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Abstract. When studying deterministic and stochastic population models, the
actual problems are the formalization of processes, taking into account new effects
caused by the interaction of species, and the development of computer research
methods. Computer research methods make it possible to analyze the trajectories
of multidimensional population systems. We consider the “two competitors — two
migration areas” model, which takes into account intraspecific and interspecific
competition in two populations, as well as bidirectional migration of both populations.
For this model, we take into account the variability of the reproduction rates of
species. A formalized description of the four-dimensional model “two competitors —
two migration areas” and its modifications is proposed. Using the implementation of
the evolutionary algorithm, a set of parameters is obtained that ensure the coexistence
of populations under conditions of competition between two species in the main
area, taking into account the migration of these species. Taking into account the
obtained set of parameters, a positive stationary state is found. Two-dimensional
and three-dimensional projections of phase portraits are constructed. Stochastization
of the model “two competitors — two migration areas” is carried out based on the
method of self-consistent one-step models constructing. The Fokker—Planck equations
are used to describe the structure of the model. A transition to a four-dimensional
stochastic differential equation in the Langevin form is performed. To carry out
numerical experiments, a specialized software package is used to construct and
study stochastic models, and a computer program based on differential evolution
is developed. Algorithms for generating trajectories of the Wiener process and
multipoint distributions and modifications of the Runge-Kutta method are used. In
the deterministic and stochastic cases, the dynamics of the trajectories of population-
migration systems is studied. A comparative analysis of deterministic and stochastic

(©) Vasilyeva I.1., Demidova A.V., Druzhinina O.V., Masina O.N.; 2023

This work is licensed under a Creative Commons Attribution 4.0 International License
BY _NC https://creativecommons.org/licenses/by-nc/4.0/legalcode



28 DCM&ACS. 2023, 31 (1) 27-45

models is carried out. The results can be used in modeling of different classes of
dynamic systems.

Key words and phrases: population dynamics models, stochastic differential
equations, one-step processes, stochastization, competition, migration, trajectory
dynamics, projections of phase portraits, computer modeling, software package

1. Introduction

The classical Lotka—Volterra models [1, 2] are further developed in numerous
papers by researchers [3-8]. Significant progress is associated with the analysis
of dynamic models of ecological systems using the methods of the theory of
stability of solutions of differential equations and optimization theory [3-6, 9—
11]. It should be noted that when studying population models, the transition
from the deterministic to the stochastic case is of great theoretical and applied
interest [12-15].

Population dynamic models are characterized by the fact that when de-
scribing them, it is necessary to take into account various types of interaction
in the population community, for example, intraspecific competition, inter-
specific competition, trophic interactions, migration, mutualism [16-18|. For
example, research is being conducted related to the study of the properties of
multidimensional ecological and demographic systems, taking into account
competition and migration flows [19-22]. As the results show, the impact
of migration can be significant, and the presence of migration flows leads to
the emergence of new qualitative effects. The presence of migration flows in
a population system is associated with an adaptive change in the behavior
of an organism under changing environmental conditions, in particular, with
a deterioration in the epidemiological situation or with an increase in popu-
lation densities [23]. When constructing models, migration mechanisms are
described using linear and nonlinear functions [15, 24-26]. The stability and
qualitative behavior of population-migration models are considered in [18, 24,
26-29| and other papers. Despite a number of interesting results in the direc-
tion of studying systems with migration flows, there is a need to construct
and research new models with migration.

As is known, one-dimensional Fokker—Planck equations are used in the
construction of Gaussian stochastic models of small dimension. For multidi-
mensional models, the simplest linear models with additive noise are most
often used, however, this approach does not fully take into account stochastic
processes in the system. A promising direction is stochastic modeling of dy-
namic systems based on the method of constructing self-consistent one-step
models [30-32|. Using this method, we can perform an algorithmic transi-
tion to a stochastic model and evaluate the influence of stochastics on the
qualitative properties of the model. This assessment is performed through
a comparative analysis of deterministic and stochastic models with selected
sets of parameters. When studying high-dimensional models, the choice of
parameters can be carried out by applying evolutionary algorithms [12, 33—
35]. Various systems of population dynamics (with competition, mutualism,
migration) based on self-consistent models are considered in |12, 14, 28] and
other papers.
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Researchers consider various generalizations and modifications of the clas-
sical Lotka—Volterra models in the direction of increasing the dimension
and constructing non-deterministic models. When considering such models,
there is a need for computer research, taking into account the capabilities of
high-level languages and applied mathematical packages [36-39|. Numerical
analysis of behavior and computer studies of the dynamics of trajectories are
associated, among other things, with new problems in the study of nonlinear
processes, taking into account the processing of large data arrays under un-
certainty. A software package is developed for stochastic modeling of various
dynamic systems based on the method of constructing self-consistent one-step
models [30, 31]. For the controlled case, a set of programs is proposed that
combines randomization, optimization and machine learning [12].

Modeling of population-migration systems is carried out using various
software that have a fairly effective set of tools for constructing computer
models and conducting computational experiments [38, 40]. The use of
applied mathematical packages and high-level programming languages makes
it possible to study multidimensional population systems taking into account
different types of intraspecific and interspecific interactions, as well as taking
into account the variation of parameters and variables.

The three-dimensional model “predator-prey-one migration area” is consid-
ered in [29]. Four-dimensional population models with competition and one
area of migration are studied in [20, 41]. This article is devoted to the study
of such a four-dimensional population model of the type “two competitors —
two migration areas”’, which takes into account changes in the reproduction
rates of populations.

Section 2 of the paper considers the construction of the “two competitors
— two migration areas” model with bidirectional migration (to two refuges)
and its modifications. In particular, we offer a description of the model,
in which the reproduction rate of population growth are different without
varying the parameters of competition and migration. In Section 3, search
for model parameters using an evolutionary algorithm is carried out. A study
of a deterministic four-dimensional model is carried out, two-dimensional
and three-dimensional projections of phase portraits are constructed. In
Section 4, stochastic models “two competitors — two migration areas” are
constructed using the method of constructing self-consistent stochastic models.
In Section 5 the dynamics of trajectories for deterministic and stochastic
models are studied. The results of computer experiments are presented and the
interpretation of these results is given taking into account the comparison of
stochastic and deterministic models. A software package developed in Python
using the NumPy, SymPy, SciPy libraries is used as a tool for studying models.

2. Description of the deterministic model “two
competitors — two migration areas” and its modifications

One of the basic population-migration models, taking into account com-
petition and migration flows, is a three-dimensional model that describes
the dynamics of two interrelated species. According to this model, the first
species competes with the second species in the first area, taking into account
the migration of the first species to the second area [19]. Four-dimensional
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generalizations of this population-migration model are studied in [19, 21, 22,
42| and in other papers.

Next, we describe a four-dimensional model that takes into account the
influence of interspecies competition in two populations with bidirectional
migration of both populations. This model is given by a system of nonlinear
differential equations of the form

L1 = a1 — p11331 P13T1 %3 + By — YT,
Lo = QaXo —p22x2 yx — Bxy,

L 2
T3 = a3T3 — P33T3 — P31 T T3 + €Ty — 03,

(1)
Ty = yT4 — Puui + 0T3 — €7y,

where x; is density of a competing population of the first species in the first
area; T, is a population density of the first species in the second area (in the
first refuge); x4 is density of the competing population of the second species
in the first area; x, is a population density of the second species in the third
area (in the second refuge); a,, i = 1,2,3,4, are natural growth coefficients;
D13, P3; are coefficients of mterspe(;lﬁc Competltlon D11> P22, P335 Pag are
coefficients of intraspecific competition; 3, v are coefficients of migration of
a species between the first and second areas, with the second area is a refuge;
0, € are coefficients of species migration between the first and third areas,
with the third area is a refuge.

We consider a particular case of the model (1), when p;3 = pg; = 7,
pll - p22 - p33 - p44 =p, 6 =7, &= 5, mOdel (1) takes the form:

. 2
Ty = ayT) — Py — 1 T3 + Py — Py,
. 2

Ty = A%y — Py + P — By, 5
Tg = A3T3 — PT3 — TT1T3 + 0Ty — 0T,

T, = a,r, — pr3 + drg — d24.

Analysis of models (1), (2) involves finding of stationary states correspond-
ing to stationary population densities. The search for most stationary states
for models (1),(2) in an analytical form is difficult due to the dimension
of the models and a large number of parameters. However, in this situa-
tion, it is possible to search for particular sets of model parameters using
evolutionary numerical optimization algorithms. Note that for a particu-
lar case of model (1), when py3 = pgy =7, p1y = Pyy = P33 = Pay = P,
a, =ay =ag =a, =a, =, € =9, the problem of finding parameters that
ensure the mode of population coexistence is studied in [21].

3. Analysis of stationary states and construction
of projections of phase portraits for a four-dimensional
population-migration model (2)

In this section of the paper, we develop the approach proposed in [35] to the
optimization search for the parameters of population models. The approach
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considered in this paper makes it possible to obtain such sets of model
parameters that ensure the achievement of the extremum of the quality
criterion. We propose to use a quality criterion by analogy with [35] to study
model (2).

We consider the optimization problem of species coevolution in system (2).
Within the frames of this problem, we will track the change in the coefficients
aq,0q, 03,04, D, 7, 5,0. These coefficients are limited by some positive values
contained in the parametric set A of system (2). Namely, one can write

(a’17a‘27a3?a47p7T7675) EA- (3)

One of the variants for the optimality conditions has the form
t
/ x;,(t)dt — max, i=1,2,3,4, (4)
0

where t; is the boundary of the studied time interval. However, in model (2),
to take into account the requirement for the coexistence of two populations
in three areas (in an area with interspecific competition and in two refuges)
we will use instead of condition (4) an optimality condition of the form

/ 2y () (D)2 (1) (£)dt — max, (5)

0

where ¢, is the expected time for system (2) to reach the stationary mode.
In the case of extinction of one of the two species (both in an area with
interspecific competition and in two refuges), the integrand vanishes.

To solve the optimization problem (2),(5), we use the differential evolu-
tion algorithm. For the convenience of computational procedures, we write
condition (5) in the form

/ C(y (B)ay ()25 (£ ()dt)* — min, (6)

0

Estimation of fulfillment of condition (6) is the objective function (loss
function) for the optimization algorithm. If this condition is met, then the
algorithm terminates. Algorithm has the form:

def fit_evo(w):
plane,time=eval_eco_4d(w)
p = np.array(plane)

pl = pl:,0]; p2 = p[:,1];
p3 = pl:,2]; p4 = pl:,3]
px = pl*p2*p3*pd

error = np.trapz(px[-30:])
if error <= 0: return 1000
else: return error*x(-1)

For stable operation of the algorithm, negative and zero results are elimi-
nated by assigning a fixed value of 1000. Optimization is carried out using
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the differential evolution method implemented in the scientific computing li-
brary SciPy of Python language. The connection of differential evolution is
carried out as follows:

scipy.optimize.differential_evolution(parametres) .

With the help of a program created in the Python language, a computational
experiment is carried out to select the parameters of the model (2). The
parameter values are limited by the interval [0.3, 10], the maximum number
of iterations of the differential evolution method is 100. The code snippet has
the form:

bounds = 1ist([(0.3,10) for i in range(8)])
x0 = 1ist([0 for i in range(8)])

res = differential_evolution(fit_evo, bounds,
maxiter = 100, workers = 1, disp = True)
print(res)

The RK45 module (Runge-Kutta method) from SciPy is connected as
a solver. Model (2) is defined by the following class:

class model_eco_4d(ode_model):
def eq(self, t, y):
[al,a2,a3,a4], p, r, beta, delta =
map (self.args.get, "a p r beta delta".split())
x0,x1,x2,x3 =y
dx1l=al*x0-p*x0**2-r*x0*x2+beta*xl-beta*x0
dx2=a2*x1-p*x1**x2+beta*x0-beta*xl
dx3=a3*x2-p*x2**2-r*x0*x2+delta*xx3-delta*xx?2
dx4=ad*x3-p*x3**2+delta*x2-delta*x3
return [dx1,dx2,dx3,dx4]
def regulate(self, P):
pass
Oproperty
def current_time(self): return self.states.t
The solving of the optimization problem of searching for parameters of
model (2), taking into account condition (6), made it possible to conduct
a computational experiment and find the corresponding set of parameters un-
der the following initial conditions (z,(0), x5(0), z4(0),2,(0)) = (0.5,0.5,1,7).
The specified set of parameters has the form

(ay,a9,as,a,,p,r,3,0) = (5.674e + 00, 8.693¢ 4 00, 9.045¢ + 00,
9.637¢ + 00, 3.595¢ — 01, 7.522¢ — 01, 3.252¢ + 00, 7.500¢ — 01). (7)

Taking into account rounding to two decimal places, the set of parameters
will take the form: 5.67, 8.70, 9.05, 9.64, 0.36, 0.75, 3.25, 0.75. Using the
found set of parameters, a positive stationary state is obtained: x; = 5.09,
xy = 17.73, x5 = 15.84, z, = 25.99. The considered approach to the
search for stationary states is of interest due to the fact that for many high-
dimensional population systems (including four-dimensional systems (1)—(2))
finding stationary states in a general form causes difficulties even when using
computing packages.

Next, we consider examples of the construction of phase portraits projections
for model (2). The projection of the phase portrait on the plane (z,z,),
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taking into account x5 = 15.84, x, = 25.99, is shown in the figure 1. The
projection of the phase portrait in space (z,, x4, z,) with regard to x5 = 15.84
for model (2) is shown in the figure 2.
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Figure 1. Projection of the phase portrait on the plane (z,z,) for system (2)
at (21(0), 75(0), 25(0), 2,(0)) = (0.5,0.5,1,7), a, = 5.67, ay = 8.70, ag = 9.05,
a, =9.64, p=0.36, 7 = 0.75, 8 = 3.25, § = 0.75

Figure 2. Projection of the phase portrait in space (x,, x5, x,) for system (2)
at (x1(0),x5(0),x5(0),2,(0)) =(0.5,0.5,1,7), a; = 5.67, ay = 8.70, a5 = 9.05,
a, =9.64, p=0.36, 7 =0.75, B = 3.25, § = 0.75
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The projection of the phase portrait on the plane (z,,z5), taking into
account z, = 17.73, x, = 25.99, is shown in figure 3. The projection of the
phase portrait in space (x, x5, z,) with regard to x, = 17.73 for model (2)
is shown in the figure 4.
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Figure 3. Projection of the phase portrait on the plane (z;,x5) for system (2)

at (x1(0), 24(0), 24(0),2,(0)) = (0.5,0.5,1,7), ay = 5.67, ay = 8.70, ag = 9.05,
a, =9.64, p=0.36, r=0.75, B =23.25, 6 = 0.75
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Figure 4. Projection of the phase portrait in space (z, x5, x,) for system (2)
at (x1(0),x5(0),x5(0),2,(0)) =(0.5,0.5,1,7), a; = 5.67, ay = 8.70, a5 = 9.05,
a, =9.64, p=0.36, r = 0.75, B = 3.25, § = 0.75
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The projection of the phase portrait on the plane (z,,x5), taking into
account r; = 17.73, x, = 25.99, is shown in figure 5. The projection of
the phase portrait in space (z,, x5, x,), taking into account z, = 17.73 for
model (2), is shown in the figure 6.
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Figure 5. Projection of the phase portrait on the plane (x5, x5) for system (2)
at (x1(0),x5(0),25(0),x,(0)) = (0.5,0.5,1,7), a; =5.67, ay = 8.70, ag = 9.05,
a, =9.64, p=0.36,r=0.75, B =3.25, 6 =0.75

Figure 6. Projection of the phase portrait in space (x4, x5, x,) for system (2)
at (x1(0),x5(0),x5(0),2,(0)) =(0.5,0.5,1,7), a; = 5.67, ay = 8.70, a5 = 9.05,
a, =9.64, p=0.36, 7 =0.75, B = 3.25, § = 0.75
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According to figures 1-6 the stationary state z; = 5.09, z, = 17.73, 5 =
15.84, z, = 25.99 has the character of a stable node. In this section, for clarity,
separate variants for two-dimensional and three-dimensional projections are
given taking into account the fact that a complete set of projections can be
built in a similar way. The construction of phase portraits projections made
it possible to analyze the nature of the dependence of phase variables on each
other.

4. Construction of stochastic models “two competitors —
two migration areas”

For further analysis of the qualitative properties of the models, we study
the influence of stochastics introduction. For this purpose, it is proposed to
develop a stochastic model by constructing self-consistent stochastic mod-
els |13, 30, 32, 43, 44|. This method involves, in the course of mathematical
transformations, obtaining the coefficients of the Fokker—Planck equation
from the interaction scheme, which allows implementing a symbolic record of
all possible interactions in the system. The basic steps of this method are
presented in the description of algorithm 1.

Algorithm 1: Obtaining a model from a system description

Initial parameters: description of the system.
Result: Deterministic and stochastic models (ODE and SDE systems).
1 begin
2 1. Adding interactions to the model.
3 2. Construction of the interaction scheme of the model.
4 3. Construction of system state operators from the interaction
scheme (M and N).
5 4. Construction of an operator for changing the state of the system
(R).
6 5. Construction of transition intensities (s).
7 6. Construction of the coefficients for the Fokker—Planck equation
(A and B).
8 7. Construction of the SDE.

This algorithm is implemented in the Python programming language using
the NumPy and SciPy libraries and it is described in [31]. The software
package used in this paper makes it possible to construct a stochastic model
of a dynamic system from its description, to construct the corresponding
deterministic model, to obtain numerical solutions of ODEs and SDEs, as
well as a graphical representation of the solutions.

When implementing algorithm 1, the input data is not an interaction
scheme, but a description of the interactions occurring in the system. For
this, the PopModel class is used. Calling the PopModel (n) constructor, where
n is the dimension of the system, creates a class object that is a formal
model of the system. The resulting object contains a description of all
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considered system interactions. The adder () method of the PopModel class
allows to add the main types of population interactions to the model, such as
natural reproduction, natural death, competition, symbiosis, predator-prey
relationships.

For the generalized model (1), we define a class object:

model_1 = pm.PopModel (4)

and add a description of interactions

# natural reproduction

model_1.adder(1,1,0,"a_1")
model_1.adder(1,2,0,"a_2")
model_1.adder(1,3,0, "a_3")
model_1.adder(1,4,0, "a_4")

# Intraspecific competition
model_1.adder(5,1,0,"p_11")
model_1.adder(5,2,0, "p_22")
model_1.adder(5,3,0, "p_33")
model_1.adder(5,4,0, "p_44")

# Interspecies competition
model_1.adder(6,3,1, "p_13")
model_1.adder(6,1,3,"p_31")

# Migration

model_1.adder(7,1,2,"y")
model_1.adder(7,2,1,"B")
model_1.adder(7,3,4,"e")
model_1.adder(7,4,3,"86")

The first four lines of interactions description correspond to natural re-
production, lines 5—8 describe intraspecific competition, lines 9 and 10 are
responsible for interspecific competition, and lines 11-14 describe population
migration.

The display_infos method allows to display the interaction diagram.
When using the Jupiter interactive shell, the output will have the form shown
in the figure 7.

The IstoDE.py module allows to get the coefficients of the Fokker—Planck
equation from the interaction diagram. The basic functions of this module
are the drift_vector and diffusion_matrix functions. The first function
is designed to obtain the drift vector A in the Fokker—Planck equation. With
the help of the second function, we can get the diffusion matrix in the Fokker—
Planck equation. As input parameters, these two functions take the state
vector of the system, coefficients, matrices N and M.

In the figure 8 shows the result of the derivation of functions for obtaining
the coefficients of the Fokker—Planck equation in relation to the interaction
scheme in the figure 7.

Model (2) can be obtained from the constructed model by redefining the
interaction coefficients as follows: p,5 = D3, =17, P11 = Pag = P33 = Pag = D,
B =, ¢ =4. In figure 9 shows the output of the drift_vector and
diffusion_matrix functions for model (2).
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Beog [13]: model 1.display_infos(model 1,XX)

x1; = [a1] = 2%y

Xz = [a2] = 2x2

x3 = [a3] = 2x3

xg = [ag] = 2x4

2xp =[pul=>x
2xz = [pn] = x2
2x3 = [pas] = x3
2x4 = [paa]l = x4

xi +x3 = [p13] = x3
xi+x3 =[pu] = x
x=[y]=x
x=[fl=x

x3 =[€] = x4

xg = [8] = x3

Figure 7. The output of the display_infos method

Beog [2]: f = de.drift_vector(XX, k _plus, model_1.matr_M(), model_1.matr_M())
sp.Matrix(f)

out[9]: [ ayx; — prux?d — p3xix3 — x17 + %2
ay3x3 — ppxy + X7 — X2
a3x3 — pax1x3 — Paax; — X3€ + x48
A4X4 — PasXs + X3€ — x40

Beoa [1@]: g=de.diffusion_matrix(XX, k_plus, model_1.matr_N(), model_1.matr_M())
sp.Matrix(g)

out[18]: [aix; +P1|Jll| + p1axix3 + x1y + x2p —x1y — x2p 0 0
—x1y — x2f arxz + pnxd + x1y + xap 0 0
0 0 a3x3 + Py x x5 + pggx% + x3€ + x40 —X3€ — x40
0 0 —x3€ — x40 4% + Pagxs + X3€ + x40

Figure 8. The output of drift_vector and diffusion_matrix functions for model (1)

Beog [20]: f_3 = de.drift_vector(XX, k_plus_3, model_3.matr_N(), model_3.matr_M())
sp.Matrix(f_3)

out[20]: [ayxy = pxd = rxyxs = xip + x2p
arxs — px% +x1f = x2p

a3x3 — px3 — ra X3 — %36 + 046
agxy = pxg + x36 — x46

Beon [21]: g_3=de.diffusion matrix(xx, k_plus_3, model 3.matr_N(), model_3.matr _M())

E 3
out[21]: [ ayxy + pxy 4 rx Xz + X P+ x2p =x) P = x:p 0 0
—xifp = x2p agxg+px§+x1[3+xgﬁ 0 0
] 0 a3xy + p,t§ + rxpx; + x30 4+ x5 —x30 — x40
0 0 —x36 — x5 a4xq + pr + x30 + x48

Figure 9. The output of drift_vector and diffusion_matrix functions for model (2)



I.I. Vasilyeva et al., Construction, stochastization and computer study ... 39

According to figures 8,9, the drift vectors are fully consistent with the right
parts of the systems of equations for models (1) and (2), respectively. This
circumstance indicates that the drift vector can be used to study the determin-
istic behavior of the system. The result of the work of the IstoDE.py module
of the software package is the construction of a stochastic and deterministic
model of population dynamics for further study of trajectories.

5. Results of computer experiments

In this paper, for the numerical solution of systems of ordinary differential
equations, a software implementation of the standard Runge—Kutta methods
of fourth order is used. To solve the corresponding stochastic differential
equations, we use a specially developed library, a detailed description of which
is contained in [30, 31].

The results of numerical experiments, taking into account the parameters
obtained in section 3, for the constructed deterministic model (2) and the
corresponding stochastic model are shown in the figure 10. We consider the
following initial conditions: z(0) = 0.5, x5(0) = 0.5, z3(0) = 1, 2,(0) = 7.
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Figure 10. Visualization of the numerical solutions for model (2) and its corresponding
stochastic model with parameters a; = 5.67, a, = 8.70, a3 = 9.05, a, = 9.64, p = 0.36,
r=0.75, 8 =3.25, § = 0.75 and with initial conditions
(1(0),25(0),x5(0),2,(0)) = (0.5,0.5,1,7)
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According to figure 10, the introduction of stochastics has insignificant
influence on the behavior of the model. As in the deterministic case, the
trajectories of solutions of stochastic differential equations corresponding to
model (2) are characterized by reaching the stationary mode.

6. Conclusion

The paper uses such an approach to the study of four-dimensional
population-migration models, which is based on the implementation of evolu-
tionary algorithms for searching for parameters, of the method of constructing
self-consistent stochastic models and of modified methods for the numerical
solution of finite-dimensional differential systems. The solution of the opti-
mization problem by the method of differential evolution made it possible to
find the optimal parameters of the «two competitors — two migration areas»
model with competition of two species in the basic area and with migration
to two refuges. For this model, an approximate positive stationary state is
found that corresponds to the obtained set of parameters.

In this paper, based on the methods used, it is possible to construct new
stochastic models of population dynamics, taking into account competition and
bidirectional migration. The implementation of the stochastization algorithm
for model (2) according to the given interaction schemes made it possible to
analyze the trajectory dynamics of the stochastic model in comparison with
the deterministic model.

As directions for further research, one can indicate the construction of
new modifications of population-migration models based on model (1), the
transition to the description and study of controlled ecological systems, as
well as the identification of such sets of parameters that lead to a significant
difference in the dynamics deterministic and stochastic models.
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ITocTpoenue, croxacTu3salusi 1 KOMObIOTEPHOE
riccJIeJIOBaHNEe JUHAMUYECKUX MOIYyJISIIIMOHHBIX MOJeJIen
«JIBa KOHKyp€eHTa — JiBa apeaJjia MUIrpalum»

. U1. BacuabeBa', A. B. Ilemunosa?, O. B. JIpyxkxunuua’,

0. H. Macuna'

L Eneuruti 2ocydapemeennmts yrusepcumem um. . A. Bynuna,
ya. Kommynapos, 0. 28, FEaeu, Jluneukas oba., 399770, Poccus
2 Poccutickuti yrusepcumem 0pyscoo, napodos,
ya. Muxayxo-Maxaas, 0. 6, Mocksa, 117198, Poccus
3 Dedeparvrnidi uccaedosamenverut yenmp «Hrgopmamura u ynpassenues PAH,
ya. Basunosa, d. 44, xopn. 2, Mockea, 119333, Poccus

Awnunorarnus. llpn nsyyennn j1eTepMUHUPOBAHHBIX U CTOXACTUIECKUX MOMYISATINOH-
HBIX MOJIeJIEN AKTYaJbHBIMU 33/Ia4aMU SBJIAIOTCA (DOPMAJIM3AIN TPOIECCOB C YIETOM
HOBBIX 9 PEKTOB, 00YCJTOBICHHBIX B3aUMOICHCTBUEM BUI0B, U PA3BUTHE KOMITHIO-
TEPHBIX METOJIOB HCCJeI0BaHNs. KOMIBIOTEPHBIE METOJIBI UCCIIEIOBAHUS TTO3BOJISIOT
BBITIOJTHATD aHAJIN3 TPACKTOPUI MHOTOMEPHBIX TMOMYIAIMOHHBIX crucTeM. Mbl paccmar-
puBaeM MOJEJb «JIBA KOHKYPEHTa — JIBa apeaJjia MUTPAIlUN» , B KOTOPOU yUUThIBAETCS
BHYTPUBHJIOBas U MEXKBUJIOBas KOHKYPEHIIUSA B JABYX IOMYyIAIUAX, & TaK¥kKe JIBYHa-
IpaBJIeHHAasT MUTpaIsd o0enx nonyiadanuii. /laa ykazanHoi MoJies i Mbl YIUTHIBa€M
BApUATUBHOCTH ITAPaAMETPOB €CTECTBEHHOTO BOCIIPOU3BOACTBA BUAOB. lIpemioxkeno
dpopMam30BaAHHOE OMMMCAHUE YeTHIPEXMEPHOM MOJIEN «/IBa KOHKYPEHTa — JIBa apeasa
Murparumn» u e€ mojudukaimii. C moMomnibio peajn3aluy 3BOJTIOIUOHHOTO aJITOPUTMA
MOJTyYeH HAaDOP MapaMeTpoB, 00ECTIEINBAIONINX COCYIIIECTBOBAHME TTOMY/IANNA B YCIIO-
BUAX KOHKYPEHIIUH JIByX BUJIOB B OCHOBHOM apeaJie ¢ y4ETOM MUI'DAINU ITUX BUJIOB.
Ucxons n3 moJiydeHHoro nabopa mapamMerpoB HAMIEHO MOJIOKUATETHHOE COCTOSTHUE
paBHOBecusi. [locTpoenb! JIByMepHBIE U TPEXMEPHBIE TTPOEKINN (Pa30BbIX MTOPTPETOB.
Ocy1ecTB/IeHa, CTOXACTU3AIMST MOJEIN «IBA KOHKYPEHTA — JIBa apeasa MUTIDAITN»
Ha OCHOBE METOJ[a TIOCTPOEHUST CAMOCOTJIACOBAHHBIX OJIHOIIATOBBIX MoJiesteit. /Iia onu-
caHUs CTPYKTYPbI MOJIEJI UCIIOJIb30BaHbl ypaBHeHuss Dokkepa—Ilianka. Beimosnen
IIepexojl K 9eThIPEXMEPHOMY CTOXaCTUIECKOMY TuddepeHnnaIbHoMy YPaBHEHUTO
B dopme Jlamkepena. s rmpoBeeHns YUCTEHHBIX YKCIIEPUMEHTOB UCIIOJIHL30BAH
CHeNUaJIN3UPOBAHHBIN TPOrPAMMHBIN KOMILJIEKC, ITPeJHa3HAYEeHHbIN I71d TTOCTPOe-
HUS U U3yYEeHUs] CTOXACTUYECKUX MOJIeJIeil, a TaKKe pa3zpadoTaHa KOMIbIOTEPHA
nporpaMmma Ha ocHose guddepeHImabHoi B0 oIMH. VCImob30BaHbl aJITOPUTMBI T'e-
HEpUPOBaHUS TPAEKTOPUI BUHEPOBCKOT'O TIPOIECCa M MHOT'OTOYEYHBIX PacIIpe/iesIeHnit
u Mojucdukanuu merojia Pyare—KyrTol. B nerepMuHUpOBaHHOM U CTOXACTUYIECKOM
caydadx U3y4deHa JUHAMUKA TPACKTOPHUN IOIYJIANUOHHO-MUTPAIUOHHBIX CHUCTEM.
[IpoBeiéH cpaBHUTEJIBHBIN aHAJIN3 JIETEPMUHUPOBAHHBIX U CTOXACTUYIECKUX MOJIEJIEH.
PezynbraTsr MOTYyT HaliTH IpUMEHEHUE B 3a/la9aX MOJETUPOBAHUS TOMY/IAIIMOHHBIX,
9KOHOMUWYECKUX, JIEMOTPAPUIECKUX U XUMUIECKUX CHUCTEM.

KuaroueBbie cioBa: MOJE/N JIMHAMUKH HOMYJSINi, cToXacTu4deckue auddepen-
UaJIbHble YPaBHEHUA, OJHOIIAIOBBLIC IIPOIECCHI, CTOXaCTU3allud, KOHKYPEHIUI,
MUTPAINs, TPACKTOPHAs JIMHAMUKA, TPOEKINN (PA30BBIX ITOPTPETOB, KOMIILIOTEPHOE
MOJIeTUPOBaHNEe, IPOrPAMMHBIIT KOMILJIEKC



