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Abstract. A model of spatiotemporal self-organization of urban ecosystems as a 

superposition of conjugate active media that takes into account inhomogeneities of 

anthropogenic and natural factors is proposed. The type of ecosystems under 

assumption is characterized by a high rate of population growth and density due to 

the concentration of residential, industrial, commercial and other objects, as well as 

communication media. These conditions reduce the "buffer capacity" of natural 

subsystems and increase the nonlinearity and consequently the instability of system 

processes within the boundaries of urban ecosystems. The model is based on the 

system of FitzHugh-Nagumo equations, modified by the authors so to take into 

account inhomogeneities of anthropogenic (activator) and natural (inhibitor) 

factors. The validity of the application of an equation of this type is determined by 

the relative simplicity of the system analysis of two equations of the "activator-

inhibitor" type. The previously published analytical studies of a system of 

equations of this type made it possible to create on its basis an adequate model for 

urban ecosystems development. The numerical solution of the system in the two-

dimensional case was carried out in a rectangular region. On the boundaries of the 

domain the homogeneous Neumann conditions were given, the initial distribution 

was assumed to be known. The solution was carried out by the method of 

evolutionary factorization. The iterative process continued until complete 

stationing. The developed model is used for analysis and forecasting the 

development of the territory of New Moscow. The arrays of values of the control 

parameters of the model, which were subsequently taken into account in numerical 

implementation, were obtained on the basis of the aerial survey data and maps of 

the studied territories translated into digital form using the C++ authoring 

application, which allows to create text files with image-based data. The code was 

created in the OpenCL environment and implemented using AMD FIREPRO 

graphics processors. Graphical interpretation was carried out using the "Serfer" 

program. 
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INTRODUCTION 

Studying the laws of urban ecosystems (UES) development allows not only to create new 

ways of organizing urban space, ensuring effective interaction and balanced development of 

all spheres of life in UES, but also to predict the evolution of these territories. The first global 

simulation model for UES is the Forrester point model [1], which analyzes the dynamics of 

population density of urbanized areas relative to socio-ecological factors [2], but without 
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taking into account the spatial heterogeneity of urbanized areas. The authors of [3] used the 

Lotka–Volterra approach to model the topography of the landscape of urban ecosystems, 

including biocenoses. A significant drawback of this model is the additivity of the parameters 

considered, while the urban systems are non-homogeneous nonlinear systems, for which the 

principle of non-additivity is characteristic. Recently, the theory of cellular automata [4–7] 

was used for spatial-temporal modeling of urban ecosystems, with the help of the theory it 

was possible to simulate the process of territorial growth of some cities and propose their 

development forecasts. The authors of [7] represent the development of an urbanized territory 

not as a region with a square boundary made up of Moore cells, but approximate in shape to 

the circle, which more closely corresponds to the geometry of most cities in Europe and Asia. 

In [8], by estimating associated with the growth of urban areas changes in population size and 

density, statistical characteristics of the urbanized system are determined. In a number of 

works, the integration of cellular automata theory and neural networks is used for modeling 

cities' growth, for example the Indianapolis model [9], in which the influence of the system's 

"neurons" on processes is based on natural and socio-economic factors. Thus the simulation 

models of urban systems development are highly effective. However, it should be noted that 

there is a shortage of domestic model complexes, brought to computer implementation and 

tested on the data of real cities development. 

URBOECOSYSTEMS STRUCTURAL FORMATION MODEL AS A PROCESS OF 

AUTOWAVE SELF-ORGANIZATION IN ACTIVE MEDIA 

From our point of view, it is expedient to consider the process of UES structure formation 

from the standpoint of the theory of autowave self-organization in active media. The theory of 

reaction-diffusion systems (the simplest autowave equations) originates in the works of A.N. 

Kolmogorov, I.G. Petrovsky, NS Piskunov (KPP model, 1937), R. Fisher, Ya.B. Zeldovich 

and D.A. Frank–Kamenetsky [10, 11] and allows to solve the problems of an autowave 

passing through unexcited parts of the active medium. Models of active media are most 

widely used to describe biological systems, such as models for neuron processes [12], blood 

coagulation dynamics [13–15], and the shape of the impulses observed in the 

myocardium [16]. Among the simpler models of active media, the cubic and piecewise linear 

FitzHugh–Nagumo equations [17–20] were the most widely used for the biological systems 

description. 

It is known that self-organization manifests throw the formation of autowave dissipative 

structures [12, 21]. According to our theory, the city is proposed to be considered as a UES, 

composed by anthropogenic and natural conjugate subsystems. A necessary condition for self-

organization in the UES is the synergetic correspondence of natural (biotic and abiotic) 

factors to the anthropogenic impact, that is determined by the structural and functional 

complexity of the ecosystem, the intensity of anthropogenic processes and the potential ability 

of natural subsystems to reduce these processes ("buffer capacity"). The driving parameters of 

this process are natural and anthropogenic factors (excitable elements) forming the autowave 

length and shape [22–27].  

This type of ecosystem is characterized by a high rate of population growth and density 

due to the concentration of residential, industrial, commercial and other facilities, as well as 

communication media. These conditions violate the dynamic equilibrium of energy, substance 

and information flows, reduce the "buffer capacity" of natural subsystems, and increase the 

nonlinearity and consequently the instability of system processes. Being a conjugate active 

media, UES are the nonlinear dynamic macrostructures consisting of conjugated in time and 

space natural and anthropogenic subsystems. There is a distributed resource in the UES 

(population, industrial and residential objects, transport, geobiocenosis), and in the presence 

of perturbations in neighboring cells that lead to the changes in resource, the process is able to 

become autocatalytic. As a result of the increase in number and density of population, the 
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residential, trade and industrial development, traffic flows the length of communications, 

grow and the borders of the UES expand. Due to this growing cities tend to merge into 

common systems, and hence the areas of geobiocenoses decrease and become fragmented; 

that inevitably leads to a change in the quantitative and, most importantly, qualitative 

composition of trophic networks [22–27]. At the same time, the rates of anthropogenic 

processes are at least an order of magnitude greater than the rates of natural processes [28], so 

we propose anthropogenic processes in the model as activators, and natural ones as inhibitors 

of system-wide processes. 

To describe the dynamics of the UES development the authors of proposed a spatio-

temporal system of equations based on the FitzHugh–Nagumo system [17–20].  
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where u is the intensity of anthropogenic processes (activator); U is the characteristic spatial 

variation of the activator; v is the intensity of natural processes (inhibitor); α is the system 

activation parameter (0 < α ≤ 1); γ is a kinetic parameter of inhibitor decay, γ > 0; β is a 

kinetic parameter of the activator-inhibitor interaction, β > 0; Du, Dv are the diffusion 

coefficients of the activator and inhibitor, respectively; L is the linear dimension of the 

considered region.   

With regard to the problem of urban ecosystems development, the solutions of system (1) 

are of the special interest, having the form of propagating autowave fronts and stationary 

contrast structures, that is, functions undergoing sharp changes in narrow zones (transition 

layers) between the plots of urban development and natural biocenosis. The width of the 

transition layer is usually about several hundred meters, while the size of real urban 

ecosystems is tens of kilometers. Thus, the system (1) contains a small parameter equal to the 

ratio of the transition layer width to the value L, the linear dimension of the region under 

consideration. The introduction of a small parameter makes it possible to investigate 

system (1) by means of asymptotic methods. 

We denote the small parameter as ε and change the variables (x, y) to (x/ε, y/ε) in (1). As a 

result the factor ε
2 

arises before Laplacian in each of the equations in (1)  

The role of an activator in urban ecosystems is given to the building or population growth 

rate. For actively developing metropolises, these values are large enough, and the parameter U 

is comparable to 1/ε. It is convenient to normalize the values u and v by introducing new 

variables u/U, v/U. The relationship between the diffusion coefficients Dv ~ εDu that is 

characteristic for the activator and the inhibitor is also to be taken into account. 

As a result of the variable changes, system (1) acquires the form  

       2 4 2, 1 , , , .u v

u v
D u u u x y u uv D v x y v x y u

t t

 
            

 
       (2) 

Here we retain notations for normalized functions and variables.  

Putting ε = 0 in the first equation (2) we obtain so-called “reduced equation” 

     , , := , 1 0f u x y u u x y u   . In case 0 < α < 1 this equation has three ordered roots: 

u = 0, u = α(x, y), u = 1, moreover, the inequalities fu(0, x, y) > 0, fu(1, x, y) > 0 hold on. This 

is the condition under which system (2) models a bistable medium [12] in which autowaves of 

the moving front form occur [29]. 
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As known [21], stationary contrast structures arise in media that are inhomogeneous in 

space coordinates. This model includes two factors that determine spatial heterogeneity: the 

population distribution as a function of coordinates and the presence of barriers that are urban 

geobiocenosis. The spatial inhomogeneity is expresses in the dependence of the quantities α, 

β, γ on the coordinates and this dependence is discontinuous in case of barrier presence. The 

conditions of stationary solutions existence for system (2) were obtained in [30], and the 

conditions under which stationary solutions with internal transition layers are formed at the 

barrier boundaries are contained in [31, 32].  

SPACE-TIME MODEL OF NEW MOSCOW DEVELOPMENT 

According to the development plans, the territory of New Moscow is divided into three 

zones (Figure 1, Table 1).  

 

 

Fig. 1. New Moscow development plan (green spots mark geobiocenosis) [33]. 

 

Table 1. Density of building area in the territories of clusters [33] 

Zone Type of building Density of building area, % 

1 Administrative and business, residential 90 

2 Historical-recreational and medical complexes 80–70 

3 Agro-industrial complex 50 

 

By 2035, a significant increase in the population (6.5 times) and in the real estate fund 

(4.2 times) is expected on New Moscow territory (Table 2). 

 
Table 2. Dynamics of population and real estate fund in New Moscow territory [34] 

2012 year 

(the beginning of building) 
2015 year 

2035 year 

(development planes) 

Population is 232 thousand 

people 

Population is 310 thousand 

people 
Population is expected to be 1.5 million people 

Housing stock is 24 million m
2
 Housing stock is 31 million m

2 Housing stock is expected to be 60 million m
2
 

Uninhabited fund expected to be 40 million m
2
 

 

Based on the map data and Moscow development, the authors constructed a mathematical 

model for the New Moscow development until 2030:  
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Here u is the built-up area; v is the area of destroyed geobiocenosis. According to the adopted 

standards, the estimated area of biocenoses in New Moscow territory should be at least 25% 

of the building area [33]. This is an inhibitor of building growth in the model. To coincide the 

dimensions, two coefficients are introduced: * 1yearT   is a time scale, 2 210 kmK   is the 

characteristic area, that is area of average one-front door house with its green territory; γ is the 

share of the destroyed geobiocenoses area from square kilometer; BN =80 is the maximum 

number of buildings per square kilometer in accordance with the type of buildings (dense 

housing, cottage, industrial); 100 BN   is the normalizing factor, that is the ratio of total 

square of area and the  local building area; the function 0.05 ( , )( , ) K x yx y e    characterizes the 

purpose of the land (availability and type of building);  2km  is the planned population 

density in these territories  according to their purpose [33] (Table 3): for dense housing and 

industrial zone we accept 4000  people/km
2
, for cottage development

 2000  people/km
2
, for parks (urbobiocenosis) 0  . 

 

Table 3. Planned population density on territories according to their purpose [33]     

Dense housing and industrial zone, 

people/km
2
 

Cottage development, 

people/km
2
 

Parks, 

people/km
2
 

4000 2000 ≈ 0 

 

uD  Is the rate of building area growth [km
2
/year], vD  is the rate of decrease in the 

geobiocenosis areas.  

After moving to dimensionless variables 

*

,

,, ,
u v

u v

D Tu v
u v D

K K K
     ,  the 

system (3) turns into system (1).  

 

 
a) Kuzminki: 

89.42% – geobiocenoses 10.58% – 

driveways 

b) Izmailovsky Park: 

89.75% – geobiocenoses 10.25% – 

driveways 

c) Park-estate Kuskovo: 

89.8% – geobiocenoses 10.2% – 

driveways 

Fig. 2. Processing of cartographic data on three characteristic park territories of Moscow [35] (authoring 

C++ application, which forms text files from image-based data). On the map, asphalted or gravel roads 

are marked with blue dots; the borders of the park territory are marked in red in order to exclude the area 

of residential development from statistics.  

 

To obtain the numerical value of the kinetic parameter γ, an analysis of characteristic park 

areas, industrial zones, dense housing and cottage development was made. The analysis was 

carried out using an authoring C++ application, which forms text files from image-based data. 

The obtained data were used in the numerical implementation of the model. 
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Based on the cartographic data of the three characteristic Moscow park territories, the 

calculation was carried out that revealed that the average area of geobiocenoses in these 

territories is about 10 % (Figure 2). 

For typical industrial development territories (Figure 3), the area of natural geobiocenoses 

is about 15 %.  

 

   
а) State Space Research and 

Production Center:  

83 % – buildings and asphalted 

areas, 17 % – geobiocenoses. 

b) Radio Engineering Plant:  

83 % – buildings and asphalted 

areas, 17% – geobiocenoses 

 

c) Research and Production 

Center of gas turbine 

construction: 88% – buildings 

and asphalted areas, 12% – 

geobiocenoses 

 

Fig. 3. Processing of cartographic data on three characteristic industrial areas of Moscow [35] (authoring 

C++ application, which forms text files from image-based data). On the map, green points mark 

biocenoses; the borders of industrial territory are marked in red in order to exclude the area of residential 

development from statistics.  

 

For typical areas of cottage development (Figure 4), the area of natural geobiocenosis is 

about 50 %.  

 

  
a) The cottage village Marseille (Kaluzhskoe 

highway, 30 km from Moscow Ring Road): 

60 % is geobiocenoses. [36]  

b) The Western Valley (Vnukovo):  47.5 % is 

geobiocenoses. [37]  

Fig. 4. Processing of cartographic data on cottage developments in New Moscow territory: (authoring 

C++ application, which forms text files from image-based data). On the map, green markes 

geobiocenosis, red marks cottage development, and blue marks communications (roads, garages, etc.)  

 

Analysis of statistical [33, 34] and cartographic [35] data from 2000 to 2017 for typical 

residential multi-storey complexes in the districts of Reutov, Khimki and Krasnogorsk was 

carried out to estimate the change in the area of residential development. It showed that 

during this period (on average) the change in the building area was 10 %, and the population 

change was 56 % (Table 4). A slight increase in the development area is associated with the 

need to preserve the park zone of Moscow. However, this led to an increase in the height of 

buildings under construction and the density of buildings, which caused increasing of 

population in these areas. As a result, the area of social infrastructure (shopping areas, 

polyclinics, schools, kindergartens, roads, etc.) increased at the expense of natural 
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geobiocenoses an average of 12 %, which led to the development in space of the autowave 

front of anthropogenic impact. As an example, the calculation of the development dynamics 

of Reutovo is given (Figure 5).  

 
Table 4. The dynamics of the population and residential development of typical multi-storey 

complexes for the period 2000–2017 [38]  

District Population increase, % Building area increase, % 
Khimki 35.90 10 

Krasnogorsk 63.32 10 

Reutov 68.61 12 

 

     
    а) 2000      b) 2017  

Fig. 5. Processing of cartographic data for Reutovo: а): 54 % – geobiocenoses; b): 39 % – geobiocenoses. 

On the map green marks geobiocenoses, red marks buildings (authoring C++ application, which forms 

text files from image-based data). 

 

 
 

Fig. 6. Processing of map data on building in the territory of Novomoskovskiy Administrative District 

[35]. On the map, red marks the dense housing (population density 4000 people/km
2
), bright green 

marks cottage developments (population density 2000 people/km
2
), blue marks industrial complexes, 

yellow marks geobiocenoses on Moscow territory, dark green color marks the territory of forests and 

parks in the territory of NAO (authoring C++ application, which forms text files from image-based 

data). 

 

The obtained data made it possible to determine the numerical value of the kinetic 

parameter γ in New Moscow development model: γ = 0 for natural geobiocenoses; γ = 0.1 for 

parks according to the calculations (Figure 2); γ = 0.5 for cottage development according to 

[33, 34] and calculations (Figure 4); γ = 0.75 for dense housing (according to the standards, 
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the area of biocenoses should be at least 25 % of the total area [33, 34]); γ = 0.85 for 

industrial zones according to [33, 34] and calculations (Figure 3).  

To test the model, the building site of the Novomoskovskiy Administrative District 

(NAD) in 2017 was considered. Based on aerial photography and maps [35] with use of the 

authoring C++ application, which forms text files from image-based data, a (70 × 70)-matrix 

of parameter α values was obtained, which was later used in numerical implementation 

according to the model. The results are shown in Figure 6.  

RESULTS OF NUMERICAL SIMULATION 

To carry out the calculations, according the model of New Moscow development until 

2030 (Figure 7), the authors worked out a program code using the method of evolutionary 

factorization [39]. The code was created in the OpenCL environment and implemented using 

AMD FIREPRO graphics processors. Graphical interpretation was carried out using the 

"Serfer" program.  

The assumptions of the model are as follow: 

 Planned development areas and population density are taken according to [33, 34]. 

 The initial areas of geobiocenoses, including forests, parks and adjacent territories hold 

55 % of the total area of New Moscow (according to [33, 34]). 

 The initial areas of natural geobiocenoses in built-up areas (house adjoining areas) hold 

25 % of building site [33]. 

 Taking into account the speed of New Moscow territory development and the rate of 

geobiocenoses destruction during the construction of residential and administrative-

industrial facilities, including the subsequent expansion of associated infrastructure 

territory (due to the population growth), we take Dv/Du = 1/10 (Du = 5 km
2
/year, 

Dv = 0.5 km
2
/year). 

Analysis of the model data shows that there are two main ways for New Moscow 

development, the first of which is planned, the second is the predicted one: 

1) The ratio of built-up areas and geobiocenoses is preserved (Figure 7,a), which 

corresponds to the standards [33, 34].  

2) According to the existing practice of building, as the population grows, the areas of 

associated infrastructure (sidewalks, driveways, car parks, playgrounds, etc.) also expand, 

which leads to an increase in the anthropogenically transformed territories by 10–12 %. 

According to the model (as a result of existing practice of development), the area of 

geobiocenoses are likely to decrease in future at expense of forests and parks territory. By 

2024 geobiocenoses will decrease in area by 11 % (of the total geobiocenosis area at the time 

of 2017) and by 2030 the decrease will be by 35 % (Figure 7,b and 7,c). Thus, the total area of 

geobiocenoses in 2030 will be 39 %. As is known, the emergence of irreversible systemic 

processes occurs as a result of the destruction of more than 50 % of systemic relationships.  

Such a scenario will lead to an additional reduction and fragmentation of natural 

geobiocenosis areas, the destruction of trophic networks and, consequently, to a decrease of 

natural autowave self-organization potential.  
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a) 2017 . 

     
b) 2024 . 

     
c) 2030 . 

 

Fig. 7. New Moscow development model: a) 2017, the model initial conditions; b) the development 

up to 2024 year. c) the development up to 2030 year. u is the square of the built-up area, v is the 

square of destroyed geobiocenosis: 0.85–0.75 – dense housing (multi-story buildings), 0.65–0.25 – 

cottage development; 0.1–0.05  forests and park zone.  
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CONCLUSION 

Our approach is based on the ideas of autowave self-organization in active media. 

Analytical studies of the autowave system including the conditions for the existence of 

stationary or moving front solutions were published earlier by the authors and made it 

possible to create an adequate model for the development of urban ecosystems. Values of the 

model control parameters were obtained on the basis of aerial photography data and maps of 

the territories under investigation with use of authoring C++ application, which forms text 

files from image-based data. The model developed is used to analyze and forecast the 

development of Moscow territory of until 2030. 

 
The research was carried out within the framework of the Russian Science Foundation (project 

No. 18-11-00042). 
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