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ABSTRACT

The Constructing industry around the world is growing exponentially. In the Netherlands itself there is a
need of constructing 1 million affordable new homes by 2030. Such a massive demand for new buildings
has given rise to a need for a solution for mass customization of architectural configurations. Simple repeti-
tion or a badly configured building is not ideal and can lead to a lot of social and environmental problems.
Generative Design can offer a digital solution for this mass customization problem. It can utilize the power
of Artificial intelligence in design to generate a system where users can create custom solutions rapidly.
The second part of the customization problem is the user participation in determining the customization
goals. More often than not the end users of the built space do not get an opinion in the configuration
process and this leads to unsatisfactory and undemocratic design solutions producing urban inequality.

In this thesis a comprehensive digital solution by means of a digital platform is provided in an attempt to
solve the 3D layout problem in a participatory manner. The platform built in the thesis is intended for de-
signing Open buildings at a scale of support structures. The concept of Open buildings calls for separation
of the structure and the infill layer making the buildings open for modification and customization.

The 3D-Layout configuration problem in its full sophistication is a classical example of a wicked problem.
So in this thesis the problem is methodically broken down into a group of nested smaller problems with
local goals to achieve the global spatial planing goals and various computational methods are tested for
solving the problems. The nature of the smaller problems is often iterative hence a robust decision support
system is also designed for stakeholder participation and control over the problem solving method.The
computational methods used in the thesis are inspired from various other disciplines like Computer sci-
ence, Industrial engineering, Operations research, etc. where they are used to solve similar problems in
their respective domains. Techniques like Multi-agent systems, Multi-criteria decision analysis, Techniques
for solving the clustering and packing problems in operations research are explored to solve the various
nested smaller problems in the 3D-Layout problem.

Finally all the methods developed in the project are used to solve a test case for the design of a mixed used
Open building consisting of Housing and Commercial spaces in the Buiksloterham region which is one
of the first circular neighbourhoods in Amsterdam to showcase the potential of the platform and the feed
forward design process developed in the thesis.

KEYWORDS: GENERATIVE DESIGN, MASS CUSTOMIZATION, 3D-LAYOUT PROBLEM, PARTICIPATORY DE-
SIGN, MULTI-AGENT SYSTEMS, PYTHON PROGRAMMING.
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PREFACE

The interest for developing this project roughly began during my undergraduate thesis where my thesis
supervisor Dr.Anil Darshetkar introduced me to a book that he had written for helping the students formu-
late research and design questions called as 100+ decisions. The concept of Architect as a decision maker
and the final design as a consequence of those decisions was introduced to me at the time and has been a
subject of interest since then.

The need for such an approach was solidified when I worked as an architect on a large scale healthcare
projects where there were so many decisions to take and numerous stakeholder requirements to cater to
that analysing a configuration for the requirements or even checking the validity of it became a very dif-
ficult task in itself, let alone the generation of design based on them. Designing such critical spaces with
no way of knowing the performance of it in meeting the needs and choices of the users can prove to be
disastrous in the long run. This cemented the idea for the need for developing such a methodology. Con-
figuration problems are very difficult questions in Architectural computation, but I can proudly say that in
this thesis I took the first steps in trying to address the problem.

During the course Earthy(Computational Design for Earth Architecture) taught by Dr.ir. P. Nourian and ir.
S. Azadi, I was introduced to the concept of configuration design and scientific methodical thinking about
architectural design. In this course we developed a design game for developing the social housing for the
Zatari refugee camp in Jordan. This gamified approach towards collective decision making was the main
inspiration behind starting this project. The course Earthy, Dr. Nourian’s doctorate work and the work
done at Genesis lab by the students and the researchers form the background for the computational design
theory and the subsequent work done in this project.

The core architectural theory and one of the most important subjects over which this proposal is based on
is the Open building movement initiative and the work done by my second mentor Prof.ir. Thijs (M.F.)
Asselbergs. The consultation and discussions with him helped me develop this project considering the
architects point of view in design of these mass customized configurations.
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ACRONYMS

GD: Generative Design.

ABM: Agent Based Modelling.

TCR: Total Closeness rating.

MIP: Mixed Integer programming.

SCIP: Solving Constraint Integer Programs. It is a solver in part of the Google OR tools library.

OR: Operations research

REL-CHART: Relationship Chart

MCDA: Multi criteria decision analysis

TOPSIS: Technique for Order of Preference by Similarity to Ideal Solution. It is a technique for MCDA.

CORELEAP: Computerised relationship planning

ALDEP: Automated Layout Design program

GH: Grasshopper a parametric modelling plugin for the 3d modelling software Rhinoceros.

WFC: Wave function collapse. An algorithm used in procedural content generation.

BIM: Building Information modelling.

CRAFT: Computerized Relative Allocation of Facilities Technique.

GSL: Generative Space Layout.

HOY: Hour of the Year.
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LIST OF TERMINOLOGY USED:
1.Lattice: a numerical field within a discrete 3-
dimensional space

2.Voxel/cell: Voxel represents a value within a lat-
tice

3.Mass: A group of voxels representing the (max-
imum) volume of the buiding.

4.Massing: The process of obtaining the mass
from a given design space

5.Envelope: Boundary of the mass

6.Zone: A group of voxels within a mass repre-
senting a specific attribute like spatial function.

7.Zoning: The process of obtaining the zone from
a given mass.

8.Agent:An agent is anything that can be consid-
ered able to perceive its environment through sen-
sors and act on this environment through actua-
tors.A typical agent has a set of actions it can take
and an id to trace its activity.

9.Spatial Agent: An spatial agent is an au-
tonomous entity which acts, directing its activity
towards achieving its spatial goals, upon an envi-
ronment.

10.Agent Seed: An agent seed is the voxel where
the agent starts performing its behaviour.

11.Agent Behaviors: The actions which the agent
can perform to achieve its goals

12.Multi-Agent system:An agent-based system
also can exist with several agents having the char-
acteristics as described in the previous paragraph.
Such a system is called as a multi-agent system

13.Stencil: The neighborhood definition in a dis-
crete 3d space

14.Environment Field: Set of scalar values de-
rived from an environmental simulation on a 3D
grid having the same structure as the voxel grid.

15.Value Lattice: Set of scalar values correspond-
ing to a certain simulation or calculation done on
a 3D grid having the same structure as the voxel
grid.

16.Desirability Lattice: Set of scalar values repre-
senting the result of the MCDA process done on
a 3D grid having the same structure as the voxel
grid indicating the desirability of a certain voxel
for a certain agent.

17.Occupancy Lattice: Set of scalar values corre-
sponding to the agent ID indicating the occupancy
status of a voxel by the agents in the system on

a 3D grid having the same structure as the voxel
grid.

18.Availability Lattice: Set of boolean values indi-
cating the availability of a voxel for occupancy on
a 3D grid having the same structure as the voxel
grid

19.Environment Field: Set of simulation scalar
values on a 3D grid having the same structure as
the voxel grid

20.Decision variable: A decision variable is a
quantity that the decision-maker controls

21.Decision space: The range of values these vari-
ables can take on

22.Global decision variable: A decision variable
that affects the performance of the entire design
space
23.Local decision variable: A decision variable
that affects the performance of an aspect of the de-
sign space

24.Design criteria: Attributes of the design space
Design space: The range of values that these vari-
ables can take on

25.Performance indicator: An aggregated value
that quantifies the performance towards a goal

26.Global performance indicator: A performance
indicator that informs an entire design criterion.

27.Local performance indicator: A performance
indicator that informs part of a design criterion

28.MCDA: Multi-Criteria Decision Analysis is a
sub-discipline of operations research that explic-
itly evaluates multiple conflicting criteria in deci-
sion making

29.Function: mathematical function

30.Spatial function: Space usage or occupation
type

31.Environmental factors: The conditions found
in the environment which can have an impact on
the design like noise, solar radiation, wind, pre-
cipitation, moisture etc.

32.Radiance: The density of radiant flux per unit
of surface area and unit of solid angle.

33.Irradiance: The density of radiant flux (power)
per unit of surface area

34.Unit: Unit in the context of spatial configura-
tion can be defined as a entity in the space pro-
gram which comprises of a self contained set of
rooms collectively catering to a common function

35.Visibility: amount of unobstructed view from
a point of interest expressed in percentage
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36.Quiteness: Simplified calculations for the
amount of sound perceived at a point in space
based purely on the euclidean distance values
from the noise source and the context geometry.

37.Closeness: The Euclidean or Manhattan dis-
tance between two points in space.

38.Actor: The stakeholders involved in the project
who can make spatial decisions are termed as ac-
tors.

LIST OF ALGORITHMS:

[1] Mesh Voxelization Algorithm
The algorithm to convert a mesh into voxel array
of specific size.

[2] Facade Closeness Lattice generation Algorithm
The algorithm to generate spatial quality matrix of
closeness to a surface.

[3] Quietness Lattice generation Algorithm
The algorithm to generate spatial quality matrix of
Quietness with respect to a source of sound.

[4] Sun-Access Lattice generation Algorithm
The algorithm to generate spatial quality matrix
of Sun-Access of the voxel array for a certain list
of HOY’s.

[4] Visibility Lattice generation Algorithm
The algorithm to generate spatial quality matrix of
Visibility of the voxel array towards a list of points
of interest.

[6] Agent Occupy behaviour Algorithm
The algorithm to simulate the Agent occupy be-
haviour of the computational spatial agent.

[7] Attraction/Repulsion Agent behaviour Algo-
rithm
The algorithm to simulate the Agent behaviour
of attraction/repulsion towards another computa-
tional spatial agent.

[8] Agent origin behaviour Algorithm
The algorithm to simulate the process for selection
of the origin for the computational agent.
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1 Introduction
1.1 Background
The Global construction industry is growing exponentially. The world is expected to build 230 billion
square metres in new construction, in the span of next 40 years[(Thibaut Abergel & Dulac, 2017)]. This
puts a tremendous pressure on the construction industry to produce a lot of buildings in a very short
amount of time. Often the scale of the building projects in developing cities around the world are massive
and maintaining the design quality and providing a comfortable and sustainable solution for the projects
becomes a complex and a challenging task. This often leads to repeating solutions which are identical and
mass produced and which cannot respond to the variation in the context of the locations where they are
constructed and the requirements of its many inhabitants. This old method of repetitiveness leads to a
lot of social problems and there is a need for mass design customization to address this issue where the
modularity is addressed differently.
Similar complexity can also be experienced in dense urban areas where often multiple functions are mixed
together catering to the varying requirements of the users and the city. The complexity in the Architec-
tural configuration can be said to have multiple layers like multi-dimensional (spatial complexity), multi-
criteria (Multiple conflicting design criteria), multi-actor (Stakeholders and their requirements), multi-
value (Socio-cultural, environmental value etc.) and addressing all the layers simultaneously is the key
to solving this problem .In today’s digital world where powerful computing power is easily accessible to
the designers of the built environment, this problem of mass design customization opens up an opportu-
nity to develop a digital solution to deal with addressing the complexity of architectural configuration in
buildings.
Role of Informatics in construction has completely changed the way buildings are designed and built.
Buildings today are first digitally built on a computer. This offers a tremendous opportunity for the stake-
holders to evaluate the potential challenges that they will face in the realisation of the project. Strong
simulation tools have also been developed to enable the designers to predict the performance of the build-
ings and optimize them for the requirements of the project. Inspite of this the solutions generated using
these tools will only be as good as the problem solving capacity of the designer using them. Informatics
can truly impact the design quality of these complex projects when it is involved in the design thinking
itself and not as a means of improvement of the analogue design.

Figure 1.1: An example of a problematic configuration for a residential complex in Hong Kong where light,
ventilation, privacy and quality of life of the occupants is affected by a badly configured building.
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1.2 Motivation
The main task which Architects are entrusted with is to generate design options for a project which resolves
and satisfies all the layers of complexity of Architectural configuration as described in [1].An example of
this would be solving a spatial configuration problem where the performance aspects like energy, climate,
comfort, functionality are satisfied as well as the preferences of the client and the occupants while main-
taining the architectural concept. For a complex project involving large scale program of requirements and
many occupants it becomes a mammoth task to iterate through all the possible design options. A digital
tool using Generative design can offer a chance to computationally solve this problem at an early design
phase itself.

The design decisions taken during the early design phase are crucial, because they have an enormous
impact on the final building performance (how well the building will meet the requirements) as well as
other aspects such as costs. Design changes occurring in later stages often come at a major time cost,
producing delays in further stages or reducing the amount of time available for properly addressing certain
features.Therefore, choosing the desirable design direction during the early design phases is essential.It is
also challenging as it means to find a proper way to combine and integrate functional, technical, aesthetical,
social, financial aspects of the project. A systematic and methodical way of approaching the configuration
problem will lead to a system where the impact of decisions taken at each stage is traceable and can be
improved. It will not only produce design configuration variants that can be compared and quantified but
it will make the Architects and engineers more aware of the consequences of their design decisions.

The design approach proposed in the thesis proposes a methodical and traceable way of designing build-
ings. Through the tool developed in this project Design informatics will be directly involved in the design
thinking of a project by feed forwarding the design process and helping Architects produce high perform-
ing architectural configurations.

Figure 1.2: Factors to consider while solving the Architectural configuration problem.
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2 Research Framework
2.1 Problem Statement
In the process of Architectural design spatial con-
figuration plays a crucial role in the performance
of the design both in terms of its qualitative (Spa-
tial quality, interactivity and accessibility etc) and
quantitative aspects (Energy performance, Energy
generation capacity, etc).If the spatial configura-
tion part is not analysed and designed correctly
it might lead to a problematic building. Some ex-
amples of problematic buildings include buildings
that are too costly to operate due to their energy
demand. Unoccupied office and retail spaces in
buildings due to poor accessibility. Isolated empty
spots in large buildings which are not safe. Exces-
sive use of mechanical systems to deal with climat-
ically uncomfortable spaces. Unoccupied spaces
in buildings due to poor functional planning.

The challenge of producing good performing de-
sign variants for complex large scaled projects by
an analogue process becomes a very difficult task
for the designer since a lot of factors need to be
considered simultaneously. Solving this 3d layout
problem involves solving the puzzle where the zon-
ing( placement of spaces based on their closeness re-
quirements with each other) ,routing( providing effi-
cient means of access to all the spaces in the configu-
ration), spatial( geometric, aesthetic and comfort ) and
environmental ( energy performance,natural lighting,
quietness) goals need to be met at the same time. A
definitive computational method which can ad-
dress all the goals together has not been devised
yet and needs to be addressed if the challenge is
to be solved. Since the problem is case dependant
the solution devised should be modular and flexi-
ble to adjust to the requirements of the case a com-
putational design solution would be appropriate
for solving the problem.

The second problem which the thesis deals with is
the problem of urban inequality in terms of a lack of
opportunity for the occupants to participate in the de-
sign of the spaces that they are going to inhabit. More
often than not the Architectural design and config-
uration is planned by the architects to satisfy the
architectural vision and the requirements of the
stakeholders having the maximum monetary in-
vestment in the project. Such an undemocratic ap-
proach lacks the inclusive element in the design of
the spaces for its occupants creating unsatisfactory
solutions which leads to modification in spaces by
the occupants after they are built, leading to a lot
of resource wastage.

If the Architects and engineers of tomorrow want

to design and build sustainable, comfortable and
contextually best suited buildings then the issue
of problematic buildings due to poor spatial con-
figuration and non-inclusiveness of the occupants
in design process should be addressed.

2.2 Sub–problems:
1.Selection of an appropriate computational ap-
proach for solving the problem: The formulation
of the 3d layout problem and searching for the ap-
propriate computational method which is flexible
and adaptable for various situations to solve the
problem is a crucial step towards solving the prob-
lem.

2.Creation of a participatory framework for the
stakeholders: Determining the level of participa-
tion and the means of participation for the vari-
ous stakeholders involved in the project needs to
be formulated along with the level of impact that
their decisions have on the final outcome of the
design needs to be developed.

3.Methodology for analysing the design vari-
ants: There is a need to develop a formal eval-
uation framework which can inform the user on
how close the generated design variant has come
to achieving its goals as defined in the problem
statement.

2.3 Research Objectives:
The main research objective is to develop a design
methodology which can solve the 3d layout prob-
lem in its full sophistication considering all the
layers of complexities in a methodical manner.The
methodology would be implemented by develop-
ment of an interactive design tool which will as-
sist the designer to generate a range of suitable de-
sign variants for a given set of constraints and im-
proves the awareness of the designer in terms of
the consequences of design decisions taken in the
process of spatial configuration on the final perfor-
mance of the design.The tool would be intended
to act as a proof of concept rather than an opti-
mised solution in terms of its computational per-
formance.

2.4 Expected End Products:
The expected end product will be an interactive
tool which can solve a 3d layout problem consider-
ing the choices and decisions of the various stake-
holders involved in the project.The tool developed
in the graduation project would be a python lan-
guage based tool with jupyter notebooks provid-

6



ing the interactivity for the user. The tool devel-
oped will be tested on a case and the methodical
step by step process of design will be explained
by a collection of Jupyter notebooks and 3D Rhino
models with grasshopper scripts.These notebooks
and models will be adaptive enough to change
them for any desired use case or a design prob-
lem. The future roadmap for the development of
the different modules of the tool will also be pro-
posed.

2.5 Scope and Limitations:
Scope:
The tool developed in the thesis aims to be a proof
of concepts of the various features developed and
discussed in the thesis and does not intend to be
optimized in terms of software development or
computer programming.The 3d Layout problem
in its full sophistication is an extremely compli-
cated and a large problem and solving the whole
problem is very difficult in the given time frame of
the project. So in the graduation thesis the frame-
work for solving the complete problem will be de-
veloped and the actual programming will be done
only for a certain set of modules in the frame-
work due to the limited time. The methodology
developed in this project assumes that the user of
the tool has the knowledge of 3d modelling tech-
niques and is able to provide the necessary inputs
to the program at the various stages. This en-
sures that the deign process is not limited or ham-
pered by the proposed methodology but provides
the designers options which can be possible in the
proposed concept of the building. The tool devel-
oped in this thesis will be developed on the base
of the selected generative design method and is
bound by the limitations of the same.

Limitations:
The approach considered in the thesis does not
claim to be the only way of solving the prob-
lem of Architectural configuration since the prob-
lem is abstract and can have multiple solutions.
The approach taken can be classified as a ‘Means-
orientated designing’ which is rather a journey
of exploration, in search for unknown design so-
lutions for goals yet unknown when the goal-
generating context changes.
The performance criteria modules defined in the
thesis is based on the specific case under consid-
eration. It tries to be as modular as possible so
that they can be adapted to different cases, but can
potentially vary according to the conditions of the
case and the preferences of the designer.
The performance criteria modules implemented in
the tool does not claim to be the most accurate

way of simulating that particular aspect but is in-
tended to provide rough estimate for the decision-
making process. It is assumed that if the tool is fur-
ther developed the calculations and simulations
done will be more accurate and would likely fol-
low some pre-defined standards.
This is due to the fact that the tool intends to show
a new methodology and not dive deep into the
specifics of the performance criteria considering
the limited time span available for graduation.

2.6 Methodology:
The problem of Architectural configuration is a
complex layered one as mentioned in [1.1].The
methodology for solving the problem in the
project will be as follows:
Understanding the problem complexity:The first
step in the process would be to understand all
the layers and their inter-relations.This step will
be followed by a literature study of previous at-
tempts at solving the 3d layout problem.
Case studies on Participatory design: Case stud-
ies will be performed on participatory design
projects to understand the stakeholder involve-
ment in various stages of a design proposal.
Literature review on design criteria: The various
design criteria in a design project will be identified
and literature review will be done to understand
the way in which they can be calculated or quan-
tified.
Generating a nested set of problems:Once these
background steps about literature research are
completed then the 3d layout problem will be
methodically broken down and formulated as a
nested group of smaller problems.
Defining a case: An example case will be formu-
lated to showcase the developed tool and method-
ology.
Toy problem formulation: The next step will in-
volve formulating a toy problem for each one of
the smaller problem and devising a mathematical
formulation to solve it.When the toy problem is re-
solved and can offer a proof of concept then the
problem will be translated into the selected case.
Solving the case: The conclusions from the toy
problems will be used to solve the case defined
previously and the results and conclusions will be
made
Further development:A future road map will be
proposed for further development of the tool.

7



Figure 2.1: Research Methodology Diagram
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3 Literature Research
3.1 Previous attempts at solving the

3D layout problem:
Several attempts have been made over the years to
solve the 3d layout problem from an architectural
point of view as well as the facility planning point
of view.The facility layout planning problem in
the industrial engineering discipline has close re-
lations to the architectural space layout one which
this project is trying to solve. In the literature re-
search about the previous attempts some common
algorithms in facility layout problem were stud-
ied along with the most commonly used methods
for solving the generative space layout problem as
studied by (Du, Turrin, Jansen, van den Dobbel-
steen, & Fang, 2020) and (Lobos, 2010) in their
respective papers which reviewed the attempts
made so far.

3.1.1 Physics simulation based method:
In the physics simulation based method space con-
figurations are generated by application of phys-
ical forces to the spaces. The layout generation
process is transformed to calculate the equilibrium
between different forces for example the attraction
and repulsion in a spring system. In this method,
a space is represented as a circle or rectangle, and
the connection between spaces is represented by
the string between circles or rectangles. In order to
perform a topological resolution, spaces are rep-
resented as circles, and attraction and repulsion
forces are applied to strings until the equilibrium
is reached. For the geometric resolution part space
locations are manually changed by the user. This
process also removes overlaps and gaps and can
bring a change in adjacency and connections. The
final layout is also chosen manually by sorting the
options based on certain performance criteria de-
fined by the user.

Figure 3.1: Physics simulation based method example
as seen in (Arvin & House, 2002)

3.1.2 Constraint based non-linear method:
In a constraint based non-linear method multiple
optimised solutions can be generated inside a rect-
angular floor plate like a lot of non-linear meth-
ods. The constraints consist of physical and func-
tional requirement of spaces. Dimensional con-

straints determine the size and the functional con-
straint determine the position.The constraints are
converted into mathematical formulations which
are then used in the solver to obtain multiple valid
options as seen in (S. Li, Frazer, & Tang, 2000)

Figure 3.2: Constraint based non-linear method
example as seen in (S. Li et al., 2000)

3.1.3 Gradient based and Evolutionary
algorithms based:

This approach allows for the inclusion of mathe-
matical optimization and subjective decision mak-
ing in the conceptual design stage. Gradient based
algorithms and Evolutionary algorithms are used
in the process of finding the optimal solution in
the global decision space. This approach defines
the available space as a set of grid squares and
uses an algorithm to allocate each square to a room
activity. Mathematical optimization allows the
user to interact in the design process without wor-
rying about the background complex operations
through an “object-oriented representation” of it.
Designers can change objects and constraints dur-
ing the process.

Figure 3.3: Sample fixed gird allocation layout and the
optimized variant of it as seen in (Michalek,

Choudhary, & Papalambros, 2002)

3.1.4 Cell assignment method:
In this method the building geometry is prede-
fined and the whole mass is divided into a 3d cell
grid or a voxel grid. First a matrix is defined which
represents all the cells in the building, and the
value in the matrix represents which space is as-
signed to the corresponding cell. Secondly, spaces
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are assigned to the cells in the building geometry
correspondingly. The variant generation is done,
by changing the values in the matrix, the feasible
layout can be obtained satisfying both geometric
and topological requirements.

Figure 3.4: Example of Cell assignment method as
seen in the work of (Dino, 2016)

3.1.5 Space splitting method:
In this method, a predefined floor plan is split re-
cursively following a sequence, which is stored
in a data tree. The node in the data tree repre-
sents a space, and the value in the node represents
the dimensional information for where the split-
ting line locates, like the space area. First, a floor
plan is defined by users.Second, space dimensions
and adjacency’s are coded into a data tree, which
can be varied for layout alternatives. Third, the
initial layout is recursively split based on the tree
data finally, the final layout is generated after all
splits. There are different slicing methods like slic-
ing by distance, slicing by ratio, and slicing by
area. Some splitting strategies can help to generate
irregular spaces.

Figure 3.5: Example of Space splitting method as seen
in the work of (S. Das, n.d.)

3.1.6 Planar graph method:
In this method, space adjacency’s are transformed
to a planar graph, and algorithms for graph theory
are used to convert the planar graph into a feasi-
ble space layout. The process of space generation
has two clear divisions of topological and geomet-
ric resolution in this method .First, the space adja-
cency preferences are stored in a 2D matrix, which
can be varied for alternatives then, the matrix is
transformed to a planar graph, in which nodes
represent spaces and links represent connections
algorithms are used to convert the planar graph to
a graph which can be converted to a feasible lay-
out, like a dual graph, in which the links can be
divided into multi-floors .The final space layout is
obtained by inserting geometric information to the
graph.

Figure 3.6: Example of Cell assignment method as
seen in the work of (Dino, 2016)
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3.1.7 Occupant-trace based method:
In this method, a space layout is generated based
on occupant tracks, which are obtained by sim-
ulating occupant movements. First, occupant
movements are simulated, which are controlled by
external forces of attraction and repulsion, and af-
fected by the environmental elements, like obsta-
cles and destinations second, the simulated occu-
pant tracks are used as circulation paths third, the
circulation paths are meshed and converted to fea-
sible spaces. Finally, the left-over spaces are used
as the volumes to accommodate functional spaces.

Figure 3.7: Example of occupant trace as seen in the
work of (Ghaffarian, Fallah, & Jacob, 2018)

3.1.8 Machine learning method:
In this method, a model of machine learning is
trained based on the dataset with real cases of
space layouts, then the trained model is used to
generate space layouts with certain inputs. The
machine learning method is a method to mimic
the decision-making process of architects based on
their expertise and experience, without the need to
understand thoroughly the logic behind the expe-
rience.

Figure 3.8: The machine learning based method for
space layout generation as implemented by

(W.Huang, n.d.)

3.1.9 Facility layout problem Generation
method:

This method is used to design facilities which are
yet to be built.The most commonly algorithms de-

veloped for this method involve the concept of
TCR or Total Closeness Rating. One such algo-
rithm in this method is the construction algorithm
CORELEAP (Computerised Relationship layout
planning) It calculates the Total closeness rating
as the closeness rating given to a facility or a
function based on the activity chart developed for
the complete facility.Then the algorithm systemat-
ically places the facilities around the main facility
having the maximum closeness rating.The main
goal of this method is to optimize the process flow
in a facility my minimising the handling costs of
the resources.

Figure 3.9: CORELEAP algortihm implementation to
design a facility as seen in the work of (Jati, Rahayu,

Salsabila, & ‘Azzam, 2020)
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3.1.10 Facility layout problem Generation with
improvement step method:

This method is used to improve the existing facil-
ity or used in combination with a generative algo-
rithm as explained in previous paragraph to im-
prove its effectiveness.The most commonly used
algorithm in this method is called as the CRAFT
(Computerized Relative Allocation of Facilities
Technique) algorithm. The algorithm starts with
an initial layout and improves the layout by inter-
changing the department’s pair wise so that the
transportation cost is minimized. The first step in-
volves studying the effect of interchanging the de-
partments under consideration on the efficiency of
a given layout. Then step by step the departments
are interchanged till a point where interchanging
the departments doesn’t improve the performance
of the facility.

3.1.11 Selection of an appropriate method:
Choosing an appropriate methodology is essen-
tial as a first step towards developing the spatial
configuration logic.The following factors could be
considered for the method selection in a space lay-
out problem as described by [(Du et al., 2020)].

1.Feasibility: whether the generated layouts are
feasible or not, considering the requirements for
practice. User-friendliness: whether the method is
easy to be controlled by designers.
Generation speed: how fast the method can gen-
erate layout solutions.
2.Variance: how easy the method is used to gener-
ate variants.
3.Capability of multi-floor: how easy the method
is used to generate multi-floors. This is important,
as in practice most buildings have multi-floors.
4.Capability of irregularity: whether the method
can generate an irregular boundary or space, ex-
cept for rectangle. The more space forms the
method can create; the more options designers can
have.
5.Necessity of predefined boundary: whether the
method needs a predefined boundary or not. In
practice, the boundary design might happen be-
fore or after space layout design, and it can also
be the result of interior space layout design. This
requires that the GSL method is capable to use a
layout boundary predefined by designers, as well
as to generate the layout boundary by itself.

3.1.12 Conclusion:
Considering the intent of the project as a plat-
form for Architectural configuration exploration
and combinatorial design variant generation for

mass customisation using modular strategies so
the following properties become very important
while choosing a generative space layout method.

1.The idea is to generate Architectural configura-
tions and not two-dimensional floor plans. The
capability of the chosen method to generate three
dimensional options or multi-floor options is crit-
ical for the project.

2.Flexibility is also very important in terms of de-
sign exploration and the configuration form so
the property of irregularity capacity and chang-
ing geometry also becomes very important for the
project.

3.The project is based on the premise that the soft-
ware program developed will not replace the de-
signer but help in generating configurations in the
conceptual 3d blocks developed by the designer.
The project intends for the designer to interact and
work with the program to explore design variants
so the constraints of fixed boundaries are neces-
sary for the generative space layout method to re-
spect the design developed by the user.

The problem in its full sophistication will not be
solved by a single method since the requirements
for each level of nesting of the problem is dif-
ferent.There needs to be combination of selected
methods to solve a specific problem in the con-
figuration problem as a whole.It would be inter-
esting to explore the cell-assignment based method to
solve the zoning level problems in the configuration and
other methods like space-splitting or the facility layout
method would be interesting to look at more at a floor
plan level.

Multi-agent systems and cell assignment method
as a Generative space layout strategy:
Currently Agents are one of the main fields of in-
terest in computer science, artificial intelligence
(AI), and complex system theory. Agent or agent-
based modelling has been used in many diverse
applications and does not have a fixed definition.
According to [(Stuart Russell, 2010)] an agent is
anything that can be considered able to perceive
its environment through sensors and act on this
environment through actuators. [(Macal, 2016)]
described the essential characteristics an agent
should have:
Identifiable: discrete individual with a set of fea-
tures and rules (mathematical or logic) that govern
behaviour and decision-making capacity.
Locatable: settled in an environment with which
it interacts and also in which interacts with other
agents
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Goal driven, Self-contained, and be Flexible, and
have the ability to learn and adapt its behaviour
through time-based experiences.

An agent-based system also can exist with several
agents having the characteristics as described in
the previous paragraph. Such a system is called
as a multi-agent system. [(Rocha, 2017)] describes
multi-agent systems as ‘a loosely coupled network
of problem-solving entities (agents) that work to-
gether to find answers to problems that are be-
yond the individual capabilities or knowledge of
each entity (agent).

In the thesis project multi-agent system can be
used in the cell assignment method of generative
space layout to generate the architectural config-
uration variants. The agents can be trained to
possess the necessary qualities and intelligence
which can solve the multi-layered complexity of
the problem of architectural configuration as men-
tioned in the previous chapter.

Examples of Multi-agent systems and cell as-
signment method:
A multi-agent approach combined with evolution-
ary solver was used by [(Guo & Li, 2017)]in a
project which explored generative space layout
using cell assignment method.Their paper argued
that unlike any other design constraints in space
layout topological relationships are fundamental
for architectural configuration. A space can still be
usable if the geometry is not of the proper shape
or size but if the connection between the spaces
is missing that can prove to be disastrous to the
configuration of the building. The chances of such
a situation increases with an increase in the num-
ber of the rooms. Hence starting an optimization
process with a correct topological relationship be-
tween the spaces will narrow the search space for
the optimization process.

The topology finding process was implemented
through a multi agent system, where rooms were
represented as bubble-like agents and connections
as strings linking the agents. The bubble-like
agents were divided into two types a sphere like
agent with centre point and a buffer distance and
a capsule shaped agent with end points and buffer
distance. All the linear spaces in the building like
corridors and staircases were represented by cap-
sule like agents and individual spaces were repre-
sented by spherical agents.

In order to control the behaviour of the agents dur-
ing the interaction stage rules were defined based
on three operations move, push and swap. The

operations modified the positions and orientation
of the agents in the system. The move opera-
tion [A,~m ] was defined as moving the internal ge-
ometry of agent A along vector ~m .The pushing
operation [A,P~m ] is pushing the agent A along
point p on its geometry with a vector ~m as seen
in 3.11. The swap operation swaps the position of
the agents as seen in fig 3.12.

The rules were as follows:
Attraction: For a pair of connected agent A1
and A2, the call operations are Push [A,P1~m ]and
Push[A,P2~m ] where P1 and P2 are the closest
points between the geometries of A1 and A2,and
is the vector heading from P1 to P2. The length
is positively related with the distance between P1
and P2. This rule is applied to all connected agents
in the system.

Repulsion: For a pair of unconnected agents, A1
and A2 are in the same level when the distance be-
tween them is less than the sum of their buffer dis-
tance, and the call push operation is Push [A,P1~m ]
and Push [A,P2~m ]. The meanings of the parame-
ters are the same as the meanings in the attraction
rule, except that the length of vector ~m is nega-
tively related to the distance between P1 and P2.

Swap: For any two pairs of connected agents that
are at the same level, one agent from each pair is
chosen if the connection strings intersect. The cho-
sen agents are A1 and A2. Thus, the call operation
becomes Swap (A1 , A2 )

Compression: This is an optional rule that may
be involved if minimizing the volume of the entire
building is necessary. The definition of this rule is
that, for every agent A, the call push operation is
Push ( A,p,-mag.p ), where p is the position of the
agent, and mag is the magnitude that reduces by a
specified reduction rate in each iteration.

Figure 3.10: Left: sphere-like agent.Right:capsule-like
agent. (Guo & Li, 2017)
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Figure 3.11: Effect of the push operation on a
horizontal capsule-like agent. (Guo & Li, 2017)

Figure 3.12: Swap operation between Rooms2 and 4
avoids the incorrect topology caused by the

intersection.(Guo & Li, 2017)

Based on the rules the simulation generated topo-
logically acceptable configurations in an abstract
manner with no geometry defined. This model
was then converted into a 3D cell-based model
where the conversion applied the principle of the
Voronoi diagram. Cells are assigned to the closest
agent on the current level according to the hori-
zontal distance.[3.14] Vertical capsule-like agents,
such as stairs, can consume cells in different floors.
This cell will not be assigned to any rooms if the
closest agent of a cell is one of those extra agents
that represent exterior spaces. This strategy en-
sured the connectivity between entrances and ex-
terior spaces.

Figure 3.13: Example of the multi-agent system.
Left:initial status. Middle:status during the

interaction. Right:stable status.(Guo & Li, 2017)

Following the conversion of the model an evo-
lutionary optimization process was implemented
which considered the converted model as the par-
ent which is further replicated and mutated into
child layout. Then the child layout is evaluated if
its better than the parent one it will replace the par-

ent one or else it will be discarded.The mutation is
achieved by pushing the faces of rooms. A set of
co-planar faces is randomly selected and pushed
forward or backward random steps. Cells that are
affected by the movement change their owners. If
only one face is selected, this face may be divided
into two, and only one divided face is pushed. Af-
ter a push operation, all faces refresh their pair ref-
erences. 3.13 illustrates a 2-D version of this pro-
cess, where the middle face is selected and pushed
toward the left for one step. Thus, the number of
cells owned by the left room increases, whereas
the number of the right decreases. The mutation
may also contain a global adjustment to explore
the search space more effectively. The global ad-
justment has a certain probability to randomly se-
lect and swap the position of rooms and thus alter
the layout significantly which is not possible by
just pushing the faces.

The quality of the mutated layout is determined
by the cost values returned by evaluators. Each
evaluator corresponds to one architectural crite-
rion, and the cost values are weighted summed.
If the result is great, then the quality of the mu-
tation is worse. Four criteria are adopted (topol-
ogy, shape, dimension, and aspect ratio and build-
ing shape) despite the many criteria used in ac-
tual architecture design. Other requirements, such
as climate, energy, and cultural issues, may be
involved in the different implementations of the
evaluator. Given that the evaluation result is cal-
culated through the weighted sum of all cost val-
ues, the number of the evaluators is flexible, and
new evaluators can be easily involved. The calcu-
lation can be expressed as:

E(x) = ∑ Wi ∗ Ei ∗ (x)

Where x is the layout being evaluated, Ei denotes the
evaluators corresponding to different criteria, and Wi
is the corresponding weights.

The following limitations were observed in this
approach. Generation of non linear or curvilinear
spaces was not possible in this method. The pro-
posed approach dealt with only the criteria for ge-
ometry and topology which does not represent the
complete set of complexity involved in the config-
uration of real architectural projects. The process
of optimization involves calculation and evalua-
tion of each option which becomes very time con-
suming if environmental factors like daylight are
concerned. Lastly more often than not architec-
tural configuration has two groupings one higher
level grouping where relationships between typol-
ogy of spaces are defined and a lower-level group-
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ing where connections and relations between the
spaces in the individual typology of spaces are
defined. This factor is not considered in this ap-
proach.

Figure 3.14: Screenshots of the entire process.Left:
generated multi-agent layout.Middle: converted grid

system.Right: Optimized grid system.(Guo & Li, 2017)

Figure 3.15: Generated layout from the same
architectural program rendered as separated

layers.(Guo & Li, 2017)

Another interesting study based on cell assign-
ment method was done by[(Dino, 2016)] where a
novel approach of Precedence-Based Layout Con-
figuration Heuristics (P-LCH) was introduced.
The author developed a tool called Evolution-
ary Architectural Space layout Explorer (EASE)
for early architectural design that aims to fa-
cilitate better informed decision-making under
spatial constraints using evolutionary optimiza-
tion. EASE tackles multi-floor, unequal-area lay-
out problems starting with arbitrary a priori ar-
chitectural forms. The intention of this method
is to generate a finalized layout, but a number of
low-resolution solutions that provide insight into
the solution space and initiate further exploration.
The starting point for the tool involves discretis-
ing the building form into equal sized voxels. This
voxelated form is represented by a 3d Boolean ma-
trix (Ainit) . The spaces in the architectural brief

also needs to be discretised in the same manner
such that the total number of spatial units is equal
to the total number of voxels in the building. This
results in transformation of the layout problem
into a space allocation problem where each space
with n number of units needs to be matched with
n number of voxels. As the spaces are assigned
to voxels, the space indices that occupy the voxels
are registered in a second 3D matrix (Aspace) with
the same voxel structure as (Ainit) . P-LCH takes
as input the building representation (Ainit) and the
space sizes. Thereon, three steps are repeated for
each layout instance which are as follows:

Step 1: P-LCH first generates for each space Si a
rectangular prism Pi that aims to approximate its
total number of voxels NRiv as much as possible.
The prisms’ dimensions are determined by gen-
erating random values over [0, 1] for their width
(ratio W), depth (ratio D) and height (ratio H) ra-
tios. Then the prism’s actual width is calculated
by multiplying ratio W with the cube root of the
voxel size divided by its ratio W, ratio D and ratio
H. The same is calculated for heigthi and depthi in
the same manner. To place Pi in the building, first
a centre point (Cx, Cy , Cz) is randomly generated)
where:

0 ≤ Ci
x < depthband0 ≤ Ci

y < widthband0Ci
z < heightb

The building voxels that will be occupied by
Piin Ainit are calculated from the upper-left to
the lower-right voxels If the prism overflows the
building, it is trimmed off. Eventually, the calcu-
lated spaces are assigned to the corresponding in-
dices of (Aspace). In the resulting configuration, an
index can be occupied by multiple spaces, and/or
some indices may remain empty. This conflict
is resolved in the next two steps by using two
permutation lists, Collision Precedence List (CPL)
and Fill Precedence List (FPL), which maintain the
precedence of each space in case of collision and
empty voxels. The higher-ranking space has the
priority to preserve the overlapping voxels or to
annex the empty neighbouring voxels. The values
of CPL and FPL are generated randomly for the
first generation. Following generations: Recombi-
nation operators are used to generate and assign
prisms to voxels, and modify the CPL and FPL.

Step 2: This step eliminates the collisions (over-
lap) between spaces, if any, by determining which
space preserves those voxels for all voxels in As-
pace, if there are multiple spaces assigned, then
CPL is referred to. Only the highest-ranking space
is allowed to keep the voxel island. Following,
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Figure 3.16: The three steps illustrated in the process of [(Dino, 2016)]

the remaining space(s) withdraw from this voxel
island.

Step 3: determines which space extends itself to-
wards the unoccupied areas, if any, remaining
in the building First, the voxel islands (adjacent
voxel groups) that don’t have spaces assigned to
them are detected with food fill algorithm. For
each such island, all the neighbouring spaces that
border these voxels are calculated. Amongst these,
we eliminate the spaces that have already reached
their required size (NRiv < NAiv ). For all the
remaining spaces, the highest ranking in FPL ex-
tends itself onto the island. As a result, all the
empty voxels are occupied by the neighbouring
spaces.
In these steps P-LCH generates spaces which do
no have empty cells or overlaps but this does not
guarantee that it meets all the configuration re-
quirements. The Constraint Checker quantifies the
fitness of a layout by means of penalizing con-
straints that evaluate spaces. Finally, weighted
penalty values are aggregated into a single fit-
ness function that is minimized towards zero. The
eventual objective function can be formulated as
below, where f(L) is the function to be minimized
for a given layout L, and w is the user-defined

penalty weights.

minimise f (L) =
i=1

∑
n=1

(WsizeCsize + WdimCdim

+WcompactCcompact + WjagCjag + WconvexCconvex

+W f acadeC f acade + W f loorC f loor)

+
j=1

∑
Atopo.length

(WneighCneigh + WsepCsep)

(3.1)

In the subsequent steps EASE utilizes genetic op-
timization by using various operations for elitism,
crossover, mutation and repair to generate an op-
timal solution.

Figure 3.17: The optimization results from the work of
[(Dino, 2016)]
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Conclusions: Based on the references mentioned
above the following conclusions can be made re-
garding the implementation of an Agent based
modelling approach for a cell occupying method
of generative space layout.
1.Performing simulations on the generated vari-
ants is expensive in terms of time and defeats the
purpose of rapid generation of design prototypes.
The simulations are also not as accurate in the
early design stage in comparison to the final de-
sign.
2.Topology, Geometry and other architectural per-
formance indicators like environmental perfor-
mance need to be considered together for a com-
prehensive solution for the complexity of the
problem.
3.The grouping of spaces into higher level (Typo-
logical) and lower level (Individual) is important
before the cell assignment process.
4.Generation of curvilinear spaces is not easily
possible with this method.
5.Precedence lists of the various spaces and agents
are important in solving complexity and fuzziness
since they make the decision-making process sim-
pler
6.Evolutionary solvers are a good way of generat-
ing options but they take time and simplifications
and pre-resolution of certain constraints go a long
way in reducing the optimization time.

3.2 Participatory Design:
One of the main question which the thesis tries to
address is the inclusion of stakeholders participa-
tion in the design process.To understand the role
and scope of participation of the various stake-
holders in the whole design process case studies
about the already implemented participatory de-
sign projects were undertaken. This is followed
by a small exploration in serious games or gamifi-
cation of design as a means of participation.

The projects based on the open building concept
are considered as part of case studies since the ap-
proach inherently is a participatory one and is in
alignment with the intention of the project. Open
buildings make a distinction between support and
infill. The support represent the most permanent
parts of the building like the structure and can be
seen as a bookcase. The infill represents the adapt-
able part of the building or in other words the
books. [(Habraken, 1961)]

3.2.1 Case study Molenvilet project:
The Molenvilet project in the city of Papendrecht
in the Netherlands designed by Frans van der
Werf is a classical example of the open building
concept.The buildings are designed as a standard
set of parallel columns and standard floors and
roofs consisting of three floors and an attic. The
buildings have been formed along four courtyards
and are kept as empty shells with only the struc-
ture. The land parcellation and the number of
units were done in consultation with the housing
corporation.

Figure 3.18: Plans from the molenvilet project
[(Molenvilet project, n.d.)]

Once the constructions of the structure of the
building started the meetings between the future
residents and the infill contractor were scheduled.
An empty copy of the building was kept for the
discussions with the users and accompanying fa-
cade frames were added. In the first meeting the
functional requirements and the required spaces
for each family member with respect to their age,
hobbies and preferences were discussed. After
two weeks based on the first meeting drawings
and details were made which where finalized with
the users.In the second meeting the layout of the
facade was also discussed and finalized based on
the light and ventilation requirements of the users
and they were also given a choice to choose the
colours of the facade elements from a set of 8 dif-
ferent colours chosen by the architect. The re-
sulting project became a classical example of mass
customization based on user preferences.

Figure 3.19: Discussion sessions with the users and
infill contractors [(Molenvilet project, n.d.)]
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Figure 3.20: Facade sketches after the discussions with
the users [(Molenvilet project, n.d.)]

Figure 3.21: Project photo after construction
[(Molenvilet project, n.d.)]

3.2.2 Case study Superlofts:
Superlofts is a flexible design and development
framework and is developed by Marc Koehler Ar-
chitects. Superlofts offers its members the freedom
to customise or design and self-build their homes
from scratch incorporating any hybrid function,
and co-create shared spaces to build a global co-
living community [(Superlofts, n.d.)].
The idea of super lofts is to adapt a open and circu-
lar framework where the lifecycles of the structure
and the infill layers are independant of each other
like the facades can be changed/modified after ev-
ery 25 years, the HVAC installations after 10 years
and the interiors after every 5.This can lead to less
material wastage and efficient use of resources.

Figure 3.22: Superlofts project image [(Superlofts,
n.d.)]

The base building comprises a prefabricated mod-
ular concrete framework composed of five to six
meter high modules which forms the structure
part of the building.The infill elements can be de-

veloped as per the needs of the owners require-
ments. Pre-fabricated walls and floor form one
unit which are then stacked on top of one an-
other.The project also offers it s users to grow their
spaces gradually so they don’t have to invest all
their money at the same time and also there is a
possibility of making the infill of the lofts indepen-
dently of the main contractor.

Figure 3.23: Configuration options for the infill
[(Superlofts, n.d.)]

The facade system is a prefabricated aluminum
modular building system that is easy to adapt to
the specific demands of each user/owner. It has
the intention of energy saving, natural ventilation
and sun shading systems and rainwater drainage.
There are several configurator tools which are un-
der development for these projects as well like the
site planning tool the house customization tool for
the infill etc.which show close resemblance to the
thesis project and also offers a validation to justify
the need of such a tool.

Figure 3.24: Outputs of the homemaker configurator
of the superlofts project [(Superlofts, n.d.)]
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3.2.3 Case study SketchBlock:
The Sketchblock project is also an example of
the open residential building project designed by
ANA architects for the 4Winden foundation mem-
bers on Westlandgracht. In Sketchblock the posi-
tion size and the layout of the dwellings can be
customised for each residents needs. There is also
a possibility of combining houses which are next
to each other or above one another. The equip-
ment of the home, outdoor areas and communal
facilities have also been further developed by the
residents.

Figure 3.25: View of the sketchbook project
[(architecten, n.d.)]

The process involved in this project was similar to
the molenvilet project [3.2.1]. The meetings be-
tween the residents and the architects were ar-
ranged to design the layout of the apartments and
finalize the detailing of the projects. Each house
layout was custom designed by the architects.This
in evidently lead to the creation of a catalogue
of plans for each house. The architect had also
clearly defined the rules for customization before-
hand with the residents so that the design charac-
ter and integrity of the building is maintained.

Figure 3.26: Catalogue of plans for the Sketchbook
project [(architecten, n.d.)]

Figure 3.27: Cross-section for the Sketchbook project
[(architecten, n.d.)]

The facade of the buildings was designed before so
the layout of the apartments had to match the lay-
out of the facade which was an added complexity
in the project.The choice of having a balcony was
left to the users but the size of it was fixed by the
architect to maintain the visual appearance of the
building.

3.2.4 Gamification as a strategy for participa-
tion:

Gamification or serious games have proven to be
a good method for collective decision making and
user participation. A serious game is defined by
[(Göbel & Wiemeyer, 2016)] as a computer soft-
ware which is designed not just for the purpose
of playing but has other serious aspects associated
with it like education, decision making and prob-
lem solving.
[(Sanchez, 2021)] sums up the medium of video
games as a way of systems thinking very accu-
rately by stating that Video games are an inter-
active medium where players are able to engage
with the production of form and systems think-
ing. They have shown great potential to advance
an architectural agenda that attempts to democra-
tize access to local fabrication and community de-
velopment.

Figure 3.28: Cities Skyline a city builder game which
simulates real world systems for city building based
on the various urban requirements [(Cities Skylines -

Cities: Skylines, 2020)]
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Games such as Minecraft that have a network of
nearly 75 million players have the closest resem-
blance to what we could consider a social platform
for spatial content. Games have been able to estab-
lish a two-way dialogue between users and devel-
opers, actively participating in the production of
a network via forums, polls and streams among
other forms of digital content.

Figure 3.29: Minecraft used as a tool by UN habitat to
allow public to participate in Urban design of a

district. This exhibits how close to reality the gaming
platforms today have developed [(blockbyblock, n.d.)]

Games also have another quality which is com-
monly referred to as modding. This makes it ideal
to serve as a development platform for combinato-
rial design seen in games like Minecraft and cities
skyline where it is seen that with robust in game
educational protocols have led players to reach ad-
vanced game stages.

3.2.5 Example of a Participatory design game:
The relationship between computer games and
Architecture has been studied by a lot of re-
searchers around the world and many smaller de-
sign games have been developed.However there
has not been any significant development in a
comprehensive design game which has the abil-
ity to solve real world architectural problems and
generate deployable solutions. One of the really
good games that has been released which focuses
on systems level thinking and combinatorial de-
sign is the game of Block’hood developed by Jose
Sanchez [(Block’hood, n.d.)].

According to the official description[(Block’hood,
n.d.)], Block’hood is a city building simulator
video game that focuses on ideas of ecology, inter-
dependence and decay. The game invites players
to envision a neighbourhood, by building struc-
tures out of a catalogue of 200+ blocks. The player

is challenged to maintain an ecological balance as
each block placed will consume and produce re-
sources of different kinds. Blocks that are not pro-
vided of their required input, will slowly decay
and deteriorate to a point of collapse. Player cre-
ations will attract inhabitants, both humans and
animals, that will populate your neighbourhood.
It is the hands of the player to provide a positive
environment for inhabitants to prosper.

Figure 3.30: Example of a neighbourhood built on
Block’hood game [(Block’hood, n.d.)]

The game is both an educational and research ini-
tiative exploring the connection between games
and architecture, contributing to a form of a dig-
ital infrastructure for the ecological and systems
thinking that is necessary in analysing the socio-
economical problems associated with their local
communities in contemporary Urbanism. Plat-
forms are utilized as a dashboard for combinato-
rial design aiming for the production of literacy
and the development of digital infrastructure for
participation and self-provisioning. At the core
of these initiatives is an interest in generating ar-
chitectural principles and designs that engage the
world through a scope of resource management,
systems thinking and ecological interdependence.

Figure 3.31: Accesibility Filter view on the gameplay
highlighting the blocks that do not have an acess in

pink [(Block’hood, n.d.)]

The challenge is to effectively create a platform
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that is aimed at the construction of the common
knowledge and repositories of architecture alter-
natives.

Figure 3.32: The tab on the right shows the input and
the output of the asset block in this case an apartment

and also shows the rate of production [(Block’hood,
n.d.)]

Important features found in the game:
1.The game can be played in a story mode/chal-
lenge mode/sandbox mode. The story mode gives
an engaging and a comprehensive overview of
how the game is to be played.
2.Through a narrative the player is guided
through all the concepts of the game which makes
it easier for everyone to understand the core con-
cepts.
3.The controls are simple the user can pan rotate
and press the cells to create or remove assets in the
neighbourhoods. The assets themselves are mod-
ular blocks which can only be created, removed or
rotated.
4.The connectivity requirement for each asset is
displayed and appropriate connectivity elements
need to be deployed for the assets to be productive
and useful for the neighbourhood.Each cell in the
grid has a certain number of resources available in
it to harvest which is shown on an ordinal scale.
The player can investigate the on this basis the de-
velopment (asset block) which can be proposed on
the block.

Figure 3.33: The bar on the left bottom shows the
trends of the resources in the neighbourhood

[(Block’hood, n.d.)]

5.The overall requirement of the Neighborhood
can be seen in the resource panel and there is also
a visualization filter available to visualize a certain
type of data like decay, access, production, land
value etc.
6.There is also a panel where the likes and dislikes
of the people in the neighborhood can be seen.
Based on this panel the game possesses challenges
for development of the neighborhood.
7.Different agents are unlocked as the game pro-
gresses like animals and people and if certain
combinations of assets are deployed in the game
then it produces conducive environment for cer-
tain agents and the neighborhood is more produc-
tive.

Figure 3.34: 3D layout of Buiksloterham development
status [(Block’hood, n.d.)]

3.2.6 Conclusion:
The following conclusions were made after finish-
ing the literature studies.
1.The problem of spatial configuration needs to be
separated into various scales due to the variation
in the importance of the preference of the stake-
holders at each stage of the design process.
2.Clear rules need to be formulated for participa-
tion and the degree of participation needs to be
determined before recording the preferences and
choices of the participants.
3.The choices of one user should not affect the
quality of spaces for the others or the whole build-
ing.
4.The consequences of the decisions taken should
be visible to the participants and there should be
a feedback from the tool pinpointing the areas
which can be improved.
5.The principles of Open building movement like
separation of structure and infill should be imple-
mented in the tool for achieving its goals.
6.Gamification could be a strategy which can be
implemented for the user interaction with the tool
and to generate a performance feedback.
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Figure 3.35: Diagram showing the multi-actor complexity in reaching to a consensus about the design goals

4 Problem formulation:
The problem of 3D layout configuration, when re-
garded in its full sophistication, is a classical ex-
ample of a wicked problem that is at the same
time a complex combinatorial problem which can
be classified as a NP-hard problem [(NP hard and
NP complete problem, 2021)] , and arguably the
most difficult problem of computational design
for which the level of ‘control’ provided by the
claimed methods in the literature is limited.This
is primarily because of the human/physical com-
plexities involved in the problem.Reaching a con-
sensus on the design goals itself between the ac-
tors themselves becomes a difficult task due to the
multi-actor complexities.

A methodical approach toward solving the prob-
lem by breaking it down into a set of smaller prob-
lems and subsequent actions helps in understand-
ing and addressing the underlying complexities
like multi-dimensional, multi-criteria, multi-actor,
and multi-value complexities holistically. In this
thesis an attempt is made to systematically sep-
arate the process of 3D layout configuration as a
series of steps with local goals and with a certain

set of assumptions and simplifications to achieve
the global spatial planning goals. In the follow-
ing section each level of problem from the biggest
problem ( Urban level massing) to the smallest
problem of configuring a floor plan will be elab-
orated further with the stakeholders involvement
in them. The detailed mathematical formulation
and the method used will be elaborated further in
the report.

4.1 Massing problem:
The highest nesting level of problem is the mass-
ing problem.As a first step toward solving the
problem a volumetric representation of the build-
ing needs to be generated. In architectural practise
it is common to sketch out various design options
for the project on a conceptual level using repre-
sentative 3d blocks having a low resolution of de-
tails. In this stage of the design process Architects,
Developers, Governing authorities like Municipal
corporations are the main stakeholders involved.
The goals for the Architects is develop their con-
cepts on the brief provided by the Developers. The
goal of Developers is to maximise the profit or the
developable area on the site and the goal of the
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Governing bodies is to assess the impact of the
development on the immediate surroundings and
the city and to safeguard the rights of the citizens
of the block.In this thesis the massing problem is
solved by means of a combination of manual de-
sign and digital validation. The process taken in
the massing problem is a series of systematic steps
and decisions to generate and validate the design
options.Generation of the massing blocks at each
stage is done manually in a 3D modelling environ-
ment of Rhinoceros and the validation part is done
partly on Grasshopper for simulations and python
for processing the simulation data and creating a
validation framework. The main reason for this
approach is not to restrict the freedom of design
involved in the initial phase of the design project
but to generate feedback on the designs for a bet-
ter development of the overall proposal.

Figure 4.1: The massing problem diagram

4.2 Zoning problem:
In the selected massing option locating the appro-
priate zones is the main goal of the zoning prob-
lem. Based on the space program zones are de-
fined and their requirements are also determined.
The zoning requirements have two main charac-
teristics. The first one being the closeness relation
with other zones and the second one being the ap-
propriateness of the location of the zone according
to the stakeholder’s decision making. The stake-
holders and their goals for the zoning problem are
as follows:

The architect will make a framework for all the rest
of the stakeholders to participate. The framework
the decisions available to each stakeholder will
be mentioned and the feedback for of the stake-
holders will also be taken for any additional re-
quirements. Once the preferences and decisions
of other stakeholders are recorded the architects
evaluates the preferences of all the stakeholders
and makes a combined decision model which will

guide the zoning goals of the project. The per-
formance of the zoning will be assessed on how
close the zones are placed to the ideal location for
the zone. Several methods were explored to solve
the zoning problem among them the main one is
a multi-agent system to generate the zoning clus-
ters.

Figure 4.2: The Zoning problem diagram

4.3 Unit assignment problem:
In the selected zoning model of the building as-
signing the units is the main goal of this problem.
Units can be defined as the higher level function
or cluster of rooms defining a function. For ex-
ample in a residential building an apartment is a
unit of the space program. The first step before the
assignment process is to generate the circulation
shafts in the zoning model. The vertical circulation
shaft containing stairwells elevators and building
services ducting is first located by analysing the
zoning model and the geometrical properties of
the massing. The horizontal circulation elements
can be added after this step or later after the unit
assignment is done depending on the quality of
circulation that the user picks. If for example the
circulation is through the spaces then it can be as-
signed after the units are placed but if the spaces
are along the circulation then the horizontal shafts
have to be assigned after the vertical ones.

Figure 4.3: The Unit assignment problem diagram

The Architect and the Developer are the main
stakeholders in the unit assignment goals. The
main goal of the assigning is to generate good
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clean floor plans with optimal use of the floor area
and a good access to daylight, while respecting the
area bounds given by the developer for each unit.

4.4 Unit layout problem:
In the unit layout problem the main goal is to gen-
erate the internal room layout for the unit. The
stakeholders involved in this step is the end user
and the architect. The end user first records the
preferences with respect to the number of rooms
and their placement and the architect feeds it into
the tool. The tool will generate multiple layout
which fits the goals of the end user and the end
user can approve the layout or change the prefer-
ences for an improved version. After a final lay-
out is made the detailing aspect of the project is
recorded. This problem of generating layouts ac-
cording to user preferences without compromis-
ing the layouts of other users is quite tedious and
time consuming as seen in the various case studies
before in the literature review[3.2].An automated
process for this which develops floor plan options
based on the user preferences and complying with
the rules set by the architect would be beneficial.

Figure 4.4: The Unit Layout problem diagram

4.5 Unit Detailing problem:
The Unit detailing problem is the next step after
the Unit layout problem. The main goal of this
step is to specify the infill details for the rooms
which are defined in the unit layout stage. The
end user along with the architect will decide on
the materiality of the infill elements where the end
user can pick elements from the catalogue defined
by the architect. The tool at this stage will give
output by the means of a dashboard with various
indicators for the end-user to understand the fi-
nancial, sustainability and spatial aspects of the
choices made.looking at the output of the Dash-
board the user can keep on modifying the choices
till an desired outcome is generated. The cata-
logue for the infill layer will be developed by the
Architect in collaboration with the Building Prod-
uct manufacturers and Building contractors for

maintaining accuracy in the details of it.

Figure 4.5: The Unit Detailing problem diagram

4.6 Limitations and Conclusions:
Solving the five problems as stated in the problem
statement in their full complexity is a difficult and
time-consuming task. Considering the time avail-
able for the graduation thesis only some problems
are solved in detail and a framework or potential
ways of solving the rest are elaborated. There are a
few common elements involved in all the levels of
the problem starting with a system that allows for
the actors of the problem to make decisions and
register their spatial choices. This is followed by a
multi-criteria decision analysis system which gen-
erates the results about the desirability of a design
option or a location based on the recorded results.

Finally there is a system which can act on the re-
sults of the decision making and grow a configura-
tion based on it , resulting in collaborative config-
uration solutions. A best examples of integration
of all the three elements can be seen in the resolu-
tion of the zoning problem further in the thesis.
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Figure 4.6: Nesting levels of Architectural configuration problem
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5 Case Development:
5.1 Case Introduction:
In order to test all the modules developed in the
thesis a test case becomes essential. The test case
for the project should be mixed used multi func-
tional building on a site that has strong character-
istics that will be influential for the design. The
limits of the tool will truly be tested when there
are a lot of spaces that need to be configured and
they have contradictory requirements.

5.2 Selected Neighbourhood:
The site selection process started with looking at
Urban centres in the Netherlands. Dense Cities
provide a good context and a challenge for the
testing process and choosing a Dutch city is ideal
because of the good quality and the extent of the
data which is available for them.
After doing an extensive search a site in the north-
ern part of Amsterdam was selected. Buiksloter-
ham is a neighbourhood in Amsterdam north
which has an industrial past and is located very
close to the old centre of Amsterdam just across
the IJ river. Buiksloterham has a lot of empty plots
and no monumental industries which provides a
blank slate for experimentation of a new method-
ology of designing buildings as proposed in this
thesis.

The municipality of Amsterdam has a clear plan
focused on sustainability and circularity for the
development of this post-industrial neighbour-
hood. In the action plan for a circular Buiksloter-
ham the neighbourhood is envisioned as the test
bed for the future of Amsterdam. The polluted
lands of the neighbourhood aim to be the source
of clean technologies and hub for closure of ur-
ban material cycles. The activities needed to close
these local material flows can be used as a driver
for local industry and the strengthening of lo-
cal social networks. IT-based interventions can
smartly connect local residents with one another
and boost the efficiency of resource flows. Ur-
ban biodiversity and climate adaptation measures
are conceived as a core strategy to bring long-
term local resilience to the area. The development
projects aim to be the beacon of change for the
development of post-industrial areas around the
world.

5.3 Vision for Circular Buiksloterham:
In the action plan to achieve the goals of a sustain-
able, smart and circular Buikesloterham the fol-
lowing things are on the agenda:
1.Designate Buiksloterham as an official experi-
mental zone or Living Lab. A Living Lab status
is necessary for establishing the overall character

Figure 4.7: 3D layout of Buiksloterham development status [(https://www.amsterdam.nl/projecten/buiksloterham/ , n.d.)]
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Figure 5.1: Nesting levels of Architectural configuration problem

of the neighbourhood as a place where new tech-
nologies and management approaches can be ap-
plied and learned from. The future Buiksloterham
is envisioned as a neighbourhood which is run on
the makers economy.
2.Develop an inclusive governance and manage-
ment structure for Buiksloterham which involves
more participation opportunities for the residents
in managing the neighbourhood.
3.Creation of new incentive structures and finan-
cial vehicles. The transition plan to a Circu-
lar Buiksloterham requires sufficient capital for
investment and appropriate incentive structures
(such as tax or credit schemes) that will provide
guidance and enforcement of key directives.
4.Build capacity for urban sensing and open data.
Urban sensing and open data infra-structure are
critical for monitoring progress towards the goals,
enforcing key directives, and for purposes of re-
search and communication.
5.Energy efficiency and Circularity of all new
construction must be strictly implemented and
checked.
6.Renewable energy and rainwater must be har-
vested to its full capacity. The vision which the
municipality is envisioning for the neighbourhood
makes it a perfect candidate for the testing of the
platform.

5.4 Selection of specific Site in the neigh-
bourhood:

After inspecting the neighbourhood development
plan for a mixed used proposal the site at Buik-
sloterham and Co. was selected due to its inter-
esting location in the neighbourhood and due to
its regular shape. A mixed use living and work-
ing buildings are planned in this part of the neigh-
bourhood. The location faces the river banks of the
IJ.According to the current plan by the municipal
corporation Buiksloterham and Co. will have a to-
tal of around 520 homes. The development type
is varied from self-build plots and market plots
(CPO) to owner-occupied apartments and rental
homes. There is an attempt to integrate Living
and working. Office and work spaces will be inte-
grated with the residential spaces in the buildings.
There is also a possibility of self development of
houses by the owners themselves.

Buiksloterham and Co. is planned to be the first
circular district in Amsterdam. In this district,
new ways of living and working together are
sought, with sustainability and reuse as the start-
ing point. The reuse of materials, energy and wa-
ter is paramount and car sharing is also encour-
aged.
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Figure 5.2: Site analysis

5.5 Site analysis:
The following factors can be considered while
generating the design parameters for the project
on the site. There is a road which divides the plot
into two parts and is the main access road for the
plot. The vehicular noise would be considerable
from this part A pedestrian bridge is envisioned
on the canal located on the north side connecting
the Kop Grasweg a mixed used neighbourhood
and the site. The location of commercial space
could be driven by this connectivity. The develop-
ment of Kop Grasweg should also be considered
since it can block the sunlight from the South side
of the plot. A large boundary of the site has visi-
bility to the bank of IJ and could act as an attractor
point for the apartments and offices. The vision for
the neighbourhood is a participatory one so there
is a strong chance of a healthy participation from
all the stakeholders.

The space program is defined based on the prelim-
inary calculations based on the site area and the
literature studies about the existing proposal. The
total buildable area will be dependant on the so-
lution proposed and the space program will adapt
to the solution maintaining the ratios of distribu-
tion of areas into the various functions defined in
the space program. The functions for the space
program are mixed use residential and commer-
cial ones.
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Figure 5.3: Space program

Figure 5.4: Satellite imagery of the Site
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6 Massing problem
The problem of finding the appropriate volumet-
ric design of the building is the highest level of
the space layout problem.In this stage the impact
of placing volumes representing the built mass on
the site is studied with respect to its effect on the
surrounding buildings as well as its own perfor-
mance in achieving the urban level design goals.
Developing generative massing models is a huge
problem and can be a project in itself so in this the-
sis a co-design process is taken for developing the
massing options.

6.0.1 Aim:

To generate various massing variants for the site
and select a variant which will maximise the site
utilization without compromising on the quality
of the spaces as defined by the architect.

6.0.2 Process:

The massing process described further is particu-
lar to the case at hand at Buiksloterham and Co.
as described in [5].The process taken in this step
is a combination of manual design and computa-
tional analysis and validation. The design ideas
are sketched manually and the performance indi-
cators for the sketches are programmed in a com-
putational framework where simulations and cal-
culations are done to quantify the indicators. Then
weights are given to each criteria based on the de-
signers validation preferences and a Multi-criteria
decision analysis is done to rank and select the de-
sign variant from the sketches.This process also
takes place in a methodical and ordered way in
several steps as described below.

Looking at the space program [5.3] two distinc-
tions can be made regarding the massing require-
ments of the program.The mass encompassing the
volume of Self development plots and the mass
encompassing rest of the space program.
The first step of the process involves creating all
the logical variants of the basic distribution of the
two masses along with the connecting road net-
work and running the simulations for Sunlight
hours and Visibility on them.The basic intention of
running these simulations is to pick an option having
maximum visibility and sunlight hours on the building
forms and the minimum shading of the self development
plots by the buildings.The variants where self devel-
opment plots were placed in the center of the site
were eliminated due to the possibility of shading
due to the taller buildings surrounding them. In
the visibility simulation points of interest on the IJ

river [6.1] Front access road and the canal where a
pedestrian bridge is proposed is considered with
equal weightage for visibility from all points of
interest.The modelling and simulation process is
done on Rhino and Grasshopper with the plugin
Ladybug for environmental simulations.

Figure 6.1: Visibility analysis points of interest

The results from the simulation can be seen in
[6.4].The resulting simulation values for each de-
sign option is used as an input for the MCDA pro-
cess as described in [6.0.3] for selecting the mass-
ing option. Based on the results the massing vari-
ant 3 and 5 were picked for further processing.

The Second step of the process involves designing
of built and unbuilt spaces (Green spaces,Open
public spaces) inside the massing reserved for
accommodating the space program.A maximum
height of 60m was considered looking at the new
developments in the site surroundings. Various
design variants were developed and certain set of
simulations were selected for defining the perfor-
mance of the variant which was followed by com-
parison and eventual selection of the variant. The
simulations used for this stage include the Total Day-
light hours simulation,Visibility simulation, Access to
Sky from the Unbuilt spaces, Total built space/Sunlight
hours,Total floor area (considering an arbitrary floor
height of 3m), Total Unbuilt Space, Total built space
/ Total unbuilt space . The simulation values are
recorded in an excel file and then the MCDA pro-
cess is performed to rank and select the best op-
tions from the generated variants.[6.4],[6.5]. The
reason for certain calculations like the ratio of
the built/green spaces or the ratio of the floor
area with the sunlight hours was considered to
avoid designing bigger volumes for a better per-
formance.

In the The Third step involves refinement of the
massing developed in stage two. The design is
analysed in terms of its suitability for develop-
ment of floor plans for the space program based on
the derived dimensions and the best combination
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Figure 6.2: First step of massing generation and selection
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of the base shape and height of the blocks are ex-
plored by converting the top ranked massing op-
tions from stage two into parametric models.The
parametric models are then linked to the simu-
lation runs from stage two and an evolutionary
solver is used to find the right combination of the
parameters. The objective function for the solver is
to maximise the weighted product of the defined
simulation parameters. Constraints are given to
the base and height of the blocks according to the
design problem formulation.[6.6]

6.0.3 MCDA process used in the Massing prob-
lem:

The problem of generating optimal Architectural
configuration is a complex one where many deci-
sions have to be taken simultaneously to achieve
the configuration goals by multiple stakehold-
ers.The process implemented in the thesis is a me-
thodical one where the multi-dimensional, multi-
criteria, multi-actor complexity of decision mak-
ing in a large problem is divided into smaller or-
dered logical steps and at each step a set of deci-
sion variables is defined and the process of MCDA
is applied.

The process of MCDA is capable of solving a de-
cision making problem which has conflicting cri-
teria and weights. The selection of appropriate
method for MCDA is crucial for generation of
the desired results for the decision making prob-
lem. (Wa̧tróbski, Jankowski, Ziemba, Karczmar-
czyk, & Zioło, 2019) in his paper has described
a method to build a formal guideline for MCDA
method selection, which is independent of the
problem domain and has published a free to use
tool for the public [www.mcda.it] to choose an ap-
propriate MCDA method.The tool was used to
select a MCDA method by defining the abilities
of the method.The following details were added
to find the MCDA method [has weights, Weights
type(quantity),Scale(quantity),Has uncertainty(no
uncertainty),Topic(ranking and choice)].When the
problem of configuration was analysed in the pro-
gram results from the tool 6.3 indicated that

TOPSIS could be a method which can be used
to solve this MCDA problem. TOPSIS (Technique
for Order of Preference by Similarity to Ideal Solu-
tion) is a multi-criteria decision making technique
used to rank a finite set of alternatives based on
the minimization of distance from an ideal point
and the maximization of distance from an anti-
ideal point (Bilbao-Terol, Arenas-Parra, Cañal-
Fernández, & Antomil-Ibias, 2014). The normal-

ization step in the method can help in comparing
values which have different range and scale and
units which is especially beneficial when compar-
ing different environmental simulation values.

This method was also selected as the preferred
method since it could solve the problem and was
easily available as a Python library.
The Scikit criteria [(Cabral, Luczywo, & Zanazzi,
2016)] python library was used to process the per-
formance data and the user preferences to score
and rank the Design variant options.The interac-
tive HTML widgets for jupyter notebooks were
used to record the user preferences for the perfor-
mance indicators.[6.8].

Figure 6.3: All possible MCDA methods which can be
used to solve the problem according to the results of

the tool

Figure 6.8: User preference recording from widgets

Other types of MCDA methods available on Sci-
kit criteria like weighted sum and weighted prod-
uct method were also explored to compare the re-
sults along with TOPSIS method.
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Figure 6.4: Second step of massing generation and selection
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Figure 6.5: Second step of massing generation and selection
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Figure 6.6: Third step of massing generation and selection
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Figure 6.7: Topsis Result for stage 1 of massing problem from Scikit criteria

6.0.4 Limitations:

The massing process described in the previous
sections is very subjective in terms of its appro-
priateness towards designing a building mass.The
idea behind the process was to experiment with
a methodical way of breaking down the design
process into smaller steps so that the decision
making process in the whole problem is trace-
able and does not directly jump into conclusions.
With an increase in the accessibility of compu-
tational tools and parametric modelling software
this whole generation process can be different as
long as final outcome of the process (finding the
location of built mass on site) can still be used for
the next problem in spatial configuration.

6.0.5 Conclusion:

The MCDA methods used in operations research
could potentially be a way of making decisions
in a design process if the problem is clearly de-
fined as seen in the massing problem.The machine
human collaboration process in the massing prob-
lem uses the calculation power of machines and
the design intelligence of humans to generate a
final massing model will represent the boundary

for the zoning problem and the massing will be
further discretised into smaller voxels which will
further be used to generate various lattices for the
multi agent system approach taken in the zoning
problem. The whole problem of massing could
also be viewed in a different manner where the
machine can be trained to generate the massing
option by determining if a certain voxel or vol-
ume should exist on the site or not, that said it
has a huge scope and can be a thesis project on
its own. Finally to conclude this stage of design
the the massing model will be saved as an .obj
file and the voxelization process will be done on
Python using the meshing python library trimesh
[(Dawson-Haggerty et al., n.d.)] and the python li-
brary Topogenesis [(Azadi & Nourian, 2020)].

Figure 6.9: Massing problem to the Zoning problem
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7 Zoning problem
The zoning problem deals with designating the
appropriate locations for the various functions
in the space program clubbed under particular
zones. Two things are primarily important while
assigning the zones the closeness requirements of
the zones with respect to each other and the ap-
propriateness of the location of the zones w.r.t to
the decisions taken by the actors regarding the de-
sired performance criteria.
The concept of multi-agent systems is used to solve the
zoning problem.The system tries to achieve the global
and local goals of the zonal configuration like control-
lable generation of a spatial system consisting of routes
pertaining to a graph with closeness weights, spatial
zones fitting into locations fulfilling their requirements
and fitting their performance goals, and the compact-
ness of the entire system into a space-efficient mass
by devising the rules and behaviours of the agents in
a quest for emergent optimal configuration such as a
termite mound.Choosing a multi agent system over
other techniques is done due to the transparency
and adaptability of the method to search for valid
options in the massive combinatorial search space
along with didactic reasons.The agents represents
the actors in the problem and try to grow the deci-
sion according to the choices of the actors.

7.0.1 Aim:

To assign Zones in a massing model which will
achieve the maximum performance value and the
necessary closeness requirements as specified by
the stakeholders(actors).

7.0.2 Multi agent system:

In the multi-agent system designed to solve the
Zoning problem there are three main elements.
1.Environment Lattices: The environment lat-
tices are developed by performing various envi-
ronmental simulations on the discretised massing
model or the voxel grid generated at the last stage
of the massing problem.These lattices geenerate
spatial quality indicators which the actors can use
to make a decision.
2.Agent Performance criteria: Performance crite-
ria are the lattices which are generated as a result
of decision making with respect to the importance
and need of the selected spatial indicators for the
agent by the actors.
3.Agent Behaviours: Agent behaviours are the ac-
tions which the computational agents can perform
to achieve their goals on the performance criteria
lattices.

7.0.3 Environment Lattices:

The simulations which were performed were
based on the specific case taken as described in [5].
The idea at this stage is not to generate a highly ac-
curate simulation models, but simulations which
are good enough for decision making. The gen-
eration of highly accurate simulations is also not
possible at this stage since the material properties
and the geometry of the various building elements
is not defined yet. he simulations each cater to
a spatial quality and can be broadly divided into
two types .The first one is based on finding Eu-
clidean distances and the second one is based on
Ray obstruction .

The initial step before calculations of simulation
lattices was to separate the 4 masses into separate
lattices for generating values locally for the indi-
vidual masses. The voxelated lattice of the mass-
ing as derived from [6] is a numpy 3-dimensional
array consisting of ones and zeroes. Ones rep-
resents the voxels inside the 3d object which are
available for occupation and zero represents the
exterior voxels which are not relevant to the sim-
ulations.The pseudo-code for voxelation is as fol-
lows.

Table 7.1: Framework of Algorithm 1: Voxelization al-
gorithm

Input Data
Type

Input Name: Notes

Context
mesh

M The surface mesh representing the
context of the building

Output Data
Type

Output Name: Notes

Array
of

Voxels

V :=
[vi]n×1

Array of all the discrete
volumetric elements of the mesh
representing the building mass

Problem: generate a voxel array representing the discre-
tised context mesh.

Algorithm 1 Mesh Voxelization Algorithm

Voxelization (M):
B←mesh bounds m M [lxbxh]
u← voxel size [i× j× k]
V ← Generate voxel array by B÷u
foreach voxel v in V do

C ← generate voxel centroid for each voxel c
if c is not inside M then

eliminate voxel v by changing its value to 0
else

v inside V == 1

end
end

end
return V
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Figure 7.1: Picture of the voxelised envelope

1.Finding the Facade closeness lattices: The fa-
cade closeness lattice determines the distance of
the voxels in an lattice with respect to the outer-
most voxels in a specified direction.

Figure 7.2: Distance from north Facade

Figure 7.3: Distance from South Facade

The pseudo code for calculating the same is shown
in [2]

Table 7.2: Framework of Algorithm 2: Facade Close-
ness algorithm

Input Data
Type

Input Name: Notes

Array
of

Voxels

V :=
[vi]n×1

Array of all the discrete
volumetric elements of the mesh
representing the building mass

Output Data
Type

Output Name: Notes

Array
of

Scalar
values

Fc :=
[Fi]n×1

Array of scalar values having the
same structure as the voxel array

Problem: generate a scalar array indicating the distance of
the voxels from the outermost voxel in the choosen direc-
tion.

The calculations for the euclidean distances or
the closeness was done for all the facades in the
four cardinal directions and to the terrace and the
ground for all the masses.

Algorithm 2 Facade Closeness Algorithm

Voxel seperation (V):
A ← generate adjacency matrix using 6 neighbourhood
search stencil
G ← generate a graph from G

foreach node n in G do
n← remove disconnected nodes from G
vi ← generate island id for each voxel

end
return Vs ← voxel array with island id

Generate closeness lattice (Vs):
Vid← outermost voxel for all islands [Vid]n
foreach voxel v in Vs do

[Vid][x] ← identify the outermost voxel using island
id
d← calculate centroid distance to [Vid][x]
s← replace the vi with s in Vs to create Fc

end
return Fc ← facade closeness array

Figure 7.4: Distance from East Facade
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Figure 7.5: Distance from West Facade

Figure 7.6: Distance from Ground

Figure 7.7: Distance from Roof

2.Finding the Quiteness Lattice:
The Quiteness Lattice is a measure of the sound
pressure recieved at each of the locations in the
mass or the voxelated grid.The calculations re-
lated to the sound insulation are complicated and
require a lot of data with respect to the material

qualities of the building the sound pressure at the
source of sound etc.The general equation for air-
borne sound insulation of a facade is given as:

Lp:inside = Lp:outside − R + 10log
4S cos θ

Ainside
(7.1)

Where:
Lp:inside = Sound pressure level inside in Db
Lp:outside = Sound pressure level outside in Db
θ = Angle of incidence
S = Surface area of the facade in m2

A = Absorption inside the room in m2

The distance from the source of the sound to the
room is critical in this calculation and there can be
a 6Db reduction in the sound pressure level with
doubling of the distance from the source.This re-
lation can be easily calculated, and will provide a
good estimate for decision making regarding the
quietness of the voxel with respect to the source of
sound.The pseudo code for calculating the same is
shown in [3]

Table 7.3: Framework of Algorithm 3: Quiteness Lat-
tice generation algorithm

Input Data
Type

Input Name: Notes

Array
of

Voxels

V :=
[vi]n×1

Array of all the discrete
volumetric elements of the mesh
representing the building mass

List of
Co-

ordinates

S list of locations indicating the
point sources of sound

Output Data
Type

Output Name: Notes

Array
of

Scalar
values

Q :=
[Qi]n×1

Array of scalar values having the
same structure as the voxel array

Problem: generate a scalar array indicating the quietness of
each voxel in a discretised massing model.

The spatial distance component from Scikit crite-
ria [(Cabral et al., 2016)] can calculate the stan-
dard eucledian distance between a group of points
where the calculation done is as follows: The dis-
tance between two n-vectors u and v is:

√
∑(ui − vi)2/V[xi] (7.2)
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Figure 7.8: line sources like roads have been converted
into point sources

Figure 7.9: Quiteness Lattice

Algorithm 3 Quiteness lattice Algorithm

Spatial Distance calculation (V, S):
V′ ← initiate an empty lattice with same structure as V
foreach voxel v in V′ do

foreach point p in S do
C ← generate voxel centroid for each voxel c
d ← generate distance from c to s dmin ← select
the minimum distance fromd
append value of dmin inside V’

end
end
return V′ which is equal to Q

3.Generating the Sunlight hours lattice:
Access to daylight is critical for a good quality of
indoor environment and has shown links to pro-
ductivity and well being. Daylight analysis is gen-
erally done in a later stage of design process where
the internal layout of spaces and the geometry and
sizes of the openings in the spaces are already de-
signed. The material properties of the elements
used in facades and inside the spaces themselves
also play a big role in determining the amount of

daylight received inside a space. At an early de-
sign stage the access to sun received by the mass is
also a good enough metric to calculate the daylight
factor for the building. This can be calculated by
calculating the Vertical sky component (VSC). Ver-
tical sky component is the amount of sky which is
visible from a point of reference considering the
obstructions in the surroundings. That area of vis-
ible sky is expressed as a percentage of an unob-
structed hemisphere of sky, and, therefore, repre-
sents the amount of daylight available for that par-
ticular window. It does not consider the size of the
room or the number of windows it only calculates
the access to the sky. [(IESVE, n.d.)]

Figure 7.10: Vertical Sky Component[(Daylight analysis
in the design process, n.d.)]

The library ladybug tools[(Roudsari & Pak, n.d.)]
was used to generate the sun positions based on
the location for the particular site.These locations
were used to create sun vectors from which rays
were shot towards the centroids of the voxels. The
intersection with the context was checked using
the library trimesh[(Dawson-Haggerty et al., n.d.)]
and the percentage of non-intersected rays was
calculated which is the vertical sky component.

Table 7.4: Framework of Algorithm 4: Sun-access Lat-
tice generation algorithm

Input Data
Type

Input Name: Notes

Array
of

Voxels

V :=
[vi]n×1

Array of all the discrete
volumetric elements of the mesh
representing the building mass

Sun
Vec-
tors

Sp Selected sun-positions for the
HOY’s.

Array
of

Rays

r :=
[rk]m×1

Array of all the rays that are
supposed to be shot from sun
toward the voxel centroids

Context
mesh

Mc The surface mesh representing the
context of the building

Output Data
Type

Output Name: Notes

Array
of

Scalar
values

Sa :=
[Si]n×1

Array of scalar values having the
same structure as the voxel array
indicating the sun-access in
percentage

Problem: generate a scalar array indicating the access to
sun for each voxel in the discretised model represented in
percentage.
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Algorithm 4 Sun-access lattice Algorithm

Generate HOY input (W):
I ← day intervals for the HOY = 30
foreach day in range(365) do

if d % I == 0 then
foreach h in range(24) do

i← d * 24 + h Sp = sun-positions[i]

end
end

end
return Sp

r= rays originating from Sp towards voxel centroids Sun-
access Lattice construction (r, Mc, V):

V′ ← initiate an empty lattice with same structure as V
foreach voxel v in V do

foreach ray r in R do
I ← check intersection of Mc and ray (r, v)

// a ray with the source of v and

direction of r I is 1 when true and 0

when false

val ← percentage of intersections for each voxel
for all the rays.
val ← append the val in V′

end
end
return V′ which equals Sa

Figure 7.11: Sun Locations for the selected HOY’s

Figure 7.12: Sun Access Lattice

4.Generating the Visibility Lattices:
A visibility analysis is important to consider the
compatibility of a building with its surroundings.
The visibility of a building from different view-
points like main streets public areas or other build-
ings becomes critical to location of certain func-
tions which thrive on a better visibility like retail
shops and restaurants. The degree of privacy can
also be determined based on the direct visibility of
a space from a point.

The characteristics of building locations, build-
ing height arrangements, and other circumstances
need to be considered in a study of visibility anal-
ysis. Visibility studies in a two-dimensional rep-
resentation have been utilized for a long time for
landscape, architectural, and urban studies to cal-
culate the view of a structure or element in the spa-
tial environment. However, a 3D study becomes
more comprehensive and accurate to determine
the visibility.

Figure 7.13: Points of interest on the street and the
river IJ

Figure 7.14: Visibility to the River IJ lattice
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Table 7.5: Framework of Algorithm 5: Visibility Lattice
generation algorithm

Input Data
Type

Input Name: Notes

Array
of

Voxels

V :=
[vi]n×1

Array of all the discrete
volumetric elements of the mesh
representing the building mass

Points
of in-
terest

Pi list of point locations to check
visibility to/from .

Array
of

Rays

r :=
[rk]m×1

Array of all the rays that are
supposed to be shot from points
of interest toward the voxel
centroids

Context
mesh

Mc The surface mesh representing the
context of the building

Output Data
Type

Output Name: Notes

Array
of

Scalar
values

Va :=
[Vi]n×1

Array of scalar values having the
same structure as the voxel array
indicating the visibility in
percentage

Problem: generate a scalar array indicating the visibility
for each voxel in the discretised model towards the points
of interest represented in percentage.

The approach taken to calculate the visibility is
similar to the sun access lattice where percentage
of intersection is calculated to determine the visi-
bility to a point of interest. For the particular case
at Buiksloterham two visibility lattices are gener-
ated one which calculates the visibility towards
the IJ and the other one calculates the visibility
from the road.

Algorithm 5 Visibility lattice generation Algorithm

r= rays originating from Pi towards voxel centroids
Visibility Lattice construction (r, Mc, V):

V′ ← initiate an empty lattice with same structure as V
foreach voxel v in V do

foreach ray r in R do
I ← check intersection of Mc and ray (r, v)

// a ray with the source of v and

direction of r I is 1 when true and 0

when false

val ← percentage of intersections for each voxel
for all the rays.
val ← append the val in V′

end
end
return V′ which equals Va

Figure 7.15: Visibility to Road lattice

7.0.4 Agent Performance criteria:

Performance criteria is defined by the stake-
holder(actor) participating in the stage of the con-
figuration problem. So in the case of the Zoning
problem the Architect decides the performance
criteria after having discussions and understand-
ing the requirements of the actors involved in the
project. The performance criteria can be defined
as an aggregated value that quantifies the perfor-
mance towards a goal based on the spatial choices
of the actors involved.

The steps taken by the stakeholder for defining the
criteria are as follows.Firstly the number of criteria
required are figured out. It can be done on the ba-
sis of the different criteria in the space program.
Then the relevant simulations for each criteria are
selected. Weights are given to the simulation val-
ues and this weighted value is considered for the
MCDA process which generates the final perfor-
mance lattice for the selected criteria.

Figure 7.16: Topsis method algorithm
[(Garcı́a-Cascales & Sánchez-Lozano, 2013)]
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In this stage also the TOPSIS method as described
in [6.0.3]is used. The main reason for this is the na-
ture of the method to normalise the values. It en-
ables combining the various simulations with dif-
ferent units together to create a single value which
shows the closeness of the value with respect to
the ideal.The decision lattice thus created for all
the different programs will have the same range of
values. These lattices will act as the environment
lattices for the agents responsible for those specific
functions.

Figure 7.17: Images of widgets used in the Jupyter
notebook

Since this step is an interactive one the im-
plementation is done on the jupyter note-
book environment of python using the library
Ipywidgets(ipywidgets, n.d.). The role of the stake-
holder is simulated by the author to generate the
various lattices required for the case. In the follow-
ing section the decison matrices for all the various
functions in the space program for the case are il-
lustrated with the reasoning behind it.

1.Privately owned Housing:
For the privately owned housing the main criteria
was the visibility to the river and the closeness to
the roof to create a lucrative opportunity for the in-
vestors and owners of the privately owned hous-
ing properties in the building. Quiteness and Solar
access are also important but have a lower priority
than the other criteria.

Figure 7.18: Weights given to the various criteria for
Privately owned housing

Figure 7.19: Privately owned housing output lattice

2.Free sector Rental housing:
For the Free sector Rental housing priority has
been given to the view towards the river and the
closeness towards the north and west facade for
an even distribution and also to test out the im-
pact of these direction based decisions on the final
output. Quietness and solar access have also been
considered in the decision framework.

Figure 7.20: Weights given to the various criteria for
Free sector rental housing
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Figure 7.21: Free sector rental housing output lattice

3.Social sector Rental housing:
The hierarchy of decisions for the social sector
rental housing preferences were closeness to the
ground followed by solar access and finally equal
weights for visibility to the river and quietness.
The closeness to the ground is added for avoiding
the clash with the previous two functions.

Figure 7.22: Weights given to the various criteria for
Social sector rental housing

Figure 7.23: Social sector rental housing output lattice

4.Offices:
Quiteness and Daylighting are the most impor-
tant decision variables for offices.Visibility to the
river is also an important criteria for increasing the
value of the space and make it a more lucrative
investment opportunity.The criteria can be con-
flicting with the Private ownership housing and
Free sector rental housing and the interaction be-
twwen the respective agents will be interesting to
observe.

Figure 7.24: Weights given to the various criteria for
Offices

Figure 7.25: Offices output lattice

5.Retail:
The retail spaces have to be accessible from the
street and need to have the best visibility from the
road . These two decision variables have a bit of
a contrasting nature so the combination of them is
interesting to analyse.
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Figure 7.26: Weights given to the various criteria for
Retail spaces

Figure 7.27: Retail output lattice

6.Restaurants and Cafes:
The decision criteria for Restaurants and Cafes are
very similar to the retail stores with the added cri-
terias of visibilty to the river and quiteness. So it
would be interesting to check the interaction be-
tween the agents for both.

Figure 7.28: Weights given to the various criteria for
Restaurants and Cafes

Figure 7.29: Restaurants and Cafes output lattice

7.0.5 Agent Behaviours:

The third part of the multi agent system are the
computational agents representing the actors. Be-
fore starting with description of the various agent
behaviours developed in the project certain terms
mentioned in [Terminology] are mentioned again.

1.Agent:An agent is anything that can be consid-
ered able to perceive its environment through sen-
sors and act on this environment through actua-
tors.
2.Multi-Agent system:An agent-based system
also can exist with several agents having the char-
acteristics as described in the previous paragraph.
Such a system is called as a multi-agent system.
3.Agent Behaviors: The actions which the agent
can perform to achieve its goals.
4.Stencil: The neighborhood definition in a dis-
crete 3d space.

In the project several agent behaviours were de-
veloped. They can be classified into three main
criterias : Agent Origin, Occupy/Unoccupy and At-
traction/Repulsion.

7.0.6 Stencils:

In order to create a boundary for scanning the
neighbourhood around a voxel several stencils
were defined.The function stencil is available in
the library Topogenesis [(Azadi & Nourian, 2020)]
where by default there can be two types of neigh-
bourhoods. The first one is the von neumann
neighbourhood containing 6 neighbouring voxels
and the second is the moore neighbourhood con-
taining 26 neighbouring voxels. The library also
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contains function to make the center as unoccu-
pied for the stencil.

Figure 7.30: Von neumann neighbourhood stencil
representation

Figure 7.31: Moore neighbourhood stencil
representation

The other stencils developed are derived from
these two main stencils. The four neighbourhood
and the eight neighbourhood stencil are espe-
cially programmed for two dimensional agent be-
haviours where the available neighbours on only
a particular axis are considered.

Figure 7.32: Four neighbourhood stencil

Figure 7.33: Eight neighbourhood stencil

The full floor lattice and the full lattice are consid-
ered for searching the whole search space in two
dimensions or three dimensions.The full floor lat-
tice considers the maximum extents of the hori-
zontal or vertical slice and the full lattice considers
the complete 3d lattice.

Figure 7.34: Full floor stencil

Figure 7.35: Full Lattice stencil
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7.0.7 Occupy/Unoccupy Behaviour:

The Occupy behaviour is a class of behaviours
which the agent can perform to occupy certain
voxels based on their values and neighbourhood
condition in a voxelated lattice. The occupy be-
haviour can be further classified into two dimen-
sional and three dimensional behaviours depend-
ing on the stencil which determines their neigh-
bour search space. The occupy behaviour works in
the following manner. The first step involves iden-
tifying the neighbours based on a selected sten-
cil from the stencils described in the previous sec-
tion.The desirability value for each voxel can be
derived form the performance lattice as described
in [7.0.4] which becomes the environment lattice
for the agent to perform the behaviour. The values
in the environment lattice for the identified neigh-
bours in the occupancy lattice are extracted and
the best or the worst value is picked by the agent
and the corresponding voxel is occupied.This pro-
cess goes on till the number of voxels occupied by
the agent is satisfied. The generalised pseudocode
for the same is shown in [6]

Table 7.6: Framework of Algorithm 6 and 7 : Agent
Occupy behaviour algorithm

Input Data
Type

Input Name: Notes

Array
of

Voxels

V :=
[vi]n×1

Array of all the discrete
volumetric elements of the mesh
representing the building mass

Array
of En-
viorn-
ment

values

E :=
[Ei]n×1

Array of scalar values having the
same shape and size as the voxel
array representing a results for
decision making about the spatial
quality of the zone.

Target
growth

size

T List of numbers representing the
voxel count which each zone has
to grow into.

Search
Stencil

sst :=
[Sst]n×1

Array defining the
neighbourhood definition of the
search space.

Output Data
Type

Output Name: Notes

Array
of

Voxels

V :=
[vi]n×1

Array of coloured voxels or
occupied voxels indicating the
location of the zones grown in the
voxelated array

Problem: grow a decision using computational agents to
form zones of same colour in the voxelated array.

7.0.8 2D Rectangular growth behaviour:

In this behaviour the primary stencil used to
find the neighbours is the 4 neighbourhood one
[7.32].After the values of the neighbours are re-
trieved from the environment lattice the maxi-

mum valued neighbour is picked for the next it-
eration. The values for neighbours of neighbours
get a boost in this type of behaviour hence the oc-
cupancy pattern for the agent is in a rectangular
manner. If the behaviour reaches a point where
no neighbours are available for occupancy then
the search space is gradually increased to 8 neigh-
bourhood area [7.33] and finally to the full floor
lattice [7.34].

Figure 7.36: Neighbours of neighbours get a boost in
their value

Figure 7.37: 2D Rectangular growth behaviour

The generalised pseudocode is modified in terms
of primary stencils , secondary and tertiary sten-
cils and voxel selection criteria for the different
agent behaviours. The secondary and tertiary
stencils are used as a method of changing agent
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position if there are no available neighbours based
on the primary stencil.

Algorithm 6 Agent occupy generalized Algorithm

Define Agent Class (Origin, Stencil, id):
O← Agent origin which is a voxel from V′

id← Agent id which is a number for identification
Sst ← Neighbourhood definition for searching
N ← Retrieved neighbours for agent at location O ac-
cording to Sst
Define Agent Agent behaviour (self):

foreach voxel v′ in N do
A ← check availability of voxel for occupancy

// A value above or below 1 indicates

voxel is occupied

val ← retrieve value from E corresponding to
the neighbour id’s
No ← The argmax of val is the new agent
origin
update the value in V′ with id at the location
of No

end
return V′ with agent at No and voxel at O coloured
with the agents colour.

Define Environment Class (E, V′, A, B, T):
E← Input Environment lattices
V′ ← Copy of input Voxel array
A← List of Agents
B← List of Agent Behaviours
return Ec Enviornment

Run Simulation (Ec):
foreach env v′ in Ec do

foreach agent v in env do
B ← perform the behaviour B from E till the
target T is met
update the value in V′ with id’s of the agents in
the environments Ec of the nase lattice

end
return V′ coloured voxelated array indicating zones
inside the voxelated discretised massing model.

end

7.0.9 2D Circular growth behaviour:

In this behaviour the primary stencil used to
find the neighbours is the 8 neighbourhood one
[7.33].The rest of the nature of the code is similar to
the rectangular one. The main reason for this cir-
cular growth is due to the combination of selection
of the 8 neighbourhood search space from the first
instance and the boosting of values for the voxels
whose neighbours have been occupied.This type
of growth patterns where the neighbours of neigh-
bours are given a preference ensures the topolog-
ical nature of the spaces where characteristics like
having a single island and no holes in the structure
are maintained.

Figure 7.38: 2D Circular growth behaviour

7.0.10 2D Random growth behaviour:

In this behaviour the primary stencil used to find
the neighbours can be 4 or 8 neighbourhood one
[7.32],[7.33].

Figure 7.39: 2D Random growth behaviour
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The maximum valued neighbour is picked and
no boost is given in the values for neighbours of
neighbours. This leads the agent to purely fol-
low the values of the environment lattice as the
basis for occupancy. This behavior has its advan-
tages when it comes to achieving the maximum
valued voxels for a function due to its singular na-
ture in selection but it can also lead to a haphazard
growth with many islands in its graph structure
and with holes in between.

7.0.11 3D Spherical growth behaviour:

In this behaviour the primary stencil used to
find the neighbours is the 26 neighbourhood one
[7.31].This allows for selection in three dimen-
sions. The neighbours for each agent position are
stored in a list which is referred in every iteration
to check for neighbours of neighbours. In this be-
haviour a boost is given based on the number of
adjacent neighbours to a voxel under considera-
tion. This boost creates a behaviour which forms a
spherical pattern around the agent origin picking
the best possible values in the environment field
with the added boost based on neighbourhood oc-
cupancy condition.

Figure 7.40: 3D Spherical growth behaviour

Figure 7.41: Neighbours of neighbours get a boost in
their value

7.0.12 3D Cuboidal growth behaviour:

In this behaviour the primary stencil used to find
the neighbours is the 6 neighbourhood one [7.30].
Similar to the Spherical behaviour the neighbours
for each agent position are stored in a list which is
referred in every iteration to check for neighbours
of neighbours also a boost is given based on the
number of adjacent neighbours to a voxel under
consideration.

Figure 7.42: 3D Cuboidal growth behaviour

The chances of this behaviour running into con-
ditions where there are zero neighbours is higher
since it only considers vertically and horizontally
connected neighbours and not the diagonal ones,
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hence the secondary stencil in this case is the
Moore neighbourhood one and finally the tertiary
one being the full lattice one so that the agent has
the chance to move away from the no neighbour
position and restart at a different location.This
boost along with the stencils creates a behaviour
which forms a cuboidal pattern around the agent
origin picking the best possible values in the en-
vironment field with the added boost based on
neighbourhood occupancy condition.

7.0.13 3D Random growth behaviour:

The 3d random growth behavior is similar to the
2d random growth behavior one but with a differ-
ent stencil sets. In this behaviour the primary sten-
cil can be the 6 neighbour Von-neumann stencil or
the 26 neighbour Moore neighbourhood thus en-
abling a three dimensional behaviour. The selec-
tion of voxels is based on the argmax of the values
from the available neighbours and there is no pref-
erence for neighbours of neighbours.This leads to
a better output in terms of capturing the higher
performing voxels for the agent but the topologi-
cal requirements of single island and no hole poly-
nomio are not satisfied. Ideally these behaviours
can be used to unoccupy poorly formed shapes in
the zoning model or occupying non connected dis-
crete spaces.

Figure 7.43: 3D Random growth behaviour

7.0.14 Attraction/Repulsion Behaviour:

The 3d growth behaviour of agents towards each
other or away from each other can be classified as
attraction/repulsion behaviour.The behaviour can
be used for either growing (occupying) voxels to-
wards each other or just for finding locations in the
graph (generated out of voxelated grid) satisfying
certain closeness requirements. The steps for gen-
erating the agent behaviours are as follows: First
from a voxelated grid using the Von-neumann
stencil as a connectivity relation a graph is cre-
ated.The generation of the graph is done using
the library network x[(Hagberg, Schult, & Swart,
2008)]. The minimum distance from all the vox-
els to the rest of the voxels are generated using
the Floyd Warshall algorithm for finding the min-
imum distances.Then the points of interest or vox-
els of interest are chosen from the grid and the dis-
tance matrix for them are generated using the out-
put from the Floyd Warshall algorithm. Distance
matrix is nothing but the graphical distance or
Manhattan distance from each voxel to the voxel
of interest. Once the distance matrices are gener-
ated for both the points of interest they are used as
environment lattices for the agent based simula-
tion for the agents to grow or move towards each
other depending on the use case.The pseudo code
for the same is shown in [7]

Algorithm 7 Attraction/Repulsion agent behaviour Algo-
rithm
Generate the Environment lattice (V):

A ← generate adjacency matrix using 6 neighbourhood
search stencil
G ← generate a graph from G
D ← calculate shortest distance from each voxel to all
the voxels in V using Floyd Warshall Algorithm
Sd1 ← extract shortest distance from a selected voxel to
all the voxels from D
Sd2 ← extract shortest distance from a selected voxel to
all the voxels from D

Define Agent Class (Origin, Stencil, id):
Same procedure as seen in generalised occupy behaviour

Define Environment Class (E, V′, A, B, T):
Same procedure as seen in generalised occupy behaviour
create two environments with Sd1 and Sd2 as environ-
ment lattices

Run Simulation (Ec):
Same procedure as seen in generalised occupy behaviour
return V′ coloured voxelated array indicating zones in-
side the voxelated discretised massing model.
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Figure 7.44: Attraction/repulsion behaviour

7.0.15 Agent Origin Behaviour:

The agent origin behaviour is set of behaviours
which gives an feedback to the desirability of all
location in the voxelated grid for the agent to seed.

Table 7.7: Framework of Algorithm 8 : Agent origin
assignment algorithm

Input Data
Type

Input Name: Notes

Array
of

Voxels

V :=
[vi]n×1

Array of all the discrete
volumetric elements of the mesh
representing the building mass

Array
of En-
viron-
ment

values

E :=
[Ei]n×1

Array of scalar values having the
same shape and size as the voxel
array representing a results for
decision making about the spatial
quality of the zone.

Target
growth

size

T List of numbers representing the
voxel count which each zone has
to grow into.

Search
Stencil

sst :=
[Sst]n×1

Array defining the
neighbourhood definition of the
search space.

Output Data
Type

Output Name: Notes

List of
1D

Voxel
in-

dices

Rv Voxel origin positions ranked
according to the benefit provided.

Problem: Determine which is the most appropriate voxel
for the agent to start growing from.

This is done by first collecting all the neighbours
for all the voxels in a base lattice according to the
chosen stencil.In this case the stencil are the varia-
tions of the 26 neighbourhood Moore stencil.Once
the neighbours of all the voxels are collected their
corresponding values from the value lattices are
extracted. The summation of all the values of the
neighbours are the desirability value of the voxel
for seeding. Finally the output is sorted according
to the calculated desirability.

Algorithm 8 Agent origin assignment Algorithm

Generate the Benefit matrix (V, E, T, S− st):
A ← Agent to be deployed to calculate benefit at all the
location in the voxelated array
B← Agent behaviour for generating Bm Benefit matrix
foreach voxel v in V do

O← Set agent origin as voxel v
b ← occupy voxels in the Voxelated base equal to
the number specified in T
val ← retrieve values from E using the occupied
voxel ids from b and aggregate them

end
return Scalar value val for each voxel corresponding to
the benefit of assignment for that location

Aggregate the benefit values into Rv

In order to test the system generated in the the-
sis a set of Toy problems were formulated and the
modules were tested. These can be seen in the next
subsection of the Chapter.
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7.0.16 Toy Problem formulations for the Zon-
ing problem:

The zoning problem itself can be classified into
two types one with a closeness requirement of the
zones with each other.An example of this would
be hospitals where the closeness requirements be-
tween the departments is critical.The other type
would be the one without any closeness require-
ment of the zones like the example case consid-
ered in the thesis.In this case the only determin-
ing factor behind the objective of the zoning prob-
lem is to locate the zones in the best possible
locations according the performance criteria de-
fined for it.Several approaches were considered in
the thesis for solving both the types of the zon-
ing problem.The first approach which was con-
sidered was the Linear assignment approach in-
spired from the operations research filed in indus-
trial engineering.The second approach was the To-
tal closeness relation approach based again on the
research done in solving the facility layout prob-
lem in industrial engineering.The third approach
was inspired more from the traditional way of
practising architecture. It is the Sequential assign-
ment approach which replicates a few of the man-
ual design processes.For each of these approaches
toy problems were formulated to test their valid-
ity on a simpler and smaller scale. The conclu-
sions derived from these Toy problems were fur-
ther used to replicate and improve the initial for-
mulation for solving the zoning problem for the
case at Buiksloterham [5]

7.0.17 1.Linear assignment approach:

The first approach towards this problem is to deal
with the zoning problem as an linear assignment
problem researched extensively in operations re-
search. The problem was first described by (Koop-
man et. al) as a relatively simple problem in the
allocation of indivisible resources is that of match-
ing two sets of an equal number n of objects, by
making up pairs of objects consisting of one ob-
ject from each set. Objects belonging to the same
set are similar in kind but not identical. For each
of the n2 possible pairs a score or value is given.
The problem is to find a matching (or assignment
to each other) of objects for which the sum of the
scores of pairs matched is as high as possible.

Considering the problem of zoning the objective
of this same problem can be reinterpreted as max-
imising the summation of all the values of voxels

in a cluster (function) for all clusters.

Values

Agents

a1
a2
...

aN


v1 v2 · · · vM
v21 v22 · · · v2M

...
...

. . .
...

vN1 vN2 · · · vNM



To illustrate the approach we can consider a prob-
lem where there are 4 agents and the benefit which
will be gained by placing them in 4 locations is
given by the benefit matrix. The probabilities of
the n2 possible agent-location pairs can be set out
in the form of a square matrix, the typical element
aki representing the profit expected from the agent
k in locationi. A possible benefit matrix of the or-
der n = 4 would be

Locations
(1 2 3 4)

Agents

a1
a2
a3
a4


6 9 5 4
3 2 7 4
6 5 5 2
3 9 4 9

 = aki = A

A permutation matrix can represent the solution
to the assignment problem. This is a matrix P =
[Pki] in which there is 1 present only at a single
location in each row and column.The 1 represents
the assignment of the agent to that location. For
the example presented before the permutation ma-
trix would be represented as :

Locations
(1 2 3 4)

Agents

a1
a2
a3
a4


0 1 0 0
0 0 1 0
1 0 0 0
0 0 0 1

 = pki = P

The profitability(benefit) of the assignment can be
written as :

π =
4

∑
k,i=1

aki pki = 9 + 7 + 6 + 9 = 31

Hence the objective for zoning can be interpreted
as assigning the agents for each function to a loca-
tion in the voxelated grid so as the total benefit of
the zoning configuration is maximised.

However the assignment for each voxel in a mass
to an agent is not an appropriate way to go for-
ward with it for two reasons. Firstly depending
on the size of the voxel grid and the number of
agents this calculation for finding combinatorial
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possibilities can become complex and too large to
compute with a small increase in the number of
agents. Secondly all the occupied voxels in a zone
need to be topologically connected and coherent
to form a zone ( The zones should have a single is-
land and not have any holes ) which wont be pos-
sible in this approach.In order to overcome these
problems certain simplifications are necessary.

7.0.18 Assumptions and Simplifications:

Based on the agent behaviours developed in the
previous section of the thesis [7.0.5] the cost of
placing the agent at a certain location will be de-
termined by the summation of all the values oc-
cupied by the agent growth starting from the ori-
gin.This can simplify the problem to just assign-
ing the center of the growth for the agents or the
origin points at appropriate locations. This will
reduce the assignment problem to a much more
sizable proportion, However there is still a prob-
lem which creates extra complexity in the linear
assignment problem . It is the problem of find-
ing the benefit of assigning the agent to a certain
location. If all the locations (voxel positions) in
the mass are eligible to be the origin point for the
agent growth then determining the best combina-
tion again becomes a massive task to compute.
In order to solve this problem another simplifi-
cation is made .The whole voxelated base lattice
is divided into smaller sections and the centers of
each section is considered as a possible location for
agent assignment. This reduces the number of it-
erations which need to be computed and does not
affect the accuracy of the final result.

The simplifications mentioned above does make
the combinatorial complexity a little simpler but
the problem of generating single island zones
with no holes still remains. In the agent be-
haviours developed for the multi agent system
there are certain behaviors under the class occupy
like the 2d rectangular[7.0.8], 2d circular[7.0.9],
3d cuboidal[7.0.12],3d spherical[7.0.11] which
have the inbuilt ability to only create connected
zones which have no holes. So in the simulations
only these can be used which will automatically
satisfy the topological constraint of the growth
behaviour of the agents.

7.0.19 Toy Problem formulation for Linear as-
signment problem:

The following details are considered for the Toy
problem.
Size of the Lattice = 19x9x4 (LxHxW)[684]

Number of Agents: 5
Agents: (Blue , Green , Yellow , Red, Violet)

Figure 7.45: Toy Problem Details

The env lattices have been given a bigger value
just to boost the importance of the largest agent
in the whole simulation.

Objective: To find the best location for the origin
of five agents Blue, Green ,Yellow, Red and Vio-
let so as to maximise the total benefit which is the
summation of all the values gained by the agents
from their respective enviornment fields during
the simulation.For the enviornment fields a ran-
dom integer set having the same shape and size as
the base lattice is considered.

Bene f it =
5

∑
k,i=1

aki pki = V[B]+V[G]+V[R]+V[Y]+V[V]

(7.3)
Where:
a ki = benefit matrix
a pi = permutation matrix
V = value lattice
B,G,Y,R,V = indices of occupied cells for the agents

Figure 7.46: Toy Problem agent origin locations
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7.0.20 Agent based Simulation procedure:

Step1: Determine the possible agent origin loca-
tions
This was done by dividing the whole lattice into
sections which are atleast as small as the smallest
agent or having the number which is at least equal
to the number of agents. This resulted in six possi-
ble locations for the 5 origins so total permutations
possible are 720 calculated using the permutation
formula.

P(n, r) =
n!

(n− r)!
(7.4)

Where:
P is total number of permutations
n is the total number of objects in the set
r is the number of choosing objects from the set

Step2: Determine the benefit at all locations
Simulate agent behaviour at all locations indepen-
dently and calculate the benefit for each agent at
each location. The benefit will be the summation
of the values of all the cells from the env lattice
corresponding to the occupied cells by the agent
at that location.

Step3: Use the MIP solver to generate the permu-
tation matrix
Once the cost matrix is developed then using the
MIP solver in Google OR tools optimization is
done to find the permutation matrix for the assign-
ment of the agents to the appropriate location for
the maximum benefit.

Step4: Validation of Results by simulating all the
possible permutations.
The benefit calculated by simulating the agent
based behaviour on the locations of the permu-
tation matrix and comparing that with the simu-
lations from all the possible 720 permutations to
check if the permutation matrix from the step 3 is
the best one.

7.0.21 Results:

After the simulation was completed the total ben-
efit which was calculated from the assignment of
the agent origins according to the permutation
matrix was not the best solution from the 720 pos-
sible options. The ranking for the permutation
matrix was really poor 678/720 for the simulation
from all the aggregated values.

Algorithm 9 Procedure for Linear assignment ap-
proach

procedure INITIALIZATION

Load base lattice
Generate environment lattices

procedure GENERATE THE POSSIBLE ORIGIN

POINTS

Extract the indices of all possible points
6: Create all possible permutations from it

procedure CREATE MULTI-AGENT SYSTEMS

Create the necessary stencils
Create the necessary Agent class
Create the necessary Environment class

procedure GENERATE THE BENEFIT MATRIX

12: Do a multi-agent simulation for all the
agents at all locations

Save the simulation output as benefit ma-
trix
procedure LINEAR ASSIGNMENT TO GENER-
ATE THE PERMUTATION MATRIX

initialize the Google OR tools MIP solver
using benefit matrix

Generate the permutation matrix from the
solver

Calculate the benefit generated from the
permutation matrix . This
can be done via extracting the corresponding
values from the env lattice

18: procedure VALIDATION OF THE RESULT

Generate the total benefit for all the permu-
tations and sort them.

Compare the permutation matrix benefit to
the best option from all the simulations to rank
the permutation matrix solution.

7.0.22 Possible improvements:

The main two concerns in the simulation done
were as follows. The environment lattice were
all made up of random integers with no patterns
emerging out of it. This makes the problem of as-
signment very complicated an unpredictable due
to the random nature of the values.

Secondly the effect of one agents growth over the
other was not considered at all which is not a good
thing since the violet agent for example needs to
grow for about 230 voxels which is more than 2.5
times the growth of Red and Yellow.Introducing
the added complexity of the relative position of
agents witch each other in the step where benefit
for assignment is calculated will make the prob-
lem very complex to solve. A possible solution to
this would be to divide the assignment problem
into various numbers of equal sized agents. This
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Figure 7.47: Linear Assignment Toy Problem Simulation images
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Figure 7.48: Linear Assignment all permutation performances good variants
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would make the benefit more predictable and im-
proving the validity of the approach.

7.0.23 Improved simulation:

In the improved simulation the number of agents
which are to be assigned was increased to a min-
imum of two. So considering the smallest agent
in the problem which is the Red and Yellow both
having to occupy 91 voxels the minimum size
comes out to be around 45 voxels. So if all the
agent requirements are broken down into 45 vox-
els the number of locations would be around 15.2
so the next perfect divisible number to it (18) was
considered.The benefit matrix was calculated for
18 positions inside the base lattice and 18 agents
would be assigned in the simulation. The modi-
fied simulation table looks as follows:

Figure 7.49: Modified Toy problem

After running the simulation for this modified set
of problem the output or the total benefit from
the simulation came out to be 17360 which comes
close to the 210th rank out of 720 ranks in the pre-
vious simulation. This was a huge improvement
from the 678th rank in the first simulation. The
simulation results was further improved when the
lattices were not random integers but distance
fields from the closeness to the facade and the roof.
The final ranking was around 155/720 which is
a proof that this approach will generate a good
solution for the problem if not the best one.This
method can be replicated for the case study where
the lattice is very large and the combinatorial com-
plexities are immense.

7.0.24 Conclusions:

If the linear assignment approach is to be consid-
ered then the resolution of the simulation, that is
the number of agents should be large enough so
that the size of the agents is more or less simi-
lar. This will generate accurate results since the
impact of one agents growth over the other is re-
duced. Secondly the environment lattices should
not consist of random integers but should contain
properly simulated lattices so that there is a certain
relationship between the adjacent voxels.

7.0.25 Limitations:

The first limitation is that such an approach is
not suitable for zoning where there is a closeness
requirement between the zones.In this particular
case of mixed-use typology where there wasn’t
any specific closeness requirement this method
can be implemented to find the optimal zoning.
Secondly,the reduction of the search filed space for
assigning the agent origins is a heuristic applied
to this specific case for reducing the search space
and might not result in the best possible outcome
for the optimization. That said at the stage of zon-
ing the deviation from the optimum or the error is
acceptable enough to make a decision on the out-
come.Finally the output from the approach when
the agent sizes are made small can at times be-
come a bit staggered with isolated growths in the
lattice. So the topological quality of the zones cre-
ated might necessarily not be that great and an im-
provement step needs to be defined.

7.0.26 2.Sequential Assignment approach:

In the sequential assignment approach the ap-
proach is more towards replicating the manual
process with the intelligence of multi criteria as-
signment and form evolution offered by the agent
based model.In this approach the functions in the
space program are assigned sequentially from the
biggest function to the smallest function. This ap-
proach gives priority according to the size assum-
ing that the impact of the biggest function is going
to be the most on the output of the benefit calcula-
tions of the zoning.

The similarity of the approach to the manual pro-
cess can be attributed to the fact that in the man-
ual process multiple zones are never assigned its
always a sequential process with a explicit or an
assumed priority order of the various zones. The
main benefit of this approach is the topological
quality of the zones created in terms of their shape
and island formation. Since the growth of the
agents is not affected by the growth of their sur-
rounding agents the agents can grow in the ex-
act way that they are programmed in response to
the environment lattice values which they are fed
with.The interesting thing to observe in this ap-
proach would be the final score of the simulation
in comparison to the Linear assignment approach.
In this type of an approach the lower the function
or the agent is in the priority list the more it has to
compromise in the quality of voxels which it can
occupy. In that sense this approach does not give
equal access to all the functions.

59



Algorithm 10 Procedure for Sequential assign-
ment approach

procedure INITIALIZATION

Load base lattice
Generate environment lattices

procedure GENERATE THE POSSIBLE ORIGIN

POINTS

Extract the indices of all available voxels
6: procedure GENERATE THE BENEFIT ORDER

Run the ABM simulations on all origins
and calculate the benefits of assignment at
each location
procedure CREATE MULTI-AGENT SYSTEMS

Create the necessary stencils
Create the necessary Agent class
Create the necessary Environment class

12: procedure SEQUENTIAL ASSIGNMENT TO

GENERATE THE ZONING

Run the ABM occupation simulation for
the best location of the biggest agent

Find the best location from the remainder
voxels for the next agent according to size
from the benefit list generated before.

Run the ABM simulation on the selected
origin and continue this process till voxels are
occupied.
procedure CALCULATE TOTAL BENEFIT

Extract the indexes from each agent from
their respective value lattices .

18: Aggregate the values from each agent and
generate the total sum of benefit from all the
agents.

7.0.27 Agent based simulation procedure:

The same problem formulation and objective is
considered as described in the previous method in
7.0.19. The following steps are taken in the Agent
based simulation procedure:
Step1: Determine the possible agent origin loca-
tions:
In this approach all the possible available voxels in
the lattice are the agent origins. So the first step in-
volves extracting the 2D indices of all the available
voxels.

Step2: Find the benefit of simulation at all loca-
tions:
In all the possible agent origins the simulation is
run for the desired number of voxels for all the
agents and the benefit obtained for each origin lo-
cation is calculated. The origin list is sorted ac-
cording to the benefit from the highest to the low-
est.

Step3: Run Sequential Agent based simulations:
According to the ascending order of the size of
the agents the agent based simulations are run se-
quentially.For the first simulation the best agent
origin location for violet is choosen and the sim-
ulation is run, then from the remaining locations
which are available in the lattice the best location
is choosen and the simulation for the next agent is
run. The process continues till all the agents have
occupied their required voxels.

Step4: Calculation of benefit for each agent and
the total benefit:
The occupied voxels for each agent is traced to
its value lattice in the environment and the corre-
sponding environment values are retrieved.These
retrieved values are summed up to generate the
total score for the agent. The total score for all the
agents is the total score for the simulation.

7.0.28 Results:

The total benefit calculated from the simulation
was around 16548 which was worse in compari-
son to the linear assignment method. The ranking
would be close to 516/720 when compared to the
720 simulations run in the validation of the linear
assignment approach [7.0.21]

7.0.29 Conclusions:

The method itself has the quality of not giving ac-
cess to all the agents equally so the total benefit ob-
tained was going to be poorer in comparison to the
linear assignment approach. However there are
still possibilities of improving this simulation. The
first approach towards achieving this would be to
inspect for emergent patterns in the value lattice of
the zoning model. If multiple clusters can be ob-
served for a certain agent then the agent should be
split up into several different agents which can si-
multaneously acquire good performing voxels in
a larger search space.This will ensure that the sim-
ulations are run sequentially but can potentially
achieve better results.

7.0.30 Brute Force method:

Another method which was tested on the Toy
problem for zoning was the brute force method.In
this method the first step included generating all
possible permutations of the agent origin combi-
nations like the 720 done in the first attempt of lin-
ear assignment approach. After the permutations
are generated this method utilizes the brute force
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Figure 7.50: Sequential Assignment process for Toy Problem
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to compute all the permutations and generate re-
sults. Finally the best among them is picked as the
chosen option.The image [7.48]

This method indeed has its benefit that the best
possible combination is guaranteed for the given
set of points, but the obvious drawback being the
computational time and power required for it. For
a Toy problem with such a small size and lim-
ited combinatorial possibilities it was possible to
use brute force to compute but for even a slightly
larger problem with higher complexity it becomes
a tedious and impossible task to calculate all the
possible combinations.

This method is effective for validation of results as
seen in [7.0.21] where for a limited set of combina-
tions iterating through brute force can help in gen-
erating a large set of simulation values to compare
the results and generate a validation result for the
method under testing.

7.0.31 Evaluation and comparison of the meth-
ods explored:

From among the three methods explored for the
zoning problem the performance of the methods
needs to be evaluated. The comparison done in
the results of both the Linear assignment method
and the Sequential assignment method to the 720
results obtained by using brute force on a certain
list of combinations is not an appropriate one. The
main reason for this being the small size of the
sample points considered for this evaluation. 720
permutations are generated by assuming 6 possi-
ble positions for 5 agents.The number of possibili-
ties should be very extensive to get the best possi-
ble output.

In order to perform a complete evaluation the fol-
lowing methodology is used.
Step1: Extract all available indices:
The first step of the process involves extracting all
possible one dimensional indices from the occu-
pation lattice and load all the environment value
lattices.

Step2: Develop the necessary ABM Simulation el-
ements:
All the necessary elements in a Agent based simu-
lation as done in the previous simulations need to
be setup from agent class to stencils.

Step3: Generate the Benefit matrix for all posi-
tions:
For each agent run the ABM simulation using 3d
circular or cuboidal behaviour[7.0.11] (assuming a

3d behaviour requirement) for all the possible ori-
gin points. Extract the values from the value lat-
tice for all the simulations and list the aggregated
values for the same. These aggregated values can
be sorted to create a benefit matrix for the agent
for all locations.From the benefit matrix the min-
imum value and the maximum value can be ex-
tracted.This same process should be continued for
all the agents in the simulation.

Step4: Generate the performance index:
In the next step from each of the methods from the
final output the values from the value lattices for
each of the agents can be extracted based on the
indices in the occupation lattice and the total ag-
gregated value for each agent is calculated. This
value is remapped to a number from 1 to 10 con-
sidering the original domain from the benefit ma-
trix.This will give the performance indicator for
the agent and the method. In order to calculate
the complete performance of the method weights
are considered for the individual performance in-
dicators. The weights in this case are the percent-
age of voxels occupied by the agent from the total
requirement. This weights when applied will gen-
erate a weighted list of performance indicators for
each agent which can be aggregated to generate
the total performance of the simulation.

Algorithm 11 Procedure for Evaluation

procedure GENERATE THE POSSIBLE ORIGIN

POINTS

Extract the indices of all available voxels
procedure GENERATE THE BENEFIT ORDER

Run the ABM simulations on all origins
and calculate the benefits of assignment at
each location
procedure CREATE MULTI-AGENT SYSTEMS

Create the necessary stencils
7: Create the necessary Agent class

Create the necessary Environment class
procedure GENERATE THE PERFORMANCE IN-
DICATORS

Generate the min and the max from the
benefit matrix

Remap the aggregated simulation benefit
calculation for an agent into a desired domain
(for ex. 1-10) . This is the metric for
individual agent

Generate weights for all the agent indica-
tors

Fom the weighted product model generate
the final performance index for the whole sim-
ulation
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Figure 7.51: Comparing the methods used for Zoning problem

Figure 7.52: Performance indexing for the toy problem
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The table [7.52] show the comparison of the two
methods and the performance indicators gener-
ated using the method described in the previous
paragraph. The linear assignment method works
better than the sequential assignment method for
the reasons stated before.

The method for evaluation is also highly depen-
dant on the choices made for the agent perfor-
mance. If a lot of agents have similar choices then
the maximum performance which can be achieved
can be lower. The performance indicator portrays
the degree of compliance/compromise made by
the agents while solving the zoning problem. This
compliance/compromise is with respect to the de-
cisions made for generating the desirability matrix
for the agents. the better spread out the matrices
for the various agents the better will be the com-
pliance.

7.0.32 3. Total closeness rating method:

The zoning problem can be classified into two
types: problems with closeness requirements and
the problems without the closeness requirement,
as described in [4.2]. In the case for Buiksloterham
the space program is such that there is no close-
ness requirements of the zones with each other but
for many other examples like hospitals closeness
requirement for the zones becomes the critical pa-
rameter for analyzing the performance of the zon-
ing solution.

The approach considered for the zoning problem
with closeness requirements is inspired from the
algorithms like the CORELEAP and the ALDEAP
[3.1.9] developed to solve the facility layout prob-
lem in industrial engineering which are based on
the concept of TCR or total closeness rating.

In order to define the closeness relationships a
REL chart (Relationship Diagram) is made for
the various zones according to the space pro-
gram describing the closeness requirements of the
zones with respect to each other.The closeness is
classified into six categories :A:Absolutely Neces-
sary, E:Especially Important, I:Important, O:Ordinary
closeness, U:Unnecessary closeness, X:Avoid closeness
.

7.0.33 Toy problem formulation:

The following details are considered for the Toy
problem.
Size of the Lattice = 19x9x4 (LxHxW)[684]
Number of Agents: 5
Agents: (Blue , Green , Yellow , Red, Violet)

Figure 7.53: Toy Problem Details

The above problem is the same with an addition of
closeness requirement of the zones with each other
given by the REL Chart below:

aB aG aY aR aV
aB nil A O E O
aG − nil O O X
aY − − nil O O
aR − − − nil A
aV − − − − nil

The values corresponding to the closeness de-
scribed in the chart are as follows:A:(4)Absolutely
Necessary, E:(3)Especially Important, I:(2)Important,
O:(0)Ordinary closeness, U:(1)Unnecessary closeness,
X:(-1)Avoid closeness .

aB aG aY aR aV TCR
aB nil 4 0 3 0 = 7
aG 4 nil 0 0 −1 = 3
aY 0 0 nil 0 0 = 0
aR 3 0 0 nil 4 = 7
aV 0 −1 0 4 nil = 3

Calculations for the total closeness rating (TCR)
would be the sum of the relationships of the agents
with all other agents given by the matrix above.
The TCR method can have two approaches for
generating a solution. The first approach is the
constraint based approach where the rel-chart is
converted into conditional statements for close-
ness of agents with respect to one another. This
approach is suitable for voxelised grids where the
growth of agents is not hampered by the form of
the massing model and the size of the agent is pre-
dictable as seen in figure [7.54].The radius for the
agents is calculated based on the number of vox-
els it needs to occupy and that is substituted in the
rel-chart with an addition or subtraction of values
to assure the condition of adjacent or disconnected
for the extreme relations like avoid and absolutely
necessary.
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aB aG aY aR aV
aB nil 7 X 10 X
aG 7 nil X X 11
aY 9 8 nil X 10
aR 8 8 X nil 6
aV 12 9 11 X nil

In the above matrix for aY from aV +3 was added to
the radius of Y considering the value for the avoid
closeness relation thus ensuring that the agents
wont be close to each other.

Figure 7.54: Growth radius for the agents assuming a
perfect cuboidal or spherical behaviour

The Second approach is more inspired from the fa-
cility layout techniques where the total closeness
requirement is calculated first. Based on the re-
sults of the calculation the agents are deployed se-
quentially so that the closeness constraints are met
starting fro the agent having the maximum close-
ness rating.This approach is similar to the CORE-
LEAP algorithm [3.9] but considered in three di-
mensions.The procedure for both the approaches
is described in the following section.

Objective: To find the best locations which sat-
isfy the closeness constraints for the origin of five
agents Blue, Green ,Yellow, Red and Violet so as to
maximise the total benefit which is the summation
of all the values gained by the agents from their
respective enviornment fields during the simula-
tion.

7.0.34 Agent based Simulation procedure for
the constraint based TCR approach:

Step1: Determine the possible agent origin loca-
tions
The middle section of the lattice was parsed for
possible positions for the agent origins based on
a set interval producing a range of points where
the agents could be assigned. I the case of the Toy

problem 36 points were generated in comparison
to the 6 points in the previous approaches.The pri-
mary reason for parsing more points was to have
a good sample size for closeness constraint check-
ing.

Figure 7.55: Toy Problem agent origin locations valid
permutations

Step2: Determine all the valid agent origin permu-
tations:
The relationships from the rel-chart as defined in
the problem formulation are converted in to con-
straints and all the possible permutation of the 5
origins form the set of 36 origins are computed in
this step. This ensures the validity of the zoning
output at least in terms of the closeness require-
ments.

Step3: Generating the benefit matrix for all the
permutations
The benefit matrix is computed for all agents at
all the locations from the valid permutations de-
fined in the previous step. The benefit matrix is
recorded and is further used in the linear assign-
ment process.
Step4: Linear Assignment Process
The linear assignment problem is formulated and
solved using the MIP solver from the Google OR
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Figure 7.56: Good performing results from the TCR process for Toy Problem
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tools as described in [7.0.20]. This will generate a
permutation matrix which will be used to generate
the final zoning output and the total benefit from
the assignment.

Step4: Validation for the TCR approach
The total benefit from the linear assignment will
be compared with all the outputs from all the per-
mutations obtained in the first step to validate the
approach in terms of achieving efficient results.

7.0.35 Agent based Simulation procedure for
the TCR approach sequential assign-
ment:

Step1: Determine the possible agent origin loca-
tions
The middle section of the lattice was parsed for
possible positions for the agent origins based on
a set interval producing a range of points where
the agents could be assigned. I the case of the Toy
problem 36 points were generated in comparison
to the 6 points in the previous approaches.The pri-
mary reason for parsing more points was to have
a good sample size for closeness constraint check-
ing.

Step2: Determine the TCR rating for all agents:
The relationships from the rel-chart as defined in
the problem formulation are converted into Total
closeness ratings as seen in [7.0.33]. The TCR rat-
ing will determine the order of assignment of the
agents starting with the agent having the highest
TCR rating.

Step3: Generating the benefit matrix
The benefit matrix is computed for all agents at all
the locations as described from the first step and
the origin positions for each agent are sorted ac-
cording to the benefit.

Step4: Sequential Assignment Process
The agents are sequentially deployed in the simu-
lation based on their TCR rankings and each time
a new agent is deployed the best available position
from the sorted list of origins from the previous
step is considered as a starting point for the agent.
Step4: Validation for the TCR approach
The Zoning output will be checked for the validity
in terms of the closeness constraints.The result of
the total benefit will also be checked with the re-
sults of the simulations run by brute force method
for the same problem to check the effectiveness of
the method in finding valid solutions.

7.0.36 Results:

The validation of the results becomes a challenge
in this method. Since the number of origin po-
sitions are increased in comparison to the previ-
ous methods the brute force method has to iter-
ate through thousands of valid options to come
up with a base for comparison.In order to solve
this problem the best 500 iterations for the biggest
agent in the simulation are considered for a bench-
mark by referencing to the list of origins from step
3. This is not the accurate way of comparing or
setting a benchmark but it considers the highest
impact factor for comparing.

The ranking of the permutation matrix based on
the total benefit calculated from the simulation
was close to the 120’s range from the top 500 re-
sults from all the possible results according to the
step one of the process for both the methods of
simulation as described before.

7.0.37 Conclusions:

The limitations and the possible improvements for
the methods used in this approach are similar to
the sequential and the linear assignment approach
since this method follows the same steps with
added closeness constraints.Improving the Linear
assignment and the sequential process will also
lead to a better output from the TCR process.

7.0.38 Solving the Zoning problem for the case

The steps taken to interpret the methodology fol-
lowed for the toy problem to the case is shown in
the fig[7.58].As a first step the desirability matrix
is generated for each of the zones in the space pro-
gram as seen in section[7.0.4] by making decisions
on the selection and prioritizing the performance
factors for each of the zones in the space program.
The simplified requirements of the zoning based
on the space program as stated in [5.5] are shown
in the table below:

Figure 7.57: Simplified zoning requirements

The voxelated lattice from the massing problem
acts as the occupancy lattice for the ABM simu-
lation.The voxel size considered for the problem is
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6x6x6m taking in account the scale of the building
and the spaces.These lattices will form the base en-
vironment for the ABM simulations further. Cer-
tain details regarding the number of agents for
each zone their behaviours their origins and ID
also need to be defined before the simulations are
run.

Figure 7.58: The Zoning problem process

Once all the necessary details for the simulation
are specified then the method needs to be de-
fined.For the Case at Buiksloterham both the Lin-

ear assignment method and the Sequential assign-
ment method will be tested to see the differences
in the performance.

7.0.39 Problem formulation for the Case

Size of the Lattice: 6336
Shape of the Lattice: 36 x 16 x 11
Size of Available voxels: 1359

Objective: The main objective of the zoning prob-
lem for the case is to locate the zones in the best
possible positions in the voxelated lattice based on
the desirability matrix generated for each of the
zones by the participant.There there are no par-
ticular constraints on the closeness of the zones
since the elements of the space program are dis-
creet with one another. The requirement for a sin-
gle island is enforced by the agent behaviour de-
fined in the simulation.

TotalBene f it =
7

∑
k,i=1

aki pki = V[P] + V[S] + V

[FS] + V[R] + V[RE] + V[O] + V[PA]

Where:
a ki = benefit matrix
a pi = permutation matrix
V = value lattice
P = Indices occupied for Privately Owned Hous-
ing Zone
S = Indices occupied for Social Rental Housing
Zone
FS = Indices occupied for Free-sector Rental Hous-
ing Zone
R = Indices occupied for Restaurants and Cafes
Zone
RE = Indices occupied for Retail Zone
O = Indices occupied for Offices Zone
PA = Indices occupied for Parking Zone

7.0.40 Linear Assignment Approach for the
Case

The first approach taken to generate a solution for
the case is the Linear assignment approach. The
following steps were taken to generate the result
as seen in [7.0.40]:

Step1: Determine the possible agent origin loca-
tions
The smallest zone in the whole program is the
Restaurant and Cafe Zone consisting of 19 voxels
that need to be occupied. So Considering this as
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the benchmark for division of the occupancy lat-
tice all the available cells were divided into clus-
ters of 20 cells to find the positions for 71 possible
origin points for the agents.The number of agents
for each of the zone was also divided based on this
smallest occupancy size of the zone as seen in the
table below:

Figure 7.59: Number of Agents for each zone

So each agent in the table has the goal of occupy-
ing the best 20 voxels surrounding its origin posi-
tion.The final output of this step is a list of possible
origin locations.

Figure 7.60: 71 possible agent origin locations in the
lattice

Step2: Generating the Benefit matrix for the
Agents
The ABM simulation for all the position for all the
agents is run in isolation and the total benefit gen-
erated by the occupying agents at each of the po-
sitions is recorded. The environment lattice which
is the desirability lattice for the agent is also con-
sidered according to its zone. This simulation in
isolation will give an idea about the benefit for
the particular location for the twenty voxels which
each agent has to occupy in the simulation. These
recorded benefits are stored in a matrix as the out-
put of this step.

Step3: Linear Assignment Process
The Benefit matrices for the agents are used in
the MIP solver with SCIP backend of the Google
OR tools to formulate a linear assignment prob-
lem where 71 agents have to be assigned to 71
origin positions in the base lattice of the model.

The solver runs the calculation and generates the
permutation matrix for the assignment problem
which acts as the output of this step.

Step4: Running the ABM Simulation according to
the Permutation matrix
The permutation matrix is used to run the agent
based simulation for all the agents and the total
benefit of the whole simulation is calculated by ag-
gregating the occupied values from the desirabil-
ity matrices of all the agents to calculate the total
benefit.

7.0.41 Sequential Assignment Approach for the
Case

The second approach taken to generate a solution
for the case is the Sequential assignment approach.
The following steps were taken to generate the re-
sult as seen in [7.0.41]:

Step1: Determine the possible agent origin loca-
tions
The first step in the sequential assignment proce-
dure was to parse the base lattice and generate a
good sample size for the agent origins. Out of the
1359 available voxels a voxel after every 10 voxels
was considered in the list for possible agent ori-
gins. This kept the resolution for the simulation
higher the intention being to generate more accu-
rate results.

Step2: Separating the lattice into seperate build-
ings.
The graph seperation was done by using the con-
nected components function from the library net-
workX [(Hagberg et al., 2008)] to separate the
available voxels into individual separate building
blocks. This would help in controlling the spread
of the zones over all the building blocks.

Figure 7.62: Splitting of base lattice into buildings
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Figure 7.61: Visualizations of the Linear assignment method implementation for the Case
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Step3: Generating the Benefit matrix for the
Agents
This step is the same as the linear assignment ap-
proach second step where ABM simulation for all
the position for all the agents is run in isolation
and the total benefit generated by the occupying
agents at each of the positions is recorded. The en-
vironment lattice which is the desirability lattice
for the agent is also considered according to its
zone.These recorded benefits are stored in a ma-
trix as the output of this step.

Step4: Sequential Assignment Procedure.
The sequential assignment procedure is started
at this step beginning with the parking and the
Privately owned housing zones. The agent be-
haviour for parking was a 2d rectangular growth
one and for the privately owned housing was
3d cuboidal one considering the nature of the
spaces.The agents are initialized in Building one
and Building four together to make the zone dis-
tributed over the two buildings.

Figure 7.63: First step in assignment of Zones with
parking in Blue and Privately owned housing in pink

Once all the voxels for the agents are occupied
then the availability of the remaining voxels are
scanned for the best possible origin location for the
next agent by comparing it with the list generated
from step one of the process.Once a suitable origin
is found the simulation is run again . This process
continues till all the agents have occupied the de-
sired number of voxels.

Step5: Generating the Total Benefit of the simula-
tion:
Once all the agents have occupied the desired
number of voxels the desirability values for each
one of them are extracted from their respective de-
sirability lattices. The aggregated value for each of
the lattice is added to generate the total benefit of
the assignment process .

Figure 7.64: Second step in assignment of Zones with
Social rental housing zone displayed in Green

7.0.42 Generation of a comparison matrix

The comparison matrix is generated for the case by
simulating all the agents on all the locations which
are available at the start of the simulation for the
occupancy.This Brute force method will generate
a comparison matrix for evaluation of the scores
obtained by individual agents as well as the cu-
mulative score of each of the methods used.The
agent behaviour used for all the agents will be
the cuboidal behaviour [7.0.12] and the number of
voxels which each agent has to occupy after origi-
nating depend on the zone under which it belongs
as seen in [7.57]. The aggregated values from the
value lattice of the occupied cells for each iteration
will be stored as the benefit value which the agent
can obtain if it originates at that location.

Algorithm 12 Generation of Comparison matrix

procedure EXTRACT ORIGIN POINTS

available points= Extract available points
from base lattice [value == 1]
procedure GENERATE THE BENEFIT MATRIX

4: for point in available point do
Create an Agent with the point as an origin
point
Run the ABM using cuboidal occupy be-
haviour
Extract the values for the occupied cells from
the value lattice

8: Aggregate the extracted values
end

Repeat this procedure for all points and all
Value Lattices

procedure FIND MIN/MAX FOR ALL THE

ZONES

Find the minimum benefit and the maximum
benefit from the output of the previous step for
all the zones

This process is computationally super heavy but
is necessary to evaluate the performance of the
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Figure 7.65: Visualizations of the Sequential assignment method implementation for the Case
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zoning options which have been made using the
methods explained before.

7.0.43 Results

The results for both the type of zoning approaches
were calculated according to the method de-
scribed in the [7.0.31] section. The Linear assign-
ment approach outperformed the Sequential as-
signment one substantially. The Linear Assign-
ment approach output obtained the score of 9,98
/ 10 and the output obtained from the Sequential
assignment approach scored 6,24 / 10. This can be
attributed to the uniform divisions of the agent oc-
cupy goals for the linear assignment one where the
influence of one agent growing over the other is re-
duced substantially and the MIP solver is able to
predict accurate results.The sequential assignment
method does not give equal access to all the agents
to achieve their respective goals with preferences
given to the agents assigned first. There are a few
drawbacks with the linear assignment process as
well.The main drawback of the linear assignment
method is the formation of scattered unconnected
smaller zones in the lattice. Since the only aim in
this approach is to maximise the benefit the topol-
ogy of the zones formed is not really considered.
Isolated small clusters can be seen at a lot of places
in the output which need to be consolidated.

One interesting thing which was also observed
from the outputs was that at times the assignment
benefit in the Linear Assignment method for cer-
tain agents at times exceeded the maximum pos-
sible value by quite a bit. The primary reason be-
hind this is the assumption of a single island gen-
eration for the evaluation matrix and the multiple
island approach for the Linear assignment. Due
to the removal of restriction of the single island
constraint the linear assignment method can ef-
fectively scan the search space of the desirability
matrix more efficiently than the method used in
the calculation of the evaluation matrix. This has
its drawbacks as explained in the previous section
but nevertheless this has to be considered in the
evaluation process.

The possible solution implemented to solve this
drawback of the evaluation method is to sort the
value lattices that is the desirability lattices for all
the zones based on their values. From this sorted
list the required number of values can be aggre-
gated base don the zone size to generate the max-
imum possible value for that zone. This value
however will be theoretical since it does not con-
sider the adjacency requirements and the topolog-

ical requirements of the zones. When compared
to this matrix the performance scores of the Lin-
ear assignment approach was 7,18/10 and for the
Sequential one it was 4,35/10 .

Figure 7.66: Output from the Linear assignment
approach

Figure 7.67: Output from the Sequential assignment
approach

Figure 7.68: Agent Classification and colour legend

7.0.44 Need for an Improvement Algorithm:

The output from the zoning step as seen in [7.66]
and [7.67] has problems in terms of Topological
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Figure 7.69: Problems of the zoning approach for the Toy problem and possible improvements
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characteristics of it. The zones created do not con-
sists of single islands or connected islands. There
are isolated growths of zones resulting out of im-
pact of the growth of other agents in the simula-
tion. It can also be seen that the inbuilt character of
the agent behaviours to occupy certain shapes are
hampered because there is no interaction between
the agents in the simulation. There needs to be an
addition of a behaviour like negotiation inbuilt in
the system where before acquiring a voxel there
is a negotiation process happening between the
agents where the decision is made on the assign-
ment of the voxel to one of the multiple competing
agents. Some of the problems are highlighted in
the image. [7.69]

7.0.45 Improvement Algorithm:

In order to fix some of the problems highlighted
above an improvement algorithm is proposed.
The improvement algorithm tries to improve the
output of the zoning problem in terms of its topo-
logical character.The following are the steps in-
cluded in the algorithm:

Step1: Eliminating the isolated growths
The first improvement includes scanning the oc-
cupancy lattice for stray growths. This is done by
analysing the neighbourhood of all the cells in the
occupancy lattice . The stencil used for this is the
Cuboidal stencil or the Moore stencil having 26
neighbours [7.0.12]. The threshold for the elimina-
tion can be set by the user. If the neighbourhood
analysis gives feedback of the neighbour count for
a certain section of the zone below the threshold
value then the cells are identified as stray growths
and are unoccupied in the simulation.

Figure 7.70: Example of Isolated growth from the
sequential assignment output for Privately owned

offices

Figure 7.71: Example of improved output from the
isolated growth as seen in fig [7.70]

Step2: Improving the 2D Neighbourhood
In this step of the improvement process all the
zones are scanned individually in two dimensions
using the eight neighbourhood stencil [7.33] on all
floors.The isolated single elements in this neigh-
bourhood are identified in the zone by checking
through the four iterations of the eight neighbour-
hood stencil as shown in figure [7.72] where the
red voxel indicates the cell under review and the
pink ones indicate the half neighbourhoods of the
stencil. If there is an isolated voxel with a differ-
ent id in the half neighbourhood it is unoccupied.
This assures of a continuous outline of the zones
with no staggered edges.

Figure 7.72: Image indicating half neighbourhood sin
the eight neighbourhood stencil

Step3: Voxel Recount
Once the Unoccupy behaviour is performed for all
the zones the voxel count is done again for all the
zones and tallied with the requirements. After the
tallying process the new requirement will be gen-
erated for the zones depending on the number of
voxels which were unoccupied in the zone.

Step4: Voxel Reassignment
The voxel requirement as derived in the previous
step is used to assign the empty voxels to the zones
which will benefit the most in terms of its topo-
logical structure from occupying it. The stencil
used in this step is again the 26 neighbourhood
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one [7.0.12]. This concludes the improvement pro-
cess.

There are a lot of limitations to the improvement
process as described before.The unoccupy and re-
assignment will in evidently lead to a dip or a
change in the performance of the zoning solu-
tion since there is reassignment of voxels to cer-
tain zones. This step might prove to be counter
intuitive to a process like the Linear assignment
one thus hampering with the results. Also the
improvement of 2d neighbourhood and the elim-
ination of isolated growth is very user subjective
in terms of the type of stencil to be used and the
threshold limit for elimination.

7.0.46 Conclusion and Limitations for the Zon-
ing Problem:

The zoning problem is complex in its nature and
the selection of the appropriate method is crucial
in generating a solution for it. As a first step the
nature of the problem needs to be identified in
terms of its requirements related to the closeness
between the zones.

If there is a closeness requirement then the ap-
proaches mentioned in the TCR approach need
to be considered and if here isn’t a closeness re-
quirement the Sequential approach or the Linear
assignment approach can be considered.The Se-
quential assignment approach has an advantage in
generating topologically well formed zones since
there is no interference of the growth of other
agents but it performs poorly when it comes to
achieving the performance goals for each of the
zones due to unequal access. The Linear assign-
ment approach performs excellently in achieving
the performance goals since it has a finer resolu-
tion for growth and scans the environment fields
more accurately. However it may perform badly
in terms of topological structure since generation
of a single island is not under consideration in the
method.

One of the biggest drawbacks or limitations in the
whole Agent based method is the lack of commu-
nication between the agents while performing the
behaviour. The whole requirement of an improve-
ment step will be eliminated if the agents would
communicate with each other before performing
a behaviour against a voxels having shared inter-
ests. If this negotiation would happen during the
simulation then the agents could grow in the topo-
logical form that they were programmed to grow
into not affected by the growth of the other agents.

One of the avenues which could be explored to
generate good combinations is the use of evolu-
tionary algorithms to search for a suitable permu-
tation matrix for the agent origins. Since the na-
ture of the growth of one agent affecting the other
is not easily predictable.

Finally as an output of the whole zoning process
the improved simulation version of the Sequential
assignment procedure was considered for the next
stage of the configuration problem since the im-
provement algorithm was run on it. The final out-
put after improvement can be seen below :

Figure 7.73: Final Result of the Zoning problem

The final output for the zoning has a voxel dimen-
sions of 6x6x6m which is interpolated into a finer
resolution of 3x3x3m for the unit assignment prob-
lem using the components from the Scipy Library.

Figure 7.74: Zoning problem to Unit assignment
problem
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8 Unit Assignment problem
The Unit assignment problem deals with assign-
ing units inside the zones created in the previous
layer of the configuration problem. Unit can be
defined as an entity in the space program which
comprises of a self contained set of rooms collec-
tively catering to a common function. A three
room apartment in a zone dedicated for an apart-
ment complex is example of unit inside a zone.
Another example could be a department inside a
zone in a hospital.A Single restaurant in a zone
dedicated for Restaurants and Cafe would also be
considered as a unit inside a zone.

In the case for Buiksloterham the following units
need to be assigned in the zoning output :

Figure 8.1: Unit Assignment Problem Details

8.0.1 Aim:

The Unit Assignment problem can be classified
into two categories:
The first category is the zoning problem where
there is no closeness relationship between the
units of the zone and assigning the units anywhere
inside the zone will have equal impact on the as-
signment goals. An example of this are the units
or apartments which are to be assigned inside the
zones like the Privately owned housing / Social
sector rental housing / Free-Sector Rental Hous-
ing. The zones which have been designed for them
already satisfy the desirability of the location in
the building in the zoning problem itself so the
aim at this stage would be to reach the target num-
ber of units inside the zone which can be achieved
by simple mathematical subdivision of the grid.

The second category of unit assignment problem
is similar to the zoning problem where there is a
relationship for the closeness of the units to each
other and each unit itself has a preference for
placement in the zone. The problem in this case
would be a higher resolution zoning problem it-
self with closeness requirements. The aim here
would be similar to the zoning problem to achieve
the maximum benefit of assignment based on the
desirability matrices for the various units consid-
ering the constraints of closeness in the problem.
The Office zone in the Case of Buiksloterham can
be considered as one such problem.

8.0.2 Process:

Step1: Interpolation of the Zoning problem out-
put:
The first step in the Unit assignment problem is
to make the resolution of the voxelated grid finer
from a 6x6x6m size to a 3x3x3m size. This finer
resolution will make assigning the units more ac-
curate due to the smaller division size of the area
into voxels.

Step2: Assigning Vertical and Horizontal Shafts:
In the base lattice consisting of zones and a high
resolution lattice with smaller voxels first the
shafts would be assigned . The shafts in this case
includes the vertical circulation elements like the
stairwell and the elevators as well as the buildings
services shafts. The horizontal shafts would in-
clude the circulation passages connecting the var-
ious spaces in the building.

Step3: Assigning Green Spaces:
The assignment of green spaces depending on the
shape of the Zones and the units needs to be done.
The location of Green spaces has the potential to
elevate the spatial quality of the units and the
zones around it.

Step4: Assigning the first category of Units:
The first category of units are the ones without any
closeness requirements or relations. These include
all the housing zones in the space program and the
zoning output which will be assigned first.

Step5: Assigning the Second category of Units:
The Second category of the units include the ones
having closeness requirements with other units in
the zone. The units for the office zone the restau-
rant zone lie under this category. The assignment
of these units will be formulated like the zoning
problem.
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8.0.3 Interpolation of the Zoning problem out-
put:

The aim of interpolation step is to make a higher
resolution zoning problem matrix by interpolat-
ing the values from the 6x6x6m voxel lattice to a
3x3x3m voxel lattice.The following steps are con-
sidered in the interpolation problem :

Step1: Initialization of the base lattices:
The first step in the process is to voxelise the mass-
ing model into a 3m unit lattice in a similar man-
ner as shown in the process of voxelization of the
massing model for the zoning problem [7.1].This
will act as the low resolution target lattice and the
out put from the zoning problem will act as the
reference lattice.

Step2: Interpolating the values:
The values from the zoning lattice containing the
ids of the various zones as voxel values will be in-
terpolated using the function RegularGridInterpola-
tor from the Scipy library[(Virtanen et al., 2020)].
The class of nearest neighbour interpolation is
considered since the requirement is to maintain
the same zonal id’s of the voxels

Step3: Saving the interpolated lattice as base lat-
tice:
The output from the interpolation will be saved as
a base lattice for the unit assignment problem. The
improvement step as mentioned and done on the
sequential assignment method will also be done
on this output for a better structure.

8.0.4 Assigning Shafts and Circulation path-
ways:

The next step before assigning the units in the
zones is to determine the nature of the circulation
spaces in the building. The circulation spaces con-
sists of vertical shafts containing circulation ele-
ments like stairwell , elevators and building ser-
vices elements like service shafts. The horizontal
circulation elements include passages and corri-
dors that bind the different spaces in the building
and the vertical shafts for movement in the struc-
ture.

Step1: Assigning vertical shafts:
The main function of the vertical shaft is the move-
ment of the occupants vertically and also out of
the building. The location of the vertical shafts are
mainly guided by the restrictions of effectively va-
cating the building in case of emergencies like a
Fire. Another factor that is relevant when locating
the vertical shafts is the effectiveness of the shaft

in connecting multiple zones together. Shaft areas
are typically non-saleable areas and the effective-
ness in its design leads to a better financial model
for the selling of the building.

The shape of the building also plays a critical role
in the design of the vertical shafts. If the build-
ing is more rectangular with one side significantly
shorter than the other, then the placement of the
vertical shafts can be straightforward based on
the evacuation distance. The evacuation distances
are the distances from any point in a floor plate
to the nearest exit point on that floor. The stan-
dards for this are generally mentioned in the de-
velopment control regulations or the department
of firefighting guidelines based on the location.
Several other factors also determine the evacua-
tion distance like presence of sprinklers and other
fire fighting methods as well as the fire grade of
the construction itself. Sometimes the regulations
also call for the location of a certain number of
shafts on the external periphery of the building for
smoke exhaustion and fire fighting access.

Figure 8.3: Rectangular shape vertical Shafts

If the shape of the building is more squarish in
proportion then there might arise a need to place
the shafts inside the shape along with the periph-
ery. In these cases the shafts can cater to the re-
quirement of connecting maximum zones in the
building. This problem of connecting maximum
zones to a shaft can be interpreted as a problem of
centrality where the centroids of the cluster of vox-
els need to be determined for the location of the
shaft. This can be done by using a clustering algo-
rithm like K-Means clustering to determine cen-
tral position with respect to the voxels of certain
zones or the outermost voxels of certain zones, ef-
fectively reducing the number of shafts required to
connect them.The shafts were also placed centrally
so that they are accessible from both the sides of
the layout.
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Figure 8.2: Comparison of the Interpolated output with the original one
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Figure 8.4: Squarish shape vertical Shafts

In the selected massing model for the case at Buik-
sloterham the shape of the buildings are rectangu-
lar so the first type of vertical circulation strategy
seemed to work the best for it. The evacuation dis-
tance considered was 20m considerations the reg-
ulations at the site location.

Figure 8.5: Vertical shafts location in the model

Step2: Assigning Horizontal shafts:
The process of locating the horizontal shafts is a
tricky one. In the literature studied where previ-
ous attempts have been made to solve the prob-
lem of assigning shafts the approaches were mixed
where in some approaches horizontal shafts were
assigned first and then the units and in some ex-
amples it was the opposite.A good method of
approaching this problem can be found in the
book Form Space and Order by Francis DK Ching
[(Ching, 1979)]. In the chapter of Path-Space rela-
tionships the relationship between the path (shaft)
and the spaces(units) have been made in the fol-
lowing ways.

Pass by Spaces: In this type of relationship the
spaces are located along the paths meaning that
the paths are drawn first and then the spaces are
assigned.The advantage of this type of relation-
ship is that the integrity of the spaces are main-
tained, the path configuration remains flexible and

mediating spaces like the vertical shafts can be
used to link the path and the spaces.

Figure 8.6: Pass by Spaces relationship diagram

Pass through Spaces: In this type of relationship
the corridors or the horizontal shafts pass through
the spaces or units. The path may pass through
the space axially, obliquely or along its edge. In
cutting through a space, the path creates patterns
of rest and movement within it.

Figure 8.7: Pass through Spaces relationship diagram

Terminate in a Space: In this type of relationship
the corridors or the horizontal shafts pass end in
the space or unit. The location of the space es-
tablishes the path. This path-space relationship is
generally used to approach and enter symbolically
important spaces.

Figure 8.8: Terminate in a Space relationship diagram

In the case of the design for Buiksloterham the pre-
dominant function is the residential apartments
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which have a strong tendency to form the first
type of relationship that is the Pass by relation-
ship with the passages or the horizontal shafts.So
the horizontal shafts were created at each floor in-
terval of 3m in the building block connecting the
vertical shafts. The spaces or zones where there is
no need for this continuous connection or where
the nature of the path-space relationship changes
to a pass through spaces like in offices there this
continuous connection is broken if required.

Figure 8.9: Horizontal shaft placement in the case

8.0.5 Assigning Green Spaces:

Green spaces or void spaces is also a design fea-
ture aimed in this project. The location of these
spaces in the building mass ensures that there is
a privacy buffer between zones like offices and
housing and also acts as a means to improve the
spatial quality of some of the spaces in the build-
ing. The green spaces are strategically located
in the model where the aggregated desirability
values of all the zones in the zoning model are
the lowest or where there is a requirement of a
buffer space.This is a design element which is spe-
cific to this project portraying the flexibility of the
methodology and the system to adapt to different
design features.

Figure 8.10: Placement of Green spaces in the Model

8.0.6 Assigning the first category of Units:

In the first category of units all the units un-
der the residential function are assigned. This
includes Privately owned housing, Social-sector
Rental Housing, and Free-sector Rental Hous-
ing.The unit assignment process for this category
will be explained by considering the example for
the privately owned housing units.

Step1: Generating the modules for units:
The privately owned housing units have two cat-
egories as seen in [8.1] the Large house consisting
of 18 voxels and the medium house consisting of 9
voxels. The zone for the privately owned housing
is split in the center by the horizontal circulation
space in the previous step and is symmetrical with
one side containing a maximum of 3 voxels. Con-
sidering this dimension as the extent for each unit
since intermediate units are not desirable due to
poor access to the sun the units for the large and
the medium can have a shape of 3x6 voxels and
3x3 voxels respectively.

Figure 8.11: Basic Units

Step2: Generating the intermediate modules:
The counting of the voxels is done in each di-
rection for the two symmetrical sections of the
zone. One dimension is the same being 3 vox-
els but the other dimension will keep on varying.
This variation in the other dimension will lead
to instances where the dimension is not divisible
by three which is the minumum size of the unit
(Medium house). For these specific instances in-
termediate scaled units need to be designed. In the
shape for the privately owned housing two such
intermediate unit types need to be made of sizes
4x3 voxels and 5x3 voxels respectively.

Figure 8.12: Intermediate Units
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Step3: Assigning the modules according to the de-
sirability matrix:
Once all the types of units are made the assign-
ment process starts. The Large houses are given a
priority and are assigned first sequentially floor af-
ter floor starting from the top floor since the maxi-
mum values from the desirability matrix as seen in
the zoning problem for the privately owned hous-
ing were at the top of the lattice. [7.19]. At the
end of each floor the intermediate modules are as-
signed if the length is not perfectly divisible by
three.

Figure 8.13: Final output of assigning Privately
Owned Housing units

This process is repeated for the other two type
of housing units, thus concluding the unit assign-
ment process of the first category.

8.0.7 Assigning the Second category of Units:

The second category of units are the ones having
closeness requirements with each other. An exam-
ple of this is the zone for Offices and the restau-
rants and retails zones. To show the method the
offices zone will be considered. The approach
taken will be similar to the TCR method as seen
in [7.0.33].

Figure 8.15: The zones for the offices from the zoning
problem output

Step1: Problem Formulation:
In this step the various zones needed for the units
will be determined. The number of voxels for each

Figure 8.14: Output from the Category one Assignment
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Figure 8.16: Rel-Chart for the Offices

zone and the closeness requirements of the zones
with respect to each other will also be stated. The
Table [8.16] states the Closeness requirements for
the problem . In the problem the office spaces can
be classified into two categories one for private of-
fice and the other for the Co-working offices. The
sub-categories under each of these categories are
the same with different sizes as shown in below:
(P) indicates private offices and (C) indicates Co-
working offices.

Figure 8.17: The details of zone sizes for the problem

Shape of the Lattice = 31x7x19 (LxHxW)
Size of the Lattice: 1953
Size of available voxels: 768
Objective: To find the best locations which sat-
isfy the closeness constraints for the origin of six
agents for the six zones in the problem, so as to
maximise the total benefit which is the summation
of all the values gained by the agents from their
respective environment fields during the simula-
tion.

Step2: Setting up the environment:
The environment needs to be setup for the specific
part of the whole lattice comprising of the extents
for the office zones. The relevant simulations then
need to be run on this high resolution lattice for
the office zones. The simulations which were cho-
sen for this problem include:

Eucledian Distance based Simulations: The Eu-
cledian distance based simulations include the
closeness to the north and the south facade and
to the roof and the floor. The closeness to the east
and west facade were ignored since the zone for
offices lies in between other zones and has no di-
rect relationship with the east and the west facade.
The simulations for the Quiteness lattice were also
made considering the same sources of sound as

[7.9] in the Zoning problem. One additional simu-
lation was done for the closeness to the green areas
in the building since the model at this stage had
well defined green spaces. The closeness is again
Euclidean closeness calculated in a similar manner
to the Quiteness lattice.

Figure 8.18: Distance from the North facade Lattice

Figure 8.19: Distance from the South facade Lattice

Mesh Intersection based Simulations: The
mesh intersection based simulations like Visibilty
(Road,IJ) and access to sun were also performed
on the refined lattice for the problem same as [6.1].
An additional constraint was added to the sim-
ulation where only the values for the outermost
layer of voxels was considered since the inner lay-
ers technically have zero access / visibility.
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Figure 8.20: Distance from the Ground Lattice

Figure 8.21: Distance from the Roof Lattice

Figure 8.22: Quietness lattice

Figure 8.23: Closeness to Green Areas Lattice

Figure 8.24: Visbility to IJ Lattice

Figure 8.25: Visbility to Road Lattice
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Figure 8.26: Sun Access lattice

Step3: Generation of the Agent Performance crite-
ria:
The agent performance criteria for each of the
zones in the problem will be created in the same
manner as the zoning problem [7.0.4]. The choices
for the type of simulations and the importance of
the simulations in terms of weights will be as-
signed based on the previous step and the agent
performance criteria in the form of a desirability
lattice of the TOPSIS process will be created. This
will form the base for the ABM simulations in the
next step.

Figure 8.27: Weights for the various Simulations for
the zones

Figure 8.28: Desirability Lattice for Open Offices (P)

Figure 8.29: Desirability Lattice for Open Offices (C)

Figure 8.30: Desirability Lattice for Meeting Rooms
(C)(P)

Figure 8.31: Desirability Lattice for Cafeteria and
Common Spaces

Step4: ABM Simulation for generating the unit
placement:
Two types of Agent based simulations were done
to obtain the results for the unit assignment. The
first one is the Linear assignment approach one
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where the benefit of assigning the agent at cer-
tain number of locations in the lattice was first
obtained and then the linear assignment process
was undertaken. The second approach consisted
of the TCR simulation one where the agents were
deployed based on their TCR ratings. The second
approach is similar to the sequential assignment
approach with added TCR step. The lattice was
parsed to find 82 different locations in the lattice
distributed on both the North and the South side
of the lattice with an interval of about 3 voxels be-
tween the cells on both the sides. The main reason
for doing this was because the visibility,Sun access
simulations performed in the previous step which
have zero values in the interior voxels.

The conditionals for finding the permutations for
the locations of the agent origins were set based
on the relationship chart. This is similar to the
approach taken in the toy problem for TCR Sim-
ulation[7.0.33] where a graph is created using the
eight neighbourhood stencil for the lattice and the
shortest distance from each voxel to all other vox-
els is calculated. The conditions for generating
the locations of agent origins takes this calculation
into account and finds the right iterations.

Figure 8.32: All possible Origins for the ABM
Simulation

Step 5: Generate the Units from the Results:

The results from the both the simulations give sim-
ilar results since the number of agents deployed
in both are the same. It is interesting to note that
for the relationships which are of the nature avoid
tend to find positions in the two distinct discon-
nected segments of the zones for offices. The only
common zone in the Private and the Co-working
offices is the cafeteria which spreads into both
the segments of the zone and is connected by the
green space in the middle. This seemingly obvious
solution to the Rel-Chart relationship is important
to validate the efficiency of the method used in
finding valid relations from the Rel-chart.

A similar improvement process is undertaken as
seen in [7.0.45] and in the final zoning output the
units are created according to the shape of the
zone. Similar process can be done for the Retail
and the Restaurant zone. With this step all the
units are completed in the Unit assignment prob-
lem.

Figure 8.35: Final Output from the Linear assignment
approach for Offices

8.0.8 Conclusion and Limitations for the Unit
Assignment Problem:

The multi-scalar nature of the problem can be
dealt with the multi-agent system effectively as
seen in the Unit assignment problem . This shows
the versatility and adaptability of the method to
solve various levels of the configuration problem.
The TCR method used in the second category of
assignment problems is still bound by the same
limitations as defined in the zoning problems and
needs the same fixes for a improved result.

Figure 8.33: TCR chart for the Office Units
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Figure 8.34: Simulation result for the Unit assignment problem for Offices
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Figure 8.36: Final Output of the Unit assignment problem

The output from the unit assignment problem is
clustering of voxels in the zones into numbered
units. The box like representation shown in the
diagrams is indicative of possible increase in the
level of resolution of the design details. In the
stage of Unit assignment instead of just represen-
tative boxes the structural resolution layer could
also be added. The zones defined in the zoning
problem have a certain activity defined for them
and a load associated with it which can be used
as a reference for preliminary calculations. The
process of voxelization can generate the spans and
distances accurately for the premilinary structural
analysis. The same voxelised system can be used
to design a structural sizing and design solution as
well by considering a certain typology for struc-
tural design like a core based system or a simple
frame based system. However this lies out of the
scope of the thesis but would be certainly a great
improvement in the unit assignment level of the
configuration problem since it would help in mak-
ing the problem of unit layout more detailed one.

The output from the unit assignment problem is
further voxelised into smaller grid of 1x1x1m vox-
els or 1.5x1.5x1.5m sized voxels for the Unit Lay-
out stage. The base for the unit layout stage would
be a fine resolution voxelised lattice of each indi-
vidual units from which the bottom layer will be
considered for the unit layout problem.

Figure 8.37: Unit Assignment problem to Unit Layout
problem
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9 Unit Layout problem
The Unit layout problem deals with the genera-
tion of layout for individual units as defined in
the unit assignment problem. The unit layout is
highly dependent on the use case scenario of the
space so the interaction and the participation of
the user of the space is extremely important at this
stage. The unit layout and the subsequent unit de-
tailing stage in its full complexity are outside the
scope of the thesis. In this chapter certain possi-
ble approaches and ideas are proposed for further
research into this problem.

9.0.1 Aim:

The main aim of this level of configuration prob-
lem is the generation of unit layouts based on the
choices and desires of the final end user of the
space along with respecting the design intention
of the architect.

9.0.2 Background for the digital implementa-
tion:

Looking at the case studies performed [3.2] in the
literature review chapter the past approaches to-
wards the duality of this problem has been that the
architect hosts a discussion with the end user, un-
derstands the spatial desires of the user and gener-
ates design options for them. The user can specify
the details of the rooms inside the units in terms
of the number and sizes and some specific choices
for the aesthetics and materiality. This is indeed a
good approach towards participatory customiza-
tion when there is a limited number of units to be
designed. A slight increase in the number of units
may lead to a massive increase in the workload
for the architect.This problem calls for develop-
ment of a system that can understand the require-
ments and translate it into unit layout options for
the user to choose from if the problem is to be tack-
led at a larger scale. Some of the approaches that
can be taken are listed below:

Gamification of design could be an approach
which can potentially solve this problem. In the
gamified approach the Architect would act as the
game master responsible for setting up the rules
and the game elements which are acceptable ac-
cording to the design vision and also the desires
of the end users. The end users will play the role
of the participants where they play the game till
they are satisfied with the result of the game. This
co-design mass customization approach can po-
tentially cater to a large number of units to be de-

signed together by the respective end users in col-
laboration with a small number of designers in-
volved.The subject of design games can be a thesis
in itself so the complete digital implementation of
it is out of the scope of the project ,however a few
methods and ideas are presented on how it can be
implemented.

Rule based systems for generating procedural con-
tent is also an option to create logical options of
configurations. The development in procedural
content generation which is logical and spatially
sensible has been a question in the video gaming
industry for a long time. The need to develop
and generate massive 3d environments have al-
ways been a challenge and rule based systems of-
fer a potential solution for that. Inspiration can
be taken from this research to design a system for
unit layout generation.

One of the interesting algorithms in this domain
is the Wave function collapse algorithm (WFC)
which has the ability to produce a large amount
of generative content based on the rules of aggre-
gation.The system for the same is a tile based in
two dimensions or a voxel based system in three
dimensions with adjacency rules. The WFC algo-
rithm has a special approach towards constraint
solving via elimination. Each location in the grid
stores the information on what the tile can and
cannot be and during the solving phase, one tile
is selected and given a single random solution
from the remaining possibilities. This choice is
then propagated throughout the grid, eliminat-
ing adjacent possibilities that don’t match the in-
put model.The algorithms also has the feature of
backtracking where if the selection choices lead to
a contradiction, they’re reverted and a different
observation is attempted. The algorithm doesn’t
always generate logical outputs but manages to
solve into logical outputs for a lot of instances.

Figure 9.1: Tile set for the WFC implementation
[(Kleineberg, 2019)
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A classic example of this is the work of
[(Kleineberg, 2019)] where a procedural city was
developed by using tile sets and a set of adjacency
rules as seen in the figures [9.1],[9.2],[9.3].

Figure 9.2: Adjacency rules for the WFC
implementation [(Kleineberg, 2019)

Figure 9.3: Output of the WFC implementation
[(Kleineberg, 2019)

This algorithm as well as similar rule based gram-
mar or systems have been explored and developed
into the tools like Monoceroes and Wasp for the
Rhino-Grasshopper platform which would be a
good avenue to explore. However there are certain
concerns with these type of systems. The first one
being the level of control provide by these systems
is quite limited. Using them for design exploration
or form exploration is quite interesting but for
generation of layouts where the sizes and shape
of the rooms are bound by size constraints and lo-
cation constraints it becomes very difficult to use
it effectively. Secondly these systems combine the
Unit layout and Unit detailing levels together by
means of creating 3d blocks which is counter intu-
itive to the approach taken in the project of sepa-
rating the layout problem into levels for effective
tackling of problem at each level.
The problem can also be looked at from a point of
view of a packing problem in the domain of Op-
erations research / Computer science. A possible
solution for this approach is explained in the next

section.

9.0.3 Configuration Approach:

The configuration approach that is proposed for
the Unit layout problem resembles the Rectangle
packing problem in computer science again in-
spired from the problem in the domain of opera-
tion research in industrial design. Rectangle pack-
ing is a packing problem where the objective is to
determine whether a given set of small rectangles
can be placed inside a given large polygon, such
that no two small rectangles overlap. The rectan-
gular packing problem in its full sophistication is
a NP hard problem and become a very complex
when the rotation and the sizes of the rectangles
inside the in rectangle are made variable.

The approach proposed works on simplifications
which make it a feasible problem to solve. The
simplifications are methodical steps which are
based on spatial logic and can be modified or
deleted according to the participants requirement.
This makes the approach flexible and transpar-
ent for adaptation to various design styles and re-
quirements. The unit layout configuration for a
small unit of size 9x6m is considered as an test
case or a toy problem and the following steps are
followed:

Step1: Initial User preference/participant input:
The participants or the end users of the house are
given a list of preferences that they have to input
based on their requirements. This will form the
basis of the steps further in the process. The fol-
lowing inputs need to be specified for the system
to generate the design options for the participants:

The users have to define number of rooms they
will be needing in the house and their details. The
details include the function of the room and the
requirement for a closeness to a service shaft. the
closeness requirement to the service shaft will be
determined by the function of the room like for
example a bathroom or a kitchen. The second
preference which the users need to specify is the
requirement of direct access to the facade / sun-
light / ventilation for the rooms. In these two
preferences the maximum number possible will be
determined by the game master or the Architect
based on the dimensions of the unit and the er-
gonomic/ proportions which fit in the design vi-
sion. For the toy problem the following require-
ments will be considered :
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Figure 9.4: Initial user input by the participants

Step2: Initial master inputs:
The Architect or the designer is the controller of
the process and needs to generate the following
inputs for the system to initialize. The first one
being the maximum number of rooms that can
have direct access to the facade. This can be deter-
mined by the minimum dimensions of the room
and the dimensions of the facade. The second in-
put which the architect has to give is the maxi-
mum and the minimum room sizes for the pos-
sible rooms which the users can define. This is
based on ergonomic principles of fitting the right
furniture layouts inside the rooms and catering to
the proportions which are comfortable for the oc-
cupants. Finally the architect also has to select
the location for the Vertical service shaft which
will carry all the ducting necessary for ventilation,
plumbing , fire-fighting into the unit.In open build-
ings locating the shaft centrally is very important for
maintaining the flexibility of the layout. This approach
is inspired by the Superlofts project mentioned in the
literature review. [3.23]

Figure 9.5: Initial master input by the architect

Figure 9.6: Initial layout of the unit

Step3: Generation of Base blocks:
The initialization process is completed at step two
so all the necessary input for the floor plan gener-
ation is ready. In this step the base blocks for all
the spaces is initialized and enumerated. The base
block considered for each room is the minimum
size of the room which is needed. The blocks are
located such that they have access to the facade
if specified in the previous step. The enumerated
options for the base blocks can be see in the first
part of the image in [9.13]. The options for the Toi-
let block to be places on the left /right side of the
service block is also explored with the enumera-
tions.

Figure 9.7: Base blocks initialization for the rooms in
the unit

Step4: Distribution of remaining voxels:
After all the possible options are enumerated for
the base blocks the question for distribution of re-
maining voxels is tackled. The total number of
voxels in the base grid is 9x6 = 54 voxels, when
subracted with the base blocks the number of vox-
els which are unassigned are 23 cells. These 23
cells have to be distributed among the 4 rooms
in all possible ways. At this stage a constraint is
added that the shape of the rooms should remain
largely rectangular which means that at a time the
cells corresponding to the minimum size for the
room have to be added to the base block. This
constrained coupled with the maximum possibil-
ity of having 3 rooms on the facade and the re-
quirement of 3 rooms connected to the facade re-
duces the search space considerably. The possible
floor plans because of this is around 7x4 = 28 floor
plans. The base enumeration results in 7 options
and the added options are based in the possible
enumerations of toilet sizes and locations on either
the left or the right side.
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Figure 9.8: Distribution of remaining voxels for the
rooms in the unit

Step5: Creation of Passages in the Layout:
Passages can be created to create more layout op-
tions and to improve the connectivity of the enu-
merated layouts in the step 4. Passages Can be
created by specifying the path start and the end
voxel and the shortest path can be created using
the same method as described in the unit assign-
ment problem horizontal shaft creation.

Figure 9.9: Creation of Passages in the Layout

Alternative Design criteria:
The layout possibilities become more interesting
if the requirement of the rooms needing direct ac-
cess to the facade is reduced . If the Toy prob-
lem is modified where the Kitchen no longer needs
access to the facade the possibilities will increase
considerably. The enumeration possibilities can be
determined by creating a possible shape options
for the rooms based on the minimum and the max-
imum sizes as shown in the table [9.10] The enu-
merations because of this process can be seen in
the last part of the image [9.13] where the dimen-
sion of the room vary in X axis as well.

Figure 9.10: Enumeration Possibilities

Figure 9.11: Design Alternative

Step5: MCDA and filtration:
Once all the possible layouts are generated based
on the initial requirements the participants are
given further choices like ordering the rooms
based on their desired size , flow of the apartment
in terms of which space comes first when you en-
ter and the circulation distribution if the circula-
tion in the apartment is central / linear (left ori-
ented / right oriented). Finally the participants
can select and give weights to these criteria. Based
on the choices the calculations are done for all the
layouts and a TOPSIS based MCDM model is de-
veloped for ranking all the layout options for the
participants. The participants can choose between
the options and the selected option will be fur-
ther developed in the unit detailing problem. The
MCDM is done to sort the layouts based on pref-
erences of the participants which makes the selec-
tion process easier for them.

9.0.4 Conclusions and Limitations:

The approach proposed in the thesis offers a con-
trollable generation of the unit layouts and the
level of control can be increased or decreased
based on the number of constraints and simplifi-
cations which are done to the rectangular assign-
ment procedure. This process seems to work well
for housing typology of layouts but for other types
of layouts the constraints might not be enough.
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For example in programs where there is a close-
ness requirements between the rooms this process
will not work there is a need of an additional con-
straint of closeness.

This method is similar to the brute force method
with constraints to limit the options and the time
required and is bound by its limitation. The space-
splitting method or the Physically based method
where the spaces are represented by 2d bubbles
and forces are applied based on the closeness re-
quirements to generate the layout or the space
splitting method where the data tree principles
like Kd-trees are used to organise the floor plans
could also be explored since they have proven to
generate good quality 2d layouts in fixed bound-
aries as seen in the literature review chapter [5.3].

Alternatively the participants can be given a
minecraft like game setting where they can do the
assignment process of the rooms themselves to get
familiarised with the process and get a better un-
derstanding of the participation process.The final
out of this step is the selected high resolution vox-
elated layout showing the room placement inside
the unit for the next step which is the unit detail-
ing stage.

Figure 9.12: Unit Layout to Unit Detailing stage
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Figure 9.13: Unit layout problem process
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10 Unit Detailing problem
The Unit detailing problem deals with generation
of design details for the units developed in the
unit layout problem. Design details may con-
sists of the following things: Materials and compo-
nents of the various infill layers in the unit like Walls,
Windows, facades, floors, ceilings, installations, furni-
ture etc. The clear distinction between the struc-
ture and infill has been made in the open build-
ing concept and the infill layer is the main ele-
ment which will be detailed in the unit detailing
problem. The structure layer should ideally be re-
solved in the unit assignment problem itself so at
this stage there is already information regarding
the structure of the building.

The stakeholders involved in this stage of the lay-
out problem are the Architects, Contractors, End
users of the space/Home-owners, Building Com-
ponent manufacturers. The system created for
solving this problem would make the Architec-
t/Designer as the mediator between the end user
and the rest of the stakeholder generating the nec-
essary inputs for the clear communication.

The nature of the problem at this stage will involve
background knowledge about a lot of subjects like
construction processes, building material proper-
ties, fabrication and assembly processes, cost es-
timation etc. This makes the scale of the problem
very large and not manageable to solve in the time
frame of this thesis, However a possible initial
framework for solving this problem is proposed
in this thesis.

10.0.1 Background for the digital implementa-
tion:

A feedback loop is essential for this stage of the
configuration problem. The feedback can consist
of various things like building costs, material pass-
port, material details and quantities, circularity index
etc. This will ensure that the user knows the im-
pact of the selection decisions on the project.

Generation of 3d blocks which can store this in-
formation while displaying the final result visu-
ally will help in the decision making process. The
approach of creating the 3d blocks is similar to
BIM modelling where details of all the compo-
nents are mentioned while creating families and
blocks. Two kind of approaches can be taken to as-
sign the created blocks into the floor layout . The
automatic assignment approach and the manual
one.

The automatic layout assignment approach is
meant for the users who do not want to get into
the customised the detailing of the apartments but
are interested in the spatial indicators for mak-
ing a decision like overall project cost, construc-
tion time, aesthetics and architectural style, etc. In
this approach they can pick from the pre-designed
custom sets by the Architect to suit their require-
ments.
In the manual design approach a high level of cus-
tomization will be possible. The details for the
room wise and boundary condition wise will be
recorded from the participants or the end users
and the necessary 3d blocks with the informa-
tion will be first created with all the necessary de-
sign details. The user will be given a choice be-
tween the materials for each category of compo-
nents like the walls , floors, etc and the result of
the selection will be shown in the feedback loop.
The selection will not only be based on material
but on boundary conditions as well like internal
walls, room wise details, edge of wet areas and
dry areas, facades etc. Once all the details are
recorded based on the boundary conditions de-
fined the blocks will be assigned automatically or
the user will be able to see and assign the created
blocks in the floor layout to the specific voxels.
This approach of 3D block creation is something
similar to the reference of the game Block-hood
[(Sanchez, 2021)] where assigning the blocks gen-
erates feedback about the resources utilized and
the assignment process itself is based on certain
adjacency conditions.

Figure 10.1: All possible blocks in the Block hood
game [(Sanchez, 2021)]

10.0.2 Configuration Approach:

In the configuration approach for the unit detail-
ing problem there will be a distinction made be-
tween the objects and the infill layer. All the build-
ing elements will will make up the infill layer and
the furniture, appliances, etc. will come under the

98



object layer. The configuration problem stops at
the infill level and the object level goes beyond the
scope of the configuration problem.

The 3d block generation can happen in either 2d
environment or a 3d environment. The two di-
mensional environment generally consists of gen-
eration of blocks for single height spaces and the
3d environment will consist of larger volumes
and multi-story spaces. The minimum number of
blocks which need to be defined to create a space
vary for both the cases.A two dimensional case
would be considered to illustrate the system for
unit detailing.

The following steps are taken to define the unit de-
tailing:
Step1: Initialization and Block creation:
As a first step a plan is selected from the unit
layout problem stage for further developing in
the unit detailing stage. The blocks are config-
ured in the following manner: Every block will
have flooring slab , flooring finish , Ceiling fin-
ish . There is a further option of creating a block
with wall segment for internal walls and facade
segment for external walls. The blocks with wall
segment can be created either as a peripheral wall
block or a central wall block. To create a set of
blocks which will generate any type of an layout
both the types of blocks are necessary. Further-
more in case of a block with wall the blocks need
to be made with a single wall, with double wall
for corner junctions for both the centrally placed
walls as well as the peripheral walls. The walls
themselves can have openings which can be plain
empty openings, doors, and windows. A mini-
mum set of blocks for each material and structure
option needs to be created so that floor plan of any
shape can be generated from it.

The blocks with facade elements need to be made
in a similar manner. The corner element needs to
be made. the central connecting element need to
be made, the element with the connecting wall on
the facade needs to be made as base for creating
a facade block. The facade block can also vary
in terms of infill elements which it can host like
solid infills, glass infills, windows, solar panels,
awnings etc.

Some special blocks were also created like the
blocks necessary for generating balconies in the
floor plan. Special blocks can include bal-
conies, Architectural features and projections,
Green walls and external flowerbeds, etc. Any
block that can enhance the architectural quality

of the spaces and which is not part of the floor
plan generation with the exception of balconies
can come under special blocks.

Figure 10.2: Special Blocks for 2d Configuration

In the images [10.3]below all the blocks created
can be seen.

Step2: Block information input:
Along with the creation of blocks the information
stored in each one of the blocks also needs to be
filled. The level of information depends on what
kind of dashboards or feedback the stakeholders
expect. The dashboard will keep on updating the
necessary details when the blocks are assigned to
inform the user about the selected performance
parameters. Based on that the user can modify/
create new blocks for meeting the goals.

These levels of information can be embedded in
the form of voxel surface ids. Each voxel can be
divided into the required number of surfaces and
each surface could be given a id. Information can
be classified into types and can be feed-ed into the
id reserved for the surface.This will keep all the
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Figure 10.3: All the blocks created for the problem
100



Figure 10.4: All the blocks created for the problem
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information in its basic numeric form which can be
read by a computer modelling software to render
the necessary image or assign the necessary block.
The example below can showcase the concept of
surface id embedding in voxels:

Figure 10.5: Voxel surface id

Step3: Block Assignment:
The blocks are assigned in the voxelated grid ei-
ther room by room or by simply enumerating
through the array in row wise or column wise
manner. The blocks are picked based on the lo-
cation of the voxel in the floor plan. The vox-
els in the room clusters store information regard-
ing their position (corner/intermediate/junction)
and requirement like doors and windows based
on which appropriate block is assigned.

Figure 10.6: Voxel surface id

The information is stored in each voxel in a simi-
lar manner like the surface id but in this case the

Boolean value represents if an element is present
at the surface location or not.

Figure 10.7: Voxel surface id

Alternatively in the manual process blocks can be
picked manually and assigned to the voxels to cre-
ate a layout.
Step4: Design Iterations and final selection:
In the last step of the configuration process based
on the previous steps a feedback loop will be cre-
ated which will indicate a lot of indexes for the
choices made so far. These indices will be helpful
for the user to decide if the resolution of the de-
sign detailing is satisfactory or not.if it is satisfac-
tory then the configuration process will end and if
it is not satisfactory then the previous steps can be
repeated till a satisfactory solution is developed.

Figure 10.8: Feedback loop

10.0.3 Conclusions and Limitations:

The approach shown in this stage of the configu-
ration problem indicates only a system for assign-
ing of details to the voxels but does not talk about
the complexity of generating the details. The voxel
based assignment process is indeed a good solu-
tion for assigning modular 3D details, but will
have its limitations if a non-modular custom 3D
detailing is to be implemented.Finally as indicated
in the introduction of this problem , a comprehen-
sive solution to unit detailing problem will need
a lot of background studies which lies out of the
scope of the thesis project.
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Figure 10.9: Unit Detailing step by step assignment
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11 Conclusions
The final conclusions for the thesis would be to answer the research questions and summarise the solution
presented for the problems identified in the beginning of the thesis.The following problems were identified
at the beginning of the thesis:

1.The lack of a definitive computational methodology to tackle the problem of mass customization in
generating Architectural configurations

A framework was proposed in the thesis which breaks down the massive complexity of the Architectural
configuration problem in to smaller achievable goals and makes the goals of each level explicit and the
input and the output of each stage of the problem clear. This helps in defining the problem clearly and
makes the task of generating the computational solution easier.

The case of designing a mixed use building with a mix of housing and commercial functions at Buiksloter-
ham was considered as a test scenario to formulate and validate a methodology. The Layout problem
was effectively divided into five stages , Massing problem, Zoning problem, Unit assignment problem,
Unit layout problem, Unit detailing problem each having its own set of goals and objectives. Four things
were defined for each set of problems, The input needed, output generated, Computational methodology
used, Participation framework in the methodology. Diving the problem into these four criteria makes the
exploration process modular and transparent.

Various computational methodologies were explored in the thesis. The methodologies in a broad sense
were divided into two categories namely, for generating design solutions and secondly for evaluation of
the design solution. The Multi criteria decision analysis strategies were used in almost all the stages of the
problem to evaluate the performance of the design solutions . For the generation of design methods like
Multi-agent systems and agent based modelling were explored. Inspiration were taken from the solutions
derived for the Facility layout planning problems,Operations research problems and Procedural content
generation problems to derive unique solutions to address the nested set of configuration problems.

So finally to address the question of a definitive computational methodology and the sub question of Se-
lection of an appropriate computational approach for solving the problem the answer is as follows:There
is no one algorithm or solution to the problem. There have been attempts to solve this question of automated
floor layouts for over fifty years and in most of the cases the authors have tried to address the complete
problem at one go using one method. This makes most of the solutions very rigid and limited to certain
cases. The solution needs to be adaptable and for that the Layout problem needs to be broken down into
several problems to solve it efficiently. The process of selection of a computational methodology will de-
pend on the nature of the problem but if the problem is well defined and clear then several methods can be
explored to pick the suitable one.

Furthermore creation of this platform where the nature of problem is clear and definite the work of all the
previous authors who have tried to address this problem can be unified and the user of the platform could
be able to select the best alternative for the problem. This knowledge sharing and crowd sourced knowl-
edge will lead to a collective digital intelligence which could become the definitive source for exploration
of the various options for the mass customization process.

2.Lack of inclusiveness for the stakeholders in the design configuration process.

Co-design or inclusiveness in design was analysed by looking at various case studies in the open building
movement. The Open building concept itself offers a sustainable way of participatory design as seen in the
various examples. In the thesis after studying literature and performing various case studies about open
building projects the stakeholder influence for each stage of the design was derived. Understanding which
are the most relevant factors in the whole process for the stakeholders was the most essential part of the
thesis. In the configuration method portrayed in the thesis at all the levels of the configuration problem
the stakeholders could decide the desired performance goals of the problem and could participate in the
process.

In the first stage of the Layout problem that is the massing problem the stakeholder involved were the
municipal authorities with a primary aim of securing the city’s interest in the development followed by the
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developer trying to maximise the profit by utilizing the full extents of the site and the Architect who was
responsible for the design of the building massing. The participatory framework here was that of design
validation. The Architect generates various design options for the massing considering the municipal
authorities development regulations and the developers intentions. The developers and the Municipal
authorities at this stage could mention the criteria in which they were interested in and the calculations
would be done for the same. Based on the criteria of the developers and the authorities the architect could
build a decision model to rank the alternatives designed in the process. The final selected output is a
collaborative acceptance of the design options backed by traceable design steps and robust mathematical
models.

In the Zoning problem the stakeholders involved are the developers and the consultants where the devel-
opers suggest the quantities of space needed for activities and the consultants can mention the closeness
requirement between zones and also the necessary simulations for some zones. The Architect is responsi-
ble again to convert these requirements and adding the architectural criteria like closeness , form, shape to
the zoning problem and develop a MCDA model which can generate the result for desirability of location
of each zone in the massing model.

In the Unit assignment problem the architect and the developers are the stakeholders involved in the pro-
cess. The develop mentions the area ratios needed for the various units and the range of volumes for units
, since his primary interest is to sell the units of specific volumes and size. The Architect is responsible for
placing the units in the respective zone where the spatial quality for them will be the maximum. Till this
point the end user of the space is not involved.

In the final two stage of the Layout problem the end user or the participant who is going to occupy the
space is involved. In the unit layout stage there is a gamified process of collaboration where the Architect
acts as the game master setting up all the moves and the rules for the game and the participants who are
the end users of the space have top make choices and moves to generate their preferred layout options.
This process can lead to a mass collaboration process where only a handful of designers can cater to the
requirement of a large pool of participants. Similarly in the unit detailing process. The architect has to first
get involved with the building contractors and the building component manufacturers and generate all the
necessary information for the unit detailing stage. This information is further processed in game moves
and required feedback loops for the participants who can then make choices and moves to achieve their
targeted goals.

Method Specific Conclusions:

1.Multi-criteria-decision-analysis.

MCDA was used in almost all the stages of the Layout problem. The use of MCDA methods is justifiable
only when the decision making is purely based on values that can be measured. However architectural
problems more often than not have an intangible element to it which also needs to be considered. The
results coming out of the MCDA system should not be considered as absolute but as a guidelines for the
Human designer to make decisions based on the tangible parts. The normalization method of TOPSIS was
used as the preferred method of MCDA in most of the problems mainly because of its ability to compare
quantities with different units and scales of measurement. However the MCDA method should always be
chosen based on the nature of the problem.

2.Multi-Agent system.

The multi-agent system developed in the thesis was quite effective in generating the desired clusters for
the zones in the zoning problem and the units in the unit assignment problem. However the system itself
has certain drawbacks. In any multi-agent system the interaction between the agents is crucial and the
negotiation part in the whole system was missing. Each agent was trying to achieve its own clustering
goals which led to interesting cluster formations but for the requirement of a strict clustering form like
a cuboid was very difficult to achieve because of it. If for every stage of the Agent based simulation the
agents interacted and adapted to generating the best possible shape form for them then the improvement
step proposed in the thesis would not be needed. The whole clustering problem can also be looked at from
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the perspective of cuboidal voronoi zoning. It would maintain the requirement of strict cuboidal clusters
and the results from the same would be interesting to analyze.

3.Assignment problem.

Conversion of the zoning problem into an assignment problem generated good solutions when the assign-
ment goals were evenly distributed between the agents. Which means more the agents better the result
in terms of clustering. However the increase in the number of agents led to increase in the abstraction in
the topological formation of the clusters which was often unacceptable inspite of them performing highly
in achieving their clustering goals. The possible improvement in this would be the the improvement pro-
posed in the multi-agent system itself . Linear assignment as a strategy was explored for zoning problems
without any closeness requirements between the zones however Quadratic assignment would also be an
interesting approach to look at when the zoning/clustering problem has closeness requirement.

4.Closeness rating method.

The TCR or the total closeness rating method was explored in the zoning/ clustering problems where
there was a closeness requirement. It is loosely based on the 2d configuration approach for the facility
layout planning problem in which spaces are places sequentially from the center based on their closeness
requirement. This was interpreted as a 3d problem based on the same logic but the agent origin locations
were based on the best possible locations available for them. The approach resulted in clusters having
good closeness requirement satisfaction but the method doesn’t always yield good results especially if
there are similar competing agents in the system. An idea to improve this process would be to generate all
the possible valid options for agent origin locations via constraint programming and then iterating though
these possible options for a solution.

5.Rectangle packing method.

The rectangle packing method was used for the unit layout problem in the thesis and worked out quite well
to produce results. The problem in its full sophistication when rotation , translation and variable dimen-
sions is actually impossible to solve but the simplifications done makes the method converge into creating
valid solutions. However the iteration power of the whole system is based on the rules/simplifications
set in the system and the user should be careful so as to not put to many constraints in the generation
process.Multi agent system /data tree methods like the kd tree splitting or the physically based method
involving usage of physics simulations to achieve equilibrium state could also be explored as methods to
solve the problem.Finally the adjacency and the element based information stored in each voxels in the
unit detailing phase should be integrated in this method itself for making the unit detailing phase faster.
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12 Reflection
The main objective of the research was to develop a Participatory design tool for mass customization
and generative configurations.The problem of mass customization is an extremely relevant one in today’s
world where the world has to build millions of new homes and buildings.The research concluded in a new
methodology for co-design where the human designer, the machine and the end user all contributed and
collaborated to create customised buildings.

Problem solving process:
The process undertaken for solving this 3D-Layout problem was to fist understand the full complexity of
the problem itself and then divide it down into smaller problems. The smaller problems were generalised
and stripped off any domain specific qualities by defining the clear goals and objectives and expressing it
in the universal language of mathematics. The main aim of this generalization was to tap into the relevant
research and development happening in other disciplines which are involved in solving similar problems.
In this search phase strategies/methods, tool kits were explored which have the potential to solve the
problems and a list of possible strategies which could be used was prepared. This was followed by the pro-
totyping stage where the tools and strategies were used to solve toy problems and results were derived.The
strategies were modified and developed till a satisfactory results were obtained and then the toy problems
were converted into real problems for a test case. After conclusive results were obtained for the test case
the prototype was converted into a first release version for testing it out on multiple cases. This process is
similar in essence with the goals of the master track and of the profession of a building technology expert
where the building technology expert has to understand the various disciplines involved in Architecture
and act as a bridge between Engineering and Design.

Effectiveness of the process:
The stage of computational design and especially generative design in architecture is at its stage of infancy
where there is a lot for scope for research and development. I would conclude that the process taken for
solving the problem was indeed effective since the approach allowed me to explore the research and devel-
opments from other disciplines like Operations research , Industrial engineering, Mathematics, Computer
science, Computer gaming industry for solving certain types of problems. This interdisciplinary devel-
opment opens up new possibilities for collaboration with experts in those particular domains since the
communication would be more effective due to the conversion of nature of the problem from an abstract
one to an explicit one.

The whole process was however restricted by the knowledge that I could gather in the limited time avail-
able for the thesis about the various discipline and the methods identified for the problem solving and
would certainly lead to new explorations and improvements if collaborations are initiated with the do-
main experts in the particular field.

Mentor Feedback:
The mentors acted as my collaborators through the whole process. The conversion of the problem into
more methodical and mathematical manner was done with my first mentor Dr.ir. P. Nourian and my third
mentor ir. S. Azadi. Their feedback about formulating the questions and defining the goals for each stage
helped me in finding and developing all the strategies seen in the thesis. Another important part of their
feedback was about potentially avoiding the rabbit holes where the exploration of certain method would
take a long time and discarding certain approaches because of their lack of flexibility towards solving the
problem. The collaboration with my second mentor Prof.ir. Thijs (M.F.) Asselbergs was about the essential
features required in the developed methodology/tool from an architects point of view, who is the main
intended user of this method. His feedback about what is relevant led to the refinement of scope of the
project and focused development on only the essential aspects of the problem.

Relation of the thesis to the master track and the master program:
The intention of the master track of building technology is to reduce the gap between architecture and engi-
neering by integrating architectural design with technical disciplines. The methodology developed in this
project uses the power of Design informatics to combine all the associated disciples of building technology
to develop, data informed, integrated, sustainable architectural design options which is complimentary to
the aim of the master track.The project also has a strong relevance to the overall master program of Ar-
chitecture, Urbanism and Building Sciences. The built environment in the world is developing faster than
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ever and most of the new buildings-built lack the access to good Architectural design. A platform for gen-
erative mass customisation will enable informed decision making for these buildings. It is crucial for these
buildings to have that access to these technologies since they have the biggest impact on sustainability and
well-being of the urban environment.

Scientific/Societal relevance :
Societal relevance: The process of Architectural design is most of the times driven by a single person or a
small team of decision makers. The future inhabitants of the space don’t get a chance to participate and
decide on how the space is designed. The methodology proposed in the design gives all the stakeholders
the opportunity to participate in designing the spaces they will live in and pushes for urban equality.

Scientific relevance: The use of decision support system for architecture is a novel one. Generally the archi-
tectural problems are formulated in an abstract manner where judging the design becomes very subjective.
Using decision theory to evaluate the various aspects of design leads to a transparent and collaborative
evaluation of architectural design. Secondly by interpreting Architectural problems as mathematical or
computer science problems like the assignment problem , packing problems etc. opens up the possibilities
of generating design solutions which would have not been possible by traditional methods. One example
of this is assigning of zones based on a MCDA based decision result for multiple criteria, this tradition-
ally by a manual process is impossible to achieve. Using the power of the machines to iterate though the
vast combinatorial search space that encompasses any architectural configuration problem itself leads to
possibilities of generating and evaluating mass solutions for a problem. Conversion of the problem of
configuration into an adaptation one by a methodical process opens up new avenues for design.

Ethical issues :
The biggest ethical issue with any generative design project is that will the tool developed in the project
make the role of a human designer irrelevant ? The intention throughout the project is not to make the
human designers role redundant in the whole process. One of the biggest learning’s in the thesis was that
the intangible parts of the design process like aesthetics is very difficult to digitise and should be left to the
human designer. The idea is to make the repetitive non intellectual tasks in the design process redundant.
Providing control over the generation of the design output was the main essence of all the methods devel-
oped in the thesis. Certain design tasks which are seemingly impossible by a human designer to achieve
were digitised with all the controls over the generation maintained by the human designer. The idea for
this project as well as for the future development is co-design and not replacement of the human designer.

Self development:
The complete thesis project was built in the python programming language and throughout the process I
was able to develop my python programming skills. The major advantage of learning programming skills
in python is that the development community is very strong and opens up the chance of collaboration and
discovery of new techniques and libraries of tools which can be used to solve the problems. There was
also a significant development in my own understanding of architecture specifically architectural planning
and the methodical process followed where each step in design was questioned to avoid the logical leap
in design led me to develop a process for design where the steps are traceable and the design options
generated were comparable.
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Figure 12.1: Various streams of knowledge involved in the configuration process
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13 Future Developments
The configuration problem as stated in the thesis is a set of nested problems which are linear in scale
ranging from the urban level massing to the smallest scale of configuring the details of the rooms inside
the units. However these problems and the solutions proposed for them can even be used individually
to solve a problem. For example if the configuration problem involves re-using or renovating an existing
building then the data from the existing site conditions and the building will act as a base so the level of
problem would start from the zoning problem itself since the existing building will be the base massing.
Hence, developing a platform would be beneficial where a wide variety of projects at various stages could
be configured.

The development of an online configurator where the users can make an account and start building their
configurations would be an ideal start towards development of the platform. There have been a lot of
recent developments in the online configuration platforms which utilize the existing ecosystem of visual
programming languages like grasshopper for rhinoceros to develop configurators for parametric design.
Pushing these platforms for a wider integration of tools and technologies would be needed for the devel-
opment of this platform. Python as a programming language has been used extensively for developing the
various methods showcased in the project . The primary advantage of using python is the massive open
source development community which contributes towards the open sciences.

Once the platform is built then the development would be guided by the users of the platform themselves.
The more people use this platform to develop their projects the more the platform would be developed via
feature requests and user contributions. Keeping the project open source can lead to open development
ideas where users from various projects can use the ideas used in other projects for developing their own
projects. This common pool of knowledge will lead to better projects and better cities around the world.

Where would this platform stand with respect to the currently available products in the market ?
Currently there a lot of online configurator platforms available that use the technologies of artificial intelli-
gence and generative design to produce building options some of the selected ones which are developing
rapidly are as follows:

Spacemaker : Spacemaker AI is an autodesk company which developed a cloud based collaborative tool
to develop real estate sites. The tool empowers the users to use data available for the site to generate
thousands of massing design options and run simulations/ optimization on them for decision making.
The tool is currently primarily based on an urban level and tries to generate various indices like energy
consumption and costing and built up area to analyse options.

Hypar: Hypar is a customizable platform for generating architectural configurations. Hypar has functions
some of which are developed by the developers of the product themselves and others are community
driven components. These generative components range from generating the site to generating structure.
The community driven open source approach makes this a good platform for developing new ideas and
concepts in generative design.

OMRT (Ostate) : Omrt’s Ostate is a configurator that can deal with urban level problems as well as gener-
ate potential floor plans in massing models. It also has the capability to run environmental simulations for
the floor plans to determine the better options. The aspect of materiality is also embedded in the tool to a
certain extent where the 3d products can be integrated into the models themselves.

Digital Blue foam: Digital Blue foam is a Singapore based company who has developed a configurator
which can design urban level massing or a building level massing. The configurator has a gamified ap-
pearance and has a similar use case as the configurator developed by spacemaker.ai.

GEN-ARCH: If the idea for the platform as proposed in this thesis is compared to the rest of the products it
has several advantages over them. The biggest advantage is the multi-scalar nature of the platform where
not only the urban level massing problems can be resolved but even small scale room detailing can be
solved. Secondly the platform proposed is an open source one where collective design intelligence can be
built thus making it more diverse than other platforms. Thirdly it is linked to an existing style of design
of open buildings and can potentially link to the vast information about projects and research and with
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material and construction systems which are inherently pushing for circularity and sustainability. Finally
the whole idea of participatory design or democratising design is a unique one and is not part of the agenda
of any of the platforms till now.

The table shows the comparison of the proposed platform with the other existing platforms.

Figure 13.1: Comparison of all the platforms with GEN-ARCH

Finally Some initial ideas about the user interface of the platform can be seen in the images below where
an user interface for a potential online configurator is designed which goes from the massing scale to the
unit detailing scale in various dashboards.
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14 Appendix

LIST OF PYTHON LIBRARIES USED IN THE

PROJECT:
1.Visualization
PyVista:
PyVista is a helper module for the Visualization
Toolkit (VTK) that takes a different approach on
interfacing with VTK through NumPy and direct
array access. This package provides a Pythonic,
well-documented interface exposing VTK’s pow-
erful visualization backend to facilitate rapid pro-
totyping, analysis, and visual integration of spa-
tially referenced datasets.
Features used:
Volume Rendering
Grid plotting
Mesh Plotting
Widgets
https://docs.pyvista.org/

2.Meshing
Trimesh:
Trimesh is a pure Python (2.7-3.4+) library for
loading and using triangular meshes with an em-
phasis on watertight surfaces. The goal of the li-
brary is to provide a full featured and well tested
Trimesh object which allows for easy manipula-
tion and analysis, in the style of the Polygon object
in the Shapely library.
Features used:
Import and Export mesh objects
Determine if a mesh is watertight, convex, etc.
Determine if a point lies inside or outside of a well
constructed mesh using signed distance
Determine intersection of rays with the mesh
https://trimsh.org/index.html

3.Enviornmental analysis
Ladybug Tools:
Ladybug Tools is a collection of free computer
applications that support environmental design
and education. Of all the available environmen-
tal design software packages, Ladybug Tools is
among the most comprehensive, connecting 3D
Computer-Aided Design (CAD) interfaces to a
host of validated simulation engines. The LBT-
Ladybug library was used which includes Collec-
tion of all Ladybug core Python libraries.
Features used:
Sun-Path
Load EPW
https://pypi.org/project/lbt-ladybug/

3.Multi-dimensional Array objects
Numpy:

NumPy is the fundamental package for scientific
computing in Python. It is a Python library that
provides a multidimensional array object, various
derived objects (such as masked arrays and matri-
ces), and an assortment of routines for fast oper-
ations on arrays, including mathematical, logical,
shape manipulation, sorting, selecting, I/O, dis-
crete Fourier transforms, basic linear algebra, ba-
sic statistical operations, random simulation and
much more.
Features used:
Data types
Array creation
I/O with NumPy
Indexing
Broadcasting
Byte-swapping
Structured arrays
https://numpy.org/doc/stable/user/

index.html

4.Topological structures for generative design
Topogenesis:
topoGenesis is an open-source python package
that provides topological structures and functions
for Generative Systems and Sciences for various
application areas such as: generative design in ar-
chitecture and built environment,generative spa-
tial simulations,3D image processing,topological
data analysis,machine learning.
Features used:
Geometry
Data structures
https://topogenesis.readthedocs.io/

5.Data analysis
Pandas:
pandas is a fast, powerful, flexible and easy to use
open source data analysis and manipulation tool,
built on top of the Python programming language.
Features used:
Data frame creation
csv , xlxs conversion.
https://pandas.pydata.org/

6.Multi-Criteria Decision Analysis
Sci-kit Criteria:
Scikit-Criteria is a collection of Multiple-criteria
decision analysis (MCDA) methods integrated
into scientific python stack. Is Open source and
commercially usable..
Features used:
TOPSIS module
Weighted sum module
Weighted product module
https://scikit-criteria.readthedocs.io/en/

latest/index.html
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7.Network Analysis
Network X:
NetworkX is a Python package for the creation,
manipulation, and study of the structure, dynam-
ics, and functions of complex networks.
Features used:
Graph Creation
Connected components
Shortest distance algortihms like Flyod Warshall ,
Dijkstra’s algorithm.
https://networkx.org/

8.Jupyter notebook Widgets
Ipywidgets :
ipywidgets, also known as jupyter-widgets or
simply widgets, are interactive HTML widgets
for Jupyter notebooks and the IPython ker-
nel.Notebooks come alive when interactive wid-
gets are used. Users gain control of their data and
can visualize changes in the data.
Features used:
Widgets
https://ipywidgets.readthedocs.io/en/

latest/l

9.Data visualisation
Dash and Plotly :
Dash is a productive Python framework for build-
ing web analytic applications.
Written on top of Flask, Plotly.js, and React.js,
Dash is ideal for building data visualization apps
with highly custom user interfaces in pure Python.
https://dash.plotly.com/introduction

10.Machine learning
Sci-kit Criteria:
Machine learning library built on numpy, Scipy
and matplotlib
Features used:
K-means clustering algorithm
https://scikit-learn.org/stable/index.html

11.Operations research
Google OR Tools:
OR-Tools is an open source software suite for opti-
mization, tuned for tackling the world’s toughest
problems in vehicle routing, flows, integer and lin-
ear programming, and constraint programming.
Features used:
MIP solver
SCIP Solver
Constraint solver.
https://developers.google.com/optimization
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CODE DEVELOPED IN THE PROJECT CLASSIFIED ACCORDING TO THE CHAPTERS:

Link to the project Website : https://computationaldesignworks.com/

GitHub Repository Link for P5 Release: https://github.com/adityasoman/GEN-ARCH.git

GitHub Repository Link for WIP Enviornment: https://github.com/adityasoman/Aditya Graduation

Project BT

GitHub Repository Link for Latex Report: https://github.com/adityasoman/GEN ARCH Report

1.Massing problem
MCDA jupyter notebooks, Rhino+ Grasshopper models for generating simulation values:
https://github.com/adityasoman/GEN-ARCH/tree/main/01.Massing problem

2.Zoning problem
Agent Behaviours, Enviornment Lattices, Desirability Lattices, Toy Problems, Buiksloterham Case solu-
tions:
https://github.com/adityasoman/GEN-ARCH/tree/main/02.Zoning problem

3.Unit assignment Problem
Enviornment Lattices, Desirability Lattices, ABM simulations, Rhino+ Grasshopper models for unit assign-
ment:
https://github.com/adityasoman/GEN-ARCH/tree/main/03.Unit assignment problem

4.Unit Layout Problem
Rhino + GH models for floor plan enumeration, Jupyter notebook for voxel based approach:
https://github.com/adityasoman/GEN-ARCH/tree/main/04.Unit Layout Problem

5.Unit Detailing Problem
Rhino + GH models for Unit Detail 3d block assignment:
https://github.com/adityasoman/GEN-ARCH/tree/main/05.Unit detailing problem
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