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Abstract 

Streets provide the framework of a city and they are necessary for human life. Some 

underlying patterns of street networks cannot be directly recognized by people. In this study, 

topological analysis of urban street networks was adopted to build up new insight into urban 

morphology. Space syntax, which has been integrated into GIS, was applied for the analysis 

of spatial configuration, and fifty Swedish cities were chosen as samples to uncover various 

urban patterns. Street connectivity was the focus of the analysis and axial lines were the main 

analytical tools. The aim of this study was to hierarchically represent the cities’ streets and 

classify the sample cities into different types by urban morphology.  

Street data for Swedish cities were collected from OpenStreetMap. ArcGIS 10, with the 

Axwoman extension, provided a platform to carry out the topological analysis. Natural roads, 

axial lines and space syntax parameters were generated automatically with the functions of 

Axwoman. Hierarchical levels of streets were visually represented and the underlying pattern 

of each city was gotten from the hierarchical representation. Based on street hierarchy, the 

fifty sample cities were classified into nine groups, wherein cities of the same group had 

uniform hierarchical levels. Using the hierarchical pattern of each group’s axial lines, the nine 

city groups were further reclassified into three types.  

It was found that, for the street network of most sample cities represented with axial lines, not 

more than 40% of their streets have connectivity larger than the average value. The 

hierarchical representation also revealed that streets with high connectivity, which provide 

greater accessibility, were only minorities in the sample cities. Moreover, minor streets with 

high connectivity were almost distributed in city centers.  

In some of the studied cities, axial lines made better representation of the hierarchical patterns 

of streets, while in others, it did not provide a suitable way of uncovering urban patterns 

compared to natural roads. A limitation of axial lines manifested in this study was that it 

chopped curved roads into several segments, thus, disrupting the continuity of streets.  

In general, axial lines can provide a way to uncover urban patterns. They have meaningful 

effect to city residents and these patterns can help people gain better understanding of the 

urban structure. In addition, the hierarchical patterns of streets can be used to model 

pedestrian and traffic flows, predict crime occurrences, and make spatial plans. The 

hierarchical representation of streets can also contribute to people’s wayfinding performance.  

 

Keywords: Urban morphology, topological analysis, urban street network, space syntax, 

hierarchical levels 

 

 



 

II 
 

Table of contents 

 

ABSTRACT ------------------------------------------------------------------------------------------------ I 

TABLE OF CONTENTS ------------------------------------------------------------------------------ II 

LIST OF FIGURES ------------------------------------------------------------------------------------ III 

LIST OF TABLES ------------------------------------------------------------------------------------- III 

ACKNOWLEDGEMENTS -------------------------------------------------------------------------- IV 

1. INTRODUCTION ------------------------------------------------------------------------------------ 1 

1.1 Background ----------------------------------------------------------------------------------------- 1 

1.2 Aim of the study ------------------------------------------------------------------------------------ 2 

1.3 Organization of the paper ------------------------------------------------------------------------- 2 

2. STATE OF THE ART IN GIS AND URBAN MORPHOLOGY ---------------------------- 3 

2.1 Geographic information systems ---------------------------------------------------------------- 3 

2.2 Space syntax ---------------------------------------------------------------------------------------- 3 

2.3 Urban morphological studies --------------------------------------------------------------------- 4 

2.4 Key concepts ---------------------------------------------------------------------------------------- 5 

2.4.1 Natural roads --------------------------------------------------------------------------------- 5 

2.4.2 Axial lines ------------------------------------------------------------------------------------ 6 

2.4.3 Heavy-tail distribution and head/tail breaks --------------------------------------------- 7 

3. MATERIALS AND METHODS ------------------------------------------------------------------- 9 

3.1 Pre-processing the street data -------------------------------------------------------------------- 9 

3.2 Conversion of streets to segments and generation of natural roads and axial lines ----- 11 

3.3 Doing head/tail breaks and uncovering hierarchical levels --------------------------------- 12 

4. RESULTS ---------------------------------------------------------------------------------------------- 14 

4.1 Connectivity, head/tail breaks and hierarchical levles --------------------------------------- 14 

4.2 Classification of cities using axial lines ------------------------------------------------------- 17 

4.3 Re-classification of the nine groups ------------------------------------------------------------ 18 

5. ANALYSIS AND DISCUSSION ------------------------------------------------------------------ 20 

5.1 Comparison of results between the breaks from natural roads and axial lines ----------- 20 

5.2 Hierarchical levels of the sample cities’ streets ----------------------------------------------- 21 

5.3 Hierarchical representation compared to the conventional map --------------------------- 22 

5.4 Limitations of the study -------------------------------------------------------------------------- 23 

6. CONCLUSIONS AND FUTURE WORK ------------------------------------------------------ 25 

6.1 Conclusions ---------------------------------------------------------------------------------------- 25 

6.2 Future work ---------------------------------------------------------------------------------------- 25 

REFERENCES ------------------------------------------------------------------------------------------ 27 

APPENDIX A: Classification of fifty cities based on natural roads -------------------------- 31 

APPENDIX B: Classification of fifty cities based on axial lines ------------------------------ 32 

APPENDIX C: Boundaries of the fifty cities and their urban center ------------------------ 41 

 

 

 

 



 

III 
 

List of figures 

 

Figure 2.1: Illustration of six generated natural roads ------------------------------------------------ 6 

Figure 2.2: Generated axial lines based on natural roads -------------------------------------------- 6 

Figure 2.3: Illustration of normal distribution --------------------------------------------------------- 7 

Figure 2.4: Illustration of long tail distribution ------------------------------------------------------- 8 

Figure 2.5: Demonstration of the head/tail division rule --------------------------------------------- 8 

Figure 3.1: Flow chart of the processing procedures ------------------------------------------------- 9 

Figure 3.2: The distribution of 50 Swedish sample cities ------------------------------------------- 10 

Figure 3.3: Urban street networks of four sample cities -------------------------------------------- 10 

Figure 3.4: Illustration about the links of roads ------------------------------------------------------ 11 

Figure 3.5: Generated natural roads from road segments ------------------------------------------- 11 

Figure 3.6: Generated natural roads (a) and axial lines (b) for the city center of Gävle ------- 12 

Figure 3.7: Representation of the street network of Stockholm ----------------------------------- 12 

Figure 3.8: Hierarchical levels of streets in Gävle --------------------------------------------------- 13 

Figure 4.1: Street connectivity graph about the city center of Gävle based on axial lines ----- 14 

Figure 4.2: Urban patterns based on natural roads (a) and axial lines (b) of Halmstad -------- 15 

Figure 4.3: A case that the street connectivity’s distribution does not have a long tail --------- 15 

Figure 4.4: (a) Street connectivity distribution and (b) hierarchical pattern of Södertalje ----- 18 

Figure 4.5: (a) Street connectivity distribution and (b) hierarchical pattern of Boras ---------- 19 

Figure 4.6: (a) Street connectivity distribution and (b) hierarchical pattern of Växjö ---------- 19 

Figure 5.1: Hierarchical patterns of streets in the urban center of Göteborg --------------------- 20 

Figure 5.2: Hierarchical patterns of streets in the urban center of Stockholm ------------------- 21 

Figure 5.3: Two different representations of urban street networks of Norrköping ------------- 22 

Figure 5.4: Representation of the curved roads based on axial lines ------------------------------ 23 

Figure 5.5: Hierarchical patterns of streets in Växjö ------------------------------------------------ 24 

 

 

 

List of tables 

 

Table 1: Five hierarchical levels of the streets in Gävle based on axial lines -------------------- 13 

Table 2: Hierarchical levels of 50 Swedish sample cities' streets ---------------------------------- 16 

Table 3: Nine classified groups of 50 Swedish sample cities based on axial lines -------------- 17 

 

 

 

 



 

IV 
 

Acknowledgements 

This research project would not be possibly carried out without the support of many people. I 

wish to express my gratitude to all the people who have helped me during this work.  

First of all, I would like to thank my supervisor Prof. Bin Jiang, for his suggestions, guidance 

and help at any time of this research. He gives me the comments to each modified written 

paper; these comments are more useful to me and let me improve my thesis. I am very 

grateful to his timely feedback to my work. The thanks are also given to my teacher Nancy 

Joy Lim for her answers to all my questions.  

I would like to thank my schoolmates Mian Wang and Yufan Miao for their help of installing 

the software and guidance of re-preprocessing the data. I would like to convey the thanks to 

my classmate Zhu Wang for his communication about the issue of this research. I also need to 

thank all my classmates for their encouragement and communication.  

I should give thanks to the people who voluntarily distribute the geographic data. They 

provide a way for me to freely collect the needed data. 

My friend Jiapeng Yu gives me great encouragement during the process of this study and I 

also would like to give the thanks to her. 

In particular, I want to thank my parents for their love and support which enable me to 

complete this work. 

 

 

 

 

 

 

 



 

1 
 

1. Introduction 

Spatial analysis is an important step within GIS, to process geographic data and uncover 

underlying patterns. It provides a way to obtain and manage information, and finally turn 

them into knowledge. Topology is one of the keys for spatial analysis used for describing the 

relationship between objects.  

 

1.1 Background 

Topological analysis, which can support analyzing the structural properties of objects, has 

been widely applied into the geographical spaces for specific studies, and it is used to uncover 

the underlying patterns in the real world (Buhl, Gautrais, Reeves, Sole, Valverde, Kuntz & 

Theraulaz, 2006; Jiang, 2007). One particular research has shown that the topological patterns 

of 40 US sample cities have the universality that streets of any city, with lengths or degrees 

less than the average value cover 80% of its street network, while not more than 1% of the 

rest can form the backbone network of streets (Jiang, 2007). The previous research is based on 

natural roads, but fewer longest axial lines have the memorable effect to people (Tomko, 

Winter & Claramunt, 2008; Miller, 1956).  

In the spatial configuration, axial lines, which are the longest visible lines, and axial map, 

which consist the least number of axial lines (Hillier & Hanson, 1984), have been successfully 

used for doing analysis of the configuration of space (Turner, Penn & Hillier, 2005). Axial 

maps are more objective and meaningful for studying urban morphology (Jiang & Liu, 2010), 

and they can support human perceptions.  

Space syntax theory (Hillier & Hanson, 1984) provides a computational method for 

describing urban structures (Jiang, Claramunt & Klarqvist, 2000) and this provides a better 

understanding of the relationships between social and spatial attributes (Figueiredo & 

Amorim, 2005). Researchers have already applied space syntax to many applications. Jones 

and Fanek (1997) use topological variables such as connectivity to predict crime occurrence 

in urban areas. Topological analysis of urban street networks is necessary to study urban 

morphology, analyze human activities related to movement and provide a basis for city 

planning. A clearer view of the urban structure will also help city planners see the underlying 

pattern of a city’s layout. As Jiang (2010) notes, modern GIS system can perform precise 

computations of urban patterns, their shapes, semantics, and practical meanings. There are 

broad agreements that axial lines and space syntax are needed to study urban morphology and 

the urban patterns which affect human activities. Connectivity values of streets are derived 

from the morphology of sample cities and the patterns of various urban street networks can be 

recognized easily through the hierarchical representation.  
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1.2 Aim of the study 

The objective of this research is to study urban morphology from a topological perspective. 

Fifty Swedish cities were chosen as samples. The city living environment is a large space and 

some urban patterns affect human activities greatly. Streets with high interconnections are 

important. Cities with various layouts may have similar hierarchical street pattern. Therefore, 

the goal of this study is to provide better understanding of urban structure.  

The study is carried out from a topological perspective and is mainly focused on axial lines 

and street connectivity. The major objectives are: 1) to identify patterns of urban street 

networks for the sample cities; 2) to classify the fifty Swedish cities into several urban 

morphological types using a hierarchy of streets; and, 3) to compare the hierarchical levels of 

natural roads. It must be noted that in this study, the hierarchical levels of streets would not 

depend on the size of the city or the number of streets.  

 

1.3 Organization of the paper 

The paper is composed of six parts. In section 2, the relevant research about urban 

morphological study is mentioned. Materials and methods of this study are introduced in 

section 3. Results of the hierarchical levels for fifty sample cities and the classified groups are 

shown in section 4. In section 5, analysis and discussion of this study are found. In the final 

section, conclusions and future works related to this study are described.  
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2. State of the art in GIS and urban morphology  

This literature review shows some backgrounds and motivations of such urban morphological 

study. It reveals how space syntax (Hillier & Hanson, 1984), integrated into GIS, can provide 

a better way to study spatial configuration and structures, which have great effect on human 

activities. Some applications relying on topological analysis have also been reviewed through 

the relevant literatures. 

 

2.1 Geographic information systems 

To depict a portion of the earth’s surface, GIS provides the spatial representation and 

modeling of the required data (Frank, 1992). With analytical capability and database 

management features, GIS can conduct automated mapping application and it is able to 

capture the topological relationships of objects (Thill, 2000). Pinho and Oliveira (2009) reveal 

that GIS can encourage and enable the rigorous representation of urban structure’s spatial 

characteristics.  

Geographic information systems have developed two types of generalization: one is 

cartographical generalization and the other one is model-based generalization (Muller, 

Lagrange & Weibel, 1995). Graph-based approach, as part of model generalization, has been 

applied for the generalization of linear objects such as streets (Jiang & Claramunt, 2004a). 

Mackaness and Beard (1993) investigated the potential of graph-based principles for the 

generalization of linear objects and for deriving information at the topological level.  

Spatial data have become widely available for topological analysis, and they have benefitted 

from Volunteered Geographic Information (VGI), making it possible to get vast amount of 

street data (Goodchild, 2007). Voluntarily distributed geographic information is a 

participatory extension of geographic information systems (Elwood, 2008). Many projects are 

based on the user-generated mapping; OpenStreetMap (OSM) is an example with 

user-generated content (Graham, 2010). It aims to create a set of free to use and editable map 

data, which can make it useful for customers’ use (Haklay & Weber, 2008). Data acquired 

from OSM are voluntarily distributed by others, and some researchers, like Haklay (2010) has 

analyzed the credibility of VGI. He points out that VGI participants are diligent and 

committed, and shows in his study that the quality of VGI can reach a good level.  

 

2.2 Space syntax 

Spatial configuration can affect human spatial cognition, as identified different studies 

(Tzamir, 1975; Lynch, 1960, 1981). Space syntax theory (Hillier, 1996; Hillier & Hanson, 

1984) has provided a way to measure spatial configuration to have a better understanding of 

urban space (Long, Baran & Moore, 2007). It is shown that description developed within 

space syntax works better than conventional description for accessibility research such as 
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predicting pedestrian movement (Ståhle, Marcus & Karlström, 2005), and it is proposed to 

provide a better way for this morphological study. Jiang, Claramunt and Klarqvist (2000) 

believed that space syntax integrated into GIS can extend the modeling capability of GIS and 

provide GIS users a way of managing and planning urban systems. Peponis (2001) pointed 

out that one procedure involved in space syntax can deal with elements’ topological properties 

such as the patterns of connection, which are based on the intersection, and people can 

understand them from the direct perception of the represented graphs. These previous 

researches have provided the foundation to carry out an analysis of urban street networks with 

space syntax methods.  

Graph-based measures have been developed by space syntax (Hillier & Hanson, 1984) for 

analyzing urban street network’s complexity, because street network has great effect on 

human activities (Jiang & Claramunt, 2004a). The applications for studying environmental 

phenomena or analyzing urban systems demand analytical tools found in GIS (Fotheringham 

& Wegener, 2000), while space syntax theory provides computational supports and can 

describe the configuration of urban structures (Jiang, Claramunt & Klarqvist, 2000). With 

space syntax, many GIS applications for analyzing the spatial patterns of cities have been 

carried out. Structural analyses have helped urban planners get better understanding of urban 

areas’ evolution and have provided a useful way for the design of cities (Jiang & Claramunt, 

2002). Researchers can combine the geographical data with the modeling capabilities of GIS 

for morphological analysis (Moudon, 1997).  

 

2.3 Urban morphological studies 

Streets of a city need to support human activities. Jacobs (1961) argued that streets, which 

should be alive with human activities, are the heart of a city, and vital streets are the particular 

part of a physical city. The shaping of movement obtained through street patterns can 

determine the gathered buildings as living areas and it is a phase of the city’s creation (Hillier, 

2003), so the pattern of streets in a city is important for its design and study. Some researchers 

have shown that street networks affect economic functions, provide framework for 

interactions, and shape the movement of populations and uses of land (Peponis, Allen, French, 

Scoppa & Brown, 2007).  

In using space syntax method to measure spatial configuration, integration and connectivity 

are the most important syntactical measures, and streets with high connectivity value, which 

are expected to be more often used than other streets, give people more accessible choices 

(Long, Baran & Moore, 2007). If the streets with different connectivity value are reflected 

clearly, it will contribute to people’s choices of path. Based on connectivity, which simply 

indexes the direct link’s number in space, structures about perception and occupation of space 

can be visualized and mapped for building plans (Peponis, 2001). It is the same principle for 

street networks, street layouts of a city represented with the graph based on connectivity could 

also be used for city planning and other activities’ analysis. Street connectivity can be used to 

model pedestrian flows and identify the links between them (Özbil, Peponis, & Stone, 2008), 

research travel behavior related to the urban form (Dill, 2004), and examine its effect for 
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predicting crime occurrences in urban areas (Jones & Fanek, 1997). For the last example, 

spatial configuration could affect criminals, wherein streets with high connectivity or which 

are often used may have lower crime rates. Hillier and Iida (2005) showed that the 

configuration of urban street networks is a major factor to determine movement flows with 

the studies of exceptions noted by Hillier, Burdett, Peponis and Penn (1987); Hillier, Penn, 

Hanson, Grajewski and Xu (1993); Chang and Penn (1998) and Penn , Hillier, Banister and 

Xu (1998). Considering the importance of street networks, it is valuable to analyze them for 

studying urban morphologies and human activities. 

It has been shown that the axial representation, with derived measures from space syntax 

method, can be useful for spatial studies, especially for evaluating pedestrian and traffic 

movement patterns related to spatial configuration (Figueiredo & Amorim, 2005). Marcus 

(2007) conducted a similar study of spatial accessibility of urban form and the analyses are 

based on the measurement of accessibility of each axial line in the map. For network analysis, 

the approach under the term of connectivity focuses on the idea that some streets are more 

central and they are important than others (Porta, Crucitti & Latora, 2006). From the apparent 

hierarchical organization, people can judge the object’s spatial characteristics (Hirtle & 

Jonides, 1985), therefore, streets based on axial lines (Hillier & Hanson, 1984), represented 

with hierarchical levels, are developed to make such urban morphological study.  

 

2.4 Key concepts 

The theoretical concepts used in this study are described and explained below. These include 

natural roads, axial lines, heavy-tail distribution and head/tail breaks.  

 

2.4.1 Natural roads 

In Space syntax, the roads of any city are called natural roads, and they are the roads that exist 

before transformation using the space syntax method. Natural roads are road segments joined 

by the Gestalt principle for a good continuation, and each road segment at the end can connect 

their neighbors with three different joint principles named as every-best-fit, self-best-fit and 

self-fit, to form self-organized natural roads (Jiang, Zhao & Yin, 2008).  

In self-organized natural roads, one street segment will connect to its adjacent segments, if the 

deflection angle, which is the displacement degree between two lines, is within a predefined 

threshold angle (Figure 2.1). This process will continue until no neighbors fit the condition or 

there is no adjacent segment to this road. 
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Figure 2.1: Illustration of six generated natural roads 

 

Self-organized natural roads are determined by the join principle and the threshold angle of 

deflection (Jang, Zhao & Yin, 2008), and they, with strokes, which are the paths from one 

terminal node of the roads in the model to another (Thomson, 2003), are different from the 

named roads, that are identified with their unique names (Jiang & Claramunt, 2004b). Natural 

roads and strokes are formed to fit the best continuity of direction by connecting to their 

neighborhoods, while named-streets are formed by their names. By looking at large street data, 

it is easy to find that not all streets are provided with names, and it is not suitable to identify 

roads by their names. Therefore, named roads are not suitable for making such topological 

analysis due to the incomplete information provided by street names.  

 

2.4.2 Axial lines 

Axial lines are the longest visible lines in urban street networks (Liu & Jiang, 2011). They 

have been widely applied to urban morphological study and are used to show the 

uninterrupted movement and visibility’s direction (Jiang & Claramunt, 2002). Axial lines are 

straight representations of actual roads (Figure 2.2). They are one of the first ways of showing 

urban structure (Jiang & Claramunt, 2002).  

 
Figure 2.2: Generated axial lines based on natural roads 
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For large cities, besides the conventional definition of axial lines based on visibility that roads 

can be clearly discerned, Liu and Jiang (2011) propose a definition of axial lines as individual 

straight lines intersected along self-organized natural roads. They also suggest that in city 

level, the walkability or drivability are the focused concepts for generating them (Liu & Jiang, 

2011). The Generation of axial lines can be time consuming and subjective (Jiang & 

Claramunt, 2002; Ratti, 2004). Some functions have been written to generate them 

automatically, like the Axwoman extension (Jiang, 2012a). 

Based on the generated axial lines, a topological analysis of urban street networks will be 

made for the urban morphological study. To uncover the pattern of urban structure for human 

activities, walkability is the major factor to carry out the topological analysis. Considering 

walkability, bi-directional highways are treated as two roads in this study.  

 

2.4.3 Heavy-tail distribution and head/tail breaks 

Normal distribution is a probability distribution which is continuous, and has bell shape with 

two sides approaching the x-axis (Figure 2.3). On the other hand, a heavy-tail distribution is 

another kind of probability distribution that has a heavier tail than the normal distribution and 

is skewed towards the right. Its tail part infinitely approaches the x-axis without touching it. 

Both power law and log-normal distributions follow the characteristics of long tail 

distribution. 

 
Figure 2.3: Illustration of normal distribution (Note: m as the mean value) 

 

In geography, heavy-tail distribution is more common to be found, and it indicates that 

low-frequency events are more than higher frequency events. Some researchers have shown 

that small events are more common than large events in spatial areas (Jiang, 2010), and they 

are obvious in urban architectural areas (Salingaros & West, 1999). Jiang (2009) shows that 

minor roads, which have higher traffic flow are vital, compared to major roads in urban street 

networks.  

From the street data, it is possible that one can find larger connectivity values with low 

frequency in the tail part of the distribution (Figure 2.4). To study the low-frequency events, 

the rank-size distribution, with the rank numbers along x-axis and connectivity (size) values 

on y-axis, is used. In the rank-size distribution, number 1 is the lowest frequency event and it 

Y

Xm
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is plotted with corresponding value on the y-axis, number 2 is the second lowest frequency 

event and so on until the biggest rank number represents the highest frequency event.  

 

Figure 2.4: Illustration of long tail distribution (Note: m as the mean value) 

 

To reflect the underlying patterns of the sample street data, a classification called head/tail 

breaks (Jiang, 2012b) is applied for this study and the distribution of frequency is converted to 

a rank-size distribution. Rank-size distribution is imbalance in the head and tail, where the 

head contains fewer larger data values while the tail contains more smaller data values. 

Therefore, the head/tail division rule is formulated for this imbalance. The rule is that, if the 

distribution of data values follows a heavy-tail, then their mean value will divide these data 

into two parts: head part and tail part, and the head part will cover lower percentage of the 

whole whereas the tail will cover a larger percentage (Jiang & Liu, 2012). Figure 2.5 shows 

the converted rank-size distribution and mean value of the data, dividing them into two parts, 

with minority data in the head, while the majority in the tail.  

 
Figure 2.5: Demonstration of the head/tail division rule 

(Note: This is a rank-size distribution with rank number along x-axis and corresponding data value on 

y-axis. m is the arithmetic mean value of the data, R(m) is the corresponding rank number) 

With the application of the division rule in the head/tail breaks to divide the data into two 

parts, it also continually partitions the data values above the arithmetic mean in the head part 

after each division. This iterated break for the minority head part will continue until the 

distribution of the data values in the head no longer follows a heavy-tail distribution.  

Frequency

Connectivitym

Size

Rank

m Tail, 80%

Head, 20%

R(m)
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3. Materials and methods 

In order to study various urban morphologies and make a quantitative analysis, a vast sample 

data were chosen. Street data for fifty Swedish cities were collected from OpenStreetMap and 

the boundary of each city was determined using Google Map database.  

ArcGIS provided a platform for doing this research using the Axwoman extension (Jiang, 

2012a). Natural roads, axial lines and space syntax parameters such as connectivity and 

control had been calculated automatically using the said extension.  

This topological analysis had mainly followed six steps: pre-processing the sample data, 

converting streets to segments, generating natural roads and axial lines, calculating space 

syntax parameters, doing head/tail breaks, and classifying the sample cities into several types 

(Figure 3.1). 

 

Figure 3.1: Flow chart of the processing procedures 

 

3.1 Pre-processing the street data 

The datasets gotten from OpenStreetMap must be processed before the topological analysis. 

The street data for the fifty Swedish cities (Figure 3.2) were projected in SWEREF99 TM 

coordinate system. The boundary of each city was decided from Google Maps. Figure 3.3 

shows the distribution and location of the sample cities used in this study, that have different 

layouts and varying street networks. 
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Figure 3.2: The distribution of 50 Swedish sample cities (Note: size of the circle represents the number 

of axial lines) 

 

(a)                       (b) 

 

(c)                       (d) 

Figure 3.3: Urban street networks of four sample cities ((a) Göteborg, (b) Malmö, (c) Lund, and (d) 

Jönkoping) 
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3.2 Conversion of streets to segments and generation of natural roads and 

axial lines 

The natural roads’ tracking process was a mid-step for generating axial lines (Liu & Jiang, 

2011). Since it was a recursive process, isolated arcs, which could lead to the termination of 

processing, should be deleted. Some links such as motorway, primary, secondary, tertiary and 

trunk links increase the connectivity of streets unnecessarily (Figure 3.4). These links were 

deleted for the computational analysis.  

 

Figure 3.4: Illustration about the links of roads (These links will increase the connectivity) 

 

Before connecting adjacent streets within a predefined angle, the streets were needed to be 

chopped into segments. This process was conducted using ArcToolbox’s Data Interoperability 

Tools. After this, natural roads were formed using Axwoman. If the adjacent road segments fit 

the principle of good continuity within a specified threshold deflection angle, they were 

merged into one natural road. For this study, 45 degree, which was the default value in the 

software extension was chosen as the threshold of the deflection angle, thus, all the jointed 

road segments should conform to this angle. Figure 3.5 shows the result of the road segments 

joined into natural roads.  

      

(a)                        (b) 

Figure 3.5: Generated natural roads from road segments ((a) shows the chopped road segments and (b) 

shows the final joined natural roads in light blue lines) 
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Based on the generated natural roads, the parameters for generating axial lines were also 

calculated using Axwoman, and their representations on the map were made. The generated 

natural roads and axial lines for the city center of Gävle are shown in Figure 3.6. 

 

 
(a)                                   (b) 

Figure 3.6: Generated natural roads (a) and axial lines (b) for the city center of Gävle 

 

3.3 Doing head-tail breaks and uncovering hierarchical levels 

Connectivity values, which were also computed in Axwoman, represent the amount of 

interconnection between streets, and were keys for this analysis. Figure 3.7 represents the 

connectivity of streets of Stockholm based on axial lines. Streets with red colors had the 

largest connectivity values, while those in blue colors had the least.  

 

Figure 3.7: Representation of the street network of Stockholm 

 

Based on the derived street connectivity, head/tail breaks were then applied in Axwoman, by 

continually breaking the streets, until they no longer have a long-tail distribution, in order to 

uncover their hierarchical levels. All these calculations were made on the entire city’s street 
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data. The breaks and the hierarchical pattern for Gävle are show in Table 1 and Figure 3.8. 

The hierarchical level is 5 for its street networks.  

 

Table 1: Five hierarchical levels of the streets in Gävle based on axial lines 

#Axial lines #In head % In head #In tail Mean value 

5 567 1 707 30.7% 3 860 5.1 

1 707 479 28.1% 1 228 10.0 

479 147 30.7% 332 16.8 

147 46 31.3% 101 25.4 

 

Figure 3.8: Hierarchical levels of streets in Gävle 

 

After each city’s streets were broken into several levels, the classification of the fifty sample 

cities were made accordingly, based on these hierarchical levels. To further study the various 

urban morphologies and to find the universality of each group, the classified fifty sample 

cities were reclassified. The reclassification was made according to the hierarchical pattern of 

the grouped cities. Groups with obvious patterns were made into one type, while groups with 

not so distinct patterns were put into another classification. The rest of the groups without 

patterns were then classified into the third type. 
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4. Results 

After processing the data, the hierarchical level and classification of each city was uncovered. 

Axwoman provided a way to visually represent the underlying patterns. The result about the 

classification of sample cities was displayed.  

 

4.1 Connectivity, head/tail breaks and hierarchical levels  

With the calculated connectivity parameters of streets, the interconnections between streets 

had been derived, and this made the application of the head/tail breaks method possible, that 

divided the streets to get their hierarchical levels. Forty-three cities out of the fifty samples 

had less than 40% of their streets based on axial lines, having connectivity larger than the 

average value. The distribution of the samples according to the number of axial lines can also 

be seen in Figure 3.2. 

Figure 4.1 shows the urban pattern of Gävle and focuses on the streets with high 

interconnection (in the whole city, streets with larger connectivity were minor streets). The 

focused area inside the grey polygon is the graveyard, shown with many pathways, and 

having different connectivity values. The hierarchical representation showed that there are 

roads with highest connectivity (between 26-29) in this area. 

 

Figure 4.1: Street connectivity graph about the city center of Gävle based on axial lines 

 

In terms of natural roads of all sample cities, streets with connectivity larger than the average 

value were not more than 40%. It was also discovered that for each urban network, the streets 

with largest connectivity value covered only a small part of the whole, while streets with 

smallest connectivity value made up the most part. This phenomenon was the same for both 

urban street networks represented by natural roads and axial lines (Figure 4.2).  
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(a)                                        (b) 

Figure 4.2: Urban patterns based on natural roads (a) and axial lines (b) of Halmstad 

 

It had also been common for this study that streets of most cities with larger connectivity had 

low frequency and were distributed in the tail part. However, for some cities, their street 

connectivity did not follow a heavy-tail distribution, thus, they cannot be applied with the 

head/tail breaks method to classify the streets. In this case, Axwoman automatically listed all 

connectivity values, and represented them with no hierarchical patterns. An example, of this 

was Nyköping, which had a rank-size distribution as shown in Figure 4.3. Streets with 

connectivity larger than the mean value were 272, out of the total count of 668. This means 

that streets with higher connectivity value were not minor parts and it did not follow the 

heavy-tail distribution. Therefore, the representation of axial lines derived by Axwoman, did 

not exhibit a hierarchical pattern. Eight other cities had manifested the same patterns of streets, 

as represented in Appendix B, group nine.  

 

Figure 4.3: A case that the street connectivity’s distribution does not have a long tail 

It must also be noted that the breaks did not rely on the number of streets, but on their 

underlying interconnections. If the connectivity of the streets of a city had obvious differences, 

the hierarchical patterns could be distinct for them. These hierarchical levels of each street 

network reflects the underlying urban patterns, which cannot easily be recognized by humans 

in their daily life. Table 2 shows the hierarchical levels of streets represented by axial lines 

and natural roads of the sample cities. 
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Table 2: Hierarchical levels of 50 Swedish sample cities’ streets 

No. City #Axial lines Hierarchical levels #Natural roads Hierarchical levels 

1 Boden 263 2 186 5 

2 Boras 2 922 4 1 902 4 

3 Borlänge 3 203 4 2 031 5 

4 Eskilstuna 1 099 N/A 761 3 

5 Falun 3 455 2 2 085 7 

6 Gävle 5 567 5 3 729 7 

7 Göteborg 23 614 8 14 918 7 

8 Halmstad 2 287 7 1 460 5 

9 Härnosand 669 5 466 6 

10 Helsingborg 2 158 7 2 291 7 

11 Jönköping 2 818 6 1 772 7 

12 Kalmar 2 279 7 1 631 5 

13 Karlskoga 722 4 511 4 

14 Karlskrona 2 078 5 1 463 6 

15 Karlstad 5 004 N/A 3 166 5 

16 Kiruna 1 184 7 739 5 

17 Kristianstad 1 501 7 1 051 7 

18 Landskrona 630 5 433 3 

19 Lidköping 1 064 7 762 5 

20 Linköping 8 424 6 5 454 8 

21 Luleå 2 193 2 1 306 5 

22 Lund 8 271 7 5 861 9 

23 Malmö 7 643 9 5 411 6 

24 Motala 1 340 N/A 351 5 

25 Norrköping 3 985 5 2 585 8 

26 Norrtälje 733 4 446 4 

27 Nyköping 668 N/A 439 3 

28 Sandviken 1 253 4 846 4 

29 Skara 335 N/A 297 5 

30 Skellefteå 1 418 7 947 5 

31 Skövde 1 560 8 1 054 5 

32 Stockholm 23 923 8 15 184 9 

33 Sundsvall 7 592 8 5 261 7 

34 Söderhamn 744 5 478 5 

35 Södertalje 1 956 7 1 305 5 

36 Trelleborg 916 4 625 6 

37 Trollhättan 887 4 541 4 

38 Uddevalla 1 474 N/A 910 5 

39 Umeå 4 780 8 2 833 4 

40 Uppsala 8 926 8 5 556 6 

41 Varberg 877 7 604 6 

42 Vänersborg 201 N/A 141 5 

43 Västervik  481 3 316 6 

44 Våsterås 2 358 N/A 1 487 4 

45 Visby 1 056 4 694 4 

46 Växjö 4 993 N/A 3 068 7 

47 Ystad 748 5 476 4 

48 Örebro 2 113 6 1 439 6 

49 Örnsköldsvi

k 

1 946 7 1 261 5 

50 Östersund 4 768 6 3 438 5 

(N/A: the distribution does not follow a heavy-tail distribution) 
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4.2 Classification of cities using axial lines 

According to the hierarchical levels (breaks) of each city’s street network using axial lines, the 

fifty sample cities could be classified into nine groups (Table 3). This can be compared with 

the hierarchical levels of natural roads in Appendix A.  

 

Table 3: Nine classified groups of 50 Swedish sample cities based on axial lines 

Group 
Break 

number 
City 

#Axial 

lines 

 
Group 

Break 

number 
City 

#Axial 

lines 

1 9 Malmö 7 643 5 5 Landskrona 630 

     5 5 Norrköping 3 985 

2 8 Göteborg 23 614  5 5 Söderhamn 744 

2 8 Skövde 1 560  5 5 Ystad 748 

2 8 Stockholm 23 923      

2 8 Sundsvall 7 592  6 4 Boras 2 922 

2 8 Umeå 4 780  6 4 Borlänge 3 203 

2 8 Uppsala 8 926  6 4 Karlskoga 722 

     6 4 Norrtälje 733 

3 7 Halmstad 2 287  6 4 Sandviken 1 253 

3 7 Helsingborg 2 158  6 4 Trelleborg 916 

3 7 Kalmar 2 279  6 4 Trollhättan 887 

3 7 Kiruna 1 184  6 4 Visby 1 056 

3 7 Kristianstad 1 501      

3 7 Lidköping 1 064  7 3 Västervik 481 

3 7 Lund 8 271      

3 7 Örnskoldsvik 1 946  8 2 Boden 263 

3 7 Skellefteå 1 418  8 2 Falun 3 455 

3 7 Södertalje 1 956  8 2 Luleå 2 193 

3 7 Varberg 877      

     9 N/A Eskilstuna 1 099 

4 6 Jönköping 2 818  9 N/A Motala 1 340 

4 6 Linköping 8 424  9 N/A Nyköping 668 

4 6 Örebro 2 133  9 N/A Skara 335 

4 6 Östersund 4 768  9 N/A Uddevalla 1 474 

     9 N/A Vänersborg 201 

5 5 Gävle 5 567  9 N/A Västerås 2 358 

5 5 Härnosand 669  9 N/A Karlstad 5 004 

5 5 Karlskrona 2 078  9 N/A Växjö 4 993 

 

Results of the hierarchical levels of each city implied, with their underlying structures, that 

more breaks meant that minor streets with connectivity larger than the average value could 

still be divided. Cities in the same group had similar patterns and such pattern did not rely on 

the number of lines. Looking at each group and taking group two as an example, Stockholm 
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with 23 923 axial lines and Sundsvall with 7 592 axial lines had the same hierarchical levels. 

It was also evident that for all cities, most streets with largest connectivity were in urban 

centers. 

 

4.3 Re-classification of the nine groups 

It was surprising that the classified nine groups based on axial lines can further be 

re-classified into three types according to their hierarchical patterns: Group 1 consisted of 

cities with hierarchical numbers from five to nine; Group 2 consisted of cities with 

hierarchical numbers from two to four; and, Group 3 composed of all cities with no 

hierarchical levels. 

The sample cities in Group 1 had similar distribution of street connectivity and they followed 

a power law distribution (Figure 4.4a). The representation of axial lines well revealed the 

hierarchical levels of streets and showed an easier way to remember urban structure. It clearly 

showed that vital streets are lesser than the trivial streets. Red lines with largest connectivity 

were only minor parts of the whole, and can be identified directly (Figure 4.4b). Therefore, 

cities in this group had obvious characterization of streets (i.e. cities with hierarchical number 

larger than or equal to five had a well represented hierarchical patterns). 

    
(a)                            (b) 

Figure 4.4: (a) Street connectivity distribution and (b) hierarchical pattern of Södertalje 

 

Group 2 was characterized with street connectivity distribution that is bell-shaped and also 

long-tail (Figure 4.5a). The representations of hierarchical levels of streets for cities in this 

group were not distinct, compared to Group 1, and there were more red lines with largest 

connectivity, which may not easily be remembered by people (Figure 4.5b). Various street 

networks in this group were still shown with hierarchical levels, but streets with largest 

connectivity values were more. 

Connectivity

Frequency
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(a)                                (b)  

Figure 4.5: (a) Street connectivity distribution and (b) hierarchical pattern of Boras 

 

The third group consisted of cities, which could not be applied with the head/tail breaks 

method. The streets did not have very apparent characteristics, and streets with connectivity 

larger than the average value were not a minor part. The distribution was bell-shaped, without 

a long tail, and these cities’ streets did not have hierarchical patterns when represented with 

axial lines (Figure 4.6).  

 

   

(a)                            (b) 

Figure 4.6: (a) Street connectivity distribution and (b) hierarchical pattern of Växjö 
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5. Analysis and discussion 

The results of this research showed that vital streets with high connectivity were lesser than 

trivial streets with low connectivity, and this was similar to the result Jiang (2007) has 

described. The results of this research also revealed that for most cities, less than 40% of 

streets based on axial lines had their connectivity larger than the average value, while the rest 

had connectivity smaller than the average. 

 

5.1 Comparison of results between the breaks from natural roads and axial 

lines 

The results derived from the fifty Swedish cities using natural roads and axial lines were 

characterized differently from each other. Natural roads were joined by street segments and 

were continuous, while axial lines were straighter. The number and connectivity of streets 

represented by them were not apparently the same. Axial lines with larger connectivity were 

lesser than those with lower connectivity, while this pattern was not so distinct for natural 

roads. The representation of natural roads for some cities may also not leave a better 

understanding of urban patterns to people due to more complex continuous lines. It can be 

seen that there were longer red lines with high connectivity in Figure5.1b than the straight 

lines in Figure 5.1a, and that the representation of Figure 5.1b was more difficult to read. 

From this case, axial lines were considered to be a better way to uncover the street patterns 

where vital streets were fewer than trivial streets, and that the hierarchical pattern represented 

by them were prominent and can leave a deeper impression on people.  

 

 

(a)                                (b) 

Figure 5.1: Hierarchical patterns of streets in the urban center of Göteborg, represented with (a) axial 

lines and (b) natural roads 
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But there were some particular cases from the sample data, where the hierarchical patterns of 

streets represented with axial lines and natural roads could also be very similar, as shown in 

the results for Stockholm (Figure 5.2). The hierarchical patterns of streets were almost the 

same, although for axial lines, the streets are straighter, while with natural roads, they were 

more continuous. In this case, for some cities, axial lines and natural roads were both suitable 

to uncover the urban pattern, but for this study, axial lines were mainly considered for making 

the topological analysis.  

 
(a) 

 
(b) 

Figure 5.2: Hierarchical patterns of streets in the urban center of Stockholm, represented with (a) axial 

lines and (b) natural roads 

 

5.2 Hierarchical levels of the sample cities’ streets 

The hierarchical levels of each city’s streets based on natural roads and axial lines were also 

different from each other that affected the classification. For this study, nine groups were 

classified using axial lines and seven groups were made using natural roads. Stockholm, for 

example, has eight and nine hierarchical levels based on axial lines and natural roads, 

respectively. When it comes to the distribution of natural road’s street connectivity, each city 

fitted the head/tail breaks method and all the street networks were represented with 

hierarchical patterns. However, with axial line representation, nine cities from the sample did 
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not fit the heavy-tail distribution, causing them not to have hierarchical levels (see Table 3). 

It was also clearly seen from this study that the hierarchical representation of streets with 

higher interconnections were almost distributed in the central areas of the cities. This more or 

less indicates that city centers are consisted of vital streets and that they are more often used 

by people than others. Due to this obvious representation of hierarchical patterns, the results 

can show the different types of urban morphology and the layouts of various cities, making 

streets with higher connectivity prominent. In such case, it is more likely to be known by the 

way finder if the street is more prominent (Tomko, Winter & Claramunt, 2008).  

 

5.3 Hierarchical representation compared to the conventional map 

The hierarchical patterns derived from street connectivity support human perception. People 

can directly recognize which street can provide more accessible choices, and is important in 

street network. These patterns can also help predict human activities related to movement and 

provide a selection of roads for transportation. Therefore, this morphological study from a 

topological perspective can be useful for people to perceive urban patterns of different cities, 

which are not visible on traditional maps.  

Figure 5.3 shows the differences between urban areas represented in hierarchical way and in a 

conventional map. Streets in Figure 5.3a can be identified by their names, while in Figure 

5.3b the interconnection of each street is more obviously seen. From the two figures, it can 

also be found that streets around the center of Figure 5.3b represented in red colors, have the 

largest connectivity, which means that more streets are connected in these red lines, and they 

are more accessible to people. In other words, from the conventional way of representing 

streets, it is difficult to figure out the important streets that will contribute to wayfinding 

performance, while the hierarchical representation proposed in this study, can deal with this 

problem. 

 

(a)VÄGATLAS (2006)                          (b) 

Figure 5.3: Two different representations of urban street networks of Norrköping: (a) is the 

conventional street map and (b) is the hierarchical representation derived from this research 
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5.4 Limitations of the study  

After generating the axial lines from natural roads, a few isolated lines were found. This was 

because axial lines are represented by straight lines and converted the curve streets to straight 

lines, thus, their original shapes were not preserved. Considering this phenomenon, 

topological analysis performed on axial lines differed from natural roads. By taking Sätra in 

Gävle as an example (Figure 5.4), in reality, this area is bounded by curved roads. When axial 

lines were generated for these roads they were segmented into several parts (Figure 5.4a). In 

such case, axial lines would not be suitable to form a mental map, where people can directly 

remember the important streets.  

 

   

(a)                                (b)   

Figure 5.4: Representation of the curved roads based on axial lines ((a) shows the area of Sätra and (b) 

shows the position of Sätra in Gävle) 

 

In the reclassification of cities, the third group did not have hierarchical patterns of their 

streets based on axial lines, although it showed in this study that streets of these cities have 

hierarchical levels when based on natural roads. Taking the city of Växjö as an example, it can 

be seen that it has hierarchy for its streets (Figure 5.5). But when represented by axial lines, 

no hierarhical patterns was formed. The reason was that streets with high interconnections 

were chopped into several parts. These findings, thus, may more or less give a limitation of 

axial lines to exactly represent the city’s streets and they may not be able to display the 

completeness of streets, especially curved ones, during the generation of axial lines. 
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(a)                           (b) 

Figure 5.5: Hierarchical patterns of streets in Växjö, based on (a) natural roads and (b) axial lines 

 

Thomson (2003) carried out a study about stroke-based generalization of networks with space 

syntax and he regarded the road centre-line segments, which are smooth and continuous as the 

basis for analyzing street networks. He give the idea of replacing axial lines with strokes, 

which has good continuation of direction for better representing street networks, and 

suggested that curved streets must be handled (Thomson, 2003).To support the important 

character of lines’ continuation, Dalton (2003) pointed out that travelers throughout their 

journey try to conserve linearity and this makes continuous lines be a suitable way for 

analyzing street networks. This can be compared to the usage of axial lines and in 

understanding its limitations.  
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6. Conclusions and future work 

This study examined the urban morphology of fifty Swedish cities from a topological 

perspective. Quantitative analyses of various urban morphologies were made and hierarchical 

pattern of streets for each sample city was represented. These cities were classified into nine 

groups and their similarity was uncovered.  

 

6.1 Conclusions 

For most sample cites, it showed that lesser than 40% of streets have their connectivity larger 

than the average value, while the rest have their connectivity smaller than the average. This 

reveals the fact that important streets with high interconnection are minority in the city and it 

supports the result Jiang (2007) has gotten that vital streets are far lesser than others. 

According to the hierarchical levels of axial lines, fifty sample cities could be classified into 

nine types. Considering the characteristics of the hierarchical patterns of streets, these nine 

groups were further divided into three groups. One group contained the cities with the number 

of hierarchical levels from five to nine, one group had cities with hierarchical levels from two 

to four, and another one consisted of cities with no hierarchical patterns. Cities within the first 

reclassified group had obvious hierarchical patterns of streets, while cities in the second group 

did not have apparent patterns when compared with group one.  

For some sample cites, the representation using axial lines was suitable to uncover the 

hierarchical patterns and it clearly showed that streets with larger connectivity were lesser 

than those with smaller connectivity. But for a few cities in this study, it was revealed that 

straight axial lines were not able to represent curved streets, making them unsuitable to 

uncover the patterns. 

 

6.2 Future work 

This study shows that it is possible to model the geometry of urban road networks. Other 

researchers have argued that these models can be used to further study and examine its 

connection to people’s movement and behavior. An example is the research of Özbil, Peponis 

and Stone (2008) that identifies the links between street connectivity and pedestrian flows. 

The results of this study can be used in the same way to model pedestrian movements and 

traffic flows, and also relate it to predicting areas prone to crimes. Higher movements of 

pedestrian and vehicles in an area can lead to lower crime rates, since criminals do not like to 

operate in an area, which is often used by citizens (Jones & Fanek, 1997). Therefore, the 

utility of streets and movement of pedestrians are important factors in analyzing crime 

occurrences.  

Street networks can also govern the redeployment of populations and uses of land (Peponis, 
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Allen, French, Scoppa & Brown, 2007). The results from this study can then be used for city 

planning. Streets with high connectivity were hierarchically represented that can provide a 

way for planners to consider what these areas can be utilized for.  

Finally, this research had given a visual representation of the hierarchical levels of a city’s 

streets. From the hierarchical patterns, people can directly find streets, which have high 

interconnections that will be better, when they are to select their paths. They can also know 

how they can move in space and where the key roads are. Therefore, it will be a useful tool 

for providing choices for the movements of pedestrians and vehicles.  
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Appendix A: Classification of fifty cities based on natural roads 

The hierarchical levels of each urban street network represented with natural roads are 

displayed in this section. The results can be made a comparison to the hierarchical levels of 

axial lines in Table 3.  

Classification based on natural roads: 

Group Break 

number 

City  #Natural 

roads 

 Group Break 

number 

City  #Natural 

roads 

1 9 Stockholm 15 184  5 5 Kiruna 739 

1 9 Lund 5 861  5 5 Lidköping 762 

2 8 Linköping 5 454  5 5 Luleå 1306 

2 8 Norrköping 2 585  5 5 Motala 351 

3 7 Falun 2085  5 5 Skara 297 

3 7 Gävle 3729  5 5 Skellefteå 947 

3 7 Göteborg 14918  5 5 Skövde 1054 

3 7 Helsingborg 2291  5 5 Söderhamn 478 

3 7 Jönköping 1772  5 5 Södertalje 1305 

3 7 Kristianstad 1051  5 5 Uddevalla 910 

3 7 Sundsvall 5261  5 5 Vänersborg 141 

3 7 Växjö 3068  5 5 Örnskoldsvik 1216 

4 6 Härnosand 466  5 5 Östersund 3438 

4 6 Karlskrona 1463  6 4 Boras 1902 

4 6 Malmo 5411  6 4 Karlskoga 511 

4 6 Trelleborg 625  6 4 Norrtälje 446 

4 6 Uppsala 5556  6 4 Sandviken 846 

4 6 Varberg 604  6 4 Trollhättan 541 

4 6 Västervik 316  6 4 Umeå 2833 

4 6 Örebro 1439  6 4 Västerås 1487 

5 5 Boden 186  6 4 Visby 694 

5 5 Borlänge 2031  6 4 Ystad 476 

5 5 Halmstad 1460  7 3 Eskilstuna 761 

5 5 Kalmar 1631  7 3 Landskrona 433 

5 5 Karlstad 3166  7 3 Nyköping 439 
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Appendix B: Classification of fifty cities based on axial lines 

The fifty Swedish cites are classified into nine types according to their hierarchical levels of 

streets represented with axial lines. The following hierarchical representations are the urban 

centers of each city. Red lines represent streets with highest connectivity, and blue lines 

represent streets with lowest connectivity.  

A. Group 1: Cities with nine hierarchical levels 

   

Malmö 

 

B. Group 2: Cities with eight hierarchical levels  

 

Stockholm 
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Skövde                            Sundsvall 

 

Göteborg 
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  Umeå                         Uppsala 

 

C. Group 3: Cities with seven hierarchical levels   

   

Halmstad                               Helsingborg 

   

Kalmar                                  Kiruna 
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Kristianstad                                Lidköpin 

   

Lund                              Örnskoldsvik 

   

Skellefteå                       Södertalje 

 

Varberg 
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D. Group 4: Cities with six hierarchical levels 

   

 Jönköping                               Linköping   

   

 Örebro                                 Östersund    

 

E. Group 5: Cities with five hierarchical levels 

   

 Gävle                                 Härnosand 



 

37 
 

   

Karlskrona                             Landskrona   

   

 Norrköping                              Söderhamn     

 

                       Ystad 

F. Group 6: Cities with four hierarchical levels  

         

Boras                                  Borlänge 
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Karlskoga                               Norrtälje 

   

Sandviken                              Trelleborg 

   

    Visby                             Trollhättan 

G. Group 7: Cities with three hierarchical levels  

   

Västervik 
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H. Group 8: Cities with two hierarchical levels  

   

   Boden 

   

Falun                                    Luleå 

 

I .  Group 9: Cities which do not have hierarchical  patterns  

   

 Eskilstuna                                Motala    
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 Nyköping                              Skara     

   

Uddevalla                            Vänersborg   

   

 Västerås                               Karlstad   

 

                    Växjö 
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Appendix C: Boundaries of the fifty cities and their urban center 

The following representations are the outlines of fifty sample cites and their urban boundaries. 

Minor streets with largest connectivity values are almost in the urban center of the city. Lines 

in blue colors display the outlines of cities, while the rectangles (in red) represent the urban 

centers. 

 

 

      

 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Boden  Boras  Borlänge  Eskilstun

a  

Falun   

Gävel   Göteborg  Halmstad Härnosand Helsingborg 

d 

Jönköping 

d 

kalmar Karlskoga Karskrona  Karlstad 

Kiruna Kristianstad Landskrona Lidköping Linköping 

Luleå Lund  Malmö Motala Norrköping 
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Norrtälje Nyköping Sandviken Skara   Skellefteå   

Skövde  Stockholm  Sundsvall Söderhamn Södertalje    

Trelleborg Trollhättan Uddevalla Umeå Uppsala 

Varberg Vänersborg Västervik  Våsterås  Visby 

Växjö Ystad Örebro Örnsköldvisk Östersund 


