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Abstract. Dynamic networks imply those states of which change over time and such changes are generally
associated with the topology of a network. Dynamic models are currently needed for numerous systems which
could be defined as a network model. Those related to the propagation of living organisms are also a typical
example. The study has examined a sample space which has been defined in the network topology of human
population as the way in which it will spread with population growth and correlated with various variables in
the modeled dynamic network.
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Niifus Artis1 ve Kentlesme i¢in Dinamik Bir Ag Modeli

Ozet. Dinamik aglar, zaman icinde degisiklik gosteren durumlari belirtmekte ve bu degisiklikler genellikle bir
agin topolojisi ile iliskilendirilmektedir. Ag modeli olarak tanimlanabilecek bir¢ok sistem igin dinamik
modellere ihtiya¢ duyulmaktadir. Canli organizmalarin yayilmasi ile ilgili olanlar da bu duruma bir Srnektir.
Calismada insan niifusunun ag topolojisi tanimlanarak ile bir 6rnek uzay olusturulmus, niifus artisi ile igerisinde
nasil bir yayilma goriilecegi arastirilmig ve niifus biiyiimesinin modellenen dinamik agdaki ¢esitli degiskenler
ile aralarindaki korelasyonlar incelenmistir.

Anahtar Kelimeler: Déniistiiriilmiis iki boyutlu dagilim, Bagimlilik, Tki boyutlu dagilim, Spearman sira
korelasyonu, Fréchet sinirlari.

1. INTRODUCTION

When the human population was still small and when people were constantly moving from one place to
another, the abandonment of the land on which they grew plants and lived was not a problem for the
nature yet. However, the idea that nature had to be conquered developed later and people pass on to
expansionist form of life [1]. By far the most important factor in this sense originated from the transition
to settlement. So sufficient was settlement instead of immigration for sources that existing land was
preserved with inevitable expansion to the new soils. It is known that Neolithic people first passed to
settlement approximately 12500 years ago [2,3]. It was the major factors which played a significant role
in the related transition that agricultural development, climatic changes and husbandry of animals
occurred. Although it is still obscure whether those reasons triggered population growth or population
growth lead to those reasons, it is a fact that population growth accelerated use up of present sources in a

place and necessitated people to expand to new lands, which is currently going on.
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Expansion of regions by human being under the settlement principle has caused the cities to be made up
of districts and countries to be composed of cities [4]. Increasingly growing population and urbanization
leads to construction shifting to rural areas and expansion is in the form of construction across natural
zones by transforming them into increased settlement. Various predictions and dynamic models have been
thus far developed on the growth and spread of countless plant and animal populations [5,6] while those
on spreading human population are far cry from being sufficient [7,8].

The present study has modeled the human expansion accompanied by population growth using a network
model to finally examine its correlation of several variables with it. A fictitious region has been defined,
separated into a certain number of nodes and a precessor pattern is created in such a way that no nodes
are connected with each other (disconnected graph) first and then a random starting node has been selected
where the population first began to proliferate and urbanized in a sense with the identification of the
location and linking a new node to the preceeding ones over time. In conclusion, the correlation between
population growth and some characteristics of the growing network has been shown and the conclusions
presented in the section of results and discussion.

2. MATERIALS AND METHODS

A population-related differential equation to indicate the two important concepts namely, ecology and
epidemiology are as follows;

N = (r —d)N, Q)

where N is the number of individuals r birth rate and d death. If » > d the population continues to grow
indefinitely. In a real environment, any growth in the population will hit constraints such as in running
out of nutrients or physical space, which suggests the concept of carrying capacity and a more proper
population growth could be given by the logistic equation [9] below;

N =rN (1 - %) @)

where k is the carrying capacity. When N increases, the rate of growth decreases. As N = k, growth of
the population stops. For any initial population Ny, solution of eq. 2 is presented as follows;

kNye™
K+ Ny(e™ —1)

N(t) = 3)
with N, being the initial population. As time passes, the population converges to its carrying capacity.
Once it has reached it, growth stops. However, there may be occasional dynamic limits for the carrying
capacity [10]. Ecological carrying capacity is suitable for non-human beings whereas it does not always
apply to human beings, because economy, environment, culture and demography are involved [11].
Nevertheless, an average carrying capacity can be determined in order to acquire fundamental approaches
to population dynamics [12,13].

The region of population distribution in the developed model as a pattern composed of 36 nodes, each of
which corresponds to a zone likely to be occupied on a possible settlement map. The network growth has
been defined as expanding 2-D graph distribution which represents a graph with n nodes uniformly
distributed over a plane. Edges between nodes have been determined by distance d. The simulation
exhibits that the d value in the network changes proportionally with the increasing population by the
continuous logistic equation. The initial population for population growth model is 100 individuals and
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the growth rate (r) 0.3. The carrying capacity corresponding to the situation where all the spread on the
system is completed is limited to a hundred thousand. Moreover, one has calculated the global clustering
coefficient (GCC) and the largest connected component (LCC) values of the cluster at each moment
corresponding to the time checkpoints of the continuous logistic equation in the growing network as a 2-
D graph distribution. The LCC represents the largest subset in a network [14] (reaches the total number
of nodes in the network with each node having a connection), while the GCC, a measure of how much
the network is connected, is the ratio of three-fold number of the triangles to that of pairs of adjacent
edges in network [15]. GCC and LCC in network growth have been simulated by averaging over ten
thousand experiments to reduce possible errors statistically. Figure 1 has shown the edges between nodes
in the growing network at various timesteps (given checkpoints) selected from a random experiment.
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Figure 1. Three snapshots of the growing network which has a) d = 0.07, b) d = 0.22, ¢) d = 0.49.

The aforementioned times correspond to steps of 0.01 for d values with figure 2 exhibiting the graph of
the GCC values versus time and logistic population growth (N) versus time. Note that the logistic
population growth data have been normalized to the [0,1] range where 1 is the carrying capacity.
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Figure 2. Behaviors of the population and the global clustering coefficient over time. When the population reaches
to carrying capacity, the number of edges of the network is observed to be still increasing.

When the population reaching to the carrying capacity, the reason for the growth of the GCC is that the
number of connections of each node increases due to the rise of the connection distance in the 2-D graph
distribution model. Accordingly, the increase of LCC in the growth of the network over time is presented
in figure 3.
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Figure 3. Growth of the largest connected component of the network. After the 26th timestep, the network has been
fully connected.

Following a given period of time, the logistic growth of the population has reached to carrying capacity,
the LCC value to the maximum number of nodes and the GCC to its maximum of 1, which exhibits the
way the population growth and the GCC and LCC of the network correlate with the generated model.
Pearson correlation coefficient [16] between two variables is given as;

Oxy
O-XO-Y,

(4)

Pxy =

where oyy is the covariance between variables X and Y and the denominator is also their multiplied
standard deviations. Each of three variables’ Pearson correlation coefficients with the other two has thus
been calculated and shown in Table 1.

Table 1. Pearson correlation coefficients.

N-GCC N-LCC GCC-LCC
0.793 0.958 0.801

3. RESULTS AND DISCUSSION

With a certain population growing, the interconnectedness of each region spread over time is also seen in
such concepts as online social, spread disease and traffic networks [17-19]. Therefore, the three quantities
examined in the established model are correlated with each other. LCC is highly correlated with
population growth in simulation outputs. The reason for the very strong relationship between them is the
increase in LCC in a behavior similar to the population in spreading from one node to the other with
population growth. On the other hand, as the population grows and spreads to other nodes, the number of
connections between the nodes increases. For instance, open triplets turn into closed triangles, which has
been simulated in such a way that interactions have increased between settlements as the population grows
in the model. That is the explanation for the strong relationship between N and GCC. The strong
relationship between the GCC and the LCC is also one of the basic networking features requiring that the
growth of the connected component should depend on the number of connections, ie the clustering
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coefficient [20]. They have become well correlated since the network grew from a single point in the 2-
D graph distribution-based model.

The present knowledge of the world is often determined by geographical maps. In the developed model,
a possible settlement on a given map has been divided into units (nodes) and extrapolated from the initial
node to the others with the population. In order that the model to should show some similarity to the
reality, the number of connections has continued to increase even if the carrying capacity has been reached
in order to make the settlement area completely connected to each other. If different components of a
human population is to have heterogeneous requirements, estimates of total carrying capacity based on a
single formula could not be accurate. Similarly, it is possible that different parts of the global human
population would have heterogeneous needs as well. Therefore, the developed model may seem to be
simplified in terms of the increase of the human population and its limitation to a certain area. However,
in future studies, carrying capacity, a variable of equations such as logistic growth, could be rendered
more dynamic by having multiple variables within itself.
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