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Abstract

A variety of network patterns strongly influences the designs of today’s cities and agglomer-
ations. The network patterns show considerable topological design variations, which become
evident when comparing network patterns of different cities or even within the same city. Nu-
merous urban transport network patterns have been developed in past eras and have been used
for transportation purposes. However, changing travel demands, technologies, as well as strong
regional and worldwide migration and urbanization make it ever so necessary to adapt and ex-
tend urban infrastructure in the future. Therefore, fundamental knowledge about urban and
transport network design is necessary to increase general understanding of the effects of today’s
networks and to improve and adapt general design recommendations for the future development

of cities and agglomerations.

Today, recommendations on urban design are available in guidebooks and norms. However,
these design recommendations often rely on scarce fundamental research. There is little quan-
titative research on which to draw upon. Moreover, real world urban plans and patterns vary
considerably in topology and size which hampers the definition of general recommendations
based on these plans and patterns. Design algorithms are being applied increasingly in ur-
ban and transport planning. However, most obtained results are very application specific and
can hardly be transformed into general design recommendations. Urban network design thus

remains contentious, despite recent theoretical and applied research on this topic.

Shape grammars are increasingly applied in the complex field of transport and urban design and
architecture, especially in an increasing number of urban simulations. Grammars are applied to
procedurally design infrastructure, e.g. buildings or neighborhoods. Grammar rules govern the
fundamental planning elements, e.g. interior walls or street segments. The elements are added

to each other according to distinct grammar rules.

Shape grammars are promising tools for designing urban areas. They can be applied directly
in urban design methods without cumbersome calculations, are applicable to different plan-
ning sites, and are suitable for solving interdisciplinary planning tasks. With shape grammars
it might even be possible to overcome complexity in urban designs. And they can be trans-

formed to urban design guidelines for future applications. This thesis explores the usage of

X1V
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shape grammars in transport and urban design, and in planning applications. Shape grammars,
and especially their effects in planning applications are yet poorly understood despite recent
advances in network design and urban modeling. Therefore, a theoretical justification is made

and three evaluation methods are suggested and applied within this thesis.

Available literature and existing theory on grammars are reviewed to consolidate and enhance
theoretical knowledge, and to analyze the corresponding complexity of grammar based ap-
proaches in network design. Grammars are defined both as rules describing the design mech-
anisms, and as application specification describing the underlying assumptions and effects of
the rules. In an example, the proposed theoretical concept is successfully applied on the design

of a city boulevard.

Three methodologies are proposed in this thesis to define and evaluate grammars and their
effects in network design. For shape grammar definitions and evaluations, it is assumed that
road network models on featureless planes are specifically suitable compared to empirical real
world network evaluations. In this way it is possible to ignore politically and historically driven
network design and past construction decisions. And consequently, networks can be designed,
modeled and understood in their fundamental principles. A network design algorithm is devel-
oped for the design of network topologies which also implements and extracts shape grammars.
Modeling results demonstrate the influence of topology and intersection type choice in road
networks. High network meshedness correlates with low user costs, also within the proposed
reliability analysis. Experiments confirm the importance of turn delay consideration and inter-
section type choice. Generally, signals have low user costs and high reliability at increasing
traffic flows. Moreover, by increasing the capacities at intersections and on roads the reduction
of total user costs is higher compared to the alternative of increasing the overall road network
length. Specifically, gridirons with medium block size (~200m) have high meshedness values

and are reliable with signals, thus making them efficient in dense urban areas.

There is strong evidence that different transport modes require different network topologies
due to their specific characteristics, especially speed, required capacity and average turn de-
lay. It is also known that pedestrians, with very low speeds and turn delays, prefer denser
networks with less capacity on their paths. This result is in contrast to the findings above for
road networks; however, it is in line with empirical data from literature. In addition, qualitative
comparisons with historical network developments support these findings. In conclusion, it is
possible to evaluated shape grammars. Apart from rules, application specifications are required

for improved and meaningful grammar applications.
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Zusammenfassung

Eine grosse Vielfalt existierender Verkehrsnetze zeichnen ihre markanten Muster in die heu-
tigen Stadtplidne. Spezifische Eigenschaften wie Formen und absolute Grossen variieren stark
zwischen den urbanen Netzen, sichtbar im Vergleich verschiedener Stddte oder sogar in der-
selben Stadt. Die heute bestehenden Netze und Muster wurden in unterschiedlichen Epochen
entworfen und umgesetzt, werden jedoch bis heute und auch in Zukunft als Verkehrsnetze
genutzt. Sich dndernde Anforderungen an die Infrastruktur sowie regionale und weltweite
Urbanisierungs- und Migrationsprozesse erfordern jedoch Anpassungen und Erweiterungen
der bestehenden Infrastrukturen. Ein fundiertes Grundlagenwissen iiber Entwurfsgestaltung
und Stadtentwicklungen ist deshalb essentiell fiir universelle Entwurfsempfehlungen und fiir

zukiinftige Entwicklungen von Verkehrsnetzen.

Es bestehen schon heute Empfehlungen fiir den Entwurf urbaner Riume in Form von Richtli-
nien und Handbiichern. Diese Richtlinien und Handbiicher beinhalten Entwurfsvorschlidge fiir
Verkehrsnetze, basieren jedoch auf einer sehr geringen Anzahl quantitativer Forschung. Als
Grundlage fiir Entwurfsvorschldge konnen auch bestehende Stadtplidne dienen. Die existieren-
den Stadtplidne und ihre Muster unterscheiden sich jedoch deutlich beziiglich ihrer Topologie
und erschweren deshalb generelle Entwurfsempfehlungen fiir zukiinftige Netzerweiterungen
wie auch Verbesserungen oder der Ersatz existierenden Netze. Zusitzlich sind historische Ent-
scheidungen fiir Infrastrukturbauten oft politisch befangen, oder nur unvollstindig evaluiert
und sind deshalb bedingt geeignet fiir die Definition zukiinftiger Empfehlungen. Zunehmend
werden im Entwurf auch Optimierungsalgorithmen angewendet. Deren Resultate sind jedoch
sehr ortsspezifisch; die meisten Algorithmen generieren deshalb kaum allgemeingiiltige Ent-
wurfsempfehlungen. Die effiziente Gestaltung urbaner Verkehrsnetze bleibt kontrovers trotz
der existierenden theoretischen und angewandten Forschung.

Entwurfsgrammatiken werden zunehmend als Werkzeuge in der Verkehrs- und Stidteplanung
angewendet, speziell in Simulationen urbaner Ridume. Grammatiken werden in prozeduralen
Methoden fiir den Entwurf von Infrastrukturen eingesetzt, zum Beispiel im Gebédude- oder
Wohnquartierentwurf. Grundelemente wie zum Beispiel Innenwinde oder Strassensegmente

werden inkrementell aufgrund definierten Regeln aneinandergefiigt.
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Grammatiken konnen ohne grossen Aufwand im Entwurf und bei interdisziplindren Planungs-
aufgaben eingesetzt werden. Grammatiken konnten die Komplexitit in der Planung urbaner
Réume reduzieren. Zusitzlich konnen sie als Grundlage fiir zukiinftige Empfehlungen in Pla-
nungshandbiichern und Normen dienen. Diese Doktorarbeit erforscht die grundlegende Theorie
und den optimierten Einsatz von Entwurfsgrammatiken fiir die Planung von Verkehrsnetzen.
Die Grammatiken und speziell die Auswirkungen in den Anwendungen sind kaum bekannt
trotz den immensen Fortschritten im Bereich der Modellierung von urbanen Gebieten. Deshalb
werden in dieser Doktorarbeit sowohl eine theoretische Grundlage wie auch drei Methoden fiir

die Evaluation von Entwurfsgrammatiken vorgeschlagen.

Der theoretische Teil inklusive Literaturrecherche untersucht das vorhandene theoretische Wis-
sen iiber Grammatiken und deren Funktionsweise. Schon vorhandene implizit oder explizit
formulierte Grammatiken in der Verkehrs- und Raumplanung werden systematisch aufgelistet.
Diese Arbeit definiert eine Grammatik als Kombination einer Syntax und einer dazugehorige
Semantik. Die Syntax beinhaltet genau definierte Regeln fiir den inkrementellen Entwurf von
Infrastrukturen. Die Semantik definiert die dazugehorigen Anwendungsspezifikationen, welche
die Annahmen, Einschrinkungen und Auswirkungen der Regeln beschreiben. Weiter wird die
Komplexitit im Bereich Verkehrsnetze untersucht und in Zusammenhang mit den Grammati-
ken gesetzt. Die Definition von Grammatiken sowie die Anwendungsspezifikationen werden

beispielhaft und erfolgreich am Entwurf eines Boulevards aufgezeigt und iiberpriift.

Verkehrsmodelle ermoglichen Netzentwiirfe und Auswertungen, welche besonders geeignet
sind fiir die Definition und Evaluation von Grammatiken. Eine Grammatikdefinition aufgrund
optimierten und evaluierten Modellentwiirfen kann politische und historisch bedingte Pla-
nungsentscheidungen ignorieren, im Vergleich zu einer empirischen Ableitung von Gramma-
tiken basierend auf existierenden Verkehrsnetzen. Deshalb werden systematisch verschiedene
Verkehrsnetze entworfen, modelliert und anhand verschiedener Kriterien ausgewertet, mit ei-
nem Fokus auf Strassenverkehrsnetze. Fiir eine effiziente Bearbeitung wird ein Algorithmus
vorgeschlagen, welcher sowohl den Entwurf und die Optimierung von Verkehrsnetzen wie auch
die quantitative Evaluation und Extraktion von Grammatiken ermoglicht. Die Resultate zeigen
einen deutlichen Zusammenhang zwischen Netztopologie und Knotentypwahl auf. Eine hohe
Maschendichte eines Verkehrsnetzes korreliert mit tiefen generalisierten Reisekosten insbeson-
dere in den Auswertungen betreffend der Zuverldssigkeit. Weitere Resultate heben speziell die
Bedeutung der Knotentypwahl im motorisierten Individualverkehr hervor. Lichtsignalanlagen
haben bei hohem Verkehrsaufkommen relativ tiefe Abbiegewiderstinde und sind zuverléssiger.
Zusitzliche Kapazitiaten an Knoten und Strecken verringern die Reisekosten stirker als eine
Erhohung der absoluten Streckenlidnge des Verkehrsnetzes. Speziell Gitternetze haben eine ho-
hen Maschendichte und sind deshalb zuverlédssig in Kombination mit Lichtsignalanlagen und
bei zunehmenden Verkehrsaufkommen. Gitternetze sind deshalb besonders geeignet in dicht

iberbauten urbanen Rdaumen, besonders wenn die Netze mit hohen Knoten- und Streckenkapa-
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zitdten versehen sind, und mit mittlerer Maschengrosse (ca. 200m).

Verschiedene Verkehrsmittel erfordern verschiedene Netztopologien und Eigenschaften auf-
grund der Ausprigungen der Verkehrsmittel, besonders Geschwindigkeit, Kapazitit und Abbie-
geverhalten. Fussginger haben offensichtlich geringere Geschwindigkeiten und Abbiegeverzo-
gerungen und bevorzugen deshalb dichte Verkehrsnetze mit eher geringen Streckenkapazitéten.
Diese Planungsstrategie ist gegenldufig zur erwihnten optimierten Netztopologie des motori-
sierten Individualverkehrs. Die Resultate sind jedoch kongruent mit den empirischen Daten aus
der Literatur sowie mit historischen Netzen. Zusammengefasst zeigt die Arbeit Moglichkeiten
auf, Entwurfsgrammatiken zu definieren und zu evaluieren. Ebenfalls zentral ist die Definiti-
on von Anwendungsspezifikationen, welche gekoppelt sind mit den Grammatiken und welche

eine effektive zukiinftige Anwendung von Grammatiken in der Planung ermdoglichen.

Bevorzugter Zitierstil

Vitins, B.J. (2014) Shape Grammars for Urban Network Design, Dissertation, IVT, ETH Zii-

rich, Ziirich.
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Chapter 1

Introduction

"... what kinds of laws, at how many different levels, are needed, to create a growing whole
in a city or a part of a city" (Alexander et al., 1987, p.19).

Chapter [[|narrows the perspective from the broad field of transport and urban design down to a
specific grammar based design approach (Sections [I.T]and [I.2)). It provides information about
the relevance of shape grammars (Section [I.3)), applications, and examples of shape grammars

(Section|[I.4).

1.1 Focus of this Dissertation

Through history each era developed its specific network patterns and characteristics. In each
era, network patterns were designed for specific requirements using then available technologies.
It can be easily seen that the network patterns of one era replaced these of the prior era, and that
many patterns were passed on to following generations. Medieval structures (Figure
contrast with baroque layouts and gridirons (Figure [I.1(b)), and these differ again from garden
cities, modernist layouts (Figure [I.I(c)), as well as lollipop networks (Figure which
are based on treelike layouts with high dead end densities. Urban networks are considerably
different between cities, see e.g. Lampugnani/ (2010), and can be distinguished in their specific
design characteristics (Cardillo et al., |2006). In parallel to the urban patterns, parcel shapes
changed considerably over time (Strano et al., [2012). They have converged from a diversity of
shapes to mainly oblong and square shapes. It seems that medieval networks grew through a
largely self-organized, historical process. Medieval networks therefore contrast to more recent
patterns, which have been realized over a short period of time with a specifically designed

pattern in a rather top-down approach, e.g. gridirons. All these patterns are of major interest to
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urban planning.

Figure 1.1: Example network patterns from Jacobs| (1993) (1 x 1 [mile?]).

(a) Medieval layout (Venice) (b) Gridiron (Barcelona)
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(c) Modernist layout (Brasilia) (d) Lollipop network (Irvine)
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Source: Jacobs|(1993) p.249, 208, 217, 222.

Obviously, transport modes have changed considerably over time. In Europe, the medieval
networks were built mainly for pedestrians and foot carriages. Later, industrialization had an
important impact on transportation. Public transportation (trains and tramways for urbanized
areas) emerged as a major transport mode at the turn of the century (1900). Regarding the
urban design, gridirons were suitable for such modes, and were designed and applied in e.g. the
US. Later, automobiles enabled individual transportation. Transport systems around the globe
adapted to technological changes. Modernist and lollipop networks were designed, leading to
the new car age. And on top, travel costs have decreased, e.g. with low fares in air travel
(Widmer, 2002) and low car prices (Frei, [2005)).

Current and future technological developments, e.g. automated routing and driving as well as

car sharing, allow now more optimized travel in ever more congested and complex networks.
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In the future, vehicle assistance may enable a more generic design, which could be detached
from the existing network patterns. Moreover, car-independent modes, such as pedestrians, and
(electric) bicycles have gained more attention in recent years. Overall, advances in technology
will allow to enhance transportation systems also in the future, which will influence spatial

development again.

Following the arguments above, it is evident that technology and urban design are interdepen-
dent. Advances in technology enable new transport modes, which require new infrastructure,
both for transportation and spatial developments. New modes and new infrastructure enable
further cost reduction, improved productivity (e.g./Axhausen, 2007), and increasing economic
welfare (Venables| 2007). It is expected that urban network design and redesign will prevail in

urban planning due to population changes and continuous technological progress.

Many reasons drive the design and construction of transport networks. Growth, migration, and
therefore densification and sprawl are important causes for urban changes today and in the near
future. The driving forces are mainly economic, political, social and technical changes (UN,
2013; Kowald and Axhausen, 2012; World Bank, 2009; |Schaefer et al., |2009; [Transportation
Research Board, [2002; [Ewing, 2008). Figure [I.2] shows the explosion of population in urban
areas. On the top, it is assumed that travel behavior will continue to change in the future (e.g.
MacKay, 2009; [Schaefer et al., 2009)), as it did in the past (e.g.|Axhausen, 2007)), including also
the choice in travel mode (e.g. car pooling and sharing (Ciari, 2012)).

Figure 1.2: Growing population and share of urban population in the past.

(a) Share of population living in urban areas (1960). (b) Share of population living in urban areas (2011).
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Source: World Bank| (2013) online database, and Gapminder| (2014).
Bubble size is proportional to population size.

Changes on the travel demand side are ongoing and are difficult to predict in long-term forecast
models. Therefore, planners aim at reliable and robust transport systems which allow to absorb
variations in travel demand and infrastructure supply. Reliability and robustness of the transport

systems has become a priority as there are changing or increasing travel demand, longer trip
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distance and higher flows and therefore also capacity problems and delays due to the capacity
limits on the infrastructure side. One major approach to increase reliability is the adjustment
and transformation of infrastructure to absorb changes on the demand side in the short and long

term.

Summing up, it can be stated that our transport systems face two major tasks: (1) The systems
should be as efficient and productive as possible in the current state, and (2) at the same time

reliable and robust to short and long term changes.

Drawing on existing academic literature, four major research strands can be described with

examples, each aiming at the overarching goal of network design.

1. Architectural and urban planning perspectives are provided by Alexander et al.| (1977),
Southworth and Ben-Joseph| (2003), Marshall (20035, and others, who presented qualita-
tive urban designs based on profound expertise and knowledge for a functional, livable,
and economic city. [Stiny and Mitchell| (1978) developed and applied grammar rules for
the Palladian villa style. Moreover, an increasing number of urban models and simula-
tions have been applied in recent years (ESRI, 2012; UrbanVision, 2012).

2. Transport planning in a wider sense focuses on scenario development and comparison,
covering economics (Venables, 2007), risk and resilience (Erath et al., 2009; Helbing],
2013), energy supply in spatial developments (Keirstead and Shah, 2011), and corre-
sponding travel behavioral studies (Bhat and Guo, 2007). Marshall| (2005)) focuses on
streets and patterns and underlying grammar rules, e.g. for road type choice. [Van Nes
(2003) evaluated and optimized road and public transportation networks and characteris-
tics, such as road spacings, and densities.

3. Graph-based and mathematical analyses evaluate urban networks statistically and from a
graph perspective. Evaluations are provided by e.g. (Cardillo et al.| (2006)) and Xie and
Levinson| (2011), who compared transport network topologies and various network types,
and historical developments. Space syntax comprises a set of methods and techniques to
analyze spatial arrangements (Hillier et al., [ 1976).

4. The operations research community has focused on network design and optimization for
a long time, and covers multiple network types, e.g. information, water supply, logistics,
and transportation (e.g.|LeBlanc| |1975}; Goldberg, 2002; |Hillier and Lieberman) 2005]).

Summing up, network design remains contentious despite research achievements, and despite
the relatively straightforward underlying definition of networks as (planar) graphs based on
nodes and edges (Clark and Holton, |1991).

With the ever increasing relevance of the transportation system, recommendations are required
for proper and improved transport system design. Recommendations are essential for planners,
organisations and authorities responsible for settlement development. These can be bequeathed

to future generations, adapted, and improved for future changes and increased efficiency. To
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determine recommendations is a relevant research task, requiring interdisciplinary knowledge
put also profound knowledge in fields such as transportation, urban planning, architecture,

economics.

Norms and design guidelines are well-known platforms for recommendations on network de-
sign for both transport, and also urban planning for practitioners and authorities. Road network
design guidelines describe only some aspects of urban design and network topology. The "Ur-
ban Street Geometry Design Handbook" (ITE, |2008) focuses on road types and hierarchical
design, conflict points at intersections, and intersection spacing. "A Policy on Geometric De-
sign of Highways and Streets" (AASHTO, |[2004) proposes hierarchical designs, and a focus on
technical design and road geometry. The "Planning and Urban Design Standards" (American
Planning Association, 2006)) elaborates also on hierarchies, and connectivity within network
design. High connectivity is recommended for future city design, and is required for multiple
urban layouts, such as gridirons, web, radial or curvilinear networks. Both the "Urban Street
Geometry Design Handbook" and "Planning and Urban Design Standards" contain elements of
the New Urbanism movement (e.g. Dutton, 2000). However, some of the planning recommen-
dations are vague, while others merely rely on past developments and needs. Often, dense or
congested urban road network design is not covered in the guidelines, even though networks
have higher demands in urbanized areas. Many network design recommendations lack a quanti-
tative research base. The new urbanism movement proposes new design ideas, but mainly relies

on qualitative data. Coping with reliability and robustness are often not explicitly tackled.

Despite the various past developments and vast expert knowledge in network design, the con-
sensus on "best practise” on network design remains vague. There is a lack of fundamental
knowledge about the effect of different network designs. Norms often rely on qualitative re-
search results. Recommendations often lack detailed verification. There is no methodology to
develop and support recommendations and rules, despite the numerous and increasing applica-

tion in e.g. urban simulations.

This thesis aims at contributing to this fundamental knowledge for improved future network
design. First, it focuses on an overall understanding of network design. Second, quantitative
evaluations of network designs shed more light on the effect of various network designs and
uncovers potential improvements. Third, and more specifically, this thesis aims at an increasing
understanding of shape grammars for network design. There is evidence that shape grammar
rules are efficient tools for network design. Rules also can be implemented in future norms
and design guidelines. They can be applied by network designers and spatial planners without
extensive transportation knowledge. They have the potential to overcome the complexity of
transport network design. The theory of grammars for network and spatial planning should be
congruent with the basic concepts of grammars in cognate fields to combine rules of multiple

disciplines such as architecture, urban and transport planning. Overall, a rule based approach
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seems promising for improved future planning.

This thesis distinguishes between artificially generated networks, network models, and real
world networks. Characteristics of real world networks are essential to evaluate past develop-
ments (Figure[I.1). E.g. |Cardillo et al.|(2006) and [Strano et al.|(2012) evaluated real world net-
works, and past network developments, e.g. densities and lengths. However, the main focus of
this thesis relies on artificially generated networks and network models. Artificial networks en-
able the investigation and evaluation of specific network designs based on already well-known
network and transportation characteristics. Relevant aspects of network designs can be crystal-
ized and explained on artificial networks and their evaluations, while excluding the complexity
and size of a real-world network. Artificial networks ignore politically and historically driven
network design and construction decisions, which occur in real world networks. Moreover, e.g.
topology, road and intersection types can be exchanged for evaluation. And still, the resulting
network characteristics remain comparable with characteristics of real world networks due to

empirically evaluated models and parameters (e.g. turn delays).

1.2 Structure of the Dissertation

Figure shows the topics covered by this thesis, its context and associated fields. The ele-
ments outside the perimeter describe fields which are related to the context of the main topic,
but which are not further examined in this thesis. The elements inside the perimeter are elabo-
rated and evaluated in detail; however, these elements are complex, and in-depth elaboration of
all details was not feasible within this thesis. A strong focus is on shape grammars and on their

potential evaluation methods.

The provides an overview and states the relevance of shape grammars includ-
ing examples from transport planning and cognate fields. Terminology and a comprehensive
literature review are provided in Chapter [2] for the existing research about shape grammars.
Additionally, Chapter 2] provides a problem formulation and corresponding research questions
for this thesis. Chapter 3| explains the applied study designs and methodologies. The applied
methodologies for demand assignment are explained in detail in Appendix [A] Furthermore, a
new network generation algorithm is presented in Chapter 4 Rules are extensively determined
and evaluated for an example boulevard design (Section [5)). Further evaluations of potential
shape grammar rules are presented in Chapter [6| and [7] especially focussing on network topol-
ogy and intersection type choice. Chapter [8| extracts and summarizes potential rules from the

previously described results.

Chapters [I| - ] can be read independently. However, the later results (Chapters [5|—[8)) require

knowledge of all previous chapters.
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Figure 1.3: Research context, topics covered and associated fields.
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1.3 Relevance

Various settlements were designed and implemented in the past (e.g. Figure[L.T)). Still, it is not
clear if and which of the past visions of the various developments can be copied and exported
to current and future times. Changing requirements (e.g. densities), different growth rates of
agglomerations, and new technologies require rethinking of the current status. Sustainability
goals in all three dimensions pose new and complex constraints. Limited energy and natural
resources as well as decarbonisation foster a responsible stewardship. Therefore, it is of utmost
importance to know more about the functionality of network elements and their dependence,
also with other urban infrastructure. For future use, knowledge about the functionality and
network characteristics can be reformulated in design guidelines, or rules. The following sub-

sections distinguish between network design in general and shape grammar rules in particular.

1.3.1 Transport Networks and Designs

At least since the economic models of Ricardo| (1817/) and [Thiinen| (1910, second edition) and
the definition of opportunity and marginal costs, it is known that spatial separation of prod-
ucts and trading can produce overall net benefits. In the meantime, the current trading patterns
emerged worldwide. Beside trading, Venables| (2007), Graham| (2007), and [Melo et al.| (2009)

quantified the effect of single agglomerations, their sizes and corresponding productivities.
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They found that wages increase 2.8% to 3.5% when doubling the range of travel. In addition to
economic reasons, migration is an ongoing issue around the globe, due to climate, political and
social reasons (Figure , which causes the extension of existing settlements, densification, or
new settlements. Moreover, governmental control is a major issue for the construction of net-
works (Tilly, |[1992). Ever since the Roman Empire, and even earlier, authorities required tools
to access their country. In addition, knowledge exchange, and social activities are increasingly

relevant in today’s societies, and require corresponding infrastructure.

Figure shows the historical expenditures for infrastructure in the U.S., and the historically
growing VMT and road mileage. Similar figures can be drawn for Switzerland, and likely for
many other countries. Figure [[.4] mirrors the incredible and growing relevance of the trans-
portation system in the past. The ability to travel seem to become a strong need and desire
of our society. Polynomial approximations and future trajectories based on the past data are
uncertain, e.g. due to the discussion of peak travel and differences between countries (e.g.
Millard-Ball and Schipper, 2011) and the various reasons for ongoing changes of travel behav-
ior (e.g.|Le Vine and Jones, 2012).

Figure 1.4: Development of network length, expenditures and VMT in the US between 1960

and 2010.
(a) Urban and rural mileage and expenditures in the US. (b) Network length and VMT.
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Source: |U.S. Department of Transportation (2012) and [Federal Highway Administration
(2013).

Despite the straightforward definitions of network graphs, transport networks are complex sys-
tems on their own. It is a complex task to design even small networks due to the following
reasons. The majority of network design problems cannot be solved analytically despite their
relatively simple problem formulation (Johnson et al., |1978). Similarly, the standard static as-
signment cannot be solved analytically (Sheffi, |1985) which increases assessment costs. One
reason might be the lack of order within a given set of network elements (Lammer et al., 2006).
Due to the complexity, profound research is required for network design and the corresponding

planning tasks. Moreover, transport systems interact strongly with e.g. energy and communica-
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tion systems, or spatial developments. In addition, knowledge about reliability and robustness
is required to absorb external influences and changes in both demand and supply. Summing
up, network design remains complex and interdisciplinary, and further research is required for

future and successful changes and improvements of networks.

1.3.2 Shape Grammar Rules

Grammar rules are applied for a longer time already. |Christaller (1933) proposed a central place
theory and introduced a hierarchical order for places and road links. German planning norms
adapted some part of his theory (FGSV, 2008b), and apply similar rules for long-term master
planning. Not only in Germany have planning rules had a considerable influence on urban
and regional planning for a long time. Handbooks and standards for urban and spatial design
often describe guidelines in the form of rules. Beside planning guidelines, rules are extracted
from historical settlements to increase the understanding of historical urban transformation pro-
cesses, and current urban fabrics (urban morphology) (e.g. |Duarte et al., 2007)), which allows
comparison, evaluation, and maybe even transformation to contemporary designs. Often, his-
torical settlement designs rely on rules, but they lack specific definitions, and therefore are not
available for evaluation and application not even in contemporary urban planning. Beside mor-
phology, rules are also used for modelling future growth. They are defined and transformed
in computer codes and algorithms and finally applied in urban simulations (e.g. Vanegas et al.,
2009a).

Summing up, grammars consists of rules, which govern the fundamental elements of a lan-
guage. They define how elements of the same or different type are added to each other. Key

advantages for shape grammars applied in the planning context are listed below:

e Shape grammars provide straightforward application tools for planning processes (Jacobi
et al., 2009; |Parish and Miiller, 2001} [Watson et al., |2008). Planners prefer robust and
reliable methods to fulfill economic and social requirements. Shape grammars can sat-
isfy these requirements and still remain adaptive to different scenarios (Marshall, |2005;
Weber et al.,[2009; |Jacobi et al., [2009).

e Carefully defined design rules can be stated in guidebooks for future planning applica-
tions. A rule set allows to retain an urban vision for a longer time (e.g.|LeCorbusier,|1955;
Alexander et al.,[1977), and for long-term strategic master planning. Planning authorities
might change over years, but detailed grammar descriptions allow to bequeathing plan-
ning rules to future generations. Rules can be applied in a piecemeal approach, which
allows certain flexibility in time. They are applicable to different planning sites.

e Urban economics, transportation, and energy supply form complex decentralized systems
(e.g. Lammer et al., 2006). Knowledge about efficient leverage effects are essential for a
successful design. Moreover, bottom-up rules are often accepted regulation methods.
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e Shape grammars originating from various disciplines can be joined together for an even
larger set of grammars for interdisciplinary applications (e.g. |Alexander et al., |1977;
Haas, 2008). The multidisciplinary potential contrasts the distinct languages of specific
disciplines. The distinct languages are often too sophisticated to interact with each other.
The distinct disciplines often deploy methods and models, which are unable to be merged
with methods of other, even cognate disciplines. Shape grammars overcome this inter-
disciplinary complexity by their straightforward definitions. The multidisciplinary rules
can enable the accomplishment of encompassing tasks, e.g. energy demand and supply
(Keirstead and Shahl [2011)).

e The application of shape grammars permits low computational costs (Parish and Miiller,
2001; [Watson et al., 2008)) and can be implemented in interactive planning tools (e.g.
Jacobi et al., 2009; Weber et al., 2009) given limited staffing resources. Therefore, gram-
mars are in contrast with spatial optimization, such as bi-level network optimization,
regarding computational requirements.

e Deeper understanding of the structure of urban systems enhances overall urban planning,
and the understanding of urban guidelines (Michie, |1974; Hillier et al., |1976). Beirao
(2012) stated that certain solutions might appear during the course of exploration of a
certain problem. So grammars can be transformed into urban guidelines for future plan-
ning applications. This contrasts complex "blackbox" and cumbersome mathematical
optimizations, and the corresponding results, which are restricted to a specific site.

Disadvantages of shape grammars:

e The effectiveness of shape grammar rules is often unknown in urban planning applica-
tions. Especially the assessment challenges the definition and application of grammars.
The assessment requires a deeper understanding of the corresponding fundamental urban
processes. E.g. network design rules often lack a systematic evaluation, e.g. cost-benefit-
analyses, and do not remain explicit in their recommendations.

e The vast majority of research results are not formulated in shape grammar notation. We
lack shape grammar formulations, despite the broad expertise in the distinct planning
disciplines. However, a potential transformation of the existing expertise and results into
shape grammar rules would allow to enlarge the rule sets considerably, and simultane-
ously exploit the enormous potential for various grammars applications.

e Grammar rules might need adaption due to changing environments, because rules might
become impractical in the future, e.g. due to technological and behavior changes.

e Rules are often based on a expert knowledge and experience, common understanding,
human perception, and aesthetic preferences. The validation especially of subjective
rules might be ambiguous.

1.4 Applications of Shape Grammars and Rules

Example applications were used at developing sites, e.g. Tysons Corner (Fairfax County, |2014)

in the US, or sites in Asia, e.g. Singapore, or China, and, more generally, at sites of large
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ongoing urbanization around the globe and growing urban centers (Figure [I.2)). Additionally,
after natural disasters, such as earthquakes or Tsunamis, transport supply and economies need
to recover as quickly as possible. Beside designing new districts, existing urban networks
are under constant changes and improvement. Existing areas have new or changing spatial
requirements such as changing living or commercial space, or changing travel demand. One
goal of the authorities is to maintain the level of service on the supply side also for changing

demands.

A large number of researchers and planners have applied shape grammars to an increasing
extent in recent years, e.g. for urban simulations. Beside applications in transportation, also
applications in cognate fields of urban planning, architecture, and computer simulations are de-
scribed in this section. Some fields have overlapping aspects, such as the street network, which
is often designed in urban planning. Shape grammars are applied to simulate urban growth
(e.g.Vanegas et al., 20094 |Weber et al., 2009), urban redesign (e.g.|Yerra and Levinson, 2005;
Bramley and Power, 2009), changes on the demand side (e.g. Dutton, 2000), or even to vi-
sualize the potential of future technologies (Geddes, 1939; Vanegas et al., 2009b). Figure
shows four selected examples of grammar rules from different fields, Figure[I.6|depicts the cor-
responding planning results. Both figures and the related fields of the examples are explained
in the following. A comprehensive list of shape grammar rules and additional examples are
provided later in Section[2.2]

In transport planning, norms and guidelines are provided by handbooks (AASHTO, 2004;
IHT, 1997; |VSS, 1994b; FGSV, 2008b). Handbooks play a key role in planning new or in
improving existing sites. The Swiss norm for transport network design (VSS,|1992) specifies a
strong hierarchical design for road types, where types of adjacent road links differ in maximum
one hierarchy level (Figure [I.5(a)). Figure shows an example network of the current
Swiss norm for network design and hierarchical road type distribution.

In urban planning, rules or codes are developed for consistent design, for specific purposes,
such as urban densities, and also to improve livability, orientation and perception of a city.
Kaisersrot (2011) and the "SmartCode" (Duany et al.,[2009) are two example implementations
based on specific rules. Moreover, the movement of New Urbanism often describes its ideas in
codes (Dutton|, 2000; Haas|, 2008). Figure[I.5(b)|refers to urban planning, and shows the recom-
mended clustering of houses around common land with in-between paths to improve quality of
the neighborhood, and to increase comfort of the inhabitants. Figure exemplarily shows
a city quarter and the application of various rules by |Alexander et al.|(1977).

In architecture, similar approaches are applied as in urban planning. Rules are defined for
the design and construction of new buildings, such as the specification of rooms and their
spatial relation. E.g. Stiny| (1985) and Mitchell| (1990) contributed to shape grammar rules in

architecture. Figure visualizes the grammar of a prairie house, based on the ideas of
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Frank Lloyd Wright (Stinyl, [1985)), and Figure shows the final building and floor plan.

In computer science, rule-based approaches were widely applied from the beginning. Related to
urban design, software tools like ESRI| (2012) or|Synthicity| (2013]) considerably advance urban
simulations and offer new possibilities in planning. Grammar rules can be directly implemented
in computer codes. Figure shows an example scheme which defines direction and length
of new roads, in relation to the road elements of previous development steps. The outcome of
this and additional grammar rules are displayed in Figure [I.6(d)]

Figure 1.5: Examples of shape grammar rules in transportation, urban planning, architecture,
and computer science.

(a) Strict hierarchical road type distribution proposed (b) Clustering of about 8 to 12 houses around some
by the Swiss norm |VSS|(1992). common land and paths (Alexander et al., [1977, p.202).

Hierarchy of link 1
Road type
0

1

Hierarchy of link 0

v’ Potential connection

x Prohibited connection

(c) The beginning of a prairie-style house with rooms located in a butterfly-shaped composition
(Stiny}, [1985] p.13).
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Figure 1.6: Examples of grammar rule applications related to the rules in Figure

(a) The Swiss norm for road network design

(VSS|[1992) p.5. (b) Example city design of [Alexander| (1979) p.190.

Year 0
(user input)

Year 10 Year 20 Year 30
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Chapter 2

Terminology, Review and Objectives

"An advantage of a constitution-led approach is that it builds into it the desired relation-
ships of structure between local and strategic routes and route types, without presupposing any
particular final form. This makes it particularly suitable for use in design guidance, since a
single ’ code’ or 'program’ can generate a diversity of layout patterns which can themselves
be adapted to local circumstances. And, although the final pattern is not prescribed, when a
pattern does emerge, it should be coherent, legible and functional, because the parts that are
put together embody the relationship with the whole.” (Marshall, 2005, p.227).

This chapter defines the most relevant technical terms (Section [2.1). Furthermore, Chapter
[2] discusses the various shape grammar applications (Section [2.2)). It classifies the applica-
tions systematically regarding their content, purposes, and fields of origin (Section [2.3). Con-
secutively, this chapter condenses the existing rule based approaches to formulate a general
definition of shape grammars for transport planning (Sections[2.4/and [2.5). Relying on the con-
solidated definition of grammars from the previous section, this chapter crystalizes the general
problems in network and urban design (Section[2.6)) and defines the research questions for this

thesis focussing on grammars (Section [2.7))

2.1 Terminology

This section discusses technical terms which are found in the field of network design. These

terms are picked up again later in this thesis.
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2.1.1 The Network Design Problem (NDP)

In the literature, the graph optimization problem is well known as the network design problem
(NDP), and focuses primarily on adding infrastructure to an existing network topology. In the
literature, the NDP has been studied in depth; some examples are LeBlanc et al. (1975) or
Sumalee et al. (2006). Often, the NDP is formulated and solved based on a general bi-level
framework with network optimization in the upper level for a given objective function (e.g.
Gao et al.| 2005} |Kepaptsoglou and Karlaftis, 2009), and an assignment problem in the lower
level. In public transportation, headway, line routing are most relevant, and can be solved with

appropriate design algorithms (e.g.|Fan and Machemehl, 2006b).

The NDP can be formulated as a standard optimization problem. The problem statement for
road networks encompasses the candidate road links x between nodes (7, j) € N of length [; ;.
a defines the the total construction costs of the transport network. c defines the generalized user
costs, and depends on the network and selected road links x. A penalty p. penalizes budget B

violation.

Additionally, link type ¢ € 1" is determined with the corresponding infrastructure costs wy,
which comprise construction costs, but omit maintenance costs for simplicity here. Including

T refines the problem definition, compared to a standard definition in literature.

The total costs result from the minimization:

minimize a+c+ py 2.1)
subject to a= in’j’t . li,j * Wy (22)
(i.9)
c= f(x) (2.3)
0.0 if a < B,
v-(a— B) else.
whereas  (i,7) € N,t € T, x € {0, 1}NXINIxIT] (2.5)
¢ > 0, B > cost for minimum spanning tree network. (2.6)

Depending on the problem formulation, the necessary calculations to solve the NDP might be-
come very costly and cumbersome due to high complexity, often making the proposed solution
algorithms impractical for a realistic case. After solving a specific NDP problem, the outcomes
are valid on one specific site, and might not be transferable to other sites. Moreover, the NDP
can fail in political and social decision making processes, and in jurisdictional initiatives for

new infrastructure developments (Levinson et al., 2012).

Transport network design goes beyond the standard NDP focussing more on topology, and can

additionally cover road and intersection type design (capacity, speed, ...) in a discrete manner,
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e.g. in hierarchies. Intersection type choice is relevant especially in denser networks.

2.1.2 Topology and Morphology

The |American Planning Association| (2006) defines urban morphology as

"the study of the city as human habitat. Urban morphologists analyze a city’s evolution
from its formative years to its subsequent transformations, identifying and dissecting its various
components. The city is the accumulation and the integration of many individual and small
group actions governed by cultural traditions and shaped by social and economic forces over
time. Urban morphologists study the outcomes of ideas and intention as they take shape on
the ground and mold cities. Buildings, gardens, streets, parks, and monuments, are among the
main elements of morphological analysis” (American Planning Association, 2006, p.401).

Topology rather focuses on the network graph, and studies shapes and their properties. Topol-
ogy refers to non-metric information such as connectivity, orientation, adjacency and contain-

ment, or proximity, separation, succession, continuity, and closure (Marshall, 2005, p.103).

2.1.3 Patterns

The meaning of pattern is twofold. Patterns can be designed or patterns may be emergent. In
the first case, patterns often refer to a particular geometric layout, as a scale plan, featuring
absolute position and lengths. Patterns can describe an extracted spatial form which is made
of a number of elementary building blocks. A pattern can be used as an archetype for future
planning. Example patterns are layouts often used in design handbooks (e.g. AASHTO, 2004;
VSS, |1994b; FGSV, 2008b)). Lynch (2001) mentioned star, grid, axial, nested, and other kinds
of patterns, similar to Marshall (2005)). Network patterns are assessed and compared in science
(e.g. Snellen et al.| 2002} |Xie and Levinson, 2007} Estrada et al., 2011).

In the case of emergent patterns, patterns can be used as algorithmic structures to generate urban
designs (Alexander et al., |1977)), which is in contrast to the above definition. In a bottom-up
approach, no preconceived pattern exists; urban patterns unfold incrementally (Marshall, [2005).
So the result is an assembly of urban elements. |Alexander et al. (1977) describe the unfolding
process in their seminal books "A Pattern Language". This can lead to some misunderstanding,

especially when comparing with the archetype patterns described above.
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2.14 Syntax

The syntax consists of the rules to govern distinct elements, like words in linguistics, or ele-
mentary building blocks in urban planning. The expression is widely used in computer science
to describe the combination of elements to build up a structured source code. Also, architects
and urban planners often refer to the syntax, and assemble urban elements according to distinct

rules.

The following definition extracts the major components of an early definition (Chomsky, |1956,
1959). The syntax R describes in the form of a finite number of rules how elements e of
the same or different type are added to each other. Z defines the initial assertion where the
algorithm starts. & is the finite set of non-terminal elements e. R is a set of rules  in the form
of @« — (3, where (o, ) € £. R includes rules to stop the algorithm after initialization. The

result is the infinite set of urban transport systems.

The rules describe how given planning states and urban geometries are extended to another
state. Normally, v # [ is valid, which means that an element e cannot be transformed in itself,
in order to build up an urban system. Additionally, « — {31, 52}, and {1, a2} — [ are
valid, because network design shape grammars are nonreversible. The stopping criteria is often

related to budget, or space constraints in planning applications.

As an example, Table [2.1| proposes a context-free syntax R with corresponding elements & for
hierarchical design. R ignores external specifications, and therefore is called context-free (e.g.
Friedman et al.| [1992)). The elements e can further be subdivided for more details, to follow
further rules, and to cover additional fields in urban planning, besides transportation. Figure
displays another example of a hierarchical design, which is similar to R in Table but
extended with additional intersection types. |Marshall| (2005) explained the rather "mechanistic"
character of these rules. Many advantages occur as a rule based approach is used. Rules
allow flexibility and a diversity of outcomes. The application of rules allows for more adaptive
networks e.g. for variable urban densities of terrain, compared to the rigid and standardized

patterns like gridirons.

2.1.5 Shape Grammars

Grammars are defined differently in various fields of science. Chomsky|(1959) and [Stiny and
Mitchell| (1980) provide definitions for linguistics, architecture and urban planning, respec-
tively. It can be summarized that grammars consist of a well-defined set of rules (syntax).
However, it is claimed that the syntax alone is insufficient to generate a reasonable outcome.
It is claimed that grammars further include application specifications which resembles seman-

tics. Application specifications are instructions for efficient applications. Moreover, they can
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Table 2.1: Example context-free syntax R for hierarchical network design with a corresponding
set £ of defined, generic road and intersection elements e.

Formal rule Description

Vocabulary £ ={e, es, €3, ...}

el Arterial road
€ Access road
es Local road
€4 Right of way junctions
— The left side of "—" is transformed to the right
side of "—".
+ The left side of "+" is adjacent to the right side of
H_|_|V.

Context-free syntax R ={ry, ro, 3, ...}
riie; — e +e Network connectivity requires arterial roads to
connect to other arterial roads.
roi €1 +e1 — e +er+ e Arterials can be joined with an access road if a
connected arterial network is maintained.
r3. s +e3 — ey +e3+ ey An access road connected to a local road requires

a right of way junction.
Tq: ...

Figure 2.1: Example of rules for a hierarchical road network design.

Necessary connection

Network elements & :

e;: Minor Arterial
=== ¢, Access Road
e;: Local Road

UO0I}09UU0D [BI}U0J

—|— e, Crossing

—L e5: T-junction

—z]z— es: Light-signal system
'¢‘ e;: Roundabout

-©- e, Multiple level node

Source: based on |[Marshall (2005)).
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refer to background information and therefore contain information about the origin of the cor-
responding rules. The application specifications can e.g. define the adjacent spatial structures,
and requirements. "Shape" refers to a planning and design context. The application of shape

grammars at different adjacent spatial structures can therefore lead to different outcomes.

The differentiation between shape grammars and patterns is subtle and not necessarily univer-
sal; shape grammars are also said to enable the codification of patterns. Section [2.4] elaborates

on the definition of shape grammars as suggested in this thesis.

2.1.5.1 Example Shape Grammars 1

Example 1 refers to road type distribution within a given network topology. The syntax of
a hierarchical network design is described already in the Section and in Figure 2.1]
Application specifications are further required for more meaningful designs. In the example
of Figure2.2] Marshall (2005)) additionally defined land use types adjacent to the road types.
These specifications state that the grammar rules need to be embedded in a denser urban area,
and moreover, they should match the land use types adjacent to the roads for meaningful design.
Figure shows the assignment of 6 block types and the interplay with adjacent street types.
Figure allows even mixed-use within the same block. Both examples show that the rules
stated above are not stand-alone rules, they are embedded in a set of additional specifications,

which have to be considered in planning.

Figure 2.2: Hierarchical road network design and adjacent block types.

(a) Adjacent block types. (b) Mixed adjacent block types.

[ 2 @ ]
J‘ XVIHI H_

I r \
| | | I . % Z

Source: Marshall (2005) p.240, 241.

MIXED-USE
BLOCK

Retail boulevard

Mews lane (garages, workshops)
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2.1.5.2 Example Shape Grammars 2

Example 2 refers to an network topology, suggested by Alexander et al.| (1977). Example shape
grammars 2 state that junctions should not have more than 3 arms, justified by safety reasons.
Safety therefore is the main objective in this case and when applying this specific grammar.
Similar to that, T-junctions were suggested in the United States due to safety reasons (South-
worth and Ben-Joseph, 2003). |Alexander et al.| (1977) proposed rules for different purposes,
such as towns, buildings and construction. |Alexander et al.| (1977) provide comprehensive de-
scription and application specifications along with many of the described rules. It is shown that
rules are applied in a certain environment and serve a specific purpose. Background informa-
tion on the objectives of these rules is additionally provided, as well as general advice on the
application of the rules. Figure shows a potential outcome when applying T-junctions in

network design.

Figure 2.3: Exemplary T-junction network layout.

Source: |Alexander et al.|(1977), rule Nr. 50.

2.2 Research and Application of Shape Grammar Rules

Grammars are widely applied in different fields of science. Table lists selected cognate
disciplines applying grammars, referring first to the field of linguistics and computer science
as early milestones in grammar evolution. The subsequent achievements evolved in parallel
or consecutively and are described consecutively. The fields listed are all tied to transport
and urban planning, however, even more fields apply grammars, such as anthropology (e.g.
Baumann, 2004)).

Grammars are systematically applied in linguistics. (Chomsky| (1956, 1959) has been one of
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Table 2.2: Major cognate fields of shape grammars applications.

Field Elements (vocabulary) Grammars Results Exemplary sources

Linguistics Words out of characters, Phrase structure, grammar Text Chomsky/|(1956/[1959)
punctuation rules

Computer Objects, instances, Methods, algorithmic Software program Abady and Gardelli|(1997),

Science abstraction, inheritance  procedures, cellular automata Woltram|(2002), Batty

(2005)

Geometry Alphabet of symbols and Algorithmic procedures,  n-dimensional shape [Stiny and Gips|(1972), Stiny

shapes (Point, edge, ..., geometric transformations, (2000), Lord and Wilson

n-dimensional object) structural relationships (1984), Prusinkiewicz and

Lindenmayer|(1996)

Architecture Building Blocks Standards, structural rules, Building, structure, Alexander et al.|(1977),

zoning plans, function based extensions Mitchell|(1990), Wang and

rules, aesthetic rules Duarte|(2002), March|(1972),

March|(1976), Coates
(2010), |Yazar and Colakoglu
(2007), Duarte et al.|(2007)

Urban Buildings, public and private Standards, zoning plans, Urban layouts, city Stiny and Mitchell|(1980),
Planning areas, parcels, neighborhoods, function based rules, aesthetic plans, neighborhood Sorkin|(1993), (Cowan
cities rules, urban codes design, regions  (2002), Duany et al.|(2009),

Lehnerer|(2009), [Beirao

(2012)

Transportation Roads, pathways, Standards, safety rules, Transport networks Marshall | (2005), Yerra and
intersections, lanes, tracks, guidelines and supply for Levinson|(2005), van Nes

lines, vehicles, stations, stops different modes (2003), AASHTO|(2004)

USISo(T YIomIoN ueqIn] Ioj srewein) adeyg
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the first contributors to formal grammars. A formal language is defined as a language £, inde-
pendent of its field or origin, of an infinite set. However, the language and structure of £ can
be investigated through the study of finite devices, which are the grammars G, and which are
capable of enumerating its sentences (Stiny and Gips, |1972). Based on this linguistic definition
the shape grammar language £(G) has been modified, specified and transferred to many other
fields.

Mathematics, and particularly logic, employed grammars at an early stage. Logic defines an
alphabet which consists of terms, symbols, and variables. Formulations follow defined rules.
E.g. "="is defined as standard equality; both sides of the formulation are equal. Sentences
can be generated, following the rules and above alphabet. At this point, it is interesting to
note that|Fagin| (1974) subdivided all sentences of logic, especially complex problem formula-
tions, into two distinct classes: P (solvable in polynomial time) and NP (Non-deterministic
Polynomial-time hard). This classification subdivides sentences according to their complexity
(Garey and Johnson, [1979; Zimmermann, 2008). If n is the problem size, and (9( f (n)) the
calculation costs, f(n) is a polynomial function for all problems in . Design problems, e.g.
network design, are often NP (Johnson et al., [1978) and solvable only in exponential time.
This affects transport and spatial planning considerably, and leads to long calculation times in
its optimization algorithms. Therefore, heuristics have become more interesting in recent years

to solve complex problem formulations.

Operations research and especially artificial intelligence profit from optimization rules to solve
complex problems, especially in (meta-)heuristics. An example is given by Goldberg| (2002).
The well-known building blocks are defined clusters in a genetic code, similar to genes in
a genome. Instead of recombining single elements of the genome, clusters of multiple and
efficient elements are recombined to futher improve efficiency. (Coates| (2010) takes up on this
idea and defines buildings as clusters. Both examples show rule-based methods in the field of

operations research.

Computer sciences implement precisely defined syntactic structures for various applications.
One has to emphasize that the syntax alone is insufficient for working code. Interpreters are
required to perform the actions indicated in the code. Errors can still occur even with a syntacti-
cally correct code, e.g. null-pointer exceptions. A working code does not necessarily fulfill the
requirements of the user, and is not meaningful per se. E.g. cellular automata (Wolfram, [2002)
describe rules to continue from a starting or intermediate state to a consecutive state; however,
they might not pursue an overarching goal. Therefore, stand-alone rules are inefficient without
a detailed description of the application specifications. This also holds for planning, which can

be shown later in this chapter.

In geometry, Stiny and Gips (1972) and Stiny and Mitchell (1978, 1980) remain influential.

The geometry-based languages can be used for geometric art objects such as paintings, or
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sculptures. The application fields range from geometric paintings, procedural modeling, evolu-
tionary and growth processes to conceptual design and aesthetic and visual arts. Beside many
other geometric applications, Prusinkiewicz and Lindenmayer (1996) proposed the L-System,
which consists of grammar rules and an alphabet of symbols, making larger and more complex

system possible through recursion, such as plant morphologies.

Various authors have contributed to grammars in architecture, urban planning and transporta-
tion at the same time due to overlapping design aspects. The most relevant examples are men-

tioned below.

In architecture, the seminal contribution of /Alexander et al.| (1977) applied grammar princi-
ples to the languages of architecture and urban planning. The pattern language of |/Alexander
et al.|(1977) consists of a vocabulary including settlements, buildings, elements of the buildings
and therefore varies in scale and covers architecture, urban and transport planning. The gram-
mars describe which elements of the vocabulary and their combinations are more desirable and
which combinations are inadvisable. [March| (1976) assign geometric design of buildings to an
elementary boolean code, including elements and operations. The methods of Stiny and Gips
(1972) and Stiny and Mitchell| (1980) are also adapted to design and construction purposes.
Especially the prairie houses of Frank Lloyd Wright were evaluated regarding their grammar
(Koning and Eizenberg, 1981} Stiny, 1985). Recently, grammars are increasingly used in the
visualization of buildings and in the film industry (Parish and Miiller, 2001; |Vanegas et al.,

2010), which also relates to computer science.

In urban planning, Sorkin (1993) and Cowan| (2002) developed guidelines and prescriptions
for general urban development in a qualitative way. Their work can be related to the movement
of New Urbanism (Dutton, 2000; |[Haas, 2008; Mehattyl, 2008)). Following up on the idea of
New Urbanism, a new set of codes were developed for urban design. At a very early stage,
Stibben| (1907) contributed to a formal definition of street segments, and their relations. Smart
Code (Duany et al., 2009) is a well-known rule set, incorporating all scales of urban planning,
and is applied in multiple neighborhoods in the US and worldwide. Sustainable Street Network
Principles (CNU, 2012) were developed for transportation reform and contributed to the field
of New Urbanism. The focus is on walking and improved pedestrian infrastructure and other
modes of transport. A growing number of software solutions apply shape grammars for urban
simulations (e.g. [ESRI, |2012; UrbanVision, [2012).

In transportation, multiple norms and guidelines propose network design recommendations
(AASHTO, 2004} THT, [1997; VSS, |1994b; FGSV, [2008b)) such as hierarchical road layout.
However, already at an early stage, LeCorbusier| (1955)) applied a strong hierarchical approach
to city planning similar to a rule based approach. He suggested a hierarchical approach for
road network design. The idea of a hierarchical approach is implemented in different standards

of western countries. [Alexander et al. (1977) contributed to the discussion of road network
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layouts. Marshalll (2005) introduced shape grammars by defining relationships between net-
work element types without presupposing any particular final form. [Van Nes| (2003) and |Yerra
and Levinson| (2005)) followed up on the hierarchical network layout and specified spacing,

hierarchies, economic impacts and additional aspects.

2.3 Taxonomy

This section narrows down the broad view of Section to urban and transport planning, and

provides a systematic overview over the existing set of shape grammar rules.

Existing shape grammar classifications for urban planning and transportation can be found e.g.
in /Alexander et al. (1977)) and Marshall (2005). Drawing on broader existing literature, shape
grammars can be assigned to divisions and classes, as shown in Table[2.3|for transport networks,
and Table for urban planning. A function-based classification is proposed to address the
purpose of each grammar. The divisions include geometry, composition, and investments and
regulations to subdivide the entire shape grammar set for both urban and transport planning.
Table [2.3] and Table 2.4] serve as an overview over existing shape grammar rules. They can be

extended with more examples and even additional classes.

Two road network elements, road segments and intersections, and their attributes are classified
in Table [2.5] Table [2.5] only describes attributes which affect network users directly. As an
example, ownership of existing roads mostly does not affect network design and therefore is
ignored in Table 2.5] In contrast, e.g. toll collection does affect the driver and is therefore
included in the classification. Table [2.5]is an example classification for road elements. A
potential classification in urban planning might include "roads", "tracks", "blocks", "zones",

"landscapes" and "focal points" as elements of an urban design language (Lynch), |1960).

Table [2.5| provides three subcategories for a detailed taxonomy on the element level. The first
subcategory form refers to geometry and spatial orientation. The second subcategory regulation
refers to the elements and their types, attributes and restrictions, e.g. road types and characteris-
tics. The third subcategory characteristics refers to the interpretation and cognitive perception
of the driver regarding his/her actual situation and the classification of the road. After describ-
ing the elements of the road network (vocabulary), Table shows a classification for shape

grammars and specific evaluations for road network design.
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Table 2.3: Classification of transport planning shape grammars.

Divison
Class Description Exemplary sources
Geometry:
Angle Angle of adjacent road types Vanegas et al.|(2009al)
Loops Circuit or cell-based road and line Levinson and Huang| (2012}
alignment, size of circuits
Numbers Number of arms for intersections, dead Alexander et al.|(1977),
ends, number of lanes for road types Vanegas et al. (2009al)
Curvature, Curvilinear design, steepness Weber et al.| (2009)
slope
Composition:
Connectivity Connected elements, e.g. connected AASHTO|(2004)

freeway or high speed rail
Function Adjacent land use and building types, road Marshall| (2005)), Dutton
access, parking, toll cordon (2000)
Hierarchy Hierarchical road and intersection type Marshall| (2005)), Weber
distribution, Hierarchical service type et al.| (2009), |Gil and Read
distribution, stop densities, service  (2012), VSS|(1992)), FGSV
frequency (2008b)), [Marshall| (2005))
Variation Irregularity and variance in design (e.g. in Alexander et al.|(1977)
old town vs. in uniform grid)
Investments and regulations:

Density Total road length, total number of Van Nes| (2003|), Levinson
intersections, block size, parallel roads, and Huang (2012),

stop intervals Levinson et al.| (2012)

System Transport modes |LeCorbusier (1955),|Geddes

(1939), ivan Nes| (2003)

2.4 Contextualized Grammar Definition

The following sections aim at a theoretical justification of grammars, and their theoretical fea-
sibility for planning purposes with corresponding semantics. Therefore, theoretical arguments
for grammar rules and their application, limitations and constraints are described in the follow-
ing. Especially, it is claimed that grammar rules are insufficient for planning purposes without

corresponding semantics.

Multiple distinct definitions of grammars exist in linguistics. The distinct definitions approach
syntax, language, and semantics in different ways. Scanning recent literature about grammars
discloses an ongoing debate even in linguistics, which complicates transferability of findings to
transport and urban applications. Therefore, a general definition of shape grammars is proposed

for urban and transport planning, contextualized, and justified based on the current literature
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Table 2.4: Classification of urban planning shape grammars.

Division
Class Description Sources
Geometry:
Building shape Footprint, 3D shapes, angles Stiny| (1985)), Schirmer and
Kawagishi| (2011)
Parcels, Assignment and design Kaisersrot (2011), |[Lynch| (1981)
neighborhoods
City design Assignment and design, land Alexander et al.| (1987), |Lehnerer
use, prices  (2009), Batty| (2005)), Duarte et al.
(2012), White et al.| (2012), Duarte
et al.| (2007)
Constitution:
Function Building and neighborhood Kaisersrot| (2011)), Duany et al.
type (2009), Dutton| (2000)
Material, and LeCorbusier| (1955)), Stiny and
construction Mitchell| (1980), Heisel and
Yitbarek| (2013))

Investments and regulations:
Density Units, population, building Bramley and Power| (2009),
mass and densities Geddes| (1939), |Konig and Miiller
(2011)), Duany et al. (2009))
Ownership and Public and private space Copper Marcus et al.| (1998)),
social interaction Lehnerer| (2009)), [Dutton| (2000)),
Mikoleit and Puerckhauer (2011)

about grammars in cognate fields. This section aims at the properties of grammars and seeks to

define "grammars" as encompassing and ultimately necessary for planning applications.

It is assumed in the following that shape grammars are applied in an urban and transport plan-
ning context. Moreover, it is assumed that the planners act rationally and follow a certain
overall intention, e.g. a sustainability goal or cost minimization, which is explicitly defined,
or implicitly followed. The expression "objective" is deployed to define the intention in a
qualitative or quantitative manner. Additionally, it is supposed that planners act in a spatially
defined area, called "site", which they intend to change directly, or indirectly, through structural

changes.

Figure[2.4]summarises and embeds the grammar context. It is shown that the grammars consists
of syntactic rules and corresponding semantics. As in computer science, rules without seman-
tics can generate outcomes with are meaningless. Therefore, the syntax alone as it is defined
in Section is insufficient to generate a reasonable outcome, e.g. for an urban planning

n_mn

environment. A priori it is not clear that "=" refers to equality on both sides of the sign, and
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Table 2.5: Major attributes of roads and intersections.

Element e Subcategory Attributes
Road Form Number of lanes, width, curvature, steepness, adjacent
segment parking and driveways.
Regulations Speed limit, driving direction, lane switching

restrictions, permitted users, toll.

Characteristics Quality and condition, adjacent structures (e.g.

sidewalk, land use types), year built, other modes.

Intersection Form Diameter, layout, number of lanes, roundabout / traffic
refuges.

Regulations Control type, allowed and prohibited turns, right of

ways, permitted users.

Characteristics Quality and condition, adjacent structures (e.g.

sidewalk, land use types), year built, other modes (e.g.
bicycles, pedestrians).

what is meant by equality. It is unclear if both sides need to be exactly the same object (e.g.
same pointer in computer science), or if it is sufficient that both sides are congruent in their

characteristics.

It is obvious that a rule is limited to a certain purpose or meaning. Certain rules are desig-
nated for a specific context. Application specifications can describe the required environment
to apply the rules, e.g. housing construction in the tropics requires other rules compared to
moderate climates. The environment can include adjacent infrastructure or global components
like weather, social parameters, etc.. Or, certain rules might be defined for urban environments
while others for rural environments. Therefore, beside the syntax, grammars moreover include
application specifications. The application specifications are valid for one specific rule and
therefore contrast the "site" definition above, referring to the planner’s view. The inclusion
of application specifications differs from the definition of context-free grammars (Chomsky,
1956, 1959). Applying the same rule with different application specifications might lead to a
different outcome. Specifications are equivalents to semantics in linguistics. Therefore, Figure
[2.4]subdivides grammar G in syntax R as a rule set, and semantics S as corresponding applica-
tion specifications. R is responsible for the "mechanics" of a certain language L. S is basically
responsible for all the information except the rules themselves. In particular, S contains infor-
mation about the effect of R, such as effects on efficiency, safety, etc.. Moreover, S defines the
application range in which R can be applied for reasonable design. This specific subdivision
of G in R and S also allows a more specific phrasing. Semantics are excluded, when referring
to rules. Rules and semantics are both addressed when referring to grammars. The applica-

tion specifications obviously limit the application range of the grammar rules. Reassessment,
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Table 2.6: More detailed classification of shape grammars and network evaluations for road
network design.

Class name Description Sources

Hierarchy Hierarchical road and intersection type Marshall| (2005),

alignment |Weber et al.[(2009)

Geometry Angle of adjacent road types Vanegas et al.

(2009a))

Cycles Size and shape of cycles |Strano et al.[(2012)

Densities Number of arms for intersections, dead ends, Alexander et al.

number of lanes for road types (1977), Vanegas

et al.| (2009al)

Spacing Block size, parallel roads Van Nes (2003)

Curvature, Curvilinear design, terrain grade |Weber et al.| (2009)
grade

Density Total road length, total number of intersections |Strano et al.[(2012)

Coherency Coherent elements (e.g. connected freeway) |AASHTO (2004),

VSS|(1994a)

Function Affiliated land use and building types, Marshall| (2005)

distribution / road access, parking, toll cordon.
Variation Irregularity and variance in design (e.g. in Alexander et al.

historical cores vs. uniform grid). (1977)

discretion, and expert knowledge might adapt existing rules and application specifications.

The lower two elements in Figure |2.4|refer to the application of shape grammars, and therefore
include planners objective, site, and the resulting urban design. Obviously, the phrases, clauses
or sentences represent buildings, neighborhoods, or transport networks in the case of urban

shape grammar applications.

Supplementing the definition of shape grammars, "shape" can be defined in a rather technical
way. From a geometric perspective (e.g.|Lord and Wilson, 1984), shape includes a set of marks,
with position and orientation. Here "shape" refers to a planning and design context. Stiny and
Mitchell| (1980) or |Beirao| (2012)) also defined shapes from a strongly geometric perspective.

"Shape" is slightly ambiguous in the context of transport network, due to the fact that grammars
not only apply to physical shapes, but also to certain functionalities like speed limits for road
types and priority rules at intersections. Still, "shape" is widely used in the urban planning

context. Therefore, it is referred to shape grammars in the following but the expression also
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Figure 2.4: Contextualized language setup for shape grammars with exogenous planner’s ob-

jective.
Language £
Grammar G
Syntax R Elements &

I (vocabulary, including

Semantics S (specifications) (non)terminal elements)
Objective,
site
Phrases, clauses, sentences

includes shapes in the wider sense, therefore also e.g. capacities, speeds.

2.5 Similarities and Differences Regarding Existing Ap-
proaches

Beirao (2012) referred to shape grammars and semantics. He highlighted the missing inter-
preter, which is similar to the missing semantics stated above, and similar to Fleisher| (1992)
who also recognized the failure of the missing linkage between grammar rules and semantics.
Moreover, Beirao (2012) stated that literature exists about rules, but they are difficult to ap-
ply due to the lack of meaning and interpretation. The stated matching problem refers to the

difficulties of applying the grammars in the right way.

Beirdao (2012) mentioned that grammars of natural languages are already accepted agreements
and a premise in applications. This leads to a consistency problem when designing, because
the grammar is not a premise but one of the products of the design process. Therefore, on one
side, grammars already exist in natural and eventually design languages. Then, grammars can
be extracted and determined analytically from the environment, e.g. case studies, and can be
further pursued in future applications. On the other side, grammars have evolved over time
and are the results of the needs and requirements of the language users. At this point, the an-
alytical approach of extracting grammars and the applied approach of this thesis fork in their
methodologies. Whereas the analytical approach (Figure extracts grammars from the
environment by reverse engineering (e.g. Courtat et al. (2011) and the empirical evaluation

of link lengths and angles), the following approach of this thesis defines grammar based on
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fundamental knowledge of the functioning of a design issue, here transport networks. If it is
known that certain features, e.g. a specific intersection type, is more efficient in certain cases,
this knowledge should be formulated and stated within an appropriate rule. Moreover, exist-
ing design handbooks can rely on these findings. This approach is named inductive approach
(Figure [2.5(b)), and is elaborated throughout this thesis.

Figure 2.5: Schematic differences between the analytical and inductive approach for shape
grammar definition.

(a) Analytical approach. (b) Inductive approach.

Existing phrases, clauses, sentences Fundamental principlesin |

transport planning and behavior \
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Differences between the analytical and inductive