
 

 

 

FACULTY OF ENGINEERING AND SUSTAINABLE DEVELOPMENT 

Department of Computer and Geospatial Sciences 

 
 

 

An empirical study on measuring the degree of life in cities 

 

 

 

 

 

Chris de Rijke 

 

2019-2020 

 

 

 

 

 

 

 

 

Student thesis, Master degree (one year), 15 HE 

Master Program in Geomatics 

 

Supervisor: Prof. Dr. Bin Jiang 

Examiner: Julia Åhlén 

Co-examiner: Zheng Ren 



 

  



i 
 

Abstract 

Our direct environment affects our lives directly. Christopher Alexander saw that we are able 

to feel or see if an object or structure is natural through the characteristics of them. He also saw 

that we generally feel better near these living, natural structures as it more closely resembles 

ourselves. Our bodies and our surroundings are made up of far more smaller than large things. 

When structures follow this pattern they are considered to be more natural, and when they move 

away from this pattern they are considered to be less natural and thus often boring or ugly. This 

scaling law is used to analyse the complex networks within cities. By analysing underlying 

structures instead of direct geometry it becomes possible to identify how living they are. 

This study applies these theories to analyse urban morphology within different cities. By 

identifying living structure within cities comparisons can be made between different types of 

cities. Specifically artificial and historical cities are analysed as they are counterparts in 

livingness. Following the identification of the living structure within these different types of 

cities an assessment can be made on what kind of an effect this has on our wellbeing based on 

Alexander’s theory. To see how living structure evolves over time a second analysis is 

performed which compares a city with its own evolution through time. 

Firstly natural cities and natural streets are identified in a bottom up approach based on the 

underlying structures of OpenStreetMap road data. Thereafter historical cities are compared 

with artificial cities because historical cities generally have living structure while artificial cities 

lack this. Then the developments of a historic city are identified and compared temporally. This 

research finds that current usage of concrete, steel and glass combined with very fast 

development speeds is detrimental to living structure within cities currently. Newer city 

developments should be performed in symbiosis with older city structures and the structure of 

the development should inhibit scaling as well as the buildings themselves. It is not sufficient 

to look only at geometry when managing cities, the importance of the fractal geometry, which 

is initially invisible must not be underestimated. 

Keywords: Head/tail breaks, scaling, living structure, wholeness, natural streets, natural 

cities, urban morphology  
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Glossary of terms 

Terms Explanations 

Fractal way of thinking Fractal geometry is used to describe complex structures 

observed in spatial phenomena. Most objects cannot be 

described with one dimensional lines, there will always have to 

be an approximation. With fractal geometry every part is 

identical to all other parts at different scales. This highlights a 

fundamental change in the approach of spatial data. 

Head/tail breaks A classification scheme used to capture scaling law within 

things. By separating data into two parts, the head and the tail, 

which is done through the mean value, underlying structures of 

datasets can become clear. As this is done recursively, it works 

in conjunction with fractal geometry providing a unique way of 

analysing spatial phenomena. 

Living structure A term invented by Alexander in which he describes how 

different structures can be less-living or more living depending 

on their properties. He identified 15 structural properties, and 

the more properties are fulfilled the more living a structure is 

considered to be. 

Nature streets Self-organized road based on the Gestalt principle of good 

continuity. They are formed by combining individual street 

segments. Natural streets show the structure of a street network 

by highlighting the connections between the formed natural 

streets. 

Nature cities City boundaries are hard to establish uniformly. Natural cities 

are generated city boundaries based on the concept of 

wholeness and scaling law. By analysing a country as a whole 

its high density locations, cities, can be identified. This process 

can also be done recursively, by analysing the hotspots of a 

formed natural city. 

Scaling law The notion of far more smaller things than large ones in spatial 

phenomena across all scales. For example, there are much more 

villages than cities. There are much more branches than tree 

trunks. There are much more smaller planets than large ones. 
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Wholeness This is used as a measurement of beauty within a structure. 

Wholeness is recursive in nature and it reflects in our own 

experiences. When a structure is considered the wholeness is 

greater than the sum of its parts. Where living structure 

identifies our outer experience and beauty identifies our inner 

experience, wholeness is the combination of both. A holistic 

view on things. 
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1. Introduction 

The world we inhabit is ever-changing. Through natural forces which have always been acting 

on the Earth or through our own actions, these changes are driven. In the last 150-200 years our 

influence on the Earth has become greater and it keeps increasing. At this time we have 

collectively and solely changed the entire climate of the Earth itself (Solomon et al., 2007). 

These changes lead to challenges in our futures as there will be many noticeable effects 

resulting from climate change. One major example is sea level rise, which is predicted to rise 

between half and one and a half meters until 2100 (IPCC, 2014). This in turn will lead to a large 

amount of stress on coastal cities as they need to adapt to the higher sea levels. Adding to this 

human population keeps increasing as well, this means more challenges for cities and its 

inhabitants. Cities are the center of concentrated human activities and therefore are crucial in 

the process of adapting to climate change. This study studies the underlying structures of cities 

to determine its effects on humans. Cities are believed to be just as natural and naturally 

evolving as the humans who shape it (Jiang, 2015, Alexander 2002‒2005). And therefore when 

its unnatural structures can be identified, problem areas can be identified and targeted solutions 

can be developed. 

1.1 Background 

Throughout history there has been just enough time and resources available to build only what 

is necessary. As a consequence of that there was much more time to think about an expansion 

of a city as it generally took much longer and much more resources to build something (Prak, 

2011). This meant that developments generally were well thought out and designed to be very 

functional but to also use the environment in such a way that the building costs and time spent 

would be reduced. This process resulted in cities which are structured well. Their development 

followed a natural process, where slowly according to the needs and demands of its inhabitants 

developments took place (Dyson, 2010). Because of this among other things, people are 

attracted to the cities, allowing them to grow over time. 

Nowadays cities have been evolving less and less in a natural way. It takes almost no time at 

all to develop new areas and almost in an instant buildings are erected. Cities are growing 

without much time being put in how the cities are growing, as long as there is space and 

capacity. Buildings are being built for expected needs and demands instead of current needs 

and demands. This in turn means that people are not building their own houses anymore, but 

the city is building it for them. Inevitably these houses are not matching exactly to the people 

who will live there. Since we are able to build very quickly with the invention and mass use of 

concrete and other mass producible building materials like glass and steel, cities have become 

much less natural (Camagni et al., 2002). Houses all look alike, you will get lost much faster 

and neighborhoods will feel boring. This results in lots of wasted effort as historically speaking, 

we already know how to build cities which have a good supportive underlying structure. Instead 

of attracting people, cities now repel people. If their wealth allows it people want to live more 

and more in the countryside. 

To be able to analyse the (underlying) structure of cities street networks can be used. These are 

the arteries of the city and together they form a complex network inherently bound to the city’s 
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structure. This network of street nodes and junctions is thus crucial in determining the structure 

of the city. Through this network we are forced to move through when we are transporting 

ourselves through the city and we have to use and expand upon it when developments are done. 

Christopher Alexander with his theory of centers, attributes degrees of life to every object. 

Depending on fifteen different principles we perceive quality of life in objects in differing 

amounts (Alexander, 2002). Using this theory we can identify how living objects are and 

objectively how we feel around them. A city can be seen as an object as well and thus cities can 

be quantifiably measured in how living they are. By looking at a city as a structure of many 

objects it is possible to identify individual areas within cities which are interconnected to each 

other. 

Christopher Alexander perception of living things around us can be measured by looking at a 

city as a complex network (Jiang, 2016, Alexander 2002‒2005). The characteristics of features, 

objects and the city as a whole allows for comparison between them and analysis of efficiency 

or sustainability becomes possible. Following the logic Alexander provides, the more living a 

structure is, the more sustainable, more beautiful and generally better it will be. City growth in 

this day and age outpaces the speed of natural evolution, which means that their living structure 

fades. This will not only have an effect on individual cities but on all cities, as following this 

logic, all cities together also form a complex network which in turn is affected if one of its 

nodes is losing its wholeness. 

Measuring living structure is actually done by everyone everyday only it is unnoticeable. This 

can be compared to temperature, we experience cold and heat and we feel different depending 

on temperature. This is similar for living structure, if an environment is not very living, we tend 

to feel less comfortable and vice versa. It is however hard to measure the degree of livingness 

as of yet (Alexander 2002–2005). There are however methods of analyzing urban morphology 

which is able to capture livingness by a bottom up approach, making the data naturally 

structured according to its underlying characteristics which are natural streets (Jiang and 

Claramunt, 2004) for roads and natural cities (Jiang and Miao, 2015) for city boundaries. These 

two concepts are built upon a new way of thinking regarding spatial data. Instead of looking at 

direct derivatives, like point data, line data or polygon data of objects the underlying 

connections are the main focus, which in this case are for example connectivity between roads 

or distance between intersections highlighting denser areas. By using the main concepts of 

natural streets and natural cities together with theories from scientific literature like wholeness 

and scaling law this research is backed up by strong previous works. 

Where temperature is a measure for heat and cold, which can be measured with a thermometer, 

wholeness is a measure for living structure or beauty. Christopher Alexander developed the 

concept of wholeness to measure the order in things. Greater wholeness indicates a structure 

which is more natural, or living. This natural structure is indicated by the appearance of much 

more small things than large ones (Alexander, 2002–2005). Everything within a city is built in 

such a way that it adds something to the city and increases its usefulness. Different cities are 

not the same in this way, different decisions and characteristics create differences in the 

underlying structure of the cities. This means that every different city exhibits different amounts 

of wholeness. Mathematically Alexander found this impossible to measure at the time, this was 
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only theory still. The underlying principles of why and how the development within cities is 

happening also must be understood for its effects on our daily lives. When a city shows greater 

amounts of wholeness it indicates that a city is more living or more natural (Jiang, 2019c). 

Alexander believes that the world is separated into two parts; the external world and the internal 

experience. Because they are a part of each other they should also reflect each other. This means 

that a city which expresses greater wholeness, or a better living structure, is closer to our natural 

inner self and thus more sustainable.  

Based upon the natural structure and beauty of spatial things Jiang (2018) has developed the 

theory of scaling law. This is the notion of that there are far more smaller things than large ones 

which corresponds with Alexander’s theory. Housing prices for example are highly correlated 

with houses located in a neighborhood, however what is also true overall is that there are lots 

of low housing prices and very few high housing prices. This pattern of far more smaller things 

than large ones holds true for many more spatial things. For example there are many more 

smaller cities than large ones, there are far more smaller countries than large ones, there are far 

more poor people than rich ones, there are far more small lakes than large ones, there are more 

small planets than large ones and so on. This spatial heterogeneity effect is universal (Jiang and 

Brandt, 2016). To be able to detect and understand the scaling law the way of thinking about 

spatial things must change, as with the usage of scaling law living structure can become visible 

and measurable. 

Conventional GIS follows a Euclidian way of thinking where data is being most often described 

by its average. By using the average within data we can identify standard deviation as well. 

Using these derived points of information from data it is possible to set up and show the well-

known Gaussian or bell curve distribution which allows us to get an idea of how the data is 

distributed (Gauss, 1809). This has been adopted in the spatial domain as a general way to 

visualize and classify as well. One of the most commonly used classification methods, the Jenks 

natural breaks method (Jenks, 1967), for example is based on this principle. This Euclidian way 

of thinking works well if the assumption that the average is a good descriptor of the data holds. 

In reality however almost all spatial data cannot be described by its average and following that 

a Gaussian distribution. Euclidian geometry is too basic to describe spatial features as they are 

not correctly describable with points, lines or polygons. Within this research instead a fractal 

approach is taken, where scaling law is based upon. These shapes are much more organic and 

resemble living structure much more closely leading to a better feeling (Salingaros, 2013). To 

measure the scaling within a structure head/tail breaks (Jiang, 2013) is used and adapted so it 

is more versatile when city structures are measured. By using this classification an h/t index 

can be obtained, which is the amount of recursively defined head/tail breaks classes. This is a 

direct measurement of the scaling property of either natural streets or natural cities and therefore 

is crucial in comparisons between them.  

1.2 Motivation 

Currently cities are losing their meticulously built up natural structure as developments outpace 

the natural speed of evolution. This means that inner cohesion of cities will be lost over time, 

but also cohesion between different cities will weaken. With upcoming and current challenges 

regarding population growth and climate change this is not desirable. Cities need to become 
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stronger and inhabitants should all be able to feel at home. Cities need to be able to support its 

inhabitants so that its inhabitants can support the city. This study tries to identify key aspects 

of improvement for cities or key developments which either improve or decrease the cities’ 

underlying structure. By using known examples of attractive and repelling cities it is possible 

to identify differences between them. 

Through applying this novel approach into spatial analysis, this research is able to detect living 

structure if it indeed exists. Following that many new approaches to urban planning can open 

up and with that the focus is more oriented towards sustainability instead of profitability and 

speed. By using the information gathered and presented in this research a more sustainable and 

better environment for humans can be created within the places they inhabit. The effect of the 

underlying structure of cities and the things within it does not appear directly, but rather 

indirectly. A person feels more at ease within cities or places with a good natural structure while 

where this is lacking, this person might feel on edge without knowing exactly why. This study 

will attempt to explain this phenomena and empirically derive and prove it. 

When living structure within cities can be measured and compared areas can be given a relative 

score of how living they are. Following this further research can be done to identify the effects 

on human health. Not only short term happiness, but especially a long and lasting term of 

happiness. It may also support governments with troublesome neighborhoods, by explaining 

why they are troublesome, and at the same time offer a solution. This makes this analysis very 

powerful and important for all living environments. By using a concept discovered by 

Alexander (2002‒2005) which is further expanded upon by Jiang (2019b), this research is able 

to do this kind of analysis. 

1.3 Research objectives 

The natural speed of evolution of cities is currently outpaced by developments taking place 

within the city. This upsets the inner cohesion of cities and also cohesion between cities 

weakens. This can be detrimental to our quality of life over time. Especially with upcoming 

challenges regarding population growth and climate change this effect is not desirable. Instead 

cities should really become stronger, its structure must be there to support its inhabitants and 

collectively cities will have to form a network which allows humans to live on the planet for 

longer, more sustainable and in better health. Based on the concept of living structure captured 

by Alexander’s work (2002‒2005) this study identifies a cities structure as a whole and 

evaluates it based on its underlying structure. By doing this for multiple cities and countries 

comparisons can be made between cities and historically within cities. For this, further research 

done into this concept by Jiang (2019) allows a novel usage of GIS with which it becomes able 

to do this type of analysis. This study is essentially a case study of the theories proposed by 

Jiang (2019) and see if living structure, or beauty, can be measured empirically. For this there 

are three aims: 

AIM I: To characterize cities by natural streets and natural cities 

AIM II: To compare different cities with each other to capture the degree of livingness 

AIM III: To compare cities temporally to see the evolution of livingness 
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The first aim will form the base of the study by providing data in the form of natural streets and 

natural cities for multiple cities and countries which can be analyzed further in the following 

two aims. By comparing different current cities with each other in the second aim, differences 

in living structure can be analyzed and an evaluation can be given. Lastly for the third aim 

historical maps can be used to determine the evolution of livingness and also the effect of 

development speed on living structure. See Figure 1 for the context of the specific aims. 

 

Figure 1 Breakdown of the specific aims of the study 

1.4 Structure 

This report is separated into seven chapters. This first chapter has introduced the main concepts 

and background this study is founded upon, why it was written and what it aims to achieve. 

Then the evolution of scientific literature regarding this subject is provided in a literature review 

in chapter 2. This is important as it shows not only all important contributors within this field 

but also the context in which this report has been written. By building upon the work of these 

great contributors it becomes possible to do this type of analysis. Before the digital age people 

have been analysing built-up structures already, discovering vitality of cities and organized 

complexity. The invention of computers opened up whole new possibilities within this field 

changing the way analysis were performed and greatly increasing the speed at which they could 

be done. With the introduction of computers a very specific way of analysing became the norm 

because of the resources available at the time. Geometry was very important in spatial analysis, 

now there are newer ways of thinking available avoiding geometric thinking. 
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In chapter 3 the theoretical foundations used for the experiments and main aims in this study 

are elaborated upon. Currently GIS has some basic problems regarding the previously 

mentioned geometric thinking processes. This chapter will expand upon this explaining the 

alternative newer way of thinking regarding spatial analysis. It will then also explain the main 

theories much of the results are based upon: Natural streets and natural cities. 

Hereafter chapter 4 describes the methodology applied to investigate and provide an answer for 

each of the above mentioned main aims of this study. Results follow after in chapter 5 where 

after both the results and methodology are discussed in chapter 6. Finally the last chapter will 

conclude the work and highlight the main outcomes of this study as well as suggesting further 

work which this research can help with. See figure 2 for the overall structure of the report. 

 

Figure 2 The structure followed in the report 
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2. Analysing urban morphology empirically by its structure 

This chapter identifies the major scientific works within the relevant study areas. Research into 

city structure and the identification of empirical measurements related to this started around the 

1960s. The main problems within this field was describing how spatial phenomena within cities 

are connected and how humans interpreted and processed this in their normal daily lives. When 

computers started to show up the available computing power lead to advancements within this 

field. Where it was impossible to measure entire interconnected networks within cities, it 

became possible to do this. Now there are ways to calculate and compare different systems with 

eachother leading to possibilities in improving the networks for our own benefits. This chapter 

will take you through these developments by explaining the major discoveries and highlighting 

the relevant discoveries which affect the research and the end goal within this paper. First the 

organized complexity by Jane Jacobs with its effects will be elaborated upon, then the 

expansion into more complicated calculations regarding the analysis of complex networks will 

be explained, leading to the current state of art when measuring these networks empirically. 

2.1 Organized complexity in spatial phenomena 

Urban planning since the Second World War has become a very important field. In Europe 

many cities needed to be rebuilt and it needed to happen fast as well (Satterthwaite, 2005). 

Population started to grow faster and faster and cities needed to follow this trend. To be able to 

understand the complexity of cities and solve its problems it could not be treated as a simple 

problem. Cities are in itself complex things which make it hard to understand all effects of 

decisions made. Jane Jacobs (1961) developed her theory of organized complexity to approach 

the problems cities provided. At the time she did not agree with practices of city planning and 

rebuilding as they are “a foundation of nonsense” (Jacobs 1961, p. 13). Modernist architecture, 

which started around the 1950-1960s were criticized as they had no scientific base (Jiang, 

2019). Next to Jacobs who analysed cities as a web to understand how everything is connected, 

Kevin Lynch analysed how people perceive cities. This is important as this indicates how our 

brains deal with a city environment. He found out that people were able to understand their 

surroundings by forming mental maps where several main identifiers play a major role. Paths, 

edges, districts, nodes and landmarks are needed to be able for a person to navigate through a 

city. These elements form the image of the city (Lynch, 1960). 

The works of Jacobs and Lynch supplement each other. Cities can differ from each other in 

their organized complexity which will lead to a different human view on the city. The 

interesting notion here is that each individual has a different view on a city through the five 

elements Lynch discovered, however each city also has only one main structure which 

determines these individual views (Jacobs  1961, Lynch, 1960). This shows that it is very 

important to study cities as a whole instead of focusing only on newer development areas or 

districts, as the whole is greater than the sum of its parts. There have been many more researches 

based on organized complexity and one of the most influential ones which affects this study 

considerably is the well-known work of Mandelbrot (1967, 1982). Fractal geometry is used to 

describe these complex structures by using recursivity across different scales. The famous 

example of the British coastline serves as an example: When you want to calculate the length 
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of the coastline the result changes depending on your unit of measurement. When you decrease 

the size of your measurement unit the length of the coast will increase. This happens indefinitely 

because of the fractal geometry of the coastline. This behavior can be observed for many more 

spatial phenomena (Jiang and Brandt, 2016). It is because of the fractal dimension affecting 

organized complexity as well, that a new way of thinking is needed regarding the way geometry 

is handled further on. 

Through applying a new way of thinking based on fractal geometry, more meaningful analysis 

can be made from spatial objects and phenomena. When cities are analysed it is important to 

understand what its structure means and how it can be measured computationally. For this space 

syntax is very suitable. Space syntax essentially is the language of space, how places and objects 

interact with each other and how they are connected can be described in the space syntax (Hillier 

and Hanson, 1984). When people move through a city from point to point travel is involved as 

we are not able to teleport. This means that to get somewhere you need to pass so called 

corridors and other spaces to reach your destination. The way cities are organized largely 

determines the path you take as generally the fastest route is chosen, which in turn is determined 

by the major roads. As Churchill said “We shape our buildings and afterwards our buildings 

shape us” (Churchill, 1943). 

This means that by uncovering the structure of the city by using space syntax principles it 

becomes possible to analyse how the space is being used. How people are most likely to move 

through the city, where populations are most likely to settle, where criminality is most likely to 

appear for example (Hillier, 1997). Following the logic proposed in space syntax it has since 

become possible to analyse within GIS systems with multiple different methodologies, for 

example with the use of axial lines (Jiang and Claramunt, 2004). Following these measurements 

analysis can be performed and it becomes possible to find advantages or disadvantages in 

certain configurations of space within cities. 

Space syntax, the language of space, has a lot of influence on how we interact with space around 

us and other people. Because it is impossible to teleport from place to place we are bound by 

the organization of spaces. Within our houses or workplaces we have to move through corridors 

to reach rooms like a bedroom or office. These corridors are public spaces, everyone can and 

will go through them to reach their destinations. This means that these places are also subject 

to interaction between people. At the end of corridors private spaces can be found like for 

example an office. These places are generally quiet and interaction is much less likely as the 

office is only a destination of the people working there, instead of the corridor which is a place 

where many offices are connected to. Cities are also subject to this analogy as there are main 

roads, smaller roads and cul-de-sacs with similar characteristics. By analyzing this structure 

topologically instead of by using its geometry it becomes much more visible how it is structured 

and possible bottlenecks or issues can be discovered (Jiang and Okabe, 2014). Especially since 

it has become clear that geometry is meaningless in phenomena which have a fractal dimension. 

It is necessary to abandon conventional Euclidian thoughts within these types of analysis. 
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2.2 The concept of living structure as an evolution of organized complexity 

The world is very big. There are more than 7 billion people inhabiting it. Still we have all had 

the experience of meeting someone new who knows your best friend, or your kid or a family 

member. This is often totally unexpected and at this time we often note that the world actually 

seems pretty small. This is not far of the reality. Even though there are billions of people on 

average there are only 6 people between you and anyone else (Borassi et al., 2014). A friend 

will know another friend who knows another friend etcetera, this repeats 6 times to reach 

anyone else in the world on average. Now what is the underlying logic in this? This section 

tries to explain the small world analysis approach to complex networks and subsequently 

explain the concept of living structure. Which is work building upon the discoveries described 

in the previous section. 

One inherent characteristic of the world is one of the drivers of the previously mentioned 

experience. The world is categorized scale-free. This means that it does not matter on which 

scale you look at, there will always be a similar distribution (Jiang, 2019a). An example when 

we start on the bigger scale. When we look at our solar system we can see that there are 10 

planets, these planets have different mass and size. One pattern that we can identify is that there 

are a couple of huge planets and many more smaller ones. This scaling pattern repeats not only 

on this scale but over all scales. Another previously mentioned example is cities, there are a 

couple of very big cities and many more smaller cities and towns. Now continuing down the 

scale, you have a couple of very big arteries to transport blood and a lot of smaller and tiny 

arteries. This pattern still keeps showing up. This is the essence of scaling law and the meaning 

of scale-free. 

Something that links to this scale-free structure of virtually everything around us is the way this 

structure is organized. For something to be efficient and do what it is made for it has to take the 

scale- free nature of its structure in mind. Bigger things connect to a lot of small things and the 

smaller things have only a few connections. Going back to the arteries example of the previous 

paragraph, your main arteries are the highways of your blood transport while the smaller veins 

in your fingers eventually end, they have few connections. This is an example of a working 

system. This system is self-organized (Jiang et al., 2008). In nature if this structure is not 

followed something is doomed to fail. Therefore it structures itself so that it is sustainable. This 

happens all over the world this self-organizing structure. There are many areas producing food 

and relatively few areas using it. 

By using the two basic principles of connected objects it is possible to empirically derive 

differences between them. It is observed that relationships between people or streets for 

example, are scale-free and self-organized. When this is analysed further it becomes apparent 

that networks consist of things which are often clustered around the biggest parts. There are 

concentrations of connections within the network in the bigger areas and it spreads out along 

the smaller part (Watts and Strogatz, 1998). This clustering is very interesting in network 

analysis because it lowers the average distance between different points in the network. This is 

also one of the reasons that there are only 6 degrees of separation. The amount of clustering in 

a network can indicate its efficiency, if there is no clustering at all then it can take a long time 
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to reach a point and if there is too much clustering the self-organizing structure is harder to 

follow. 

Next to clustering there is a second part to small world networking. The average path length. 

This is the average distance between any two points. The lower this is the more efficient the 

network probably is. If this is very high the network may be inefficient. A combination of the 

two can provide an analysis of the network (Watts and Strogatz, 1998). When there is a high 

average path length without clustering the network will fail because even though everything is 

connected it can take a long time to reach the two farthest points. If there is a high average path 

length and a lot of clustering it means that the connections between points are probably very 

random. There are no connections between neighbors and they essentially go all over the place. 

Therefore the most efficient small world network lies somewhere in between. A low average 

path length and a normal amount of clustering. 

When you are designing a new city expansion or change you strive to reach an optimal small 

world network. This is efficient and will lead to the lowest amount of traffic jams. When you 

are advertising your product you will need to find a way to reach the center of the clusters, they 

have the most spread and reach. These are examples why it is important to keep this small world 

analysis in complex networks in mind when dealing with these kinds of complex networks. 

Because of its scale free and self-organizing nature this analysis is applicable on almost all 

complex networks. Analysing previously built environment can also lead to information on 

chokepoints and problems can be easier to solve if the root of the problem is identified. 

The world we inhabit has been shaped and is being shaped by lots of different processes around 

us. Processes triggered by humans, but also processes which have been acting on the world 

almost since the beginning before humans even walked it. These different processes structure 

the space around us. Plate tectonics caused there to be multiple continents which have mountain 

ranges, coastlines and different climates depending on their position. These factors lead to a 

plethora of other processes again because of that. In the last centuries humans have become 

smart and powerful enough to shape and structure our own space around us. We build buildings 

to live in and to work in. These subsequently are structured in such a way that we can satisfy 

our needs adequately. This means in this case that they are located in close proximity, for 

example cities or communities are formed essentially automatically over time because they 

have to be functional, and therefore they become sustainable. Organized complexity and living 

structure are essentially the same however living structure more clearly defines how the 

structure should be organized. 

The structure which emerges from the need of a sustainable environment for us to live in follows 

a certain structure depending on our possibilities and needs (Hillier and Hanson, 1989). When 

we transported ourselves with horses and boats the travel distance within one day was not very 

great. That means that cities had to be evolving such that services are closely located to housing 

and that the routes to and from are efficient regarding time. Nowadays this has changed. By 

using cars, planes and trains our travel distances are much larger, allowing cities to develop 

much faster and subsequently much less efficient when these transport methods for example 

stop working, which can happen in case of traffic jams or bad weather (Jiang et al., 2008). The 
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crucial point here is that cities are developing more quickly than the natural speed of 

development which therefore impacts the natural structure of a city. 

Christopher Alexander developed the concept of wholeness to measure the order in things. 

Greater wholeness indicates a structure which is more natural, or living. This natural structure 

is indicated by the appearance of much more small things than large ones (Alexander, 2002‒

2005). Everything within a city is built in such a way that it adds something to the city and 

increases its usefulness. Different cities are not the same in this way, different decisions and 

characteristics create differences in the underlying structure of the cities. This means that every 

different city exhibits different amounts of wholeness. The underlying principles of why and 

how the development within cities is happening must be understood for its effects on our daily 

lives. When a city shows greater amounts of wholeness it indicates that a city is more living or 

more natural (Jiang, 2019c). Alexander believes that the world is separated into two parts; the 

external world and the internal experience. Because they are a part of each other they should 

also reflect each other. This means that a city which expresses greater wholeness, or a better 

living structure, is closer to our natural inner self and thus more sustainable. 

Our internal experience changes and evolves over time. Just like other observable natural things 

it grows. This is one of the key things in nature, over time it is able to change, to adapt and to 

become stronger. For the external world to reach the greatest potential in reaching greater 

wholeness it too must be able to change over time. Eventually the development of the structure 

must lead to the natural structure of far more smaller things than large ones. A living structure 

which is not changing over time can still be living, a dead tree still shows its living structure of 

a couple of big branches and much more smaller forks (Jiang, 2019b). Buildings or paintings 

however are only living if they follow this structure. Because they are not subject to the time 

dimension, after they are finished they remain, they are not able to evolve and reach a greater 

wholeness. For structures which already exhibit living structure this is fine, they will feel good 

intrinsically. For structures which do not follow this living structure however it becomes 

difficult to connect to them as the external world and internal experience are separated. 

Many modernist buildings and developments are not abiding by these ideas. This in turn means 

that we cannot connect and bad spaces are formed (Mehaffy and Salingaros 2006, Salingaros 

2006, Curl 2018). People are willing to pay to go to good spaces and the Earth can be considered 

to be a good space, this does not mean though that everyplace is similar. There are differences 

in goodness between spaces and on top of that goodness can change over time (Jiang, 2019a). 

On of the main points Alexander makes regarding the goodness of space is that it is not 

subjective. Even though it feels like a subjective matter, there is no denying that it affects 

humans unnoticeably (Alexander, 2004). By using wholeness as a tool, urban areas can be 

developed or redeveloped so that it becomes better for humans (Mehaffy 2017, Salingaros 

2019). 

Living structure is not only the notion of far more smaller than large things, it is also defined 

by the fact that this occurs across all scales. Living structure is recursive in nature. This means 

that for an object to be considered living its structure cannot be one dimensional and must be 

able to show scaling law properties across multiple scales (Jiang, 2019b). The following figure 

3 shows a structure, the Saint Peters basilica in the Holy See which can be considered as living 
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as there are multiple scales where scaling law can be detected. This building invites you and 

there is no question as to where the entrance is located. There is a connection between your 

inner experience, the entrance is in the center, and the external world, where the entrance is 

indeed located in the largest sub-region. 

 

Figure 3 Facade of the st Peters basilica with scaling patterns across multiple scales. Large areas are 

denoted by warm colors while smaller and more numerous areas are denoted by colder colors. 

Structures which are able to evolve therefore are able to always show a certain amount of 

wholeness with a greater potential as well through its own connected centers (Jacobs 1961, 

Salingaros 2014). The development over time of natural things will also show the living 

structure of time itself. When something grows at first it will show slow progress, which goes 

faster and faster over time until it reaches the sustainable natural limit. An example is population 

growth. In the last 2 centuries population has doubled almost three times. The time to reach one 

billion in population is tens of thousands of years while the time to reach 2 billion after that 

only took 100 years. The long tailed distribution of far more smaller than larger things is also 

visible over time. One difference here is that there is a natural upper limit. We stop growing 

physically within 20 years as the upper sustainable limit is reached. Trees will only grow to a 

certain height where nutrients can still reach the upper parts. This means that time is crucial 

within living structure and also that time shows living structure in itself. 

Within this time dimension there will always be a point zero for all things. The moment it comes 

into existence, the starting point. For trees this is the seed from which it grows, for humans this 

is the forming of the embryo and for cities this is the first collective organization of buildings 

and the society with it. These starting points within structures from which they develop are 

important as they are natural. A thing cannot just pop into existence, there has to be a place it 

grows from. This starting point also allows the living structure to develop correctly. It has to 

grow relatively slowly at first, when the thing is not capable of sustaining a larger structure it 

must slowly become stronger. When it is stronger it can grow quicker and quicker, essentially 

following the scaling law throughout time. A difference between scaling law within structures 

and scaling pattern throughout time is that natural development over time stops when it reaches 

a maximum sustainable point. Trees will not grow so large that its upper branches cannot 

receive nutrients anymore, humans will not grow to be 4 meters high. The structure these things 

grow into however clearly show the scaling law structure within and a large amount of 

wholeness subsequently. 
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When this is applied to cities there should be a point where the city reaches its sustainable 

maximum and its development should only focus on improving its inner structure. The way the 

cities grow determines wholeness in part as well. If cities start small and slowly grow bigger 

over time, its structure should be much more evolved and whole already. Examples of these 

cities are Amsterdam, Rome and Venice. Whereas when a city is built from scratch very quickly 

its structure will be much less developed over time, and thus most likely lack wholeness, 

resulting in an inefficient unsustainable city with lots of expected problems like congestion or 

deflation. Examples of these cities are Brasilia, La Plata, New Delhi. The starting point of these 

cities is so large that to follow time scaling development these cities will have to become much 

larger much more quickly which does not allow the living structure to develop correctly. This 

in turn should lead to much smaller wholeness within these type of cities. 

The time dimension dictates how structures can evolve to become more whole, more living 

through its development. For structures which cannot develop or change this means that they 

can be considered as having lower wholeness than developing structures immediately. 

Developing structures, like living things or cities, should always have the ability to evolve into 

something with greater wholeness. Within developing structures it is important how it came 

into existence and how its development path is organized. Logically they should both be 

connected to the intrinsic wholeness within living structures. When objects are therefore 

developed or structured by humankind where natures effect can be negated it is important to try 

and not skip natural steps within the development process as this can disturb the natural 

structure which is being formed over time. 

2.3 Classifying the fractal dimension with Head/tail breaks 

When the view on spatial information is switched from Euclidian to fractal the way of thinking 

about the matter changes with it. An important step in this process is the ability to show the 

information in such a way that it becomes clear for everyone. Using common methods of 

visualizing data is not sufficient as they are bound by the Euclidian way of thinking. One major 

part of the visualization process can be changed easily and intuitively. The classification of data 

has a large impact on the overall visualization and for this reason it has to be changed to conform 

to the fractal way of thinking. Jiang (2013) has done just that by developing a classification 

method which is able to show the underlying long tailed distribution inherently visible within 

spatial data. This method is called head/tail breaks and it works by dividing the data into two 

parts over and over again (recursively) around the mean (Figure 4). Data which has a fractal 

dimension, which spatial data has, is now classified with this in mind. By recursively dividing 

the data into a larger set (the tail) and a smaller set (the head) it shows between classes which 

are the main links. Getting back to the organized complexity from Jacobs (1961), this means 

that head/tail breaks allow different parts of the web to be visualized. Not only the largest parts, 

but also the largest part in the next class and so on. Which also fits into the theory of centers 

Christopher Alexander advocates (2002‒2005). By being able to identify these centers with a 

classification, visualization and empirical measurement should become possible. 
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Figure 4 Head/tail breaks of a long tailed distribution (Jiang and Miao, 2014). Features are plotted 

according to occurrence where after the mean (m) is taken to divide them into two classes recursively. 

Head/tail breaks allows the low frequency (heads) events to be shown much more clearly. This 

is important as the low frequency events within geography usually have the largest impacts. For 

example high tide events. They are no problems when the water rises to average levels, but 100 

year or 1000 year events which are part of the head, have a much larger impact on coastal 

defenses. The same can be said about the cities example from the previous section. Larger cities 

have a much bigger impact on the economic power or tourism sector of a country. This is driven 

by economies of scale and economies of scope. This also indicates the importance of 

investigating these events as they are much more important. By visualizing data in such a way 

that these patterns become visible your attention is drawn immediately to the most impactful 

and interesting phenomena. 

This way of visualizing is quite versatile in its usage as it highlights the important notion that 

there are far more smaller things than large ones within geography. Therefore by using this 

visualization we are able to see inner structures of phenomena if they are correctly analysed. 

There are improvements however needed for the head/tail breaks visualization. It is based on 

the notion that data is perfectly distributed following a long tailed distribution. This in reality 

however is not the case. What is observed is that from a distance data seems to be long tailed 

for the first classes. The recursivity of the data is assumed to be perfect, which means that if the 

head is taken on its own it will form a perfect long tailed distribution again and again. On our 

planet there are always some anomalies which cause the long tailed distribution to fade between 

classes. For some cases this reduces the usefulness of the classification across the latest classes 

as it is bound by a strict definition. This paper tries to go deeper with the current definition of 

head/tail breaks and look into loosening the restrictions a bit by using head/tail breaks 2.0. 

Chapter 3 has a section dedicated to explaining this. 
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3. Theoretical foundations 

This chapter will focus on explaining how the previously described discoveries are used within 

this research. As this study is a case study, direct measurements need to be performed and 

empirical data will have to be generated and analysed. The following section will explain how 

the knowledge is used to do this by first explaining two of the major measurement tools or data 

created; natural streets and natural cities. Then this is put into context by explaining why this 

data is considered to be fractal and why scaling law is important when dealing with these types 

of research. Lastly an explanation is given for how living structure is revealed by using head/tail 

breaks, which is a classification method from the perspective of a fractal way of thinking able 

to reveal underlying structures within data. Lastly this research is dealing with VGI 

(Volunteered Geographic Information) and big data, and therefore an explanation will be given 

on what this is and how it is used further on in this study. 

3.1 Natural streets 

Space syntax is a very important concept in understanding how our environment is organized. 

To study it in more detail however, there needs to be a way to measure this. One way of looking 

at this is to translate our own perception into data. We make decisions on where to go depending 

on what we are able to see. When we are navigating we are not looking at the shape of the 

streets per se, but to which streets they are connected. An approximation of streets connected 

to each other in data form are axial maps, which have been used traditionally in space syntax 

science. These are able to show how roads are connected to each other. These have been drawn 

by hand (Hillier 1996, Jiang and Claramunt 2004) which makes the process of analyzing larger 

spaces complex. To alleviate this Jiang (2010) has shown ways of calculating axial maps based 

on open spaces. These axial maps are now a good approximation of showing the connectivity 

of spaces based on line of sight. 

Axial maps cannot determine the importance of a complete road however, as it is based on line 

of sight. Within cities there are main roads which can go on for several kilometers connecting 

lots of different other roads, or corridor spaces, with each other. Especially in Europe where 

roads are also not straight it is hard to determine computationally which roads are main roads. 

There are for example methods of using street names to determine which streets are part of the 

same road. There are however issues with data accuracy and consistency. Also this method is 

top down, with a pre-defined value for each road, names, determining what it belongs to. As 

the bottom up approach is much more preferable to determine this with only geometric data of 

the roads. This is done by the use of natural streets (Jiang et al., 2008). These are able to identify 

topology within road networks with a bottom up methodology. 

Natural streets are self-organized in nature and consist of joined road segments based on the 

Gestalt principle of good continuity. Segments are joined based on the deflection angle of 

neighboring road segments. If a road has a neighboring segment which has a small angle, the 

road will naturally continue, if not it is most likely an intersection between different roads. 

Natural streets are therefore determined by the layout of all road segments in a city. By 

calculating the natural roads and the connectivity between them, the structure of the road 

networks within a city can be analysed. By looking at the streets which have the most 
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connections the center of activities can be determined. If the main roads are located at the edges 

of road networks or in unexpected places there might be issues which can be identified. Also 

by looking at the different hierarchical levels of connectivity, comparisons can be made 

between different networks. More hierarchical levels mean more support from within the 

structure and thus a stronger network.  

3.2 Natural cities 

Previously cities have been mentioned as one of the main subjects. The aim of this paper is to 

analyse and compare different cities to each other and determine its structure and the 

consequences of its structure. There has been no definition of a city yet. A city is not easily 

defined and determined as they have different definitions all over the world. Usually it depends 

on the amount of residents living within as it is described as a large human settlement (Kuper 

and Kuper, 1996). There are different perceptions of a large settlements in the world. For 

example a city in the Netherlands might not count as a city in Italy or Brazil. The threshold is 

very vague. Cities are usually defined by its administrative borders which determines if a place 

belongs to a certain city. This however poses the same problem, namely that this is inconsistent 

between countries and even within countries. This thus cannot be a predictable way of defining 

a city. 

Because of this definition problem this paper uses natural cities (Jiang, 2015) to define cities 

where possible. By determining the borders of a city based on structural characteristics like the 

road system there is a consistent way of determining where the borders of the city are. Also 

when certain city parts are not within this border there must be an explanation why this would 

be the case. Natural cities are also a bottom up solution to provide city borders as it is based on 

the intrinsic structure of the city. Just like the natural streets are in the previous section. Because 

of this bottom up approach it is possible to perform the analysis of natural cities recursively. 

Not only city borders can be determined based on a country level, but also hotspots within a 

city can be determined by redoing the analysis only on the city level. In this way the inner 

structure of a city can be analysed by looking at hotspot areas. 

3.3 Fractal/scaling geometry way of thinking 

Spatial data in this day and age has been analysed with the help of computer technology since 

the 1970s when it was first developed and used. The hardware available then however was 

vastly different than the ones available today. The decisions made when Geographic 

Information Systems (GIS) was developed had to take into account the computing power of 

that time. Many of these decision have had implications which are still present today 

(Goodchild, 2018). Current GIS analysis are therefore constrained in a way by the computing 

power of the past. Not constrained by hardware but by the fundamental way of thinking behind 

the design of GIS. Many if not almost all analysis are based on raster or vector representations 

of data. This means that data can only be described by pixel, point, line and polygon geometry 

(Longley et al., 2015). This representation therefore can be considered as a geometric approach 

to data. This geometric approach has many uses, relations dependent on for example distance 

can be measured very easily. When navigating a geometric street network is sufficient to 

determine the shortest or fastest path to take when navigating (Jiang and Okabe, 2014). Also 
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Tobler’s law becomes apparent, we are able to see that similarity is dependent on distance 

(Tobler, 1970). This is known as the first law of geography. 

Within this new approach there is a second intrinsic difference. Euclidian geometry is stuck in 

place. It is mostly determined by distances and coordinates. The only changes which can happen 

for this geometry is when coordinate systems are readjusted when a new geoid is calculated for 

example (Nahavandchi and Sjöberg, 2001). Fractal geometry however exists across all scales. 

It is recursively structured and is not bound by distances and coordinates. This means that direct 

navigation cannot be done by using fractal geometry as important information needed for that 

is lost. What does appear however is an insight into the underlying structure of data. 

Connections between datapoints become much clearer as they have become the main focal point 

within the fractal geometry. This changes the interpretation and meaning of topology within 

spatial analysis (Ma et al., 2018). Conventional topology is described as geometrically 

determined points, lines, polygons or pixels (Longley et al., 2015). Rules of how these should 

behave are described with TIGER for example (Galdi, 2005). Topology within the fractal way 

of thinking has a completely different meaning. As the geometry is lost within this approach it 

now focusses on the information which is especially described by this approach. Connectivity 

and relationships between features is called the topology (see Figure 5). It more closely 

represents the way human minds think. If you are navigating you are remembering junctions 

and points where you must take an action, the path in between junctions is often much less 

pronounced in the navigating process. This is because we follow and analyse the structure just 

like the fractal approach does. 

 

Figure 5 Geometric (left) versus topological visualisation (right) of a neighborhood (Jiang and 

Claramunt 2004) 

This fractal approach allows underlying driving patterns to become visible. In this way you can 

observe that within spatial phenomena there are much more small things than large things. This 

is called scaling law (Jiang and Brandt, 2016). Within geography the first law, Tobler’s law 

(Tobler, 1970), states that “Everything is related to everything else, but near things are more 

related than distant things”. This is true for things which are near. For example housing prices 

are very much correlated with housing prices of neighboring houses. Tobler’s law however 

stops to have an effect when distance between objects become too large. Your housing price 
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will not be influenced by housing prices on the other side of the world. This indicates that 

Tobler’s law really is only regionally very relevant and its relevancy decreases with distance 

quite a lot. By using the previously described scaling law we can see something different. 

Scaling law is present universally across all scales. There will always be more smaller things 

than large ones which in turn is just as fundamental as Tobler’s law is. By using both of these 

laws together a very strong understanding of spatial phenomena is formed. This in turn also 

means that the Euclidian representation of geography is very good for many applications, but 

for the entire picture fractal interpretation is needed as well. 

3.4 Living structure revealed by head/tail breaks 

Spatial analysis depends a lot on the visualization of gathered or processed data. Phenomena 

can be identified by displaying them on a map or image. Relations between different 

phenomena can be discovered by overlaying different data sources on to each other, or by 

representing calculations or models made with them visually. Since the start of computer based 

geographic analysis, visualization is generally done via raster or vector logic. These underlying 

principles of analysis are sufficient for large scale analysis within geographic information 

systems (GIS) (Sui, 2004). While the representation of data in raster or vector data is generally 

sufficient, the way this data is visualized is not. Inherent to the data format is the way the data 

is visualized in its final stages. Within modern GIS the average, or mean, within the data is most 

commonly used within classification of data, which in turn determines the way the data is 

visualized. The use of the average within classification seems logical as it is easy to understand 

and in turn easy to calculate with (Jenks, 1967). The average is a very good choice for many 

different types of data, for example human length, human weight or the probability of a coin 

landing on one side. Nearly all spatial data is not characterized by its average however, as 

mentioned in the previous chapter. Instead it is scaling in nature. This means that if it is to be 

visualized correctly the scaling characteristic of the data should be used instead of a 

meaningless property. This section elaborates on one such a method developed by Jiang (2013) 

based on the long tailed distribution of spatial data and it tries to expand upon this method by 

questioning some imposed restriction within the method, using real world examples. 

As mentioned in section 2.1 spatial data is generally characterized by a long tailed distribution. 

There are many more small things than large ones. There are lots of examples for this, there are 

much more smaller hills and mountains than higher ones. There are much more villages than 

towns. There are more smaller planets and a few large ones. This distribution means that spatial 

phenomena cannot be given a well-defined average. This long tailed pattern within spatial data 

has the characteristic that it is apparent on all scales. Previous examples indicate this, the pattern 

of much more small than large things is seen across all different scales. This means that the 

pattern is also recursive. To classify this data correctly a recursive classification methodology 

has to be used to respect the underlying structure of the data. Jiang provides an adequate method 

of classifying scaling long-tailed data with head/tail breaks (2013) as discussed in section 2.2. 

This is a recursive method of dividing data into a head part and a tail part around the arithmetic 

average until the scaling properties of much more smaller than large observations no longer 

holds.  
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Figure 5 Natural city Rome with hotspots. a) showing classification based on Jenks natural breaks and 

b) showing the same data with a classification based on head/tail breaks. 

Because the head/tail breaks classification follows the natural recursive structure of the data 

with far more small things than large ones, the classification looks and feels better. It is 

represented in a natural relatable way (Jiang and Sui, 2014). In figure 6 the natural city (Jiang 

and Miao, 2015) of Rome is shown. Hotspots, which are basically natural cities within the city, 

are classified according to their size (area). Within the head/tail classification there are clear 

distinctions between the largest area in the center with supporting hubs laying around which 

become naturally smaller. Jenks natural breaks classification does not show this clearly, there 

are only two classes clearly visible and the structure between the different recursively smaller 

hotspots becomes lost. As the natural city of Rome is structured very well because of its natural 

evolution throughout history, head/tail breaks can classify and show its structure perfectly.  

Within head/tail breaks it is assumed that there is a maximum division of 40% in the head and 

60% in the tail. If a class exceeds 40% in the head it is seen as not distributed heavy tailed 

anymore and the classification finishes as there is no well-defined head or tail anymore. When 

the hotspots of Rome in figure 6 are classified there is almost perfect recursivity during the 

head/tail breaks classification. Every class has a well-defined head part and a tail part where 

the head part never exceeds 40%. This means that the head/tail classification reaches its 

maximum potential for this case, only once does the head exceed 40% when there are only two 

hotspots left, which automatically makes that a 50-50 distribution. For Rome this means that 

each class seems to support each other which intuitively shows a strong structure and a great 

scaling law pattern. 

Not all spatial data is structured perfectly, as the world it represents is not perfect either. More 

often than not the potential h/t index is not reached. The h/t index is the amount of times data 

can be recursively classified and broken up into a head and a tail part. It denotes the amount of 

classes created by following the h/t breaks method. There are situations where the percentage 

in the head exceeds 40% for a certain index, where after it falls within the 40% again for the 

next index. These indices where there is a long tailed distribution after the index where there 
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was not, are lost in the process as the classification ends before that. This results in 

classifications which have a small h/t index and do not look natural (Jiang and Sui, 2014). When 

the constraint of 40% is loosened these lost indices show up resulting in a much better 

visualization while overall respecting the 40% in the head rule as a whole. Head/tail breaks 2.0 

improves classification for datasets where there is no perfect recursion, while still respecting 

the overall notion of far more small than large things present in the data (Jiang, 2019a). 

 

Figure 6 Head/tail breaks 2.0 comparisons. Panels a) to c) show natural hotspots within 1700s Rome 

(based on the Nolli map) and panels d) to f) show natural streets within 1700s Rome region. Panels a) 

and d) are classified according to head/tail breaks 1.0. The other panels are classified according to 

head/tail breaks 2.0 where individual classes can exceed 40% in the head. Only panel c) violates the 

overall rule of an average of 40% in the head for all classes together. (See appendix for the exact 

breakdown of the head/tail breaks classification) 

Within figure 7 there are multiple h/t breaks classifications with different constraints. As this 

image shows hotspots and natural streets within the borders of historic Rome (1700s, Nolli 

map) there are some issues with the default h/t breaks classification. Because this analysis is 

constrained by an artificial border the natural structure of the hotspots is disturbed. This means 

that the distribution has less well-defined heads and tails after two iterations. This leads to an 

unsatisfying image (figure 7a). By loosening the constraint between iterations, a much better 

and much more useful visualization is created in figure 7b. Loosening up the constraint of 40% 

head too much however, leads to misrepresenting the structure of the data itself, as seen in 

figure 7c. In this image the central part of Rome is not in the top class while this hotspot is 

nearly the same size as the one in the northeast. If there are too many similar sized things, 

especially in the top class there will be issues with the final classification. There will be different 

values for the optimal loosened head constraint depending on the data which is being 

represented. It seems that the highest value for the head constraint should be chosen where the 
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overall 40-60 percent rule for the head part and tail part still holds true. In between classes as 

long as this overall rule is not broken, 50-50 or even 60-40 as a distribution may help for 

visualization further on. 

Head/tail breaks classification works very well when it classifies data which is purely natural 

or so large scaled that it can be considered natural, for example global city sizes or altitude. 

However when used for regional or local phenomena which are human made, the distribution 

will be less perfect. This can lead to the classification ending too quickly as the constraint of a 

maximum of 40% in the head is no longer satisfied. Because of this the classification will have 

too little classes leading to unsatisfying results. By loosening the 40% constraint for individual 

classes a greater part of the potential h/t index can be reached, providing better visualizations 

as long as the 40% constraint is respected overall. Head/tail breaks 2.0 is not a universal method 

for all datasets as it depends on the data how much the constraint can be loosened. It does 

provide a method of improving visualizations of man-made phenomena which still have an 

underlying structure which is long tailed, even though it is less apparent. 

3.5 Volunteered Geographic Information and Big data 

The main data source of this research consists of volunteered geographical information or VGI. 

This is data which is created by individuals who are contributing to an available platform 

voluntarily.  The contributors to this type of data can be experts within the geographical field 

but they can also be amateurs. This has its effect on the data quality compared to organized data 

gathering by for example a government. Because the source of the data is much harder to 

determine for VGI precise measurements on specific places cannot be done without a sound 

accuracy assessment. However within this research this does not matter. As this research is not 

looking into the geometry of the dataset but rather the topology, the data quality is not needed 

to be high. Instead the main focus is data character. Because VGI is so accessible lots of people 

can contribute. This means that lots of information is available and quite easily big datasets are 

formed. 

These big datasets are able to be used as they too will show scaling across all scales. Highly 

populated cities will have much more contributors than rural areas. Contributers will often only 

add a little bit to the dataset except for a couple of major contributors. The structure of VGI 

data follows scaling law, and therefore is very suitable for scaling law analysis. 

Computationally big data is not very interesting geometrically as this takes lots of resources 

and time to analyse. Topologically however it is much easier to analyse, both computationally 

and in its interpretation. This makes VGI an excellent data source for this research and it is 

therefore used extensively. 
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4. Methodology 

In this chapter the methods with which the research questions are answered are described. This 

research makes use of GIS techniques to obtain its results. Firstly a description of the data used 

in this study is given. This data forms the base of all further analysis. Thereafter the process of 

obtaining natural cities and natural streets is described as these form the base of the 

identification of the city’s morphology (AIM I). Following this the process of comparing 

multiple types of cities with each other is elaborated upon (AIM II). And lastly the method of 

analysing the temporal change of a city is shown (AIM III). 

For this research one main data source is used. Raw OpenStreetMap (OSM) data obtained from 

geofabrik.de. OSM is a project established in 2004 which goal is to provide freely available and 

freely editable geographic information with which maps and other geographic services can be 

made. In 15 years there have been many contributions to this dataset by lots of volunteers and 

general accuracy is actually very good in city areas (Barron et al., 2014). Also because of the 

nature of this research, actual geometric accuracy is not important, but rather topological 

accuracy is. This means that length and position of segments have little effect in the analysis. 

Which street is connected to which however is important. Because these type of connections 

are also generally the way we think about roads, especially while navigating, these are usually 

quite accurate. 

The OSM data is downloaded in shapefile (.shp) and within this analysis only the roads dataset 

is used. For further research it could also be possible to use building contours to determine the 

space syntax properties. The main analysis within this research focus on cities, however the 

data which is imported is a dataset of an entire country. This is necessary because the boundary 

of the cities needs to be determined which is subsequently based on the entire country. Datasets 

for a dense country can become relatively large (>1GB for one shapefile) but processing can 

still be done quite easy with portable hardware. 

Table 1 Chosen cities and study areas within this case study 

Country City City Type 

Netherlands Amsterdam Historical 

Italy Rome Historical 

Italy Genoa Historical 

USA Levittown Artificial 

India Chandigarh Artificial 

Brazil Brasilia Artificial 

 

4.1 Characterizing cities based on natural cities and natural streets 

The first step when analyzing a country is the generation of its natural cities (Jiang and Miao, 

2015) as this identifies cities based on a pre-existing structure (roads) instead of an arbitrarily 

defined municipal border. This is important as the focus is on the underlying structure of the 

city, which also includes where the city starts and ends according to physical information. To 

generate or identify all natural cities of a country its roads are taken as an indication. By using 
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the previously mentioned fractal way of thinking cities are identified based on the distance 

between intersections. If the distance between intersections is low, the area is dense and 

therefore the assumption is made that there is a city there. Where the distance between 

intersections is high the area is sparse and the roads between the intersections are most likely 

roads between urban areas. 

For this a triangulated irregular network (TIN) is created from all intersections derived from 

the country-wide OSM roads dataset. After this TIN is created, all connections between 

intersections are identified and isolated by transferring the TIN to lines. Hereafter the distances 

between the intersections are calculated. These distances follow scaling law, which means that 

there are far more smaller distances than large ones. The smaller distances indicate urban area, 

as intersections often follow each other in denser fabric. The obtained distances are analysed 

with head/tail breaks to separate the long distance inter-city roads from the short distance inner-

city roads. For countries with a relatively uniform road network, like the Netherlands, only one 

separation of long distance roads and short distance roads need to be made to obtain the natural 

cities. For larger countries with much more sparse areas, like Italy or Brazil, a few iterations of 

head/tail breaks need to be made as there are several more stages identified before natural cities 

are obtained. For example rain forested areas in Brazil and mountains in Italy. These areas have 

relatively extreme distances between intersections. In the following figure 8 an illustration of 

the process is shown for West-Friesland, which is an area in the Netherlands located north of 

Amsterdam.  

Figure 7 Generating natural cities from road intersections. Panel a) shows TIN lines connecting each 

intersection to each other based on proximity to each other. Panel b) shows the same dataset but based 

on head/tail breaks, one class with the longer distances has been removed which leaves the dense 

areas. The final panel c) shows the natural cities derived from the street patterns. 

As an indication of where the center of activities of cities lay its streets can be used. Areas 

where few streets connect are intuitively calm and oppositely areas where lots of streets are 

connected to are probably very busy. It is therefore interesting to look at the amount of 

connections of streets to each other, how the most connected streets are located and how they 

relate to other well connected streets. It is however not easy to identify “a street” in such a way. 

As humans we are able to identify main roads and intuitively see where a road starts or ends. 

For a computer this analysis is much more difficult as its needs certain parameters to identify 

where a street starts and ends. For this there are multiple possibilities, like for example look at 
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street size or street names, but there are quite a few inaccuracies with these methods (Jiang and 

Claramunt, 2004). See the appendix for a tutorial of generating natural cities and its hotspots. 

For this research in accordance with natural cities, natural streets are used as indicators with 

connectivity information (Jiang et al., 2008). These are created by separating all streets in 

individual segments and then joining them again based on the Gestalt principle of good 

continuity, which makes them self-organized in nature. For this process software was developed 

which allows natural streets to be calculated relatively easily. Axwoman software (Jiang, 2015-

II) is used to generate natural streets based on the OSM street segments. After the natural streets 

are generated they are classified according to head/tail breaks which allows the visualization of 

where the most well connected streets are located within a city and its least connected streets. 

As the interest lays mostly with the well-connected streets this method handily separates the 

many streets with few connections from the few busier streets. In the appendix there is a tutorial 

showing the methodology of generating the natural streets as well as further analysis which can 

be done regarding historical development. 

4.2 Comparing different cities to capture the degree of livingness 

After characterizing cities it becomes apparent that there are two types of cities. Historical 

cities, which evolve relatively slowly over time and modern planned cities. Nowadays cities are 

not growing with the same speeds observed in history. Because of modern technologies like 

concrete, glass and machinery cities can be erected in only a couple of years. This speed has an 

impact on not only the structure of a city but also on its aesthetics. Not only does its structure 

usually not represent natural patterns as it is been created all at once, but also the structure of 

the buildings itself are not natural. Often they consist of lots of geometric surfaces helped by 

mass production of concrete and glass. These developments can be detrimental to our inner 

feelings as they so obviously lost connection with nature.  

To see differences in structure between the historical cities and artificial cities natural cities are 

generated for the respective countries, or county, they are in. Where after recursive analysis is 

performed to obtain hotspots within the respective cities. This means that instead of taking a 

country to generate its natural cities, the boundary of a natural city is taken for which a similar 

analysis is done. This creates boundaries of high density within a city, this helps identify how 

the city itself is structured and provides a deeper understanding. Following this by analyzing 

the differences between the pattern and h/t index of the cities it should become visible that 

historical cities have a better developed structure compared to the artificial cities. There are 

many artificial and historical cities in the world, and this analysis should work on many, if not 

all of them. For this paper as historical cities Amsterdam, Rome and Genoa are chosen as they 

have been developed a lot throughout history and have a rich, well documented, development 

path. For artificial cities one of the most well-known examples is chosen in the form of the 

capital of Brazil: Brasilia. This city has been completely planned before it was built and it has 

been built on nearly untouched soil as a clean slate. For the second and third artificial cities 

Alexander (2017) provides several examples in the form of Levittown (USA) and Chandigarh 

(India) which have been used in this paper as well.  
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By looking at the natural cities and natural streets of cities an approximation of how living they 

are can be made by looking at the scaling patterns and ht-index. In this way differences between 

several city morphologies can be made. This does not directly allow an empirical value to be 

connected to “livingness”. Without direct comparison an approximation can be made on the 

livingness of a structure by our own feeling. Living structure is directly connected to our inner 

experience of the outer world as mentioned before. Just like we can feel that something is hot 

or cold or that we can make quite accurate predictions of the time without any extra tools, we 

are able to feel if something is living or more living. To indicate livingness more empirically 

there needs to be something which can be measured consistently. Some sort of thermometer of 

livingness. This is much harder to realise, but a possible way of measuring this is given in this 

paper. 

As an example of one way of measuring livingness in this paper, wholeness is measured by 

using a page-rank algorithm as this is based on a recursive definition that sub-centers point to 

main-centers (Jiang, 2015-III). Sub-centers are smaller locations which serve as hubs while the 

main-centers are the locations of most activity. For the network to inhibit a high degree of 

wholeness or livingness the larger centers should be supported by sub-centers which need to be 

supported by even smaller centers etc. The higher the support from underlying centers is, the 

higher the wholeness score will be. Centers which do not receive support are ranked much lower 

and are not considered to be as whole. 

For wholeness to be calculated, first the different hierarchical levels need to be identified. This 

hierarchy is already provided within the data and can be extracted easily by performing head/tail 

breaks. After the different hierarchies are extracted each point falling within the same level is 

connected to each other where after every lower level is connected to the closest point of the 

next hierarchy. After this network is established, PageRank scores (Page and Brin, 1998) can 

be calculated using the following formula: 
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where r is the PageRank score of nodes i or j, d is a dampening factor with a value of 0.85. n is 

the total number of nodes, with nj the number of outlink nodes of node j. ON(i) are the outlink 

nodes which are the nodes pointing to node i. Hierarchical levels determining which node point 

to which are based on the area of a point. When applied to natural cities for example, the largest 

cities of a country are within the top-level with the smaller cities becoming supporting sub 

levels. In this case the hierarchical network would be based on the individual area of the cities. 

By looking at wholeness instead of area for example the underlying scaling patterns become 

even clearer. In this way the method of showing the scaling pattern of a network is based on a 

method based itself on showing underlying scaling patterns instead of using a proxy like the 

area of a center. This means that the difference between a head/tail breaks classification of area 

or a classification of wholeness is small but generally noticeable. Figure 9 shows the process of 

creating the network which is used to calculate the PageRank score of. 
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Figure 8 Wholeness network methodology for natural cities in the Netherlands. In panel (a) the 

different hierarchical levels are indicated in different colors. Red is the top-level where green and blue 

are respective lower-levels. For clarity the two lowest levels are not shown. Each city has a Thiessen 

polygon attached to determine which underlying cities from a level lower are connected. The black 

box indicates what zoomed in area panels (b) and (c) are showing. Panel (b) shows the situation 

around Amsterdam (the red dot) which is the biggest city in the Netherlands. Grey lines show 

connections between centers. Panel (c) shows the final network with centers with higher wholeness 

indicated as larger dots. 

4.3 Analysing the temporal change of a city 

To analyse the current historical cities and its developments the past needs to be looked at. By 

using available historical maps, the size and development levels of a city throughout time can 

be discovered. For this part Amsterdam is chosen to show historical development over time. 

This city has quite a lot of information available about its past as the Dutch revolutionized 

cartography during the European exploration age. This means that its historical development is 

well documented. The road patterns in Amsterdam are analysed by taking the current OSM 

roads and clipping them by the size of the historical city taken from the historical maps. 

Following that the natural streets are generated and calculated so that its inner structure can be 

shown. 

For Amsterdam Quillien (2008) is used to provide historical data of the city size. These maps 

are then georeferenced and the city borders are digitized to provide the size of the city. 

Thereafter natural streets are identified and presented with head/tail breaks classification. By 

showing multiple different time periods, development of the city becomes visible with its 

changing pattern of natural streets over time. In the appendix there is a tutorial of the exact steps 

taken for the historical development analysis. 

The important results of this process are the change in h/t index over time, but more importantly 

a visual inspection of the results. Logically main connections should be supported by second 

rank connections and so on. This can be easily spotted when this information becomes available 

after performing the above mentioned steps. Same as for the previous part however, there is no 

direct value associated with this yet.  
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5. Results 

This chapter will show results of the performed analysis of natural cities and natural streets 

between different types of cities. Firstly the city morphology is identified and a general 

assessment is made (AIM I). Following this baseline identification of natural city morphology 

comparisons are made between different historical cities and artificial cities (AIM II). After the 

general comparisons, causes of differences are explored and analysed. As support to this the 

results of the temporal analysis are shown (AIM III), which help explain development paths 

and the evolution of living structure over time. 

5.1 Natural streets and natural cities to identify urban morphology 

The first results within the process show the structure of different cities comparatively. 

Following the literature review it shows that living structure should be preferable. This means 

that there should be a cohesive area which forms a city with within a structure which contains 

much more smaller than larger things recursively. Therefore it is expected that a good city 

consists of one, or a whole, piece overall, and consists of supporting pieces within. By using 

natural cities and natural streets as indicators of the true city morphology, instead of for example 

municipal borders, this underlying structure can be identified and analysed. When this structure 

can be divided into relatively few classes with the head/tail breaks method it is not very 

supportive of itself. Vice versa it means that there are many structural levels within the city to 

provide support for each other and thus forming a greater living structure.  

 

Figure 9 Natural cities and natural streets of three capital cities. Panel (a) shows Brasilia the capital of 

Brazil which is not a very naturally structured city as it is very fragmented. Panel (b) shows Rome the 

capital of Italy which is much more natural, especially its city center which provides support for the 

rest of the city. Panel (c) shows Amsterdam the capital of the Netherlands which similar to Rome 

shows good structure with support from its center. 

To see real world examples three capitals spread over the world are chosen: Brasilia, Rome and 

Amsterdam. Natural cities of their respective countries have been calculated and the areas 

matching the capitals are extracted. Within figure 10 the three’s natural cities are shown 

together with the natural streets which lie within. From this figure it becomes clear that these 

three cities are two different types of cities, namely the segregated city and the city which is 

(semi)whole. Another difference can be seen within the natural streets. For Brasilia as the city 

is segregated there is no cohesion between the natural street segments. There is no transition 
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between the warmer (more connectivity) and colder (less connectivity) streets. For Rome it is 

clear that the warmer colors are located in the center of the city and for Amsterdam this is 

similar. 

It seems at first glance therefore that Rome and Amsterdam are to be considered more living. 

Looking at tourism numbers as an indication of how desirable the city is to visit it is found that 

Amsterdam has about 9,3 Million tourists per year, Rome has 8,7 million tourist per year 

(worldcitiesforum.com, 2017) while Brasilia only has about 2,5 million tourists per year (de 

Farias et al., 2009). Comparing that to the population within those cities which is about 2,5 

million for Brasilia and Rome and 850.000 for Amsterdam it seems that relatively Amsterdam 

is one of the most desirable cities to visit. This indicates that people like to spend time there. 

There are many factors contributing to the desireability of a city like for example marketing, 

activities and history. The effectiveness of these however can be influcenced by how the city 

feels to be in. If you feel safe, or if you are able to navigate easily within the city it is much 

more likely to have a good experience. Some of these effects can be attributed to the cities inner 

structure. 

5.2 Detecting livingness within cities’ networks 

As a good structure is recursive, which means that the notion of far more smaller than large 

things is appearent for different scales, it is possible to look at individual city districs more 

detailed. Larger roads need to be supported by smaller roads and these smaller roads need to be 

supported by even more smaller roads. In this way the structure is able to support itself. When 

two city parts of Brasilia and Amsterdam are analysed it becomes visible that the worse 

morphology of Brasilia elaborated in the previous section, continues on a neighborhood level. 

In figure 11 the northwestern residential area of Brasilia is shown together with the residential 

area around the city center in Amsterdam.  

 

Figure 10 Natural Streets compared in neighborhoods. Panel (a) shows the northwestern worker 

district of Brasilia and panel (b) shows the residential area around the city center of Amsterdam. It is 

shown that the roads in Brasilia are not very connected, there are 4 clear disjointed areas in the middle 

which have no support from each other, while Amsterdam shows interconnectivity within the city 

center with an onion like support. 
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Because of its structure Brasilia is much less interconnected, this will separate communities and 

activities which generally has more disadvantages. Criminality is less easy to control, 

differences between the rich and poor will increase and people from different parts of the city 

are probably much less willing to help each other as they will not feel as connected to each 

other. In a situation like Amsterdam’s city center there is much more inner cohesion. Even 

though people are separated by canals, there are enough bridges and routes between them 

forming a greater structure. This contributes to a better feeling within this city. Another 

structural difference can be found in the shape of both cities. The part of Brasilia indicated in 

the figure above is very geometric with long rectangles disjointed from each other. On the 

opposite side Amsterdam is much more natural in shape which looks like a heart or an onion 

with lots of layers interconnected. The closer a cities structure is to our natural self, the more 

likely our inner experience will align and thus improve our outer experience according to 

Alexander (2002). 

5.3 Comparing artificial cities to historical cities 

The differences between city districts observed in the previous section are no exceptions. There 

are many more examples in the world. To see differences between artificial cities and historical 

cities 3 cities of each are selected throughout different countries and its natural cities are 

analysed as well as its natural streets. Amsterdam in the Netherlands and Rome and Genoa in 

Italy are chosen as historical cities as they have had city development for a long time now. 

Chandigarh in India, Levittown in Pennsylvania (USA) and Brasilia in Brazil are selected as 

artificial cities. Except for Levittown all cities have a population of greater than 500.000. 

Levittown has a population of 50.000, Chandigarh has 1 million and Genoa has 600.000. 

Figure 12 and table 2 show the differences between artificial cities and historical cities. There 

is a clear difference between the top and bottom of the figure and in average hotspot size. The 

inner structure of the historical cities is much better as it shows much better scaling. Especially 

Rome has a good structure. Within the center there is the largest hotspot with scattered around 

the second largest as support. Amsterdam is worse because it shows modern Amsterdam. This 

includes the southern city region of Amstelveen which city center is relatively large and not 

that well-structured. However the structure of Amsterdam’s center is still clearly visible with a 

large hotspot surrounded by supporting smaller hotspots. Genoa has an elongated shape because 

of the topology in the region but its pattern is still living in nature.  

The artificial cities have all kinds of issues and problems showing up in the hotspot analysis. 

Chandigarh for example shows only four classes (with the first one removed). There is much 

less recursiveness within the hotspots which means the sizes are very alike and they do not vary 

a lot. Within Chandigarh there are two very large hotspots found in the center which do not 

support each other but probably compete with each other. There is also little support around 

them and the structure does not look living at all. Levittown jumps out because of its border. 

Because of its position within lots of urban area and because of its shape Levittown has no 

natural city. It is an area to the north of Philadelphia without a clear definition of its borders 

based on the road systems present. Therefore for the hotspot analysis its Census borders, which 

are top down administrative borders, are chosen. Looking at its hotspots however there seems 

to be some natural structure present with a center and two supporting centers around. The h/t 
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index however is very low again which indicates a bad natural structure. Brasilia then is already 

very separated and not whole at all, its hotspots are therefore also very similar to the existing 

separation seen in its natural city already. 

 

Figure 11 Hotspots comparison between artificial and historic cities. Each city shows its hotspots 

within its borders. Hotspots are classified according to the head/tail breaks 2.0 method. In red the 

historical cities are shown (top) and in orange the artificial cities are shown (bottom). For visualization 

the lowest classes within the head/tail breaks 2.0 are not shown except for Levittown which shows all 

classes. a) Amsterdam, b) Rome, c) Genoa, d) Chandigarh, e) Levittown and f) Brasilia. 

Table 2 Hotspots comparison between artificial cities and historic cities. This table shows how the 

hotspots differ from each other 

City Size (km2) Hotspots Avg hotspot size (m2) H/t index 

Amsterdam 119 3.647 5.366 8 

Rome 303 4.174 7.828 6 

Genoa 64 1.223 11.137 5 

Chandigarh 266 804 109.344 5 

Levittown 27 116 52.384 6 

Brasilia 218 1.091 122.216 5 
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The natural cities and hotspots within show that the artificial cities differ quite clearly from 

historical cities, and not in a good way regarding its livingness or wholeness. The natural streets 

shown in figure 13 show the same. A living structure would indicate a large well connected 

road supported by other well connected roads preferably in the center of the city where most 

activities are taking place. The figure shows clear differences between artificial and historical 

cities but similarities in between. In this figure Amsterdam would be considered to be the most 

whole, with a very well connected street in the center with less and less well connected streets 

the further away from the center. Rome has its most well connected streets in support of its 

center, which means that the center itself is probably the destination of most people as the roads 

leading to it seem bigger. Genoa shows through its shape a living network with well-connected 

streets along the coast with branches connecting the rest. 

 

Figure 12 Natural streets comparison between artificial and historical cities. In warmer colors the most 

well-connected natural streets are shown with colder colors showing less connected streets. The top 

panels show historical cities and the bottom panels show artificial ones.  a) Amsterdam, b) Rome, c) 

Genoa, d) Chandigarh, e) Levittown and f) Brasilia’s center. 

The artificial cities show a completely different story, they are not living, which is already 

visible in the geometric shapes of its road systems. When the natural streets are generated from 

them this becomes even more visible. Except for Brasilia the most well connected streets are 

not even near any centers of the city, the second most well-connected streets are also disjointed. 

There is no support between them. Although the well-connected streets in Brasilia are located 

around the center, there is no cohesion between them, they are separate entities. This shows a 

structure which is not whole and disconnected again just like its natural city and hotspots. Even 
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though the h/t index of natural streets within artificial cities is relatively high (see table 1), their 

locations are very unnatural which hampers wholeness. 

Table 3 Historical cities compared with artificial cities, population is based on the entire town and size 

is based on the borders shown in the previous figures. 

City Population Size (km2) H/t index Hotspots H/t index NS 

Amsterdam 850.000 119  8  9 

Rome 2.500.000 303  6  11 

Genoa 580.000 64  5  8 

Chandigarh 1.000.000 266  5  11 

Levittown 50.000 27  6  7 

Brasilia 2.500.000 217  5  10 

 

5.4 Recursive analysis of natural cities 

The nature of living structures is so that at every scale it receives and provides support from the 

previous scale and to the next scale. Scaling law is universal and across all scales. Therefore 

not only the hotspots of natural cities are interesting to analyse, but also the microspots of the 

hotspots. Which is one step further. Whole structures will show living structure within a hotspot 

as well. For this Amsterdam, Rome and Brasilia are once again looked at, for which the largest 

hotspot in its main city center is chosen for analysis. This means that while Amsterdam has 

larger hotspots in the south, they are not looked at because they are part of an agglomerated 

modern city. In this instance we are interested in the historic city centers compared to the 

planned city center of Brasilia. 

In figure 14 the true hotspots are shown classified according to its size. The hotspots in Rome 

indicate a good structure, there is a clear center with supporting hotspots around them, and 

within the city center this pattern continues. For Amsterdam it is a bit more complicated. After 

the Second World War the city expanded very quickly to be able to deal with the increasing 

population and economic activities. The result was that lots of already neighboring cities, with 

or without a big historic background, were integrated into Amsterdam. Some of the largest 

developments taking place was the development of the southern part called Amstelveen. This 

part is very artificial and planned (see figure 15). This explains the biggest hotspots in the south 

and northeast. As these modernist parts are disjointed and disconnected from the living structure 

of Amsterdam, they are ignored during the recursive analysis and the city center instead is 

chosen as an indicator for living structure. In section 5.6 this is analysed further in a historical 

development analysis. Finally Brasilia is already disconnected as a whole, which results in very 

large unnatural hotspots throughout the city. This violates prerequisites for living structure as 

there is no scaling or support between classes.  
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Figure 13 Recursive natural city analysis. In panels (a), (b) and (c) the natural cities with its hotspots 

of Amsterdam, Rome and Brasilia are shown. In panels (d), (e) and (f) the microspots in their main 

hotspots are chosen. For Rome and Brasilia they match the biggest hotspot. In Amsterdam the hotspot 

laying over the center is chosen instead of the largest one. 

In the microspots, which are recursively generated from the hotspots, inner city structure 

becomes better overall for Amsterdam and Brasilia on the whole. On the contrary in Rome the 

overall livingness seems a bit worse because of its lack of a well-defined center. Rome has the 

only city center with two biggest regions. This however can be explained as the eastern most 

hotspot indicates the current Termini train station, which logically is a dense center. 

Amsterdam’s biggest microspot lies at the location of the central train station as well. These are 

places where transportation routes start and converge to. As this analysis is based on roads this 

result is expected. Supporting the main microspot there are several centrally located larger areas 

with smaller areas complementing them, forming a self-supporting structure. The microspots 

within the main city part of Brasilia show a much better structure than the hotspots, however 

there are still noticeable issues. For example the difference between the largest microspot and 

the second largest microspot is noticeably bigger than Amsterdam and Rome. For two small 

areas it is difficult to correctly support a huge area. Also the second largest microspots are not 

centrally located in between the biggest microspot and the edges, instead they are located 

immediately adjacent. This does not represent a nice hub and spokes system. Even though the 

scaling within Brasilia’s microspots seems correct and living the distribution is completely off. 



34 
 

 

Figure 14 Façade comparison: Old versus New. Left Amsterdam Central Station, Right Hudsons bay 

in Amstelveen. The left image shows a facade with a living structure while the right picture shows a 

boring not so living building 

5.5 Wholeness as empirical measurement of livingness 

Previously wholeness and living structure have been mentioned, but measurements have been 

only by approximation or feeling. This type of measurement works as this feeling generally is 

universal. People do not need a thermometer to feel if outside is warm or cold for example. 

However to be precise there has to be a method to measure wholeness or livingness. This 

however is not a simple calculation. This section attempts to measure wholeness with a method 

following its philosophy. 

Figure 15 Wholeness of natural cities. Panel a) shows all natural cities in the Netherlands. Panel b) 

shows all natural cities classified according to its area and panel b) shows the natural cities classified 

by wholeness. 

Wholeness is an indication of how a structure is built. If the structure is strong, then from the 

bottom up it supports the top. By using PageRank calculations as an approximation, the scores 

can be calculated. The more support a city has from its surroundings the higher the wholeness 

is. It is expected that for the case of cities, that the bigger cities have bigger wholeness as there 

are more and more smaller supporting cities pointing to it. This means that wholeness correlates 

quite well with size. The effect of the location of cities however causes the differences between 

just size and wholeness. In figure 16 the difference between a classification based on wholeness 

and area in the Netherlands. Wholeness shows a much better distribution and shows a much 

more living structure. The classification by area has 6 cities in biggest class, where several of 
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them are very close together. When wholeness is calculated the cities are allocated a smaller 

value because cities close together cannot share supporting cities in this calculation. 

5.6 Historical development leading to wholeness 

The reason that historical cities are much more whole than planned cities as seen in this chapter, 

most likely has to do with development speed. Nowadays we have cheap and fast building 

materials available like concrete and glass. To keep up with the population increases, residences 

have to be built quickly and in large quantities. This leaves little room for careful planning and 

entire city blocks are built all at once. In extreme cases entire cities are built at once like Brasilia. 

Development speed used to be much slower, there was less need for large developments, 

materials would take time to gather and buildings would take time to build. Bigger cities also 

had to take its defenses into account. Everything that was built outside of the cities walls was 

at risk of being attacked. This all means that developments were much more slowly taking shape 

and also a lot more thought was put into them. Everything that was build must have had a 

function in relation to its environment. 

 

Figure 16 Historical development of Amsterdam. This shows slow historical expansions leave living 

structure intact, seen by the most well connected street expanding and being located centrally. 
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Table 4 Historical development of Amsterdam. This table shows how the natural streets changed 

throughout time 

Date Streets Total length 

(km) 

Avg length (m) Avg 

Connections 

H/t index 

1340 214 36.6 171 5 7 

1425 315 56.9 181 5 6 

1585 589 115.2 196 5 7 

1613 1.049 207.3 198 5 6 

1663 1.662 313.1 188 5 7 

1880 3.061 603.4 197 5 7 

Amsterdam was a very small harbor town at the end of the Middle Ages and became very rich 

afterwards through trade. This means that it grew relatively quickly while having access to lots 

of resources. In figure 17 Amsterdam’s historical development is shown. It becomes apparent 

that the way the city grows is very natural. Its structure is expanded upon while its wholeness 

remains intact. For example the most well connected road remains the same throughout history 

and only seems to expand in size. The tree trunk is growing while the branches are sprouting. 

Because of this historic development pattern, modern Amsterdam has a very living center and 

surrounding. Cities which have developed relatively massively in the Renaissance period 

generally have much more living structure and are much more whole than cities which are 

mainly developed after the industrial revolution.  
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6. Discussions 

Wholeness and living structure are relatively new and unexplored terms within urban 

development as they are present in many more structural objects. For example architecture or 

art have structures which can be analysed for its wholeness as well. This means that there has 

not been extensive research into incorporating wholeness when developing urban fabric. This 

chapter therefore discusses the methods used and results obtained in this study to not only 

highlight current issues but also help in identifying potential future research work into this 

subject.  

6.1 Discussion on methodology 

The main research goals of this research depend on the detection and evaluation of living 

structure within urban morphology. These can be separated into three steps: Finding living 

structure, providing values to it and applying it to urban morphology. There are assumptions to 

make when determining what counts as urban morphology or how it can be determined. Cities 

are complex things with lots of different attributes determining how the city is. For analysis a 

proxy is needed to approach the real morphology of the city. 

Road networks are used as an approximation of the city’s morphology and structure. This 

choice is made because the data is easily available and easy to work with, but also intuitively it 

works. When you are thinking about moving through a city, which is determined by its 

morphology, you will think about the routes and thus roads to take. If the city is known 

intersections will come to mind and otherwise navigation will tell you what to do next at the 

following intersections. The two main things therefore are roads and its intersections. For this 

study OSM data is used, which is VGI data. In cities the accuracy of this data is good as there 

are generally much more people contributing who know the area. In remote areas however data 

accuracy is lacking and a bias may form, especially when calculating natural cities for large 

countries like India or Brasil. This is dealt with however by using head/tail breaks. In bigger 

countries the average path length in the entire network is so much larger that natural cities will 

be much larger than the actual cities. By removing an extra class through head/tail breaks 

however the size of the country is compensated and natural cities will approximate city’s 

borders again (See section 4.2). 

Other opportunities of detecting urban morphology is not by using the road systems but instead 

building outlines. These are also freely and easily available and are essentially the inverse of 

the road systems. These datasets might be cleaner as issues with multiple lane roads, or 

roundabouts may be avoided. Another current issue with the road networks for the generation 

of natural streets, where disconnected streets need to be removed, might not be necessary when 

using building outlines. Because of the use of intersections and roads currently the busiest 

places in the city are determined by high traffic intersections and places where public transport 

convenes. These are not the actual locations of people and commercial activity though. People 

are visiting stores, workplaces and tourist attractions generally. By marking these as buildings 

it may become more clear how morphology around the most desirable places is organized. Now 

the places which are most likely the busiest are detected which are probably also not preferable 

places to be in. 
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Another effect of the usage of road networks and intersections is that by generating intersections 

and calculating the distance between them the distance is calculated as the crow flies. This is 

because computationally this is doable, when roads are not straight this causes a discrepancy 

within the real morphology. Axial maps might reduce this as they are based on visual 

connection, however computationally this would be very intensive. The difference between real 

distance between intersections and as the crow flies is not looked at but as the main focus is in 

cities, where distances between intersections is low by definition it will most likely not affect 

the results a lot. 

Cities are selected and generated on a per country basis. Even though the methodologies used 

in this study focus on using a bottom up approach where borders are mainly generated from the 

data itself, the artificial country borders still remain. For countries which are very large, like 

India and Brasil, or countries which are on an island, like the United Kingdom, this is fine. 

However for smaller countries like the Netherlands the border is affecting the definition of 

natural cities within the country. As this research focusses on individual cities this is not a huge 

problem, for future researches which have a bigger scope however, this is something to take 

into account. 

Finally during historical analysis there is one major assumption made during the calculation. 

Data about the road systems in the (late) middle ages is not available and digitizing several 

historical maps was to time intensive for this research. Therefore the current road systems are 

used when determining historical morphology. Historical analysis in this case is the same as 

regional analysis into historic districts. This makes the analysis very simple and easy to do, but 

there were probably much less roads in reality. In the example of Amsterdam shown in figure 

17 most of the roads in the middle ages and renaissance periods are still present today, they 

have only been upgraded. There are relatively little newer roads disturbing the ancient road 

systems. Therefore the bias generated by this assumption is relatively small in Amsterdam. 

Other cities however may lead to different results depending on its history, especially war 

destroyed cities. 

6.2 Discussion on results 

After the two world wars the main focus of buildings was not on what type of building per se, 

as long as there were enough buildings available. Many buildings were destroyed in the war, 

but populations started to grow again after the economy rebuild. Cheap widely available 

resources were used like concrete and bricks leading to massive neighborhoods of row houses. 

After this architects started to use these newer materials as well and geometric shapes with lots 

of concrete, steel and glass became the norm. Thousands of years of previous advancements in 

architecture were disregarded and ignored.  

This development in architecture and essentially in way of thinking affected urban 

developments worldwide. With the rise of skyscrapers city centers were transformed and newer 

cities where developed with this in mind. This led to a reduction in living structure and in some 

cities to a lack of living structure. The effect of this is that the external world does not match 

our inner experience anymore (see section 2.6). This is quite vague in essence, but this means 

that we appreciate natural things because we ourselves are natural. Just like we can feel 
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temperature or emotions we can feel if something is natural or resembles nature. This is why 

the analysis into living structure is important. There have been other researches which show 

this as well (Steffner, 2008 and Wu, 2015). People generally rate natural environments higher 

than geometric unnatural places. 

One of the main threats threatening the natural structure of cities is the speed and cost of 

development. Nowadays everything must be constructed as cheap as possible and as fast as 

possible, which in turn leads to rushed decisions and buildings which are very boring. Once an 

area has been developed however it will remain this way for many years. This leads to residents 

which do not like the environment they live in, consciously or unconsciously. Frustrated people 

subsequently can lead to problems like higher crime rates. It is therefore advisable that not only 

the way buildings are laid-out but also the buildings themselves are considered more carefully. 

Taking into account the current network and the scaling pattern of natural things. In medicine 

a transplantation is also done by using both existing and new tissue and connecting them. A 

city development therefore must not be considered as an individual expansion but as an addition 

to the city, incorporating current city morphology in the least. This means that when cities 

develop roads must not only be attached to existing ones, but some roads may be changed more 

drastically to allow for a development. 
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7. Conclusions and future work 

This study aims to find empirical evidence on the theory of life of Christopher Alexander 

(2002‒2005). For this several cities and countries are chosen in a case study. Cities are 

characterized by their natural cities and natural streets, which are based on the thoughts behind 

the theory of life. By using scaling law and subsequently head/tail breaks empirical data can be 

obtained from the natural streets and natural cities which characterize the different chosen cities. 

Through comparisons between different types of cities and between different time periods of 

cities analytical evidence is produced which supports the theory of life within structures. 

7.1 Conclusions 

This research identifies a way of measuring living structure within cities by using natural streets 

and natural cities. The hypothesis that artificial cities are less living than historical cities seems 

to be confirmed, however there will be more data necessary as there are currently not enough 

cities researched to be completely certain, but this case study offers a steady base and 

possibilities for further collection of more data. The results have shown convincing arguments 

that currently it has become possible to measure living structure empirically. Through the use 

of head/tail breaks direct comparative data can be generated and analysed. Natural streets and 

natural cities can also be generated without governmental or other influence as its parameters 

are based on the underlying structure of the data. 

It is clear to see that artificial cities have much more issues structurally compared to historical 

cities. However the latest developments since the 1960s in the historical cities generally show 

the same characteristics as the artificial cities. This indicates that historical parts of cities which 

are already formed retain their livingness while new developments stay behind in terms of their 

livingness. This can generally be interpreted as developments before the second world war 

stimulated livingness, while developments thereafter were more detrimental. 

When analysing the historical cities it also becomes clear that over their entire development 

path, the cities remain to show a relatively high amount of livingness and a well-supported inner 

structure. It also illustrates how such a development path was, and can serve as an example in 

retaining or improving the living structure in current cities. In this way other historical 

development paths can be analysed further to fully understand how living structure evolves. It 

is also important that cities are seen as a whole. If there is an addition to a city, it will not only 

affect that neighborhood, but the entire cities structure will change as the organized complexity 

within will be disrupted and adapted to its new situation. 

7.2 Future recommendations/work 

This research focusses mainly on providing examples and proof for living structure within the 

road networks of cities. Whole countries are taken to generate natural cities. This means that 

there is data available for multiple countries for which all natural cities are generated. This 

study focusses on individual cities, however analysis like the one done in section 5.5 could be 

applied to more countries or even the world. Comparisons between developed countries and 

less developed countries regarding the structure and wholeness of the entire country might 
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provide insights into how the countries are organized and what kind of an effect this has. 

Barring OSM data is sufficient for the less developed countries. 

Contrary to researching the bigger scope, in light of the new way of thinking, smaller scale 

structures can be analysed in this way as well. In the previous section buildings are mentioned 

as having an effect on our wellbeing as well through its structure. Therefore building facades 

like in figure 3 may be further analysed to provide further guidelines for newer buildings. There 

are already architectural movements focusing on restoring aspects of older architecture into 

modern buildings. Thousands of years of architectural work should not have been done for it to 

be ignored now. There is a reason for the shapes and structures made in history. By analyzing 

these structures empirically a direct reason might be attributed. 

As mentioned before in section 6.1 instead of using streets wholeness analysis can be done by 

taking city buildings or city blocks as a structure. This type of data is also available worldwide 

and the general methodology would be very similar. By assigning values to city blocks or 

buildings an extra dimension within the data may be researched. A museum building or office 

building enact different feelings within people and thus its place within the urban morphology 

is optimally different. A combination of façade analysis and building structure as a whole can 

provide a detailed assessment of the cities structure and livingness. 

In addition to this relations between objects can be determined on a polygon to polygon basis. 

This research uses intersections, which are points to points relations, to determine natural city 

structures. By considering the polygon as a whole the analysis might become more accurate. 

The resulting changes will likely not be very big, but for specific locations or planned 

developments it may work as a tool for planning purposes. By incorporating livingness in the 

planning process empirically, future decisions may lead to a better and more sustainable 

environment. 

Lastly the most important future work which can build upon this work is to find out what effect 

living structure has on our well-being. This study identifies that there are measurable 

differences in living structure between cities and between time periods, but what it does not 

look at is the immediate or long term effects on human health. Does a better living structure 

lead to greater happiness? And is this a long term or a short term effect? This goes beyond the 

spatial analysis research area, where this research fits in. 
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Appendix A: Head/tail breaks 2.0 breakdown 

When using head/tail breaks 1.0 the rule which is followed is that for each recursive step you 

will have to stop when the percentage of head is over 40%. For simulated data or standard data 

sets, like for example Zipf’s law, or the Fibonacci sequence, this threshold is sufficient. For real 

world data however there are more often than not, less satisfying results when using this 

method. This paper therefore helped develop head/tail breaks 2.0, where the threshold is not 

after each cut, but the threshold is taken as an overall threshold. We still assume the 40% in the 

head as a cutoff point, but instead of using it each cut, it is used as a general limit. The average 

amount in the head must not succeed 40% for it to be able to show the underlying information 

of the data sufficiently. 

To show this a real world example is taken and illustrated in the following image and tables. 

For this example historic Rome is taken with its hotspots and its natural streets. Panels a) and 

d) are shown classified with head/tail breaks 1.0. For the hotspots panel b) indicates head/tail 

breaks 2.0 and panel c) indicates where the threshold of head/tail breaks 2.0 is exceeded. For 

the natural streets head/tail breaks 2.0 is shown in panel f) while panel e) shows an in between 

step where the underlying structure is not entirely clear that there are far more smaller things 

than larger things. 

The example of the hotspots show some troubles because there are a lot of similarly sized 

hotspots. This is probably because of the large roads the Romans built between their buildings, 

at this scale the hotspots are therefore separated and not connected. It does become clear that 

the center area is where the largest focus lies through the head/tail breaks 2.0 classification. 

 

Figure 17 Head/tails 2.0 breakdown. Historical Rome with hotspots on top and natural streets in the 

bottom 
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Table 5 Head/tail breaks 2.0 breakdown. 

# of Hotspots (A) # in head % in head # in tail Mean area 

663 110 16.6% 553 2129 

110 28 25,5% 82 10288 

 Average in head 21%   

     

# of Hotspots (B) # in head % in head # in tail Mean area 

663 110 16.6% 553 2129 

110 28 25,5% 82 10288 

28 13 46.4% 15 27573 

13 7 53.8% 6 41870 

 Average in head 36%   

     

# of Hotspots (C) # in head % in head # in tail Mean area 

663 110 16.6% 553 2129 

110 28 25,5% 82 10288 

28 13 46.4% 15 27573 

13 7 53.8% 6 41870 

7 4 57.1% 3 50621 

4 2 50% 2 55299 

2 1 50% 1 57331 

 Average in head 43%   

     

# of streets (D) # in head % in head # in tail Mean connect 

4616 1241 26.8% 3375 4 

1241 286 23% 955 10 

286 81 28.3% 205 22 

81 24 29.6% 57 41 

 Average in head 27%   

     

# of streets (E) # in head % in head # in tail Mean connect 

4616 1241 26.8% 3375 4 

1241 286 23% 955 10 

286 81 28.3% 205 22 

81 24 29.6% 57 41 

24 12 50% 12 72 

12 6 50% 6 95 

 Average in head 35%   

     

# of streets (F) # in head % in head # in tail Mean connect 

4616 1241 26.8% 3375 4 

1241 286 23% 955 10 

286 81 28.3% 205 22 

81 24 29.6% 57 41 

24 12 50% 12 72 

12 6 50% 6 95 

6 2 33% 4 105 

2 1 50% 1 115 

 Average in head 36%   
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Appendix B: Generating historical natural streets for urban 

development analysis 

In this tutorial a step by step guide is provided which shows the process of creating comparative 

historical development data in the form of natural streets. First the term natural cities will be 

explained in a short introduction. Thereafter the step by step process how natural streets are 

generated is explained. Finally an indication of how the end results can be interpreted is given. 

Introduction 

The development of the space we live in is a process. The area around us can either change very 

quickly or it can take quite a while. The underlying principles of why and how the development 

is happening is something we need to understand before we can fully steer development and 

understand the effects of it. Cities are constantly developing and have been developing 

themselves since they have formed. Cities can be considered as a structure that is a whole. 

Everything within the city is built in a way so that the city can remain and function as it is 

(Jiang, 2018). Every different city shows a different amount of wholeness. The more natural a 

city is growing and developing the closer it can get to greater wholeness. This in turn leads to 

a city which feels better, as it is structured more like nature is structured. As this is natural 

structure is closer to our own, the more natural a city is the better it will feel to be there (Jiang, 

2016). 

This notion of wholeness in organized structures around us is a difficult one to understand and 

by extension even more difficult to measure mathematically. By looking at the city as a complex 

network, which is what this wholeness dictates, it is possible to see differences between cities 

(Jiang, 2015). By understanding the hierarchy on which the city operates it is possible to spot 

differences. In this case differences between development stages within a city are obtained. To 

be able to analyse this underlying hierarchy within the city, the streets are analysed. Streets 

within a city can be considered to be self-organizing. Their structure dictates how the roads 

itself are formed. This principle follows a natural approach to look at how the roads are 

organized. By using bottom-up logic the road is formed naturally by following a self-best-fit 

principle (Jiang et al., 2008). 

This principle of natural roads follows Alexander’s (2002‒2005) perception of the living 

structure of things around us. The natural roads themselves follow a living structure. The 

characteristics of this living structure allow for comparison between them and analysis of for 

example efficiency become possible. Following Alexander’s logic, the more living a structure 

is, the more sustainable and generally better it will be. City growth nowadays is so fast that it 

outpaces the speed of natural evolution. This means that currently cities are developing so quick 

that their living structure fades. This tutorial provides a comparison on how a city developed 

historically in a natural way, which may provide insight into how we can respect the living 

structure within city development. 
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Data gathering and preparation 

Throughout the tutorial Axwoman software (Jiang, 2015) is used, which means that it has to be 

installed before following this tutorial. The data interoperability extension must also be 

installed. If Axwoman is installed the next step is the gathering of the data. OSM shapefiles can 

be downloaded from Geofabrik (http://download.geofabrik.de). Historical maps of Amsterdam 

are also needed. They have to show the different expansions throughout time which happened 

in Amsterdam. Some major changes happened for example in 1585, 1615, 1662 and 1880. The 

source used within this tutorial is Quillien (2008). 

The first step within the data preparation is the creation of road data where each segment 

between intersections is its own segment. This is needed later on for the creation of the natural 

streets. To start with the correct road shapefile should be downloaded, opened and reprojected. 

1. Download the OSM data from Geofabrik, for Amsterdam this is found by downloading 

the Noord-Holland sub-region found within the Netherlands.  

2. Open Arcgis and click Add data -> gis_osm_roads_free_1.shp 

3. Reproject the data by using the Project (ArcToolbox -> Data Management -> 

Projections and Transformations) tool to RD_New (ESPG: 28992). 

 

 

4. Remove the original OSM shapefile and change the coordinate system of the data frame 

to RD_New as well. (Data frame properties -> Coordinate system). 

  

http://download.geofabrik.de/
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5. After the data is reprojected Quick Export (ArcToolbox -> Data Interoperability) 

a. Input the newly created OSM_reproject layer. 

 

 
 

b. Click the  button located under Output Dataset to Specify Data Destination. 

For the Format choose Esri ArcInfo Coverage and for Dataset choose a folder. 

Select the same Coord. System as the input layer. 

 

 
 

c. Click the Parameters… button and make sure Double is selected for Coverage 

Precision and Create is selected for Linear Topology. 
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d. After the process is finished add the newly generated arc file to ArcGIS, and 

remove the older OSM_reproject layer. 

6. Finally add the individual historical maps to the Table of Contents as images without 

spatial information. 

Georeferencing historical maps 

In this part the historical maps are given spatial information by georeferencing them to the 

OSM_arc layer. 

1. Make sure the Georeferencing Toolbar is active, if it is not activate it by going to 

Customize -> Toolbars -> Georeferencing. 

2. Select one of the images to georeferenced within the Georeferencing toolbar and click 

on the viewer. 

 

 

3. Within the viewer window click  to zoom to the selected image. Then click  

within the Georeferencing Toolbar to start georeferencing. Find points on the image 

which correspond with the road layout of the OSM_arc layer. First click within the 

viewer to create a link and then click within the data view to create a link. If the image 

disappears after the creation of a link, click  again to zoom back to the image. Delete 

links by opening the link table  and either untick links or delete them completely. 
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4. When you are satisfied with the georeferenced image, save the spatial information by 

clicking on Georeferencing -> Update Georeferencing within the Georeferencing 

Toolbar.  

 

 
 

Digitizing the city border 

The next step is the digitization of the changing border of the city through the years.  

1. Start by creating a new shapefile from within the catalog. Right-click on your working 

directory and go to New -> Shapefile… 

2. Name it Amsterdam_border, select Polygon as Feature type and select RD_new as 

coordinate system by clicking on the Edit… button. 
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3. Next make sure that the Editor toolbar is active, if not go to Customize -> Toolbars -> 

Editor. 

4. On the Editor toolbar click Editor -> Start editing. In the window that pops up select 

the Amsterdam_border you created in step 2 of this section and click OK. 

5. In the Create Features  screen select Amsterdam_border and as construction tool 

select polygon. Then draw a polygon around the first historical map (double-click to end 

the creation of a polygon). 
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6. Next open the Attribute Table of Amsterdam_border and within the id field (NOT FID) 

enter which number of historical map you digitized the border of (1 for the 1st map, 2 

for the 2nd map, etc.) 

7. Continue digitizing all historical maps, numbering the polygons created for each map 

within the Attribute Table until you end up with a shapefile with all the different city 

borders matching the different historical maps. 

8. If you are finished click Editor -> Save edits and Editor -> Stop editing on the Editor 

toolbar. 

Isolating OSM roads for each different time period 

This part will isolate each different time period and create a shapefile for each city border 

established in the previous section. 

1. To isolate the different time periods the road segments belonging to each period are 

selected and exported. First select from Amsterdam_border the border and/or time 

period you want to extract. For the first one select the polygon which belongs to the 

earliest historical map. (Note: You can only do one at a time) 

2. With only the polygon selected from the previous step, go to Selection -> Select By 

Location. In the screen that pops up select Select features from under Selection method. 

Tick osm_reproject arc under Target layer(s). Select Amsterdam_border as 

source_layer and make sure it says (1 feature selected) and Use selected features is 

ticked. Then under Spatial selection method for target layer feature(s) select are within 

a distance of the source layer feature. Apply a search distance of 20 meters. 
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3. After you have selected the OSM_reproject arcs belonging to one of the city borders 

export it by right-clicking on the OSM_reproject layer and going to Data -> Export 

Data. In the Export Data screen make sure your export selected features and select the 

data frame under Use the same coordinate system as. Save it in your working 

(sub)folder with a recognizable name (e.g. Amsterdam1 for the first time period). 

4. Repeat steps 1, 2 and 3 until all time periods have an individual shapefile with its roads. 

(Note: clear your selection between step 3 and 1) 

Generating Natural Streets 

This last section illustrates the creation of the natural streets for each time period. 

1. First add all the different OSM time periods (6 in total) to the data view where each 

timeframe has its own data frame (Insert -> Data Frame). 

2. Make sure that the AXWOMAN toolbar is visible, if not activate it by going to Customize 

-> Toolbars -> AXWOMAN. 

3. Select the roads belonging to the first time period (Amsterdam1) in the Table Of 

Contents. Now most buttons on the AXWOMAN toolbar should light up. First isolated 

segments should be identified and deleted. Select one main segment connected to the 

majority of all roads and click on . After ArcGIS is done processing it may have 

selected some isolate lines. These lines must be deleted or connected for the analysis to 

continue. To delete them go to the Editor Toolbar, Start Editing, select the layer you are 
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working on and press the delete button on your keyboard to delete the selected files. 

Save edits and Stop editing. 

 

 
 

4. Repeat step 3 until there are no more isolate lines left in the major line group. After this 

is done the natural streets can be generated. Select the layer in the Table Of Contents 

again and click the tracking strokes by limited angle  button. Leave the default 45 

degrees angle and save the file under a recognizable name again (e.g. AmsterdamNR_1). 

5. After the natural streets are generated space syntax parameters can be calculated for 

analysis and visualization. Select the newly generated natural streets layer and click the 

calculate parameters in case of lines with lines  button. This calculates the space 

syntax parameters. 

6. For visualization of the natural streets layer you can select different Head/Tail 

classification parameters by clicking on the Symbolization based on Head/Tail breaks 

classification  button. For the earlier years try for example a 90% head/tail 

distribution. (Note: Select the Connect layer for this visualization) 

7. Repeat steps 3 to 6 until all time periods are processed. 

Interpreting the natural streets 

After the generation and visualization of the natural streets over the different time periods you 

can create a layout which shows the development over time. 
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What becomes clear from the resulting images is that at first glance the development of 

Amsterdam follows a natural structure. The same road every time has the most connections to 

it (indicated in red). This means that just like natural phenomena, for example a tree or your 

arteries, it has a few natural streets which have a lot of connections, like a tree trunk or aorta, 

and a lot of streets which have little to none connections. A heavy tailed distribution becomes 

apparent within the cities structure. Which is good, as this is how living structure generally 

organizes itself to survive and thrive. 

It is also visible that areas with little to none connections remain that way throughout time. 

These quiet places are designed to be quiet as people are living there. This structure which has 

developed throughout time remains intact and expands while still respecting that structure. 

There are still many more smaller and quieter roads than bigger roads in the final timestamp. 
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Appendix C: Identifying natural cities and analysing its inner 

structure 

In this tutorial a step by step guide is provided which shows the process of analyzing urban 

morphology according to its inherent structure topologically. First natural cities will be 

explained, whereafter the process of creating them is shown. With the generated natural cities 

topological analysis is done following the method presented in the paper by Jiang (2018). 

Finally an indication of how the end result can be interpreted is given. 

Introduction 

Space syntax, Natural cities, Shaped by us, it shapes us. 

Data gathering and preparation 

Generating natural cities with large amounts of data (e.g. an entire country) takes a lot of 

processing time. It can take up to 30 minutes per step/calculation. For this example the 

Netherlands is used. As basedata OpenStreetMaps roads are used as they are relatively accurate 

and freely available. At download.geofabrik.de entire OSM datasets can be downloaded. For 

this tutorial the shapefile from the Netherlands is necessary. 

Generating natural cities 

Natural cities will be created based on street junctions. A higher concentration of junctions 

means a higher concentration of streets and can be used as an indication for dense areas or 

cities. The first step therefore is extracting the junctions from the raw data which is just 

obtained. Within the dataset downloaded from geofabrik only the osm_roads.shp is needed. To 

extract the junctions from this shapefile it needs to be transformed to a geometric network. 

7. Download the OSM data from Geofabrik for the 

Netherlands (Europe). Open Arcgis and click Add 

data -> gis_osm_roads_free_1.shp 

8. Reproject the data by using the Project 

(ArcToolbox -> Data Management -> Projections 

and Transformations) tool to RD_New (ESPG: 

28992). 

9. Remove the original OSM shapefile and change 

the coordinate system of the data frame to 

RD_New as well. (Data frame properties -> 

Coordinate system). 

10. Within the catalog create a file geodatabase 

within the working folder by right-clicking the folder and selecting new -> file 

geodatabase. 

11. Within the newly generated geodatabase create a feature dataset by right-clicking the 

geodatabase and selecting new -> feature dataset. 
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12. Now add the roads.shp from step 3 to the feature dataset by right-clicking the layer in 

the table of contents and clicking data -> export data. Save it as a feature layer within 

the feature dataset created in the previous step. 

13. Now you should have a feature dataset with a feature layer, which is the OSM roads 

shapefile. The next step is creating a geometric network from the OSM roads. Find the 

Create geometric network tool and input the feature dataset with the OSM roads as 

feature class. 

14. After the creation of the geometric network 

junctions from the OSM roads are 

generated. These junctions form the basis 

for the generation of natural cities with 

OSM data. Open the Junctions feature class 

and export it to a shapefile. This is going to be the file we will be using going forward. 

The next part consists of the generation of natural cities within a country. For this a TIN will 

be constructed which generates lines between the junctions and its nearest neighbors. By 

calculating the distance of those lines we are able to detect naturally dense areas as the length 

between junctions will be much shorter there. 

1. Find the Create TIN (3D Analyst) tool and open it up. As coordinate system fill in the 

previously used RD_new and as input feature class insert the junctions shapefile from 

the previous part. Then generate the TIN. 

2. Now as the TIN created has no actual height data and because we are only after the 

junction-junction connection we will transform the TIN into lines. Find the TIN Edge 

(3D Analyst) tool and input the TIN created in step 1 and create the TIN_edge. 

3. To separate the naturally dense areas from the open 

areas the distance of each line needs to be calculated. 

For this open the attribute table and add field from the 

table options  menu. Name it length with Long 

Iteger as its type. After you have created the field 

right-click on the header of the new field and select 

Calculate Geometry. Select length in meters and click 

OK. 

4. After the length of each line is calculted we want to 

select only the lines which are shorter than the average 

distance. For this we need to know the average 

distance, which can be found by right-clicking the 

header of length again and this time selecting 

Statistics. In the case of the Netherlands the (first) mean is about 180m. Remember this 

number as we will need it to select all lines with a distance shorter than this, these are 

presumed to be in denser areas and they will form the natural cities. Click the select by 

attributes  button and select everything where Length < 180. Export the new 

selection to a new shapefile by right-clicking the layer and going to data -> export data. 

Make sure you are exporting the selected data only. 
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Depending on the dataset used and especially the overall absolute size of the dataset 

used it might be preferable to take the second mean. Calculate the average of the first 

selection and select everything below this average and continue on. This is because with 

larger countries the length of the lines between dense areas are so large it significantly 

affects the average which means that also lines in open areas will be selected. In already 

dense areas, like the Netherlands, this effect is not noticable and the first mean is 

sufficient. 

 

5. Now with the slimmed down dataset we can generate the natural cities. By using the 

feature to polygon tool and using the dataset created in step 4, polygons are created.  

6. The final step in the creation of the natural cities is the removal of extra lines within the 

polygons. This is done with the dissolve tool. Open the tool and as input use the polygon 

shapefile created in the previous step. Make sure that create multipart features is ticked 

OFF. 

7. Now to be able to work with the natural cities we will have to create some sort of value 

to differentiate with. This can be either area or wholeness for example. The calculation 

of area follows the same principle as step 3. Create a new field for the area and calculate 

geometry and select area. 

Visualizing natural cities 

Now that the natural cities of the country or area have been created, a way to visualize them is 

necessary. Head/tail breaks is an excellent way of visualizing natural cities as there will be 

many more smaller natural cities than large ones. Head/tail breaks will be able to show this 

pattern correctly. See https://github.com/dingmartin/HTCalculator for a calculator which is able 

to calculate head/tail breaks automatically based on the set division rule.  You can also calculate 

it yourself by following the instructions provided at 

https://en.wikipedia.org/wiki/Head/tail_Breaks. 

1. The first step is reducing the amount of created natural cities. There are many very tiny 

polygons which have been created. These are obsolete for the visualization of one entire 

country as they decrease the clarity of the image. Therefore some have to be excluded. 

For this we can drop the first head/tail breaks class as this will select all the smallest 

natural cities. Similar to step 4 of the previous section we will look at the statistics of 

area of the natural cities. Open its attribute table and right-click the area column. Then 

select statistics. Remember the mean area which is given. Following this select by 

attributes and select everything with area > [the mean] (44052m2 for the Netherlands). 

After the selection export the selected data only to a new shapefile. 

2. To classify the newly created shapefile according to head/tail breaks there are several 

methods. You can use ArcGIS and manually calculate each class, you can export the 

attribute table and calculate it in excel, or you can use the calculator. 

https://github.com/dingmartin/HTCalculator
https://en.wikipedia.org/wiki/Head/tail_Breaks
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3. After you have applied head/tail breaks to the area values you can 

use underlying administrative data from the country (which is 

available online) to provide a background. 

At this moment it becomes visible where the largest natural cities of a 

country are located, and by looking at the ht-index, which is 7 for the 

natural cities of the Netherlands, an impression of the inner structure of a 

whole country or area can be given. 
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Analysing inner city structure 

As scaling law is universal and also recursive, this analysis can also be done on individual cities. 

A city can be seen as a small country with an inner structure of places with high concentration 

of streets and places with lower concentrations of streets. Therefore we can look into hotspots 

and even microspots of hotspots to see how a cities inner structure is organized. For this the 

process is very similar to the creation of natural cities, the difference is that instead of using 

OSM junctions of an entire country we will be using the OSM junctions of a natural city and 

subsequently of a hotspot within the natural city. 

1. By using the OSM junctions obtained at the beginning 

of the tutorial and by using the natural cities obtained in 

the previous part we are able to select a city for further 

analysis. For this tutorial we will be using Amsterdam. 

The first step in the process after a city has been selected 

is to select and isolate only the junctions within the 

boundary of the natural city. You can either clip 

OSM_Junctions with the selected natural city or you can 

selection -> select by location and use the intersect 

method. Export only the junctions within the cities boundary to a new shapefile. 

2. By using only the extracted junctions from within the boundary of a natural city the 

same analysis can be done again. Follow all the steps from the second part of generating 

natural cities again but now for a much smaller area. In this way the hotspots of the city 

are generated. 

3. After the hotspots are generated the analysis can be performed again within a hotspot 

area with exactly the same procedure. Depending on which city is selected a choice can 

be made which hotspot is chosen to analyse further as the choice is less obvious than it 

was compared to an entire city. 
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Interpreting results 

In the previous figure the true hotspots are shown classified according to its size. The hotspots 

in Rome (b) indicate a good structure, there is a clear center with supporting hotspots around 

them, and within the city center this pattern continues. For Amsterdam it is a bit more 

complicated. After the Second World War the city expanded very quickly to be able to deal 

with the increasing population and economic activities. The result was that lots of already 

neighboring cities, with or without a big historic background, were integrated into Amsterdam. 

Some of the largest developments taking place was the development of the southern part called 

Amstelveen. This part is very artificial and planned (a, south). This explains the biggest hotspots 

in the south and northeast. As these modernist parts are disjointed and disconnected from the 

living structure of Amsterdam, they are ignored during the recursive analysis and the city center 

instead is chosen as an indicator for living structure. In section 5.6 this is analysed further in a 

historical development analysis. Finally Brasilia is already disconnected as a whole, which 

results in very large unnatural hotspots throughout the city. This violates prerequisites for living 

structure as there is no scaling or support between classes.  
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