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Abstract 

 
The number of road connections among cities affects the mobility of the population in 
urban areas and vice versa. Because of this co-evolution statistical distribution of city 
growth and population can result in a power law. Using a simulation model, the dynamic 
interrelationship between road networks and urban growth explains the emergence of 
such a distribution. 
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Introduction 

 The first types of connections among cities or urban agglomerations were road 

networks. Such networks, which facilitated social and trade contacts, have created the 

possibility for the urban system to become organized in many different shapes and ways. 

Road networks such as freeways, highways and local roads have special characteristics as 

compared to mesh and hybrid networks.1 For example, a road network has very short and 

not crossing connections,2 while Internet and airline networks have much longer and 

crossing connections (Cardillo, Scellato, Latora, and Porta, 2006; Batty, 2008). Such  

characteristics explain that the distribution in the number of connections cannot result in 

a biased distribution to extreme values or power law, but the distribution of cities based 

on the number of population (size) can result in a power law (Cardillo, Scellato, Latora, 

and Porta, 2006). 

 Based on the road network and the number of cities in Mexico (Map 1), the 

Mexican distribution of the number of connections is normal, and the distribution of 

cities is a power law (Graphic 1). These results are based on the number of federal and 

local roads as well as the number of metropolitan areas. Therefore, roads and cities have 

a dynamic interdependence or cumulative process that explains the urban growth, for 

example the number of roads between two cities affects their size because they are more 

accessible, and the size of cities influences road networks because they produce 

diseconomies, such as commuting costs. This process infers that the social and economic 

trade-off of cities depends on their distance between each other.  

 

                                                 
1 There are six types of network topologies: bus, star, ring, mesh, three, and hybrid. 
2 An exception is highways: they are not perfectly planar, having a small number of road crossings (Gastner  and Newman, 2006). 
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Map 1: Road Networks and Cities in Mexico 
 

 
 

Map 1: Road networks and cities in Mexico. Vector data from the “Instituto Nacional de Estadistica, Geografia e 
Informatica” (INEGI, 2005). 

 
 

Graphic 1: Histogram of the Number of Connections and Cities in Mexico 
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Graphic 1 Left: histogram of the number of connection (federal and local roads) in Mexico. Right: histogram of the metropolitan areas 
in Mexico 2005, but plotted on log-log scales. The approximate straight-line points imply that the distribution follows a power law 
(Lugo, 2008). Data from the “Instituto Nacional de Estadistica, Geografia e Informatica (INEGI, 2005).”   
  

 One of the first approaches that explained urban growth was regional science. 

This was the synthesis of urban and regional economics, for example the Central Place 

Theory (Batty, 2008).3 This perspective is based on economic agents who maximize their 

                                                 
3 Hierarchical organizations among cities are based on the existence of different levels of goods and services, which explain by 
deduction the hierarchical configurations of the urban space (Beckmann and MacPherson, 1970; Mansury and Gulyas, 2007). 
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utility by the existence of cities because of the economies of scale, for example according 

to Mills (1967) and Henderson (1974) companies like to have other companies nearby 

because of the complementary nature of their production processes, or because being 

together gives them the ability to attract customers to one-stop shopping locations 

(Mansury and Gulyas, 2007). This approach assumes that the city exists in isolation; 

consequently, agents form cities according to their individual interests without any 

relationship with similar agents located in other urban places. Then, urban growth is the 

result of the optimization of each agent, and is an expression of equilibrium between 

contradictory actions.4

 Following this perspective, urban growth is based on a top-down analysis. 

Networks among activities are related to economic transactions in the context of central 

institutions, for example, chieftainships, governments, and markets. Such institutions 

guide the rules of transactions, for example the creation of road networks tends to be 

driven by political and economic forces, rather than being planned in advance following 

known principles of engineering such as city highways (Changizi, MacDannald, and 

Widders, 2002). 

 On the other hand, urban growth can be considered as the example par excellence 

of complex systems (Batty, 2008).5 The complex systems perspective is the analysis of 

interactions between a large number of components where their collective behavior is 

more than the sum of the individual procedures (Newman, 2003; Yerra and Levinson, 

                                                 
4 Such an explanation is related to the concept of rationality where individuals follow their own interests. Therefore, this perspective 
encapsulates a heterogeneous group of people in one aggregate individual. 
5 According to Durlauf (2005), systems that must be seriously considered as complex have the characteristics of non-ergodicity, phase 
transition, emergence, and universality. 
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2005).6 Cities can be seen as complex manmade systems where the geometric pattern of 

urban land use reflects a dynamic process of a social organization (Reis, 2008), for 

example according to Jane Jacobs (1961), the mechanistic way in which cities are 

conceived and planned is entirely contradictory to the diversity that makes for vibrant, 

living cities. Therefore, cities should not be treated like machines but like living systems 

with the implication that their form emerges from the bottom up (Batty, 2007).  

 Since the early twenty-first century cities have been thought of as biological 

organisms (Batty, 2007),7 because they have their own metabolism and organize their 

activities based on individual decisions (Bettencourt, Lobo, Helbing, Kuhnert, and West, 

2007). One characteristic of such systems is their statistical distribution that is called 

power law, named also Pareto or Zipf distributions. Such a distribution has been observed 

in different systems, for example physical and social systems. Explanation of the power 

law in a system of cities, which reflect more smaller cities than larger ones (Batty, 2004), 

is based on urban growth or urbanization.  

 Urbanization as the process whereby more people work and live in cities is related 

to profound changes in social organization, land use, and patterns of human behavior 

(Bettencourt, Lobo, Helbing, Kuhnert, and West, 2007). The dynamic of this process 

results in the power law that is often considered as the presence of a random growth 

mechanism. Gibrat’s law or law of proportional effects is a mechanism where cities grow 

                                                 
6 The same idea can be expressed as the quantity of information to describe the system. For example, Batty (2007) states that the key 
challenge in complex systems is understanding, grasping, and managing the combinatorial information explosion. 
7 Cities can be thought of in the same terms as plant or animal systems (Bar-Yam, 2004). 
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randomly based on the number of habitants. This process results in a distribution of city 

size that is consistent with the form of the power law (Pumain, 2000; Reed, 2001).8  

 The existence of such a distribution is one reason for using the complex systems 

approach. Therefore, the purpose of this study is to explain the existence of the power 

law in cities by using a simulation model. This simulation goes beyond classical urban 

growth models, such as Krugman (1996), and adds important ideas related to network 

mechanisms in urban context, such as Batty (2004, 2008), in order to describe the 

interrelationship between economies and diseconomies of scale. This interrelationship is 

related to the interdependence of road networks and the growth of the size of cities 

(Flowchart 1). 

 

Flowchart 1: Interrelationship between Road Network and Growth of Cities  
 

Road 
Network

Growth of 
Cities

 
 

 The main ideas of this analysis are the followings. First, a mechanism that 

captures the interdependence between road networks and growth of cities is the centrality 

per city. This centrality is based on the number of roads that a city has and measures its 

degree of connectivity. Therefore, the centrality produces modifications in the size of a 

city, and such a size affects its degree of connectivity. Second, there are limits in the 

degree of connectivity and the size of a city. Each city has two particular carrying 

                                                 
8 Simon (1955) proposed a stochastic process that begins with the arrival of new nodes every period. A node attaches itself to an 
existing location with a probability that is proportional to the population size of that location. Such a process generates power laws 
(Simon, 1955; Simon and Bonini, 1958; Gabaix, 1999; Mansury and Gulyas, 2007).  
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capacities, one is based on the number of roads and the other is associated with the 

population. Third, the exponent of the power law is not estimated by statistics methods, 

instead the analysis is based on the non-parametric Kolmogorov-Smirnov (KS) test. 

Fourth, based on empirical evidence of the distribution in the number of roads in Mexico 

and other related studies, such as Cardillo, Scellato, Latora, and Porta (2006), the analysis 

wants to exhibit the connection between the existence of a power law in cities and a 

normal distribution in the number of roads.  

 The analysis is organized as follows. The first part explains general ideas of urban 

growth. The second is a description of road networks. The third is the computer 

simulation that tries to explain the emergence of power laws in cities based on the 

interdependence of road networks and the growth of cities.9 Finally, the results and 

conclusions are presented. 

 

2. Urban Growth 

 Cities as complex systems are in a continuous state of change and adaptation. 

These modifications produce different paths of urban growth, which describe the 

dynamics of the population. The description of this process over time is conceptualized 

by urbanization that explains and follows the increasing growth of cities. According to 

Bloom, Canning, and Fink (2008), urbanization is expressed as a complex phenomenon 

because of the dynamics of urban growth:  

 “Under favorable conditions, initially very small settlements can rapidly develop, 

first into small towns and then into cities as population grows and new economic and 

                                                 
9 This simulation was programmed in Python. For more information about Python and others related links see www.python.org
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political structures emerge. Successful sectors within the city will attract further 

investment, generate increased demand for labor, and trigger migration to the city as a 

further mechanism of urban growth. With a better quality of life cities may become a 

major attractor for poor rural populations, leading to large urban unemployment, 

poverty, and, in many cases, also increased urban violence, congestion and 

environmental degradation.”  

 It is important to point out that urbanization explains the advantages and 

disadvantages of the growth of an urban population. If the size is large, a city can exhibit 

more concentrated activities, which are dispersed in a wide range; but at the same time, it 

can exhibit more coordination problems for activities.10  

 One model that tries to explain this urban dynamic is Gibrat’s model (Gibrat, 

1931).11 In this model, growth is randomly proportional to city size, so it is increasingly 

unlikely that a small city will become very big.12 Consequently, random growth is the 

process that produces changes in its size. The Gibrat model considers the presence of a 

stochastic process (Batty, 2005) that is based on the mix of an average growth λ of every 

city i of size S, and an average deviation εi(t) in time t. It is supposed that the deviation of 

each i is randomly and normally distributed.  

 

(1)     )1()()1()( −+−= tSttStS iiii ελ  

 

                                                 
10 This idea reflects the trade-off between economies of scale and congestion, both of which increase as cities get bigger (Batty, 2008). 
11 Another explanation is the model of Krugman (1996) which focuses on the tension between attraction and repulsion (centripetal and 
centrifugal forces) that ultimately creates multiple cities. 
12 The growth rate of the city expresses not only the rate of human reproduction but also how quickly or slowly people have preferred 
one site for their activities. 
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where Si(•) is the size of the city i in time t, and t-1. Simplifying this equation (1), the 

growth rate r is defined by: 

 

(2)           )(
)1(

)(
t

tS
tS

r i
i

i ελ +=
−

=  

 

 Applying the growth rate to a group of hypothetical cities, equation (1) 

reproduces urban growth where the sizes of cities are represented by a log-normal. In 

order to generate a power law it is necessary to add a process related to the birth and 

death of cities (Batty, 2004). This process is the following: 

 

(3)   Ψ=Ψ< )()( tSthentSIf ii  

 

where Ψ is a cut-off when a city is decreasing and dies, but at the same time a new city is 

born in the same place. This condition cuts the log-normal distribution, and takes cities 

that are bigger than the lower-bound, Si(t) = Ψ. As a result, it is possible to find a power 

law that has a cumulative probability function as P(S ≥ s) ~ s-α, where S represents the 

group of cities that are bigger than the lower-bound, and α is the power law exponent. 

 

3. Road Networks 

 Cities organize their resources by moving goods and people along diverse 

networks, for example networks of industrial activities and social ties (Batty, 2007; 

Mansury and Gulyas, 2007). Road networks flow people and resources inside and around 
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cities. This movement depends on the distance and the localization of activities, which 

are fundamental spatial factors.13

 Distance as magnitude of spatial interaction among cities produces a 

concentration of activities (Pumain, 2000). It is an attribute of nearness or proximity to 

the most accessible places and its locations:14 With more physical distance, it is more 

difficult to maintain any kind of social or economic relationships; less distances can 

produce better coordination and control over many kinds of functions, for example 

economic, social, political, and cultural functions.   

 Furthermore, localization refers to a determination of a place, for example a pair 

of coordinates (Smith, Goodchild, and Longley, 2008). This pair of coordinates explains 

important characteristics of geographical patterns, accessibility, and relationships among 

different kinds of activities (Batty, 2008). For example, localizing many activities close 

to each other produces increasing division and specialization of labor, which reflects the 

high interaction and cooperation within and between activities (Blumenfeld, 1964). 

 Using these definitions, a simple spatial network is a set of nodes or vertices, 

which have particular localization, and are joined together in pairs by lines or edges. 

Cities can be seen as nodes, and roads as edges. Road networks are represented by 

geographic intersections, such as freeway intersections and settlements, and linear 

connections, such as freeways, highways or local roads (Crucitti, Latora, and Porta, 

2006). 

                                                 
13 According to Henri Reymond (1981), what distinguishes towns and cities from other forms of settlement, such as villages and strip 
malls, is the possibility of exploiting several different sites of resources. So, one of the major features of cities is that they coordinate 
activities at a great distance from them. 
14 Distance can be measured in terms of social importance, for example in time rather than in kilometers. The shorter the distances or 
the lower the travel costs to other places, the more attractive and accessible they are (Batty, 2008). 
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 One way to specify the effect of road networks on urban growth is using a 

network mechanism (Batty, 2004). This mechanism is based on creating new roads, 

which affect the mobility of the population between cities. If δik(t+1) is a binary value 

related to the connection k of a city i in t+1, then the generation of a new connection is  

δik(t+1) = 1. Besides, Sik(t) is the total number of connections related to each i in time t. 

As a result, the expression that associates the number of connections in time t+1 is: 

 

(4)     ∑
−

++=+
1

)1()()1(
N

j
ikijkik ttStS δ

 

where j, other city, goes from j=1,2,..N-1, and the total number of connections in each 

city is updated as: 

 

(5)    )1()()1( ++=+ ttStS ikijkijk δ  

 

 The new connection depends on the size of a city, and its distance from the next 

connection. This condition is expressed as: 

 

(6)    
⎩
⎨
⎧ ≥−

=+
0

)exp()(1
)1(

probdtKSif
t ijij

ik

β
δ

 

where K is a percentage that is associated to the proportion of the population i divided by 

the total population; dij is the distance between a pair of cities, and β explains the friction 
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between a pair of cities.15 Furthermore, prob is a probability, between zero and one, 

which gives information about the minimum value to generate a new connection. 

 Based on condition (3), it is possible to specify the birth and death of cities by 

using the network mechanism (Batty, 2004). A new city is generated if random[εi(t+1)] 

is bigger than a specific value of z, such as: 

 

(7)    
⎩
⎨
⎧ >+

=+
0

)]1([1
)1(

ztrandomif
t i

ik

ε
δ

 

where the value of z is smaller compared to the value of the generation of a new 

connection, expression (6). For example, if the value of z is equal to 0.1, there is a 10% 

possibility to generate a new city in the same place.16

 A measurement related to more important or central cities, which is based on their 

number of connections, is centrality (Crucitti, Latora, and Porta, 2006). Centrality means 

some degree of connectivity of a city to its surrounding areas. It is defined as 

(Wassserman and Faust, 1994): 

 

(8)      
1
)()(

−
=

g
ndnC ii

iD  

 

where CD(·) is the standardized measurement of the centrality degree index; d(ni) is the 

degree of a city, which is the number of cities connected to a city i; and g is the total 

number of cities in the road network. The degree of a city is a number that ranges from a 
                                                 
15 This process is related to the preferential attachment model (Barbasi, 2002). 
16 For more information related to the extension of the Gibrat model see Batty (2004). 

 11



minimum of 0 if there are no connected cities to one of them, and to a maximum of 1 if a 

given city is connected to all of them. Furthermore, this measurement depends on the size 

of a city as well as the number and flow of its activities. For example, Beckmann (1958) 

assumed that small cities around a large one are proportional in population, because they 

depend on their surrounding areas. More distant areas depend on the spatial and 

economic activities of the large cities (Batty, 2004). 

 

4. Simulation Model 

 The simulation model follows the ideas of the main body of literature on the 

emergence of the power law in cities.17 Examples include Christaller (1933) who argues 

that central places emerge due to uneven distributions of facilities and transportation cost 

to reach these facilities;  Krugman (1996), in whose model central places or 

agglomerations result in a decentralized process based on two forces, centripetal and 

centrifugal; Fujita, Krugman and Mori (1999), whose mathematical model explains the 

hierarchical formation of cities from a decentralized market process; and Batty (2004, 

2007, 2008), who introduces the analysis of networks into the growth of a system of 

cities.  

 Taking the work of Batty (2004, 2008) as a benchmark of network mechanisms 

applied to urban analysis, our simulation adds important ideas related to the 

interdependence of road networks and the growth of the size of cities. First, the concept 

of centrality is used to measure the degree of connectivity and as a factor that produces 

                                                 
17 According to Batty (2007) there is evidence that some models show better ways of analyzing complex systems, for example cellular 
automata, networks, and system dynamics. The first model deals with generative systems, which build order and pattern from the 
bottom up, for example the work of Schelling (1978). The second deals with graphs that are formed by arcs and nodes, for example 
the “small world” described by Barabasi and Albert (1999). The third is represented by systems that evolve over time, for example 
Malthus’s model (Banks, 1994). 
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modifications in the size of a city, for example if the degree of centrality increases, there 

will be a high probability that the size grows. Furthermore, the size of this city affects its 

degree of connectivity. Second, there are limits in the degree of connectivity and the size 

of a city. Each city has limits that are based on a carrying capacity of the number of roads 

and population, for example when the centrality is bigger than some limit of connectivity, 

a city stops growing in size, and when its size is bigger to its carrying capacity, new roads 

are not generated. Third, the exponent of the power law is not estimated by statistics 

methods, such as linear regression or maximum likelihood, instead the analysis is based 

on the non-parametric Kolmogorov-Smirnov (KS) test, which compares cumulative 

distribution functions (CDF) between a theoretical power law and simulated data. Fourth, 

based on empirical evidence of the distribution in the number of roads in Mexico and 

other related studies, we want to verify if this road distribution has a relationship to the 

distribution of the size of cities. 

 The variables of the simulation are: a number of cities, population per city, 

maximum distance between two cities (based on Euclidean distances), and time steps. 

Furthermore, the parameters are: a maximum limit of growth (the higher growth rate that 

is related to Gibrat’s law), a lower limit in the population per city (when a city reaches 

this value the city dies, and at the same time a new city will be born in the same place), a 

maximum limit in population or carrying capacity of it (city population ratio, which is a 

measure related to the number of people in a city divided by the total number of 

population in cities), a normalization constant related to the number of people in a city, 

and a friction between two cities. The initial conditions of the simulation are that each 
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city starts uniformly at 1’s, which is the number of population, and the road network 

starts without connections.  

 The simulation process has three main parts (Flowchart 2). The first part is the 

input and output operations. The number of cities is fixed, while the road network and 

population are updating every time step. The second part is related to the process that 

updates the road network. This network affects and takes the city population ratio in 

order to compute new connections. Such connections are based on random and distance 

processes. The third part is a process that updates the population per city (growth of a 

city). This growth is based on the centrality per city that produces a change in the number 

of people. 

 

Flowchart 2: Specific Interrelationship between Road Network and City Growth  
 

City Growth
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DistanceRandom 

Connection
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End Simulation Process
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4.1. Generation of New Connections 

 This process shows the generation of a new connection per time step that is based 

on the city ratio, a random and distance mechanism (Flowchart 3).  This process takes as 

inputs the road network and a city population. Before to compute the process of the 

generation of new connections, the city ratio condition is used. This condition compares 

the city ratio to the carrying capacity of a city. If the city ratio is greater than the carrying 

capacity, no new connections are generated. If the ratio is less or equal than such a value, 

new connections are generated by random or distance mechanisms. 

 

Flowchart 3: The Process of New Connections 
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 Using the road network the number of connections is computed between every 

pair of cities in each time step. If the number of connections is equal to zero, a new 

connection is created by a random mechanism. This mechanism explains that if a random 

number is less than some probability of generating a new connection, for example 80%, 

the number of connections does not change. If this random number is larger than such a 

probability, a new connection is generated between a pair of cities.   

 On the other hand, if the number of connections is different than zero, a new 

connection is generated by a distance mechanism, which is related to a potential 

interaction function or condition (6) (Hansen, 1959; Lowry, 1964; Krugman, 1996; Batty, 

2004, 2005). This mechanism is based on the distance variable, the number of people in a 

city and a friction between two cities parameters. Computing this mechanism results in a 

value related to some probability of generating a new connection. If this probability is 

less than a 10% (Batty, 2004), the number of connections does not change. If such a 

probability is larger or equal to 10%, a new connection is generated. 

 As a result, a new or same connection updates the road network, which affects the 

city growth per time step. 

 

4.2. Centrality and City Growth 

 This process shows the steps and order of the interrelationship between the road 

network and the city growth per time step (Flowchart 4). The road network and the 

population are taken as input to compute the centrality. If the centrality is equal to zero, it 

means that there are zero connections to other cities. Therefore there are no changes in 
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the population per city. In contrast, if the centrality is different than zero, the process 

continues computing the city growth based on its population and weighted centrality. 

  

Flowchart 4: Centrality and City Growth 
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 If the city ratio is less than some limit or threshold to which each city cannot fall, 

a new city is born. If the city ratio is bigger than this limit, the city growth is computed.  

 In order to apply a growth mechanism, it is necessary to determine the direction 

of the change of growth: If the change is positive, it means growth; if it is negative, it 

means a negative growth; if it is zero, no positive or negative growth is presented. If the 

value of centrality is less than zero, there are not changes in the population. If the value 

of centrality is greater than zero, the next step is identified using this value and applying 

different centrality ranges. 

 There are four centrality ranges that are related to some probability of growth. If 

the value is found in the first range, there is a 60% probability that the sign of the growth 

is positive. This means if the centrality of a city is small, there is more than a 60% chance 

that such a city will experience a growth in its population. In addition, if the value is 

found in the second range, there is a 50% probability that the sign of the growth is 

positive. The third and fourth ranges are 40% and 30% probability that the sign of the 

growth is positive. One important aspect of the last range is that it incorporates the idea 

of carrying capacity in the number of connections. So, when the fourth condition is true, 

it is less probable that a city will experience a growth in its population. As a result, the 

sign of the growth affects the number of population per city. 

 

5. Results 

 Because the simulation can show many combinatorial results related to different 

specifications of variables and parameters, the model is constrained by analyzing the 

absolute distance between cities. There are two absolute distances, minimum and 
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maximum, that address nearness or proximity to cities based on absolute criteria, such as 

miles or kilometers. Therefore, a collection of cities has a minimum distance when it 

refers to small space among them, and maximum distance when it refers to big space 

among them. 

 Furthermore, the results of this simulation are based on the KS test. Compared to 

other studies related to the power law, for example Goldstein, Morris and Yen (2004), 

and Newman (2006), the following results do not estimate the exponent of such 

distribution. Instead, this analysis shows the plots and values of the KS test. 

  The KS test compares the maximum distance D of cumulative distribution 

functions (CDF) between empirical and theoretical data.18 This test is defined as: 

 

(9)    )()(*max
min

nSnFD
nn

−=
≥

 

 

where F*(n) is the theoretical CDF, which is computed by the transformation method 

(Press, Teukolosky, Vetterling, and Flannery, 1992; Goldstein, Morris, and Yen, 2004; 

Clauset, Shalizi, and Newman, 2007), and S(n) is the empirical CDF. Furthermore, n ≥ 

nmin specifies values that best fit the empirical to theoretical data (Clauset, Shalizi, and 

Newman, 2007). The null hypothesis (H0) is when the empirical CDF fits to the 

theoretical power law. The D values are compared by using the KS test table (Goldstein, 

Morris y Yen, 2004), Matlab, or the statistical module in SciPy for power law. If the p-

value is greater than the significance level (say 5%), then we cannot reject H0. 

                                                 
18 Furthermore, this test can give important information about the cut-off that generates the power law in log-normal distribution 
(Goldstein, Morris, and Yen, 2004; Lugo, 2008).   
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 The absolute minimum distance simulation is based on time steps = 1400, number 

of cities = 400, absolute minimum distance = 10, lower limit in the number of population 

= 0.01, maximum limit of growth = 0.1, carrying capacity of the population = 0.4, a 

number of people in a city = 1, and a friction between two cities = 1. 

 The histogram (a) and the cumulative frequency (b) charts compare the theoretical 

power law and the simulation data distributions (Graphic 1). Frequencies are based on the 

size of cities, which are arranged in 50 bins or cities. In every empirical distribution 

plotted, the histogram shows a bias to extreme values, which represents many cities with 

small size and few of them with large size. Moreover, when time is running, the 

simulated cumulative frequencies are closer to the theoretical power law (Table 1). 

 

Graphic 1: Histogram and Cumulative Frequency of the Size of Cities, and 
Histogram of the Number of Connections. Absolute Minimum Distance 

 
          (a)                 (b) 

 
(c) 
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 Furthermore, the histogram (c) represents the number of connections of all cities 

in the last time step. Such a histogram displays a normal distribution that confirms the 

characteristic of the road network finding in empirical studies (Cardillo, Scellato, Latora, 

and Porta, 2006). Then, the distribution of the number of connections does not follow a 

power low.   

 

Table 1: KS Test, Absolute Minimum Distance 
 

KS 
Time D 
t=280 0.650 (3.74x10-75) 
t=560 0.635 (5.59x10-72) 
t=840 0.549 (6.27x10-54) 
t=1120 0.390 (2.50x10-27) 
t=1400 0.170 (1.54x10-5) 

Note: Values in parenthesis are p-values 

  

 In Table 1, the D-values decrease when the time step is increasing. This means 

that at the beginning of the simulation, the value is less likely to find the power law. 

However, when time increases, it is more probable to find the power law in the size of 

cities. Therefore, if there is an absolute minimum distance among cities, it is more likely 

that the growth of these cities results in the power law, and their number of connections 

results in a normal distribution.  

 On the other hand, the absolute maximum distance simulation is based on time 

steps = 1400, number of cities = 400, absolute maximum distance = 40, lower limit in the 

number of population = 0.01, maximum limit of growth = 0.1, carrying capacity of the 

population = 0.05, a number of people in a city = 1, and a friction between two cities = 1.  
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Graphic 2: Histogram and Cumulative Frequency of the Size of Cities, and 
Histogram of the Number of Connections. Absolute Maximum Distance 

 
           (a)               (b) 

 
(c) 

  

 The histogram (a) shows a bias to extreme values in every simulated case. When 

time is running, the simulated cumulative frequencies are farther from the theoretical 

power law, cumulative frequency (b). Furthermore, the histogram (c) displays a bias 

distribution that shows many smaller connections than larger ones. Such a distribution 

neither can be considered a power law nor a normal distribution. The fact is that this 

distribution does not follow the characteristic of the distribution of the empirical road 

network or normal distribution. 

 Consequently, the KS test (Table 2) shows increasing D-values. At the beginning 

of the simulation, the power law is more likely to find it, but when time is running, it is 

less probable to find the power law in the size distribution. 
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Table 2: KS Test, Absolute Maximum Distance 
 

KS 
Time D 
t=280 0.587 (1.78x10-61) 
t=560 0.620 (2.05x10-68) 
t=840 0.700 (4.30x10-87) 
t=1120 0.782 (1.00x10-108) 
t=1400 0.870 (2.67x10-134) 

Note: Values in parenthesis are p-values 

  

 As a result, if there are large distances or more space between cities, it is less 

likely that the growth of cities, which are based on road networks, results in the power 

law, and the connections of cities results in a normal distribution. In other words, there 

are increasing diseconomies of scale related to the number of roads and the mobility of 

population between cities, for example higher costs of maintaining road infrastructure 

and commuting.  

 

Conclusion 

 The dynamic and interdependent relationship between road networks and urban 

growth can produce a power law distribution when there are short distances between 

cites. Analyzing the randomness of the growth of each city, it is possible to say that such 

randomness is influenced by its centrality. If a city increases its centrality, it is more 

likely to grow in population. However, if the centrality exceeds a certain threshold, it is 

less likely to grow in population. As a result, roads increase in number, and they depend 

on the population of the city that uses them. Such networks are the natural response to 

distribution of resources inside and outside of cities. They are designed to move actual 

resources, so the presence of more networks responds to an increase need for more 

resources. For example, as cities grow in population, roads tend to grow more slowly 

than the city population because they are created to distribute the increasing population. 
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That is, the existing roads are used to move resources around cities, but they do not 

increase as quickly as the number of such resources. Therefore, centrality has a strong 

relationship to the distance between a city and its adjacent areas.  The number of roads 

between two cities increases if they are close together, and strong network connections 

cannot be generated when they are too far apart.    

 Although these results form part of more complex combinatorial outputs of the 

simulation model, the model gives important information about the empirical relationship 

between the distribution of the number of roads and the size of cities. These distributions 

have an inverse relationship, where the presence of a normal distribution in the number of 

roads means that the distribution in the size of cities is a power law, and vice versa.   

 For future consideration, it is important to continue the analysis and test of this 

model, add more parameters, and provide good visualizations, for example mixing 

together Python and the Geographic Information System (GIS). Furthermore, it is 

possible to create urban economics modules that can be applied specifically to urban 

planning projects. 
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