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Abstract 

This thesis examines the urban morphology of fifty cities using spatial syntax analysis. The 

analysis compares the urban street networks of European, USA, Islamic and East Asian cities. 

Street connectivity was the main metric and natural roads were the basis for the analysis. The 

aim of the study was to analyze determine how sensitive space syntax methods are for 

uncovering the hierarchical patterns of urban street networks and examining their scale-free 

and small-world properties.  

Street data was collected from OpenStreetMap. ArcGIS 10 with the Axwoman extension was 

used to study the hierarchical levels of street networks. Matlab provided the platform to 

examine the scale-free property of street data. Pajek software was used to measure the 

small-world behavior. Based on the hierarchical representation, the fifty sample cities were 

classified into different groups and their scale-free and small-world properties were studied.  

From a traditionally morphological perspective, it was found that some cities in Europe have 

a close-knit cellular and organic urban morphology. Cities in the USA exhibit gridiron 

patterns on the whole. Some Islamic cities have special urban structure with houses grouped 

around the cul-de-sac lanes. Several of the East Asian cities studied also have grid forms. 

According to the space syntax analysis, urban street networks that have a connectivity value 

greater than the average value were less than 40%. The results showed that for most cities, the 

street connectivity distribution follows a power-law distribution and exhibits scale-free 

properties. Urban street networks of all sample cities were found to have a small-world 

property. 

Space syntax cannot detect all of the morphological patterns recognized in traditional 

morphological studies. The method can, however, efficiently quantify the spatial 

configuration of a large sample. Space syntax‟s topological and scaling metrics thus provide a 

way to compare urban street networks. These metrics can thus help classify cities according to 

their street patterns but also contribute to an understanding of human behavior within and thus 

the design of urban spaces. For example, an urban street network with a small-world property 

could have high efficiency for traffic flows at local and global levels and should be considered 

in further study. 

 

Keywords: Urban forms, topological analysis, urban street network, hierarchical patterns, 

scale-free, small-world 
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Terminology guide 

Space syntax: it contains a set of techniques and theories and is applied for the study of 

spatial configuration 

Natural roads: they are the road segments existed before the processing with space syntax 

method 

Scale-free network: the degree distribution of a scale-free network follows a power-law  

Small-world network: members of a small-world network can be reached from each other 

within a small number of steps even though they are not neighbors; the small-world network 

has a small average path length and a large clustering coefficient 

Average path length: it is the average number of steps between any two members within the 

network and it is calculated along the shortest paths 

Cluttering coefficient: it describes how the members are grouped and it shows the cluttering 

degree 

Regular network: each member of the network has exactly the same number of links and it is 

highly clustered 

Random network: the links between the members are randomly and it describes many 

possible networks 
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1. Introduction 

The morphological variety of cities and towns reflects the periods in which they were formed 

and evolved. The cities or towns may have been developed through the ancient times, Middle 

Ages, early modern stage, industrial age to now the modernization time. For example, Erbil 

developed in ancient times had experienced the early civilization, and cities such as the Greek 

cities, cities in Rome empire time, medieval towns, or cities developed in Renaissance time 

were emerged at different periods (Morris, 1994). The underlying patterns of various cities in 

different continents should also have the peculiarity. In order to better know their living areas, 

people should have an understanding about the structure of their cities. Cities from different 

countries with different development history must have various urban morphologies. To study 

the urban morphology, the analysis of fifty urban forms across the world is carried out from 

multi-dimensional perspectives. One morphological study is made from the traditional way.  

It is shows that at the end of nineteenth century, urban morphological study for landscape was 

shaped as a field (Whitehand, 2007). With the formation of cities, urban morphological study 

has been focused and it is often treated as the study of urban forms. To best study the spatial 

configuration, space syntax (Hillier & Hanson, 1984) provides the tools and it is used to 

measure the spatial configuration. Space syntax has been widely applied to study the spatial 

phenomenon. This study focuses on the use of space syntax to evaluate the street pattern of 

cities which is in term of the form traditionally recognized by urban morphologists. Some 

other properties of urban street networks are examined to see their similarity or difference. 

The differences of various urban forms are studied to find if they can be sensitively detected 

by space syntax method as the traditionally morphological way.  

Within Geographic Information System (GIS), spatial analysis is an important step and it will 

help to uncover the underlying structures. Benefit from Volunteered Geographic Information 

(VGI) which is distributed voluntarily, various spatial data can be freely collected to make 

spatial analysis (Goodchild, 2007). After analysis and communication, the data should be 

visually represented or made generalization. People will be able to get the knowledge from 

the data and make a better understanding of the spatial structure and the underlying pattern. 

 

 

1.1 Specific objectives 

This urban morphological study uses both qualitative and quantitative analyses. The urban 

street networks of fifty cities from different countries are analyzed. Based on the culture and 

continent, four groups‟ data are collected: a European city group, a USA city group, a Islamic 

city group and a East Asian city group. These cities developed at different time have their own 

urban forms and street network patterns.  

The location is the basic way to group these sample cities. The urban forms are studied from 

the development history, natural or human-made determinants. Based on the hierarchical 
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patterns of urban street network, and the scale-free and small-world properties, these cities are 

studied to find the similarity and peculiarity. Hierarchical pattern of urban street network will 

help people to uncover the underlying structure and scale-free and small-world properties will 

be used to study the characteristics of different urban forms. 

There are four main goals of this study. The first goal is to identify basic morphological 

patterns of urban street networks in different parts of the world. The second goal is to make a 

topological analysis of urban street networks based on natural roads and uncover the 

hierarchical pattern of each city. The third and fourth goals are to analyze the scale-free and 

small-world behavior of each urban street network and to compare the cities to find their 

similarity or difference. The traditional way of urban morphological study is focused on the 

construction of urban settlements and it is mainly from the point of geographic view. For the 

new field, space syntax, it provides precision measures of spatial configuration and it is 

applied to study the urban morphology from a different view. Overall, this study is to find if 

space syntax can detect the same morphological patterns as traditionally recognized.  

 

 

1.2 Structure of the study 

The remainder of the paper is composed of 5 parts. In section 2, basic city types are shown. 

The analysis is made from qualitative and quantitative perspectives (Figure 1.1). In section 3, 

materials and methods for this study are described. OpenStreetMap data are used and 

Axwoman provides the platform to make the topological analysis. To uncover the hierarchical 

levels of urban street network, the head/tail breaks method is applied. Scale-free and 

small-world properties are examined. The results of quantitative analysis are shown in section 

4. Discussions are made in section 5. Conclusions and future work are drawn in final section.  

 

Figure 1.1: Methodology of the study 
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2. The morphology of cities 

The development of urban forms was affected by many factors, such as geographical location, 

history, colonial situation, and religion. The qualitative analysis was made from the historical 

development of cities, their situated continents and the natural or human-made determinants 

of urban forms.  

 

 

2.1 Urban morphological study 

Within geography, urban morphology had significant influence on the development of this 

field in an early period, and from the beginning, urban morphology keeping its origins in 

geography, was used to distinguish, characterize and describe the urban landscapes 

(Whitehand, 2007). The geographer Otto Schlüter was arguably thought as the father of urban 

morphology (Whitehand, 2007). Schlüter (1899) considered that for the wider landscape, the 

city is treated as a part of it. The pictorial representation of urban morphology and 

cartographical images were important for the analysis of urban forms (Sima & Zhang, 2009). 

For the analysis of urban forms, there are two mainstream schools which are led by M. R. G. 

Conzen and G. Caniggia (Whitehand, 2007). Conzen describes how the integration of 

landscapes affects the early development of urban morphology (Whitehand, 2007) and the 

contribution of Conzen is mainly on the use of town plans which provides a source for 

historical study of urban morphology (Sima & Zhang, 2009). This kind of urban 

morphological study is from the geographic view and concentrates on how the elements of 

settlements shape the urban structure. The analysis is focused on the street system, plot and 

building patterns (Sima & Zhang, 2009). There are several examples of this type of urban 

morphological investigation. For instance, Conzen (1960) carried out a town plan analysis of 

Alnwick, and Muratori (1960) made a topological study in Venice town.  

Topçu and Kubat (2007) have done a morphological comparison between two historical 

towns and they show that the patterns of settlements are shaped with several cultures‟ effects. 

Streets are the framework and heart of a city and they are important for human activities 

(Jacobs, 1961). Peponis, Allen, French, Scoppa and Brown (2007) have measured the spatial 

correlation between the street connectivity and urban density, and these measures contribute 

to the modeling of city‟s spatial structure. The degree of interconnection, in other word 

connectivity, is a syntactical characteristic of the street. Streets with high interconnection 

could attract more traffic flow, more pedestrians; even increase the density of land use of the 

surround areas. Streets with connectivity higher than others are expected to be used more 

often by people, and to provide more accessible choices for path selection (Long, Baran & 

Moore, 2007). The movement flows are mainly determined by the spatial configuration of 

urban street networks (Hillier & Iida, 2005) and the urban street network is important to study 

the urban forms.  
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In the late twentieth century, a new field which is known as „Space Syntax‟ emerged, theories 

and techniques within this field are applied to the quantitative analysis of spatial configuration 

and they provide scientific precision for the study of urban morphology (Sima & Zhang, 

2009). For studying the spatial phenomenon, GIS provides the platform to make spatial 

representation and model the spatial characteristics (Frank, 1992; Pinho & Oliveira, 2009). 

The theory of space syntax can uncover the hierarchical level of the spatial features (Sima & 

Zhang, 2009). 

 

 

2.2 Major morphological factors 

The major morphological factors of cities include natural determinants and human-made 

determinants. The natural determinants are studied from the geographical location of city. The 

human-made determinants for the form of a city are influenced by human intervention. The 

natural and human-made determinants were considered for the urban morphological study 

from the traditional way.  

 

 

2.2.1 Natural urban form determinants 

The forms of human settlements are determined by several factors. There are three 

determinants derived from the nature of geographical locations. They are climate, topography 

and available construction materials (Morris, 1994). The natural determinants have played 

important roles in the shape of urban forms for both historical and present settlements.  

The climate of a region in the world is determined by its latitude, longitude and terrain. There 

was no doubt that different cities have their climate feature. Climate is a determinant for the 

form of settlements due to the shelter is the fundamental need of people. Some houses of a 

city were built according to the climate. The forming of urban settlements influenced the 

street network, and then determined the urban underlying pattern. The arrangement of houses 

for Islamic cities was particular due to its hot-humid climate. The urban forms depend on their 

local climatic circumstances (Fathy, 1986; Talib, 1984). Due to the geographical locations of 

European cities, USA cities, Islamic cities, and East Asian cities, the urban underlying 

structures must have differences.  

Topography of a region has underlying effect for the establishment or expansion of the urban 

settlements (Smith, 1967). Morris (1994) shows that in history and today, the topography is a 

main part in the creation of urban dimension. There are outstanding European examples such 

as Athens, Rome and Edinburgh and they are affected by their topographical settings. The 

construction materials also shape different style of architectures.  
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2.2.2 Human-made urban form determinants 

There is another kind of determinants which is termed as the human-made determinant. These 

determinants for the process of natural settlements have the human intervention and people 

have significant influence in the shape of urban forms. The human-made determinant had 

great effect for the organic growth and planned town. Cities or towns built for fortification 

were greatly affected by the human-made factors. Compared to the natural determinants, the 

human-made determinants are numerous, and they involve economy, politics, religions, 

defense, the gridiron, aesthetic planning and functional regions.  

For the market place of a city, it needs space for selling goods. The marketing areas affect the 

form of urban settlements. The European towns have their urban space for communal trading 

activities, but the circumstance is different in Islamic cities (Morris, 1994). The major markets 

in some European cities might are gradually consolidated. In different cities, the economic 

activities influence their underlying pattern.  

The political factor are various with countries. The citadels, castles and palaces could be built 

for the cities as a military power. Due to the different politics, the urban forms have 

differences. Take an example, Xi‟an which is an important ancient capital in ancient China 

has its special grid urban form. The religion is another determinant factor. The functional 

regions affect the groups of buildings and street layouts.  

For the defense factor, most cities or towns have their special patterns. The moats, walls and 

defensive system could affect the urban street network and they could make the fortified cities 

and towns have geometric forms. For example, Naarden and Antwerp have their regular 

defensive system and these urban patterns are based on their military roles. The European 

fortification cities and towns developed in different periods were studied together to find their 

urban forms and regular outlines.  

The original gridiron plan was used to divide the planned areas into building blocks by the 

orthogonal street networks. Morris (1994) describes that in history the gridiron were made for 

Greek planned cities, Roman imperial urban planning and some USA cities. The gridiron 

pattern is also different in European and USA cities. The orthogonal streets of urban street 

network are straight and long for some special USA cities. The gridiron pattern provides a 

way to study the various urban forms. 

The aesthetic planning of different countries in different period make the shape of urban 

settlements diverse. The functional regions of a city could determine the layout of urban street 

networks. Considering the several natural determinants and human-made determinants, 

various urban forms were studied from the traditional perspective.  
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2.3 The urban morphology of selected regions 

As we known, continents on the earth have their geographical condition and countries of them 

have different urban development. The urban forms of European cities must have difference 

from the USA cities, Islamic cities and East Asian cities. Cities in European countries could 

have similarity, but they could also have different urban patterns due to their historical 

development, natural and human-made determinants. The European cities have various types, 

for instance, cities developed in Rome and its Empire time, medieval towns, cities developed 

in Renaissance time and so on. Some Islamic cities and East Asian cities have their own urban 

patterns. History, culture, geography, humanity or other aspects affect the shape of urban 

forms.  

 

 

2.3.1 An early city and European cities 

In ancient time, it had appeared seven civilizations and the Mesopotamian civilization and 

early cities had been formed (Morris, 1994). For early cities, they had special growth forms. 

Ancient Egypt had the urban settlements with several types and there was organic growth and 

planned towns. Erbil was selected as an example of the early city and it was one of the oldest 

cities from inhabitation. The city heart is the citadel of Erbil and Erbil describes the Sumerian 

organic growth form. The close-knit cellular urban morphology is clearly illustrated from 

Figure 2.1 and the organic growth form for both ancient and modern Erbil is based on the 

climate-response courtyard house type of Middle Eastern (Morris, 1994).  

 

Figure 2.1: Urban form of ancient Erbil (Morris, 1994) 

 

It was known that, Greece had directly linked the Sumerian and Egyptian civilizations (Morris, 

1994) and there were emerged city states in ancient Greece. The topography which was the 

first influence determined the territorial organization of Greek based on the city states. The 

Greece is mountainous and this condition makes the existence of independently small states. 
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The small state comes to form the urban nucleus. Athens which is an organic growth type was 

intended to study the Greek city type in contrast to some other systematically planned cities in 

early time and its walls were spread loosely. The plan of Greek city comprised the acropolis, 

the agora, the enclosing city wall, the harbor and the functional districts as cultural areas, 

religious areas, industrial districts and others (Morris, 1994).  

To maintain the authority, thousands fortified legionary camps were built throughout the vast 

Roman Empire and permanent urban settlements were developed from that time. The 

human-made determinants have great effects on the forms of fortified cities and towns, and 

the layout of cities supported their military activities. Several good European examples in 

different countries were analyzed to study the forms developed in Rome and its Empire. For 

Rome and the Empire time, there was special imperial urban planning. Legionary fortresses 

affected the underlying patterns of these cities. For historic Italian cities, Verona was one of 

the most attractive examples. The Romans had built many fortified legionary camps to 

maintain their authority; the present-day street plans of Zaragoza revealed an underlying grid 

form of Rome and there were also some other urban forms at that time, such as the earliest 

and most rectilinear Romano-British town, Colchester (Morris, 1994). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Geometric layouts of four European cities (Morris, 1994) (A: Nijmegen with 

artillery fortifications from early eighteenth-century, B: Naarden with its fortification system, 

C: retained original plan and the fortification system of Palmanova, and D: Le Havre in early 

time and three lines of moats were in northern side) 

 

From the eleventh to fifteenth centuries, there emerged different categories of medieval 

European towns, and the growth of Florence was an example of the concentric-ring type 

(Morris, 1994). There were also some bastides such as Carcassonne and Kingston upon Hull. 

A

    

B

    

C

    

D
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In Europe, medieval towns had similar determinants in social, economic and political contexts, 

and Vance (1990) and Rasmussen (1969) had studied the European medieval urban forms. 

Both the planned new towns‟ formal gridirons and the informal uncontrolled layouts were 

made up by the local vernacular buildings, and the medieval towns were composed of wall, 

streets, market place, church and town buildings (Morris, 1994). Nijmegen was an important 

example for its historic development of multi-nuclear origins and successive fortification 

systems (Figure 2.2 A).  

The Renaissance period was taken from Italy and the new architectural style spread quickly 

from Florence. The population and extent of European cities were remarkably increasing 

during that time. Five broad areas for urban planning in Renaissance time were identified; 

they contained the fortification systems, partial regeneration of the cities, reconstruction of 

existing cities, extensive addition of new districts and the layout of some new towns (Morris, 

1994). The primary straight streets could determine the existing city‟s growth. During the 

Renaissance time, many towns were built for fortification and fortification was treated as an 

urban form determinant. Some towns described the strategic military origins, such as Naarden 

in Netherlands, Neuf Brisach in France, Palmanova in Italy (Figure 2.2 B, C) and these towns 

had the geometric layouts. A regular royal navy established in France during the seventeenth 

century and Toulon and Le Havre were two prominent examples of French naval bases 

(Morris, 1994). In history, Le Havre was the planned port and town; it had the defensive areas 

(Figure 2.2 D) and formed its urban structure. The relatively regular outlines of cities could be 

seen from these samples.  

 

 

 

 

 

 

 

 

 

Figure 2.3: Street layouts of modern Paris and Amsterdam (A: radial street layout of modern 

Paris and B: preserved street layout of central Amsterdam) 

 

The European countries have different forms of urban settlements. Cities have their 

characteristic patterns. For modernization, the city is developed with their history, culture, 

population and many other aspects, cities in different European countries could have their 

own patterns, such as radial street layout pattern of Paris and street layout affected by the 

cannel in Amsterdam (Figure 2.3). Several cities form different European countries were 

made a surveyed to study their own urban form and property of urban street networks. There 

A

    

B
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must be dissimilarity between the European cities and American cities.  

 

 

2.3.2 USA urban forms  

Besides the European cities, some USA urban forms such as Philadelphia, Washington and 

others were studied to make a comparison. Spanish, French and English urban settlements 

were established in USA in early time. Its ubiquitous gridirons went places energetically at 

mid-nineteenth century and the gridiron provided a simple and logical geometric framework 

for cities in present day America (Morris, 1994).  

The political factor influenced the great American grids. Morris (1994) shows that the law 

required the territory to be laid out with rectangular townships to be sold and the section 

boundaries proved natural road lines. The human-made determinant reinforced the gridiron 

urban structuring. The Figure 2.4 shows a pattern of regular alignment grids in Detroit, 

Atlanta and Chicago. The maps displayed that the urban street networks of USA cities have 

special grid pattern and the streets are straight and continuous.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: Urban patterns of USA cities (the gridiron pattern of A: Detroit, B: Atlanta and C: 

Chicago), source: OpenStreetMap 
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2.3.3 Islamic and East Asian urban forms 

In the Middle East, there is another type, the Islamic urban form. One example of Erbil was 

shown with its underlying structure. The climate was a main factor for the distribution of 

houses in Islamic countries. There were densely grouped climate-response courtyard houses 

and they were accesses by narrow and indirect alleys that formed the special urban street 

network. For instance, Sana has the hot-humid waterside micro climate and houses are faced 

to the streets by taking light and ventilation (Morris, 1994). The climate factor greatly affected 

the underlying pattern of the Islamic cities in the Middle East. The Islamic cities have their 

own religion; mosque, wall, residential places and other areas form the components of urban 

morphology. Morris (1994) shows that for street system of Islamic cities, the individual 

houses were clustered around the cul-de-sac lanes and the accesses to the houses were 

provided by the main thoroughfares (Figure 2.5).  

 

 

 

Figure 2.5: Islamic street patterns (Morris, 1994) (A: Riyadh, B: Jiblah, C: Dubai and D: 

Kerman)  

 

 

Besides European cities, USA cities and Islamic cities, East Asian cities also have their own 

street layouts. Several of the East Asian cities may have the grid patterns, such as ancient city 

plan in China, Osaka in Japan (Figure 2.6). In ancient China, there was rigid feudal hierarchy 

which had the effects on the architecture and urban layouts. The sample cities or towns have 

different historical development and they have different urban forms. It was necessary to 

make a spatial analysis of urban forms across the world and to find their particular patterns. 
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Figure 2.6: Street layouts of East Asian cities (A: general grid plan of Xi‟an in China 

and B: the grid layout of Osaka in Japan), source: OpenStreetMap 

 

 

Besides the qualitative analysis of the sample cities from a traditional morphological way, the 

quantitative analysis with space syntax method was also performed. The urban forms of 

various cities were analyzed in this study from their natural and human-made determinants, 

topology and scaling ways. The hierarchical levels of fifty urban street networks were 

represented to uncover the underlying patterns. Cites with different development history may 

have the similar hierarchical levels and they were analyzed to get better understanding. An 

urban street network could have many properties, such as the scale-free and small-world 

properties. The measures were performed to examine the urban street network‟s 

characteristics.  
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3. Methods and metrics 

Morris (1994) provides sources about the background of urban forms. It was used to select the 

sample cities. The OpenStreetMap data of the sample cities for this topological study were 

gotten from the CLOUDMADE website and the GEOFABRIK website. This study of various 

urban forms was based on qualitative analysis and quantitative analysis. The quantitative 

analysis of urban forms was made from topological and scaling perspectives. Head/tail breaks 

method which was proposed by Jiang (2012b) was applied for this study and it aimed to 

uncover the hierarchical levels of the empirical street data. To make the topological analysis 

and uncover the hierarchical patterns of cities, the Axwoman, an ArcGIS extension was used 

(Jiang, 2012a). Natural roads of the urban street networks were generated automatically and 

the space syntax parameters were also automatically calculated. The obtained street 

connectivity of a network was used to study its scale-free and small-world properties.  

Matlab was used to examine the scale-free property and find if the connectivity distribution of 

an urban street network followed a power-law distribution. Maximum likelihood fitting 

method was applied to detect the scale-free behavior in Matlab (Clauset, Shalizi & Newman, 

2009). As the research of city size distribution, not all the data fit a power-law distribution 

(Eeckhout, 2004; Giesen, Zimmermann & Suedekmn, 2010). The scaling range of an urban 

street network was estimated. Another method, least square fitting, was used to test the 

rank-size connectivity distribution of the streets outside the scaling range. The least square 

fitting could be easily carried out in Microsoft Excel.  

Besides scale-free property, the small-world property of an urban street network was also 

examined. Pajek software provided the platform to calculate the two measures, average path 

length and clustering coefficient. With these measures, the city could be studied to see how 

the streets were clustered or what characteristics it had.  

The cities in different continents and with various forms could be reclassified with their 

hierarchical levels. According to the scaling range and topological measures of average path 

length and clustering coefficient, the similarity or difference of the cities would be uncovered.  

 

 

3.1 Sample cities 

For this study, four categories were roughly made by using Morris‟s assessments as a guide; 

they were European, USA, Islamic and East Asian city groups. The European sample cities 

were selected from different countries and they had several types, for instance the Greek city 

states, cities built with fortified roles or the harbor cities. These cities have their obvious 

urban structures and history. Early city, Greek city states, cities developed in Renaissance 

time for fortification, USA cities, Islamic cities and East Asian cities were chosen respectively 

for the analysis.  

The urban forms were analyzed from their historical evolution, and special composition of 
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urban morphology. There could be organic growth and planned urban forms, urban forms with 

defensive system and gridiron forms. The cities had their own urban planning and the urban 

forms were various. Erbil was selected to study the urban form of early city. Not all the 

European cities have the same underlying pattern, but they have the similarity. Several cities 

in European countries were planned for fortification and they had moats and walls. There was 

a special pattern for these cities developed for defense. These fortified cities could be grouped 

together to study their urban systems. Athens with loosely spread walls and planned as a 

whole was selected to study the urban form of Greek city state. Other cities such as 

Cirencester with Roman gridiron, Paris which has radial pattern and Amsterdam which has its 

special canal planning, could be made a study for the European urban forms.  

The USA cities had been influenced by some European planners. Mostly, the USA cities have 

the special gridiron patterns and the streets are long and straight. Several USA cities were 

analyzed together to find their special urban forms. The special cities such as Washington, 

Detroit, and Atlanta were selected to study the underlying patterns. For this study, the 

European and USA cities were mainly focused, but a few Islamic cities and East Asian cities 

were chosen to study the characteristics of their urban forms. The historical or present shape 

of urban forms was determined by several factors. There could be natural determinates and 

human-made determinants that affect the underlying pattern of a city.  

 

 

3.2 Space syntax 

To better understand the urban space, space syntax gives an effective way to measure the 

configuration (Long, Baran & Moore, 2007). The integrated space syntax theory can extend 

the capabilities of GIS for modeling spatial objects (Jiang, Claramunt & Klarqvist, 2000). 

Natural roads, axial lines and space syntax parameters offer the way to study the urban street 

network and the urban morphology. Natural roads are the roads of any cities and are termed 

before the transformation with space syntax method. Jiang, Zhao and Yin (2008) describe that 

natural roads are road segments jointed with Gestalt principle for good continuation and they 

are continuous lines. Natural roads reflect the continuity of roads. Axial map has been used to 

study the spatial objects‟ structure and it is composed of the longest visible lines (Turner, Penn 

& Hillier, 2005; Liu & Jiang, 2011). Axial lines have been widely used for urban 

morphological study with the space syntax theory. Jiang and Claramunt (2002) show that for 

urban street network, axial lines display the visible direction and uninterrupted movement. A 

definition of axial line by generating it along the self-organized natural roads is proposed by 

Liu and Jiang (2011). Due to the generation of axial lines are time consuming (Jiang & 

Claramunt, 2002; Ratti, 2004), an Axwoman extension of ArcGIS (Jiang, 2012a) is developed 

to automatically generate them, and the natural roads and space syntax parameters can also be 

gotten.  

Street connectivity is the focused concept to uncover the underlying patterns. Peponis (2001) 

points out that the topological properties of objects such as the connection pattern can be 
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obtained by the procedure involved in space syntax theory. Graph-based measures developed 

by space syntax are applied to analyze the complexity of urban street networks (Jiang & 

Claramunt, 2004a). For the graph, Jiang (2013) uses the vertex to represent the individual 

street and uses the link to represent the connection among streets, and the centrality measures 

such as connectivity, closeness or betweenness can be calculated. For this urban 

morphological study, street connectivity, a space syntax parameter is used. One previous study 

about urban morphology on fifty Swedish cities has been done and it is based on the 

generated axial lines (Sun, 2013). This study is carried out referring to the natural roads. The 

properties of urban street networks are investigated to learn various urban forms. 

Nowadays, vast spatial data which are voluntarily distributed become available for 

topological analysis. VGI is a kind of user generated content and it is supported by web 2.0 

technologies (Jiang, 2013). Benefit from VGI and computational geography, the underlying 

patterns for the spatial phenomenon can be uncovered. OpenStreetMap provides the 

voluntarily distributed geographic data and it is a kind of user-generated content (Graham, 

2010). The free and editable map data can be gotten from OpenStreetMap and it is useful for 

customers (Haklay & Weber, 2008). The quality of VGI has been analyzed by some 

researchers such as Haklay (2010) and it can reach a good level with the diligent and 

committed participants. The aim of computational geography is to understand the underlying 

mechanisms of the geographic forms, and a research about the computational geography for 

spatial analysis of urban street networks with the use of VGI is carried out by Jiang (2013).  

Information from the street data for the generalization is important for spatial analysis and 

comes in two types, cartographic generalization and model-based generalization (Muller, 

Lagrange & Weibel, 1995). The graph-based approach which belongs to the model-based 

generalization was applied to analyze the linear objects (Jiang & Claramunt, 2004a). The 

graph-based generalization was used to make this urban morphological study. 

Geovisualization provides an analytical and communication way to better study the geospatial 

data in the reality. For planning support system, geovisualization has two roles which are 

collaboration and exploration (Jiang, Huang & Vasek, 2003). The output for the geographic 

data contains visual representation, map production or other measures to get the structure of 

the geographic objects. The streets can be hierarchically visualized to show the underlying 

urban morphology.  

 

 

3.3 Topology and scaling 

Topology and scaling are two keys for the spatial analysis of urban street networks. Data is 

raw data and it needs to be turned to information. Through the spatial analysis, information 

will become to knowledge. Thill (2000) shows that GIS could obtain the topological 

relationship between objects with its analytical capabilities. Many topological studies about 

urban forms have been carried out, for instance, Jiang and Yao (2010) model the urban 

structure and make the geospatial analysis.  
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Topology is used to describe the relationships between the objects. Scaling shows the 

behavior that small things are far more than large ones and it is characterized by power-law 

distribution. To study the spatial object‟s structure, topological analysis has been widely 

applied, such as uncover the underlying patterns of the self-organized urban settlements (Buhl 

et al., 2006). Jiang and Claramunt (2004b) have made the analysis of urban street networks 

from the topological perspective.  

Power-law distribution is a kind of probability distribution that the frequency of the event is 

varied as a power of the event. The power-law behavior exists in many fields, such as in 

physics, computer science, biology or demography, and various distributions in nature or daily 

life; the sizes of earthquakes, craters on the moon, the frequency of the words or the income 

of people, follow power-law distributions (Newman, 2005). The power-law will help people 

to understand different phenomenon. For the emergence of scaling, Barabási and Albert (1999) 

point out that the degree distribution of the random network follows a power-law behavior, 

and such network is also called scale-free network. It reveals that small events are much more 

common than large events as Jiang (2007) describes that less than 20% streets of each US 

sample city have their connectivity higher than the average value. Besides the scaling 

behavior, the urban street network may have small-world property that the network is highly 

clustered locally and has a small separation globally (Watts & Strogatz, 1998).  

Zipf made important contributions to study the power-law distribution. Zipf‟s law is a 

power-law probability distribution (Newman, 2005). Zipf‟s law states that the frequency of 

any word in the language corpuses inversely proportions to its rank. For example, the most 

frequent word could occur as two times as the second most frequent word which could occur 

two times as often as the fourth most frequent word and so forth. The Zipf distribution was 

applied to test the power-law distribution of urban street networks. For statistical models, 

maximum likelihood is a method to estimate the parameters. This method estimates the 

parameters for the model through some samples and maximizes the fitting of the observed 

street data with the parameterized model. The scaling parameter was estimated so that the 

model can generate the data most likely. The probability of the data drawn from the model is 

called likelihood; the scaling parameter maximizes the likelihood function and the maximum 

likelihood estimate for the scaling parameter can be derived from the logarithm of the 

likelihood function (Clauset, Shalizi & Newman, 2009). The scaling behavior of urban street 

network can be studied through this way. 

This paper provides a way to study the morphology of world cities and compare urban forms. 

European cities, USA cities, Islamic cities and East Asian cities display their particular urban 

patterns. Urban forms from different continents should have the diversity, but they may also 

have similar properties. The similarity or difference among the world cities can be uncovered 

from topological and scaling analysis. 
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3.4 Quantitative analysis 

Besides the qualitative analysis of various urban forms, the quantitative analysis of fifty cities 

was made. The spatial analysis of urban street networks was based on the generated natural 

roads. To study the scale-free behavior, street connectivity, a space syntax parameter was 

calculated for each sample city. Maximum likelihood method was applied for examining the 

street connectivity power-law distribution. For the power-law distribution of each urban street 

network, perhaps not all of them follow the power-law and there was a scaling range with an 

estimated minimum value. Two measures about average path length and clustering coefficient 

were obtained to study the small-world behavior of a network.  

 

 

3.4.1 Preprocessing the street data  

Before doing the topological analysis of urban street networks, the downloaded data were 

processed. The streets were projected with Equidistant Conic coordinate system in ArcGIS. 

The topology of projected data was chopped down at each junction using the Data 

Interoperability Tools in ArcToolbox. The natural roads were automatically generated with the 

functions of Axwoman.  

Jiang, Zhao and Yin (2008) point out that natural road segments are connected with the 

Gestalt principle for good continuation and different joint principles are proposed to form the 

natural roads. For this study, the natural roads were formed by joining the adjacent road 

segments at each junction if the deflection angle between them was smaller than 45 degree 

which was the default value. The joining would continue unless there was no adjacent 

segment or the deflection angle between the neighbors was larger than 45 degree. The formed 

natural road could be long continuous lines (Figure 3.1).  

 
(a) Road segments                      (b) Natural roads 

Figure 3.1: Urban street network of Philippeville (Note: individual and continuous natural 

roads are represented with different colors) 

 

In order to uncover the underlying pattern of a city, the streets would be hierarchically 
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represented. Axwoman could automatically calculate the space syntax parameters such as 

street connectivity and hierarchically display them. Head/tail breaks was the method behind 

the hierarchical representation.  

 

 

3.4.2 Uncovering the hierarchical levels based on head/tail breaks 

Head/tail breaks were used to classify the street connectivity distribution using the average 

connectivity value, the street data was classified to a head and tail. Street data with 

connectivity value larger than the average value fall in the head. The break was iteratively 

applied to the head part of the distribution until it no longer had a heavy tail. The head/tail 

breaks uncover hierarchical levels and scaling of the geographic phenomenon, such as the 

ht-index (Jiang & Yin, 2013). For this study, the head part of the data was broken if it was less 

than 40% of the street network (Table 1). This break always focused on the streets with 

connectivity higher than the average. These streets with largest connectivity are shown in red 

while streets with smallest connectivity are shown in blue (Figure 3.2).  

 

Table 1: Head/tail breaks for Erbil (Note: # = the number, % = the percentage) 

# Natural roads # In head % In head Mean value 

2880 730 25.4% 4.3 

730 182 24.9% 9.5 

182 43 23.6% 19.1 

43 15 34.9% 38.7 

15 5 33.3% 62.6 

5 2 40.0% 98.0 

 

Figure 3.2: Hierarchical pattern of Erbil 
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3.4.3 Examining the scale-free property 

In an urban street network, the frequency of street connectivity can follow a power-law 

distribution and have a scale-free property. The power-law is defined as y = Cx
-α 

in 

mathematics (Clauset, Shalizi & Newman, 2009). Normally, the power-law distribution has a 

long tail and is skew to the right (Figure 3.3). For empirical phenomenon, not all values of 

them obey a power-law and more often the tail part of the distribution fits a power-law 

distribution (Clauset, Shalizi & Newman, 2009). 

 

Figure 3.3: Power-law distribution (Note: x  = the mean value) 

 

For the “long tail” distribution, it could be seen that large event has low frequency and that 

meant there are far more small events than large ones. Many studies have identified the 

long-tail distribution among human daily life or natural field. For instance, the richest 20% of 

the people own about 80% of the wealth, 20% of the websites from the top get majority web 

hits (Newman, 2005), and a few roads account for most traffic flow (Jiang, 2009). Generally 

in spatial domain, infrequent events are more common than frequent events (Jiang, 2010). 

The scale-free property of the data was examined to see if its connectivity has a power-law 

distribution. Jiang and Claramunt (2004b) have carried out a similar research. The 

connectivity distribution was studied by plotting data on logarithm scales. In Matlab, the 

power-law fitting code with maximum likelihood method was chosen to examine the 

scale-free property and distribution of the data. Virkar & Clauset (2012) note that there are 

large fluctuations in the upper tail of many distributions and thus that not all data follows a 

power-law. They propose a new method to test the power-law distribution for binned data to 

amplify the fluctuation. Power-law fitting for binned data has the same statistical framework 

assessed by Clauset, Shalizi and Newman (2009), and that the new method bins the data first, 

and the number is then counted (Table 2). Using the power-law fitting code for binned data 

(Virkar & Clauset, 2012) in Matlab, the alpha value (power-law exponent), log-log plot and 

p-values were identified. The log-log plot for the binned data had the step shape (Figure 3.4). 

A called p-value was estimated to find how well the street connectivity data fit to the 

power-law model. The power law model is seemed to be plausible when the p-value is greater 

than 0.1 (Clauset, Shalizi & Newman, 2009). 
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Table 2: Binned street data for Antwerp (Note: h = the count of the binned data) 

boundaries h 

[1, 2) 513 

[2, 4) 2516 

[4, 8) 1249 

[8, 16) 374 

[16, 32) 127 

[32, 64) 34 

[64, 128) 13 

 

Figure 3.4: Power-law fit for binned street data of Antwerp (alpha=2.72, p=0.61) 

 

 

3.4.4 Measuring the small-world property 

A small-world graph is highly clustered locally which is characterized by a clustering 

coefficient and has a small separation globally which is measured by average path length 

(Watts & Strogatz, 1998). The members of a network with small-world property can be 

reached by each other within a small number of steps even though they are not neighbors. The 

small-world behavior can be examined with two measures: average path length and clustering 

coefficient.  

Average path length is the average number of steps along the shortest paths between the 

members of the network. In a simple way, small-world network explains that friends of a 

friend could become friends. Clustering coefficients describes how the members are clustered 

and it shows the clustering degree. The topological analysis of urban street networks could 

apply the two measures to examine their small-world property. For the small-world network, 

it has high efficiency at local and global levels. Clustering coefficient measures the degree of 

nodes which tend to be clustered together in a graph and it suggests that in most real world 

network, the nodes have relatively high density of ties which is greater than the average 
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probability of ties estimated within a random network (Holland & Leinhardt, 1971; Watts & 

Strogatz, 1998). If members within the network are fully connected, they will have a relative 

high clustering coefficient. Watts and Strogatz (1998) introduce the clustering coefficient to 

determine the small-world property of a network and define it as the average coefficient of all 

vertices and the average clustering coefficient is significantly larger than the value obtained 

with a random graph. 

According to average path length (Lactual) and clustering coefficient (Cactual), the small-world 

property of a network would be examined. An urban street network with small-world behavior 

would have a small average path length and a large clustering coefficient. To measure the two 

parameters, the urban street network was converted to graph as the work Jiang (2013) has 

done. For the graph, the vertices were used to represent the streets and the links were used to 

show the connections. To make a comparison, the measures were also calculated for the 

random graph which has the same number of vertexes and the same connectivity value per 

vertex. Jiang (2005) shows that the small-world network is highly clustered as the regular 

network and it has a small average path length as the random network (Figure 3.5).  

The values of Lactual and Cactual could be automatically calculated for the graph in Pajek (Table 

3). For the random graph, Lrandom = ln n / ln m , Crandom= m /n, where n is the total number of 

vertices and m  is the mean value of connectivity (Jiang & Claramunt, 2004b).  

 

 

Figure 3.5: Three types of networks (Jiang, 2005) 

 

Table 3: Small-world measures of Athens and Lincoln (Note: m  = mean value of 

connectivity, L = average path length and C = clustering coefficient) 

City # Streets m  Lactual Cactual Lrandom Crandom 

Athens 4040 5.7 5.40 0.22 4.77 0.0014 

Lincoln 2435 3.0 6.42 0.28 7.10 0.0012 
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4. Results of the quantitative analysis 

Cities were selected as groups based on their location. European cities could have their 

particular urban layouts, such as the close-knit regular pattern and organic growth pattern. 

USA cities were different from the European, Islamic and Asian cities, and they might have 

the special gridiron urban layouts. From the qualitative analysis, it was known that Islamic 

city has its own religion and various functional areas that could compose special urban 

morphology. Several East Asian cities have their own characteristics and another kind of grid 

patterns. From the topological and scaling perspectives, the similar properties of various 

urban street networks were studied.  

 

 

4.1 Reclassified sample cities and their hierarchical levels  

For the analysis of urban forms with space syntax method, these fifty cities were not classified 

according to their locations, however they were studied together to uncover their special 

underlying patterns. To learn these urban street networks, natural roads for these cities were 

automatically generated from Axwoman and the number of streets was different (Appendix 

A).  

Head/tail break method provided a way to uncover the hierarchical levels of the urban street 

network. The results described that streets with connectivity higher than the average value 

were less than 40% and the street with largest connectivity was very few. As Figure 3.2 shows, 

there are only two streets with largest connectivity which are represented with red color and 

the streets with smallest connectivity which are showed with blue color are most. This 

confirmed the topological patterns that Jiang (2007) proposes that vital streets with large 

connectivity are minority and trivial streets with small connectivity are majority. The 

underlying pattern of each sample city could be seen in Appendix B. 

Hierarchical levels revealed the underlying patterns of these cities. The higher the hierarchical 

level it was, the more complexity the street network had. Cities with various urban forms 

could have the same hierarchical levels and a classification was made based on the hierarchy. 

Six groups were reclassified for fifty sample cities and cities within the same group have the 

same hierarchical levels even though they have different urban forms and different number of 

streets (Table 4).  
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Table 4: Hierarchical levels for fifty sample cities (Note: Ht-index = hierarchical levels, Eu = 

European, Isl = Islamic, Esa = East Asian) 

Types Ht-index Cities Types Ht-index Cities 

Eu 3 Naarden Eu 7 Nijmegen  

Eu 3 Philippeville Eu 7 Le Havre 

Eu 4 Palmanova Eu 7 Amsterdam 

Eu 4 Neuf Brisach Eu 7 Brussels 

Eu 6 Cirencester Eu 7 Florence 

Eu 6 Winchester Eu 7 Carcassonne 

Eu 6 Turin Eu 7 Hamburg 

Eu 6 Toulon USA 7 Carlisle 

Eu 6 Edinburgh USA 7 Detroit 

Eu 6 Seville USA 7 Atlanta 

Isl 6 Medina Eu 8 Exter 

Isl 6 Muscat Eu 8 Zaragoza 

Isl 6 Aleppo Eu 8 Paris 

Isl 6 Beirut Eu 8 Budapest 

Isl 6 Cairo Eu 8 Hull 

Esa 6 Xi'an USA 8 Philadelphia 

Esa 6 Nanjing USA 8 Washington 

Esa 6 Osaka USA 8 Memphis 

Isl 7 Erbil Isl 8 Riyadh 

Isl 7 Mecca Isl 8 Sana 

Isl 7 Jeddah Isl 8 Algiers 

Eu 7 Athens Eu 9 Antwerp 

Eu 7 Verona Eu 9 Madrid 

Eu 7 Colchester USA 9 Chicago 

Eu 7 Lincoln Esa 9 Tokyo 

 

Table 5: Mean hierarchical levels for the four category cities 

City types Mean hierarchical levels 

European 6.6 

USA 7.7 

Islamic  6.8 

East Asian 6.8 

It showed that there was no obvious difference among the European, Islamic and East Asian 

city groups and the mean hierarchical level was around 6.7 (Table 5). The only difference was 

that the mean hierarchical level for the USA group was a litter larger than the other three 

groups, but it was not significant. While in general, it could be said that the hierarchical levels 

derived with space syntax method could not distinctly identify the various urban forms around 

the world.  



 

23 
 

4.2 Scale-free behavior and power-law fitting 

The results of the displayed alpha and p-value tests are shown before. The tests indicate that 

not all street distributions follow a power-law distribution and have a p-value larger than 0.1 

(Table 6).  

 

Table 6: Results of the power-law fitting (Note: the highlighted cities do not have scale-free 

behavior, Eu = European, Isl = Islamic, Esa = East Asian) 

Types Cities alpha bmin p Types Cities alpha bmin p 

Eu Athens 2.91 16 0.49 Eu Hull 3.18 2 0.17 

Eu Verona 5.00 4 0.09 Eu Madrid 3.01 16 0.57 

Eu Zaragoza 2.88 8 0.54 Eu Seville 3.11 32 0.06 

Eu Colchester 3.33 4 0.67 USA Philadelphia 2.29 2 0.00 

Eu Lincoln 2.81 16 0.80 USA Carlisle 2.84 2 0.08 

Eu Cirencester 3.48 16 0.09 USA Washington 2.64 16 0.05 

Eu Florence 3.23 16 0.87 USA Detroit 2.44 128 0.00 

Eu Winchester 3.42 8 0.41 USA Chicago 2.47 4 0.00 

Eu Exter 2.83 4 0.03 USA Memphis 2.63 4 0.43 

Eu Carcassonne 3.31 8 0.77 USA Atlanta 2.65 4 0.23 

Eu Hamburg 2.64 4 0.67 Isl Erbil 2.95 4 0.49 

Eu Nijmegen  2.95 4 0.01 Isl Mecca 3.15 4 0.23 

Eu Naarden 2.33 2 0.16 Isl Medina 3.04 4 0.74 

Eu Palmanova 3.17 4 0.88 Isl Riyadh 2.91 16 0.28 

Eu Turin 2.71 4 0.00 Isl Jeddah 3.16 32 0.00 

Eu Philippeville 3.50 4 0.92 Isl Sana 2.93 8 0.42 

Eu Neuf 

Brisach 

2.36 4 0.02 Isl Muscat 3.19 4 0.06 

Eu Paris 3.50 64 0.88 Isl Aleppo 3.50 4 0.00 

Eu Toulon 3.05 4 0.53 Isl Beirut 3.50 32 0.01 

Eu Le Havre 3.02 16 0.41 Isl Cairo 3.02 8 0.77 

Eu Amsterdam 2.86 4 0.00 Isl Algiers 2.91 4 0.25 

Eu Antwerp 2.81 4 0.61 Esa Xi'an 2.97 16 0.90 

Eu Brussels 3.14 16 0.71 Esa Nanjing 3.04 4 0.30 

Eu Budapest 2.83 16 0.73 Esa Tokyo 2.65 8 0.04 

Eu Edinburgh 3.06 8 0.26 Esa Osaka 2.80 8 0.09 

 

 

The estimated minimum value for the binned data was smaller than 8 for most of the cities. 

Streets with connectivity higher than the estimated minimum value had scale-free behavior. It 

was found that the street connectivity distribution of nineteen cities did not fit a power-law 
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distribution. Five of seven American sample cities did not have scale-free property. This result 

reflects the gridiron pattern of American cities. Straight and continuous networks exhibit little 

difference in street connectivity.  

For power-law fitting in Matlab, the minimum binned data value was calculated. There could 

be fluctuation in the power-law distribution; from the minimum value a best fitted power-law 

behavior was examined. With the maximum likelihood fitting method, only the lower 

boundary for the scaling range was estimated and the small events which did not fit the 

power-law distribution were excluded. In fact, the fluctuation in the upper tail of connectivity 

distribution might have a special pattern. 

The tests where the scaling ranges were exceeded may be indicated of other distributions. 

Least squares, a mathematical optimization method that aims to find the best match between 

values by minimizing the sum of the squared errors, was applied to get the fitted regression 

function. As a result, the rank-size distribution of the rest part of streets which did not have 

scale-free behavior fitted a logarithm distribution for most sample cities (Figure 4.1). The 

streets outside the scaling range of some cities might fit a polynomial distribution or another 

kind of power-law distribution. The streets for some other cities with connectivity less than 

the minimum bin value 4 did not have an obvious fitted mathematical distribution (Appendix 

A).  

 

 

Figure 4.1: Logarithm distribution for the streets outside scaling range of Lincoln 
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4.3 Small-world property 

Small-world property of urban street network was evaluated from another way of the 

topological analysis. Average path length and clustering coefficient of urban street network 

for several sample cities were calculated as Table 7 shown. All the result of examined 

small-world property was included in the Appendix A. In order to make a comparison, the two 

measures were also performed for the random graphs of the sample cities.  

The calculated results displayed that all the urban street networks had small degree of 

separation and all the separation which is characterized by average path length (Lactual) was 

smaller than 8.5. The measures showed that Cactual >> Crandom for all sample cities and it 

confirmed to the small-world property proposed by Watts and Strogatz (1998). All the studied 

urban street networks were highly clustered locally and they had the small-world property. It 

was found that there were not obvious differences among the four category cities.  

The mean street connectivity value for the European group and the Islamic group was almost 

the same. The USA group and East Asian group also have the same value (Table 8). From the 

mean connectivity value of each group, it could not identify how the mean value influence the 

urban morphological patterns. All the four category cities have the small-world property and 

no obvious difference was found from the space syntax view.  

Table 7: Part results for small-world measures (Note: m  = mean value of connectivity, L = 

average path length and C = clustering coefficient) 

Cities # Streets m  Lactual Cactual Lrandom Crandom 

Erbil 2880 4.3 5.85  0.17 5.46  0.00149  

Verona 2397 4.0 6.11  0.32 5.61  0.00167  

Naarden 56 3.9 3.09  0.28 2.96  0.06964  

Paris 7727 5.0 5.51  0.34 5.56  0.00065  

Washington 5433 5.3 5.29  0.32 5.16  0.00098  

Detroit 7141 6.4 4.39  0.27 4.78  0.00090  

Chicago 12939 6.7 4.77  0.20 4.98  0.00052  

Mecca 6162 3.8 8.30  0.20 6.54  0.00062  

Medina 2502 4.1 6.02  0.22 5.55  0.00164  

Algiers 2642 4.0 6.37  0.33 5.68  0.00151  

Xi'an 568 4.7 4.31  0.27 4.10  0.00827  

Tokyo 13907 5.1 5.56  0.22 5.86  0.00037  

Table 8: Mean street connectivity value for the four category cities 

City types Mean connectivity values 

European 4.1 

USA 5.1 

Islamic  4.2 

East Asian 5.1 
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For the qualitative analysis, according to the natural determinants and human-made 

determinants, the difference of the urban forms could be identified. The urban patterns of 

different cities in different continents have their peculiarity. However, through the quantitative 

analysis of the topology and scaling of urban street networks, there were similar behaviors 

among the four categories. The urban street networks of cities might have the scale-free and 

small-world properties and there was no obvious difference. Space syntax could not find the 

same morphological patterns as traditionally recognized.  

About this study, most sample cities were taken from Europe and USA. More Islamic cities 

and Asian cities could be added to make deeply analysis and comparison for the future work. 

The scale-free property and small-world property could be studied further to investigate the 

efficiency of urban street networks.  
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5. Discussion 

The sample cities are taken from different countries and they are categorized as four types 

based on their geographical locations. From the topological analysis, these sample cities can 

be reclassified into different groups. Cities with various urban forms can have the same 

hierarchical levels and they may have the scale-free and small-world properties. It is 

estimated that there is a limitation for the testing of scale-free behavior. 

 

 

5.1 Hierarchical comparison 

The head/tail breaks was applied to uncover the hierarchical patterns, independent of street is 

power-law distribution. The underlying structure of an urban form indicated that vital streets 

are less common than trivial streets. The hierarchical level for the fifty sample cities is varied 

from 4 to 9. Naarden, Philippeville and Neuf Brisach have 4 hierarchical levels, Palmanova 

has 5 hierarchical levels, and the reason for the small levels is that the cities have a small 

number of natural roads and the roads do not have obvious distinction. Even though, these 

four towns do not have a large number of natural roads, they still have the hierarchical 

patterns that streets with connectivity larger than the average value are a small part of the 

network. Cities with different urban forms may have the same hierarchical levels as the levels 

do not depend on the number of streets.  

The urban form can also be observed through hierarchical representation. It is shown that the 

underlying patterns of urban forms in Europe, USA and Asia differ in key way. Cities, such as 

Erbil which is treated as early city and has close-knit urban pattern (Figure 2.1), really 

developed around main roads. Cities in different European countries could have their own 

urban forms and underlying patterns. They do not have the same style, but through the 

hierarchical analysis, it is shown that streets with larger connectivity are common (Figure 

5.1). 

Urban morphology can reveal the hierarchical pattern of the street network. Besides the 

hierarchy, the style of various urban forms can be seen from the representation. American 

cities differ in key ways from the one in Europe. The urban forms of USA have gridiron 

patterns mostly, as evident, the streets are straight and long in the Detroit (Figure 5.1 B). 

Individual houses in some Islamic cities are after grouped together in cul-de-sacs (Figure 5.1 

C). Some royal cities in ancient China, such as Xi‟an, have a grid street pattern and 

hierarchical ring forms (Figure 5.1 D). Other East Asian cities, for instance Kyoto in Japan, 

also have grid street patterns.  

It is obvious that the urban forms of cities in different countries or different continents are 

shaped by climate, topography, economy, politics or other factors. The hierarchical 

representation based on natural roads provides a way to document the characteristics of 

different street patterns. In this study, the broad differences among the sample cities will be 
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classified qualitatively, while their similarities will be examined using quantitative methods.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                  

Figure 5.1: Urban patterns of four cities in different countries (A: Amsterdam, B: Detroit, C: 

Riyadh and D: Xi‟an) 

 

 

5.2 The classification method 

In this study sample cities were classified according to their location and urban morphology. 

Four types of urban morphological patterns are commonly recognized with traditional 

morphological research: the gridiron pattern, the curvilinear pattern, the geometric pattern and  

a combination of the other three.  

Cities in different areas may have the same urban pattern. For instance, the Greek city Athens, 

a French city Turin, all the USA sample cities and some East Asian cities have gridirons. The 

gridiron pattern is most common in the USA. Many cities have the curvilinear pattern.  

European and Islamic cities such as Verona, Zaragoza, Florence, Mecca, and Riyadh are 

characterized by curvilinear patterns. Naarden and Palmanova that were built as fortifications 

tend to have geometric patterns. Paris and Erbil in contrast have geometric urban patterns. For 

each geographic category, several cities have a complex urban morphology. We cannot study 

peculiarity in morphological patterns based on geography or location. Classifying the sample 

cities according to their street patterns is a better approach. 
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Space syntax methods did not detect morphological patterns in a traditional way but were able 

to reveal the similarity between urban street networks. The lack of differences among the four 

categories may reflect how cities were built, that, for example, some Islamic cities were 

designed by European planners, and that some USA cities were established by British. 

Similarities in the results may also reflect the small sample cities. The number of East Asian 

cities included in the sample should be increased in future studies.  

 

 

5.3 Scaling test for some special cities 

The hierarchical patterns of cities were topologically analyzed. Power-law behavior was used 

to analyze the scaling of urban street networks. The test shows that although the p-value 

which refers to 0.1 for Paris city is 0.878, the urban street network does not have a good 

power-law fitting. The reason for the gotten passable p is that the fitting is started from the 

street with a very large connectivity value. For instance, the fitting started at 64 and only a 

small part of the distribution fit the power-law (Figure 5.2). It is obvious that the alpha value 

for Paris is relatively large at 3.5. There is a limitation for the power-law testing in Matlab, so 

when the data is examined, the p-value should be well judged. The power-law fitting does not 

only depend on the tested p-value.  

 

 

Figure 5.2: Power-law fit for the streets of Paris which without scale-free property 
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5.4 Street hierarchies, scale-free and small-world network 

The individual people who would share the information with others can affect the exchange, 

transfer and flow of information, and the information sharing network results from the 

interconnection of individuals (Haythornthwaite, 2009). As the information flow, the traffic 

flow can often depend on the construction of individual streets and their interconnection. 

Research carried out by Jiang (2009) shows that the majority of traffic flows are accounted by 

a small number of streets. The streets with high connectivity can attract more traffic. This 

study fits a phenomenon that vital streets which have high interconnection are minority within 

the network.  

The analysis of urban street networks and power-law patterns are important to understand the 

underlying structure of complex urban system. This study shows that the urban street 

networks for most sampled cities have a scale-free property, that the connectivity distribution 

fits the power-law, and thus that there are far more streets with low connectivity than high. 

Not all the networks with properties follow the power-law and for this study the power-law 

pattern generally holds above a minimum connectivity value of 4. The result confirms that the 

fluctuation exists in the empirical distribution. The identification of the power-law pattern of 

urban street network can help to understand the underlying structure of the urban form.  

Small-world networks tend to have the highest frequency of payoff-dominant choices and 

thus are highly efficient (Cassar, 2006). This study shows that the urban street networks of the 

sample cities exhibit small-world behaviors. 
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6. Conclusions and future work 

The study presents the qualitative analysis and quantitative analysis of various urban forms. 

The quantitative analysis is mainly carried out from the topological analysis of urban street 

networks. Some conclusions are drawn from this study. The modeling of small-world network 

can be applied for future work.  

 

 

6.1 Conclusions 

The qualitative results of this study indicate that the urban morphology is influenced by the 

natural and human-made determinants. Cities on different continents and developed in 

different periods thus have special urban forms and urban street networks. The hierarchical 

levels are not dependent on the number of roads. The layout patterns show that the European 

cities, USA cities, Islamic cities and East Asian cities have differences but are also similar 

scale-free and small-world properties. For most sample cities, the street connectivity 

distribution follows the power-law and exhibits a scale-free property. All sample cities, 

furthermore have the small-world property, small average path length, and high clustering 

coefficients.  

From the scaling way, it is uncovered that for all the sample cities, streets with connectivity 

higher than the average value are less than 40% of their networks. For the streets outside the 

scaling range are found to have another fitting pattern. The streets out of the scaling range of 

some cities fit a logarithm distribution, and the streets of some other cities fit a polynomial 

distribution or another kind of power-law distribution. The street networks without scale-free 

property can be further investigated to find their characteristics. It is necessary to get better 

understanding of the properties of urban street networks in order to know the underlying 

structure of various urban forms.  

Through the traditionally qualitative perspective, it can be seen that the morphology of cities 

from different continents are determined by different factors and cities of the four categories 

have their peculiarity. However, from the quantitative analysis of urban street networks with 

space syntax method, it is found that the particularity does not exist. There is not so obvious 

difference among the topological analysis of urban street networks of the fifty cities. The 

scale-free behavior of urban street network can be further analyzed deeply for the study of 

urban morphology and the modeling of small-world network can be applied to understand the 

complex geographic phenomenon. The special urban morphological patterns can be 

recognized from the traditional way of morphological study, but these patterns cannot be 

found from the new way with space syntax method. Space syntax is not sensitive to testing 

the difference among the sample cities. Space syntax is a new field for the analysis of urban 

forms and it provides precision measures of spatial configuration. Even though, from the 

quantitative study, the same morphological patterns are not found as the traditionally 

recognized, the similarity among the street networks is revealed.  
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6.2 Future work 

This study provides a topological and scaling way to learn the urban morphology. From the 

hierarchically represented urban street networks, people can find the highly interconnected 

streets and it will be useful for their path selection. The hierarchical pattern can help people to 

choose their living areas. If people want to have a quite living environment, they can select 

the areas surrounded by the streets with low connectivity. The traffic company can also 

according to these patterns to decide the bus stations and set more stations along the streets 

with high connectivity or more pedestrian movements.  

This classification of cities which takes only location into consideration is not better to detect 

the difference with space syntax. The classification of cities can depend on the street pattern. 

The special cities with obvious street pattern can be selected. We know that cities vary by 

location, but location is neither the only nor the most important factor. For future study, cities 

from different countries can be classified according to their street patterns. More sample cities 

around the world can be selected to analyze and see if they have the gridiron pattern, 

curvilinear pattern, geometric pattern or some other morphological patterns. Large sample 

cities could statistically find the differences of urban morphology. Cities with the same 

morphological pattern can be grouped together and the spatial measures can be compared 

among the different groups to detect their difference. This study provides a way to analyze the 

urban morphology from a traditional way and a new way. It gives an idea to further study the 

urban morphology from multi-dimensional perspectives. 

In geographic environment, the network is neither a regular network nor random network and 

it may have the characteristics between these two kinds of network. The modeling of 

small-world network can be applied to study the geographic phenomenon. The urban street 

network is similar to the Internet network and objects have their relations. Considered the 

efficient transmission of information, the geographic network seems to have high efficiency in 

local and global levels. For future work, the traffic flow can be investigated with this 

topological analysis of urban street networks. The scale-free property and small-world 

property can be combined together to study the efficiency of the street networks for traffic 

flows. People can use the underlying pattern of urban street networks to better know the 

morphology of their living city.  
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Appendix A: Tables of the study 

Cities in different countries have various urban forms and street network patterns. The number 

of generated natural roads of the sample cities is different. Streets outside the scaling range 

for the sample cities may follow another kind of distributions. The connectivity rank-size 

distribution of them may fit logarithm distribution; some others fit polynomial distribution or 

another power-law distribution. All the sample cities have the small-world property that they 

are highly clustered locally and have small separation globally. 

 

Table a: Sample cities and the number of generated natural roads (Note: # Natural = the 

number of natural roads, Eu = European, Isl = Islamic, Esa = East Asian) 

Types Cities # Natural Types Cities # Natural 

Eu Athens 4040 Eu Hull 4634 

Eu Verona 2397 Eu Madrid 22828 

Eu Zaragoza 4991 Eu Seville 5308 

Eu Colchester 3150 USA Philadelphia 7391 

Eu Lincoln 2435 USA Carlisle 1172 

Eu Cirencester 459 USA Washington 5433 

Eu Florence 2999 USA Detroit 7141 

Eu Winchester 1423 USA Chicago 12939 

Eu Exter 3708 USA Memphis 9968 

Eu Carcassonne 1564 USA Atlanta 5714 

Eu Hamburg 5152 Isl 

 

Erbil 2880 

Eu Nijmegen  2852 Isl Mecca 6162 

Eu Naarden 56 Isl Medina 2502 

Eu Palmanova 76 Isl Riyadh 11255 

Eu Turin 3450 Isl Jeddah 7369 

Eu Philippeville 24 Isl Sana 4692 

Eu Neuf Brisach 19 Isl Muscat 3086 

Eu Paris 7727 Isl Aleppo 1339 

Eu Toulon 2116 Isl Beirut 1767 

Eu Le Havre 3507 Isl Cairo 4260 

Eu Amsterdam 5974 Isl Algiers 2642 

Eu Antwerp 4826 Esa Xi'an 568 

Eu Brussel 2928 Esa Nanjing 1221 

Eu Budapest 17188 Esa Tokyo 13907 

Eu Edinburgh 9643 Esa Osaka 7460 
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Table b: Distribution fit for the streets outside scaling range (Note: R
2 

= goodness of fit, N/A 

= none, Eu = European, Isl = Islamic, Esa = East Asian) 

Types Cities Regression R
2 

Types Cities Regression R
2 

Eu Athens logarithm 0.967 Eu Hull N/A N/A 

Eu Verona N/A N/A Eu Madrid logarithm 0.975 

Eu Zaragoza logarithm 0.922 Eu Seville logarithm 0.954 

Eu Colchester N/A N/A USA Philadelphia N/A N/A 

Eu Lincoln logarithm 0.964 USA Carlisle N/A N/A 

Eu Cirencester logarithm 0.928 USA Washington logarithm 0.963 

Eu Florence logarithm 0.97 USA Detroit power-law 0.928 

Eu Winchester logarithm 0.955 USA Chicago N/A N/A 

Eu Exter N/A N/A USA Memphis N/A N/A 

Eu Carcassonne logarithm 0.944 USA Atlanta N/A N/A 

Eu Hamburg N/A N/A Isl Erbil N/A N/A 

Eu Nijmegen  N/A N/A Isl Mecca N/A N/A 

Eu Naarden N/A N/A Isl Medina N/A N/A 

Eu Palmanova N/A N/A Isl Riyadh logarithm 0.973 

Eu Turin N/A N/A Isl Jeddah logarithm 0.94 

Eu Philippeville N/A N/A Isl Sana polynomial 0.933 

Eu Neuf Brisach N/A N/A Isl Muscat N/A N/A 

Eu Paris power-law 0.913 Isl Aleppo N/A N/A 

Eu Toulon N/A N/A Isl Beirut power-law 0.921 

Eu Le Havre logarithm 0.97 Isl Cairo polynomial 0.952 

Eu Amsterdam N/A N/A Isl Algiers N/A N/A 

Eu Antwerp N/A N/A Esa Xi'an logarithm 0.957 

Eu Brussels logarithm 0.976 Esa Nanjing N/A N/A 

Eu Budapest logarithm 0.973 Esa Tokyo polynomial 0.939 

Eu Edinburgh logarithm 0.946 Esa Osaka polynomial 0.947 
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Table c: Small-world property of fifty urban street networks (Note: m  = mean value of 

connectivity, L = average path length and C = clustering coefficient, Eu = European, Isl = 

Islamic, Esa = East Asian) 

Types Cities # Streets m  Lactual Cactual Lrandom Crandom 

Eu Athens 4040 5.7 5.40  0.22 4.77  0.00141  

Eu Verona 2397 4.0 6.11  0.32 5.61  0.00167  

Eu Zaragoza 4991 4.8 5.72  0.33 5.43  0.00096  

Eu Colchester 3150 3.0 7.67  0.28 7.33  0.00095  

Eu Lincoln 2435 3.0 6.42  0.28 7.10  0.00123  

Eu Cirencester 459 2.8 5.90  0.26 5.95  0.00610  

Eu Florence 2999 4.1 7.24  0.31 5.67  0.00137  

Eu Winchester 1423 3.0 6.47  0.27 6.61  0.00211  

Eu Exter 3708 3.3 7.16  0.29 6.88  0.00089  

Eu Carcassonne 1564 3.6 6.88  0.34 5.74  0.00230  

Eu Hamburg 5152 4.1 5.50  0.31 6.06  0.00080 

Eu Nijmegen  2852 4.0 6.57  0.27 5.74  0.00140  

Eu Naarden 56 3.9 3.09  0.28 2.96  0.06964  

Eu Palmanova 76 4.2 3.09  0.33 3.02  0.05526  

Eu Turin 3450 6.1 5.21  0.29 4.50  0.00177  

Eu Philippeville 24 3.3 2.55  0.11 2.66  0.13750  

Eu Neuf Brisach 19 6.9 1.65  0.37 1.52  0.36316  

Eu Paris 7727 5.0 5.51  0.34 5.56  0.00065  

Eu Toulon 2116 3.5 6.46  0.25 6.11  0.00165  

Eu Le Havre 3507 3.6 6.70  0.29 6.37  0.00103  

Eu Amsterdam 5974 5.3 5.83  0.29 5.21  0.00089  

Eu Antwerp 4826 4.5 5.96  0.32 5.64  0.00093  

Eu Brussels 2928 4.2 6.61  0.30 5.56  0.00143  

Eu Budapest 17188 4.5 6.35  0.29 6.48  0.00026  

Eu Edinburgh 9643 3.2 7.66  0.26 7.89  0.00033  

Eu Hull 4634 3.0 7.10  0.28 7.68  0.00065  

Eu Madrid 22828 4.5 7.47  0.30 6.67  0.00020  

Eu Seville 5308 4.6 6.31  0.23 5.62  0.00087  

USA Philadelphia 7391 6.0 4.83  0.25 4.97  0.00081  

USA Carlisle 1172 3.3 4.85  0.25 5.92  0.00282  

USA Washington 5433 5.3 5.29  0.32 5.16  0.00098  

USA Detroit 7141 6.4 4.39  0.27 4.78  0.00090  

USA Chicago 12939 6.7 4.77  0.20 4.98  0.00052  

USA Memphis 9968 3.7 5.76  0.23 7.04  0.00037  

USA Atlanta 5714 4.0 5.68  0.30 6.24  0.00070  

Isl Erbil 2880 4.3 5.85  0.17 5.46  0.00149  
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Isl Mecca 6162 3.8 8.30  0.20 6.54  0.00062  

Isl Medina 2502 4.1 6.02  0.22 5.55  0.00164  

Isl Riyadh 11255 4.5 6.43  0.12 6.20  0.00040  

Isl Jeddah 7369 4.3 7.14  0.19 6.11  0.00058  

Isl Sana 4692 4.4 5.62  0.18 5.71  0.00094  

Isl Muscat 3086 3.4 6.49  0.35 6.57  0.00110  

Isl Aleppo 1339 4.5 5.98  0.24 4.79  0.00336  

Isl Beirut 1767 3.8 4.70  0.23 5.60  0.00215  

Isl Cairo 4260 4.9 5.76  0.18 5.26  0.00115  

Isl Algiers 2642 4.0 6.37  0.33 5.68  0.00151  

Esa Xi'an 568 4.7 4.31  0.27 4.10  0.00827  

Esa Nanjing 1221 4.9 5.44  0.30 4.47  0.00401  

Esa Tokyo 13907 5.1 5.56  0.22 5.86  0.00037  

Esa Osaka 7460 5.6 5.40  0.22 5.18  0.00075  
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Appendix B: Hierarchical patterns of fifty cities 

The fifty cities across the world have different urban forms, but they may have similar 

hierarchical patterns. It is shown that the streets of any city with connectivity larger than the 

average are a minority part of the network. In the hierarchical representation, streets with 

largest connectivity are displayed with red color and streets with smallest connectivity are 

showed with blue color.  
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Paris Turin 

Toulon Amsterdam 
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Le Havre Antwerp 

Budapest Brussels 

Edinburgh Seville 
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Hull Madrid 

Philadelphia Washington Chicago 

Carlisle Memphis 
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Detroit Atlanta 

Erbil Mecca 

Medina Riyadh 
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Jeddah Sana Algiers 

Muscat Aleppo 

Beirut Cairo 
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Xi‟an Nanjing 

Tokyo Osaka 


