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Foreword

[ started this research with a dream to make a systematic design process based

on spatial configuration. The core of my idea was that architecture should be less
preoccupied with form and be more focused on the configuration of spaces and its
effect on the functioning of a building. Later I went further with this idea to urban
scale and theoretically studied the effect of spatial configuration on accessibility and
mobility potentials. My fascination with Graph Theory and its potential applications
in architectural design and analysis of built environment was another motive
behind this work.

I began to develop interest in computational design methods, as a teaching assistant,
backin 2006: I wanted to have some solid basis for my design teachings, being able to
suggest ‘'methods’ for designing buildings in a rational manner. That was how the ideas
behind this work came to existence.

Now that I have finished this research, I cannot claim to have found perfect answers
for all initial questions; but I hope to have exemplified the possibility of systematically
approaching design through configuration. I hope the results of this thesis will turn
useful or inspiring for projects that can potentially make meaningful differences in
the lives of people and the planet, e.g. by facilitating planning processes in favour of
cycling and walking for urban transportation or designing well-functioning buildings
improving safety, security and working efficiency of their inhabitants.
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Summary

This dissertation reports a PhD research on mathematical-computational models,
methods, and techniques for analysis, synthesis, and evaluation of spatial
configurations in architecture and urban design. Spatial configuration is a technical
term that refers to the particular way in which a set of spaces are connected to one
another as a network. Spatial configuration affects safety, security, and efficiency

of functioning of complex buildings by facilitating certain patterns of movement
and/orimpeding other patterns. In cities and suburban built environments, spatial
configuration affects accessibilities and influences travel behavioural patterns, e.g.
choosing walking and cycling for short trips instead of travelling by cars. As such,
spatial configuration effectively influences the social, economic, and environmental
functioning of cities and complex buildings, by conducting human movement patterns.
In this research, graph theory is used to mathematically model spatial configurations
in order to provide intuitive ways of studying and designing spatial arrangements for
architects and urban designers. The methods and tools presented in this dissertation
are applicablein:

— arranging spatial layouts based on configuration graphs, e.g. by using bubble diagrams
to ensure certain spatial requirements and qualities in complex buildings; and

— analysing the potential effects of decisions on the likely spatial performance of
buildings and on mobility patterns in built environments for systematic comparison of
designs or plans, e.g. as to their aptitude for pedestrians and cyclists.

The dissertation reports two parallel tracks of work on architectural and urban
configurations. The core concept of the architectural configuration track is the "bubble
diagram’ and the core concept of the urban configuration track is the "easiest paths’
for walking and cycling. Walking and cycling have been chosen as the foci of this theme
as they involve active physical, cognitive, and social encounter of people with built
environments, all of which are influenced by spatial configuration. The methodologies
presented in this dissertation have been implemented in design toolkits and made
publicly available as freeware applications.

Keywords: Spatial Configuration, Architecture, Urban Design, Graph Theory,
Mathematical Modelling, Computational Design
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Samenvatting

Dit proefschrift meldt een promotieonderzoek op wiskundige-computationele
modellen, methoden en technieken voor analyse, synthese en evaluatie van ruimtelijke
configuraties in de architectuur en stedenbouw. Ruimtelijke configuratie is een
technische term die verwijst naar de specifieke wijze waarop een aantal ruimten met
elkaar verbonden als een netwerk. Ruimtelijke configuratie invloed op de veiligheid,
beveiliging en efficiency van het functioneren van complexe gebouwen door het
faciliteren van bepaalde patronen van beweging en / of belemmeren andere patronen.
In steden en voorsteden bebouwde omgeving, ruimtelijke configuratie beinvioedt
bereikbaarheids en invloeden reizen gedragspatronen, bijv. de keuze van wandelen

en fietsen voor korte reizen in plaats van reizen met de auto. Als zodanig, ruimtelijke
configuratie daadwerkelijk invloed heeft op de sociale, economische en ecologische
functioneren van steden en complexe gebouwen, door het uitvoeren van menselijke
bewegingspatronen. In dit onderzoek wordt grafentheorie gebruikt om ruimtelijke
configuraties te modelleren mathematisch om intuitieve manieren van studeren en
het ontwerpen van ruimtelijke regelingen voor architecten en stedenbouwkundigen

te bieden. De methoden en instrumenten die in dit proefschrift zijn om ontwerpers te
helpen bij:

het regelen van de ruimtelijke lay-outs op basis van de configuratie van grafieken,
bijv. door gebruik te maken bubbel diagrammen aan bepaalde ruimtelijke eisen en
kwaliteiten in complexe gebouwen te waarborgen; en

het analyseren van de mogelijke gevolgen van hun beslissingen over de te verwachten
ruimtelijke prestaties van gebouwen en op mobiliteit patronen in de gebouwde
omgeving, zodat ze ontwerpen kunnen vergelijken of plannen systematisch, bijv. met
betrekking tot hun geschiktheid voor voetgangers en fietsers.

Het proefschrift rapporteert twee parallelle sporen van het werk op architectonische en

stedenbouwkundige configuraties. Het kernbegrip van de architectonische configuratie

spooris de "bubbel diagram’ en het kernbegrip van het stedelijk configuratie spoor is

de 'makkelijkste paden’ voor wandelen en fietsen. Wandelen en fietsen zijn gekozen als

de brandpunten van dit thema als ze te betrekken actieve fysieke, cognitieve en sociale
ontmoeting van mensen met een gebouwde omgeving, die allemaal beinvloed door
de ruimtelijke configuratie. De methoden die in dit proefschrift zijn in design toolkits
geimplementeerd en het publiek beschikbaar als freeware gesteld.

Samenvatting
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Introduction

This chapter gives an overview of the research, the motivation behind it, the methods
used and the structure of the research in relation to the research questions and
problem formulations.

In designing functionally complex buildings, e.g. hospitals, airports, etc.,
configurational requirements are very severe, in that the spatial configuration has an
evident effect on the safety, security, and efficiency of functioning of such buildings.

In larger built environments, i.e. in cities, spatial configuration evidently affects travel
behaviour and accessibilities, which in turn affect the social status of neighbourhoods.

The social aspects of configuration are not only of interest in large and complex built
environments, but also in smaller scales. There is evidence that many vernacular
buildings form categories of configurations, i.e. their resemblance to each otheris

not merely formal but more deeply configurational ( (Hillier, B., Hanson, ]., 1984)&
(Habraken, 1988)) and that the spatial configuration both reflects and affects patterns
of social interaction (ibid.). It is therefore important to know how exactly configuration
affects the social functioning of buildings. Interestingly, spatial configurations are
‘understandable’ for both humans and computer programs once modelled as graphs
(networks); therefore, a configurative design process can be intuitive and structured

at the same time. We are interested to see if architectural design can be structured as
a process of going from abstract configurational ideas to concrete geometric designs,
i.e. by focusing on the most fundamental aspect of architecture that is the spatial
structure’.

Nobel laureate Herbert A. Simon wrote in his famous book The Sciences of the Artificial
(Simon, 1999, pp. 151-152) argued about a problem for architects, that still seems to
hold true:

“...[An] increasingly acute problem for architects is that, when they take on the task

of designing whole complexes or areas instead of single buildings, their professional
training does not provide them with clear design criteria. In city planning, for example,
the boundary between the design of physical structures and the design of social systems
dissolves almost completely. Since there is little in the knowledge base or portfolio of
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techniques of architecture that qualifies the professional to plan such social systems,
the approach to the design tends to be highly idiosyncratic, reflecting little that can be
described as professional consensus, and even less that can be described as empirically
based analytic technique.”

It was exactly because of this deficiency in the architecture curriculum that we thought
of this research in the first place.

Configurational analysis in urban studies is fundamentally important. Without
considering configuration, spatial analyses might fail in capturing the wholeness

of urban phenomena in their spatial manifestation. An apparent example can be
studying land-use mix or population density in a 2D raster tiled with square miles.
Having geographic coordinates might seem quite adequate; but Euclidean coordinates
per se suggest that straight lines would indicate the distance between locations, an
assumption that is mostly false in real urban environments. It is obvious that if two
blocks are on the opposite sides of a river or a highway, their access to one another
are not through their straight line of sight but through a possibly much longer route.
Itis therefore suggested that a discrete network based spatial representation is more
suited for urban studies, especially those involving human actions, as it facilitates
consideration of actual network distance. Furthermore, topological relations can

be used in structuring big urban data and in making ‘spatial sense’ of them. For
instance, we can measure density and diversity along the network instead of looking
at tiles (pixels) of a raster. Such an analysis would correspond much better to what is
experienced by people in urban space (e.g. streets), compared to density or diversity
per square kilometre. In short, we can say that looking at urban settings without
considering connections is like looking at parts without seeing the whole.

The general objective of this research is to contribute primarily to the process of
construction of the foundations of an [emerging] science of design and planning

that focuses on the spatial structures and their effect on such things as mobility,
accessibility, and social interactions. We advocate an evidence-based or performance-
driven design; in which, normative arguments about good practice in design are
reconsidered by seeking theories that could explain the actual measured behaviour

of people. The advent of new information and data gathering technologies could
facilitate validation and calibration of models and methods used in this approach and
the landscape of architecture and built environment research can change in favour

of forming a body of knowledge that we can consider as design sciences. Our main
contribution to this approach could be described as inventing methods and sharpening
the tools of measurement for spatial analysis.
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In this dissertation, we will introduce a graph theoretical methodology for architectural
design and urban configuration analysis, for studying walking and cycling accessibility.
Despite the seeming disparity between the two subjects, we will see that the two
matters are closely related in the way they are being treated mathematically. For this
reason, they are presented as combined in one conceptual framework that we call
CONFIGRAPHICS as short form for ‘graphics’ (pertained to graph theory as in graphical
models in probabilities) and ‘configuration’ analysis and synthesis. Configuration here
refers to the spatial arrangement patterns that will be mathematically encoded in
labelled graphs (networks), whose nodes are spatial units (e.g. rooms in buildings and
streets in cities). The configuration graphs can also be used to represent the spatial
arrangement of such things as density (population, built space) and diversity (land-use
mix). In a sense, the idea of representing buildings and urban configurations as graphs
(a.k.a. networks) sounds very uncomplicated and straightforward, this is exactly why we
focused on graphs in the first place: as representations that are equally understandable
for humans and computer programs. We will see how addressing spatial configurations
from a graph theoretical point of view can help in constructing knowledge about the
functioning of buildings and cities and how it might help in approaching designin a
systematic manner. By systematic we mean a process that is based on a method and
clear criteria for evaluation, but certainly NOT an automated process.

In the case of architectural design, we will see if it is possible to design buildings
starting from bubble diagrams. By representing an architectural configuration as

a bubble diagram, we can immediately analyse it in terms of its likely performance
regarding the extent to which a spatial configuration fosters desired mobility
potentials and provides for desirable social interactions in accordance to a functional
programme?. The importance of this matter is best understood in the context of
designing spatially and functionally complex buildings such as hospitals, museums,
airports, etc.

A bubble diagram is considered as a labelled graph, which can give rise to many [but
not too many] layout patterns and many geometric designs. If there are no geometric
constraints, then the possibilities will be infinite; but with some constraints, we can see
that the universe of possibilities might be finite and enumerable. We will introduce this
methodology and discuss its potentials as a theoretical investigation into architectural
design in terms of expansion of ‘design space’. In addition, we will present the
foundations of a novel computational geometry object for representing spatial nodes
that provides for intuitive design of spatial configuration, i.e. configurative design.
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The second theme is urban spatial configuration and its effect on ‘active’ mobility
potentials and accessibility, i.e. by means of walking and cycling. It is intuitively
understandable that the shape of built environment somehow affects mobility of
people; the question is "how exactly’? We will propose a methodology for analysing
such effects using graph theory, linear algebra, and fuzzy logics. We will see how ‘actual
distance’ is different from simplistic distance metrics and how an accurate temporal
metric for distance could found a new basis for [modal] urban network analysis.

We propose a spatial network analysis methodology based on a novel optimal path
algorithm that we call Easiest Path. This methodology allows for measuring relative
closeness of locations to some or all possible destinations of interest (alias attraction
points). Using the same spatial network representation used for accessibility analysis,
we will present a family of random walk probabilistic models of passage of pedestrians
and cyclists using mathematical constructs such as Markov Chains.

We first explain our research methodology in chapter 2. After introducing each of
the devised computational methodologies (in chapters 3 and 5), we discuss their
implantations (in chapters 4 and 6). We conclude this dissertation by reflecting on
the initial research questions, summarizing the achievements and limitations, and
identifying areas of necessary future work.

The research reported here is generally in the field of design computation and
computational performance assessment, aimed at developing methods for supporting
design and spatial decision-making in architecture and urban design. The research has
two deliverables:

a topological design methodology for architectural layout, and
a Spatial Network Analysis library that can be used for assessing walking and cycling
accessibility

The research addresses the areas of architectural morphology (Steadman, 1983),
urban morphology (Moudon, 1997), architecture, urban planning and urban design,
geo-computation, geo-design, and network studies. The tools of this research are
mathematical formalisms and methods from Graph Theory, Topology, Linear Algebra,
Combinatorics, Statistics and Probabilities, and Fuzzy Logics.
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This thesis is mainly targeted at researchers working in the areas of computational design
and spatial analysis, particularly those interested in graph-theoretical approaches. Spatial
Network Analysis is inspired by pioneering works in the area of Social Network Analysis;
and as such, this work could be potentially of interest in that area as well. The area of work
reported in this dissertation is inherently multidisciplinary, with a variety of topics ranging
from computational network analysis, computational topology and computational
geometry, spectral graph theory, and stochastic modelling.

The contents are essentially of mathematical and/or computational nature; however,
the intended application areas, and the relevance of topics, are architectural or related
to urban-design and planning. Therefore, we can envisage potentially interested
audience from the whole range of these research fields. Considering this variety, and
for the sake of brevity, we have tried to explain the mathematical and computational
processes in a relatively plain language, avoiding proofs and formal definitions.

The novelties reported in this dissertation (thereby potential areas of interest) are of
two types:

Combining mathematical and/or computational methods in novel ways in order to
apply them to new areas of application in architecture and urban design; or
Designing new algorithms, mathematical models, and computational constructs

Architectural design practice is often preoccupied with shape and formal issues while
‘the hidden structure of the space’ (Hillier, 2007) is mostly neglected, such that the
consequences of spatial decisions show up after the building is realized. Examples
include doors, corridors and staircases that are exposed and inviting to all visitors but
always have to be kept closed in public buildings. Other examples include cafés, shops,
or supposedly public spaces that never gain popularity in public buildings, empty office
buildings, and of course, the failed so-called city centres in new towns, ‘crime havens’
caused in some massive urban development projects and alike. The most sensible of
all problems clearly pertained to spatial configuration can be recognized as those of
‘circulation and access problems in complex buildings’, “poor accessibility in cities’,
‘car dependency’, and "urban sprawl’ that cause severe economic and environmental
problems. Note that transport sector has been responsible for up to 63.8 percent of oil
consumption in the world (IEA (International Energy Agency), 2013, p. 33)°.

Introduction



In the following sections, we discuss the problems in their specific contexts, from a
holistic point of view to technical problems pertained to the difficulties in addressing
the main problems. We begin by sharpening the descriptions given above.

§ 1.5.1 Design Problems

Below, the key problems addressed in architectural and urban design are paired with
corresponding propositions:

Problem: In functionally complex buildings such as museums, hospitals, airports, and
alike, configurational problems can lead to ineffective circulation, costly maintenance,
economical malfunction, or even dangerous operational problems such as those
affecting safety or causing security leaks. Thus, configurational thinking needs to be
at the core of design process to consider who should have what kind of access to what
spaces and what spatial accesses need to be provided (or facilitated) or otherwise
blocked (or impeded). There are no comprehensive approaches for addressing
configurational design explicitly in architectural layout.

Proposition: We argue that we need an explicitly configurational approach for
integrated design and analysis in architectural layout that is systematic, generic, and
intuitive at the same time.

Problem: Spatial configuration in cities has a direct effect on walking and cycling
potentials and accessibility; which in turn have direct impact on viability of many
retail businesses, social integration, public health, social safety and security

(social segregation and crime havens), and environment (car dependency and its
consequences). The existing methods for spatial network analysis such as those of
Space Syntax and alike or those of Transport Planning do not adequately address
walking and cycling in their physical and cognitive entirety, especially in modelling
paths, distances and travel-times. The network models used in these approaches have
inherent shortcomings in addressing wayfinding in walking and cycling. Many earlier
models, measures, and methods are too abstract or very difficult to interpret in terms of
their real-world meaning.

Proposition: We argue that there is a need for a novel comprehensive approach to
spatial network analysis in order to capture the physical and cognitive aspects of
walking and cycling mobility and accessibility. The proposed approach should contain
indicators that would be easily interpretable in terms of physical quantities (e.g. travel
time).
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Research Problems

Considering the space that we are living in as a continuum, we can observe that our
direct (i.e. straight-line) access is almost always spatially obstructed in buildings and
cities; therefore the notion of Euclidean distance would be inadequate for modelling
proximities and spatial distributions. Discrete models of space, which are composed

of nodes representing 'units of space (e.g. convex spaces)’ will be more practical than
Euclidean representation of space in many cases of spatial analysis, especially in
finding real-world spatial distances. Once accepting that a network representation of
space is needed then we have to define a systematic way of representing spatial units
as well as their connections. Any such approach would facilitate certain measurements
and hinder some others. We have chosen to look at this matter from a design point of
view. Therefore, we formulated the problem as finding ways through which spatial units
and their connection can be modelled mathematically and computationally, in order to
allow for a designer-friendly design process that is 'based on configuration”.

Different representations of urban spatial networks are generally distinguishable as street-
to-street or junction-to-junction adjacency representations. The former is as old and
established as graph theory itself and the latter is known in spatial analysis domains, such
as Space Syntax. It can be generally said that the street-to-street representation is more
powerful in dealing with cognitive aspects of way finding and therefore fitter for analysing
active modes of transport (e.g. walking and cycling), which evidently have a lot to do with
the perception of people from space and spatial configuration. This is exactly where an
architectural viewpoint can be helpful in addressing these modes of mobility. Specifically
in modelling walking and cycling, cognitive and physical ease of walking or cycling are
obviously important when it comes to modelling people’s preferences or choices in
choosing these as their modes of transportation over other possibilities.

The existing configurational representations such as those of Space Syntax have
shortcomings in dealing with particularities of places, spaces with geographic
attributes, namely in addressing topographic streetscapes and actual distances.
Besides, their indicators are mostly difficult to interpret physically. In other words,
Space Syntax indicators of configuration qualities need to be interpreted by experts as
to what they imply in real world and that these experts might insert their subjective
view in the interpretations. Besides, there are a number of inconsistencies in the basic
definitions of spatial units (e.g. axial lines”) and the definition of measures such as
integration®. Furthermore, Space Syntax focuses on cognitive distance and disregards
physical or travel-time distance. We aim at developing indicators that clearly refer to
physical quantities such as probability of presence of people, closeness to some points
of interest in the sense of temporal distance through Easiest Paths and alike. We aim
to deliver alternative-complementary configurational models, methods, and measures
that are physically interpretable and intuitively understandable at the same time.
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Considering the essential importance of spatial configuration in functioning of
buildings, in accessibility of locations, and in mobility of people in cities, the general
objective of this research is to propose computational methodologies for analysing
and synthesizing architectural and urban configuration. These methodologies are
intended to be intuitive, extendable, and easy to integrate with computational design
workflows and spatial decision support systems. The constructs, models and methods
are designed to be comprehendible for both professional and non-professionals in that
they should only describe “physically tangible entities’ such as ‘travel time’, ‘passage
probabilities’ in the case of accessibility models and applicable constructs such as ‘a
smart polygon that remains visible from a point and maintains its surface area’. The
models and methods for urban configuration analysis should be adaptable to allow
for taking account of context, i.e. qualities pertained to the geographical place. Thus,
representing space in isolation from physical and geographical attributes (as in most
Space Syntax methods) would not be sufficient. The specific goals are enlisted below:

To deliver a design methodology for spatial layout that brings spatial network analysis
to architectural design process for assessing social, functional, or programmatic
performance of a building configuration;

To deliver a methodology for analysing the effects of spatial configuration on walkability
and bikeability; and

To merge spatial analysis in architectural scale with urban scale network studies in a
unified conceptual framework.

[tisintended to avoid subjective accounts as much as possible in developing constructs
and indicators. Forinstance, we avoid giving quantitative definition for such qualitative
things as ‘'liveability’ as much as possible. In addition, we focus on physical ‘dimension’
(or meaning) of all indicators developed. As mentioned above, we focus on the physical

and cognitive aspects that are objectively measureable.
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This research isinherently design-oriented. This orientation to design is twofold: 1) the
research is aimed at providing new workflows for spatial design and decision-making;
and 2) the research is conducted to design and produce theories, models, methods,
and constructs, NOT to test any hypotheses using existing models or theories. In other
words, it does not seek explanations as to how things are; it instead seeks for new ways
of making things. Therefore, the research has propositions instead of hypotheses and
its questions take the form of methodical questions.

The main question of this research is formulated as below:

How can we model spatial performance in architecture and urban design?

How can we obtain an architectural layout from a spatial configuration graph, while
controlling its performance? (Chapters 2, 3, 4)

How can we model the effect of spatial configuration on accessibility (e.g. by walking
and cycling) and mobility potentials? (Chapters 2, 5, 6)

How can we integrate architectural and urban spatial analyses and estimate the spatial
performance of design proposals? (Chapters 6, 7)

Prior to developing mathematical and computational models, we have reflected on the
nature of architectural and urban design processes, guided by an intensive study of the
so-called design research discipline (Cross, 1999). Practically, however, the research
requires design and development of computational models and methods for spatial
network analysis and synthesis. The topics enlisted below are within the scope of this
research:

Computer Aided Architectural Design

Graph Theoretical Modelling of Discrete Spatial Network Models

Computational Topology, Geometry, and Graph Drawing

Path-Finding Algorithms and Network Centrality Studies

Analytic Kernel of] Design, Planning or Spatial Decision Support Systems (DSS, PSS, or
SDSS respectively)

Spectral Graph Theory and Stochastic Modelling using Markov Chains
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The following topics are marginally related to this research but fall outside its scope:

Building Information Modelling (BIM)

Optimization of Architectural Layouts

Optimization of Spatial Configurations

Land Use Allocation and Density Distribution

Travel Demand Modelling and Transportation Forecasting Models

Land Use Transportation Interaction (LUTI) Models

Continuous Spatial Models for Pedestrian Flow Modelling and Path Finding in
Continuous Space

Travel Behaviour Studies and Mode Choice Models for Slow Traffic
Indoor/Outdoor Navigation, Wayfinding and Positioning Technologies

Travel safety, Scenic or Sensory Pleasance of Urban Routes

Validation of Volunteered Geographic Information (VGI) e.g. OpenStreetMap
Human Computer Interaction in Design Praxeology

Modelling and Simulation of Crowd Movements, Evacuation or Egress in Emergencies
Schools of Thoughts in Design and Planning

Philosophical Bases of Design Methodology

Database Management Systems (DBMS) in Decision Support Systems
Geographical Information Systems (GIS)

The specific reviews of state-of-the-art for each theme of this research are extensively
given in pertinent chapters. Here we present the general trends and point to the
underlying disciplinary structure of the fields dealing with subject matters of this
research.

The research is predominantly carried out in two generic areas of research, namely
Computational Design and Spatial Analysis.

In order to give an overview of the disciplinary status of our project, we introduce two
key areas in this research, namely:

architectural [and urban] design in a field that can be roughly called ‘Computational
Design’, and

configurational studies in the field of architectural and urban ‘Spatial Analysis".

Configurational modelling can be traced back to the early works of March and
Steadman in UCL back in 70's (e.g. (March, L, Steadman, P, 1974)), and later to
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those of Hillier and Hanson in 80's (e.g. (Hillier, B., Hanson, ]., 1984)). Late Alasdair
Turner significantly contributed to the development of computational models and
methods for spatial analysis. Michael Batty has contributed to the foundation of an
interdisciplinary field that can be called ‘Mathematical Modelling of Cities'. Researchers
such as Bin Jiang are recognizable for their work in the field of Geo-Informatics in
analysing urban spatial networks. Professional Computational Design practitioners
such as Christian Derix ( former head of Computational Design R&D group in AEDAS)
have contributed to recognition of the field in practice. In Transportation Modelling
research, few researchers such as Serge Hoogendoorn have worked on the foundation
of mathematical models of pedestrian flows and mathematical modelling of the so-
called slow traffic (walking and cycling).

Fora long time (almost 25 years), Space Syntax was the only option available for
studying spatial configurations. This situation has changed after the introduction of

a few alternative methodologies. Studying large networks seemed to be something
doable only via dedicated desktop GIS software applications; but that situation has

also changed by introduction of web-based GIS applications and free/open-source
geo-spatial DBMS such as PostGIS for PostgreSQL. Lastly, the availability of open geo
data allows for processing networks in almost any environment capable of computation
including CAD environments such as McNeel's Rhinoceros3D:. In short, performing
urban configuration analyses is not limited to Space Syntax software (e.g. Depthmap)
and GIS applications.

The use of conventional Spatial Decision Support Systems (SDSS) has been rather
limited in design practice, for a variety of reasons (Uran, Oddrun, and Ron Janssen,
2003)¢, namely complicated user-interface, lack of capability for [plain] evaluation
and ranking of scenarios, and most importantly lack of functionalities for easily
creating design alternatives (ibid). The latter shortcoming could be best handled in a
flow-based® computational design process, a paradigm in design technologies that is
often referred to as parametric design (e.g. Grasshopper3Dr, Generative Components?,
Tygron®, Flood). The potentials of this new paradigm are among the motivations

for choosing a parametric CAD environment as a testbed for implementation of the
methods proposed in this research. Ultimately, however, the research is focused on
the methods themselves, not on the technicality of implementing them in GIS or

https://www.rhino3d.com/

http://www.jpaulmorrison.com/fbp/

http://www.grasshopper3d.com/

https://www.bentley.com/en/products/product-line/modeling-and-visualization-software/generativecom-
ponents

http:/ /www.tygron.com/

https://www.floodeditor.com/
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CAD environment. Therefore, choice of a host environment, i.e. the parametric CAD
environment Grasshopper3D, forimplementing and testing the methods is not central
to the research, but rather a matter of convenience and practicality.

"non

Thisis a “Research in design methodology”, “Research in design technology” and
“Research in design application” termed and explained in (Cross, 1999) and (Horvath,
2001). This research utilizes scientific methods to devise models, methods, and
techniques applied in architecture and urban design. It has to be noted that this is NOT
a behavioural science research. It is not our primary intention to propose theories on
how people "actually’ move in buildings or in cities, at least not in the context of this
dissertation. Instead, we will provide the methods that can help other researchers to
study such phenomena. Therefore, the matter of validation of measures introduced in
the research with empirical data falls outside the scope of this research:.

To avoid further confusions regarding the difference between the process and the
products of this research, we distinguish the meanings and differences of a few terms
in the context of this thesis:

Methodology: a structured collection of methods®

Method: "a particular procedure for accomplishing or approaching something,
especially a systematic or established one” (Oxford Dictionary)

Technology: a structured collection of techniques*

Technique: “a way of carrying out a particular task, especially the execution or
performance of an artistic work or a scientific procedure”(ibid)

Model: a mathematical/computational replica of a system, process, or construct

36

It would be firstly impractical to expect a large body of validation studies comparable to those produced by
Space Syntax community in a period of over 25 years; secondly, we argue that the matter of validation should
be handled with more care, as we will suggest later in this dissertation. We will describe how the results of this
research can be potentially validated later. More importantly, validation and verification would be best done by
disinterested third parties.

“A system of methods used in a particular area of study or activity” (Oxford Dictionary)

Atechnology, literally meaning a science of craft, can be eventually operated by individuals that do not neces-
sarily know deeply how to act following the underlying scientific methods. In that sense the important role of
technology in this research is to bring scientific know how into practice.
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In this work we reserve the terms models and methods for mathematical or algorithmic
constructs and use the term technique for referring to constructs that pertain to
programming languages, testbed environments, execution dependencies and alike.

To give an overview of how this research has been structured, we point to a workflow
for design science research, which is a rather pragmatic way of structuring research
methods as a methodology in the context of developing design or “spatial decision
support systems” in the more general context of developing information or decision
support systems. "Design Science Methodology" is described in two frequently cited
papers on Design Science Research Methodology (March, Salvatore T., and Gerald F.
Smith, 1995) that is specifically on ‘designing Decision Support Systems’ and another
one thatis on ‘designing Information Systems in general’ (Peffers, K, Tuunanen, T,
Rothenburger, M A, Chatterjee, S, 2007). Software Engineering, Management, and
Design Research (design methodology) have borrowed many terms, methods, and
frameworks from each other in that they all deal with kinds of design activities that
aim at developing new systems or changing systems for improving certain processes or
situations.

“Historically and traditionally, it has been the task of the science disciplines to

teach about natural things: how they are and how they work. It has been the task of
engineering schools to teach about artificial things: how to make artifacts that have
desired properties and how to design. Engineers are not the only professional designers.
Everyone designs who devises courses of action aimed at changing existing situations
into preferred ones. The intellectual activity that produces material artifacts is no
different fundamentally from the one that prescribes remedies for a sick patient or the
one that devises a new sales plan for a company or a social welfare policy for a state.
Design, so construed, is the core of all professional training; it is the principal mark
that distinguishes the professions from the sciences. Schools of engineering, as well

as schools of architecture, business, education, law, and medicine, are all centrally
concerned with the process of design” (Simon, 1999, p. 111).

The 'design science’ research process put forward by (Peffers, K, Tuunanen, T,
Rothenburger, M A, Chatterjee, S, 2007) includes the following steps:

Problem Identification and Motivation,
Definition of Objectives for a Solution,
Design and Development,
Demonstration,

Evaluation, and

Communication
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In other words, it can be seen as a process of:

Conceptual Problem Formulation,
Design and Development,
Implementation,

Verification, and

Validations

March et al (March, Salvatore T., and Gerald F. Smith, 1995) define this process, in a
slightly different manner, as:

Build,
Evaluate,
Theorize, and
Justify

In their definition, they identify the research products as:

Constructs,
Models,
Methods, and
Instantiations

This latter definition exactly describes the line of work reported in this dissertation.
The mentioned steps have been followed iteratively through many cycles of conceptual
development of mathematical models, design and implementation of algorithms,
verification, crowd sourced test and validation, evaluation and theoretical reflection’. A
summarized version of our research methodology is shown in Figure 1, in terms of the
critical phases.
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FIGURE 1 the research methodology of this dissertation summarized in terms of critical phases

This diagram is expanded in the next chapter, which goes into the details of the
research methodology.

§ 1.10.1 Literature Review

There are different research communities sometimes working on similarissues that
might not communicate to each other nor acknowledge each other’s work unless

there is wide public recognition of the work. Relevant examples of such diverse
research communities are those of spatial analysis and in particular space syntax,
geo-informatics, computer aided design and transportation planning. Being aware of
this diversity and the differences in terminologies and jargons, we have sought traces
of relevant research works in these areas. As this research is primarily architectural, the
literature research was commenced with Space Syntax literature (initiated by Bill Hillier
and Julienne Hanson)?, extended then to the wider scope of Spatial Analysis research
that is best presented by typical researches of the Centre for Advanced Spatial Analysis
(CASA®) at University College London (led by Michael Batty). We have conducted a
review of advanced computer aided [architectural] design CAD and CAAD methods®
going back to pioneering works such as those of Lionel March and Philip Steadman

a http://www.spacesyntax.net/
b http://www.bartlett.ucl.ac.uk/casa
C To keep up with updates in this field we have been checking this extensive database: http://cumincad.scix.net/

cgi-bin/works/Home
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and followed the publications of the Pion Publishers and relevant articles of the journal
Environment and Planning B=.

We have also checked relevant topics from the scholarly journals on Geographic
Information and Geomatics® where on urban networks and accessibility. We have searched
for papers also in the areas of design, planning or spatial decision support systems.
Literature review has been carried out throughout the research process to keep updated
with the state-of-the-art in the aforementioned disciplinary areas. In addition, it is
notable that prior to mathematical computational research we skimmed many papersin
the interdisciplinary domain area of design methodology and design research represented
by key figures such as Herbert A Simon, Donald Shon, Horst Rittel, Nigel Cross, Kees

Dorst, Brayan Lawson, Rivka Oxman, and Gabriela Goldschmidt. This was because of the
intention of delivering design (research) methodologies that will be practically used, so it
was necessary to know more about the design process before thinking of structuring it.

Problem Formulation and Conceptual Design

Formulations of what could be or should be designed as ‘configuration analysis and
synthesis’ methods in architecture and urban design have been revised in iterations
after each feedback cycle of test and development. The theoretical underpinnings

of this research are rather phenomenological in line with those of Space Syntax;
however, we have eventually developed alternative or complementary methods to
those of space syntax. We have devised a conceptual framework that consistently deals
with architectural and urban spatial networks, which is implemented and tested as
prototypical spatial decision support systems. Based on the mathematical framework,
we have developed data models, algorithms, and processes (design or analysis
workflows) for dealing with architectural and urban configurations.

The most notable mathematical and/or computational constructs developed in this
research are as follow:

the Easiest Path algorithm,

Fuzzy Spatial-Temporal Accessibility Models (of walking and cycling),
generalized Network Centrality Models,

Graph Drawing Methods,

Generalized Voronoi and Alpha Shape models (of walking/cycling zones),

40

http://www.envplan.com/B.html

Such as, but not limited to the journal of Geographical Information http://onlinelibrary.wiley.com/jour-
nal/10.1111/(ISSN)1538-4632
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Interactive Bubble Diagrams,

APlan Layout Topology Enumerator,

Isovist Bubbles, Easiest Path, and

A family of Random Walk models (Discrete Time Markov Chain [DTM(]).

Implementation and Test Cycles

In order to ensure the methods and models perform consistently in mathematical
terms, many verification tests on the implemented results have been performed urging
new developments of methods, models, and algorithms. Methods presented in this
dissertation have been programmed and put in the form of design toolkits. These
toolkits, have been released publicly as freeware applications, and have been tested
ever since, by two growing and diverse user groups dedicated to dissemination of the
design toolkits and collecting user feedbacks. Here we introduce the toolkits briefly and
provide links to their download pages and their user groups:

SYNTACTIC

Space Syntax for Generative Design (2013 onward); features include
real-time space syntax centrality indicators, interactive bubble diagrams
using automated graph drawing, revealing all possible planar topologies for
plan layout, and Isovist Bubble Agents

Dedicated User Group: Space Syntax [for Generative Design] SYNTALTIC

CONFIGURBANIST

Urban Configuration Analysis for Walking and Cycling (2012 onward):
features include computation of easiest paths, fuzzy accessibility measures,
walking and cycling zones of preferred access using Generalized Voronoi
Diagrams and Alpha Shapes EOMFGURRLUINT
Dedicated User Group: Cheetah the CONFIGURBANIST

CONFIGRAPHICS

Configraphics.dllis a library of methods used in both SYNTACTIC & forthcoming
CONFIGURBANIST for analysis and synthesis of spatial configurations®.
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§ 1.10.5

Research Tools and Techniques

Mathematical and Computational Modelling and Simulation have been the main
tools of this research. The tool suites CONFIGURBANIST® and SYNTACTIC® contain
[partial] implementation of the methodologies presented in this dissertation.

They have been developed for Rhino3D®¢ and Grasshopper3D©*, released and tested
since 2012. Algorithms have been implemented in C# and VB.NET (Object-Oriented
Programming languages from Microsoft Dot Net Framework, alias MSDN) in some
cases using type definitions and geometric computation methods of Rhinocommon,
i.e. the library of methods provided by McNeel’ company, i.e. the vendor of Rhino3D
and Grasshopper3D. Urban network models are extracted from OpenStreetMapsé or
governmental 2D and 3D GIS data.

Assessment and Adaptation

There have been many implementations, which we do not report in this dissertation
for they have been unverified or invalidated in cycles of test and development. The last
implementations have been sequentially tested in international workshops and then
released to computational design community to benefit from crowd sourced test and
validation of intended features.

The international workshops conducted by the author (together with international
colleagues) are enlisted below in chronological order:

Measuring Urbanity", Lisbon 2012 Technical University of Lisbon, with Dr. Jose Nuno
Beirao, Dr. Jorge Gil, Dr. Nuno Montenegro
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https://sites.google.com/site/pirouznourian/configurbanist

https://sites.google.com/site/pirouznourian/syntactic-design

https://www.rhino3d.com/

http://www.grasshopper3d.com/

http://4.rhino3d.com/5/rhinocommon/

http://www.en.na.mcneel.com/

https://www.openstreetmap.org/#map=15/52.0085/4.3693&layers=CD

http://www.measurb.org/en/home.html
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“Tarlabasi” Datascope®, Istanbul 2013, Istanbul Technical University, with Dr. Ahu
Sokmenoglu and Dr. Jose Nuno Beirao

Urban Datascope®, Delft, at 31st eCAADe conference 2013, with Dr. Ahu Sokmenoglu
and Dr. Jose Nuno Beirao

Generative Syntax in Architecture and Urban Design®, with Ir. Richard Schaffranek at
AAG 2014 (Advances in Architectural Geometry, UCL, London)

Cityscape Configuration®, with Ir. Philip Belesky at 33rd eCAADe 2015, TU Wien

§ 1.11 Related Tools and Methods

The following software applications are related to the area of this research in that they
provide various methods of configurational analysis or synthesis. The actual list could
be longer, but these are representative (not exhaustive):

— DepthMapX Space Syntax and Visual Graph Analysis developed by Alasdair Turner,
maintained by Tasos Varoudis at UCL

— CASA space syntax- software by Michael Batty

— Urban Network Analysis (UNA) Toolbox for ArcGIS 10.1 and Rhinoceros 5 by Andre
Svetsuk and the City Form Lab & Urban Network Analysis Toolbox for Rhino3D" by
Andres Sevtsuk, Michael Mekonnen, Raul Kalvo.

— Space Syntax for QGIS?, by Jorge Gil, UCL Space Syntax Laboratory

— Place Syntax" by Alexander Stahle et al KTH

— SpiderWeb for Grasshopper' by Richard Schaffranek a graph theory algorithm library for
generative design (presented in (Schaffranek, R. and Vasku, M, 2013))

— Decoding Spaces suite for Grasshopper’ by Martin Bielik, Sven Schneider, Reinhard
Konig, not currently available
https://tarlabasidatascope.wordpress.com/
https://urbandatascope.wordpress.com/ & http://ecaade2013.bk.tudelft.nl/
http://www.gbl.tuwien.ac.at/Archiv/digital.html?name=AAG2014
http://info.tuwien.ac.at/ecaade2015/workshops
https://www.bartlett.ucl.ac.uk/casa/latest/software/ajax-software-for-generalised-syntax
http://cityform.mit.edu/projects/urban-network-analysis.html
https://github.com/SpaceGroupUCL/qgisSpaceSyntaxToolkit
https://www.arch.kth.se/en/forskning/urban-design/spatial-analys-and-design-sad-1.298350
http://www.gbl.tuwien.ac.at/Archiv/digital.html?name=SpiderWeb, http://www.food4rhino.com/project/
spiderweb?etx
http://www.decodingspaces.de/content/decoding-spaces-components-grasshopper-rhino
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— Place Logics?, an urban centrality analysis methodology (Sergio Porta et al)

http://www.placelogic.org.uk/insights/place-logic-brochure-2015.html
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The key areas of scientific contribution of this work are advance theories and methods
of spatial analysis for studying ‘movement and social interaction potentials in buildings
and built environments’. Specifically, this project proposes:

methods for synthesising spatial layout based on configuration accompanied by real-
time feedback on spatial performance; and

methods for analysing ‘the effects of configuration on active mobility (i.e. walking and
cycling)’, while introducing new methods and algorithms such as Topological Layout
Enumeration, Isovist Bubbles, the Easiest Path algorithm, etc.

The proposed mathematical-computational frameworks will facilitate further
systematic design research in the fields of Computer-Aided Architectural Design
(CAAD) and Spatial Decision Support Systems (SDSS).

The societal relevance of the proposed architectural design methodology is to provide
a workable way of studying the potential programmatic performance of complex
buildings, while offering an intuitive configurational approach to spatial layout. These
methods can be eventually used in optimizing the functioning, as well as, safety and
security of buildings such as hospitals, airports and alike. The urban configuration
analysis methodology developed in this research provides a comprehensive framework
for assessing feasibility and suitability of walking and cycling according to the geometry
and topology of environment and the location of facilities (land-use attractions). It
therefore helps in assessing scenarios in which walking and cycling as sustainable
modes of mobility are to be promoted, by providing the essential knowledge base for
spatial analysis and prediction of possible outcomes of any action that would change
the configurational structure of built environment.
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The methodologies have been implemented as design technologies, which are already
available outside the lab environment. These developed technologies range in TRL
(technology readiness level) of 4 to 7 (source: HORIZON 2020 - WORK PROGRAMME
2014-2015 General Annexes). The definitions of the TRLs are given below for reference:

TRL 1 - basic principles observed

TRL 2 - technology concept formulated

TRL 3 - experimental proof of concept

TRL4 - technology validated in lab

TRL 5 - technology validated in relevant environment (industrially relevant
environment in the case of key enabling technologies)

TRL 6 - technology demonstrated in relevant environment (industrially relevant
environmentin the case of key enabling technologies)

TRL7 - system prototype demonstration in operational environment

TRL 8 - system complete and qualified

TRL 9 - actual system proven in operational environment (competitive manufacturing
in the case of key enabling technologies; orin space)

Chapter 1 gives an overview of the dissertation. Chapter 2 goes in depth in theoretical
underpinnings of the research and the research methodology of the thesis. Chapter 3
presents models and methods developed for analysing and synthesising architectural
configurations. Chapter 4 presents the implementation results and tests performed on
the methods of chapter 4 in SYNTACTIC tool suite. Chapter 5 presents the structured
collection of models and methods for analysing urban configurations, computation

of easiest paths for walking and cycling, fuzzy accessibility and catchment and
construction of a mathematical model of a Markov Chain for probabilistic modelling of
expected value of pedestrian or cyclist flows. Chapter 6 presents the implementation
of methods of chapter 5 in the tool suite CONFIGURBANIST. Chapter 7 concludes the
research by summarizing achievement, contributions, and limitations of the research
results. Figure 2 shows an outline of the dissertation.
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Dissertation Structure & Outline
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The research methods and their theoretical underpinnings
v v

A Configurative Design } A Spatial Network Analysis
Methodology Methodology
for for

Architectural Configurations Urban Configurations

—~——

Implementation Details of Implementation Details of

Development, Application & } Development, Application &
track A { track B

v v

Summary of Achievements and Limitations

FIGURE 2 dissertation outline
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2.1

Research Methodology

What distinguishes a research methodology from a mere collection of methods is a set
of theoretical underpinnings, which can be considered as the theory of the methods
(Horvath, 2004). This chapter is to present the theoretical underpinnings of the

work and explain its research methodology. Additionally, we clarify our view on the
theoretical extent to which mathematical and computational models, analyses and
simulations can benefit planners and designer in assessing the consequences of spatial
decisions in spatial configurations such as ‘large & complex buildings’ and ‘cities’.

This chapter eventually presents the way the products (models, methods, tools, etc.)
of this project have been developed. Prior to that, it elaborates on the theoretical
underpinning of this work; especially regarding design methods, necessity of methods,
systematization of design processes, and the role of analytic tools in design.

It is obvious that the methods used to develop the products of this research are
mainly of mathematical and/or computational nature. Had the definitions existed
prior to the commencement of this research, the project would have been a
relatively straightforward engineering R&D project in the areas of computational
graph theory, computational topology?, computational geometry, computer aided
geometric modelling, mathematical modelling, and scientific computing. However,
the very definition of ‘'what’ needed to be developed has been one of the key subject
matters of the research; in fact, we have revised such definitions several times. In the
following sections, we give an overview of our theoretical reflections on ‘'what needs
to be developed'. Afterwards, we give an articulated description of 'how the models,
methods, and constructs have been developed".

49

Computational Topology (Edelsbrunner, H., & Harer, J., 2008) deals with General Topology (Point Set Topology)
and particularly with Algebraic Topology which deals with simplicial complexes and Topological Graph Theory
(that studies the spatial embeddings of graphs). Hereafter, for brevity and simplicity we refer to these fields as
topology with the suffixes .ic or .ical for adjectives refereeing to constructs pertaining to these fields.
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Readers who are only interested in "how the work is carried out’, might skip all the
following sections and go directly to the section & 2.7. Methodological Approach, i.e.
where we elaborate our earlier description of the research methodology in the previous
chapter. The sections preceding that will explain reasons behind ‘why the work is
carried out in this way".

As mentioned above, having had a clear-cut definition of what needed to be developed

at the beginning, the research could have been potentially reduced to a relatively
straightforward engineering research. However, a great deal of effort has been put exactly
on defining ‘'what’ should be developed, regarding its ultimate application in design.

The nature of design activities in architecture and urban design is different from most
engineering design tasks in that these disciplines require performance criteria pertained
to human behaviour that are not easily measureable. The most important functional
requirements for designing buildings and cities pertain to human factors and social
behaviours, asin large complex buildings and cities. Conversely, in most other engineering
fields design requirements can be expressed clearly and undisputedly in terms of
physically quantifiable performance criteria. The inherently complicated nature of design
problems -in architecture and urban design- brings about a number of challenges in
approaching design as a systematic activity. However, the very idea of a design method
implies a view of design as a potentially systematic activity. Here we report some key
points from our design research studies and reflections on these matters, namely on 'the
nature of design activities' and 'systematization of design’.

What is special about design problems?

Inan engineering design task, forinstance in designing a structure, such things as
minimum use of materials or maximum seismic resilience of the structure are key
performance aspects, which can be defined, analysed, and evaluated; based on which
design options can be objectively compared so as to optimize a design. This is not the case
for architecture and urban design in that their essential functioning has to do with the
way people would interact with them. People as intentional /anticipatory systems are not
predictable as natural causal systems; at least not so certainly as natural systems. This

is one of the reasons as to why humanities and social sciences often employ alternative
forms of enquiry, which are essentially different from those of natural sciences.
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Design and Planning problems have been distinguished from engineering problems
asill-defined/ill-structured problems (Simon, 1999), wicked problems (Rittel,

H. & Webber, M., 1973), unique problems (Schon, 1987), or situated problems
(Dorst, 2007).

In their seminal paper ‘Dilemmas in a General Theory of Planning’, Rittel &
Webber(ibid) describe the peculiarities of planning problems in terms of the absence of
consensus on definitions of quality criteria, the vagueness of problems themselves, the
unknown ways to solve them and alike. Most of such difficulties can be traced as to be
about the human aspects of design and planning issues, simply because, in design and
planning, we are not dealing merely with physical measureable things, but we are also
dealing with social debatable aspects of things. We are designing for human societies
whose views regarding what is of quality are usually subject to social, cultural, political,
or economical debates. The geographical, contextual, and societal uniqueness of
design problems is remarkable. Rittel and Webber term design and planning problems
as 'wicked’, in order to emphasize the fact that they elude easy formulations: both at
the level of goals and at the level of their variables. Most important of all, they mention
that these are problems for which one could conceive ‘good or bad’ solutions but not
‘true or false’ ones. We can realize this fact by looking at all the debates going on about
the way we can measure spatial qualities; or more controversially, if we can measure
sustainability in its entirety and alike. From a philosophical point of view, this implies
that arguing about 'absolute optimality’ of a design solution is rather futile or pointless
(ibid).

To deal with design problems, designers have to ‘frame’ a situation and ‘formulate’
design requirements into what we can formally call ‘design problems’. It is deluding
tojump to the conclusion that design is about solving such problems; while the more
important step in design is the very formulation of a problem (elaborated in the
section§ 2.3.1 Design Paradigms); as a problem formulation determines the scope of
what 'can be possibly achieved’ out of a design process. To illustrate this point, we shall
contemplate on a thought experiment on 'problem solving’ later in the next section.
Design problems are also characterized with vague and (often)-conflicting goals, whose
importance are usually hierarchical. It would be simplistic to deem design as seeking
for the best option, as there are usually no benchmarks clearly defining what could
possibly be the best outcome, let alone the complicated task of creating options to
begin with. In many situations, design is practically about explorations and making
trade-offs so that a performance aspect becomes ‘good enough’ whereas another is

as good as possible within the (often many) constrains. All such evaluations are also
subject to an evolution of the formulation of problem itself; as the definition of what is
good also evolves throughout an exploratory process (Designing without Final Goals,
(Simon, 1999, pp. 162-165)), and (Dorst & Cross, 2007).
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Problem Formulation vs Problem-Solving

There is certainly room and necessity for many optimizations in any design process, but
the whole process cannot be reduced to an engineering problem solving (optimization)

process for two main reasons: firstly, because such a view takes the existence of
problem formulations for granted while disregarding the complicated reality of

designing. Suppose a hypothetical situation in which a designer is to design a polygonal

house plan to be built with a certain limited amount of bricks in order to maximize

the house area, choosing a rectangle as a basic form, we can immediately jump to
optimization and formulate the problem as follows:

Problem Setting/Formulation

Constraint

Design Variable

Objective (Fitness) Function

Problem-Solving

Solution

Suppose the design is formulated as a rectangle with the width W and
height H, which its area is desired to be maximized (Given the perimeter
as a constant P). In other words, the problem is to find the maximum
rectangular area that one can circumscribe with a rope of the length P.

We have:

Parimetar =% Given

Maximem frga? = Desirad

W
P =2(W + H) = Constant

Either W or H can be considered as a variable parameter:
. (P—=2W) (P —2H)
Either H = —y  or w = —

We can write the Area as a function of the single variable W as below:

w
Area(W)=W.H =W. > =PW/2-W?
Area’ (W) = P/2 —2W
P yields
Let Area’ (W) =E_2W =0 — W=P/4 & H=P/4

Areaq, = W.H = P?/16

Perimeter = F H=P/4

Area= P?j16

w:Ff 4

FIGURE 3 an exemplary design optimizatoion probelm
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The maximum area achieved hereis equalto W.H = P?/16 , whereas if the designer
in question had chosen a circle, they would have achieved the following surface area:

A 2 p 2 tyieldsA (P)Z P2 P2
= = = —_— = — = — —
nr-, nr cons T o I 16

This implies that formulating the plan, as a circle would have resulted in a better
performance, given this view of utility (maximum possible area). This is to show the
importance of the very first formulation. In this case, it is rather easy to see that there
is a shape with an absolute maximum surface area, given a constant perimeter (i.e. a
circle). However, even this formulation might result in a design that is of little overall
utility, because of such things as the difficulty of planning spaces in a circular plan
(e.g. because of rectangular furniture, etc.). In other words, it will not be feasible,

wise, or practical to formulate all design goals mathematically, and even if possible,
then the initial formulation would determine the extent to which a certain design can
achieve a certain level of performance. This is to say problem formulation is much
more important than problem solving. Note that problem-solving methods are usually
routine and standard whereas there are hardly any simple set of explicit rules for
formulating design problems. Some might think that Multi-Objective Optimization

is a final solution to all design problems. We argue that these are search methods for
finding the best option in ‘search space’ (design space) that the designer has defined.
If the designer has not given rise to a set of good options, they will never be found even
with the best search algorithms!

On Automated Design

Although not a very popular idea anymore in architecture and urban design, there are
still some scholars pursuing the goal of making design machines that could automate
design. The matter of automating design is perhaps interesting from the perspective
of artificial intelligence research. However, automating design decisions in most cases
is not practical. Observe the fact that designers and planners do not use such systems.
This is not simply because they fear to lose their jobs as computers might be more
intelligent than they are, but mainly because such systems can hardly be used in real
design situations. The whole idea of expecting design machines to generate design
automagically is so simplistic that is out of question for an experienced designer.
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Examples of such systems include algorithms designed to give the best plan layout
for an apartment (see forinstance this survey (Lobos, D., Donath, D., 2010)). Many
such systems define design as minimization of circulation routes and packing; an
assumption thatis too simplistic for many real-world situations.

Logical Leap in Design

From a philosophical point of view, i.e. Philosophy of Science and Technology, there
appears to be a ‘logical leap’ in design processes (Kroes, Peter and Meijers, Anthonie,
2006). This is because designers are supposed to produce a concrete form in order

to fulfil some abstract functions (ibid). Practically, a designer is usually briefed with a
verbal vague description of what is required or desired and then they are to produce

a spatial structure, which supposedly fulfils those needs. There is no one to one
relation between forms and functions and so it appears that there is a lot of guesswork,
reasoning leaps, and speculation involved. In other words, the process does not seem
to be particularly logical.

Nigel Cross (Cross, 1982) provides a plausible description of this process, i.e.

the transition from abstract to concrete, in terms of how designers “use ‘codes’
that translate abstract requirements into concrete objects”. This is central to our
approach to design as we propose systematic ways of bridging this gap between
abstract functional descriptions and concrete geo-spatial structures by medium of
‘configuration’ and ‘configurational analysis".

Design Methodology & Design Research

Design Research is a disciplined [interdisciplinary] conversation (Cross, 1999).

The discipline was initiated around central questions on the ideas regarding
systematisation of design (by means of design methods), which began with the advent
of computers around 50 years ago and the need to rationally and quickly reconstruct
the world after the devastation of the WWIL.

There were initially positivistic ideas on systematization and even automation of
design; such ideas were later mostly rejected (even by those who found such ideas in
the first place such as Christopher Alexander). Later there were trends on studying the
nature of design activities as practitioners experience them (Cross, 1982).
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Design research can be described as the field of study dealing with (Cross, 1999):

Design Epistemology: that is about studying design knowledge® and "how designers
think’ (Lawson, 1980) and the nature of their so-called tacit knowledge, knowhow, and
experience

Design Praxeology: that is about how designers work in practice, how the design
process proceeds and what is/could be the role of design, representations, tools, and
medjia in designing

Design Phenomenology: that is about studying the nature of what is produced in
designing, mainly about form and configuration studies (conventionally known as
architectural or urban morphology)

All topics are related to the subject matter of this research, because if we are toimprove a
certain practice, firstly we need to know how it is in reality. We need to know: what form of
knowledge can be useful (concerning design epistemology); when [procedurally] it can be
useful (concerning design praxeology); and in what form should we present information
to be best integrated with a design workflow (concerning design phenomenology)? This

is to say mostly we need to have a knowledge on the nature and dynamics of the ‘design
process’ in question. In the following section, we specify the theoretical underpinnings of
ourwork, in terms of our epistemology, praxeology, and phenomenology.

55

This can be a debateable title as epistemology refers to studying the origin, nature, validity, and limitation of
scientific knowledge but ‘what designers know’ and 'how designers think’ are not necessarily the subject of
epistemology because design knowhow involves unscientific knowledge as well as scientific knowledge. Foran
alternative account of this topic, refer to (Horvath, 2004). Our view is that design knowledge should be struc-
tured and that we should seek to develop a scientific body of knowledge that could guide design actions.
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We advocate a direction in design that seeks scientific knowledge of social and
environmental consequences of spatial decision in order to base design decisions on
such knowledge models and evidences from spatial analyses.

We do not pursue such goals as predicting the exact behavioural patterns of people
in buildings or cities; nor do we advocate replacing observation and reflection by
simulation. Simulation models®are based on reduction and abstraction and so they
cannot replicate the entirety of reality, so they are all wrong® in the absolute sense of
the word; however, we can discuss the extent to which our models can be useful.

In this section, we specify our view of the nature of design knowledge, design
processes, and design representations and theoretical limits on how these can be
possibly structured, strengthened, or systematized by means of mathematical and
computational models and methods.

§ 2.3.1 Design Epistemology: Design Paradigms

The subject of epistemology is the nature of knowledge and its basis, validity, and
limitations. The topic of ‘nature of design knowledge and design activities' has been
scholastically debated for over forty years so far (Cross, 2007); and there is a paradigmatic
discourse named Design Research around it (Cross, 1999)°. There have been many
efforts on rationalizing design activities; and as one can imagine, many reactions against
such efforts. Design Methodology, as a genuine branch of design research is mainly about
design processes and the ways they can be organized and improved.

There are two opposing 'design paradigms’, which seek to describe the intellectual nature
of design activity, while offering propositions for improving it: One emphasizes the
importance of creativity and experience (Schon, 1987), while the other is more concerned
with the soundness of a design process in terms of scientific research methodology and
rationality (Simon, 1999). We can identify a third stance in between, considering both
stances as contextually relevant, by deeming design activity as something dependent on
the kind of design problem at hand and the level of expertise of the practitioner.

"Essentially, all models are wrong, but some are useful.” George E. P. Box (Box, G. E. P., and Draper, N.R.,
(1987), Empirical Model Building and Response Surfaces, John Wiley & Sons, New York, NY.)
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In Table 1 we present an outline of design paradigms, in relation with their
epistemological stances after (Dorst, 1997), (Okasha, 2002), and (Dorst, 2007).

SUBJECTIVITY INTER-SUBJECTIVITY OBJECTIVITY

Context of Discovery Context of Interpretation Context of Justification

Arguments based on experience Inference to the Best Explanation = Arguments based on rules, laws
and/or observation and widely accepted principles
Design as a Reflective Practice Design as Co-evolution of Prob- Design as Rational Problem Solving
The Reflective Practitioner (Schon,  lems & Solutions (Maher, 1996)&  The Sciences of the Artificial

1987) (Dorst & Cross, 2007) (Simon, 1999)

Unique Problems Dealing with Wicked Problems Ill-Structured Problems

Brief: Designer is free to 'see’ the (Rittel, H. & Webber, M., 1973) Brief: Designer can ‘reduce’ and
problem at hand and ‘frame” it [through] ‘formulate’ a design problem using
in a particular manner; based on ‘Situated Interpretations’ (Dorst, mathematical formalisms and

this frame s/he makes a move and | 2007) then seek for a scientific "problem
then again ‘see’s or tests the out- solving method’ in a rational
comes in a rather cyclic manner. manner.

TABLE 1 Anoutline of design paradigms, in relation with their epistemological stances after (Dorst, 1997),
(Okasha, 2002), (Fallman, 2003), and (Dorst, 2007)

The paradigm "Design as a Reflective Practice”, maintains that a designer ‘sees’ the
problem; 'frames’ it according to their own constructs; makes ‘moves’ (offers tentative
solutions for the at hand problem); and then ‘tests’ the alternatives according to some
criteria and this rather cyclic activity continues till the designer becomes satisfied

with a solution. The opposing paradigm, “Design as Rational Problem-Solving”, holds
that the design problem should be formulated in mathematical formalisms through
scientific reduction, and based on such formulations relevant problem-solving
methods should be found and applied.

Whether we call it ‘formulation’ or ‘framing’, there is a phase of ‘interpretation’

at the beginning of a design process. Kees Dorst in (Dorst, 2007) describes the
epistemological basis of design as being hermeneutical orinterpretational: as

the specific kind of reasoning applied to design appears to be so. He maintains

that hermeneutics of Hans Georg Gadamer, can bridge the epistemological gap
between the opposing poles (of the paradigmatic spectrum) as it identifies “situated
interpretations”.

Thatis to say, interpretations in different design situations depend on the nature of the
design problems involved in the design assignment. In other words, our interpretation
of a design situation, depending on how “determined (i.e. structured and clear)” it s,
can be objective, subjective, orinter-subjective. If the nature of design assignment is
“determined”, meaning that we deal with a reasonably known generic problem, it is
worthwhile to seek for a generic formulation of it (such as the problems we formulate
in this dissertation). Whereas, if the situation is so unique that its peculiarities cannot
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be reduced into any sort of known formalized problem, or they simply are not worth
modelling, then the designer is free to choose a creative frame to interpret the problem
in their own way. The importance of designer’s interpretation of a situation is clear

in both of the opposing paradigms. The subjective paradigm (Schon, 1987) holds
‘framing’ as the important interpretational activity, i.e. the way a designer ‘sees’ the
problem. With a different terminology, the objective paradigm (Simon, 1999) also
considers problem setting as the interpretational activity central to design thinking.

Aninterpretational notion of design process is constructive because it allows for
explaining the kind of actions designers and planners actually take in dealing with
various built environment design or spatial planning problems.

Design Praxeology: Design Process & Design Methods

This section pertains to design praxeology as explained earlier. Engineering design
methods are used extensively in many fields of engineering from mechanical
engineering to software engineering, without much resistance from practitioners.
However, proposing design methods for spatial design and planning is a very delicate
matter as to the peculiar nature of the ‘problems’ dealt with in such fields.

Proposing a model (conceptual framework) of design process has been central to
design methodology ever since the discipline has come into existence. The two design
paradigms define design process in a relatively ideal form; but from our pragmatic point
of view, the description of Lawson (Lawson, 1980) turns out to be more useful and
accurate, at least about the type of design that we are advocating (i.e. systematic and
evidence-based). He describes design as being about Analysis, Synthesis (generation of
design alternatives)*!, and Evaluation actions in cycles, going back and forth in between
alternating problem formulations and solution propositions, pointing to the fact that
design process is not a linear process; but rather re-iterative (in a manner of speaking).

This view is also in line with viewing design as a course of ‘co-evolution of design
problems and design solutions’ proposed by Maher & Poon (Maher, 1996) , which

was later substantiated by protocol studies by Dorst and Cross (Dorst & Cross, 2007).
The concept is that design is a course of actions that produces tentative problem
formulations and corresponding tentative solutions; the outcomes are the fittest, which
have survived tests and evaluations. As the term evolution suggests, there is something
about checking ‘fitness’ of a design in this process. For the reasons mentioned

before, mainly that spatial design and planning deal with social, cultural, political and
economic systems, it might be quite problematic to talk about ‘fitness’ in an absolute
engineering sense. For this reason, it can be seen that evaluation, i.e. reaching to
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conclusions on goodness or fitness of a design or plan could be (and perhaps should

be) a debateable action. Think of defining such concepts as sustainability (in its
entirety) and formulating their meaning in quantitative terms for instance to realize the
importance of intellectual debates in evaluation. Synthesis of form and configurations
is of course obviously a design specialism. In this dissertation, we shall introduce
methods for automated analysis (of spatial configurations), interactive synthesis (for
architectural plan layout), and an exemplary way of evaluating walking and cycling
accessibility of neighbourhoods.

In line with the abovementioned notions of design process, Nigel Cross has
characterized the “designerly ways of knowing"” in (Cross, 1982). He maintains that
designers have a particular way of thinking, different from those of scientists or artists:

Designers tackle ‘ill-defined’ problems.

Their mode of problem-solving is ‘solution-focused'*”.

Their mode of thinking is ‘constructive’.

They use ‘codes’ that translate abstract requirements into concrete objects.
They use these codes to both ‘read’ and ‘write’ in “object languages”.

In a sense, our work can be seen to be in the direction of strengthening this language of
‘codes’ by benefiting from representations of graph theory.

Design Phenomenology: Design as Spatial Configuration

This section clarifies our phenomenological stance on design. To this end, we focus

on the nature of design representations. We can observe a design process by tracing

its evolving representations in a spectrum of abstract to concrete: from abstract verbal
descriptions of programmatic or functional requirements to concrete physical plans.
Spatial Configurations lie somewhere in the middle of this spectrum, in that they

can help in defining relations among functional entities as abstract graphs and when
embedded in 3D space as topologies they come closer to the concrete geometric world.
It is because of such properties that configurations seem ideal for bridging ‘the logical
leap’ in spatial design.

Inspired by the theoretical framework of Space Syntax (Hillier, B., Hanson, J., 1984)
theories, we define configurations as a labelled [possibly directed] simple graphs (as in
graph theory) composed of nodes and links representing spatial connections between
the nodes, be it room-like spaces in buildings or streets in cities. In producing such
graphs, certain geometrical or geographical characteristics of spaces can be attributed
to either nodes or links of configuration graphs. Units of space in a configuration graph
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can be rooms (as convex or star-convex spatial units) in buildings or streets in cities. As
apparent in this definition, we extend the definition of 'space’ to ‘geographical space’,
which can be dubbed 'place’ in urban studies. This is where our approach differs from
that of Space Syntax and comes closer to that of Place Syntax (Stadhle A., Marcus, L. and
Karlstrom, A., 2008).

Configurations can be analysed in terms of their likely effects on such things

as probability of social encounters and interactions, wayfinding, mobility, and
accessibility. A configurative approach to design can help in bringing analysis of
functional /programmatic performance to design. Such an approach would be intuitive
for human designers and at the same time clearly structured and comprehensible for
computer programs.

§ 2.3.4 Causality, Limitations of Models and Decision Support

Design is essentially concerned with "how things ought to be’ and characterized by
synthesis (i.e. making and composing), whereas science is more concerned with "how
things are” and it is characterized by analysis (see (Simon, 1999, pp. 4-5) (Cross,
1982)). Nevertheless, immediately after something is realized as a physical structure
it can be analysed in terms of its ‘state’, ‘behaviour’, or ‘performance’. However, it is
important to have a body of scientific knowledge that could ‘explain’ how a spatial
system would ‘probably’ work in reality; e.g. in terms of facilitating, encouraging, or
hindering certain spatial interactions. Such a body of knowledge can form the basis for
a planning support system (PSS) or a spatial decision support system (SDSS)*°.

There are theoretical limits on what we can possibly model, explain, and predict using
mathematical and computational models. These limitations mainly arise from a
difference between natural phenomena and artificial phenomena.

We need to highlight a difference between the natural environment (mere physical)
and the artificial environment (physical environments as spatial systems together

with their human inhabitants and designers); which is the fact that a natural system

is ‘causal** and thus inherently predictable, meaning that their functioning can be
modelled in terms of causes and effects. However, artificial systems (such as buildings
and cities) have a dual nature in that they obey the laws of physics and at the same time
reflect intentions of humans that are not necessarily predictable as 'states’ of natural
systems, the individual humans, societies and political powers in fact have certain
ideas about what/how they want to be in future. This anticipatory nature distinguishes
artificial systems from causal systems. This view is adopted from (Kroes, Peter and
Meijers, Anthonie, 2006) and (Portugali, 1999).
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For further in depth discussion on the principal limits on modelling and simulation
of cities we refer the reader to (Batty, M.& Torrens, P, 2001). The dynamics of a city
cannot be simply predicted as the dynamics of a physical system because there can
be unforeseen interventions made by human decision-makers, those who might

not particularly act according to the self-regulatory processes of evolution and
growth®®. This, however, does not mean that there are no rules governing the form
and functioning of cities and buildings. There is in fact evidence that in aggregate
scales, some cities have recognizable patterns in the scalar relations between some of
their features®.

Analysis vs Evaluation

Measuring, analysing or estimating the performance of a design is one thing and
evaluating its performance is quite another. Evaluation requires a synthesis of many
analyses and a framework as to which performance measurements could be judged
regarding their relative goodness. This might be done according to performance
benchmarks, standards and alike.

We have decided to leave design evaluation methods out of the scope of our proposed
methodologies® for the following reasons. First, judging the configurational quality of
a design is a broad subject, which inherently tends to be context-based. Secondly, we
do notintend to replace human interpretation and decision-making by automated
procedures. In other words:

Comprehensive design evaluation has to address social aspects of artificial
environments, which are subject to debates, thus necessitating a collaborative or
participatory approach for reaching a consensus on an interpretation of qualities.
Qualitative design evaluation requires contextual information that is not necessarily
encoded in the design brief or not represented on maps. This is not exactly because
of negligence of designers; there are qualities that are not easily representable or
measureable. There will always be need for expert view and involvement of real
stakeholders and thus the matter of evaluation is handled through discussions.
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This subject falls outside of the scope of this research but readers interested in the matter are referred to the
papers that are relevant to the core of this research; but as an example, interested readers can find interesting
scaling studies in (Jiang, 2007).

With the exception of the relatively straightforward evaluation reports representing the aggregate walking/cy-
cling accessibility in neighbourhoods towards several POI
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Instead of automated design evaluation, we thus focus on facilitating design evaluation
by proposing methods and workflows for measurements for performance analysis.

We exploit computation in support of three types of design activities, namely spatial
analysis, spatial synthesis, and spatial evaluation; i.e. following a approach called
Performance-Based Computational Design (Sariyildiz, 2012), in which computation
is primarily used to systematically address performance in design process. However,
because of the multitude of reasons mentioned before, we do not advocate creating
automated closed loops of ‘design generation and performance evaluation’. Instead,
we focus on the use of computational approaches in structuring spatial analysis and
layout. The following sections reflect on some practical aspects of computational
design tools that can be exploited to this end.

Computer Aided Design (CAD) and Parametric CAD

Old-style Computer Aided Design (CAD*¢) environments provide their functions by
means of a command-line and a set of iconic buttons, but do not have the appropriate
means for practicing computational design'’. Computational design can effectively

be practiced by using the so-called Parametric CAD environments*® that provide the
means for Flow-Based Programming*”. We see the emergence of these environments
an excellent opportunity, which provides for rationalization of design processes by
bringing a number of revolutionary advantages, namely:

real-time analysis can be performed;

bespoke quantitative assessment methods can be made

design process will be explicit and thus more prepared to be rationalized;

design alternatives will be flexible and rather easily adjustable;

collaborative design is facilitated greatly;

design process can be designed and systematized;

design tools can be extended orimproved by scripting;

designers can customize their design tools easily; and

by keeping the rationales the same, a variety of options can be generated, i.e. a ‘design
space’ can be explored.
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In addition to all these benefits, certain procedures, which were bounded to GIS
applications, such as connection to geo-spatial Database Management Systems
(DBMS) and processing of geo-data, are also possible in parametric CAD environments
and web-based programming platforms. This has an important implication for the
future of design and planning practices: it is a recognized issue, that producing spatial
designs and plans is mostly done within CAD environments, whereas spatial analysis
is traditionally done within GIS environments or standalone applications such as
Depthmap (for Space Syntax Analysis). Therefore, in order to bring spatial analysis to
‘design process’ we naturally chose Parametric CAD environments to put forward our
design methodologies.

Design Space Exploration

Computational synthesis allows for exploring multiple design options with a single set
of design rationales. The set of all possible design options encoded in a computational
model is technically referred to as a ‘design space’. We shall see an example of such
process in the next chapterin finding all possible plan layout topologies, which
correspond to a single bubble diagram (as in an adjacency graph). This way, the spatial
layout process enumerates alternative designs. If all options are enumerated, then the
designer can choose the ones with a better performance by means of ranking (in terms
of estimated performance). If multiple objectives are to be taken into account, then a
ranking based on Pareto Optimality can be done.

Real-Time Analysis and Geo-Design

The most important advantage of computational design methods is the possibility
of integrating real-time analysis engines with the design process. This process in the
context of urban design and planning is referred to as Geo-Design and in the context
of architectural design as Performance-Driven design. The essence of the idea is

that instead of producing a design/scenario in a long design or planning process and
then analysing them afterwards in terms of their [likely] performance, analysis can be
brought to the very heart of decision making process or integrated with it. Having the
possibility of real-time analysis will allow for making better-informed decisions and
prevent unnecessary iterations.

Research Methodology



§ 2.4.4 Feedbackvs Feedforward

1

Aliteral adoption of the view of design as “loops of analysis, synthesis, and evaluation*
might mislead us in thinking that the whole loop can be closed and automated. This is
often a temptation for those occupied with computational design. The first question
is, how exactly evaluation can be integrated with a design or planning workflow. The
answer to this question regards two distinct control strategies known as feedforward
and feedback. While the latter term is largely known and often misused by non-
professionals and even in journalistic context, the former is not so well known.

In view of hierarchical nature of most design problems, it is reasonable to have certain
aspects of a design adjusted before going to problems of a lower level of importance.

In doing so, there might be room for some partially automated evaluation processes

on inherently measureable physical performance indicators of a design. This diverts

us to the question on evaluation and its role in a design process. It can be done after
generating plenty of options as a means to choose optimal ones (i.e. in a feedback loop)
orit can be done at the very beginning of the process to lead the process immediately in
the right direction (i.e. nearly a feedforward strategy)-°.

Let us suppose a planning process that is to intensify a neighbourhood by adding new
residences while ensuring most new residents have good walking or cycling access

to the facilities in the neighbourhood so that they do not impose a heavy car traffic
burden on the infrastructure. In this case, we can first generate a number of scenarios
and then test them with an accessibility analysis tool or, alternatively, first provide a
map of accessibility and then design the scenarios accordingly. The former would be a
feedback strategy and the latter a feedforward one. That is to say, the ultimate design
can be based on a synthesis of the analyses performed.

§ 2.5 On Spatial Analysis

Spatial Analysis is the broad field of methods for analysing phenomena that have
spatial distributions®*. Spatial Analytic methods and techniques include spatial data
queries regarding geometric or topological relations??, Spatial Statistics, and Spatial
Network Analysis methods. We introduce spatial network analysis methods that can be
used to support decision-making in plan layout, urban network development, or land-
use planning. The analysis of spatial networks mostly falls into the area of graph theory
and is influenced historically by methods of social network analysis. However, prior

to analysis, there are methodological challenges in modelling spatial networks. This
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subject, i.e. modelling a real world spatial network as a graph, technically falls into the
areas of topology and geometry; and at the same time concerns our phenomenological
approach to how space and proximities matter in determination of human behavioural
patterns. For these reasons, there are different trends and approaches in modelling
spatial networks, as discussed in depth in chapter 5 Besides, in architectural layout,
conceptions of spatial networks evolve and change gradually. At the beginning of a
design process, the idea of a spatial network can be reduced to a set of nodes and

links (graph theoretical); however, later we will have a spatial layout (topological
embedding); and at the end of the process the design is so concrete (geometrical) that
it can be analysed as to visibility of spaces.

What is special about spatial analysis?

Buildings and Built Environments have clear spatial manifestation and thus it seems
obvious that we need to study many aspects of their functioning in space. The essential
question is how should we represent space? Is it sufficient to add geographical
coordinates to whatever we are measuring? Does that make our analysis spatial?

We can represent geographical space in multiple ways. In 3D modelling in CAD
environments, we literally model objects in Euclidean space with Cartesian coordinates
(RXRxR), i.e. also known as R3. If we use only geographic coordinates (latitude,
longitude, and probably altitude) then we are indirectly modelling space as a ‘flat’
Euclidean space in reference to a topologically quadrangular surface around the globe.
This is what we all know as a world atlas. Nevertheless, it is interesting to look at it
againin Figure 4. This is to remind us of the fact that the representation of space itself
isan abstraction.
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FIGURE 4 Miller Cylindrical Map Projection. A world atlas is a 2D representation of the world corresponding to a
rectangular parametrization in terms of latitude and longitude. If we add altitude to the coordinates, as in what
we can obtain from GPS devices, then we can enhance this map into a 2.5D representation, in which to every X,Y
coordinate pairs we can attribute only one Z coordinate. Image Credit: Wikipedia Commons.

We can also represent the space in terms of quantized units such as pixels or

voxels and represent spatial distributions as ‘raster’ objects. This representation is
mathematically equivalent to representing space as the Cartesian product of integer
setssuch as ZXZxZ thatis conventionally shown as Z*. The geographic space can
also be represented as network space or topological space, by virtue of the concept of
neighbourhoods in topology. This means that space will be represented as a discrete
set of locations where something can be located, e.g. streets or rooms of a building.
Such a representation brings a number of immediate advantages, namely, the relative
ease of computing geodesics or optimal paths between locations on a network. Such

a representation is particularly interesting for spatial analysis because it comes close
to our perception of space as in 'being somewhere’. We do not understand our location
in space in terms of some numeric coordinates; instead we associate our location with
such things as being in the Room A, in Street B, next to Building C and alike. In other
words, a topological model of space also provides for establishing ‘semantic relations".
This means that using spatial network models we can more easily make [semantic] sense
of (potentially big) data attributed to built environments. We go one step further and
suggest that disregarding topological relations in spatial analysis diminishes the value of
analysis to an extent where the spatial relations can be neglected or miscalculated. We
provide the following example for this argument. Suppose in an analytic process -such as
clustering rooms based on their accessibility- we considered two rooms as close because
their centroids are close to one anotherin Euclidean space; then chances are, that we are
totally mistaken; for the actual distance between two rooms is much longer; in that it is
experienced by passing through a possibly much longer way through corridors and other
rooms. The same is true and perhaps more obvious for urban studies, e.g. two buildings on
the opposite sides of a river or a highway would be close in Euclidean space but probably
very far away in terms of network distance.
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Supposing that we want to represent space as a network space, then there are other
problems and challenges to deal with, most important of which regards the ‘units of
space’. There are multiple ways of representing spatial units such as convex spaces

and axial lines in buildings and axial lines, road centrelines, named streets, etc. in
urban studies. We shall discuss these representations compared to our spatial network
representations in the chapters 3 and 5. In short, answering ‘where’ questions or
speaking of spatial distributions of phenomena in spatial analysis necessitates a
profound approach to both mathematical and semantic implications of different
representations.

What-If Scenarios

One of principal uses of spatial decision support systems in planning and design
practice is to predict the likely effect of spatial decisions??, asin changes in the

form or functional attributes of environments. Conventionally the notion of what-if
scenarios refers to the study of land-use planning options in spatial planning with the
aid of Cellular Automata or Agent-Based Models** (Portugali, 2006), (Batty, 2007).
Nonetheless, if we adopt a broader definition, such systems can be used to assist

in making spatial decisions and analysing their effect on the future functioning of a
built environment. As mentioned before, we cannot predict - in the rigorous sense

of the word- the future states of non-causal systems such as artificial environments,
especially because of the role of inherently unpredictable human decision makers
(beitinhabitants, planners, or politicians) on the form and functioning of the built
environments. Nevertheless, certain aspects of performance of built environments
can be modelled to provide insight into what would happen in the absence of

radical unpredicted changes imposed to the systems. Besides, taking approaches
such as stochastic modelling or modelling uncertainties by means of fuzzy logics or
probabilistic approaches we can provide insight into the likely statistical state and
performance of such systems. In doing so, providing outmost physical clarity would
be very important to avoid the feeling of presenting a ‘crystal ball’ to designers. That is
to say, we need to be clear on what we can model and simulate in terms of physical or
measureable quantities that correspond to something concrete. In our approach, we
only provide measures that have a tangible physical interpretation and clarify that our
models mostly replicate what is possible, but not necessarily, what is probable. This
approach is apparent in our modelling of walking and cycling accessibility in chapter 5.
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Design and planning professions are about making the artificial environment, that is
essentially different from natural environment in that we can associate with artificial
objects and environments the functional ‘purpose’ behind them; and that their state
is not essentially predictable as that of natural environments. Design and planning
deal with problems that are essentially different from engineering problems in that
their problems are inherently ill defined and ill structured, any formulation would be
debateable, there is usually a contextual influence, and that the solutions to these
problems cannot be evaluated indisputably. Design is about analysis, synthesis
(providing alternative plans or designs) and evaluation. Analysis can be automated
but evaluation cannot be always automated because of contextual parameters that
cannot be necessarily modelled or accounted for. Design and planning processes
should thus allow open discussion to facilitate reaching a ‘consensus’. A computational
design approach can bring real-time analysis to design process to support making
better-informed spatial decisions. Although we cannot expect analytic models to
predict the exact future state of an artificial environment, in light of the complications
inherent to human decision-making, spatial analysis is needed to gain insight on the
‘potential performance’ of built environments. Without any analytic knowledge, there
will be a logical leap in design reasoning, meaning that one could only propose some
interventions or constructions only 'hoping’ things to function in a certain way.

Specifically, in analysing human activity patterns and mobility in buildings and built
environments we need to employ methods and approaches from social sciences such
as environmental psychology and social network analysis for modelling and simulation
of built environments. We propose that by focusing on synthesis and analysis of
configurations, the aforementioned logical gap can be more easily bridged. Our
definition of configuration graphs encompasses the previous definitions such as those
of Space Syntax theories, while extending the meaning of configuration graphs the
inter-relations of what is called geographic space or ‘place”.

Here we present an articulated account of the methods used in this research.

We initially presented a brief schema of our methodology in Chapter 1/Research
Methodology. Figure 5 expands and elaborates that schema (Figure 1). We explained
how we have approached our literature studies in the same section in chapter 1.
Here we elaborate on some of the actions that require more in depth introduction.
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Therefore, we begin by giving an overview of how we went about designing the two

main products of this research.
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FIGURE 5 An articulated schema of the research, development and innovation methodology of this project
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Theoretical Reflection

The technical aspects of this project are easily identifiable; however there has been

also many reflections on ‘what to do’ prior and posterior to "how to do’ those actions.
The theoretical reflections have been focused on the efficacy (usefulness) of the
mathematical constructs and computational models. It is necessary to refocus
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continuously on the initial goals of the project along with technical developments.

In light of the project goals, theoretical reflections were to ensure the developed
constructs would be relevant to actual design practices. Such reflections have resulted
in a number of adaptations of the methodical/technical constructs. For instance, we
diverted from the technical goal of producing rectangular plan layouts (in the work
presented in chapter 3) because we realized in spite of its interesting mathematical
concept, the result would have been of little practical interest in real-world architectural
design processes. Therefore, we sought a generic alternative, devised new constructs
(Isovist Bubbles in 2D and 3D), which could be used in free-form designs. In chapter

5, we have rejected several previous versions of our indicators and sought new ways of
formulating accessibility indicators in accordance with intuitive notions of proximity;
hence, we decided to use Fuzzy logics to model accessibility as it is perceived by
humans; for which we used time as a common denominator in measuring accessibility.

Problem Formulation & Concept Development

The concepts behind the two methodologies implemented in the toolkits
SYNTACTIC and CONFIGURBANIST have been formed gradually, while reflecting
on the computational design possibilities and the necessities for analytic tools in
design processes. Each concept formulation then initiated a number of problems
of mostly technical nature (mathematical or computational). The concepts of both
methodologies have been revised and redeveloped multiple times ever since based
on the internal and external feedback loops illustrated above. It is not always easy
to foresee what can be possibly achieved with a concept, unless it is developed as a
concrete product.

Mathematical Modelling

Graph Theory was chosen at the very beginning of the project as the main mathematical
field of study. Linear Algebra and Analytic Geometry are obviously needed in dealing
with Computational Geometry and Computer Graphics. Fuzzy Logics (Zadeh, 1965)
was a clear choice for modelling the perception of people of such concepts as distance
as itis meant to help in mathematical modelling of language variables and verbal
concepts. After theoretical reflections on the nature of human behaviourin space,

we decided that stochastic models would be useful in partially explaining patterns of
mass movement in urban spaces, inspired by the approach of (Blanchard, Philippe, and
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Dimitri Volchenkov, 2008). Moving in that direction demanded Spectral Graph Theory
as a basis for constructing our Markov Chain (Random Walk) models.

Algorithm Design

Several models and methods presented in this work have mathematical formulations
but their solutions can be found only computationally, i.e. they do not have analytic
solutions. In other words, they only have algorithmic solutions. Key examples are:

Topological Modelling (i.e. constructing mathematical graph representations out of
collections of points, lines, polygons, and polyhedrons, based on Poincare Duality
Theorem, e.g. Graph Models in Chapter 3 and Chapter 5)

Graph Traversal (e.g. Breadth-First-Search & Depth-First-Search),

Path Finding algorithms (e.g. Dijkstra Algorithm & Floyd-Warshall Algorithm),

Graph Drawing Algorithms (e.g. Tutte Convex Drawing and Force-Directed Graph
Drawingin Chapter 3),

Enumeration of Triangulation Patterns of a Polygon (in Chapter 3, enumeration of all
possible plan layout topologies, based on a formulation given by Leonhard Euler),
Computational Geometry, e.g. 2D&3D Isovist Bubbles (Smart Star-Polygons, which
maintain their visibility and area in presence of obstacles)

Fuzzification Algorithms (as in fuzzification of closeness measures in Chapter 5)
Fuzzy Aggregation Models (i.e. Zadeh, Yager ,and Paraboloid Fuzzy Logical models for
AND, OR aggregations of closeness values)

Computational Topology (e.g. in Weighted Voronoi Diagrams in Chapter 3 and
Generalized Alpha Shapes in Chapter 5)

Algorithmic Linear Algebra (e.g. in our Generalized Power Iteration Method for finding
eigenvectors)

Algorithmic Linear Algebra in finding Stationary Distributions of Random Walk models
in Chapter 5

Software Development

In order to test our constructs, it was necessary to implement the models and
methods (algorithms) computationally. We chose to develop our methods and models
in the form of design tools, to approach our ultimate goals. We chose a popular
computational design platform (Rhino3D+Grasshopper3D) as a laboratory and
testbed environment; and developed our tools using VB.NET and C#.NET languages,
using Microsoft Visual Studio as an Integrated Development Environment (IDE).
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Dot NET languages (VB.NET and C#.NET) ideally suited our project because they are
Object-Oriented Programming (OOP) languages. OOP languages allowed us to invent
constructs (e.g. Isovist Bubbles) and develop a library of methods operating on them.
We have exploited this capacity in certain key areas, the most notable of which is

the algorithm for enumerating plan-layout topologies; in which we created our own
definition of topological edges, polygon meshes using n-sided topological polygonal
faces and alike.

For the first two years of software development, VB.NET was used primarily. Later we
switched all developments to C#.NET. Although both languages can achieve exactly
the same things, the latter proved to be more suitable and much clearer for further
developments. The syntax of C# is strict and clear as compared to VB.NET and thus
prevents many mistakes and eases debugging.

Debugging is an inevitable part of any software development process. The matters
we have been dealing with in our developments had very important spatial aspects,
which could be best monitored visually. Choice of a relevant IDE is therefore based on
its capabilities for showing results when developing code. It is not straightforward or
practical to show spatial results (2D or 3D) in an IDE such as Visual Studio.

In practice, we adopted an agile approach in software development, involving rapid
prototyping, testing, and restructuring. Therefore, we used Grasshopper3D and its
Dot NET scripting components as our main IDE, where we could immediately test the
implementation results. Grasshopper3D proved to be an appropriate lab environment
for prototypical implementation and development of algorithms. However, in the end
of any implementation & test cycle, we used Visual Studio for realizing sophisticated
OOP constructs such as classes and dependencies. For developing the final version

of our computational libraries, such as configraphics.dll, we used use Visual Studio

as well.

Verification and Validation

We have provided a variety of mathematical methods for analysing urban
configurations, particularly in chapter 5. Here we clarify our stance as to how our
methodology and its computational implementation (the toolkit as a software
application) can be verified and validated. To avoid common misconceptions, we first
recite the widely accepted meaning of the terms (from (Duncan, 1996) recognized by
IEEE [Institute of Electrical and Electronics Engineers]):
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“Validation. The assurance that a product, service, or system meets the needs of the
customer and other identified stakeholders. It often involves acceptance and suitability
with external customers. Contrast with verification.”

“Verification. The evaluation of whether or not a product, service, or system complies
with a regulation, requirement, specification, orimposed condition. It is often an
internal process. Contrast with validation.”

In other words, we can define these processes as to their guiding questions
(Boehm, 1989):

Validation: “Are we building the right product?”
Verification: “Are we building the product right?”

As highlighted above, we believe a proper validation of a methodology such as ours
should be done by a disinterested third party (which by definition does not have any
ties or partnership with those offering similar methodologies). There is a trend to
show quantitative analyses regarding correlation of centrality measures with actual
movement patterns of people or distribution of such things as retail businesses, land-
uses, or property values. We do not provide such studies for three reasons:

Quantitative validation of our simulation models demands a separate research to be
performed by a disinterested party;

Our work is primarily on ‘how to do measurements on walking and cycling accessibility
potentials’ not on predicting people’s movements or activity patterns;

We do not claim that our methods can predict actual movement patterns of people

or their activity patterns, as we believe the real movement or activity patterns cannot
be predicted merely by studying the network without taking into account land use

or densities.

Here follows an account of what we have actually done for verification and validation:

Verification [internal feedback]: activities included ensuring the mathematical
consistency of results, validity of geometric objects, and correctness of spatial
distributions. Most of these were facilitated by proper visualization of results; however,
mathematical consistency checks were performed on paper based on the formulations
of the methods and models and their equations. Inputs and outputs have been
inspected in terms of their consistency on a number of case studies (sample datasets)
and extreme situations and/or extreme settings (e.g. a weight set to zero) have been
checked.

Validation [external feedback]: activities included publishing of research outputs in

the form of academic papers and revisions based on reviewers’ feedbacks, releasing
the main products as freeware applications to the professionals in the field and
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establishing two dedicated user groups as communication channels. In addition,
external feedbacks have been collected during hands-on international workshops
conducted with international colleagues.

Based on collected internal and external feedbacks we have revised the structure

of our products several times; added new methods, which could be of interest; and

in few occasions removed or substituted methods that were either unclear to the
users or those which seemed to be of less practical use. An example of the major
improvements (pertained to the work reported in Chapter 5) is the replacement of our
former formulations of proximity and vicinity, respectively by Fuzzy formulations of
accessibility Closeness-to-All and Closeness-to-Any.

Crowd-Sourced Test & Validation

It was decided at an early stage of development that the main products of this project
(i.e. the methodologies) should to be implemented, published, and tested continuously
by their target users. The testbed platform Grasshopper3D provided the means to set
up user groups, and so we established two open user groups as below:

SYNTACIC (chapters 3 &4): http://www.grasshopper3d.com/group/space-syntax
CONFIGURBANIST (chapters 5 & 6): http.//www.grasshopper3d.com/group/cheetah

These groups have provided feedback on technical issues and usability of the
methodologies. Itis ideal to meet target users in workshops and engage in in-depth
discussions; however, a crowd-sourced test and validation approach using dedicated
social-professional networks such as the Grasshopper3D forum is complementarily
effective. The GH platform was ideal for prototyping but we do not see it as an ultimate
platform for deployment of our methodologies. Considering the current technological
trends an ideal deployment platform should be web-based. As a strategy for future
developments, we are considering Open Source publishing of our software products
attached to scientific publications for ensuring maximum outreach and collecting
feedbacks more effectively.
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3 Model and Methodology A:
Architectural Configuration

As mentioned in the dissertation outline in chapter 1, there are two parallel tracks

of work reported in this dissertation: track A (on architectural configurations) and

track B (on urban configurations). This chapter introduces a graph-theoretical design
methodology for computational analysis and synthesis of architectural configurations
as topological patterns. In addition, it provides 2D and 3D computational-geometry
constructs for geometrically shaping spatial configurations. Simply put, the idea behind
the work reported in this chapter was to devise a design methodology to allow for
reaching a layout by gradually concretizing a functional-relational abstract graph®.The
chapter:

— Outlines the necessity and potentials of a configurational approach to architectural
design;

— Provides definitions and examples of architectural configurations;

— Reintroduces network analysis measures for computational design;

— Explores the possibility of designing explicitly by means of topological configuration;

— Introduces 2D and 3D spatial smart agents (for Agent-Based Models aimed at
geometrically shaping spatial configurations);

— Concludes by discussing how the number of design possibilities grows when designing
through configuration; and

— Suggests ways of using configuration graphs and spatial agents for configurative spatial
layout

Goal: To deliver a design methodology for spatial layout that brings spatial
network analysis to architectural design process for assessing social, functional, or
programmatic performance of a building configuration;

Question: How can we obtain an architectural layout from a spatial configuration graph,
while controlling its performance? (Chapters 2, 3, 4)

Some preliminary results of the research discussed in this chapter have been published before in two papers
(Nourian, P. Rezvani, S., Sariyildiz, S., 2013) (Nourian, P. Rezvani, S., Sariyildiz, S., 2013)
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The functional importance of spatial configuration in architectural design is

best understood in the context of complex buildings such as hospitals, airports,
transportation hubs, museums, etc. In such buildings, there are often functional
requirements as to what spaces should have a direct spatial link to what other spaces
and sometimes on what spaces need to be disconnected from what other spaces.

The reasons behind these requirements range from those pertained to safety and
security, efficiency in movement of people, facilitating certain social or work-related
interactions, and controlling, hindering, or blocking certain unwanted encounters and
interferences. If not designed properly, problems in spatial configuration may cause
disorganization, waste of precious time, safety issues, and even security breaches. The
architectural motivation of this research was to propose an explicit, systematic, and
direct way of addressing configurational issues in spatial layout, a process that could

be equipped with real-time analytic feedback on the potential performance of a spatial
configuration, in terms of complying with the intended functional programme. In order
to provide this analytic feedback, we revisited some graph-theoretical centrality indices
as performance indicators from theories in architectural morphology.

Space Syntax theory (Hillier, B., Hanson, ]., 1984) & (Hillier, 2007) is an umbrella
name for a body of methods and knowledge on spatial qualities of architecture as
distinguished from its over-highlighted formal aspects. Ever since its inception,

the focus of Space Syntax studies has shifted significantly from architectural scale

to urban scale; however, the roots of the theories are clearly architectural. From an
analytical point of view, Space Syntax theories and methods provide a framework for
studying the effect of spatial arrangements on social interactions within space, human
mobility, and accessibility. In other words, Space Syntax models provide for measuring
what we can loosely term as "social/programmatic performance’ of buildings and

built environments.

From another perspective, in a study of building types as social constructs, John
Habraken (Habraken, 1988) categorizes three major aspects of building types as 'social
constructs’: spatial organization, physical structure, and stylistic systems. He suggests
that the one most intimately related to our behaviour is the ‘spatial organization’; he
specifically mentions that a social role certain space has within a building is very much
dependent on its ‘position’ as to the transition from public to private.

From a computational design perspective, the issue of ‘plan layout’ has been mostly
addressed from various optimization point of views (Lobos, D., Donath, D., 2010);
many of which deem configuration as an order that can be ‘found’ through thousands
of trials and errors in putting spaces together in different ways in order to maximize
certain qualities. This approach to plan layout is in deep contradiction to viewing
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architectural design as an intellectual activity initiated with ‘proposing’ configurative
ideas. We believe "Architectural and urban design, both in their formal and spatial
aspects, are seen as fundamentally configurational in that the way the parts are put
together to form the whole is more important than any of the parts taken in isolation”
(Hillier, 2007, p. 1). “Configuration as the way spaces are related to each otherin order
to serve a functional purpose is the very nature of architecture” (Hillier, 2007, p. 67);
and yet we find very little about the way design can systematically proceed through
dealing with such a matter.

What is primarily missing in the literature about computational layout is a
methodological approach rooted in consideration of “how designers think” (Lawson,
1980); likewise, a practical design methodology for considering the social/functional
implications of configurations is absent. Specifically, in the mentioned optimization
approaches to plan layout, it is often neglected to relate to design processes as
practiced by designers. Designers do not seek to reach an order through thoughtlessly
trying out random arrangements of spaces; on the contrary, they usually start with an
‘idea’ as to how spaces should be put together to function in a certain desired way.
Such configurative ideas convey the understanding of architects from the functional/
programmatic requirements and/or what is ‘socially’ considered as desirable.

In this chapter, we propose a configurative approach to spatial layout. The prominent
advantage of a configurational approach in design is to ensure reaching to a required
set of spatial connection in designing -spatially or programmatically- complex
buildings. In addition, configurational analysis can help in predicting the functioning

of spatial configurations; especially where the spatial configuration is so complex and
large that mere intuition cannot 'see’ the so-called ‘centrality’ structures. Our proposed
configurative (topological) approach to design (spatial layout) provides the possibility
of using real-time feedback on the likely spatial functioning of proposed configuration,
e.g. by using a spatial network analysis methodology such as Space Syntax.

[tisintuitively obvious that in any spatial structure some locations are more central
than others are. The centre-periphery spectra can be felt by common sense and seen to
have influence on such things as rent prices, property values, and the location of retail
businesses in cities and such things as accessibility and privacy and community spectra
in buildings. An idea behind network analyses is that the structure of a network has
strong influence over dynamics of phenomena such as popularity of places by virtue

of human movement, spread of information, and diffusion processes on networks.
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One [indirect] way of studying dynamics in complex networks is through studying the
network structure by means of measures that can reveal the heterogeneity of nodes
such that we can rank them as to their ‘structural importance’ or ‘centrality”.

The architectural or spatial relevance of such analyses is that they could reveal why
certain places tend to be more communal or public whereas some others tend to be
more private. In other words, the match between patterns of social interaction and
spatial structure is an inherently architectural question.

A generic question is how a spatial configuration should be arranged® so as to
encourage and facilitate certain types of social encounter while discouraging or
hindering certain other types of encounter. Our proposed approach does not directly
answer such questions but facilitates the intellectual reflection by designer on such
performance issues by means of providing configuration graph visualizations and
network centrality indicators. It must be noted that studying centrality should not be
mistaken by a search for the 'best nodes’. The best location for a pub is not necessarily
the best location for a school or an apartment -let alone the different preferences of
people for their residence location in a city.

What elevates "architecture’ from 'building design’ has been prominently associated
with the aesthetical aspects of architectural profession, perhaps because of their
concrete manifestation. Another perspective can be explored from a social-scientific
point of view, from which architecture can be seen as ‘the art of providing avoidance
and encounter where necessary, in order to facilitate desired social interactions and
hinder unwanted ones".

Speaking of the social, we can observe that a social-scientific stance is closely
related to modelling the aggregate behaviour of individuals and thus it is related to
a psychological analysis of individual behaviour in space. This is the subject area of
environmental psychology, best exemplified in the work of the pioneer].]. Gibson,
namely: (Gibson, 1977) (Gibson, 1979). Note that in configurational analysis we do
not seek to model or predict the behaviour of an individual in space, for such an effort
would be philosophically futile®, instead, we are interested in the social behaviour or
the statistically aggregate behaviour of individuals. In this work, however, we merely
provide a basic set of tools for modelling spatial networks that can be used as bases
for such models, but not the statistical models of the actual spatial behaviours.
Behavioural modelling as such falls outside the scope of this project.

78

For reasons of anti-causality mentioned in the chapter 2, we cannot model human behaviour as cause-effect
relations, therefore we cannot predict individual behaviour
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In light of the abovementioned clarifications, we define architectural configuration

as a graph composed of nodes representing individual spaces and links representing
immediate spatial connections such as doors in between rooms. In other words, this
representation comes close to what architects conventionally draw as bubble diagrams.
Before giving a formal definition let us see some examples from architectural practice.

§ 3.3.1 Bubble Diagrams

As apparent in the example shown in Figure 6 and Figure 7, bubble diagrams are
conventionally used to reflect upon and/or design spatial arrangements prior to
designing spaces as concrete geometric shapes. Architects, however, do not draw such
diagrams according to a set of clearly defined rules.

- SN P fraps Irestireed m optonal
i primany healicane cenires

N e £
Pt

FIGURE 6 a bubble diagram with links as directed edges indicating corridors in a hospital, from Neufert
Architect’s Data (Neufert, Ernst, Peter Neufert, and Johannes Kister., 2012)
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FIGURE 7 an exemplary bubble diagram representing the spatial relations for a proposed technical from
Neufert Architect’s Data (Neufert, Ernst, Peter Neufert, and Johannes Kister., 2012)
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Mathematical Definition

Formally, we can conceptualize bubble diagrams as labelled graphs whose nodes can
have attributes such as area properties or alike. In our proposed methodology, we have
technically defined them as graphs (represented as either adjacency lists or adjacency
matrices) with associated lists of attributes for nodes. Formally, we can define an
architectural configuration graph denoted as T' = (N,L), i.e. the graph Gamma as an
ordered pair of nodes and links. The set N includes the indices of the nodes, each of
which representing a space and the set L represents the set of connections between
nodes that is practically a set of node tuples. This means that the set of links is a subset
of NXN,inwhich the operator x denotes Cartesian product of the two sets. In other
words, this is denoted formallyas L ¢ NxN . We shall clarify our choice of terms later
in explaining & 3.5 preliminaries.

There is one inherent -and rather delicate- limitation with representing architectural
configurations as bubble diagrams in representing corridors. The point is that corridors
and the whole circulation system of a building might not be initially thought of as
spaces necessary for the design, as they are only to make the building operational,

but they are not directly sellable spaces. It is therefore not straightforward to

conceive of them in an early phase of design process when tackling a list of functional
requirements. As can be seen in Figure 6, architects sometimes try to explicate such
corridors when they are critically important, however in a rather inaccurate way. In

our work, we decided to work on a simplified case where the connections only indicate
immediate spatial adjacencies such as doors, acknowledging this limitation. However,
if the designer is certain and clear about the necessity of existence of a corridor or
hallway as a space to be designed, it can also be treated as another space just like
others. Ideally, though, it would have been best to propose a tool for explicitly designing
a circulation system as well. This would be a too specific task, which would fall out of
the scope of this work.

REL charts and From-To Charts

A clearer representation of architectural configuration, which is also known to
architects, is an adjacency table (similar to a matrix) as shown in Figure 9 and

Figure 11. Such adjacency tables are technically referred to as REL charts (Activity
Relationships Charts) or From-To Charts and they are commonly used in Facilities
Planning (Tompkins, J. A., White, ]. A, Bozer, Y. A., 2010), which is an area of work in
Industrial Engineering. If simplified by considering a connection wherever thought to
be necessary, an example table as such can be considered as an adjacency matrix that
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is to be realized as a spatial configuration or plan layout. For reasons of practicality,

it might turn out necessary to realize many of the suggested adjacencies as corridors
while realizing the rest as doors. As obvious, such a table does not indicate whether the
connection should be a door, a corridor, or a staircase. The specifications in such tables
can be given as connection: mandatory, connection: desirable, and connection: neutral,
or connection: undesirable; or as is more common in Facilities Planning as below:

A: Absolutely Necessary
E: Especially Important
I: Important

O: Ordinary

U: Unimportant

X: Undesirable

Such degrees of connectivity might be freely interpreted in the design process as doors,
corridors, and possibly staircases. The important point is that such a table is driven
purely by functional necessities rather than formal considerations; but once explicated
as such it finds some graph-theoretical and topologic connotations that we shall try to
bring closer to geometric possibilities.

In REL charts as shown in Figure 8, Figure 11, the relationships are considered to be
undirected. If directed relationships are to be represented then a From-To chart as
shown in Figure 9, Figure 12, and Figure 13 is used.

In this work, for simplicity, we have not used directed From-To charts or even REL

charts for putting in activity relationships; and used (Point-Line) bubble diagrams as
inputs for reading desired relationships between spaces (see Figure 19).
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FIGURE 8 a REL chart example Image reproduced from (Tompkins, ]. A., White, ]. A., Bozer, Y. A., 2010)
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FIGURE 9 an adjacency table (matrix) prepared by architects to explicate the required spatial links among
rooms and sections in a hospital, from Neufert Architect’s Data (ibid). This table can be simplified into an

‘adjacency matrix’ representation of an architectural configuration graph.
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Adjacency Matrix
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FIGURE 11 (Image courtesy of Kate Killebrew from http.//www.coroflot.com/killebrew/florida-bank) shows an adjacency matrix
thatis drawnin a triangular format. Note that as adjacencies are undirected. This triangular table corresponds to a -45° rotated-
half of an adjacency matrix that is symmetric. Relationship Key: Red=Mandatory, Black=Desired, and Yellow=Negative.
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FIGURE 12 an exemplary From-To chart which represents undirected connections, image reproduced from the
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educational materials of the course E212: Facilities Planning and Design at the Republic Polytechnic
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FIGURE 13 an exemplary From-To chart which represents directed connections, image reproduced from the
educational materials of the course E212: Facilities Planning and Design at the Republic Polytechnic
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3.4  Architectural Spatial Network Modelled as a Graph

When referring to spatial connections, we apply the convention that reserves the term
adjacency for referring to spatial links between features of the same dimension and the
term incidence for the intersections between features of different dimensions. We shall
see in chapter 5 how an adjacency matrix can be derived from an incidence matrix in
case of a constellation of points and lines.

For modelling architectural configurations, we represent spaces (e.g. as convex or star-
convex) as nodes and the immediate spatial connections between them as links. From
this definition, it is apparent that if we take a simplified plan drawing into account and
model its cells as nodes and adjacencies between cells as links then the configuration
graph that we are interested in is a subset of this adjacency graph. An example of such
configuration-graphs is drawn in Figure 14.

W

reverse?

VIR TS D SO T T A Bams dagrers B il v

FIGURE 14 a spatial network representation of 2nd level of Villa Savoye (Le Corbusier & Pierre Jeanneret 1928)
the connectivity graph is extracted manually, but the drawing is done automatically.
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In this section, we clarify a number of notions essential to this work, namely our
terminology, the notion of a Simplex, the concept of Poincare duality, and the
difference of Graph Theory and Topology.

Itis common to associate graphs with graph drawings immediately, perhaps because of
the history of graph theory and the famous riddle of bridges of Konigsberg formulated
and solved by Leonhard Euler (1707-1783). Although having a geometric intuition of
a graph as a drawing made up of points or lines, respectively representing nodes and
links, might be insightful; it is not necessary at all for a graph to be visualized or drawn
to exist or to be dealt with. In fact, such a connotation might lead to basic confusions in
dealing with the kind of configuration graphs that we introduce in the next chapters. To
break the mental association between a graph and its drawing, we find it useful not to
use the more common terminology (vertices and edges) when speaking of graphs. For a
clear terminology, we shall use different terminologies in different contexts as shown in
the table below:

N-D FEATURES GRAPH THEORY TOPOLOGY GEOMETRY
0D

Node Vertex Point
1D Link Edge Line (Curve)
2D Cycle* Face Polygon (Surface)
3D Clique* Body Polyhedron (Volume)

TABLE 2 Our terminology for n-dimensional primitives (features”®) in different application contexts. *
We figuratively use these terms to refer to 3-vertex and 4-vertex cliques in graph theory for the sake of
completeness of the terminology; however, we do not use them in this work. In this table and the following
schemas, we emblematically use a cold to warm colour scheme to indicate the spectrum between abstract
functional requirements and concrete forms.

In dealing with topological’” entities (i.e. in defining vertices, edges, faces, and bodies),
embedded in 3D space, it can be advantageous to work with simplex primitives
because of their nice properties such as ensured convexity:

0-simplex: Point
1-simplex: Line
2-simplex: Triangle
3-simplex: Tetrahedron

A k-simplex is mathematically defined as a k-dimensional polytope that is the convex

hull of its k + 1 vertices. This means that any point within the space defined by the
simplex can be represented by a linear interpolation of the simplex vertices. Formally,
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these vertices are defined as vy, ...v, € R" ; and they are linearly independent, such
that no vertex can be defined by linear interpolation of the rest of vertices (i.e. all corner
vertices are absolutely necessary to define the space defined by the feature properly).
The simplex cell € is then defined as the locus of points defined by linear interpolations
of the corner vertices vwith barycentric coordinates denoted by a;, as follows:

K
C={a0v0+~'+akvk|aiZO,OSiSk,Zai=1} (1)
i=0

The apparently obvious definition of a configuration graph becomes rather problematic
or challenging when analysing built space. This is because arriving at such a spatial
decomposition is non-trivial and often problematic, especially if it is to be done
automatically on maps. The common notion is that the entirety of space has to be
discretised by decomposing it to convex units (e.g. simplices, pixels or voxels or convex
polygons/polytopes) such that these convex units can represent the nodes of a spatial
network whose links indicate adjacency (immediate spatial connection) among such
cells. Following this notion, and provided a tessellation of space in terms of convex
cells, we can represent a ‘spatial network” as a ‘dual graph’”.

Based on the Poincare Duality theorem (similar to the approach of (Pigot, 1991) and
(Lee, 2001)), we establish a pairing between k-dimensional features and dual features
of dimension n-k, where n denotes the dimension of the space within which the
features are embedded. Such dualities are shown in tables below:

PRIMAL DUAL

0D vertex (e.g. a point) 1D edge

1D edge (e.g. a line segment) 0D vertex

TABLE 3 Duality of features in 1D space

PRIMAL DUAL

0D vertex (e.g. a point) 2D face
1D edge (e.g. a line segment) 1D edge
2D face (e.g. a triangle or a pixel) 0D vertex

TABLE 4 Duality of featuresin 2D space
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A well-known example of duality between 2D maps is the duality between a Delaunay
triangulation and a Voronoi tessellation.

PRIMAL DUAL

0D vertex (e.g. a point) 3D body
1D edge (e.g. a line segment) 2D face
2D face (e.g. a triangle or a pixel) 1D edge
3D body (e.g. a tetrahedron or a voxel) 0D vertex

TABLE 5 Duality of features in 3D space

An example application of dual relationships in 3D is shown in Figure 15. Aface in the
left image can be considered as the element through which two 3D cells are connected;
this is why representing the same face with an edge in the dual graph makes sense as it
connects two vertices representing the respective 3D cells. Considering an edge in the
left image, we can observe that an edge is incident to four 3D cells, i.e. its dual face is
incident to four respective dual vertices. Similarly, a vertex in the left image is incident
to eight 3D cells, which is associated with a dual body in the right image composed of
eight corner vertices corresponding to the respective cells in the left image.
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FIGURE 15 representing adjacencies between 3D cells or bodies via their dual vertices (Lee, 2001)

When referring to spatial connections, we apply the convention that reserves the term
adjacency for referring to spatial links between features of the same dimension and the
term incidence for the intersections between features of different dimensions.

To avoid common confusions about the distinction of topology and graph theory, let
us clarify our terminology. We call a graph a virtual object consisting of a set of entities
considered as nodes (virtually considered as vertices) and a set of associations (of any
kind, but the same for all associations) as links (virtually considered as edges). A graph
needs not to have a geometric representation to exist. This is why we prefer to refer to
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elements as nodes and links rather than vertices and edges before establishing a graph
drawing (as the latter terms have a stronger geometric connotation).

The study of the ways a graph can be drawn (geometrically represented), is technically
referred to as embedding; and is a subject of topology and in particular topological
graph theory. Relating to the conventions of topological graph theory and topology, we
denote a topological graph G as a set of vertices (nodes) denoted as Vand edges (links)
denoted as E. This is written as below:

G =(V,E) (2)

If an embedding (a drawing of the graph on a kind of topological surface such as

plane or sphere) is known, then there is a new list of objects to be mentioned: these
are faces (loops) denoted as F. A face of an embedding is a component in the defined
decomposition of the plane. Mathematically, the faces are defined by their boundaries,
i.e. usually an ordered set of edges (or vertices).

A graph with a topological component Fis called a Map. Interesting enough, there is
also a class of maps used in computer graphics and CAD applications called Polygon
Mesh, i.e. a [triangulated] map. Meshes are also represented and stored as three sets of
objects as below?*:

M = (V,E,F) 3)

Euler formula (Euler characteristic of convex polyhedrons) relates the number of
vertices to the number of edges and the number of faces for an embedding/planar
drawing. Euler Relation for Planar Graphs: Every embedding (map) of a connected
graphin the plane (or a surface) satisfies equation (4) a.k.a. Euler-Poincare
Characteristic®” for a map (mesh) M: (Edelsbrunner, H., & Harer, ]., 2008, p. p.22).

x(M) = V| = |E| +|F| =1 @

As an example, we show three different mappings/embeddings of a single graph the
figure below. Note that the three entities are the same from the graph theoretical point
of view but they are topologically different.
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FIGURE 16 three drawings of K4 (the complete graph of order 4). From left to right: a drawing that is not a valid
[2-manifold] embedding, and embedding with one curved edge, and a straight-line embedding (Edelsbrunner,
H., & Harer, ]., 2008).

The centre of this methodology is the bubble diagram that the designer-user provides.
We find bubble diagrams of great interest from different viewpoints. Firstly, bubble
diagrams have been known to architects for a long time as a way to think of spatial
arrangementin plansin a rather methodical fashion. Second, a bubble diagram can

be interpreted as a graph of spatial connectivity and/or adjacency; this provides for
configurational analysis to be done at the early phases of a design process. Third, if
drawn as a planar graph (a graph drawing without crossings on a plane sheet) it can be
considered as a map, which has another component in addition to the aforementioned
graph that makes it much more interesting for studying plans: topology. In short,

our investigation starts from Graph Theory, continues with Topological Graph

Theory (concerning the issue of embedding graphs in Euclidean space), goes into
Computational Graph Drawing and enumeration of distinct possibilities using
Combinatorics, and then ends in the domain of Computational Geometry. This process
is schematized in Figure 17.

Our design methodology is a fusion of what was proposed by Steadman (Steadman,
1983, pp. 69-75), Tutte's (Tutte, 1963) convex drawing algorithm, a force directed
graph drawing algorithm, several minor algorithms, real-time Space syntax analyses,
and two computational geometry constructs (Isovist Bubbles) that can be regarded as
smart spatial agents. Following our design methodology, the designeris free toinsert a
configurative idea and change it as they think is best, both at the beginning and during
the process?. In a manner of speaking, our methods are meant to reveal meanings and
implications of such configurational inputs.
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Our process does not automate the design process in any sense.
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A Configurative Design Process

Graph
Embedding

(Map) )

Outputs

Inputs
L

Configurational Analysis
(Network Analysis)

FIGURE 17 the SYNTACTIC design methodology described in terms of the gradual evolution of its
representations from abstract ‘graphs’ to more tangible topological ‘'maps’ to concrete cell configurations as
polygonal meshes with a correct geometry

The advantage of using Space Syntax in analysing bubble diagram sounds apparent,
butits application has been rather neglected. On the other hand, there have been quite
a few rigorous investigations on generation of plan layouts, some of which have even
started with bubble diagrams (a recent survey of such methods can be found in (Lobos,
D., Donath, D., 2010)).

Our focus was on what is theoretically possible to be done in a design process following
this path, which was to start with a graph and end up with a plan. We will see how a
graph can be gradually concretized towards a geometric spatial configuration through
topological layouts. By inserting assumptions about the possibilities, such as confining
the layout process to rectangular shapes we could possibly end this process with
geometric layouts. However, regarding generality and usability of outputs, we decided
to go away from this process in favour of a novel approach based on computational
geometry objects called Isovist Bubbles (§ 3.12 & § 3.13).

We have implemented this design methodology in a computational design toolkit*
named SYNTACTIC, a.k.a. Space Syntax for Generative Design. The workflow that this
toolkit puts forward is explained in the next chapter. In the followings, we explain the
basic steps essential for the inception of a syntactic layout process in our methodology.
This design methodology is explained below:
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Theoretical Basis: Environment Affects Behaviour because

of Spatial Layout, Ambience, and Design

Proposition: design a building with the right configuration by
designing a spatial layout while getting feedback on how the

layout is likely to function

(|(‘(‘(‘(‘

(‘

Spatial Network (Connections): Graph Embedding

(

Introducing Spatial Adjacencies: Map Triangulations

(

Topological Layout: Mapping Dual Cell Configurations

|(‘(|(

FIGURE 18 the workflow put forward by our syntactic design methodology
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Methodical interest in spatial configurations seems to have been originated or at

least flourished in two lineages of work best exemplified in/traced to the books “The
Social Logic of Space” (Hillier, B., Hanson, ]., 1984) and “Architectural Morphology”
(Steadman, 1983) and “The Geometry of Environment” (March, L, Steadman, P,
1974). The first book follows an analytic approach to configuration graphs whereas
the latter ones explore the idea of synthesis of form from configuration graphs. Bill
Hillier and Julienne Hanson were pioneers of configurational analysis (analysing spatial
configurations in terms of their effect on human-space interactions), while Philip
Steadman and Lionel March were the pioneers of configurational synthesis (producing
geometrical/spatial layouts based on configuration graphs). The main contribution

of this chapter can be seen as connecting these two lines of work by proposing a
computational design methodology. Before going into depth of the methods, we need
to begin by giving an accurate definition of architectural configuration.

We need to distinguish two cases in defining architectural configuration: when
‘analysing’ architectural configurations, we might be dealing with a concrete geometry
of environment, whereas in ‘designing’ architectural configurations, like the case of
plan layoutin 2D, we might only have an abstract plan and a few geometric constraints.
This distinction is essential in defining what an architectural configuration is.
Technically, we could say an architectural configuration -in its most abstract form- is

a graph, and while being processed further in a design process, it can be embedded
topologicallyin 2D, or 3D space, i.e. as a topological map; and finally when the spaces
(rooms) are geometrically shaped it has additional geometric properties. When it is a
finalized geometrical layout, it can be analysed in terms of such geometric properties
as 'visibility’. For these reasons, in our ‘configurative’ design methodology, we focus
on defining architectural configuration as a graph that defines spatial arrangement or
the way the spaces in a building are supposed to connect to one another. We shall also
address the visibility properties of spatial nodes (e.g. rooms) at the end of this chapter.
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In this chapter, we present a computational design methodology for architectural
layout that combines configurational analysis with configurational synthesis. The aim
of this methodology is to provide for a systematic approach to design through which
the spatial performance of a design is reflectively shaped by providing the designer
with real-time feedback on social/spatial implications of a layout. The methodology is
called SYNTACTIC® design, emphasizing the role of syntactic or configurational analyses
in the process. Both analytic methods and synthetic methods of the methodology
make use of a labelled graph that is designed by (and shown to) the user as a "bubble
diagram’. The core idea is to build upon the intuitive understanding of a designer from
a bubble diagram and use it as a medium for conveying configurative ideas to analytic
and synthetic algorithms. In other words, the proposed design methodology was to
give life to the bubble diagrams conventionally used for spatial arrangement, to allow
for communication of configurative ideas between designers and computers. This idea
brought about the following technical questions:

What spatial qualities possibly result from the proposed connectivity patterns; and how
can we study them methodically? (Spatial Network Analysis, e.g. Space Syntax)

How can a computational system interpret configurative ideas -put in the form of a
bubble diagram- to plan layout patterns? (Using topological modelling methods)

Does a certain configurative diagram have only a single corresponding layout or more;
if there are many, how can we systematically find the fundamentally distinct ones?
(Considering shape constraints, they can be enumerated topologically)

How can a topological layout be concretized into a geometrical layout? (Computational
Geometry constructs & geometric constraints)

As a response to the above questions, we put forward the following configurational
design process, which:

begins with an abstract configurative arrangement of spatial entities (connectivity
graph) proposed by a human designer;

provides an interactive representation of the above graph as a bubble diagram;
resumes by enumerating all possible topological interpretations of the configurative
inputs as plan layout patterns; and

can eventually end with geometric specification of the layout according to the design
brief; we currently introduce computational geometry agents for forming the individual
spaces; the agent-based model to form the whole layout is under development.
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This is the name of a toolkit that embodies our implementation of this methodology,; the toolkit is introduced in
the next chapter.
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Asingle connectivity graph, as an abstract entity, is interpretable to various geometric
configurations, all of which share the same pattern of spatial interconnectivity although
they may vary in size and shape from one another. Using our methodology, designers
can sketch how the spaces are to interlink, and then they can use our methodology as
follows:

a set of methods interpret these interlinks as a graph that captures the spatial
configuration (spatial connectivity structure) of a building;

an algorithm draws a neat drawing of the architectural configuration graph as a bubble
diagram;

another set of methods assist the designer to find a catalogue of all possible planar
topological embedding of this graph;

a set of methods provide instant feedback on configurational qualities using graph
theoretical measures of Space Syntax such as depth (visualized in justified graphs),
integration, control, entropy, choice, and difference factor (Hillier, B., Hanson, ., 1984)
& (Hanson, 1998).

two computational geometry agents (2D & 3D smart/goal-seeker objects) help the
designer set up an agent-based model in order to geometrically shape the layout,
based on the connectivity graph already constructed.

Reading a Configuration Graph

The most critical step in the process is the inception phase where we need to interpret
configurational ideas of the designer as a graph (e.g. from a point-line drawing as in
Figure 19). Although this sounds to be a trivial task, in fact it is not. If we were to do this
on a piece of paper, then we could ask the user to put some dots on the paper and mark
them as rooms or spaces, then specify the connections between them. This means

we need to take links after nodes; but before that, we need to construct a topological
model in which there are no duplicate lines or points. This can be regarded as an
implementation detail; therefore, we discuss it further in the next chapter. The point
is, the graph that we need to form should describe adjacencies between nodes, or 0D
features, whereas we receive points (OD) and lines (1D) as inputs. The detailed points
regarding the user interface will be further discussed in the next chapter, which is on
ourimplementation of SYNTACTIC.

Algorithm 1 explains the (simplified) steps required to translate a point-line drawing
to an architectural configuration graph, both as an ‘adjacency lists' and an ‘adjacency
matrix’ representation. The last step (Case 2) and its equation in this algorithm are
explained in chapter 5.5 (constructing spatial network graphs).
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FIGURE 19 (left) an exemplary set of labelled points and lines to be interpreted as an architectural configuration
graph; (right) a matrix plot representation of the inferred configuration graph.

Algorithm 1: Reading a configuration graph?

Given a point-line drawing of a graph by user
Output the graph G = (V,E) as adjacency lists and/or adjacency matrices

% ensure there are no duplicates in the list of points;
% index the unique points as a list of vertex-points;
% match a list of input tags and a list of input attributes with the vertices;
% ensure there are no duplicates in the list of lines;
% index the unique lines as a list of edge-lines;
< find incidences among edges and vertices form adjacency lists & an adjacency
matrix;
% choose between an adjacency matrix or adjacency lists:
» case 1 (adjacency lists required):
= form Connections as an N-dimensional array of lists;
= for each edge-line in edge-lines:
% if both edge points are in vertex-points;
» find index of edge-start SI;
> find index of edge-end EI;
»  if Not Connections[SI]3EI then;
= Connections[SI]. Add(EI);
» if Not Connections[EI]|3SI then;
= Connections[EI].Add(SI);
= return Connections;
» case 2 (an adjacency matrix required)

= fill in a Vertex-Edge incidence matrix VE;
= transpose VE and store it as EV
= return the adjacency matrix VV = VEXEV-D;
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After Michael Batty, a New Theory of Space Syntax (Batty, 2004), a more detailed account of this process is
explaineding 5.4
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§ 3.8.2 Drawing Bubble Diagrams

In order to free the designer from geometric constraints at the beginning of a design
process, we offer a ‘force-directed’ graph-drawing algorithm (similar to (Eades, 1984))
(Algorithm 2) to draw a bubble diagram (see examples in Figure 21) merely based on
nodes, links, and the intended area for the nodes. This way, the designer does not need
to manage to draw a neat diagram, as the system does it for them; instead, they can
think of what spatial connections are needed because of what spatial qualities.

In other words, the nodes can be anywhere in the space and if the links cross each other
it does not matter; because the graph drawing algorithm will make a neat diagram out
of this set of nodes and links [graph] if possible. That is, if the graph is a planar graph
and that the spaces surrounded by other spaces could fit in their middle. A planar graph
is a graph that can be drawn on a piece of paper such that none of its edges would cross
each other. Note that even if the graph is planar, there are cases where drawing a coin
graph drawing (a.k.a. kissing disk drawing, as produced by this algorithm) would not be
possible simply because a coin might be too big to fit within its neighbour coins!

The force-directed graph-drawing algorithm is one of the most popular graph drawing
algorithms but it is not guaranteed to work under all circumstances. There are no
proofs of its convergence in the literature and hence we do not claim that it would work
even if the graph is planar and the disks could fit nicely next to each other. Despite

this theoretical pessimism, by tweaking the knobs of this algorithm, relatively nice®
drawings can be achieved in very short time for complex graphs.

FIGURE 20 the left image shows a bubble diagram from the user with disks sized as to the desired areas; the
rightimage shows the neat bubble diagram drawn by our algorithm.

Nicety refers to a concept in the Graph Drawing literature that regards the measureable aesthetics of graph
drawings in terms of such things as maximum distinction between nodes, avoidance of link crossings, etc.; all of
which would help a human to understand a (usually large) graph.
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Algorithm 2 Force-Directed (Kissing-Disk/Coin-Graph) Drawing

Given the graph T = (V,E), E = (V;, V}) if ; is linked to V;

Output a kissing-disk drawing of graph T

< Do
» For Each vertexu € V

* u=umoved by the Resulting_Forces
» Next
» Recompute Continuance_Condition:

v(i,j) € E,x;; # (R, + R;) F ErrorTolerance
» Tteration_Count=Iteration_Count+1

% Attraction_Forces= AF;; = k,Ax;;,if (I,j) € E,
=  k, = attraction strength factor,
*  Ax; = Distance V; to V;-RestLength(i, j)
*  RestLength(i,j) =R; + R;
& forall (1,j) if x;; < RestLength(i, j)

Xii

0

% Repulsion_Forces= RF;; =
= k. = repulsion strength factor
* x;; = DistanceV;toV;

*  RestLength(i,j) =R, + R,

= Resulting_Forces=Y, Attraction_Forces(u) + . Repulsion_Forces(u)

< Until (Continuance_Condition=False Or Iteration_Count>MaximumIterations)

FIGURE 21 abstract bubble diagrams drawn automatically by the force-directed graph-drawing algorithm.

Changing the area values changes the diagrams.
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§ 3.8.3 Drawing]ustified Graphs

Drawing justified graphs [after (Hillier, B., Hanson, ]., 1984), using Algorithm 3 allows
designers to see a configuration literally from different point of views. A justified

graph drawing shows the concept of graph theoretical distance (alias depth in Space
Syntax jargon). It might help designers more carefully construct spectra such as
privacy to community or climatically controlled to uncontrolled spaces. We shall see an
educational example of such a usage in the next chapter.

Algorithm 3: a simplified description of Justified-Graph-Drawing; the
actual algorithm contains many more details that have been omitted for
the sake of clarity and brevity>. Minimization of crossings is a WIP.

Given the graph G = (V,E)
Output a depth-justified tree-like drawing of the graph G

1- Compute Breadth-First-Search (BFS) for the graph T, starting from all u € V
called root

2-  Store the depth computed by BFS (graph-theoretic distance) of all vertices from
root in a list(of lists)

3-  For a chosen root, find out how many depth levels are there and which vertices
are in which depth levels

4- Draw depth levels as lines and put vertices of each depth on the corresponding
depth level

5-  For each vertex make a disk of the size attributed to the pertinent space

6- Draw the graph edges

7- Try to minimize crossings

FIGURE 22 justified graphs automatically drawn from an arbitrAO072xy root chosen by designer

after (Scaffranek, 2012) and (Jiang, B, Claramount C, Klarquist, B, 2000)
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Real-Time Space Syntax Analysis

We have chosen Space Syntax as the umbrella structure for the configurational analysis
methods used in our design methodology. This is of course because of the architectural
relevance of the underpinning principles of Space Syntax theories; particularly those
pertained to human perception of space and its links to environmental psychology.

This, however, does not mean that we do not have a critical view on the use of Space
Syntax in design analysis. We are aware of some criticisms on a few issues regarding
some of Space Syntax indicators such as integration (e.g. see the issue with the so-
called diamond value in the formulation of the “Integration” in (Park, 2005) and the
problems identified with the so-called “axial lines” in (Ratti, 2004)). The issue that

we can identify based on our observation from the usage of the indicators in design
practice is the difficulty of interpreting them in plain language and clarifying their exact
meaning and their usage in studying the spatial performance of a building. There are
also confusions regarding the misuse of centrality indicators as performance indicators.
Nevertheless, providing a full account of such details and going to the mathematical
depth of these topics diverts our focus and goes beyond the scope of this thesis. For

the purpose of this work, we consider Space Syntax indicators as an exemplary analytic
engine for architectural configurations. In chapter 6, we offer some alternative methods
for spatial network analysis applied in urban configuration analysis.

Fora smooth introduction to Space Syntax graph theoretical centrality indicators, in
the following sections we look at them from the perspective of geodesics or optimal
paths. As mentioned before, an architectural configuration can be very abstract at
the functional level. Technically, when thinking of a configuration at an initial stage
in design itis not even as concrete as an embedded graph; i.e. a graph needs not be
drawn to exist. In other words, we might not have any idea or constraint as to how a
particular graph can be drawn in 2D or 3D Euclidean space. Therefore, we will deal
with configuration graphs at three levels, namely, Graph Theoretical, Topological, and
Geometrical.

Dealing with a graph as a set of relations, the notion of shortest path can be reduced
to a path consisted of minimum number of nodes. Such a path can be computed
using graph traversal algorithms such as Breadth-First-Search (BFS). The interesting
point is that Space Syntax research has confirmed that such a distance comes close
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to something that we might dub 'mental distance’, which corresponds to the ‘mental
map' that people would construct out of a spatial configuration. A multitude of
research papers following Space Syntax approach reveals a connection between graph
theoretical measures on graphs constructed from the abovementioned geodesic,
namely those making use of Integration as means to study urban configurations.
Technically, this indicator is formed based on what conventionally called the ‘Graph
Theoretical Distance’. It simply tells how many nodes a node in graph is away from
another node. For example, in a social network we can conceive of this distance as the
number of people that one might need to make their acquaintance in order to connect
to some famous person through their connections. In an indoor spatial network, this
distance corresponds to ‘the number of rooms one has to pass to get to a destination
room”. In this informal definition, we take the notion of room as for spatial node, which
can be specified as convex or star-convex shapes.

The so-called first law of geography (Tobler, 1970) has been stated as "Everything
is related to everything else, but near things are more related than distant things".
Consistently, the primary idea behind Space Syntax research was that closeness (as
derived from the reciprocal of graph theoretical distances) is key to the way people
‘socially” interact with space and the ways in which some spaces become more
public or communal than others. In other words, primary Space Syntax models

give us computational insight into the spectrum of privacy-community in spatial
networks. The key idea is to look at "how far' is one space to all other spaces in a spatial
configuration. This aggregate number is called ‘total depth’ in Space Syntax jargon.
If a space s relatively close to other spaces in a system, then it supposedly develops
to be a common destination and so it tends to become a communal space. This kind
of centrality measures are used to study the so-called “to-movement”® potentials of
spaces within spatial configurations.

Closeness Centrality and Integration (as in Space Syntax) are closely related and based
on the distances measured as to the length of some kind of a geodesic (optimal path).
Using the geodesics themselves, however, we can think of another type of centrality
measures that are based on the number of times a link or a node happens to be part of
a geodesic (metric, topological, or any other type of geodesic). If a certain space is often
part of optimal paths, then it is reasonable to think that this space has a high potential
in terms of “through-movement"®.

A common Space Syntax term referring to the tendency of a node to attract human movement to itself

A common Space Syntax term referring to the tendency of a node to attract human movement through itself
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Centrality measures have been used, mainly by Space Syntax researchers, to study the
human movement and socio-functional potential as ‘indirect means’ to see why some
nodes and spaces are more important than others. Using such indicators as means of
studying spatial behaviour might seem problematic in some ways; however, centrality
indicators are among the best tools available for studying the social and functional
potentials of an abstract design representation such as a bubble diagram. We assume
that the structure of space has an effect on the patterns of movement in space; and if
so, the way we can approach studying such influences could be through graph theory
(network analysis), especially in an early stage of design when a configuration does not
have enough geometric details to be analysed otherwise.

Avalid criticism on the use of centrality indicators (e.g. integration) for studying
spatial performance, however, would be the direct usage of a centrality measure as a
‘model’ of human movement. It must be noted that centrality models can only reveal
structural properties of graphs. We might find associations between the dynamics of
phenomena taking place within a graph space with centrality indicators, but centrality
indicators should not be mistaken with behavioural models. Take for instance
closeness centrality (Sabudussi, 1966) and its variant in Space Syntax (Integration):
the reciprocal of the sum of distances to other nodes seems to have influence on some
community structures, as those nodes with less such distance are more central than
others are. It is clear that such indicators only tell something about the structure of the
network. Explaining an association between the network structure and the dynamics
of such phenomena requires the insertion of more assumptions. This is where the

role of behavioural sciences such as environmental psychology becomes essential in
developing such indicators.

In case of betweenness centrality (Freeman, 1977), what it indicates is nothing

but how many times a node/link happens to be on a geodesic. If we take this as an
indication of how many times people are likely to pass by a certain location then we
have implicitly assumed that people pass through the type of geodesics that we have
modelled. In other words, the betweenness centrality measure is only indicating a
structural property of the graph understudy. However, this measure and its underlying
assumptions seem to work in studying some socio-economic distributions.

A plethora of studies has found this measure to be associated with such activities as
retail businesses and human movement (subject to scale of analysis); namely (Hillier,
B., Penn, A., Hanson, ]., Grajewski, T. & Xu, J., 1993), (Penn, A., Hillier, B., Banister, D.
and Xu, J., 1998) & (Hillier, B., & Ida, S., 2007).
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An alternative approach in studying spatial configurations and their dynamics

(e.g. human movement in space) is to develop probabilistic models, for example
using stochastic models such as Markov chains. Note that it is possible to convert a
measure like betweenness into a probability distribution, e.g. (Volchenkov, D., and Ph
Blanchard., 2007).

Let us see how network analysis methods can be used in an "architectural design
process’: once the graph is formed, it can be analysed in terms of its potentials as a
social-spatial network, for example by Space Syntax measures?. These measures, as
implemented in our tool suite, are:

Integration (Hillier, B., Hanson, ., 1984),

Control (Hillier, B, Burdett, R., Peponis, ]., Penn, A, 1987),

Entropy (Turner, 2007) (based on information entropy introduced in (Shannon, C.E.
and Weaver, W., 1949)),

Choice (betweenness centrality (Freeman, 1977)) for individual functional spaces, and
Difference Factor (Hanson, 1998) for the whole configuration.

In addition, Justified Graphs (as in Figure 22) will be automatically drawn from a node
as root to show the same configuration literally from different point of views. Justified
graphs might have very practical uses in analysis of relatively large and complex
building designs, especially when some hierarchies or sequences are sought as not only
spatial Depth (or graph-theoretical distance) but also spectra of other qualities such as
controlled temperature.

Note that there are also Space Syntax measures pertaining to geometric qualities such as visibility as in Visibility
Graph Analysis developed by late Alasdair Turner (Turner, 2007). When dealing only with a graph at the most
abstract level, these measures cannot be used.
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Integration Choice Entropy Contral
Gt Room: 0548 Guest Room: 21 Dining: 0,928 Toilet: 0.167
Bedroom1; 1,021 Bathroom: 21 Hall: 1.008 Bedroom2: 0,167
Toilet: 1.021 Bedroom1: 21 Comidor; 1.034 Guasi Room: 0.2
Bedroomz: 1.021 Bedroom2: 25 Toilet: 1.362 Slorage: 0.5
Bathroom: 1.021 Toilet: 25 Bedroomy: 1.362 Living: 0.5
Storage: 31 Dining: 0.7
Living: 31 Bathroom: 0.7
[ Kitchﬂ;: 38 Bedroom1: 0.7
Dining: 39  Kitchen: 1333

Comidor: 2 654
Hall: 3.318

Corridor: 67 Corridor: 2.5

Hall: 89 Living: 1.475 Hall: 3.533

Difference Faclor=0.73871

FIGURE 23 exemplary results of Space Syntax analyses for the configuration graph shown in Figure 19

Depth (Space Syntax variant of Graph Theoretical Distance)

The first thing we need to know about a configuration is the distance of each space
from any other one in terms of spatial steps (i.e. the spaces in between the two
nodes). A distance measured between two nodes, using a graph traversal algorithm
such as Breadth-First-Search BFS, on a graph is called the graph theoretical distance
between them. We have developed an automated “Justified Graph” drawing tool that
visualizes such distances on depth levels. In any configuration, one can choose a point
of view to look at their proposed configuration literally from different points of views
(see Figure 22).
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Integration (Space Syntax variant of Closeness Centrality)

Integration is a measure of centrality that indicates how likely it is for a space to be
private or communal. The more integrated a space, the closer it is to all other nodes in
a configuration. Integration is calculated by computing the total depth (distance) of a

node when the depths (distances) of all other nodes are projected on it. It is formalized

asin equation (5), in which k denotes the number of nodes, TD is the total depth as
explained above, and Dy, the so-called diamond value is obtained from equation (6)
Itindicates how an individual space is private or communal within a configuration .

Dy (k-2)(k-1) (5)
T 2(TD-k+1)
D= (kD(k+ 1)

Difference Factor

Difference Factor (Hanson, 1998) is a measure of ‘spatial articulation’ for a whole
configuration. It indicates how differentiated the spaces are within a configuration.
It is calculated according to the following equations based on the notion of Relative
Asymmetry [in a spatial configuration graph] (denoted as RA) [from (Hillier, B.,
Hanson, ]., 1984)]:

RA = 2(TD-k+1) )
(k-2)(k-1)
a = the maximumm RA, b = mean RA, c = minimum RA o)
t=a+b+c
H:Unrelativized Dif ference factor
9
a. (a b (b c /C
i=-{fzm @1+ o)+ Er G
H':Relativized Dif ference factor
. H-In2 o
" In3-1In2
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Entropy (Space Syntax variant of Shannon Index of Information Entropy)

Entropy values, as described in (Hillier, B., Hanson, ., 1984) and specified in (Turner,
2007), intuitively describe the difficulty of getting to other spaces from a certain space.
In other words, the higher the entropy value, the more difficult it is to reach other
spaces from that space and vice-versa. We compute the spatial entropy of the i™ node
as S; using the ith point depth set:

dmax

S =- Z P, log, P, (1D
d=1

“The term d,,q, is the maximum depth from vertex v; and P, is the frequency of point
depth “d” from the vertex” (ibid). Technically, we compute it using the function below,
which itself uses some outputs and by-products from previous calculations:

Algorithm 4: Entropy Computation

Given the graph T = (V,E) as list of list of E = (V;,V;) if V; is linked to V; (adjacency
lists), Depths as List (of (List of integer)), DepthMap as Dictionary of integers
Output a list of Entropy indices corresponding to the nodes

°

% Initialize Entropies as List(double)

o

% For node as integer in range [0, V)

» integer How_Many_of D=0

» double S_node=0

»  For depth as integer in range [1, Depths[node]. Max()]
*  How_Many_of_D=DepthMap.Branch[(node,depth)].Count
= double frequency= How_Many_of D/IV |
= S_node = S_node - frequency * Math.Log(frequency, 2)

» Next

»  Entropies [node] =S_node

< Next
* Return Entropies;

Configraphics



§ 3.10.5

109

SourceCode 1: exemplary implementation of Algorithm 4 in C#.NET

{

{

depth++)

depth)).Count;

}

public List<double> PointDepthEntropy(List<List<int>> G, List<List<int>>
Depths, DataTree<int> DepthMap)

if (G == null || Depths == null || Depths.Count != G.Count ||
DepthMap == null)

return null;

int nodecount = G.Count;
double[] Entropy = new double[nodecount];
for (int node = @; node <= nodecount; node++)

int howmany_of D = 0;
double S_node = 0;
for (int depth = 1; depth <= Depths[node].ToArray().Max();

{
howmany_of_D = DepthMap.Branch(new GH_Path(node,
double frequency = howmany_of D / nodecount;
S_node = S_node - frequency * Math.Log(frequency, 2);
}

Entropy[node] = S_node;

return Entropy.TolList();

Control

Control value (Hillier, B., Hanson, ]., 1984), (Hillier, B., Burdett, R., Peponis, ]., Penn,
A., 1987), specified in (Turner, 2007) (as in equation (12)) intuitively indicates how
strongly a vertex in a graph (a space in a configuration) is linked to other pointsin a

superior manner. It is “computed by summing the reciprocals of the neighbourhood
sizes adjoining the vertex” (Turner, 2007)) in which D; is the degree of a 'neighbour’

node, and nis the number of all neighbor nodes.

Control =

i
S| -
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Choice (Space Syntax variant of Betweenness Centrality)

Choice or Betweenness (Originally introduced as Betweenness by Freeman (Freeman,
1977)) is a measure of importance of a node within a configuration. That literally

tells how many times a node happens to be in the shortest paths between all other
nodes. It can also be computed for the links connecting the nodes in a similar way. It is
computed based on equation (13), in which g;,(P;) is the number of shortest paths
between nodes B and Py which contain node B, and ojy is the number of all geodesics
(optimal paths) between P and Py. In social network analysis, the number of shortest
paths between two persons is often more than one (easy to imagine why), but this
situation almost never happens in spatial network analysis. Therefore, the following
equation is a simplified version of that of Freeman (ibid.).

_ 0 (P)
Cs (P) —ZZ? G <k (13)

Random Walk Value (probability of presence)

It can be shown that the stationary probability distribution of a random walk defined

on the configuration graph has a probability distribution proportionate to the degree
distribution (Volchenkov, D., and Ph Blanchard., 2007). We shall discuss random walks
and Markov chains in detail in chapter 5; here we give a hint as to what this measure says.

The intuitive meaning of this measure, when interpreted in terms of the dynamics

of a random walk, would be the probability of finding a random walker (a walking
drunkard) at a node after a long time of walking. An alternative interpretation would
be the ‘expected value’, or the steady state probability distribution of the spatial
system seen as a Markov chain whose dynamics are modelled in terms of the unbiased
transition probability of a random walker from a node to a neighbour node (i.e.

Prg ;y = 1/deg(i) ). Note that this transition probability is computed in the absence
of any attractions or biases towards nodes. Since the sum of all node degrees in a graph
is equal to the number of links times two; the distribution below can be thought of as
the node degree distribution relativized as to the sum of degrees.

deg(i
7 = g(D) (14)
2|E|
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Analysis versus Evaluation of Spatial Performance

Space Syntax measures and their distributions are qualitatively interpretable into
concepts such as privacy and community (Hillier, 2007, p. 22). In case of residential
plans forinstance, the various representations and measures of Space Syntax show
how domestic space manifests life styles, social meanings, and identities of different
sub-groups within society (Hanson, 1998). Using Space Syntax methodology, the
system interprets spatial arrangement from the very moment it is putin and drawn

as a bubble diagram, and gives qualitative feedback on spatial properties and social/
functional potentials of the whole configuration in terms of accessibilities, centralities,
and likelihood of passage through spaces. According to the design context, designers
caninterpret these spatial measures into the ‘likely’ social /programmatic performance
of their configurational ideas. As a result, performance analysis is automated by the
system; but performance evaluation, i.e. judging the relative goodness of design
alternatives, due to the intellectual sophistication of the matter and especially because
of its contextual essence, is intentionally left for human designers using the system.

The synthetic process in our methodology commences with embedding the
configuration graph putin by the user. It can be thought of, metaphorically, as the
process of putting a configuration graph into a geometric shape (see Figure 24 &
Figure 25). Note that at phase 1in Figure 24, there is only a single alternative at hand,
and then at the end of phase 2, we will have several alternatives, among which we
might want to choose the one that has the best aptitude in terms of an optimization
criterion®. Laterin phase 3, we can potentially produce m different dimensionless
rectangular cell configurations for every single such topological layout, each of which
permits several dimensioned plan layout patterns. Therefore, we could imagine that
the total number of alternatives would be in the order of nxmxo solutions. We have
only developed the algorithms of phase O, 1, and 2; but shown how the whole process
would be, i.e. if it were to go in the direction defined by March, Steadman, Roth,
Hashimshony, and Wachman ( (March, L, Steadman, P, 1974), (Steadman, 1983),
(Roth, ], Hashimshony,R, Wachman, A, 1982).
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As an alternative to rectangular plan layouts (phases 3 & 4 in Figure 24), we have
devised free form Computational Geometry constructs (Isovist Bubbles) to allow for
generic layout processes.

d
|
- s\
b
A Single Dual Graph
A Single A Single Several For Each
Graph Topological Embedding Tri lati Triangulation

representing spatial
interlinks

0

{ Phase 0: 1 alt. } { Phase 1: 1 alt. } {

describing how such
relations can be put on
a plane surface, given
an outer face

1

suggesting extra
adjacencies between
spaces, not seen in the
initial graph

suggesting a cell
configuration that
admits the connectivity
graph plus extra
adjacencies

2-a 2-b

Lo =

Several ST-directed
Triangulations
Corresponding With
the Fittest Dual Graph

showing different ways
in which rectangular
cells can be put
together according to
the adjacencies

3-a

{ Phase 3: m alt.

A Single Dimension-
less Rectangular Dual
Corresponding to Each
ST-Directed
Triangulation

proposing a way rooms
can be adjacent to each
other to admit the
primary spatial
connections and
secondary spatial
adjacencies

3-b
}

Several Dimensioned
Rectangular Duals
Corresponding to Each
Dimension-less Dual
Graph

presenting a way that
rooms of required sizes
can be put together
according to the
chosen cell
configuration, given
ranges of acceptable
sizes

{ Phase 4: o alt. }

FIGURE 24 a schematic phase model of the proposed design methodology, only the first 2 phases have been
implemented algorithmically. Stages 3-a, 3-b and 4 are not included in our proposed methodology.

112 Configraphics

Phase 2: n alt. }



Although based on a particular geometric constraint, the number of rectangular plan
layout typologies can be seen to grow rather rapidly in this process. This is theoretically
interesting as it demonstrates the complexity of a spatial layout process. Even if we
stick to a single connectivity pattern, the number of geometric possibilities admitting
that pattern would be many (perhaps not too many, if adopting such a geometric
constraint). For reasons explained later (§ 3.11.6), we abandoned the idea of
rectangular plan layout and focused on two Computational Geometry constructs
(isovist bubbles), which can potentially produce flexible solutions out of topological
plan-layout patterns (see Figure 25).
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FIGURE 25 The course of computational procedures for triangulating a connectivity graph by adding adjacency links, finding a
dual graph and a rectangular dimension-less plan layout pattern. The last step (rectangular drawing) is done with unstable/non-
standard algorithms, only for giving an idea as to where the process could go.

Topological
Possibilities
A
4 N
Dual Faces
(of a topological map)

Graph Theory Topological Graph Theory Graph Drawing Computational Geometry

FIGURE 26 the elements of design representations gradually evolve from abstract nodes, without any geometric connotation, to

isovist bubbles that have the property that match with the area requirements, the plan boundary, plus complying with the desired
spatial connectivity.
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We need to deepen our explanation of topological embedding to make our focal point
clearer to the general reader. A graph, as mentioned before, does not need to have a
geometric representation to exist. Forinstance, nowadays, with the experience of social
networks everybody can realize that the social network does not need to be represented
as a geometric shape to exist, however it can be drawn as such, if desired. In other
words, a drawing of a graph is not the same as the graph itself. Topological graph
theory, studies the embedding (loosely speaking, drawing) of graphs on surfaces (and
other topological spaces). According to the preliminaries given before (§ 3.5) a graph
I does not contain any topologic information per se, whereas a map Mdoes, i.e. the set
of its faces F. Technically, a map is a topological representation of a planar graph, i.e. a
graph that can be drawn on a plane (or a 2-manifold) without crossing edges (Baglivo,
]J.A. & Graver, ]. E., 1983).
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FIGURE 27 from left to right, the sketchpad, a sample configuration graph drawn by a designer (as point nodes
and line links) the unique untangled planar drawing of the configuration including and excluding the nominal
North-East-South-West sides of the configuration.

The Whitney theorem states: “a planar graph, which is 3-connected has only one choice
for the set of faces, i.e. it yields only one map [say one topology, loosely speaking, before
further triangulations®]” (Baglivo, ].A. & Graver, ]. E., 1983). A 3-connected graphis a
graph, which cannot be made disjoint unless at least three vertices are removed from it
together with their incident edges.

We can find this embedding (for a 3-connected graph) using the Tutte algorithm
((Tutte, 1963)) which is guaranteed to find this unique embedding as a crossing-free
straight-line drawing, given a convex face considered as the outer face and fixed. The
Tutte Drawing algorithm puts each vertex at the barycentre of its neighbours, i.e. the
average position of its neighbours. This drawing has the property that all its faces are
convey, including the outer face. This solution corresponds to a unique solution to a
system of linear equations (Tutte, 1963). This theorem and the method for creating
a Tutte drawing is believed to have made a revolution in the course of development
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To imagine this, consider the embedding on a sphere instead of a plane, this way, no matter which face is con-
sidered as the ‘fixed’ outside, the total set of faces will be the same.

Configraphics



11

5

of [topological] graph theory as it strongly states that if the input graph is planar and
3-connected, then the drawing output by the barycentre algorithm is planar, and

every face is convex (Eades, 2012).We have made use of this algorithm in a novel way
in our methodology, in order to have a solid basis for further investigations on the
topological possibilities. By offering a graph formation algorithm, which produces a
sketchpad (see Figure 28), once the designer inputs nodes for a connectivity graph,

we automatically add four vertices named North, East, West and South (NEWS) to
represent the nominal sides of a generic plan, this is inspired by the work of (March,

L, Steadman, P, 1974) and (Steadman, 1983)). The idea is that, whatever the plan,

it has some kind of connection with the outside world and that it has sides, these
vertices generically represent nominal geographical sides, which could be there in lieu
of whatever other features outside the plan®. The user should provide some additional
connections to these sides in addition to the internal connectivity links. These vertices
are automatically considered as the fixed vertices of the embedding so the user does
not need to introduce any other constraint. After the embedding is done, the algorithm
separates the internal connectivity sub graph from the complete graph including the
NEWS vertices (Figure 29). Note that the condition of having a 3-connected graph
applies to the complete graph containing NEWS vertices, meaning that it does not add
any additional constraint to the design of internal configuration. In other words, the
internal sub graph can be even 1-connected (see Figure 28 & Figure 29). The designer
is automatically prompted to provide enough links with the NEWS vertices such that
the whole graph is 3-connected.

FIGURE 28 The lines drawn by the designer are interpreted into spatial connectivity links and adjacencies with
the outer space in nominal NEWS directions
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FIGURE 29 aTutte embedding of the spatial connectivity graph, given NEWS vertices as fixed. Thisis a
3-connected graph, which has only this map; meaning that this topology is unique.

Producing a Convex Embedding of the Connectivity Graph

Avery important method in our methodology is for untangling the embedding of

an architectural configuration graph. This method produces a unique topological
embedding of the graph on a plane. It is implementing the Tutte algorithm for convex
drawing (Tutte, 1963). The valuable point is that once this (linear-time) algorithm
converges to an embedding (practically in a tiny fraction of a second for small graphs)
we are certain that it is unique. Therefore, that means that no matter how we provide
the connectivity input, we always get the one embedding that corresponds to that
single graph of connectivity.

A topological embedding indicates how the vertices of a graph are connected to one
another on a surface. It is usually expressed in terms of ‘face’ descriptions. The convex
drawing algorithm reveals the unique planar topology of the connectivity graph, given
thatitis linked in a particular way to the nominal “North, East, West, and South”
(NEWS).

Atopological description is in between an abstract connectivity description and a
concrete geometry. This is exactly a breakthrough in our computational methodology
that it uses a Tutte embedding for generating geometric graph drawings and plan layout
patterns. This method also indicates if a floor plan is admissible for the set of connectivity
requirements; provides an ordering for automated justified graph drawing; and
distinguishes a sub graph of the whole connectivity graph (excluding NEWS vertices).

Configraphics



117

This sub graph, its vertices and its attributes will be used further on (See Figure 27).

Prior to using this method, we check if the connectivity graph can possibly have a planar

embedding, i.e. using Euler Characteristic (equation (4)) and one of its corollaries
(equation (15)). The Tutte algorithm, however, could deliver result with poor geometric
resolution in some cases. To overcome this drawback we introduced our force-directed
drawing method in addition. We have also exploited a ‘Spectral Graph Drawing’
algorithmin chapter 5 (section 5.13) that is closely related to the Tutte algorithm.

Algorithm 5 Tutte’s barycentric embedding (explanation based on (Eades, 2012))

Given the graph G = (V,E)

Output: a straight-line drawing (embedding) P

Step 1: Choose a subset A of V (to be fixed, we have introduced the virtual vertices of
4 NEWS nominal sides as A)

Step 2: Choose a location p(,)= (X,,¥,) for each vertex a € A (on a convex polygon)

Step 3: For each vertex u € V — A, place u at the barycentre (average position) of its

graph-theoretic neighbours. This can be done using a linear algebraic method for
solving a system of linear equations:

Let L be the matrix (this is the so-called Laplacian Matrix of the Graph G,
corresponding to the remaining vertices V — A), indexed by V — A, and defined by:

degay if u=v
Lawy =3-1if (w,v) € E (if u is adjacent to v, i.e. 3(u,v) € E
0 otherwise

Step 4: Let c and d be the vectors, indexed by V — A, defined as:
Cu =LweaXw
dy = XeaYuw
o d.o
n=|V-Al:c= Cu ,d = d:u
c d,
Step 5: Choose x and y to be the vectors, indexed over the set V — A, defined by:
x=L%c
y=1Ld

Step 6: Choose p(u) = (xy,y,) for allu € V— A and draw edges (i, j) € E
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Maximal Planar Graphs and Triangulation

After the unique topology (map) of the connectivity graph is revealed, we can think

of the possibilities it implies for different plans admitting such connections. There is
one important fact to be observed here: that for two spaces to be connected they need
to be adjacent in our definition; however, being adjacent does not necessarily mean
being connected. For example, the reader might imagine a kitchen and a bathroom
that are adjacent to one another for technical reasons such as passing the water pipes
and alike through a shared ‘wet’ wall. In this case, it is not likely that these two spaces
are connected as well. In fact, such adjacencies usually occur because of technical
considerations or simply out of compaction. In other words, a connectivity graph
implies which spaces ‘should be’ adjacent to each other, but it does not say which
spaces 'could be' adjacent to each other. In order to find such possibilities, the same
way we have interpreted connectivity links as edges of the graph, we can add a new set
of edges to the graph for the additional adjacencies. The point is that the new graph
will necessarily contain the connectivity graph as a sub graph. We can add these new
edges up to a level where adding one extra edge will render the graph non-planar.

For knowing how many additional edges can be added, we can refer to the Euler
characteristic (equation (4)) for an upper bound. Given the fact that in a graph defined
in (equation (2)) there can be a maximum of edges above which the graph will be
necessarily non-planar (equation (15)).

IE|l < 3lVl-6 (1)

A planar graph with the number of edges |El = 3|V| - 6 iscalled a maximal planar
graph, which is necessarily a triangulation, meaning that all its faces are triangles.
Now, the question isin how many ways these new edges can be added. It is clear that
the number of possibilities for triangulating this map has to do with the number of
topologic possibilities for the plans; but the question is how are these two entities
related?

Finding Dual Spatial Layout Topologies

A convex Tutte drawing can be ‘triangulated’ so as to give rise to dual graphs

that can represent a cell configuration admitting the connectivity graph in itself.

While triangulating, we may add links that imply adjacencies that may arise out of
compactness and/or enclosure geometric constraints. If we confine the triangulations
to a particular type of triangulations, then we may get rectangular dual graphs that can
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be viewed as dimension-less plan-layout patterns (See Figure 25). Such “"dimension-
less dissections can be later dimensioned by means of two algorithms introduced

in (Steadman, 1983), (Roth, ], Hashimshony,R, Wachman, A, 1982), (Roth, ] &
Hashimshony, R, 1988), and (March, L, Steadman, P, 1974)*.

Instead of a technical description, here we give an intuitive definition of dual graphs.
Areader familiar with the theory of Space Syntax knows that a plan can be analysed
as a graph containing its convex cells and the connectivity relations among them
(we explained this point in terms of Poincare duality theorem in the preliminaries
of this chapter). This graph, which is constructed out of a cell division, is a sub graph
of the dual representation of that cell division. Duality is mutual of course, meaning
that given a connectivity graph, a cell division that admits that graph because of cell
adjacencies is a dual of a graph that contains the connectivity graph as a sub graph.
If we consider the cell divisionasamap M = (V,E,F) then each face of this map
represents a vertex in its dual graph, which contains the adjacency links as well as
connectivity links (see Figure 30 & Figure 31) (after (Steadman, 1983)). This implies
that if we manage to find all possible triangulations of a connectivity graph, we can
reveal all possible topological maps of plans that can admit such connectivity patterns
as their dual cell divisions (see Figure 30). Note that these distinct possibilities are plan

topologies and should not be mistaken by plan geometries.

FIGURE 30 a planar cell division and its dual graph (which might contain both adjacency and connectivity links)

§ 3.11.4 Finding All Possible Adjacencies as Maximal Planar Graphs

In computational design practice, there is a trend to randomly generate many
geometric possibilities and then use search algorithms to find the best ones according
to some formulated goals. Instead, in this work we propose that the computational
process could be a process of revealing distinct possibilities in a systematic manner, i.e.
revealing the “Design Space” as a Catalogue of Possibilities. We prefer to end the search
in the domain of topological embeddings of connectivity graphs as we deem each
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topological embedding “a distinct possibility” that can be further concretized as a plan.
We do not follow any optimization path, as we do not have any intention to automate
the design process, whatsoever. We can argue that all of the revealed possibilities
originate from the configurational idea of the designer, as they are all based on the
initial architectural configuration graph. This is instead a theoretical investigation

into the matter of syntactic design, i.e. the number of topologic possibilitiesin a

layout process. Interestingly, the possibilities are not ‘too many’. In order to generate

a catalogue of the mentioned possibilities, we need to perform two computations
sequentially:

Generate all possible triangulations (maximal planar graphs)
Find the dual cell-configuration of each triangulation

Now, let us go back to the question we posed on the number of ways for drawing a cell
configuration corresponding to a configuration graph (§ 3.8 Configurative Design
Process). This question now can be reinterpreted as follows: How many triangulations
(unique floor plan topologies) are out there? Imagine the connectivity graph embedded
by the Tutte algorithm in Figure 29. If we are to triangulate this map, we should look at
the non-triangular faces of it. Each non-triangular face can be triangulated in a number
of ways and the number of ways one can triangulate a convex polygon with n sides is
known to follow the so-called Catalan number of two lower orders C,_, as below:

1 (zn)yiems - 1 (2n-4) (16)

Catalan number: C, = n = (n-1) \ n-2

T(n+1)

The above equation is adopted from (Hurtado, F., Noy, M., 1996), (Hurtado, Ferran,
and Marc Noy, 1999), and (Saracevic, M., Stanimirovic, P., Masovic, S. and Bisevac, E.,
2013).See Figure 31, Figure 32, Figure 33, Equation 17 and Algorithm 6.
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FIGURE 31 from (Hurtado, Ferran, and Marc Noy, 1999) showing the ways in which convex polygons of size smaller than seven can

be triangulated.

2°9x5=1580

FIGURE 32 triangulation of a convex embedding of a connectivity graph. Impulsive adjacency links are shown
as dashed grey lines. A corresponding dual map is shown at the right side, with initial spatial connectivity

links shown as thick edges in black. The total number of topologic possibilities pertinent to triangulations is
calculated by multiplying the ways all non-triangular polygons can be triangulated, i.e. 2% x5 = 2560. Note
that some triangulations might be omitted because a polygon of 5 sides might have been embedded with two
adjacent edges in line with one another, this practically converts this polygon into a 4-sided polygon and hence

lowers the possibilities.
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FIGURE 33 shows the 16 feasible plan-layout patterns (duals of 16 possible triangulations of a 2D embedding of a configuration
graph) for a sample connectivity graph revealed and enumerated exhaustively.
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Through integration with computational design workflows, the user/designer can go
further from these topologies and develop various geometries depending on project-
specific choices and formal preferences, the possibilities include using our isovist
bubbles. See Figure 34, Figure 35, Figure 36, and Figure 37 for an animation-like
account of the process.

Finding all triangulations algorithmically is not as easy as drawing them by hand. We
have devised the recursive Algorithm 6° for enumerating these triangulations inspired

by a decomposition of the Catalan numbers, originally conceived of in conjunction with

the problem of triangulating polygons by Leonhard Euler, explained in an enlightening
lecture by Norman . Wildberger (Wildberger, 2013). He makes a connection between
the Euler’s formulation of the problem of triangulating polygons and the Segner’s®
decomposition of the Catalan numbers:

n-1
Catalan number: C, = Z Co Chika (17)
k=0
Our algorithm find all triangulations for each non-triangular polygon and then cross-
reference them to find all triangulations corresponding to the whole map.
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A detailed description of this sophisticated algorithm would take us far away from the scope of this thesis, and
hence, it is postponed to a future publication.

Johann Andreas Segner (1704-1777), a Hungarian scientist.
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Algorithm 6: Find All Possible Triangulations of a Sub-Maximal Planar Graph

Input a polygonal mesh PM// that is a planar embedding of a planar graph

Output a list of triangulated meshes// that contains all possible triangulation maps,
which can make the initial embedding a maximal planar graph

°

% Procedure List(Mesh) EnumerateTriangulations(polygonal mesh PM){

»  Form set T";// that is the Cartesian product of all tessellation sets
T" = T; XT, X ..XT,, | T;:= TriangulatePolygon(PM. F;);

List(Mesh) ALL_TINS=new List(Mesh);
For each (T € T"){

= ALL_TINS.Add(PM.Vertices, T);/ / T := a set if triangle faces}
» Return ALL_TINS;}
% Procedure List(Triangulation) TriangulatePolygon(PolygonFace P)){
» If (PIsTriangle()){Return [P].ToList();}
»  List(Triangulation) Triangulations=new List(Triangulation);
»  For (integer ear=2; ear<Polygon.VertexCount; ear++){

>
> /T, = (VT (F)|tesselation T: is maximal planar of i*" polygonal face}
>
>

List(PolygonFace) LR= DividePolygon(Polygon,ear);
If (LR.Count==1){
¢ List(Triangulation) T_Set= TriangulatePolygon(LR[0]);
¢ For each (Triangulation T in T_Set){

» T.Add(new Triangle(0,1,ear));

»  Triangulations.Add(T);}}
Else{
¢ List(Triangulation) L_T= TriangulatePolygon(LR[0]);
¢ List(Triangulation) R_T= TriangulatePolygon(LR[1]);
¢ List(Triangulation) T_Set =new List(Triangulation);
*
*

T_Set=L_TXR_T;/ / Cartesian Product of the two sets
For each (Triangulation T in T_Set){

» T.Add(new Triangle(0,1,ear));

»  Triangulations.Add(T);}}

» Return Triangulations;}
%  Procedure Mesh Face[] DividePolygon(Mesh Face Polygon, Integer ear){

»  Mesh Face L_Polygon=Polygon to the LHS of triangle {0,1,ear};
»  Mesh Face R_Polygon=Polygon to the RHS of triangle {0,1,ear};
» If (L_Polygon.Count<3) {Return [R_Polygon];}
» If (R_Polygon.Count<3) {Return [L_Polygon];}
» Return [L_Polygon,R_Polygon];}

Configraphics



§ 3.11.5

125

Topological Possibility versus Geometrical Possibility

Up to this point, we have not considered any geometric property for the nodes
corresponding to the functional spaces. Note that speaking of topologic possibilities,
there is no specification whatsoever on the geometry of the surface (2-manifold) on
which the map is supposed to be laid out. This surface could be a plane surface as

well as the surface of a sphere in this sense. However, we know that we want to check
possibilities for floor plans, and these plans are to be realized on planes (that is, if the
case is confined to 2D configurations). If, for instance, the area associated with a node
surrounded by other nodes does not admit the node to be placed there due to lack of
space, the possible topology becomes unrealizable in our case. This is an example that
suggests a match of desired area values and the area of the convex map is desirable.
However, this is not a generic situation, and no general conclusion can be made from
this. Therefore, instead of searching for a ‘good’ map (an optimum map), we divert our
attention to what a map might mean in reality™.

FIGURE 34 shows the bubble diagram representing the spatial interlinks specified in the sketchpad at the
left-side of the picture. A single convex map is found using Tutte algorithm by fixing vertices representing NEWS
nominal sides of the plan. The convex map has been copied 10 times knowing that there would be 10 possible
plan layout topologies coming out of it.

FIGURE 35 shows the 10 possible ways to triangulate the convex map drawn in white lines.
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FIGURE 37 only shows the plan layout topologies, without the spatial interlinks. Note that the original
connectivity requirements are met in all plan topologies. The difference between these plan topologies is in the
adjacencies that have not been specified in the initial bubble diagram.

The plan layout topologies catalogued in the process could be the starting point for
devising a concrete and geometric plan layout. Continuing in the direction suggested
by Steadman (Steadman, 1983), we could have worked on converting these topologies
to "dimensionless rectangular dissections” and dimensioning them. We, however,
tried alternative paths, which could possibly result in solutions that are more generic
(free form) than rectangular dissections.

§ 3.11.6 A Note on Rectangular Floor Plan Layout

March & Steadman (March, L, Steadman, P, 1974) & (Steadman, 1983) have
introduced an elegant way to convert a class of triangulations into a class of drawings
called rectangular drawings or rectangular dissections. Here we intend to define a more
generic class of possibilities. In comparison, our method (while inheriting a lot from
the method of March & Steadman) provides a list of topologic possibilities but does
not lead to an automated plan layout generator, instead it provides for an interactive
method of exploring geometric possibilities. Theoretically, the geometric possibilities
corresponding to one topologic layout are infinite unless a restriction introduced on
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the type of geometry to be produced. This is of course consistent with the fact that
architectural design is a very creative activity given innumerable possibilities for
realizing a single idea. In the absence of information regarding the type of shapes
desired in a plan, we have focused on packing bubbles as generic ways of interpreting a
topologic map into a geometric cell division.

Radical Axis, Power Diagrams, and Alpha Complexes (Shapes)

Having started with the idea of bubble diagrams, led us to have a closer look at the
geometry of physical bubbles. In the absence of any geometric assumption, the
simplest planar shape with a known area would be a disk/ball (2D). Let us imagine a
boundary in which the plan must be drawn and suppose that we have selected a map
from the catalogue of possibilities introduced before.

If we think of rooms as bubbles that try to establish themselves within the boundary
with a predefined area, they might take a shape that is referred to as an Alpha Shape
(a.k.a. alpha complex), closely related to a Weighted Voronoi diagram. A weighted
alpha complex is a convex decomposition of a union of such balls (disks), using
weighted Voronoi cells. From our perspective, it is also a generic dual of a triangulated
map such as a Delaunay triangulation (for an exact definition see (Edelsbrunner, H.,
& Harer, ]., 2008)). The borders between cells in this complex are different from the
regular Voronoi diagram in that they are not bisectors but they are radical axes.

Aradical axis between two cells (balls of different radii) is a line along which each
point has the same ‘power’ from both cells, where power of a point is a real number
h that reflects the relative distance of a given point from a given circle. This is defined
as the squared distance of the point from a ball minus the radius of that ball squared
(equation (18)).

power of a point to a ball with radius r: h = S*-R? (18)

Given two balls of the same radjii, the locus of points whose power is equal to both balls
happens to be the bisector of the line between the two centre points of the balls, but if
the radii are different, then we will have a situation as shown in Figure 38.
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FIGURE 38 shows radical axis between two balls of different sizes. It seems trivial to find the location of the
radical axis on the left situation but for the right hand one we need a method.

On a radical axis, the power to both balls should be equal, therefore we have:

D, %1% = D,%-1,? (19)
L2+ x,21%2 = 12 + x,%-1,2 (20)
X212 = x,%1,2 (21)
1 7 2-1,°2 1[ n%n? (22)
==|D & = - -
1 2[ R R e D

Input a boundary, Cells represented by Vertices V with and area values 4; (with

Radii R; = Ai/n ) and a plane

Output a list of alpha cells (polygons) formed according to powerlines and radii

« Define Bubbles as a list(of cells)

®

% For Each vertexu € V
*  Find the balls that intersect with this ball
= For Each intersecting ball
¢ Compute the radical axis between them and divide the
boundary into two half planes

¢ Choose the half plane corresponding to u
= Next

= VoronoiCell=Boolean Intersection of all half planes corresponding to u

=  AlphaCell= Boolean Intersection of the ball u with the VoronoiCell
= If AlphaCell is not dominated by its neighbors then
Bubbles.Append(AlphaCell)
= EndIf
% Next
% Return Bubbles
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FIGURE 39 generic alpha complexes for one set of vertices with two sets of area values.

FIGURE 40 a kissing-disk diagram is converted into an alpha complex gradually, simulating the compaction

of cells. Note that the cells are always convex before being cut by the boundary; many different shapes even
rectangular cells can be made this way but there is no elegant way to make sure the area of a cell after drawing is
as much as intended. However, this is a very generic dual representation of a triangulated map.

Towards freeform geometric layouts

For the bubbles of the initial bubble diagram to be better matching with both the
local situations in plans (such as boundary and obstacles) and to make sure they will
have the intended area, we have devised new spatial units that we call them ‘Isovist
Bubble 2D’ and ‘Isovist Bubble 3D". This was to answer this theoretical question: How
do bubbles grow into each other within a confinement, preserving their area and their
entirety as visible units of space (ideally preserving their intended connectivity)Isovist
bubbles were invented to allow for configurative design of free-from spaces.

Imagine an enclosure that is an isovist (Benedikt, 1979), i.e. a ‘star-shaped polygon’
entirely visible from its centre. Our isovist bubbles have the additional property that
they seek to preserve their area (in 2D) or volume (in 3D) wherever they go, i.e. even
when dented after colliding with obstacles. An isovist bubble can only be made using
computational geometry.
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A packing of isovist bubbles would be a class of generic geometric possibilities -i.e. in
the absence of further information from the user. The isovist bubbles would change

if their centre points move, however they will preserve their area/volume properties
and remain as isovist outlines (entirely visible polygons/polyhedrons from their centre
points).

Isovist bubbles seem to be more suitable as spatial units for syntactic design compared
to convex spaces (as customary in Space Syntax and indoor configuration analysis), as it
is very normal to find rooms in plans that are not convex but are star-convex or isovist’.
Therefore, this definition provides a more generic description of possibilities (Figure
26, Figure 41, and Figure 42).

FIGURE 41 isovist bubbles could be seen spatial units of syntactic design corresponding to an example
architectural plan. The image is post rationalized (the plan is not generated by Isovist bubbles).

FIGURE 42 an alpha complex converted into an isovist bubble packing. Note that the area values are not exactly
the same as the desired values. In order to constraint the shape to the input area values, a different class of
alpha complex algorithm needs to be developed. The complex at the right has star-convex cells or isovists, which
are entirely visible from their centre points.

The above images (Figure 41, and Figure 42) are produced to help the reader imagine
the possibility of using area & visibility preserving agents (Isovist Bubbles) in making

spatial layouts. However, the images are post-rationalized. So far, we have only made
the smart agents for this process but not the agent-based design process.

130

A star convex polygon is a polygon, which has a "kernel” region from which the entire polygon is visible.
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Suppose a 2D Isovist Bubble as a polygon with n vertices; this polygon is supposed

to be of a certain size given as area; but it has another actual area smaller than the
desired, because it has hit a set of obstacles. We want to find out a reasonable amount
of radial growth for this Isovist Bubble to compensate the area deficiency. For finding
this, we use an approximation of the area of the polygon, given that we always have

a polygon with vertices nearly distributed circularly such that thereisa 6 = 2m/n
angular span in between every two radial axes. We can then approximate the perimeter
by adding up the lengths of arcs corresponding to these radial axes. Assuming an

area element for the Isovist polygon as a triangle with the base nearly the same as the
aforementioned arc and a height equal to the length of the corresponding radial axis
we can approximate the area in terms of radii values. Now, assuming a radial growth for
the whole shape, we can think of a Ry as a differential element to be added to current
radii. Then the question is how much should this be. We can find this value in terms

of Aq4 the difference in area and the approximated perimeter of the shape by solving a
quadratic equation as below:

FIGURE 43 anisovist polygon with radial axes in two different situations

The following equations show how during deformation due to collision with obstacles
a radius differential is computed to provide for gradual growth of the bubble to
preserve its area. Considering r; as the length or radius of the i** ray shot from the
centre to check visibility we can estimate the upper bound for the infinitesimal positive
differential to be made in radii for growing the bubble as below:
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Since the area of the shape is always greater than or equal to the estimated value

and there are always less than (or equal to) n points for which there can be a

radial extension without rendering the shape non-isovist, this r, is a ‘reasonable’

approximation of the radial differential extension. In other words, this approximated
area is smaller than or equal to the area of both a regular polygon and an

isovist polygon.
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Algorithm 8: 2D Isovist Bubble (IVB2D)

Input the centre of the 2D Isovist disk, a desired area, a set of 2D obstacles

Output an Isovist (star-shaped) visibility polygon with the desired area

< For Each vertex
»  Define SightLins as a line(IsovistBubble.Centre,vertex)
=  For Each obstacle
¢ If SightLine hits the obstacle Then
= Store where on the SightLine it hits in hits
¢ EndIf
=  Next
»  Define FirstHit as point=SightLine(at nearest hit)
*  Replace vertex with FirstHit
< Next

°

% IsovistBubble= New Polyline(veretexlist)
< Do
=  AreaDifference A.= initial IsovistBubble.area-IsovistBubble.area

*  Perimeter p=new Isovist.length

-p+Vp?+anA
* Compute R, = %

=  For Each vertex in IsovistBubble
*  Define SightLine.Direction=Vector(IsovistBubble.Centre,vertex)
¢ Define MovedVertex as vertex.move(Rd*SightLine.Direction)
¢ If MovedVertex is not in any obstacle Then
= Replace vertex with MovedVertex
¢ EndIf
. Next
»  IsovistBubble=New Polyline(veretexlist)

% Until (4; = AreaTolerance)

e

ol
(,-—w
P

FIGURE 44 Isovist Bubbles made in different situations with the same area as the grey circle, the radial axes
have been colour coded as to their distance from the nearest obstacle. A disk as an isovist is transformed into
another isovist fit to both free space and the area of the first disk.
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FIGURE 45 shows an Isovist Bubble gradually getting deformed when obstacles getting closer to its centre,
shaded black for dents.

oo P

FIGURE 46 shows an Isovist Bubble gradually getting larger while getting dents because of the obstacles
around it.
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The same concept of an Isovist bubble, i.e. a bubble that remains an isovist and seeks

to reach a desired size can be generalized to 3D. In absence of obstacles, an Isovist
Bubble 2D (IVB 2D) would become a disk and an Isovist Bubble 3D (IVB 3D) would

become a ball. The concept of a star-convex polygon also generalizes to a star-convex
polyhedron. We can only conceive of such entities using computational geometry

algorithms.

FIGURE 47 shows an Isovist Bubble 3D gradually getting larger in the midst of some obstacles.

Note that the IVBs are shaded black corresponding to the amount of deformation

in dents. The hue colour is arbitrary to allow for visualizing rainbow coloured spaces

together.

,

FIGURE 48 goes around an Isovist Bubble 3D to show it from different view angels.

B
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AnIsovist Bubble 3D is made up of view rays shut in many directions symmetrically
according to a notion of desired volume. Once the rays hit obstacles then a point is

assigned as being on the surface of the Isovist Bubble in question. Interpolating these
points gives the first shell of the bubble. If the current volume of the shell is not as
much as desired then the rays start getting slightly bigger so as to approach the desired
volume, while this time the rays are being shot from a new vantage point that is the
centre of gravity of the previous iteration of the bubble.

FIGURE 49 shows a close-up of an IVB 3D
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Algorithm 9: 3D Isovist Bubble (IVB3D)

Input the centre of the 3D Isovist ball, a desired volume, a set of 3D obstacles
Output an Isovist (star-shaped) visibility polyhedron with the desired volume
< For Each vertex
»  Define SightLins as a line(IsovistBubble.Centre,vertex)
=  For Each obstacle
¢ If SightLine hits the obstacle Then
= Store where on the SightLine it hits in hits
¢ EndIf
=  Next
»  Define FirstHit as point=SightLine(at nearest hit)
»  Replace vertex with FirstHit

< Next
«» IsovistBubble= New Mesh(veretexlist)
<+ Do

=  VolumeDifference V.= RequiredVolume-IsovistBubble.Volume
=  A=Isovist.SurfaceArea
= ComputedR = a%v ,a €[0,1]
=  For Each vertex in IsovistBubble
»  Define SightLine.Direction=Vector(IsovistBubble.Centre,vertex)
¢ Define MovedVertex as vertex.move(dR*SightLine.Direction)
¢ If MovedVertex is not in any obstacle Then
*  Replace vertex with MovedVertex

¢ EndIf
* Next
* IsovistBubble=New Mesh(veretexlist)
< Until (dV = VolumeTolerance)

Ourinitial idea of a topological layout methodology was based on bubble diagrams
conventionally used by designers. We invested on the fact that a conventional

bubble diagram is a comprehensible representation for designers for reflecting on
spatial configurations, and at the same time, interpretable for computer programs

as a configuration graph and that it does not imply a single geometric form. Bubble
diagrams convey very important meanings that may not be seen easily by bare eyes; for
instance they implicate which spaces are to be relatively private and which ones are to
be communal and much more. We find it very important to reveal such meanings from
the very beginning of a design process, and report these meanings to the designer so
that they can see whether the bubble diagram corresponds to their initial ideas about
matters such as privacy and community of spaces.
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Our proposed system reads a bubble diagram in an intuitive way and translates it into
a configuration graph; it later provides the designer with Space Syntax measures; and
eventually explores a particular class of plan layout patterns, which have the same
configuration graph represented in the initial bubble diagram. These layout patterns
can be used later as starting points by designers to elaborate their plan layouts;
potentially concretized into freely shaped geometric forms by using the smart agents
called Isovist Bubbles.

The idea of exploring concrete (geometric) plan layout patterns, which share an
abstract connectivity pattern (a graph), brings about questions on the nature and the
size of the design space, i.e. the catalogue of design possibilities. Theoretically, there
could be countless number of plans sharing the same connectivity pattern. However,
if we confine the search into a specific class of geometric shapes, such as rectangles,
there can be a way to enumerate several alternatives systematically, according to the
design inputs.

A workable idea for configurative design, exemplified in our methodology, is to first
reach at a topological embedding of a connectivity graph to bring it closer to become

a geometric pattern. We have currently achieved this embedding on 2-manifolds
(surfaces). An area of future work would be topological embedding of graphsin 3D,
using tetrahedrons and tertahedralization algorithms®”. Throughout this process, in a
few steps, the number of possibilities grows rapidly so that we need to select certain
paths, methodically, to explore ranges of these possibilities (technically referred to as a
design space). Figure 24 depicts a schema of such a design space and the challenge of
exploring it systematically.

It is left for the designers to decide on how they want to alter their ideas during the
design process, but the methods always provide them with automatic feedback on
the configurational properties of what they design; while showing them their own
ideas, literally, from different point of views. It is important to note that these ideas
usually evolve during the course of design process, as problem formulations and
solutions evolve together (Dorst & Cross, 2007). Viewing a justified graph, designer
can choose from which space the other spaces are seen, say from different points of
views, and analyse it in terms of syntactic measures. This helps designers see if what
they have proposed in terms of a bubble diagram actually matches with their initial
ideas on privacy/community, spatial articulation and other spatial qualities such as the
probability of spatial movements.

We argue that by using our proposed methodology designers can explicitly approach
the realization of a spatial configuration that is required for programmatic reasons
(such as the examples shown as REL charts for hospitals). Furthermore, they have full
intellectual control over the spatial configuration of their designs; they can benefit from
computation in seeing their own ideas from different angles; and they receive objective
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feedback on the spatial qualities and indications on likely programmatic performance
of their designs. We have implemented this methodology in a computational design
toolkit, which is introduced in the following chapter.

Key innovations in our methodology include the followings:

Developing a systematic approach for encoding bubble diagrams as labelled
configuration graphs and drawing them automatically;

Using a Tutte diagram to reveal the unique topology of a configuration graph, currently
using automatically inserted nominal NEWS sides to a spatial configuration, i.e. as the

fixed vertices*® of a convex outline for it;

A novel algorithm for enumerating all possible triangulations of a polygonal mesh
based on a formulation of the Catalan number, in order to enumerate and catalogue
all topological plan layout possibilities as the dual cell configurations of these
triangulationsin 2D;

An algorithm for drawing weighted Voronoi (a.k.a. alpha shapes);

An algorithm for constructing area-preserving 2D Isovist Bubbles; and

An algorithm for constructing volume-preserving 3D Isovist Bubbles

The topological layout process in 2D is perhaps more interesting for urban layout
process in which a 2D constraint is more often a case. It is fair to say that the
architectural layout process introduced here is currently a theoretical investigation
rather than being readily useable in architectural design practice. Acknowledging
this fact, we see its contribution in two things: firstly in putting forward a new way of
designing (i.e. through topological layout), that is purely configurative rather than
figurative; secondly in provides a way of incorporating configurational analysis into
parametric design workflows using a simple representation: bubble diagram.

Isovist Bubbles are goal-seeking agents that can interact and compete in order to reach

their goal, i.e. their desired area/volume, while interacting with their fellow bubbles
in 2D or 3D spatial containers. We have not yet implemented an algorithm for such
Agent-Based Models but laid its foundation by introducing the agents. The prospect
of using such models is that they can allow designing spatial layouts freely while
preserving the desired configuration. In other words, they can give a second degree
of intelligence to the interactive bubble diagrams drawn by the force-directed graph-
drawing algorithm in that they can allow bubbles to grow into each other and deform
each other.
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The other area of this methodology that calls for future research is using the REL charts
and From-To charts to attribute weights and directions to the nodes of a configuration
based on the information in the charts. If we use the weights and directions as such,
then the centralities computed on the configuration graph can be revised more
consistently with the design intentions or requirements. In fact, the primary input of
the design process can be based on REL charts and From-To charts.

In merging the two methodologies introduced in this book, we intend to replace/
extend our network analysis package by alternative models such as those of Chapter 5.
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4 Implementation & Test A: SYNTACTIC

In this chapter, we introduce an implementation of the design methodology introduced
in the previous chapter. The term methodology refers to a structured collection of
methods, in the same way that the term technology means a structured collection

of techniques. This is an important distinction: not every design technology can be
regarded as a design methodology. Many design tools can be used in various situations
without enforcing or suggesting a particular way of designing. A design methodology,
on the contrary, suggests or enforces a certain way of designing or a way of thinking.
The syntactic design methodology introduced in the previous chapter is suggesting

a way of formulating spatial layout as a matter of configuration, i.e. focused on how
spaces should connect to one another to serve best a functional program regarding
such things as privacy, community, and frequency of movement through spaces or
space usage potentials. The toolkit SYNTACTIC is made for computational design
workflows and made available as a plugin application for the present-day de facto
standard environment for computational design practice (Grasshopper3D). If this
platform disappears, the toolkit can be adapted to another environment with relative
ease. All methods have been implemented in .NET Object-Oriented Programming
languages (VB.NET and C#.NET).

This chapter introduces the implementation of SYNTACTIC design methodology as
follows:

— Expresses the goals and outlook of the toolkit as to its target users;
— Gives an overview of the guiding principles for its UI;

— Shows the whole structure of the design methodology;

— Introduces the tools in the toolkit individually;

— Showcases a few educational work samples;

— Concludes by providing a qualitative evaluation of the toolkit; and
— Discusses future development strategies for SYNTACTIC.
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The toolkit SYNTACTIC® (presented in Figure 50) is a plugin application consisting of
tools for the graphical-algorithm-editor® Grasshopper3D®. Early versions of this toolkit
were inspired by and compatible with SpiderWeb, developed by Richard Schaffranek,
i.e. a toolkit for Grasshopper providing graph theory algorithms for configurational
analysis and synthesis.

There have been several cycles of test and development for producing SYNTACTIC,
out of which three versions have been released publicly as they were seen stable. The
current version (2.7) is introduced in this chapter.
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FIGURE 50 shows the logo and the appearance of the SYNTACTIC toolkit, version 2.7, as in Grasshopper3D©
environment, version 9.0076, 2015; SpaceSyntax_for_GenerativeDesign by Pirouz Nourian & Samaneh
Rezvaniis licensed under a Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported License.
Based on a work at https.//sites.google.com/site/pirouznourian/syntactic-design. Permissions beyond the scope
of this license may be available at http.//www.grasshopper3d.com/group/space-syntax.
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The toolkit SYNTACTIC has a dedicated user-group currently having 217 users worldwide: https://sites.google.
com/site/pirouznourian/syntactic-design

NOTE: the modules shown in this chapter and chapter 6 are made for Grasshopper3D, but they are made up
neither of Grasshopper3D components, nor any of its plugins. We have not used any graph algorithm libraries
either. The code behind the modules (the SYNTACTIC plugin) is written in VB.NET within Visual Studio. The
environment of Grasshopper3D does not show the direction of data transmission in wires but it is always from
left to right. Knowing the direction of wires, then a GH file is exactly a structured flowchart which does performs
computation. However, the computation modules are all made up of Microsoft .NET Framework languages.

http://www.grasshopper3d.com/group/spiderweb “SpiderWeb is currently a .NET library providing function-
ality for preforming calculations on graphs. The library is created with a special focuses on the integration of
graphs and graph related theories (e.g. Space Syntax) in parametric design environments.”
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The toolkit is primarily a manifestation of the best results of several experiments
carried out in the direction of devising a robust configurative design methodology. The
idea motivating the development process was that a methodology is only practicable
given the right tools. Especially, if the methods are to be used in design practice -unlike
many other research initiatives that have had only an academic life cycle- then the
methods should be made available to anyone who might be interested in applying or
testing them. Producing a toolkit that any designer can use with any kind of inputs
requires a number of extra challenging steps to ensure simplicity, robustness, and
user-friendliness. These challenges pay off when we receive crowd-sourced feedback
on usability, and usefulness of the implemented methods.

The toolkit SYNTACTIC was envisaged as a primarily educational apparatus, which could
gradually become more powerful by going open-source and thus transforming into a
set of computational methods (functions with inputs and outputs) customizable to
different workflows. The idea is that configurative design, as an approach, is not limited
to any architectural style, structural system, or alike in that it is a primarily topological
approach, which could be adjusted to be used in production of different geometries.
The topological nature of the approach is exactly what makes it a potentially versatile
methodology for architectural design.

Computational design has been being researched since 70's; we might even go

back to 60’s in its history; but it was mainly an academic hype until recently when
environments such as Generative Components (GC)?, Grasshopper3D (GH), Dynamo®,
and Design Script® came into existence.

It has been possible for years to practice computational design; and in fact, some firms
such as Arup have used computational design approaches backin 70’s. However, the
use of computational design techniques used to be limited to large firms who could
afford hiring programmers and specialists. The above-mentioned tools were in fact
game-changers in that they made practicing computational design significantly easier,
more manageable, more economically feasible, and more understandable for the
majority of designers.
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www.generativecomponents.com/

http://autodeskvasari.com/dynamo

http://designscript.ning.com/
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These platforms have had a paradigm-shifting role in making computational design
significantly more available, feasible and much richer by virtue of bringing a huge
number of practitioners and developers into the domain. In light of these new
developments, we envision a paradigm shift in architectural education that has already
manifested itself by the emergence of dedicated curricula for computational design. In
this paradigm, the physical aspects of architecture such as geometry of environment
and shapes, structural integrity, and climatic optimality have received weighty
attention; however, focus on configurational aspects of design has been relatively less
common. This is perhaps because of the relatively abstract nature of these issues.
Nevertheless, ‘Making spaces socially logical’ should be at the heart of architectural
education in thatitis inherent in the commonsensical definition of architecture as a
profession. We see the role of the toolkit as a facilitator of thinking for architects and
architecture students in this direction, as it is now (a closed-source freeware). By going
open-source in future, the toolkit can potentially spark a much larger movement in this
direction.

As a progress-oriented strategy, we see many benefits in joining the two toolkits
SYNTACTIC and CONFIGURBANIST (to be introduced in chapter 6) based on our
[work-in-progress] computational library configraphix.dll*°. This library can be used
in developing different types of applications without even being dependant on an
environment such as Rhino3D. Apart from technical advantages, such a unified
approach to the configuration of built environments would bring about many
methodological advantages as well.
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We have had a number of guiding principles in implementing our design methodology
as a toolkit regarding communication with the user (designer), in light of our general
goals.

The method should demand as little information as possible and be as generic as
possible; hence, no limiting assumptions about shapes should be enforced.

We want to free the initial steps of design from geometric constraints, so we will

only ask about the spaces (nodes) and spatial connections (links), regardless of the
geometry of them as points and lines.

We do not have any intention to make an automatic design algorithm; instead, we
intend to reveal generic possibilities in an interactive manner and at the same time
offer real-time analysis.

It is not for the system to judge the goodness of a solution, because we deem this
matter a contextual intellectual task for the designer that cannot be formulated

in a generic manner. Instead, we provide the designer with analyses and intuitive
explanations as to how the Space Syntax measures can be interpreted. For example, it
is not so that having spaces of high integration is ‘generally’ desirable; this is instead
a contextual matter of fitting graph properties to what is needed in terms of privacy
and community ‘in a particular context’. However, as the measures are provided, an
interested designer might come up with a formulation of a goal as such, and then use
it for an automated evaluation procedure; but this would be an ad hoc scenario, not
something to be generalized. Besides, the Space Syntax measures such as integration
and control are completely neutral without a context.

The communication should occur in the order of abstract to concrete representations,
such that abstract information has very little or no constraints.

The course of actions suggested by our proposed design methodology and supported
by this tool suite is as technically described below (we have marked what is automated
by the tools with bullets; the numbered items are what expected from the user to do
with the tools)“°.
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FIGURE 51 aflowchart describing our proposed design methodology. We could wrap the whole set of tools in
this way, but we chose to let the curious user try different tool configurations.

The first sets of tools that a user needs are those shown in Figure 52, Figure 53, Figure
54, and Figure 55. The experimental or work-in-progress tools for geometric plan
layout are shown in Figure 56. The following list describes the design workflow as User
Experience (UX) thatis suggested by the User Interface (UI) of the tools.

1 Startwith putting a number of arbitrary points as for defining the centre of functional
spaces

2 Optionally provide a list of (rough or exact) area values for all spaces

3 Optionally provide a list of spatial labels (names) for the functional spaces

4 Atool assigns rainbow colours to the functional spaces to make them more
recognizable (see Figure 53).

5 Amethod puts circles of sizes specified by the area values around all centre points,
labelled automatically or as specified.

6 The graph reader tool provides a sketchpad with nominal “North, South, East, and West
(NEWS)" sides for the user to draw the connections in (see Figure 55).

If the user wants to achieve a needed total area, it is enough to provide rough values and the tool puts out a set
of area values that exactly sum up to the required area.
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According to your configurative ideas, draw a line between every pair of points (circles
representing functional spaces) that you think should be directly linked. Add a few links
to relate some of the spaces to the Northern, Southern, Eastern, or Western frontiers of
the plan. These links could potentially guarantee that certain spaces be naturally litina
desired way.

The graph reader interprets the input links and points and their “label & area & colour”
attributes as a graph and provides the user with a verbal interpretation of links between
spaces.

The Bubble Diagram tool (Force-Directed Graph Drawing Algorithm) shows a neat
drawing of the architectural configuration graph.

Connect the Space Syntax real-time analysis tools and reflect on the analyses; see

if your initial design intentions (in terms of such things as privacy, community,
popularity, frequency of usage, ease of navigation and alike) are actually satisfied
within your configuration. It is for you to interpret the results and change the input if
you find that necessary.

Optionally draw the same connectivity pattern using the NEWS graph tool, while
adding enough connections to the nominal quadruple sides; then use the Tutte Convex
Drawing tool to obtain an embedding of your configuration graph. This tool untangles
the proposed bubble diagram and delivers a planar convex drawing of the connectivity
graph®; and distinguishes a sub graph of the whole connectivity graph (excluding NEWS
vertices). You can now find all possible triangulations of this embedding, each of which
corresponds to a distinct plan layout topology for your configuration graph.

Out of the plan layout topological embeddings acquired before, you can try to find

plan layout geometries using the next set of tools, out of which the alpha shapesis
standardized and stable. The rest of the tools are either experimental orin a work-in-
progress status. You can also develop your own tools to convert a topological layout to a
geometric layout.

Note that an ad hoc process for converting a plan-layout topological embedding to

a geometric plan can be much less sophisticated than a generic-purpose systematic
process. We have sparked a research-oriented design process by providing Isovist
Bubbles. These computational geometry constructs can potentially elevate the
sophistication of the plan layout process and provide for a very generic process that
can be applied to all kinds of boundary shapes to ensure a certain plan topology while
realizing spaces as specified in terms of areas, guaranteeing that they remain as star-
convex or isovist shapes.
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This is possible only if the graph is planar per se; in other words, if a planar embedding of the graph exists, it will
be the output of this algorithm, meaning that if the output is not planar, the input graph is not planar.
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The toolkit*! provides 5+1 groups of tools as shown in Figure 53, Figure 54, Figure

55, Figure 56, Figure 57, Figure 58, and Figure 59. The sixth group, i.e. the Isovist
Bubbles, have not yet been released publicly. The standard parameter components
used for getting inputs from the user are shown below. The advantage of having labels
is apparent but they are optional, area values would be necessary in approaching a
geometric layout. The total area can be inserted to be enforced as a total sum; meaning
that, if the sum of areas does not meet the exact area available, we can regard them as
portion weights and ensure the sum to be the specified amount.

FIGURE 52 shows the initial configurative inputs from the user (designer). The essential inputs for constructing
a configuration graph are points and lines.

Graph Formation and Graph Drawing (Figure 53)

Among this set of tools, the one that requires most interaction with the useris the
Node-Link graph formation tool. As explained in previous chapter, this tool must
construct the graph based on a set of points and a set of lines. A reasonable sequence
is to putin points first and lines next. Once the user puts in the points, the tool
automatically assigns cardinal numbers to them and labels them as such in the
geometry environment of Rhino3D®. Optionally, the user can put a corresponding
list of labels for the nodes referring to their actual names. In addition, area values can
be putin for forming a bubble diagram. If the use does not provide such values, the
tool automatically assigns monotone values based on the relative size of the whole
configuration as drawn by the user. This tool also assigns a range of colours from

Configraphics



a rainbow spectrum to help the user more easily distinguish the spaces from one
another. Only the node and link inputs at the left side are mandatory, and attributes are
optional. Our force-directed graph-drawing algorithm makes a neat bubble diagram
quickly for small graphs, if the graph is planar and that the combination of areas allows
fora coin-graph drawing.

FIGURE 53 shows the first group of tools from SYNTACTIC for producing a graph from points and lines, Force-
Directed graph-drawing algorithm, pie-chart drawing and attribute set composition tools.

§ 4.5.2 Space Syntax Analysis (Figure 54)

As came in the chapter3, we have implemented a set of tools for performing Space
Syntax analyses in real-time. What is meant by real-time is the fact that firstly,

these analyses run quickly and simply by receiving a graph input, which can be from
any computational process. Secondly, the tools can be immediately uses as soon

as a designer puts in a graph composed of nodes and links, i.e. the simplest or the
most abstract form of a spatial idea. Each of the tools also features short intuitive
introduction of each measure in line with the descriptions given in the previous
chapter. The measures have been verified comparing with those of DepthMap for small
plans.
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FIGURE 54 shows a group of tools from SYNTACTIC performing Space Syntax analyses and reporting orders of
Space Syntax measure on a sample architectural design assignment. Our Justified Graph component provides a
unique opportunity for designers to draw justified graphs easily from different viewpoints.

§ 4.5.3 Topological Embedding for Plan Layout (Figure 55)

This set of tools help a designer reveal the set of possible planar topologies for plans,
each of which admits the connectivity graph put in by nodes and links. The NEWS-
Graph tool produces a virtual sketchpad for the user in the geometry environment

to guide them in fixing connections to the four nominal sides of the plan in order to
derive at the unique convex topological embedding from the Tutte algorithm tailored
for this purpose. Based on a convex embedding delivered by Tutte algorithm we find
all possible maximal planar triangulations, each of which corresponds to a dual plan

topology.
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FIGURE 55 shows SYNTACTIC plan layout topology tools and their typical outputs.

§ 4.5.4 Geometric Plan Layout (Figure 56)

Akey tool in this set of tools is experimental and unstable: the Rectangulate tool only

mimics the process of rectangular graph drawing by physically enforcing a plan layout
topological embedding to become rectangular by means of recursive algorithms. This

is not a standard or stable process for this purpose; nevertheless, it has been provided
to show case a number of possible directions for concretization of layout topologies as
layout geometries.

The tool called dimensionless provides an algorithm for drawing “dimensionless
rectangular dissections” as defined by Steadman (Steadman, 1983). This tool,
independently from the rectangular drawing tool, can convert a rectangular dissection
(rectangular cell division) into a topologically homoeomorphic (say equivalent)
dissection whose cells have side lengths as multiples of an arbitrary size. In other
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words, a rectangular cell in a dimensionless dissection can always be constructed out of
multiple squares joint together. An example of such a drawing is apparent in Figure 56.
Such dimensionless plan layout patterns can be later dimensioned using an approach
based on Kirchhoff circuit laws, as described in (March, L, Steadman, P, 1974), (Roth,

] & Hashimshony, R, 1988), and (Steadman, 1983) . As explained in the previous
chapter we did not follow this line of work, for we preferred to focus on more-generic
processes that do not impose a certain shape such as rectangles to the concretization
process.

The Alpha Shape component provides alpha-shapes using an algorithm based on the
process defined in (Edelsbrunner, H., & Harer, J., 2008). This component is supposed
to give a tangible idea of colliding spaces as bubbles (e.g. by pushing the bubbles

of a bubble diagram towards each other) into a confining boundary shape. It does
not satisfy the ultimate goal of packing bubbles as room representatives as it fails to
maintain the area of bubbles. This is the motivation behind development of Isovist
bubbles, which necessitate the implementation of an Agent Based Model.
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FIGURE 56 the set of tools from SYNTACTIC for making geometric plan layout patterns from the catalogue of
topologic possibilites revealed by the preceding set of tools. The rectanuglar drawing tool is only a place holder at
the moment. It uses a heuristic instead of the algorithms based on Kirchhoff Laws.
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§ 4.5.5 Isovist Bubbles for an Agent-Based Model for Spatial Layout
(Figure 57 & Figure 58)

Isovist Bubbles, as introduced in the previous chapter are produced as smart agents
for Agent-Based Models for spatial layout. Their own complex nature and the intricacy
of their implementation has slowed down the process of development of an ABM

but the two agents IVB2D and IVB3D are working robustly at the moment. IVB2D is
implemented in VB.NET and IVB3D is implemented in C#.NET.

FIGURE 57 theIVB 2D tool (written in VB.NET) for SYNTACTIC and some related utility tools (WIP).

FIGURE 58 the IVB 3D tool (written in C#.NET) for SYNTACTIC and some related utility tools (WIP).
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Urban Configuration Analysis Tools (Figure 59)

Axial Line Graph tool (abbreviated as ALG) and Local-Integration tool are made
particularly for urban configuration analysis, but the rest of the tools need only
efficiency improvements and implementation of lighter data structures to be used
inan urban scale, as their algorithms are the same as those used in architectural
configuration analysis. As stated in explaining our goals and outlook for the future

of the toolkit SYNTACTIC, it is intended to bring this toolkit together with our urban
configuration analysis toolkit CONFIGURBANIST into a single package by implementing
and publishing a single library called configraphix.dll. It can be seen here why this move
would make sense as to the similarity of methods and data structures used in both
cases. We shall discuss this issue furtherin chapter 6.

FIGURE 59 shows SYNTACTIC tools for urban configuration analysis.
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The toolkit SYNTACTIC has been offered to MSc architecture students in two 12

ECTS courses, respectively called XXL Design Workshop and High-rise Design
Workshop at TU Delft, where the author has been involved as responsible instructor of
computational design. The course offers an intensive design workshop for eight weeks,
in which multi-disciplinary teams of students are supposed to work together, asifin a
firm, to deliver a project that is challenging in terms of size (horizontal span or height,
thereby the names XXL and High-rise) and complexity. The following work sample
shows processes in which SYNTACTIC has played a role. It is an Indoor Ski Resort,
Computational Designer: Rusne Sileryte, Structural Designer: Zejun Pei, Climatic
Designer: Vivian Wijburg, Architectural Designer: Joost van de Ven.

FIGURE 60 a phase model and a block-diagram view of the multi-disciplinary process. Image courtesy of Rusne
Sileryte.
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FIGURE 61 shows snapshots of the process through which the initial connectivity pattern was chosen. Note that
the circles come from the architectural-structural concept, not from the bubble diagram tool. Team members
brought their ideas on how the spaces should connect to one another; they colour-coded the spaces as to their
temperature, green representing cold and red representing warm; drawing their connectivity patterns using the
Node-Link Graph and Justified Graph tools of SYNTACTIC they could explicitly negotiate the pros and cons of
each connectivity pattern. Image courtesy of Rusne Sileryte.

FIGURE 62 shows the structural system and the climatic arrangement of spaces; images courtesy of Zejun Pei
and Vivian Wijburg.
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FIGURE 63 shows the Space Syntax analyses done using SYNTACTIC to finalize a connectivity structure.
Proposed configurations were edited to achieve reasonable spectra of privacy and publicity (integration),
frequency of passage (betweenness), ease of way-finding (entropy), and connectivity (control). Image courtesy

of Rusne Sileryte.
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FIGURE 64 the final connectivity graph drawn using the Justified Graph Drawing tool and coloured as to
temperature. Note that the team managed to make a match between the climatic spectrums of cold to warm
spaces -as was needed for health and sustainability reasons- and the connectivity pattern in terms of the right
sequence of access for different spaces as to their required level of public exposure. Image courtesy of Rusne

Sileryte.
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FIGURE 65 following the connectivity pattern chosen as final, a cell configuration topology was decided for the
space in between the circular structures. Three main regions were designated for a hotel, acommon area and
a winter area, the adjacency of these cells to themselves and to the circles had to be preserved while getting as
close as possible to the values from the physical programme. A custom-made optimization loop was made to
achieve this end. The figure shows the converged solution for this problem and the optimum plan geometry
given the formulation of the form and the probelm. Image courtesy of Rusne Sileryte.

FIGURE 66 shows a circulation system design for the main part of the spaces in between the circles; following
the configurative approach, circulation was first designed as a rectangular form, then tessellated as a mesh and
finally morphed into the actual shape. The computational designer was instructed to design topologically and
morph the simple shape into its homeomorphic curvy shape. Image courtesy of Rusne Sileryte.
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FIGURE 67 shows a closer-up of the circulation structure and its image when rendered as in final curvy shape.
Image courtesy of Rusne Sileryte.

CONTINUOUS SPACE q

-
FIGURE 68 shows a closer-up of the circulation structure and its image when rendered as in final curvy shape.
Designing the final shape directly would have been very difficult, using the topological approach instructed this
complex shape was achieved systematically according to the well-thought spatial configuration. Image courtesy
of Rusne Sileryte.

Other examples might be found on the user-group of SYNTACTIC.
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It appears from its public user-group that the toolkit SYNTACTIC is being used by
students and computational design practitioners worldwide. It has certainly helped

in making Space Syntax analysis easily applicable in computational design workflows
and exemplified the idea of integrated configurational analysis and synthesis.
Implementing SYNTATCIC as a toolkit and making it publicly available as freeware

has succeeded in bringing “configurative design” thinking to the centre of attention

in the computational design community. Other toolkits offering Spatial Network
Analysis tools, applicable in parametric architectural design processes are available for
computational design practitioners, prominent examples include:

Spiderweb??, by Ir. Richard Schaffrane at TU Wien

Decoding Spaces**, developed by Dr. Reinhard Kénig at ETH Zurich; Dipl.-Ing. Sven
Schneider at Bauhaus Weimar, and Ing. Arch Martin Bielik also at Bauhaus Weimar
a live connection between DepthMap to Grasshopper**, by Dr. Tasos Varoudis at UCL

As mentioned above, the difference of our methodology with these examples is that
itisintended to provide a way of designing with configuration, not merely spatial
analysis. However, it can be said that this way of designing is yet more of a theoretical
investigation into the fundamentals of configurative design. In other words, in its
current form, it will be difficult to use in design practice. SYNTACTIC has not yet
achieved the ideal of making design process fully configurative, i.e. starting from

a configuration and arriving at a form considering constraints and performance
criteria. Literally achieving this goal requires many more cycles of contemplation,
design, development, test, and verification. Reaching to this very point has been
quite challenging in terms of implementation effort. A very challenging aspect of
the development is the complexity of User Experience (UX) and User Interface (UI)
required for providing a designer-friendly software application.

The toolkit has been seemingly well-received by its international users despite the facts
that: it enforces using a relatively strict design methodology; and that it deals with the
most abstract aspects of architectural computation, as compared to climatic, formal, or
structural aspects.

SYNTACTIC does not offer very straightforward indications on goodness of
configurations; instead, it encourages designers to think of and deal with configuration
and its likely social effects explicitly in their design process. The analytic engine
implemented in the toolkit is a set of Space Syntax measures, adapted and interfaced
so that they can be used in computational design workflows. However, interpreting
the meaning of these indicators is often a challenge for the users of the methodology.
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The Space Syntax analytic engine can be considered as a starter, i.e. the best option
available by the time of implementation, as an established Spatial Network Analysis
theory that has been validated to be useful in studying spatial behaviours of humans in
architecture. It can be seen that a revision or re-interpretation of such measures would
be helpful in order to make them more directly useable in design practice. In other
words, more readily understandable measures such as probabilistic measures (e.g.
those introduced in Chapter 5), could be potentially better applied in design thinking.

The synthetic part of the methodology is the one that is most complicated and
intricate. If we did not offer a clear configuration synthesis workflow, then the analytic
engine would have been rather banal. To promote a new way of designing or a new
“designerly way of thinking”, we needed to provide a new way to synthesize form. This is
inevitable; and yet, without adopting a strategy to limit the possibilities for topological
embedding, the task of embedding a graph in Euclidean space would become too
difficult to handle or to be even understood by a typical user. The path that we have
followed for embedding plans in 2D has successfully ended in enumerating all possible
plan layout topologies; but it is still very limiting for real-world architectural design. It
is perhaps more interesting for urban design explorations, where adopting a planarity
constraint is often necessary. Anyhow, the future of the SYNTACTIC methodology

could be determined by feasibility and applicability of the ultimately unrestricted
configuration process with Isovist Bubbles achieves.

We have not yet achieved the ultimate goal of proposing a completely generic
configurative process, which could lead to concrete geometric forms. However, we envision
thatif such a goal is realizable, a reasonable way to go for this goal is through Agent-Based
Models and the application of Isovist Bubbles. The prospect of future developments of
SYNTACTIC in the design direction is to advance this approach. On the other hand, the
spatial analytic package should be extended and enriched with alternative spatial network
measures, particularly those pertained to Markov chains and Eigen systems.

In determining future work directions, we must note the difference between the methods
that guarantee a solution and those that are used conventionally because of their good
results, i.e. heuristics. An example is the force-directed graph-drawing algorithm; it is not
guaranteed to work under any circumstances, and there is no proof of its convergence;
however, it is very popular because it is intuitive and that it works most of the times!

On the other hand, the Tutte algorithm for graph drawing is guaranteed to work under
certain circumstances but it does not always produce good“” results.
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Embedding a graph on a 2D plane and finding all possible cell configurations to admit
connectivity graph was already a huge challenge in this work, which was resolved
mathematically by methods that are guaranteed to work under certain conditions.

It would be indeed very desirable to generalize such a process to 3D, but “3D is not
justabout 1D +2D; itis much more than that"“°. To give the reader an idea of the
complicacy of the process, we can mention that the problem of finding all possible
plan layouts stayed unsolved for about a year. It was about finding all triangulations
of a map composed of convex polygons. A similar problem in 3D would have been
about finding all possible tertahedralizations of a cell configuration composed of 3D
convex polyhedrons. It is obvious that the latter case is significantly more challenging
and complicated, let alone the number of possibilities that grows much more rapidly
in 3D. On the other hand, an Agent-Based Model with Isovist Bubbles could become

a workable solution like force-directed graph drawing algorithm but it would be very
difficult or probably impossible to prove its convergence mathematically. Although this
sounds like a dilemma, practically, the way to go seems to be about moving in both
directions: empowering the theory behind spatial configuration synthesis with strong
mathematical models while, at the same time, providing methods (e.g. heuristics) that
can be used easily in practice.
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Model and Methodology B:
Urban Configuration

This chapter introduces a methodology for computational analysis of urban
configurations in terms of walking and cycling mobility and accessibility. Specifically,
we introduce a path-finding algorithm for walking and cycling, a method for computing
actual walking and cycling distances, a fuzzy definition of accessibility, a few
probabilistic measures of passage of pedestrians and cyclists. This chapter=:

Begins by explaining the societal relevance of the work;

Clarifies the methodological point of view;

Defines urban configuration formally;

Introduces alternative mathematical models of spatial networks;

Introduces methods for finding best paths for walking and cycling;

Provides a Fuzzy Logics framework for measuring accessibility;

Revisits a few centrality measures and reintroduces them according to the Fuzzy Logics
framework laid out before;

Introduces probabilistic models of passage of pedestrians and cyclists using Eigen
systems, Markov Chains, Random Walks, and Google Page Rank;

Summarizes the achievements and limitations; and,

Concludes by discussing future work plans

Goal: To deliver a methodology for analysing the effects of spatial configuration on
walkability and bikeability

Question: How can we model the effect of spatial configuration on accessibility (e.g. by
walking and cycling) and mobility potentials? (Chapters 2, 5, 6)
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This chapter partly reflects points from two papers and a book chapter previously published, in which the author
is the first co-author: (Nourian, P, Rezvani, S, Sariyildiz, S, van der Hoeven, F, 2015), (Nourian, P, van der Hoev-
en, F, Rezvani, S, Sariyildiz, S, 2015), (Nourian, P, van der Hoeven, F, Rezvani, S, 2015)
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It might sound apparent that promoting walking and cycling as green and healthy
alternatives for urban mobility is desirable. Nevertheless, apart from good intentions,
we would like to discuss the specifics of these modes of transportation and their
relation to the form and configuration of built environments. We want to see how
exactly the shape of a city and its geographic specifications might affect its potentials
for walking and cycling. In urban planning and urban design, the actions with which
improvements can be sought are not limited to spatial actions. It is true that the role of
policy works, cultural campaigns, and other such actions might be as important as the
role of physical interventions in the built environment. However, here we focus on the
exact physical effects of the shape of built environments on actual distance, mobility,
and accessibility. In other words, our focal area is spatial planning and policies that
deal directly orindirectly with physical intervention and facility designation in cities, or
management of the built environment.

The research reported in this chapter is to offer new methods, techniques, and tools
for studying the relation between built environment’s form and active mobility. We
will not arrive at the ultimate goal of adding to the body of empirical knowledge on
such matters; instead, we offer new analytic means and vistas that can be used by
prospective researchers in that direction.

Itis clear that before intervening in the functioning of a complex system one must
have a reliable understanding of its current functioning dynamics and a diagnosis

of problems to be solved by an intervention. In the case of mobility and promoting
alternative modes of mobility, we propose that an analytic insight on the relation
between the static form and configuration of a city and its dynamics is necessary.
Evidently, such relations exist. However, in urban studies we need to acknowledge the
multiplicity of causes or reasons behind phenomena.

Itis not so that if the built environment is very appropriate for walking and cycling

mobility people would necessarily adopt them as their primary modes of transportation;
but of course, the "potential’ of an environment for certain interactions is of primary
importance. It is such potentials that we want to measure and model in this chapter;
admitting that there will always be differences between the potential and the actual.If a
model can provide reliable insight on the potential then it is a good model. Note that in the
quantitative sense the best model is the model that can give the best prediction about the
future of a system, while being easy to use, requiring not too many data inputs. However,
qualitatively, a good model is the one that gives the clearest insight on the way the system
works. As an example, we can imagine an Artificial Neural Network can be potentially
trained well in order to predict the near future states of a system, say the number of people
walking through streets of a neighbourhood. However, such a model would give little or
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no insight on how the whole system works; it could just mimic the whole system in terms
of its dynamics. On the other hand, a graph theoretical model can show us how exactly
the structure of the system can affect the choices of the individuals and thus 'lead’ the
dynamics of the system.

The slightest change in the built environment’s shape and configuration could have

an effect on the functioning of the system as a whole. The question is on how we can
gaininsight on such effects; even if the relation is not exactly of cause-effect type, the
configuration of environment can affect the choices of individuals and thus indirectly lead
to patterns of ‘collective behaviour'. Should we just go for interventions based on such
things as intuition, political will, or expert opinions? This is how many such decisions are
made in planning practice currently. Alternative methods could be knowledge-based and
evidence-based, supported by analytic tools. This is the essence of what we are proposing:
a spatial planning approach that is based on analytic tools that can help planners see what
would be the likely effect of their plans in the mobility of people. At the core of such an
approach, there should be analytic engines to model urban networks and their functioning
in terms of likely collective patterns of spatial behaviour of people.

During the 1950s, prioritising vehicular traffic (and the private motor carin particular)
emerged as a new trend in urban planning. This prioritisation manifested itselfin

a variety of ways: the planning of hierarchical networks of streets and roads (often
based on the 'predict and provide’ principle), the widening of streets and roads and
the related demolishing of buildings and entire neighbourhoods, granting priority

to car traffic, and turning former public spaces into arterial roads and car parking
facilities. Such interventions have placed the needs of cars and other motor vehicles
above those of pedestrians and cyclists, and created cities that are fragmented by
roads. Additionally, rising car-ownership levels coupled with the priority given to

cars by municipal authorities have made many urban regions car-dependent and
forwarded urban sprawl, i.e. a well-known environmental problem. As a result, “cities
suffer most from congestion, poor air quality and noise exposure. Urban transport

is responsible for about a quarter of CO, emissions from transport, and 69% of road
accidents occur in cities” (European Commission, 2011, p. 7)(Section 2.4 article 30).
The European Union recognises the great potential of walking and cycling for reducing
dependence on motor vehicles: “In cities, switching to cleaner transport is facilitated
by the lower requirements for vehicle range and higher population density. Demand
management and land-use planning can lower traffic volumes... Facilitating walking
and cycling should become an integral part of urban mobility and infrastructure design,
(European Commission, 2011, p. 7) (Section 2.4, article 30 &31)".% See also (European
Commission, 2007a).
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From BIPEDALISM research proposal for the EU Horizon 2020 grant application for the call MG 5.3 2014, devel-
oped together with partners from UCL (UK), PBL (NL), Space Syntax Ltd (UK), Transport Insights Ltd (IE), Open
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FIGURE 69 Data from (Banister, 2004), Image Credit: Tree Hugger (http://www.treehugger.com/bikes/trying-
travel-city-bikes-are-most-efficient-way-move.html)

Despite the new trend and publicinterest in promotion of walking and cycling as
sustainable modes of transportation, there is relatively little known about the dynamics
of walking and cycling mobility as compared to vehicular traffic.

We believe that analytic insight into walking and cycling behaviour is needed in
developing new infrastructure as well as adapting existing infrastructure to provide
more people with better walking/cycling access to amenities. A few spatial network
analysis models (such as Space Syntax) describe cognitive aspects of way finding for
pedestrians and cyclists and there is a conventional approach of using shortest paths
in modelling transport (Dios Ortuzar, J., & Willumsen, L. G., 2011, p. 358). However,
conventional shortest paths* found on 2D maps are not very useful in studying walking
and cycling because they cannot incorporate the physical, cognitive, or social aspects
of wayfinding for walking and cycling. Pedestrians and especially cyclists, tend to avoid
steep routes for their dependency on their own limited power, while this is not an
issue in vehicular traffic modelling and that is why shortest paths are widely used in
modelling the spatial dynamics of vehicular traffic. We assume that journeys made by
bike or on foot need to be easy (physically and cognitively), safe and socially pleasant;
and argue that we need alternative analytic methods to address these issues.

We intend to provide a framework for studying walking and cycling mobility to

reveal the relation between the shape and configuration of built environment with
accessibility and mode-choice behaviour. The core of this framework is an optimal path
(geodesic) algorithm that could show how an individual could choose a path that is

Sky Data Ltd (IE), Samenwerking stadsregio Eindhoven (NL), Cdmara Municipal de Lisboa (PT), Municipality of
Ljubljana (SI), and ECTP-CEU [European Council of Spatial Planners - Conseil Européen des Urbanistes] (BE)
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relatively easy for travelling from an origin to a destination considering the particular
physical, cognitive, and social aspects of walking and cycling. As an ultimate goal, we
envisage developing an analytic engine that can form the basis for a Planning Support
System (PSS), which can be used in planning cycling infrastructure and developing
pedestrian & cyclist friendly neighbourhoods.

When modelling vehicular traffic, we do not require reflecting the physical difficulty of
going uphill. If one is driving a car, then one just presses the gas pedal and goes ahead.
Driving does not necessarily have to be very intuitive either, one is guided by a system
of signs and regulations as to what one can do or not; the last observed fact is that
driving is only about going from an origin to a destination and just about driving. There
is no lingering or wandering involved.

Walking and cycling on the other hand are very much dependent on physical strength
and cognitive appeal of routes as well as social pleasance and safety. This latter aspect
of safety is also completely different from the case of driving. One might go to some
placesin a car that would never dare to go without a car. We can assume that it would
be safer to go on foot or by bike where there are more pedestrians and cyclists present.
We argue that there is a need for an alternative framework for modelling walking and
cycling accessibility that could address these issues.

Urban spatial networks are mostly comprised of streets and some public open spaces.
Topological structure of the spatial network can be generally modelled as either
adjacency relations among junctions represented by point features (OD) or streets
represented by line features (1D)*; these two categories can represent links between
junctions or streets respectively. We refer to these categories®” of spatial network
representations as Junction-to-Junction and Street-to-Street graphs.

The first category is as old as Graph Theory itself"° and is most common in transport
modelling (Dios Ortuzar, J., & Willumsen, L. G., 2011), foritis convenient to measure
metric distance on such models. This type of representation is also used in a number of
spatial analysis models, namely Place Syntax (Stahle A., Marcus, L. and Karlstrom, A.,
2008), Urban Network Analysis (Sevtsuk, 2010), and Multiple Centrality Assessment
(Porta S, Crucitti P, and Latora V, 2006a).
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For taking into account the cognitive impedance of going from one street to another,

the Street-to-Street adjacency models are more appropriate as they allow for attributing
cognitive costs to links between streets. The most famous of this category of models is
Space Syntax initiated by (Hillier, B., Hanson, ]., 1984) and alternatives such as Named
Streets (Jiang, B., & Claramunt C., 2004), Intersection Continuity Negotiation (Porta, S.,
Crucitti P., & Latora V., 2006), and Angular Analysis (Turner, 2007). Integrating physical
and cognitive impedance in path finding has been researched before as reflected in (Hillier,
B., & Ida, S., 2007), Place Syntax (ibid) and Multi-Modal Urban Network (Gil, 2014).

We have built upon the work of Turner (ibid.) and the Simplest Path of (Duckham, M.,
and Kulik, L., 2003) and developed an Easiest Path algorithm for finding the paths that
are ‘as flat, short, and straightforward as possible’. The optimal paths found by our
algorithm allow for defining actual travel time or temporal distance and give rise to a
number of accessibility measures.

What is particularly new in our approach is the way we model and aggregate costs,
ensuring different costs are physically commensurate. Besides, taking account of
topography in the same framework makes it distinctive from similar approaches.
Therefore, we can redefine distances as ‘actual’ temporal distances experienced
through easiest paths. Using these temporal distances, we provide a novel framework
for accessibility measurements based on Fuzzy Sets theory (Zadeh, 1965). We then
provide a Markov Chain model of walking and cycling flows using our graph model; and
provide a fast algorithm for mathematically simulating Random Walks on such models.
Covering our comprehensive notion of configuration, we model density distribution
and land-use allocation processes in planning (as in defining spatial codes and
regulations) based on configuration graphs.

We define urban configuration graph as a labelled weighted graph that shows how
roughly units of space are connected to one another. Weights of such a configuration
graph would then represent the impedance or cost of travelling from one space (street
space) to another. Important spatial attributes such as population density, built space
density, or land-use mix can be spatially aggregated over the same spatial units that
construct the nodes of such a configuration graph. The immediate advantage of such

a representation is that it comes closest to the way we perceive our relative location to
built environment: being in a place is recognized as being near to its neighbours. In our
mental maps, we remember streets and urban public spaces as places that are located
close to other places that we know.
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FIGURE 70 the geographical map (left, 1909) the avant-garde topological map by Harry Beck [1902-1974] (right, 1933) of
London Underground rail network, the so-called Tube, the oldest of the kind, and the first represented topologically, images from

WikiCommons.
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As can be seen in the figure above, the image on the right is definitely more intuitive
than the one on the left. Ever since Harry Beck invented this type of representation
most metro maps around the world have been represented in a similar way.

Space versus Place: a Theoretical Clarification

3D Space can be modelled as Euclidean space using Cartesian coordinates in relation
to a frame of reference. Alternatively, we can model space as topological space using
topological definitions such as sets and their neighbourhoods (e.g. streets and their
adjacent streets). This was nearly the initial approach put forward by Space Syntax
‘axial’ models (see the next section). Plainly, representing locations using abstract
numeric coordinates has little to do with the way people perceive their location in
space. The topological representation, however, is structurally closer to the way

we humans make our mental maps of spaces. However, due to its high level of
abstraction there will not be any direct indication of the actual physical place in the
spatial model of Space Syntax. We argue that a place is recognizable by its relative
location corresponding to other places in a geographical network and the impedance
of its links to its neighbours, as well as its own particular spatial attributes. Clearly,
such a definition depends on a definition of spatial units, but the pointis that such a
definition allows us to model the entirety of a city in such a way that is most relevant
for urban design. This is to say, the relations amongst entities are more important than
the entities taken in isolation (Hillier, 2007, p. 1). This is also a stance in mathematical
modelling of cities, referred to as “network cities” (Portugali, 1999).
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Network Structure, Density, Diversity

Space Syntax theories (Hillier, B., Hanson, ]., 1984) and (Hillier, 2007) relate the
configuration of urban street network to urban functioning in terms of its effect on
the distribution of densities and allocation of land uses such as retail and residence:
“Land uses and building density follow movement in the grid, both adapting to and
multiplying its effects. (Hillier, 2007, p. 127)" Hillier states that a spatially successful
city is characterized by the "dense patterns of mixed use”, which are mainly settled as
a consequence of movement, which is itself “brought about by the grid configuration”
(Hillier, 2007, p. 4). However, some important aspects of built environments are not

addressed in Space Syntax models and analyses, namely: other modes of transport (e.g.

train & metro), geographic attributes such as land-use and density>*, and the physical
aspects of environment such as steepness of routes. For studying the effects of the
structure of built environment on walking and cycling, we deem the city configuration
as a structure that can be modelled with regards to its topology, geometry (regarding
path continuity), topography, and the possible weight of locations because of their
spatial attributes such as population density and land-use attractions.

Simply put, we can define urban configuration as a network structure that makes the
connection between spatial units with such attributes as density-like of diversity-like
indicators. Such networks intuitively show what is spatially accessible to a person who
views the city from a location, i.e. from a human vantage point. For example, let us
consider a map of a city that depicts population density per acre, hectare, or square
kilometre and another one that shows the population density aggregated per streets.
We can only go to places through streets, therefore our perception of city is formed by
the way we can navigate it. In a street where there is little around us we, in a manner
of speaking, feel being in the middle of nowhere, and in a street where there is a lot
around us we feel like being in a crowded place. It is the density or diversity projected
or perceived from within the streets that matters in our perception, preferences (say
in buying or renting properties) and making such decisions as travel mode choice, and
navigation.

Reconstructing a Neighbourhood Mathematically

Toillustrate our point, let us suppose that we want to model the dynamics of a
neighbourhood in terms of dynamic flows of people, goods, and possibly information;
say a static system and its dynamics. Modelling requires reduction and omission of
many details, but the question is what kind of data needs to be in what model for
what purpose? If we are to study mobility behaviour, transportation mode choice, or
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accessibility, we definitely need to know the determinants of mode choices. In other
words, we need to know what factors in the built environment might facilitate or hinder
walking or cycling, and in particular choosing these modes of transportation over other
options. Here we propose a few phenomenological assumptions.

We suggest that the ultimate choice on whether to walk or to cycle is for an individual
to make. The exact such behaviour of individuals cannot be predicted. However, there
are measureable factors that determine the feasibility or the relative utility of a journey
on foot or by bike. We cannot predict every individual’s action but we can measure
these factors and understand the potentials of a built environment in terms of ease
and feasibility of walking and cycling. We will be practically dealing with maps, which
typically represent the geometry of environment together with a few spatial attributes
such as population densities or land uses. There are common reasons as to why such
information is typically most relevant and available. For the same reasons, we shall rely
only on such information and seek to model the influence of the shape, configuration,
and the topography of the built environment on walking and cycling accessibility.

Back to our topic, reconstructing a neighbourhood mathematically, we propose a
thought experiment: Imagine that we have modelled a neighbourhood by representing
its street network as an axial line map, typical for Space Syntax studies; the
mathematical model underlying graph-theoretical measures of Space Syntax is merely
an adjacency matrix that indicates what street is connected to which other streets.
Now, let us assume that we want to re-present this model. We know that a graph is an
abstract entity that is not equivalent to its embedding or drawing.

In other words, the graph representation of a spatial network as adjacency lists (or as a
matrix) is much more abstract than the spatial network itself. We cannot reconstruct
a spatial network from its adjacency matrix; meaning that the representation process
isirreversible in that some vital information regarding the geometry of environment is
lost in the process of reducing a street network to an adjacency graph°2. This isin fact
inevitable, for almost all network models. The more important question is whether an
adjacency matrix could be enough for describing the ‘actual travel impedances’, e.g.
for walking or cycling. If it is so, then the model could be good enough for studying the
dynamics that are of interest. Once again, we should not forget that a model is not
supposed to replicate the entirety of a complex system. In this case, such things as
climatic conditions, greenness, pleasance, safety (from crime and dangerous traffic),
or air quality of a path will definitely affect people’s choices in their actual mobility
behaviour; however, we do not have the verifiable mathematical means to incorporate
such factors in our models. Therefore, we limit the scope of our model only to
geometry, topography, topology, and geographic attributes of the environment.
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FIGURE 71 image from (Jiang, 2009) “(a) Gassin town image captured from Google Earth, (b) the open space,
(c) the medial axes, and (d) the axial lines”

FIGURE 72 shows drawings of the axial line graph: (a) the initial axial lines of the Gassin village, (b) the arcs
between axial lines showing their links, (c) a bitmap representation of the adjacency matrix associated with the
axial line graph, and (d) a spectral graph drawing obtained from the Laplacian matrix associated with the same

axial line graph.
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Matter of Scale in Urban Analysis: Global vs. Local

One of the subtlest issues in network studies is the matter of scale. In particular,
speaking of such things as centrality or accessibility in absolute sense could be
problematic prior to clarifying the scale of a network analysis. It can be observed that
apart from special cases of islands, most built environments are ultimately connected
to many others; so, how can we choose the right boundaries for a network model prior
to a network analysis, e.g. on centrality or accessibility of locations? In other words,
how sensitive are our measurements to the scale of spatial network underlying our
analyses? A proper/generic answer to such questions requires extensive empirical
research that falls beyond the scope of this research; however, we adopt certain
strategies to avoid such issues. In particular, using our Fuzzy Logics framework, we
map the accessibility of all locations far away from a place as absolutely far and thus
disregard them consistently from our centrality or accessibility calculations. Following
this strategy, we only need to set a properly sized buffer area around the site under
study to avoid such sensitivities. This approach has an effect similar to the approach
of Hillier in formulating Local Integration in Space Syntax, in which the nodes taken
into calculation of integration are chosen within a step-depth radius of the node in
question.

A Chicken and Egg Problem

Do structural properties of a space determine its usage or spatial function? Why do
some spaces become attractions in networks -because of their network-structural
properties or because of their function? In other words, are ‘land-use allocation
patterns’ shaped according to network structure? When a politician or a developer
decides to build something somewhere, they do not necessarily perform a network
analysis to see if the proposed building would ‘function’ in the proposed context.
Obviously, many new architectural developments fail miserably in addressing their
claimed purpose. Many examples can be mentioned where there is a clear mismatch

between the network-related potential and space usage, from the so-called community

centres that instead of attracting families attract criminals and youth gangs to
shopping centres that never work as supposed to. We argue that the question is in fact
irrelevant and that there is no such paradox. In case of organically grown settlements

where top-down planning and design has not systematically happened, we can perhaps
find matching patterns between network structure and the distribution of densities and

diversities. However, in the case of contemporary built environments, this match might
be less strong and even completely lost. The idea is not necessarily to make a perfect

match between all spatial patterns, but to find a way to see if a spatial configuration has
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the "affordance”[ (Gibson, 1977) & (Gibson, 1979)] to facilitate the desired functional
patterns. Thinking of affordance as the 'probability’ that most people would behave in a
certain way in the environment, we can think of a configurative design process as a way
toincrease the probability of certain spatial behaviours knowingly.

Constructing a street network that is topologically clean and valid is not trivial when
dealing with real datasets such as OpenStreetMap® In fact, the subject of constructing
topological data models of networks is rigorously studied specially for automating such
procedures, e.g. see the methods for constructing network topological models for traffic
simulations asin (Nielsen, OA, Israelsen, T & Nielsen, ER, 1997). We address this issue
only out of necessity; thus, it suffices to mention a number of techniques we make
available in ourimplementation of our methodology (see the next chapter).

In our work, we have used disks (topological neighbourhoods) to establish distinctness
of points and incidence between points and lines. We adjust the precision of the road
centrelines (polylines) and their vertices through a process of topological voxelization
(Laine, 2013), remove pseudo nodes (nodes that do not indicate a street junction);
split the street polylines at junctions; and insert nodes at junctions. By removing
duplicate points, we form a list of vertices and by finding incident lines to these
vertices; we form a list of topological edges between these vertices®> The lines can be
drawn in both directions to allow for construction of a Point-to-Point directed network.
The edges of this network become the nodes of the Line-to-Line graph representation
that we use for finding Easiest Paths.

Practically, one has to have many tools for making a valid network model from a
real-world dataset due to many often-present problems that make such datasets
topologically invalid or not immediately usable. Automatic validation of such datasets
for different purposes requires corrections that cannot be always fully automated.
Best approaches could notify the user of the whereabouts and existence of data
problems such as isolated streets, dangling edges and alike; but diagnosis is one thing
and treatment is quite another. It is, in most cases, not possible or meaningless to
automate such corrections before knowing the exact situation as to which the model
is built.

176

https://www.openstreetmap.org

Configraphics



177

Therefore, human intervention is often required at some point in the insertion and
validation of a network model. This is in fact one of the reasons that an urban network
analysis toolbox is most operational in a GIS or CAD environment where doing manual
edits on points and lines is easy and manageable and at the same time proposing
design alternatives is most convenient. Moreover, handling vital 3D informationina
CAD environment is much easier than most GIS packages.

Prior to technical challenges, we need to reflect upon how and why we are reducing an
actual spatial network to a geometric network of curves or lines. The most important
issuein this regard is the fact that walking and even cycling movement trajectories are
not exactly bound to streets as we can observe in the case of vehicular movement. While
acknowledging the fact that pedestrians and cyclists have more freedom to deviate from
street lines, we should face the limitations of our chosen models in terms of space-time
complexity of computation. A perfectionist approach to modelling pedestrian movement
within space would require implementing a raster representation of space or a fine
resolution triangulation in order to account for the mentioned freedom in choosing paths.

However, considering our ultimate goal, i.e. acquiring insight on the relation between built

environment configuration and mobility, it would be in fact better to work with a more
simplified abstraction of space. Let us clarify this stance with an example. Suppose we are
to study the pedestrian movement patternsin a city through simulation and comparing
the simulation results with ground truth data acquired using GPS devices. We will have to
do some cleaning on the GPS trajectories acquired and somehow snap them to discrete

units of space in a spatial network model. Note that computing is essentially about dealing

with discretized models. Now, if we use a fine resolution raster as the spatial model

and somehow manage to snap the trajectories to this model then we can seek for some
associations between our simulation results and the ground truth data. If we want to say
something about particular streets, then we have to aggregate our analysis results to gain
some information about the streets. This would require averaging of the data acquired for
many pixels or voxels to be able to say something about an underlying surface.

In light of this example, we can see that it would be in fact better to start with a coarse
resolution model from the beginning, so that our spatial units would come closer to
what we would like to study eventually, i.e. the streets.

The nextimportant question regards ways of representing a street and representing
the adjacencies between streets. Consider the fact that a model is necessarily a
reduced replica of something in reality. In this case, if we are to represent a street
geometrically, we can represent it as a 1D polyline 2D surface (TIN), orevena 3D
poly-surface. Regarding our ultimate goal of representing, analysing and modelling
movement trajectories, we can justify the choice of polylines or other 1D data models
for representing streets. Here comes the next question: how do we represent a street
network using line segments?
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The approach of Space Syntax is using the so-called Axial Lines. The axial lines in their
first definition [in (Hillier, B., Hanson, ., 1984)] were supposed to represent their
underlying convex spaces (Batty, M, Rana, S, 2004). This inexact definition has later
transformed into formulations such as ‘a minimum set of lines that are supposed to
represent the longest lines of sight®in an environment’ (ibid). Space Syntax models
have been criticized primarily because of the inherent difficulty of arriving at such a
representation clearly and in a rigorous and repeatable manner (ibid, also in (Ratti,
2004)). There have been a number of attempts to suggest alternative algorithmic
definitions of axial lines and for producing an "axial line map' representation of spatial
networks, namely (Batty, M, Rana, S, 2004), (Jiang, 2009), (Jiang, Bin, and Xintao Liu.,
2010). The importance of Axial Lines or Convex Spaces is primarily pertained to human
perception of space, in that these representations can potentially help us reconstruct
space in the way it is potentially perceived by human beings.

To clarify thisimportance, let us see what would be problematic in using other
conventionally available representations such as street centreline models used for
transport modelling. In such models, it is typical to have a few lines representing the
two sides of a street and possibly such things as bus or tramlines. However, if we are to
research the relation between spatial perception and spatial behaviour of pedestrians
and cyclists then such lines are more of a problem than a solution. Thus, a purer
representation of street space would then be more desirable. This line of thinking draws
our attention to methods that can represent a ‘topological skeleton’ of an open space,
which can be modelled as a polygon with holes. A number of different approaches can
be followed for this purpose, namely convex decomposition, Medial Axis Transform [as
in (Miranda, P, and Koch, D, 2013)], approximated Segment-Voronoi [as in (Sileryte,
2015), see figure below], and Straight Skeleton (Aichholzer, O., Aurenhammer, F.,
Alberts, D., & Gartner, B., n.d.).
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The term line of sight refers to the concept of visibility for potential observers.
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FIGURE 73 shows a segment-Voronoi diagram used to draw a street centreline map (Sileryte, 2015).

Giving a proper account of spatial network representations falls outside of the scope

of this dissertation. However, we claim that the potentially most suitable approach for
our purpose would be using Straight Skeleton method [ (Aichholzer, O., Aurenhammer,
F., Alberts, D., & Géartner, B., n.d.) & (Felkel, Petr, and Stepan Obdrzalek, n.d.)]
presented on an example urban environment. Later in the next chapter we will discuss
our approach for validating the topology of a given street centreline network, which
could be imported from OSM? by users of our application CONFIGURBANIST (that
implements our configuration analysis methodology).

Suppose we have a line-network representation of an environment. We can represent
this line-network as a graph in different ways. In street network studies, there have been
two main categories of street network representations, namely Junction-to-Junction and
Street-to-Street graph representations ~loosely speaking™. In the first category, street
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junctions are considered as nodes and streets as links, whereas in the second category,
streets are considered as nodes and junctions as links between them. Geometrically, the
former representation represents adjacencies between points (0-Dimensional features)
and the latter represents adjacencies between lines (1-Dimensional features like axial
line, centreline, or a curve representing a street). This is of course an over-simplified way of
describing these two categories; we refer the reader to a more extensive review of network
representations for syntactic studies to (Batty, 2004). In a Point-to-Point representation,
which is as old as graph theory itself>, it is quite straightforward to measure physical
distance between locations and thus it is the de facto standard of transportation studies
(Dios Ortuzar, ]., & Willumsen, L. G., 2011). On the other hand, Space Syntax in particular
and some other approaches such as Intersection Continuity Negotiation (Porta, S.,
Crucitti P., & Latora V., 2006) and Named Streets (Jiang, B., & Claramunt C., 2004) model
street network as a Street-to-Street adjacency graph®®. The immediate advantage of this
approach to spatial network representation is that the notion of location is associated with
streets and therefore the whole representation comes closer to the way people perceive
their location in cities. In addition, cognitive aspects of way finding can be modelled more
easily on Street-to-Street representations because usually there is cognitive impedance
in going from one street to another, which affects way finding as in crossing a junction
(the feeling of getting away from an origin) towards a destination. It sounds reasonable

to attribute the relative success of Space Syntax in indicating pedestrian mobility to this
fact; as walking requires intuitive way finding. It is important to note that Turner (Turner,
2007) also builds his remarkable angular analysis method upon a Line-to-Line adjacency
representation of street network. In spite of the differences between an axial line
representation of a street by a centreline, (or other variations such as the one introduced
by Jiang & Liu (Jiang B, Liu C, 2009) these representations are all classifiable as Street-to-
Street adjacency graph representations. The drawback of most of such representations is
that the physical distance between locations is not taken into account.

p=

o
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a b c

FIGURE 74 Ahypothetical street network (a), a Junction-to-Junction adjacency graph (b) versus a Street-to-
Street adjacency graph (c), both ‘undirected’, after Batty (Batty, 2004): red dots represent graph nodes, and blue
arcs represent graph links.
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We started our research with the assumption that in way finding for pedestrians and
bicyclists and constructing a simulation model of walking/cycling flows, we need to
take into account both the physical aspects of mobility and the cognitive aspects of
way finding. Combining physical and cognitive aspects of way finding into a single
model is previously researched by a few scholars as in the Multi-Modal Urban Network
(Gil, 2014), which is based on an undirected Street-to-Street graph representation,
or Place Syntax (Stahle A., Marcus, L. and Karlstrém, A., 2008), which combines
topological distance with metric distance. In addition, Hillier and Ida (Hillier, B.,
&1da, S., 2007) have compared different distance measures (metric, angular and
topological). Building upon the work of Turner (ibid.) and (Duckham, M., and Kulik,

L., 2003) we have constructed a new Street-to-Street ‘directed’ graph representation
that incorporates both physical and cognitive distance into its graph definition. Based
on this representation we form a new geodesic (optimal path) that we call the ‘Easiest
Path’ for walking or cycling. The following image briefly introduces these models.

Note that it is necessary to construct a dual graph for modelling impedances pertained
to traversing one line feature to another line feature. This is because we can solve

an optimal path problem when formulated as a minimum weight path, i.e. a path
consisted of links whose sum of weights or costs is minimal. We shall present a formal
definition of this formulation later in this chapter.

Given a street network (as a set of lines and points at their junctions), we need to define
a graph representation on which we can run a graph geodesic algorithm to find the best
paths. We call every segment made up of streets an edge e and each endpoint of these
edges as a vertex v; therefore, we denote this segment network Gas an ordered set of
vertices and edges:

G(V,E):veEV&e€E (30)

As mentioned above, we have chosen to use a dual graph representation, which is

by the way tightly related to the primal graph representation and the definition of an
especial adjacency matrix that describes how each vertex is connected to some edges
in G. We follow the approach proposed by Michael Batty (Batty, 2004) in forming this
graph. Considering a graph as an abstract mathematical description of how some
nodes are linked to one another, we are free to choose either set of V or Ein Gas the
set of nodes for this graph and the other as the set of links. We call this graph the

Configuration Graph and denote it by T'(N,L) as an ordered pair of nodes N and links L.

primal adjacency graph: T}, (N, L): {IE j ]\3/ (31)
dual adjacency graph: [ (N, L): {IE d_=f 5 (32)
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Considering the rectangular (not necessarily square) incidence matrix of 4, as the
descriptor of incidences between vertices and edges in Gwe can see that:

1if V;~E; (33)

A,. =|av¢ :{
VE [ "’]|V|X|E| 0 otherwise

1if E;~V.
Aoy = [aY :{ iV (34)
EV [ "’]|E|X|V| 0 otherwise

It can be seen that:

Ay = AEVT (35)

In addition, we can deduce intermediate adjacencies (coincidences) between vertices
and other verticesin Ay, and intermediate adjacencies between edges and other
edgesin Agg . After (Batty, 2004) we write the interlocking equations below:

Avy = [ai'j ]|V|><|V| - { Deg(v), ifi =j

1, ifi #j&E;~E;
= [ace = ] (37)
Age [al'] ]|E|><|E| { Deg(e), ifi=j

It can be shown that:

Ayy = AygAgy (38)
Agg = ApvAve 39)
Where Deg(v) denotes the number of vertices intermediately (through a single

intermediary edge) adjacent to a vertex vand Deg(e) denotes the number of edges
intermediately (through a single intermediary vertex) adjacent to an edge e.

We denote 4, as the adjacency matrix corresponding to the primal graph T,(N,L) and
A, as the adjacency matrix corresponding to the dual graph T, (N,L); in addition, we

consider diagonal matrices D, and D4, whose diagonal entries are respectively equal
to degrees of vertices and edges in G.

Ayy = A, + D,|D,, := a diagonal matrix containing row sums of Ay (40)

Agg = Aq + Dy|Dy := a diagonal matrix containing row sums of Agy
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Itis of course quite straightforward to obtain 4, and 4, from A,y and Agg
computationally. If we generalize the configuration graph T'(N,L) to a weighted
graph whose links have '‘impedance weights™” ¢ € Z (i.e. each link having a cost or
impedance of traversal) then we can apply a graph search algorithm on T'(N, L, Z)
to find optimum (minimum cost/impedance) paths between arbitrary origins and
destinations. It is clear that the cardinality of L and Z are the same and therefore we
use the same indices for numbering links and their weights/costs.

A general definition of an adjacency matrix would indicate the number of paths of
length one in between two nodes of the network. In line with this definition, we can
forget about topological vertices & edges; and think of two types of elements related to
their counterparts through incidence (relation between an element of one type to an
element of the other type) and adjacency (relation of an element of one type to another
element of the same type). Graphs made as such do not necessarily have a planar
embedding and their adjacency matrices might include entries larger than one in non-
diagonal positions.

Primal Undirected Graph, Undirected Network

This type of spatial network model was our first approach to the problem of measuring
walking and/or cycling accessibility. Because of the inherent shortcoming of this
approach in representing the traversal impedance between streets (as 1D features), we
discontinued model and implemented two alternative dual graph representations of
urban configurations as follow.

FIGURE 75 an undirected network of lines and a primal graph describing how the junctions of these lines are
adjacent to each other. To the right, the adjacency matrix and the weighted adjacency matrix pertained to this
graph are shown as bitmaps. The bit maps are laid out from top left corner, i.e. the top left pixel is depicting the
(i,j) entry (0,0), and its right neighbour the entry (0,1) and so forth.
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Dual Directed Graph, Doubly-Directed Network

Our firstimplementation of the Easiest Paths algorithm is based on a doubly directed
dual graph model that considers each street as traversable in both directions. This
construct allows for modelling different impedances for uphill and downhill directions
on the same street (also one-way streets, if necessary). Considering cases in which
walking and cycling trips are not necessarily commute-like, e.g. walking to a metro
station, riding a bike from an urban bike-sharing system downbhill, then this approach
can be more precise. This precision however comes at a high cost of computation
because the size of the adjacency matrix associated with such an adjacency graph

is double the size of dual graph associated with an undirected network. This means
that for searching this graph, e.g. for all geodesics, even with the most efficient search
algorithms such as Floyd Warshall, which has the complexity of 0(n®) the running
time would be eight times longer, which could be prohibitively long for large networks.
Avoiding senseless detours at Y-shaped junctions (a.k.a. T-Junctions, shown in Figure
76 pointed to by (Turner, A., and N. Dalton, 2005) and (Duckham, M., and Kulik, L.,
2003).) is one of the reasons to implement a directed graph upon a doubly directed
edge network. The other reason is to allow for different impedances for uphill and
downbhill sides of a road segment.

FIGURE 76 is reproduced after Turner and Dalton (Turner, A., and N. Dalton, 2005). It shows a detour at a
Y-shaped junction. If we do not have a way to differentiate between 0° & 180°, i.e. running a search algorithm
on an undirected line network, we will encounter this problem. By implementing our two graph models this
problem will not occur.
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FIGURE 77 adoubly directed network of lines representing streets within which one can move in both
directions. The bitmaps at the right respectively shown the adjacency matrix and the weighted adjacency matrix
associated with the dual graph constructed from this network. Graph links are not shown in this image for the
sake of simplicity. See the next figure for the directed links.

FIGURE 78 shows the links of the previous directed graph constructed on a doubly directed network of lines.
Note that the adjacency matrices associated with this graph are not symmetric as to the directedness of the
underlying graph.

Dual Directed Graph, Undirected Network

Using the doubly directed network as discussed is one way of solving the problem of
meaningless detours; but it comes at a very high cost of doubling the size of network

and complicating further centrality analyses. Therefore, for improving the theoretical
time-complexity of the overall search for all optimal paths, we decided to construct a
method for computing Easiest Paths on a dual graph constructed upon an undirected
network. Although it might sound an easier modelling task, in practice there is a bigger
challenge in making such a graph useful: how can we consistently measure azimuth
angles between streets in order to differentiate between meaningless U-turns (180°)
and a continuation without direction change (0°)? Failing to address this issue will result
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inirrational trajectories involving U-turns, as In light of this necessity, our method for
computing shortest angular paths without doubling the size of network (quadrupling the
size of graph) is a breakthrough that makes finding Easiest Paths comparable in terms

of time-complexity to ordinary shortest paths. Note that going from a street to another
street would cause the same angular confusion in both directions. What could make the
graph directed is then then the downhill or uphill slopes in opposite directions.

Connectnaly Bilrmap Weighted Bitrmap_ taed Weighted Bitmap_taufD

FIGURE 79 shows from left to right an undirected dual graph on an undirected line network, which could

be directed itself, its adjacency matrix and its weighted adjacency matrices with different tau values. By
implementing an advanced angle-computer that differentiates between acute and obtuse angles, we assign
weights correctly, as apparent in the rightmost image: the connection between 1 and 5 is straightforward and
thus strong. Note that our model is generally directed.

FIGURE 80 shows a dual directed graph that is the final configuration graph constructed and used in our
implementation of the Easiest Path algorithm as well as the underlying spatial configuration for the random
walk models. This graph is directed (has asymmetric impedances) because of uphill downhill differences as
shown at the right hand side image.

A Unifying Framework (Architectural, Urban, Spatial)

What is particularly interesting about the last graph representation is that it is in fact
the same as the representation used in modelling spatial networks within buildings.
As explained in Chapter 3, the dualities between spatial features (differentin 2D from
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3D) are used to model a spatial network. Suppose, for example, the navigable space
within a building is represented as a cell division whose cells represent the units of
space (e.g. as convex cells); these cells as 2D faces have their duals as OD vertices and
the edges that connect these faces have their duals as crossing edges that connect

the dual vertices. Considering the fact that in our urban configuration model we take
streets (represented as 1D features) as units of space and their adjacencies through the
same duality principle we can observe that the principle and the approaches used in
both cases are the same. The only difference is the inherent topological dimensionality
of the street network representation that is 1D. In light of these facts, we can claim that
we can treat architectural and urban spatial configurations using our unified framework
that is based on Poincare duality theorem. The framework is of course supported by the
dual directed graph representation explained above.

This is to say it will be possible to treat urban and architectural configurations using
one set of methods and tools. This is the motivation behind developing configraphix.dll
as a shared library for spatial configurational computations.

There are several criteria affecting one’s choice of walking and cycling routes, which
might have different levels of importance. In order to have an all-inclusive model

we need to study each factor as cost attributes on a street-to-street adjacency graph
representation. Aggregation of costs of different physical natures is an issue that must
be treated properly by taking into account the physical dimensionality and meaning
of cost attributes. This issue is referred to as commensurability in physics. It might
seem very practical to model such things as beauty of roads and their popularity

and attributed some numeric measures as to such qualities but these types of
measurements cannot be compared or aggregated with one another, let alone their
meaning in themselves. We have to accept that a mathematical model for finding a
path of minimum costs can only serve to find a path that ensures a minimum sum of
costs that can be measured as physically meaningful quantities. We prefer to work
such quantities because their interpretation will be straightforward. Turner and Dalton
(Turner, A., and N. Dalton, 2005) have discussed in detail the necessity of considering
directionality by referring to evidences and examples from transportation geographic
information research. We, therefore, shorten the discussion and refer the interested
reader to their work for more information.
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Walking and Cycling Impedance in Built Environment

We assume that in walking and cycling it is important to consider both the physical
difficulty of travelling, relying on human power, as well as the cognitive difficulty of way
finding or navigation. In reality, other factors also affect route choice of pedestrians
and cyclists, e.g. social safety, climatic pleasance, pollution, traffic safety, or scenery.
We have not yet succeeded in integrating them mathematically within our model
mathematically. It is important to note that we can search for ‘minimum cost’ paths,
therefore if we are to include one aspect in our route choice model we should be able to
define it as a measure of impedance commensurate to others (i.e. of the same physical
dimension as others)>.

Animportant issue here regards the ways in which impedance values of different
natures can be aggregated in order to choose a path that is best in all respects. The
problematic aspect of such aggregations is the matter of commensurability of costs,
which is about avoiding comparisons (including additions and subtractions) of
quantities of different physical dimensions (e.g. comparing apples and oranges). This
issue seems to have been neglected in the literature in combining different costs for
path finding. An example is the improper use of a weighted sum model in dealing with
costs of different nature in (Nagar, Atulya, and Hissam Tawfik, 2007). To illustrate the
problem, let us imagine that the two types of costs are monetary and metric: can we
add 2$ and 2 metres? Suppose we do so, then what would be the meaning of this sum?
What would happen if we compare it with another such sum? Adding and subtracting
quantities of different physical dimensions is senseless. Of course, the same problem
holds for averaging them using a Weighted Sum Model.

Our first alternative was to use a Weighted Product Model to allow for integrating
costs of different nature, because there is no restriction in multiplication of quantities
with different dimensions. However, as it turns out, the cognitive impedance when
computed based on angular change of direction can be zero or close to zero. Therefore,
a Weighted Product Model cannot be helpful, for it overlooks other costs when the
directional change is negligible. Alternatively, we have chosen to make the costs
commensurate. We do so by measuring all costs in terms of travel time. It is clear that
the actual travel time of a pedestrian or cyclist is not only dependant on their physical
strength but also on their cognitive ability for navigation. If the person in question

is not familiar with the environment, they are to lose some time in finding their way
towards a destination. We can also observe that the actual trajectories of people
walking and cycling in cities is not the same as shortest paths, for people seem to prefer
intuitive paths, i.e. paths that require less cognitive effort in navigation. Speaking

of commensurate impedance measures, we introduced a parameter to consider a
so-called ‘confusion time’ proportionate to a Fuzzy model of cognitive difficulty of
navigation at junctions.
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Physical Impedance: how long and how steep

When walking or cycling, people depend heavily on their physical strength, this
limitation determines the effective speed of walking or cycling that is easy to maintain
and thus affects the temporal distance to certain destinations and eventually
willingness to take or not to take certain routes. We can calculate such mobility speeds
and relate them to the slope of road segments by taking into account the physical
power that a normal person can easily maintain. Obviously, this power would be a
parameter that can be adapted to represent the conditions of those with less strength
or those riding on power-assisted bikes such as e-bikes. Without loss of generality, we
assume that an average person can maintain a power of around 100 Watts easily for
about an hour or so. We have modelled walking speed as a function of slope by Waldo
Tobler (Tobler, 1993) as shown in Figure 82. Inspired by the model of Tobler (ibid),
and the illuminating blog article of Rhett Allain (Allain, 2013) on the physics of cycling,
we have formulated a model of cycling speed as a function of slope angle (only uphill
slopes for the time being).

F = mgsina + F¢
mgsin a

FIGURE 81 shows how forces act upon a bike, m=bike’s mass+ body mass, ¥, = rolling friction force, g=gravity
acceleration, and «=slope angel, image produced after (Allain, 2013).

Image reproduced after the image found on this URL: http://www.lloydswellbeingcentre.co.uk/clives-cycling-
blog-18
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Considering that, a cyclist can sustain a power P, which corresponds to the gradient of
energy expenditure over time from the cyclist to exerta forceof F =mgsina +F; at
the speed of CV standing for cycling velocity. Formally, the power required for moving
an object with force F and velocity V can be measured as the dot product of force and
velocity vectors:

=0,V&CV,and F=|F| P
P=F.V=|F||v|coscp%cv=l—: (42)

The force F is to compensate for the friction force and the weight of the bike and the
rider projected along the path of movement.
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FIGURE 82 Picture (a) shows a graph of Tobler hiking function. Note that at the slope of O the walking speed is
5 Km/h. Also, note that on downhill slopes humans do not walk much faster. In fact, a little bit of downhill slope
boosts walking speed but too much of downhill slope slows down walking. Picture (b) shows plots of our model
of cycling speed as a function of slope at the constant power of 112 Watts, which is approximately 0.15 HP, a
power that an average human can easily sustain for about two hours.

The ultimate aim is to obtain a model of temporal cost of traversing a segment in terms
of its slope angle. We consider such costs as impedances physically hindering mobility
and denote themas ¢}y and {§; ;, as for walking impedance and cycling impedance of
the (i, ) link (between i*"and j** nodes, which are street edges)®. In these equations,
8 represents the displacement along the (i,j) link and adenotes the slope angle of the
link in radians, mthe mass of an average person typically assumed to be 75 Kilograms
and g for gravitational acceleration equal to 9.81 m/s?, and F; denoting a nominal
force of friction that is to be counteracted by the bicyclist™.

190

We remove the subscript (i,j) for the sake of clarity of our notations

Configraphics



§ 5.5.1.2

191

AZ

el + |e;
5= %and o = Elevation L(ei,ej) = sin? ( ?D,AZ =e.Z-e.Z (43)
s 3.68 3.6563.5|tan a+0.05]
i Vv (a) 6e-3-5ltan a+0.05] 6
) 6(mgsina + F 6(85%9.81x sina + 25
{6y =8 8)= _ B(me 0 _ 8 ) (45)
J Ve(a) P 112

The two impedances {% and T are computed in terms of [average] seconds it takes
one to traverse a link. We need to note that we have not yet considered the higher
speed of pedestrians or bicyclists on downhill roads.

Cognitive Impedance: how difficult to navigate

We consider change of direction or turning at each junction, as a cognitive kind

of impedance for a pedestrian or bicyclist traversing that link. We denote angular
impedance of (i,j)™ linkas f ), whichis then simplified as * .In orderto compute
this, we need to find the angles between nodes (street segments); then we need to
attribute impedance values corresponding to these angles consistently. We find the
angles as shown in Figure 84. In order to make the dimension of {4 commensurate®
with those of ¢ or ¢ we need to introduce a ‘temporal confusion’ coefficient in terms
of the seconds it would take a person to take a decision as to which street incident to
the junction has to be followed next. By adjusting this parameter, denoted as T, we

can distinguish between those who know the neighbourhood well from newcomers
and tourists. It is important to note that in our method we have chosen to disregard
angularimpedance for the junctions of degree 2 (at junctions in between only two
street segments) because, we believe that they do not cause any significant cognitive
impedance compared to junctions between multiple streets where making a choice
requires a bit of thinking. In other words, these simple 2-street junctions cause no
confusion when it comes to directionality. The angle @ is the planar angle between it"
and jt street.

i u;.u;
e(i']-) = { 8, if accute |e = cos? < 2 >,ui = ei|ei.Z =0 &uj = ej|ej.Z =0 (46)

-8, if obtuse [w; |,
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FIGURE 83 shows which angles are considered between streets

In search for a sigmoid function that could accept arguments of type radians, we concluded
that squared sine of theta times the arbitrary confusion coefficient Tworks consistently

as a relative impedance function, besides converting angles measured in Radians to
dimensionless numbers. Without loss of generality, we choose an arbitrary amount of 10
seconds for average confusion time in case of maximum change of directionality.

This parameter could be calibrated by further empirical research.

h(0 iy), if Deg(v,) > 2 L)) 47
A= ) k h(0,; ) = tsin? —=: 1t = 10 seconds (47)
Siin { 0 otherwise | ( (”)) 2

junction = kla(lyy = a{jyy = 1,i.e.the vertex coincident to e; and e
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FIGURE 84 Picture (a) shows how the angles are computed for different hypothetical destination streets,

given the directed origin street shown in bold black. Note that going from the origin to destination number 6
corresponds to no change in direction and thus zero degrees of turn and no impedance at all. Note also that
changing movement direction does not make any difference in computed angles. Picture (b) shows a plot of the
turning (cognitive) impedance function as a dimensionless normalized factor.

To this confusion time, we could potentially add the waiting time corresponding to a traffic light at the same
junction. This could be considered as an additional advantage of our method, because this way by adding
impedance value for each junction we can potentially avoid dangerous junctions with heavy vehicular traffic

as much as possible. To apply this method of path finding in actual path finding scenarios, it would be best to
include additional types of impedances for instance to avoid paths that are exposed to high levels of air pollution
or noise pollution. Including such other impedances however, requires an extension of the framework towards
encompassing various impedances of different physical dimensions. This could be a topic for future research.
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FIGURE 86 shows a close up view of angularimpedances attributed as colors to arcs representing the links
between streets: the warmer the color the higher the angularimpedance.
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§ 5.5.2 Easiest Path Algorithm

Here, we give an overview of the Easiest Path as an optimal path problem using the
impedance measures introduced above and show examples of such geodesics on

an urban network. In our first model of Easiest Path algorithm, we model the street
network as a directed graph that has directed street segments (segments of street
centrelines) as nodes and their junctions as links. In the second model, we take streets
as undirected line segments and represent them as nodes. In either of these graphs,
we minimize the impedance of travelling from an origin to a destination. As we have
defined both cognitive confusion and physical difficulty in terms of time, they are
commensurate and therefore we can use a weighted sum model to model the total
impedance of each link. The geodesics are then found using a graph search algorithm.
Formally, the algorithm minimizes the total impedance of a path between an origin
and a destination (i*" node to j™" node). A path is defined as a sequence of nodes (i.e.
street segments) 1 = (ny,n,, ..., n;) € NXNx ...XN such that n is adjacent to ny,,
for 0 <k <1.The path mis said to be of length I from the first node (n,) to the last
node (ny). Having defined a real-valued impedance/cost function Z:L - R, which
attributes an impedance or cost to each link of the graph T3(N,L), we need to find a
path 1 = (ng,ny,..,n;) that minimizes the total cost orimpedance of going from an
origin n, to a destination ng ( n, = ng,ng = n; ) over all possible paths between n, &
ng. Let L;; be the link in between n; & nj, then we need to minimize the following sum
(with reference to our prior definitions of impedance): (note that we have denoted the
cost function f(L;y) = Ty )" In our formulation, we have considered weights of
importance for temporal and angularimpedances to account for different preferences
of tourists or residents.

The first step in computing an Easiest Path is construction of a Street-to-Street
adjacency graph, whose nodes are directed or undirected streets. From each edge to
another one, there is physical impedance for travelling due to the length of the path
and its steepness. The steepness of a path affects the speed of walking or cycling

ata normal level of power generation for an average human. Therefore, the slope
eventually affects the speed, which based on the length of the path is translated into
cost of traveling in terms of time. Note that this cost will be dependent on mode of
transportation, i.e. walking or cycling. The other impedance (alias cost) is associated
with difficulty of navigation due to demanded change of direction in traversing a street
to another. We compute the angle between the direct continuation of a street and the
next street and derive a Fuzzy measure of angularimpedance that is dimensionless and
ranges between O and 1, corresponding to no angular change to a full U turn (i.e. 180
degrees of change in movement direction). This is regarded as cognitive impedance

of traversing a street to another that is eventually translated into [wasted] time for
navigation because of potential confusion in way finding. We do this translation using
a parameter dubbed 17 (tau), which accounts for the maximum time that a pedestrian/
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cyclists would waste at a junction being confused as to which direction is correct as
the next step. The assumption validated by previous research is that people (especially
tourists and new comers) tend to follow ‘their nose’ (Dalton, 2003), meaning people
prefer simple paths when it comes to navigation. The overall cost of travelling from i*"
street to j¢" streetis then formulated as follows:

o {{("}’_/) + (i ;) if walking (48)
= G(Ci,]-) + {(‘?_j), if cycling

Where ; ; is the cost of going from i*" street to j*" street; Z denotes physical
impedance and is a function of §(link length); a is the slope of the link in radians; and
s the planar angle between i*" and jt" street. The term multiplied by tau represents
the cognitive impedance caused by 6 and zrepresents the amount of confusion
attributed to maximum angular change of direction equal to 180 degrees. The typical
walking speeds are based on the function defined by Tobler (Tobler, 1993)and cycling
speed calculation is based on the work of (Allain, 2013). Walking time and cycling
time when traversing i*" street to j*"street are denoted as ¢} ;) and {(; ;, respectively.
Itis notable that these values are parametric and can be adjusted to represent motor
assisted bikes. The easiest path is then the path m that minimizes the following sum
over all possible paths.

Z Z(La) = Z Sy A={@GNDIE)) € Lnm} (49)

(i,j)ea (i,))ea

Where Zis Greek Zeta, that is the impedance function Z:L —» R (which assigns a real-
valued impedance to each link in the set of graph links L); and A (capital Lambda) is the
set of links in a ‘path’ between two nodes®’.
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FIGURE 87 the problem of finding a path of minimum length, elevation change, and direction change for
everyday commutations can be best understood when shown in 3D.

Solving this minimization problem is done by Floyd-Warshall algorithm to find Easiest
Paths between all pairs of origins and destinations. This is a very efficient process

with the time complexity of 0(N?3) where N is the number of nodes or streets in the
network. If only one path is required at a time, then the A" algorithm would be the
efficient way of path finding. However, in our analyses, we need all Easiest Paths almost
everywhere, therefore we find all using Floyd-Warshall algorithm. As apparent, the
innovation of the Easiest Path algorithm is in its problem formulation, and the problem
solving part is standard.
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FIGURE 88 shows: a) a Shortest Path without considering the terrain and difficulty of navigation on an
example network from “Tarlabasi”, Istanbul, data set provided by Ahu Sokmenoglu; b) Easiest Path geodesic
found considering the terrain and tau=0 for angular confusion (thereby no cognitive impedance; c) Easiest
Path geodesic computed not considering the terrain and tau=15 seconds; d) Easiest Path geodesic computed
considering the terrain and tau=15 seconds.

Distance Redefined

We can define Temporal Distance as the time it potentially takes someone to go from O
to D through easiest path available. As all costs of travelling are consistently measured
in terms of time (minutes), the length of each geodesic [Easiest Path] is the temporal
distance as potentially experienced by a pedestrian or cyclists. Note that we have
different cost functions for walking and cycling according to the physics of these modes
of mobility, which naturally correspond, to smaller temporal distances for cycling. This
is a remarkable result as there is no other framework consistently measuring actual
temporal distance in one-to-one correspondence with such geodesics.
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Following our experiential direction in research, we go further in modelling distance

as perceived regarding the verbal notion of closeness. It is rather obvious that walking
or cycling for more than an hour or so is not practical for most people, especially if it

is to be a part of their daily routine. This suggest that closeness can be modelled in
correspondence with a maximum distance as a threshold above which a person would
not be willing to go on foot or bike to a destination, or a distance above which they
perceive the destination as absolutely far. We can measure the practicality of walking
and cycling as a function of walking or cycling temporal distance, given a threshold that
show 'how far' (denoted as F) a person is/might be potentially willing to go on foot/
bike. Fuzzy variables can range in between O and 1 therefore we need a function that
can map distance values ranging from O to +e to values between O and 1. Inspired

by Logit models in discrete choice models of transportation forecasting models, we
choose a Logistic Function as below, which represents the degree to which a statement
such as 'destination D whose distance to origin O is x is close by’ is regarded as true.
Another way of interpreting this measure would be as utility or suitability of walking or
cycling as a mode of transportation given a temporal travel distance.

1
Clx) =——— (50)

1+ e“(x‘;)

In this equation, C(x) denotes closeness of a destination at a distance x; and A
represents a coefficient whose role is to ensure the decline of the closeness value when
distance x approaches F (i.e. the furthest temporal distance a person is willing to go on
foot or by bike). Note that the alternative crisp logic representation would be that: all
destinations farther than F would have been regarded as far; and those closer than F
would have been regarded as close. Thus, the advantage of this Fuzzy representation
should be apparent.
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FIGURE 89 shows a plot of the Fuzzy model of closeness given a 'how far’ parameter equal to 5 minutes.

We need to find an appropriate value for pto ensure that the value of closeness goes
below a threshold ¢ at the distance of F (far); it would be best to define 2 as a function of
this threshold and the distance threshold F:

1 i F 1 F
ceo) = < e N (14 et S S < oD (51)
1+ et*? €
1 F 2 1
x=F yidsg C 1< et @YY Ln(— - 1) <uiz) yielas S VT I

FIGURE 90 shows from left to right the network distance (through Easiest Paths, Cycling, Tau=20 seconds) as
conventionally visualized using thermostat colours, 5 minutes catchment of the point highlighted in blue, and
the fuzzified distance shown in tones of turquoise. Note that after the distance is fuzzified all distances above
the threshold (how far one is prepared to go on bike) are considered practically as infinity, therefore their Fuzzy
closeness is zero.

As visible in the figure above, the fuzzified closeness value exactly represents our
intuitive understanding of closeness having in mind our means of transportation. For
example, when travelling by bike, a destination more than e.g. 1 hour away from an
origin is absolutely far for many people.

We can project any measurement performed on network segments to 2D features

(urban plots) that are accessed through network segments. This is done by attributing
the measurements pertained to line segment of the network that is closest to the plot
in question. Of course, the access point of some plots/parcels can be slightly different
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in some cases and this attribution can be done in some other way that reflects the
reality more accurately, provided there is a detailed survey available that clarifies which
plotis accessed exactly through which segment.

FIGURE 91 shows Fuzzy closeness for cycling from the origin marked (as blue dot considering the terrain,
tau=30 seconds, the sharper the colour the closer the destination. Note that the distance values have been
projected to the urban plots assuming that each plot is accessed through the closest street segment.

§ 5.7 Fuzzy Accessibility Measures for Pedestrians and Cyclists

Here we give two fuzzy definitions of closeness that plainly model feasibility of
accessing destinations of interest given the time people are willing to spend walking

or cycling towards them. Suppose for example, there are four grocery storesin a
neighbourhood, but some of them are more favourable so people are willing to go
somewhat farther on foot/bike to get to them. Such preferences can be modelled by
attributing a number to each point of interest (POI) saying how far one would be willing
to go on foot or bike to get there.
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Proximity (closeness to all POI)

The 'Proximity to All" (Proximity in short) tells how close a location to all destinations
of interest is. It thus tells whether all interesting locations (attractions) are accessible
given abovementioned willingness (how far) parameters. If this measure is computed
for all possible destinations as potential destinations, it will generate a local closeness
centrality measure comparable with local integration in Space Syntax. A number of
advantages compared to 'local integration’ can be listed as follows: that our measure
of local closeness centrality can work for any number of desired destinations; that its
meaning is physically tangible, i.e. does not require pages of explanation; and that

it can be interpreted as temporal accessibility as experienced. It simply tells to what
extent it would be true to consider all locations (or some locations) as close to an origin,
given the maximum distance above which a destination is considered far away. This
measure is computed using Fuzzy AND operators on fuzzified closeness values.

Vicinity (closeness to any POI)

The "Vicinity of Any’ (Vicinity in short) tells how close a location to any destination of
interestis. It thus tells whether any of interesting locations (attractions) is accessible
given abovementioned willingness (how far) parameters. This measure is interesting as
it can reveal the polycentric nature of a neighbourhood given a number of comparably
interesting attraction places. More simply, a very straightforward application of this
measure is to see whether for instance each location has a reasonable access to a
grocery store by walking or cycling. This is important because then such daily routine
trips can be made without using personal cars. This measure is computed using Fuzzy
OR operators on fuzzified closeness values.

Fuzzy framework of CONFIGRAPHIX

We have generalized three types of dyadic Fuzzy operators for multiple inputs and
implemented them in our closeness measurement method: namely, Zadeh (Zadeh,
1965), Yager (Yager, 1980), and Paraboloid AND & OR Fuzzy logical operators as
shown in the figure below.
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Zadeh AND: ﬂ{xi} = min{x;} (53)
L

Zadeh OR: U{xi} = max{x;} (54)
L

1
g (55)
Yager AND: ﬂ{xi} :=1—min { Z(l —x)P |, p=1
i i

1
, r (56)
Yager OR: U{xi} = min { inp Ap=1

i

Paraboloid AND: ﬂ{xi} = H(Xi)p Ip € (0,1] (57)
i i

Paraboloid OR: U{xi} =1- 1_[(1 —x)? |p € (0,1] (58)
; i

In the test data set used as a case study, the numeric differences between different
Fuzzy aggregators (alias connectives, speciality in Yager's terms) are negligible or
inconspicuous when visualized. Nevertheless, we have implemented and provided all
methods to let empirical researchers find the best in their practice.

In spite of their apparent simplicity, the original aggregators defined by Zadeh, seem

to make most sense in our context, in that they are easy to understand, interpret,

and explain. For example, if your minimum closeness (corresponding to maximum
distance) to POIs is 0.2, then the statement “you are close to all of them" is 20% true.
This statement corresponds to the fact that from your location the farthest POl is rather
far. Of course such fuzzified values can be defuzzified (i.e. traced back to their origins),
so as to say to what distance such a fuzzy value correspond. It is interesting to observe
that the fuzzified distance (fuzzy closeness) can be interpreted as the probability

that a person chooses to walk or cycle to their destination as they find it close. For
defuzzification we need to find the inverse of fuzzification function.

We first rewrite the Logistic function that we used for fuzzification:

1 1
Cx) = = (59)

T T
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By setting an auxiliary variable y = /1(; -x) we can rewrite the function as:

_ (60)
O =123
Now, we need to find an inverse function that we dub g(y):
g =) Ifegl)=id, =y e
We need to find yinterms of f(y):
O +e¥f(y) =1 (62)
oV = 1-f) (63)
f»
eV Iy 6] (64)
f

Back to our interpretation of the logistic function as the probability of making a choice
as to walk or cycle depending on the distance of a destination, we can see that the
above equation actually describes the ‘odds’ of making such a choice, that is the
probability of making such a choice over the probability of not making that choice. For
this reason the following function is called Logit (logarithm of odds):

log (e”) = log (%) = logit(f(y)) (65)
L) (66)

y =log (f(_y))

We assume p = f(y) asthe argument of the function defined above, and then itis
clear that the following is the inverse function we were after.i.e.:

1-p
9() = log (—=) (67)

Because: fog(y)=id, =y .
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Therefore, in order to defuzzifiy a fuzzified distance (a closeness value) we can apply
this inverse function first:

g(c()) = log <—1 ;(iéx)) =y o

Now we just need to find the actual distance x in terms of y, given:

F 69
y =G )
F
y = A5 (70)
F
y'l-z (71)
=—*
1-C(x) F
o) 42
~ 1
. F
logit(C(x)) — A5 (73)
T

In case C(x) is a fuzzy aggregate (Zadeh, Yager or Paraboloid) then a representative
value of F (farness threshold) to defuzzify the aggregate closeness values. For example,
in case of Zadeh operators, minimum or maximum of the farness thresholds would be
appropriate as representative farness thresholds. For a better understanding of how the
Fuzzy aggregation operators work, see Figure 92, Figure 93, Figure 94, and Figure 95.
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FIGURE 92 a comparison of the generalized Yager AND and OR aggregators with those of Zadeh for 2D inputs
along X and Y axes, outputs are visualized as a mesh coloured from black to turquoise as for O to 1.

Parab. {, P=1

FIGURE 93 a comparison of the generalized Paraboloid AND and OR aggregators with those of Zadeh for 2D
inputs along X and Y axes, outputs are visualized as an interpolated mesh.
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FIGURE 94 a comparison of the generalized Yager AND and OR aggregators with those of Zadeh for 3D inputs,
level sets visualized using Marching Cubes algorithm, inputs come along X,Y, and Z axes, outputs are coloured

from blue to red as for O to 1.

5
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|

e P21 Parab. M, p=0.5

FIGURE 95 acomparison of the generalized Paraboloid AND and OR aggregators with those of Zadeh for 3D

inputs, level sets visualized using Marching Cubes algorithm, inputs come along X,Y, and Z axes, outputs are
coloured from blue to red as forOto 1.
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FIGURE 97 shows Closeness to Any POI (vicinity) computed using Zadeh Fuzzy operator projected to plots
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FIGURE 99 shows Closeness to All POI (vicinity) computed using Zadeh Fuzzy operator projected to plots
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If a simple yes or no answer to questions such as the following are needed then the
catchment measure (to all/to any) can be used.

Are all interesting destinations accessible within 5 minutes walking from here?
Is any of interesting destinations accessible within 5 minutes walking from here?

Note that the catchment measure proposed here is different from conventional
alternatives in that it is polycentric; can be computed to all or any of POI; and that it is
based on preferred ‘how far’ parameters. The catchment measures are computed by
treating the fuzzy closeness measures as crisp closeness measures.

FIGURE 100 a) shows proximity catchment (to all POI), walking, considering the terrain and tau=15; b) shows
vicinity catchment of POI (access to any POI), walking, considering the terrain when tau=15

Looking at the catchment analysis results, we asked ourselves whether it is possible

to tell to which POI each location has preferred access. To answer this question we
modelled generalized alpha shapes and Voronoi diagrams (Edelsbrunner, H., & Harer,
J., 2008) to divide the network space to areas of preferred POL This is closely related to
vicinity and vicinity catchment (closeness to any POI). It adds a new dimension to the
analysis by specifying how the POI serve/take shares of a neighbourhood considering
walking/cycling access. We provide two forms of this measure that we call inclusive
and exclusive zoning. The former gives an answer to ‘which POl is preferred’ regardless
of whether it is accessible within the acceptable range of distance or not; whereas the
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latter excludes locations that are by no means accessible (considering the acceptable
ranges of distance as specified by user). Generalizing the definition of Power of a Circle
over a Point in Euclidean geometry givenas  h(D,R) = D?-R? , where D denotes the
distance of the point -via Easiest Paths- to the circle centre and R the radius of the
circle in question we define:

InclusiveZone(n,) := x = arg min Power (i,j) = D{, ;,-R} (74)
i

X = arg min Power (i,),if D jy <R,
ExclusiveZone(n;) := i
-1, otherwise (undefined)

The power of a point relative to a circle of radius R is positive outside the circle, zero

on the circle, and negative inside the circle®. Thinking of the definition of a circle in
Euclidean geometry as the locus of points whose distance to a pointis equal to a
constant radius, we see that a circle can also be conceived in our network space where
radial straight lines (Euclidean geodesics) have been replaced by radial geodesics
found by Easiest Path algorithm. The rest of the concepts generalize similarly. Using
the concept of power, we can account for the fact that different points of interest might
have different suitability or attraction for dividing the neighbourhood into zones.

Using a simplified version of zoning, as finding the closest POI for each point would

not allow for this consideration. As an example, consider a few grocery stores that
provide similar services and thus it is fine for an inhabitant of the neighbourhood to be
close by any of them; but most people find one store more attractive than others and
therefore they would not mind walking or cycling an extra 2 minutes towards it. See
Figure 101, Figure 102, and Figure 103. The left images show inclusive zoning where
radii of access have been considered as weight of influence for producing a generalized
Voroni diagram. The right images show exclusive zoning where radjii of catchment have
been intersected with Voronoi cells; this corresponds to a generalized alpha shape. The
zoning is shaped according to the How-Far parameters set to 4, 2, 4, and 4 minutes
corresponding to POL

For more information on the concept of power of a point relative to a circle look at: http://mathworld.wolfram.
com/CirclePower.html
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FIGURE 101 shows cycling zones of the neighbourhood with regard to preferred POI within arbitrary radii of
catchment.

FIGURE 102 shows walking zones (left: inclusive, right: exclusive) of the neighbourhood with regard to preferred
POI within arbitrary radii of catchment.
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FIGURE 103 shows an alpha shape diagram computed using Euclidean distance metric from the same POI with
the same radii of access. Although closely related, using a diagram with Euclidean distance as metric can be
misleading in assuming better access (farther reach).

Itis interesting for planning professionals to know what would be the effect of a change
in the network in terms of the pedestrian or cyclist flows. Medial (accounting for paths
or walks passing through a node) or Radial (accounting for paths or walks passing to

a node) centrality models® can help us see two different aspects of networks more
clearly, regarding how a network structures or biases “movement to” or “movement
through” certain spaces’.

Network Centrality models can be useful in identifying most important nodes by means
of a ranking mechanism. There are different centrality measures used for different
purposes and different types of networks. Centrality models should not be mistaken
with performance models. They often reveal a structural property of the underlying
graph, but making a performative sense of such properties requires an extra layer of
assumptions that could relate the structural properties to the dynamics of a network.

212

terminology of Space Syntax from (Hillier, 2007)
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Itis notable that most of the well-known centrality measures have been originated within
the field of Social Network Analysis. Regarding our point of departure, i.e. studying the
“social logic of space”, this is a natural choice for studying the collective/social mobility
behaviour. Note that this field has emerged many years before the widespread availability
of online social networks on World Wide Web (prominent models had been made in
1950's, 60's and 70’s). We have adapted a few centrality models from the field of social
network analysis to our methodology by means of using the geodesics, distances or
fuzzified distances computed with Easiest Paths. The first class uses directly the geodesics
or geodesic distances, the second class, which we call spectral (as in Spectral Graph
Theory) deals with the eigenvalues and eigenvectors of the matrices pertained to the
underlying network (Adjacency Matrix, Laplacian Matrix, or Transition Probability Matrix

of a Markov Chain). The results of Geodesic centrality models can be understood intuitively

as they are almost self-explanatory. The spectral centrality measures pave the way for
introducing probabilistic models of walking/cycling mobility.

Space Syntax indicators such as Integration (a variant of closeness centrality) and
Choice (betweenness centrality) are both defined based on different notions of
‘geodesics’ or shortest paths, be it topological shortest path or angular shortest path.
We can reconstruct such indicators by substituting these geodesics with Easiest Path
for network studies focused on walking and cycling. Here we focus on betweenness
centrality as it can be interpreted as the probability that people would pass through

a certain street going from some place to another, considering that they are moving
through easiest paths. This is of course of importance for retail businesses as they
depend on the probability of passage of pedestrians. Similar to all other indicators, in
computation of centrality measures we can opt for different values of confusion time
for cognitive impedances to take account of preferences of people who care more for
shortness of routes or those who prefer simpler routes.

Betweenness, Local Betweenness

The measure of ‘betweenness’ was introduced by Linton Freeman as an indicator of
importance of nodes in a social network (Freeman, 1977). Considering all shortest
pathsin a network between all possible pairs of nodes, we can find out how often a
node happens to be on a shortest path between two other nodes. We can interpret
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this as the probability that a person passes through a certain street segment given

all other possibilities. Variations of this model based on angular shortest paths or
metric shortest paths have been found to have high correlations with the location of
businesses such as retail, cafes, and pubs (examples mentioned in (Hillier, 2007) &
(Sevtsuk, 2010)). The new element in our model is the geodesics we have introduced as
the most convenient paths for pedestrians and cyclists. As is the case with any model,
our model is based on a reduction of complex reality so it can never perfectly explain
how people find some routes more convenient (or pleasant) and actually take them
from their origins to their destinations. The reality is of course more complicated due
to many other decision variables, many of which are perhaps related to the functional
aspects of urban trips.

The probability interpretation leads us to consider dividing interesting possibilities by
the total number of possibilities; therefore, we divide the total number of geodesics
thatinclude the node in question by the total number of all geodesics. Given that

the graph is connected, then the total number of geodesics equals the total number
of pairs of origin-destination. This corresponds to the number of combinations of

two nodes from all nodes, excluding the node in question. We can define the bare
probability of passage of a body through a node (in absence of attractions and other
information) as in the equations below, in which vy, is the geodesic path between
source sand target tand o(s,n;, t) isa binary variable that is equal to one if the
geodesic v, (i.e. a sequence of nodes) contains the node in question (n;). Note that
thisis a simplification of the original Betweenness Centrality as defined by Freeman;
because we have assumed it is very unlikely that there exist more than one geodesic in
between a pair of nodes. A similar simplification, for a similar reason is used in (Turner,
2007).

INLT) (NI-2)x(IN|-1) e

|{(s,t)|SEN,tEN,s¢i¢t}|=( 5 .

2x 3N sV 6(s,i,t)
(INT-2)x(INT-1)

Lif ye2 0 (77)

B (i
c’ (i) = .
@ 0, otherwise

|s¢i¢t,a(s,i,t)={

Betweenness centrality literally shows how often a street happens to be on an Easiest
Path between an origin and a destination. It is notable that we have revisited the
concept of “local choice” (betweenness in Space Syntax jargon) and made it possible
to compute betweenness for a temporal range of distance. We can also compute ‘local
betweenness' to find out which streets are most likely to be traversed in trips shorter
than e.g. 5 minutes. As it is the case with any kind of betweenness centrality measure,
they essentially look at purposeful trips between origins and destinations but not
wandering and lingering. See Figure 104, Figure 105, Figure 106, Figure 107, and
Figure 108 for exemplary results.
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FIGURE 104 shows betweenness centrality computed considering all Easiest Paths in the network

Tay=Q, 5 1 1%

FIGURE 105 shows the effect of tau, the confusion-time parameter on the betweenness values computed.

Note that when tau is put to zero, the easiest paths do not favour straighter paths and therefore the centre of the
neighbourhood necessarily is highlighted. However, when tau is set to higher values then straightest or the most
important routes are more clearly distinguished from the rest.
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FIGURE 106 (a) shows the betweenness centrality when the geodesic is only angular and the weight of physical
distance is zero; and (b) shows betweenness centrality when both angular and temporal impedances have been
given equal weight. It is visible that the picture (b) takes better account of reality as to importance of main roads

of the neighbourhood have been revealed better compared to the case (a) when the algorithms disregards the
physical distance.

FIGURE 107 shows betweenness centrality values computed for Morwell, Asutralia, at the radius of 10 minutes
walking. There was not a terrain model available, tau is set to 15 seconds for confusion time.
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FIGURE 108 shows betweenness centrality values computed for Morwell, Asutralia, at the radius of 4minutes
walking. There was not a terrain model available, tau is set to 15 seconds for confusion time.

§ 5.11.2 Closeness, Local Closeness

Closeness centrality for a node (street space in this case) is defined as the inverse of its
average Easiest Path distance to all other nodes (global closeness) or nodes (streets)
closer than a certain radius (local closeness). Formulation of the local closeness
measure is inspired by Local Integration in Space Syntax. With a similar purpose, we
can look at local closeness centrality as an indicator of the potential of a node to be a
common destination or an attractor of “movement to” itself.

|P{|

c“(n) = g——F7—
ZjeppD(nimy)

ID(n;,n;) = Z {x & PF ={n;|D(n;,n;) < R} (78)

kEVni,nj

The interesting fact about this centrality measure is that it can reveal the polycentric
structure of a neighbourhood at various radii of access, and ultimately for different
modes of transportation.

This is to say this method can be used in a way rather opposite to starting with points of
interests; it helps us find potential points of interests at the local maxima of local centrality

function. In order to find these maxima, we need to find nodes whose closeness values are
above all their neighbours. This is done through the following method:
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Maxima = {n;|C; > C; Vj|D(n;,n;) < R} (79)

FIGURE 109 shows local closeness centrality at different radii.

FIGURE 110 shows a monocentric structure with the [almost] global maximum highlighted in black for
closeness centrality at the radius of 10 minutes cycling.
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FIGURE 111 shows the polycentric structure corresponding to the local maxima of local closeness centrality
computed at the radius of 4 minutes cycling.

FIGURE 112 local closeness on Morwell, Australia, cycling radius 15 minutes.
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FIGURE 113 local closeness on Morwell, Australia, cycling radius 10 minutes.

The term spectral refers to a notional spectrum corresponding to an eigenvector-
eigenvalue decomposition of a matrix; i.e. the set of eigenvalue-eigenvector pairs of a
graph matrix. Spectral graph theory does not seem very intuitive on the surface. To give
a background to the reader, we begin this part by introducing Spectral Graph Drawing
as intuitive evidences as to why graph spectra are important and what they tell about
the structure of a graph. We can think of three main types of matrices associated with
graphs, namely: Adjacency Matrices, Laplacian Matrices, and Transition Probability
Matrices of Markov Chains (simulating Random Walks). From Linear Algebra, we
know that a square matrix can have eigenvectors and eigenvalues, which are special
directions along which the underlying transform represented with the matrix acts
linearly. This eventually means that any state/position/vectorin RN (i.e. a Hilbert
Space) can be represented as a linear interpolation of eigenvectors; and as the matrix
works as a linear transform in such directions then all linear transformations can

be written as combinations of linear transformations. Spectral Graph Drawing, i.e.
embedding a graph in a low-dimensional Euclidean space with Cartesian coordinates
obtained from its eigenvectors was initially proposed using Adjacency Matrices of
graphs, and later using Laplacian matrices. This latter formulation is very common
and dates back to 70’s (Hall, 1970). We have additionally adopted a newer elegant
formulation, which utilizes a third category of matrices that can be thought of as
Transition Probability matrices of some Markov Chains on graphs (Koren, 2003).
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FIGURE 114 spectral graph drawing of a cell-configuration graph at left, using Laplacian matrix (middle) and using the Kroen's

algorithm (right)

FIGURE 115 spectral graph drawing of a cell-configuration graph at left, using Symmetrically Normalized Laplacian matrix (middle)
and using the Kroen's algorithm (right)
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FIGURE 116 spectral graph drawing of a cell-configuration graph at left, using Laplacian matrix (middle) and using the Kroen's
algorithm (right)

FIGURE 117 shows the same configuration when embedded in 3D Euclidean space. Observe the differences of the two methods
(Laplacian and Kroen's method)
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FIGURE 118 shows a 3D spectral drawing of the dual-undirected graph of Tarlabasi neighbourhood in Istanbul.

FIGURE 119 shows a degree-normalized spectral drawing of Tarlabasi dual graph network of streets, using our
implementation of Kroen's algorithm. This one clearly is more similar to the map and better resolved.

In simple terms, the idea of Spectral Graph Drawing is to embed (assign a geometric
location to the abstract vertices of) a graph in 1D, 2D, or 3D Euclidean space using the
non-trivial eigenvectors of a matrix associated with this graph. The brilliant point about
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a spectral drawing is that it is unique and that it is an exact solution to the problem of
graph drawing. This is what distinguishes spectral drawing from all other solutions to
the problem. Yet, spectral drawing according to the definition we use is tightly related
to the intuitive Force-Directed Graph Drawing algorithm that we introduced in Chapter
3. The point we want to make is that a spectral drawing of a graph can be seen as its
fingerprint. In addition to providing deep insight into the idea of graphs as abstract
entities, the topic serves as an introductory bridge to the remainder of this part that is
on Spectral (a.k.a. degree) Centrality measures.

A Very Short Introduction to Spectral Graph Theory

Spectral Graph Theory studies properties of graphs by inspecting the eigenvalues and
eigenvectors of the matrices associated with graphs, namely the Adjacency Matrix, the
Laplacian Matrix, and the Transition Probability Matrix (pertained to a Markov Chain).
We have already introduced the Adjacency Matrix and we will introduce the Transition
Probability Matrix in the context of our probabilistic models. Here we mainly focus on
the Laplacian Matrix and its spectrum, i.e. its eigenvalues and eigenvectors.

This part gives a very brief overview of the most essential topics in spectral graph
theory, which is a subject that is not so easy to understand with pure intuition, at least
inits current state of representation. Of course, this summary cannot cover the topics
in depth and it does not contain any proofs. It should be viewed as a storyline that is to
shed some light on a number of underlying concepts in Spectral Graph Theory®’. We,
however try to give a quick guide to the fundamentals that are necessary for defining
the rest of the centrality measures in this chapter.

Laplacian matrix performs an operation on functions defined in the Hilbert space (

RN) denoted by the graph that is (related to) the discrete analogous of the Laplacian
operator (Del or nabla operator shown as V) in continuous calculus (as used in
gradient, divergence, and curl definitions), i.e. measuring the differentials of a function
along different directions. Suppose a vector-function (N-dimensional array) f € RN
that assigns a real value to every node in the graph. As an example, say a number
representing noise-level or number of pedestrians measured on every street. If we want
to find out to what degree this function varies at each node in comparison to neighbour
nodes then we can use the Laplacian matrix.

There is also a product known as a ‘quadratic form" associated with the Laplacian that
represents a very important distribution:
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FLE = S pen(FD-F(D) =0

This can be intuited as the sum of generalized Euclidean distances between the values
of the function in question in the Hilbert space (the discrete space defined on the
graph). More clearly, if we attribute to each vertex a position in the Euclidean space of
R? this quadratic form would be proportionate to the amount of potential energy in an
imaginary system composed of ideal springs put for links. This is closely related to the
idea of drawing a graph using our force-directed graph-drawing algorithm. Remember
that the amount of potential energy in a spring that is not relax, i.e. has displacement
of X from relax position is equal to %kxz. Putting x € R? instead of fwould then
translate the quadratic form to x"Lx= X ;e (x()-x(j))? . Thenitis clear that this
can be seen as the sum of potential energy in the springs representing the links in our
graph. It is obvious that minimizing this sum would bring the system towards and
equilibrium state where neighbours are positioned close to each other. To achieve
this as a non-degenerate solution of course we need to make sure that the vertices
representing the nodes of our graph do not fall onto each other. Mathematically, we
need to ensure the variance of the vertex positions is non-zero.

The variance can be formulated as: %Zi(xi-u)z , Where p denotes the average position
off vertices. By setting p = 0 then the variance is equal to:

1
;Z(xi)z =xTx (81)
L

Therefore, the energy minimization problem associated with the force-directed
drawing algorithm can be seen as a constrained optimization problem or minimization
of the ‘Rayleigh-Ritz Quotient’ with respect to the Laplacian that is exactly the above-
mentioned “quadratic form” representing the sum of squared differences of positions
of values of nodes across the links. The Laplacian Matrix is Hermitian; that is its
conjugate transpose equals itself, which is necessarily true as the Laplacian matrix is
only consisted of real-valued entries and that it is symmetric because the underlying
graphin our case is undirected. This entails a number of nice properties as follows: the
eigenvalues of the Laplacian matrix are real and its eigenvectors are orthogonal, i.e.
their pairwise inner products are zero (in other words, they are linearly independent).
Thevector 1=-e=2(1,1,..,)T € RY isaneigenvector of the Laplacian matrix with
the associated eigenvalue of O.

According to the Min-Max theorem (a.k.a. Courant-Fischer-Weyl theorem or principle),
as the Laplacian matrix is Hermitian, and the minimum values of the Rayleigh-Ritz
quotients with respect to the Laplacian matrix are its eigenvalues, while the arguments
which make the Rayleigh-Ritz quotients minimum are the eigenvectors. Formally,
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the Rayleigh-Ritz quotient with respect to a matrix Mis the fraction below, where (-,
denotes inner product:

(x,Mx) x"Mx

(x,x) xTx

(x, Lx) _ xTLx _ Z(i,j)eL(x(i)'x(j))z (83)
(,x)  xTx  Mien(x(D)?

Ry (x) = o)

RL (.X') =

We follow a convention that sorts eigenvalues and their eigenvectors in an ascending
order,i.e. 0 =24, <A, < -+ < Ay ; therefore:

xTLx
A, = min{R, (x)|x # 0} = min — (84)
x#0 X'X
3 xTLx (85)
v, ={xIR,(x) = A,} = arg min——
XTLX (86)
A = max{R, (x)|x # 0} = max—
x#0 X' X
XTLX (87)

v, = {xIR,(x) = 1,} = arg max——
In other words, the value of Rayleigh-Ritz Quotient varies between the minimum (first)
and maximum (last) eigenvalue of the matrix, and hence the name Min-Max theorem.

Another interesting interpretation of the Rayleigh-Ritz Quotient is based on the idea

of vector functions as crisp or Fuzzy sets. This interpretation is mainly adopted from
lecture notes of Daniel A. Spielman (Spielman, 2011) and (Spielman, 2007). Suppose
x € RN is describing the membership values of a crisp set defining whether a street

is blocked by construction work or not. For each street that is blocked we will have al

and for those not blocked we will have a O in the membership vector. As to the either-or
nature of this membership function, this is a crisp set. We can also think of other sets

with variable degrees of membership in the range [0,1] defining, for instance, to what

degree a street is polluted; this will be a Fuzzy set. The Rayleigh-Ritz Quotient then

will be a descriptor of how relatively sparse the set in question is. This is because the

nominator of the Rayleigh-Ritz Quotient would measure the size of the boundary (the

edges from the set towards those not in the set) of the setin question as it only gets

a non-zero value in the links between inside and outside. Everywhere else, the term
x()-x (§))? foralink (i,j) would be zero. The denominator also describes the size of

the setin question as it only counts the non-zero elements. Therefore, the Rayleigh-

Ritz Quotient can be seen as a descriptor of the relative sparsity of a cluster defined by a

set and its vector valued membership function.
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Degree Centrality

The first measure of centrality that often comes to the minds of people when they look
ata network, as an obvious measure of importance, is degree of nodes, i.e. how many
neighbours a node has. On one hand, this measure is quite simplistic and tends to
ignore the entirety of the network structure in that it does not capture anything beyond
the immediate neighbours of a node. In this sense, it is an inherently local measure

of centrality. On the other hand, we shall see that degree centrality, when normalized
can be also seen as a simple probabilistic model, i.e. the stationary probability of a
Markov Chain. To prepare for the next definition note that degree centrality can be seen
as accounting for walks of length one-step, i.e. to immediate neighbours. Normalized
Degree Centrality for a node is defined as a degree of the node in question divided by
the sum of degrees all over the network. From elementary Graph Theory, we know that
this sum equals the number of links (edges) multiplied by two. Formally:

FIGURE 120 shows normalized degree centrality
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Eigenvector Centrality Metrics (Katz, Gould, Bonacich)

If we change the definition of importance from “how many nodes (streets) are
connected to a node (street)” to a more subtle notion as: important nodes are

those connected to important nodes, then we arrive at a definition thatisin fact

an eigenvector of the adjacency matrix, hence the name eigenvector centrality.

This definition in fact covers a number of metrics originated within the fields of
Psychometrics (Katz, 1953), Social Network Analysis (Bonacich, 1972), and Geography
(Gould, 1967). In case of a social network, we can reformulate the definition as “an
important person is a person who is connected to important people” or somebody
who “knows anybody who is anybody". Similar notions exist such as the idiom “man is
known by the company he keeps”. In fact, Bonacich initially defined it with a different
formulation that is also very interesting. His formulation was based on counting the
number of walks from a node to any other node within the network -which in our case
literally translates to the number of ways to get from one street to all other streets-
while the walks of longer length are attenuated inversely as to their length. In this
sense, eigenvector centrality can be seen as accounting for walks of maximum length
possible in the network, that is, eigenvector centrality and degree centrality represent
to poles of a spectrum. Bonacich, laterin (Bonacich, 1987) introduced a parameter
beta that allows attaining centrality measures anywhere desired on this spectrum.

As Bonacich explains, this measure can be seen to be a sort of closeness centrality
measure as it magnifies positions that have many short paths with high weights to all
other locations. However, the advantage of eigenvector centrality is that it does not
assume any optimal path, even our Easiest Path. Instead, it considers the randomness
in choosing a path as it considers all possibilities. This spirit is shared among the rest of
measures to be introduced by the end of this chapter, that they capture the stochastic
nature of walking or wandering in networks. We here explain in detail how the two
definitions of eigenvector centrality mean the same thing. The first formulation based
on the recursive notion that says one is not necessarily important in a social network
just because they have many friends, but one can be important for having important
friends. Similarly, a street can be seen as important in a city network because of

being connected to important streets. Therefore, a (weighted) sum of importance of
neighbours or connections should be proportionate to the importance of a node. What
follows is a slightly different explanation of the metric. Formally:
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or: Zce(j) (89)

j~i

n-1
ce(i)znz ce(j)=n2ai_j ce () (90)
T~i =0

In matrix form:

c® =nAc®

This would be more interesting if we reformulate as below where 1 =1/

Ac® = Ac® (92)

Thatis clearly in the form of an eigensystem like Ax = Ax , hence the alias eigenvector
centrality for the Power Index as was initially dubbed by Bonacich. He then generalized
this definition by deeming that a node can be dependant to a certain degree on its
neighbours, as if it has also some importance of its own. This is done by reformulating
the same concept by inserting a parameter B for adjusting the effect of connections
and a parameter a to account for what importance the node in question already has:

n-1
ct(i) = Z(a + Bct(ay (93)
j=0
n-1 n-1
ct (l) = az a;; + BZ a;; Ce(j) (94)
j=0 j=0
In matrix form:
c® = ale + PAc® (95)
c¢-BAct = ade (96)
[(I - BA)C® = ade | (97)
[c® = a(l — pA) ' Ae| (98)

229 Model and Methodology B



Itisinteresting to see that Ae = d, where d is a column vector containing node
degrees. The parameter alpha turns out to be a normalization parameter, which can be
setin such a way as to ensure that the 2-norm of the centrality vector is equal to one,
ie. lleell = X,(c?(i))? =1 . Now, let us see how this formulation can account for all
walks from a node (street). Using the first equation in matrix form:

c® = ale + fAc® = ade + fA(ade + BAc®) (99)

c® = ade + fA(adAe + fAc®) = ade + afA’e + B2A%c® (100)
c® = ade + afA?e + B*A%*(adAe + BAc®) (101)

c® = ade + afA’e + af?Ae + B3A3c? (102)

Therefore, it is clear and provable by induction that:

¢t = }gim (aAe + afiA%e + affi?A%e + -+ affkA**1e) (103)

=}

¢ = aZBkAIH-le (104)

k=0

As apparentin both formulations, a turns out to be only a scale factor for the centrality
indices. It can be chosen so that the eigenvector is normalized or that its 2-norm
equals one, depending on the context. This series converges to its limit provided

the beta parameter is smaller than the reciprocal of the largest eigenvalue of the
adjacency matrix. We shall shortly see a justification for this convergence; but first

let us see an interesting connection with geographical accessibility. It is particularly

of methodological interest in that it shows how similar the methods in geographical
analysis and social network analysis can be. Peter Gould proposed his Index of
Accessibility (Gould, 1967) much earlier than the work of Bonacich. He proposed to use
the prominent eigenvector of the adjacency matrix associated with a road network as a
measure of accessibility for very similar reasons.

To see literally, why this name makes sense, observe the last equation derived above
that shows that the eigenvector centrality is proportional to row sums of powers of the
adjacency matrix. Itis a simple fact in Graph Theory the (i,j) * entries of an adjacency
matrix raised to a power k refer to the number of paths of length k between the (i, )
pair of nodes. We adapt our justification from the elegant description of (Spizzirri,
2011); he asserts that the row sums of powers of adjacency matrices have been used
even before the introduction of the two mentioned eigenvector centrality measures in
analytic geography. The reasoning is that the row sums of an adjacency matrix raised

to a power show how many paths of that length exist from a node to all other nodes,
hence it literally describes the access of that node to all other locations or persons in
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the network. The following description, after (Spizzirri, 2011) justifies the convergence
of the abovementioned series and provides more insight as to why eigenvectors and
eigenvalues are important in assessing accessibility in a stochastic sense.

By virtue of orthogonality of eigenvectors of an NxN symmetric matrix, we can
write any vector x € RV as a linear combination of eigenvectors (For the sake of
clarity of notations, we denote the number of nodes in the graph |N|as n, asin our
computational implementations):

X =V + U, + -+ a,v, (105)
Multiplying both sides from left by the adjacency matrix:
Ax = 0, Av, + a,Av, + -+ a,Av, (106)

By virtue of the fact that vectors v;are eigenvectors with corresponding eigenvalues as
A; we can replace all Av; terms by A;v; terms:

Ax = a0 + a0, + o+ ap Ay vy, (107)
A%x = alll(;{lvl) + a2/12 (AZ‘UZ) +t+ anﬂn(lnvn) (108)

Akx = a5 v, + a1, 0, + o+ @) o, (109)

In order to proceed with the reasoning we need to refer to the Perron-Frobenius
theorem, which requires a few definitions: A matrix M is called non-negative if all
of its entries are non-negative, i.e. m;; = 0V i,j . Asquare non-negative matrix
Ajis called primitive if there exists an integer K > 0, such that A¥ is positive, i.e.

a;; > 0Vi,j .ThePerron-Frobenius theorem then asserts that for a primitive matrix
there is a positive real eigenvalue 7, which is called spectral radius or Perron-Frobenius
eigenvalues, corresponding to which there is an eigenvector with all positive entries.
This eigenvalue is strictly greater than other eigenvalues:. The integer K in our case
is the maximum number of streets that can be considered the graph-theoretical
distance between two streets (nodes) in a street network. If the graph is connected (i.e.
every street is accessible from any street), its adjacency matrix when raised to a power
larger than K is guaranteed to have all positive entries. This is because these entries
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Note that since we are studying undirected graphs at this point, their adjacency matrices are symmetric (which
means they are self-adjoint or Hermitian in that they equal their conjugate transposed versions), and hence
their eigenvalues are real and they are guaranteed to have linearly independent eigenvectors.
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enumerate the number of paths of length K between nodes and we have ensured that
K is big enough to guarantee the existence of such a path for the farthest possible pair
of nodes. Two important conclusions arise from this theorem:

— We seek a range of positive values as a centrality index vector and hereby their
existence as such is ascertained.

— Considering the fact that this eigenvalue is strictly greater than other eigenvalues,
itis clear that it decides the limit of the abovementioned series. We can see this
fact by dividing both sides of the equation by 4,,* (considering our convention for
sorting eigenvalues in an ascending order, 4, = r would be the prominent or Perron-
Frobenius eigenvalue):

k k k
A*x _ a Ay vy N a, A, v, bt (110)
A" " " e
n n n
A¥ ;A v;
lim === lim Y 2L (111)
k— oo An k— oo — An

a2 v, R "
it Lzai;vizai(_L) v, (112)
1" 2" An
ield A\
A <A, VieEN u}gim a (/1—) v, =0 (113)
— 00 n

Avery closely related centrality measure that dates even before the two already
mentioned was constructed by Leo Katzin 1953, for very similar reasons, but with a
different name, as a measure of status in a social network (Katz, 1953). Katz centrality
is a generalization of degree centrality in the sense that it considers status or influence
as being dependant on the total number of ways one has access to people in a network
through already existing connections. This is very much like the possibility of becoming
introduced to someone in a professional network (such as LinkedIn) through those

to whom one is already connected and their contacts and so forth. This formulation
turns out to be almost identical to the Power Centrality as explained above. Formally,
he defines the centrality of a node as the column sums of all powers of the adjacency
matrix multiplied by an attenuation factor B (in a closely related formulation called
alpha centrality, this parameteris dubbed a). The following description is adopted
from (Borgatti, Stephen P., Everett, Martin G., 2006) and that of (Katz, 1953). Katz
build his argument based on a generalization of the notion that the column sums of an
adjacency matrix give the number of ‘choices’ available to an individual in a network
(say to how many streets one can go from one), that is in fact the degree of that node.
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Then he continues that the column sums of A2 give the number of two-step choices
(say two streets away) and so forth. Hence, he figured that a matrix containing the
‘weight’ of all such choices W is of importance, provided the longer access routes have
a lowerimpact on the outcome. This is guaranteed by multiplying the adjacency matrix
with an attenuation factor dubbed g (also called alpha in some alternative notations).

W = Jim (Bagy +B2at ;) + +Bal ) + - +B i ) = Zﬁka’fi,j) e
k=1

INI-1 o
cKatz — Zw(i.j) - cKatz(j) = Z Z Bka&',j) (115)

Jj j=0 k=1
cKatz = We (11e)
cKatz _ (ﬁA +ﬁ2AZ 4 +B"Ak)e (117)
(I-ﬁA)(CKatz) — (I_ﬁA)<Z ﬁ"A">e (118)

k=1
(I-BA)CKMZ — [(Z ﬁkAk> - (Z .BkAk> e = (ﬁA)e (119)
k=1 k=2

[(1 — pA)CK** = pAe| (120)
|c¥atz = B((I — pA)*A)e] 12

Practically, we solve the system of linear equations to compute Katz centrality, because
inverting a matrix is very costly. Note that this formulation of centrality is almost
identical to that of [generalized] Power centrality (Bonacich, 1987). The condition

for convergence of the power series is also that the parameter g is smaller than the
reciprocal of the dominant eigenvalue, as shown before. The results of Katz centrality
for our tests data set are the same as eigenvector centrality when normalized. However,
the advantage of Katz centrality is its usability for directed graphs, (it was initially
defined on a directed social network).
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FIGURE 121 shows Katz centrality computed with alpha parameter set to 0.01

FIGURE 122 shows generalized (Bonacich) Eigenvector Centrality, when beta is zero; this is identical
algebraically to degree centrality. Note the similarity to Katz Centrality when beta is small.
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FIGURE 123 shows Fuzzy eigenvector centrality when “normalized beta” is set to 95% of its maximum, i.e. 1
over the spectral radius (0.2023). It turns out that the Fuzzy closeness matrix and the topological adjacency
matrix have very similar normalized eigenvector centrality metrics as they both result in almost identical
colouring. This extreme of eigenvector centrality takes the prevalent eigenvector of the connectivity matrix and
results in a very sharp ranking. This is very similar to Google PageRank method for ranking important webpages
as the pages that are connected to important pages. See the next topic.

In ourimplementation, we normalize beta parameter dub it eta 7, to free user from a
concern of convergence. First, we compute the spectral radius efficiently through Power
Iteration algorithm and then algebraically compute the eigenvector centrality.

1
n=p. (;),p = spectral radius (122)

YF ﬁﬂ\/ ol Agfg. = e T
= AT %:tﬁ?ﬂ ==aal —%5._}5;\ . ﬁfﬁ,jﬁ_;, St

e 11
|

eta=0.25 eta=0.50 eta=0.75 eta=1.00

FIGURE 124 shows the effect of normalized beta (eta) parameter on Bonacich's eigenvector centrality
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The fact that makes all these measures more interesting is that they can be computed
on a weighted adjacency matrix as well. The notion of weight in Graph Theory
literature is usually somewhat unclear regarding its physical meaning. In our work

on spectral graph drawing and in here, we adopt a view that the entries of a weighted
adjacency should represent admittance rather than impedance, or closeness rather
than farness. This is a very important point as producing farness weights might not
be straightforward as optimal path algorithms usually work with impedances. In our
work, however, we have already created the means for making such matrices that is
our Fuzzy nearness measure, mentioned already in this chapter. Note that the concept
of degree as the number of nodes immediately connected to a node generalizes to the
sum of weights of nodes connected to a node in case of weighted adjacency matrices.
To shorten the discussion, consider that we can replace all adjacency matrices with

a weighted adjacency matrix 4 € R™" (afuzzy graph) whose entries are defined as
follows®”:

(123)

1 .
fldep)lf &) = ﬁrdu.j) = Z G if dgjp #F o
agj = 14 e#\7* k€Y,

0, if dgjy=

The definition of node degrees also changes to the row sums of the above matrix. The
results of applying this weighted adjacency matrix are marked with the prefix Fuzzy
wherever shown; but they generally correspond very well to the results achieved by
the adjacency matrix. This shows the validity of this approach. If impedance (farness)
weights used, the whole set of eigenvector centrality measures become meaningless
and undefined.

One might think why we explained both Katz and eigenvector centrality metric of
Bonacich and why we introduced fuzzy weights? They all produce very similar or
identical distributions; but the point was to justify the same phenomenon from
different perspectives and put them all together as one body of metrics.

Centrality models are interesting in that they provide insight into relative importance of
nodes in a graph; however, each centrality model produces a ranking that is only valid
in the context of a particular definition of importance. Therefore, we cannot easily say
which centrality metric is absolutely better than another is. If we adopt the view that
the actual spatial behaviour of pedestrians and cyclists might not be as purposeful as
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assumed in a model such as betweenness centrality, we can see that this model does
not consider any randomness in the mobility phenomenon. On the other hand, the
eigenvector centrality models do not assume anything on the nature of the paths and
their optimality; they consider all paths, irrespective of their optimality. We believe
that the actual behaviour of pedestrians and cyclists might be somewhere in between:
neither entirely random nor entirely purposeful or well planned. An interesting
question is whether we can go model the probability of presence or passage of people
using mathematical models. We have in fact done this already with our normalized
model of betweenness centrality, as it describes the chance of having an Easiest Path
passing through a street relative to the number of all possible Easiest Paths. That
model can be interpreted as follows: if everybody knows “what is the best way to

get from Ato B” and that they all have a direct well-planned trip, what would be the
chance of finding one of these determined people on a certain street. In fact, as we
mentioned before, this model has been shown to be relevant in terms of its association
with the location of retail businesses (which heavily depend on the probability of
passage of pedestrians). From an entirely different perspective, that model is revealing
something about the nature of the network and its ‘potentials’; so it suits planning
purposes. However, if we were to model such probabilities adopting an alternative view
which considers a degree of randomness in the choices people make in going from
somewhere to somewhere else, we should go for different category of models called
stochastic models. The models we introduce as such are all based on Markov Chains
(alias Random Walk or Google PageRank).

A Markov Chain Model/ Random Walks on Streets

A Markov Chain (attributed to Andrei Andreyevich Markov 1856-1922) is a versatile
mathematical model used to model stochastic phenomena. It has been used for
studying urban networks and their properties previously, see for instance: (Volchenkov,
D., and Ph Blanchard., 2007), (Volchenkov, D, Blanchard, P, 2007) (Blanchard,
Philippe, and Dimitri Volchenkov, 2008), (Jiang, 2009), (Fidler, Dror & Hanna, Sean,
2015).

A Markov Chain is not aimed at predicting individual stochastic moves of agents or the
transient states of a system; instead, it is used to study the long term 'steady state’

of a stochastic system. In our case, if we are interested in the expected percentage of
pedestrians or cyclists in the streets of a city or neighbourhood, we can represent the
states of the street network as a system, formally, as a ‘row vector’ x € R", in which
x(i) would be the probability of finding somebody on the i** street. In other words, the
vector xis a probability distribution, which entails the following:
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n-1

vie N: x(D) € [0,1] and llxll, = Zx(i) -1 (124)

i=0

The possible values of x are referred to as the state space of the system understudy. The
base of a Markov Chain is the assumption that the system understudy does not have a
memory of its past, i.e. its current state only depends on the previous state. Formally,

if we consider a discrete time random walk, composed of steps, across which the state

of the system transits from the state x*, i.e. the state of the system at the discrete time
step tto another state at the next moment in time, which is denoted as x***.In order
to construct a Markov Chain model, we need to be able to model the probability of
transiting from one state to a consecutive state. The collection of transition probabilities
is conventionally represented as a matrix P € R™™ , called the Transition Probability
Matrix. The memoryless-ness property of the Markov Chain (alias Markovian Property) is
then formally described in terms of conditional probabilities as below (in this context, we
use superscripts in parentheses for denoting discrete time, not power):

Pr(x*D = jlx©® = ko, x® = ky, .., x® = i) = Pr(xt*D = jlx® = i) (125)

In other words, the conditional probability of being at a state only depends on the
previous state, and not all other previous states. In our case, the states of the system
are literally represented by the nodes in the graph, i.e. the state of being at the i**
street is represented with following vector:

1L,k=i

(126)
0, otherwise’v k€ [Ln]

e € Rle (k) = {

However, for the sake of simplicity of our notations, we denote such states literally
with the index of the non-zero entry in bold lowercase letters®, e.g. the above state is
represented as i = e; (e defined as a row vector). Observe that if a state vector as such
has more than one non-zero entry then they should all represent probabilities and

add up to 1, this is because the system at a time can only have one state, that is the
position of a ‘random walker’ who cannot be at more than one place at a time. Then,
the Transition Probability matrix P € R™™ ,is defined as below:

Pajy = Pr(x@D = jlx® = i) (127)

The above equation in our discrete spatial network model translates to the following:
the conditional probability that a random walker goes to the j*street in his next move
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This notation is in line with the convention notation for Cartesian unit vectors that form a standard basis for
Euclidean space of s: i=[1,0,0]",j = [0,1,0]", k = [0,0,1]
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with the condition that he is currently at the i*"street is denoted as p(; ;, . Note that the
above definition derived from the memoryless-ness property implies that the transition
probabilities are independent of transition time. We shall shortly define them in terms

of spatial properties we have already measured. In the meantime, we need to explain the
notion of a Random Walk, which is methaphorically described as the mobility behaviour of
a ‘walking drunkard’ whose choices for going to any direction are random, and supposedly
following a probability distribution. If we consider a ‘Lazy Random Walk' action, in which
the walker in question might choose to linger at a street with a certain probability, then:

The diagonal entries p; ;, will be non-zero probabilities of staying at a node (street);
and

The off-diagonal entries p; ;, will be describing the probability of leaving the street
corresponding to the row index and transiting to the street corresponding to the
column index.

He cannot fly to just any street in the network; therefore, his choices would be limited

to the neighbouring streets. In other words, his movement trajectories are necessarily
bound to the network. As said above, the chances of going to the next street are subject
to a probability distribution. This entails that the row sums of the matrix P should be
equal to one. A matrix as such is called a stochastic matrix. Before we go further with
constructing such a matrix, we remind the use of a Markov Chain model: The purpose

of constructing a transition probability matrix (that is time invariant) is to compute the
stationary probability distribution of random walkers (and cyclists!) by it. We shall see
how the stationary probability distribution relates to this matrix; but first, we focus on the
matrix itself.

Four Different Random Walk models

Without loss of generality and in the absence of spatial attributes, i.e. ceteris paribus,
we can assume that the probability of hopping to a neighbouring street has to do
with the ease of transition from i** street to j*™* street. Having computed the Fuzzy
closeness values according to the conditions set for the Easiest Path algorithm, we can
assume that Fuzzy closeness values represent this ease in an all-inclusive ‘absolute’
manner. For a probability distribution, we can define ‘relative’ ease of hopping to a
neighbour as being proportionate to the relative ease of the transition in question over
all possible transitions. We denote the Fuzzy closeness of the i*" street to j* street as
c@,j), Which is obtained by applying the Fuzzy closeness function defined before to
the Easiest Path distance of j** street to i*" street, as computed before. That is to say,
we will use the entries of our 'Fuzzy weighted adjacency matrix’ whose node ‘degrees’,
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consistent with their crisp counterparts, are defined as row sums of the weighted
adjacency matrix, meaning:

= ZC(“) (128)

j~i

Therefore, in order to relativize closeness values, we divide them by their local sums
(weighted degrees as defined above):

Ci.j) L(J)) (129)
p ,'. (f—= —
2 Y ini Ci i) d;
€, j)
Puj) = % (130)
L

To change the proportionality relation to an equality relation we use & (Greek letter

Xi) as a normalizing parameter. In case we did not consider this a lazy walk, it would

be easy to ensure that matrix P is stochastic, i.e. its row sums represent probability
distributions and hence add up to one, the normalizing parameter should be chosen as
one. Because:

C@i,j) g yields
f—:—zc = .=1—>f=]_ (131)
; d, d, ) =

~i

Therefore, for a non-lazy Random Walk, that we cardinally call model Alef, and denote
by Hebrew superscript 8:

Ca, 1)

PGy = T, (132)

This equation in matrix form can be rewritten as below, by denoting € = [c(; H]nxn
and denoting D as a diagonal matrix whose diagonal entries equal node degrees, i.e.
dg ;) = d; orgenerallywrittenas dgj) =&, pd; ,where &8qp ={Liffi=j }is
Kroneckerdeltaand P = [pjy] nxn :

PN — D—lc (133)

Note that this definition is a generalized version of the matrix DA, which is often
introduced as the default Random Walk transition matrix.

This equation holds because if we expand the matrix multiplication:
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C..
X ()
p(i,,-)—Z[D lawoCeen Z g = d, (134)

k=1 k=1

3

The Fuzzy closeness function returns 1 as its limit for distance values equal to zero,
which is reasonable. Let us see why:

1 2 1 X(i,p=0 1
Cijp =——Ilu=7ln (—-1) — i = (135)
1+ eﬂ(x(i,j)'f) F &
! li ! (136)
cip = ————= lim———oe
g ermp  E200 L GIn(F)ey

cin = lim = lim = lim
£-0 14 e-ln(?l) £-0 14 1 £-0 1+ 1 (137)

) 1 .
£-0 1 01 4 & —£lll31_ +€—£1£13(1—8)—1 (138)

o T T

This reads as 'every place is 'absolutely’ close to itself' which is very reasonable of
course, showing the consistency of our Fuzzy framework, but it also means if we
formulate the probability of staying as a function of c(,j) then by definition it would
always be bigger than any probability of leaving. This is not desirable; therefore, we
have to choose alternative probability values for p; ;). We can either put them all to
zero, as if the random walker never stops walking or we choose to model the probability
of staying as a function of an external variable defining the attractiveness of a certain
street. This could be for instance based on another centrality model such as closeness,
which can essentially indicate the potential of a place for being a common destination
that s likely to attract ‘movement to" itself. We opt to first show a simpler formulation
or a Lazy Random Walk, whose staying probabilities are equal to a constant. Such
models are widely used to study such phenomena as diffusion in discrete spaces.

Having noted the ideal meaning of ¢(,j), for the sake of simplicity of our notations and
convenience in deriving our models hereafter we submit to the convention of ¢(,j)=0.

We first show a different equality based on transition probabilities of model ¥ (Alef), in
order to construct our alternative Random Walk models called and marked by 2 (Bet),
3(Gimel), and 7 (Dalet). Formally, in case it is NOT a lazy walk (a notion adopted from
Daniel Spielman’s lecture notes?):
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http://www.cs.yale.edu/homes/spielman/561/2009/lect08-09.pdf
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C(: s
p(t+1) (]) — E pé{l,])p(t) (l) — E E;'}) p(t) (l) (139)
— e i
i~] i~]

This equation reads as ‘the probability of finding a random walker being at a node
jattime t 4+ 1 equals the sum of probabilities of finding a random walker at a
neighbouring node (street) and the probability that this potential random walker
chooses to transit to the node (street) understudy .

In case of a Lazy Random Walk, specifically, if our random walker has a constant
probability of staying at each node denoted as ¥ € [0,1) then the probability of
leaving that node to a neighbour should equal to 1- i. This model turns out to be a
PageRank-like probabilistic model. That is:

D) (7Y = oy O (f _ Can o
PG =yp(H+ (1 w)Z 7! ) (140)
i~j

This equation reads as ‘the probability of finding a random walker being at a node j at
time t 4 1 equals the total sum of two probabilities:

the probability that the random walker has been at node j before, i.e. ¢;

or, if the walker has come from somewhere else, they must have come from one of
the neighbouring nodes, that is the sum of probabilities of finding a random walker at
a neighbouring node (street) AND the probability that this potential random walker
chooses to transit to the node (street) understudy .

We denote the probabilities of being at nodes of the network in vector formas p®, i.e.

a column vector containing the probabilities of being at each node at discrete time ¢;
hence the above equation can be written in matrix form as follows:

p(t+1) — (lﬂl +(1- l[))D'1C) p(t) (141)

Therefore, we define the Markovian transition probability matrix of model 2 as follows:

|P? & I+ (1 - y)D~'C| (142)

To verify that this is indeed a stochastic matrix, it helps to use an alternative notation
as below:
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¥ JAfj =1

2= Cij (143)
Pen =) - ) (L) if j =
i
Now we need to verify that the row sums of a matrix P? as such equal 1,i.e.:

C P
Y- (UL) == -y (144

j~i !

1-9

9y e =a-»

j~i
Therefore the transition probabilities are verified.

Note that for ¥ = % our generalized model turns out to be in the form of the widely
known Lazy Random Walk model: P = 0.5(I + D'*A).

Now we can define a wider family of Lazy Random Walks that can be biased. Let us
say we receive from an external source some normalized values indicating the relative
attractiveness of the streets in our network for a potential random walker (who is not
necessarily drunk!). By these external values, we represent ‘relative attractiveness’ or
‘probability of staying’ values or show them as a stochastic vector denoted as ¥ such
that:

Y={0e [0,1]|Z () =1} (146)

Then for each state (street), we must ensure the sum of probabilities is one, i.e. the
probability of staying at the i*" street (denoted as pf) plus the probability of leaving it
(denoted as p!) should add up to one or that the transition probability matrix needs to
be a row stochastic matrix. This is because the random walker cannot vanish from that
street!

Using the same method we used for models X and 2, we define the probability of
being at a node as a sum of probabilities:

plt+D G)= ll!(j)p(t)(j) + Z(l 1)) %p(t)(i) (147)
i~ '
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This equation can be interpreted as ‘the probability of finding a random walker being at
anode jattime t + 1 equals the total sum of two probabilities:

the probability that the random walker has been at node j before, i.e. ¥(j) meaning
because of its attractiveness they have stayed for a moment;

or, if the walker has come from somewhere else, they must have come from one of
the neighbouring nodes, that is the sum of probabilities of finding a random walker at
a neighbouring node (street) AND the probability that this potential random walker
chooses to transit to the node (street) understudy, only according to the ease of
transition”.

To verify that this is indeed a stochastic matrix, it helps to use an alternative notation
as below:

. Y@ Jifj=i )
= Cij 148
Pen 21 (1= p@) (RL2)if j = i
L
Now we need to verify that the row sums of a matrix P*as such equal 1,1.e.:
Yy C(i,j)) (1 (i
2.(1-v0) (52) == 1 -y ) o
Jj~i

1—wi
<d—lfj(l)>z capy =(1-v®) (150)

T~

Therefore, the transition probabilities are verified.

This equation can be rewritten in matrix form as below, defining a diagonal matrix ¥

, whose diagonal entries are the relative attractiveness of the nodes for being at; that is
%]y = 6@ , again by using Kronecker delta:

p(t+1) - ((I]_l_ (I_(I])D»lc) p(t) (151)

Out of this formulation, we arrive at our next alternative for a transition probability
matrix, hence the Markov matrix of Random Walk 3 (Gimel):

PPEy+-¥)D (| (152)
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Alternatively, if we believe that the attractiveness values can also encourage a

random surfer to visit a node, we can also formulate the transition probabilities as

to the relative appeal of neighbouring streets using a weighted product model of the
total aptitude of each option available to the random walker. Suppose the walker in
question, currently at node i has a number of nodes jto go to, each of which has a
relative ‘appeal’ in terms of the attractiveness values received, i.e. ¥ (j), while going

to each of these nodes has the relative ‘ease’ of c(; ;,: then using a simple Weighted
Product Model, the aptitude of each option is defined as c(; ¥ (j) . Then we take
relative aptitude of each option as proportionate to the probability of that option being
chosen, thatis:

cap¥ ) (153)

Prl e« Yi~i i p¥ ()

To convert the proportionality relation to an equation we account for the total
probability of leaving node i for node j, which should be equal to one minus the
probability of staying at node i, i.e. y(i). Thisis to say:

Pr(jli) = (1 - wa))% -
J~i = ()

We choose to denote the sum of attractiveness values weighted with their closeness as
destinations as an attribute of a node i, and call it y(i) [Greek letter Chi] thatis:

x@® = Zc(i,j)lp(j) (155)

~i

Therefore, we define transition probabilities of our Random Walk model 7(Dalet) as
below:

YD) Afj=1i

Pljy = (1 - () C(i';(l’:})(i),ifj oy (156)

Now we need to verify that the row sums of a matrix P as such equal 1,i.e.:
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Z(l—w(i))%lf)(j) —= (1-9®) 157)
~i

1-9@) . ,
<%> z cipp () = (1-v@®) (158)

=i
Therefore, the transition probabilities are verified.

In order to rewrite the transition probabilities in matrix form we introduce a diagonal
matrix X [uppercase Greek Chi] such that:

Xlap € x(Odup (159)

When written in matrix form:

p(t+1) — (111+ (I_q;)x-lc(l;) p(t) (160)

This way we can extract the Markov matrix of the model 7(Dalet) as below:

[PTew+I-wXxcy| (161)

We hereby verify our matrix form notation of the model 7as the most general case of
our four models by finding its (i, j) entries by expanding the matrix multiplications.
To proceed smoothly, we first define an auxiliary matrix M = (I-P)X'C and find its
(i, j) entries as below:

n
Ml ;= ) [H-PXip [Clu o
k=1
n
1-y@
(Ml ;) = (T 6(i,k)5(i,k)> Ciked o
k=1 X

1—y@) 1-y@)

1 ‘ifi = k yields
R ol SN S S sl P
laj I70) (1,090,0 C(1,5) I70) Cap

0, otherwise

S = { {164)

An expansion of a matrix multiplication between two ,,x;,, matrices 4 and pis:
yields
C=AB *’[Cl(m = ZE:I[A](M() |B]<k,/)
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Now we are prepared to verify the matrix formulation of our last model by replacing M
inits definition,i.e. PT= ¥ + MY :

n

(Pl = Wl + M)y = 9@+ D My (9] (165)
k=1
[ ](1]) - ¢(l)5(11) + Z II}(L) C(i,k) w(k)8(k,]) (166)
) lll(i) Jifj=i
1-9@ , _ (167)
[Pl =@ ;) +——— 170 can®(sgp = (w)(l)c(”)zp(]) ifj#i

Thus, our matrix notation of model 7is verified. Other three models can be verified in a
similar way.

Our last Random Walk model simulates a truly “Biased Random Walk” on our
Configuration Graph; that is, unlike most Random Walk models the probabilities of
going from a node to a node to its neighbours are not evenly distributed. This means
and that the user of the models can choose to bias the model with any centrality
model or even actual data pertained to the attractively of streets. In other words, the
last model actually gives rise to a family of combinatory models such as Random Walk
biased with a local Closeness Centrality model and alike.

Now that we have constructed four alternative transition probability matrices, let us
see how we can study the statistical properties of the system using these matrices.

We therefore focus our attention on the stationary probability distributions of random
walkers.

Stationary Distributions of Undirected Graphs

We can write the transition probability equations in matrix form as below:

Pr(x+D]x®) = xt+1 = xOp (168)
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This is because:

n

K+ D) ()= p(j'j)x(t) M+ Z p(i,j)x(t) (i) = Z[P](i'j) (0 ® (169)

i~j i=1

Note that instead of writing conditional probabilities we denote them from here on

as the state vectors themselves; this is because these state vectors are row stochastic
vectors that actually represent the probabilities of all possible states of the system. In
our case, these states literally correspond to being at each indexed street thatis also a
node in our configuration graph models. We can also write the probability distribution
atthetime t + 1 as a function of the transition probability matrix and its previous state
t; thatis:

x(t) = x(t'l)P (-170)

Therefore, by replacing this in the previous matrix equation and by virtue of induction
(or using Chapman-Kolmogorov Equations®):

X = x(t2)p2 = §(t:3)p3 — ... = y(t-k) pk (171)

This implies that:

x(® = xOpt (172)

Well, the interesting point about a Markov Chain model is that if the model has certain
properties, then this distribution converges to a limit distribution, and that we can predict
the long-term steady-state probability distribution of states by using only the transition
probability matrix, i.e. that probability turns out to be even independent of the initial
state. In other words, we will not predict the exact individual transitions of states or moves
of arandom walker, but we will find the likelihood of finding a random walker on any
street if he has been walking for a very long time. Alternatively, that is in an alternative
interpretation, we find that 'the expected number of times that a random walker would
visit a certain node’ is proportional to the steady-state distribution. Of course, the
random walker is a metaphor to get an intuition about the system but the fact is that

such models have been shown to be good predictors of socio-economic distributions and
human movement within cities, even better than spatial centrality models such as Space
Syntax. For example see (Jiang, 2009) and (Wei, Xuebin, and Xiaobai A. Yao., 2014).

In the remaining part of this section, we first mention why and under what conditions
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such a model would converge to a steady state and then show that the steady state is
an eigenvector of the transition probability matrix. We will also show that this model

is a spatial version of Google PageRank algorithm (Page, Lawrence, Sergey Brin, Rajeev
Motwani, and Terry Winograd., 1999) used for searching web pages of the world-wide-
web (WWW) for the most important webpages. We first describe the conditions under
which a random walk model is guaranteed to converge to a stationary distribution and
then we present an analytic solution for finding the stationary distributions.

Ergodicity is the key term for describing the conditions under which the state
probability distribution of a Markov Chain is guaranteed to converge to a steady state
distribution. The term ergodic has stemmed from Greek terms “ epyov (ergon): work”
and “ o8og (odos): way” and it, in a manner of speaking, implies that there is a way to

get from any state to any other state without falling into loops (in the context of Markov

Chains). We hereby review the conditions for ergodicity of a Markov Chain. A Markov
chainis:

Irreducible®, if it is possible to get from any state to any other state in the state space
with a positive probability orin otherwords 3 t|Vi,j: P(; ;; >0 ;and,

Aperiodic®, if the "period”:= greatest common divisor of expected number of iterations

for a possible return to a state, i.e. the cycle lengths, is 1 for all states, in other

words there should not be a regularity or period in return times to states; formally
Vi:ged{t: P ;) >0} =1 ;and,

Positive Time Recurrent®, if the expected return time to a state must be finite, that is
the number of iterations for the random walk process to expect a return to the same
state as it started the walk must be finite.

More precisely, a Markov Chain is said to be ergodic if all of its states are ergodic, i.e.
they are Aperiodic and Positive Time Recurrent (which necessities irreducibility as
well). Since we are working with connected undirected simple graphs, the conditions
for ergodicity are all met. In our case, this corresponds to the connectedness of the
configuration graph corresponding to the spatial network, i.e. in the model it should
be possible to get from any street to any other. Our Markov Chain model is said to
have another property on top of this and that is it has to be Regular, i.e., some power
of its transition probability matrix is guaranteed to have only positive elements. It
can be shown that if a Markov Chain is irreducible and aperiodic it is a Regular chain.
The importance of this condition, for a Markov Chain with finite state space is the
applicability of Perron-Frobenius theorem; and thus the guarantee that it converges
to a stationary distribution, which can be found as an eigenvector of the transition
probability matrix associated with the dominant eigenvalue of 1 (Rihard Weber, James
Norris, Grimmett, Stirzaker, Ross, Aldous, Fill, Grinstead and Snell, 2011).
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The steady state (alias stationary [probability] distribution) is conventionally denoted
as m, i.e. a row vector representing states, which will not change when multiplied with
the transition probability matrix anymore. It can be shown that such a distribution
exists, i.e. the system eventually converges to a stationary probability distribution if it is
ergodic and regular:

m = lim x® (173)

t—oo

= lim x(® pt (174)

t— o0

Note the following is not a proof; it is only another explanation of the last equation

to make it more understandable. The actual proof of this equation can be achieved
through the ergodic theorem, which guarantees the existence of a stationary
probability distribution for an ergodic Markov Chain as explained before. The previous
equation also implies the followings:

= tlim x(O pt (175)

= tlim xEVp (176)

= (lim x<t-l>) P (177)
t— oo

Back to our definition of m, obviously the above limit is the same as this:

= lim x® = lim x¢D (178)

t—oo t—o oo

Therefore, we can rewrite the above equation as:

w =mnP (179)

We propose that P* must be a nxn matrix in the following form:

This already implies the stationary probability distribution is independent of the
initial probability distribution; and that it can be found by raising the transition
probability matrix to a large power. This is however, not a practical solution as to the
computational complexity of such an operation. Instead, we propose a straightforward
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algebraic solution. To verify this observe that the Markov transition at its limit should
not change the steady state; that is:

lim TPt = ntlim P'=m (181)

t—o o

We also have a constraint on the values of &, which guarantees that it is a probability
distribution, orin other words mis an n-simplex:

n
llzll, = Z w(i) =1 (182)
i=1

In matrix form, (recall that e is a column vector):

me =1 (183)

Therefore, if we replace Jigg P* with the square matrix em we can verify:

memw =T (184)

Seemingly, the equation (179) is ‘'somehow’ in the form Ax = Ax ; thatistosay mis
an eigenvector of the transition probability matrix P, associated with an eigenvalue
of 1. Note that we consider all vectors as column vectors, except state vectors such as
1. This is why the stationary vector is a 'left eigenvector’ of the transition probability

matrix, NOT a right eigenvectorasin Ax = Ax . Had m been defined as a column vector
then we would have m = Pm, and thence it would have been called a right eigenvector.

However, then we would have to define the matrix Pin such a way as to haveits (i, )
entries defined as the probability of being at i with the condition of being at j before. As
such a formulation would be awkward, we -as most authors do- prefer to define mas a
row vector; and so it turns out to be a left eigenvector of the Markov matrix associated
with the Perron-Frobenius eigenvalue of 1, i.e. strictly larger than other eigenvalues,
whose entries are non-negative.

In order to compute m, we rewrite the last equation as follows:

n(I-P) =0 (185)
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Instead of finding m through simulating random walks, we have devised a way to solve
this equation together with the constraint equation (183) algebraically. We will also
present an algorithmic method based on the idea of Power Iteration. The algebraic
solution is achieved by combining the equations through concatenating the matrices
involved; i.e. specifically merging e as a column to the square matrix I-P and merging a
one to a zero row vector 0, . Formally:

n[I-P e]nx(n+1)= [0 1]1><(n+1) (186)

This equation looks like the following when expanded:

1-=pi1 - “Pin 1
. ml| i - : il=l0 .. o 1] e

Pna w 1-— Pnn 1

Now this is almost in the form of a system of linear equations as Ax = b, which can
be solved through standard iterative methods provided in Numerical Analysis or Linear
Algebra libraries. To put it exactly in such a familiar form, as an implicit definition, we
transpose both sides to make column vectors and a multiplication by left:

[I-P e"a" =[0 1] (188)

However, if an explicit definition is desired then by denoting M = [I-P e] wecan
define m "explicitly’ using the right inverse (generalized inverse) of M denoted as
MR:={UMU=1,} .

Im=[0 1]lI-P ef| (189)

Each of the models ®, 3, 3, or Tcan be plugged into these equations of course. We will
now show the results of these models on our two exemplary datasets.
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FIGURE 125 shows the stationary distribution of our random walk models y, =, and 5 using only the topological

information (Crisp Adjacency Matrix)

FIGURE 126 shows an exemplary stationary distribution of our random walk model 7 (Dalet), biased with

the following distribution that is a Local Closeness Centrality. This distribution is found using a Transition

Probability matrix formed using the topological information (Crisp Adjacency Matrix). Note that there can

be many other types of distributions produced by model Dalet because the user can opt to use an arbitrary
distribution as what they believe to be the probabilities of staying at nodes (streets).
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FIGURE 127 shows a Local Closeness Centrality measured for cycling within 15 minutes on Marwell dataset,
thatis used as a bias for model Dalet in producing the distribution shown in the previous figure.

For undirected graphs, the models Alef, Bet and Gimel turn out to have an easy-to-

find solution that is nothing but their ‘normalized degree distributions’; as we had
mentioned before, considering the generalized definition of degrees nodes that equal
the row sums of the weighted adjacency matrix (Fuzzy Closeness Matrix in our case).
We remind the reader that such matrices show how 'well-connected’ are the nodes of
the graph; as such, they do not contain impedance values but rather admittance values
corresponding to the links of the graph understudy. The normalized degree distribution
as mentioned before under the title degree centrality is nothing but the degree of each
node divided by the sum of all node degrees in the graph. In case of a crisp adjacency
matrix the total sum of degrees in the graph equals two times the number of links; but
in case of Fuzzy adjacency matrices, this sum has to be found by simply adding up the
degree values (row sums). The question that comes to mind is then why bother finding
algebraic or computational solutions for the problem of finding stationary distributions
of random walks. The answer is threefold: firstly, the definitions we have given above
can be adapted to directed graphs as well. Therefore, the algebraic or computational;
solutions will be applied in case of studying directed configuration graphs. Secondly,
the model Dalet had to be derived from Alef, Bet, and Gimel for a smooth and
comprehensible transition. They need to be solved algebraically or computationally
using the contributed methods. The models Bet and Gimel may not strike the

reader as particularly interesting models, in fact they do not produce distinct results;
nevertheless, they together pave a smooth way towards model Dalet, which provides
for making a wide range of stochastic models, based on real-world data, or bespoke
combinations of centrality models and Random Walk models. Thirdly, as we show in
the followings, the algebraic formulation (of the transition probability matrices) is used
to show the state transitions using a customized Power Iteration method. This latter
possibility provides for a range of interesting studies on the network, from checking
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‘the probability that tourists would find a souvenir shop’ or ‘the probable whereabouts
of a culprit on the run’. Now, we show here why a normalized degree distribution is a
stationary distribution for a Markov Chain formed on an undirected graph by replacing:

di yields 1

- - 190
K R T -
Now we want to verify m = P, hence we write:
1 1 1
X:mP = (=— TD) D'C)==—¢e"C=>—¢'D (191)
™ (2|L|e (D7C) =5 e’ C = orye

Note that e” € gives the column sums of the Fuzzy adjacency matrix (Closeness
matrix), butif the graph is undirected then the row sums and column sums are
the same and both equal node degrees; thus the solution is verified for model Alef.
Similarly, for model Bet:

1 14 4
2nP =(=— TD) I+(1—9)D'C) = =—e'D TDD'C (192)
T (2|L|e @I+ (1 =$)D70) e Pt onre
P 1-9y 4 1-9y 1 3
LnP==——e'D+——e' DD'C=—e'D+——e'D==—e'D 77
T AT 7 I T I Tk
For model Gimel:
1 1 (194)
xmP = (meTD) (¥ + (I-¥)DC) = m(eTD'I’ +e"D(I-¥)DC)
1 1 (195)
NP = m(eTDq! +e" DD (I-P)C) = m(emlp +eT(I-¥)0) =
1 1 (196)
NP = mef (WD + (I-'¥)C) = m(eTDlI’ +e"(I-¥)C)

Since the graph is undirected then € is symmetric,i.e. € = C" . We also know that ¥
is square diagonal and hence symmetric as well, therefore ¥€ = C¥ and so we can
rewrite the last equation as follows:

1 1 e'D
%P ==—(e"D¥ + €"C-e"WC) = =—(e" DY + e’ C-¢"CY) = o7
T 2|Ll(e +e’C-e"P0) 2|L|(e + e’ C-e"CP) ST
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We know that eTC = eTD therefore the equality is verified.

The algorithmic solution for the problem of finding a stationary distribution for an
ergodic Markov Chain is very similar to the problem of finding the Perron-Frobenius
root (dominant eigenvalue or spectral radius) and its associated [dominant]
eigenvector. The algebraic solution is elegant and can even be found efficiently,
provided there are efficient numeric solvers available. A more versatile solution

could be based on the concept of a Power Iteration, which is used also by Google to
compute PageRank efficiently for a very similar problem, i.e. finding the probability
that a random web-surfer would ever visit a page, in order to rank pages based on such
probabilities. PageRank produces a ranking that helps Google bring the most important
pages when somebody searches for them.

There are a few points that are not readily obvious when looking at the Power Iteration
method. The first point is that in the Power Iteration method, we actually do not

raise a matrix to a large power. We do the Power Iteration implicitly instead; that is

we multiply the last vector iteratively by the matrix, which is effectively the same as
multiplying the initial vector by the matrix when raised to a power; with the difference
that the latter action is much more efficient in terms of space-time complexity. The
second issue is that the normalization for finding a stationary distribution is NOT based
on the Euclidean norm (2-norm); instead, it will be based on 1-norm.

One of the most efficient ways of the solution to the problem of finding a dominant
eigenvector (and its associated eigenvalue a.k.a. Spectral Radius) is to run an algorithm
widely known as Power Iteration. The idea of this algorithm is that if we choose a
random vector and applies the transformation encoded in the matrix in question
consecutively for many times, it should converge to the dominant eigenvector. The
reason behind is:

any vector in the R™ can be written as a linear combination of eigenvectors of the
matrix in question;

then applying the transformation matrix would be like multiplying each of these
components by eigenvalues associated to the corresponding eigenvalues; and therefore
applying the matrix transformation for many consecutive times, corresponds to finding
a power series which would be dominantly determined by the term associated with the
dominant eigenvector.

We have explained this through equations (105) to (113) in the section Eigenvector

Centrality. Now we present our bespoke Power Iteration Algorithm for finding the
Stationary Distribution of a Markov Chain.
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Algorithm 10: Power Iteration for Stationary Distribution of a Markov Chain

Inputs: Transition Probability Matrix [Pl , float epsilon, integer MaxIterations

Outputs: Stationary Distribution [m], .,
1. Initialize RowVector Prev_Pie as RowVector[n,1];/ /every item is 1

2. Initialize RowVector Next_Pie as RowVector[n,1]; / /every item is 1
3. Let Integer Counter=0;
4. Do
*  Counter++;
¢ Next_Pie= Prev_Pie*P;
*  Next_Pie.Normalize(1); / /p-norm 1 is used, i.e. division by sum
*  RowVector Difference = Next_Pie - Prev_Pie;
¢ Let float error=Difference.Norm(2);
*  Prev_Pie=Next_Pie;
5. While(error>epsilon AND Counter<Maxlterations)
6. Return Next_Pie;

§ 5.13.4 Stationary Distributions of Directed Graphs

Previously we simplified our centrality models and calculations by assuming that

the configuration graph is undirected. This was not necessary however. Here we
show that the Configuration Graphs can be constructed as Directed Graphs and then
show the stationary distributions of Directed Configuration Graphs found using our
algebraic formulations and the iterative method described above. Firstly, we explain
how the directed configuration graph is constructed. It is in fact a simple tweak in
the constructor of the configuration graphs. We explained earlier in determining the
angularimpedance that the angularimpedance, with the definition we gave is the
same from i*" street to j* street or vice versa. However, if we compute the metric
impedance using the signed value of altitude difference we obtain a directed graph.
Downhill have less impedance than uphill roads. It follows obviously that using this
graph the pathfinding methods will work similarly but potentially give different paths
from an origin to a destination and for the path other way around, provided thereis a
topographic landscape mesh available of course. We have such a mesh available for our
Tarlabasi dataset so we display the results on this dataset.
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The option to consider a Configuration Graph as directed is might or might not make a
difference depending on the availability of a digital terrain model.

We avoided directed’” graphs in previous sections for the sake of simplicity. The
difference between a directed graph and an undirected graph is in the impedance
values for walking or cycling. In the impedance functions used for walking and cycling,
we consider that a downhill road corresponds to higher speeds of walking or cycling
and up to a threshold for negative slope, below which the downhill road becomes
potentially dangerous so that the walker or biker might have to reduce speed to walk
or bike carefully. In reality, we might even exclude certain roads from calculations after
we notice their slope degree is too steep either downhill or uphill. A directed graph
naturally corresponds to an asymmetric transition probability matrix, therefore, we
can realize that the simple generic solution (normalized degree centrality) would not
be a solution for the stationary distribution; it has to be found using the algebraic or
iterative solutions introduced earlier.

As seen in the example shown in Figure 128, itis clear that if the directed configuration
graph shows easier access to downhill roads then the random walker is most likely to

be seen in the valley as apparent in the figure. This might not strike as a very interesting
result; however, it verifies that the model works mathematically and computationally. It
confirms intuition. Had the model been weighted and directed differently it would have
resulted in some other distribution. The threshold for Fuzzification of the impedances
is 1 minute here in this model.
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FIGURE 128 shows the stationary distribution of a directed random walk on Tarlabasi dataset model Alef, Bet,
Gimel.
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FIGURE 129 shows the stationary distribution of the random walk models Alef, Bet, and Gimel on a directed
adjacency matrix fuzzified with a far threshold of 1.5 minutes (above which destinations are considered far and
their weight of connection thus becomes zero).
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FIGURE 131 shows a local closeness centrality distribution used as Psi for the above model Dalet

FIGURE 130 shows the stationary distribution of model Dalet when applied on a topographically directed

configuration graph using the staying probabilities from the distribution below (local closeness)
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FIGURE 132 shows the stationary distribution of model Dalet when applied on a topographically directed

configuration graph using the staying probabilities from the distribution below (global closeness)
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FIGURE 133 shows a global closeness centrality distribution used as Psi for the above model Dalet
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Culprit On the Run and the Souvenir Shop

In order toillustrate the functioning of a random walk model we metaphorically

show an example of a culprit last seen at a point, where the police wants to know the
probable whereabouts of him after say 10 minutes, to locate their resources efficiently.
Suppose that either there is no transit exit point where the culprit in question can

go to or those points are already being controlled; i.e. there is no possibility for the
random walker to ‘teleport’ to some other place in the city. If the random walker starts
arandom walk in a certain street, then their probable whereabouts can be determined
as the transient states of the Markov Chain representing the transition probabilities of
the random walk. We first show an algorithm that computes the transient state vectors;
then show a hypothetical example of the probable whereabouts of a culprit on the run
using a random walk of type Alef; after that, we show an exemplary application of a
random walk model of type Dalet in finding a good location for a hypothetical souvenir
shop.

Algorithm 11: Power Iteration for Finding Transient Distributions of a Markov Chain

Inputs: Transition Probability Matrix [P],, ., float epsilon, integer MaxIterations,
integer StartingNode

Outputs: Transient Distribution [r], .,

1. Initialize RowVector Prev_Pie as RowVector[n,0];/ /every item is 0

2. Prev_Pie[StartingNode]=1;/ /random walker is seen certainty first at this
location

3. Initialize RowVector Next_Pie as RowVector[n,1]; / /every item is 1
4. Let Integer Counter=0;
5. Do
e Counter++;
¢ Next_Pie= Prev_Pie*P;
e Next_Pie.Normalize(1); / /p-norm 1 is used, i.e. division by sum
¢  RowVector Difference = Next_Pie - Prev_Pie;
¢ Let float error=Difference.Norm(2);
¢  Prev_Pie=Next_Pie;
6. While(error>epsilon AND Counter<Maximumlterations)

7. Return Next_Pie;
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FIGURE 134 shows the probable whereabouts of an imaginary culprit on the run; that is the transient states of a
random walk progressing towards an ultimately stationary distribution.

Here we provide another example could illustrate the potentials of our Random
Walk models. Suppose we want to establish a souvenir shop in a touristic town. Our
best chances of prosperity would be in places where tourists are likely to pass by.
Assuming tourists as random walkers that are likely to visit a number of POl and
then wander around, then we can use our random walk model Dalet to map the
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probability distribution of passage of such toursist. In this exemplary application we
do not consider the influence of such things as street signage and touristic maps or
smartphone applications.

FIGURE 135 shows a number of hypothetical POl in Marwell and the Fuzzy closeness centrality towards all of
them. We have used this distribution to bias the probabilities of staying at streets for a random walk model of
type Dalet. See the next figure.
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FIGURE 136 shows the stationary distribution of a random walk started at the node marked with a red dot by an
imaginary tourist. We shall see in the next figures that regardless of the starting point, model Dalet puts out the
same stationary distribution for such walks.
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FIGURE 137 shows the stationary distribution of another random walk started from the street marked by a red
dot, which has eventually converged to the same stationary distribution. This distribution is biased as to the
Fuzzy closeness to POI 0, 1, and 2.
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FIGURE 138 shows the stationary distribution when the random walker might have started their journey from
any node with a probability of 1/n.
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The main limitation of our work on modelling pedestrian accessibility is that we
consider the pedestrian movement to be bound to the network space, whereas in
reality pedestrians are freer to choose alternative ways to go through. Using a raster
representation (2D pixels or 3D voxels) of the navigable public space we could
theoretically compute the same measure for the network space represented with raster
nodes as well; however, this would not be feasible for most practical applications in
urban design and planning due to the huge computational load of graph algorithms on
such models. Note that we are computing all optimal paths, which is of time complexity
0(n?), thatis by doubling the size of network the worst case computation time would
be multiplied by a factor of 22 = 8 . Using datasets such as OpenStreetMap data
for pedestrian networks worsens this issue because in many cases, some important
pedestrian paths might be missing and in public squares, the paths might not be good
representatives of actual movement trajectories. A workable strategy to overcome this
issue at a theoretical level would be implementing a Topological Straight Skeleton tool
asintroduced in the section on Spatial Network Models.

Our solution to the problem of validating the topology of a street centreline network
is not a standardized scalable solution yet. This issue of cleaning and validating

the topological structure of such datasets is not in the scope of this research but in
reality affects and impedes any practical experimentation with network studies. Fully
automated solutions for correcting dataset problems would not be workable or even
desired because human interaction would be required in some cases to ensure the
representativeness of the network data models.

Our Easiest Path algorithm as presented in this book is not yet extendable to
encompass other aspects of optimality such as pleasance or safety. This is a theoretical
limitation, which we have accepted to ensure the physical correctness of our model, in
terms of the commensurability of the travel costs. An idea for future work is to develop
an alternative extendable model that could encompass many aspects in path finding
without compromising the physical meaning of the models.

Our defuzzification method only works for a single farness threshold. If we were to
interpret (defuzzify) a fuzzy aggregate of multiple values each of which fuzzified with
different thresholds, then we could only do it with a single threshold. The question on
how to aggregate the initial fuzzification thresholds for defuzzification is still open.

Remarkably, our geodesic centrality models would not be disturbed with network edge
effects because we can always consider a buffer area exactly larger than or equal to the
fuzzy threshold used for marking far destinations. However, the spectral models introduced
need to be studied in terms of their ranking stability under network edge effects.
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The Markov Chain models theoretically consider the mobility behaviour as being
stochastic, whereas the geodesic centrality models consider the same behaviour to be
deterministic. The actual mobility behaviour seems to be in the middle of these poles
and so we need to develop a spectrum of alternative models for explaining the actual
mobility behaviour.

We are aware that the actual decision-making of people in way finding is more
complicated than being based on our easiest path and is affected by perceived safety,
security, pleasance, road quality and perhaps attractions such as shops throughout
routes they might take. Besides, we are not claiming to have made a tool for predicting
actual walking or cycling patterns with our Easiest Path algorithm. We believe that
considering those additional parameters requires deeper methodological research
accompanied by empirical research into actual movement patterns obtained through
web/mobile applications that collect GPS tracks of people. For this purpose, we believe
such data of tracks needs to be aggregated temporally and spatially in order to be
representative of the actual movement patterns. In absence of such data, previously,
researchers have used data sets that only include hours of movement data collected.
Given the availability of reliable unbiased data over long terms and many cities, we see
a great potential in researching actual movement patterns. Many people are sceptical
about predictive urban models, perhaps rightly so, however, we believe that such
models are needed to provide insight into planning actions. Every model will be wrong
in the absolute sense of the word but we can think of models that can better explain the
complex behaviour of people in built environment and thus come useful in assessing
plans.

As is the case in most spatial analysis researches, we can only analyse what is
meaningfully and soundly representable on a map. That is to say, we do not deal
with such things as beauty or safety of a route, for we do not have a rigorous way of
measuring them. Therefore, the methods provided can be deemed as describing the
potentiality of movement but not its actuality.

We have not directly addressed land-use effects on mobility. However, in reality
land-use has a very important role in shaping mobility patterns. In situations like
vernacular or organically grown towns land-use distributions might match very closely
to the network centralities but there are many mismatches in new towns and there is
such a thing as land-use attraction effect that could affect pedestrians or cyclist flows.
This is the main area of work that we find worthy of methodological attention for our
future work.
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The models and methods presented in this chapter together form a conceptual
framework for spatial network analysis and lay a foundation for constructing a class of
probabilistic models that can address the complexity of way finding in urban areas. We
hereby enumerate the key achievements and major theoretical or technical limitations
of our work.

The Easiest Path algorithm finds a path for walking or cycling that is as ‘simple, short,
and flat’ as possible. Simplicity of an Easiest Path can be controlled with a parameter
thatindicates confusion because of turning away; the time spent to figure out which
way to go next. Using this algorithm, we define temporal distance between locations as
the minimum time it would take one travel from an origin to a destination.

The Easiest Path algorithm is both mathematically and physically valid. The
mathematical validity stems from the fact that the dynamic programming methods
used (such as Dijkstra or Floyd-Warshall algorithm) are guaranteed to find the minima.
The physical validity is consolidated because we ensure the commensurability of
variables to be added together. We measure cognitive and physical traversal impedance
in terms of travel time and therefore they both have the same physical dimensions.

The Easiest Path algorithm relies on our novel 3D Configuration Graph model of spatial
networks that allows for attributing length as well as elevation and direction change to
links. It is a Street-to-Street or Line2Line model that allows us to achieve an integration
of physical and cognitive impedance in a physically sound way while lowering the
computational complexity of finding simple paths or angular shortest paths by a factor
of 8. This is because of the fact that the only alternatives available to our Easiest Path
algorithm [Simplest Path of (Duckham, M., and Kulik, L., 2003) or Angular Shortest
Path of (Turner, A., and N. Dalton, 2005)] require constructing a network out of doubly
directed edges doubling the size of network and thus raising the time complexity of
finding all optimal paths by a factor of 8 because the best algorithms for finding all
optimal paths have a complexity of 0(n?).

Our 3D Configuration Graph model of spatial networks also easily allows building
directed graphs representing the relative ease of going along downhill roads for
pedestrians and cyclists. In studying multimodal mobility patterns or such plans as Bike
Sharing infrastructures having the ability to see the network and geodesics as directed
would be a great advantage.

The Fuzzy accessibility analysis framework introduced puts an intuitive notion of

closeness in mathematical form and facilitates a wide range of queries that can be
run with intuitive notions. The fuzzy accessibility models introduced (proximity and
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vicinity) can be understood as fuzzy catchment models. Using this Fuzzy methods a
planner or even an lay citizen can run enquires into matters such as good walking or
cycling access to a combination of points of interest. One can easily find out if the new
apartment they want to buy has a good access to a supermarket a transit station nearby
and a school. The methods can thus be used in potential real-estate applications like
WalkScore® for helping people find living places with high active mobility potentials.
Such awareness on massive scale can potentially cause a force towards pedestrian/
cyclist friendly developments in cities. The zoning methods provided give accurate
insights on the accessibility of amenities for pedestrians and cyclists and therefore

can provide valuable business intelligence for the retail sector. We have provided

a consistent framework for measuring walking and cycling accessibility in terms of
temporal distance to all, any or some points of interests. We can claim that our fuzzy
closeness nearly represent human perception of distance -while being mathematically
and physically correct in that they model nearness in terms of temporal distance

given easy access to locations. They simply reveal what they say, take for instance the
examples investigating whether residences have a reasonable 10 minutes walking or
cycling distance to any grocery store; or whether they have walking or cycling access to
a grocery store, a train station and a school; and if so, how good is their access? These
are the types of questions the tools reliably answer taking into account the physical and
cognitive realities of walking and cycling.

Our centrality models are more inclusive than their counterparts (such as those of
Space Syntax) are; and they are easier to interpret and understand. They have been
explained and justified with detailed mathematical and computational formulation.
Our local closeness model in particular resembles the local integration in Space Syntax
but encompasses two types Space Syntax models (topological integration and angular
integration) and adds another component that is the topography. It does this inclusion
while remarkably making the whole model much easier to interpret, understand,

and explain. Our centrality models exactly model what they say they model. They do
not require lengthy philosophical explanations and justifications. This has been our
intention to avoid such complications as much as possible. For this very reason our
models are falsifiable that is they can be shown as not corresponding with reality.
However, they truly reveal what they are supposed to represent that is the potentials

of the built environments in terms of walking and cycling mobility (betweenness) and
accessibility (closeness).

The Random Walk models introduced are unique in that they provide a family of
models with an extensive and in depth explanation that is unprecedented in the area
of built environment analysis. The Random Walk model Dalet can be reliably biased
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https://www.walkscore.com/
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with external inputs that could present the chances of stating at nodes. This model can
also be seen as having applications outside the area of this research. We have provided
verified algebraic and algorithmic solutions for finding the stationary distributions of
these models.

Centrality measures and probability distributions will be interesting when deemed as
indicators of some kind of activities. However interesting that prospect might seem,
further data intensive research would be required to validate such capabilities. The
algorithms are presently only implemented for a parametric CAD environment but we
plan to provide them as cross platform web-based applications so that they could be
used in routing applications as well as business intelligence applications or as spatial
decision-support systems for providing insight on walking or cycling mobility and
accessibility in design and planning.
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6 Implementation & Test B:
CONFIGURBANIST

In this chapter, we present a systematic line of work in implementing, testing, and
improving urban configuration analysis models and method for studying walking

and cycling accessibility. We have implemented the models, data structures, and
algorithms introduced in the previous chapter as a computational toolkit called
CONFIGURBANIST, written in C#.NET. The toolkit has undergone three major revisions
since 2012 after being tested in three workshops in Istanbul (Tarlabasi Datascope, June
2013), Delft (31st eCAADe, September 2013), and Vienna (33rd eCAADe September
2015). The toolkit has been released publicly since September 2013. The kernel of

the toolkit is a library of computational methods that is to be merged with those of
SYNTACTIC and released as a Dot NET® library called configraphics.dll.

This chapter introduces the implementation of CONFIGURBANIST urban configuration
analysis methodology as follows:

Expresses the goals and outlook of the toolkit as to its target users;
Gives an overview of the guiding principles forits U;

Shows the structure of the methodology;

— Introduces the tools in the implemented toolkit;

— Discusses some specificimplementation details and issues;

— Explains the architecture of the configraphics.dll;

— Clarifies our stance on verification and validation;

— Reports the test results and their statistics on a sample dataset;
Shows a process of generating accessibility evaluation reports;
Concludes by providing a qualitative evaluation of the toolkit; and
Discusses future development strategies for CONFIGURBANIST.

Microsoft Don NET framwork: http://www.microsoft.com/net
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6.1

Introducing CONFIGURBANIST: a toolkit
for urban configuration analysis

The toolkit CONFIGURBANIST? (presented in Figure 50) is a plugin application
consisting of tools for the graphical-algorithm-editor® Grasshopper3D©”*. Early
versions of this toolkit were inspired by SpiderWebc, developed by Richard Schaffranek,
i.e. a toolkit for Grasshopper providing graph theory algorithms for configurational
analysis and synthesis. The current version is written in C#. It uses matrix datatypes
and algorithms from MathNet* library for scientific computing”?.

- FeBaAar BB A
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CONFIGURBANIST= (Urban Configuration Analysis), by Pirouz Nourian & Samaneh Rezvani 2013

FIGURE 139 shows the logo and the appearance of the CONFIGURBANIST toolkit, last publicly released version,
asin Grasshopper3D®© environment, version 9.0076, 2015; Cheetah the CONFIGURBANIST by Pirouz Nourian
& Samaneh Rezvani is licensed under a Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported
License. Based on a work at https.//sites.google.com/site/pirouznourian/configurbanist.

Permissions beyond the scope of this license may be available at http://www.grasshopper3d.com/group/
cheetah.

There have been several cycles of test and development for producing
CONFIGURBANIST, out of which two stable versions have been released publicly. The
last version was tested in Cityscape Configuration workshop (33 eCAADe conference
in TU Wien, Sep. 2015). In this chapter, we give a brief overview of the underlying
structure of methods implemented in the CONFIGURBANIST toolkit.
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The toolkit CONFIGURBANIST has a dedicated user-group currently having 102 users worldwide: http://www.
grasshopper3d.com/group/cheetah

NOTE: the modules shown in this chapter are made for Grasshopper3D, but they are NOT made up of Grass-
hopper3D components, or any of its plugins. We have not used any graph algorithm libraries either. The code
behind the modules (the CONFIGURBANIST plugin) is currently about a few thousands of lines long, written in
C# (formerly in VB.NET) within Visual Studio. The environment of Grasshopper3D does not show the direction
of data transmission in wires but it is always from left to right. Knowing the direction of wires, then a GH file is
exactly a structured flowchart, which performs computation. However, the computation modules are all made
up of Microsoft .NET Framework languages (VB.NET or C#) and in some cases made up of Python code snippets.

http://www.grasshopper3d.com/group/spiderweb

http://www.mathdotnet.com/ an open source DotNET library for scientific computing
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The main goal behind developing CONFIGURBANIST has been to realize, test, and
improve the methods introduced in the previous chapter. It is projected that the
toolkit will be transformed to a web-based application that will be useable for all who
are interested in assessing walking and cycling accessibility potentials. The ultimate
target users are those whose decisions might have an effect on walking and cycling
accessibility in cities and new housing projects. To this end, it is argued that a useful
tool is one that is useable by many, not only professionals. While it is ideal to have
such a tool in such a widely accessible environment (e.g. a web-based tool); the

very formulation of a set of desirable functionalities and features for such a tool is a
challenging design task, which is naturally iterative.

Matters of efficiency and efficacy, as well as methodology and technology are often
mistaken with one another. There was no structured definition of the tool available
prior to experimentation. The methods and techniques have been therefore developed
jointly along the course of the project. Before jumping into matters such as improving
the efficiency of algorithms, the efficacy of the methodology as a whole has been the
focal point. The technology used for developing the toolkit (i.e. Dot Net components
within Grasshopper3D environment) might not be ideal regarding the abovementioned
target users. However, it provided for an agile development strategy and several rounds
of rapid development, test, validation, reformulation, and improvement. The fact that
the Grasshopper3D is a ‘Flow-Based-Programming’ environment makes it an ideal
platform for combining different tools and approaches. For this reason, any alternative
technology is desired to allow for such a convenient and understandable approach as
well.

Urban design and planning are ever more becoming about thoughtful intervention
rather than creating something from scratch. For this reason, it is of outmost
importance to be able to measure or estimate the effect of a change in a situation. Such
changes are usually simulated in settings usually referred to as ‘what-if scenarios’. An
integral part of measuring the effect of design/planning scenarios is analysing built
environment and measuring its performance.

Suppose we want to ‘measure’ the quality of a neighbourhood in terms of how good is
access of people on foot/bike to a number of destination that are important on a daily
basis. In this case, we have to be able to answer questions such as below:

How favourable is walking or cycling access to an important location for residencesin a

neighbourhood?
How good is the access of a location to all/any of important destinations?
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Before answering the above questions, we should answer a more fundamental question
that is “what is the easiest way to get from an origin to a destination?” This is to find

a basis for measuring distances as 'actual distance’ or ‘experienced distance’, i.e. the
(spatial or temporal) length of a geodesic (an optimal path). Geodesics are longer than
straight lines in urban environments and therefore the notion of distance should be
re-defined based on geodesics. There are the two approaches for studying the relation
of walking and cycling mobility to the structure of built environment through geodesics,
namely, Transportation Planning and Spatial Analysis. Each of these two groups of
models have their strengths but they do not model the entirety of path finding for
walking and cycling in that they either disregard the cognitive aspects such as ease of
navigation (typical in transportation models) or the physical aspect such as distance
and steepness of routes (typical in spatial analysis models). We provide an alternative
method of combining physical and cognitive impedance into path finding problem in

a 'physically sound” way, which directly leads to a consistent definition of ‘experienced
temporal distance’. Using this method, we define a number of accessibility measures
that are directly understandable for urban planners as well as non-professional
citizens.

The process put forward by the toolkit proceeds as follows:

Simplify, generalize and validate the topology of a street centreline network;
Construct a topological model (a dual graph) from a street centreline network;

Search the graph for ‘easiest paths’ that minimize physical and cognitive travelling
effort, both of which measured in terms of time and compute the ‘temporal distance’
of locations from each another;

Compute Polycentric Accessibility measures towards a number of PO,

Translate distances to Fuzzy Closeness;

Answer the questions such as “how close is an origin 'to all destinations’ or 'to any
destination’ of interest?”

Divide the neighbourhood into zones of preferred access to a number of destinations
(e.g. grocery /convenience stores);

Find mostimportant routes in each zone;

Compute Geodesic Centrality indicators, i.e. Closeness Centrality and Betweenness
Centrality using Easiest Paths;

Compute Spectral Centrality measures (Eigenvector Centrality and Katz Centrality);
Compute Random-Walk measures (Markov Chain models Alef, Bet, Gimel, and Dalet);
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We have had a number of guiding principles in developing our design methodology
regarding communication with the user (designer), in light of our general
usability goals.

The method should demand as little information and parameter values as possible and
be as generic as possible;

While simplifying the process, also allow for interactivity and the possibility of
reconfiguring workflows wherever possible;

Do not provide automatic assessment; instead provide the tools to for making an
assessment of accessibility, i.e. only measurements but no automated judgement.

Our first implementation of the toolbox CONFIGURBANIST (Nourian, P, Sariyildiz, S,
2012) was radically different (much simpler) than what is represented in the previous
chapter, namely the accessibility analysis methods “proximity” and “vicinity” were
based on arbitrary weights and there was no Fuzzy Logics framework, also there was no
Easiest Path algorithm.

Directed Graph from Doubly Directed Streets

Our next implementation of the toolkit after inventing the Easiest Path algorithm

was based on a ‘doubly directed street network’, as explained in the previous chapter.
Thisimplementation was in a way very precise in the sense that its Easiest Paths are
guaranteed not to have detours. However, this rather perfectionist approach comes
ata high cost of computation as well as a great deal of complication in development
and test. The subtle issue is that if we compute Easiest Paths on doubly directed edges
then for each street we will effectively have attributes for graph nodes (which will be
oppositely directed edges of streets); but we are interested in attributing only one value
to each street, be it distance, closeness or any centrality index. This requires to identify
the two nodes (doubly directed edges in the street network) corresponding to each
streetin a lookup table. For future reference, we give an overview of what it would take
to compute everything based on a doubly directed street network, i.e. constructing and
maintaining a construct that we call an Easiest Path Map (some kind of a lookup table).
While finding paths, e.g. in producing a path as a sequence of nodes or in the course

of computing Betweenness Centrality, we had to work with four paths per each OD
pair. This is because a geographic origin or destination would correspond to a street,
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which isitself representable by no less than two nodes (directed edges) in the network.
The combinations of these alternative OD pairs correspond to 4 Easiest Paths, out of
which actually one would represent the path that is effectively optimal, i.e. the path
out of four alternatives with the minimum costs. This is similar to the approach used
by the pioneers of finding cognitively easy/simple paths, namely Angular Shortest Path
(Turner, A., and N. Dalton, 2005) & Simplest Path (Duckham, M., and Kulik, L., 2003).

We did not publicly release this version of the toolkit (reported in (Nourian, P, van
der Hoeven, F, Rezvani, S, Sariyildiz, S, 2015)) as it seemed too complicated for its
potential users. Here we give an overview of the structure of the methodology based
on doubly directed street networks. We have decided to discontinue this approach,
however we assume it is still theoretically valid, though not effectively practical in
dealing with real-world networks. Besides, implementation and maintenance of the
code will be much more difficult compared to our current approach.
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FIGURE 140 (Part 1) Our previous workflow using a directed graph on a doubly directed network (Nourian, P, van der Hoeven, F,
Rezvani, S, Sariyildiz, S, 2015): our current proposed workflow is simpler because it is based on a dual directed graph model on an
undirected network, not a doubly directed network.
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«C# class»

Configraphix_C::MatricGraph

= Attributes

+ Adjacencyhrrays : Integer[*]
+ AdjacencyMatrix: Integer[*]
+ CostArrays : Double[*]

+ CostMatrix: Double[*]

+ SucceedingArrays : Integer[*]
+ SucceedingMatrix : Integer[*]

= Operations

+ AllGeodesichrrays()

+AllGendesi=()

+ AllshortestPaths() : MatrixGraph

+ FindAllGeodesichrrays() : MatridGraph

+ MatrixGraph(aar: Integer[*], CAr : Double[*], Sar: Integer[*])

«C# class»
Configraphix_C::EasiestPathMap

= Attributes

+ EPdistances : Double[*]
+ EPODpairs : Integer[*]
+MNodeTuples : Tuple[*]

= Operations
+ EasiestPathMap(SegmentModeTuples : Tuple[*], EasiestPathQDpairs : Integer[*], EasiestPathdistances : Double[*])

+ FindEPdistances() : Double[*]
+FindModeTuples(): Tuple[*]
+ FindODpairs{) : Integer[*]

FIGURE 142 the structure of a DLL made for computing Easiest Paths on Doubly Directed Networks
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FIGURE 143 the architecture of Configraphics_CS.dll, containing methods for computing Easiest Paths on
doubly directed street networks. This library was tested and verified; but we have discontinued developing itin
favour of our new implementation that is easier to use. We provide descriptions of this implementation merely
for future reference. The new library is introduced in section 6.7.

§ 6.4.2 Directed Graph from Undirected Streets

The latest version of CONFIGURBANIST implements the Easiest Path algorithm on

a Directed Graph constructed on a network of undirected streets. This simplifies the
workflow compared to the previous implementation using doubly directed street
networks. We explicate the workflow in two flowcharts below. The flowcharts do not
show some details and utility tools such as Graph Drawing tools and alike. For a more
detailed view of the methods, see the next section on the tools themselves. The first
flowchart shows the steps required prior to Graph Traversal (finding Easiest Paths and
Temporal Distances); and the second flowchart shows how the results of the first part
are used in constructing accessibility and centrality measures.
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FIGURE 144 flowchart model of CONFIGURBANIST methodology (part one)
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FIGURE 145 flowchart model of CONFIGURBANIST methodology (part two)
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The toolkit provides several groups of tools as shown in Figure 146, Figure 147, Figure
148, Figure 149, Figure 150, Figure 151, Figure 152, Figure 153, Figure 154, Figure
157, Figure 155, and Figure 156. Note that all wires are directed from left to right.

Map Simplification and Generalization Tools (Figure 146)

Prior to constructing an abstract connected graph representation of a street network,
we need to ensure the validity of the geographical representation. This very first step
can be very time consuming and challenging, especially when relying on Volunteered
Geographic Information (VGI) sources such as OpenStreetMap (OSM). The steps
required ensuring the validity of a representation, simplification, and generalization”?
cannot be easily automated, as they usually require some user input. We offer two sets
of tools for this purpose; the set of simple tools is represented in Figure 146. We shall
present a more sophisticated process in explaining the steps required for constructing
Network topological Models.
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FIGURE 146 asimple set of tools for topological cleaning of a street network, shattering it at a desired
resolution, simplifying it, and projecting it on a topographic terrain (if provided).

§ 6.5.2 Topological Modelling Tools (Figure 147)

This set of tools makes the process of graph construction more manageable and
transparent. The Bipartite Adjacency matrices are made using the Point-to-Line
Incidence Matrices (A"E & AEY) as introduced in the previous chapter. It could be

that for some reason, such as higher precision (not accuracy) in measuring distances,

a Point-to-Point Graph is preferred to a Line-to-Line Graph. In that case the user can
choose the P2P (A"V) output from the bipartite adjacency matrices P2P and L2L ( A%E
). Besides, the P2P adjacency matrix can be used in systematic generalization of a street
network, e.g. in finding Connected Components as shown in “Network Topological
Models”.

284 Configraphics



FIGURE 147 Topological modelling tools, including components for constructing an RTree spatial index,
constructing Bipartite Adjacency Matrices (4%# and 4'7) out of Incidence Matrices ( gvEand 4£v)

§ 6.5.3 Graph Construction and Graph Traversal Tools (Figure 148)

The first key component in this set of tools initiates the Line-2-Line graph in terms of
its associated matrices: Adjacencies (L2LG), Costs (L2LC), and Next Nodes (L2LN). The
latter is used for path finding, i.e. finding the actual path in terms of the nodes involved
in every optimal path. The Graph Search component then uses these matrices in an All-
Shortest-Path problem setting to find all Easiest Paths and the Travel Times associated
with every pair of directed Origin-Destination nodes. A path-finding component is also
provided to check individual Easiest Paths for arbitrary origin and destination pairs.
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FIGURE 148 Graph construction and graph search components

Polycentric Accessibility Measures (Figure 149)

This group of components works on a non-square matrix of distances called Relevant
Distance Matrix (RDM) from/to a list of Points of Interests (POI), chosen by the

user and then computes several accessibility measures on the network using these
distances (To/From POI), namely: 1. Catchment (for All/Any POI), 2. Fuzzy Closeness
(To All/To Any PQOI), 3. Inclusive Zoning (generalized Voronoi Diagram) (Any POI), 4.
Exclusive Zoning (Any POI), and 5. ReachTree (i.e. Betweenness for All/Any POI). Each
component (or method in the dll) computes a list of measures and a list of colours
associated with it. These numbers and colours can then be attributed to either the
streets (graph nodes) or the building plots. This latter attribution is based on a number
of keys that relate each plot to its closest street. If better-detailed information is
available then these keys can be overridden manually.
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FIGURE 149 Polycentric Accessibility measures using distances to/from a list of POI

§ 6.5.5 Inputs for Polycentric Accessibility Analysis Tools (Figure 150)

The inputs of the accessibility analysis tools are Points of Interest as geometric points,
and a corresponding list of travel time radii associated with them called How Far
parameters. These are meant to allow the user to specify how far a person would be
willing to travel on foot/by bike to/from POL.
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FIGURE 150 Inputs for Polycentric Accessibility analyses. It is more convenient to use two different sets of How
Far parameters; because it might not reasonable to search for locations that are close to all POI considering
small radii of travel time. If all locations are chosen as potential POI, then a single parameter for How Far is used.

Geodesic Centrality Measures (Figure 151)

This group of tools directly use the outputs of graph search algorithm to find the
importance of streets in terms of the likelihood of passage through them (betweenness
as to Easiest Paths) and the likelihood of being common destinations (closeness

to all locations via Easiest Paths). Betweenness computation is known to be very
computationally demanding. In fact, the heaviest computational process in the

whole toolkit is the betweenness centrality analysis. It is interesting, however, that
using a local search, similar to the approach of Space Syntax, we can both lower the
computational load and make more sense of analyses by considering only locations
that possibly matter, i.e. those in a reasonable range of walking or cycling. Exactly
because of this consideration, we can control the so-called edge effects by considering
a margin -for a network that is to be studied- larger than the desired radius of

search. Forinstance if we are interested in Betweenness of streets for walking trips of
maximum 10 minutes long, then our network must have a margin that is bigger than
10 minutes times a typical walkable distance for a minute (1/60 *5KM=83.3 m).
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FIGURE 151 geodesic centrality tools, and a tool for finding local maxima using gradient descents.

Spectral Centrality Measures (Figure 152)

We primarily implemented these tools for better understanding the spectral network
analysis and as an intermediary steps towards realization of the Random Walk
centrality analysis models. The tools currently are inefficient due to the inefficiency

of the non-iterative solvers used from Math Net library for solving a system of linear
equations. If the use of normalized beta parameter is not desired, then the user

can use our generalized Power Iteration method after (Koren, 2003) to compute
eigenvector centrality efficiently. This group of tools can be used in a number of
different ways, which might not be equally interesting. These different ways of using
the tools correspond to the different inputs possible for the tools: Adjacency Matrices,
Weighted-Adjacency Matrices, or Distance Matrices. The latter has proven to be the
most interesting case. The interesting connotation of using distance matrices as graphs
is the fact that they literally translate the idea of the so-called first law of geography into
a graph: "Everything is related to everything else, but near things are more related than
distant things” (Tobler, 1970). The result of the supposedly abstract spectral analysis
turns out to be very intuitive: it becomes comparable with closeness centrality. We have
reported these methods in a paperin 7" SimAUD symposium”“.
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FIGURE 152 Spectral Centrality tools, including a state-of-the-art generalized Power-Iteration eigen-solver
after (Koren, 2003)

§ 6.5.8 Random Walk Probabilistic Models (Figure 153)

This set of tools include our Random Walk models Alef, Bet, Gimel and Dalet from
previous chapter for forming transition probability matrices and two generic solvers for
finding the stationary probability distributions of random walks. One of these solvers is
an algebraic solver based on the method explained in chapter 5 (implementing a non-
iterative Simultaneous Linear Equation (SLE) solver from Math.Net); and the other one
is aniterative solver using Power Iteration method.
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FIGURE 153 Random-Walk probabilistic models Alef, Bet, Gimel, and Dalet and two solvers for them. Models
Gimel and Dalet require an external input called Psi (y probabilities of staying at streets).

§ 6.5.9 Spectral Graph Drawing Tools (Figure 154)

These tools implement the State-of-the-Art spectral Graph Drawing method of (Koren,
2003). This elegant and intuitive method helped very much in structuring the tools
implementing methods from spectral graph theory. The Eigen-solver of Korenis a
generalized Power Iteration method and therefore quite efficient for drawing large
graphs. Implementing spectral drawing served two purposes: providing an intuitive
view of spectral graph theory and paving the way for efficient eigenvector centrality
analyses. Itis also imaginable to use this method further for such purposes as
clustering networks as to the distances of nodes in the lower dimensional Euclidean
Space (i.e. in the topological embedding space).
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FIGURE 154 Spectral Graph Drawing Tools implementing the state-of-the-art method of (Koren, 2003)

Matrix Plot Tools (Figure 155)

In our methodology, we advocate a distinction between topological graph theories
from graph theory. We argue that graphs, as abstract relational models need not be
represented geometrically in order to exist. We therefore provide tools to visualize
graphs in their most abstract form as possible, i.e. a matrix plot view. This is a common
practice in physics and mathematics that helps to dissociate the concept of a graph
from what often comes to mind as a natural interpretation of a graph from street
networks (i.e. a Point-to-Point/Junction-to-Junction adjacency graph). The idea is
that the graph representing a spatial network does not need to resemble the shape of
the network. In fact, by changing the way a graph is represented one can understand
aspects that could be not easily observable in another representation.
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FIGURE 155 Matrix Plot graph drawing tools draw a pixelated image whose pixels correspond to the entries of
graph matrices from top-left to bottom-right. If the graph is not weighted, i.e. only consisting of Os and 1s, it will
be drawn in black and white; otherwise, in case of weighted matrices colours will be attributed to indicate the
weight (strength) of the connections, i.e. darker colours represent better connections (less traversal costs).

Graph Drawing Utility Tools (Figure 156)

These tools are utilities necessary for drawing graphs using arcs or lines for representing
edges (links). The principle is that the graph prior to embedding does not have any
geometric representation. If a number of vertices are assigned to represent the nodes
of the graph then connections between these vertices will be representative of links
between the nodes in question. It is customary to show such links as arcs or straight
lines. As the input graphs might be directed (in case there is a topographic terrain) then
arrows might ne necessary to indicate the direction of arc-links or edge-links.
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FIGURE 156 Utility tools for drawing spatial network graphs

Quantitative Validation & Calibration Tools (Figure 157)

We have envisioned that quantitative validation and calibration workflows will be
necessary in future developments of the tool. To this end, we have included a number
of utility tools for implementing “Regression Validation” of hypotheses. These tools
provide an open interface to Math.Net.Numerics.Statistics namespace to access
methods such as Pearson Correlation Coefficient, Regression Line, Covariance and alike.
In addition, parametric diagram drawing tools, a Root Mean Square Error indicator,

and a calculator for Shannon’s Entropy (of information content) with three units of Bits
(Basic Information Units), Nits (Natural Information Units) and Dits (Hartley's Decimal
Digit Information Units) are provided as utilities.

Configraphics



FIGURE 157 Utility Tools for Quantitative Validation and Calibration Workflows, Statistical Methods are
provided openly from Math.Net.Statistics library
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The act of designing and implementing the methods introduced in the previous
chapter has been iterative. This is because each implementation of the methodology
has been tested and revised accordingly. The data structures, algorithms, interfaces
(inputs and outputs of functions), dependencies (on external libraries) have changed
radically at least three times. The most subtle issues pertain to construction of a
valid topological data model of a space network (that is also suitable from a cognitive
perspective) and then representation of graphs, graph algorithms and eigen systems.

Network Topological Models

The street-network data-models are often not directly usable for network studies
because they usually require some cleaning, simplification, generalization, and
validation prior to constructing graph models. In other words, we first need to make

a valid topological model from a bunch of polylines in order to represent connectivity
between street segments. To this end, one can follow two different approaches, each
of which demanding an entirely different set of tools. We have already shown a set

of 'simple’ tools in sections 6.5.1 and 6.5.2 for this purpose, here we show a more
systematic approach for dealing with networks from resources such as OpenStreetMap.

Vector-Based Approach

This approach is a systematic application of basic methods previously shown in
sections 6.5.1 and 6.5.2. First, a set of polylines representing streets are intersected
with one another to split them at junctions. Then, the polylines are simplified between
junctions. The long segments of the simplified polylines then will be shattered into
pieces maximally as long as the desired resolution specified by the user. Note that this
metric value acts like a 'level of detail’ for the study and is essentially different from

the "tolerance for error’. The polylines then will be reduced to lists of line segments
while removing short segments (by projecting them to nearby vertices). These steps are
shown in Figure 158.
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FIGURE 158 tools for splitting and simplifying street polylines

Using the same tolerance and the line segments generated so far, we make a
temporary Bipartite Adjacency model in order to check whether the line segments and
their junctions represent ‘connected graphs’. For this purpose we use a Connected
Components algorithm based on recursive DFS (Depth First Search) and take the
largest relevant connected component to continue. Using this connected component,
we redraw street segments as edges of this graph. Using these tools, the user can see if
there areislands in the network.
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FIGURE 159 tools for reconstructing the largest relevant connected component of a spatial network

The next step in determining which streets are topologically connected (adjacent to)

to which other streets is performed by constructing a list of vertex points and a list of
edge lines. Then we construct a bipartite graph to model how these points and lines are
adjacent to each other. We then construct the edges of the A"V adjacency graph and
use them as our street segments (Figure 160). Finally (Figure 161), we construct our
AEE graph using these edges.
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FIGURE 160 redrawing the network as edges of the Point-to-Point graph

FIGURE 161 constructing the Line-to-Line adjacency graph from undirected network edges
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Raster-Based Approach

This approach is based on pixelating or voxelating the street network topologically

at 4-connectivity or 8-connectivity levels (Laine, 2013) and (Nourian, P, Goncalves,

R, Zlatanova, S, Arroyo Ahori, K, Vo, A, 2016) to obtain a raster model of the network
as a binary image. The concepts of 4-connectivity or 8-connectivity correspond to
4-neighbourhoods (a.k.a. von Newman neighbourhoods?) and 8-neighbourhoods
(a.k.a. Moore neighbourhoods®). This approach is flexible enough to accept streets as
polygonal models as well. This flexibility could simplify using and combining alternative
data models such as those of European Road Atlas datasets, which are available as
road polygons. It could even be that a binary image as such be generated directly from
satellite imagery using image-processing techniques. In any case, a binary image as
such can be later processed to find the connected components; and ‘thinned’ using
techniques from Mathematical Morphology so as to obtain a Topological Skeleton

of the road space network. A common algorithm for this purpose is the Zhang-Suen
thinning algorithm (Zhang, T. Y., and Ching Y. Suen., 1984). Once the skeleton is
available, we can vectorise it to obtain a valid street network. We have developed and
implemented the raster steps of this approach because of its promising flexibility and
scalability; however, the work is yet in progress.

3

FIGURE 162 shows basic steps of a raster-based approach for building a valid network topological model: a) topological pixilation,
b) morphological thinning, c) connected components, d) network reconstruction
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Weisstein, Eric W. “von Neumann Neighborhood.” From MathWorld--A Wolfram Web Resource. http://math-
world.wolfram.com/vonNeumannNeighborhood.html

Weisstein, Eric W. “Moore Neighborhood.” From MathWorld--A Wolfram Web Resource. http://mathworld.
wolfram.com/MooreNeighborhood.html
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Graph Data Models

We started representing undirected graphs as adjacency lists, firstin a dictionary-like
format particular to the Grasshopper3D environment to ensure easy readability of

data flows. However, due to the extremely high [computational] cost of retrieval of
items (links) from this data structure. We then switched to an alternative structure

as List < List < int >> forrepresenting adjacency lists and optimized it further
toanarray of listsas List < int > [] . Until this point, we were using the Dijkstra
algorithms for finding optimal paths. However, as we shifted our focus on the Spectral
Graph Theory algorithms, we found Floyd-Warshall algorithm a more suitable choice as
it naturally works with a matrix representation of graphs. In other words, as we needed
to work with graphs in matrix form, we realized it would be more straightforward to use
the Floyd-Warshall algorithm, which processes a matrix of distances and succeeding
nodes. With this implementation, that is in the latest version of configraphics.dll and
CONFIGURBANIST, graphs are initially modelled as three ‘sparse matrices’ (fist as
array of arrays, a.k.a. jagged arrays and then using the Math.NET library), namely an
adjacency matrix, cost matrix and succeeding matrix. This data model comes with a
number of advantages and disadvantages.

The advantages of a Matrix-Based data model for graphs are:

Ease of running Linear Algebraic algorithms (e.g. those of Math.NET library);

Good readability of the graphs, and clarity of the representation as disassociated from
geometric or topologic connotations (points, lines, vertexes and edges are no longer
present in the graph data model) and so the generality of the graph data structure is at
peak; and

Clear distinction between un-weighted adjacency graph and the weighted adjacency
graph (cost matrix) ensuring ease of different operations on them

The disadvantages of a Matrix-Based data model for graphs are:

Large memory footprint even when sparse matrices are used (compared to adjacency
lists);

Using Dijkstra algorithm would be rather inconvenient/complicated with graph
matrices; and

The overhead of using an external library for matrix classes and operations
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Graph Search Algorithms

We need to explain two subtle points about the abovementioned disadvantages:
Dijkstra algorithm is often reported to have a theoretical time complexity of
O(IEl + |V]log|V|) .This can be misleading as this asymptotic time complexity
could be achieved only when a priority queue is implemented for the search of
minimum-weight edge in the search. Otherwise, i.e. with a naive implementation
using a list of array of edges, one must simply spend time 0(n) for the search for
the minimum-cost edge. This means that in that case the running time would be of
O(IE| +IVIIV]) , which in case of sparse graphs would be equal to O(JV]?) . Thisis
because fora complete graph |E| = [V|? , butin case of sparse graphs |E| < |V|?
; therefore the running time will be determined by the number of vertices. Noting that
the Dijkstra algorithm is a one-to-many shortest path algorithm we can see that we
would require running this algorithm n = |V| times to achieve what Floyd-Warshall
algorithm does. That would mean with a simple Dijkstra implementation our theretical
time complexity for a all-pairs shortest path problem would be  0(IV|®) = 0(n®)
. Now consider that Floyd-Warshall algorithm also has a time complexity of 0(n®)
. However, Flowd-Warshall has a much simpler structure and fewer and simpler
arithmetic operations so it will be better in practice and also for our case, compared to
running single-source shortest path algorithm (Dijkstra) for n times; note that we also
have to produce distance matrices anyway.

In addition to this point, we opted for simplicity and clarity in our code, because

a simple, slightly less efficient maintainable code would be preferable to an over-
engineered complicated code. From an engineering point of view, if the problem

at hand is very well formulated one must naturally opt for the most efficient way

of implementation. However, this view occludes the fact that the very definition

of the problem at hand is ill structured and subject to many cycles of “design,
implementation, and test”. Therefore, we can justify our choice of data-structures from
a rather qualitative point of view, say regarding efficacy, but not efficiency”™.

Linear Algebraic Algorithms

After our last rounds of test and implementation, we realized that in fact we do not
need much functionality from a library such as Math.NET, because even for the most
sophisticated algorithms such as finding eigenvalues and eigenvectors we have
ended up developing our own solutions. The remainder of operations that are still
dependant on Math.NET are simple matric multiplications and solvers for systems of
linear equations that are used in computing generalized Eigenvector Centrality and
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Katz Centrality. Although we are using the best option we could find for computing
these two centrality indicators (that is solving a system of linear equations instead
of inverting a matrix) their computations times are still the worst among all other
indicators, with the exception of betweenness centrality thatis in any case notorious
for its extreme computational cost.

These solutions are algebraically elegant but computationally still prohibitively
inefficient for large networks. They can be possibly improved by using iterative SLE
solvers from Math”. However, we decided to discontinue working on these generalized
eigenvector centrality measures in favour of our own generalized formulation of
eigenvector centrality measure that is computed using our Power Iteration method and
a Fuzzy Graph Model as reported in our forthcoming paperin SimAUD 2016: “Spectral
Graph Spectral Modelling of Spatial Networks”.

Eigenvector Centrality

Our formulations of the eigenvector centrality ranking index (Bonacich’s formulation)
here:

implicit:[(I — BA)c® = ade| explicit:|c® = a(I — pA) ' Ae]
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Algorithm 12: Eigenvector Centrality, Bonacich's formulation (Bonacich, 1987)

Inputs: Marix[nxn] A, double n_beta/ / for Adjacency Matrices, using normalized
beta (see Chapter 5)

Outputs: Vector[] B_EVC / /arrays of results Bonacich’s EVC

vector[n] B_.EVC=new vector[n];/ / Eigenvector Centrality Indexes will be stored in
this vector

Matrix[nxn ] I=new Matrix[nxn].Identity();

Matrix[nxn] B=A + I,/ /ensuring convergence for finding Perron-Frobenius
eigenvalue or spectral radius

vector[n] DEVC= new vector[n];/ / disposable dominant eigenvector

vector[n] NEVC= new vector[n];//disposable dominant eigenvector

vector[n] Error= new vector[n];//deviation between current and previously

computed EVC
dof

o NDEVC=DEVC;
o NDEVC=B*DEVC;
o NDEVC = DEVC.Normalize(2);

o Error=NDEVC-DEVC;

o counter +=1;

}while(Error.Norm(2) > 0.001 &é& counter < 10E03)

double r = (B * DEVC).Norm(2) / DEVC.Norm(2);/ / Perron-Frobenius eigenvalue,
aka spectral radius using Rayleigh Quotient

double beta =n_beta * (1 / r);/ /refer to chapter 5 for an explanation of this tweak
Matrix[nxn] C=I-beta*A;

vector[n] e= new vector[n,1];/ /identity vector

vector[n]d= A*e;/ / effectively holding node-degree values
B_EVC=C.Solve(d);/ / using an iterative solver for the system of linear equations in
the form Ax = b

We hereby provide the source for these two centrality indices””.
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SourceCode 2: Eigenvector Centrality, Bonacich's formulation
(Bonacich, 1987) in C#, using Math.NET

private void RunScript(object GA, double n_beta, bool Act, ref object EVC)
{
if ('Act) { return; }
MathNet.Numerics.LinearAlgebra.Matrix<float> AM =
(MathNet.Numerics.LinearAlgebra.Matrix<float>)GA;
int N = AM.ColumnCount;

MathNet.Numerics.LinearAlgebra.Matrix<float> B = AM +
MathNet.Numerics.LinearAlgebra.Single.SparseMatrix.CreateIdentity(N);
MathNet.Numerics.LinearAlgebra.Vector<float> DEVC =
MathNet.Numerics.LinearAlgebra.Vector<float>.Build.Dense(N, 1);
MathNet.Numerics.LinearAlgebra.Vector<float> NDEVC =
MathNet.Numerics.LinearAlgebra.Vector<float>.Build.Dense(N, 1);
//
MathNet.Numerics.LinearAlgebra.Vector<float> Error =
MathNet.Numerics.LinearAlgebra.Vector<float>.Build.Dense(N, 1);
int counter = 9;
do
{
NDEVC DEVC;
NDEVC = B * DEVC;
NDEVC = DEVC.Normalize(2);
Error = NDEVC - DEVC;
counter += 1;
} while (Error.Norm(2) > ©.001 && counter < 10E@3);
double r = (B * DEVC).Norm(2) / DEVC.Norm(2);//Perron-Frobenius
eigenvalue, aka spectral radius
double beta = n_beta * (1 / r);//refer to chapter 5 for an
explanation of this tweak
Print(String.Format("Spectral Radius:{@}", r.ToString()));

float betaF = (float)beta;
MathNet.Numerics.LinearAlgebra.MatrixBuilder<float> IB
MathNet.Numerics.LinearAlgebra.Matrix<float>.Build;
MathNet.Numerics.LinearAlgebra.VectorBuilder<float> CB =
MathNet.Numerics.LinearAlgebra.Vector<float>.Build;
MathNet.Numerics.LinearAlgebra.VectorBuilder<float> eB
MathNet.Numerics.LinearAlgebra.Vector<float>.Build;

MathNet.Numerics.LinearAlgebra.Matrix<float> I =
IB.DiagonalIdentity(N);

MathNet.Numerics.LinearAlgebra.Vector<float> C = CB.Dense(N);

MathNet.Numerics.LinearAlgebra.Vector<float> e = eB.Dense(N, 1);

MathNet.Numerics.LinearAlgebra.Vector<float> b = AM * e;//the
solution for the system of linear equations

MathNet.Numerics.LinearAlgebra.Matrix<float> I_betaR = I - betaF
* AM;

C = I_betaR.Solve(b);

EVC = C;
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Katz Centrality:

We recite our formulations of the Katz centrality ranking here:

implicit:[(I — pA)cK*= = pae] explicit:|cK®* = B((I — BA)~1A)e]

Algorithm 13: Katz Centrality

Inputs: Marix[nxn] A, double n_beta/ / for Adjacency Matrices, using normalized
beta (see Chapter 5)
Outputs: Vector[] K_EVC / /arrays of results Katz's EVC

vector[n] K_ EVC=new vector[n];/ / Eigenvector Centrality Indexes will be stored in
this vector

Matrix[nxn ] I=new Matrix[nxn].Identity();

Matrix[nxn] B=A +1;// ensuring convergence for finding Perron-Frobenius
eigenvalue or spectral radius

vector[n] DEVC= new vector[n];/ /disposable dominant eigenvector

vector[n] NEVC= new vector[n];//disposable dominant eigenvector

vector[n] Error= new vector[n];//deviation between current and previously

computed EVC
do{/ /Power Iteration

o NDEVC=DEVC;
o NDEVC=B*DEVC;
o NDEVC = DEVC.Normalize(2);

o Error=NDEVC-DEVC;

o counter +=1;

}while(Error.Norm(2) > 0.001 && counter < 10E03)

double r = (B * DEVC).Norm(2) / DEVC.Norm(2);/ / Perron-Frobenius eigenvalue,
aka spectral radius using Rayleigh Quotient

double beta =n_beta * (1 / r);/ / refer to chapter 5 for an explanation of this tweak
Matrix[nxn] C=I-beta*A;

vector[n] e= new vector[n,1];/ /identity vector

vector[n] bd=beta*A*e;/ / effectively holding node-degree values
K_EVC=C.Solve(bd);/ / using an iterative solver for the system of linear equations in
the form Ax = b

Note that instead of inverting the matrix, as in the explicit formulation of both
eigenvector centrality rankings we choose to solve the implicit equation as it involves

Configraphics



307

solving a system of linear equations. This is because inverting matrices is a very
computationally demanding procedure. In practice, it is best to avoid such inversions
wherever possible. However, a non-optimized method for solving a system of linear
equations can be as costly as inverting a matrix, thatis 0(n®). This issue seems to be
the case with the method we have used from the Math.NET library. However, as said
before, this method can be replaced by iterative solvers to improve the performance
significantly, e.g. by using iterative Krylov subspace methods to 0(n).

SourceCode 3: Katz Centrality (Katz, 1953), using Math.NET

private void RunScript(object GM, double beta, bool Act, ref object KC)

if ('Act){return;}
MathNet.Numerics.LinearAlgebra.Matrix<float> AM =
(MathNet.Numerics.LinearAlgebra.Matrix<float>) GM;
int N = AM.ColumnCount;
MathNet.Numerics.LinearAlgebra.Matrix<float> B = AM +
MathNet.Numerics.LinearAlgebra.Single.SparseMatrix.CreateIdentity(N);
MathNet.Numerics.LinearAlgebra.Vector<float> DEVC =
MathNet.Numerics.LinearAlgebra.Vector<float>.Build.Dense(N, 1);
MathNet.Numerics.LinearAlgebra.Vector<float> NDEVC =
MathNet.Numerics.LinearAlgebra.Vector<float>.Build.Dense(N, 1);
//
MathNet.Numerics.LinearAlgebra.Vector<float> Error =
MathNet.Numerics.LinearAlgebra.Vector<float>.Build.Dense(N, 1);
int counter = 0;
do
{
NDEVC = DEVC;
NDEVC = B * DEVC;
NDEVC = ((float) (1 / DEVC.Norm(2))) * DEVC;
Error = NDEVC - DEVC;
counter += 1;
}while(Error.Norm(2) > ©.0001 && counter < 10E@3);
double r=(B * DEVC).Norm(2) / DEVC.Norm(2);//Perron-Frobenius eigenvalue,
aka spectral radius

Print(String.Format("Spectral Radius:{@}", r.ToString()));

float b = (float) (beta * (1 / r));
MathNet.Numerics.LinearAlgebra.Matrix<float> betaA = b * AM;
MathNet.Numerics.LinearAlgebra.Single.SparseMatrix I =
MathNet.Numerics.LinearAlgebra.Single.SparseMatrix.CreateIdentity(N);
MathNet.Numerics.LinearAlgebra.Matrix<float> I_betaA = I - betaA;
MathNet.Numerics.LinearAlgebra.Vector<float> e =
MathNet.Numerics.LinearAlgebra.Vector<float>.Build.Dense(N, 1);
MathNet.Numerics.LinearAlgebra.Vector<float> cKatz =
MathNet.Numerics.LinearAlgebra.Vector<float>.Build.Dense(N, 1);
MathNet.Numerics.LinearAlgebra.Vector<float> betaAe = betaA * e;
cKatz = I_betaA.Solve(betaAe);
KC = cKatz;
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Few Dominant Eigenvectors

This is a very efficient and intuitive "power iteration method' that we have generalized
from a spectral graph drawing method (Koren, 2003). It is for finding the first few
dominant eigenvectors of a graph matrix, the single eigenvector version of this
algorithm is widely used in solving Eigenvector centrality (the simple formulation

such as that of accessibility by (Gould, 1967)) Markov Chain/Random Walk problems,
Google Page Rank. This generalized version can be used in Spectral Graph Drawing,
Principal Component Analysis, Graph Clustering, and similar applications that need the

first few dominant eigenvectors.

Algorithm 14: Compute First Dominant Eigenvectors, after Yehuda Koren (Koren, 2003)

Inputs: Marix[nxn] M, int k, int MaxIter/ / for Hermitian Matrices

Outputs: Vector[] EVecs, double[]JEVals / /arrays of results

vector[n][k] u=new vector[nl[k];/ /EVecs
double[k] lambda=new double[k];/ /Evals

for (int i = 0;i < k;i++){

double CoDir=0; int counter=0;
vector U4;=Vector.Random(n); &;.Normalize(2);/ / p-norm
dof
o ulil =u;
o for (intj = 0;j <i;j++) {
. a1 A ((lidulDY o ra. . . .
uli] = ulil (—(um‘u[ﬂ )) uljl;//orthogonalize against previous
eigenvectors
* u[il.Normalize(2);
}
u; = M* ulil; u;.Normalize(2);

o
o
o CoDir = (u;, uli]); counter+=1;

}while((CoDir<1 — &) N (counter<MaxIter))

i]

e

u;;

}

for (int i = 0;i < k;i++){ lambdalil= (u[i], M*uli] );}
EVecs=u; EVals=lambda;

Mathematically, we have explained why this method works in chapter 5, in explaining

eigenvector centrality. Here we give a simple verbal explanation. Every vector,

e.g. arandom vector in the Hilbert space ( x € R™) can be represented as a linear
combination of eigenvectors of a Self-Adjoint operator (e.g. a Symmetric Graph Matrix).
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§ 6.7 The Architecture of CONFIGRAPHICS.DLL

The current architecture of CONFIGRPHICS library only includes the methods of
CONFIGURBANIST toolkit; however, it is envisioned to include those of SYNTACTIC in
future. The library is made to make the whole application more easily accessible and
adaptable for versatile workflows. Our strategy is to offer an open API (Application
Programming Interface) that is not necessarily limited to a platform such as Rhino &
Grasshopper 3D. At present, however, there are still dependencies on Rhinocommon.
dll, mainly in geometric operations and type definitions. This version of the library is a
collection of static C# (equal to shared methods in VB) methods’®, structured in four
namespaces named Geometry, Topology, Graph Theory, and Spectral Graph Theory.
The main namespace is call Spatial Network Analysis.
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FIGURE 163 the latest version of configraphics library, its namesapeces, classes, and its dependencies
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FIGURE 164 the methods in Geometry and Topology namespaces of configraphics

An example code written using the “Geometry” namespaces can be seen as a
replacement of the modules previously shown in Figure 158 (Split & Simplify Network):
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SourceCode 4: Split & Simplify a Street Network using configraphics.dll

var PL =
SpatialNetworkAnalysis
1);

var SCL =
SpatialNetworkAnalysis
1);

var LS =
SpatialNetworkAnalysis
var S =
SpatialNetworkAnalysis
Tol);

var SimplelLines =
SpatialNetworkAnalysis

.Geometry.NetworkSimplification.ISplit(PLS.ToArray(),To

.Geometry.NetworkSimplification.SimplifyPolylines(PL,To

.Geometry.NetworkSimplification.SplitCurveM(SCL,Res);

.Geometry.NetworkSimplification.SimplifyPoly_Lines(LS,

.Geometry.Utilities.FiletrSmallLines(S, 9);
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FIGURE 165 the methods in the Graph theory namespace of configraphics

An exemplary use of the “Graph Theory” namespace of the library is shown below:

312 Configraphics



SourceCode 5: using configraphics.dll for computing all
Easiest Paths and distances corresponding to them

var L2LCM = (MathNet.Numerics.LinearAlgebra.Single.SparseMatrix) L2LC;

var L2LNM = (MathNet.Numerics.LinearAlgebra.Single.SparseMatrix) L2LN;
float[][] Costs = L2LCM.ToRowArrays();

float[][] Nexts = L2LNM.ToRowArrays();
SpatialNetworkAnalysis.GraphTheory.PathFinding.FindAllGeodesics(ref Costs,
ref Nexts);

DM = MathNet.Numerics.LinearAlgebra.Single.SparseMatrix.0OfRowArrays(Costs);
NM = MathNet.Numerics.LinearAlgebra.Single.SparseMatrix.0OfRowArrays(Nexts);

FIGURE 166 the methods in the Spectral Graph Theory namesapce of configraphics
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SourceCode 6: using configraphics.dll for computing
eigenvector centrality of a Fuzzy Grap

float[ ]JEVC =SpatialNetworkAnalysis.SpectralGraphTheory.SpectralCentrality.
DominantEigenvector_PowerMethod(FGM, MI);

For comparing development plans or planning scenarios in terms of walking or cycling
accessibility of amenities, we can generate accessibility evaluation reports to compare
aggregate numerical values per plan or scenario to be able to assess their aptitude
objectively in comparison to one another. A simple example could be thought of as a

comparison of the percentage of residential plots having a good, e.g. 5 minutes walking

access to any grocery store and a 10 minutes access to all of locations such as a train
station, a few transit stops, grocery stores, and schools. The same percentage can be
compared to another neighbourhood or another plan for the same neighbourhood.
This way development plans can be ranked as to their aptitude for walking or cycling
in terms of basic potentials. If a finer detailed comparison is desirable, then other
aggregates such as average fuzzy closeness values of the POl in question can be
compared from one case to another. The noteworthy advantage of fuzzy indicators is
that every map/plan can be compared to another objectively. Having ‘a walking travel
time less than 5 minutes’ to a (few) POl is a quality that is universally understandable
both for citizens and planners. The function needed for generating such reports is
simply the arithmetic average of the metrics attributed to plots. As an example, in the
case of POI listed above, we can determine that:

85.1% of plots have a walking access within 10 minutes to ALL POI
76.4% of plots have a walking access within 3 minutes to ANY POI
96.7% of plots have a cycling access within 10 minutes to ALL POI
88.5% of plots have a cycling access within 3 minutes to ANY POI

Using fuzzy closeness measures, we can elaborate the above synthesis as:
13.4% of plots have a good walking access within 10 minutes to ALL POI
25.2% of plots have a good walking access within 3 minutes to ANY POI

22.8% of plots have a good cycling access within 10 minutes to ALL POI
32.9% of plots have a good cycling access within 3 minutes to ANY POI
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The above results correspond to the exemplary POl introduced in Table 6 and Figure
167. The figures corresponding to these syntheses are shown in Figure 170.

We have chosen a few known locations in Tarlabasi, Istanbul as exemplary POl
introduced in Table 6. There are 449 street segments in our simplified and generalized
network (Tolerance=5 meters, Resolution=40 meters, Tau=30 Seconds).

HOW FAR (TO ANY) HOW FAR (TO ALL)
MINUTES MINUTES

Stryani Kadim Meryem
Ana Kilisesi(The Virgin
Mary Assyrian Church)

Celebi Stipermarket 1 3 10
10

N
w

Yusufpasa Suites (Hotel
Apartment)

Rum Ortodoks Aya 3 3 10
Konstantin Kilisesi (Rum
Orthodox Church)

TABLE 6 Alist of real-world points of interests for the Tarlabasi dataset

FIGURE 167 shows the location of the POI on the sample neighborhood map (Tarlabasi, Istanbul) and their
exclusive catchment zones according to the table above
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FIGURE 168 A histogram of walking distances to POI, colored as to zone colors above
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FIGURE 169 A histogram of cycling distances to POI, colored as to zone colors above
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Crisp Fuzzy
To ALL (10 Min) [ To ANY (3 Min) | To ALL (10 Min) | To ANY (3 Min)
85.1% 76.4% 13.4% 25.2%

Lﬁ"

2

e

Walking

96.7% 88.5% 22.8% 32.9%

Cycling

FIGURE 170 pictures of accessibility assessment results

§ 6.9 Qualitative Evaluation

Here we re-evaluate the usefulness of the toolkit regarding its purpose and its target
group. Before judging it as a product in itself, however, it is necessary to acknowledge
its role as a means of testing and improving the methodology introduced in the
previous chapter.

We have revised the structure of the methodology as a computational suite of methods
a few times. The toolkit CONFIGURBANIST has been publicly available since 2013,
tested in four international workshops. We have received continuous feedback from
aninternational user group (from the workshop audiences and group members on the
tool’s website) and improved the functionality and interface of the tools accordingly.

From the experience of test and development of the methodology, we can conclude the
following:
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It was necessary to implement and test the mathematical methods computationally.
Implementing many well-known methods from scratch might seem as a waste of time;
however, it proved to be a good practice as it helped in developing novel methods. This
is because design requires iterative formulations of both the problem and its solution.
Research and Development proceed best when jointly conducted.

In order to handle spatial networks it is convenient to work in an environment

where doing geometric edits is easy. This is because network editing is an inherently
interactive action. If our target user group is “urban designers”, then choosing a design
platform as the base environment is natural.

In their current form, most of the methods produce results, which are potentially
interesting for public; therefore, a cross-platform web-based implementation would be
beneficial.

The last point regards our direction for the future developments of the methodology.
We see potential application of the measurements done with the methods in our
toolkit to be applied in such diverse areas as real estate, business intelligence, urban
planning (and urban geography) and urban design (and urban morphology). This
outlook demands for a platform that would be usable by a much wider user group.

The toolkit in its current form is not exactly user-friendly for its ultimately intended
user-group, i.e. those decision-makers whose decisions can affect walking and cycling
potentials in cities. Improving the user experience requires a paradigm shift from
desktop applications to web-applications. This would ensure usability for a much wider
user group and potentially simplify the workflows. There is however no either-or choice
to be made. The library of methods can be improved in terms of its structure to be used
in CAD and GIS applications and at the same time a parallel web-based platform can
be developed for public users who might have some interest in assessing walking and
cycling accessibility of their properties, businesses, neighbourhoods and alike.

A suitable infrastructure and technology platform for developing a web-based tool,
should ideally allow for flow-based programming. This programming paradigm

is currently flourishing with the advent of some new web-based programming
technologies, among which we are searching for the most effective future platform to
host CONFIGURBANIST.
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Conclusions

This dissertation reported a research, development, and innovation process. We have
not conducted empirical research but rather theoretical research as in developing

mathematical and computational models and implementing them as well as (re)inventing

tools for applied Spatial Network Analysis in Architectural Design and Urban Design.

This chapter:

refocuses on the initial research questions;
summarizes our research findings and achievements;
mentions the limitations of the proposed methods;
discusses the nature of our scientific contributions; and
reflects on the future research areas

Here we summarize the results of this project from each chapter of this book.

Results of Chapter 1

In this chapter, we introduced the basis of our methodology as a Design Science
Research Methodology (after (March, Salvatore T., and Gerald F. Smith, 1995) and
(Peffers, K, Tuunanen, T, Rothenburger, M A, Chatterjee, S, 2007)) and concluded
that our Research, Development, and Innovation process should proceed through the
following steps:

Theoretical Reflection (on how methodically spatial performance can be addressed in
architecture and urban design)

Problem Formulation and Concept Development (for the configurational design and
analysis methodologies)

Mathematical Modelling

Algorithm Design

Software Development

Verification

Crowd-Sourced Test and Validation
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Results of Chapter 2

In this chapter, we reflected on the theoretical underpinnings of our methodological
approach, discussed the particularities of design problems as compared to engineering
problems, discussed the necessity of advanced spatial analytics in analysing spatial
performance, and concluded that design is an intellectual activity that can be
supported by computational methods in analysis and synthesis of configurations.

We argued that automated evaluation might be problematic especially in dealing
with social aspects of design. We reasoned that computational design methods could
be usefulin problem solving but the main intellectual aspects of design activities
pertain to problem formulation and interpretational activities, e.g. in performance
evaluation; that is, designers can be supported for making ‘their own decisions’ based
on contextual information. The chapter concluded with an elaborated account of our
Research, Development, and Innovation (RDI) methodology, as briefed in chapter 1.

Results of Chapter 3

This chapter provides the mathematical and algorithmic basis of a new way of
designing buildings that is based on spatial configuration. The methods developed
provide for obtaining building layouts that fulfil programmatic constraints and
requirements encoded in bubble diagrams. The basic idea of the methodology is to
obtain concrete geometrical layout patterns from abstract configuration graphs, while
providing real-time spatial network analysis (e.g. Space Syntax) to help the designer see
the likely spatial performance of what they propose, so that they can explicitly focus on
realizing the desired spatial qualities. Main innovations introduced in this chapter:

An algorithm to interpret configurational sketches as configuration graphs

Adaptation of an algorithm for automated drawing of bubble diagrams

An algorithm for interactive drawing of justified graphs

Adapting Space Syntax indicators to architectural configuration analysis

Adapting Tutte graph drawing algorithm to form a basis for topological embedding of
configuration graphs for plan layout

An algorithm for cataloguing all topological plan layout possibilities for 2D plan layouts
An algorithm for drawing alpha shapes for spatial configuration

A computational geometry construct called 2D Isovist Bubble

A computational geometry construct called 3D Isovist Bubble
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Results of Chapter 4

This chapter introduced the computational implementation of the methodology
introduced in chapter 3, that is the toolkit SYNTACTIC for architectural configuration.
Providing the toolkit as freeware has provided the opportunity for crowd-sourced test
and validation of the methodology.

Results of Chapter 5

This chapter provides the mathematical and algorithmic basis of a new way of analysing
built environments regarding the effect of their spatial configuration on walking and
cycling accessibility and mobility potentials. The methods developed provide for measuring
polycentric accessibility considering an all-inclusive approach to modelling distance based
on the notion of Easiest Path. The basic idea of the methodology is to provide objective
insight into the ways in which spatial configuration could potentially facilitate or hinder
walking and cycling potentials. Main innovations introduced in this chapter:

An algorithm to interpret road centreline networks as configuration graphs which
encode physical difficulty of walking/cycling and cognitive difficulty of navigation
Easiest Path algorithm for finding paths that are as ‘straightforward, short, and flat" as
possible (cognitively and physically easiest paths for walking and cycling)

Afamily of Fuzzy Logics aggregation methods for polycentric accessibility analysis
Algorithms for finding zones of preferred access (generalized Voronoi and Alpha Shapes
on network spaces)

Adaptation of a family of geodesic network centrality models

Adaptation of a family of spectral network centrality models

Developing a family of probabilistic models for walking and cycling mobility based on
Markov Chains

Results of Chapter 6

This chapter introduced the computational implementation of the methodology
introduced in chapter 5, which is the toolkit CONFIGURBANIST for urban
configuration analysis. This chapter explains a number of subtleties and challenges
in implementation of the models and algorithms introduced in the previous chapter,
and discusses the foundation of configraphics.dll as the shared library of methods for
spatial configuration analysis.
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Here we look back at the initial research questions and see to what extent they are
answered and what would change if addressing them again. Our initial research
questions were the following:

How can we model spatial performance in architecture and urban design?

In response to the main question, we have developed a Spatial Configuration Graphs
library (configraphics.dll, WIP), which encompasses methods for analysis of spatial
configurations in architecture and urban design. This library has a mathematical/
computational basis that treats architectural and urban spatial configurationsin a
similar way.

How can we obtain an architectural layout from a spatial configuration graph, while
controlling its performance? (Chapters 2, 3, 4)

We answered this question by developing a methodology for systematic synthesis

of spatial layouts that is equipped with real-time spatial configuration analysis
methods of Space Syntax. The methodology is based on gradual concretization of
bubble diagrams drawn by the designer, while at the same time providing feedback

on the likely spatial performance of the architectural configuration graph. The process
put forward by this methodology currently ends in a catalogue of topological layout
possibilities for 2D plans. In addition, we have provided smart computational geometry
agents called Isovist Bubbles as a basis for Agent-Based Models for spatial layout in 2D
and 3D.

The models and methods developed in this track of the project are from Topology
(constructing configuration graphs from sketches), Graph Theory (the basis of all
configurational analyses and the backbone of all methods), Computational Graph
Drawing (Force-Directed Graph Drawing, Tutte Graph Drawing algorithm and Spectral
Graph Drawing), Computational Topology (Alpha Shapes), and Computational
Geometry (Isovist Bubbles 2D & 3D).

How can we model the effect of spatial configuration on accessibility (e.g. by walking
and cycling) and mobility potentials? (Chapters 2, 5, 6)

We answered this question by developing an urban configuration analysis
methodology, which is thematically focused on modelling the effect of urban
configuration on walking and cycling accessibility. This methodology is centred on a
novel notion of distance that is based on our optimal path algorithm called Easiest
Path. The Easiest Path algorithm finds the paths that are both physically and cognitively
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easy to walk or cycle; for which it considers the topography, topology, and the geometry
of environment at the same time. The distances measured as to Easiest Paths form

the basis of calculation of measures of accessibility of locations encoded as Points of
Interests (POI). We model accessibility as potentially perceived by pedestrians and
cyclists. In addition, we provide a novel family of methods for stochastic modelling of
walking and cycling flows.

The models and methods developed in this track of the project are in the areas of
Topology (constructing graph models from road centrelines), Graph Theory (the back
bone of spatial configuration analytics, used in graph traversal and path-finding, e.g.

Easiest Path algorithm), Fuzzy Logics (the polycentric accessibility framework), Spectral

Graph Theory (spectral centrality measures), and Markov Chains (four Random-Walk
models).

How can we integrate architectural and urban spatial analyses and estimate the spatial
performance of design proposals? (Chapters 6, 7)

We have sought the answer to this question by providing a basic integration of the
computational methods developed separately for tackling architectural and urban
configuration. There are similarities and differences in the geometrical, topological,
graphical, and spectral properties of architectural and urban configurations.

Our definition of the spatial configuration graph is mathematically the same for
architectural and urban configurations. We envisage that by integrating the two
computational libraries of SYNTACTIC and CONFIGURBANIST in configraphics.

dll we can bring the two methodologies closer to each other for analysing spatial
configurations. This area of work still requires further research and development.

There is a relative scarcity of clearly (mathematically) defined scientific research
methods for assessing spatial performance of buildings (programmatic efficiency,
social aptitude and provision for desired communal behaviours) and built
environments (walking and cycling accessibility. We have focused exactly on the
research methods themselves, as to which we have also questioned many common
research questions and reformulated them. Compared to the common approaches to
the issues tackled, we have done less of empirical testing and more of mathematical
and computational development and tried to make the mathematics behind our
methodology as clear as possible.
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We believe that there is a need for developing exact sciences in the field of built
environment and in doing so mathematics as the language of exact sciences would
have the key role in communication of knowledge. However, the role of mathematical
models should not be considered as crystal balls to predict how exactly the built
environment configuration affects spatial behaviour. We need to clarify what can be
understood from analysing networks. Not everything is representable on networks.
Spatial Networks definitely affect mobility potentials and accessibility in general.
Mobility and accessibility in turn affect the potentials for social interactions, e.g.
certain network configurational situations might foster social integration or exclusion.
However, there is always a multitude of other factors affecting spatial behaviour, which
might not be necessarily representable on networks.

Knowledge of how exactly spatial configuration affects social configurations tends to
be situational; therefore having re-configurable research tools would be advantageous.
Although there might be many situational factors involved in mobility potentials and
the effect of spatial configuration on social structure, we can focus on the objectively
universal aspects of Spatial Network Analysis. This is exactly the approach we have
adopted; i.e. to measure what is undisputedly measureable and provide a framework
for measuring spatial distance and its effects on accessibility.

In architecture, the spatial layout process can be seen as a process of going from very
abstract functional requirements to concrete geometric drawings of spaces. In the
abstract ambience of early design stages, the notion of spatial distance is of graphical
(pertained to Graph Theory) nature; thus a graph centrality approach such as that

of Space Syntax could serve as an analytic module necessary for reflecting on spatial
performance in design process. Evaluation of spatial performance, however, cannot be
easily automated, as it tends to be context-based and situational.

The main challenge in approaching spatial layout explicitly through configuration is

on one hand the sophisticated computational topology required for enumerating the
embedding possibilities, and on the other hand the complicacy of the computational
geometry constructs and algorithms required for realizing a potentially 3D embedding
into a concrete geometric form. This area of research has received much more attention
in computer science in such areas as graph drawing algorithms, floor planning of
Integrated Circuits and Geomatics (as in production of rectangular maps as simplified
versions of geographical maps).

The process that we have developed so far for configurational layout can be seen as a
theoretical investigation that can strengthen the foundations of a science of design, i.e.
an approach that was pioneered by scholars such as March and Steadman (March, L,
Steadman, P, 1974).

Configraphics



§ 74

§ 741

325

Our main contribution in the area of configurational analysis can be seen in chapter
5, in laying new foundations for measurement of distances, the fuzzy concept of
accessibility, and the demystification of spectral network analytics and development
of a new family of biased random walk models for stochastic modelling of mobility
patterns.

We have mentioned the limitations of our methodologies and the areas of future work
in detail at the end of each corresponding chapter and. Here we highlight the most
essential areas that need deeper investigation in future.

Configurative Architectural Layout (Chapters 3, 4)

The approach we have introduced in chapter 3 is mainly a foundation for a completely
configurational design process. There are still several challenging topics pertained

to configurative designs that require further theoretical research on mathematical
foundations and algorithmic methods, namely:

How can we enumerate the number of ways a graph can be topologically embedded in
3D? (Computational Topology)

How can we obtain a 2D plan layout using 2D Isovist Bubbles and a 2D topological
map?

How can we obtain a 3D plan layout using 3D Isovist Bubbles and a 3D topological
map?

The above questions address the synthesis phase of the configurative design process.
The analytic aspect of the process can be further strengthened by adapting the
methods introduced in chapter 5 to the analysis of networks in architectural scale.
Any set of analytic models could then be validated by studying the actual spatial
performance of buildings.

Conclusions



§ 7.4.2 Spatial Configuration Analysis (Chapters 5, 6)

The analytic methodology introduced in chapter 5 can be potentially extended to
include more contextual parameters (e.g. densities and land-uses) for predicting
network flows. After that, a new generation of a all-inclusive models can be developed
for predicting walking and cycling flows. These models can then be validated and
calibrated based on the actual movement patterns of people. The major area of work
can therefore be identified as incorporation of land-use and population density in the
models. Developing the methodology in the context of cases where neighbourhoods
are to be developed in vacant lands can be potentially insightful for combining the two
methodologies SYNTACTIC and CONFIGURBANIST.
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Endnotes

Chapter 1

Architecture is interdisciplinary in that it involves dealing with structural stability,
climatic comfort and alike but what is essentially ‘architectural’ is shaping spatial
structuresin order to serve some kind of a function. Herman Hertzberger beautifully
termed architects as “spatialists” in his inspiring speech at INDESEM 2015 at TU
Delft. Nobel laureate Herbert Alexander Simon, in his famous book the Sciences of
the Artificial (Simon, 1999, pp. 132-135) wrote: “Since much of design, particularly
architectural and engineering design is concerned with objects or arrangements in real
Euclidean two-dimensional or three-dimensional space, the representation of space
and of things in space will necessarily be a central topic in a science of design. From our
previous discussion of visual perception, it should be clear that “space” inside the head
of the designer or the memory of a computer may have very different properties from

a picture on paper or a three-dimensional model.” We are requoting this after Philip
Steadman (Steadman, 1983)for a similar reason.

For measuring socio-spatial performance, we rely on theories that can relate social
behavioural patterns in built space to spatial configuration; i.e. considering how a
certain configuration facilitates certain encounters and hinders others via influencing
accessibilities.

Urban transportation with private cars forms a significant part of this consumption
trend and has increased in the recent 50 years continuously. Exact figures and statistics
are not mentioned because sources are many and the issue falls out of scope of this
research.

The basic definitions of Space Syntax of visibility in fact show aspects in the theory that
require reworking on cityscapes with considerable hilly terrains.

see for instance the problem with Diamond Value computation explained by Hoon
Tae Park

The kinds of SDSS discussed in this paper are not exactly applied in architectural or
urban design. Nevertheless, the same issues mentioned hold for the so-called design
systems developed for instance for architectural layout, such as those introduced
(Lobos, D., Donath, D., 2010).
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The actual research process is in fact not as neat as illustrated here. The process has
been a research and development cycle as compared to mere research. There have
been many failures be it technical, methodical or those pertained to application area of
research findings. There have been many detours, serendipities, and iterations as well.

This DLL was initially conceived as a kernel for a Planning Support System for
promoting walking and cycling and informing decisions on their walking/cycling
accessibility impacts. This PSS was proposed in the context of a Horizon2020 proposal
initiated by the author together with Dr. Frank van der Hoeven for the European
Commission research grant call: Mobility For Growth MG 5.3 2014. Our proposal was
to develop and disseminate an evidence-based computational approach to spatial
planning forimproving walking and cycling to reduce urban road congestion: http://
ec.europa.eu/research/participants/portal/desktop/en/opportunities/h2020/
topics/2638-mg-5.3-2014.html

The proposal was evaluated by peers in two rounds, initially as excellent in the first
round (in terms of Scientific and Technological Excellence, and Expected Impact). The
second stage proposal was evaluated as good (Scientific and Technological Excellence:
Good, Expected Impact: Good, Work Plan: Good). Involved parties included the
following:

PARTICIPANT NO | PARTICIPANT ORGANISATION NAME ABBREVIATION COUNTRY

1 Lead Technische Universiteit Delft (TU Delft) The Netherlands
2 University College London (UCL), The Bartlett ucL United Kingdom
3 PBL Netherlands Environmental Assessment Agency  PBL The Netherlands
4 Space Syntax Ltd SSX United Kingdom
5 Transport Insights Ltd TIS Ireland

6 Open Sky Data 0sSD Ireland & Poland
7 Camara Municipal de Lisboa LIS Portugal

8 Municipality of Ljubljana LJu Slovenia

9 Samenwerkingsverband Regio Eindhoven (SRE) SRE The Netherlands
10 European Council of Spatial Planners ECTP-CEU ECTP Belgium, EU
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The parties are mentioned as a courtesy to their contribution to the development of
some ideas in the project’s proposal, which have influenced our work. Their mention in
this work does not imply their involvement in or endorsement of this dissertation.
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Chapter 2

We use the term model in so many different contexts that it has almost no specific
meaning anymore, unless we specify using prefixes such as geometric model, statistical
model, stochastic model and alike. Here in this dissertation, we use the term model
generally in the sense of a mathematical or computational model with inputs and
outputs. Specifically, by modelling a system we mean providing a mathematical
formulation or computational system that can mimic a certain behavioural aspect of
the system in question or indicate something about its performance. In this sense,

we should distinguish two different kinds of models: those that are a ‘'model of some
system’, and those that are a ‘model for a process’. We offer both types of models in this
work; their meaning will be clear in their context.

Design Research as such addresses issues in a multi-disciplinary and trans-disciplinary
manner. It is about the nature of design activities and the shared characteristics of
design professions in a variety of professions ranging from product design to urban
design.

1 The term as used by Lawson can be somewhat confusing and problematic. In the

conventional scientific sense, synthesis is referred to as the process of putting together
analyses in order to reach at a conclusion. However, design researchers seem to have
adopted a different meaning and created a jargon-like sense for the term referring to
‘generation of design alternatives’. It would have been better to avoid this terminology;
however, it is already widely used by design researchers.

Lawson has also emphasized the fact that design thinking is more solution-oriented
than problem-oriented as compared to the scientific thinking. He also states that in
most design cases synthesis comes first (Lawson, 2004).

By taking account of such phenomena as measured in terms of ‘states’ of spatial
systems (e.g. the number of people passing through or present at a space) it can
be readily seen that we are not dealing with deterministic models but with rather
stochastic phenomena and models.

The exact physical definition can be found in standard systems text books such as
(Ogata, 1987), the definition simply defines a system whose current ‘state’ does only
depend on its past and current inputs but not on future inputs and that it does not have
any information about its future. Human decision makers are definitely not so, for they
have clear ideas and wills about future and they hold certain actions for their potential
consequences and that they plan for future. In other words, we humans have some
reflexive actions but we usually have reasons for many of our actions, not causes; we
just do not do things as reactions to other things.

Endnotes



15 Thisisin fact a very delicate subject in need of deeper clarifications. Self-Organization
and Self-Regulatory processes caused by feedback mechanisms have in fact governed
the morphogenesis or many rural/ vernacular settlements; in view of sustainability we
could say such settlements would have been mostly sustainable and in harmony with
needs of inhabitants and surrounding nature. Such settlements can be distinguished
by the fact that their formation has been gradual and unplanned rather than being
centrally planned or designed. However, there are also many evidences of large-scale
urban interventions or even construction of new cities by the order of kings, rulers, and
politicians, many of which have failed throughout history. Design and planning can
well be a political act, which does not necessarily comply with the view of city as a self-
organizing system possessing self-regulatory mechanism. One interesting question
would be what could we learn from the self-organization of vernacular settlements to
apply to the planning and design process of modern settlements?

16 Proprietary CAD software applications such as:
Autodesk’s AutoCAD http://www.autodesk.com/products/autocad/overview
McNeel's Rhinoceros3D https://www.rhino3d.com/ ; and
Bentley's MicroStation: http://www.bentley.com/en-US/Products/MicroStation/

17 Environments such as Autodesk AutoCAD could run macros in LISP programming
language and alike. With macros (routines) one could potentially automate certain
cumbersome tasks involving repetition of a series of instructions; but processing flows
of data and setting up more intricate processes is not straightforward in this approach.

1¢ Freeware Add-on applications such as:
Bentley's Generative Components: http://www.bentley.com/en-US/Promo/
Generative%20Components/default.htm
McNeel’s Grasshopper3D: http://www.grasshopper3d.com/
Autodesk's Dynamo-Vasari http://autodeskvasari.com/dynamo

19 Flow-Based Programming is a relatively new paradigm in programming in which flows
of data are being processed by modules of code or functions with multiple inputs and
multiple outputs. There are presently many general-purpose FBP environments such
as NoFlo forJavascript, and of course environments dedicated to geometric computing
and computer aided geometric design such as Grasshopper 3D and Dynamo. ] Paul
Morison is a pioneer and an outspoken advocate of this new paradigm in programming.

2(

Toillustrate the point, let us suppose a case, where we are to draw a circle of surface
are equal to 100 m2. One way to do this would be to first draw a circle of arbitrary

size, and then measure its surface area and then play with the radius so as to find the
radius that gives the right answer. This is a feedback strategy. A much more reasonable
strategy, in this case, would be to analyse the problem and observe that the area of a
circle is determined by its radius with the relation A = r? , so if we are to draw a circle
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of a certain surface area, then we can find the right radius r = \/A_/n to draw the
right circle immediately. This is a feedforward strategy. We advocate the feedforward
strategy wherever feasible for it is explicitly analytic and efficient while providing full
control on the course of design.

1 Widely-accepted definitions are rare. Most definitions are inclined towards defining

spatial analysis as spatial-statistics, or leaning on reduced definitions of geometric/
topological operations involving spatial data queries. There are also some definitions
like that of us that sound like tautologies of the terms.

Such as those usually encoded in Dimensionally Extended nine-Intersection Model
(DE-9IM) implemented in ISO and OGC (Simple feature access) standards, e.g.: http://
www.iso.org/iso/home/store/catalogue_tc/catalogue _detail.htm?csnumber=40115

More information and examples on http://wiki.gis.com/wiki/index.php/Spatial _
Decision_Support_System

To this category, perhaps we should add the Land-use Transportation Interaction Models
(LUTI). Anintroduction to these models can be found in (Torrens, 2000), & (Dios Ortuzar,
J., & Willumsen, L. G., 2011). The subject, however, falls out of scope of this research

Chapter 3

As most researchers use simple or small graphs as examples to explain the idea of
using centrality measures for analysing architectural qualities some people think
these measures only confirm what architects know intuitively. Indeed, if a theoretical
measure produces a ranking, which seems to be intuitive, then it is useful in studying
larger cases where the patterns cannot be immediately seen intuitively.

It must be noted that many people confuse the notion of space represented within an
n-dimensional ‘feature’ (such as points, curves, or surfaces) with the space in which
they are ‘'embedded". This confusion is caused by the fact that features (objects such
as points, lines, or surfaces) are often embedded, drawn, or visualized in 3D Euclidean
space. However, the features themselves represent a space within which every point
can be addressed using n numbers, so to speak. This means the feature under study
(only manifold features in our work) topologically resemble (i.e. they are locally
homoeomorphic to) the Euclidean space of dimension n. For example, the surface of
the globe can be considered a 2D space (only by imaging from above) in which every
location can be mapped in terms of two dimensions such as longitude and latitude. In
this case, the atlas constructed as such would be homoeomorphic to a rectangle and
both surfaces locally resemble the Euclidean 2D space, i.e. they are 2-manifolds. This is
a reason why -for many years- people conceived of Earth to be flat.
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To be precise, what is meant by Topology is Topological Graph Theory.

Meshes contain OD, 1D and 2D elements, respectively called vertices, edges, and
faces. Itis conventional to store mesh topology in terms of adjacency orincidence
information between these elements considering the mesh as an embedding of an
undirected graph:

v e JF |

v VE VF

v
e e
B e F

There are also alternative data-structures for storing meshes such as Winged-Edge
and Half-Edge. The whole subject is outside of the scope of this thesis but interested
readers can find more about this subject in computer graphics text books.

The complete equationis x(M) = [V|-|E| + [F| = 2(1 — g) — 0 where gis the number
of genera (pl. form of genus) is and 9 is the number of boundaries composed of open
edges. This chcarcteristic is equal to 1 for maps (meshes) representing 2-manifold
surfaces.

That is a toolkit consisted of the methods and algorithms introduced in this chapter.
The computational design toolkits (SYNTACTIC and CONFIGURBANIST) are currently
available for the Grasshopper3d parametric design platform. They can be adapted

to other platforms by means of a shared library of computational methods called
configraphics.dll, thatis under development.

1 The Diamond Value is to make Integration Values comparable irrespective of the size of the

network. Its formulation has been revisited thoroughly by Hoon Tae Park in (Park, 2005).

We did not find a particularly interesting criterion for this selection to be generalized.

It seems best to leave this to be defined in a design situation. Note that all alternatives
would be the same in terms of their provision for the desired spatial connectivity, but
they will be different in terms of the undefined adjacencies. Adjacencies would be more
importantin such areas as climatic or structural design perhaps.

3 We are now considering representing the actual border of the plan and its vertices

instead of these vertices. However, such a border has either to be a convex border or
be projected to its own convex hull in order let the Tutte barycentre algorithm work. In
any case, the NEWS vertices can be considered as a very generic border of a plan, given
unknown design situations.
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As mentioned before, we have decided to focus on an alternative path starting from
topological plan layout patterns, which involves using isovist bubbles.

Note that in this generic set up of the design process we do not have any information
tojudge these distinct possibilities. However, as the tools can be easily integrated with
other computational design workflows, a designer can develop a project specific search
in the catalogue of possibilities, if necessary.

This algorithm, not to be mistaken with Voronoi Diagram, does not exist as such in
Grasshopper. This is our own implementation. All other results are also achieved using
our own implantations.

It must be noted that the algorithm for finding all possible topological embedding
patterns in 2D was already one of the most challenging and sophisticated parts of this
work. The extension of the method to 3D embedding would be even more significantly
challenging.

Instead of the nominal NEWS sides for a plan, any other convex polygon can be used in
principle but that requires adaptation of the algorithms already implemented

Chapter 4

The library configraphix.dll (written in C#) is already used in the new version of
CONFIGURBANIST. It mainly contains methods for computation of easiest paths at
present. It will be released as soon as a stable versions is ready on the author’s website:
https://sites.google.com/site/pirouznourian/home

We could potentially combine most of the tools in a single box; however, we chose to let
the curious user be able to explore different possibilities for combining the tools from a
toolkit.

1 The main tools shown in the images of this chapter are from either SYNTATIC toolkit or

other components made by the author, except for data wrappers, which are native tools
of GH.

http://www.gbl.tuwien.ac.at/Archiv/digital.html?name=SpiderWeb

http://www.decodingspaces.de/content/decoding-spaces-components-grasshopper-
rhino

http://www.archtech.gr/varoudis/http://www.archtech.gr/
varoudis/?tag=depthmap?tag=depthmap
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The definition of a good graph drawing is indeed very extensive but it suffices to say that
a good graph drawing must at least have good geometric resolution and distinction
between nodes.

A quote from a computer-graphics expert, whose reference we cannot recall or find
unfortunately!

Chapter 5

Itis known that simple path finding algorithms pose limitations even in modelling
transport (Dios Ortuzar, J., & Willumsen, L. G., 2011, p. 381)

Two generic types of raw datasets can be used to model the spatial network, namely
vector and raster datasets. In vector datasets there are OD features (points), and 1D
features (lines or polylines) possibly also 2D features (polygons).

Fora more in-depth comparison of models we refer the reader to (Batty, 2004)

The graph model of bridges of Konigsberg by Leonhard Euler (1707-1783) had bridges
represented as links and lands as nodes

1 They consider the so-called “natural movement” (Hillier, B., Penn, A., Hanson, .,

Grajewski, T. & Xu, ]., 1993)

This discussion tends to be very problematic and extensive. We refer the reader to

the paper of Ratti (Ratti, 2004) that triggered a long discussion on the problems of
reducing built environment to Space Syntax models. We could mention points for or
against both stances in this discussion but that would have taken so much space from
the already long chapter. Anyhow, it suffices to mention that we should critically think
of what we are representing in a model and manage our expectations on what can be
understood from a model according to its scope and limitations.

We form a Point-to-Line incidence matrix which when transposed makes the Line-
to-Point incidence matrix. When multiply a P2L adjacency matrix by itself transposed
(L2P) we obtain a Point-to-Point adjacency matrix, and similarly when multiplying a
L2P incidence matrix by itself transposed we obtain a Line-to-Line adjacency matrix.

Previously, they have been categorised as primal and dual representations. We consider
this distinction merely as a meta-label to categorise two large lines of works. However, the
terms do not bear the exact meaning of Poincare duality in topology. In fact, what we are
interested in is the distinction between spatial network models that model the connection
between spaces as links from those, which model spaces as links between spatial junctions.
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The graph model of bridges of Konigsberg by Leonhard Euler (1707-1783) had bridges
represented as links and lands as nodes.

The spatial network representation of Space Syntax graph that is based on axial lines is
in fact a particular class of visibility graphs. Further discussion on this topic is not in the
scope of this paper.

We have later defined admittance weights in the context of weighted adjacency
matrices used for constructing probabilistic models. Impedance weights are
convenient for geodesic algorithms but would be meaningless or counter-intuitive in
the context of graph-drawing, spectral graph theory or Markov chain models.

Physical quantities can have different units but they are all made up of seven
fundamental types of quantities as Electric Current (A), Length (L), Time (T), Mass (M),
Absolute Temperature (K), Luminous Intensity (C), and Amount of Substance (Mol).
Other quantities can be shown to be having combinations of these dimensions. For
instance, the dimension of force is MLT-2. If two quantities have different dimensions,
then addition and subtraction as well as making arithmetic averages between them
would be physically meaningless! 2 Euros+2 Meters does not make any physical sense.
Although we can mathematically put 2 and 2 together and get 4 but that does not
make any physical sense in this case.

The details of these models are discussed in a forthcoming book chapter in Research
in Urbanism Series, to be published by TU Delft, faculty of Architecture and the Built
Environment.

It might seem easy to add angles to meters of distance but that would be physically
wrong, just like adding peers and apples. When two quantities are added, they need
to have the same physical dimensions and units. This issue is referred to as unit
commensurability in physics.

1 Finding the link index (k) of for the link Li; we can get the cost of each link from the

pre-calculated impedance set.

A path mis a sequence of nodes (ny,n,,7,, ...,n,) € NXNX ..XN [where Nis the

set of nodes in the graph and x denotes Cartesian product], such that n;~n;,, for
i €[0,n]

terminology and definition from (Borgatti, Stephen P., Everett, Martin G., 2006)

The entirety of subject is well addressed in the textbook by Chung (Chung, 1997).
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A common notation, which in our view is more obscuring than helpful, is to show a
weighted graph as an ordered pair I'(N,L,w) , in which weights are indexed as to the
links

Chapman-Kolmogorov equations in this case will be applied to transition probability
matrices P™*™ = P"P™  which actually mean the following: Probability of being at
state jattime n +m isthe (i,)) entry of the transition probability matrix raised to the
power of n +m because the discrete version of Chapman-Kolmogorov equations say:

Pr(X,om = jlXo =D = Xr_, Pr(X, = kIX, = i) Pr(X,om = jlX, = k)

Thatis to say:
n
n+m __ n m
Pap = Z PGPk )
k=1

Which in matrix form looks like the following:
Pn+m — Pan

It follows from this equation that in order to fine the transition probability matrix at
time nit suffices to raise the transition probability matrix of time 0 to the power n; of
course if the process is time homogenous, i.e. the probabilities are the same over time,
but not necessarily the same over space.

If there exists a power of the transition probability matrix at which the transition
probability of i to jis positive; formally, 3n = 0|p(; ;) > 0 | i.e.the state jis eventually
accessible from state i we say the Markov Chain is irreducible if every state is accessible
from every other state. For more information and a formal treatment see for instance
the lecture notes of Olivier LEVEQUE: http://ipg.epfl.ch/~leveque/LectureNotes/
random _walks.pdf

A state iis aperiodic if the greatest common denominator of transition times at which
the probability of transiting to itself is greater than zero is 1. Formally, the period of
astateisdefined as d(i) = ged{n: p((:ll’) > 0} . What can happen for a periodic state
is that it has a positive probability of returning to itself at even iterations and a zero
such probability at odd iterations. For more information and a formal treatment

see forinstance the lecture notes of Olivier LEVEQUE: http://ipg.epfl.ch/~leveque/
LectureNotes/random _walks.pdf

Configraphics



337

69

A more intuitive description of a period is the greatest common divisor of the number
of times that the system has to go under transition such that a random walker would
return to a state. In other words, we say a state i has the period k if an eventual return
to state i must happen in ‘multiples’ of k, hence the definition:

k =ged {n > 0:Pr(x™ = i|x©® =1i) > 0}

If we expect that a return to state i can occur in 4th, 6th, 8th... iterations, then we say
the period of state iis 2; although we cannot expect the random walker to return to
state iin just two steps.

A state iis recurrent if the eventual probability of returning to itself for some iteration
time larger than zero equals 1, i.e. it for sure returns to itself following a random walk,
the only question is when it does so, not whether it does so or not. We call a state
positive recurrent if the mean recurrence time a.k.a. the expected return time for that
state is finite. Formally, if we define T; as the first return time to state i:

T, = inf{n > 1:X™ = i{|x© =i}
The probability that we first return to the same state after ntime is then denoted as fiEn) :

£ =Pr (T, =n)

If the probability that the first return time is less than infinity (meaning that it would
not take almost forever to return to the same state) is less than one, then the state is
called transient, meaning once one passes it there is practically no chance to return to
the same state. This is shown as below:

<)

Pr(T; < o) = Z figm <1

n=1

This means that recurrent states (non-transient states) are guaranteed to have a finite
return time; but we also need to ensure that the ‘expected’ number of iterations is
finite in order to ensure ergodicity. The expected number of iterations (alias hitting
time) for the eventual return is called Mean Recurrence Time denoted as M;, and
formulated as below:

M; = Z n.Pr(T, =n) = Z n. £
n=1 n=1

A stateis called positive recurrent if M; is finite.

For more information and a formal treatment see for instance the lecture notes of
Olivier LEVEQUE: http://ipg.epfl.ch/~leveque/LectureNotes/random _walks.pdf
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Do not mistake this directed graph with the graph constructed out of the doubly
directed edges as explained under the title Dual Doubly-Directed

Chapter 6

1 The fact that the environment seems playful and friendly does not mean that writing a

plugin software application foritis also a playful job!

For performance issues we are gradually replacing the matrix algorithms of MathNet by
our own algorithms.

3 Map Generalization: Decreasing the level of detail on a map so that it remains

uncluttered when its scale is reduced. Reference: http://support.esri.com/en/
knowledgebase/GISDictionary

Spectral Modelling of Spatial Networks, the proceedings of 7th SimAUD symposium,
UCL, London, pp. 103-110

Nevertheless, for our future work we have decided to improve efficiency by
implementing the Johnson's Algorithm for all-pairs shortest paths or an optimized
Dijkstra algorithm; therefore a change of graph data models back to adjacency lists
(practically array or lists) would be necessary.

Iterative Methods such as Krylov Subspace methods .See for instance:
http://nmath.sourceforge.net/doc/numerics/MathNet.Numerics.LinearAlgebra.
Sparse.Linear.html

and
http://nmath.sourceforge.net/doc/numerics/MathNet.Numerics.LinearAlgebra.
Sparse.Linear.html

the other source codes might be published at https://github.com/Pirouz-Nourian
Methods in Object Oriented Programming that do not require an instance of an object

to operate on are called static (in C#.NET) or shared (in VB.NET). These methods can be
effectively used wherever needed without having defined an object.
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