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ARTICLE INFO ABSTRACT

Received: 14 June 2021 The research aims at covering the mathematical modeling issues of

Accepted: 07 August 2021 multidimensional applied problems of ecology based on the application of

Published: 11 August 2021 a modular computing complex. The problem of modeling air pollution
processes is solved by mathematical models that adequately describe

KEYWORDS fundamental processes. That reveals issues such as a detailed analysis of

the atmosphere of the city or industrial area, short-term forecast of air
problem, boundary conditions, qua_lity in the _region, assessment of long-term air purification programs,
multiprocessor system, mathematical o_ptlmal emission management, transboundary transfer, etc. At the same
model, harmful impurities, time, the fprmu_la_ltlor) and methor_js of soIvmg problems _of enwr_onmental
atmosphere, environment. dynamics identification are considered, which essence is to estimate the
input parameters based on the factual information about the modeled
system known from the experiment.

In these studies, the multidimensional equation of harmful impurities
transfer was reduced to a sequence of schemes involving unknown values
in a single direction, alternately in the longitudinal, transverse and vertical.
The implicit schemes lead to systems of algebraic linear equations with a
three-diagonal structure. Thus, the methodological basis of the difference
splitting schemes provides the economic and sustainable implementation
of numerical models by the scalar runs method. That approach focuses on
the fact that the greatest effect of a parallel processor is achieved when it is
used to perform matrix computations of linear algebra.

In order to analyze the feasibility of mathematical models, a package of
applications was developed to compute the transfer of harmful impurities. A
solution to several applied problems for the identification of the
environmental dynamics is given.

pollution source, multidimensional
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Analysis of the current research state to make mathematical models of the atmosphere
dynamics. The basis of atmosphere dynamics' modern models is the laws of conservation of mass and
energy, which along with the laws of thermodynamics; describe the processes of the atmosphere,
ocean, and their interaction [1]. In mathematical terms, those are systems of multidimensional
nonlinear differential equations [2 — 4]. Those systems include some input parameters known from the
experiment with the specified error. The input parameters here usually mean the coefficients of the
equations, the initial fields, the features of the integration domain, etc. In each case, it is possible to
describe with some reliability some acceptable set of input parameters and the results of processing the
measurement data to assess the system’s state under consideration.

In this regard, it is notable that the solution of any particular class problem is defined as a
function of the coordinates of space and time and as a function of input parameters.

Thus, to evaluate the validity of the obtained solution in the space of input parameters, it is
necessary to study the behavior of the corresponding object by variations on their admissible set.

The mathematical models' sensitivity theory that considers these issues was developed in
optimal control theory and identification of different systems [5]. The formulation and methods of
solving inverse problems, which are its basis, estimate the input parameters from the factual
information about the modeled system.

Some input parameters for ecology and environmental protection problems (power of
pollution sources, turbulent diffusion coefficients, etc.) can be determined only from experimental
data. Hence, to process the experimental data of the problems under consideration, it is appropriate to
solve inverse problems [6].

The mathematical formulation of the research problem. Emission sources of various
pollutants characterize the mathematical model of pollution transfer during technical equipment
operation. The exhaust devices run contaminants removal from the working area of the equipment in
the premises. The greatest effect from the exhaust devices is achieved when the ventilation outflow of
polluted air can be placed close to the pollution source.

The simplest scheme of pollutant emission during the technological equipment operation, as a
rule, is replaced by point sources, or a system of point sources that are characterized by a given
intensity and time of emission. Thus, adequate to the entire process, a physical model is built, where
the whole process of pollution transfer by technological equipment is a system of point sources of a
given location, intensity, and mode of operation.

Modeling the harmful impurities transfer against the background of atmospheric processes
plays a significant role in this problem study. Suppose the model structure is given and determined by
a system of nonlinear differential equations of environmental mechanics. Then the state of the natural
environment is described by a vector of indicators, one of which is the concentration level of harmful
substances in the air basin.

Mathematically, this problem is formulated as follows. The amount of pollution per unit

volume of air is denoted by @ [kg / mS]. The pollution source is presented as the point sources:

‘9i(t)5(r _ri) (1)

where J(r—1;) is Dirac delta function; & (t) isthe intensity of pollution sources. Possible
environmental pollution is presented as a system of n point sources:

> (1)
)

Under such conditions, the differential equation for the harmful impurities transfer are
presented as follows:
2 2

2
a—q)+U a—¢)+U a—(‘D+U a—(p+5q§=u U 0 Q)+U 0 gI)+U 0" +P(x,y,2)
ot X ox y ('?y Z oz X axz y ayz z 622 (3)

where {UX,Uy,UZ} are velocity vector components [m/s]; o isthe coefficient of spontaneous

decay of particles, [1/ s]; w is the turbulent diffusion coefficient, m®/s; P(X,y,z) is a set of point
sources modeled by relations (1), or (2).
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Information about the atmosphere state, particularly the velocity vector {UX,Uy,UZ}

components, for the problems (1) — (3) is the input.

Each specific simulation problem is possible with some probability based on a priori information
to describe some good set of input parameters and the results of processing the measurement data to
assess the system’s initial state. Then the solution of a specific problem is defined as a function of spatial
coordinates and time and as a function of input parameters. Hence, to evaluate the obtained solution, it is
necessary to study its behavior with the variation of the input data. That is the essence of studying the
model sensitivity to variation of input data. However, no less important are the methods of solving
inverse problems, which essence includes estimating the input parameters based on the factual
information about the modeled system and the information known from the experiment.

Mathematical modeling of the harmful impurities transfer problem. The differential equation
for the harmful impurities (3) transfer is highly measurable and non-stationary. Efficient solutions are based

on splitting the problem on a time interval t, , <t <t  on a sequence of simpler problems.

Reducing complex problems to simpler ones is usually possible when the original operator of
the problem (3) can be represented as the sum of the simplest operators.

Therefore, considering the specified equation (3) can be shown as:

%er A®= fin DxD, , 4)

where the function A> 0 does not depend on time and is formed as follows:
A=A +A +A . (5)

Applying local-one-dimensional schemes of splitting by spatial variables (X,Y,z ) for equation
(4), we can make the three simplest equations of the following form

forx:
at ax 3 o2 3.
l(x, y,z,tyfl): D, (X, y,Z), (6)
for y:
2
0P 00, g -, 00 T
o Yoy 3 o° 3
@,(xy,2t, )= ®,(x,y,2) )
for z:
a¢3+uza¢3+g@3:ﬂa ®3+i
at oz 3 ozt 3
X, Y,2t, )= D, XY, 2t
o, y.2t,.)= Bk y.2t,) ®)

Starting from (6) - (8), the difference splitting scheme can be made in many ways. The
implicit schemes lead to making systems of linear algebraic equations (SLAE)

Cq:'Y _Yp,l + Dpr—l,l = fp,l | (9)

p+l,1

having a three-diagonal structure ( p=1,2m —1 are network mesh numbers).

In SLAE (9), the {Cp,Dp,fp’l}coefficients include information about the equation itself,

boundary, and initial conditions.
Consider further a simple and convenient method for solving difference boundary value problems
of the form (9). It is one of the variants of excluding the unknown and is called the run method. Then the

availability of two vectors is possible E ; and G p »suchthatforany Y, thereis a fair ratio
Y, =E Y, ., +G,. (10)

p+,1
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Let us lower the index by one p in equation (10), which gives
Y ., =E ¥, +G . (11)
Substituting ¥, ,, from relation (11) in SLAE (9) and solving it relatively Y
the following recurrent relation:

o1+ WE obtain

Y .= —pY . +
"t 1-D,E,, "™ 1-D,E,,
A comparative analysis of relations (9) and (12) demonstrate that they are both fairto all ¥, , .
Then we get the system:

C Doy~ fos W)

C
Ep:—p’
1—DpEp71
DE ,—f
p:—lp glE pd at p=12m-1. (13)
T Hptp1

From the given conditions on the left border we define E; and G, , then to determine E,
and Gp at all points in the direction of growth p upto p=2m —1 one can use the recurrent relation
(13). Next, the value is determined from the right boundary condition Y, ,, and equation (11) with
known coefficients E | and G, is used to compute values Y, for Y ,,,, etc, in the descending
direction p fromp=2m-1to p=1.

Procedure (13) is called direct run, (13) - reverse. On solutions of arbitrary linear system N

equations with N unknown exclusion methods usually have to spend arithmetic operations in

quantity N2 . This reduction in the number of arithmetic operations for solving SLAE (9) by the run
method was achieved by successfully using the specifics of this system.

The difference splitting scheme (6) - (13) is economical and certainly stable. In this sense, it
combines the advantages of explicit schemes (explicit schemes do not improve in the number of
arithmetic operations) and implicit schemes.

Development of methods for solving multidimensional non-stationary problems of type (1) -
(3), associated with splitting methods and provides the economic and sustainable implementation of
numerical models (6) - (13) on a PC.

The computer simulation results on a modular computer system. A program was run to
assess the mathematical model’s feasibility to compute the harmful impurities transfer in the region for
areas that represent the shape of a regular rectangular parallelepiped. The computations were
performed based on the multiprocessor computing system [7 — 9].

Fig. 1 demonstrates the transfer of harmful impurities concentrations from the ground source
of pollution in the form of patterns and isolines in the middle horizontal plane of the parallelepiped
when the velocity vector components are identically equal to zero.

Fig. 2 represents the results of modeling the transfer of harmful impurities from two-point

sources of pollution at given components of the velocity vector u, Uy, different in the direction in the

horizontal plane of the region.

For soft boundary conditions in the simulation results for the middle surfaces on the Z
coordinate, there are bends of isolines (Fig.2b); the use of the same compiled algorithms based on
boundary conditions of the 4th kind allows avoiding them (Fig. 2a). That circumstance also allows
considering the specified boundary conditions at the modeling of transfer of impurity against
atmospheric processes as transparent.
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Fig. 1. Concentrations’ transfer and the isolines from a point source of contaminants located in
middle horizontal plane of parallelepiped’s control volume

Fig. 2. Solution modeling of a three-dimensional problem under different asymptotic boundary
conditions: a) solution of a three-dimensional problem with asymptotic boundary conditions of the fourth
kind; b) solution of a three-dimensional problem with soft boundary conditions of the second kind

Conclusions. The paper covers the mathematical modeling of applied problems of ecology
based on personal computing clusters. With:

1. The rapid development of industry in all countries worldwide posed to humanity an acute
problem of environmental protection to preserve the planet's ecological systems. In this regard,
environmental science is now forced to deal with problems of previously unknown complexity. New
problems require new ways to solve them. Nevertheless, mathematical modeling, computational
experiments on parallel cluster systems with a sufficiently complete mathematical content of the
phenomena we study form the basis of new scientific research technology, analysis, and forecasting.
Today's reality is that due to the development of parallel computing and, especially with the advent of
computing clusters, the fundamental problems in the potentially infinite increase in peak performance
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of computers disappeared. That opens the way to the widespread use of mathematical modeling,
making basic and applied research more effective.

2. This article considers the statement and methods of solving environment dynamics
identification problems which essentially consists of an estimation of input parameters on the actual
information on the modeled system known from the experiment.

3. The research aims to solve the problem of modeling the air pollution processes by
mathematical models that adequately describe the fundamental processes. It can explore issues such as
a detailed analysis of the atmosphere of the city or industrial area, short-term forecast of air quality in
the region, evaluation of long-term air purification programs, optimal emission management,
transboundary transfer, etc.

4. The multidimensional equation of transfer of harmful impurities was reduced to a sequence
of schemes involving unknown quantities in a single direction, alternately in the longitudinal,
transverse and vertical. The use of implicit schemes leads to systems of linear equations of algebra
having a three-diagonal structure. Thus, the methodological basis of the difference splitting schemes
provides the economic and sustainable implementation of numerical models by scalar runs. On the
other hand, it is known that the greatest effect of a parallel processor is in cases where it is used to
perform matrix computations of linear algebra.

5. To analyze the mathematical models' feasibility assessment, a package of applications was
developed to compute the harmful impurities transfer. The solution of several applied problems on the
identification of environmental dynamics is given.

6. At the present stage of scientific research, a numerical experiment is one of the most
important areas in studying the internal aerodynamics of the environment. The information obtained
by numerical computations allows correctly comprehending and understanding the physical effects
obtained by the experimental method and, in some cases, replacing the physical or field experiment
with a machine, as is cheaper. Note that machine experiment is sometimes the only possible way to
obtain information about the process under study. Given the further progress in the research
methodology of parallel numerical methods and parallel computing systems, we can expect a further
and significant increase in numerical computations of environmental aerodynamics problems on more
complete mathematical models of atmospheric dynamics shortly.

REFERENCES

Marchuk G.I. Mathematical modeling in the problem of the environment. — M.: Nauka, — 1982. — 320 p.

2. Shvachych G., Moroz B., Pobochii I., Ivaschenko O., Busygin V. Maximally parallel forms of distributed
simulation of dynamic systems. World Science. Poland. 2018. Ne 4(32). Vol.1. P.12 — 19.

3. Ivaschenko V., Shvachych G., lvaschenko O., Busygin V. Effective algorithms for solving coefficient
problems of high accuracy order. System technologies. Dnipro. 2018. Ne 4(117). P. 86 — 94.

4. lvaschenko V.P., Shvachych G.G., Semenov S.G. Efficient parallelization algorithms of the applied tasks in

multiprocessor computing systems. System technologies. Dnipro. 2017. Ne 2 (109). P. 57 — 66.

Babenko K.I. Fundamentals of Numerical Analysis. — M.: Nauka, — 1986. — 744 p.

Shvachych G.G., Shmukin A.A. Determination of the thermophysical properties of materials based on the solutions

of coefficient OST in an extreme setting. Theory and practice of metallurgy. 2005. No. 1 —2. P. 104 — 108.

7. Shvachych G.G. Prospects of construction highly-productive computers systems on the base of standard
technologies. Strategy of Quality in Indastry and Education: IV Intrenational Conference. May 30 — June 6.
2008, Varna, Bulgaria. 2008. V. 2. P. 815-819.

8.  Ivaschenko V., Shvachych G., Ivaschenko O., Busygin, V. Improving the efficiency of multiprocessors system
through in-line interface network aggregation. System technologies. Dnipro. 2018. Ne 2(115). P. 84-93.

9. Ivaschenko V., Shvachych G., Ivaschenko O., Busygin V. Deceleration problem research in

multiprocessional computing systems. Information Technology in Metallurgy and Machine Building:

Materials and Technical International Conference. Dnipro, 27-29 march 2018. Dnipro. 2018. C. 131.

=

6 RS Global



