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Abstract 
  

The term Procedural Cities derives from the concept of procedural modeling; a set of 

techniques which allows the generation of digital 3D geometries using a set of rules. 

Currently, planning policies are formed in text and plans. There is a disconnect 

between the planning policy document, urban analytics and the design proposal model 

that has to comply with it. At the same time, spatial data analysis is requiring 

increasingly advanced skills and there is a need for an evaluation tool for the “non-

experts” of the field.  

The main research question of this thesis is whether a range of visual and urban 

modelling techniques could be used to help inform and evaluate urban planning 

scenarios in a comprehensive way. The term Procedural Cities in this thesis, derives 

from the concept of procedural modeling; a set of techniques which allows the 

generation of digital 3D geometries using a set of rules. This thesis aims to explore the 

possibilities of this characteristic by developing a framework which will enable the 

generation of different urban planning scenarios through a range of urban modelling 

techniques and allow the distribution of procedural models online.  

The methodology in this thesis presented of a process of integrating new technological 

tools to achieve procedures within a cross-disciplinary era. This hypothesis is explored 

through a set of diverse case studies that will gradually integrate different layers of 

simulations and data. Through the use of new visualization techniques, such as 3D 

“what if” scenarios and augmented reality, the research focuses on developing 

engaging tools for the urban planner and in extension engaging the public around 

issues concerning the city’s complexity by allowing them to interact with visualized 

models which view the urban environment in both micro and macro scale.  
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Impact Statement 
 

The current research focuses on the use of procedural modelling, an emerging 

techniue in the generation of 3D environments, for the development of various urban 

planning scenarios.  

Planning firms who aim to improve efficiency of planning solutions, are currently 

looking into integrating procedural modelling in their workflow. At the final stages of this 

PhD thesis, we collaborated with HOK, a well-known international planning firm with 

experience in large scale projects around the world, to train their planning team in 

CityEngine and at the same time, explore the possibilities of procedural based planning 

along the lines of their workflow. This project gave the opportunity to test the 

methodology developed in this thesis on currently developed real-world planning 

projects and collaborate with professional urban planners and landscape architects for 

the development of a procedural design of land uses on a building volume level. The 

results of this collaboration have been significant and are described in the conclusions 

of this thesis. The workflow allowed the development of multiple scenarios based on 

regulations supplied from the planning and design team for a new town development 

which is the main contribution of this research.  

Moreover, this work presented a new methodology to develop urban models within 3D 

urban environments. CityEngine, the main software used in this thesis, facilitates the 

development of urban models through its parametric interface and shape grammar 

language. The integration of interactive controls allows the experimentation with the 

model variables with a direct visual output on the generated city, providing 

communication tools for educational purposes. The published 191 CASA working 

paper provides a useful step-by step guide for an introduction in developing urban 

modelling theories within procedural environments. The further development in new 

emerging media such as mobile applications and Augmented Reality, as presented in 

this thesis, also holds a potential impact, as it allows the effective distribution and 

communication of arguably complex modelling applications.  
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1 

Chapter 1 

Introduction 
 

 

1.1  Scope of Thesis 

Urban planning practice has always been supported by a range of disciplines. Nowadays, the 

emergence of the smart city, is inviting the planning process to become even more complex. 

Amongst the challenges are infrastructures producing new types of datasets that require 

advanced data processing and analytics; the increase in computer power and computer graphics 

has produced widely available toolkits for users with advanced computer skillsets; and open 

source initiatives have flooded the online world with digital urban information. All these offer 

immense possibilities for the future of planning, yet they create a need for new expertise, form 

new relationships between urban data, and question the ways of communication between the 

different urban actors. It is not yet clear as to how one relates to the other. 

Despite the uncertainties, this technology boom has become a catapult for a growing interest in 

the use of analytics and simulations for cities in order to find patterns relating to spatial locations 

and to test the effect of different interventions or scenarios relating to the form of the city. City 

governments are currently looking into integrating urban science, modelling and analytics in 

planning methods to help in the evaluation of scenarios and the analysis of the city, but, enabling 

this work to be comprehensive is a time consuming and costly process as it often involves external 

consultants and experts from other fields. The results of these studies are then produced in the 

form of evidence-based reports which are difficult to understand, monitor, update and 

communicate (Rivolin and Faludi, 2005). As powerful as a toolkit these developed applications 

may be, they remain as black boxes. Often, they create doubts on their meaningfulness, thus 

depriving them from being widely discussed and used.    

As a result, planning and design methods rarely use systems that allow urban analysis at such 

multiple levels. The development of strategic planning as of today, remains a difficult iterative 
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process involving a range of different disciplines and dealing with the increasing complexity of the 

city (Healey, 2007).   

The new era seems to provide an opportunity to achieve real interdisciplinarity by integrating our 

knowledge – ‘urban science’ – with an ability to communicate – to connect planners to urban 

communities. However, there is a need for a framework as well as an interface, to allow the 

integration of this expertise and datasets, and yet be flexible enough to adjust to the different 

smart city experiments.  Different attempts to create intelligent integrated systems have been 

made before, but there are occasions that it seems like a collection of diverse smart city scenario 

models, crying out for an overall conceptual and analytical framework. (Tewdwr-Jones M., Penn 

A., private communication, 2018). 

The main research question would then be, whether a range of visual and urban modelling 

techniques could be used to help inform and evaluate urban planning scenarios in a 

comprehensive way. For this, it would be useful, to look into urban modelling techniques to 

explore what is their connection with planning, how they were implemented and whether they 

have been successful in practice in the past. What is the nature of these urban modelling 

scenarios and how are they meaningful?  

There is a set of follow-up topics arising from this research. Amongst them, how can we produce 

digital ‘instances of cities’, which may be used to apply urban models and create possible 

narratives? And if we assume that these scenario-making applications are integrated into design 

and planning, how it may affect planning as a process? Does the interface replace the need for 

expertise, e.g. by automatically allocating land uses based on an algorithm, or can there be a 

method that allows decision making? Would this challenge the role of the planner, and if so, what 

would a new role for the planner may be? 
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1.2   Methodology and Case Studies 

To address these questions we firstly examine whether there can be a synergetic method where 

standard urban design tools and modelling tools can co-exist, with the goal to inform urban 

planning scenarios. The hypothesis is that we can develop a framework which can connect 

dispersed and independent systems, with the intention to augment urban scenarios with new 

datasets, urban modelling techniques and at the same time be flexible enough to adjust to 

different case studies.  

 

Figure 1.1: An interactive modelling and planning system 

 

The core of the hypothesis in this thesis is then illustrated in Figure 1.1. The first step is the 

digitization of various forms of data, as outlined on the left hand side of the diagram. The data 

can vary between static data, dynamic real time data (i.e. ‘big data’) and planning knowledge. If 

processed appropriately, these datasets can be put into an intelligently searchable information 

system to provide inputs for a wide range of analytical and modelling software. Based on these 

inputs, different planning scenarios can be generated via advanced mathematical techniques 

developed to model the high levels of interdependence between the elements of an urban system 

(Wilson, 2013).  

We assume this diagram as a feature to be tested by research.  This is a theoretical model, which 

brings together disciplines as different components. The desirable outcome is to enable the 
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independent development of each module, while at the same time bringing everything together in 

a joined interface.  

The advantages of a common interface are two-fold. Firstly, connecting design/policy with 

modelling indicators in the same system will allow the exploration of parameters which connect 

urban models and planning permissions. Secondly, a synergetic method that allows intuitive 

experimentation, may enable complex models and data to become better understood by the 

planner and therefore appear less of a black box. At the same time, the urban scientist who 

develops urban simulations may be able to adjust and calibrate models based on the different 

planning restrictions set by the planner. This presents a modular approach to the cross-

disciplinary problem, thus creating a flexibility by adding or removing components, in order to 

meet the demands of different case studies. 

In summary the challenges are threefold. First to integrate new data sources with old and to have 

a means of visualising; secondly, to make the best use of this data with analytical and modelling 

techniques (cf. Wilson, 2013); thirdly, to integrate these methods with existing approaches to 

master planning; and finally, to demonstrate how these methods can be communicated to the 

wider community of interest and thus form the basis of perhaps a system that could be 

characterised as interactive planning. 

To demonstrate the flexibility of the diagram, it is useful to test it using several diverse case 

studies. Each of the boxes-components has a different technical challenge and a unique purpose 

in the planning process. Therefore, the work of this thesis can begin with the main flow chart 

diagram of the theory and can build upon it to gradually integrate different layers of information 

within the same system. These diagrams will then provide the main working structure for the case 

studies, which demonstrate the integration of design tools, data, urban modelling, urban planning 

and eventually participation.  

The case studies were produced with the help and support of several collaborators, whose 

contributions are noted in the following paragraphs.  

The first presented case study is the “Victorian house” applied in the area of Camden in London, 

as illustrated in Chapter 3.  The Victorian house presented here, is a demonstrator of procedural 

modelling for cities and planning, the core technology used in this work and the main ingredient 
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of the Information System -the heart of the diagram- as introduced in later in Chapter 4. The 

Victorian house, explores the capabilities, advantages and limitations of ESRI’s CityEngine 

(Figure 1.2), a popular procedural platform for building virtual cities, as a tool for building dynamic, 

parametric 3D visualisations of the built environment.  

The Victorian house work was carried out in close collaboration with Polly Hudson from CASA, 

UCL. Hudson’s contribution was twofold. Firstly, by providing a basemap of all the Victorian 

houses in Camden from her personal research, and secondly, by advising experts from the energy 

institute in UCL, English heritage, as well as offering her own expertise for the evaluation of the 

generated variations of the facades and main volume of the Victorian house. The rulesets and 

the development work for the variations and the analysis behind procedural Camden is the work 

of the author. This work started early in the PhD process, as a testing model for the development 

of grammar rules for buildings. However, it is an on-going work and is part of a wider research 

field dealing with the 3D parametric re-creation of instances of cities. 

 

 

 
 

Figure 1.2: “Manhattan in 4 simple steps”, The area of Manhattan built in 3D in minutes with map data using 

CityEngine (ESRI CityEngine, 2016).  
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The second set of case studies, which is presented in Chapter 4, was developed during the 

master’s thesis under the supervision of Professor Andrew-Hudson Smith and with the advice of 

Sir Alan Wilson. The inspiration, derived from my own need to understand complex mathematical 

models in a visual way, and to produce an interface to test their parameters and study the effects 

of changing values on the form of the city. These original four toy models, introduce the “science” 

module of the diagram, and are a proof of concept for the use of procedural modeling for the 

visualisation of urban models.  

These models led to the Gulbarga case study in the same chapter, in collaboration with Dr. Priya 

Narayanan, Assistant Professor (Geography) in the School of Earth Sciences in the Central 

University of Karnataka and Sir Alan Wilson, which introduces the planning knowledge module.  

In this case study, simple designed land uses zones are introduced in the simulation of an urban 

model which tests land use distribution based on population changes. The planning zones and 

population attributes where provided by Dr. Narayanan, while the development work in CityEngine 

was performed by the author in CASA in the early stages of the PhD thesis.  

The SouthYorkshire “two-tier” demonstrator in Chapter 5, goes beyond the theoretical diagram of 

Figure 1.1, to introduce additional components in the framework, emphasising the flexibility of the 

system. In this case study, we introduce an external regional model, developed by Joel Dearden 

and Sir Alan Wilson as a new module in the diagram, and we create a two-tier structure, originally 

developed by Sir Alan Wilson and augmented and tested by the author. The developed work by 

the author under the PhD’s joint supervision, includes the Information System for the introduction 

of the dynamic outputs of the external model, the production of the visuals and interactive controls, 

as well as the implementations of the two-tier model which is presented in this chapter.      

Chapter 6 demonstrates new modules in the diagram which deals with new datasets. TweetCity, 

explores the introduction of dynamic real-time online data from API’s and it was developed in 

collaboration with colleague Stephan Hugel, under the real-time smart city applications of both of 

our first supervisor Andrew-Hudson Smith. Hugel developed a twitter miner in Python, which was 

introduced into CityEngine and visualised by the author.  

A field study in Lima, Peru as a research assistant in 2014, was also used in this research to 

investigate public engagement techniques and new emerging datasets in this thesis. The 
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RemapLima case study explored the integration of innovated technologies in participatory 

planning inspired by the director and lead of the CASA work of this project, Prof. Andrew-Hudson 

Smith. These include drone mapping technologies, mobile applications and mixed reality 

techniques for planning and participation. The Development Planning Unit in UCL, led the 

planning participation work, while CASA provided the digital expertise and led the data 

processing, collection and visualisation work. The presented work is the work of the author.  

Finally, The QEOP demonstrator in Chapter 7, which ran at the final year of this research, 

integrates a whole chain of applications in the back-end and uses UNITY 3D, a popular graphic 

engine, to supply a front-end interface builder. This work, joins the 3D digital planning interfaces, 

taught by Professor Andrew-Hudson Smith from his own research, with Sir Alan Wilson’s 

mathematics of cities. The thesis leads all the way to this point to demonstrate that this is possible 

and ends by exploring the implications for planning processes. 

At this point, it is important to note that this is not a modelling nor a public participation thesis. It’s  

aim shifts from the development of a new urban model for planning, to propose a framework for 

the integration of different modelling inputs and outputs in the context of creating planning 

scenarios. This thesis presents a new method for the development of scenarios, integrating urban 

science in the form of urban simulations and will attempt to explain how these proposals can be 

distributed online in one coherent pipeline. The focus is therefore, is not in the development of 

the scenarios themselves and neither to make a comprehensive planning study, but on the 

workflow that will allow the integration of different information in one system and the 

implementation of this methodology in multiple different case studies. This thesis develops an 

interactive urban planning method and the interface and visualisation of planning scenarios to 

achieve this goal. 
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1.3  Thesis Structure 

 
Chapter 2 

This thesis begins to look into the integration of modelling and procedural modeling as a potential 

tool for the development of a spectrum of urban planning scenarios. The second chapter explores 

the basic concepts of this thesis – “scenarios”, “urban modelling” and “procedural modeling”, 

looking at what –if scenarios in the context of strategic foresighting and how they are developed 

in planning. Urban models and simulation are then the mean to produce multiple scenarios using 

computer-based simulations. The review then proceeds to evaluate models that are used typically 

for planning purposes. The use of procedural modeling is then viewed from a dynamic 

visualization point of view through the work of Muller’s CityEngine. The unique properties of 

CityEngine in combining GIS capabilities with parametric design, enables the creation of 3D cities 

with a click of a mouse, and therefore the mass production of planning scenarios. The purpose is 

to then to delve into the technology behind procedural modeling and in which ways it is currently 

used as a planning tool. This chapter then proceeds to the first part of the hypothesis, which is 

whether procedural environments may allow the development and visualization of urban 

modelling, which would enable the exploration of a large number of scenarios on different 

levels/planes. The review then proceeds to evaluate the procedural modelling techniques, and 

views the integration with modelling as an opportunity to achieve interdisciplinary in urban science 

with an ability to communicate, “to connect planners to urban communities”.  

 

Chapter 3 

Chapter 3 aims to go deeper into the procedural visualization work by understanding how to 

produce urban planning and design scenarios in CityEngine and how the existing conditions of a 

city can be "re-created" using procedural rules and datasets. The chapter defines the advantages 

and disadvantages of the procedural modeling technique for urban planning, as well as its key 

definitions which will characterize the methodology followed in this thesis. The work in this chapter 

begins with the procedural redevelopment of the "unit" of the city, the building. More specifically, 

the Victorian house is selected as a case study, which is one of the most iconic architectural 
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typologies in London and the UK. Through this case study, this part of the thesis seeks to 

demonstrate rule-based planning, using planning regulations to produce aspects of the built 

environment, by gradually moving from the house, to the block and finally to the neighbourhood. 

The scope of this chapter, is moreover to have an inside look to the grammar that produce 

buildings in CityEngine. A series of rulesets are being produced as an output of this work which 

are illustrated via a series of images. This work then sets the foundations, on which the procedural 

workflow will be based on.   

 

Chapter 4 

Chapter 4 builds on the main methodology followed in this thesis through the use of three case 

studies. Starting with the Von Thunen model (Thunen, 1826), a generalization of Von Thunen 

using multiple centres, and finally the standard dynamic retail model by Harris and Wilson (1978), 

this first part explores the integration of urban modelling with procedural techniques with the aim 

to explore the use of procedural modeling as a complete toolkit for building interactive 

visualizations of urban modelling theories. This will provide a guide for developing urban models 

in CityEngine and aid in the better understanding of the urban environment through 3D urban 

visualizations, complexity theories and interactive systems. Through the implementation of 

experimental case studies which introduce spatial interaction and spatial dynamics within the 

simulation of a 3D city, it’s purpose is to demonstrate the main methodology of this thesis for 

integrating models in the procedural paradigm and discuss the advantages and limitations of 

ESRI’s CityEngine. 

The second part of this chapter, aims to introduce the basics of what this thesis defines as 

“procedural-based planning” by integrating planning knowledge within the simulation of an urban 

model. We use a simple Lowry model, a planning application in relation to new development in 

Gulbarga, India, and a custom made mathematical model developed within the visual 

environment of ESRI CityEngine to demonstrate the benefits of procedural-based planning. This 

then provides the basis for more ambitious applications which will be reported in the next chapter.  
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Chapter 5 

Chapter 5 presents the first major case study of this research, which aims to overcome limitations 

and challenges identified in the early experiments. The south Yorkshire case study will investigate 

the idea of having a “two-tier” system, that will allow the communication between a regional model 

and a planning lower tier model. The vision is to use an external model, which calculates land use 

demand on a regional level, and then to evaluate a small-area plan, such as a neighbourhood or 

a new development.  This works sets out the formalities for achieving this and describes possible 

ways of developing different what-if scenarios, illustrated with different possible applications.  This 

chapter also presents the development of an information “hub”, which will allow the augmentation 

of the existing model with lower-tier models in one system. This work, sets the ground for the next 

case study, which will enable the use of new datasets in the developed procedural system.   

 

Chapter 6 

This chapter goes beyond the modelling/procedural modeling scope of this thesis and seeks to 

integrate further capabilities into the currently developed procedural system to unveil the full 

potentials of procedural-based planning, within the context of the emerging smart city. New 

datasets and online capabilities are now being the priority of ambitious planning support systems, 

such as Google flux (Google X, 2016), Paul Waddel’s Urban Canvas (2015), FME (Safe Software, 

1993) and other systems which essentially provide frameworks for bringing together different 

layers of information and promote online collaboration. We will review these newly emerged 

frameworks that can be used in combination with procedural-based urban planning, and more 

specifically the integration with new datasets and big data in the form of near-real time data and 

3D point cloud data. Tweetcity, presented in this chapter is an early demonstration of such a 

system. The study showcases the integration of online near-real time feeds within a procedurally 

generated urban design. Tweetcity aggregates tweets in London and visualizes them as building 

heights using a tagging method.  

A second case study in Lima, Peru, enables the introduction of point clouds in the procedural 

based system and provides the methodologies for collaborative planning. This study, presents 

the results of the RemapLima project, a joined project with CASA UCL and the Development 
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Planning Unit (DPU), who engaged with local communities to connect 3D mapping techniques 

with public participation. The aim of this work was to enable local communities, to identify 

complexities of different localities, which cannot be captured using traditional methods of 

cartography. Using previously mentioned methods, in this chapter, there will be a detailed 

recording of the steps followed in using these innovative forms of writing maps to engage the 

community. The project will be separated in several phases and include different parties. The first 

phase is connected to a workshop in Lima and will allow the definition of problems and acquire 

necessary information for the development of the project. The second phase will focus on the 

development of public engagement methodologies, and this will later feed into urban modelling 

systems such as CityEngine and new visualization techniques. The integration of public 

engagement within this research is crucial, as it addresses the challenge of resilience in cities by 

encouraging dialogue between institutions and citizens.  

The new advancements in procedural modeling along with the emergence of new open data 

within the context of smart cities are pointing into the need for the development of platforms with 

more capabilities and with a focus on visualization. This part of the thesis, attempts to add to the 

current framework, the use of online sources that can communicate spatial information to the user 

and therefore can create more informed scenarios. 

 

Chapter 7 

Chapter 7 draws the conclusions from the three case studies and puts forward a view of the state 

of the art in urban modelling, online distribution and city visualisation systems for an integrated 

method for planning. This chapter takes the work outside of the environment of CityEngine to 

support the online use of systems and introduce new means of communication and presentation, 

such as Augmented Reality (AR), Apps and mobile devices with the scope to bring the information 

to a wider audience. As in the beginning of this study this work uses the Von Thunen and retail 

model, developed for mobile applications, to demonstrate the benefits of integrating additional 

systems in the workflow. The focus on procedural-based planning will be illustrated with the 

Queen Elizabeth Olympic Park case study, based on the outcomes of the research methods and 

toolkits developed in earlier chapters.  
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The Queen Elizabeth Olympic Park work, is based on the Legacy Communities Scheme, a 

massive regeneration scheme, and applies it in a procedural context by augmenting it with urban 

modelling and online datasets. A variation of the two tier model is used, as presented in Chapter 

4, to link the regional online urban model of QUANT (Milton, Batty, 2017) to calculate employment 

and residential demand in the area. New development zones as defined by the LCS will be used 

then to develop the different scenarios and define the planning tasks. This work then offers a 

method to integrate online capabilities using UNITY 3D and develop a complete framework for 

the development of online scenarios using procedural modeling at its core. This work will conclude 

the hypothesis of this PhD of how modelling techniques can be used to evaluate standard policy 

practices in a participatory context.    

The system will make use of techniques in which users will be able to interact with the model, by 

adjusting parameters in the simulation process and create a chain of reactions that affects the 

city on a global level. The decisions of the users can later be studied in terms of interplay with the 

aim of creating a new methodology for an integrated planning method using procedural modeling 

at its core. The work will include some of the latest engines in visualization and simulation and 

therefore there will be a concluding section in this chapter, highlighting problems and possibilities 

of the use of such systems for complex and diverse functions.  

The projects aims to advance the public’s awareness and interpretation of the rapidly increasing 

urban data space, and itself has considerable further potential. The goal of this project is to 

connect such feeds to the existing information system to explore the development of digital tools, 

which based on easily accessible live feeds, 3D cities and interactivity, and will support the 

understanding of the possibilities, problems and consequences of different planning scenarios on 

the form of the city. 

 

Chapter 8  

Chapter 8 presents the overall conclusions of this work and speculates on the future of planning 

and how new systems will change the way planning is perceived until now. It draws examples 

from BIM and AI and presents a final vision of how things may evolve in the future.  
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1.4  Definition of Key Terms 

Procedural modeling “is an umbrella term for a number of techniques in computer graphics to 

create 3D models and textures from sets of rules” (Ebert, 2003). L-Systems, fractals, and 

generative modelling are procedural modeling techniques since they apply algorithms for 

producing scenes. The term “modelling” when referred to procedural will be cited exactly in the 

original spelling and as it is commonly used in all current bibliography, which is the American 

spelling “procedural modeling”. 

Urban modelling/Modelling- Models/Symbolic modelling, according to M. Batty, is “the 

process of identifying appropriate theory, translating this into a mathematical or formal model, 

developing relevant computer programs, and then confronting the model with data so that it might 

be calibrated, validated, and verified prior to its use in prediction” (Batty, 2009). 

Procedural-based planning in this thesis is defined as the practice of urban planning using 

procedural modeling tools and techniques. Procedural based planning is not to be confused with 

Faludi’s Procedural Planning Theory which deals with the making and implementing of plans 

(Thomas, 1979).  

CityEngine (CE) is the procedural software from ESRI, commonly used in this thesis to build 3D 

models of cities and systems.  

City Information Modelling (CIM) “is an extended network based description for BIM. The 

system ambitions to integrate independent BIM buildings models to an extended network that will 

look at the city on a global level as well as a local level” (Xu et al., 2014). 

Building Information Modeling (BIM) is a digital representation of physical and functional 

characteristics of a facility.  

Smart city There are several definitions regarding the smart city. In this thesis, we consider the 

smart city as an “urban vision” which integrates new connected digital systems and information 

technology to effectively and sustainably improve urban life.  
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Geodesign “is a set of techniques and enabling technologies for planning built and natural 

environments in an integrated process, including project conceptualization, analysis, design 

specification, stakeholder participation and collaboration, design creation, simulation, and 

evaluation (among other stages)” (Flaxman, 2010).  
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Chapter 2 

“What-if’s”, Analytics and Procedural Modeling for 
Urban Planning: A Review  

 

 

2.1 Introduction 

Urban planners, policy makers and the people, now have a plethora of digital means to create 

representations of alternative futures for their cities. These tools focus on the visualisation of 

urban environments and have the capacity to combine datasets, analytic tools and simulation 

models (Brail and Klosterman, 2001). The research and development of such tools is well 

timed, as there is a variety of new software available specialising on cities which comes with the 

increase in computer power and the latest developments in computer graphics. There are 

significant developments in the field of 3D visualization software, which turn specialised and 

complex techne, such as 3D modelling, interactive design and Virtual Reality development, into 

mainstream applications. Moreover, there is the need for opening up the planning process to a 

broader audience in order to increase transparency and enable the more effective collaboration 

of the planning actors and for this, there is a need for tools that can communicate and 

effectively distribute planning information.  

This Chapter is divided into three sections. Firstly, we explore the theory and practice in 

developing urban planning scenarios, by defining what are the what-if’s in planning and the 

ways in which these have been interpreted over the last years. Secondly, we will briefly look into 

the different methods for computer-based simulations and tools developed to assist in the 

production of such scenarios. These tools primarily focus on land-use transportation analysis 

and the impact of choices on these systems. Thirdly, this chapter will introduce procedural 

modelling as a technique to create interactive urban planning scenarios, which demonstrate the 

opportunity to effectively communicate both planning information and modelling to a broader 

audience.  
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2.2 “What-if” Scenarios in Planning  

“What if” scenarios of cities are visions of urban futures. They are alternative representations of 

worlds, which aim at analysing possible future events. The word scenario itself implies to some 

extent a narration. Deriving from the Latin word scena ‘scene’, it was used in 19th century Italy to 

describe a written outline of a theatrical plot. As a tool for strategic thinking, it was introduced in 

the 1950s’, in the aftermath of World War II by Herman Kahn, a military strategist working at the 

RAND Corporation who developed a series of studies used to describe nuclear outcomes 

during the Cold war. These were later published in his book, The year 2000, where scenarios 

were defined as “hypothetical sequences of events constructed for the purpose of focusing 

attention on causal processes and decision points” (Kahn et al., 1967). From that point on, the 

word scenario was widely used as a potential set of happenings.  

The last 25 years have seen an increase in the use of scenarios, especially in fields that have a 

strategic dimension, such as business or economics, to manage risk and develop robust plans 

in the face of an uncertain future (Maack, 2001). Scenario analysis in these industries follows a 

systematic process to create a set of plausible narratives that examine social, political, 

economic or other forces that may impact a project. As they focus on areas of uncertainty and 

the potential for unexpected future events, scenarios provide a perspective not captured 

through projections based on past data, but based on trajectories or possible directions (Carroll, 

2000; Holland, 2007). 

Despite the strategic value of scenario planning, its use in urban planning is limited as the 

primary tool for making long-term plans for the city remains the masterplan of the Renaissance  

(Bartholomew, 2005; Hopkins and Zapata, 2007; Isserman, 1985). The masterplan creates a 

“grand plan”. The planner examines the growth and functioning of an area of interest, such as 

the geography, the built environment, the socio-economic conditions, the urban infrastructure, 

the environment and many other urban elements thoroughly, and then develops a spatial 

proposal for this area for the next years, based on the reports produced from this analysis. This 

process typically views the city as a product with functionality, zoning, movement and traffic. As 

described by Giddings and Hopwood “They are usually highly prescriptive plans with detailed 
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land uses. In fact, they appear as design blueprints with very specific plans of social 

infrastructure, road network proposals, and redevelopments” (2011, p. 2). 

In an effort to streamline the planning process, Masterplans have become one of the main tools 

of the planner for the public sector, and since the 1950’s they were established as the 

predominant system in urban planning partially due to the vast growth of the post-war era. 

However, these top-down deterministic concepts were criticised by some parties as arrogant 

and elitist in the 60’s (Giddings and Hopwood, 2011) for their failure in resulting in good quality 

spaces and “ignoring people’s needs and hopes” in an era where the demand of producing 

sustainable solutions increased dramatically.  

To address this issue and for planning to cope with the increasing complexity of the city,  

governments and other entities concerned with urban futures have encouraged the 

development of spatial strategies to envisage the future development of their areas, thus 

making scenarios an essential tool for the decision making process (Healey, 2007). Most of 

these were in Europe in the late 20th century, but also in the United States (Wheeler, 2002) and 

Australia. Such strategies, provide general guidelines for the development of scenarios in 

masterplanning and often involve a detailed documentation with analytics accompanied by 

different types of visualisations and plans. These have been part of the toolkit for planning in the 

twenty-first century (Ward, 2002). The primary goal of these strategies centres on specific 

spatial interventions that aim at improving urban conditions and facilitating growth in a broader 

context. According to Healey (2007, p. 440) goals include “greater national and international 

visibility for their locales; co-ordinating project initiatives; connecting interventions in different 

parts of an urban area, often in different jurisdictions; linking development locations to major 

infrastructure investments, thereby reducing spatial injustices; promoting economic 

opportunities; limiting threats to environmental balances; and working out which aspects of the 

past to conserve.”. 

Different types of guidelines have been developed. In Southern Europe and South America, 

general regulatory plans are mostly used, while in Northern Europe structure plans are more 

popular, and in the US there is the use of comprehensive plans (Chakraborty and McMillan, 

2015). Funding bodies, such as the EU, international aid agencies, and many higher tier 
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government funding programmes, have also encouraged the production of strategies and 

visions set to promote sustainability and spatial development (Hall and Tewdwr-Jones, 2010).  

Along those lines, the UK RIBA Plan of Work1 2013 (Figure 2.1) developed a solid framework to 

organise the process of briefing, designing, constructing, maintaining, operating and using 

building and town planning projects into a number of key stages. The content of these stages 

may vary or overlap to suit specific project requirements.  

Despite these spatial strategies, the role of scenarios in planning remains vague and without 

any specific framework for their development. Scenarios are in some cases introduced in 

master planning, through the Strengths, Weaknesses, Opportunities and Threats (S.W.O.T) 

analysis. A type of a strategic tool that is used to evaluate internal and external influences upon 

a shared vision or specific goal (Dyson, 2004). However, the outputs of this analysis lack 

scientific background and are often difficult to evaluate. Alternatively, scenarios study selective 

uncertainties of proposals. For example, the exploration of future energy scenarios for a specific 

area or development. In this case as Albrechts (2004, pp. 751–752) mentions, scenarios have 

clear strategic dimension in that “they are selective and oriented to issues that really matter”. 

These techniques even though strategic, produce a small number of scenarios and are often 

difficult to communicate. Perhaps because urban planning is as of yet a complex, iterative 

process involving a range of different disciplines and concerned with top-down imposition of 

goals. 

Tom Verebes, in his anthem on parametric urbanism, also condemns the conventional 

techniques of master planning, as they are limited in their adaptability and less “intelligent” than 

they ought to be. He highlights the lack of feedback mechanisms, the ability to process 

information and learn from input-output relationships, oversimplifying the top down design 

process and opposing bottom up growth and development of urbanism. “The fallacy of 

determinism is perhaps the greatest challenge for the master planner in the 21rst century” 

(Verebes, 2013, p. 93). The contribution of scenario development in this context would then be 

that it encourages the consideration of multiples (futures, viewpoints, ideas), and this 

opportunity has yet to be fully realized (Vellinga, 2005).  

                                                      
1 The RIBA Plan of Work 2013 is published in the official RIBA website (RIBA, 2013).  
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Figure 2.1: RIBA plan of work 2013.  
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Arguably, one of the strong supporters for the development of urban scenarios is Jean Hillier. 

She wants to approach strategic spatial planning as an adaptive practice that is concerned with 

what can be done in the face of uncertainty (Hillier, 2011, 2008, 2000). For Hillier, spatial 

planning attempts to embrace a future that is not determined by the continuity of the present, 

nor by the path dependent repetition of the past. Following the approach of Gilles Deleuze and 

Michel Foucault (Hillier, 2008, p. 46; Wood, 2009), who wanted to create a ‘tool box’ of ideas, 

she proposes a practice that is concerned with “trajectories”, or directions, rather than specified 

end-points and top down imposition of goals. To achieve this stochastic approach, White et al. 

argues that strategic spatial planning should consider the distribution of longer-term alternative 

potential futures that may, or may not, be actualised (White et al., 2007, p. 184). In that sense, 

for the long-term future it is more useful to have several trajectories or ‘visions’ towards which 

actors desire to navigate (e.g. planning for climate change), than predetermined solutions, so as 

to provide a better understanding of the possible.    

The ideas of Hillier and Albrechts were inspired by the use of prospective or strategic 

foresighting techniques (Albrechts, 2006, 2005; Hames, 2007). Strategic foresighting invites 

consideration of the future as immanent, something created dynamically; in contrast to 

forecasting, which tends to involve a future already decided by trend extrapolation, ‘like a 

mystery that simply needs to be unravelled’ (Cordera et al., 2017; J. Hillier, 2007). 

Strategic foresighting involves an open exploration of the potentials of many futures through the 

development of radically alternative exploratory scenarios. It involves a ‘conscious, purposive, 

contextual, creative and continuous action to represent values and meanings for the future’ 

(Albrechts, 2005, p. 254). And therefore, even though it is impossible to know how exactly the 

future will play out, the development of strategic trends from multiple possible future trajectories 

would ‘play out well across several possible futures’ (2005, p. 255). 

Even though spatial strategy is a messy, back-and-forth process, with multiple layers of 

contestation (Healey, 2009), the product of this process is a series of “what if” scenarios that 

serve to redefine the problem. “These are not the truth, but plausible truths” (Stolk and te 

Brömmelstroet, 2009, p. 7) and according to American writer Michael Speaks (2002) this is the 

way “design intelligence” is produced. In that sense, it is possible to understand the contribution 
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of urban simulation models in intelligence within smart design. Such models can produce 

speculations, “what-if’s” and scenarios by researching basic elements, ingredients and 

processing relating to planning, without pointing at one solution (Stolk and te Brömmelstroet, 

2009).  

In planning, there are several models which are being studied. Examples include economic 

models such as the Land Use Transportation Models (LUTI), Urban Growth Models and models 

which seek to introduce complex computational methods with emerging behaviours such as 

Cellular Automata (CA), Agent Based Modelling (ABM) and many others. What is the function of 

such models? Are they relevant to current planning methods? Or are they speculative systems 

that are meant to dictate decisions on cities.  

According to Michele Provoost, director of International New Town Institute, models should not 

make our decisions but instead “Urban simulation should be an instrument that should be used 

within urban design” (Stolk and te Brömmelstroet, 2009, p. 10). To achieve this, the relationship 

between planning, design and simulation needs to be further researched and developed to 

connect them to planning practices and allow the planners and the public to get their hands on.  

 

2.3 Urban Models, Analytics and Simulations for Planning  

Models can be considered as “theories of systems of interest” (Wilson, 2012a). They can 

provide insights into the “What-if” with their analytical properties for urban planning and policy 

development. Wilson characterised them as “flight simulators” for planners (2016). As Batty 

states: 

 

 “Models are simplifications of reality, theoretical abstractions that represent 

systems in such a way that essential features crucial to the theory and its 

application are identified and highlighted. In this role, models act as a vehicle 

to enable experimentation with theory in a predictive sense, and to enhance 

understanding which may be prior to predictions of situations as yet 

unrealized, for example, in the future” (Batty, 2013). 
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In that sense, complexity theory contributes to the analysis of urban space by modelling the 

behaviour of its independent elements. Such a process was not possible in the past mostly due 

to the scale of the problem. The American scientist Warren Weaver, made exactly this point 

when he noted that “Scientific methodology went from one extreme to another- from two 

variables to an astronomical number and left untouched a great middle region” (Weaver, 1991). 

This middle region includes problems such as the interpretation and prediction of human 

behaviour which is challenging to be predicted (Fry, 2012). As a result, studies in this area were 

limited and most of the time theoretical. The increasing availability of spatial data, however, 

combined with the ability to perform complex calculations with the increasing computer power, 

has enabled the analysis and identification of patterns in the city. From that point on, it has 

recognised that urban modelling is a powerful means of analysis to test theories about spatial 

location and interaction between land uses and related activities (Sivakumar, 2007).  

It is not, however, the purpose of this section to review this vast body of work systematically, as 

the contribution here does not focus in the development of a specific urban model, but rather it 

is meant to highlight the basic principles of model design and the use of models and simulations 

in urban planning to understand how they can be incorporated into the master planning and 

scenario development methodologies. The next paragraphs will therefore briefly review models 

and simulations that have been widely used in urban planning for land use design and analysis. 

 

2.3.1 A Brief History  

Urban planning is a multi-disciplinary procedure, impinging upon the fields of transportation, 

land use planning, modelling and many others. Practitioners and researchers in urban and 

regional planning and analysis have recognised the complex feedback connecting urban 

transportation, land use, and environmental quality, and use models that capture these 

interdependencies to support a more effective planning.  

Mathematical modelling originally became popular in planning because of the need for travel 

demand models and the macroeconomic modelling of spatial flows by urban planners and 

researchers as early as the nineteenth century (Waddell and Ulfarsson, 2004a). For example, 

the agricultural monocentric city model, originally written by Von Thunen in 1826, which 



“What-if’s”, Analytics and Procedural Modeling for Urban Planning: A Review Chapter 2 
 
 

 

24 

attempted to explain land rent in relation to transport cost and the housing market (Thünen et 

al., 1966). The model assumes that people want to maximise their benefits by choosing an 

optimum residence location which depends on a trade-off between housing price and 

transportation cost (Alonso, 1964; Wingo, 1961). This trade-off is represented in the form of a 

bid-rent function, which describes how much each household is willing to pay to live at each 

location. Another example is the early Lowry model, a mathematical system that generates 

population and services from employment, and uses land constraints to quantify land use 

demand (Lowry, 1964). Both of these models are theoretical and while valuable in helping to 

understand basic principles of urban development, remain simplified in their assumptions and 

heavily focused on economic considerations (Wheaton, 1979).  

In applied modelling, for nearly a century, one of the most popular models in planning has been 

the Land Use Transportation Interaction (LUTI) model, which has dominated the modelling 

literature during the second half of the 20th century (Boyce and Williams, 2015; Iacono et al., 

2008; Wegener, 2004, 1994). Typically, these group of models are used to simulate the effect of 

transportation in land use, and they are used in planning to measure interdependences such as 

the effects of transit and roadway improvements on urban development and real estate prices, 

or the effects on traffic and travel patterns of development patterns and changing 

demographics.  

These emerged from earlier work on the Lowry gravity model (Goldner, 1971; Waddell, 2011), 

typically consisting of two sub-models with one referring to human activities and the other to 

transport systems. The activity sub-model provides socio economic inputs which are used as 

inputs to the transport sub-model. In return, the transport sub-model provides transport costs 

which are used in the activity model. Extended LUTI’s have a stronger theoretical and 

methodological approach which can be applied in planning as they incorporate population and 

land use constraints (Bartholomew, 2005). They thrived in the 1960’s in planning, as a result of 

the demand for calculating the capacity of roads and highways due to the growth of population 

in cities. For example, a version of a LUTI model was used to study the impact of railways in the 

US Midwest. The model accurately predicted the growth of population based on population data 

covering the years 1790 to 1870 (Wilson, 2012b).  
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Application of these models in real cities, especially in the US such as the San Francisco Bay 

area and Chicago, brought out issues relating to the need for taking into account additional 

factors, such as the environmental impact of developments, air quality and the need for 

integrating the multimodal transportation (National Research Council, 2014). The demands for 

the LUTI models have consequently grown.  

To cope with the increasing objectives, models require custom-made, computer generated 

simulations to run, as they are complex, unique for each case study, and there are currently a 

small number of platforms to allow the development of LUTI models within a spatial context. An 

example is the SIMULACRA web-based application developed by researchers at CASA, UCL 

(Batty et al., 2013). The model assesses different urban futures—“what-if ” scenarios, based on 

the impact of new London airports in the Thames Estuary (Figure 2.2). The application was 

developed using different web-tools and online databases and allows the user to input different 

values for employment and population. The result is the calculation of trips around London. The 

importance of this model and its relevance with planning, is that it is a collection of models 

which not only calculate population from employment, but also retail and services.  

 

Figure 2.2: The SIMULACRA LUTI model for the London region from CASA, UCL. The application 

simulates work trips from Heathrow in the Greater London residential model (Batty et al., 2013). 

Despite being criticised as outdated, the LUTI models are still being widely used as they 

effectively create scenarios of trip-distributions and they are a popular method for calculating 
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land use demand to this date (Cordera et al., 2017). Highly disaggregated version of LUTI 

models are used by several metropolitan planning organisations worldwide including London. In 

October 2014, the then Mayor of London, with Transport for London, released the London Land-

Use and Transport Interaction model (LonLUTI2) to help predict the use of land for different 

activities depending on Government policies and transport investment. The LonLUTI model built 

by Simmonds (1999) is a land-use and transport interaction model which covers London and 

the South-East part of the UK. “LonLUTI assesses the land-use impact of transport schemes 

and provides a rigorous analysis of the demographic, economic and transport impacts of land-

use proposals.” (Feldman et al., 2011). The innovation in this model, is that “space” is measured 

in terms of quantities of floorspace rather than land. This approach, is central to the link 

between urban models and planning methods, as it takes into consideration the vertical 

dimensionality of the city and essentially views the city as the three-dimensional system that it 

is. 

From their applications in planning, the LUTI and bid-rent models have been continuously 

criticised over the years as hermetic, technocratic and in many cases static (Cordera et al., 

2017; Giuliano, 1989). They use mathematics to determine urban relationships, following a 

deterministic approach, by specifically calculating flows of people between the different parts of 

urban elements.  

In light of these scepticisms, and with new computer techniques re-invented over the last 

decades, new types of models have come to light to experiment with the planning process. 

Since the 1980’s the development of discrete choice modelling and the emergence of Cellular 

Automata (CA) and Agent Based Modelling (ABM) in computer science, have inspired new 

pathways in urban modelling. CA models emerged within the idea of self-organisation and 

became popular because of their bottom-up approach. They simulate urban dynamics through 

the local actions of “automata” and use rules to replicate patterns (Wolfram, 1986). They consist 

of a regular grid of cells, each having a set of stages and work with the principle that if a cell 

changes its status, then it will affect its neighbourhood. This simple rule can trigger a series of 

                                                      
2 The London LUTI model is publicly available at: http://content.tfl.gov.uk/the-london-land-use-and-
transport-interaction-model.pdf 

http://content.tfl.gov.uk/the-london-land-use-and-transport-interaction-model.pdf
http://content.tfl.gov.uk/the-london-land-use-and-transport-interaction-model.pdf
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events producing remarkably complex patterns and therefore exhibiting emerging behaviour 

(Batty, 2007). 

Among other applications, the “Clarke and Gaydos” (1998) utilizes CA to model, simulate and 

predict urban development in the San Francisco Bay region in California. The Washington/ 

Baltimore corridor in the United States of White et al. (1997) provide a realistic simulation of the 

land use pattern of Cincinnati, Ohio, use constrained CA models to simulate urban expansion.  

Despite several attempts to utilize them in planning, the size of the cells and typology has been 

restricting, limiting the system from creating entities that have a semantic character (Wolfram, 

2002). They are blocks without an entity, which is why nowadays CA are often combined with 

other techniques, such as CA and Neural Networks (NN) (ALMEIDA et al., 2016; Li and Yeh, 

2001), CA and ABM (Grimm et al., 2005), topological networks and procedural generation 

(Johnson et al., 2010) to produce more accurate methods for the simulation and prediction of 

real cities.  

Agent Based Modelling and Multi-Agent Simulation (MAS) on the other hand, came to answer 

the grid challenge, by creating emergent behaviour through the interaction of agents. Research 

has accelerated vastly after the development of software such as MATLAB and Graphic 

Engines which allow the development of such simulations at a large scale. In planning, ABM 

and MAS are becoming increasingly popular for modelling pedestrian flows, car traffic and 

human behaviour, however, they have yet to be used for larger-scale urban planning tasks.  

Despite the advances in simulation, urban models remain complex and specialized, with 

considerable limitations. As a consequence, the most widely used approach for developing 

scenario-based urban planning is the Rule-Based approach. A simple method in which models 

follow explicit rules-of-thumb to calculate land use demand based on policies. This approach 

became more popular with the rise of computer based Geographic Information Systems (GIS) 

since the late 1970’s, a tool which combines design capabilities with analysis. A GIS can be 

programmed to calculate, store, manipulate and analyse spatial or geographic data, and this is 

used in rule-based planning to create iterative queries and functions to allocate population, 

employment and land uses. Some of the most well-known applications include Uplan (Johnston 

et al., 2003), an urban grown model for transportation planning and WhatIf? (Klosterman, 1999), 
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a scenario based collaborative planning tool. The later developed by ESRI, generates a series 

of maps showing the relative suitability of locations for different land uses (Figure 2.3). 

Klosterman, alrguably the father of what-if scenarios in planning, proposed an alternative 

approach to exploring futures, by creating an application which requires the user to enter a set 

of policy choices. When run, the model performs a suitability analysis, calculates the demand in 

land uses and then allocates this demand to the most suitable parcels (Brail and Klosterman, 

2001).   

  

Figure 2.3: WhatIf? (Klosterman, 1999) 

Modelling in urban planning is not however limited in land use and economic fields. There are 

models which study the morphology of the city, and attempt to find answers to why the city has 

formed the way that it has. One such approach is the one followed by Space Syntax (Bafna, 

2003; Hillier et al., 1976; B. Hillier, 2007; Penn, 2003). Space Syntax methodologies investigate 

spatial layout, land use distribution and socio-economic data. More specifically, they focus on 

spatial accessibility using local and global accessibility measures on road networks and the 

city’s network of open spaces, and focus on how these measures affect the way cities evolve 

over time and how they form their spatial configuration. Space Syntax also focuses on 

movement patterns and visibility measures, becoming a key player in urban design 

methodologies.  These measures have been used in urban planning for City-wide accessibility 

maps, which visualize the connection structure of the street networks (Czerkauer-Yamu and 

Voigt, 2011). For example, between a new build suburb and a city centre, or the connection 

between a new retail centre and a development zone. 



“What-if’s”, Analytics and Procedural Modeling for Urban Planning: A Review Chapter 2 
 
 

 

29 

For this, the space syntax team in University College London (UCL) has developed the 

specialized simulation software Depthmap (Turner, 2001) to visualise the accessibility 

measures on the road network (Figure 2.4).   

 

Figure 2.4: Space Syntax Accessibility measures (Czerkauer-Yamu and Voigt, 2011) 

Despite its wide appeal, Carlo Ratti (2004) published a critic stating that the axial maps space 

syntax uses doesn’t deal with building heights and fails to integrate land use.  However, Hillier 

and Penn argue that it is simple to calibrate lines with land use (Hillier and Penn, 2004), and 

some of these methods include the integration of LUTI models as we will briefly see later on in 

this thesis.  

Other approaches of applied urban models include the input-output models, introduced by 

Leontief (1967), which provide a general framework in which industrial activities are treated as 

exogenous inputs to the urban development, with each input having an output. Despite their 

application in different fields of economics, these models arguably did not have much of an 

effect in planning. On the other hand, the micro simulation approach or micro analytic simulation 

gains popularity, despite challenges in having a spatial context and in scaling. This method 

generates a hypothetical population that is intended to behave as the real one (Harding, 1996). 

By generating random numbers from pre-specified probability distributions, it builds up a 

representation of travel to work activity patterns. Summing all the individual simulated travel 

patterns provides aggregate values for planning studies. A real world application is the Monte 
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Carlo microsimulation model, which is used to simulate the intraregional migration of 

households as a search process on the regional housing market (Wegener, 1985).  

While useful in different applications, all these models as reviewed until now, are unable to 

provide a holistic solution to developing master planning scenarios. Since the early 2000, it is 

researched to use “models of models” in order to achieve multiple objectives in planning. 

Meaning a combination of different models to create platforms that have an integrated approach 

to urban modelling. Paul Waddell has used such an integrated approach in the design of 

UrbanSim (Waddell, 2002), a urban modelling platform which uses microsimulation to model 

individual choices of households and jobs, and discrete choice modelling to predict location 

choices of jobs and real estate. UrbanSim, started off as an open source simulation software, 

and was implemented in Java programming language (Figure 2.5 a). Despite that it is an open 

source simulation software, it requires a high level of expertise to use it and further to alter 

parameters so as to perform analysis, depriving the platform from creating an engaged dialogue 

between the modellers and the planners. Therefore, UrbanSim has been used in the US in 

examples such as the Eugene-Sprignfield Oregon to model transportation and land use 

(Waddell, 2000), but hasn’t had a wider appeal.  

Other integrated platforms include AnyLogic (2000) and LEAM: the Land Use Evolution and 

Impact Assessment Model (Figure 2.5 b,c and d). AnyLogic combined different models in a 3D 

visual environment, to create large and small-scale simulations. It uses fluid simulations to 

model bulk cargo in industries, LUTI and system dynamic models for rail transportation and land 

uses, ABM and fluid dynamics to model pedestrian flows and road traffic. Further to this, it 

provides the use of GIS maps within simulation models to support visualisation and 

customisation of geospatial datasets.  LEAM on the other hand is a computer model developed 

at the University of Illinois at Urbana-Champaign and is designed to simulate future land use 

change as a result of alternative policies and development decisions (Sun et al., 2009). In 

recent years, LEAM has been used in combination with transportation and social cost models to 

better capture the effects land use has on transportation demand and social costs and vice 

versa. 

https://en.wikipedia.org/wiki/University_of_Illinois_at_Urbana-Champaign
https://en.wikipedia.org/wiki/Social_cost
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Figure 2.5: Urban Simulation Interfaces: (a) UrbanSim (Waddell, 2002), (b) AnyLogic, traffic simulation (c) 

Leam, Land cover scenario run of the Peoria Illinois region, (d) The Leam sub-model approach, each 

model developed by a different expert and incorporated into the LEAM framework. 

Both these platforms use 3D visualisations to visualize the effects of simulations on the city, 

while AnyLogic performs computations in the cloud. A key characteristic though, is that as most 

urban simulation platforms, both of these are highly complex, with pre-built models that are 

difficult to modify, experiment, and in extension understand. Therefore, even though these 

platforms produce to some extent tools for the development of planning solutions, these are 

difficult to use and require extensive accompanying documentation in regards to the accuracy of 

the produced results from these simulations. Thus, the future of urban simulations may look 

bright, as new techniques come to light and computer power increases, however, this may be in 

vain, if urban simulations don’t become accessible at a larger audience and remain specialized 

and confused, with ambiguous results.  

In summary, urban models can be deterministic systems based on predefined functions, or 

stochastic systems, which use probability distributions to produce potential outcomes. 

Deterministic models produce the same outputs for the same inputs, such as in the early LUTI 

(a) (b) 

(c) (d) 
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models, while stochastic typically include estimated values and sometimes integrate 

behavioural rules as in the case of ABM.  

Different models are used for different purposes in planning, and one of the major factors for 

defining the type of modelling is the objective and scale of the analysis. Models that operate on 

a regional scale, such as the SIMULACRA model, typically aggregate the information on 

regional zones. Thus, it is challenging to link such models to urban planning zones. However, 

they are faster to run and can be more accurate if combined with datasets and census data. 

Such models are usually deterministic.  

Models that operate on a smaller scale, such as in the local scale of the neighbourhood, are 

usually stochastic and dynamic. They exhibit emergent behaviours and are mostly used to 

model pedestrians, traffic, or any type of local activity. These models are difficult to scale, as 

each unit is represented by an entity, thus are computer power intensive and produce results 

that are usually involve short-term analysis.  

Models in planning can then be either dynamic or static in how they represent time. Static 

models, study a specific time in space, assuming that the system begin in equilibrium. Dynamic 

models usually create scenarios over time and don’t make any assumptions on equilibrium.   

Current methods look into combining models and analytics to produce results with an integrated 

approach in planning, such as in UrbanSim. Such hybrid modelling techniques, seek to produce 

more accurate and integrated results that don’t focus on one field of analysis, but rather help in 

the evaluation of policy decisions.  

Urban simulations allow to test models on a computer environment and develop what-if 

scenarios. As it was reviewed until now, urban models have major structural differences and 

usually require specialized simulations for each specific case. Therefore, most urban 

simulations tend to focus on specific issues, instead of a holistic approach to urban planning. 

Whether that may be simulating flows of air and air pollution in the city as in the case of the 

architectural office Fosters who studied flows of air around skyscrapers (Chronis et al., 2011), or 

examining accessibility such as the Space Syntax approach. In planning they are used 

selectively, for specified scenarios that relate to project-demanded objectives. These are then 

developed by professionals of the urban modelling field that most of the times operate as 
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consultants and produce interactive project-specific applications which present outputs that are 

included in the final planning reports. 

There are currently very limited platforms that enable a modular approach to simulations on an 

urban planning level to understand how cities are likely to evolve in response to various policy 

decisions, and there are using hybrid or mixed models. These platforms include UrbanSim as 

mentioned earlier, AnyLogic, which is an example of large scale urban simulator using ABM, 

discrete choice and system dynamics and LEAM which is used for transportation planning. 

While powerful, these platforms remain specialized, black-boxes, that while performing complex 

types of analysis, the introduction of models other than the ones pre-built in the system remains 

challenging.  

Overall, simulations in planning seek to inform policy and planning decisions and consequently 

as a participatory and iterative process (Waddell and Ulfarsson, 2004). This process is 

illustrated in Figure 2.6, where models are introduced in planning to define indicators and re-

evaluate goals and objectives.   

 

Figure 2.6: Models in the policy process (Waddell and Ulfarsson, 2004). 

This iterative approach has the potential to allow a synergetic approach to the 

modelling/planning work. However, there still seems to be a chasm between the modelers - the 

people who make the simulations and the people who plan and design cities. The reason it 

could be argued is that urban simulations are becoming more and more complex, dealing with 

new datasets and techniques and requiring advanced custom-made applications which can take 
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months to develop; while planning needs to cope with the increasing complexity of the city itself. 

Therefore, it is becoming difficult to communicate modelling outputs to non-modelling experts. 

That holds the danger that modellers may lose track of the current demands in planning, while 

the planner misses out on a potentially valuable tool for the evaluation of scenarios.  

There is a need for an instrument that will use simulation within urban design in order for the 

models to become intuitive tools for the planner and to stop operating like a “black box”. For this 

we will require a platform that will allow the development and communication of such models in 

a planning context so that planners are able to work with it, hands on. The challenge in this 

case is to explore the different tools that allow the development of multiple scenarios within the 

context of newly emerged technological era and the state of the art in urban simulations, so as 

to unfold the possibilities for the future of planning. This chapter therefore continues with an 

insight into the operationalization of urban simulation models for urban planning, design and 

visualisation.  

 

2.3.2  Urban Simulations and the Future of Planning  

The new urban age provides us with a unique opportunity to achieve real interdisciplinary in 

urban science with an ability to communicate, to connect planners to urban communities. As 

such, detailed 3D digital models and applications that present cities augmented with information 

have introduced new ways of exploring and visualising the built environment (Evans and 

Hudson-Smith, 2001). Characteristic examples include the popular Google Earth visualizing 

spatial data and applications such as City Generators and the SimCity type games. These new 

software applications have facilitated the use of digital environments for testing the 

consequences of physical planning policies on the future form of cities and have become 

powerful tools for distributing and communicating planning information worldwide (Batty et al., 

2006a). More than this, they are examples of urban simulations that are developed with 

interfaces addressing a wider audience, thus using high quality visualisations and intuitive 

interactive controls. 

To understand how urban modelling theories are implemented in an urban gaming environment 

it would be useful have a closer look into Wright’s original SimCity (Wright, 1989). SimCity is a 
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game and an urban simulation. The original game simulates the growth of a city and places the 

user in the role of the mayor. The implementation of this model in a gaming environment was 

the first example of a model that was communicated to a wider audience using simple controls.  

Wright implemented Forrester’s theories for urban dynamics (Forrester, 1970) to calculate 

values such as the city’s education, unemployment and growth rates, and these figures in turn 

to determine whether the city’s population will blossom or plunge. SimCity is one of the first 

urban planning games, which introduced the idea of a user-friendly interface for testing 

scenarios on a city. Despite that it is a game, based on simplified models and game mechanics, 

the interface of the original software application, built by Don Hopper in 2008, demonstrates an 

integrated user interface of a planning design tool, with model controls (priorities), design 

controls (tools) and analytics (predictions) as shown in Figure 2.7. 

 

Figure 2.7: SimCity's User interface (1989). Don Hoper released the open source code for SimCity in 2008 

under the name Micropolis and Sim Hacker created a GitHub version. The user interface integrates design 

tools, prediction outputs and analytics in one single view. The interface also includes an alert field and a 

public opinion view, which monitors the city in real time, and a scenario map view where the user can 

experiment with different scenarios.  

Another approach is the one followed by Train Fever (2015), a game developed by Urban 

Games which used a LUTI/Lowry type model to simulate urban development from rail networks. 

Train Fever, is the first game to be based on rule-based generated geometries and modelling 

theories to allow the generation of cities over time. As with the first land-use transportation 
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models, the game uses a train from which it generates population and thus growing cities. It’s a 

unique way of engaging people in planning processes and understanding the dynamics of the 

city by showing how urban development is influenced by the design of transportation. 

The model uses workplaces as measures of attractiveness, leading to higher land prices and a 

higher urban density and growth. It also uses network connections as poles of attractiveness. 

“Build a new bus line into an unconnected quarter, the quarter will grow! Build a railway 

connection to a neighbour city, both cities may grow!” (Train Fever, 2015). Their land use 

model, selects between residential, industrial or commercial and has rules of preferences such 

as residential areas do not like industry air pollution and want to be near workplaces.  

 

Figure 2.8: Train Fever (2015), An urban simulation game which uses a Lowry-type model in a procedural 

environment to simulate growth of virtual cities through the expansion of the train network. 

The game industry while providing with useful ideas, is more focused on game-play rather than 

creating real cities. Perhaps one of the first attempts to combine digital gaming strategies with 

planning interfaces was done by CASA, in London UCL. In the context of digital online portals, 

researchers developed the “Virtual London Model” (2000) which contained spatial information 

and was meant to have users log-in and visit the model using a digital “avatar” similarly online 

digital worlds such as AlphaWorlds (Hudson-Smith et al., 2005). This three-dimensional model 

of the city of London was expected to have a GIS background and was going to be accessible 

to the public via the World Wide Web. The idea was to get people involved in the planning 

process and was meant to contain pedestrian ABM simulations. These systems seem to bring 
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the advances of GIS spatial information into the “mainstream game engine world” (Hudson-

Smith et al., 2007). 

There are several other such applications developed over the years, however, most of them 

focused on the visualisation of different urban datasets and scenarios rather than the integration 

of urban simulations. Within the context of urban modelling integration, this chapter proceeds to 

explore how dynamic 3D cities and new visualisation techniques inspired from gaming and 

other fields, can be used to generate multiple planning scenarios following the guidelines of 

strategic foresighting, and how the use of interactivity can aid in the better understanding of 

these system. Visualising change will support the understanding of the possibilities, problems 

and consequences of different planning scenarios on the form of the city. 

 

2.3.3  Dynamic Environments for Urban Simulations  

The development of urban models in 3D environments requires advanced platforms that have 

extended GIS capabilities and at the same time allow emerging and dynamic properties. In 

order to be able to introduce modelling in digital environments, the applications require complex 

“semantic3” information  (Brenner and Haala, 1998), which means that the software must not 

only recognize the geometries, but additionally attach a “meaning” behind the actual objects 

which are created.  

This is precisely where Information Modelling (IM) focuses. This process allows the generation 

and management of digital representations by introducing not only physical, but also functional 

characteristics of a facility (Lee, 1999). The last years have seen a rise in Information Modelling, 

especially in the field of architecture via the use of Building Information Modelling (BIM). 

Building information modelling extend beyond 3-D, augmenting the three primary spatial 

dimensions (width, height and depth - X, Y and Z) with time as the fourth dimension and cost as 

the fifth (Jordan and Walker, 2005). BIM therefore covers more than just geometry. It also 

covers spatial relationships, light analysis, geographic information, and quantities and properties 

of building components. 

                                                      
3 Semantics: In the case of 3D modeling applications, the word semantics refers to the development of 
intelligent 3D objects. 
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The recognition of building components is particularly important. It allows the developments of 

rules, which are applied globally and can be used in order to define and control the attributes 

and the positions of specific types of objects. To be more specific, the software can intelligently 

recognise and “understand” whether a specific digital object is for example a window, a door, a 

building with certain use, or a slope with a particular angle.  This is precisely the characteristic 

which allows the automatic generation of digital cities and other objects using parametric and 

mathematical methods. Moreover, it is only then that can we effectively introduce disaggregated 

models to the simulation process. 

The equivalent of BIM for cities is City Information Modelling (CIM).  An idea about developing 

3D city digital geometric city models that contain information and are generated using rules or 

models. However, even though BIM has established standards for the production of models and 

drawings, CIM hasn’t had the same appeal. The most popular format for CIM remains the 

CityGML file, an open standardised data model and exchange format to store digital 3D models 

of cities and landscapes. It defines a structure to describe most of the common 3D features and 

objects found in cities (such as buildings, roads, rivers, bridges, vegetation and city furniture) 

and the relationships between them.  

 

 

Figure 2.9: Structure and Thematic Modelling in CityGML. Semantic 3D city Model for Urban Analytics 

(Kolbe et al., 2015). 

https://en.wikipedia.org/wiki/Data_model
https://en.wikipedia.org/wiki/3D_city_models
https://en.wikipedia.org/wiki/Digital_elevation_model
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CityGML has been used for the development of different scenarios, and there is currently 

ongoing research on linking BIM models with CIM (de Laat and Van Berlo, 2011; El-Mekawy, 

2010; Isikdag and Zlatanova, 2009). However, the 3D modelling formats are challenging to use 

because of their underlying database and there are currently limited platforms available to allow 

the parametrisation of its structure. Thus, developing dynamic urban environments remains 

challenging. While CityGML provides a clear structure for the development of city models, the 

underlying code is difficult to access to affect the city on a global level.  

The problem of how to generate dynamic 3D environments, was addressed in 2001 when 

Parish and Muller, two researchers from ETH in Zurich applied a technique called procedural 

modeling to generate 3D urban scenes. Procedural modeling is a term in digital graphics, 

describing the creation of models from a set of rules rather than by manually developing 

geometries. It is commonly used in computer science to produce realistic textures for materials 

such as marble, wood or plastic by generating random patterns through the use of mathematical 

functions (Ebert, 2003). The main characteristic of this method, is that the rules are defined 

through a set of parameters. These parameters are then in turn used to create the different 

variations of the objects.  

Applying this technique in an urban context has allowed the development of complex parametric 

models and the automatic and instant generation of extremely realistic 3D cities (Parish and 

Müller, 2001). It is therefore possible to produce fully dynamic 3D scenes, instantly edited using 

simple controls, such as sliders and switches. These are precisely the advantages that allow the 

introduction of urban theories and complex parametric models within the simulation of a 3D city, 

thereby in turn enabling the exploration of different scenarios based on data feeds from the city. 

In the final section of this chapter we will introduce procedural modelling and systems to unveil 

the possibilities for generated urban scenarios in an urban planning context.  

 

 

2.4 Introduction to Procedural Modeling 

Parish and Muller used procedural modeling to develop CityEngine in 2008, a software 

application originally created in ETH Zurich and later acquired by ESRI. The team produced a 
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method to generate road networks and buildings using a set of algorithms. More specifically 

Muller used the L-system or Lindenmayer system, a parallel rewriting system and a type of 

formal grammar, that were originally used in biology to simulate the form of plants. L-systems, 

follow a simple sequential structure which can be defined by three main parts: an initiator or 

axiom “ω” as a string of symbols which define the initial state of the system, the alphabet “V”, 

which is the set of variables and constants, and the set of production rules “P”, which define the 

way in which the variables rewrite themselves. A simple example can be found in the 

“Algorithmic Beauty of Plants” (Prusinkiewicz and Lindenmayer, 1990) which can explain the 

beauty of L-Systems. Consider an L-system “A” and “B”, and production rules A=AB and B=A. 

This rule would rewrite A with AB and B with A.  If the initiator ω is set to B, the first iterations 

would yield the following:  

B → A → AB → ABA → ABAAB →ABAABABA  

And so forth.  

By designing a procedure that simulates the formation of trees, this could yield the following 

shapes:  

 

 

 

 

 

Muller applied this technique in cities by developing a practical ‘recipe’ for cities. In CityEngine 

they used two types of L-Systems. A self-sensitive L-system to generate the road network 

similarly to the Roast tree, and a stochastic L–system to generate buildings and lots. In addition 

to this, they were inspired by Christopher Alexander’s “A Pattern Language” (1977), which 

presents a method to classify urban elements in categories, and extended their L-system to 

Figure 2.10: The first four iterations of an L-System by K. Roast (1990). 
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include topological elements in the simulation process. For example, the roads are a completely 

different digital entity with different properties than the buildings in their system. This allows the 

development of city elements that are have different properties and capacities.  

The scripting language that is used for the generation of entities in CityEngine is a Computer 

Generated Architecture (CGA) shape grammar. CGA languages are based on the stochastic L-

system data structure which instead of symbols (A, B etc…) operate with shapes. Muller’s 

language is an elaborate version of Stiny and Gips diagrams (1971) for the creation of 

geometries using rules (Figure 2.11 a). The process starts with an initial shape, which is refined 

from the top to bottom. The initial shape functions as the axiom in the L-system which forms a 

necessary input to the procedural generation process and the final 3D object is the result of 

consecutive refinements of the object.  

 

         

 

Figure 2.11: (a) Generation of a shape (Stiny and Gips, 1971), (b) consecutive steps for the generation of 

a city using a stochastic L- system ESRI in CityEngine (Muller, 2011).   

A great advantage of procedural modeling is that these fully dynamic urban environments utilise 

the complex “semantic”4 information that is needed to not only recognise geometries as a set of 

pixels or vectors, but also attaches a “meaning” behind the actual objects that are created 

                                                      
4 Semantics: In the case of 3D modelling applications, the word semantics refers to the development of 
intelligent 3D objects. 

(a) 

(b) 
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(Haala and Brenner, 1999). This process allows the generation and management of digital 

representations by introducing not only the physical, but also the functional characteristics of a 

facility. They therefore cover more than just geometry, potentially containing spatial 

relationships, light analysis, geographic information, and the quantities and properties of 

building components. 

The recognition of building components is particularly important since it allows the development 

of rules that can be applied globally in order to define and control the attributes and the 

positions of specific types of objects. This is precisely the characteristic which allows the 

automatic generation of cities and other objects using parametric and mathematical methods. 

Moreover, it is only then that can we effectively introduce disaggregated models to the 3D 

simulation process. 

 

 

Figure 2.12: Build a city in 60 min is an urban scene from CityEngine ESRI: From GIS data to realistic 3D 

models.    

Currently procedurally generated software include Rhino Grasshopper, a visual programming 

language and environment developed by David Rutten and McNeel that runs within the 

Rhinoceros 3D Computer Aided Design (CAD). Grasshopper was released in 2007 and since 

then it is widely used by Architectural practices concerned with generative architecture. A type 

of practice which generates buildings via a set of rules. Autodesk’s InfraWorks, is also another 
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example of a procedural software specialized in 3D city environments which enables engineers 

to develop quick 3D urban models, and includes a few specialized simulations, such as wind 

flows and optical views. Tools like Speedtree5 and Rhino’s Grasshopper apply this idea in 

design by foregrounding procedural modeling. However it is ESRI’s CityEngine, which has 

extended GIS capabilities using the procedural approach. This means that data that is in some 

way referenced to locations on the earth. Mapping the spatial location of 3D city objects in real-

world, allows the visualisation of spatial relationships among them and the introduction of 

additional geolocated datafeeds in the simulation process and this is precisely the reason why 

CityEngine, is becoming an increasingly popular tool in the urban planning industry.  

The advantage of generating realistic, spatially located, cities with a “click of a mouse” through a 

set of rules, instead of modelling buildings and blocks one-by-one in a conventional modelling 

platform, has made procedurally generated 3D cities very popular in the movie and gaming 

industry. VFX Blockbusters, use procedural modeling to create near real versions of cities. 

CityEngine, the program developed by Muller, was used to build the sweeping vistas of 

Superman home, Metropolis in the recent “Man of Steel” blockbuster, and the futuristic 

cityscape of the 2012 remake of Total Recall (Figure 2.13). The game industry is also a field in 

which procedural generation is becoming more and more popular with Spore (2008) as an early 

example along with the 2016 “No Man’s Land”. 

In movies, the motivation for using procedural generation, has mainly been to create impressive 

CGI, while in gaming it related to releasing processing power from heavy graphics, 3D scenes 

and space. In architecture, procedural generation is widely endorsed in the research lab of Zaha 

Hadid Architects. Recently, with the release of CityEngine, there has been an interest in using 

procedural generation for the development of planning tasks, as a method for sketching out 

urban design developments.  

Overall, procedural modeling enables the rapid development of detailed large-scale city scenes, 

with the capacity to change dynamically. We will explore this characteristic, to create scenarios 

that combine engaging visualisations with urban simulations.  

                                                      
5 “SpeedTree 5 0 Modeler Forces” is an application which models trees using procedural modeling. 
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2.5 An Overview 

The purpose of this review has been to consider the main concepts that this work is based on: 

the what-if scenarios in planning, urban models and procedural modeling. This thesis views 

urban scenarios from the strategic foresighting point of view, which seeks to create multiple 

potential futures and therefore have a better view of the possible. Procedural modeling then 

becomes a tool, with which urban scenarios can be developed and visualised in 3D; and with 

the use of parametric controls, it is possible then to develop multiple solutions without the need 

for additional 3D modelling. The software developed by Parish and Muller, ESRI’s CityEngine, 

allows the development of fully dynamic 3D scenes, with a GIS background, and with a 

specialization in producing 3D cities. Using CGA grammar rules, the user can generate aspects 

of the city and create controls that affect the design on a global level. Until now, however, its 

use in planning is limited to the development of 3D master maps of already designed solutions, 

or to allow planning firms manually to explore land use scenarios, prior to present them to 

clients. Because of the dynamic properties of this tool there is a distinct possibility of integrating 

urban modelling simulations within the generation process and create an integrated system for 

modelling, analytics and urban planning. This potentiality is introduced in the second part of this 

chapter, which reviews urban models as used in planning and more specifically land use design 

as an opportunity to introduce the “functional” characteristics of a city in the generation process 

and thus become the basis for evaluating the produced by rules scenarios. Several models 

were reviewed, the LUTI models, as widely used for planning purposes in recent decades. 

These seems to be a standard practice for predicting how land-use activities develop when 

changes occur in the transportation system. LUTI models also provide solutions for urban 

scenarios on a regional scale, to explore how residential uses behave over time when there is a 

certain increase in employment. The implementation of these models in a gaming context, 

brought to light how notions of urban planning and urban simulations can be brought to the 

wider public and introduced a front-end with both planning and modelling controls. Through an 

interesting interface which combines design tools, model controls and analytics, the game 

brings communication into the heart of urban planning.  
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2.6 Introduction to Further Work 

In summary, Muller’s and Wonka’s system for generating buildings and in extension urban 

areas, is the quickest and most efficient method in creating dynamic 3D models of cities to this 

date. The next chapter of this thesis will attempt to go deeper into the procedural modeling work 

in order to understand how is procedural modelling used in urban planning until now and how is 

it possible to re-create a real city procedurally. This will provide the base for the introduction of 

modelling theories within dynamic city environments, which brings the three main concepts of 

this thesis together and as it is illustrated in the main diagram of this thesis. 

 

 

Figure 2.14: An interactive modelling and planning system 

The first step is the digitisation of various forms of data, as outlined on the left hand side of the 

diagram. The data can vary between static data, dynamic real time data (i.e. ‘big data’) and 

planning knowledge. If processed appropriately, these datasets can be put into an intelligently 

searchable information system to provide inputs for a wide range of analytical and modelling 

software. Based on these inputs, different planning scenarios can be generated via advanced 

mathematical techniques developed to model the high levels of interdependence between the 

elements of an urban system (Wilson, 2013).  
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The challenge in this method through this mix of different types, would then be how to modify 

parameters as to correspond to existing conditions of cities. Is it possible to adjust rules that 

procedurally recreate “real” cities at a specific point of time? And if so, can these parameters be 

controlled as to demonstrate evolution over time? For this an introduction to procedural 

modelling for cities and urban planning is necessary in Chapter 3.  
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Chapter 3 

Procedural Modeling 

 

3.1 Procedural-Based Urban Planning 

We define procedural based planning as the practice of urban planning using procedural modeling 

tools and techniques. Procedural methods have the potentiality to facilitate the introduction of 

planning regulations into the design process, using the custom-made shape grammar language 

CGA (Computer Generated Architecture). Zoning definitions including height restrictions, 

setbacks, zonal regulations, legal descriptions, development projects etc. can be parametrised 

by replacing or adding functions to the subdivision rules and therefore enhancing data-driven 3D 

models. Zoning regulations are text-based descriptions, per city, of allowed building volumes, 

usage, and density (Hall and Tewdwr-Jones, 2010; Kaiser et al., 1995). They are the main tool 

defining the image of a city and/or growth and development investment money. In most cases, 

however, they are hard to understand for the public and other stakeholders. CityEngine has 

allowed planning practices to specify, visualise, analyse and further store and maintain zoning 

regulations in 3D. 

The Swiss urban planning company Seiler&Seiler and VFX expert Matthias Buehler (Buehler and 

Seiler&Seiler, 2015) published an example explaining how procedural software is being used for 

typical urban planning tasks. The project starts with an area, or a city-specific zoning system 

defined by the public authorities that serves as a guideline for master planning and potentially 

also a strategy/mission statement that further refines the task (e.g. 100,000 flats in 10-years). As 

described by Matthias, first, it is required to have a definition of the arrangement and proportion 

of different usages and then the specification of the maximum building heights “h” and setback 

lines “p”.  

Similar to an L-systems structure (see Chapter 2), the CGA production system also begins with 

an axiom, which in the usual CityEngine workflow is planning zonal data. The axiom lot will trigger 

a production rule that splits the lot into the building footprint and yard element shapes. The 

building footprint shape might then trigger another production rule that extrudes the footprint 

shape to result in a 3D-building. Without simplifying too much, the production system of CGA 
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could perhaps be described as an L-system which instead of symbols (such as A and B) operates 

on shapes, and instead of replacing shapes with other shapes (in the way that an L-system would 

rewrite A with B using the rule A → B) modifies and transforms them.  

If there is a production rule A= AB and B= BA it should therefore yield:  

AB→BA 

Then we can include the setbacks p as: 

AB(p) → AB(p) BA 

 

Figure 3.1: Setbacks in CityEngine.(Buehler and Seiler&Seiler, 2015). 

Different reports and analytics can be generated using this method as the detailed plans are 

developed, such as Coverage, a statistic to show the percentage of lot occupied by the building, 

Floor Area Ratio (FAR) limits, Gross Floor Area etc. (Figure 3.2). 

Developing master plans within procedural systems involves selecting an initial layout with base 

typologies and main usages for the building plots and detailing how the compliance with zoning 

regulation can be ensured. Examples are shown in Figure 3.3 and Figure 3.4. The next step is to 

refine typologies and design. Finally, exterior space and structuring elements are added. For 

example, the height of one of the buildings might be changed to a value that is higher than 

allowed, such as 20 floors. The part of building that exceeds the maximum height allowed by the 

zoning regulation can be marked or cut off. This has been a very simple example to demonstrate 

the many ways in which CityEngine is currently being used for city planning scenarios. 
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Figure 3.2: Reports produced in CityEngine. (Buehler and Seiler&Seiler, 2015). 

In reality, these processes are influenced by a large number of factors, such as a variety of 

stakeholder interests, budget, project phasing, mobility targets, capacity of infrastructure (public 

transport, supply and waste), listed buildings, nature conservation, etc. On all the statutory 

planning levels an important application of this approach is to analyse the land use potential of 

the planning area in terms of building volume. The accuracy aimed for in the assessment depends 

on the planning level; i.e. the range of possible outcomes on the master planning level is 

deliberately wide, until it narrows down to an exact figure in the building permitting process. Since 

the implications for traffic, the economy, and other factors depend on the use of the planned 

building volume, the different building types need to be distinguishable in the calculations. 

   

Figure 3.3: Masterplans in CityEngine, two scenarios for developments (Buehler and Seiler&Seiler, 2015). 
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Figure 3.4: Zoning regulations visualised in CityEngine (ArcGIS, 2016). 

Local government bodies that deploy this procedure in their official toolkit include Townsville in 

Queensland which has used it in 2012, in the process of drawing up its Unitary Plan for the future 

of development in the city. The Auckland City Council in New Zealand is also using CityEngine to 

model based on current regulations how the city could grow and what it would look like in five 

years, 10 years, 15 years if they leave the zoning regulations as is and what would happen if they 

changed zoning regulations (Figure 3.5) (Pearce, 2013). 

In summary, Muller’s and Wonka’s system for generating buildings and in extension urban areas, 

offers a quick and fast way to create urban design scenarios using a rule-based approach. The 

challenge in this method through this mix of different types, would then be how to modify 

parameters as to correspond to existing conditions of cities. Is it possible to adjust rules that 

procedurally recreate “real” cities at a specific point of time? And if so, can these parameters be 

controlled as to demonstrate evolution over time? We will start to look into rule-based design 

starting with the unit of the city. The house and how can it be created procedurally and produce 

variations.  

 

Figure 3.5: CityEngine model of Auckland waterfront based on the proposed Auckland Unitary Plan (PAUP) 

rules (MIskell, 2014). 
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3.2 The Procedural House 

3.2.1 Introduction 

To demonstrate the use of procedural modeling in generating forms, and its advantages for the 

development of 3D interactive “what-if” visualizations, we will begin by breaking down the process 

of creating buildings in a procedural system. The standard methodology for producing 3D 

buildings procedurally until now, is by splitting main volumes again and again, up to a desired 

level, performed subjectively by the user. There is currently no scientific method for doing so, and 

therefore it depends on the “artistic” nature and knowledge of the visualizer.  

The current generation of cities, lies into a stochastic approach of distributing procedural rules, 

which creates a near approximation of a city, based on the perception of the artist or designer. In 

a way, “Procedural Art is Random”. This original case study, suggests an informed method, in 

which we invoke planning regulations to generate the building forms. By doing so, we test the 

effect of policies on the development of certain morphological characteristics of buildings, and 

how these can be used for the development of global grammar rules for buildings.   

In the UK, as in most European countries, buildings are subject to building regulations. These 

provide guidelines that determine certain aspects of a building’s design. Historically building 

regulations were also drawn up by central government to guide towns in the formulation of their 

own building ‘bye’ laws (Harper, 1978, 1985a; Muthesius, 1982). Where regulations are 

‘deterministic’, that is where they are detailed enough to determine an identifiable building type, 

the potential exists to produce rules that replicate the building typologies’ form.  

Here we look specifically at the one of London’s most iconic typologies, the Victorian house. “This 

building morphology makes London unlike any other city, particularly in its square terrace 

formation (460 squares in London by 1900)” (Forshaw and Bergström, 1986, p. 46). In this study 

we break down the form of the Victorian building into its main properties and provide a step-by-

step example of how building regulations relating to the Victorian house can be used in the 

generation of rules for 3D procedural models. We detail how construction age data, building 

footprint information and local area analytics for the urban area can be used to reproduce building 

form. 
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Figure 3.6: Rows of Victorian houses in Camden London. (OS Mastermap, 2013) 

 

3.2.2 A Victorian Case Study  

The Victorian house is the principal residential building typology of the Victorian era, which 

spanned from 1837 to 1901 (Figure 3.7). Assisted by the industrial revolution, these years saw a 

rapid increase in the population of the UK, doubling its size between 1801 and 1851 (Crafts, 

1985). Population growth drove the construction of millions of speculatively built houses during 

the period, now a defining feature of London and other UK cities, and with such rapid expansion 

came new Building Acts as we explore next. 

A major game changer in the shaping of building regulations during the Victorian period was the 

cholera outbreak, in 1831 (McLean, 2005) which occurred just before the beginning of Victoria’s 

reign. This led to a Committee being established to reconsider the ‘regulation of Buildings and 

Improvement of Boroughs’ leading to the “State of Large Towns and populous Districts” Act in 

1844 and 1845 with its emphasis on health reforms. An important section of the regulations 

controlled the dark and unventilated spaces of cellars, and gave guidance for back to back 

housing which to a large extent defined the morphology of the Victorian blocks. “Cellar dwellings 

houses enclosed courts and back-to-back dwellings were to be controlled and a space was now 
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to be provided in front and behind houses related to their height…” (Harper, 1985a, p. xiii). These 

rules gave rise to identical row houses with slate rooftops and with a private front and back yard. 

Their design was promoted in several ways across the country, with “The Builder”, a popular 

industry journal, offering instructions on how to build new housing and acting as an effective 

medium for distributing information and replicating standardised designs. The Victorian terrace 

thus evolved a mass produced design to accommodate rapid population growth, with byelaw 

terraced housing making up over 15% of the United Kingdom's housing stock in 2011 (Allen et 

al., 2011). 

Despite their mass production and the standardised reproduction of specific features, Victorian 

houses also incorporate a range of architectural styles. Early Victorian houses in London for 

example, i.e. those built in the late 1830s and 1840s were in large part influenced by the 

classicism of Georgian architecture while by the 1850’s Italianate style and Gothic became 

fashionable with bay windows and grey slate becoming prominent features. The size of the 

Victorian house also varied considerably: “Victorian houses for the middle classes and upwards 

tended to have accommodation for servants, often employed to carry out the considerable labour 

required to keep the house, clean and well stocked” (Marshall and Willox, 1986, p. 53).  

 

 

Figure 3.7: Typical Victorian house of the 1890's mostly build at the outskirts of London, for the low income 

families.  Terraced or semi-detached, consists of two housing units, mirrored, cleverly designed so that they 

connect through their fireplaces to efficiently share chimneys with their neighbour.  
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However specific characteristics can be identified that, combined, make the majority of mid 

Victorian houses identifiable, unique and reproducible.  These include bay windows, brick bonding 

methods, pitched slate roofs, sash windows, terraced form, fireplaces and chimneybreasts in 

every room, front area back and front (Marshall and Willox, 1986). 

These formal elements, that in large part derive from regulations not only gave guidance to 

developers, but essentially provide some ingredients of a ‘recipe’ for building the Victorian house. 

In the next paragraphs, we will explain how we use a recipe to develop the procedural model, and 

demonstrate the methodology for integrating planning regulations in procedural modeling 

visualization. 

Below, we will use parts of the original code to develop the model, to demonstrate the 

methodology integrating planning regulations in procedural modeling visualization, while the full 

ruleset is found in the Appendix A.3.1.   

 

3.2.3 Building the Victorian House in CityEngine 

Building regulations provide minimum standards for design, construction and alterations. The 

1875 Public Health Act, imposed a front entrance yard in each Victorian house and required the 

terraced houses to have their own privy, with rear access “to allow the night soil to be collected”. 

The height and width of the building also correlated with street width in order to ensure access to 

light. The “Knights Annotated Model by Laws” of 1890, which demonstrates this correlation by 

year is shown in Figure 3.8.  

  



Procedural Modeling    Chapter 3 

56 

 

Figure 3.8: London Building Act 1894. Sections 41, 47, 48. Height, open spaces and maximum angles of 

buildings. Street width defines height of buildings and maximum angles (Harper, 1985a).  

 

Figure 3.9: Variations for different plot sizes. One floor buildings tend to have smaller plots, while over two 

floor buildings typically have an extension at the back. Source: Model By-law 54, table 8 sheet 7 (Harper, 

1985a, p. 64).   
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In CityEngine we create Computer Generated Architecture (CGA) rules to include front yards as 

setbacks relative to the street width, using a standard setback function to define the main body of 

the house. We can then define the width of the setback as a property, with varying depth. The 

rule will rewrite the plot with two shapes, a main volume and a setback with varying width. This 

can be translated to the following procedural string:  

Lot→ Setback 

We can then create a parcel that consists of two housing units, one a mirror of the other, using a 

split function. The split function is used to create the two mirrored volumes, the main house and 

the back garden. We can then add an option of the buildings to either generate as mirrored or 

sequential. By rule of thumb, the utilities and kitchen of the Victorian house is found in the back 

of the extension, while the main living room is located in the front in the main body of the building. 

The house is then separated to the main body and the extension in the back. The string that 

generates this process would then be:  

Lot→ Setback, (Main→Garden, (House1,House2)→ Extension) 

The model by Law 54, presented 4 variations of the Victorian house correlating plot width with 

height of the house and the presence of extensions (Figure 3.9). The bigger the house, the larger 

the open space at the back of the house. Moreover, there are indications about the width of the 

house and the L-shaped design of the footprint. Extensions take up to 50% of the back yard in 

width to allow light to go into the main building and air to circulate through the building. The 

extension can then be optional.   

Rooftops are moreover typically shed, tilted to the side, in order to seemingly connect to the 

attached building. Each row of houses has identical rooves in terms of height and angle. The 

mirrored approach allows the buildings to use the same stacks for their fireplaces and avoid 

chimneys in the middle of the pair. In this stage, two subsets need to be developed as: 

Lot→ Setback, (Main→Garden,(House1,House2)→ (Extension→ Garden))→Rooftops 

The façade can be generated as a separate object, by splitting the house by the number of floors. 

In this case ground floor, and upper floors, whose number is defined by the floor height and 

building height.  The integration of the façade as a separate object would require an integration 
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of a second axiom i.e. the axiom “Façade”. The same technique can be used to define the tiles 

for the window bay and the door. While windows can repeat in the x and y axis. A simple translate 

function can be used to create insets for windows and doors. The bay can either be inserted as 

an external object, or created using shed objects. The complete sequence to create a schematic 

representation of the mirrored detached Victorian house is then the following:  

Lot→ Setback, (Main→Garden,(House1,House2)→ (Façade→Floors→(Tiles→ Windows, Doors, 

Bay)) →(Extension→ Garden))→Rooftops 

 

   

   

Figure 3.10: From top left to bottom right: a. Mirrored plots and setbacks generated. b: The main volumes 

of the house c.  Rooftops and optional extension in the back of the Victorian house d. Generation of 

Rooftops and chimneys e. Rewriting the façade to generate windows and other morphological elements f. 

A schematic generation of a Victorian façade. CGA rules that yield elements of the façade such as the bay 

can be independent and can either be brought as separate objects or generated as a function. 

 

This step-by-step process, was aimed at demonstrating how building regulations can be used in 

combination with CGA rulesets to generate procedural building typologies Figure 3.10. The 

ruleset can then be applied to multiple shapes or areas, creating the iconic row houses (Figure 

3.11).  
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Figure 3.11: Procedurally generated rows of Victorian houses. The ruleset is applied to multiple land plots, 

while a separate ruleset generates streets and traffic.  

One of the main aspects of this work, is that this method creates variations and not clones, which 

allows the automatic reconfiguration of the generated building depending on different attributes. 

For example it is possible to create a new variation by simply adjusting the height of the building 

without the need for remodelling the house as a whole. The advantage of the procedural method, 

in comparison to a standard 3D modelling method, is then that the generated system can 

automatically produce such variations, by simply “tweaking” the values of the attributes in the 

system. This leads to the rapid development of flexible digital scenarios.  
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However, once a procedural typology is created, it is important to be consistent to each produced 

variation. We need a method in addition to the regulations presented above, to evaluate each and 

every generation in order to ensure consistency. For this, we implement a “Blueprint System”. 

This was originally developed by Hello Games in the procedural game “No Mans’s Sky” (2016) to 

evaluate the procedurally generated worlds of the game. The system outputs unlimited variations 

based on the produced rulesets by automatically modifying parameters and taking snapshots of 

each variation which are stored as images within a folder. Using these images we could identify 

permutations that would not be encountered in real life, based on the evaluation of experts from 

UCL heritage, such as the first column of the set of images presented in Figure 3.12. We then 

refine the design of the rules to exclude these cases from occurring in the generation process. 

E.g. Floor height of a Victorian house must range between 2.8m.-5.5m and a bay is between 35-

66 angle, otherwise it should not exist.  

      

       

     

     

Figure 3.12: Permutations of a Victorian house automatically generated using a Blueprint method and 

screenshots.  
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Such capacities and threshholds can once again derive from regulations. Knights Annotated 

Model By laws, define dimentions of the main house and extention capabilities based on the plots 

dimentions (Figure 3.13). We further integrate capacities via analytics such as “a back extension 

should not be generated if plot coverage is less than 150sqm”.   

 

Figure 3.13: Variations for situations where plots adjacent to pre by law streets have insufficient depth from 

front to back to accommodate the standard condition. Open space may be provided on two opposite sides 

of the house, as shown. Source: Knights Annotated model By-laws, Third Edition, 1890, p. 118 and 121 

(Harper, 1985b).  

These features can be integrated into the generative design and produce solutions which are 

viable and encountarable. Such as the ones demosntrated in Figure 3.14. 

   

Figure 3.14: Procedural modeling generating accurate morphologies within the London Borough Camden 

using only building age, building regulations and building footprints, 3 variations scaling building height.  
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3.2.4 Further Work: Limitations and Advantages  

To produce a detailed recipe as the project goes on, it is useful in our methodology to design at 

least one example in a sketch. A sketch is useful to understand the underlining rules. Figure 3.15 

illustrates such a sketch of a typical Victorian semi-detached house in a CAD-BIM application. 

Further we can, decompose it to its basic diagrammatic and topologic characteristics. For 

example, the kitchen is always in the back of the house connecting to the main corridor and to 

the back garden.  

 

Figure 3.15: The anatomy of a semi-detached Victorian House, two housing units mirrored. Developed in 

standard CAD Autodesk Revit. These models can contain BIM information but are unable to produce a large 

number of variations. 

The breakdown of the Victorian house enabled the application of the same rules in multiple 

locations, building flexible scenarios faster with the ability to communicate to a wider audience.  

This case study, allowed the development of a methodology for creating, analysing and evaluating 

different variations of procedurally generated objects using building regulations and user 
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developed capacity measures. These features can then provide analytics that may apply to a 

wider area.  

When developing a building in the parametric paradigm, several questions emerge regarding the 

nature and capabilities of the produced model. One of which would be how does this product 

relate to CIM or BIM methodologies. What are the differences and what are the similarities and 

whether there is a common ground? Starting with BIM methodologies, which view the building 

from a CAD based approach, the procedural recreation acts in complementary way. It offers a 

diagrammatic approach which can then be further extended and enriched by BIM processes as 

shown in Figure 3.15. The limitation in this case is that procedural methods, don’t currently 

integrate BIM datasets as used in most practices. In later chapters, we will see how these two 

processes can work together for the development of urban planning scenarios. In terms of CIM, 

procedurally generated buildings can provide the analytics required to fit in this particular 

category. However, it takes further steps to explore the mechanisms for recreating cities using 

the procedural approach which will be explored in the next paragraphs.  

 

3.2.5 Conclusions 

We have combined information on historical building regulatory frameworks and building age data 

to create procedural models of 19th century buildings and blocks. Initial tests have demonstrated 

that with careful consideration highly detailed models can be generated, reproducing not only 

accurate building typologies, but also façades and potentially interior details as well, by using only 

age, footprint and building regulation data. Different typologies can be modelled from different 

periods of London’s stock which is part of further work. These have a wide range of potential 

applications, and could be used to show, rapidly and at low cost, planning implications for 

implementing, for example, effects of possible demolitions, specific retrofit methods for particular 

types of historic stock or worst case scenarios for areas prior to new height precedents being 

introduced to them. The models have moreover potential applications for measuring different 

geometry related analytics, such as energy consumption, urban heat, and indoor pollution 

analysis, where building geometries on which to base calculations, are required.  
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Finally, the innovation in this approach lies in that procedurally generated objects, do not attempt 

to represent something accurately, but instead create an approximate representation of the 

objects form.  That is important to point out as during the scenario making, the aim is not to 

accurately recreate a city, but to create an “instance” of a city. A hypothetical city which behaves 

as the real one. In the next paragraph we will attempt to explain how does this work and why it 

may be a useful alternative to realistic representations of cities.  

 

3.3. Procedurally Re-creating Cities  

3.3.1 Introduction 

Up to this point we have seen how to reproduce different variations of buildings using grammar 

rules, planning regulations, capacities and thresholds, with the aim to use these techniques to 

develop a methodology for the development of 3D what-if scenarios. We have seen that 

procedural modeling, seeks to find the DNA that generates objects via the development of 

recipes. Which means that in theory, by using certain rules we should be able to reproduce any 

city in the world.  

Until now, the way to represent a city in 3D through the ground breaking work of Pascal and 

Muller, is through data. Very similarly to the previous generations of 3D cities, the 3D modeller 

would download a list of lines which form the road network and then building footprints, which 

would be extruded using height data to create buildings Figure 3.16. In the best case scenario, 

the modeller would import 3D detailed models of buildings and structures to make a realistic 3D 

representation of the area of interest. Or alternatively will make up rules for the visualization of 

buildings which would go up to a certain point of detail.  

However, creating cities using this method, deprives the procedural capability from the imported 

shapes. The elements are static and therefore lack any parametric qualities, limiting the 

procedural design to generating building facades and street elements. This approach, is useful 

for the development of one single state of the city. To use this tool for what – if scenarios, a 

different method must be developed.  
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Figure 3.16: CityEngine recreating the city of Vancouver using road network from OSM, open 2D footprints 

building heights and shape grammar. 

 

3.3.2 A Statistical-Model Based Method  

The traditional method followed for creating procedural 3D cities, is up until now, to import GIS 

data from official sources and develop procedural rules for the building facades as mentioned in 

the paragraphs above. This limits procedural capabilities to the form of buildings and doesn’t allow 

the development of urban planning scenarios. This research is proposing a stochastic method to 

recreate an entire block system which will focus on planning parameters. Using the method 

developed in the Victorian house, we will achieve an approximate representation of an area, with 

accurately modelled building densities, which will allow the development of scenarios based on 

different policies. For example, density or maximum height policies.  

3.3.2.1 From the Unit-House to the Urban Block.  

For the city of London, we will see how we can recreate building density by using only 2 types of 

datasets: the Open Street Map (OSM) road network and statistics deriving from building footprints 

from Edina1 and the land registry areas. One of the main aspects of this method as mentioned 

                                                      

1 OS MasterMap Topography Layer [Shape geospatial data], Scale 1:, Tile(s): London, Updated: 12 2016, 

Ordnance Survey, Using: EDINA Digimap Ordnance Survey Service, Downloaded: September 2015. 
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before, is its ability to create variations which creates an advantage in the scenario making 

process. 

A Victorian block in this case Camden, London, illustrated in Figure 3.17a is produced using the 

standard Parish-Muller method of importing polygons into a procedural GIS environment. The 

parcel polygons are imported from the official sources for the Land Use registry.  The problem 

with this method is that the shapes lack basic semantic information which would be useful for 

adding parameters and testing policies. Despite the fact that it is possible to change individual 

shapes, it is impossible to create a global rule or policy which would apply to a large area, as the 

imported shapes are static and dependent to the information derived from the sources.  

    

   

Figure 3.17: Victorian block in Camden, a. imported data from Land Map UK, create static shapes. b. 

generated block using road network data from OSM using statistics, can produce dynamic geometries. c. 

3D extruded volumes according to building heights, using Edina footprints. d. generated Victorian footprints 

and buildings using road network and building types.  

(a) (b) 

(c) (d) 
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Imported data can be translated to generate procedurally generated shapes with semantic 

information, using statistical methods. In this scenario of Figure 3.17.b, the road network from 

OSM is being used to generate street width and pavements, and an integrated skeleton 

subdivision algorithm for the plots. It is possible to then calculate the minimum, maximum and 

average area, length and width of shapes and embed this information into procedural rules. To 

test this hypothesis, we generated the form of the block using only the road network as line data, 

the skeleton subdivision algorithm and a custom made script to derive statistics from the area in 

Camden.  

Figure 3.17.c illustrates the same area in Camden with extruded volumes using the Edina 

footprints and height data, once again lacking semantic information. Figure 3.17.d is then 

procedurally generated using statistics and the Victorian ruleset from the block instead of 

footprints. More specifically, it traces number of buildings per zone, lot coverage and footprint 

area. We can thus have an approximate visualization of the area, which is close to the original 

data. The Victorian rule set, described in the paragraphs above, is then integrated to generate a 

schematic representation.  

 

  

Figure 3.18: Comparison between a procedurally generated block and the actual areal imagery from 

Camden as captured in 2016.  

We will apply this process in a larger area to verify the results of this method in an urban scale.  
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3.3.2.2 Procedural Visualization of the Victorian Camden, London 

The Borough of Camden is one of the oldest in London. It has a large variety of architectural 

styles and building typologies from Anglo-Saxon/Medieval to newly built structural expressionism. 

CASA researcher Polly Hudson, has recently developed a detailed map indicating building age 

data per building footprint. For this study this dataset is particularly important, as it identifies the 

location of each building typology (Figure 3.19).  

 

Figure 3.19: Building age data in the borough of Camden in London (Polly Hudson, 2016). 
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We can use age data to find the percentage of Victorian houses per zone (i) and use this 

percentage to populate the procedural zones with buildings.  

Using building age data, height data and footprint data, we can then produce statistics for the 

entire area of Camden (Figure 3.20).  

 

 

Figure 3.20: (a) Percentage of Victorian houses per procedural zone in Camden. (b) Plot Coverage in 

Camden. Building footprint per block ratio, provides with minimum-maximum plot width, length, as well as 

building footprint area. (c) FAR in Camden. (d) Number of buildings per procedural zone in Camden (not 

normalized by area). 

(a) (b) 

(c) (d) 
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More specifically, we can use the number of buildings per zone (i), the lot coverage and Floor 

Area Ratio (FAR), indicators typically used in planning to assess different policies, to procedurally 

recreate buildings, similarly to the Camden block. Moreover, we can make some assumptions for 

some morphological characteristics which can help in the procedural generation. For example, a 

high percentage of Victorian terraced houses in a zone, indicates a higher possibility for skeleton 

subdivision, while a high percentage of later built structures with large building footprint and parcel 

areas, indicate a wider plot recursive subdivision. 

We can proceed by procedurally simulating the built density and in extension Victorian buildings 

per procedural zone using the following rule:  

 Db(i) = B(i) / B(i) (V)  (3.1)       

where:  

Db is the built density of Victorian buildings and B(i) is the total number of buildings, divided by 

the number of Victorian houses B(i) (V). 

Similarly, the coverage is typically calculated in urban planning using the formula: 

 C(i) = A(f) / A(i)  (3.2)       

Where A(f) is the building footprint area and A(i) is the total procedural zone area.  

We can then include building heights into procedurally generated blocks using the FAR ratio, by 

dividing the gross floor area of a building(s) by the total buildable area of the parcel which is built 

on A(l)  

 FAR =  A(f) * (H/h(f)) / A(l) (3.3)       

We can then adjust the parameters of Figure 3.21, which correspond to each procedural zone, 

using a custom-made script which “tags” the statistics produced as illustrated above. Those 

statistics will define the number of subdivisions of each zone which will form the parcels, the 

percentage of procedural Victorian buildings per zone, the average size of building footprints and 

the maximum and minimum height of buildings. Figure 3.22 and Figure 3.23, illustrate the result 
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of this method, by highlighting the Victorian locations in both the original dataset the procedural 

generated model.  

 

Figure 3.21: parameters for the calibration of the procedural zone when populated with Victorian buildings.  

By integrating the Victorian ruleset along with height data, we are able to create additional visual 

representations that are dynamically generated. The application, automatically recognises the 

locations identified as Victorian terraced houses and replaces extruded red volumes with the 

procedural Victorian ruleset as created in the previous paragraphs.  

This allows us to control the density of Victorian houses of a large area using a single slider, the 

usefulness of this method is that it can be used to create scenarios for large areas. For example, 

using the density slider, we can control the global percentage of Victorian houses in Camden. 

The series of images below, illustrate the percentage of Victorian buildings starting with 100% 

Victorian buildings to -100%, left to right. The percentage is added or subtracted to the already 

existing percentage of Victorian houses as formed from the analytics. Therefore, a 0% value, 

corresponds to a 0% rate of change. A -10%, will decrease the global percentage of zones by 

10% etc.  
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Figure 3.22: Location of Victorian buildings in Camden according to Polly's Hudson 2016 map. 
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Figure 3.23: Locations of Victorian parcels, as allocated in procedural zones in Camden using the statistical 

approach in the environment of CityEngine, excluding buildings of large footprint areas which indicate 

different typologies. 
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Figure 3.24: Scenarios of redevelopment or demolitions of Victorian buildings in Camden generated by 

a percentage slider. From top to bottom: 90% Victorian buildings, 55% Victorian buildings (existing) and 

10% Victorian Buildings.  
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This case study was a demonstration of the possibilities of procedural based planning for scenario 

making. There were several challenges regarding the nature of the datasets, and several fixes 

and modifications had to be done. Including joining heights and age data to building Edina’s 

building footprints, removing duplicate features, cropping building footprints to land registry 

polygons, and finally trace all building footprints that fall into each land registry lot, so that the 

areas are consistent to each lot for coverage measurements. Within these adjustments, several 

datasets errors were identified and corrected, such as polygons which extended the land registry 

boundaries, exploded multipart features, unrecognized shapes which were removed.  

However, the purpose of this section has been to demonstrate a method for recreating an existing 

city procedurally using statistical methods, to allow the automatic generation of scenarios, and 

within this context, this case study produced an approximate representation of a city area, which 

can produce parametrized urban scenarios.  

 

3.4 Conclusions and Further Work. 

The use of historical data in procedural modeling has significant implications for 3D city modeling, 

planning, and potential uses for energy and conservation. It also allows for greater 

experimentation in the reconstruction of urban areas of the past, increasing our understanding of 

the stock’s dynamic behaviour and the long term impact of the presence or loss of specific 

buildings. It highlights through evidence the importance of historical knowledge in developing 

sustainable planning policies for the future. 

In our case study, we focused on the use of historical data in a procedural context to explore the 

scenario making capabilities in urban planning. Therefore, we won’t be acquiring an accurate 

representation of each building stock, but rather simulating a cityscape that is behaving similarly 

to the real one, in the same manner as a microsimulation creates a hypothetical population. 

Therefore, the goal was not to parametrize a single building stock, but rather create a parametric 

visualization of the building stock inside planning zones. Thus, instead of using district 2D 

features, we can combine the regional scale and the urban planning scale in one single platform.  
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One other possible application of this approach, other than the obvious 3D analytics, would be to 

utilize the rules developed to create Victorian parcels, to identify Victorian buildings within a 

building footprint based dataset. In the series of images followed, we use a simple classification 

analysis and the rules of the Victorian building as defined above, to detect Victorian buildings in 

the same area of Camden. The datasets used in this case are exclusively the building footprints, 

parcel areas from the land registry and building heights.  

 

 

Figure 3.25: Classification analysis in the area of Camden (first recognition of Victorian buildings). 
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Figure 3.25 demonstrates a different approach of using the method, demonstrating additional 

possibilities and further work. The following chapter will move beyond the scope of visualization 

and introduces modelling theories within the procedural paradigm. This presents an opportunity 

to create a link between design, modelling and 3D visualizations as will be mentioned again later. 

The dynamic/analytic capabilities of techniques such as procedural modeling and CityEngine, 

indicate the effective introduction of urban science within the simulation of a 3D city. This will be 

demonstrated thought the use of 3 original case studies, which will lead to the case study in 

Gulbarga for integrating planning knowledge within dynamic environments.  

 

3.5 Possibilities 

Procedurally generated cities are algorithmically generated and therefore have the capacity to 

extend beyond urban design. The advantage of procedural based planning, lies in its ability to 

rapidly develop 3D masterplans and city designs, that can be directly edited via simple controls. 

The ability to change generated elements, such as building envelopes, maximum heights etc., for 

multiple areas using sliders and switches, offers the opportunity to produce a spectrum of different 

scenarios that can be used to test planning policies and regulations.  

Even though new techniques have enabled the generation of multiple scenarios, however, as 

envisioned by Hiller (Hillier, 2011) through the eyes of Deleuze and Guattari (Deleuze and 

Guattari, 1987) and in line with the concept of strategic foresighting, the specific applications of 

these techniques in planning, are still focused on the 3D visualisation of morphological 

regulations, while dynamic modelling and regional design continues to depend exclusively on 

GIS/2D systems (Balducci et al.,Hillier, 2007).  

As the works of Balducci et al. (2011) illustrate, navigating strategically across multiple planes 

requires practitioners to sense and discern connections and patterns in what is taking place, in 

order to try to understand the underlying dynamics and interdependencies between elements and 

to appreciate the diverse possibilities of what is happening and what might happen and to respond 

by designing actions that align with the intentions and values of the agreed longer-term strategic 

trajectory (Hames, 2007, p. 114). To be able to explore a large number of scenarios on different 

levels/planes, urban planning scenarios need to be integrated with the science of urban modelling. 
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Urban models and analytics can provide a solid platform for the development of rulesets. Such 

capabilities would unravel the full potential of procedural based planning, as a toolkit for planning 

and analysis.  
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Chapter 4 

Modelling Based Scenarios 
 

 

4.1 Introduction 

It was originally noted by M. Birkin, G. Clarke, M. Clarke and A. Wilson (1996), that at that time, 

even though GIS provided different types of analytics, it did not support the development of 

theories of urban modelling nor the exploration of emerging behaviours. As we are moving 

towards 3D GIS and the realistic representation of cities, it is clear that there is a new challenge 

in the development and visualization of both urban models and planning scenarios.  

There is now the opportunity to create a direct connection between design, modelling and 3D 

visualizations as procedural modeling creates dynamic urban environments which can extend 

beyond 3D representations by augmenting dynamic geometry with time and cost (Nicolle and 

Cruz, 2010). Thus, allowing the efficient introduction of disaggregated urban models in the 3D 

simulation process. This is achieved using mathematical functions that are applied globally on 

the generated 3D urban environment and can be used to define spatial relationships (Sims, 

1993). 

This possibility in developing urban scenarios, through 3D digital models that represent cities 

augmented with modelling and information, suggests that there are new ways in linking the form 

with the function of the city by visualizing, analysing, exploring, and finally evaluating future 

plans via spatial analytics.  

 

4.2 Three Studies on the Development of Classical and Contemporary 

Models in CityEngine 

The visualization of theoretically inspired location models, published in the CASA working paper 

series as found in Appendix A.4.1 (Roumpani, 2013), is a demonstration of the process, the 

advantages and challenges of integrating urban modelling theories within procedural GIS 

systems. More specifically, the three projects presented, focus on the development of the 
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original Von Thunen’s Land-bid rent model (1826) and afterwards a version of the Von Thunen 

generalization by Wilson and Birkin (1987) and Wilson in 20011. The Von Thunen model 

attempts to explain the process of building and visualizing models within the environment of 

CityEngine, while the extended version, includes multiple centre markets while demonstrating a 

more complex dynamic by introducing time within the simulation process (Wilson, 2012). The 

Retail 3D model, a third study conducted within this context, is a more sophisticated application 

which uses the original Harris and Wilson 1978 standard dynamic retail model2 and attempts to 

capture the dynamics of retail centres in a city.  

The diagram below places this work within the wider context of this thesis by illustrating a 

workflow whereby core data and planning knowledge are introduced into the system. The model 

is subsequently used to evaluate the scenarios built and reports as produced from CityEngine 

allow the user to refine the urban planning scenario. 

 

  

Figure 4.1: An interactive system of data, models and planning outputs in CityEngine. 

It is important to note that the focus of this work is not on the models themselves, but on the 

design principles used for developing and visualizing urban modelling. Therefore, there are 

simplifications of the original models and the models are applied on a hypothetical city layout3.  

                                                           
1 More information about the models are found in: (A. G. Wilson, 2000) 
2 The Standard dynamic Harris and Wilson model is described analytically in:  (Wilson, 2010) 
3 The 3D objects and textures used for these projects, such as road networks, pavements, textures, 

rooftops etc. are provided by the official site and tutorials and examples of ESRI’s City Engine. 
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4.2.1  The Von Thunen Case Study 

The original Von Thunen model of 1826 provides a starting point to demonstrate the 

advantages of developing urban models within procedural environments, as it was one of the 

first attempts in the history of urban modelling to describe the interdependences of land uses 

using urban economic science. Von Thunen’s land-bid rent model begun as an agricultural 

model and essentially models the “locational rent” of the property in relation to the product price 

and the cost of travel to the market (A. Wilson, 2000). Agricultural products are then distributed 

around the market, which is located in the centre of the city, in relation to each product’s 

transport cost. The model is based on the assumption that retail owners would prefer to be 

closer to the centre, as they will generate a higher profit and therefore be more willing to pay a 

higher rent. Likewise, uses which generate a lower income will be allocated further away from 

the centre. The result is the formation of concentric product rings around the market which 

compete for land in relation to the profit generated by sales and expenses from travelling costs 

and rent (Figure 4.2 a). Products required to have a better proximity to the market are likelier to 

outbid products that are less popular, by allowing them to pay more rent.  

Originally, the model was created with only one market centre and with the assumption that the 

city is in a state of isolation and the transport costs and fertility of the ground are uniform 

(Thunen, Hall, Wartenberg, 1966).  In this case, the “locational rent” (L) is equal to the value of 

the product (P) minus production (C) and transport cost (F) and can be illustrated in the 

following equation, where Y is Yield per km2 and D is the distance from the market:  

L= Y(P-C) – YDF  (4.1) 

The first step in developing the model in CityEngine, is to generate the city layout. In this case, 

we use a radial template from CityEngine as a reference to the concentric centres for Von 

Thunen and locate the market in the centre via x,y coordinates. It is thus possible to re-write the 

model in CGA language to model rent prices for each of the crop zones using a set of variables. 

The variables of the model can be directly controlled using simple sliders and the model can be 

globally applied to the total number of geometries. In the same manner as the Von Thunen 

application developed by Batty et al. (2006), the user is enabled to control two of the variables 
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of the model, these being the market price of all crops and the transportation cost of each zone. 

Instead of using abstract bars or diagrams, to visualize the rent price we can then use the 

generated elements of the city such as the building heights to create 3D diagrams of the values. 

The zones are coloured in the same manner as the original Von Thunen concentric zones 

(Figure 4.2 b, c and d). The distance from the centre to each Lot, which is part of the cost 

function, is calculated using a “Centre to Distance function”. As the user changes the values of 

the variables, the visualization updates in real time, offering a better understanding of the 

impact of the model on this hypothesised urban environment.     

 

   

  

Figure 4.2: From top right to left (a) a standard visualization of the original Von Thunen model 1828. 

Different land use zones are being formed, which generate from the competition between products. (b) 

The Von Thunen model in CityEngine. The sliders on the left hand side allow the user to adjust the values 

of the model- price market of each crop and Transportation cost- and test different scenarios. (c) change in 

the profit of the first sector due to the change in the values of the market price and transport cost.  (d) A 

second function visualizes the Rent values of the model as building heights, creating a 3D graph 

(Roumpani, 2014).  
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4.2.2  Dynamic Spatial Interaction in CityEngine: The Extended Von Thunen 

Model  

The Von Thunen’s generalization example, set out to utilize more complicated functions, by 

introducing a higher level of complexity. The second study in CityEngine, builds on the Von 

Thunen’s generalization by Wilson and Birkin as published in their (1987) paper for dynamic 

models of agricultural location. Their model attempted to overcome the assumptions and 

simplifications of the original model using advanced methods of modelling.  

The generalization is dynamic, detailing the evolution of rent over time, and extending to using 

multiple market centres. In this example, simulating the interactions between multiple markets 

and introducing time within the simulation process is performed using a singly constrained 

spatial interaction gravity type model switching to a discrete zone system instead of continuous 

space, with possible market centres as i = 1,2,3... and zones labelled  j =1,2,3… This is an 

advanced version of the Von Thunen model, which has competing markets in addition to the 

competing products. The model represents Demand Yij as a spatial interaction model and adds 

a j-dependent attraction variable Wig as: 

Yijg=BigWigZjge(-bcij)  (4.2) 

Where Y is Demand for a crop at I met by j, W i is the attractiveness of a zone i, Zi is the supply-

production, and e(-bcij) is the distance function. The denominator B would then be:  

Big=1/ΣjWie(-bcij)  (4.3) 

The profit calculates as:  

Πjg=Djg-Cjg=Σi(pig-cijg-vjg)Yijg  (4.4) 

Where Dj is the revenue, Cj the production cost, p would be the price market, cij the transport 

cost and v the unit production cost. The application further required a combination of Python 

and CGA rules to simulate the ΔW evolution of products over time.   

ΔWj (t,t+1) = ε[Dj(t) – Cj(t)]Wj(t),   (4.5) 
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The application, as built in CityEngine, is a demonstration of the generative characteristics and 

how they can be used to simulate the real-time evolution of land uses (Figure 4.4 a, b and c). 

However, it is important to note that in order to construct a spatial interaction model in 

CityEngine, there was a need for “cycle operators”, which are not currently a feature of the CGA 

Rules scripting. To address this problem, the model was split in two different systems, between 

the CGA Rule development platform and the Python scripting interface for advanced 

programming (Python and CGA rules) and there is a manual development of an “Information 

System” where these platforms exchange information. This separation, which is presented in 

the diagram of Figure 4.3, is the key feature which allows the application to perform necessary 

calculations while maintaining an interactive character. 

The first step is to assign the object attributes and model parameters in CityEngine as shown in 

the right hand side of the diagram. The model calculates distance from the centres to the 

parcels and performs the spatial interaction function to decide on the most profitable product per 

parcel. This leads to the calculation of Land Rent using the CGA rule and the assignment of 

land use to the parcels. The cycle repeats for each time step. The reason for calculating Land 

Rent using CGA rules, instead of Python, is the amount of time required to perform the 

simulation is reduced, by applying the variables globally for each zone, instead of assigning 

values to each and every parcel everytime there is a new model run. The generalization model 

is described in detail in Wilson’s Complex Spatial Systems (2000), while a detailed description 

of the development in CityEngine are found in the authors working paper. 

The result is an interactive visualization of dynamic urban models. Demonstrating the 

production of 3D real-time interactive animations of how an urban structure may evolve. The 

user can participate in the simulation process by changing the models variables as the 

simulation is running and therefore experiment with different scenarios. The modelling 

approach, offers a spectrum of solutions, which are not necessarily prediction results, but may 

present a method for evaluating a range of potential planning scenarios based on urban 

models. 
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Figure 4.3: Core diagram of the extended Von Thunen application in CityEngine: Exchange of information 

between CGA Rule platform, Python console and Object Attributes in the scene for the generalization of 

the von Thunen model4 as published in Roumpani, 2014.     

 

4.2.3  The Retail Model 

The methodology of introducing land use interactions into a 3D GIS environment, has several 

applications in planning. For example, let’s assume that a planning task requires to allocate a 

new retail centre. This task would require the integration of the original (Harris and Wilson, 

1978) “standard” dynamic retail model5 which uses a singly constrained spatial interaction 

model to measure the revenue of a shop by calculating the flows of money from the residences 

to the shopping centres. By defining sets of blocks that represent the already existing shopping 

centres as zones j and ones that represent the residences as zones i, the application offers the 

option of acting as a locational model allowing the user to experiment with different locations for 

shopping centres which will generate highest profits based on travelling distance and 

competition. The application built in CityEngine, proceeds in simulating the flows and gathers, in 

the form of a 3D diagrams which allows the calculation of the optimal location and size of a new 

                                                           
4 As presented in the Roumpani 2013 CASA Working paper. 
5 The Standard dynamic Harris and Wilson model is described analytically in:  (Wilson, 2010) 
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shopping centre (Figure 4.4 d). The produced outcomes can be both visual and analytical with 

the option of providing 3D statistics and reports.  

The broader possibilities of procedural modelling, are unveiled when mathematical modelling in 

CityEngine is combined with urban design scenarios to creates places we can visit.  Instead of 

schematic representations of buildings, CGA rules can be used to develop urban design 

scenarios, while mathematical modelling can be used to define functions. Figure 4.5, shows 

how the retail model can be used in the design of a new district, by measuring revenue from 

residences and finding the optimal location of a new perspective retail centre (that which 

generate the biggest profit). We will be using the retail model in later stages to calculate 

services in different urban planning functions.  

 

 

Figure 4.4: a) The user selects a location for a new city centre b) The model calculates land uses in real 

time c) The model is updated, showing newly formed zones d) The retail model: 3D diagram and of 

revenue flows and suggestion for optimal location of a new shopping centre marked in red (Batty et al., 

2006). 
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Figure 4.5: The optimal location for a new retail model, based on an urban design scenario. 

 

The challenge in this work is next to implement such modelling techniques in a planning 

context. The case study described below is an extension to the explorations described in the 

three studies, applying the Lowry model in an urban environment to set the ground for the 

introduction of complex functions. Enabling planning parameters and basic zoning regulations to 

be introduced inside the system.  

 

4.3 The Simple Lowry Model 

As reviewed in Chapter 2, planning agencies began to explore analytic forecasting techniques 

in a planning context, with the Lowry model being adopted more widely than any other model 

(Batty, 2008; Irwin, 1965; Wilson, 2012). The reason being for its unique way of calculating land 

constraints. This has been a catapult for the development of different sophisticated versions of 

the model for the generation of different land use scenarios and facilitate those changes to the 

transportation demand models. The method that Lowry used is based on the methodologies of 

town planning of exogenously given industry employment levels and then calculating housing 

demand and services demand for the growth of a city. It provides a good starting point to 

explain the challenging task of implementing modelling techniques within a planning context. 
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4.3.1 The Model 

The Lowry model (Lowry, 1964), developed originally by I. S. Lowry in 1964 for the Pittsburgh 

region belongs in the category of land use forecasting models and is a suitable example to 

demonstrate land use zoning in a modelling context. It is demand driven and firstly requires the 

increase in employment in the primary sector, which is described as “basic employment”.  

The following diagram is a graphic representation of the model’s processes categorized by 

variable type.  

 

Figure 4.6: Flowchart of the Lowry Model, modelled by exogenous, endogenous variables and outputs. 

The model exogenously defines zones of employment and uses a gravity type model to allocate 

industry workers to residences; while it estimates levels of demand for services endogenously. 

The allocation is then based on the given capacity of each zone. This interdependency between 

land constraints and population is the feature which made this model popular to planners. Each 

planning zone has a fixed area while housing demand is satisfied from the remaining greenfield 

land. The formula that describes this relationship is the following:  

AHj= Aj – AUj – ABj – AR  (4.6) 

Where Aj is the total land available for zone j, AU
j is the unusable land in zone j, AB

j the land 

needed for basic employment and AR
j the land used for services and retail. The remaining land 

is then classified as housing and deployment zone AH
j. The population (P) in Lowry’s model is 

then measured as a fraction of basic employment (E).  
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P= fΣjEj (4.7) 

The function calculates the flows of population between employment zones i=1,2,3… and 

residential zones j=1,2,3… based on attractiveness factors (W j) and travel cost (cij) from work 

as:  

Pj= Bi Ei Wj e(-bcij) (4.8) 

Where:  

Bi =1/ΣiWje(-bcij)  (4.9) 

The process is then carried out iteratively to make sure that population does not exceed land 

provided. That would mean that the maximum capacity of the area is a function of population:  

ΣjPj= P (4.10) 

Pj ≤  fHAHj (4.11) 

It then goes on to allocate employment of social infrastructure such as retail, schools and other 

services (ERK) with attractiveness factor WR as:  

ERKj = bK(BiPjWRj(-bcij) + ERj)   (4.12) 

Where in this case:  

Bi =1/ΣiWRje(-bcij)  (4.13) 

ER
j is the population who shops from their workplace, while bK is the normalizing factor per 

sector such as the maximum capacity of the zone.  

The demand in services, creates new jobs and therefore a next iteration allocates the new 

generation population to the zones, making sure that that the land constraints meet the 

demands as: 

ARj ≤ Aj-AUj-ABj   (4.14) 

and 

ARj=ΣKeKERKj  (4.15) 
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The process iterates for all sectors (retail, education, hospitals etc.) until the land constraints are 

met. The total Employment is then represented by:  

E = Σj(Ei + ERj)  (4.16) 

 

4.3.2 The Lowry Model in CityEngine.   

The model can be directly developed within the 3D environment of CityEngine using standard 

spatial interaction techniques for the allocation of housing and social infrastructure such as retail 

and education, based on the likelihood that people prefer to live and shop closer to their place 

of residence.  

To examine this implementation we generate a random city layout to demonstrate the model 

using the CityEngine street templates. The user is enabled to test scenarios by simply allocating 

land uses on parcels that generate basic employment using the CityEngine dropdown menu 

from the manually developed Rule files. In this case we will refer to these zones as “industries”. 

The next step requires to populate these zones with basic employment using a text input field in 

the inspector under the category “industry”. The model run then proceeds to allocate the 

generated population from employment to the designated parcels as residences based on the 

distance-cost function. Different color in the generated residents symbolizes population working 

in the corresponding industry. The best locations for services, in this case retail and schools, 

are then defined using a “retail” model as in the retail case study described in the previous 

paragraphs and in the CASA working paper (Roumpani, 2013). All lots are considered as 

candidates for a prospective Retail centre or school. The lots that gather the highest flows, 

convert their land use to services (Figure 4.8).  

The structure of the process is shown in Figure 4.7 and demonstrates how the Lowry model is 

introduced in CityEngine. On the left hand side of the diagram are the functions which are 

performed via the CGA platform, while Python scripting is mainly used for the spatial interaction 

allocations and distance functions. This runs in association with CityEngine which facilitates 

visualization and the production of reports on model outputs. Where appropriate, model inputs 
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can be varied by the analyst as part of the planning process. This is facilitated by CityEngine as 

the analyst-planner can make adjustments using sliders as illustrated in Figure 4.8. 

The generated output is an interactive visualization of the model on a custom generated city-

scape. The user can modify any of the exogenous parameters of the model, or city layouts 

using the standard design tools of CityEngine and experiment with different scenarios. 

Therefore making a direct link between modelling and planning parameters, which in this case 

are CityEngine’s object attributes.  

 

 

Figure 4.7: Flow diagram of the Lowry model as developed for CityEngine. 

Despite that this is not an example that can be applyied in real world case studies, this work 

simply sets the ground for the introduction of main planning policies. These may include land 

use policies (zoning), approximation measures, minimum viability size etc. Areas and minimum 

viability size in this case are defined by the calculation of “shape area”, in CGA rules. Footprint 

areas and volumes are calculated for each parcel and the viability of a generated “planning 

area” is then defined by its capacity. During the allocation process, if an area is found to be 

unappropriated, it is marked as “unbuilt” and the system moves to the next available lot in terms 

of location.  
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Figure 4.9: Different design scenarios using just two employment centres generated using different land 

constraints factors and employment-services b- factors.  

In this manner, tasks are separated between modelling, which can be edited by the modelling 

parameters in the inspector view and planning tasks which include urban and regional design 

directly in the CityEngine 3D modelling environment. The planner-user, is thus able to test 

scenarios by designing new layouts and different land uses, while the model informs the design 

on how the population will distribute based on the capacity of zones and modelling parameters 

and on possible services locations. The simple Lowry model is demonstrated in Video V.4.1. 

It is further possible to apply additional attractiveness measures such as accessibility via the 

use of the road network centrality and integration, which is a standard practice that has gained 

popularity within the last 10 years (Hillier, 2007). We are able to integrate an accessibility 

measure through a graph network analysis, which allows the calculation of measures of 

accessibility according to the shape and form of the road network. This can be analyzed 
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automatically by computing global integration, local integration and in-between centrality. Global 

integration refers to the sum of shortest paths between each road segment and all other 

selected segments. In short, this tool calculates all shortest paths between street segments, 

while the cost function takes into account the angles between segments. The application allows 

the user to design or import any street network, select the zones of employment, populate them 

and then run a set of analysis tools in order to find indicators of accessibility for the allocation of 

social infrastructure (Figure 4.10). In this model, parcels that are found to be closer to high 

accessible roads based on the accessibility measures, gain a higher attractiveness factor.  

 

 

 

 

 

Figure 4.10: Example of the Lowry model in CE. (a) Automatic allocation of retail facilities and residencies 

based on basic employment without accessibility measures. (b) Road network analysis using global 

integration. (c) Allocation of the same facilities using accessibility attractiveness.  

(a) 

(b) 

(c) 
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The diagram of Figure 4.11 illustrates how different attractiveness measures, such as 

accesibility, can be introduced in the currently developed system. The distinct separation 

between the models which run on a programming environment and the city layout, which is a 

standard 3D editing application, allows to change city layouts independently of the model run. 

 

Figure 4.11: Flow diagram of the Lowry model as developed for CityEngine with accessibility measures. 

Integration, identifies main road (red). c. allocation of the same facilities using accessibility attractiveness. 

 

To summarize this work, the Lowry model case study provided a simple demonstration for the 

introduction of planning regulations on a hypothetical environment and explored the use of 

models in planning. There has been an attempt to combine modelling techniques with policy 

regulations to help integrate economic and environmental impacts of land-use transportation 

policies and planning scenarios. The Lowry model, allows the user to experiment with different 

locations and number of industries (employment) to view the effect that his decisions have on 

the extent of the city. This allows the development of multiple scenarios and the testing for 

different policies, such as minimum viable size of plots. The application, integrated controls for 

both planning parameters i.e zoning, and modelling parameters such as model attractiveness 

and factors, creating a comprehensive simulation system. Its important to note that this is a “toy” 

model, meaning a deliberately simplistic model with many details removed, which explores 

basic concepts of planning and modelling and is not meant to illustrate realistic figures. 
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However, it demonstrates the basics for developing an integrated system for both planning and 

modelling. We develop this further with a model of Gulbarga India model, using planning 

information from the city itself, as a core development of this methodology.   

 

4.4. Procedural Based Planning with the Lowry Model: An Illustrative 

Application to an Indian City.  

4.4.1 Introduction 

The next section uses the Lowry model in relation to new developments in Gulbarga India to 

demonstrate benefits of procedural based planning, this provides a base for the case study 

presented in Chapter 5.  

We will use the comprehensive Lowry presented in the previous sections to understand the 

interdependences of land uses in the case of Gulbarga. This work was conducted in close 

collaboration with Dr. Priya Narayanan Assistant Professor (Geography) in the School of Earth 

Sciences in the Central University of Karnataka, who has provided the zonal system of 

Gulbarga and the figures relating to building heights per zone and capacities. Through this 

demonstration, we reveal standard planning tasks and policy practices. The planning tasks are 

defined by discussed problems around the area and revolve around identifying land for new 

housing developments followed by increase in jobs supplied in parts of the city. The case study 

of Gulbarga will go further to introduce modelling techniques within the principles of a master 

plan in a 3D GIS platform which in this case is ESRI CityEngine. 
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4.4.2 The City of Gulbarga  

The city of Gulbarga is situated in the heart of India on the north part of the district of Karnataka. 

The city consists of 6 wards in total and a population of 422,569 people in 2001. The growth in 

urban areas of India, demands that there is a need for a sustainable managing of land, for many 

years achieved through master plans of land uses. Every few years the master plan is revised 

to accommodate the needs for the new population. Current trends show that population in 

Gulbarga will continue to rise, occupying most of the current greenfield land. Moreover, 

Gulbarga’s university is one of the activities which attracts thousands of people in the city 

creating new job opportunities and possibilities for growth. The next steps describe how we can 

integrate Gulbarga’s master plan in a Lowry based model, to test three main scenarios that are 

plausible in relation to planning regulations and programmed developments. 

 

Figure 4.12: Ward zone system in the City of Gulbarga, india. 
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4.4.3 The Zonal System 

The first planning task was to acquire the land use map of the area and create a GIS basemap. 

The city of Gulbarga is divided in 6 wards with a total of 58 land use zones. For the purposes of 

this demonstration, land use is aggregated in 4 main categories as shown in Figure 4.13:  

• Residential. (Housing). 

• Industries.  (Designated Land Use for areas generating basic employment). 

• Services. (Retail, Education, healthcare, welfare, offices). 

• Greenfield land. (Agricultural land suitable for proposed developments). 

 

Figure 4.13: The Gulbarga study area. Land Use mapping in CityEngine. 

Each planning zone contains information regarding main planning policies, such as maximum 

allowed building height density and minimum viability size for developments and services. In 

this example, Greenfield land is marked as an area suitable for development, while residential 

areas are subjected to grow if there is available space. The challenge in this case, is to 

implement the Lowry model using the planning zones as illustrated from the city masterplan and 

test whether it can be applied on an urban planning context.   
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4.4.4 The Model 

One of the strong criticisms on modelling techniques, as mentioned by Sayer, was that 

mathematical formalism somewhat ignored, design aspects among others, making top down 

methodologies inconsistent with bottom up modelling techniques (Sayer, 1976). Here, we are 

developing a synergetic method which has the advantage of allowing the user to build scenarios 

by adjusting both model parameters and planning restrictions. The challenge in this case is to 

develop user controls of the model and the design which consist of interlinked indicators. Such 

parameters include the Lowry model’s proximity measures, basic employment, population and 

retail employment, while planning constraints include maximum building height, number of 

houses, crowding measures (sqm/ per person), and land use categorization.  

Moreover, land use design is based on master plan methodologies and therefore instead of an 

arbitrary grid zone system, we are using the 58 discrete zone system representing land uses, 

aggregated by ward (Figure 4.13). The advantages of a geometric representation of zones, is 

that it directly connects to land use design. The use of CityEngine allows the quick and easy 

design of new zones, while the model calculates areas based on designed 3D geometric 

objects and not in input as most LUTI simulations do. In the following parts we will begin to 

describe the process of developing the Lowry model for the case study in Gulbarga and we ‘ll 

begin with the calculation of land use areas. 

In the original Lowry model, residential areas were calculated by subtracting the total of other 

land uses from the remaining usable land use as seen in equation 4.2. This method, assumes 

that any remaining area is automatically declared as residential. There are two weaknesses in 

relation to the total land calculation using this method, depending on whether Aj (the total area) 

refers to a) the total land available, or b) the total built space. In the case that A refers to the 

total amount of land available for development within a zone, the calculated residential area 

does not necessarily correspond to the demand for residential land use. Urban planning 

requires accurate measurements for the areas required for planning developments and 

infrastructure and therefore needs an accurate distinction between areas suitable for 

developments and required residential space. However, in the case that A j refers to the total 

“built” area, which corresponds to the actual area required for hosting population, then the 

available land for development is not taken into consideration.  
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This research is proposing the calculation of residential areas in the same manner as services 

so as to provide an accurate calculation of the area needed for residential development based 

on population and density. Therefore, the original Lowry equation for the calculation of housing 

area would then become:  

AHj = Σi ei Pji  (4.17) 

This method not only allows the development of residential zones with clearly defined areas for 

the calculation of infrastructure (roads, local shops etc.) but is also compatible with planning 

methodologies of area calculation proportional to population.  

Therefore, the dependencies of land use areas are formed as follows with AB
j calculating the 

total built area:  

ABj = AHj+ARj+AEj… (4.18) 

 AD
j, which is unbuilt area available for new developments would then be:  

ADj = Aj-ABj  (4.19) 

We can then perform the standard Lowry model as applied in the original, to generate figures 

for population and services as:  

Sij = AieiPiWje(‐βcij)      (4.20) 

where   

Ai = 1/ ΣkWke(‐βcik)   (4.21) 

to ensure that 

ΣjSij = eiPI (4.22) 

The total flows between zones Dj would then be described using: 

Dj =  ΣiSij =   ΣieiPiWje(‐βcij)/ ΣkWke(‐βcik)  (4.23) 
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The next step is to create indicators for the capacity of each zone. This will allows insights as to 

whether the zones may exceed capacity limits as population grows due to new proposals and, 

thus allows the designer to revaluate any suggested scenario.  At this point, it is useful to invoke 

planning regulations, on calculating population density which can be used as attractiveness 

factors in the Lowry model.  

 

4.4.5 Calculating Capacities of Planning Zones and Demand in Housing Using 

Gross Residential Density 

From population data and total zone area we can estimate population density. There is often a 

misunderstanding regarding the different measures of density, what do they mean and how they 

are used in planning. There are different measures of density for different planning and design 

purposes. Bamford (2008) and the Landcome guide (2011), both provide a good description of 

the definitions used in urban planning. The densities that are most relevant to planning and 

development industry, are the “site”, “net”, “gross”, “urban” or “metropolitan”6 densities.  

In our case study, since there won’t be any 

explicitly designed parcels and the planning 

zones refer to a regional level, we will be using 

gross residential density, which includes 

residential local roads and some non-residential 

land uses (parks-schools). It is often mentioned 

as “neighborhood” density and contains a small 

number of blocks. It is commonly used for 

meeting planning targets at the local level for 

neighbourhood intensity (Figure 4.14).  

It is important to note at this point that for regional models, such as the Lowry model, “urban” 

density would be the most suitable measure, as it is commonly used for understanding flows on 

                                                           
6 Site and Net densities refer to building typologies and correlate strongly with lot size and height with Net 
density describing the intensity of built form in relation to street context. Gross and urban densities are 
commonly used for planning purposes as the refer to regional land uses, while metropolitan is commonly 
used for macro measure and international comparisons. The Landcome guide was published in 2011, is 
currently distributed online at http://www.landcom.com.au. 

Figure 4.14: Diagram for gross density. 

Suburb A and Suburb B have the same gross 

density, with different layout (Landcome 

Guide, 2011).  
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the macro level such as travelling behaviour and compare the performance of cities (Dovey and 

Pafka, 2014). However, the purpose of this study is to demonstrate the application of 

mathematical models on an urban scale, and therefore gross density will be used.  

In our case study, we seek to correlate basic population, as used in the Lowry model, with 

designed land use area, as developed in CityEngine for the City of Gulbarga. By doing so, we 

can design different zonal scenarios and automatically know the capacity of each zone.  

When it comes to correlating built densities with populations, gross residential density does not 

always correlate directly with gross population density. Different housing types yields different 

gross residential densities depending on site coverage, dwelling size and street layout, as 

occupation rates may vary for different housing types and socioeconomic factors. Therefore, a 

high residential density does not always mean a higher population density nor higher buildings. 

By assuming this, there is a basic formula in planning which is used to calculate population 

density from residential density in approximation and therefore the capacity of our zones7:  

DP= DR O (4.24) 

Where DP is the population density, DR is the residential density and O is the occupancy rate 

e.g. 3 people per detached house. And: 

DG = H 1/A (4.25) 

Where gross residential density DG is equal to the number of dwellings H divided by the gross 

land area in ha.  

The capacity of each zone can then be calculated using population density and be defined by 

three main planning parameters: area, number of dwellings and occupancy rate8. Height 

restriction law is also an example of a model parameter which is not taken into consideration in 

the original Lowry model and can be useful in the calculation of densities and population, by 

                                                           
7 There are several methods of calculating population density. A generalized method is presented in this 
chapter. Other sources include “Plain English guide to the Planning System”, Department for Communities 
and Local Government, January 2015. There is also a complete study on residential densities and 
Occupancy rate from Maccreanor Lavington Architects, Emily Greeves Architects published on August 
1012 found in https://www.london.gov.uk/sites/default/files/Housing%20density%20study-opt.pdf. 
8 Different countries have different measures for occupancy rates. In the UK habitable rooms per hectare 
or HRH are commonly used to give a more accurate indication of dwelling size. In other cities such as 
Sydney occupancy rates are approximately “3.0 people for each detached house, 2.4 people for a semi-
attached house and 2.0 people per apartment”. Note though, that occupancy rates vary depending on the 
size and type of dwelling. 

https://www.london.gov.uk/sites/default/files/Housing%20density%20study-opt.pdf
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adding a 3rd dimension. The way that is included in the calculation of capacities can be done by 

approximation and is based on the minimum building height as: 

Hmin = ((aPi) /Ai )Hf (4.26) 

where Hmin is the minimum required structure height to host population of Ground floor with built 

area Ai and Hf refers to the floor height. The annotation “a” refers to the floorspace per person: 

a = 1/ DP (4.27) 

Using the above formula, allows us to add additional controls for the calculation of density, such 

as “type” of house, square meters per person used for public space, square meters per person 

used for private space, and number of houses of each land use zone.  

The capacity of each zone can then be expanded or restricted by changing the amount of 

unusable land AU
i by designing new residential, industrial or retail zones, for example, a new 

housing development, as we will see in the second example below.  The advantages of such a 

method are then that land use design is subjected to both user controlled zone planning and 

model defined calculation of population and employment. Modelling techniques allow the quick 

implementation of interactive calculations, for the development of interactive scenarios and 

provide useful scenario testing methods as we will see in the section 4.4.6.   

 

4.4.6 The Simulation 

We now progress to apply the model in the Gulbarga plan, by developing a simulation, using the 

techniques developed. The simulation has 3 starting points. The “initial state”, the “employment 

state” starting with basic employment – as in Lowry’s original; and the “population state”, which 

runs a Lowry model starting with initial “population". The initial state populates all zones with 

2014 census data, such as population, basic employment and services employment, 

aggregated by land use zone and is used to calibrate the model. The other two states, 

“Employment” and “Population” create scenarios for employment and population respectively. 

Figure 4.15, illustrates the flow of the application in relation to the two-different model runs.   
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Figure 4.15: Lowry simulation diagram for CityEngine in Gulbarga.  

The diagram of Figure 4.15 underlines that the user can select between two different simulation 

modes. Firstly the "Employment" mode, in which the user develops new industries and therefore 

creates new employment positions, and secondly the "Population" mode, in which the user 

designs new residential zones. Employment allocates population to residential zones which in 

return calculates the number of services and the total employment. Population mode, on the 

other hand, calculates the number of services needed and then the total employment generated 

from the new population. From the total employment, the population generated is allocated back 

to the residential zones. 

The user is able to select any zone by simply “clicking on it” and adjust the parameters using 

the standard CityEngine “inspector” view. The controls are categorized into two main sections 

“planning restrictions” and “main model attributes”, thus grouping indicators by kinds of 

expertise – planners and modellers. Planning restrictions refer to the area constraints of the 

Lowry model and are designed to include density controls such as maximum allowed 

construction height, number of houses, square meters per person and type of housing. While 

“Main Model Attributes” refer to the main inputs of the model such as population, basic 

employment, services employment etc. (Figure 4.16). Land use controls allow the user to 

change the land use type of a certain zoning and experiment with different land use scenarios.  

The application, calculates population flows and highlights zones where the capacity of housing 

demand may exceed the area provided. The user is then called to provide solutions such as to 
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increase the maximum area, allow the development of dense highrise buildings; convert 

unused/used to residential, or create incentives for the population to reside in nearby zones. 

On the handling of constrains in the application, the model uses a combination of Python and 

CGA rules as in the earlier applications. Python calculates and allocates population while CGA 

handle the land constraints using the following method. Areas are calculated in real time using 

the “geometry.area” rule to capture any changes during the design process. Total areas of the 

geometries are being calculated. The user input includes the sq/m per person for each zone for 

private and public spaces which are used in the calculation of net densities and capacities as 

described above. Rules can output such area constraints which are picked up by Python. In the 

next paragraphs, we will explore 3 scenarios using this method, to demonstrate the application 

and present early results.  

 

 

Figure 4.16: An example of user control sliders of interlinked indicators: 1: Planning restrictions, 2: Main 

model Attributes, 3: Land use.   
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4.4.7 Scenarios 

Scenario 1: Expansion of the university: increasing employment – supralocal activities. 

From the process of this thesis, we assume that there is an expansion of the university through 

the establishment of new departments. The supralocal activity attracts people from all over 

India, therefore basic employment generates population equal to the capacity of the new 

departments. In our case we assume that the expansion of the university is an unusually large 

one, creating about 1000 new employment positions. The advantage in running an urban model 

in a spatial context is the weighted spatial distribution of population in planned zones to identify 

locations that may require expansions. In this scenario, total population increases from 430,796 

residents to 486,365 due to the activity of the university. The distribution in the existing 

designated zones is weighted by proximity to the university, house prices, proximity to services 

and retail and attractiveness of area.  

Traditionally, calibration of spatial interaction models is carried out by one of several well known 

fitting and optimization techniques, including “least squares regression, maximum likelihood, 

neural networks, or by numerical heuristics” (Thill and Mozolin, 2000, p. 37). In this case, the 

“initial” state of the application is used to calibrate the model to correspond to the 2014 census 

data. As we do not seek to develop an accurate prediction model for the area, but to 

demonstrate the model-based scenario capabilities in software such as CityEngine we use a 

simple least squares regression.  Figure 4.17, illustrates population distribution before and after 

the expansion.  

 

Figure 4.17: Population distribution (a) census 2014, (b) model population distribution after a planned 

increase in employment in the university.  

(a) (b) 
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Despite the increase of housing demand in areas closer to the university, there is also an 

increase in population within the central zones due to attractiveness of the area and proximity to 

services; showing a moderate increase in population in the centre and an increase in demand 

for housing in the areas around the university (Figure 4.17), Services and Retail increases by 

approximately 20% around the university while in the central areas there is a minor increase in 

demand due to the high number of services already in these areas. 

  

 

By running the simulation in “planning” mode, it is possible to visualize zones by land use type, 

and use 3D elevation and colour to visualize maximum building height law and density 

respectively. In the example of Figure 4.18, the application visualizes residential zones by 

capacity as calculated from the planning figures. Zones that may exceed their capacity are 

highlighted to indicate that certain planning action needs to be taken.  

This method, introduces “choice” in the simulation process. In most land use simulation models, 

the simulation integrates different policy measures, such as gradual increase of house prices 

when there is an indication for an increasing housing demand in a zone. These balancing 

mechanisms are included in the model, to simulate realistically the behavior of the market. It is a 

standard practice used for forecasting models, as the goal of these models is to predict as 

accurately as possible how the future may play out. However, it is not the purpose of this thesis 

to develop a forecasting model, but rather to use models for the development of multiple 

Figure 4.18: The model 

indicates a 15% excess in 

capacity for housing in zone 43, 

indicated with the colour Red. 

Saturation indicates low to high 

gross residential density, while 

height is an indication of 

maximum building height law.  
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scenarios. In that sense, it is more useful to consider how models reveal possible “trends” than 

accurate predictions. Therefore, in this context, there are no optimization methods for adjusting 

the housing market, but the model instead indicates possible changes in the capacity of 

planning zones, and highlights potential exceeds. The designer/modeler, can choose from a 

variety of different solutions, from change of land use, to the design of new developments or just 

adjust policy measures such as an increase in house prices in the particular area, to create a 

more “sustainable” scenario as indicated by the simulation. The example in Figure 4.19 

demonstrates how it is possible to release pressure from 10 hr/ha to 90 hr/ha9 in two different 

ways.  

    

Figure 4.19: releasing pressure in two ways, by (a) converting Greenfield land to Residential or (b) 

allowing high-rise by increasing maximum allowed height. Colour density indicates gross residential 

density.  

Scenario 2: New employment zones West of the city centre.  

The second scenario allocates new basic employment in the planning zone east of the city 

center, indicated in Figure 4.20. The model highlights areas in which the demand exceeds the 

capacity of the zone. In this example, 4 different possible locations are highlighted as 

prospective areas for new housing developments.  

In this scenario, we choose to increase capacity by creating new housing units at nearby zones, 

to test whether they can attract population from the areas that are indicated to exceed their 

capacity.  The new housing unit satisfy demand created by new employment in the central parts 

of the city, while a 5% demand in a residential zone in the south part of the city remains 

unsatisfied (Figure 4.21 a.).  

                                                           
9 (u/ha units per hectar (number of dwellings and no of households. – hr/ha : (habitable rooms per hectare) 
better measure of density and a better indication of built volume.)) 

(a) (b) 
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Figure 4.20: Increasing basic employment from 2500 to 10000 east of the city. Capacity exceeds in the 

zones highlighted red.  

 

  

(a)              (b) 

Figure 4.21: (a) Location of new housing zone in the centre of the city and new housing and service 

demand. (b) Increasing maximum height law, and therefore increasing population density satisfies demand 

in the area. 

    

The user can is able to select from a list of measures to provide solutions. In the example of 

Figure 4.21 b, increasing maximum height law, allows the development of higher buildings, 

increasing density and therefore creating more housing for the generated population.  
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Scenario 3: Creating new housing developments  

The final scenario of this case study, begins from the “population” mode of the simulation, which 

creates outcomes from assigning population to residential zones. Assuming that a new housing 

development is being planned southeast of the city centre, where currently is part of a 

brownfield land, we can use CityEngine’s design tools, to design the boundaries of the new 

residential zone and characterize it as residential by selecting a land use type, as shown in 

Figure 4.22 a and b. In this case, we assume that the new housing unit is planned to have a 

capacity of 9000 people living in this zone. We populate the new area with about 800 new 

residences until we reach the desired density (indicated by colour). It is then possible to run the 

model from the population mode, to calculate employment and services for the newly allocated 

population. 

We estimate the amount of employment required to ensure viability of population and the 

distribution in the local system we used. It should be emphasized that there are two types of 

employment in the Lowry model. Basic employment covered by the industrial zones and 

employment generated by retail and services. Taking this into consideration, we observe an 

increase in the demand in employment areas and residences generated by services 

employment in the surrounding areas. More specifically, with an employment factor of 1.3 we 

have a demand for new employment of approximately 2000 positions industry and services, 

which are illustrated through the use of colour and height in the designated industry/services 

land use zones.  

These scenarios demonstrate the two “starting” modes of the Gulbarga simulation, 

“employment” and “population”, and an attempt to combine modelling and planning indicators in 

one information system. Most of all they are a demonstration of a methodology to produce an 

unlimited amount of planning scenarios with the integration of design tools and urban modelling, 

within the context of a generalized masterplan. The scenarios are being demonstrated in detail 

in the Video V.4.2.  
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Figure 4.22: New residential unit of 9000 people capacity. Before (a) and after (b).   

 

Figure 4.23: Exceed in the demand for employment for the employment zones throughout the city, 

indicated by zone height.  

 

4.5 Conclusions and Challenges  

The presented studies have demonstrated the workflow and methods for turning procedural 

systems into analytical tools. ESRI CityEngine provides a platform for the development and 

visualization of modeling theories. The examples, demonstrate how CityEngine facilitates the 

development of urban models through its user friendly parametric interface and shape grammar 

language. The integration of interactive controls allows the experimentation with the model 

(a) (b) 
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variables with a direct visual output on the generated city, providing communication tools for 

educational purposes. This allows the development of an Information System which in turn 

opens up the exchange of information of two different platform; this direct visualization of spatial 

dynamics is a key feature. 

The real-time visualization of theories incorporate ideas about urban models and provide a 

method for the development of models directly within 3D urban environments. At the same time, 

they demonstrate how a realistic representation of an urban environment can aid in the 

development and presentation of symbolic modelling and complexity theories which form part of 

the emerging smart city (Hudson-Smith, 2014). 

The interactive interface enables the user to experiment with different scenarios and learn from 

the process, similarly to earlier urban games such as the original Cornell Land Use Game 

(Feldt, 1965), a heuristic gaming device which explored its use in planning education. More 

specifically Mayer, Bekebrede, Bilsen and Zhou (2009) noted that many students have reported 

that course work in municipal finance, decision theory, zoning law, urban design, and 

economics as well as courses in urban ecology and geography have been much more 

meaningful and important to them as a result of having played it.  

The development of the Information System and the separation of the platforms into scripting 

and shape grammar facilitates the development of models and define guidelines for the 

development of planning scenarios within 3D models. This leads the way for the introduction of 

planning policies and more complex data feeds which has the potential to provide new solutions 

to planning challenges. These methods provide a glimpse into a generic intelligent analytical 

toolkit that can lead to defining new and different ways of modelling.  

We further used the comprehensive of the Lowry model in relation to new planning 

developments in Gulbarga, India to introduce modelling techniques within the principles of a 

master plan in ESRI CityEngine. Through this demonstration, we attempted to integrate 

standard policy practices within the simulation of a city. The result is the development of an 

interactive application, which visualizes planning zones in 3D and allows the development of 

planning scenarios via a set of user controls. The urban model is invoked to evaluate the 

proposed developments by simulating possible interactions of land use. As this was the first 
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attempt to use procedural based planning in conjunction with planning policies and modelling 

techniques, the application has many simplifications and is based on several assumptions.  

The Lowry model itself is developed within the context of demonstrating the development of 

urban models within procedural environments and is not aimed at producing realistically 

sophisticated solutions. Despite that, there have been several results and challenges that have 

been identified and need to be taken into consideration for the next steps. Firstly, even though 

even though the 58 zone system provided a good basemap for planning purposes, the use of 

the same zonal system in the Lowry model creates several misinterpretations in the calculation 

of distances between zones. The problem arises in large oddly shaped zones where the centre 

point may be located far away from the edges of the zone. The zonal system is also unsuitable 

for the calculation of capacities, as the gross residential density doesn’t take into consideration 

designed elements of the built environment and designed items. For example, the “number of 

houses” parameter, needs to be imputed manually via numbers, instead of designing a set of 

houses.  

Moreover, it is important to note that the use of the Lowry model is aimed at a regional scale. 

The system doesn’t take into consideration external flows which can be significant in the 

calculation of services. Especially in areas that include supralocal activities such as big 

universities or shopping centres. 

There are several more challenges that need to be addressed on a second level, which include 

the introduction of sophisticated models and the development of visualizations beyond the 

context of zonal boundaries. 

Despite these assumptions, the Gulbarga Lowry model demonstrated that it is possible to use 

urban modelling and procedural generation for the exploration of multiple scenarios. The 

development of interlinked indicators is a key contribution to this work, linking design -geometry 

and areas- with planning policies such as building height and residential density, and finally 

modelling. The calculation of areas and capacities as illustrated above, allows the development 

of residential zones with accurate boundaries for the calculation of areas and is also compatible 

with planning methodologies of area calculation for the estimation of cost for buildings and 

infrastructure (roads, local shops etc.).  
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The application avoids paths of self-organization to allow the process of decision making in the 

development of scenarios. The user can set restrictions by either increasing maximum allowed 

height and allow the development of high-rise buildings, converting Greenfield land to 

Residential, or create incentives for the population to reside in nearby zones, as demonstrated 

in the first example scenario.  

 

4.6 Further Work  

The Lowry model work sets the ground for the introduction of more complicated external 

functions, which allow already developed models to be introduced inside the system. A more 

advanced model will be developed in the next chapter, which will use an advanced version of 

the Lowry model to create scenarios in the area of South Yorkshire in the UK. This model 

overcomes previous limitations and demonstrates the wider potential of procedural based 

planning.  
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Chapter 5 

Integrating Procedural Modeling in Two Spatial Scales  
 

 

5.1 The Two-Tier Model  

A typical urban planning task usually involves the development of scenarios and the exploration 

of different allocation for housing, social infrastructure and other facilities at a fine scale level. 

More generally, it involves the analysis of separate district land use zones often at the scale of a 

city. Dynamic urban modelling and regional planning however, typically use one aggregated 

system of zones to calculate the distribution of trips or flows between origins and destinations 

as we explained in Chapter 4. It would be useful to Introduce such urban regional flows in a 

planning context -urban scale plans-, to calculate land use demand on a regional level and then 

evaluate a small-area plan such as a neighbourhood or a new development. For this, there is a 

need for a system which will understand the interdependencies of both regional and local scales 

and will provide a synergetic method for design purposes.  

The key concept of this section is the development of a system with two model runs working on 

different scales which will be provided by a two-tier Lowry model. We explain why this method 

provides the basis for the introduction of urban modelling information within the simulation of an 

urban master plan and the key advantages of such an approach.  

We begin with the main equations of the two-tier structure and develop a simulation for a 

simplified zone system to explore how the mathematical model works. Applying the two-tier in a 

planning context, via a case study in South Yorkshire, UK we use an external model as the 

upper-tier model of our system and an internal lower-tier model. As introduced previously, we 

implement the above case study in the comprehensive system of CityEngine in two parts. The 

first part focuses on the development of visualisation tools for complex external models through 

the introduction of an information system; while the second utilizes the two-tier model, to inform 

the lower-tier planning zones with modelling data such as provisions per land use and 

population densities.  
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The two-tier Lowry model sets the ground for the development of a methodology to create urban 

planning scenarios that operate in two different spatial scales. This will enable the planner to 

inform the scenarios with regional flows that may play an important role in how an area may 

evolve over time.  

 

5.2 The Two-Tier Theory  

5.2.1  A General Model 

Assume there is an upper-tier zone system (labels, I, J, K….) and a lower-tier one (labels i, j, 

k...) such as wards, land use zones, or even block outlines with designated land use. The 

upper-tier can be tiles of regional scale such as wards, output areas, tiles etc., the lower-tier a 

finer grain planning system. We assume for convenience that the lower-tier zones aggregate 

into upper-tier ones and we use the set inclusion notation i ε J to represent lower-tier zone i 

being contained in upper-tier zone J.  

The purpose of the two-tier structure is then to calculate flows T, which might be journey to 

work, retail or travel to schools which are produced from 2 different zone systems. There can 

then be two or more such arrays representing the different interactions between scales. For 

example, lets assume we have i ε K and j ε K, then we would have the four following potential 

arrays:  

SIJ: upper-tier zone to upper-tier zone 

Tij: lower-tier zone to lower-tier zone 

UiJ or TIj(J): lower-tier to upper-tier 

VIj or TJj(I): upper-tier zone to a lower-tier zone  

To develop such a structure, the two-tier model employs the mechanism of the doubly 

constrained spatial interaction model. Contrary to the singly constrained, which is mostly used 

for the allocation of flows such as in the case of the retail model (Chapter 4), the doubly 

constrained model is used to calculate flows between origins and destinations. Such as for 
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example, trips between the residence and the workplace. It requires two sets of balancing 

factors Ai and Bj similarly to the Furness model (Ortúzar and Willumsen, 2011):  

  𝑇𝑖𝑗 =  𝐴𝑖 𝑂𝑖 𝐵𝑗 𝐷𝑗 𝑓 (𝑐𝑖𝑗)  (5.1) 

This expression is then similar to the classic version of the doubly constrained gravity models. 

That is that the interdependence of Ai and Bj, triggers an iterative process which begins with the 

assumption that one of these is equal to one. 

 Ai = 1/Σj Bj Dj f (cij)  (5.2) 

 Bj = 1/Σi Ai Oi f (cij)  (5.3) 

This process ends when the difference between the previous iteration and the following one is 

close to zero, i.e when the system reaches equilibrium. We will call this difference p as 

mentioned in the 181 CASA working paper by Dennett (2012). 

 p = |Ai(x-1)- Ai(x)|  (5.4) 

The doubly constrained spatial interaction model typically considers one system of zones, 

therefore, for convenience in the next paragraphs, we refer to it as a single tier, or one-tier 

model. 

Let us suppose now that we have two sets of zones and we want to make a new housing 

development in one of the upper-tier zones J, while we want to allocate new schools in 

destination zones j ε K, as a planning task. We can begin by calculating flows from surrounding 

areas using the upper-tier model to estimate TIJ. We would then have the V and U arrays which 

would provide us with the flows coming from the lower-tier system to the upper-tier and vice 

versa. One way to estimate Tij, UiJ and VIj, would be to adjust the push and pull factors in the 

upper-tier zones in relation to the fine zones by defining the fI and gJ such that 

 fI = EISIK/SI*  (5.5)  

and  

 gJ = HJSKJ/S*J  (5.6) 
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The constraints that have to be satisfied are 

 ∑jεKTij + ∑J≠KUiJ = ei, i∈K (5.7) 

 ∑iεKTij + ∑I≠KVIj = hj, j∈K (5.8) 

 ∑iUiJ = SKJ, J≠K (5.9) 

 ∑jVIj = SIK, I≠K (5.10) 

If we then specify balancing factors associated with these constraints, Ai for (5.7), Bj for (5.8), DJ 

for (5.9) and CI for (5.10), the model can be specified as 

 Tij = AiBjeihjexp(-βcij), i, j∈K (5.11) 

 UiJ = AiDJeiHJexp(-βciJ), iεK, J≠K  (5.12) 

 VJi = BjCIEIhjexp(-βcIj), jεK, I≠K (5.13) 

where we have assumed a conventional exponential cost function and a set of costs cij. 

Substitute from (5.11) – (5.13) into (5.7) – (5.10). 

 

 ∑jεKAiBjeihjexp(-βcij) + ∑J≠KAiDJeiHJexp(-βciJ) = ei, i∈K (5.14)  

 ∑iεKAiBjeihjexp(-βcij) + ∑I≠KBjCIEIhjexp(-βcIj) = hj, j∈K (5.15) 

 ∑iεKAiDJeiHJexp(-βciJ) = SKJ, J≠K (5.16) 

 ∑jεKBjCIfIhjexp(-βcIj) = SIK, I≠K (5.17) 

from which we deduce 

 Ai = 1/[∑jεKBjhjexp(-βcij) + ∑J≠KDJHJexp(-βciJ)], i∈K (5.18) 

 Bj = 1/[∑iεKAieiexp(-βcij) + ∑I≠KCIEIexp(-βcIj)], j∈K (5.19) 

 DJ = SKJ/HJ[∑iεKAieiexp(-βciJ)], J≠K (5.20) 
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 CI = SIK/EI[∑jεKBjhjexp(-βcIj)], I≠K (5.21) 

We have used the relationships in (5.5) and (5.6) to simplify equations (5.20) and (5.21). It 

should be then possible to solve these iteratively starting with CI = DJ = Bj = 1, and then cycling 

and recycling beginning with equation (5.18). 

The key advantage of the two-tier model in this case, is that it takes into consideration external 

flows (SKJ and SIK), which come into the zone of interest. For example, people who may 

commute to work from other neighbourhoods or cities. These are then provided from an 

external upper-tier model, thus breaking the modelling process in two parts. A model run for the 

upper tier system, and a model run for the lower tier. To do this though, we would firstly need to 

test the performance of the two-tier model and verify the consistency of the results, using a 

generalized implementation of the model.  

 

5.2.2 Model Implementation 

Suppose now that we have the hypothetical system of Figure 5.1. The upper zone system 

consists of the main upper-tier K zone and two other upper-tier zones  I,J = 6,7 which generate 

basic employment E and provide housing H. The K zone consists of several mixed lower-tier 

zones i,j = 1,2…5 that generate basic employment e and housing h.  

 

Figure 5.1: A diagrammatical example of two zonal systems.  

The employment of zone K would then be EK = Σei and accordingly housing HK = Σhj. The cost 

function dij is then calculated using the Euclidian distance between centroids.  
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To verify the results of the model, we can first run a “one-tier” model for Tij, TIJ, TiJ and TIj (for I, 

J≠ K and i,j ∈ K ) as shown in equations (5.1), (5.2) and (5.3) which will provide with flows SIK 

and SKJ as:  

 SIK = ∑ΤIj = ∑j εK (AI EI, Bj, Hj f(cIj))  (j, ∈ K)  (5.22) 

and  

 SKJ = ∑ΤiJ = ∑iεK (Ai Ei, BJ, HJ f(ciJ))  (i, ∈ K)  (5.23) 

We can then calculate and compare the flows “T” of the two-tier model with the “one-tier” doubly 

constraint spatial interaction model. In this example, the difference between the two-tier and the 

one-tier model is that the later calculates the distribution of both upper-tier and lower-tier zones 

by treating large and small zones on the same basis and therefore only utilizes two balancing 

factors A and B. The two-tier doubly constraint on the other hand, utilizes four balancing factors 

and calculates Ai by setting originally Bj,DJ,CI =1. It moves to the Bj then to DJ and lastly to CI 

before it starts iterating back to the Ai. The hypothesis in this case, is that the flows of the two-

tier are required to match the flows produced by the single tier as both are based on the same 

zonal system and the SKJ and SIK are provided by the single-tier model for both model runs.  

For this we developed a stand-alone application built in the programming language Processing1, 

which creates random schematic zones procedurally, and allows the experimentation with the 

two-tier model, by exogenously adjusting the number and location of zones and 

employment/housing provisions, and runs both the one-tier model and the two-tier 

simultaneously to produce reports of flows T and R accordingly. The reports will then be used to 

verify the similarity of the results.  

With a p value of < 0.001 the results of the singly constraint model in relation to the two-tier 

seem to satisfy the hypothesis as shown in the matrix produced by the application (Figure 5.2).  

                                                      
1 Processing is an open source programming language with integrated development environment.  
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Figure 5.2: Screenshot of the application developed in Processing for testing the results of the two-tier 
model (The application is found in the Applications folder within this thesis digital files). Left: A schematic 
system of zones, white: zone K, yellow: lower-tier zones 1-4, green: upper-tier zones 5-6. The location of 
the upper-tier and lower-tier zones changes randomly to test different distances and costs. Right: The 
flows of each configuration appear in the right-hand side columns, allowing the direct comparison between 
the two-tier flows (first column) and the standard one-tier flows (second column). The user may edit the 
number and location of zones, as well as the values for employment and housing to test different 
scenarios.  

Further experimentations with different values in the number of zones, employment and housing 

figures in the Processing application, have shown that a two-tier model can be used in a 

condition with two different zonal systems, providing there are two additional constraints:  

1. The total of origins equals to the total of destinations: 

 ∑ (ei+EI)= ∑ (hj+HJ)  (5.24) 

2. Upper-tier employment and housing cannot be assigned the value zero, as they are part 

of the denominators DJ and CI. 

 EI, HJ≠ 0  (5.25) 

Despite these two additional constraints, the two-tier model exhibited some rare cases where it 

failed to converge (Figure 5.3).  
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Figure 5.3: Example of a system that fails to converge. While the one-tier model produces flows from Ti→j  
as shown in the right column. The two-tier fails to converge and flows on the left-hand side appear as 
“Null”.  

 

Figure 5.4: Plot of the two-tier denominators from iteration 46.000 onwards. The system does not converge 
and gradually fails after iteration 47.000. 
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The plot of Figure 5.4, shows that the system fails after several thousands of iterations. This 

event appears to occur either during the calculation of the p value, which in this case is the 

difference between the old values of the denominator and the new ones (Equation 5.4), either 

due to an offset in one of the balancing factors as shown in Figure 5.5.  

Fry and Dennett produced a mathematical solution for spatial interaction models that fail to 

converge, using the maximum value for the A value and dividing it by the mean as:  

 p = 
𝑚𝑎𝑥(|𝐴𝑖(𝑥−1)− 𝐴𝑖𝑥|)

𝑚𝑒𝑎𝑛 (𝐴𝑖(𝑥−1))
 (5.26) 

This unpublished calculation by Fry and Dennett provides a successful solution for the p value 

small numbers problem. However, it does not addresses the difference in the rate of change. 

For this, we used a technique commonly used in optimization models2, a category of models 

which seek to find the best element in a collection of alternatives, and introduced a “learning 

rate” (or step size) to control the rate of change. A step size is a parameter which affects the 

rate of convergence of an algorithm (Zeiler, 2012). In this case we introduced additional steps η 

between each iteration using an external parameter. In our example, with the introduction of an 

η value of “0.1” the two-tier model seems to converge in every procedurally generated case 

(Figure 5.6 and Figure 5.7).  

 

Figure 5.5: Raw data plot of the denominators. Each column represents one denominator, while each row 
is one iteration. The matrix highlights the moment when the trend changes for each denominator 

 

 

                                                      
2 Optimization models, usually perform iterative operations such as the two-tier model in our case. The 
definition of Optimization models is from the "The Nature of Mathematical Programming Archived on 2014 
at the Wayback Machine.," Mathematical Programming Glossary, INFORMS Computing Society. 

0.05490796 2.16404340 16.04825200 0.04221847 0.00550620 0.00511785 0.00478067 0.03303900 0.02257341 0.00392162 0.00276421 -0.00000039

0.05491391 2.16430800 16.04601300 0.04222304 0.00550678 0.00511839 0.00478117 0.03303555 0.02257104 0.00392120 0.00276392 -0.00000030

0.05491847 2.16453480 16.04427500 0.04222653 0.00550728 0.00511885 0.00478160 0.03303256 0.02256901 0.00392087 0.00276369 -0.00000023

0.05492189 2.16473000 16.04294600 0.04222915 0.00550771 0.00511925 0.00478198 0.03302997 0.02256723 0.00392063 0.00276351 -0.00000017

0.05492439 2.16490030 16.04194800 0.04223106 0.00550809 0.00511961 0.00478231 0.03302769 0.02256567 0.00392045 0.00276339 -0.00000013

0.05492613 2.16504980 16.04122000 0.04223240 0.00550843 0.00511992 0.00478260 0.03302566 0.02256429 0.00392033 0.00276330 -0.00000009

0.05492727 2.16518260 16.04071200 0.04223327 0.00550873 0.00512020 0.00478287 0.03302384 0.02256305 0.00392025 0.00276324 -0.00000006

0.05492790 2.16530180 16.04038200 0.04223376 0.00550901 0.00512046 0.00478310 0.03302219 0.02256192 0.00392020 0.00276321 -0.00000003

0.05492814 2.16541000 16.04019500 0.04223393 0.00550926 0.00512069 0.00478332 0.03302068 0.02256089 0.00392019 0.00276320 -0.00000001

0.05492804 2.16550920 16.04012900 0.04223386 0.00550949 0.00512091 0.00478353 0.03301928 0.02255993 0.00392019 0.00276321 0.00000000

0.05492767 2.16560100 16.04015700 0.04223357 0.00550971 0.00512111 0.00478372 0.03301797 0.02255904 0.00392022 0.00276322 0.00000002

0.05492709 2.16568680 16.04026400 0.04223312 0.00550992 0.00512130 0.00478390 0.03301674 0.02255820 0.00392026 0.00276325 0.00000003

0.05492634 2.16576800 16.04043400 0.04223254 0.00551011 0.00512149 0.00478407 0.03301556 0.02255739 0.00392031 0.00276329 0.00000004

0.05492545 2.16584500 16.04065300 0.04223185 0.00551030 0.00512166 0.00478423 0.03301444 0.02255662 0.00392038 0.00276334 0.00000004

0.05492443 2.16591880 16.04091600 0.04223107 0.00551048 0.00512183 0.00478439 0.03301335 0.02255588 0.00392045 0.00276339 0.00000005

0.05492332 2.16599000 16.04121200 0.04223022 0.00551066 0.00512199 0.00478454 0.03301230 0.02255516 0.00392053 0.00276344 0.00000006

0.05492214 2.16605930 16.04153400 0.04222931 0.00551083 0.00512215 0.00478469 0.03301127 0.02255446 0.00392061 0.00276350 0.00000006

http://glossary.computing.society.informs.org/index.php?page=nature.html
https://web.archive.org/web/20140305080324/http:/glossary.computing.society.informs.org/index.php?page=nature.html
https://en.wikipedia.org/wiki/Wayback_Machine
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Figure 5.6: Converged model using step size η= 0.1. 

 

 

Figure 5.7: Plot of the denominators of a converged model using step size η = 0.1. 

Taking these into consideration, the two-tier model can be rewritten as follows. 
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 RIJ = AIBJEIHJ exp(-βcIJ)  (5.27) 

where 

 AI = 1/∑JBJHJexp(-βcIJ)  (5.28) 

 

and  

 BJ = ∑IAIEIexp(-βcJI)  (5.29) 

And a lower tier:  

 Rij = AiBjeihjexp(-βcij)  (5.30) 

with 

 ∑jRij = ∑ei (5.31) 

and  

 ∑iRij = ∑hj (5.32) 

will be satisfied if 

 AI = 1/∑jhjexp(-βcij)  (5.33) 

and 

 Bj = 1/∑ieiexp(-βcij).  (5.34) 

 

Then a two-tier structure would generate the following rows:  

 Tij = AiBjeihjexp(-βcij)  (5.35) 

 UiJ = AiBJeiHJexp(-βciJ)  (5.36) 
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 VIj = AIBjEIhjexp(-βcIj)  (5.37) 

 SIJ = AIBJexp(-βcIJ)  (5.38) 

where 

 Ai = 1/[∑jbjhjexp(-βcij) + ∑JBJHJexp(-βciJ)]  (5.39) 

 AI = 1/[∑jBjhjexp(-βcIj) + ∑JBJHJexp(-βcIJ)]  (5.40) 

 Bj = 1/[∑iAieiexp(-βcij) + ∑IAIEIexp(-βcIj)]  (5.41) 

 BJ = 1/[∑iAieiexp(-βciJ) + ∑IAIEIexp(-βcIJ)]  (5.42) 

to ensure that 

 ∑jTij + ∑JUiJ = ei  (5.43) 

 ∑iTij + ∑IVIj = hj (5.44) 

 ∑JVJi + ∑JSIJ = EI (5.45) 

 ∑iUiJ + ∑ISIJ = HJ (5.46) 

To perform the iterations, we can then use:  

 p =η  
𝑚𝑎𝑥(|𝐴𝑖(𝑥−1)− 𝐴𝑖𝑥|)

𝑚𝑒𝑎𝑛 (𝐴𝑖(𝑥−1))
 (5.47) 

 

This practice suggests that with careful consideration of the zonal system, the two-tier model 

can be in fact used as an alternative model for calculating trip distribution. The advantage of the 

two-tier model is then that it is possible to use two different zone systems: A regional and an 

urban planning one, by integrating two spatial models in one system. Next we will test different 

zonal systems for the lower-tier model to explore alternative zonal cases.  
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5.2.3 Cases – Variations of the Two-Tier  

Ideally, zone K – the zone of interest for the lower-tier structure – should be defined by the 

analysis of the flows of interest – work, shop, school etc. ‘Work’ is likely to need a more 

extensive lower-tier structure than ‘school’ for example. This leads to a refinement of the zonal 

system which can lead to different results. We will discuss a few of them. 

Case A(i). 

The first case considers I,j as subsets of zone K. The lower-tier 

model would estimate {Tij}, i, j ε K, but also {TIj}, j ε K and {TiJ}, i ε 

K (but excluding I or J in these arrays when the I or J equal K – 

because that is handled by the (i, j) part of the model). The TKJ 

and TIK are directly calculated by the upper-tier model. It would 

then be necessary to add balancing factors to ensure 

consistency. 

 ∑iεKTiJ = TKJ (5.48) 

 ∑jεKTIj = TIK (5.49) 

This case requires the prior knowledge of modelling indicators for the lower tier zones, such as 

population or employment.  

Case A(ii). 

An alternative approach would be to create two different 

submodels for each of {TiJ}, iεK and {TIj}, jεK, by breaking down 

{TKJ} and {TIK} appropriately, and that would ensure 

consistency without the need of balancing factors.  

This case occurs, when modelling indicators for the lower-tier 

zones are not known and there is a need to populate a lower-

tier zone with upper tier flows as we will see in the applications 

presented later on.   
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Case B(i).   

Let us now assume that we are interested in evaluating an urban area that exceeds the 

boundaries of zone K. We will encounter such a case in Chapter 7. Then to model the zone 

effectively, we would need to expand zone K by including a lower-tier system in the surrounding 

areas as well. The simplest way would be to convert the nearest neighbour upper-tier zones 

around it, to a lower-tier fine grain zonal system, thus surrounding I,J zones become a subset of 

zone K, with the use of an extra set of lower-tier zones.  

This again can be achieved in principle by re-defining K, but also adjusting the upper-tier 

neighbours of K which have been ‘invaded’ by lower-tier zones. That will require a type of buffer 

around specific zones i, which will form the new zone K. However that will create a boundary 

problem and there is a great risk to lead to a significant model misspecification problem (Upton 

and Fingleton, 1985). A solution would be to disaggregate the indicators according to the 

percentage of the area covered by the buffer. After this step, the system reverts to case A(i) or 

A(ii) accordingly.  

          

 

These cases are an example of possible zonal implications. We will carry on to explain how the 

two-tier model can be used to introduce modelling in an urban planning context, which is the 

main focus of this study. For this, and for simplicity we will restrict ourselves to the cases in A 

where there is one fine-zone system – particularly since we have shown that the B cases can, 

albeit with some difficulty, be converted into A. 
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5.3 A Two-Tier Structure in South Yorkshire  

We now apply the two-tier model in a planning context. For this, we will base this case study in 

South Yorkshire, a county in the UK with an area of about 1.500 sq mi and with approximately 

1.5 million population. As one of the least prosperous areas in West Europe it is marked from 

the European Regional Development Fund as of 2007-2013 with the target of creating 

sustainable jobs and stimulating economic growth ("Rules for Application of ERDF", European 

Union, 2007-2013). As a result, a number of new planned developments are underway 

especially in the area of Doncaster, such as the “Renaissance” plan, commissioned by 

Yorkshire (Doncaster, 2008). A spatial strategy produced for the development of Doncaster 

waterfront to the north of the city’s centre. With that in mind, we will use these future plans along 

with the regional Lowry model as our case study to demonstrate a two-tier structure with the 

following two model runs: 

(i) An inter-intra cities model, for which we will use the Dynamic Lowry Model (DLM) by Dearden 

and Wilson (2015), a complex external application developed for the area of South Yorkshire as 

the external upper-tier model run. 

(ii) A fine-scale planning model, especially for neighbourhood planning of residences, schools 

etc. which will be used as an example and therefore will be simple and based on the Lowry-type 

models described in previous chapters.  

 

5.3.1 The South Yorkshire Dynamic Lowry Model 

The DLM by Dearden and Wilson (2015) forecasts land uses patterns and population flows for 

the region of South Yorkshire using calibrated data from a microsimulation model3. It is a 

regional, Lowry type model which employs the mechanism of the retail model as was introduced 

by Harris and Wilson (1978) to allocate population and services from basic employment. 

Calibrating on official microsimulation data ensures that the model replicates the current state in 

South Yorkshire and therefore provides a solid base for the development of future scenarios. To 

                                                      
3 Microsimulation (from microanalytic simulation), as defined by the International Microsimulation 

Association (IMA, 2005), is a modelling technique that operates at the level of individual units by seeking 
to predict their behavior.  

http://europa.eu/legislation_summaries/agriculture/general_framework/g24241_en.htm
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make reliable predictions, the model also consists of 100 different variables and represents 

change over time for at least 100-time steps. In short, the model can aid the planner by 

simulating how will the population and land uses in the South Yorkshire area may evolve in the 

next 20, 30 even 50 years for different employment scenarios.  

The effective disaggregation of land-use zoning in this model as well as the use of density 

constrains, provide a basis for a more effective use in planning. The main land use categories in 

the DLM are Industries, Residential and Services. The Industries, are classified land use 

activities which provide basic employment income, i.e. employment by industry. Such may be 

typical local industries, such as woodwork or farming or activities which function to serve 

residents needs such are retail and education. The model then proceeds to further categorize 

employment for each service type:  

• Basic industry; 

• Consumer driven service industries (retail, other); 

• Regulated service industries (health, education, welfare etc.). 

The model moves from basic industry to population where the same high level of disaggregation 

applies for the residential zones (i.e. population by residential zone). Population in residential 

zones is categorized by income levels, while housing provision and rent are provided by 

housing type. More specifically, housing “type 1” refers to large house provision, housing “type 

2” to small house provision, while housing “type 3” to temporary housing.  

Regulated services provision is then dependent on population growth and land constraints. The 

handling of land constraints is performed by enforcing density constraints and minimum service 

centre sizes.  

We will now go through the steps of how to integrate the outputs of such externally run models 

in a planning/design environment. The details of the DLM as well as the opportunities and 

limitations of the model are instead described in Dearden and Wilson (2015).  

5.3.1.1 The DLM Simulation 

Complex models such as the DLM normally require stand-alone applications, optimized to make 

use of all computer resources to perform all the necessary calculations. Even though they 



Integrating Procedural Modeling in Two Spatial Scales    Chapter 5 
  

 

131 

function independently, these applications can provide dynamic outputs which we will use as 

inputs to our system creating a real-time link between a modelling and a design application.  

In our case, the DLM application, divides the area of South Yorkshire by a 9 sq km grid, in order 

to form 212 labelled square zones containing aggregated data as shown in the sketch of Figure 

5.8. The application itself has multiple viewports (as many as the variables), which scroll in 

order to compare different parameters (Figure 5.9). The size of the zones represents the value 

of the variable (from min to max), while colour indicates growth rate (green positive growth, 

white no growth, red negative growth). The digital squares which form the zones can be picked 

by cursor and the selected zone is highlighted in all active viewports to allow comparison 

modes. The result is the real-time animation of all the DLM parameters for the labelled zones of 

South Yorkshire along with analytics and graphs. 

 

Figure 5.8: The South Yorkshire 211 zone system (Dearden, Wilson, 2015). 

For this case study we will focus on the outputs of the DLM application. A key feature is that it 

exports real-time outputs for all the zones of the system. That means that it is designed to 

generate reports for every produced iteration, while the model is running. These include 3 

different types of datasets (.ini, .exi, .txt). As described by J. Dearden, there are two parts to the 

data export: 

1. Initial (endogenous) conditions and exogenous parameters (.ini and .exi) 
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2. Data file per iteration (.txt) 

The initial outputs are the calibrated model parameters, based on the exogenously given 

values, while the data file per iteration contains reports for the predicted employment, 

population, retail etc. for every single time step. A sample of the outputs is found in Appendix 

A.5.2.  

We can use the outputs of the DLM as the external upper-tier model in our two-tier system to 

calculate the SKJ (Equation 5.22) and SIK (Equation 5.23) and inform our lower tier system with 

external flows coming in the area of interest. From the Initial state we will develop a two-tier 

singly constrained model to distribute indicators across planning zones, while the iterations will 

require the development of the Information System which will test scenarios real-time. In the 

next paragraphs we will explain the development of such a system.  

 

 

Figure 5.9: The Dynamic Lowry model for South Yorkshire, application developed by J. Dearden (2015). 

 

5.3.2 A Two-Tier System in CityEngine 

To coordinate two model runs in the simulation process, there is a need for an intermediate 

Information System, which will be able to transition from the upper-tier to the lower-tier and vice 
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versa. Thus, we will create a system which will import the DLM in CityEngine, and will run a 

second internal model to translate inputs to planning zones. The following diagram outlines the 

steps of how this is achieved. 

Figure 5.10: An interactive system of data and model and planning outputs in CityEngine. 

The first step is to digitise various data and add them as layers in CityEngine, as it is illustrated 

on the left part of the diagram. The data can be separated into static, such as raster maps and 

vector GIS data, and dynamic data, such as modelling outputs. Those can then be processed 

by a searchable information system to provide inputs for a wide range of analytical and 

modelling software. Based on these inputs, different planning scenarios can be generated to 

model the levels of interdependence between the elements of an urban system (Wilson, 2012). 

In our case, these elements will be the fine scale planning system.  

We will implement the diagram of Figure 5.10 in CityEngine by completing the following two 

tasks. The first task refers to the use a procedural system such as CityEngine, as a complete 

visualization toolkit for the inputs and outputs of an external model, while the second task will 

integrate planning knowledge in the simulation process with the use of an internal model. This 

work will be completed with the introduction of the two-tier doubly constrained model which will 

calculate flows between both systems.   
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Part A: Controlling and Visualizing external model applications in City Engine 

The first step of this process would be to import the 211 zone system of the DLM in CityEngine, 

which is our main visualization platform. For this we created labelled geometric zones which 

correspond one by one to the DLM application (Figure 5.11). 

 

Figure 5.11: Two zone system in CityEngine. The grid zone system of 211 square zones of South 
Yorkshire DML and a total of 35120 fine-scale zones (building blocks). Doncaster is located on NorthEast 
of Sheffield. 

We will then develop the information system within the CityEngine Python Console which will 

draw indicators from the DLM. Below is a full list of these parameters, as produced from the 

original DLM application. 

 The exogenous parameters produce indicators such as: 

- Basic employment (number of employees per zone) 

- Area per employ  

- Attractiveness factors 

- B-factors 

The Endogenous parameters, which are essentially the initial state of the model, outputs before 

the iterations (static state). The calculated outputs include:  

- Services provision 

- Basic employment 

- Allocation of population to zones 
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Finally, the main outputs for each zone calculated for each iteration are: 

- Zone index 

- Retail rent 

- Other consumer driven services rent 

- Total land used 

- Health service provision 

- Education service provision 

- Retail service provision 

- Total low income population 

- Total medium income population 

- Total high income population 

- Small home price 

- Large home price 

- Small home provision 

- Large home provision 

The following table presents output data by category.  

Name value classification visualization Exogenous/Endogenoususer control

zones area geometry geometry EX currently not/ through zone size

speed of response to house prices speed ? unknown no EX M

epsilon (H/E/R/S) e indicator no EX CE

alpha indicator no EX M

Travel Cost £ no EX M

Pop by income no of people pop color EX M

income spend on housing % % no EX M

small /large housings SQ m area Res/typology EX CE

Expeditures for services £ No EX M

FloorSpace per employ(BE/H/E/E/S) SQ m area Planning zone area EX M

proportion of jobs providing L/M/H % % No EX M

Per zone

Basic employment no of people pop size of "industry"/type EX CE

initial floorspace H/E/R/S SQm area yes? EN CE

initial pop per income L/M/H no of people pop color EN CE

cost of housings per house type £ £ no EN M

total pop no of people pop no iter M

Income L/M/H £ £ no iter M

floorspace provision H/E/R/S area SQ m yes iter M

total homes type no of houses typology iter M

home price £ £ no iter M  

Figure 5.12: Full list of indicators per iteration as produced by the DLM.  

The developed system draws indicators from the outputs of the DLM and assigns these values 

to the corresponding 211 labelled zones in CityEngine. This can be performed in real-time, 

turning CityEngine into a “visualization machine” for the DLM model. To demonstrate this, we 

developed in CGA multiple modes for the visualization of the DLM outputs, such as 3D bars and 

diagrams, and further developed simple controls to interactively switch between these. This 

method allows the presentation of modelling information and analytics in in one single 3D 

viewport, while different controls allow the user to experiment with the visual outputs switching 

between two or more views at will. Comparative modes are illustrated in the figure below, while 

the application is demonstrated in Video V.5.1 provided within this thesis.  
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Figure 5.13: Visualizing the DLM model outputs in CityEngine (lower right: Sheffield, upper left: Doncaster) 
3D bars indicate basic employment levels for each upper-tier zone (Video V.5.2). 

Figure 5.14 presents the controls developed to adjust the exogenous and endogenous 

parameters of the external model from the procedural environment. The initial and exogenous 

variables can be modified by the user/ planner and fed back to the original DLM application to 

create new scenarios for the wider area of South Yorkshire. This way it is possible to directly 

control both the external model and the procedural application from one central system, that in 

our case is CityEngine.  

To create a system that will enable urban planners to modify and better comprehend the DLM, 

we can further regroup the exogenous and endogenous parameters of the DLM model by 

“planning categories” and allow the user to modify the values using sliders. In this case, we 

have developed a set of model inputs grouped by land use to control the model’s parameters, 

and a set of visualization controls for the visual outputs e.g. the colour of generated geometries, 

opacity of generated shapes and the number of visualized parameters.  Each indicator of the 

DLM is then visualized in the form of a 3D bar, inside the selected zone, coloured by land use 

type as shown in Figure 5.15.  
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Figure 5.14: Custom made controls in CityEngine for the DLM’s exogenous parameters as exported from 
the DLM application with ON/OFF visualization switches to toggle between views.  
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Figure 5.15: Interlinked controls of an upper-tier model (DLM) in City Engine, categorized and renamed by 
land-use type, and multiple visualization of different parameters for the upper tier zone 120. 3D bars from 
left to right: red: population, pink: employment, green: retail, blue: education, orange: health.   

 

The developed system enables CityEngine to update in real-time as the simulation runs, 

creating an interactive 3D animation of the DLM. The developed control system of the inputs 

and outputs, allows the user to control the DLM via CityEngine and visualize modelling 

indicators in a variety of ways. The challenge is then to “tag” the presented figures to 

disaggregated planning zones and produce an augmented with modelling data, urban planning 

mastermap. For that, an internal lower-tier model run is required which will take the role of 

assigning flows to lower-tier zones, as will be described in the next paragraph. 
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Part B: A fine-scale planning model. 

We will use the example of Doncaster Unitary Development plan4 published from the Doncaster 

authorities in 2016 (Figure 5.16) to create lower-tier planning zones for the area of Doncaster. 

The Unitary Development is a comprehensive land use plan developed from the Doncaster 

authorities to map land uses and be the base for future urban developments. It explicitly maps 

the residential areas (light brown), mixed uses (blue), green belt (green), industrial (purple) etc. 

and marks locations for future urban developments (red outlines).  In the reports produced by 

the Doncaster Metropolitan Borough Council5 (5/2012), there are specific policies for each one 

for these land uses, which give guidelines to developers, architects and other actors of the built 

environment, ranging from maximum capacities of buildings, to number of schools per 

population, catchment areas, amounts of green space etc. 

 

Figure 5.16: Doncaster Unitary Plan (interactive) published in 2016 from the Doncaster metropolitan 
borough council 

We will not go through the extent of this document to demonstrate the two-tier model by 

overlaying real –time modelling outputs on planning data. For this, we will firstly import the 

zoning plan of the Doncaster Unitary Plan in the “visualization machine” we developed for South 

Yorkshire, in CityEngine, as shown in Figure 5.17.  We used the planning zones from the 

                                                      
4 The data in the maps contains public sector information licensed under the Open Government Licence 
v1.0. map available in http://doncaster.opo s3.co.uk/ 
5 http://www.doncaster.gov.uk/services/planning/doncaster-unitary-development-plan 

http://doncaster.opo/
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Doncaster Unitary Plan provided in GIS and building footprints from the OS MasterMap building 

heights layer6.  

 

 

Figure 5.17: The Doncaster Unitary Plan in City Engine. Each colour represents a different land use.  

 

We will develop a system, where modelling indicators will “tag” to lower tier planning zones with 

the same land use type (Figure 5.18). The purpose of this work is to start translating model 

outputs to basic planning information. For example, assume that the upper-tier model, predicts 

that zone K will undergo an increase in population of 500 people within 10 years, the CityEngine 

lower-tier system will be able to visualize the additional population, calculate the additional 

amount of floorspace needed to support this increase, and indicate the demand for housing in 

the area within the residential zones. This will enable the planner/designer to look for solutions, 

and design new planning zones, or modify the existing ones, directly in the graphic environment 

of CityEngine and test these solutions. The challenge in this case, is to include within the 

internal model which distributes upper-tier flows to the lower-tier planning zones, a system of 

capacities based on the calculation of designed geometries and floorspace. Further to this, we 

                                                      
6 OS MasterMap Building Heights Layer [Shape geospatial data], Updated: Jul 2012, Ordnance Survey, 
Using: EDINA Digimap Ordnance Survey Service,  Downloaded: September 2013. 
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can use planning regulations from the Doncaster Unitary Plan, to define maximum capacities of 

zones (ex. Maximum densities of residential developments or equal distances for schools), or 

find appropriate land parcels for new future developments. Below we will explain how this is 

possible via the development of an internal Lowry-type model.  

 

 

Figure 5.18: Connecting model indicators from the DLM with planning zones (education service provision 
with education lower-tier zones- e.g. schools). 

We can assume that the DLM zones are the regional zones (I,J) of our upper tier model, 

containing DLM indicators for each zone, while for the lower-tier (i,j) we could use the Unitary 

Development planning zones and block outlines with designated land use as presented above. 

We can then select one of the upper-tier zones and assign it as our K zone of interest. As an 

example, we will use a regional zone which is within the area in the centre of Doncaster.  

We can begin by replacing the external TK flows with the internal Tij using the simple Lowry 

model of Gulbarga as described analytically in Chapter 3, and additionally ensuring that EK = 

Σei, and HK = Σhj . To include the external flows we can then employ the mechanism of the two-

tier model to allocate external flows TJi and TIj as defined in case A(ii). The employment for each 

lower-tier land use zone with a designated “basic employment” field would then be defined as 

the sum of the internal flows and the external flows as:  

 ei = ∑Tji + TJi    for J ≠ K and i, j ∈ K (5.50) 
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We can then progress to distribute population (PK) to lower-tier residential zones using the 

mechanism for population allocation of the simple Lowry model ensuring that PK= ΣPj. Once 

again, the external flows, i.e. people who live within zone K but work outside, will be calculated 

from the upper-tier system. The population Pi  would then be: 

 Pj = ∑Tij + TIj    for I ≠ K and i, j ∈ K (5.51) 

The spatial distribution of services is then performed in the same manner.  

To calculate land use demand for the lower-tier system, the internal Lowry model stores all 

lower-tier zones inside zone K per land use type in different arrays and calculates area A per 

shape using the geometry.area function as utilized in the early models in Chapter 4. The first 

step would then be to use the information system to link the exogenous parameters related with 

area calculation of the upper-tier model (DLM), such as “area per employ/resident” and “total 

floorspace” of zone K, to the geometry calculations in CityEngine as:  

 ARK = ∑ARj   (j ∈ K) (5.52) 

Where AR
i is the total area of the zone j for sector R. For example, we can assume that in our 

system we would like to allocate population directly on the designated residential buildings 

within CityEngine. We could then use a building density formula, similarity to the one used in 

Chapter 4, such as total built floorspace per zone to correlate:  

 ARK = ∑Fj = ∑ hj Hf aj (5.53) 

Where h is the height of the structure, Hf the average floor height and a is the footprint area. 

This formula allows to check capacities of housing units and adjust demand and supply based 

on the geometry of generated shapes. The benefit of this function would then be that it replaces 

sliders and numeric inputs with urban design features by allowing the calculation of areas 

directly from the shape’s attributes for both model runs. E.g. the total floorspace of residences 

of zone K in the DLM would be assigned the sum the total housing area, as calculated from the 

residential planning zones designed within CityEngine.  
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To ensure that population doesn’t exceed the capacities of zones we can then build maximum 

capacities parameters for the residential, then retail sector, and finally employment as:  

  If  Pj> Pjmax then Wj=Wj (Pj/Pjmax)  (5.54) 

Where Pjmax is then maximum number of people per planning zone and is defined by the planner 

externally or by using density measures as we will see later on in Chapter 7.  

 

Figure 5.19: Example of the fine zone system in CE: Regional (I,J) – Urban (K) – Block (i,j) using both 
model runs. Each lower-tier zone is illustrated by a single colour (yellow: residential, red: retail, purple: 
industrial, blue: services, navy blue: education). 

 

For the internal model run, the next step is to create planning and modelling controls for the 

lower-tier zone system in the same manner it was developed for the DLM. In this case we 

developed a set of controls categorized by “Planning Restrictions”, “Main Model Attributes” 

(lower-tier), “Land Use” and “Geometry” (Figure 5.20). This method, creates two independent 

set of controls:  one assigned on the upper tier zones for the modification of the DLM 

parameters as was presented in the above paragraphs, and a set of separate controls for the 

lower-tier system of zones.  
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Figure 5.20: Controls of a lower-tier planning model. 

 

It is important to note that the lower-tier model is a simple example of a planning model that 

operates on a neighbourhood scale. Therefore, the focus is not on the suitability of the selected 

model itself, but on the method followed to achieve the two-tier model run. The diagram of 

Figure 5.21 illustrates the extended workflow for populating lower-tier zones in CityEngine.   

 

Figure 5.21: Diagram of a two-tier structure in City Engine.  
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To summarize this work, the lower-tier model is responsible for the distribution of internal flows 

within zone “K”, while the upper-tier model, takes into consideration external flows that come in 

and out of the system of interest.  

The planner/user can then create new scenarios in two ways. Firstly, the user can create upper-

tier scenarios by applying changes in population or employment in the DLM zones. This, 

initiates a new DLM model run, which results in population and employment changes in the 

lower tier. Secondly, the user can create lower-tier scenarios, by changing the design of the 

lower-tier zones, e.g. design a new development. In this case, the system calculates the sum of 

the lower-tier employment and housing which equals to the employment and housing of zone K.  

The main idea is then that the information system instantiates a new model run, which updates 

the floorspace and other input figures so as:  

 ∑Tij =  TK  (5.55) 

When a zone exceeds its capacity, meaning that the total floorspace of a zone is less than the 

amount of population predicted for this area, it becomes highlighted similarly to the Gulbarga 

case study in Chapter 3. The diagram then forms as follows:  

 

Figure 5.22: A workflow for a tow-tier system in City Engine, with user-based scenarios. 
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In summary, we developed a lower-tier model run, which calculates total floorspace of planning 

zones, as designed by the user, and populates these zones with upper-tier indicators based on 

these capacities. The maximum or minimum (minimum viable size) capacities for each of these 

zones are then defined by the user/planner. The system does not provide automated solutions, 

but rather indicates exceeds in capacities and the user is called to create scenarios which are 

based on urban design, such as create new development zones, change land uses, increase 

density, or adjust house prices, all within the graphic environment of CityEngine. We can then 

perform the doubly constrained two-tier model to calculate flows between the lower-tier and the 

upper-tier zone system as it is illustrated in the main diagram and as it will be demonstrated in 

the following scenario - applications. 

 

5.4 Applications and Scenarios 

We will go on to demonstrate the two-tier model for planning within the area of South Yorkshire, 

using two hypothetical applications or scenarios. The first application will simulate demand in 

housing for zone K, via employment scenarios, inside and outside of zone K. The second 

scenario, will utilize the doubly constrained mechanism to define catchment areas for schools 

and create population and service scenarios within the same area. The purpose of the 

scenarios, is to present the possible uses of the two-tier model and lay down the foundations for 

further work, therefore are simple and focused on simplified planning tasks.  

 

Scenario 1: Increase in employment. 

Let us assume that we are interested in analysing the area of zone K, which in this case is the 

upper-tier zone 120. Initially both upper-tier (DLM) and lower-tier models should run as a base 

line so that they can be calibrated using the existing data. Once the upper-tier model begins the 

iterations, the lower tier, starts populating planning zones based on the two-tier model run. As 

the model runs, zones appear darker in colour to indicate changes in population.  

Suppose then that the planning task is to identify additional housing within zone K to meet the 

needs of planned increases in employment. For example, an increase due to the development 
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of a new retail centre or industrial zone within the upper-tier zones around our area of interest 

as shown in Figure 5.23 (This provides an illustration though the scheme can obviously be used 

in a great variety of ways.). Employment in the regional zones can be set by selecting the outer-

tier zones and directly editing the “basic employment” field under “industries” found in the 

controls of Figure 5.20. In this case, we increased the amount in employment for over 1.000 

new employees in each of these two zones.  

 

 

Figure 5.23: (Top) Initial two-tier model run for zone K= 120 and visualization of the DLM basic 
employment. (Bottom) A new upper-tier scenario with the increase in employment in two regional zones I.   

We then perform a new upper-tier model run which shows the aggregate increase in housing 

demand within zone K (Figure 5.24) as distributed by the lower tier model on the residential 

sites. The amount for housing demand for zone K is shown in the population section “popmodel” 
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within the upper-tier control system. This value will provide the user with an indication for the 

number of residences required to satisfy the demand in housing for the particular zone. In this 

case it appears that there is a new demand for approximately 450 additional residences.  

 

Figure 5.24: Early results of a two-tier model in South Yorkshire, followed by an increase in employment 
within the surrounding zones. The model indicates demand in housing for zone K.  

While changes in regional zones can be performed via the upper-tier system, changes in the 

employment within zone K, can be set via the lower-tier controls of Figure 5.20 by directly 

selecting one or multiple industrial zones and populating them with basic employment, or 

alternatively by designing a new industrial/basic employment zone as in the case shown in 

Figure 5.25. The planning task is then to identify – through model modifications or by planning 

allocations, the fine-zone assignment of additional housing within K (Figure 5.26). 

   

Figure 5.25: Example of an allocation of a new industrial zone within zone K, along the rails.   
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Figure 5.26: New demand in housing opt to the increase in employment within zone K and an example for 
a new housing development on the north. The model takes the new capacities into consideration and  

In the screenshot of Figure 5.26, we illustrate an example of a new development scenario, 

which is planned following the new industrial zone designed within zone K. The new housing 

development, covers most of the population demand in floorspace, however there is an 

additional demand in retail facilities. The development is designed within CityEngine, by 

changing the land use of brownfield land into residential using the lower-tier controls, and 

creating layout for building volumes and plots within this area.  

Overall, this has been a simple example to demonstrate an application of the two-tier structure 

in a planning context. We used the employment indicators of the DLM to develop employment 

scenarios and calculate the demand for housing within the area of interest zone K. The user can 

then experiment with different housing layouts, for new future developments and test these 

layouts using the two-tier modelling system. Thus, allowing the two-tier model run to represent 
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the new situation and indicators can be calculated to demonstrate demand for services, 

accessibilities and so on. The Video of V.5.2, is a detailed demonstration of the application 

running using the two model runs to develop scenarios. This work is meant to run in real-time, 

producing 3D animated visualisations of the modelling informed scenarios.    

A second task that is usually performed in planning, once new population is being programmed 

for the future, is to allocate new schools, which will be used a second example for procedural 

based planning and the two-tier model.  

 

Scenario 2: New schools. 

A typical planning task, which follows a programmed increase in population, involves allocating 

social infrastructure or other services, such as schools, hospitals, or retail. In the example of 

retail, it is possible to use the standard retail model, as it was demonstrated in earlier chapters 

and as it is integrated in the original Lowry model. Unlike retail though, regulated services, such 

as public schools, are not market driven and are instead often the result of a planned work 

(Britain et al., 1999; Force, 2003). In the example of schools, the standard methodology is to 

categorize schools per type (primary, secondary, college, universities etc.) and create different 

buffer zones for each type with the aim to serve population spatially. At the same time, the 

capacity of schools is being taken into consideration, in order to cover the needs of each 

neighbourhood or area. However, these buffer zones, provide catchment areas which often 

don’t take into consideration accessibility measures, transportation, or population density 

measures. In this example, we will see how we can use the two-tier model to allocate schools in 

the area of Doncaster and provide analytics for the capacities of each school, to create 

catchment areas based on population measures, capacity of schools and proximity.  

For this task, we expand zone K based on case B(i) in order to define the catchment areas for 

the wider area of Doncaster. Initially both upper-tier and two-tier models should run as a base 

line so that they can be calibrated using the existing data as shown above and allocate the new 

population to housing. The next step is to adjust the two-tier model, to assign housing zones as 

the origin zones (I) and (i), and services (schools) as destinations (J) and (j). We can assume 

the capacity of each school as the maximum number of students it can support. We can then 
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simulate the flows from each residential zone (I,i) to each existing or planned schools (j) in zone 

K. These can then determine the catchment areas of schools, and the number of pupils in each 

school. Figure 5.27 and the Video V.5.3 visualize the result of the model, residential zones are 

assigned a unique random colour which forms the catchment areas depending on which 

secondary school is likelier to belong to. We can then create analytics for capacities, number of 

students and employment figures for each educational zone.  

When there is a new employment or population scenario, the upper-tier model can then be re-

run and this will show an aggregate increase in demand for schools in zone K.  

The planning task is then to identify – through model runs or by planning allocations, the fine-

zone assignment of a new school within zone K. When this is done by one of these routes, the 

two-tier model can be run to represent the new situation and indicators can be calculated to 

demonstrate demand for services, and so on. 

 

Figure 5.27: Catchment areas for services in an extended K zone area with analytics.   
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5.5 Conclusions  

The two-tier work, introduced regional flows in the design of a smaller scale plan to include 

activity that may exceed the boundaries of a study area, e.g. the university in Gulbarga as it was 

illustrated in Chapter 4. In cases as such, cities cannot be studied in isolation as there may be 

external dependencies and this is where regional models can be useful within the context of 

urban planning and design. In that sense, the Doncaster case study provided the basis for the 

development of a methodology for the two-tier work, which used the Dynamic Lowry Model for 

SouthYorkshire by Dearden and Wilson (2015) as a regional model and the Doncaster Unitary 

Development Plan for the lower-tier planning zones.  

In this Chapter, we addressed the issue of the different zonal systems used in urban modelling 

and planning. Traditional land use transportation models, most often refer to the regional scale 

and spatial interaction models typically handle small amount of information, as the increased 

amount of census data would make them very difficult to implement in practice. In contrast, 

urban planning scenarios, typically use disaggregated land-use base zones. For this we 

introduced a two-tier model that combines two different scale zone systems. The purpose of 

focusing on a small group of lower-tier zones which aggregate to an upper-tier one would then 

be to reduce the number of lower-tier zones in the same manner different scale tiles are used 

for the representation of online maps (as in google maps and similar online maps).  

The advantage of the two-tier structure, is then that it allows the introduction of external upper-

tier models, instead of integrating the full modelling process in one system. Meaning that it is 

possible to use an independent application, which calculates the outer-regional flows that come 

into our planning system. The reason that the introduction of external models is significant, is 

that the development of a forecasting regional urban model is in itself a complex task. It requires 

a deep understanding of land use and transportation interdependences; it needs to be unique 

for each study area and needs to be based on real data. Therefore, it requires to be 

sophisticated, complex and have a high level of disaggregation (Couclelis, 1997). This is why 

when developing a mathematical model for urban systems, most modellers are required to 

create their individual applications. Typical examples are the Mechanicity project and QUANT 

(Batty et al.) which consist of stand-alone applications for specialized purposes. However, these 
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systems are typically tied to the specific case study which are developed for and produce a 

single type of visualization which is specifically built for a target purpose.  

The system we developed, and which is presented in the core diagram, enables the clear 

separation of tasks based on specialization, and uses a modular approach to the 

modelling/planning/visualization link. This approach makes it possible to replace and alternate 

between different external models within the same planning system, or alternatively, to change 

the design of lower-tier zones using the same modelling inputs. Moreover, the CGA rules for 

visualisation, allow the quick and easy development of multiple visualisation modes. These 

three modules are then linked via the system of controls within CityEngine which edit both the 

model, the visualization and the planning indicators for the scenario making process.  

After the model runs and fine-scale zones are analysed, zones that were inspected to have 

planning issues will result. As we examined in the scenarios, the above issues could be building 

of land unavailability, capacities of land uses, allocation of social infrastructure etc. Some 

creative templated solutions can be introduced to the planner, while a sample or alternative 

solutions are able to be tested again through a more thorough exercise. After the planner’s 

decision to resolve the problems, a maximisation system is introduced. In addition to Gulbarga’s 

methodology, a doubly constrained transportation model introduced a more probabilistic 

approach to test the above decisions.  

We used building volumes and land uses, to approximately calculate the capacity of residential 

zones and allocate population based on the projected figures from the upper-tier model. This 

method, allowed the direct connection of schematically designed features (building volumes and 

zone areas) with modelling indicators (population and provision), thus, enabling a synergetic 

approach to the modelling/planning workflow. 

In that sense, the Lowry type model, does not function as a forecasting model. It becomes a tool 

for design. A simulation which contains the planning guidelines, formations and limitations of 

what is permitted and how is evaluated. The selection of solutions is then left in the hands of the 

planner.   
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5.6 Further Work 

Overall, the two-tier structure, presented several advantages from the introduction of external 

flows, to the development of a modelling-informed masterplan with evaluating capabilities. This 

chapter in summary presented a method which facilitates the integration of models within urban 

environments and defines the advantages, limitations and possibilities of the use of models in 

relation to planning scenarios, in order to test decision making consequences and provide 

guidelines for further developments. Further work includes adding accessibility measures to 

cost functions, suggestions for augmenting the original Lowry model with more planning 

indicators and adding architectural typologies in the visualization and capacity measures.  

However, one of the focused contributions of this work, refers to the introduction of more 

complex data feeds, and the expansion of the core diagram of this thesis with additional 

capabilities, such as the live modelling indicators from the DLM.   

To create the conditions for a system that will be able to cope with new types of information, we 

built on the information system and created additional input modules. In the following Chapter 

we attempt to go beyond the procedural modeling/urban modelling work to unveil new 

capabilities of procedural based planning, and expand on the methodology for the development 

of multiple planning scenarios.  
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Chapter 6 

New Data, New Planning Capabilities  

 

6.1 Planning in the Smart City 

We are experiencing an era in which new urban data is being generated, analysed and created 

in real time. The two-tier model, presented in chapter 5, integrated live modelling outputs with 

planning knowledge to create 3D dynamic scenarios of larger areas. Such tools which use an 

information system to support the decision making process in urban planning, are defined as 

planning support systems (Klosterman, 1997, p. 45). For as long as data has been generated 

about cities various planning support systems have been developed. These systems have 

traditionally used a data informed approach to create “what-if” scenarios for cities (Batty, 2007, 

1995). Types of data include census, transportation, environmental data, surveys and maps, 

accompanied with various policies and regulations many times generated by official agencies. 

These are then being filtered and analysed, providing “snapshots” of cities at certain moments.  

Nowadays, there is the option of augmenting traditional datasets with new forms of “urban big 

data” and new experimental data integration systems are being developed as planning needs to 

cope with the increasing complexity of data outputs within the emerging smart city. These types 

of data have inherently very different properties from the old ones, as they are being generated 

and analysed in real time and have a much finer resolution (Kitchin, 2013).  

For example, instead of obtaining population data and developing models to generate travelling 

data for a certain period, i.e. where people live and work as in the case of the DLM in chapter 5, 

data on how people commute can now be collected in real time and give a live version of the 

“city’s pulse”, as it was shown in the 2012 CASA’s live-tube animation (Reads, 2014), which  

visualized oyster data from commuters. Moreover, a new type of city infrastructure, such as 

sensors, CCTVs, meters, transponders and several other systems are now being installed in large 

cities, creating connected environments an providing an entirely new layer of information that 

needs to be integrated. For example, the city of New York since 2015 has installed a set of 

sensors in Times Square: Solar-powered wi-fi trashcans equipped with humidity, temperature and 

pressure sensors to notify collection trucks; Sewers measure water that may help respond to 
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natural disasters; CCTVs in combination with image recognition are manned to find suspicious 

behaviour and cameras in traffics lights monitor traffic and adjust circulation in real time (Wall 

Street Journal, 2016).  

All these, in combination with mobile technology and social networks, form a network of digital 

technologies which are spread throughout the urban fabric. “It is part of a huge technology shift 

known as the Internet of Things” (IoT) says prof. Andrew-Hudson Smith (Jeevan, 2015). 

Research firm Gartner estimates that by 2020 there will be “more than 26.5 billion devices 

connected to the network, representing a $1.9 trillion (£1.2tn) industry” (Wakefield, 2014). This 

"Connected infrastructure" offers city planners real-time insights for the first time with urban big 

data being linked into systems which report back to central operating systems, such as urban 

online dashboards (Hudson-Smith, 2014). In the years to come, this and other technology has 

the potential to be used to create a truly responsive city, and at the same time provide new tools 

for the study and analysis of the urban environment.  

 

6.1.1 Consequences of New Data in Planning the City 

One of the consequences of the emerging IoT in urban planning debate is according to Professor 

Kitchin, that “data-informed” urbanism is increasingly being complemented and replaced by “data-

driven” urbanism (Kitchin, 2015). However, these types of data are still a very new addition to 

urban planning and there are several problems relating to their nature. Very few of them are 

deployed by public authorities, whilst most are considered a private asset and can be shared only 

with a fee, or many times not at all (o.p.). When available, open real-time data are often on a 

limited basis. For example, mobile phone signals from phone calls, when combined with time and 

location, is a type of dataset which informs on human activity for crowded areas, but can only be 

bought from phone companies on a limited basis (Hoteit et al., 2014; Ratti et al., 2007). Moreover, 

even though researchers and institutions have improved the techniques for generating and mining 

real-time data, there are still significant challenges relating to privacy issues and the complexity 

of the data (Croushore, 2011). There is ongoing research on developing standard formats for real-

time datasets such as HDF5 (Hierarchical Data Format) (Wegener and Davis, 2004), but for the 

moment all such attempts quickly become outdated and therefore obsolete, as technology 

advances.  
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Such issues arguably make generated information unreliable, and current research in planning, 

tends to focus on short term scenarios (e.g. road traffic prediction models (De Fabritiis et al., 

2008; Min and Wynter, 2011); travel time prediction with historic and real-time data (Chien and 

Kuchipudi, 2003); mobile landscapes and urban analysis from location data from cellphones (Ratti 

et al., 2006) etc.). Despite concerns, these types of new data have possibilities to create and 

improve models and simulations and guide future urban development (Rathore et al., 2016; 

Townsend, 2000), and the increasing availability signifies a new era in planning which is difficult 

to be ignored.  

 

6.1.2 Planning Support Systems for Real-Time Data 

The availability of data is pushing planning support systems and urban platforms to integrate new 

capabilities. There is a small but noticeable new generation of planning support tools which work 

online and have the possibility of integrating real-time data, without though having a clear 

framework on how these will be integrated within the planning process. A characteristic example 

is the recent merging in 2016, of the online WebGl ViziCities (2014) with Paul Waddell’s Urban 

Canvas1 (2014). Urban Canvas was built as a procedural 3D interface for the dynamic urban 

simulations of Urban Sim. A powerful GIS tool which uses microsimulation to develop what-if 

scenarios over time for planning and analysis (Waddell, 2002). The system took many years to 

set up, and it is a tool that is becoming increasingly popular in planning practices across the US. 

ViziCities (Figure 6.1) on the other hand, begun as a side project of the software developer Robin 

Hawks as an online 3D visualization platform for Open Street Map (OSM) and other real-time 

geolocated data such as buses and tubes.  

 

Figure 6.1: Visualization of real-time feeds (twitter) on a 3D map of London, VisiCities, 2014. 

                                                      
1 Collaboration announced late 2016, results yet unknown.  
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Following the current success in online 3D real time platforms of 3D cities such 3D Google Maps, 

ViziCities became quickly a visually appealing platform for open data through the use of the open 

source OpenGl2. The system, uses OSM footprints and street network as a 3D basemap and 

visualizes real-time data as 3D animated layers. The current merging of the two, signifies the turn 

from stand-alone applications, such as the original Urban Sim and later Urban Canvas, to online, 

real time modelling tools, to something that aspires to become a “real life Sim-City”, a concept 

originated by CASA, UCL in early 2000 (Hudson-Smith et al., 2009a).  

As these tools are still under development, it is yet too soon to understand what their true potential 

uses may be for planning. However, there seems to be a shift from 2D maps to a 3D highly visual 

representation of cities. This is obvious by the introduction of 3D capabilities in most of the 

mainstream mapping and GIS applications, such as mapbox and QGIS. In that sense, these 

systems would be useful to assist in the development of virtual city models, which based on a 

platform of GIS data and live (or near-live) feeds, will communicate spatial information to the user 

(Hudson-Smith et al., 2009a). The diagram in Figure 6.2 illustrates how near real-time data can 

be integrated into the currently developed system in CityEngine. As in the case of the external 

Lowry model described in the previous chapter, we can use an external application or dashboard 

to integrate real-time outputs as inputs to our system. Then we can use procedural modeling 

techniques to filter the information as chosen by the user/planner.     

 

Figure 6.2: Integrating external model runs and real-time data in CityEngine. 

                                                      
2 Open Graphics Library (OpenGL) “is a cross-language, cross-platform application programming 
interface (API) for rendering 2D and 3D vector graphics” as defined by the "OpenGL 4.0 Specification". 
Retrieved July 31,2017. 

https://en.wikipedia.org/wiki/Language-independent_specification
https://en.wikipedia.org/wiki/Cross-platform
https://en.wikipedia.org/wiki/Application_programming_interface
https://en.wikipedia.org/wiki/Application_programming_interface
https://en.wikipedia.org/wiki/2D_computer_graphics
https://en.wikipedia.org/wiki/3D_computer_graphics
https://en.wikipedia.org/wiki/Vector_graphics
https://khronos.org/registry/OpenGL/specs/gl/glspec40.core.pdf
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6.1.3 TweetCity 

 
Figure 6.3: TweetCity3. 

“Tweet City” (2014) is an early demonstration of such a system (Figure 6.3). The application uses 

the Twitter API, and visualizes results in 3D, similarly to the London Twitter map by Fabian 

Newhouse, Andrew-Hudson Smith and Steven Grey (Neuhaus, 2011), in an attempt to create a 

new urban landscape (King, 2010). This work is a first attempt to bring real-time data feeds directly 

into 3D GIS and 3D cities and visualize them using a different view: What if London's buildings 

grew according to the amount of data they generate?. There is currently a big emphasis on BIM 

and data management, with a clear focus on sustainability and social infrastructure. However, 

there is very little information on how and if this process affects the way the built environment 

grows and evolves (Brownstone and Brownstone, 2013).  

Using CityEngine's Python scripting functionality, we've created a model of London in which 

buildings grow upwards, according to the frequency of tweets which are sent from (or in close 

proximity to them. The work is a result of a collaboration with Stephan Hugel from CASA UCL 

who developed the tweet mining script in Python.  

Stephan explains that for the mining of real time tweets, “twitter provides a 'firehose' of real-time 

tweets, including their location if this functionality has been enabled by a user. This script does 

                                                      
3 This is the first stable release of the data and methodology for CityEngine-Twitter, a real-time urban data 
visualisation project which uses Twitter data to grow buildings within a CityEngine simulation. DOI: 
10.5281/zenodo.9795. 

http://www.digitalurban.org/2012/01/londons-twitter-island-from-arcgis-to.html
http://urbantick.blogspot.com/
http://bigdatatoolkit.org/
http://urschrei.github.io/CityEngine-Twitter/
http://urschrei.github.io/CityEngine-Twitter/
https://zenodo.org/record/9795
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not use a custom made big data miner, but rather requires the Tweepy library, an open source 

library which is maintained by the users. This allows the application to run regardless of any new 

API versions.” (Hügel and Roumpani, 2017). 

The tweets that fall within the boundaries of an existing building footprint, are then stored inside 

the geometry itself and are used to extrude the 3D building, which appears as building height. 

The taller a building is, the more geotagged tweets have been sent from within and immediately 

adjacent to it. Buildings grow upwards in real time, and gradually darken as more data 

accumulate. The tool is not limited to using tweets to generate these landscapes; any source of 

real-time data can be used to affect the shape, height, and colour of the objects available.  

For the demonstration presented in Figure 6.3 and in the video published on YouTube (Roumpani, 

2014), and which is found in Video V.6.1, the application collected geotagged tweets for 15 hours 

and 40 minutes, beginning at 21:45 on Monday the 1st of July, 2013. It gathered a total of 3568 

data points, which were visualised in CityEngine. Using Tweepy, a library for tweeter in Python, 

we have defined a bounding box around Greater London while the basemap is a map of London 

building footprints, which is supplied by Ordnance Survey, and which can be obtained from The 

OS MasterMap (Digimap4). 

To determine whether the tweet falls within the boundary of a building the application creates a 

list of the coordinates of the centroid of each object of the map and then calculate which tweets 

fall within, or in close proximity to the boundaries of that shape. If it does, the shape is assigned 

with the value of the tweet, a specified height value and a colour. To avoid quickly growing 

locations which generate a high number of tweets (e.g. train stations), we scale the shape’s height 

with the following formula: 

 H= Hprev+ (Hmax-Hprev/Hmax) *100  (6.1) 

As mentioned in the previous paragraphs, there are several issues regarding to the nature of real 

time data. Even though tweets are among the most common mined datasets, different Twitter 

clients report their location with differing levels of spatial precision (Lansley and Longley, 2016). 

As noted in the original publication in Github (2014), “some clients introduce a rounding error in 

their reported GPS co-ordinates, which leads to 'striping' when they are visualised. In addition, it 

                                                      
4 OS MasterMap Building Heights Layer [Shape geospatial data], Updated: Jul 2012, Ordnance Survey, 

Using: EDINA Digimap Ordnance Survey Service,  Downloaded: September 2013. 

http://tweepy.github.io/
http://digimap.edina.ac.uk/digimap/home
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is not possible to determine whether a tweet was sent from a moving vehicle or train, or simply 

as someone was walking close to a building. Additional uncertainty is introduced by the 

conversion from WGS to BNG, which is only accurate to ~5m. The Twitter Streaming API only 

delivers filtered (in our case, by location) messages up to the "streaming cap", and there is no 

way of determining whether the sample that we receive is "representative", Current estimates 

suggest that only ~1% of Tweets are Geotagged. Visualising these data thus cannot represent 

'actual' Twitter usage in a given place.”. 

The project however, does not aim to address questions that relate to the nature of real time data, 

but to demonstrate new ways of augmenting already existing spatial data with real time 

information and understand part of the problems and challenges of such integrations. It is also 

important to understand the potential uses of these new datasets in planning. For example, tweets 

may indicate human activity in certain areas. The most effective use of such data though, comes 

from analytics by collecting them on a long-term basis. Tweets, have been used by researchers 

to reveal patterns of behaviour (Fischer and Reuber, 2011), emotions in the city (Balduini et al., 

2013), reveal spatial patterns and clusters of different languages (Cheshire and Manly, 2016) and 

many more. In that sense, real time data can have an active role in the planning process and 

integrating these capabilities in a comprehensive system is fundamental for planning support 

systems.  

The TweetCity application itself was built entirely in ESRI's CityEngine, as it offers a range of 3D 

visualization techniques which relate to the urban environment including real-time capabilities 

through the embeded Python platform. In this case, the project collects real-time tweet feeds, 

aggregates them by a custom discrete zone system and by default, visualizes them as building 

heights. CityEngine provides the key-advantage of allowing the automatic storing of spatially 

geolocated data directly on a shapefile, augmenting GIS with live information and update the 

visualization real-time. That is why this application, can work with different basemaps, such as a 

land use maps, wards, or even roads. At the moment, the script stores the number of total tweets 

for any discrete zone and keeps track of time and date. 

For example, if the user wishes to collect tweets that fall within the area of Hyde Park for a period 

of time, to monitor activity or perform social data analysis, they would only have to import an 

outline of the park in the scene of CityEngine and adjust the values appropriately. The rules that 

generate geometry are independent of the Information System, a feature which is one of the main 

http://www.quora.com/What-percentage-of-tweets-are-geotagged-What-percentage-of-geotagged-tweets-are-ascribed-to-a-venue
http://www.esri.com/software/cityengine
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advantages of CityEngine, as is allows the customization of different visualizations. The 

application itself is found in GIthub to use for free by other CityEngine users.  

 

6.1.4 New Frameworks for Planning Support Systems 

One of the main reasons why there is not a clear workflow as of yet for integrating real-time 

datasets, is that there haven’t been enough examples of real time data analysis to understand in 

which ways these can be used in planning. There is a need for these methods to be applied in 

many different real case studies and evaluated multiple times in order to understand their 

contribution in planning. And in order for these evaluations to exist, multiple expertise need to be 

manned, from data analysts and big data experts, to planners and policy makers.  

Until now, merging data and expertise was achieved through the process of the masterplan which 

dealt with scenarios using a swap type diagram to do forecasting, based on design research and 

plans (see Chapter 2). The term “master” as Verebes points out in his book “Mastermapping the 

adaptive City” (2013), implies that it is the top form of all such diagrams together. A collection of 

all datasets and different designs in one global plan.  Such scenarios are being developed using 

scientific methods and the collaboration of many specialists, from ecologists to designers and 

hydrologists. However, new types of data and systems, create new relationships between 

expertise and also question the existing data workflows. There is a clear need to redefine how 

urban data connects to each other in order to form a new topological network of expertise 

relationships. Such questions have not as yet being answered, which is why there is a tendency 

in research to build “architectures of systems” or frameworks, rather than clearly defined tools for 

planning support. 

One such method, is the Geodesign5 framework, which aims to bring different specialists together, 

by combining datasets and developing collaborative scenarios-masterplans online. Karl Steinitz 

in his work on Geodesign, forms a framework to enable a more effective collaboration between 

urban scientists, design professions and the people of the place (Steinitz, 2012). Professor 

Steinitz, understood the need for a workflow which would enable communication between the 

                                                      
5 “Geodesign is a set of techniques and enabling technologies for planning built and natural environments 

in an integrated process, including conceptualization, analysis, design specification, stakeholder 
participation and collaboration, design creation, simulation, and evaluation (among other stages)” (Flaxman, 
2010). 
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expertise of the built environment, as the study of urban planning is increasingly becoming more 

and more complex. The diagram of Figure 6.4 shows the core of this framework which connects 

all the different expertise along with the different scales that each profession works on.  From the 

people who know the place, to the architect who will design the buildings and public places, to 

the urban planner who will work on land uses, to the regional planner who will define spatial 

relationships between cities, all the way to the continents and the world. This idea is then brought 

to life in the work of Hrishikesh Ballal (2015) who developed an online application to bring 

specialists together. The platform makes use of diagrams, which are developed by each specialist 

group and are overlaid in one global masterplan. The platform, is user-friendly to allow 

communities to engage in the planning process, though depends on the users to translate their 

outputs manually to an ‘agreed upon’ standard form of a digital 2D sketch. These diagrams are 

then overlaid on top of each other to form different statistics. The scenarios developed, can be 

transferred to CityEngine or other similar 3D software for detailed visualizations.  

This approach requires the organization of workshops, to get people together and collaborate on 

a common goal. Even though the system produces some early analytics of the developed 

scenarios, there is no integration with evaluating models, real-time feeds, or new types of 

datasets. The system does not depend on an automated information system to integrate different 

outputs, but rather ask the user to convert the inputs into a compatible form manually-`                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

into a digital schematic diagram- , a method which may arguably be considered as a rather 

primitive way of integrating information.  

 

Figure 6.4: Geodesign framework diagram by Karl Steinitz 2012. 
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However, this methodology has the advantage that it does not rely on multiple conversion systems 

for different types of file formats. Nowadays there are hundreds of new applications which output 

their own different file formats and that’s because the era of the smart city is in the beginning of 

its shaping and is full of new experimentations, multiple workflows and failed attempts. For 

example, Tod Baker in a conversation with Tom Verebes, states his doubt on whether City 

Informational Modelling (CIM)6 will have the same status of a design tool as Building Information 

Modelling (BIM). The reason is that CIM is still a very vague notion and there a very few examples 

as of yet. “Will CIM tools be managerial, analytical, or a way of simulating potential further 

iterations and versions of changes to the city?” (Verebes, 2015). It is therefore not that surprising 

that despite all these advancements, planning tools focus in the integration of already established 

datasets and outputs, rather than developing original planning support tools.   

An example of this shift is Google Flux. An online platform originally developed to give an answer 

to online planning portals, but quickly changed its purpose. The tool was originally built to merge 

3D online mapping with planning regulations and some visual analysis. The purpose was to 

provide planners and other planning actors with an online tool to work collectively to produce 3D 

mastermaps. A concept widely embraced by Karl Steinitz in Geodesign mentioned above. 

However, the platform quickly changed its focus, from developing a brand new tool, to integrating 

outputs of different already established and powerful dynamic platforms (Figure 6.5). Highly 

prestigious urban practices such as ARUP or Fosters, already work with mainstream software 

applications such as Autodesk Revit, and Autodesk Maya, to produce highly sophisticated 

designs and analytics with dynamic content. Practices such as these, arguably do not require 

another new platform to work with, but there is a need for an online aggregating tool to link their 

dynamic outputs. Flux plugins work with popular parametric design software, such as 

Rhino/Grasshopper (a procedural/ parametric open source extension), Excel, and Dynamo (a 

Revit BIM extension to produce recipes), to automate data transfers, to and from, Flux. In contrast, 

to other platforms which use manual file transfer, data conversion, and data-merge, Flux is unique 

in that it doesn’t rely on its own procedural engine, but rather picks up the open sourced 

Grasshopper and Dynamo and brings them to an urban/BIM online context. Similarly, to how the 

external Lowry integrated to the visual environment of CityEngine presented in Chapter 5. 

                                                      
6 City Information Modelling (CIM) is an extended network based description for BIM (see chapter 2). The 

system ambitions to integrate independent BIM buildings models to an extended network that will look at the 
city on a global level as well as a local level. (Batty, et al, 2014) 
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Moreover, it is collaborative and can work with several projects in real time to streamline complex 

design workflows. However, while parametric, there is still very little prospects of integration with 

models, or simulation, except from the ones offered from the current integrated engines. 

Therefore, the users still depend on the team behind the platform to meet their project needs and 

update the interface. At this point, while its worthwhile to review, there seems to be too little 

development to depend on this system for this research. Google flux, however, demonstrates that 

there seems to be a shift towards online integrating planning platforms to create new era of 

dynamic planning support tools.  

 

 

Figure 6.5: Google Flux’s change in the interface demonstrates the evolution from a planning support tool 

2015 (top) to an integrating platform 2016 (bottom).  

A different platform, FME, formally known as Feature Manipulation Engine is another example of 

an online integrator developed by Safe Software which specializes in translating data between 

more than 16 different widely used platforms. Released in 2014 it is a cloud based integrating 

platform of Spatial ETL7 tools for data conversion. FMA works with CityEngine among others, to 

                                                      
7 Spatial ETL is a term coined by Safe Software, to define the process where spatial data flows from source 

to target systems.  

Google Flux 2015 

Google Flux 2016 
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translate procedural content to BIM or GIS etc. It has its own interface which works in both 2D 

and 3D environments.   

These family of data manipulation platforms, don’t offer any urban planning design tools, but they 

do explore data connection capabilities. For example, ARUP is using Google Flux, to create BIM 

buildings in Dynamo Revit and then link them to Grasshopper via Flux to control procedural 

content (Deutsch, 2014). The planning practice Vertex38, prefers FME to link Revit and AutoCAD 

to GIS applications and CityEngine. Thus, they promote practices to experiment with different 

tools and frameworks and facilitate their workflow through online distribution. 

 

6.2 Towards Forward Visualization 

One notable aspect of all these systems, is that they enable the development of high quality urban 

simulations, by either developing their own interface (Vizicities, Geodesign) or integrating existing 

engines (Flux, FME). Most of which use a participatory front-end. Meaning that the final target 

output is a highly communicable visualization. Online and integrating capabilities, assist to 

actively involve all stakeholders in the planning process and for this, it is required to have an 

interface which can communicate urban information to all the different kinds of expertise. The new 

era of the smart city, places the citizen in the heart of the decision making process and currently 

using online 3D models is arguably the most efficient way of achieving this (Batty et al., 2012). 

At this point, it is essential to mention that understanding to whom does the visualization refers to 

is particularly significant, as it defines the type of the visualization. Batty et. al (2000) distinguished 

visualizations according to whom they address in two types and referred to the development of 

visual tools for experts and professionals as “Backward visualization”, while building visualizations 

for the broader public was referred to as “Forward visualization”. Current planning support 

systems tend to move towards forward visualizations, in an effort to engage a wider audience. 

This trend is supported by the emergence of map mashups in the context of neogeography of the 

early 2000 (Batty et al., 2010), which saw an explosion of web GIS applications which 

democratized the mapping process, with characteristic examples Google/Bing/Yahoo maps, 

Mapbox and the open source OpenStreetMap platform, all applications which bring conventional 

                                                      
8 As noted in FME’s webservice https://www.safe.com/customers/vertex3/, accessed on 16 Apr 2016. 
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cartography to the hands of the people (Hudson-Smith et al., 2009b). Nowadays with the 

emergence of WebGl, the 2D web maps are being replaced with highly visual 3D representation 

of cities with google maps, mapbox and many more turning to 3D views. These have the capacity 

to better engage with the public, produce higher quality visualizations and better visualize the 

characteristics of the locales.   

The advantages in 3D visualisations for public engagement were acknowledged early in the 

history of planning support systems. One of the earlier attempts of integrating socio-economic 

models in order to analyse the city using three-dimensional models, was perhaps the one created 

by Community Viz. The "Community Viz project” was developed in the mid 90’s by Price 

WaterHouse Coopers and his team and they attempted to create new tools for community design 

and decision making (Walker, 2017). The project begun with a small town in Ascutney, Vermont, 

which at the time had a population of about one thousand inhabitants. "This project developed a 

model that simulates the socio-economic development of the population, creating a complex 

profile of the community in the field of taxation, prosperity and decline, the diversity of nationalities, 

etc.”. Like most of these applications, Community VIZ integrates 2D mapping information from a 

GIS platform and use an interactive 3D visualization in order to analyse the impacts of different 

policies. 

According to the Environmental Simulation Centre “The 3-D visualizations have helped the 

citizens of Ascutney fine tune the design of the village centre. For example, rejecting the standard 

practice of uniform lot sizes, the village centre lots will vary like the lots of traditional Vermont 

villages. Sceptical property owners have agreed to actively participate in the next series of 

planning and design workshops. Although Community Viz is just a tool, not a solution, the citizens 

see its potential for reaching consensus on Ascutney's future.” ) (Henton et al., 2001, p. 20). 

So, with real-time planning in context as a tactical, rather than strategic tool, in the concept of the 

smart cities, there is still a need for a finer resolution visualization platform. In this context 3D city 

models will play an increasingly important role in the information modelling systems. 3D city 

models are the basis for the applications mentioned in this section and can became the platform 

for integrating city information within the smart city context. mapy.cz and CityGML (see Chapter 

2) are examples of such implementations. In the next section, we will investigate how new sensed 

data can aid in the capturing of finer resolution of city models and use these emerging datasets 
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for the development of urban planning platforms with online capabilities, through a case study in 

Lima Peru.  

 

6.3 Lima: A case of Enhancing Procedural Models with Drone Captured 

Data and Participatory Techniques 

6.3.1 RemapLima  

 

Figure 6.6: Drones for good, unravelling technological possibilities in unmapped areas. RemapLima, 2014. 

The Bartlett Centre for Advanced Spatial Analysis, the Bartlett Development Planning Unit 

(DPU) and the Swiss NGO Drone Adventures, joined local partners in Lima from the 2nd to the 

11th of February 2013 to map two case study areas of Barrios Altos and José Carlos Mariátegui. 

Communities from Lima engaged in a large-scale mapping expedition using cutting edge 

technologies such as mapping drones, to explore new innovative 3D mapping pathways for areas 

that are undergoing an otherwise 'invisible' change (Remaplima9, 2014). The team used a 

                                                      
9 The official blog of the project is found at http://remaplima.blogspot.co.uk/ 

http://www.bartlett.ucl.ac.uk/casa
http://www.bartlett.ucl.ac.uk/dpu
http://www.droneadventures.org/
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Sensefly Ebee fixed winged drone to capture two of the fastest growing areas in Lima, Peru that 

were at the time unmapped. The drone outputs were used to produce high resolution areal 

imageries of the areas which then were used to help locals better organise their future urban 

development. Making it one of the first project in the world to fly drones over urban areas for 

planning purposes.  

The area itself was unmapped and is currently going through constant changes. There are several 

issues regarding illegal land trafficking which create an anarchic spread of structures extending 

over the mountain hills. The area appears to suffer from rock sliding, lack of water infrastructure 

and facilities. There are several publications regarding the current stance of the area such as the 

paper on mapping and participation by Allen and Lambert (2016). However, what we are going to 

focus in the next paragraphs, is the participatory planning process led by DPU, and the technical 

challenges and breakthroughs in developing a 3D printed installation and an online GIS platform 

and other outputs for the collaborators of the project, led by CASA, UCL.  

 

6.3.2 From Drones to Plans. A Process of Participation 

The areal imagery captured by the Ebee drones in the Jose Carlos Matietaguil area is of very 

high resolution and was donated to Open Street Map for tracing. As Mapbox data expert Alex 

Barth mentioned in his personal blog about the imagery: "capturing multiple square miles down 

to zoom level 21 — plenty for street level mapping" (Barth, 2014). 

The imagery is hosted on Mapbox, allowing anyone to sign in and start mapping. An approach 

advised by Muki Hakley for participatory mapping projects (Haklay, 2013). 

Within the first three days of the donation the area has already been digitized by the community 

of OSM giving a near-real time view of the city, with the full road network, including public 

staircases, paths and footpaths, and about 30% of the total houses mapped (Figure 6.7). At the 

same time, while in Lima, the areal images where printed in large A0 posters by the mapping 

team, and two participatory planning workshops were carried out by DPU. The results of the 

workshops were a collection of survey data including census data, mapped localities and an 

overview of the challenges in urban planning. (Figure 6.8). 
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Figure 6.7: Left: High res aerial imagery capture by the Ebee Drones in the JCM area in Lima. Right: The 

aerial was donated to OSM courtesy of Drone Adventures, where most of the paths and roads were mapped 

within the first couple of days (RemapLima, 2014).  

Information collected from the workshops, include the location of water reserves, land uses and 

other important services, possible expansion areas, other infrastructure, points of interest, as well 

as boundaries of settlements which were mapped using GPS tracking from cellphone 

applications. All these were digitized and brought into an online GIS system. 

 

Figure 6.8: DPU’s Adrianna Allen, Rita Lambert and Monica Bernal, practicing participatory planning 

workshops along with residents from the JCM community in Lima Peru. 
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The drone outputs were at the same time sent to CASA, London from Lima, in order to be 3D 

reconstructed and later 3D printed. The aim was to create an installation suitable for community 

planning purposes in the areas of Jose Carlos Mariategui (JCM). The drone captured a total of 

around 300 photos per area, in two 1-hour mission flights, to create two very detailed 4.000.000 

point, objects. The 3D outputs were converted into meshes through 3D reconstruction10 and were 

printed using a Makerbot 2 Replicator (Figure 6.9). The level of detail of the mesh is illustrated in 

Video V.6.3. We eventually used the 3D printed model of the area as exhibited in London and 

Lima11, to map projected 3D animations of the datasets that were collected in the field and 3D 

analytics, such as slope analysis revealing unsuitable areas for construction, sun and shadow 

analysis and flooding risk areas.   

 

   

Figure 6.9: 3D reconstruction of the Lima point cloud using mesh lab (top left) and the 3D Printed outputs 

(top right and bottom).  

The entire process of capturing and creating the first outputs for the project took 10 days during 

the staying in Lima and it is the first time that it became possible to scan and create a near-time 

physical model of the city in such high resolution. The outputs of the RemapLima research 

                                                      
10 The process of reconstruction is described in detail in the official website of the project.  
11 RemapLima: Projection on 3D printed 
model: https://www.youtube.com/watch?v=Wq9pelveRWU 

https://www.youtube.com/watch?v=Wq9pelveRWU
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projects are numerous with significance on how new technologies can be used to enhance 

participatory mapping which can be found in the blog of the RemapLima project online (“ReMap 

Lima,” 2014).  

For this thesis, in the next paragraphs, we will focus on two main breakthroughs. Firstly, the 

actions followed for the processing of 3D point clouds captured by the drones and their 

contribution as a new emerging dataset in the planning support systems of the smart city; and 

secondly, the development of two platforms for participation: a physical 3D printed model and a 

digital online platform with procedural capabilities.  

 

6.3.3 The Pointcloud: Capturing, Visualizing and Modelling the City. 

The creation of high quality city models requires the precise knowledge of the geometry of the 

buildings and the environment. Nowadays, there is the option of augmenting traditional datasets 

with point cloud data, which capture the geometry of the city in high detail, either by airborne 

LiDAR12, or with photogrammetric methods13 from aerial images. These consist of entirely new 

datasets which enable the 3D scanning of a city at specific timestamps, giving a new meaning to 

“city snapshots”.  

The point cloud is a set of data points in 3D space, defined by X, Y and Z coordinates often 

intended to represent external surfaces of objects14. 3D objects generated using this technique 

often give the impression of pointillist cloud-like objects floating in space because of their high-

density points. The technology in capturing Point clouds with 3D scanners, satellite imagery and 

sensors like LiDAR is becoming more and more precise. Those devices, measure points on 

surfaces and output them as a set of points. Each of these devices has each own limitations and 

advantages, however it is the use of photogrammetry in areal imagery that made the point cloud 

a mainstream dataset for capturing the urban environment. Unlike LiDAR and 3D scanners that 

require specialized sensors or expertise, photogrammetry, only requires a generic camera to 

capture images. It then uses the overlapping parts of images captured from different angles to 

measure points in space. 

                                                      
12 Lidar (also written LIDAR, LiDAR or LADAR) is a surveying technology that measures distance by 
illuminating a target with a laser light. (Definition from Wikipedia 2016) 
13 Photogrammetry is the science of making measurements from photographs, especially for recovering the 
exact positions of surface points. (Definition from Wikipedia 2016) 
14 op 

https://en.wikipedia.org/wiki/Surveying
https://en.wikipedia.org/wiki/Laser
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Figure 6.10: Point cloud of Lima Peru from the 2014 RemapLima project, 

captured by a Sensefly eBee drone, generated using photogrammetry. It 

consists of approximately 4.000.000.000 coloured points. (Video V.6.2) 

)  

.  
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Photogrammetry is emerging as a robust non-contacting measurement technique which is 

becoming comparatively as powerful as high resolution LiDAR (Sužiedelytė-Visockienė, 2013). 

Today, the appearance of new processing techniques and improvements in computer technology 

have led the way to an automatised and efficient method to extract high density point clouds from 

aerial images (Grimm, 2016), and directly create geometries and shapes. In this section we will 

discuss the contribution of the point cloud to high quality digital city models as a newly emerged 

sensed dataset and the integration with procedural modeling in the case study of Lima. 

3D scanned point clouds are mostly used to facilitate the production of different 3D objects. They 

are now used in several processes such as the creation of 3D CAD models, visualization, 

animation etc. There are several examples of the use of pointclouds for 3D city models. For 

example, CASA in UCL used LiDAR data captured from satellites to produce a virtual model of 

London (Hudson-Smith et al., 2005). Mainstream applications such as Google Maps have also 

turned 3D early in 2016 (2012 Google Earth) when they managed to get 3D point cloud data from 

satellite imageries using real-time photogrammetry15. The 3D models are produced from an 

algorithmic approach of creating surfaces from point clouds on the fly and in browser. Constant 

updating of google Maps imageries and google street view essentially means a constantly 

updatable 3D model in the platform creating 3D views of the current state of the city.  

One of the main implications of point cloud reconstruction as observed from this case study, is 

that the produced geometries are not yet semantic and therefore they are only suitable for 

visualization purposes. Similarly to the 3D visualizations of Google Maps, they consist of one 

uniform point cloud and they output as one major unsegmented surface. Which means that there 

is no way of separating district objects such as buildings, roads, or vegetation, making it useless 

for urban analysis and the development of dynamic scenario testing simulations, as in the case 

studies of chapter 4 and 5.  

Currently new advancements in computer vision, are aiming in the recognition of elements in 

pointclouds, such as buildings, trees, and other urban elements. This is achieved through the 

automatic categorisation and classification of points which appear to form distinct geometries. 

Vosselman et al. (2004, 2010) reviewed several techniques for point cloud categorization in 

LiDAR and high resolution images. For example, an automatic extraction of roads from dense 

                                                      
15 New 3D imagery for Google Earth: https://www.youtube.com/watch?v=N6Douyfa7l8 
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urban area was applied by Vosselman (2009) for the extraction of features for improving roads 

safety and Tiwari et al. (2009) pursued a semiautomatic approach combining satellite images and 

airborne laser altimetry. Building extraction from 3D point cloud data is also among the popular 

topics of point cloud categorization. Hu et al. (2004) used a combination of LiDAR and aerial 

imagery for the development of a hierarchical building model composed of geometric primitives. 

Pu et al. (2009) developed a reconstruction of building facades from laser scanned data. Other 

urban objects are currently being studied such as automatic extraction of bridges (Sithole and 

Vosselman, 2006), trees (Rosell and Sanz, 2012); Van der Zande et al., 2006), power line 

automatic extraction by Jwa et al. (2009). Nardinocchi et al. (2003) presented a strategy for 

classification of LiDAR as terrain, buildings and vegetation, while automatic classification of 

railways was performed by Arastounia (2012). Thanks to the recent advances in computational 

photography and remote sensing, point clouds of urban areas are now becoming increasingly 

available. 

Current popular design and planning support tools are now looking into integrating point cloud 

categorization capabilities such as ArcGIS Lidar 2016, FME, Bentley Pointools and Autocad Map 

3D. These platforms use an indexing method which makes it increasingly easy to load and 

perform analysis on the point cloud. However, the extraction is not always accurate.  

In the case of the JCM in Lima (Figure 6.10) the point cloud data were generated from the drone 

outputs using Pix4D software, which specializes in stereo photogrammetry from aerial photos 

from drones and has integrated advanced algorithms for point cloud categorization. The 

generated point cloud, though very detailed, did not perform very well in extracting building 

footprints. There are several reasons for this, one of them being that there was only one flight 

mission, capturing the minimum number of photographs and therefore reducing the quality of the 

generated point cloud. Moreover, shadows are not being picked up using this method, leaving 

gaps in the model and close to each other building structures may be recognised as one volume 

instead of multiple. 

To improve accuracy of the results, our method combined point cloud categorization outputs with 

crowd sourced building footprints from Open Street Map (OSM).  The result is shown in Figure 

6.11. In addition to this, the point cloud of Lima in Peru was processed appropriately to generate 

2 main inputs used in the online platform, a DSM (Digital Surface model) and a DTM (Digital 

terrain model). 
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Figure 6.11: a. Areal imagery of JCM in Lima Peru captured from an Ebee drone b. Feature recognition of 

building structures c. Open Street Map community tracks (buildings and road network) d. overlaying of 

community tracking with building structures recognized from categorization.  

 

6.3.4 Inverse Procedural Modeling, Mass Production of Buildings Models and the 

Future of the Pointcloud in the Built Environment 

Current research in the field, focuses in the integration of point clouds into procedural systems 

via “inverse procedural modeling”, a technique which uses Machine Learning methods to 

automatically recognise distinct features from uniform datasets such as a point cloud. Becker and 

Haala (2009), developed a method to create shape grammar for faces from mobile LiDAR 
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mapping. The process begins from scanning the façade of buildings and then using a 

classification algorithm to recognise walls, windows and floors by simply recognising openings 

and putting them on a grid. Similarly to the point cloud categorization of building footprints 

described above. Some other works focus on segmenting the point cloud into components or 

generating 3D polygonal urban reconstructions from point data ex. Google Maps.  

 

Figure 6.12: Inverse procedural modeling of facades (Demir Daniel, 2009). The process begins with a 

pointcloud, to point classification and to the recreation of distinct digital entities such as walls and windows.  

The work of IIke Demir (Demir et al., 2015) directly inspects the point cloud in order to organize 

structures into a “hierarchical representation” and then to directly perform a set of “what if” urban 

design and planning operations. The work uses shape grammar similar to the grammars of Wonka 

described in chapter 2, to detect repeating structures (such as the windows) by using a semi-

automatic segmentation and template matching, and then automatically create a procedural 

building tree diagram of the components (Becker and Haala, 2009). In summary, the method 

creates components from point clouds and automatically writes a procedural recipe of how the 

building is generated.  

These methods, have sparked an increasing interest in computer science and related fields for 

automatizing the procedural modeling/point cloud workflow, with more scientific papers 

contributing with new innovating techniques the last two years. The emergence of Artificial 

Intelligence is also playing a crucial role in the recognition of features, which will increase the use 

of procedural systems. For the built environment, this will mean a new era for “mass produced 

building models”, which will update on the fly and will be capable of semantic information.  

Inverse modelling technology is currently under development, and such possibilities are a part of 

near-future work. However, it is demonstrated, that among other datasets, pointclouds will likely 

be an important dataset for procedural cities. In the case of Lima, these tools allowed the 

capturing of data for remote areas which had no, or very little data supply. The result was a set 
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of outputs that contributed to the development of two platforms, a physical and a digital, with rich 

urban information.  

 

6.3.5 Online Platform 

The pointcloud reconstruction and the digitization process allowed for the data collected in the 

Lima expedition to be visualized and analysed. Moreover, the model is being augmented with 

additional data collected using smart phones applications which have offered the possibility of 

providing quantified measures of a community’s needs through survey type applications. For 

example, the team used “epicollect”, a mobile application developed by Imperial College London  

(Aanensen et al., 2009), to collect census data from the JCM area while working in the field. 

These include population by settlement, number of houses, date of creation of settlements etc. 

The raw outputs of the survey are found in Appendix 6.1.A. These are now integrated as core 

data in the Information System developed in CityEngine, which is used to generate the different 

scenarios.  

The result is the “Expanding Lima” model, a study set within the context of the ReMapLima16* 

project, which attempts to utilize public engagement and modelling methodologies to address 

issues such as the unofficial growth in the outskirts of the city. In this further study, data collected 

from mapping drones as described above, are integrated with collected information from the 

communities and public participation, in order to provide inputs for the dynamic 3D city simulation. 

In its early stage, the model uses measures of accessibility through the mapped road networks 

and house density indicators in order to create a predicting simulation of the rapidly growing urban 

environment. All indicators can be controlled externally by the user using the CityEngine sliders 

to produce the different scenarios.  

To demonstrate and test the possibilities for an online scenario, a toy “retail type” model as 

described in Chapter 4 is employed to identify the optimal locations for possible new 

developments, based on flows from mapped residences and externally driven population growth. 

The boundaries of the 9 settlements were used as the main zonal system to define planning 

                                                      
16* RemapLima is led by the UCL Development Planning Unit in collaboration with UCL CASA, CENCA, 

CIDAP and Foro Ciudades para la Vida. For information about the full project please visit: 
www.remaplima.blogspot.co.uk 
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zones, and the building footprints as population zones similarly to the South Yorkshire case study 

(see chapter 5). We then designed new virtual lots with zero population and begun populating the 

newly developed zones by assuming increase in population using a growth rate of 3.82 per year 

(as indicated by the epicollect question marks). This is an early demonstration of the possibilities 

and it is based on the mapping work that was performed in the field which is not yet complete. 

Despite the lack of sufficient datasets, this work, produced an early interactive animation which 

schematically illustrates the growth of the favelas over time, and the possibilities for such 

platforms. 

In this case, we used the online capabilities of ArcOnline viewer, to visualize outputs and create 

a 3D online platform with interactive controls (Figure 6.13). The pointcloud categorization allowed 

the development of a DTM (Digital Terrain Model) which was used as a 3D basemap for the 

platform. The structures and road networks, categorized by road type from OSM, were overlaid 

on top of the digital terrain, while rules were written to create 3 models for 3D staircases and 

paths. Points collected from surveys such as waterpoints and survey data, were integrated and 

visualized as additional 3D objects (Video V.6.4). 

 

 

Figure 6.13: The Extend Lima model presented as “slides” in CityEngine webviewer17. A demonstration of 

the platform is found in Video V.6.4. 

                                                      
17 The application is accessible online at: http://www.arcgis.com/apps/CEWebViewer/viewer. 

html?3dWebScene=4748f1d312894109a6e25fed37edc512. 

http://www.arcgis.com/apps/CEWebViewer/viewer.%20html?3dWebScene=4748f1d312894109a6e25fed37edc512
http://www.arcgis.com/apps/CEWebViewer/viewer.%20html?3dWebScene=4748f1d312894109a6e25fed37edc512
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The result of the collected datasets is the development of two platforms. A digital one which 

simulates possible expansion of the area, and a physical projecting sensed and crowd sourced 

planning information. The two platforms were presented in exhibitions in London and Lima.  

 

Figure 6.14: Projections on a 3D printed model animation (Roumpani, 2016) and Video V.6.5.  

For both platforms, the point cloud provided the 3D data for the physical model and produced 

analytics regarding the physical characteristics of the terrain, such as slope analysis and sunlight 

analysis (Appendix 6.2.A). In terms of the digital platform, the point cloud provided the digital 

backdrop of an interactive application and showcased the possibilities for developing distinct 

semantic volumes for the use in procedural modeling of buildings.  

A third experimental application tested the use of mobile devices for the development and 

distribution of scenarios and datasets collected online. The core concept was to develop a free 

online application which would be able to communicate all the collected datasets on the field and 

present them using engaging digital means such as Augmented Reality (AR). A technique to 

overlay physical space with 3D models and other digital information. The application uses the 

device’s camera to track 2D images, and use them as targets to overlay digital objects using the 

Vuforia Augmented Reality Software Development Kit (SDK). In this case, the application 

recognises the aerial imagery captured by the drones and projects the digital model in 3D with all 

the collected information overlaid on top of it. Census data and other geolocated information is 
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visualised as floating 3D points which can be clicked by the user to show additional information 

(Figure 6.15). 

 

Figure 6.15: Map on a table: Augmented Reality interactive application, built for android devices, to visualize 

planning information for the public. 

The full workflow which was followed from the Drones to the development of online platforms and 

the generated information for procedural systems is presented in the diagram below. 

 

 Figure 6.16: Diagram of the RemapLima workflow. 
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Overall, capturing and visualizing the current view of the city then opens up possibilities for a 

more complete understanding of the environment we live in, and thus, such tools which aid in the 

visualisation and distribution of urban information online can lead towards a more participatory 

and sustainable planning process (Batty et al., 2012). The process enabled the identification of 

limitations, advantages and possibilities of new technological systems within the context of rapidly 

growing cities and brought together unique expertise. From drones, to the collection of outputs 

and the merging of collected information in the field, new technologies can aid in the identification 

of localities unlike any time before. In that sense, the RemapLima project has proven that 

technology, has enabled the development of innovative and critical strategies for the reading, 

writing and audiencing of maps, that enabled dialogue through the revelation of the undergoing 

“invisible” urban change. This chapter will close with a reflection on the RemapLima project and 

in extension the future of participation in planning. 

 

6.3.6 Learning from Lima  

Participatory techniques are and have always been very subjective and complex processes as 

they involve people from different backgrounds often with conflicted interests, working on different 

spatial problems. Despite this, they often tend to follow a very specific bottom- up approach. In 

Lima this process began from identifying how the communities perceive their neighbourhoods. 

Thus, first printing out a map of the area and then opening up a dialogue with the community 

which is guided by the planner or the policy maker who assumes the role of a consultant. Through 

this discussion, two goals were achieved. Firstly, the planner/organisation gains a better 

understanding of the localities of the study area. Secondly, the residents get to participate in the 

planning process by giving their opinion on specific issues relating to their area for possible future 

action. Both these processes were enabled through dialogue.  

However, in this process there was no smart technology involved, while where used, it came 

significant limitations. The idea of rapidly capturing a 3D model of a city using drones and 3D 

printing technology to create a near real-time installation, as empowering as it may be, hides 

several technological drawbacks. Drones even though now mainstream, hide several challenges 

and limitations in terms of their use e.g. most AUV’s are not allowed unless used with registered 

licence, specialized operators and only in approved areas of flight (Curtis, 2016). But even if a 
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flight is organised and executed successfully, the reconstruction of the pointcloud to a printable 

3D mesh is not yet fully automated, and requires several working hours of semi-

automated/manual preparation. Currently, software such as Pix4D, a specialized application for 

processing pointclouds, have facilitated this process, but it is not yet a reliable method for rapidly-

captured big datasets. In the case of Lima , preparing the point cloud for the full area of JCM took 

several weeks to complete.  

Furthermore, the online viewer which was developed using the pointcloud as a basemap, became 

quickly obsolete, as the online CityEngine system lacks the capabilities for interactive controls, 

limiting interactions to switching on/off layers. Comments from users can be added but are left as 

floating text on the map, which makes it difficult to view and analyse. The platform moreover did 

not offer any capabilities for adding images to comments, (a key request from the team) which 

had to instead be integrated in a complementary 2D GIS online platform. The process of 

digitization and updating information is furthermore complex and requires many working hours to 

complete. Most importantly, the project itself didn’t define targeted planning problems in order to 

create scenarios, such as for example planning for a new development zone, or the allocation of 

waterpoints, but had a rather exploratory character to define the planning challenges for next 

steps, depriving the expedition from collecting targeted datasets.  

Therefore, this project focused in the demonstration of the possibilities of new emerging 

technologies in the context of participatory planning. And for that, technology played the role of 

engaging the participants and opening up a dialogue. The areas captured by the drones allowed 

the rapid digitization of the areas and provided a template for mapping and identifying localities, 

while GPS devices were used to define the boundaries of settlements for the illegal trafficking and 

“epicollect” was a useful tool for surveys on the field. The extracted 3D models from the 

pointcloud, may have produced some analytics, aiding in the identification of problems such as 

finding inappropriate areas for building houses due to rock sliding, but overall, the platforms were 

not used in terms of participation. One of the reasons is that such platforms would require to either 

integrate surveying capabilities, or to be built on specific simulations that would enable scenario 

development; a part of further work. However, the 3D work did not go in vain. The visualizations 

sparked a dialogue between the different participants in the workshops on how these new 

technologies can be used to further aid in the participation of people in the planning process and 

for further collection of datasets which can be used to enrich the already collected information, 



New Data, New Planning Capabilities    Chapter 6  

 

184 

such as the mapping of water pumps in the area and the tracking of paths, and for that, we can 

admit that this work played a role in opening up the planning process.  

These new inputs in current modelling techniques, and more specifically the use of 3D interactive 

urban environments for public participation, can improve the role that planning can play in the 

socio-environmental processes and open up space for the communication between different 

decision making parties such as citizens, planners and policy makers.   

From the participatory process that took part in Lima, a couple of observations were made: Firstly, 

not all the collected data were shared with all the participants. Certain information such as census 

data collected from epicollect, or mapped areas that may have had conflicting interests, were not 

shared publicly, and remained in private accounts. Meaning, that participatory planning work has 

significant privacy concerns and is selectively shared with the participants. That indicates a need 

for user-authorized applications in future planning for real applications. Secondly, the planning 

work revolved around specific issues which were originally defined by the project itself and formed 

further through the preliminary discussions with the communities. Which means that participants 

were not given a “blank canvas” to make decisions on, but were rather guided to answer 

predefined questions. Both of these observations relate to the extent of the citizen’s power in 

planning, which is a topic that has been extensively analysed in the 1960’s article “A Ladder of 

Citizen Participation” by Arnstein (Arnstein, 1969). This article examines the power structure in 

society and how the different planning actors interact with each other. It is mentioned that the low 

status of the citizen in participation, should not dictate his power in planning. For this, there is a 

need for a highly structured system to facilitate the role of the citizen in planning processes and 

enable them to make more informed decisions.   

However, this is a much broader discussion for a different PhD thesis, as we are not interested in 

creating a framework for public participation, but rather start integrating participatory capabilities 

in in the currently developed framework of procedural modeling. Therefore, we are interested in 

using technology for the distribution and communication of the developed scenarios based on a 

question or problem formed by the planner. One of the focused objectives would then be to 

identify the proper tools to create engaging visualizations of the scenarios and to use these 

generated scenarios in order to inform the citizen, collect data and define new indicators for the 

decisions of the users. These scenarios can be used to communicate important local issues and 

understand the consequences of local interventions on a global level. 
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6.4 Challenges and Further Work 

With that being said, cities that get citizens involved in data collection will be the smartest, thinks 

Dr Andrew Hudson-Smith, who designed London's data dashboard (Wakefield, 2013). For 

Andrew Hudson Smith, it is all part of the learning process that will eventually allow us to make 

our cities more efficient and safer but he acknowledges that it is a scary new world that will require 

a radical culture shift. And so, the lessons from Lima will lead to the next chapter of this thesis, 

which will attempt to overcome such challenges and take the procedural approach to a different 

modelling platform.  

The era of smart cities, offers planning a unique opportunity to view the city from multiple different 

perspectives. All these need to be integrated with the old and new planning methods, to inform 

decisions and facilitate the development of new scenarios. The next chapter will attempt to sum 

up this work through a case study in London.  
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 Chapter 7 

New Architectures, New Interfaces, Integrated Platforms 

 

7.1 Introduction 

This chapter brings together the methodologies from the previous chapters in a worked example 

around the Queen’s Elizabeth Olympic Park (QEOP) in London, using development data.  

In 2012 the London Legacy Development Corporation (LLDC), established by the Mayor of 

London, released “The Legacy Communities Scheme” (LCS) Planning application. A study which 

covers 64.48 hectares of the future Queen Elizabeth Olympic Park in East London, submitted in 

2011 to facilitate the development of thousands of homes, associated community facilities, 

employment space retail and leisure facilities, open space and associated infrastructure, to deliver 

a long term sustainable legacy for the once Olympic games site, making it the most ambitious 

redevelopment project in London for the next 25 years (LLDC, 2011).  

The Scheme is a long-term regeneration project, expected to be developed over a period of 18 

years from 2013 to 2031. Given that the anticipated development period is quite long, a degree 

of flexibility is sought. This opens the opportunity for the development of planning scenarios which 

can integrate urban planning and urban analytics and will explore additional solutions and 

developments as the project unwraps.  

In this final case study we recreate the Olympic Park procedurally by modelling the existing 

conditions of the park and add the LCS programmed developments. This provides the plans with 

new housing developments and a fine-zone system. We will then use a variation of the two-tier 

model presented in Chapter 5, in conjunction with planning policies of the QEOP, to create a 

system which evaluates different planning interventions within the development zones. The 

planning tasks are defined by indicated planning problems in the area from the LCOP and revolve 

around the allocation of social infrastructure such as schools, followed by an increase in jobs in 

the area and the increase in population due to the new developments, similar to the South 

Yorkshire case study presented in Chapter 5. The case study of the QEOP, will go beyond 

previous steps, by allowing these scenarios to be accessible online, through the use of mobile 
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applications and new visualisation and communication mediums, such as Augmented Reality. A 

technology that superimposes a computer-generated image on a user's view of the real world, 

thus providing a composite view.  

 
Diagram 7.1: An integrated interactive system of data model and planning outputs in CityEngine and Unity 

3D. 

The Diagram 7.1 illustrates a fully integrated system with procedural modeling at its core that 

allows public participation through the distribution of scenarios online. Extending from the main 

diagram of Chapter 6, the reports from CityEngine become an input to an online platform which 

allows the development of scenarios and an interface for participation. The Information System 

in this case is online and is used for the collection and evaluation of scenarios.  

Through this demonstration, we show how we can bring together different established practices, 

such as the development of plans and urban modelling as used in urban planning via an 

integrated developed system using new technologies. This will conclude this PhD thesis, where 

new visualization techniques, integrate with planning knowledge and urban analytics, to develop 

multiple online what-if scenarios.  The array of scenarios can then be reviewed, to explore which 

ones are viable in terms of optimization and evaluation.   
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7.2 The Queen’s Elizabeth Olympic Park 

 

Figure 7.1: Location of QEOP in London (LLDC, 2011). 

The Olympic Park is located in East London. The site covers parts of Stratford, Bow, Leyton, 

and Hackney Wick in east London, overlooking the A12 road (Figure 7.1). The site was previously 

a mixture of greenfield and brownfield land, including parts of Hackney Marshes. The 

revised master plan published in 2006 proposed four indoors arenas in the park, 

with  the Basketball Arena and the Copper Box, the Water Polo Arena, the Aquatics Centre, and 

the Velopark. The final design of the park was approved by the Olympic Delivery Authority and 

its planning-decisions committee (BBC, 2006).  

The London Legacy Development Corporation is now using the opportunity of the London 2012 

Games and the opening of Queen Elizabeth Olympic Park to create “a dynamic new metropolitan 

centre for London, and develop an inspiring and innovative place where people want – and can 

afford – to live, work and visit” (LLDC, 2018). The plans include large scale residential 

developments and supralocal commercial centres such as Westfield London, that are 

programmed to attract people from all over London.  

https://en.wikipedia.org/wiki/Stratford,_London
https://en.wikipedia.org/wiki/Bow,_London
https://en.wikipedia.org/wiki/Leyton
https://en.wikipedia.org/wiki/Hackney_Wick
https://en.wikipedia.org/wiki/East_End_of_London
https://en.wikipedia.org/wiki/A12_road_(England)
https://en.wikipedia.org/wiki/Greenfield_land
https://en.wikipedia.org/wiki/Brownfield_land
https://en.wikipedia.org/wiki/Hackney_Marshes
https://en.wikipedia.org/wiki/Comprehensive_planning
https://en.wikipedia.org/wiki/Basketball_Arena_(London)
https://en.wikipedia.org/wiki/Copper_Box
https://en.wikipedia.org/wiki/Water_Polo_Arena
https://en.wikipedia.org/wiki/London_Aquatics_Centre
https://en.wikipedia.org/wiki/London_Velopark
https://en.wikipedia.org/wiki/Olympic_Delivery_Authority
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As such, it is an integral part of the city that cannot be studied in isolation. It is necessary to 

include a regional-upper tier model, which will calculate population flows from the full extent of 

the area, similar to the two-tier model presented in Chapter 5. 

For this case study, we will use QUANT, an online scenario tool which calculates flows for all of 

London and the UK, as the upper tier model of our system and import the outputs. We will 

therefore have the following two model runs.  

(i) An inter-intra MSOA model, QUANT, an external model as the upper-tier model. 

(ii) A fine-scale planning model, especially for neighbourhood planning of schools or similar social 

services. 

 

7.3 The Upper Tier model 

QUANT is an application recently developed by Richard Milton and Mike Batty from the Bartlett 

Centre for Advanced Spatial Analysis (currently unpublished) and it is an online policy tool for the 

UK, funded by the Future Cities Catapult. The current release of QUANT, simulates the impact of 

changes in population, employment and travel costs in UK Cities, using a simple model of how 

workers choose where to live in respect to the attractiveness of those places and the cost for 

traveling to their workplaces. The application tests scenarios online by assigning proposed 

increase in employment, and by calculating flows of population based on a singly constraint 

spatial interaction model (see Chapter 5). These are based on three means of transportation: 

tube, buses and trains. As such it can calculate inter-city flows that come from not only within 

London, but from all of the UK. (Figure 7.2).  

QUANT outputs are population and employment scenarios per MSOA, which implies that in order 

use it for planning purposes, there is a need for a two-tier system that will disaggregate outputs 

to planning zones as in Chapter 5. 

QUANT modelling outputs can be accessed real time using requests from the webserver similarly 

to Tweetcity (see Chapter 6). Data outputs include population and employment figures per MSOA 

and per scenario.  The percentage difference in population Dj between the scenario and baseline 

calibrated model, can also be queried in the same format. 
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Figure 7.2: QUANT: The user can create scenarios by selecting the corresponding MSOA and testing for 
example programmed increase in employment or population. Currently the application visualizes changes 

in population on the area of affect (Milton and Batty, 2017).  

We will use QUANT MSOA zones as the regional zones (I,J), which are imported in our 

information system, and develop a fine scale planning zone system for the Olympic Park. 

Essentially, we will develop a system, in which we will design new developments, these will be 

translated into areas, and then to population. This means, that it is possible to create scenarios 

by calculating the total of employment and population from all planning zones within each MSOA 

in the Olympic Park and then send it back to QUANT to calculate flows on a regional level. This 

loop will ensure the stability of the planning scenarios, and allow QUANT and the planning model 

to communicate by exchanging information back and forth.  

 

7.4 Developing a Fine-Scale Planning Model of the QEOP 

To create the fine-scale planning zones we will use the official planning policies of the QEOP as 

set by the LCS. These regulations will provide the “recipe” to base the what-if scenarios and will 

allow the development of the Olympic Park model procedurally. In the next paragraphs, we will 

describe in detail the LCS permissions that will provide the planning indicators for the procedural 

model. These indicators will essentially inform the design scenarios with permissions set by the 

different urban authorities. We can then develop the calibrated lower-tier model as an internal 
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pre-model which will take the role of assigning population flows from the upper tier model to the 

lower tier zones.  

 

7.4.1 The Comprehensive, Phased, Mixed Use Development of the Olympic Park - A 

Breakdown 

The basic principles and permissions of the future developments are being set out in “The 

comprehensive, phased, mixed use development within the Queen’s Elizabeth Olympic park” 

(Olympic Park Legacy Company, 2012). A series of 918 documents including maps, parameter 

plans, reports, regarding the regeneration and the planning permissions of the entire Olympic 

Park area. This extensive study follows policies and regulations from a range of UK organizations 

such as Thames Water, English Heritage, local planning authorities etc., to ensure that future 

developments will be sustainable in traffic, accessibility, environment, and accommodate the 

needs for the new population in services, retail, schools and residences.  

The planning application replaces most of the old Industrial locations with new housing, while 

there are several new light industrial allocations near the east side of the river. The LCS marks 

the sites suitable for development within the Olympic park and separates the development zones 

in 7 different development parcels:  

1. PDZ1 (Marchgate wharf. near London Aquatics centre) (half of which is now UCL East); 

2. PDZ12 (next to Abbey land open space) (currently open storage/industrial); 

3. PDZ2 (Currently UCL East); 

4. PDZ4 (Sweetwater- currently Van Laure and Stanleys Confectionery (industrial), west of 

the Stadium) programmed for residential + School; 

5. PDZ5 (East Wick) (Area including Here East and Copper Box Arena programmed parcels 

around it.); 

6. PDZ6 (Chobham Manor, next to the Velo park); 

7. PDZ8 (Pudding Mill - Area around Pudding Mill Allotments) (Communal gardening) + Area 

behind it (Currently parking and industrial). 

 

In addition, the basic planning information contained in the LCS focuses on the definition of land 

uses within the designated development zones and relates to the following:  

 



New Architectures, New Interfaces, Integrated Platforms   Chapter 7 

192 

• Design of proposed parcels; 

• Definition of land uses per floor;  

• Allocation of residential uses, including student accommodation; 

• Business and employment uses within B1 use class; 

• Provision of Shopping, food and drink and financial and professional services within the 

A1, A2, A3, A4 and A5 use classes; 

• Community, health, education, cultural, assembly and leisure facilities, within the D1 and 

D2 use classes; 

• New streets and connections;  

• Re profiling of site levels; 

• The laying out of open space;  

• Demolition and breaking out of roads and standings; 

• Programming of other infrastructure. 

 

The development zones regulations are set out in different reports and plans. Figure 7.3 illustrates 

the location of each development zone within the Olympic Park along with the composite 

regulations map. The information contained in this map, includes the proposed land uses per 

ground floor and upper floors, maximum building heights, limits of deviations, characterization of 

street network and minimum and maximum street width, maximum and minimum densities and 

other specialized planning information.  

In addition, for each of these development zones, the LCS has approved policies per land use 

zone. For example, in Table 7.1, maximum floorspace per land use is being set for each of these 

zones.  

 

Table 7.1: Floorspace for each development zone. Figures defined from the LCS 
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Figure 7.3: Master map of Queens Elizabeth Olympic Park with the development zones from the LCS  
planning application (“LLDC”, 2011).  
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We are going to use the 7 development zones as previously described as the fine scale planning 

zones to base the scenarios. The parameter plans as described in the LCS can then provide the 

list of attributes for the development of the procedural building volumes, while the maximum 

floorspace figures set by the LCS, can then provide indicators for maximum built coverage.  

As noted before, the LCS is an extensive study covering issues from construction materials to 

population densities and is accompanied by a series of drawings illustrating different regulations. 

There are about 40 parameter plans, including land uses, maximum heights etc. which are 

published online in the LLDC official website, which will be integrated into the procedural design. 

The full list of the parameter plans is presented in Appendix A.7.1. In the next section, we explain, 

how to integrate these planning parameters and regulations described in the LCS within a 

procedural context in order to create procedural volumes that create housing capacities from 

parameter plans.  

 

7.4.2 Procedurally Recreating the Olympic park  

Before modelling the development parcels from the LCS, it is necessary to model existing city 

conditions. To do this, we imported the GIS features from Open Street Maps for the Olympic Park 

in CityEngine, which contain an updated dataset for the road network and land uses of the area. 

On top of that we overlaid the Inspire polygons, which identify planning zones and lots. Each is 

annotated with one of the six aggregated land uses as indicated by the LCS: residential, retail, 

proposed development, educational, office, light industrial, civic spaces, play spaces, sports and 

green/open space, differentiated by colour. We finally draw building footprints from the OS 

masterplan as in the previous chapters, annotated with building heights to create schematic 

building types of the existing structures (Figure 7.4). 

To add the designated development zones, we created procedural parcels for the 7 LCS zones 

of the Olympic park and tagged them with designated land uses. To do this, we design and the 

plot geometries such as the new roads and new parcels in CityEngine and converted them into 

procedurally generated semantic entities, with embedded GIS information (Figure 7.5). 
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Figure 7.4: Existing conditions of the Olympic Park without the planned developments 
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Figure 7.5: Procedural recreation of the Olympic Park with the projected planned development procedural 

parcels from the LCS with land uses as indicated from the LCS.   
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It is then necessary to translate the planning parameters of the 7 zones into procedural rules. For 

this purpose, it is important to first identify the “properties” of the LCS planning parameters, that 

relate directly to the type of scenarios we wish to produce. In this case a land-use- population 

scenario based on the QUANT outputs. The list below categorizes the parameter plans (p.p.) as 

presented in Appendix 7.1.A based on current procedural object:  

1. Parcel and Lot properties:  

• Maximum parcel building heights (True*)  (p.p. 7.25) 

• Minimum parcel building heights (True*)  (p.p. 7.28) 

• Setbacks (+- limits of deviation)  (p.p. 7.31) 

• Boundary of differing maximum building heights (p.p. 7.25) 

• Proposed Density (hab rooms/ha) (p.p. 7.39) 

• Phasing (p.p. 7.32) 

• Open spaces parameter plans (p.p. 7.31) 

• Maximum frontage eaves heights (True*) (p.p. 7.25) 

• Minimum frontage eaves heights (True*) (p.p. 7.28) 

• Land use ground floor (p.p. 7.14) 

• Land use upper floor (p.p. 7.42) 

2. Road properties: 

• Hierarchy highways illustrative (p.p. 7.33) 

• Tertiary Street Limit of Deviation (p.p. 7.34) 

• Pedestrian/ Sycle link limit of deviation (p.p. 7.34) 

3. Infrastructure properties:  

• Heating network (p.p. 7.16) 

• Gas/water/electricity/telecommunications/water drainage network (p.p. 7.16,29,35,40,41) 

4. Terrain/obstacles properties: 

• Levels (p.p. 7.13) 

• Natural water (p.p. 7.17) 

 

The categorization of properties per procedurally generated object, allows the development of 

custom made CGA rulesets which attach planning attributes to generated shapes. The 

arrangement of these elements forms the link between the design input and the model’s response 

(ESRI, 2015). We can then have an operational 3D model which can be fully controlled using 

sliders or switches from the user. The following table gives a brief description of the procedural 

attributes as attached for the Parcel/Lots features in the QEOP Example which are the procedural 

objects that will form the capacities for the residential and services zones.  



New Architectures, New Interfaces, Integrated Platforms   Chapter 7 

198 

Analysis of planning controls in CityEngine:  

 

     

 

The Display Options control the overall look of the 

model and switch between different visualizations 

such as Land uses, phasing and density.  

Building Parameters, are the LCS parameters 

which can be altered by the user. Building 

parameters, are the controls that affect building 

heights and appearance.  

The Envelope controls the main planning 

regulations that define the building volume. In the 

QUEP case, Building and Eaves height as 

specifically set.  

Population is the field that controls the capacity of 

each building. For residential buildings 

Occupancy Rate is the main characteristic that will 

define how many people work there.  

The volume of the potential building is the district 

advantage of procedural generation. Setback 

controls make is easy to control volume through 

distance from roads.  

Zoning controls land uses for Ground and 

Upperfloors as described in the LCS. These are 

used to generate reports for total area of land 

uses.   

Building Cost is based on standard practices on 

calculating cost from generated volumes, and is 

measured per m2.  

Building Eco/Cost parameters, calculate cost of 

construction according to volume as used in the 

Redlands example (ESRI, 2015).  

Model Parameters refer to the main parameters 

that control the lower tier model and scenarios. 

These include basic employment per lower tier 

zones, population, retail and education 

The Reports field, are calculated from the 

geometry of the produced volumes and will be 

used later on for the reporting tool. This field is 

the only field that is not modifiable by the user, 

but is used to monitor the analytics of the 

generated geometries.  
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The ruleset essentially structures the parameters in 4 main categories. Display Options, which 

model the viewing capacities of the scenarios (ex. Whether the parameters refer to land uses, or 

phasing, or building volumes), Planning Parameters, which control building volumes and policies, 

Model Parameters which serves as an input field for population and flows and the Reports.   

The “Building” and “Setbacks” parameters in the Planning Parameters section, control the main 

volume of the building. Changing the building height slider, and floor heights, essentially adds the 

number of floors and therefore affect indicators such as the total floorspace, FAR and plot 

coverage (Figure 7.6).  

   

 

Figure 7.6: Example of procedural building volumes of the QUEP planning zones (PDZ1). In this case we 
showcase the setbacks and building heights parameters and how they affect Coverage for the blocks and 
the entire site. Changing the values of the sliders, updates the model in real time.  
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The “Envelope” section is particularly important 

as it gives an indication of the maximum 

allowed capacity of the site. This measure 

gives the potential carrying capacity of a 

residential development while the “Building” 

section in essence indicates the degree to 

which that potential is taken up (Gordon et al., 

2016). In our case study, where the objective is 

to quantify the population of a development (i.e. 

the number of people that use common spaces 

and local amenities including, schools, health 

and leisure services), then we would need both the maximum potential capacity to understand 

how many people can a development carry and the proposed capacity which is a measure of 

residential density (Greeves et al., 2012). 

The occupied capacity and the maximum capacity will be integrated using two different volumes 

in the procedural design. We use an extruded volume for the proposed capacity and a second 

semi-transparent 3D volume to visualize the maximum allowed capacity. Thus, the “Envelope” 

section in the CGA rule models the maximum allowed built volume, which is formed by the 

maximum height, maximum frontage height and maximum floorspace parameters. While the 

Building parameters correspond to proposed building height, floor space and frontage height.  

Once the main building volumes are set, we 

can then build a simple information model by 

splitting the main building volume into floors 

(Figure 7.8) using a split CGA rule, as 

demonstrated in the Victorian house in Chapter 

3. This will enable the separation of land uses 

per floor, for a more effective calculation of 

floorspace per building and in consequence the 

Figure 7.7: Example of two generated volumes in 
PDZ2. The transparent envelope represents the 
maximum built volume, while the white volumes 
indicate the amount to which this is taken up by the 
proposed scenario. 

 

Figure 7.8: The development of CGA rules that split 
floors per building volume allow the effective 

calculation of floorspace.   
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residential density. Floorspace is then dependent on the floor height, ground floor height and 

setbacks variables.  

Finally, the “Reports” and “Target Eco-Criteria” section, is an addition to the previous parameters. 

This section is imported from the Redlands, California example, a CityEngine template for 

masterplans and redevelopment scenarios (ESRI, 2015) containing sustainability metrics, 

regulatory compliance and cost reduction calculations. This rule template can be embedded to 

any custom-made ruleset to provide metrics for the cost and energy estimation of generated 

buildings. Even though these metrics need evaluation and calibration before use to make accurate 

measurements, we are including them in this example, to demonstrate the additional benefits of 

procedural based planning and its link to advanced functions, such as calculating energy 

consumption from geometries. While we will not go through the algorithms behind these 

calculations, or do any further analysis, it is important to note that these advanced calculations 

are possible because of the development of procedural information models with calculatable 

areas. This example, demonstrates how procedurally generated volumes can extend beyond the 

modelling work and can be used for a more holistic system which links architectural 

methodologies, urban and in extension regional planning.  

We thus have a fully procedural model of the development zones in the Olympic Park, with 

calculatable floor areas. Figure 7.9 illustrates zone PDZ2 redeveloped procedurally, in relation to 

the development plan. The volumes include ground and floor land uses, maximum and proposed 

heights, open spaces, thus coverage and setbacks.   

    

Figure 7.9: Detail from the LCS planning application and the procedurally recreated building volumes in 3D 
with land use per floor and maximum allowed building height envelopes visualized.  
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This procedural redevelopment, in addition to creating dynamic volumes that can be controlled 

using simple sliders, can output real-time analytics for any selected area of the 3D model, 

including the calculation of plot coverage, FAR, GFA, Residential Density, land use types etc. 

These can produce graphs that correspond to any selected geometry and update in real-time 

(Figure 7.10). 

 

 

Figure 7.10: Real-time analytics, figures for all generated areas including calculation of FAR, GFA, Parcel 

Coverage etc. 

The result of this work, is a composite 3D plan of the Olympic Park, with all the planning variables, 

such as proposed building heights, maximum building heights, roads eaves etc, redeveloped 
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parametrically, using real development data and outputting analytics. Starting with the existing 

conditions of the Park and adding the projected developments of the LCS, we set out to show 

how the assigned development types would affect growth over the projected period, and to 

compare alternative development strategies. To achieve this, it is then necessary to create a 

system that will link floorspace as developed in CityEngine with population projections from 

QUANT. As demonstrated earlier, this will allow the user to experiment with different policies and 

test scenarios within a 3D model of the Olympic park and use QUANT to evaluate these scenarios 

in terms of population distribution.  

 

7.4.3 Linking Capacities with Population Figures. – Calculating Population Figures from 

Volumes and Residential Densities.  

In planning, housing or residential capacities, derive from population projections/scenarios. From 

population, we can estimate housing need, and then match demand with housing capacity, to 

define the amount of new future developments required for an area. In this case study, we use 

QUANT to provide the population scenarios which will define the future housing need.   

 

Figure 7.11: Standard workflow for designing future housing capacity able to meet future housing need. 
(McFadden, 1978). 

To calculate population from the proposed developments we would have to make an estimation 

of the proposed housing capacity. This essentially means, that it will be possible to test different 

urban design solutions inside the park and use QUANT to apply population scenarios on a 

regional scale. This loop will ensure the stability of the planning scenarios, and will allow the 

communication between the two platforms: QUANT and the planning model (Figure 7.12). 
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Figure 7.12: An extended workflow for linking QUANT with new population scenarios in CityEngine.  

To calculate housing capacity, we will provide an estimation of population from the generated 

floorspace. For this there is a need to separate housing in two categories: housing capacities for 

the existing parcels and housing provision for the development zones. For the existing parcels, 

we will assume for convenience that they won’t be having significant changes over the following 

years. Therefore, we calculate capacities in approximation, by storing all existing building volumes 

per land use in different arrays and calculating floorspace F per structure similarly to Chapter 4 

(p.23) as: 

 Fj = hj Fh aj  (7.1) 

Where h is the height of the structure, Fh  the average floor height and a the footprint area. To 

match housing need with housing capacity, population can then be simply estimated by applying 

a minimum space per person (f) parameter which is defined by the user in the CGA controls. This 

would then yield: 

 fPi = Fi (7.2) 

We then calibrate the densities using the initial state of QUANT which provides with initial 

population figures.  

The capacity of the proposed developments, on the other hand, needs to be calculated per 

procedurally generated housing unit, as the floorspace is directly calculated form the 
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geometry.area field. However, it is unclear what is the occupancy rate, or how many people do 

they correspond per hectare. For this, we can use the London Design Guide standards published 

by the London Development Agency (Mayor of London, 2010) for defining the minimum space 

required for new developments per person. These standards prevent developers from supplying 

clients with unsustainable living spaces and give guidelines for the optimization of design. This 

applied backwards, can be used to calculate the capacity of a space in terms of people. For 

example, assuming that a proposed development includes a three-storey dwelling of 113 sq. m. 

Based on the essential GIA as shown in Figure 7.13  then this would potentially host 4 bedrooms 

and a maximum of 6 people. We would then use:  

 d Fi =  Ri (7.3) 

and 

 a pU = Ri  (7.4) 

Where Fi is the calculated floorspace from the procedural models and d is the residential density 

as provided from the residential density parameter plans per planning zone (p.p. 7.39) and counts 

as habitable rooms per hr/meters. R is then the number of habitable rooms per procedural zone. 

Finally, using the London design guide it is possible to correlate the essential GIA (sq.m.) with the 

number of persons dwelling based on type U.  

 

Figure 7.13: London Design Guide, which marks the minimum required area for number of bedrooms 
(London Design Guide, 2011). 
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Currently we have created a system which provides an estimation of the housing capacities in 

residential zones of the existing buildings of the area, using building volumes, and an estimation 

of the housing capacities in the proposed developments, based on the LCS parameter plans. 

However, the planning zonal system of the Olympic park, does not correspond to the MSOA 

zones of the QUANT model, resulting into a boundary problem. Therefore, there is a need for a 

methodology which will allow the calculation of planning zones per MSOA zone and vice versa.  

 

7.4.4 The Zonal Problem.  

The Olympic Park development zones fall within the boundaries of 8 MSOA’s (QUANT zonal 

system) (Figure 7.14), meaning that the entire area needs to be taken into account when 

calculating the built capacity. For this case study, we assume that there are no significant new 

developments conducted in the rest of the MSOAs and that in these areas there is will be no 

significant change in the population other than the scenarios within the Olympic Park area. 

 

Figure 7.14: MSOA boundaries and the Olympic Park planning area 
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In essence, we extend the planning zones to include the entire MSOA areas and we calculate 

population based on capacities for the outer parts of the development as part of the existing 

parcels, and the inner parts of the developments as existing parcels and new developments. 

The total population which can then be sent back to QUANT as a new scenario, would then be:  

 PJ = ΣPJ(1)+ΣPJ(2)  (7.5) 

Where I is each MSOA zone and P1 is the total population outside the boundaries of the Olympic 

Park, and P2 is the total population inside.  

In the same manner, employment would then be 

 EI =  ΣEI(1) + ΣΕI(2) (7.6) 

etc. 

This allows the development of a system where essentially P1 remains unchanged and non-

modifiable, while P2 in handled by the lower tier model. The next step goes through the 

development of the lower tier system.  

 

7.4.5 Lower Tier Model 

A lower tier model is required to distribute new scenario populations (P2) to the new development 

zones. Further to this, we calculate services for the new population.  

Once a new urban planning scenario is built in CityEngine procedurally, the new employment and 

population is calculated via the generated volumes, and subsequently aggregated per MSOA and 

sent back to QUANT. QUANT then creates a new population scenario and redistributes new 

population to the development zones. Let’s assume now, that in this scenario QUANT, indicates 

that there is going to be additional demand for hosting population in the MSOAs of the Olympic 

Park, for instance due to a planned increase in employment in one of the zones in the Olympic 

Park. To estimate the demand in housing within the Olympic park, we would need to run a new 

instance of QUANT and re-distribute the population flows within our area of interest. In this case 
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the Olympic Park. To distribute Upper Tier population to the residential zones of the selected zone 

with population Pj, we can use a weighted distribution as: 

 Pj =  A PJ wj Fj  pdj  (7.7) 

Where w is the weighted factor given by the planners-communities 

And  

 A = 1/Σ wj Fj pdj (7.8) 

Satisfying:  

 ΣPj = PJ1 (7.9) 

To demonstrate this, we take as an example the change of land use of zone PDZ2, from 

residential to university. This development area is now programmed to host the UCL East 

departments and is set to become one of the major educational centres in London. This change 

will attract students, and employees from all over London, including a demand for housing within 

the Olympic Park. We will use this example as a demonstration with hypothetical figures of 

employment, as the goal is not to provide an accurate study of this scenario, but to show how to 

experiment with different employment scenarios to visualize demand in fine scale planning zones.  

We change the land use of zone PDZ1 using the CityEngine land use controls and populate the 

new university with employment in the basic employment field. The increase in employment and 

the reduction in housing provision due to the change of land use, results in new demand for 

housing (Figure 7.16).  We then create a new scenario by converting PDZ8 into a zone for high-

rise buildings using the maximum height controls (Figure 7.17). Allocating a residential 

skyscraper,  and running the upper-lower -tier models, illustrates the new demand for housing. 

We can satisfy this demand by either allowing high-rise structures in other zones, or alternatively 

creating new development zones (Figure 7.18). 
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Figure 7.15: Change of land use from residential to University in PDZ1 using the CityEngine sliders for 
ground floor and upper floors land uses. 

 

Figure 7.16: Capacity indicators for the LCS development zones due to the change in land use of PDZ1. 
The system indicates an excess in capacities for a few of the surrounding development zones (weighted 
distribution considers proximity to the university.). Buildings that exceed their capacity are shown as red. 
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Figure 7.17: Increase of maximum building height for zone PDZ8, allows the development of high-rise 
buildings, which cover part of the housing need for the Olympic Park area as indicated by QUANT and the 
lower-tier model.  

 

Figure 7.18: Additional urban design strategies can be used as scenarios to satisfy housing need.  
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Let’s assume now that the planning task is to calculate the demand for a new school based on 

the new population housed in the new developments. We can develop a services model which 

will distribute population to the designated planning zones for schools using their GFA as a 

capacity measure as demonstrated in chapter 5 B(ii) case.  

Therefore the new demand for schools would be:  

 Ri = Bi aPj wRi Fi e(-bcij)   (7.10) 

Where: 

 Bi =1/Σj wRj e(-bcij) (7.11) 

Satisfying:  

 ΣRi = aPJ2  (7.12) 

Where ‘a’ is the factor for the number of children per population, and w is the weighted factor for 

schools. In this case we will be using proximity measures, to define catchment areas, as in the 

schools case study of the two-tier model in Chapter 5.  

The parameter plans mark three areas as Education zones D1, for the provision of education. 

These are found in development zones PDZ5, PDZ4 and PDZ12 (Figure 7.3). We can then 

visualise the demand as extruded building volumes in the designated planning areas for primary 

(or secondary) schools. 
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Figure 7.19: The three designated development zones for schools based on the LCS. 

We are able to test different capacity and design scenarios for the residential developments, and 

evaluate whether the designated education areas cover the demand for primary schools. We 

visualize this demand using extruded volumes, as in the Gulbarga case study (see Chapter 4).  

   

Figure 7.20: Population scenarios based on residential density in development zone PDZ12, with one 
programmed educational zone.  
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The lower tier model allows the modification of the development zones, the calculation of 

population per generated building and also visualizes the demand on the planned development 

zones for education using a single slider. 

This work, created a method for developing CityEngine planning based scenarios and use Upper-

tier and lower -tier models for the evaluation of the design scenarios. For this case study, we are 

not interested in the evaluation of the model, but rather in the development process for scenarios 

as in previous case studies. The calibration of the models and analytics, is part of a further work, 

which involves the definition of the weighted factor and is not in the scope of this thesis. This 

should be taken into consideration with the help of modellers, planners and communities.  

Instead, we are interested in moving these steps further by allowing the distribution of the 

scenarios and modelling functions online, for applications to define these weighted factors.  

 

7.5 Introduction to New Interfaces 

So far, this thesis has developed a system were planning scenarios are able to be developed by 

experts in the planning field within the modelling environment of CityEngine, and then linked with 

modelling applications which evaluate produced planning scenarios via population and services 

from employment figures.  

This method does not however enable the distribution of these scenarios to a wider audience, 

which is incremental for the future of urban planning (Hudson-Smith et al., 2005). Applications 

such as City Zenith (2015) or Urbanetic (2017), attempt to apply design experience and analytics 

to better inform spatial outcomes on the cloud, however, the problem that is found with current 

such platforms is their inability to change the input parameters as all of those relationships are 

hidden in the background, limiting their capabilities to specific types of analysis. This does not 

allow the client or user to engage with the process. 

To create a more flexible workflow, we would need to integrate further capabilities to the currently 

developed system. Following the experimentations of Lima we will be modifying the AR Lima 

application (see Chapter 6) for the Olympic Park, to demonstrate the ways in which planners can 

develop custom-made applications targeting specific questions. We attempt, to go beyond the 
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data visualization, or scenario distribution that was demonstrated in Lima, by bringing the lower-

tier model inside the mobile application, in order for the users to experiment with the simulations. 

For this, Unity, not only allows the online distribution via mobile applications, AR, etc. but also 

allows the development of internal simulations. This will enable to transfer the lower-tier model in 

Unity in order to live test the scenarios. This will essentially bring the urban modelling/procedural 

modelling workflow online and take advantage of new technological means that have the 

capabilities to communicate complex urban problems in an engaging way.  

From a technical point of view, bringing the planning work online requires both “front-end” and 

“back-end” development. The back-end requires the development of a database and an 

information system, which will communicate with both the CityEngine model and QUANT, and 

translate the datasets and parameters into a compatible system for the online application. On the 

other hand, front-end, is what is presented to the user. It requires a selective presentation of 

information, visualization, UX development etc. which are strongly related to the actions that are 

required from the user to take  (“What’s the Difference Between the Front-End and Back-End?,” 

2015). 

For example, we have developed an early application of the Von-Thunen model (Figure 7.21). 

The application is created to help users understand models and how they function similarly to the 

original Von Thunen application described in Chapter 4. The difference in this case is that the 

visualization is more engaging, the sliders are replaced with touch screen controls which simulate 

graphs, and real-time analytics are visualized in the bottom left-hand side. The application runs 

the model from the mobile applications GPU and geometries change based on the parameters of 

the model. Therefore, the user can have a better understanding of how the model works.  

Further to this, there is the development of a “game” which asks the user to create scenarios in 

order for these to be stored online and collectively develop an output. To create scenarios, we 

developed a set of questions, which ask the user to solve certain requirements relating to the 

model. For example, “we would like to decrease the transport cost of crop zone 2 (blue) without 

affecting the crop production of zone 3”. The user is then in position to test scenarios, by modifying 

the different parameters of the system, e.g. other zones transport cost, yield etc. in order to 

achieve this target. Once the target is met and the user is happy with the scenario they have 
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created, there is the option of submitting it. This is then stored in an online dataset and can be 

retrieved for evaluation, or comparison with other users.  

The application can be downloaded from the google play store at “Von Thunen Interactive play” 

and is demonstrated in Video V.7.1. 

 

Figure 7.21: The Von-Thunen application for Android devices.  

To couple Augmented Reality and urban modelling we further developed an Augmented Retail 

model, similarly to the Lima AR application, but with further capabilities. The project demonstrates 

a real-time interactive platform connecting the “user” and the “model-creation” through a type of 

survey. The application has an onscreen menu which requires the user to make some decisions, 

then it runs a model with these preferences as an input, and finally it represents a 3D visualization 

that relates the model with the core choices. More specifically, the user is requested to select a 

location for a retail centre in London and then populate it with brands of his/hers preferences 

(Zara, Tesco etc.). Following this, the user can perceive in real time the qualities of this model 

which are represented by navigating into a 3D environment and incrementally change his 

decisions to observe the attributes the model creates in each representation. Moreover, the 

application translates different users’ decisions into an online database for further examination 

and analysis, similarly to the Von Thunen application. For example, which brand is more popular 
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and in which location? Overall or specific user’s decisions could be extracted to run the model for 

final observation.  

The application integrates Augmented Reality via the Vuforia plugin, similarly to The Lima AR 

model, with the addition of user services location choices as in the 2010 “attractive city generator” 

(Augustynowicz et al., 2010). Augmented Reality can work as a supplement of addition to the 

physical 3D models traditionally used in planning, to augment them with digital information, real-

life and interactive content. The use of Augmented Reality in urban planning games, provide a 

visual platform which is closer to the traditional physical 3D model used for planning and 

participation which creates a direct connection to works such as the 3D printed Lima and 

participatory practices.  

 

Figure 7.22: Mobile interface designed for the retail model in London (Video V.7.2). 

These interactive gaming scenarios, aid in the better understanding of modelling theories and 

provide a potential platform for participation in the planning process. The user is able to participate 

in providing solutions to targeted planning problems and simulate the results real time. If the 

applications target a specific question, the collected scenarios can then be reviewed by the 

planner/policy maker, for evaluation and analysis. 
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7.6 The Olympic Park Application for Mobile Devices 

We now go through the steps for the development of the Olympic Park application, which will 

bring the CityEngine work online. In the next sections, we explain the building process, the back-

end and front-end development, and how we modify the information system via a “reporting tool” 

to allow communication between CityEngine, and the online platform, in this case the graphic 

engine Unity 3D. 

 

7.6.1 Back End Development  

There are two main set of objects that need to be integrated in the online platform. The 

geometries, (planning zones etc.) and the attributes of the zones as set from CityEngine. To 

maintain the custom configurations as developed in CityEngine by the planner/user, the attributes 

are saved as “a style” allowing for quick application. To achieve this, we have developed a method 

by using CityEngine’s “reporting” capabilities as described in the previous chapters, to link 

semantic properties to the newly developed geometries in other platforms using the same tagging 

methodology as used in Tweetcity (Chapter 5). This method transfers the individual properties of 

each volume (ex. Building height) and the generated reports, such as the higher efficiency 

standards and costs, including the reports generated to monitor performance and links them to 

geometric characteristics Figure 7.23. The advantage of this method is that the planner can 

develop whichever properties they need in the graphic environment of CityEngine as described 

in the above paragraphs, and the “reporting tool” will automatically transfer these to the new 

platform. This workflow, uses the procedural capabilities of CityEngine for the production of the 

“masterplan” with procedural plans, and takes advantage of Unity 3D as a visualization platform 

with extended visualisation and simulation capabilities. Moreover, the geometries are being 

generated instead of being stored, minimizing the required storage space and most importantly 

they are independent dynamic elements with individual parameters (the idea of semantic 

information).   
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Figure 7.23: Reporting Tool workflow: From CityEngine to Unity 3D. 

The developed application in Unity links the exporting tool to model the lower-tier zones with 

attributes and features integrated to each generated geometry. Once the planning zones are 

generated with the attributes streamed from CityEngine, the application connects to QUANT to 

calculate external flows and distribute population and employment in the lower tier system of the 

entire 8 wards, using built capacities, as described in Chapters 4 and 7, and create a 3D model 

of the lower-tier Olympic Park’s zones and existing conditions in the new platform (Figure 7.24). 

It’s worth mentioning that for the areas outside the boundaries of the Olympic park, capacities are 

also being calculated in the current system. The application generates buildings for the entire 

area of the 8 MSOA’s, while only visualizing the targeted area.  

From this point on, the user is given the option to create a new scenario by clicking the “new 

scenario” button. This allows the user to select planning zones, or existing buildings, and change 

any of the attributes linked from the exporting tool, such as land uses, building heights, etc. 

similarly to CityEngine. Once the user has developed a proposal, the “run” feature, recalculates 

capacities based on the new volumes, aggregates the generated population per MSOA and sends 

a request to QUANT with the new features, to receive flows for the Upper tier model.  
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For example, assuming that we design a new development in CityEngine near the Olympic Park, 

in a designated location. By creating a new scenario, the Reporting tool, will translate the new 

volumes to 3D generated buildings in the new Unity Platform, along with the attributes attached 

to them. The application, will then calculate population (new and old) per MSOA, and will send a 

request to QUANT to perform the regional model and recalculate flows for the lower tier model. 

The new flows are being redistributed in the lower tier model, which then runs a spatial interaction 

model to calculate retail and education flows. In this stage of the application, the app is able to 

identify demand in residential, retail and schools, using the simple Lowry model of Chapter 5 as 

a demonstration. 

 

Figure 7.24: Extended workflow of the Olympic Park application. 

The extended workflow of the application as shown in Figure 7.25, presents the full functions for 

the connection of Quant and Unity.  The system creates information models of the lower-tier 

system using the reporting tool and then runs a set of functions to allow the interacive controls of 

the 3D model in the new platform (Unity). Since the application allows the modification of certain 

parameters, such as building heights, footprint areas, building densities etc. as shown in the 

diagram, it requires a feedback mechanism to update the values back to CityEngine. In short, 

when the user creates a scenario, the set of values are stored and can be translated as the same 

scenario back in CityEngine.  
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Figure 7.25: Diagram of the Olympic Park application and internal model. 
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To have a better understanding of the back-end development in the new platform, we have 

created a “back” interface to create scenarios. In the set of images below, we explain the machine 

behind the app in Unity 3D through screenshots.  

Once the information models are generated, instead of sliders and switches, the user can now 

select individual zones or buildings and change the parameters from a pop-up menu (Figure 7.26), 

which appears when “tapping” on a 3D volume. The contents of the menu are defined from the 

attributes the CityEngine user selects to pass on as interactive parameters. These parameters 

essentially form the type of scenarios, that can be created in the online application. For example, 

assuming that the question in hand refers to testing different policies for building heights, the 

CityEngine user can select to export only the building height attributes, and the content of the 

menu, will only involve a parametrized height attribute. In the currently developed application, 

only building height, land use and capacity, consist of parameters which are visualized (height as 

a z factor, land use as colour, capacities as an overlayed volume).  

 

Figure 7.26: Behind the application: The application connects to QUANT to get employment and residential 
figures plotted on the left hand side (under MSOA). Tapping a building brings up a pop-up menu with the 
attributes of each building as reported from CityEngine. Sliders are used to modify the parameters from 
CityEngine as brought from the reporting tool.  

In contrast to the CityEngine visualization method used in the Gulbarga and South Yorkshire case 

study, capacities are visualized using an overlayed transparent volume (white), which fills up the 

3D geometry as the model populates buildings with residents. Buildings that are shown to have 

demand that exceeds their capacity, based on the internal model, are shown to be overflown. In 
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contrast, structures that don’t meet their demand are shown to fill up until their corresponding 

percentage.  

 

Figure 7.27: Behind the application: Assuming that the employment of a nearby industrial zone is tripled. 
The demand in the residential area exceed the building’s capacity and is indicated using vertical transparent 
white volumes.    

Extended capabilities of Unity 3D allow the visualization of flows. In this case (Figure 7.28) we 

can see flows of income from residents to nearby retail centres, using height of the curve as the 

amount of flows and a vector geometry to link the origin and destination.  

 

Figure 7.28: Behind the application: Visualization of 3D flows from residential to the Olympic park industrial 

areas. Flows outside that fall outside of the QEOP system are not being visualized in this stage.  
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The “New Scenario”, provides the option of altering the attributes of selected elements and test 

them by running the simulation. Each time a new scenario is being created, it is added in the list 

of scenarios. The user can switch between scenarios to compare between different solutions. In 

the example of Figure 7.29, we developed a new high-rise area west of the Olympic stadium, by 

adjusting building heights and density. When running the scenario, the simulation, indicates that 

there may be enough employment to meet the excessive supply of housing. Moreover, new 

population creates demand on services.  

 

Figure 7.29: Behind the application: New scenario capabilities allow the user to experiment with multiple 
solutions.  

Every time a new scenario is stored, it appears in the scenario list. The user is able to create 

several scenarios and switch between them by clicking on the selected scenario. At the end, the 

user has the option to submit the optimal scenario to an online source.  

Finally, we move on to the front-end development which brings the platform to a wider audience 

by creating selective applications.  

 

7.6.2 Front-End Development. The Olympic Park Application.  

The back-end interface, is developed in order to transfer the GIS procedural capabilities of 

CityEngine into Unity, which is a system with additional visualisation and distribution capabilities. 

It is developed in order to allow the generation of information models, that carry a wider range of 

indicators as exported from CityEngine. However, the purpose is not to create a “CityEngine” in 
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a different platform, but rather use an online platform to allow participation in the scenario making 

process. By developing a back-end system it is then possible to create several front-end 

applications, that may target specific questions. The front-end applications are based on the 

“lessons from Lima” (see Chapter 6) where it is noted that not all planning information is to be 

shared publicly. There is a need for selective presentation of information and a structured system 

to facilitate the role of citizens in planning so as to enable them to make more informed decisions.  

By example, we have developed an application where the user is able to view a 3D model of the 

Olympic Park in a mobile application, using a standard “tablet” view or Augmented Reality (Figure 

7.30). A map of the Olympic park can be downloaded online and used as a basemap for the app 

to generate the 3D park, similarly to the Augmented Reality retail game from Chapter 2. The 

control system is then similar to the basic tablet mode, where a menu pops up, once a 3D 

geometry is “tapped”. The controls and visualizations are simplified to meet the needs of the 

current planning scenario question.  

 

Figure 7.30: Experimentation with different retail locations. The retail Game in the Olympic Park. 

In this case we isolated the services lower-tier model from the back-end, and provided controls 

for testing different retail scenarios. Similarly to the Retail application, the user can select a 

designated location in the Olympic Park, and populate it with different size retail centres. The 
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“RunScenario” allows for the retail model to run and test the different design options. The flows 

from the residences appear as building heights, similarly to the Von-Thunen/Retail applications.  

The Olympic Park retail application is an example of possible scenario making apps. Meaning 

that the underlying system remains the back-end diagram of Figure 7.25. which provides options 

for retail, schools and residential scenarios. This can be extended in further steps.  

The point of this has been to demonstrate the possibilities of an integrated procedural system to 

create information models and their capabilities for online distribution. For this reason, it is 

important to clarify that this chapter presented a proof of concept for the implementation of the 

core diagram. The QEOP application as it was developed for this thesis, is available in the 

corresponding index folder of Chapter 7 for the installation in any android device.  

 

7.7 Concluding Comments 

In the previous sections, it was demonstrated how to develop a 3D model of the Olympic park, 

using real development data and planning policies. The process started from redeveloping the 

area procedurally and adding projected developments from the LCS planning application, 

allowing the user to modify specifically designed controls and test scenarios within the maximum 

and minimum allowed planning policies. The specific ingredients of Urban Design projects, differ 

depending on the issues, participants, available data, information, knowledge, cultures, values, 

and geographic context. The Olympic Park example focuses on the redevelopment of the QEOP 

area and creates the controls to manipulate scenarios within the constraints and zones set by the 

official LCS application. Using the OS Mastermap building heights and footprints layer and 

existing GIS data, we rapidly recreated the Olympic Park inside CityEngine with real development 

data. A number of redevelopment scenarios were able to be created by altering the building 

dimensions and zoned functions within the rule Inspector. 

This chapter moved beyond these steps, to present a method for a two-tier system within an 

online mobile based platform, running an urban model specifically developed for planning 

purposes.  QUANT provided essential information for the external flows of a supra-local system 

such as the QEOP. The application was then able to take into account, people that will be working 
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in the study area and living outside, or the other way around and have a better understanding of 

what may happen inside the park.  

Finally, the idea of distributing scenarios to the wider public, provides a consistent method for the 

monitoring of Local Plans. Using a freely available Local Plan template which is available online, 

allows the Statement of Community Involvement to adopt to a consistent form across all 

scenarios.  Within the context of strategic foresight, in the last stage of this PhD, we developed a 

workflow which transfers the currently developed framework, based on a selected problem, 

online, using the real-reporting and Unity 3D.  

Local Plans would also update more frequently by having a digital database, as new evidence or 

objectives come to light. The Annual Monitoring Report could more directly feed back into the 

Local Plan. However that would require for Local Development Schemes to adopt a consistent 

format across all local plans, which is not currently in the agenda of local governments.  

Overall the purpose of this section, has been to provide an online maker of “what -if” scenarios 

which can be mined in a dataset so that they can be stored and retrieved at anytime. This 

implementation, concludes the possibilities of procedural based planning, which extend beyond 

the capabilities of the currently developed means.   
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Chapter 8 

Conclusions  

 

 

In this concluding chapter, the outcomes of this research are summarised, and the general 

conclusions are presented. Moreover, we discuss the strengths and limitations of this thesis and 

suggestions for further research into exploring new pathways. This chapter concludes with 

recommendations for further work and a discussion about the general aspects of this work. 

8.1 An overview 

This thesis developed and presented a workflow for the development of “what–if” urban 

scenarios using procedural modeling, urban models and new types of data for planning and 

participation. When producing a new masterplan for a city, the plans must be sound in the 

sense that they need to justify in full all the policies adopted. This needs to be based on data 

and evidence and it is not always clear how these principles are met. Validating such plans is a 

back and forward process, a time-consuming work and in some cases local authorities don’t 

have the necessary skills to evaluate the results. Most of the times, they result in hiring experts 

and consultants, which is costly and time consuming. Having a platform which has embedded a 

standardised methodology to test planning policies would be beneficial for the whole prThe 

idea, in this case, would be to create an approach that would allow planners to create different 

scenarios on a digital platform, which will use our knowledge in “urban science” to provide 

guidelines and evaluate the design solutions.  

Chapter 1 introduces the hypothesis of this thesis which is illustrated in the form of a theoretical 

model - diagram, to be tested by research. Following Hillier’s (2011) approach to consider the 

distribution of longer-term alternative potential futures that may or may not happen, it sets out to 

generate multiple trajectories or ‘visions’ towards which actors desire to navigate, with the goal 

to provide a better view of the possible. The research has explored the use of procedural and 

urban modelling as a “tool-box of ideas” for the development of a range of what-if urban 
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planning scenarios. It utilizes the advantage of procedural modeling to automatically generate 

an infinite number of solutions through the definition of “rules” and, through the use of models 

and data, it gradually begins to define the boundaries of these scenarios along the lines of the 

possible and the permitted.  

This thesis presents procedural modeling as the basis of a toolkit for the development of what-if 

scenarios, modelling theories and the introduction and analysis of new datasets. The key 

strength of procedural modeling, as reviewed in this work, is that it creates “recipes” for 

scenarios, forming a direct connection between design, modelling and 3D visualization, through 

the use of procedural controls. CityEngine, the procedural platform developed by Muller (2001), 

can generate rapid urban scenes and connect the urban elements with spatial information that 

are capable of spatial interdependence. That means that its interacting components differentiate 

themselves schematically, topologically and geographically. Chapter 3 explores this 

characteristic and attempts to go deeper into the procedural approach for urban planning. 

Through a case study in Camden, it defines a new methodology for recreating dynamic 3D 

environments for city parcels using a statistical approach. The method allows the current typical 

CityEngine methods for planning to extend beyond the building level, and create parametrized 

scenarios based on planning indicators such as built densities, coverage and FAR.  

The work of this thesis then begins with the implementation of a main diagram as presented in 

Chapter 1, which forms the hypothesis and illustrates the integration of planning scenarios, 

urban modelling and new data within a parametric context. The original 3 case studies, the Von 

Thunen model, the Retail model and the Extended Von Thunen model as presented in Chapter 

4, were a direct implementation of this hypothesis. The case studies demonstrated that it is 

possible to integrate urban models, within the simulation of a 3D city and produce visual 

controls which update the visualization in real-time. This approach enables planners to integrate 

“urban science” within the design, and use prediction models as a tool to explore tendencies 

and land use interdependences, among different design scenarios. At the same time, it helps in 

the development and presentation of symbolic modelling by moving away from the traditional 

Cartesian grid, commonly used in urban modelling, and view the city as an organic structure, 

allowing the better communication between the scientist and practitioners of the built 

environment. This double advantage is now picked up by Autodesk with its recent acquisition of 



Conclusions   Chapter 8  

229 

 

Paul Waddell’s Urban Sim (2002) - a 2D urban modelling platform-, and within the next two 

years, will set out to bring to the market a linked product of procedural modeling and urban 

modelling, demonstrating that there is a direct commercial interest in this methodology (Knutt, 

2015).    

The challenge in this case, would be to link this workflow with planning methods and how cities 

are designed, to investigate the implications of these designs on the built environment. 

Gulbarga’s simple Lowry model is a first attempt to define planning rules that govern a city and 

link them to the geometries and the model. The Lowry model, used for this case study, uses the 

same indicators deployed by planners, such as land use areas and capacities. To link the two 

models, we effectively created a joined control system which updates the model every time 

there is a change in the building stock. This method enables the study of the effects of an 

increasing population on the land uses of the city area. The three different scenarios that were 

presented, demonstrated the potentials for the use of this method for planning and the use of 

prediction models to test various policy measures, such as maximum allowed height and 

residential capacities. However, the Gulbarga model surfaced additional challenges. The use of 

land use zones as a unique zone system for both the planning design and the model, forced 

several assumptions for the calculation of the volumes and capacities of buildings. Moreover, 

road networks and other urban elements were aggregated within the land use zones to perform 

the necessary modelling tasks, depriving the scenarios from urban design capabilities and the 

calculation of accessibility. The Lowry model itself is a highly aggregated implementation limited 

to four land uses and does not take into account external flows of population. However, the 

Gulbarga model does set the ground for using planning regulations and models as the 

guidelines, or “recipe” for the procedural design of the city and its most significant contribution 

focuses on the link of planning and modelling indicators within the same control system.  

The two-tier model, presented in Chapter 5 attempts to overcome the external flows and the 

simple model challenge. It also demonstrates a synergetic method for the development of a 

holistic planning simulation using an external – highly sophisticated - Lowry type model and a 

procedural design with Land uses. It’s a “modular” approach to the urban modelling/procedural 

modeling link. This work has been central to this thesis, as it forms the foundation for setting up 

a procedural planning information system which is independent of internal models, and is 
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flexible in using different types of inputs. The two-tier system, allows the practical calculation of 

external flows, outside the design area, while the internal model assigns these flows to a 

disaggregated -lower-tier- planning zone system. By creating two zone systems, the design is 

flexible to facilitate a highly disaggregated level. In this case study, the use of building footprints 

as a lower tier zone element, allowed the effective and accurate calculation of residential 

capacities and land uses on a mastermap level. The scenarios in this case focused on 

suggested planned developments around the South Yorkshire area and tested land uses and 

population flows. Even though the scenarios were strictly hypothetical, the two-tier formulation, 

demonstrates how an external model can be linked to a 3D procedural mastermap.   

The two-tier work, further introduced a method for procedural systems such as CityEngine 

which have embedded a scripting platform, to link to dynamic inputs, such as the real-time 

outputs of the external Lowry model of Chapters 5 and 7, and real-time outputs from non-

traditional planning datasets which carry urban information such as traveling data or geolocated 

social network outputs (Tweetcity, 2014). These types of data have inherently very different 

properties from the old ones as they are being generated and analysed real-time, they have a 

much finer resolution, and can augment traditional datasets with new forms of “urban big data” 

(Kitchin, 2014). The “tagging” methodology presented in this chapter, connected streaming data 

to geometries via real world coordinates, creating interactive visualisations of datasets and the 

development of data informed 3D geometrical models.  

However, in the case of real-time data, even though the majority of them can contain valuable 

city information, and have been used for short term planning, there is still not as of yet a clear 

framework on how these can be used in long term urban planning, unless there are mined for a 

long period of time and used  for the production of long term analytics. Linking real-time inputs 

of urban big data in planning support systems cannot be overlooked though, as in the years to 

come this technology will be used to create a truly responsive city and will become part of the 

cities infrastructure (Hudson-Smith, 2016). In this thesis, working with real-time data and API’s, 

allowed the link of the platform to webservers through request sending, which played a major 

role in the final case study of the Olympic Park and set the foundations for real-time outputs.  

In this context, this thesis led to the final case study which views procedural-based planning on 

a participatory/planning framework for the development of different future scenarios. The last 
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case study, presents a procedurally based design of the current Queen Elizabeth Olympic Park 

in London, augmented with planning regulations for the proposed future developments and 

brings the scenario maker methodology online, via mobile applications and Augmented Reality. 

These new 3D visualization techniques, not only have allowed the representation of cities in 

high resolution, but have introduced new ways of interactivity and new methods for engaging 

the public in the planning experience.  That means that the produced models can be 

disaggregated to a very high level of detail. Every generated item can become a different 

interacting unit, with attributes that are controlled with simple rules and can be modified by the 

user at any time. 

New visualization techniques and 3D applications have allowed the development of systems 

that will communicate complex notions of the city, planning and urbanism to a broad audience. 

Within this new approach, the emergence of Augmented Reality concepts and systems have 

opened up new possibilities for the representation and communication of spatial data. And as 

part of this, it has been the purpose of this thesis to explore whether new technology in the field 

of procedural modeling can help urban planning to better understand planning proposals, the 

evaluation of alternative plans/ proposals and public participation. These new ways of 

interaction can provide us with methods that can test models on existing environments and 

communicate these notions at large, providing a powerful toolkit for the better understanding of 

the environment we live in. This combination of complexity science, open data, live/near-live 

feeds and new means of visualization can provide a better platform for the development of new 

solutions. 

 

8.2 Further work 

Such capabilities are now becoming known to large planning firms whose ambition is to embed 

procedural modeling in their workflow and improve the efficiency of produced planning 

solutions. HOK, a large urban planning firm with experience in large scale projects around the 

world, has been exploring the possibilities of CityEngine in generating rulesets that can provide 

workarounds on a mastermap level. At the final stages of this PhD thesis, a collaboration with 

HOK to train their planning team in CityEngine took place and at the same time, explored the 
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possibilities of procedural based planning along the lines of their workflow. This project gave the 

opportunity to test the methodology developed in this thesis on currently developed real-world 

planning projects, and collaborate with professional urban planners and landscape architects for 

the development of a procedural design of land uses on a building volume level. This 

collaboration had significant results. The workflow allowed the development of multiple 

scenarios based on regulations supplied from the planning and design team for a new town 

development which is the main contribution of this research. The team found especially useful 

the ability to change the road network using design tools and having the blocks and land uses 

parcels update automatically through CGA rules especially developed to correspond to planning 

regulations. Moreover, the parameters developed for the land uses, enabled the planning team 

to test different policies using simple controls, allowing, in effect, the calibration of the planning 

model on a global level. The scenarios mostly focused on the maximum height policies, the 

allocation of city centres and optimization of building volumes, and the maximizing of the 

number of developments with optimum distribution of services. There were significant 

challenges, such as working in an interdisciplinary environment with different specialties of the 

built environment. A key issue mainly addressed from the Geodesign experts and especially 

Carl Steinitz (2012) who has developed a methodology for participation in master planning. In 

this case, HOK have been looking into developing a workflow with CityEngine and BIM to 

develop large scale planning scenarios easier and more effectively for all the involved 

disciplines. This challenge was addressed in this work using the Information System and 

Reporting tool methodology (presented in Chapter 4 and 7) by generating real-time reports of 

variables that link to BIM indicators. These include creating planning volumes in CityEngine as 

demonstrated in Chapter 7 and creating the necessary infrastructure for the collaboration of 

BIM. The diagram of Figure 8.1, illustrates the integration of BIM in the currently developed 

framework.    

The link to BIM models is arguably a key feature that needs to be taken into consideration in the 

current planning support systems. As from 2017, BIM is becoming an integral part of city design 

and architecture. The “export reports” tool developed along the context of the Olympic Park 

model, which links CityEngine with Unity 3D, is a crucial feature for such a task. This tool allows 
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the successful export of procedural models with semantic information in order to link to other 

platforms.  

 

Figure 8.1: A extended workflow for the integration of BIM in the main diagram. 

 

For further work, it would be useful to research the link up between planning policy documents 

and BIM models using procedural modeling tools. In this age, urban plans need to be flexible 

enough to accommodate change - changes occur in cities at a rapid rate. A change of design 

constraints, such as an increase in allowable building height, has an impact on existing design 

proposals.  

A procedural urban modelling tool such allows to script, link and embed urban parameters 

within an urban 3D model. A further goal would be to establish a link between a Procedural 

Modeling Environment and Building Information Modelling to combine the benefits of both for a 

flexible planning system.  
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8.3 Concluding comments 

Planning policies are formed in text and plans. There is currently a disconnect between the 

planning policy document and the design proposal model that has to comply with it. Urban 

planning support systems face the challenge of integrating different new techniques with 

geospatial systems and new datasets from the emerging smart city. The methodology in this 

thesis presented of a process of integrating new technological tools to achieve procedures 

within a cross disciplinary era.  

Procedural modeling tools are, currently, not widely used within the practice of master planning 

and urban design, but they offer a wide range of opportunities when it comes to designing cities 

at a large scale by defining the rules of design rather than modelling individual buildings. A 

further link between procedural modeling, urban modelling, new platforms and BIM would help 

improve the design of cities by creating urban models that are adaptable to change and allow to 

implement 3D urban design guidelines at a city wide scale.  

The vision of this work would then be a system which would incorporate both choices and 

limitations as an extended procedural Information modelling system, to create discussions for 

potential futures that may or may not happen as multiple trajectories. These can provide a 

variety of narrations about the future of the city, which will be based on concerns and visions of 

simulated ideas. This “mass production” of scenarios, can effectively challenge the authoritarian 

plans of the planner, without making the role of the planner obsolete. In this case, the role of the 

planner translates to the designer of the “properties” and “capacities” of the city. While the role 

of the other actors would be to decide on a collective deterministic view.  

This may enable the planning process to move away from the traditional “Strengths 

Weaknesses Opportunities Threats” analysis of scenario making and create a wider approach 

to the problem. Then, the question of “what is the future of the city” may develop rapidly from 

projected developments, to potentialities. And perhaps it is possible to view digital planning as 

something fleeting with a tendency to becoming virtual. Halfway between utopia and plans.   
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The framework as it was applied in this research, demonstrated a modular approach to the 

cross-disciplinary problem. Urban analytics are requiring increasingly advanced skills and there 

is a need for an evaluation tool for the “non-experts” of the field. Otherwise, they run a risk of 

either not being convincing, or needing extensive accompanying documentations which creates 

a distance from the planning process.  

Even though this framework set out to provide a such a tool, it appears that the science 

component in the framework remains a black box for the non-developer. To develop an urban 

model is, at the time of writing, a complicated process. However, a connected interface as 

developed in this thesis, helps in the use, understanding and the evaluation of models by non-

experts. It is possible to open-up the planning process and model building process for non-

experts, and enable users to develop their own models using online instructions and open 

source software, as in the case of TweetCity in Chapter 6, which has already been starred and 

“forked” 60 times (used and enhanced by other users). It would be interesting to test the full 

extent of this framework, in case studies such as Lima in Chapter 6, where people are called to 

make decisions on their own communities. These tools, have the capacity to achieve this and 

perhaps enable people to make better informed planning decisions. However, the interface on 

its own, such as the sliders and switches, do not replace the need for expertise. 

To produce accurately population and employment metrics for scenarios, as well as interactive 

applications require advanced skills. Therefore, there is a need for a synergetic method which 

enables the efficient collaboration of all the planning actors. A significant contribution of this 

thesis, is the actual use of the joined sliders. Both planners and modellers, can modify 

population scenarios and adjust planning restrictions, testing both limitations of the planning 

design and also used to calibrate the model and add potential valuable planning policies in the 

modelling indicators.  

The implementation of the framework for achieving this step is not straightforward. Current 

external models do not have the capacity of sharing outputs, and the majority of them have 

custom-made interfaces. It would be useful for these models to run online, with API capabilities, 

such as the QUANT model presented in Chapter 7. Such applications, run in real-time, produce 

outputs on a regional scale, and have the capacity to take inputs and create scenarios by 
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sending simple API requests. This is a useful feature, for calculating population metrics on the 

fly, based on designed scenarios and policies set by the planner/designer.  

This two-tier connection has notable potential, as it reduces the time needed for a fine scale 

system to run, while being informed by an upper-tier regional system. Paul Waddell’s, urban sim 

have changed their model recently (2018), to adjust to this precise workflow (Figure 8.2). This is 

a good sign that the presented framework is in the right direction.  

 

 

Figure 8.2: Paul Waddells Urbansim flowchart as published in their website (2018) in relation to the 
framework (2014). There is a clear hierarchy of regional external models linking to inputs and internal 
model to produce outputs.  
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The question can be asked, does the integration of analytics and models help planning? 

Through this research, I suggest that it is indeed in fact happening. There is an unquestionable 

need for data analysis and modelling in the planning field. This is also confirmed by a recent 

interest by the industry, for example the planning firm Burro Happold, on the results of the 

current research (2018) and a turn to implement urban modelling within regional planning using 

custom in-house applications. The question would then be whether this has the capacity to 

change planning as a process? 

This is addressed in the final lines of the concluding comments of this PhD thesis. Procedural 

development of scenarios does challenge the planning process, as it produces an infinite range 

of potentialities rather than a finite number of proposed solutions. At the moment, this is used as 

a sketching mechanism by the industry. CityEngine provides a useful tool for planning firms to 

quickly produce and evaluate early designs and showcase to clients. However, the potentials of 

this method go beyond its use. If we assume, that the planning problem is not finite, then there 

must be numerous variations of produced “optimal” solutions. In which case, this framework, 

may question the authoritarian role of the masterplan, to produce, dynamic online systems, that 

can change over time, either with the inputs from users, such as in the case of Chapter 6 and 7 

with applications for the public, or by the development of new proposed developments over the 

years.  Within this content, we have set the beginnings for an online scenario-making 

methodology that allows the planner to think it terms of properties, capacities, recipes, rather 

than traditional design. This is certainly a different way of implementing urban planning in 

practice which is closer to policy making. The purpose of the developed tools is then to allow a 

quick understanding of the implications of applying land use and population metrics within a 

defined geo-referenced boundary whilst acknowledging existing site constraints and 

communicating interactive scenarios to the wider audience. 

Summing up the findings of this research, It provides a set of education tools for urban 

modelling, a linking of modelling, planning and design indicators within the same control system, 

a modular approach to the modelling/procedural modelling link using the information system, a 

workflow for dynamic inputs-data into 3D generated environments and an online scenario-

making methodology.  
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Beyond the reflection on the current research, there are significant findings relating to the PhD 

process as a whole and these can be only summed up in a few concluding personal words.  

I consider the PhD process as a rite of passage. It is a transforming experience, which goes 

through several stages. These are both emotional and intellectual and deal with the human 

factor as much as the research challenges. Discussing with fellow PhD students, I came to 

realise that everyone faces different difficulties, but it is a challenging and many times dark 

process for all. Andy, has characterised it as a rollercoaster and it is very close to that of an 

experience.  

I will not discuss the stages of the PhD, which I think is common for many and have been widely 

discussed, such as the loss in confidence, first successes etc. but I would rather discuss the 

transformation process and the results after the PhD.  

I believe, a good PhD process should question the entire world of the student. It should question 

their abilities, their intellectual levels, their status in academia and in the industry, their 

communication with others, their endurance levels, and in fact their own personalities. There 

were many times that I was uncertain of how to approach a certain problem and I could not tell 

what is right from wrong, not only in my research and findings, but also, in my communication 

with others. As a result I, arguably, made mistakes. At the time this process was deeply 

frustrating and confusing, however, coming out of this journey, enabled me to see things in a 

wider perspective. And I am grateful that I had extremely supportive and understanding 

supervisors who have provided me with many opportunities and have contributed significantly in 

helping my confidence grow. Within the years of my PhD, I have made incredible collaborations 

and met with the top researchers in the field, participated in exhibitions and conferences in the 

UK and abroad, I wrote in the Guardian and made my work known, I have flown drones in Lima, 

I engaged with the public, influenced people and got influenced by others, and I had the 

opportunity to pursue my own research interests. These are amongst the outstanding 

experiences I had in UCL. I have tested my limits intellectually and have managed to create an 

ethics code of my own, for how to deal with very difficult situations as to comply with my 

personality.  
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I had to re-invent both my skills and my personality. That was also because I came from a very 

different discipline than the requirements of this particular PhD course. I started from an 

architectural/design background and had to deal with advanced mathematics and software 

engineering. I came to realise that there is a significant difference in the process of problem 

solving between the two disciplines. While both are creative, the architect begins the process 

with a vision, while the engineer starts with the data. This is why there are many cases in which 

students have not performed well in one field, but excelled in the other. Typically, 

architects/designers who move into engineering tend to excel in courses such as 3D modelling, 

coding and technical/functional design, while students who work in design typically excel in 

synthesis, and developing concepts with an overall uniqueness and innovation in their 

execution.  In my experience and in our conversation with Alan Penn and Mart Tedwer, there 

are in fact very few people capable of excelling in both. It is however a very interesting 

challenge.  

Coming from a design background, I struggled with the technical aspect and in fact, it took me 

quite a while to understand that I am not a “bad coder”. It is the process of coding development 

that takes time and patience and inherently needs more structured work than developing a 

concept.  

I believe it takes a shift in perspective to achieve a balance between the two worlds. I personally 

consider this PhD as an effort to achieve this. It is very similar to a pointcloud. The pointcloud 

can only be constructed when taking overlapping images from different perspectives. This is 

what I tried to do with this framework and by joining the unique and different expertise of my 

supervisors and myself. It may be fuzzy, and not as sharp as a 2D picture, but it has another 

dimension. It creates a new perception. And I can only hope that this is a valuable outcome and 

it came across in this thesis.  
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Appendix A.3.1  

CGA rules for the Victorian house 
 
 
The following code is used for the generation of a Victorian house as described in Chapter 3. 
These CGA rules are used in conjunction with shapes within CityEngine or using the CityEngine 
SDK.  
 
 

/** 

 * File:    victorian.cga 

 * Created: 24 May 2016 21:49:04 GMT 

 * Author:  Flora 

 */ 

 

version "2015.2" 

 

 

import VictorianFacade : "Londlib_victorian_2_facade.cga"#rulefile for the 

generation of the façade.  

 

 

# Main attributes.  

@Range("terraced","semi-detached","detached")  

attr typehouse= "terraced" 

@Range(0,1) 

attr percentageBuilt =1 

@Range(0,1) 

attr percentageVict = 1 

@Range ("Victorian", "Eduardian", "Other", "Green") 

attr age = "Green" 

attr frontyard_distance = 2.5 

attr height = 7 

attr floor_height=3.5 

attr groundfloor_height =3.5 

attr depthmain=9 

attr widthmain=12 

attr depthextention=rand(depthmain-1, depthmain+4) 

attr widthextention=widthmain/3 

attr spacebetweenbuildings=0 

@Group ("dimentions")  

attr area= geometry.area 

attr areawidth=geometry.area(noStreetSide) 

attr lotWidthMin = 12 

attr length =  area/lotWidthMin 

attr LOD=1 

attr colorroof= ("#383838") 

const wingWidth = rand(3, 4) 

 

 

 

@StartRule 

Start--> 

 case percentageBuilt<0.1: 0%:  Age  else: Garden 

 case percentageBuilt<0.2: 10%:  Age  else: Garden 

 case percentageBuilt<0.3: 20%:  Age  else: Garden 

 case percentageBuilt<0.4: 30%:  Age  else: Garden 

 case percentageBuilt<0.5: 40%:  Age  else: Garden 

 case percentageBuilt<0.6: 50%:  Age  else: Garden 

 case percentageBuilt<0.7: 60%:  Age  else: Garden 

 case percentageBuilt<0.8: 70%:  Age  else: Garden 

 case percentageBuilt<0.9: 80%:  Age  else: Garden 

 case percentageBuilt<1: 90%:  Age  else: Garden 

 case percentageBuilt==1: 100%:  Age  else: Garden   

 else: Garden 
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Age--> 

 case age== "Victorian": 

  NewRule 

 case age== "Other":  

  Othertypes 

 else: 

  Garden 

 

NewRule--> 

 case percentageVict<0.1: 10%:  Lot  90%: Othertypes else: Garden 

 case percentageVict<0.2: 20%:  Lot  80%: Othertypes else: Garden 

 case percentageVict<0.3: 30%:  Lot  70%: Othertypes else: Garden 

 case percentageVict<0.4: 40%:  Lot  60%: Othertypes else: Garden 

 case percentageVict<0.5: 50%:  Lot  50%: Othertypes else: Garden 

 case percentageVict<0.6: 60%:  Lot  40%: Othertypes else: Garden 

 case percentageVict<0.7: 70%:  Lot  30%: Othertypes else: Garden 

 case percentageVict<0.8: 80%:  Lot  20%: Othertypes else: Garden 

 case percentageVict<0.9: 90%:  Lot  10%: Othertypes else: Garden 

 case percentageVict<=1: 100%:  Lot  0%: Othertypes else: Garden  

 else: Garden 

 

 

Lot -->  

 Setback 

 

Setback--> 

 setback(frontyard_distance) {street.front : Garden |remainder : 

Splitlotx } 

 

Garden --> color("#00ff00") 

 

#splits the lot(except setback) in  main house, extention and back garden. It 

starts from the back) we use * to repeat in case the lot is bigger. need to 

see how to provide restrictions in the build.   

Splitlotx--> 

 split (x) {~widthmain: Splitlotz| ~widthmain:Mirrorsplitlotz | 

spacebetweenbuildings:Garden}* 

 

#In relation to height, it selects which type to build.  

Splitlotz-->    

 case height<4.5 :  

  split(z){~16: Garden|  depthmain:MainBuilding (1)}  

   

 else: split(z){~16: Garden| depthextention+depthmain:House }  

 #offset(-3, inside) 

 

House--> 

 split(z) {~depthextention: Extention |  depthmain:MainBuilding(1)} 

 

Mirrorsplitlotz--> 

 case height<4.5:  

  split(z){~16: Garden|  depthmain:MainBuilding (2) }  

 else: 

  split(z){~16: Garden| depthextention+depthmain:MirrorHouse}  

 

MirrorHouse-->  

 split(z){~depthextention:Extentionmirror | depthmain:MainBuilding (2)}  

###Main building volume- Main Roofs### 

 

MainBuilding(nn)-->   

  case nn==1: innerRect extrude (height) Mass (1)  #normal 

  else: innerRect extrude (height) Mass(2) #mirror 

 

Mass(no) -->  

 case no==1:   #normal 

  comp(f) {top : Roof(1)  | front:Facades (1) | all :X } 

 else: #mirror 

  comp(f) {top : Roof(2)  | front:Facades (2) | all :X } 
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Roof(r)--> 

 case r==1:  #normal 

  color (colorroof) 

  split(x){0.3:Roofsides(0)| ~widthmain/2: Roofsides(1)| 0.2:  

 

Roofsides(2)}  #separation wall by spliting the roof 

  #xorizei se plaina kai kirios skepi 

 else:  #mirror 

  color (colorroof) 

  split(x){0.2:Roofsides(2)| ~widthmain/2: Roofsides(1)| 0.3:  

 

Roofsides(0)}  #separation wall by spliting the roof 

  #xorizei se plaina kai kirios skepi 

 

Roofsides(n)--> 

 case n==0:    #plaino1 

  extrude(0.2) 

  comp (f) {top : Roofshed(1)| side : X| bottom: X} 

 case n==1:    #kaintriki skepi 

  Roofshed(2) 

 else :  # plaino2 

  extrude(0.2) 

  comp (f) {top : Roofshed(2)| side : X| bottom: X} 

   

Roofshed(o)--> 

 case  o==1:   #plaino me kaminada 

  split (y) {'0.5:RoofA(1)| '0.5:RoofB(1)}  

 else: #kaintriki - plaino xoris kaminada 

  split (y) {'0.5:RoofA(0)| '0.5:RoofB(0)}  

    

RoofA(x)--> 

 case x==0: 

  roofShed(32, 4) #Roof2  

 else:  

  roofShed(32, 4) 

  split (y){'0.5:X| '0.5:Chimney}g 

RoofB(x)--> 

 case x==0: 

  roofShed (32,2) #Roof2  

 else:  

  roofShed (32,2) 

  split (y){'0.5:X| '0.5:Chimney} 

   

  

Chimney-->  

 i("builtin:cube")  

 comp (f) {top: C| side : X} 

 #primitiveCylinder(8,10,15) 

 

C--> 

 split (y) {{ ~0.2 : InsertChimney | ~0.4 : X }* } 

    #stexture("builtin:uvtest.png") 

 

InsertChimney--> 

 s(0.2,0.2,0.6) 

 center(xyz) 

 i("builtin:cube") 

  

####Roofs extentions######## 

Extention-->   split (x) {~5:Garden | widthextention:  Ext1} 

 

Ext1--> innerRect  extrude (7) comp (f) {top:Roofext | all: X} 

#randv--> color(rand,rand,rand)  

 

Roofext-->  color (colorroof) roofShed (20,3) Roofext1  

 

Roofext1 --> 

 comp (f) {front: Roofext2| all: X} 
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Roofext2 --> 

 extrude (depthmain/2) 

  

Extentionmirror-->   split (x) {widthextention:  Ext1mir| ~5:Garden } 

 

Ext1mir-->  innerRect extrude (7) comp (f) {top:Roofextmir | all: X} 

  

Roofextmir-->  color (colorroof) roofShed (20,1) Roofext1mir 

 

Roofext1mir --> 

 comp (f) {front: Roofext2| all: X} 

 

Roofext2mir --> 

 extrude (depthmain/2) 

 

 

####FACADE######## 

Facades (f)--> 

 case f==1: VictorianFacade.Facade  

 else: VictorianFacade.Facade2 

 

LShape --> 

    50%:  shapeL(wingWidth, wingWidth) { shape : LFootprint }#SplitLot 

 else: mirrorScope (true,false,false) 

    shapeL (wingWidth, wingWidth) {shape:LFootprint}  

     

LFootprint -->  

  

 #convexify  

 comp(f) {0: extrude (height) Mass |  

    all: extrude (height) Mass} 

 

LotInner --> OpenSpace 

 

 

Othertypes-->  

  

 split (x) {'0.2: Garden| '0.6: split(z){'0.2: Garden| '0.6: Extr | 

'0.2:Garden} | '0.2:Garden} 

  

  

Extr--> 

 extrude (10) 
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of interactive techniques, to visualize and explore classical and contemporary urban modelling theories, by introducing 
spatial interaction and spatial dynamics within the simulation of a 3d city. In this framework, we provide a guide for 
developing urban models to aid better analysis and understanding of the urban environment through 3d urban visualizations, 
complexity theories and interactive systems. 

	  
Acknowledgement: The author would like to thank Dr. Andrew Hudson-Smith who inspired and supervised this work in the 
context of the MRes in Advanced Spatial Analysis and Visualization (2011-2012) and Sir Alan Wilson for his guidance in 
the world of urban modelling. The work represents on-going PhD research at CASA. 

 

I. Introduction 

 

The increasing complexity of cities, agglomerations, new means of transportation, extreme factors and 

economic conditions, are demanding research aimed at improved planning. This realization connects to a 

parallel development of urban visualizations and urban modelling, allowing the better understanding of the 

urban environment. There is an increasing interest in both worlds, for similar reasons. Technological advance, 

new computerized technologies, the emergence of ‘big data’, are all indications that we are emerging into a new 

era for the study of the urban environment.  

 

It was first pointed out by M. Birkin, G. Clarke, M. Clarke and A. Wilson, (1996) that at that time, even though 

GIS provided multiple types of analysis, they did not support the development of theories of Urban Modelling 

nor the exploration of emerging behaviours. As we are moving towards 3D GIS and the realistic representation 

of cities, it is clear that there is an extra challenge in the development and visualization of urban models and 

planning scenarios. There are now applications available which through detailed 3D digital models, present 



realistic representation of cities augmented with information and have introduced new ways of exploring, 

visualizing and communicating the built environment (Smith, Evans 2001).  

We will seek to explain the advantages of procedural modelling in introducing urban modelling theories within 

3D environments. It was noted by Mignard, Gesquière, Nicolle (2011) that such applications require complex 

semantic information i.e. to grant semantic meaning to content. This is precisely where Building Information 

Modelling (BIM) focuses, as it generates and manages digital representations by introducing not only physical, 

but also functional characteristics of a facility. The recognition of building components is used for the 

development of procedural models, which allow the automatic and instant generation of cities (Parish,. Müller 

2001. These mathematical methods are applied globally and can be used to define spatial relationships. 

Therefore, procedural models can extend beyond 3D by augmenting geometry with time and cost (Nicolle, Cruz 

2011), allowing the efficient introduction of disaggregated models to the 3D simulation process (the idea of 

building primitives).   

 

Currently, there is a wide range of procedural modelling applications. A key example is ESRI’s purchase of the 

program "City Engine" (C.E.), which was originally developed at the University of Zurich in 2011, in an 

attempt to combine spatial analysis applications offered by ArcMap, with the realistic representation of 3D 

virtual worlds. ESRI’s City Engine appears to include all the necessary features in order to turn the 3D virtual 

city into a modelling tool, by introducing urban parametric design in the form of Rules and Python scripting. As 

it will be demonstrated further on, C.E. enables the visualization of mathematical models on 3D Environments 

by using interactive controls and simulating changes real-time, providing an ideal approach for testing the 

consequences of urban modelling theories.  
 

For the purposes of this paper, the focus is not on the models themselves, but on the design principles used for 

developing and visualizing certain aspects which are essential for urban modelling, such as spatial interaction 

and dynamic modelling. Therefore, in many cases there will be simplifications of the original models and they 

will be applied on one hypothetical city1 used to demonstrate the different models within the same environment 

and emphasize that at this point we are not interested in the physical design of the city.  

 

 

II. Building Models in City Engine:  The von Thunen Case 

 

The first project focused on the development of classical theories of modelling and more specifically we 

developed a version of the original von Thunen’s Land-bid rent model (1826) and a generalization of the same 

model 2. In the original model of 1826, “Locational Rent” (L) is equal to the value of the product (P) minus 

                                            
1 The 3D objects and textures used for these projects, such as Pavements, textures, rooftops etc. are provided by 
the official site and tutorials and examples of ESRI’s City Engine. 
2 More information about the models are found in: Alan G. Wilson, Complex Spatial Systems: The Modelling Foundations of 
Urban and Regional Analysis (Pearson Education, 2000). 



production (C) and transport cost (F) and can be defined by the following equation, where Y is Yield per t.km2 

and D is the distance from the market: 

L= Y(P-C) – YDF 

Re-writing the model in C.E., the user can manually develop variables that can be directly controlled using 

simple sliders (Fig. 2) which are automatically generated using the CGA Rules of C.E. (a scripting language 

used by the CityEngine interface). In this example, we have generated 2 types of sliders which control 2 

variables of the model (market price of each zone and transportation cost), as in the original Von Thunen 

application which was developed by CASA in 20043. However in this case, the user has the option of adding or 

removing each and every parameter. As the user changes the values of the variables, the visualization generates 

in real time, offering a better understanding of the impacts of this model on this hypothesised urban environment 

as it is illustrated in the following images. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: (a) The von Thunen model: a standard visualization. The centre represents the market and the formed zones signify 

crop cultivation. Products with highest costs are located closer to the market. (b) A 3D visualization of the Von-Thunen 

model in City Engine with 3 production zones. The generated sliders on the right hand side allow the user to adjust land use 

according to market price and transportation cost of each zone and view the results real time on the form of the city. (c): Rise 

in profit leads to the expansion of the production zones. The 3D model generates in real-time. (d):  A Boolean variable can 

                                            
3 More information on the original Von Thunen model and the application developed by CASA are found in: 
http://www.bartlett.ucl.ac.uk/casa/latest/software/the-von-thunen-model, while the application is free to download.  

(a) (b) 

(c) (d) 



be used in order to switch from an urban representation to a 3d graph, by setting the heights of the lots to alternatively 

illustrate values of Land Rent. 

We have used the Original Von Thunen model, to simply demonstrate that we can build a simple interactive 

Bid-Rent model using techniques provided by ESRI’s City Engine. Moreover, we have explored how to begin 

the modelling process using a 3D modeling application. In order to examine if we can progress to more 

complicated functions, we will move on to introducing a higher level of complexity. 

The von-Thunen model was developed before the era of industrialization and as one of the first urban models it 

was based on several assumptions and simplifications. These restrictions inspired researchers to rewrite classical 

models using contemporary methods of modelling which would overcome limitations. Wilson and Birkin 

(1987), followed by Wilson in 20004, developed a generalization of the model which introduced a higher level 

of complexity by introducing multiple centers i=1,2,3, ….. and spatial interaction dynamics. The model 

represents demand Yij as a spatial interaction model and additionally uses an Attraction variable Wig, which is j 

–dependent. We will use the original work of Wilson and Birkin in order to develop a Spatial Interaction system 

which will contain cycle operations in Python scripting. In this case the flows from i to j are calculated using the 

standard spatial interaction equation: 

Yij
g=Bi

gWi
gZj

ge(-bcij) 

 

where g equals to the type of crop/good and Zj
g is the supply of a certain product in a specific zone and  

Bi
g=1/ΣjWie(-bcij) 

 

In C.E., the model required a combination of Python and CGA rules and the manual development of an 

information system where these two platforms automatically exchange information (Table 1). This was a key 

feature, as it allowed the application to perform the necessary calculations while maintaining an interactive 

nature. The result is the real-time visualization of dynamic models which can be directly affected by the user.  

The first step in building the model in C.E. after defining land uses is precisely to introduce spatial interaction 

using the C.E. Python console and test the amount of time needed to perform all the calculations for each object 

in our scene; in this example each block. 

In this case though, there is a significant drawback. Even though Python performs numerous calculations 

remarkably fast, it takes a considerable amount of time to store these values in the attributes of the objects of 

C.E. Meaning that the user would have to wait for several minutes each time the values of the parameters 

change (price market / production cost / travel cost etc.), depriving the application of its interactive use. In order 

to simplify the process, we disengage python from the user defined values and create certain assumptions. The 

process has to become more complex and the CGA rules must be allowed to select the maximum profit per 

product instead of Python. Meaning that the profit per product Πj
g will have to become a function of just the 

price market pig / production cost per unit vj
g /travel cost cij

g, while all the other variables will be considered as 

constants. We will use: 

Πj
g=Dj

g-Cj
g = Σi(pi

g-cij
g-vj

g)Yij
g = Σi(pi

g-rgdij-vi
g)Yij

g 
                                            
4 More information about the models are found in: Alan G. Wilson, Complex Spatial Systems: The Modelling Foundations of 
Urban and Regional Analysis (Pearson Education, 2000). 



 

where rg=transport cost/unit of distance and d= distance from i to j,  where we can easily assume the Σj Yij
g and 

Σj Yij
gdij

g as 2 constraints a,b for every j, so as Πjg= a (pi
g-vi

g)- rgb. That means that Python will have to store the 

2 variables above (a,b) for each product per block. In this example, we use 4 products, which of course means 2 

variables (a,b) for each product. Variable a would be the total of the demand for a product g (Σj Yij
g) for all the 

flows from every shopping centre and the variable b would refer to the total of the demand multiplied by the 

distance from i to j (Σj Yij
gdij

g). 

In that way, as in the original version of Von-Thunen, we are succeeding in having an immediate regeneration 

of the 3D model using the sliders offered by the rules. We will only need to rerun Python script in case there is a 

change in the location of themarkets, so as to update the variables a,b for each block. 

 

 

 

Fig. 2.  The von-Thunen model with multiple centres. In this example, we generate 3 centres. The model runs in Python 

scripting and generates production zones according to the input parameters, which appear on the sliders on the right hand 

side.  Production zone 1 (blue) appears to be the most profitable and therefore expands.   

 

 



 

Fig. 3.  Reducing the price market of zone one using the interactive sliders, results in profit loss and therefore to a change in 

Production. The model is automatically generated according to the new values. There is an immediate effect in all zones. 

 

 

Fig. 4.  The user can experiment by adding an another location for a new centre, by filling the “Land Use” field on the 

properties bar with the appropriate use. CGA rules, recognize the object and generate the new centre as a 3D extruded block.   

 

 

 



 
 

Fig. 5.  Run Python script in order to re-calculate the new centre and generate Land. (this process is performed block –by-

block) . 

 

 
 

Fig. 6. The 4 centres are fully generated using the values stored. As in the previews case of 3 centres these values can be 

controlled by the user, using the sliders.  

 

 



 
Fig. 7.A final scenario animation of a calibrated model, produced with procedurally generated schematic buildings and 

Rendered in Lumion3D.  

 

 
 

Table 1. Exchange of information between CGA Rule platform, Python console and Object Attributes in the scene for the 

generalization of the von Thunen model.    

 

 



Finally we calculate ΔΖ which introduces spatial dynamics within the simulation process. 

 

Considering that we refer to the same zone j, which means that we assume that all the products have the same 

production Z in all building blocks and by comparing different products which have the same total production 

ΣΖi, we can observe that when the profit of a certain product g is larger than another, then the production output 

is changed according to the original formula by Wilson and Birkin:  

ΔΖj
g=Σh≠Di

ghεhqhZj
h/qg 

 

Where Di
g is the revenue, ε is an indicator of the difficulty in changing land use and q is the minimum land 

needed for a unit of product g/h. 

 

Originally, in the spirit of von Thunen, there is the assumption that the most profitable product continues to 

grow, which is based on:  

δj
gh=1,Πj

g>Πj
S; =-1 Πj

g>Πj
S; =0 otherwise 

 

Python scripting in City Engine, offers the option of creating interactive animations of generated shapes that 

develop in real-time. In this case, we developed a script in which python, calculate iterations and store the 

values real-time in the shapes of our scene. Therefore, we can produce an animation of all the iterations of the 

model real-time, until the model reaches a state of equilibrium.  

 

City Engine has provided a unique interactive platform for the development and visualization of the model of 

von–Thunen. There is a clear structure in the parametric modelling interface, which allows the easy and quick 

development of these types of models. The parameters are adjusted by a set of interactive controls in the form of 

sliders, allowing experimentation with the model’s variables, such as the price market and the transport cost. 

These modifications are applied automatically on the structure of the generated city, giving an immediate 

visualization of the form of the agricultural model of von-Thunen. Moreover, C.E. offers the option of 

modifying the City Layout itself, with an immediate visual feedback. All These attributes provide excellent 

communication tools for educational purposes and for the development of further models.  

 

Even though we had to use a simplified version of the generalization of the von Thunen model, we have 

successfully demonstrated spatial interaction within a 3D virtual environment. The generalization of von 

Thunen required a combination of Python and Rules and the manual development of a system where these 

platforms exchange information, in order to perform the necessary calculations while maintaining its interactive 

nature. The only consideration would be the generation of 2 types of sliders (CGA Rules-Object) for the same 

variable which even though it’s useful, it may confuse the user.  

 

Finally, we had the chance to test spatial dynamics using the Wilson and Birkin version of von Thunen. This is a 

very important process, as it proves that any kind of dynamic system can be simulated using C.E. and that leads 

to thoughts for cellular automata or the introduction of agents.  

 



A significant advantage would be that the model moves away from traditional grid, and the models can be used 

on any spatial background.  

 

III. The Retail Model 
 

The next project refers to the “standard” retail model by Wilson and Harris (1978), as a singly constrained 

spatial interaction model. As in the previews cases, the retail model is applied on a 3D hypothetical city which is 

generated automatically using the standard procedure of C.E.  

The retail model measures the flow of money spent on retail goods and services by residents of zone i in retail 

centre j (Wilson, 2012). Thus, we begin by defining the set of blocks that represent the already existing 

shopping centres and the ones that represent the residences. One of the advantages of generating blocks using 

the specific software is that it moves away from the commonly used Cartesian grid, and analyses the city as an 

organic structure. That means that every element differentiates schematically, topologically and geographically, 

thus allowing each block or shape to obtain certain characteristics and become an interacting unit. That allows 

as to apply the retail model on the microscale of a hypothetical urban area, where each block is either a separate 

“i” residential zone or an “j” retail centre5. 

 

In the first stage, in order to make it easier to compare different results, there is going to be a simplification of 

the basic interaction equation: 

Sij=AiOiWje(-bcij), 

which calculates money flows from residences j to shopping centres i, by assuming that: 

 

• All residences (zones i) have the same Population P and therefor equal spending power O 

• Variable “b”, which indicates impedance between shopping centres, remains stable at 1/100 for each 

shopping centre.  

• The user can set the attractiveness (floor size) of shopping centres j (W). 

 

Thus, we have Sij=OWie(-cij/100) which expresses the flow of money to shopping centres and which is affected 

only by the distance from the residences and the attractiveness, where: 

Ai=1/ΣjWje(-bcij) 

 

Having translated the above equation in the Python console of C.E. we have basically examined the retail model 

in its simplest form and we are able to select one or more blocks in order to test possible locations for a new 

shopping centre. The process of building a spatial interaction model in Python is similar to the Generalization of 

von Thunen, as described in the previous section.  

 

Using the C.E. Python console, we can directly calculate the results of money flows from the residences i to the 

shopping centres j, then store values in arrays and use them as elevation points for a simple extrusion of the lots 

                                            
5 The Standard dynamic Harris and Wilson model is described analytically in:  A. G. Wilson, A Note on the Bass Model Applied 
to Retail Dynamics (CASA Working Paper, 2010), http://www.whoseolympics.org/bartlett/casa/pdf/paper167.pdf. 



(Fig. 8). Later, we can easily disaggregate the model, by introducing more variables, in the form of sliders for 

each or a set of blocks.  

 

The above sub-routine can then be extended, by calculating the total flows D for each possible shopping centre j 

using the total: 

Dj=ΣiSij  

 

As before, we will use the results of these flows for each shopping centre j as height levels for the residential 

buildings in order to visualize the amount of money each block leaves to each shopping centre (Fig. 9 8). In that 

way we can directly and automatically locate the blocks which will produce the maximum profit for the 

construction of a new shopping centre. The position is highlighted red. By changing the value in the land use 

section of the highlighted position, we can repeat the process to find the next most profitable location. Finally it 

is also possible to calculate the loss of the existing centres.  

 

Moving to further steps, we are aiming to the development of a more realistic representation and therefore we 

introduce an additional layer of information in the visualization which represents money flows as a set of 

elevated points or surfaces (Fig. 10 8). This 3D layer is generated using python, while the attributes of the 

buildings are controlled by the rules and therefore the user. In that way different layers can be used in order to 

compare different results.   

 

As an example, we have selected the attractiveness “W” as the main variable which will control the size of the 

shopping centres. The result is that the manual control of the variable W, not only affects the flows of the model, 

but changes the visual representation of the building itself, allowing the rapid interpretation of the model by the 

user. (Figure  9.) 

 

In Figure 10, we allowed Python to construct a 3d point surface which represents money flows. Figure 11 

demonstrates a realistic representation of this model.  

 

 
 
 
 

(a) (b) 



 
 
 
 
Fig. 8. (a) Placement of existing shopping centres, (b) Calculation of Money flows from possible location (highlighted red), 
(c) Multiple possible locations, (d) Visualization of the flows of all existing shopping centres as block heights. The position 
which will generate the maximum profit for a new shopping centre is automatically located and highlighted red. 
 
 
 

(c) (d) 



 
 
Fig. 9. Presentation of different cases.  
Left column: the application calculates all money flows from residences j to shopping centres i and highlights the position 
which will generate maximum profit. Right column: visualization of money flows for possible locations of a new shopping 
centre. 
 
 
 



 
 
Fig. 10. Money flows are represented by a set of points, on a new layer.  
 
  
 

 
 

 

 

 
Fig. 11. Realistic representation and 3d point diagram: Height of the buildings indicates attractiveness, while City Engine 

Generates a report which presents the maximum amount of flows for each shopping centre.  C.E. rule file for textures: 

texturedcity4.cga 



 
Table 2. Exchange of information between CGA Rule platform, Python console and Object Attributes in the scene for the 

generalization of the von Thunen model.    

 

The ability to visualize multiple and diverse layers of information in one diagram is a significant advantage in 

using 3D software. In this example, we attempted to demonstrate how a realistic representation of an urban 

environment can aid in the development and presentation of symbolic modelling.  

 

This has also been an example of the usefulness of the two separate platforms (Rules – Python) in the 

development of models. By setting the attractiveness variable “W” as to refer to both the calculations of the 

mathematical model and to the physical representation of the “floor space” of the virtual city, we effectively 

simulated the 2 different uses of the same variable, more variables are going to be introduced, as the model gets 

disaggregated, allowing the exploration of different values within the model.  

 

IV. Further Works and Limitations 
 

There are challenges and opportunities for further research in both 3D cities and modelling within the context of 

Procedural modelling. C.E. specializes in the development of realistic 3D urban scenes based on standard GIS 

data. Further research within this field would include the development of theories of modelling within the 

realistic representation of existing urban environments and use a combination of spatial data and procedural 

rules in order to visualize results. The introduction of socio-economic data and urban theories of modelling 

would provide insights to the city’s functionality and would introduce new methods of 3D analysis.  

The successful implementation of such a project is based on the configuration of certain steps, such as the 

coordination of various spatial data, the collection of individual urban elements and the consequent import of 



different updatable datasets in the simulation process. There will be a need for an intermediate information 

system, which will be able to convert different datasets to compatible formats. In that way, we will efficiently 

create a system which can progressively be enhanced in order to incorporate different types of datasets and the 

outputs of models, while maintaining all interactive features.  

In terms of modelling, it has been demonstrated that C.E. provides a powerful toolkit for the 3D simulation of 

classical urban theories (Table 1,2).  The development of new models, disaggregation of the existing ones and 

the design of an integrated comprehensive model which will connect the various sub-models is also part of 

further research. This is a long and on-going process which has challenged researchers since the Lowry model in 

1964 (Wilson 2012); the first of a series of comprehensive models. It will be part of further research to develop 

a system where different models will be able to integrate and get tested in the existing urban fabric.  

Moreover, as we are moving towards the creation of the smart city, open and real-time data, it is clear that there 

is an extra challenge in the development and visualization of urban models and planning scenarios. This 

combination of complexity science, open data, live/near-live feeds and new means of visualization can provide a 

better platform for the development of new solutions. 

There are certain limitations which should be taken into consideration. At the moment, City Engine allows the 

3D modelling of cities, based on GIS geometry, attributes and procedural rules; but does not provide the option 

for further GIS analysis. It is possible to export the models and bring them back into ArcGIS for further 

processing, however without maintaining their interactive elements. At this point, tools of geospatial analysis 

will need to be developed manually. 

 

V. Conclusions 
 

The purpose of this paper has been the development of interactive digital tools, which based on a 3D digital 

model of a city, would support planning in understanding the possibilities, the problems and the impacts of the 

theories of urban modelling.  

 

The emergence of procedural modelling, has allowed the automatic generation of 3D models, enabling the 

creation of complex parametric models. This realization has been a key factor that has inspired the development 

of projects which would explore the ways in which we would be allowed to introduce modelling theories within 

the simulation of a 3D city.  

 

The original von Thunen model provided a useful introduction into the process of integrating mathematical 

modelling within virtual environments. The “Generalization”, included more complicated functions which 

introduced spatial interaction and spatial dynamics within the simulation process; while the Retail model 

simulated the flows and gathers in the form of a 3D diagram which allowed the visual representation of multiple 

and diverse layers of information.  

 



The ability of developing models which can be disaggregated to a very fine level of detail is also a key strength 

of Procedural modelling and refers directly to the main concept of complexity theories. At the same time, it 

offers the possibility of developing theories directly on the 3D environment of cities, leading into considerations 

of parameterizing aspects of the third dimension in modelling.  

 

The challenge in this case, would be to be able to compare results of data analysis with modelling theories in a 

planning context, taking these first steps even further and allow new means of representation to communicate 

these notions even to the broader public. These new ways of interaction, can provide us with methods that can 

test models on existing environments and communicate these notions at large, providing a powerful toolkit for 

the better understanding of the environment we live in. 
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Appendix A.4.2 

Sample code: CGA Rules for the Simple Lowry model 
 

/** 

 * File:    lowry.cga 

 * Created: 20 Aug 2013 11:28:53 GMT 

 * Author:  lora 

 */ 

 

version "2012.1" 

 

 

# attributes 

 

@Group ("0.Viz",0) @Range("flows","landuse") 

attr viz="landuse" 

 

@Group ("1.Industry",0) 

attr basic_emp =5000 

@Group ("2.Residential",0) 

attr pop = 0 

attr pop0 =1 

attr pop1 = 1 

@Group ("3.Retail",0) 

const isretail=1 

attr noofretail=450 

attr Retail = 1 

attr edu = 1 

attr health = 1 

attr bres = 1 

@Group ("4.LandUses",0) 

attr LandUse= "Residential" 

 

#accessibility variables 

@Group ("5.Accessibility",0) @Range("Local Integration","Global 

Integration","Inbetween Centrality","none") 

attr Show = "Global Integration"  

attr integrationLocal = 0 

attr integrationGlobal = 0 

attr inbetweenCentrality = 0 

 

const area= geometry.area 

 

const perc1 = (pop0 )/((pop0+pop1+Retail)) # percentage of this pop in 

relation to the whole 

const perc2 = (pop1 )/((pop0+pop1+Retail)) 

const percR = (Retail)/((pop0+pop1+Retail)) 

 

const x_norm0 =1 / (5) * (pop0/5)  # normalizes values # constraints heights 

in relation to the highest point 

const x_norm1 =1 / (5) * (pop1/5)  

const x_normR =1 / (5) * (noofretail*Retail/area) 

#x_norm = 1 / (max - min) * (x - min)  

 

 

 

Lot-->  

 case viz=="landuse": 

  Report 

  Initial 

 else: 

  extrude(exp(Retail)) 
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Initial -->   

 case LandUse=="Residential" && x_normR <isretail:  

  extrude (10) 

 

 split(x){ 'perc1: Y(x_norm0) | 'perc2 : X(x_norm1) | 'percR : 

R(x_normR*5) 

            }  

  

 case LandUse=="Residential" && x_normR >isretail:  

  extrude (50)  color("#ebfe04") 

  

 case LandUse=="Industrial": 

  extrude (basic_emp/100)  color ("#fe0c5c")  # mainly Industries 

 case LandUse=="Education": 

  extrude (20)  color ("#ebfe04")  # mainly Education 

 case LandUse=="Health": 

  extrude (20)  color ("#FFFFF0")  # mainly Health 

 case LandUse=="Retail": 

  extrude (200)  color ("#0FFFF0")  # mainly Health 

 else:  

  extrude (0) 

 

X(h)--> 

case pop1>1:  

 s('1,'h,'1) 

 color("#0ec583") 

else:  

 NULL 

  

Y(h)--> 

case pop0>1:  

 s('1,'h,'1) 

 color("#b07ed7") 

else: 

 NULL 

  

R(h)--> 

case Retail>50: 

 s('1,'h,'1) 

 color("#ebfe04") 

else: 

 NULL 

   

 

LotInner--> 

  extrude (1)  

   

Report --> 

 

report ("area", area)  
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Sample code: Python for the Simple Lowry model 
 

''' 

Created on 20 Aug 2013 

 

@author: Flora 

''' 

from scripting import * 

import time 

import math 

# get a CityEngine instance 

ce = CE() 

 

'''defining layer''' 

#ce.addShapeLayer('geometry_1') 

#geometry_1=ce.getObjectsFrom(ce.scene, ce.isShapeLayer, ce.withName("geometry_1")) 

#print geometry_1 

 

'''get objects from scene and store them in list'''  

objects=ce.getObjectsFrom(ce.scene) 

#objects2=ce.getObjectsFrom(ce.selection) 

blocks=ce.getObjectsFrom(ce.scene,ce.withName("Block")) 

#blocksSel=ce.getObjectsFrom(ce.selection,ce.withName("block")) 

''' get x-y location of blocks''' 

 

ID=len(blocks) 

LandUse=[ce.getAttribute(blocks[x],'LandUse') for x in range (len(blocks))] 

blocks_X=[ce.getPosition(blocks[x])[0] for x in range (len(blocks))] # pinakas olon ton x 

blocks_Y=[ce.getPosition(blocks[x])[2] for x in range (len(blocks))] 

 

'''checking where industries are, storing which are the industries''' 

Industry=[ID for ID in range (len(blocks)) if LandUse[ID]=='Industrial'] # stores ID 
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'''get each industie's employment from object attributes''' 

basic_emp = [ce.getAttribute (blocks[x], 'basic_emp') for x in range  (len (blocks)) if 

LandUse[x]=='Industrial'] 

 

'''sum total employment of all industries''' 

basic_emp_tot= sum(basic_emp[x] for x in range (len(basic_emp)) ) 

 

'''calculation of total population produced by BE per zone''' 

f= [ce.getAttribute (blocks[x], 'f_empl') for x in range  (len (blocks)) ] #proportional factor for pop from 

employment 

Oi= [basic_emp[x]*f[x]for x in range  (len (Industry))] 

 

''' ALLOCATION OF POP ACCORDING TO EMPLOYMENT USING SPATIAL INTERACTION''' 

#bb=0.00125  # factor pou kanonizei to concetration (oso pio megalo toso pio dinati i elxi. polis kosmos 

sigkentronetai giro apo ta kentra.) 

bres= ce.getAttribute(blocks[0], 'bres') 

B=[] 

 

'''calculating coefficient B for residential''' 

for y in range (len(Industry)):  

    paronomastis=0 

    for x in range(len(blocks)): # j '''the different centers''' 

            distance2= math.sqrt((math.pow(blocks_X[Industry[y]]-blocks_X[x],2)) + 

math.pow(blocks_Y[Industry[y]]-blocks_Y[x],2)) 

            paronomastis=paronomastis+math.exp(-bres*distance2) #''' the Sum of dist i--> j 

            #print c,": ",paronomastis 

    B.append(paronomastis) 

 

''' pop= population from blocks to industry | creation of empty 2dimentional array to store''' 

pop_each =[[[] for x in range (len(blocks))] for y in range (len(Industry))]  

 

'''Spatial Interaction equation for population in zones- allocation of Pop in all zones''' 

for x in range (len(Industry)): 

        for y in range (len(blocks)): 
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        distance= math.sqrt((math.pow(blocks_X[Industry[x]]- blocks_X[y],2)) + 

math.pow(blocks_Y[Industry[x]]-blocks_Y[y],2)) 

        pop_each[x][y]=  (Oi[x]*math.exp(-bres*distance)/B[x]) 

        

 '''creating obj attr for each industry (automatic creation-generation of no of attr according to no of 

industries)  ''' 

        ce.setAttribute(blocks[y], 'pop'+str(x), pop_each[x][y]) 

     

'''checking def. sums of all pop to check if the pop distributed is the same as the pop in the industries.''' 

sum_all=0 

pop=[] 

for b in range (len(blocks)): 

    sum_each_p=0 #  

    for g in range (len(Industry)): 

        sum_all = sum_all+pop_each[g][b]  

        sum_each_p = sum_each_p+pop_each[g][b]  

    pop.append(sum_each_p)  

 

 

''' CALCULATION AND ALLOCATION OF THE RETAIL SECTOR''' 

''' Population of Sectors according to total pop''' 

edu = poptotal/5 

health = poptotal/10 

Retail=poptotal/2 

bk=0.0725 # normalizing factor for each sector , and for each i'' leei pos einai i xoritikotita... ?? 

BR=[] 

'''define of an empty 2d array''' 

ERetail =[[[] for x in range (len(blocks))] for y in range (len(blocks))]  

sum_each_R=0 

Ej=0 # the no of people who shop from their employment 

 

'''calculating coefficient B for Retail''' 

for x in range (len(blocks)):  
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    paronomastis3=0 

    for y in range(len(blocks)): # j '''the different centers''' 

 

        distance_k1= math.sqrt((math.pow(blocks_X[y]-blocks_X[x],2))+math.pow(blocks_Y[y]-

blocks_Y[x],2)) 

        paronomastis3=paronomastis3+math.exp(-bk*distance_k1) #''' the Sum of dist i--> j 

            #print c,": ",paronomastis 

    BR.append(paronomastis3) 

 

''' allocation of sectors with retail locational model (defining optimum location - capacities..)''' 

#Eforedu = 30*(tripcost* totalpop * ) 

 

for i in range (len(blocks)): 

     sum_R=0 

     for k in range (len(blocks)): 

         if blocks[i]!= blocks[k]: 

            distance_k= math.sqrt((math.pow(blocks_X[i]-blocks_X[k],2))+math.pow(blocks_Y[i]-

blocks_Y[k],2)) 

            ERetail[i][k]= (pop[i]*math.exp(-bk*distance_k)/BR[i])+ Ej  # takes the sum of pop in blocks (calc 

above and adds the pop who shops from their workplace (0).  

            sum_R = sum_R+ERetail[i][k] # apothikeuei ton sinoliko plithismo gia kathe block xexorista.  

            #print ERetail[i][k],"= ", sum_each[i], "*" , "(math.exp",-bk, " *", distance_k, ")/", BR[i] 

     ce.setAttribute(blocks[i], 'Retail', sum_R) 

     #print sum_R 

      

'''allocation of pop to zones''' 

#pop=a *basic_emp* 

#[ce.setAttribute(blocks[x], 'pop', pop) for x in range (len(blocks))] 
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Appendix A.4.3 

Sample code: CGA for the Gulbarga model 
 

/** 

 * File:    58zones.cga 

 * Created: 2 Dec 2014 14:43:10 GMT 

 * Author:  Flora R 

 */ 

 

version "2014.0" 

@Group ("0.Starting Point",0) 

@Range ("Employment","Pop","initial")  

attr ChooseInput = "initial" 

@Range ("capacities","flows","heightsCap")  

attr visualization= "capacities" 

@Group ("1.Planning Restrictions",0) 

attr max_height= 100 

@Range("flat","house","mansion","highrise")  

attr typehouse= "house" 

const OccupancyRate =  

 case typehouse== "house": 30 

 case typehouse== "flat": 5 

 case typehouse == "mansion":50 

 case typehouse == "highrise": 10 

 else: 500 

  

attr nohouses=0 

attr sqmp_priv=0 

attr sqmp_publ=0 

 

@Group ("2.Main Model Attributes",0) 

attr basic_emp = 0 

attr pop = 0 

attr retail=0 

@Group ("3.Land Use",0) @Range("ind","resi","retail","unused") 

attr landuse= "unused" 

 

@Group ("4.OA",0) 

attr area= geometry.area 

const street_network_area = (area/(2500+1800))*1800 #2500: typical block area 

(50*50m), 1500: typical street network area per block (50*7.5m) 7.5= half 

street width  

const opt_area_res_public = (area- street_network_area)*0.8 # percentage of 

total area, for pop related look here-->  #pop*500 #(optimum public area (sqm) 

for certain population including street networks, parks, sports etc.) 

const housing_area = (area-opt_area_res_public-street_network_area)# area for 

housing # 20 sq/person for private space  

const opt_area_res_private = pop*OccupancyRate #(optimum private area (sqm) 

for certain population: housing) 

const building_factor = opt_area_res_private/housing_area 

const height_ind = (basic_emp*(30))/(area-street_network_area-(area*0.1)) 

const height_ret = (retail*(70))/(area-street_network_area-(area*0.2)) 

 

const normbuildf  = 1/(5*building_factor) 

const normpop = ((pop-0)/(50000-0)* (4000-0)+0) 

 

const coloramppop = 1-(1/(1500)*(normpop)) 

 

x_norm = 1 / (max - min) * (x - min) 
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Lot-->  

 input 

 Report 

 

input --> 

  

 case visualization == "flows" && landuse=="resi": 

  extrude (normpop) 

  color (colorRamp("redToBlue",coloramppop )) 

 case visualization == "flows" && landuse!="resi": 

  extrude(1) 

 case visualization == "heightsCap": 

  Areacalc 

 else: 

  Setland  

     

 

Areacalc --> 

  

 Setland 

  

Setland --> 

  

  case landuse == "resi" :  

   case visualization == "heightsCap":Residentialheights   

   else: Residential 

   case landuse == "retail": Retail 

   case landuse == "ind": Industrial #extrude (basic_emp/5) 

  case landuse == "edu": extrude (20) color ("#42B0BD") 

  case landuse == "green": extrude (10) color ("#1CAD43") 

  case landuse == "unused": Unused 

  else: extrude (10) 

   

Residential --> 

  

  case building_factor>1 && (building_factor*4)<=max_height: extrude 

(100*building_factor) color(0,normbuildf*3,normbuildf*3) 

  case building_factor>1 && (building_factor*4)>max_height: extrude 

(100*building_factor) color(1,0.1,0.1) 

  case pop == 0 : extrude (3) color(0,0.9,0.9) 

  else: extrude (3) color(0,normbuildf,normbuildf) 

 

Residentialheights --> 

 case building_factor>1 && (building_factor*4)<=max_height: extrude 

(10*max_height) color(0,normbuildf*3,normbuildf*3) 

  case building_factor>1 && (building_factor*4)>max_height: extrude 

(10*max_height) color(1,0.1,0.1) 

  case pop == 0 : extrude (3) color(0,0.9,0.9) 

  else: extrude (max_height) color(0,normbuildf,normbuildf) 

 

Unused -->  

    

   case p(building_factor-0.1): extrude (3000) #print (height_multi)  

   else : extrude (1) 

   #color ("#0E964D") 

Industrial --> 

   case height_ind>1: extrude (4*height_ind) color("#C914C6") 

  else: extrude (10) color("#C914C6") 

    

Retail --> 

 #extrude (retail/4) 

 case retail> 0:  

  extrude (4*height_ret/20) color("#F7E411") 

 else: extrude (1) color("#F7E411") 

 

Report--> 

   report ("area",area)  
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Sample code: Python for the Gulbarga model 
 

''' 

Created on 20 Aug 2013 

 

@author: lora 

''' 

from scripting import * 

import time 

import math 

# get a CityEngine instance 

ce = CE() 

 

# switch of start with bbe and start with pop 

# have sliders with the constraints.  

# start with all initial conditions and have the model generate itself.  

 

'''defining layer''' 

ce.addShapeLayer('geometry_1') 

#geometry_1=ce.getObjectsFrom(ce.scene, ce.isShapeLayer, 

ce.withName("geometry_1")) 

 

'''get objects from scene and store them in list'''  

objects=ce.getObjectsFrom(ce.scene) 

blocks=ce.getObjectsFrom(ce.scene,ce.withName("zones1")) 

 

''' get FID of blocks and LandUse''' 

FID=len(blocks) 

LandUse=[ce.getAttribute(blocks[x],'landuse') for x in range (FID)] 

 

''' get x-y location of blocks/ calculate area''' 

blocks_X=[ce.getPosition(blocks[x])[0] for x in range (FID)] # table x 

blocks_Y=[ce.getPosition(blocks[x])[2] for x in range (FID)] 

area = [ce.getAttribute(blocks[x],'SHAPE_Area') for x in range (FID)] 

areafactor=[(area[x]/max(area)*1000) for x in range(FID)] 

 

 

'''checking where industries are, storing which are the industries and land 

uses''' 

IndustryID=[ID for ID in range (FID) if LandUse[ID]=='ind'] # stores ID 

RetailID=[ID for ID in range (FID) if LandUse[ID]=='retail'] 

ResiID=[ID for ID in range (FID) if LandUse[ID]=='resi'] 

IndRetID = IndustryID+RetailID 

 

'''get each industie's employment from object attributes''' 

BasicEmplOA = [ce.getAttribute (blocks[x], 'basic_emp') for x in range 

(len(blocks))] 

emp_f= [ce.getAttribute (blocks[x], 'emp_factor') for x in range  

(len(blocks)) ] 

bres= ce.getAttribute(blocks[0], 'bres') 

RetailEmplOA = [ce.getAttribute (blocks[x], 'retail') for x in range  

(len(blocks))] 

ret_f= [ce.getAttribute (blocks[x], 'ret_factor') for x in range  

(len(blocks)) ] #retail factor (mutliply pop to get retail employment  

basicEmpArray = [0] 

 

BE=[ce.getAttribute (blocks[IndustryID[x]], 'MAINWORK_P') for x in range  

(len(IndustryID))] 

BEtot=[ce.getAttribute (blocks[IndRetID[x]], 'TOT_WORK_P') for x in range  

(len(IndRetID))] 

popresi=[ce.getAttribute(blocks[ResiID[x]],'TOT_P') for x in range 

(len(ResiID))] 

ERetail =[ce.getAttribute (blocks[RetailID[x]],  'TOT_WORK_P')-

ce.getAttribute(blocks[RetailID[x]],'MAINWORK_P') for x in range 

(len(RetailID))] 
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'''defining layer''' 

gather_old=ce.getObjectsFrom(ce.scene, ce.isShapeLayer, ce.withName("gather")) 

ce.delete(ce.getObjectsFrom(gather_old)) 

 

ce.addShapeLayer('gather') 

layer_gather=ce.getObjectsFrom(ce.scene, ce.isShapeLayer, 

ce.withName("gather")) 

 

 

costh = 1 # it needs to be connected with area 

 

start= ce.getAttribute(blocks[0], '/ce/rule/ChooseInput') 

print start 

 

'''sum total employment of all industries''' 

#basic_emp_tot= sum(basic_emp[x] for x in range (len(basic_emp)) ) 

 

 

'''MAIN STARTING FUNCTION''' 

 

def main() : 

     

    if  (start == "initial"): 

        Initial () 

         

    elif(start == "Employment"): 

        pop=[] 

        #basicEmpArray=BE+Bret 

        EmpToPop() 

        PoptoRet() 

        print ("total pop: ", sum(pop)) 

    elif (start == "Pop") : 

        pop = [ce.getAttribute(blocks[ResiID[x]],'pop') for x in range 

(len(ResiID))] 

        PopToEmp () 

        PoptoRet() 

    else :  

        print ("unknown command") 

 

 

''' RETURNS VALUES TO CURRENT STATE''' 

def Initial (): 

    for i in range (FID): 

        if   (LandUse[i]== 'ind'): None 

        elif (LandUse[i]=='resi'): None 

        elif (LandUse[i]=='retail'): None 

        elif (LandUse[i]=='unused'): None 

        else: print ("unknown land use found" , LandUse[i]) 

            #ce.setAttribute (blocks[i], 'Retail', 0)   

     

    for i in range (len(IndustryID)): 

        ce.setAttribute (blocks[IndustryID[i]], 'basic_emp', BE[i]) 

    for i in range (len(ResiID)): 

        ce.setAttribute (blocks[ResiID[i]], 'pop', popresi[i]) 

    for i in range (len(RetailID)): 

        ce.setAttribute (blocks[RetailID[i]], 'retail', ERetail[i]) 

    for i in range (len (blocks)): 

        if LandUse[i]=='unused': 

             ce.setAttribute (blocks[i], 'pop',0) 

              

 

    print ("initial pop:", sum(popresi)) 

    print ("retail:",sum(ERetail)) 

    print("employment:", sum(BE)) 

    print ("all employment:",sum(BEtot)) 
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'''Attractiveness''' 

''' 

 def Attractiveness():    

    for x in range (len(IndRetID)): 

        for y in range (len(ResiID)): 

            A[j]=popresi[j]/math.exp(-bres*distance) 

''' 

 

 

 

''' ALLOCATION OF POP ACCORDING TO EMPLOYMENT USING SPATIAL INTERACTION''' 

def EmpToPop(): 

    #bb=0.00125  # factor pou kanonizei to concetration (oso pio megalo toso 

pio dinati i elxi. polis kosmos sigkentronetai giro apo ta kentra.) 

    '''calculation of total population produced by BE per zone''' 

     #proportional factor for pop from employment 

    Oi=[] 

    Oite=[] 

     

    for i in range (len(IndRetID)): 

        if (LandUse[IndRetID[i]]=='ind'): 

            Oi_each= BasicEmplOA[IndRetID[i]]*emp_f[IndRetID[i]] 

        elif (LandUse[IndRetID[i]] == 'retail'): 

            Oi_each= RetailEmplOA[IndRetID[i]]*ret_f[IndRetID[i]] 

        else: Oi_each = 0 

        Oi.append(Oi_each) 

 

    print "oi",sum(Oi) 

 

    

'''calculating coefficient B for residential''' 

    B=[] 

    for y in range (len (IndRetID)):  

        paronomastis=0 

        for x in range(len(ResiID)): # j '''the different centers''' 

            distance2= math.sqrt((math.pow(blocks_X[IndRetID[y]]-

blocks_X[ResiID[x]],2))+math.pow(blocks_Y[IndRetID[y]]-

blocks_Y[ResiID[x]],2))paronomastis=paronomastis+(math.log(areafactor[Re

siID[x]])* math.exp(-bres*distance2)) #''' the Sum of dist i--> j 

    

       B.append(paronomastis) 

  

''' pop= population from blocks to industry | creation of empty 2dimentional 

array to store''' 

    pop_each =[[0 for x in range (len(ResiID))] for y in range(len(IndRetID))]  

 

 

'''Spatial Interaction equation for population in zones- allocation of Pop in 

all zones''' 

    for x in range (len(IndRetID)): 

        for y in range (len(ResiID)): 

            distance= math.sqrt((math.pow(blocks_X[IndRetID[x]]-

blocks_X[ResiID[y]],2))+math.pow(blocks_Y[IndRetID[x]]-blocks_Y[ResiID[y]],2)) 

            pop_each[x][y]=  (Oi[x]*math.log(areafactor[ResiID[y]])*math.exp(-

bres*distance))/B[x]       

 

     

    '''creating obj attr for each industry (automatic creation-generation of 

no of attr according to no of industries)  ''' 

             #ce.setAttribute(blocks[y], 'pop'+str(x), pop_each[x][y]) NEEDED 

TO SET EACH POP INDIVIDUALLY.      

 

    '''checking def. sums of all pop to check if the pop distributed is the 

same as the pop in the industries.''' 

    sum_all=0 

     

    for b in range (len(ResiID)): 

        sum_each_p=0  

        for g in range (len(IndRetID)): 
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        sum_each_p = sum_each_p+pop_each[g][b]   

        pop.append(sum_each_p)  

 

        ce.setAttribute(blocks[ResiID[b]], 'pop', pop[b])  

     

    print "pop", sum(pop) 

    print ("model pop:", sum(pop), len(pop)) 

    print ("finished residential") 

 

    '''visualization of flows''' 

    ''' 

    maxflow= max(pop) 

    minflow=min(pop)   

    vertices3=[] 

    for i in range (len(ResiID)): 

        xnorm= ((pop[i]-minflow)/(maxflow-minflow)* (5000-

0)+0)*math.log(2)#(1/(maxflow-minflow)*(pop[i]-minflow)) 

        print xnorm 

 

        

vertices=[0+blocks_X[i],20+xnorm,0+blocks_Y[i],50+blocks_X[i],10+xnorm,10+bloc

ks_Y[i],-50+blocks_X[i],10+xnorm,-

10+blocks_Y[i],0+blocks_X[i],20+xnorm,0+blocks_Y[i],50+blocks_X[i],10+xnorm,-

10+blocks_Y[i],-50+blocks_X[i],10+xnorm,10+blocks_Y[i]] 

        #vertices2=[5+blocks_X[i], 0,5+blocks_Y[i], 

0+blocks_X[i],pop[i],0+blocks_Y[i],0+blocks_X[i], 0,0+blocks_Y[i]] 

        ce.createShape(layer_gather[0], vertices)##THIS LINE SHOW GATHER 

MAKING POINT FROM PYTHON 

        #vertices3.extend(vertices2) 

    ''' 

         

         

         

         

''' CALCULATION AND ALLOCATION OF THE RETAIL SECTOR (retail employment)''' 

''' Population of Sectors according to total pop''' 

def PoptoRet(): 

    bk=0.01125 # normalizing factor for each sector.  

    Ej=0 # the no of people who shop from their employment. 

 

'''calculating coefficient B for Retail''' 

    BR=[] 

    for x in range (len(ResiID)):  

        paronomastis3=0 

        for y in range(len(RetailID)): # j '''the different centers''' 

            distance_k1= math.sqrt((math.pow(blocks_X[RetailID[y]]-

blocks_X[ResiID[x]],2))+math.pow(blocks_Y[RetailID[y]]-blocks_Y[ResiID[x]],2)) 

            paronomastis3=paronomastis3+(math.log(areafactor[RetailID[y]])* 

math.exp(-bk*distance_k1)) #''' the Sum of dist i--> j 

        BR.append(paronomastis3) 

 

    ''' allocation of sectors with retail locational model (defining optimum 

location - capacities..)''' 

 

    '''define of an empty 2d array''' 

    ERetail =[[0 for x in range (len(RetailID))] for y in range (len(ResiID))] 

     

    '''Spatial Interaction for Retail''' 

    for i in range (len(ResiID)): 

         for k in range (len(RetailID)): 

            #if blocks[i]!= blocks[k]: 

            distance_k= math.sqrt((math.pow(blocks_X[ResiID[i]]-

blocks_X[RetailID[k]],2))+math.pow(blocks_Y[ResiID[i]]-

blocks_Y[RetailID[k]],2)) 

            ERetail[i][k]= 

((1/ret_f[RetailID[k]])*pop[i]*math.log(areafactor[RetailID[k]])*math.exp(-

bk*distance_k))/BR[i]  # takes the sum of pop in blocks (calc above and adds 

the pop who shops from their workplace (0).  
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    '''Sum of services employment generated from pop''' 

    Ret=[] 

    for i in range (len(RetailID)): 

        sum_R=0  

        for k in range (len(ResiID)): 

            sum_R = sum_R+ERetail[k][i]  

        Ret.append(sum_R) 

        ce.setAttribute(blocks[RetailID[i]], 'retail', sum_R) 

         

    print ("Retail Pop:",sum(Ret)) 

    print ("finished Retail") 

    #''' Total employment from BE and Sectors'''  

    print ("END") 

 

 

'''ALLOCATION OF EMPLOYMENT ACCORDING TO POPULATION''' 

def PopToEmp () : 

     

    Bpop=[] 

     

    for x in range (len(ResiID)):  

        paronomastis4=0 

        for y in range(len(IndustryID)): # j '''the different centers''' 

            distance_r1= math.sqrt((math.pow(blocks_X[IndustryID[y]]-

blocks_X[ResiID[x]],2))+math.pow(blocks_Y[IndustryID[y]]-

blocks_Y[ResiID[x]],2)) 

            paronomastis4=paronomastis4+math.exp(-bres*distance_r1) 

        Bpop.append(paronomastis4) 

     

    ''' allocation of sectors with retail locational model (defining optimum 

location - capacities..)''' 

    #Eforedu = 30*(tripcost* totalpop * ) 

     

    '''define of an empty 2d array storing the be each residential one 

produces''' 

    EPop =[[0 for x in range (len(IndustryID))] for y in range (len(ResiID))] 

    '''Spatial Interaction for Retail''' 

    for i in range (len(ResiID)): 

         for k in range (len(IndustryID)): 

            distance_r= math.sqrt((math.pow(blocks_X[ResiID[i]]-

blocks_X[IndustryID[k]],2))+math.pow(blocks_Y[ResiID[i]]-

blocks_Y[IndustryID[k]],2)) 

            EPop[i][k]= (((1/(emp_f[IndustryID[k]]))*pop[i]*math.exp(-

bres*distance_r))/Bpop[i])   

     

    '''Sum of services employment generated from pop''' 

    Empresi=[] 

    for i in range (len(IndustryID)): 

        sum_Resi=0  

        for k in range (len(ResiID)): 

            sum_Resi = sum_Resi+EPop[k][i]  

        Empresi.append(sum_Resi) 

        ce.setAttribute(blocks[IndustryID[i]], 'basic_emp', sum_Resi) 

         

    print ("Employment:",sum(Empresi)) 

    print ("finished Employment from Residential") 

 

 

if __name__ == "__main__": 

    main() 
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Appendix A.5.1 

Sample outputs of the Dynamic Lowry Model  
 

This is a sample of the initial conditions, exogenous variables and iterations as exported by the 

original DLM application.  

 

Initial conditions 
 

///////////////////////////////////////////// 

//Lowry model city ENDogenous Variables file 

///////////////////////////////////////////// 

total_zn=212 

//START ZONE////////////////////// 

zn_index=0 

SV0_flsp=0 

SV1_flsp=0 

SV2_flsp=1525.89868 

SV3_flsp=5744.55984 

PT0__pop=3.090858 

PT1__pop=6.657234 

PT2__pop=4.517409 

HT0_cost=0 

HT1_cost=144790 

HT2_cost=305059 

//START ZONE////////////////////// 

zn_index=1 

SV0_flsp=0 

SV1_flsp=0 

SV2_flsp=4583.13244 

SV3_flsp=12551.88348 

PT0__pop=15.087789 
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PT1__pop=31.516199 

PT2__pop=16.227509 

HT0_cost=0 

HT1_cost=174140.5954 

HT2_cost=320645.7609 

//START ZONE////////////////////// 

zn_index=2 

SV0_flsp=857.1428572 

SV1_flsp=12070 

SV2_flsp=8203.47304 

SV3_flsp=4301.823183 

PT0__pop=1176.947599 

PT1__pop=3722.784993 

PT2__pop=2185.384764 

HT0_cost=0 

HT1_cost=169592.8751 

HT2_cost=302781.9376 

//START ZONE////////////////////// 

zn_index=3 

SV0_flsp=2000 

SV1_flsp=13765 

SV2_flsp=15560.0346 

SV3_flsp=5432.76116 

PT0__pop=1353.315004 

PT1__pop=3902.253151 

PT2__pop=2164.724318 

HT0_cost=0 

HT1_cost=109387.9505 

HT2_cost=204675.4476 

//START ZONE////////////////////// 

zn_index=4 

SV0_flsp=0 

SV1_flsp=0 

SV2_flsp=1912.17356 
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SV3_flsp=3434.1076 

PT0__pop=154.016212 

PT1__pop=523.584451 

PT2__pop=261.19208 

HT0_cost=0 

HT1_cost=96996.40045 

HT2_cost=178020.9397 

//START ZONE////////////////////// 

zn_index=5 

SV0_flsp=0 

SV1_flsp=0 

SV2_flsp=5054.51088 

SV3_flsp=3679.68392 

PT0__pop=31.047326 

PT1__pop=137.318297 

PT2__pop=89.688251 

HT0_cost=0 

HT1_cost=115380 

HT2_cost=169070.5 

//START ZONE////////////////////// 

zn_index=6 

SV0_flsp=285.7142857 

SV1_flsp=9495 

SV2_flsp=11410.80748 

SV3_flsp=0 

PT0__pop=586.252337 

PT1__pop=2223.584519 

PT2__pop=1260.529084 

HT0_cost=0 

HT1_cost=110381.9092 

HT2_cost=162460.3662 

 

 

…etc.. for all zones…  
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Exogenous variables 
 

Exogenous variables export files further contain additional variables that relate to model 

parameters which are not included in this sample for reasons of simplicity.  

//ZONE DEFINITION////////////////////// 

zn_index=1 

position=OSGBCoordinate:428360.3123,380068.5005 

BASICemp=114.905226 

//ZONE DEFINITION////////////////////// 

zn_index=2 

position=OSGBCoordinate:431360.3123,380068.5005 

BASICemp=213.599696 

//ZONE DEFINITION////////////////////// 

zn_index=3 

position=OSGBCoordinate:434360.3123,380068.5005 

BASICemp=305.735386 

//ZONE DEFINITION////////////////////// 

zn_index=4 

position=OSGBCoordinate:437360.3123,380068.5005 

BASICemp=31.21916 

//ZONE DEFINITION////////////////////// 

zn_index=5 

position=OSGBCoordinate:440360.3123,380068.5005 

BASICemp=245.649228 

//ZONE DEFINITION////////////////////// 

zn_index=6 

position=OSGBCoordinate:443360.3123,380068.5005 

BASICemp=554.565243 

//ZONE DEFINITION////////////////////// 

zn_index=7 

position=OSGBCoordinate:446360.3123,380068.5005 

 

…etc.. for all zones…  
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Iterations export  
 

Iteration exports are one file per iteration.  

<<<<<<<<<dynamic lowry model iteration data>>>>>>>>> 

alpha=0.9 

JourneyToWorkTravelCostImpactByIncomeLevel[0]=1.95 

JourneyToWorkTravelCostImpactByIncomeLevel[1]=0.55 

JourneyToWorkTravelCostImpactByIncomeLevel[2]=0.06 

JourneyToServiceTravelCostImpactByIncomeLevel[0]=1.95 

JourneyToServiceTravelCostImpactByIncomeLevel[1]=0.55 

JourneyToServiceTravelCostImpactByIncomeLevel[2]=0.06 

total iterations=0 

total zones=212 

calibration measure=-1 

ZONE============================================0 

easting=425360 

northing=380069 

total pop=14.2655 

low income pop=3.09086 

med income pop=6.65724 

high income pop=4.51741 

retail provision=1525.9 

other consumer driven service provision=5744.56 

health provision=1 

education provision=1 

basic employment=29.9196 

total small homes=7.13275 

total large homes=7.13275 

total temp homes=0 

small home price=144790 

large home price=305059 

ZONE============================================1 

easting=428360 

northing=380069 
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total pop=62.8315 

low income pop=15.0878 

med income pop=31.5162 

high income pop=16.2275 

retail provision=4583.13 

other consumer driven service provision=12551.9 

health provision=1 

education provision=1 

basic employment=114.905 

total small homes=31.4158 

total large homes=31.4158 

total temp homes=0 

small home price=174141 

large home price=320646 

ZONE============================================2 

easting=431360 

northing=380069 

total pop=7085.12 

low income pop=1176.95 

med income pop=3722.79 

high income pop=2185.39 

retail provision=8203.47 

other consumer driven service provision=4301.82 

health provision=857.143 

education provision=12070 

basic employment=213.6 

total small homes=3542.56 

total large homes=3542.56 

total temp homes=0 

small home price=169593 

large home price=302782 

ZONE============================================3 

easting=434360 

northing=380069 
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total pop=7420.29 

low income pop=1353.32 

med income pop=3902.25 

high income pop=2164.72 

retail provision=15560 

other consumer driven service provision=5432.76 

health provision=2000 

education provision=13765 

basic employment=305.735 

total small homes=3710.15 

total large homes=3710.15 

total temp homes=0 

small home price=109388 

large home price=204675 

ZONE============================================4 

easting=437360 

northing=380069 

total pop=938.793 

low income pop=154.016 

med income pop=523.585 

high income pop=261.192 

retail provision=1912.17 

other consumer driven service provision=3434.11 

health provision=1 

education provision=1 

basic employment=31.2192 

total small homes=469.396 

total large homes=469.396 

total temp homes=0 

small home price=96996.4 

large home price=178021 

ZONE============================================5 

easting=440360 

northing=380069 
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total pop=258.054 

low income pop=31.0473 

med income pop=137.318 

high income pop=89.6883 

retail provision=5054.51 

other consumer driven service provision=3679.68 

health provision=1 

education provision=1 

basic employment=245.649 

total small homes=129.027 

total large homes=129.027 

total temp homes=0 

small home price=115380 

large home price=169071 

 

…etc.. for all zones…  
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Appendix A.6.1 

Epicollect  
 

 

 

 

Figure 1: Sample census data from Epicollect +. 

 

 

Figure 2: Live Tweets via Bigdatatoolkit.com. 

 

 

Figure 3: GPS tracking for mapping pathways and boundaries.
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Appendix A.6.2 

Lima Layers 
 

 

 

Figure 4: Wireframe of Lima mesh 
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Appendix A.7.1 

Olympic Park Parameter Plans 
 

1 SITE LOCATION PLAN/Drwg. No.- LCS-DWG-ILL-LCT-CON-GLB-001 51287.pdf Drawing 28-Sep-11

2
SITE WIDE ACCESS AND ROUTES PARAMETER PLAN ILLUSTRATIVE - FURTHER INFORMATION RE/Drwg. No.- 

LCS_DWG_ILL_ACS_CON_GLB_002
57297.pdf Drawing 14-Feb-12

3 SITE WIDE ACCESS AND ROUTES PARAMETER PLAN/Drwg. No.- LCS_DWG_ILL_ACS_CON_GLB_001 51350.pdf Drawing 28-Sep-11

4 SITE WIDE BOUNDARY PLAN/Drwg. No.- LCS_DWG_APP_RED_PAR_GLB_001 51259.pdf Drawing 28-Sep-11

5
SITE WIDE COMPOSITE PARAMETER PLAN ILLUSTRATIVE - FURTHER INFORMATION RECEIVED 1/Drwg. No.- 

LCS_DWG_ILL_COM_CON_GLB_001
57290.pdf Drawing 14-Feb-12

6 SITE WIDE COMPOSITE PARAMETER PLAN/Drwg. No.- LCS_DWG_ILL_COM_CON_GLB_001 51351.pdf Drawing 28-Sep-11

7
SITE WIDE CUT AND FILL PLAN FOR APPROVAL - FURTHER INFORMATION RECEIVED 10 FEBRU/Drwg. No.- LCS-

DWG-APP-TOP-PAR-GLB-000-002
57281.pdf Drawing 14-Feb-12

8 SITE WIDE CUT AND FILL PLAN/Drwg. No.- LCS-DWG-APP-TOP-PAR-GLB-000-002 51224.pdf Drawing 28-Sep-11

9 SITE WIDE DISTRICT HEAT NETWORK LAYOUT/Drwg. No.- LCS-DWG-ILL-UTL-CON-GLB-000-016 51307.pdf Drawing 28-Sep-11

10 SITE WIDE EXISTING LEVELS PLAN/Drwg. No.- LCS-DWG-ILL-TOP-CON-GLB-000-001 51301.pdf Drawing 28-Sep-11

11 SITE WIDE FOUL WATER DRAINAGE LAYOUT/Drwg. No.- LCS-DWG-ILL-DRG-CON-GLB-000-011 51290.pdf Drawing 28-Sep-11

12 SITE WIDE GAS LAYOUT/Drwg. No.- LCS-DWG-ILL-UTL-CON-GLB-000-017 51308.pdf Drawing 28-Sep-11

13 SITE WIDE GRADIENT PLAN/Drwg. No.- LCS-DWG-ILL-TOP-CON-GLB-000-002 51302.pdf Drawing 28-Sep-11

14
SITE WIDE GROUND FLOOR PREDOMINANT LAND USES PARAMETER PLAN ILLUSTRATIVE - FURTH/Drwg. No.- 

LCS_DWG_ILL_LDU_CON_GLB_001
57291.pdf Drawing 14-Feb-12

15
SITE WIDE GROUND FLOOR PREDOMINANT LAND USES PARAMETER PLAN/Drwg. No.- 

LCS_DWG_ILL_LDU_CON_GLB_001
51361.pdf Drawing 28-Sep-11

16 SITE WIDE HIGH VOLTAGE LAYOUT/Drwg. No.- LCS-DWG-ILL-UTL-CON-GLB-000-012 51303.pdf Drawing 28-Sep-11

17
SITE WIDE ILLUSTRATIVE MASTERPLAN - FURTHER INFORMATION RECEIVED 10 FEBRUARY 201/Drwg. No.- LCS-

DWG-ILL-MAS-CON-GLB-002
57289.pdf Drawing 14-Feb-12

18 SITE WIDE ILLUSTRATIVE MASTERPLAN/Drwg. No.- LCS-DWG-ILL-MAS-CON-GLB-002 51293.pdf Drawing 28-Sep-11

19 SITE WIDE INDICATIVE PHASING PLAN/Drwg. No.- LCS_DWG_ILL_PHS_CON_GLB_001 51363.pdf Drawing 28-Sep-11

20
SITE WIDE INFRASTRUCTURE EXISTING ROADS & BRIDGES TO BE REMOVED/Drwg. No.- LCS-DWG-APP-INF-PAR-

GLB-001
51371.pdf Drawing 28-Sep-11

21
SITE WIDE INFRASTRUCTURE EXISTING ROADS AND BRIDGES TO BE REMOVED FOR APPROVAL -/Drwg. No.- LCS-

DWG-APP-INF-PAR-GLB-001
57285.pdf Drawing 14-Feb-12

22
SITE WIDE LIMITS OF DEVIATION FOR DEVELOPMENT PARCEL BOUNDARIES PARAMETER PLAN/Drwg. No.- 

LCS_DWG_APP_DEF_PAR_GLB_001
51184.pdf Drawing 28-Sep-11

23
SITE WIDE MAXIMUM AOD BUILDING HEIGHTS AND FRONTAGE HEIGHTS PARAMETER PLAN ILLUS/Drwg. No.- 

LCS_DWG_ILL_HGT_CON_GLB_001
57293.pdf Drawing 14-Feb-12

24
SITE WIDE MAXIMUM AOD BUILDING HEIGHTS AND FRONTAGE HEIGHTS PARAMETER PLAN/Drwg. No.- 

LCS_DWG_ILL_HGT_CON_GLB_001
51359.pdf Drawing 28-Sep-11

25
SITE WIDE MAXIMUM TRUE HEIGHTS PARAMETER PLAN ILLUSTRATIVE - FURTHER INFORMATION/Drwg. No.- 

LCS_DWG_ILL_HGT_CON_GLB_003
57295.pdf Drawing 14-Feb-12

26
SITE WIDE MINIMUM AOD FRONTAGE HEIGHTS PARAMETER PLAN ILLUSTRATIVE - FURTHER INF/Drwg. No.- 

LCS_DWG_ILL_HGT_CON_GLB_002
57294.pdf Drawing 14-Feb-12

27 SITE WIDE MINIMUM AOD FRONTAGE HEIGHTS PARAMETER PLAN/Drwg. No.- LCS_DWG_ILL_HGT_CON_GLB_002 51360.pdf Drawing 28-Sep-11

28
SITE WIDE MINIMUM TRUE HEIGHTS PARAMETER PLAN ILLUSTRATIVE - FURTHER INFORMATION/Drwg. No.- 

LCS_DWG_ILL_HGT_CON_GLB_004
57296.pdf Drawing 14-Feb-12

29 SITE WIDE NON-POTABLE WATER LAYOUT/Drwg. No.- LCS-DWG-ILL-UTL-CON-GLB-000-014 51305.pdf Drawing 28-Sep-11

30 SITE WIDE OPEN SPACES PARAMETER PLAN/Drwg. No.- LCS_DWG_APP_OPS_PAR_GLB_001 51234.pdf Drawing 28-Sep-11

31
SITE WIDE OPEN SPACES PARAMETER PLANS FOR APPROVAL - FURTHER INFORMATION RECEIVE/Drwg. No.- LCS-

DWG-APP-OPS-PAR-GLB-001
57287.pdf Drawing 14-Feb-12

32
SITE WIDE PHASING PLAN FOR APPROVAL - FURTHER INFORMATION RECEIVED 10 FEBRUARY 2/Drwg. No.- 

LCS_DWG_APP_PHS_PAR_GLB_001
57288.pdf Drawing 14-Feb-12

33
SITE WIDE PLAN HIGHWAYS HIERARCHY ILLUSTRATIVE - FURTHER INFORMATION RECEIVED 10/Drwg. No.- LCS-

DWG-ILL-HWY-CON-GLB-001
57232.pdf Drawing 14-Feb-12

34 SITE WIDE PLAN HIGHWAYS HIERARCHY/Drwg. No.- LCS-DWG-ILL-HWY-CON-GLB-001 51292.pdf Drawing 28-Sep-11

35 SITE WIDE POTABLE WATER LAYOUT/Drwg. No.- LCS-DWG-ILL-UTL-CON-GLB-000-013 51304.pdf Drawing 28-Sep-11

36
SITE WIDE PROPOSED LEVELS PLAN FOR APPROVAL - FURTHER INFORMATION RECEIVED 10 FE/Drwg. No.- LLCS-

DWG-APP-TOP-PAR-GLB-000-001
57282.pdf Drawing 14-Feb-12

37 SITE WIDE PROPOSED LEVELS PLAN/Drwg. No.- LCS-DWG-APP-TOP-PAR-GLB-000-001 51223.pdf Drawing 28-Sep-11

38 SITE WIDE RESIDENTIAL DENSITY PARAMETER PLAN/Drwg. No.- LCS_DWG_APP_DEN_PAR_GLB_001 51242.pdf Drawing 28-Sep-11

39
SITE WIDE RESIDENTIAL DENSITY PARAMETER PLANS FOR APPROVAL - FURTHER INFORMATION/Drwg. No.- 

LCS_DWG_APP_DEN_PAR_GLB_001
57286.pdf Drawing 14-Feb-12

40 SITE WIDE SURFACE WATER DRAINAGE LAYOUT/Drwg. No.- LCS-DWG-ILL-DRG-CON-GLB-000-012 51291.pdf Drawing 28-Sep-11

41 SITE WIDE TELECOMMUNICATIONS LAYOUT/Drwg. No.- LCS-DWG-ILL-UTL-CON-GLB-000-015 51306.pdf Drawing 28-Sep-11

42
SITE WIDE UPPER FLOOR PREDOMINANT LAND USES PARAMETER PLAN ILLUSTRATIVE - FURTHE/Drwg. No.- 

LCS_DWG_ILL_LDU_CON_GLB_002
57292.pdf Drawing 14-Feb-12

43
SITE WIDE UPPER FLOOR PREDOMINANT LAND USES PARAMETER PLAN/Drwg. No.- 

LCS_DWG_ILL_LDU_CON_GLB_002
51362.pdf Drawing 28-Sep-11

 

  parcels 
  roads 
  lots 

  infrastructure 

  boundaries 
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Appendix A.7.2 

Reporting Tool 
 

 

Sample code of the reporting tool in Python. The script reads metadata from CityEngine and writes them in 

a file which is compatible with Unity3D.  

 

''' 

Created on Jun 2, 2015 

 

@author: o 

''' 

from scripting import * 

# Get a CityEngine instance 

ce = CE() 

#model=Model() 

 

'''' 

This scripts functions (class) in order to run needs to run the export from script from file--> menu.  

however, if we include the if __name__ == '__main__' function then it runs the exporter from the python 

script.  

''' 

 

path= '/HOK/scripts/reportfromrules.py' 

blocks=ce.getObjectsFrom  (ce.selection,ce.isShape)#(ce.scene,ce.withName("zones1")) 

#(ce.scene,ce.withName ("test")) 

arealist=[] 

areadict={} 

 

# Globals 

gInstanceData = "" # global string that collects all data to be written 

gInstanceCount = 0 # global count to enumerate all instances 
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# Called before the export start. 

def initExport(exportContextOID): 

    ctx = ScriptExportModelSettings(exportContextOID) 

     

# Called for each shape before generation. 

def initModel(exportContextOID, shapeOID): 

    ctx = ScriptExportModelSettings(exportContextOID) 

    shape = Shape(shapeOID) 

     

# Called for each shape after generation. 

def finishModel(exportContextOID, shapeOID, modelOID): 

    global gInstanceData, gInstanceCount 

    ctx = ScriptExportModelSettings(exportContextOID) 

    shape = Shape(shapeOID) 

    model = Model(modelOID) 

    reports = model.getReports() 

    countx=0 

    if 'area' in reports.keys() : 

        for area in reports['area']: 

            #o[blocks[i]] = area 

            arealist.append(area) 

            areadict[shape]=area 

    #print areadict 

    ''' 

    if(model.getReports().has_key('area')): 

        for area in reports ['area']: 

            instanceData = processInstance(reports, gInstanceCount, countx) 

            countx=countx+1 

            gInstanceData = gInstanceData+instanceData 

            gInstanceCount = gInstanceCount+1 

        #print("hi"+ gInstanceCount) 

    ''' 
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    if (model.getReports().has_key('area')): 

        #print (model.getReports()) 

        instanceData = processInstance(reports, gInstanceCount, countx) 

        countx=countx+1 

        gInstanceData = gInstanceData+instanceData 

        gInstanceCount = gInstanceCount+1 

    

 

''' Collect the instance information in a tab-separated string'''  

 

def processInstance(reports, count, index): 

 

    #for i in reports: 

    #print (reports) 

    ## remove path from asset string 

    area = reports['area'][index] 

 

 

    ## prepare the string for the instance map 

    text  = "%d\t" % count; 

    #text += "%s\t" % area; 

    text += "%.3f\t%.3f\t%.3f\t" % (reports['Parcel, Area (m2)'][index],reports['Building, Gross Floor Area 

(m2)'][index],reports['Parcel, Floor Area Ratio (Density)'][index]) 

    text += "%.3f\n" % (reports['Site Conditions, Slope (%)'][index]) 

    #text += "%.3f\t%.3f\t%.3f\t" % (reports['xrot'][index],reports['yrot'][index], reports['zrot'][index]) 

    #text += "%.3f\t%.3f\t%.3f\n" % (reports['xscale'][index], reports['yscale'][index], reports['zscale'][index]) 

    return text 

 

''' combining data (header and content) and writing file ''' 

def writeFile(file, content): 

  ## prepare the head string 

  print "head" 
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    head = "ID \t Parcel, Area (m2)\t  Building: Gross Floor Area (m2)\t Parcel: Floor Area Ratio (Density)\t 

Site Conditions: Slope (%)\n" 

    print head 

    ## combine header and content 

    content = head + content 

 

    ## write data to the file 

    report = open(file, "w") 

    report.write(content) 

    report.close() 

     

# Called after all shapes are generated. 

def finishExport(exportContextOID): 

    ctx = ScriptExportModelSettings(exportContextOID) 

    global gInstanceData, gInstanceCount 

    ## path of the output file 

    file = ce.toFSPath("models")+"/instanceMap.txt" 

    ## write collected data to file 

    writeFile(file, gInstanceData) 

    print str(gInstanceCount)+"instances written to "+file +"\n" 

 

def main(): 

    exportSettings = ScriptExportModelSettings() 

    exportSettings.setScript(path) 

    ce.export(blocks, exportSettings) 

    print "done" 

 

if __name__ == '__main__': 

    main() 
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