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Abstract
Generative agent-based design is promising to provide a 

solution for complex design problems in architecture. This approach is 

addressing architecture as a complex system and creates emergent 

solutions. However, the field of generative agent-based design is 

relatively new and lacks the answers to the most fundamental 

questions. In this research, it is proposed that agent-based generative 

design is an instrumental part of the “new paradigm” in architecture. 

We give a general definition of the term and formulate the building 

blocks of the generative process with “General reference model for 

agent-based modeling and simulation” (GRAMS) as the main 

component. 
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 We are now at the time of big opportunities and great 

challenges for architects and designers. Opportunities are 

brought by new advanced technologies that blend into 

architectural design, engineering, and construction. The 

challenges we face in the developing world, are emerging from 

global sustainability problems, urbanization, and population 

growth. The issue of contemporary architecture is that it is 

disconnected from contextual surroundings, nature, and society 

[1]. We have to utilize the new technologies and developments to 

be able to tackle all the problems in an integrated manner. 

 Implementation of Generative agent-based design (GAD) 

as an architectural design method and tool can bring more 

possibilities to create better, optimal solutions. The field of 

computational design is relatively new, but it is already giving 

solutions that were not possible before. The agent-based method 

in generative design is capable to produce outcomes that are even 

more comprehensive, connected and emergent. However, the 

concept of using agent-based modeling for generative design is 

new. The answers to the most fundamental questions in the field 

are still missing.  The definitions are not clear and biased or not 

generally accepted. The tools for GAD are constrained by a few 

approaches. It is necessary to research further on the topic to 

answer the most fundamental questions of agent-based 

generative design.

Motivation
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 Main goal of the thesis is to push forward generative-

agent based design as a methodology and technique to create 

better solutions in computational architectural design. We take 

generative agent-based design not as a new philosophy of 

design, but rather as practical approach to search for design 

solutions. We aim to bring up the basic concepts of generative 

agent-based design as a process, its current problems, and to 

suggest solutions to fully accumulate the potentials of agent-

based design. The objectives of this thesis can be formulated in 

three simple questions:

1.  What ?
 

 What is generative agent-based design: terminology 

di�culties and clarifications? What is the state of the art of 

generative agent-based design in architecture?

2.  WHY ?
 

 Why should we use the generative agent-based design? 

Why today it stands out from other methods? What is the 

potential of GAD?

2.  HOW ?

 How to perform generative agent-based design? What are 

the issues and how to solve them?

Objectives

“The most creative ideas ever experienced are   often 

conceptualized by asking simple questions" 

             

   JEFF SHINABARGER
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1. What ?

What is generative agent-based design? The answer to the 

question is given through investigations of its terminology and 

meaning, as well as from the research of the state of the art in the 

field. It will also illustrate the focus and boundaries of this master 

thesis research. 
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Terminology
Even though the term exists in the field for quite a while, 

surprisingly there is no generally accepted definition of 

generative agent-based design. To clearly understand what we are 

dealing with, we need to give an extensive answer to what 

generative agent-based design is. Precise terminology is 

important for coherent comprehension of further discussed 

questions. The strategy we adopt here is deductive reasoning. The 

term can be dissected in two main concepts: generative design 

and agent-based approach. Further, we will put these terms back 

together for a conclusive definition. 

Generative design

Common explanations of this term are usually not general 

and in most cases describe a specific approach or goal of 

generative design. For example, "shape grammars", "genetic 

algorithms" or "topology optimization". Anthony Hauck in the 

article "What is Generative Design?" gives the definition of the 

term that seems to be the most convenient  [3]:

Subdivided columns

(6th generation -250,000 faces)

Intrinsic

motifs

Outline of input mesh

(64 faces)

5F5E

4F4E

2F3EFigure 1: 

A column generated through 

algorithmic subdivision [2]

“Generative design is the automated algorithmic 

combination of goals and constraints to reveal 

solutions"

1.1. 
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If we think about generative design as a rule sequence or 

algorithm based design, this concept is not new. Design with 

manual algorithms or rules dates back to work of Vitruvius in I 

century BC [4], as well as Andrea Palladio in the XVI century  [5]. 

More recent (1977) related work is "A Pattern Language" by 

Christopher Alexander  [6], which addresses design problems 

with a pattern (pattern not in a decorative sense but in a sense of a 

repeated, common design solution). These patterns create a 

design language and are capable to guide in manually generating 

an appropriate design. 

"Automated algorithmic" is stated in the definition to 

emphasize the fact that this process is implemented with the help 

of computational technologies, to distinguish between the 

similar ideas by Christopher Alexander, Palladio, and Vitruvius. 

Algorithms are created to reach a certain "goal" in a range of 

specified "constraints". The result of an algorithm are solutions to 

a given problem. The definition uses a plural version "solutions" to 

emphasize the fact that by automating the process we can 

produce multiple solutions to choose from.

Agent-based

Because of the interdisciplinary use of terms based on the 

concept of agents, there is a lot of complication and confusion. 

However, there is major agreement on the definition of agent:

An agent is an entity that is situated in some 

environment, and that is capable of autonomous action in 

this environment in order to meet its objectives [7].

The agent is the core of concepts from the computational 

fields like Agent-Based Modeling and Simulation, Multi-agent 

Systems. These concepts are related and very similar, however 

they are distinct. 

An agent-based model (ABM) is a simulation model 

that employs the idea of multiple agents situated and acting 

in a common environment as central modeling paradigm  [7].

A multi-agent system (MAS) is a computerized system 

composed of multiple interacting intelligent agents  [8].

Figure 2:  

Simulation of flocking birds 

with ABM [12]
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Both terms, MAS and ABM, overlap and sometimes used 

interchangeably. However, there are distinctions that we have to 

keep in mind. The main di�erence is that in MAS the agents are 

intelligent, they can control their own local subsystem. 

Intelligence may include methodic, functional, procedural 

approaches, algorithmic search or reinforcement learning. Such 

agents do not have all data or all resources needed to achieve an 

objective and need to collaborate with other agents. In this case, 

data is decentralized and execution is asynchronous. MAS is 

more related to Distributed Artificial Intelligence (DAI). On the 

other hand, ABMs are focused to search for explanatory insight 

into the collective behavior of agents. In this case, the agents are 

not necessarily intelligent, they just have to fallow a simple set 

of rules to achieve an emergent behavior [8–11] . 

Generative agent-based design

To sum up the term, we cannot just take two definitions and 

merge the thoughtless. Even though mentioned definition of 

generative design seems to be clear and objective at first glance, 

it is puzzling and could be simplified. Saying “combination of 

goals and constrains to reveal solutions” is not necessary here. 

When we say algorithmic and automated it implies that it is a 

combination of goals and constrains and the fact that it is a 

generative “design” implies that it is focused on finding design 

solutions. Saying “process” would keep the definition more 

general and simple. It creates a focus on the fact that a designer 

is actually creating a process based on automated algorithms 

that will create the final design options:

Generative design is the automated algorithmic design 

process.

In generative agent-based design, “agent-based” is a 

clarification of a type of the process that is used to create the 

designs. Generative agent-based design can include both ideas, 

MAS and ABM, as a generating process, which means that the 

focus is on the concept of agent in general but not on the method. 

This can be interpreted in general definition of generative 

agent-based design:

Generative agent-based design (GAD) is the automated 

algorithmic design process based on multiple interacting agents.

Figure 3:  

A photo of flocking birds [13]
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State of the art
Agent-based modeling and simulation concept was 

present since the 1940s, despite that it did not acquire a 

widespread implementation until a burst of computational 

power and maturity of conceptual grounds of agent-based 

simulation in 1990s. Today the use of ABM is significantly 

widespread. The applications of agent-based modeling and 

simulation range from biology (analysis of the spread of 

epidemics, population dynamics) to economics and social science 

(financial market simulation and prediction, cognitive social 

simulation)  [9]. 

The ABM for design purposes was first implemented in 

urban design. The fact that urban studies are strongly related to 

social aspects and require an intensive analysis of social 

behavior, created the need for relevant simulation tools and 

methods. ABM has a series of advantages over conventional 

modeling paradigms, which makes it particularly suitable in 

socio-related studies, thus in urban analysis and urban design in 

general. First examples of implementation include geospatial 

analysis, social segregation and aggregation analysis and 

residential dynamics analysis, simulation of size-frequency 

distribution of tra�c jams  [14]. Today with rapid urban growth 

and a concept of “Smart City” ABMs are extensively used on 

various levels of urban planning and urban transportation design 

 [15-16]. The use of agent-based modeling here is mostly for 

analytical, optimization and design decision-making purposes.  

Figure 4:  

Study of the pedestrian 

movement patterns in urban 

environment  [17]
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In architecture, agent-based modeling is used as a means 

of both, conceptual paradigm and as an instrumental device. Since 

we are researching on “generative” agent-based design, it is 

important to note that the focus is on the generative qualities of 

the ABM. Thus, we are interested more in the methodological 

and instrumental implementation of the agent-based design in 

architecture. Current design and research projects explore GAD 

from di�erent perspectives and introduce various objectives and 

applications by means of di�erent methodologies and tools. In 

most cases, the design objectives are coupled or integrate the 

possibility of interactive design. Literature review shows that 

the most recent design and research projects are using agent-

based modeling for:

 

џ form-finding [18, 19]  

џ environmental performance  [18, 20, 21]  

џ structural performance  [20, 22, 23] 

џ computational morphogenesis [24-26] 

џ spatial organization [23,27] 

To reach the design objectives diverse methods and 

approaches are used. Some outstanding selected projects are 

described further in more details in terms of the focus and 

objectives of the design and techniques used to creating agent-

based or multi-agent systems.

Research of Institute for Computational Design and 
Construction, Universität Stuttgart [24-26]

This research investigates the development of an agent-

based design method as an integrative design tool for polygonal 

surface structures. Integration of material, fabrication and 

construction constrains here referred to as computational 

morphogenesis, hence the generative agent-based design as an 

approach for it. The geometrical properties of the plates, which 

inform the behavior of agents, are inspired by the sea urchin and 

constrained by the fabrication limitations. 

In their work, Baharlou and Menges introduce the 

Constrained Generating Procedures (CGPs) as the main 

technique for generative agent-based models and drivers of 

emergent behavior of the system. CGPs are generating and 

constraining mechanisms of the agent-based model introduced 

by Holland  . In this particular project, motion behavior 

mechanisms and geometrical behavior mechanisms are present. 

Figure 5:  

Motion Behavior mechanisms 

(the attraction and repulsion 

steering behaviors)
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The motion behavior mechanisms are based on the 

autonomous motion rules developed by Reynolds – . The 

geometrical behavior mechanisms and constrains are directly 

connected to material properties, fabrication and construction 

limitations. Since the material is constraint to a flat plane 

geometry, the geometrical behaviors include tangent plane 

intersection mechanisms. The logic of agent system includes 

agent division and growth mechanisms. To simplify the 

complexity of behavioral system the aggregation techniques are 

applied.

Research of University of Southern California  
[11,19,20,30]

The focus of this research is broad but it concentrates in 

two case studies. One is the reciprocal shell structures and 

another one is façade envelope panels. The main objective within 

those two case studies is to develop a multi-agent design 

framework, which is integrating several design problems. 

Addressed design problems include: design generation and 

evaluation, environmental and structural performance, 

fabrication aware form finding. 

Figure 6:  

bottom: The generating 

agents' cell; 

top: The intersection mecha-

nism with slicing algorithm

Figure 7:  

Shell generative and structural systems with agent behaviors

9 | What ?



The multi-agent framework consists of various custom 

agent classes and their interdependencies. Each design cycle is 

implemented within di�erent agents. The framework consists of 

two stages. First, is intended for generative aspect of design, 

where agents act autonomously. Second, is intended for 

optimization of the design, where agents act collaboratively to 

find optimal solution. Agent classes include:

џ Generative agent 

џ Specialist agent

џ Simulation agent 

џ Evaluation agent 

џ Coordination agent 

All agent types have the same number of layers, but their 

definition is based upon a specific class. Behavioral rules may 

vary in complexity and levels of information taken into account 

during the decision-making process.

Figure 8:  

Multi-agent system 

framework
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Software tools  

Majority of the studied projects use custom algorithms 

within existing software packages or even complete custom 

developed software. In some cases, the software is used in 

di�erent combinations depending on the design process and 

design objectives of the project. Two most commonly used and 

available tools include Processing and Rhino-Grasshopper. 

Figure 9:  

Composite Wing – robotically 

fabricated inlay within a 

composite surface [33]

Processing

Processing is a programming language and development 

environment used for teaching fundamentals of computer 

programming within a visual context. It serves as a sketchbook 

and as a production tool for artists and designers [31]. Designers 

are using Processing and various libraries to create custom 

algorithms for generative design purposes, which includes also 

the agent-based algorithms. Figure 9 shows one of the projects 

by Roland Snooks generated in Processing with agent-based 

algorithms. 

Another case for using Processing for agent-based design 

is the work by Satoru Sugihara. He developed an algorithm 

development environment named iGeo, which is an open source 

library for Processing [32]. Example of project developed using 

iGeo and Processing are shown in Figure 10.
Figure 10:  

Formation of folded panels at 

Emerson College Los Angeles 

Center [32]
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Rhino-Grasshopper

One of the most common software for generative design in 

architecture is combination of Rhino 3D NURBS modeling 

software and Grasshopper visual programming plugin. 

Grasshopper includes a huge variety of tools and a few ones for 

agent-based design. Custom algorithms can be created in 

di�erent programming languages like Python, C#, Visual Basic. 

Some add-ons for Grasshopper include tools for simulating 

agent behavior based on swarms (QUELEA, NURSERY, 

PHYSAREALM). Projects which utilize Rhino-Grasshopper tools 

are [18-21,25].
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Now we have an idea about what is generative agent-based 

design, but we have to justify and explain the reasons why we 

should use it. To give the answer we will look back to where the 

concept of GAD is coming from and what are the potentials of the 

method.

13 | Why ?
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“New paradigm”

Today we are witnessing a great change of conceptual 

grounds in architecture. On the one hand, this change is said to 

be driven by emergent digital tools and the ability to work 

intensively on the topology [34]. On the other hand, the 

paradigm shift is driven by the Complexity theory as a new 

worldview. It opens the possibility to develop new design 

approaches and strategies for architecture where a designed 

object is seen as a complex system [35]. The “new paradigm” is 

the answer to the question “Where the idea is coming from?”

Paradigm is a distinct set of concepts or thought patterns, 

including theories, research methods, postulates, and standards 

for what constitutes legitimate contributions to a field [36]. The 

title of the chapter is quoted for the reason that it is still a big 

question, which falls out of this thesis work margins if we can 

call it a new paradigm. The field of architecture is still 

substantially modernistic and the “new paradigm” is more an 

architectural movement that has the potential to change 

architecture dramatically. Here a “new paradigm” is more the 

focus on an instrumental approach that is developing out of the 

concepts coming from Digital Revolution and Complex systems 

theory. 

Complex systems theory

"The whole is more than the sum of its parts" 

ARISTOTLE

From the middle of the 20th century, a major change 

happened in natural sciences, which was outlined in Complex 

systems theory. As a study of complexity and complex systems, 

it is focused on relationships of elements and their self-

organization. Theory of complexity is opposed to the linear and 

mechanistic Newtonian worldview. 

14 | Why ?
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Figure 11 shows that the science of complexity has been 

developing as an interdisciplinary knowledge base of concepts 

and theories. With time complexity theory has evolved from 

describing properties of specific given systems into a broad area 

of research in science with applications ranging from economics 

to physics [35]. Currently, there is no consensual general 

definition of complexity and no unified theory [37]. Yet, it is 

possible to outline the main ideas that build up the concept of a 

complex system. 

Figure 11:  

Map of Complexity Science 

[38] 

What is a complex system? 

The word “complex” here implies diversity, through a 

great number, and wide variety of interdependent, yet 

autonomous parts. The “system” portion refers to a set of 

connected, interdependent parts or a network [39]. A system is a 

collection of interacting elements making up a whole. It is 

important to distinguish that the system can be complicated but 

it does not mean that it is complex. To be considered a complex 

system it has to have some essential properties [40]. Many 

natural systems possess the properties of complex systems that 

could be explained on a very common example, an ant colony 

[41]: 

џ Complex systems consist of a large number of interacting 

elements:

An ant colony usually consists of a great number of ants with 

di�erent functions like foraging, nest maintenance, 

patrolling, etc. Ants interact and communicate with each 

other through tactile and pheromones. 
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џ Complex systems are decentralized:

The behavior of the colony depends on the interaction 

between each ant. Ant quine does not give orders or control 

the colony. Usually, her function is to reproduce. 

џ Complex systems are open. They can have external (outside of the 

system) interactions:

The size and structure of the ant colony depends on the 

environment where it is situated. We can never isolate the 

existence of the colony from its environment. Through the 

interaction with the ecosystem where it is situated it is 

adopting and changing.

џ The relations in complex systems are nonlinear and dynamic:

An ant colony is never static, the number of ants is always 

changing, the nest is constantly modified and rebuild. These 

changes are reliant on the variety of environmental 

conditions and on the current state of the colony. 

џ Complex systems exhibit emergent and self-organization 

behavior:

Ants decide on which function they perform in the colony 

depending on the number of other ants they communicate 

with. This results in decentralized, self-organization of the 

colony and emerges in a cooperative intelligence.

Modeling and simulation of complex systems

The practical benefit of knowledge about the complex 

systems and other concepts of complex systems theory mainly 

lays in scientific modeling. The aim of scientific modeling is to 

make a particular part or feature of the world easier to 

understand, define, quantify, visualize, or simulate. It requires 

selecting and identifying relevant aspects of a situation in the 

real world and then using di�erent types of models for di�erent 

aims [42].

The modeling of complex systems present some 

di�culties related to its properties. Since complex systems are 

nonlinear and result in emergent behavior, it is not possible to 

predict or comprehend the system just from studying the parts 

of the system and then combining the results. This created a 

trend to model systems in detail and then simulate their 

behavior, which is called microscopic modeling of systems. 
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Macroscopic modeling of a complex system focuses on 

describing the aggregate behavior of a system and usually 

involves a high degree of abstraction and aggregation. On the 

contrary, microscopic modeling focusses on characteristics and 

behavior of individual entities. In this case, the aggregate 

behavior of a system under investigation is not modeled 

explicitly but evolves from the behavior and interactions of the 

involved entities [7].

Is architecture a complex system? 

We can address architecture in two ways. First, 

architecture as a designed object, building or an element of 

the building, and second as a design process. 

Design problems in architecture are unique, open-

ended and ill-structured [43]. This does not allow 

architects to rely only on predefined methodologies or 

previous solutions to similar problems. Even though we 

apply tested design solutions to new problems, the overall 

approach in architectural design is typically experimental. 

Commonly architects take on the responsibility to evaluate 

all known factors involved in a design project that might 

lead to unwanted outcomes in both physical (structural, 

functional) and ethical (social) sense. Architectural 

problems are complex and characterized by a wide range 

of determining, partly unknown or subconscious factors 

on various levels, ranging from local building codes to 

aesthetic aspects [35]. 

Moreover, the properties of complex systems lay in 

the architecture as a materialized object. Even if we take an 

element of architecture (as an example structural system 

or a facade) we can consider it as a complex system of 

building elements working together to create a structure 

with particular properties and values. Changing the 

dimensions or any other properties of one element would 

a�ect the qualities of the structure as a whole.
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Conclusion

Arising complexity in architecture forces us to 

rethink the traditional top-down approach in the benefit 

of the bottom-up design process [44]. A number of 

architectural theorists have written about complexity in 

architecture, among them Jencks, Eisenman, and Lynn, 

but attempts to use complexity theory in architecture have 

rarely ventured beyond rather diagrammatic and iconic 

applications [35]. 

We can bring an architectural design to a new level by 

approaching it as a complex system, but in another way 

then just diagrammatic. Both expressions of architecture 

as a design process and as a design object can be treated as 

a complex system. This introduces the first two 

statements of generative agent-based design:

џ Architecture is a Complex System

џ Modeling and simulation of Complex systems 
is a Design Process
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Digital revolution

“The most profound technologies are those that 

disappear. They weave themselves into the fabric of 

everyday life until they are indistinguishable from it.” 

MARK WEISER

In the middle of the 20th century, the shift from 

mechanical and analog electronic technology to digital 

electronics marked the beginning of the Digital Age. The 

invention of the transistor led to the development of 

general-purpose computers, hence the ability to easily 

move digital information between media [45]. Digital logic 

circuits, Internet, personal computer and other 

innovations changed our life. They transformed the 

industries and created new ones. Digital Era for 

architecture started with Computer Aided Design (CAD), 

and Computer Aided Manufacturing (CAM) tools and 

further developed with Building Information Modeling 

(BIM) and Generative (or computational) design.

CAM

In 1957 Dr. Patrick J. Hanratty ("Father of 

CAD/CAM") developed an early commercial numerical 

control programming language PRONTO, which was the 

first CAM software system [46]. CAM software is used to 

control machines for manufacturing and processing of 

components or designed objects. Today we call this 

process Digital Fabrication. Generally, computer-aided 

manufacturing requires a 2D or 3D digital copy of an 

object, which has to be modeled in CAD software.
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CAD

In 1963 Ivan Sutherland developed a first Computer 

Aided Design system called SKETCHPAD (Figure 11). It was 

more than just a 2D drafting tool, it was integrating the 

benefits of computation to the design process. The 

geometry displayed on the screen was a representation, 

not just of the apparent graphics (points, lines, etc), but 

also the underlying constraint model, which included the 

symbolic representations of constraints (anchor points, 

parallel and orthogonal constraints between lines, etc). 

The manipulation of one geometric element by the user 

triggers a new resolution of the constraint model, which in 

turn propagates changes to the other geometric elements 

[47].   It took a few decades for CAD/CAM systems to 

become a�ordable and feasible to use in practice. 

Consequently, the software was simplified. It was not a 

true computer aided Design anymore; it became just a 

drafting tool or computer-aided Drawing.

Bim

In 1987 Graphisoft launched ArchiCAD which 

regarded as the first implementation of Building 

Information Modeling. BIM extended the notion of 

computer as a design tool by adding more dimensions. 

Three spatial dimensions, time and money as fourth and 

fifth.  BIM is based on the idea of creating a single 3D 

building model with drawings extracted from the model 

considered as derived data. The focus of BIM is data 

management. It is inherently a much more systematic 

approach to the application of computing to design [47]. 

As a tool, it is powerful in optimizing the management and 

logistics but it lacks the freedom of design by limiting the 

formal possibilities.

Figure 12:  

Ivan Sutherland on MIT 

Lincoln Labs' TX-2 computer 

[48] 
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Generative design

Fundamentally, the task of the computer as a tool is 

very straightforward: executing a set of instructions and 

storing the information or data. From that sense, when 

using BIM or CAD software, a designer has limited access 

to the data and only a predefined set of instructions. To 

fully benefit from design with a computer as a tool it is 

crucial to have control over the instructions or algorithms. 

This is where generative design comes in. It can also be 

referred to as parametric or computational design [49]. 

With computational or generative design, there is a clear 

distinction between a generative description of the design 

and generated model. Thus, it reframes the designer's task 

from the design of a single physical object with a fixed 

form, to the design of systems, which encode the full range 

of formal possibilities for a particular design concept [50]. 

This fundamentally changes the design possibilities and 

makes it viable to integrate simulation, optimization and 

digital fabrication in the process [47].
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Generative design process 

diagram. Redrawn by the 
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The main challenge in generative design is to create a 

proper algorithm that generates possible design solutions. 

It requires a designer to have a specific control strategy for 

the algorithm. In other words, the way a designer can 

manipulate the automated process to have a desirable 

result. There are two distinguishable types of strategies 

that are commonly used: Direct and Indirect [52].

Figure 14:  

Generative design control 

strategies  [52] 

For direct control strategies, it is typical to 

manipulate the algorithm by changing the input 

parameters. These parameters could be just numbers or 

the list of possible choices. This can be very e�ective in 

giving direct control to the designed object. However, 

because direct control strategies can rely on the 

parameterization of each individual component, they 

often either do not produce enough variations of design or 

require too many parameters to e�ectively generate the 

designs. 

Indirect control strategies include Recursive and 

Behavioral strategies. Recursive control strategy usually 

includes one or more recursive algorithmic functions that 

are controlled through a set of parameters. Behavior 

strategies control discrete algorithmic agents that interact 

with each other to create the final design. This strategy is 

also called agent-based. Indirect strategies are powerful 

because they describe complex processes that can be 

controlled using a smaller set of more abstract input 

parameters [52].
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Conclusion

Digital revolution produced a set of tools that has 

changed many aspects of architectural practice as well as 

the design process. In comparison to other computer tools 

brought by the Digital Revolution, the biggest advantage 

of generative design is the ability to create solutions for 

substantially complex problems that would otherwise be 

resource-exhaustive or impossible with an alternative 

approach. This makes it a more attractive option for 

solving problems with a large or unknown solution set 

[53]. 

When looking at the aspects of generative 

architectural design and complexity theory more closely, 

the generative approach to architectural design sticks out 

as a promising strategy [35]. In the design process where 

architecture is addressed as a complex system, agent-

based or generative strategies are the most prominent. If 

we assume a problem domain, that is particularly 

complex, large or unpredictable, such as architecture, 

then it can be reasonably addressed by developing a 

number of functionally specific  and modular components 

(agents) that are programmed to solve a particular task 

[30]. Agent-based generative design reflects the 

statement that the modeling and simulation of complex 

systems is a design process. It answers the necessity of tool 

for architectural design as a complex system.
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Figure 15:  

Diagram of generative agent-

based design as a new 
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Potential of GAD

Generative agent-based design as a technique and 

methodology for architectural design has several advantages 

over other generative design techniques. Since the agent-based 

modeling resembles the modeling and simulation of complex 

systems, it possesses the qualities of complex systems. We can 

highlight some advantages and benefits that give the answer to 

the question where it could lead:

1. emergence

One of the most distinctive features of agent-based 

generative design in comparison to other generative design 

paradigms is that it can produce emergent solutions [7]. 

Emergence and self-organization arise from the properties of 

the agent-based system, which is a complex system. Interaction 

between simple components of a system creates properties or 

qualities that single distinct element, could not have [54]. 

An example of emergence is a human consciousness, 

which is a result of the interaction of 100 billion neurons. Applied 

to generative design, the interaction of simple agents can 

produce emergent complex design solutions that are not 

possible or too di�cult to achieve with other methods. 

2. SELF-ORGANIZATION

Dynamic interaction of agents in complex system develop 

in self-organization. Self-organization refers to the ability of a 

system to change its structure or complexity without any 

explicit control [55]. In that sort of generative design process, 

the designed system can adapt according to the environment 

and constraints to produce solutions that are connected with the 

design objectives. 
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3. COMPLEXITY

The complexity of architectural design as a process and as 

an object arises with time. Generative agent-based design as a 

method can create solutions to substantially complex problems 

that would otherwise be resource-exhaustive with an 

alternative approach. This makes it a more attractive option for 

problems with a large or unknown solution set [56]. The 

complexity of agents can be articulated freely. The agent-based 

systems can also be nested within each other to solve sub-

problems. 

4. BOTTOM-UP DESIGN

A bottom-up approach is the piecing together of systems 

to give rise to more complex systems, thus making the original 

systems sub-systems of the emergent system [57]. A top-down 

approach is good for understanding something that is already 

there, and the bottom-up approach is good for constructing and 

assembling something. This approach is common in natural 

systems. In bottom-up design, there is no mastermind to give 

distinct orders for the design solutions. The design is build up by 

connecting discrete elements into a system that is creating 

emergent design solutions. 

5. INTUITIVE MODELING

Agent-based modeling provides a natural description of 

the system. The ontological correspondence between the 

computer agents in the model and real-world actors makes it 

easy and evident to represent actors, the environment, and their 

relationships [14].
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If architecture is a complex system and modeling and 

simulation of complex systems with the agent-based approach 

as a design process, how can we do generative agent-based 

design?  What are the issues and challenges we need to solve 

when we think about the generative agent-based design as a 

process?  What are the components of this process?
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Issues and challenges

In current practice of generative agent-based design, 

several problems stop the approach from being implemented in 

real life projects and to gain acceptance in computational design 

field. Issues are highlighted through an analysis of the state of 

the art projects and developments in architecture. 

1. TOOLS FLEXIBILITY, REUSABILITY

In most cases, studied projects are using very specialized 

and limited tools. For instance in  [23] software was built 

specifically for the purposes of one project, the reusability of the 

software is questionable. Even though in [24,26]  are 

emphasizing on the importance of flexibility of the tool, authors 

do not explain the whole framework and building blocks, only 

introducing some of the used methods to create it. 

To be able to create certain behaviors and their variety the 

instrument for generative ABM must be flexible. There is a 

necessity to have a common framework and methodology of 

how to create the agent-based models so that designed agents 

could communicate with no constraints and created behavioral 

strategies that can be reused for other projects. 

2. LIMITED BEHAVIORAL MECHANISMS

Most of the projects are implementing the swarm logics 

and using the behavioral rules introduced by Raynolds [29]. The 

rules are easy to follow and integrate into any agent-based 

model. However, the simplicity of these behavioral mechanisms 

emerged in overuse of the swarm logics in all GAD projects. The 

limitation of the tools available for agent-based modeling is also 

constraining the designers in creating their own behavioral 

mechanisms for agent-based generative design. 

It is necessary to invest in development and application of 

other behavioral mechanisms. In a way that they could be reused 

and modified to fit for various design problems. 

3.1. 



3. ABSTRACTION 

It makes sense to use generative agent-based design as 

long as we can transfer that design into reality or build it. It is an 

existential question for GAD if we can model the constraints of 

the real world materiality and constructability into the digital 

design process.  

Generative agent-based design today is commonly used 

on the very first mostly abstracted design phase. As a result 

geometry of the forms are complex and not thought through 

from the perspective of material realization. Designers are 

trying to go around the problem by suggesting 3D printing 

technologies as a solution. However, 3D printing industry in 

construction is still not capable to provide cheap, high-quality 

solutions. For that reason, generative-agent based design is not 

implemented widely in the practice but mostly explored in some 

research projects. 

Geometry is a communication language between the 

abstracted design idea and the real design solution. To deal with 

the problem of abstraction in GAD, it is necessary to highlight 

the importance of integration of detailing phase in the process as 

a part of the agent-based model. 
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GAD as A Design Process

To tackle the problems and find solutions, we need to go 

back to the statement that GAD is a design process for 

architecture as a complex system and determine the steps and 

parts of the process.

To solve any design problem the most important is to 

detect the issue in the first place. The notion of the problem 

drives the need for the solution and in general the design 

process. (Figure 15) Here we do not focus on the process of 

determining the problems, but rather on the design process 

itself with design objectives and issues in mind.  

3.2. 

Design 

Process

PROBLEM

 SOLUTION

Figure 16:  

Simplified design process 

diagram
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The benefit of generative agent-based design as a design 

process is the integration of solutions for the multiplicity of 

di�erent problems in one procedure. So it makes possible to 

tackle the design objectives in all its complexity and diversity 

and produce multiple results (Figure 16). Potentially, this 

promises to solve the problem of “disconnected” architecture. 

The design process usually goes through several levels, 

starting from the conceptual basic idea of the design, then 

development process with adding some details and constraints, 

and finally fine-tuning and detailing of the designed object. 

Moreover, in between and inside of every level there could be an 

evaluation and analysis steps. Potentially GAD can be an 

approach that is able to take in every design level through the 

time of project development and automatically adopt the design 

solutions according to constraints and objectives. This would 

solve the problem of abstracted results in agent-based methods.

The major challenge is to create a kind of framework 

behind the “black box” of GAD that can be flexible enough. It is 

necessary to identify the components of this. 

Figure 17:  

Diagram of GAD process and 

levels of design problems
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Components of GAD

Derived from previous investigations and statements 

based on complex systems, we can formulate three main 

components of the generative agent-based design process: 

design ideas and intentions, agent-based modeling, and 

simulation of the model (Figure 17). These components are the 

sub-processes, their interconnections create the GAD process. 

Design Ideas are the driving force and usually starting point 

of the process. Ideas should be generated from design problems 

and objectives. In this part of the process, decisions are made on 

what exactly is modeled and which approach is used for each 

problem.  

Agent-based modeling is the main part of the GAD. This 

part is a complex process driven by the design ideas and 

providing the data for the simulation part. Here it is important to 

have a modeling framework that is flexible and capable to 

accumulate any design idea or problem. To solve previously 

determined issues of GAD the agent-based modeling framework 

should be suitable for multiple agent behaviors, have building 

blocks that are easy to reuse in di�erent projects.

Simulation is the process in which agent-based model is 

carried out. It is the generating process of the GAD, this is where 

the solutions emerge. Simulation is also connected with design 

ideas because the simulation can be interactive and the input 

from a designer can be contributed on the go. Moreover, the 

results of the simulation could create a feedback loop for the 

design ideas to emerge. 

In this thesis, the focus will be given to the “Agent-based 

modeling” part of the GAD process. The reason for it is that 

agent-based modeling is usually a binding element that 

constrains the simulation and design idea components of the 

process. For simulation and design ideas components perspective 

developments will be outlined in conclusion. 

31 | How ?

3.3. 



Figure 18:  

GAD process components 

diagram

Agent-based model

The field of agent-based modeling lacks a solid theoretical 

foundation, e�cient approach for model development, and 

reusability of algorithms. This what General Reference Model for 

Agent-based Modeling and Simulation is proposed to 

contribute. 

General Reference Model for Agent-based Modeling and 

Simulation (GRAMS) – is created by Robert Siegfried  [7] as the 

reference model that defines the components and structure of 

agent-based models as well as constraints for the simulation of 

such models. It provides a solid foundation of ABM by defining, 

on a conceptual level, the basic building blocks and their 

relations.
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GRAMS framework

In GRAMS framework agent-based model M is defined as 

tuple: 

M = (T, E, ENT, emb, EV, C)

T - set of points in time

E = (L, P, U) - environment, consisting of a set of locations     

L, environmental properties P and update functions U

ENT – set of entities

emb: ENT → L – embedding of entities in the environment

EV – event types

C – set of constraints

GRAMS applies to the micro-level as well as to the macro-

level of an agent-based model.

Macro-level

The macro-level defines the overall model. It contains the 

common environment and the embedding of all entities 

currently interacting within this environment. Possible event 

types and constraints are defined on the macro-level.

Simulation time - T is defined as totally ordered set of 

points in time. It can be bottom-up: defined on micro-level and 

derived on macro-level. It can be top-bottom: Defined on 

macro-level and used a subset of it in micro-level. 

Environment - E denotes the common space in which all 

agents are acting.

E = (L, P, U): environment consists of L locations, 

environmental properties P, and environmental update 

functions U. S(E) – state of the environment depends on P, L, U.
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Locations is a concept that helps to embed the entities in 

the environment. The locations can change in time.

Environmental properties – P denotes the properties of the 

environment in each specific locations. Properties has D – 

domain of properties, which are associated with locations.

Environmental update function – U denotes the dynamics of 

each location's properties. They change the properties P of the 

environment. Update functions can be triggered by events, and 

can trigger new events, and can trigger itself. 

Embedding of entities - emb: ENT → L associates each entity 

with a specific location in the set of locations S(L). The 

embedding defines the current position of any entity at any 

specific point in time, i. e., emb defines the ground truth (i. e., 

undistorted information) as opposed to perceived truth (i. e., the 

position assumed by an agent) which may di�er. 

Events – e is defined as an instantaneous occurrence at a 

specific point in time that may change the state of the model. 

Event occur instantly and multiple events can take place at the 

same moment. There are endogenous events and exogenous 

events. Endogenous events occur and e�ect only inside of 

environment or an agent (Micro-Micro, Macro-Macro). 

Exogenous events occur in one component and e�ect another 

component (Macro–Micro). The simulation of the gent-based 

model can be driven by events or time. 

Micro-level

The micro-level includes properties of single entities. It 

contains inner structure and behavior of an agent, and refers to 

objects without behavior. 

Entity set (ENT) - denotes all entities, which are part of an 

agent-based model. It consists of set of agents and set f entities.

An agent (A) - is defined as tuple A = (ATT, SEN, EFF) with 

ATT representing the set of attributes, SEN the agent's sensors, 

EFF agent's e�ectors. 

An object (O) - is an agent without behavior. It is defined by 

the set of attributes ATT.
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Attributes (ATT) - are the set of properties and 

characteristics of agents and objects. Attributes can be static or 

dynamic. The attributes can be both, simple number values or a 

complex data structures. 

Sensor (SEN) provides perception capabilities to an agent. 

Sensors can be triggered by endogenous and exogenous events. 

Can trigger new endogenous events. An agent for perceiving its 

environment primarily uses the sensors. Each sensor may 

activate e�ectors of an agent or further sensors. Sensors can be 

endogenous or exogenous. 

E�ector (EFF) - provides capabilities to actively cause state 

change. E�ectors can be triggered by endogenous events and can 

trigger endogenous and exogenous events. E�ectors can alter 

the environment, or a�ect agents embedding in the 

environment (ex: movement) (exogenous), or change attributes 

of an agent (endogenous). If e�ector a�ects the agent - it is 

endogenous e�ector, if it e�ects the environment - it is 

exogenous e�ector. 

An action refers to a sensor or e�ector, which was triggered 

by an event and is currently active.

Sensor-e�ector-chains are combinations of sensors and 

e�ectors that describe the behavior of an agent.

Constraints (C) - determine conditions under which 

successful execution of a sensor or e�ector action of an agent is 

possible and therefore represent general laws of the modeled 

world.

Figure 18 shows the model with all its components in one 

diagram. 
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Figure 19:  

GRAMS framework diagram
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Throughout the history the tools where driving and 

constraining our possibilities. Humanity developed from stone 

tools (Figure 20) to microchips with artificial intelligence (Figure 

21). However, our challenges are growing in complexity as well. In 

architecture, digital tools drive new kind of design thinking in 

architecture to solve current problems. An agent-based 

generative design is a promising approach that is still in the 

infancy of its development. 

Contribution of this thesis work in pushing forward 

generative agent-based design are outlined in the answers to the 

fundamental questions of the field. We formulate a general 

definition of the GAD, propose the fundamentals of the approach 

in terms of its objectives, and investigate the process and its 

components. This research is focused on “agent-based model” 

element of GAD process. It provides the foundation of future 

development in other elements of the approach. 

“Simulation” part requires the development of a digital 

tools for simulation of the ABMs based on GRAMS framework. In 

perspective a Grasshopper plugin could be developed, which 

could give access to new possibilities in GAD. 

“Design Ideas” part can be approached from a pragmatic 

side, by developing an online platform (similar to GitHub) where 

developers could share the elements of their ABM models. 

Modular flexibility of the framework allows the reuse of the 

components. By building up on the previously developed 

components, it would be possible to address di�erent design 

problems in an adaptive way. 

Conclusion
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Figure 20:  

Drawing of a handaxe from 

the Acheulean stone tool 

culture 1,7 million years ago 

[58]

Figure 21:  

Full Self-Driving Computer 

hardware by Tesla - 2019 

[59] 

“First, build your tools”

ROBERT AISH
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