
a computational environment in which such a model can be defined along with the input
variables, analysis, and the output in order to objectively evaluate different solutions based
on the given objectives [4]. In the BIM design process, the use of building information
models can be seen as a starting point upon which a computational model can be built to
utilise its geometry and information.
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2.1.2. Generator

The generator is a collection of algorithms that generate and search for design solutions.
It undertakes the process of changing design parameters, and testing and evaluating the re-
sults against each other to provide feasible solutions to the specified design problem instead
of the designer. Using the parametric computational model, the generator automatically
searches among the combinations of input variables to meet the design goals by utilising
different solvers. As there are usually a large number of possible combinations of input
variables and, therefore, design alternatives, the most commonly used solvers in building
design are optimisation algorithms [17,18], such as evolutionary algorithms [4,5,9-12],
particle swarm optimisation [19,20], topology optimisation [10,21], or a combination of
them [13,14,22]. However, any other solver that can generate different design alternatives
can be used [8], whether it is a simple random generator or a more sophisticated solver [23].

The optimisation algorithms frequently used in generative design are evolutionary
algorithms, from which the initial methodology principles were developed [2,24]. This is
mainly due to the nature of the design problems, which involve a large number of parame-
ters, multiple local optima, discrete and noisy objective functions, and multiple objective
functions that the evolutionary algorithms can handle with a reasonable convergence rate.
They operate on the principle of evolution, where the successful members of the population
survive, reproduce, evolve, and improve with each new generation until no improvement
can be achieved with the next generation. A popular evolutionary algorithm is the genetic
algorithm, which works in the following steps (Figure 2):

1. Randomly generate the first generation in the solution space;

2. Rank all members of the population by performance and keep the percentage of the
most successful;

3. Generate a new generation by crossover and mutation of the previous population;

4. Repeat the steps until there is no improvement in the next generations.

2" e g £8% o
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Figure 2. Example of finding the maximum with genetic algorithm. From left to right, the iterative
improvement of solution performance can be seen.

Crossover combines genes (parameter values) from one or more parents to produce
a child of a new generation, and mutation introduces random genes or values to prevent
evolution from getting stuck at the local optimum and to ensure convergence to the global
optimum [25]. By populating a solution space and using these operations, the genetic
algorithm can quickly transverse among possible solutions and efficiently find the global
extreme (maximum or minimum), without having to compute the entire solutions space.
Using such an optimisation algorithm can lead to interesting and less distinct solutions,
which we might never think of [26].

2.1.3. Design Evaluation

The generator produces many possible design solutions, each with associated input
and output variables or a geometry, by which we can compare them to each other and
see how different designs behave. As this generates a considerable number of results, it is
beneficial to use appropriate tools to analyse them, such as the Pareto front, parallel coordi-
nates plot, side-by-side comparison, clustering, and other data analysis tools. By evaluating
different design alternatives, we gain a better understanding and knowledge of the design
and how it performs, which, in turn, helps us to further develop the computational model
or find the solution to the design problem [1].
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When employing generative design, we often deal with complex design problems that
have more than one design goal, which can be either objective (e.g., cost, time, volume,
and efficiency) or subjective (e.g., appearance, purpose, and aesthetics), based on the
designer’s or client’s preferences. Such optimisation problems are called multi-objective
optimisation, where usually more than one optimal solution exists, which we call Pareto-
optimal solutions and are located on the Pareto front [25]. For such solutions, we can say
that there is no solution that is better in all objectives, but there can be those that are better
in individual objectives, which can be seen in Figure 3, where we cannot find any point in
the solution space that is better than the green points in both objectives, while we can for
the grey points. Between Pareto-optimal solutions, we cannot say which is better than the
other; while some are better in one objective and worse in others, they are all optimal given
multiple objectives.

_o—

_Min_Objective 2

5 <

B s S0

—o—___ Pareto
~ Front

_min_Objective 1
Figure 3. Two-dimensional example of Pareto front with two objectives that we want to minimise.

2.2. Design Methodology

To approach a new design problem from the generative approach standpoint, a para-
metric computational model must be created from which a generator can produce and
analyse various design alternatives. This can be a difficult step, given that the problem
has to described with a set of rules and equations to model the correct behaviour, so the
quality of the design solutions is strongly influenced by the quality and completeness of
the computational model prepared by the designer.

Once the computational model is built, which includes input variables that modify
the design and output variables that follow the objectives, the generator is used to generate
different design alternatives, each given a fitness score allowing the generator to evaluate
and iteratively improve the design through optimisation. This step is performed indepen-
dently, apart from setting-up the solver and its optimisation parameters, resulting in a set
of different possible design alternatives.

Running a generator is best performed multiple times to generate a wide variety of
possible design solutions that we need to review and evaluate to find a suitable solution
or adjust the model. As analysing a large number of solutions individually seems to be
difficult, we use the Pareto front to identify the optimal solutions or as a reference to
compare other possible solutions with how close they are to the optimal. Because there are
multiple optimal solutions, additional weight functions can be assigned to each objective,
depending on how important we consider it to be, to highlight optimal solutions that
perform better in those objectives. To better understand how the input variables affect the
design, we employ the parallel coordinates plot, where all (input and output) variables
for each design solution are shown side-by-side. Additional boundaries can be added to
the variables to limit the design solutions to a smaller sample, making it easier to examine
designs individually and compare them visually by displaying them side-by-side.

The entire process is iterative, as shown in Figure 4, where by studying the generated
solutions, we can evaluate the constructed computational model and its behaviour, and
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make adjustments or improvements to the model until we find a suitable solution to the
design problem.

adjusting computational model

(designer)
parameters  ——> Building parametric computational
objectives > computational /1/ model
constraints > model iterative improvement of solutions nzw k”:W/jdge
l L (optimisation algorithm) /l/ about the design
y l 4 alternative
Generating solutions

solutions

solution (chosen by designer)

Design
Evaluation

P

Design integrated

Integration model
Computational environment Solver Data analysis environment Modeling environment
(Dynamo) (Generative Design) (Generative Design & Python) (Revit)

Figure 4. IDEFO0 diagram of the generative design process.

3. Case Study

Generative design was used to develop a shading solution for a building with a large
glazed surface. The project was part of a study of what a modern, sustainable university
building might look like. The site considered for the building (Figure 5a) was the San
Francisco State University area in California, USA, where a moderate climate with a high
number of sunny days can be expected. Specifically, an average annual amount of sun
hours of 3070 h and 259 sunny days were considered, with average annual maximum
temperatures of 17.8 °C and minimum temperatures of 10.5 °C. Because of this, it was
important to consider energy efficiency as part of the building design [27,28]; therefore,
a shading system was needed to reduce energy consumption for cooling and heating.
This led to the design idea of passive shading elements that would illustrate the natural
appearance of the wood grain texture, complementing the timber design of the building.

(b)

Figure 5. (a) Design situation. (b) Design problem illustration.

To achieve this, horizontal and vertical louvres were considered. Preliminary
analysis showed that the horizontal louvres performed better, which is consistent
with other studies [29,30]. Additional visual inspection was performed using virtual
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reality, and it was found that the vertical design created a much more closed space
than the horizontal orientation, which was then ultimately chosen for a detailed study.
Subsequently, a generative approach was used to find an efficient layout and shape
for the shading elements to satisfy identified design goals while still maintaining the
visual complexity of the design.

The shading elements were created using a computational model that contains
horizontal elements following the form of wood grains (Figure 5b). With this design,
we wanted to achieve three main design goals: First, we wanted to create an efficient
shading system for the building; second, we wanted to reduce the amount of material
needed to construct the elements; third, we wanted to give the building an interesting
appearance. To develop a good generative design, it is important to clearly define a
design problem and its design goals; for this purpose, illustrations are recommended.

For the generative design, we needed an environment to build a computational
model, a generator to generate design alternatives, and an interface to evaluate the
design results. The software applications used for the presented use case were Au-
todesk Revit, Dynamo, Project Refinery, and a code editor for the Python programming
language. In Revit, we had a BIM model to which we wanted to add an optimised
shading system. Complex geometries such as the discussed shading elements cannot
be modelled by hand, or it would take too much time. Therefore, the modelling was
performed with Dynamo, a software for computational design [31]. In Dynamo, visual
programming was used to build the computational model and manipulate with the
data. To generate different design alternatives, Project Refinery was used, an add-on
for Dynamo that has various solvers to generate and an interface to examine the re-
sults [32]. It is also included in the Revit 2021 and newer versions under the name
Generative Design [33]. For the additional design evaluation, Python was used to
organise the results using the Pareto front, parallel coordinates plot, and additional
plots to better understand the relationships between variables and their impact on the
design. This helped us to further develop the model and refine the overall design of the
shading elements, as the process of creating the computational model and evaluating
different designs was iterative. Once the final design parameters were found, the
geometry was then exported back to Revit and added to the BIM model.

3.1. Computational Model

The starting point was a BIM model of the case study building. From the model,
the fagade surfaces, their orientation and position were extracted into the Dynamo
environment. They were baselines on which the computational model of the shading
elements was built. The model was created by dividing the facade surface into hori-
zontal elements. A more complex geometry was derived from the horizontal elements
by incorporating shape curves, trigonometric functions, and the addition of smaller
openings. Figure 6 illustrates the process of building the computational model in
Dynamo. This was done by connecting various Dynamo nodes together (Figure 7a),
which represent specific functions that describe how the model looks and behaves [34].

Parameters that change the design were simplified to the number of horizontal
divisions and the offset multiplier that represents the width of the elements. To evaluate
the design alternatives, the sunlight analysis was programmed. Here, we simulated
the sun rays in the sun vector direction at the different times and counted the number
of sun rays that were either blocked by the geometry or transmitted through, as shown
with different colours in Figure 7b. In addition, the total volume was extracted from
the model geometry for the cost evaluation.
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Figure 6. Computational model build process in Dynamo.
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Figure 7. (a) Example of code blocks forming Dynamo script for generating shading elements.
(b) Result of the shading analysis, where the blue colour represents the shaded sunlight and the red
colour represents the light that passes through the gaps in the shading elements.

For the purpose of evaluating design alternatives, a fast and simplified shading
analysis was developed. Here, the sun rays were simulated in reverse, i.e., they began
at the surface and were projected towards the sun direction. Where the rays intersected
with the shading elements, we considered the sunlight to be blocked. To speed up the
calculations, two simplifications were made: first, the sun rays were generated at the
outermost edge where they could come into contact with the surface, i.e., exactly at
the edge of the horizontal element (Figure 8a), and second, the intersection check was
performed only between the top element and the bottom row of sun rays (Figure 8b).
The ratio of blocked or passing sun rays was used as a performance measure against
which design alternatives were evaluated (Figure 8c).
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geometry sunrays

(b) (c)

Figure 8. (a) Sun rays projected from the surface towards the sun. (b) Matching shading elements
with sun rays a row below for intersection check. (c) Performance measure as the ratio of blocked or
passing sunrays.

3.2. Generator

In the next step of the generative design, we determined what type of generator we
would use and matched it with a compatible computational model. For the presented
problem, we wanted to perform a multi-objective optimisation with a solver using the
evolutionary algorithms. To evaluate the different possible shapes, we defined output
variables that represented the objectives we wanted to maximise and minimise. Based on
the design goals, three targets were selected for optimisation: (i) the total material usage
that we wanted to minimise, and (ii) the shading efficiency in summer and (iii) in winter.
We wanted to block direct sunlight in the summer and not block it in the winter in order to
warm the interiors. The following objectives were defined in the computational model as
numerical values, by which we were able to compare and rank different design alternatives.
Figure 9 shows the input and output variables, which were as follows:

NN BEL 3

"~
oF
ELENEVNTS

@ Minimize Volume

—

"~

Minimize Solar Gain at Summer
)

&7 :

e
WADTH

Maximize Solar Gain at Winter
s

Figure 9. Design optimisation objectives.

Input variables:

Number of horizontal elements;
Width of the elements.

Output variables:

Total volume;
Number of sunrays passing through the shading elements in summertime;
Number of sunrays blocked by shading elements in wintertime.
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Through Project Refinery, the computational model was used to create different design
solutions with associated output variables by changing the input variables in order to find
optimum output values.

3.3. Design Evaluation

From the very beginning, it was decided to have as few design variables as possible. If
the problem had many design parameters and goals, the best approach would be to break
the problem down into smaller ones and solve them step-by-step. This way, we could focus
on the whole problem with the aim to find input variables that created an efficient design
and met the design goals. By analysing the output variables, we were able to compare
different designs and their performance. This helped us understand how the overall design
behaves and how efficient it can be.

From the generated results and their output values, we plotted the Pareto front, as
shown in Figure 10. The Pareto front gave us an indication of which design alternatives
were optimal. This allowed us to see how close we were to the optimal design when we
examined alternatives in other design goals, such as visual appearance. We also decided
that instead of the total volume, i.e., the initial cost of the elements, we should focus on
efficiency, which would be important more over time. Here, the use of an interactive
parallel coordinates plot in Figure 11 and the visual comparison in Figure 12 helped in the
additional evaluation of the solutions.
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Figure 10. Pareto Front constructed on the analysis results.
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Figure 11. Parallel coordinates graph for filtering results.
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Figure 12. Visual comparison between the design alternatives.

With the parallel coordinates plot, we filtered the results. Here, we added additional
constraints for each variable to limit the result pool. This helped us to understand the
relationships between the variables. One of these relationships showed that the width
of the elements had a greater influence on the efficiency than the number of elements,
while the total volume of elements was still not significantly affected compared to a higher
number of elements and a smaller width. This helped us in the design process, as we
focused more on the width than on the number of the elements in the next iterations of
adjusting the computational model. This helped us to evolve the design based on the initial
design evaluation. By comparing and exploring different design alternatives, we were now
prepared to find a final design solution.

3.4. Design Solution

The design was based on a simple idea of horizontal louvres for passive shading. This
idea was developed by adding various complexities to the design to create an interesting
shape in the form of a wood grain. We added depth to the elements by using equations to
create a wavy surface. Small openings and additional curvatures were introduced to the
elements to simulate the irregularities in nature. As we built the computational model, it
was also easy to change the design later if it came to any changes to the building.

Through the development and research of design alternatives, we were now ready to
find a final design and integrate it into the building. As we had several design goals, there
was not just one, but multiple possible solutions. Designing is also subjective, either from
the designer’s point of view or from the investor’s point of view. It was, therefore, up to us,
the designers, to evaluate different options and choose one that, in our expert opinion, best
met the design goals.

To find the final design parameters for the shape to integrate it into the building,
we used the knowledge gained from the design evaluation process. We found out what
values of the input parameters would give us optimal results, and so we had a threshold
above which we could adjust to see which overall design solution would fit us better.
When searching for the design solution, we also had to consider the visual appearance
of the building. Once we determined the values of the input variables, additional details
were added to complete the final design, which was then integrated into the building as
shown in Figures 13 and 14. In the end, the final design was not one of the Pareto-optimal
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solutions, but it was the one that we decided would best meet all design goals, including
the appearance of the facade. This solution was still close to the pareto front, and we can
say that it is an efficient solution of the overall problem.

Figure 13. Render of the shading elements integrated into the building design.

Figure 14. Close-up render of the integrated design solution.

When we first approached this problem without the generative design process, it was
difficult to consider all design goals at once. We tried a few different solutions and picked
one that we thought had a good appearance and would perform well for shading in the
summer, but we did not know if it was optimal or if it could be improved upon in other
design goals. It was difficult to compare different design solutions because we had no
reference values to see how our design performed, and it would be too time-consuming
to manually check all the possibilities. When we compared the solutions before and after
using generative design, we found that the total material required for the design was
reduced by 307%, while the shading was still efficient. In the initial design, we placed too
much emphasis on the overall appearance of the facade and summer efficiency, and less
on the other goals. With the generative design process, we were able to clearly see the
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design behaviour for all design goals and chose one that fit all of them according to our
own assessment.

4. Discussion

Generative design, as an alternative approach to traditional methods, changes the
perspective from a solution-oriented to a problem-oriented methodology. In this paradigm,
more time is spent on iteratively improving a problem definition in the form of a computa-
tional model than on finding a specific solution. However, to understand how the model
behaves, the solution space must be studied, which requires the generation of multiple
design alternatives. Although there is overlap between generative design and optimisation
methodologies, it is not in itself intended to solve a strict search problem, but the same
tools and methods can be utilised to inform about the design. In this process, the problem
definition is constantly changing until one is found that satisfies all of the designer’s objec-
tive and subjective criteria. Once the problem is adequately defined, it can be considered
solved [2].

The generative design methodology can be seen as beneficial for application to new or
unique design problems where a general solution is not necessarily known. This can lead
to a more informed solution that can also efficiently meet all the objectives of the design
problem. In our case study, we approached a new problem that we were not familiar with.
Through the generative process, we were able to learn about the behaviour of the problem
and select a solution that was much more efficient in meeting all of the design criteria
compared to the solution found in the traditional way. The drawback of such a process is
the time that must be spent to define a computational model, time that is sometimes not
available in conventional projects.

This process raises the question of whether generative design replaces the human
component in design. The current answer is no. The designer is still responsible for two of
the three parts of the generative design framework: first, building the computational model,
and second, evaluating the results and selecting the best fitting solution. To eliminate
the human component, the artificial system would need to be creative first to develop a
computational model and second to have experience and critical thinking to evaluate the
solution and either adjust the computational model or select a final solution to the design
problem. Recent research has shown that the computational model can be replaced to
some extent by machine learning image generators. However, this is mostly limited to
existing and well-defined problems where data can be used to train the machine learning
models [15,35,36].

Currently, we can say that the generative design combines a designer with an intelli-
gent tool that complements the designer in the weaker areas: analysis of large amounts of
data, analysis of repetitive tasks, and automation. We also know that it is almost impossible
to find the perfect concept at the beginning; we have to iterate to find the best solution,
which is especially difficult when we need to meet multiple design goals. We can define
the problem and let the generator come up with various design alternatives, from which
we can then either select a final one or continue to further develop our design.

5. Conclusions

In this paper, we presented the framework and methodology of generative design,
which was tested and validated on the design of an efficient and aesthetic shading system
for a building fagade. Using a generative design framework, we created the computational
model of the shading elements, generated different design alternatives, and found a solu-
tion that increased the shading efficiency and reduced the overall material requirements
compared to the initial design.

This process is general and can be applied to any problem that can be described as a
computational model. It can be used at various design stages to come up with a conceptual
design or a final solution, or it can be used throughout the whole process by breaking the
larger complex problems into smaller parts and solving them one at a time.
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Here, the time spent on creating and analysing a single solution is instead used to
describe a real-world problem with its objectives and constraints as a set of rules and
equations, and we used them to automate the search for multiple design iterations at once
by utilising the solver algorithms, which can save us a lot of time. By analysing these
solutions, the designer can better understand the problem and find the efficient design
faster. The main advantages of generative design compared to the traditional design
process, which were found in the course of the work, are:

e  This process can produce results that we would never think of or that are too complex
to create manually;

e  We can better understand the design problem by evaluating and analysing a large
number of alternatives;

e Instead of finding a single solution, we are presented with several possible design
solutions from which we can choose one that suits us best;

e  Using the computational model and generative solver, we can save time by automating
creation and analysis of a variety of design alternatives.

The result of such a design process is not only a final solution to the problem, but a
computational model that was iteratively developed and led to the solution. It is in this
model that knowledge derived from both the designer as well as from the algorithm that
generates and tests the solutions is embedded. Further studies should investigate how
this model could be used as a form of knowledge representation and applied against other
design problems.
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