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Abstract. This paper proposes a automated shape generation method-
ology based on grammatical genetic programming for specific design
cases. Two cases of the shape generation are presented: architectural
envelope design and facade design. Through the described experiments,
the applicability of this evolutionary method for design applications is
showcased. Through this study it can be seen that automated shape gen-
eration by grammatical evolution offers a huge potential for the devel-
opment of performance-based creative systems.
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1 Introduction

This research presents a Genetic Programming (GP) approach to shape design
using grammatical evolution to provide a methodology to extend the potential
for the use of machine intelligence during early stages of architectural design
processes. A method of this kind could greatly enhance efficiency and support
decision making for architects. The opportunities and limitations of the proposed
grammatical evolution for the design of architectural spaces is elaborated.

The main contribution of the presented research is the development of a
methodology for grammatical evolution and the definition of the representation
for the encoding of particular design spaces. It explores the potential of this
process for the generation of simple envelopes - the exterior hull of a building, for
architectural shapes, combined shapes for architectural envelopes and complex
shapes for facade components.

During our research, different methods are used to develop a methodology
for shape design by grammatical evolution. Strongly-typed tree-based GP [13]
is used as the core. Shape-based nodes are used as main representations for the
different design cases.
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The paper reports the research outcomes which are architectural shapes pro-
duced with gradually increasing complexity during the development of case spe-
cific representations. During the process of developing representations for archi-
tectural shapes, the feasible of those representations are explored and discussed
in the experiments section (Sect. 4) and discussions section (Sect. 5) of this paper.
Relevant existing studies from the literature are presented in the related work
section (Sect. 6).

Knowledge generated throughout the different experiments presented in this
paper is reported in the conclusion section (Sect. 7) and reflected upon in respect
to the further development of the methodology in the future research section
(Sect. 8).

2 The Need

During architectural computational design processes, usually a parametric model
is defined to specify a particular architectural shape space after an intuitive
design process has taken place. This parametric model is then evaluated for
potential parameters that can provide the flexibility for optimization of the archi-
tectural shape to increase the performance of the architectural shape. As a result
of this post-rationalization process, the design space for architectural shape is
already limited to a small scope of design solutions that reflect the design deci-
sions taken during the design process.

Shape design by grammatical evolution opens up the opportunity for archi-
tectural shape to incorporate performance criteria early on in the design process,
increasing the impact of the shape generation on the performance potential.
Therefore, the design space in this experimental process needs to encode a wide
range of design solutions to effectively search for a high performing solution.
Shapes generated throughout this evolutionary process can then be used to fur-
ther inform the design process based on local and site specific criteria.

3 Methodology

The methodology of this research project can be divided in two parts: the gram-
matical evolution as shape generation process and the representations developed
to encode a particular set of shapes that are of experimental interest to the field
of architecture. The first will be discussed in this section, before greater detail
about the implications of the process is provided in the discussion section. The
latter will be described as part of grammatical evolution and in greater detail
during the section concerned with the implementation and experiments.

3.1 Grammatical Evolution

Grammatical evolution is an approach to evolutionary computation that intro-
duces genotype-phenotype mapping based on grammatical rules [17]. Search and
solution space are often separated. This separation and the translation process
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allow the search process to iterate all possible genotypical expressions, while
ensuring the validity of the grammar output [14]. Through this approach, a
particular set of shapes can be generated and uniformity of the phenotypical
expression guaranteed based on the translation through the shape grammar.
We present automated shape design by grammatical evolution successively in
the next sections based on the components, as they are defined during the estab-
lishment of the process, starting from the initialization of the first generation.

3.2 Representations

A set of terminals and functions is provided for different particular design cases
based on shape grammar. During this process, a set of terminals and functions
is developed for each particular case. The genotype as a result of the generation
is a set of integer values, structured through the progression of data throughout
the data tree. The representation is tree-based and the root node is used to
collect the different shapes in a coherent representation of the solution. These
terminal and function sets are reported in the implementation section alongside
the different experiments and the resulting sets of shapes that were generated
based on these case specific representations.

3.3 Fitness Measure

Decision parameters are defined based on the design criteria for the architectural
shapes and a fitness function is developed to allow the constant evaluation of
the criteria during the evolutionary process.

3.4 Shape Grammar

During the development of the genotype, a set of grammar rules is applied to
develop a phenotypical expression of the architectural shapes that can be evalu-
ated towards the fitness functions. In this research, the objects for evaluation are
polygon meshes generated through the application of different algorithms that
translate the phenotype consisting of points and/or lines into objects.
Crossover and mutation are powerful operators in GP. When shape gram-
mar is involved, we need to modify these genetic operators so specific grammar
restrictions are applied to specify the shape for the design process. During this
design process the representation is limited by a coherent grammar structure,
while the parameters are flexible to explore the design space during the process.
Constraints were integrated into the nodes that generate integer or float values
through the definition of domains that allow specific shapes to emerge.

4 Implementation and Experiments

The implementation based on the above methodology and the corresponding
experiments are detailed in this section. Note some implementation details are
combined with the description of experiment as different parts of experiments
involve different implementations.
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4.1 Implementation

A variety of tools were used to ensure the accessibility of the process to archi-
tectural designers. The main environment used to generate architectural shape
was Rhinoceros CAD which supports Rhinoscript, a scripting language for the
3d computer-aided design. It provides a set of specialized methods and func-
tions for the design of complex geometries. Apart from that, a Python-based
GP library was developed under Rhino to facilitate grammatical evolution. This
gives designers the possibility to modify the process and adjust it towards their
own needs during the design process.

Genetic Programming: Our genetic programming implementation utilizes
treebased strongly-typed GP. A random initial generation is used as the starting
point for the evolutionary process. In the fitness evaluation quantitative prop-
erties, of the geometry are used to evaluate individual solutions, in particular
shape volume and boundary surface area.

During the evolutionary process, tournament selection (tournament size = 3)
is applied as a selection strategy to provide a mating pool (mating pool size =
10) for the crossover operation (crossover rate = 0.6). Besides this selection
mechanism, a number of individuals are selected for the modification through
a mutation operation (mutation rate = 0.3) to enhance diversity in the popu-
lation. The best performing individuals of a generation are preserved through
elitism (elite rate = 0.1) to ensure a steady advance in performance of the best
individuals.

During the experiments a small population of individuals (population
count = 500) and a low number of generations (maximal number of genera-
tions = 100) are used.

Shape Grammar: After generating the genotype with its associated parame-
ters during grammatical evolution, a phenotypical representation of the design
is produced for evaluation. The presented experiments differ in terms of the rep-
resentations as well as in the translation process from genotype to phenotype.
The next section will describe these differences.

4.2 Experiments

A set of experiments has been designed for exploring the feasibility of abstract
shapes as initial stage during architectural design processes. As massing is crucial
for the design of architectural shapes, auto-generated shape as a starting point
for further design opportunities opens a huge potential for reflection on the
performance of building envelopes. The pre-optimization of architectural shapes
allows a more abstract evaluation of shapes towards performance goals at a
stage of the design, when major design decisions are yet to be taken. Therefore
this experimental process allows a stronger focus on building performance and
furthermore the information of the design process through the adaptation of
design features with major impact on the performance of the architectural shape.
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Three experiments were undertaken to explore this potential with increasing
complexity of the geometry. The experimental process starts with simple shapes
for architectural envelopes. The same approach is then extended to the combina-
tion of shapes to generate another set of design solutions. In a third experiment,
a different shape generation process is introduced to explore the potential appli-
cation of the process to the generation of complex shapes for facade components.

I. Simple Shapes for Architectural Envelopes: In this experiment, the
representation of the architectural envelope is established through the collection
of three integer nodes in point nodes to generate three dimensional point clouds.
The shape nodes in this case consist of ten points that define the shape of the
architectural envelope.

This genotype is then used as input for a convex hull algorithm that trans-
lates the point cloud into a polygonal mesh. The fitness function in this case is
maximizing the volume of the shape, while minimizing the area of the polygon
mesh, leading to compact shapes for the architectural envelope.
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Fig. 1. Shapes from Experiment I - isometric view

(Shape) ::= (Point), (Point), {Point), (Point), (Point),
(Point), (Point), (Point), (Point), { Point)

(Point) == (X), (Y), (Z)

Fitness = Volume/Sur face Area (1)

These shapes, as shown in Fig.1, are providing solutions that reduce the
surface area of the envelope to minimize thermal loss, while providing a large
volume of space for the incorporation of architectural functions as the spatial
program gets introduced to the project in the next design stage.
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II. Combined Shapes for Architectural Envelopes: In the second experi-
ment, the root node collects two different sets of points that define architectural
shapes. Through this process, a new variation of architectural shapes is gener-
ated. These shapes are also consisting of ten points each that are defined by a
collection of three integer nodes each.
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Fig. 2. Shapes from Experiment II - isometric view

(Combined Shape) ::= (Shape), (Shape)

(Shape) = (Point), (Point), (Point), (Point), (Point),
(Point), (Point), (Point), {Point), (Point)

(Point) == (X), (Y), (Z)

The fitness function here is different from Equation (1). It is modified to
minimize the enclosed volume, while the surrounding surface area is maximized
during the grammatical evolution.

Fitness = Sur face Area/Volume (2)

Figure 2 presents the architectural shapes from this experiment. They have
different advantages in the context of early design stages. Through the increase in
surface area, the interface with the environment is maximized, while the volume
for the architectural program is comparatively small. These shapes are feasible
for design solutions with a highly differentiated architectural program with spe-
cialized spaces. Two application cases are relevant in this context. One is the
introduction of collector surfaces for the use of solar radiation with either photo-
voltaic systems or algae reactors to generate biomass. The second is the use of
the envelope for the display of information through the introduction of media
facades.
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III. Complex Shapes for Facade Components: The third experiment
explores the application of grammatical evolution for the generation of facade
components. This application case strongly deviates from the other experiments,
so that the extend of the design space in z direction is restricted to refer to the
two-dimensional character of facade panels. In the tree-structure of the rep-
resentation, again ten points are collected based on three integer nodes. The
domains of these integer nodes are differentiated to incorporate the restrictions
in z direction, while the integer nodes for the x and y direction allow values
between 0 and 500 mm, the domain set for the integer values of the z direction
is between 0 and 100 mm. Another major difference to the previously described
experiments is the use of a Delaunay mesh algorithm for the triangulation of the
facade panels. Based on the hexagonal geometry, a grammar check is introduced
that omits points that are outside of the domain to ensure consistency of the
mesh geometry generated. Porosity is introduced to the mesh through the use
of a mesh frame algorithm and the resulting meshes are thickened to provide
material thickness. Through the smoothing of the shapes an organic aesthetic
expression of the geometry is achieved.

(Shape) = (Point), (Point), (Point), (Point), (Point),
(Point), (Point), (Point), (Point), (Point)

(Point) == (X), (Y), (Z)

Fig. 3. Shapes from Experiment III - facade generation
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Fitness evaluation for this design case is minimizing the volume of the geom-
etry and therefore the material needed for the production of the facade panel
and maximizing the area of the polygon mesh.

Fitness = Sur face Area/Volume (3)

The shapes generated in this final experiment that is reported in this paper
are presented in Fig.3. Through their properties, they suggest an application
potential for the introduction of thermal mass in the building envelope that
exhibits a high rate of heat exchange through the high surface-mass ratio.
Another potential application of these geometries is the introduction of evapo-
rative cooling through the material properties, as the fast heating of the surface
will enhance these effects.

5 Discussions

In this paper the approaches to shape generation were presented and discussed
for their application potential. During the implementation of the grammatical
evolution different opportunities and challenges were encountered and will be
reflected upon in this section.

5.1 Opportunities and Challenges of Grammatical Evolution

The experiments revealed the potential of grammatical evolution for the gener-
ation of abstract case specific architectural shape in three different approaches.
The representations developed based on shape, point and integer nodes allow the
definition of a design space that is general enough to evaluate possible shapes for
a wide range of design cases, while specifying the design space for a particular
design situation.

Grammatical evolution proved to be an appropriate methodology for shape
design in the context of performance-based architectural design. It allows the
generation of a wide range of feasible designs for the optimization of architectural
shapes towards a particular set of criteria.

s S

Fig. 4. Post-processed set of combined shapes - perspective view

The challenges are mainly in the implementation level. For example the devel-
opment of the terminal and function set needs to be traded of against the perfor-
mance of the architectural shapes generated during the process. Restriction of
the integer domains and checking of feasibility of the point clouds in the context
of complex shapes for facade components is another challenge.
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5.2 Post Processing

Post processing of the generated shapes shows the possible extension of the
design space. The use of texture and color in the design process widens the
scope for grammatical evolution dramatically. Even if not integrated into the
evolutionary process as yet, we want to present initial results for the use of these
concepts in the following Fig. 4.

In Fig.4 the set of combined shapes for architectural envelopes is presented
with initial shading to show some of the design potential that is inherent in
the shapes generated through the experiments. The use of the paneling process
for the use in architectural design processes was tested during the development
of the Hoverport as part of an architectural competition for the future of air-
ports. Figure 5 illustrates our entry which is based on the auto-generated facade
components described in Experiment III.

5.3 Composition

In this research a variety of simple shapes are generated and the potential of
the combination of shapes to generate a variety of architectural envelopes are
presented. In general, through the developed process, complex shapes can be
generated for a variety of architectural compositions during the architectural
design process. This potential for composition needs further exploration to reveal
the full capacity of the process.

5.4 Flexible Representation

The flexible representation used in grammatical evolution contributed to the
development of the architectural shapes through the provision of a certain design

munich p Or{ : 4 Q ;

Fig. 5. Application of facade components in hoverport design
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space that could then be systematically extended through the introduction of
different shape grammar rules. This flexibility exceeds the current potential used
in architectural design processes based on genetic algorithms and conventional
search methods.

The presented research established a methodology for the use of grammati-
cal evolution for shape design in architecture and reported on different experi-
ments to generate shapes through the development of case specific representa-
tions using shape grammars. Based on the grammatical representation of the
architectural shapes, grammatical evolution was introduced based on strongly-
typed tree-based genetic programming. This approach allows the generation of
a variety of shapes based on flexible representations.

6 Related Work

In this section the background of the research is discussed based on key references
and the research is positioned in the context of related work in the field of shape
grammar and grammatical evolution. The implementation strategy used for the
grammatical evolution is based on the work of Lee, Herawan and Noraziah [11].
As Lees research is focused on the evolution of industrial products, the presented
research is set apart through the development of representations for architectural
shapes.

The line of research using shape grammar in architectural design originated
with Stiny and Mitchell in 1978 [18] through the development of the Palladian
grammar. Following on, Koning and Eizenberg (1981) [8] described the Prairie
Houses designed by Frank Lloyd Wright, while Woodbury and Burrow (2006)
[20] represented the Queen Anne Houses using Shape Grammar. While all three
research projects developed an accurate grammatical representation to describe
specific architectural designs, they didn’t introduce Grammatical Evolution as
means to explore the design space and evaluate the architectural performance.

Besides the development of generative design strategies [16] in architectural
design during the last decades, a research trajectory exploring the application of
evolutionary computational systems in architecture [1,4,6,7] emerged. Genetic
encoding of design spaces for particular design cases and strategic exploration of
representations present critical components of the related discourse. However, a
flexible representation through the use of genetic programming widens the scope
of the discourse through the expansion of possible design solutions in particular
design spaces.

While Koning and Eizenberg [8] are using a parametric shape grammar to
describe the Prairie Houses designed by Frank Lloyd Wright and explore the
design space generated through this representation, Lee, Herawan and Noraziah
[11] are using a similar representation and extend this approach to an evolu-
tionary framework for product design. The shared approach of using a para-
metric shape grammar is based on the analysis of the design and extraction of
main vocabulary elements, before developing rule schemata. Both researchers
are presenting the resulting shapes and compositions in the respective papers
and describe their modular setup in great detail.
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Lee, Herawan and Noraziah [11] are exploring the application of both genetic
algorithm and programming in their framework for grammatical evolution in
the context of product development. The parametric representation of designs
introduces relationships between the elements of the grammar and allows for the
representation of complex product designs. The research presented in this paper,
applies a similar methodology to the evolutionary design of architectural shapes.
Already, Koning and Eizenberg [8] highlighted the potential for application of
shape grammars in architectural design and provide insights on how the design
space for Prairie Houses could be extended.

The application of graph grammars, as described by McDermott in 2013
[12], is another option to extend the presented shape design process to another
representation that is of interest in the context of architecture. Structural sys-
tems are of major importance in the development of architecture and structural
frames can be represented as graphs. In his research, McDermott [12] points out
that graph grammars reduce complexities faced throughout the implementation
of shape grammars. Another interesting aspect of McDermotts work in 2013
[12] is the use of graph grammars with multiple rules, consisting of a selector
(for node selection) and an action part (modifying the subgraph). This repre-
sentation adds more flexibility to the generated design outcomes and allows to
encode more complex generative processes. Through the use of graph grammars,
arbitrary forms usually encountered with direct representations was reduced.

Both, Lee, Herawan and Noraziah [11] and McDermott [12] are integrating
artificial fitness evaluation along with automatic evaluation of numerical values
derived from the representation. This approach can be used in further research
to allow designers direct impact on the search process. An application case for
this method would be the interactive exploration of design spaces for mass-
customization in architectural design [2,3,19].

7 Conclusions

In this study we presented a genetic programming based grammar evolution
method for automated shape generation. Three shape generation experiments
of two types are presented which are architectural envelope design and facade
design respectively. Through this study we have shown the applicability of this
evolutionary method to facilitate early stage of architectural design. Implica-
tions of this intelligent approach are discussed in this paper. We conclude that
automated shape generation by grammatical evolution offers a huge potential
for the development of performance-based creative systems.

Context and site specifity. At this point of the experiments, the representation
of the architectural shapes is independent from context and environment, which
would usually impact on the architectural design process. This might also drive
the development of a set of fitness functions based on cost, area, volume or other
properties of the geometry and the representation.
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8 Future Research

During the research process, the presented methodology for the development of
representations for design processes and the respective implementation of gram-
matical evolution will be used as basis for the development of an intelligent
framework for interactive decision support in architectural design. In this next
steps of the research project, the development of an intelligent design frame-
work for interactive decision support during architectural design processes is
approached through an abstract reflection on the process to explore the theo-
retic potential of the process to provide methodologies for architectural design,
before strategically extending the implementation of the developed methodology.
It will address the opportunities and limitations presented in the results section
of this paper.

Another aspect for the extension of the process is the introduction of multi-
criteria evaluation as part of the fitness evaluation to incorporate a variety of
fitness measures that are meaningful in the context of architectural design, e.g.
structural evaluation, evaluation of environmental parameters, introduction of
site restrictions and measures that reflect on the performance of the functional
program. Another area of interest in the context of fitness evaluation is the
evaluation of the representation itself and especially in the context of more com-
plex design outcomes this approach to fitness evaluation will be of high value to
ensure the quality of the representation used during grammatical evolution.

The introduction of new strategies to integrate human interaction into gram-
matical evolution will be taken forward from there through the development of
other methods for artificial selection during the evolutionary process.
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