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Abstract

Purpose is to elaborate innovative and computationally efficient algorithm to solve a problem of two-stage allocation of the
resource occupying continuously the specified area as well as to demonstrate the behaviour of the corresponding software
developed with the application of advanced geoinformation resources.

Methods. The paper involves mathematical models of continuous problems of optimal set partitioning with additional con-
nections to describe two-stage problems of the material resource location-allocation. Methodological approach to the solu-
tion of such problems is based on the idea of their reducing to the problem of infinite-dimensional mathematical program-
ming for which it is possible to obtain optimal solution in the analytical form with the help of the duality theory apparatus.

Findings. Mathematical and algorithmic apparatus to solve continuous problems applied for the fuel and energy complex
enterprises has been developed making it possible to obtain partitioning of the deposit area into the zones, which are alloca-
ted to the first-stage enterprises exclusively. The algorithm operation is demonstrated in terms of the model problem solu-
tion. It has been defined that the benefit of such an approach is in the reducing of the infinite-dimensional programming
problem to the problem of finite-dimensional nonsmoth optimization since the obtained computational formulas contain the
parameters which determination requires solving the auxiliary problem of the nondifferentiable function optimization.

Originality. Contrary to the previously developed one, the proposed algorithm does not stipulate solution of the linear
programming problem of transport type at each step of the iteration process. Such a problem is solved only once to find
the volumes of product transportation between the first-stage and second-stage enterprises after defining all the optimal
solution components.

Practical implications. Software implementation of the algorithm on the basis of the advanced geoinformation technologies
and resources, in terms of the solution of raw material flow allocation, makes it possible to reduce total costs for the
management of material flows and their accompanying service flows throughout the whole logistic chain beginning from the
flow origin up to its arrival to the end user.
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1. Introduction such multistage problems to allocate resources being distrib-

Previously, paper [1] considered a two-stage process of uted continuously within the defined area.

material flow allocation in transportation and logistic system,
which structural elements were represented by mines (first-
stage centres) extracting coal being continuously distributed
within a certain area, and enterprises consuming or pro-
cessing that coal (second-stage centres). In this context, it
was stipulated that a specific mining territory (zone) was
allocated to each mine. First, raw material flow moves within
the system from each point of the zones under consideration
immediately to the point of its accumulation at the corre-
sponding mine; then, the assorted resources are sent in the
specified amounts to the enterprises acting as the consumers —
thermal power stations (TPS), concentrating plants, and other
objects. The mentioned paper show mathematical models of
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For the first time, those problems were analysed in [2].
Their continuity was stipulated not only by the possibility to
locate fist-stage centres at any point of the specified continu-
al set but also by the necessity to partition the set itself (or its
share) into several zones. A method to solve the formulated
problems is based on the idea of their reducing to the prob-
lems of infinite mathematical programming; optimal solution
for those problems is possible to be obtained in analytical
form by applying the duality theory aparatus. Though the
obtained computational formulas contain the parameters
subject to the determination concerning the fact why we need
to solve auxiliary problem of the nonsmooth function, benefit
of the described approach is in the idea that target function of
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the resulting optimization problem depends only upon the
finite number of variables. That makes it possible to apply
any methods of finite-dimensional nondifferential optimiza-
tion to solve the problem. For instance, that can be ellipsoid
methods [3], algorithms based on the Monte-Carlo me-
thod [4] or r-algorithms used traditionally while solving
continuous problems of optimal set partitioning [5].

The paper is focused on the numerical algorithm of solv-
ing two-stage allocation of the resource occupying continu-
ously the specified area based on the mathematical apparatus
described above. Contrary to the algorithm developed to
solve similar problems in paper [6], that very algorithm does
not involve the solution of problem of linear programming of
transportation type at each stage of the iteration process.
Such a problem is solved only once to find the volumes of
product transportation between the first-stage and second-
stage enterprises after the defining of the rest of the optimal
solution components. Software implementation of the algo-
rithm is performed involving modern geoinformation tech-
nologies and resources. The algorithm operation is demon-
strated in terms of the solution of a model problem of the
optimization of two-stage material flow allocation, which
may take place at fuel and energy complex enterprises, with-
out being stick to any available industrial objects.

Owing to the formulation and solution of the correspond-
ing continuous problems of optimal set partitioning with the
additional connections (OSPAC), it is possible to reduce
transportation costs at fuel and energy complex enterprises
involved in coal mining within the specified territory and
coal transportation to the warehouses of the corresponding
mines with further product supply to the end users [1].

Obijective of the paper is to develop innovative and compu-
tationally efficient algorithm of problem solving and to
demonstrate the behaviour of corresponding software deve-
loped on the basis of integration of the methods to solve
OSPAC problems and geoinformation systems and resources.

Topicality of such scientific studies is stipulated by cur-
rent development of geographically distributed multilevel
companies including dozens of large enterprises dealing
with full production cycles from the raw material extraction
with its complex use and processing up to its transportation
to the end users.

Consider in brief the statement and mathematical model
of the problem to optimize two-stage material flow allocation
in terms of coal (as the allocated resource) mined within the
newly developed deposit.

1.1. Statement of the problem

Assume that there is a certain territory with the known
evaluation of the coal reserves and enterprises requiring
specific amount of that coal. We should determine the areas
to locate new mines within the specified territory and allo-
cate the mining area to each mine with minimum costs for
coal accumulation and transportation to the mine warehouses
and end user. At the same time, it is necessary to define both
which mine should supply coal to a second-stage enterprise
and what amount of coal is required to satisfy completely the
needs in that resource.

A mathematical model will apply following notations: Q
is area within which the resource is allocated and where first-
stage centres may be located, m?; p(x) is amount of resource
at point x of set Q, t/m?; N is number of first-stage centres; M
is number of second-stage centres; S is total amount of the
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resource within the specified area, t; 7" is coordinates of the
i centre of the r'" stage; bi" is production facilities the it"
centre of the r" stage, r=1, I, t; ¢i' (x, @) is cost of the re-
source unit delivery from point x € Q to centre 7', UAH/;
cii" (z', 7j'") is cost of the resource unit delivery from centre '
to centre 7;'', UAH/t; a; is cost of the resource sorting out and
shipping at enterprise 7' calculated per resource unit, UAH/t;
vij is amount of the resource delivered from centre 7' to
enterprise 7', t.

It is required to find such partitioning of set  into N of
disjoint subsets @ ={(2,2,...2\} (among which there

can be empty ones) as well as to determine coordinates

o', ..., of those subsets and such transportation
volumes v, ..., Vam, in terms of which functional:
— N I
F(a),r ,V)z > Ig (X,z’i )p(x)dx+
i=1
= )
NM
+Z Z (Cij (Ti ,Tj )+ai)vij,
i=1j=1

would reach minimal value, and following conditions would
be met:

M PR
[ p(X)dx= 3 vjj, i =LN; )
e =1
N n .
2V =bj, j=LM; 3)
i=1
CT)EZ[N),VERNM,TI eQN; 4
a_)={Q1,.Qz,..,.QN}
N=IN N S (5
22 U =,mes(Qn2j)=0i#jij=1N ©)

i=1
where Zg is class of all the possible cases of the partition-
ing of set © into N of disjoint subsets; @ ={£2,42,,...,.Qy }

is element of class Zg; Rum is NM-dimensional space of

non-negative real numbers.

It should be remembered that problem (1)-(5) is called a
continuous problem of optimal set partitioning with addition-
al connections. Further, we will consider it in terms of two
variants — with the location of first-stage centres and with
their fixed coordinates.

1.2. Literature review

Since the paper is the consistent continuation of the
scientific studies represented in [1], we are not going to focus
on scientific publications dealing with the problems of opti-
mization of supply volumes and development of the mecha-
nisms to reduce total costs for stocks preservation at mining
enterprises. Consider only the papers involving up-to-date
GIS-technologies to solve similar problems.

Geoinformation systems have been widely used in dif-
ferent fields of practical activities owing to their advantages
in unifying diversified data on the basis of geographical
information. Nowadays, GIS is often applied in town-
planning activities, management of natural resources and
many other fields helping users solve the problems of spatial
analysis, planning, and forecasting [7]-[12].
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GIS stores the information about real worlds in the form
of set of thematic layers united on the basis of geographical
location. That simple but very flexible approach has proved
its benefits during the solution of numerous important prob-
lems. As a rule, electronic maps contain full information
concerning the length of roads, their connections, and their
traffic conditions (speed rate, prohibited ramps, available
transfer points etc.).

Thus, basing on multispectral satellite data and accompa-
nying information on geology, geomorphology, topography,
settlements, traffic intersections, forest cover, hydrology, and
climate, paper [13] elaborates a platform to select the appro-
priate site to locate a thermal power station along the mining
region in India. After its processing, digital satellite infor-
mation was used to study the lignite seam reserves and to
analyse the use of land and plant cover. Other thematic in-
formation such as geology, geomorphology, coal basin
boundaries and infrastructure, administrative units, canals
and large settlements were digitized using GSI maps and SOI
topographic data respectively. All the thematic vector layers
were united and represented for their overlapping and priori-
tizing. Site selection for a thermal power station was based
on four basic criteria (land, water, coal mine, and environ-
ment) and two secondary ones (cost and location access).
Index of the site suitability was calculated involving the
spatial analysis tool in ArcGIS 9.3.

Paper [14] deals with the problems of optimal planning of
allocated power biomass-based systems to satisfy electric
power needs of rural areas in India. The proposed approach
is based on the use of intellectual analysis of data and mod-
ern GIS along with the clusterization algorithmic k-method
to divide the whole region into clusters and find the systems
to generate biomass energy. Optimal value k is defined itera-
tively taking into consideration the demand and supply; it is
selected appropriately to minimize total costs for system
installation, costs for biomass transportation, and costs for its
transfer and distribution. Clusterization results are represent-
ed on the regional GIS map.

Paper [15] represents modification of classic p-meridian
problem which takes into account spatial distribution of supply
resources and competition for them on the part of potential
objects. It proposes simplified study making it possible to
determine optimally anaerobic reactors (AD) of the communi-
ty scale within the area of East-Midlands in Great Britain.

Paper [16] represents new GIS enhancement called
ArcMine developed to support melioration planning within
the abandoned mining regions. ArcMine gives four tools to
(a) evaluate hazards of mine subsidence; (b) to assess erosions
of mine wastes, (c) to analyse ways of mine water flow to the
surface, and (d) to determine the appropriate species of wood
for mine reafforestation. Spatial database also includes topo-
graphic and geological maps as well as a map concerning
mine demolition data and information about the well. Facts of
ArcMine implementation and application to analyse aban-
doned mining regions in Korea tell about the benefits of ap-
plying ArcMine information concerning the land mine threats.

Paper [17] considers modern techniques based on geoin-
formation technologies and their application to simulate and
evaluate risks connected with mining activities, i.e. soil con-
tamination, soil erosion, water pollution, and deforestation.

Other examples of GIS application in different spheres of
human activity while solving the location-allocation prob-
lems are given in papers [18]-[20].
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While solving continuous multistage location-allocation
problems, up-to-date GIS-technologies may be used as follows:

1) to evaluate mineral reserves at the territory;

2) to consider terrain and other features of the area where
new industrial objects may be located;

3) to define the shortest way and calculate its length be-
tween the objects etc.

In terms of the paper, we are going to use cross-platform
open-code geoinformation system QGIS, which helps apply
instrument of analysis, sampling, geoprocessing, geometry
control, and database control. QGIS includes a functional to
search for the shortest way required to solve practical tasks
of optimal location-allocation. Information concerning min-
eral deposits at the territory of Ukraine, their reserves and
extraction as well as the available Ukrainian mining enter-
prises can be found on the information resource “Mineral
resources of Ukraine” [20] created to meet the users with
current state of mineral and raw material base of Ukraine.

2. Algorithm of the problem solution

The required and sufficient conditions of optimality for
continuous problem of optimal set partitioning with addition-
al connections of (1)-(5) type are obtained in [1] in the as-
sumption that function p(x) >0 for almost all xe @, and
balance conditions are met:

Y bl = | p(x)ox. (6)
=1 Q

Optimal partitioning of set © is represented in the form of
characteristic functions of subsets making it up: for
i=1,...,Nand almost all x € Q:

1 if ci' (x,rli)ﬂ//i* £c|i (x,rlk)ﬂ//:,
4 (x)=1i%k, ae. for xe 2,ik=1..,N, then x e 2, (7)
0in the other cases.

where 7's, i, i =1, ..., N is solution of following problem:
G(w)— max , G(y)= min Gl(r',://); (8)
l//ERN e
Gl(rl ,l//) = m(cli (ﬁx,rl! )+l//k)p(X)dX+
ok=LN (9)

Components v;},i =1,N, j=LM are the constituents of
the optimal solution of transport problem of such a type:

N M . -
z El(ciljl () )+ai)vij > min; (10)
M 1* 1* * . et

Yvij=h b =] p(X)4 (x)dx, i=LN; (11)
j=1 Q

N N

ZViJ':bJ!I,J':l,M ; (12)
i=1

Vij ZO,i:l,...,N; jZl,...,M. (13)
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Note that function G; (', w), being in its essence the re-
fined dual functional of problem (1)-(5) does not depend on
variable v (contrary to the dual problem shown in paper [6]).
That has become possible owing to the fact that in terms of
any admissible fixed first-stage centres ', ..., «'n (including

optimal ones), optimality criterion of pair {2.*(~),v*} is rep-

resented by the availability of such real constants as ",
i=1,...,Nand %" j=1, ..., M, in terms of which following
ratios are correct (apart from conditions (7)):
{1 *ook L
Cij (Z’i ,Tj )+ai =i +77j, if Vij >0, (14)
Ciljl (Til ,TJI'I )+ai > Wi +7]j, if Vij =0,

foralli=1,..,Nandj=1, ..., M.

Owing to the mentioned differences, the represented al-
gorithm to solve problem (1)-(5) differs from the iteration
algorithm proposed in [5]. It stipulates that at first, there is
problem solution (8) to find optimal coordinates of the first-
stage centres and corresponding partitioning of set Q; then it
means taking the obtained data into consideration to calculate
the production facilities of the first-stage centres and solve
problem (10)-(13). However, like in the aforementioned
iteration algorithm, r(«)-algorithm is the key component here
with the constant coefficient of space expansion o and adap-
tive method to regulate step factor [5].

Limitations 7' € QN may be taken into account with the
help of projection operator P, if set Q is convex, closed,

and has rather simple structure, which does not require solv-
ing auxiliary problem of conditional optimization to define
the point projection on the set. If structure of set Q is rather
complex, then its shape should be described with the help of
limitations-inequalities; to take them into consideration, it
may be possible to use nonsmooth penalty functions.

3. Initialization

Put area Q within rectangular parallelepiped 77, which
sides are parallel to the Cartesian axes; assume that p (x) =0,
if x € 17/Q. Cover parallelepiped with the rectangular grid and
specify the initial approximation of vector of variables
Gi1(zr, w) (further, it will be defined as (u= (7, w):
u©@ = (7@, ), In the following, we will omit upper index |
of the unknown coordinates of the first-stage centres to sim-
plify the formula. Specify parameters o, 01, g2, N, ¢ of the
modification of r(a)-algorithm.

Assume that k = 0.

3.1.Step 1

Calculate the values of vector-function A% (x) = (1,® (x),
229 (%), ..., An® (X)) at the nodes of grid x € I7 using formulas:

it of (e o) <l (1)«
Aka): +W$X m=i, m=1..,N, _ (15)

0 in the other cases, i,=1,...,N.

Calculate the values of function Gi(z, w) and vector-
pseudogradient of that function:

9(u)=9(rp)=(97 (r0).~0" (=) =
(97 (2:0).0% (7). 0™ ().~
—g" (r.0),-0"2 (£, )., g (T,,/,)),

at the grid nodes, if =70, y = y®, 4(x) = 1®,

Select the initial exploratory step ho >0, assume that
Bo = Ian is square matrix of 3N x 3N dimension and define
u(l) = U(O) _ hog (U(O)).

If 7D ¢ I[N, then 7 = PNED), where PN(+) is projection
operator on Cartesian product 77V

3.2. Step

Assume that as the calculation result after k, k=1, 2, ...
algorithm steps, values 7 y® are obtained, in terms of the
grid nodes, matrix By.

Describe the (k + 1)1 step.

1. Calculate values A% (x) at the grid nodes according to
formula (15) if r = 0, y = y®.

2. Calculate values of the component
pseudogradient g(u®).

3. Perform recurrent iteration of r(«)-algorithm, which
computational formula is as follows:

BI{+1g (u(k))

oLaalu |

In this context, Bx+1 is mapping operator of the trans-
formed space into the basic one with coefficient of expansion
a, which is recalculated according to formula:

By = Bx (' J{%—ljek (Hk)Tj’

where:
I —unit matrix of the corresponding dimension, 0 is

normalized vector of the difference of two sequential
pseudogradients within the transformed space, i.e.:

Lo o)
Lo o)

o) o)

6= 0 in other cases, in this context &y is accuracy of the
machine zero representation in a computing device. Length
of step factor hy is regulated adaptively involving parameters
qa, 02, Nk.

If z'(k+1)

of vector-

o =y® _heBy

G =

under condition that > gy and

¢ ITV | then Ak P (T(k+1)) .
4. If condition:

)

<g¢e>0, (16)

is not met, then move on to (k + 2)" step of the algorithm; in
other case, move on to point 5.
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5. Assume that 7" =7®, y" =y, 1"(x) = 1), where s is
number of the iteration at which condition (16) is met.

6. Calculate values b' = [ p(x)4 (x)dx, i=LN with
2

the help of any cubature formula.
7. Determine values v,’j i=1N, j =1,M while solving the

problem of linear programming of transport type (10)-(13).

8. Calculate the value of target functional, if ", 2%, V"
End of the algorithm.

Algorithm is described.

3.3. Note 1

In terms of the represented algorithm, constraint satis-
faction ' € OV is implemented with the help of projection
operator. Thus, algorithm 2 may be applied to solve
OSPAC continuous problem only if set 2 is convex, closed,
and has rather simple structure. Practical tasks may assume
location of the first-stage centres within the specified area
being often nonconvex and sometimes unconnected and
having restricted areas (e.g. if there are some water bodies,
industrial zones, rivers etc. at the territory). Then, there
arises the necessity to solve the problem how not to allow
locating the centre within the restricted area. Following
approach is proposed to take into consideration the situa-
tion of not going beyond the limits of the admissible (parti-
tioned) area of the located centres: to check the centre
coordinates at each iteration step in terms of their belonging
to the admissible area; if some centre appears to be within
the restricted area, to find its “pseudoprojection” on the set
under partitioning. In this context, any point w € Q being at
the shortest distance from point z will be considered as the
presudoprojection of point z € E; on closed set Q  Eo.

3.4. Note 2

Computational efficiency of the algorithm depends upon
the coefficient of space expansion « and parameters of adap-
tive step adjustment qi, gz, nk from r(a)-algorithm. In terms
of nonsmooth functions, it is expedient to select those pa-
rameters as follows: a =2+3, ho=1, q1=1, q2=1.1+1.2,
ng = 2 + 3 [5]. Parameter q; is coefficient of step reduction, if
condition of relaxation of the iteration process along the
current descent direction is met per one step; g is coefficient
of step increase; in this context, natural number ny (ng > 1)
specifies the number of one-dimensional descent steps after
which the step will be increased by g times.

3.5. Note 3

The algorithm is easy to be modified in case of fixed
coordinates of the first-stage centres. In this case, to find
components of characteristic functions of subsets making up
optimal partitioning of set Q, problem of unconditional
maximization of nonsmooth function is solved instead of
problem (8)-(9):

G, (v) > max, a7
WeRN
G, (y/):ék:ir’ll (c&(x,rd)+yxk)p(x)dx+
(18)

M W1
+2b; _mﬂ(y/i - Gjj (ri 7]
j=1 "i=LN

)-a)
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4. Examples of implementation
of the problem-solving algorithms

We are going to demonstrate the operating results of the
developed software to solve model two-stage OSPAC prob-
lems. Consider the bituminous coal deposits of Dniprope-
trovsk Region as the area within which the resources are
pooled; data concerning the deposit are represented by inter-
active map [21] (Fig. 1). Locations of the second-stage en-
terprises will be defined arbitrarily within the region territory
without their connection to any specific objects.

A M A .
A
A AN Z
Mk
AL

Explanatory notes
Solid fossil fuels Liquid fossil fuels
= Lignite A Gas condensate
A oil
A Oil and gas condensate
Gaseous fossil fuels
A Natural gas
0O Natural gas (methane) of coal deposits

B Bituminous coal
= Peat

Figure 1. Map of mineral deposits within the territory of
Dnipropetrovsk region

Preparatory stage of the electronic map processing in-
volves elimination of some places, which do not belong to the
regional territory, from the map with the help of graphic edi-
tor. Introduce the conditional (relative) rectangular coordinate
systems, having taken some arbitrary point as the beginning,
so that the area under consideration would be completely in-
side rectangle 17 = {(x1, X2): 0 <x1 <12; 0<xp < 12}. The terri-
tory corresponding to the deposit on the map is the set under
partitioning . In terms of numerical implementation of the
algorithms, discretization of the specified area is performed.
To calculate multiple integrals, the developed software applies
cubature trapezoid formula; problem (10)-(13) is solved by
means of the potential method. All the calculations were car-
ried out in terms of following values of errors and parameters
of r(a)-algorithm: &1, =0.0001; o = 3, £ =0.9, ¢ = 0.0001. All
the problems represented below mean that total needs in the
resources for the second-stage enterprises are 1 conditional
unit. Consequently, according to condition (6), total amount of
the resource pooled in terms of Q by all the first-stage enter-
prises is also equal to 1 conditional unit. To calculate functions
ci' (%, z) and cij" (i, 7j), Minkowskian metric c(x, y) = ((x1 —
yi)P + (X2 — Y2)P)YP is applied in terms of specific parameter
setting p. Function p(x) = 1 is for all the points of area Q.

4.1. Problem 1. Continuous OSPAC
problem with fixed centres

Initial data: N=4, M=7; 7' =(6.094; 3.52), 7' = (9.35;
3.828), 1=(9.702; 5.082), '=(7.832; 4.356);
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n''=(10.098; 4.202), 1"'=(8.91; 6.446), 13" =(7.788;
2.574), 14" = (4.466; 2.398), 1" = (2.2; 4.422), 16" = (2.464;
6.644), 77" = (6.292; 5.39), b" = (0.174; 0.06; 0.127; 0.154;
0.158; 0.192; 0.131). Figure 2 shows optimal partitioning of
set Q and indicates connections of the first- and second-stage
enterprises in two variants:

1) parameters of Minkowskian metric p = 1 and for func-
tions ¢i' (X, =);

2) for functions cij"" (zi, 7)), a=0,i=14;

3)p=10 for functions ¢ (x,z), p=1 for functions
ci" (zi, j), a = (0.5; 0.62; 0.36; 0.45).

In this context, amount of the resources pooled by the
corresponding first-stage enterprises is as follows (with the
accuracy of 0.001):

a) b' = (0.307; 0.219; 0.178; 0.295);

b) b' = (0.29; 0.194; 0.201; 0.313).

Figure 2. Optimal set partitioning and resource transportation
scheme between the first- and second-stage enterprises

According to the figure, the available connections
between the first- and second-stage enterprises are identical;
there is slight difference only in the amount of the transport-
ed resources shown in Table 1.

Table 1. Amount of the resource transported between the enter-
prises of two stages in problem 1

Number of the  Number of the ~ Amount of the transported
first-stage second-stage resource vij in the problem
centre i centre j a b

2 1 0.1748 0.1748

3 2 0.0606 0.0606

2 3 0.044 0.0199

4 3 0.083 0.1075

1 4 0.155 0.1548

1 5 0.152 0.1352

4 5 0.0062 0.0233

3 6 0.1177 0.1407

4 6 0.0746 0.0517

4 7 0.1314 0.1314

4.2. Problem 2. Continuous OSPAC
problem with the location of the first-stage centres

The problem was solved in terms of different initial data.
Problem 2.1. Initial conditions: N=4, M=7; ' = (8.8; 6.4),
7" =(10.1; 4.36), "=(5.5; 1.8), w'"'=(45; 2.8), @' =(2.6;

5 —
3.6), %" = (2.3; 5.6), r/'' = (4.95;5.37); b" = (0.14; 0.173; 0.134;

0.16; 0.133; 0.076; 0.181); ai=0,i= 1,4 ,p""=2.

Figure 3a demonstrates the initial location of the first-stage
centres. It also shows its corresponding set partitioning and
scheme of additional connections as the solution for OSPAC
problem with the fixed centres. It should be noted that the value
of target functional (1) of the problem with such data is equal to
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4.4322 conv. un. While solving OSPAC problem with the cen-
tres location, following components of optimal solution were
obtained: 7' =(7.93; 3.92), o' = (7.01; 3.45), z3' = (9.13; 4.78),
T4| = (9.07; 4.0), Vi1 = 0.14, Vip = 0.08, Vo2 = 0.09, Vo3 = 0.134,
Vo4 = 0.127, V3g = 0.033, V35 = 0.136, V3 = 0.072, V4 = 0.004,
vs7 = 0.182. Optimal partitioning and additional connections are
shown in Figure 3b. Optimal functional value is 3.5011 conv.
un. being much lower comparing to the abovementioned value.

(b)

(@)

Figure 3. Optimal set partitioning and resource transportation
scheme between the first- and second-stage enterprises
in problem 2.1

Problem 2.2. Initial conditions: N =6, M =3; ;' = (4.246;
2.53), o' = (1.54; 6.424), 5" = (8.7; 6.16), b" = (0.337; 0.161; 0.502);
a'=(0.12,0.15,0.18,0.10,0.13,0.17),a"=0,i= 1,3, p"" = 1.

Figure 4a shows the initial location of the first-stage cen-
tres as well as the corresponding set partitioning and scheme
of additional connections obtained as the solution of OSPAC
problem with the fixed centres. Value of target functional (1)
of the problem in terms of such data is equal to 7.13 conv.
un. While solving OSPAC problem with the centres location,
following components of optimal solutions were obtained:
' =(6.7; 3.6), ' =(7.39; 3.3), w3'=(7.7; 3.9), ='=(8.35;
4.13), w'=(9.2; 3.96), w'=(9.57; 4.75), vi1=0.214,
Vo1 = 0.122, Vi2 = 0.021, V32 = 0.13, Va2 = 0.01, V43 = 0.171,
vsz = 0.143, vez = 0.188. In this context, with the accuracy of
0.001, amount of the resource pooled by the corresponding
first-stage enterprises is b'=(0.236; 0.122; 0.129; 0.181;
0.142; 0.188). Optimal partitioning and additional connections
are shown in Figure 4b. Functional value is 7.06 conv. un.

(@) (b)

Figure 4. Optimal set partitioning and resource transportation
scheme between the first- and second-stage enterprises
in problem 2.2

Table 2 represents only optimal partitioning in terms of
fixed first-stage centres (in their initial approximation) for
short demonstration of the results of other problems solution;
it also shows optimal location of the first-stage centres with
the representation of their specified zones and additional
connections with the second-stage enterprises. Note that in
terms of all the experiments dealing with optimal centres
location, 10-30% reduction of target functional is observed
comparing to its value in the initial approximation.
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Table 2. Solution results of the OSPAC continuous problems with
the first-stage centres location

Optimal partitioning of set © and transportation scheme
Initial location
of the first-stage centres

No Optimal location

of the first-stage centres

To compare, the first line of the table contains the results
of partitioning involving Manhattan metric; the second line
uses Minkowskian metric, p = 10; and the third line involves
Euclidean metric.

Figure 5 illustrates the area partitioning into six zones
taking into consideration the fact that two of the second-stage
enterprises are within the territory under partitioning.
Figure 5a corresponds to the fixed coordinates of the first-
stage centres. Figure 5b shows the case of their optimal loca-
tion. It is clear that both variants demonstrate the partitioning
when the second-stage centres turn to be at the boundary
between some zones, and first-stage centres are the vertexes
of a polygon with the gravitational centres at points z;'".

(@) (b)

T

Figure 5. Optimal set partitioning and resource transportation
scheme. Second-stage enterprises are within the territo-
ry under partitioning

It should be noted that while solving concrete practical
two-stage OSPAC problems with the fixed centres to find the
shortest way between any two first- and second-stage centres
taking into account traffic diagram, we can use Google Maps
Distance Matrix API library. To reduce the amount of library
calls and, consequently, the amount of the involved compu-
ting resources such as the amount of random access memory
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and the time required to run either one query or all the que-
ries in general, it is possible to solve OSPAC problems with
centres location in two stages. Stage one deals with the prob-
lem solution with distance functions equal to one of the
known metrics — Manhattan, Euclidian, Minkowskian, Che-
byshev. The metric is selected by preliminary comparison of
the results of the specific area partitioning basing upon the
distance between the points calculated both theoretically and
with the help of GIS. Stage two added GIS to search actual
distance between the determined centres and regional points;
this stage deals with the definition of optimal partitioning of
the specified region and costs for the resource transportation
between the first- and second-stage enterprises.

5. Conclusion

The paper has considered the issues of optimal arrangement
of two-stage processes of material flow allocation in transporta-
tion and logistic chain, which structural elements are represent-
ed by the mines extracting coal within the certain territory and
enterprises consuming or processing that resource.

Solution of two-stage problems of raw material flow alloca-
tion helps demonstrate that it is possible to reduce the total costs
due to the management of material and their accompanying
service flows throughout the whole logistic chain beginning
from the moment of flow origin up to its arrival to the end user.

The developed software implementing the algorithms of
OSPAC problems solution involving up-to-date geoinfor-
mation resources may be applied for quantitative substantia-
tion and decision-making as for the location of new enter-
prises connected with mineral extraction taking into account
its further transportation to the end users.

The proposed mathematical and algorithmic apparatus to
solve OSPAC continuous problems relative to the fuel and
energy complex enterprises makes it possible to partition the
deposit area into the zones, which are allocated to the first-
stage enterprises exclusively. However, according to the
interactive map of fossil fuel minerals [21], territories of
some operating mines developing one and the same deposit,
may be overlapped (due to coal mining in terms of different
mines). It is possible to consider such a situation while de-
scribing two-stage optimization problems of location-
allocation with the help of the models of continuous prob-
lems of optimal multiplex set partitioning [22] being the
subject for further studies. Moreover, application of other
methods to solve problems of nonsmooth functions minimiza-
tion (e.g. quasi-Newtonian) is of certain interest as well
[23], [24]. Taking into consideration the fact that in real prob-
lems of optimal material flow allocation it is quite difficult to
describe analytically the distance between two arbitrary re-
gional points, it would be useful to study the possibility of
applying DFO methods (derivative-free optimization) [25] or
uncertain algorithms (represented in [26]) to solve the prob-
lems obtained as a result of the OSPAC problems reduction.
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Bupimenns 3aga4 onTuMizauii AB0eTaNHOr0 po3noijly MaTepiajJbHUX NOTOKIB

A. Bynar, C. [I3106a, C. Minees, JI. Kopsmkina, C. Ye

Merta. Po3poOka HOBOTO, €)EKTHBHOTO 3 OOUHCIIOBAILHOT TOYKU 30Dy, allTOPUTMY BHUPIIIEHHS ABOETAITHOI 3a7adi PO3MOIIIY pecypcy,
mo Oe3nepepBHO 3aiiMac 3aJaHy 00nacTh, a TAKOXK JEMOHCTPALlisl pOOOTH BiJIIOBIJHOTO MIPOrPaMHOro 3a0e3MeueHHs], CTBOPEHOTO i3 3acTo-
CYBaHHSIM Cy4YacHHX reoinpopManiiiHux pecypcis.

MeTtoauka. Y po0OTi BHKOPHCTaHO MaTeMaTH4YHi Mojeli Oe3lepepBHUX 3aqad ONTHMAIbHOIO PO3OHUTTS MHOXKHH 3 JIOJATKOBHMH
3B’SI3KaMHU ISl OIHCY JIBOSTAIlHUX 337ad PO3MIIICHHI-PO3MOIITY MaTepialbHUX pecypciB. MeTomuuHuil MiaXia BHUPILIEHHS TakuX 3a1ad
3aCHOBaHHH Ha i€l 3BeJIeHHs iX JI0 3a/a4 HECKIHYCHHOMIPHOTO MaTeMaTHYHOTO MPOrpaMyBaHHs, ISl SKHX, B CBOIO Yepry, 3a JOMIOMOIO0
3aCTOCYBaHHS arapary Teopil HOABIHHOCTI ONTHMAaJIbHE PIlICHHS BAAETHCS OTPUMATH B aHATITHYHOMY BHUIJISI.

PesyabTaTi. Po3po6iieHO MaTeMaTHYHHHN i alNrOpUTMIYHHMIT arapaTu BUpilIeHHs Oe3lepepBHHX 3a1ad y 3aCTOCYBaHHI JI0 MiJANPHEMCTB
MAJIMBHO-CHEPIeTHYHOTO KOMIUIEKCY, IO JI03BOJISIE OTPUMYBATH PO3OHTTS pailoHy POJOBHINA Ha 30HHM, 32 SKUMH IiIIPUEMCTBA TIEPILIOTO
eTamy 3aKpiIUTIOIThCsI MOHOMONBHO. PoboTa anroputMy mokasaHa Ha MPHKJIAZi BUPIIICHHS MOJENBHOI 3a1adi. Bu3HaueHo, 10 BUTpalieM
OIMUCAHOTO MiAXO0AY € 3BSJCHHS 3a1a4i HECKIHUCHHOMIPHOTO MpOrpaMyBaHHs 10 33/a4i KiHI[EBO-MIpHOT HETJIa KO0 ONTHMi3allii, OCKITbKH
OTpHMaHi po3paxyHKOBi (OPMYJIH MICTITh MapaMeTPH, AJIS BU3HAYCHHS SKUX MOTPiOHO BUPIIINTH TOMOMDKHY 3a1a4dy onTuMizauii Hemude-
peHiiiioBaHol QyHKIIIT.

HaykoBa HoBu3HA. [IpencraBieHuii alropuT™, Ha BiIMiHY BiJl paHilie po3po0ieHoro, He nepeadadae BUPINICHHS 3aJadi JiHIHHOTO
MporpaMyBaHHSI TPAHCIIOPTHOT'O TUITy Ha KOXKHOMY KpOlli iTepaliiiHoro mpouecy. Taka 3agada BUPINIyeThCS JHIIE OJMH pa3 Ul BiALIy-
KaHHS 00CATIB MepeBe3eHb MPOAYKIIi MIX IiAMPHUEMCTBAMH MEPIIOTO 1 JPYTOTO €TalliB Micis TOTO, K 3HA/IEH] iHIII KOMITOHEHTH OIITH-
MaJIbHOTO PillICHHS.

IpakTnyna 3HaunMicThb. [IporpamMua peanizaiis anropuTMy Ha OCHOBI CyYacHHX IeOiH(POPMAIIITHUX TEXHOJOTIH 1 pecypciB Ha MPHK-
JaJii CHPOBHHHHX MOTOKIB 103BOJISIE 3MEHILIUTH CYKYIHICTh BUTPAT, [IOB’SI3aHUX 3 YIPABIIiHHAM MaTepialibHUMU 1 CyMyTHIMH iM CepBICHUMHU
HOTOKaMH 110 BCbOMY JIOTiCTHYHOMY JIAHLIIOTY, BiJl MOMEHTY 3apOJDKEHHS ITOTOKY O HaJIXOJDKCHHS HOro KiHLEBOMY CIIO)KHBAUEBI.

Kntouosi cnosa: bacamoemanui 3a0aui, po36umms MHOMCUHU, 2e0THDOPMAYITIHI MEXHON02iT, POIMIUeHHA-PO3NOOIN, He2Na0Ka ONMUMI3AYisL
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Pemenuu 3apa4 onTUMHU3AMUA ABYXI3TAIMMHOI'0 pacnpeaeieHu MaTEPUAIBbHBIX MOTOKOB

A. Bynar, C. [I3106a, C. Munees, JI. Kopsmxuna, C. Yc

Leas. PazpaboTka HOBOTO, 3()()eKTUBHOTO C BBIYMCIHUTEIBHON TOUYKH 3pPEHHS, alrOpUTMa PEIleHUs JBYXAITAITHON 3aJadyl paclpererne-
HUSI pecypca, HEIPEephIBHO 3aHUMAEMOT0 3a/IaHHYI0 00J1acTh, a TakKe AEMOHCTpanys paboThl COOTBETCTBYIOIIETO IPOrpaMMHOro obecre-
YeHWUsI, CO3/JaHHOTO C IPUMEHEHNEM COBPEMEHHBIX TeOMH(OPMALIIOHHBIX PECYPCOB.

Metoaunka. B paGoTe Hcrons30BaHb MaTeMaTHYECKHE MOIEIH HEIPEPHIBHBIX 3a/1ad ONTHMAIBHOTO Pa30MEeHHsT MHOJKECTB C JOIIOITHHUTENb-
HBIMH CBSA3SMHU JUISl ONHCAHUs ABYXITAallHBIX 33/1ad Pa3MEIleHHUA-Paclpeie/ieHHs] MaTepHalIbHBIX PECYPCOB. METOANUECKHH MOIXO0 PEICHUs
TaKuX 3a/ad OCHOBAH HA UJee CBEACHUS HX K 3aJauaM OECKOHEUHOMEPHOTO MaTeMaTHYECKOTrO MPOrpaMMHUpOBAHMS, U KOTOPBIX, B CBOIO
o4epeib, ¢ MOMOIIBIO IPUMEHEHHSI alapara TEOPUH JIBOHCTBEHHOCTH ONTHMAaIbHOE PEIIeHNE YAAeTCs MOTyIUTh B aHAIMTUUECKOM BHIE.

Pe3yabTartsl. PaspaboTan MaTeMaTHUECKUH U adTOPUTMUYECKUH anmapaT pelieHns] HeMPephIBHBIX 33/1a4 B IPUMEHEHUH K MPEIIPHATH-
M TOIUIMBHO-YHEPreTHUIECKOT0 KOMILIEKCA, KOTOPBIH MO3BOJAET MONydyaTh pa3OHeHHe paioHa MECTOPOXKICHUS Ha 30HBI, 33 KOTOPBIMHU
TIPEANPUSTHS TIEPBOTO 3Tala 3aKpeIuITIOTCs MOHOIIOIBHO. PaboTa anroputMma rmokaszana Ha IpUMepe pemeHust MoJienbHoH 3amadn. Onpene-
JICHO, YTO BBIMTPHIIIEM OIHMCAHHOTO ITOJXO0/a SIBISIETCS CBEICHHE 33/1aul OECKOHEYHOMEPHOTO MPOrpaMMHPOBAHMS K 3ajade KOHETHOMEp-
HOU HeTJIaJKOH ONTHMH3AINH, IIOCKOJBKY IOJydeHHbIe pacueTHBIE (GOPMYJIBI COIEpKaT MapaMeTphl, U ONpPEAeNeHUs] KOTOPEIX HY>KHO
PELINTH BCIIOMOTaTeNbHYIO 3a/jady ONTHMHU3aNNH HeanphepeHnnpyemMoil GyHKINH.

Hayunasi HoBu3HA. [IpefcTaBiIeHHbINH alropuT™, B OTJIMYHE OT paHee pa3pabOTaHHOTO, HE MPeayCMaTpUBaeT PEIICHUs 3a1auH JIUHE-
HOTO MPOrpaMMHPOBAHHS TPAHCIIOPTHOTO THUIA HA KaXJOM IIare UTEpPalioHHOTO mpouecca. Takas 3amada pemacTcs JMIIb OAUH pa3 i
OTBICKaHHS 00BEMOB MEPEBO30K MPOIYKIMN MEXIY HPEANPHATHAMHE EPBOTO U BTOPOTO 3TAMOB MOCIE TOTO, KaK HAalJACHBI OCTaIbHBIC KOM-
TIOHEHTHI ONTHMAJIBHOTO PELICHHSI.

IIpakTnyeckass 3HaYNMOCTb. [IporpamMMmHast peanmzarys alropuTMa Ha OCHOBE COBPEMEHHBIX TI€OMH(OPMAIMOHHBIX TEXHOJOTHH H
pecypcoB Ha IIpUMepe PEeLICHHs 3a/1aud PacIpe/ieIeHNUsI CHIPEBBIX IOTOKOB I03BOJIIET YMEHBIIUTh COBOKYITHOCTD U3JIEPIKEK, CBSI3aHHBIX C
YIPaBICHUEM MaTepUAIbHBIMU U COIYTCTBYIOIIMMU UM CEPBHCHBIMH IOTOKaMHM IO BCEH JIOTMCTHYECKOH Lenu, OT MOMEHTa 3apOKACHUS
MOTOKA JI0 MOCTYIICHHs] €r0 KOHEYHOMY ITOTPEOUTEIO.

Kniwouegwie cnosa: mmozoomannvie 3adauu, pasduenue MHONCECMEd, 2e0UHPOPMAYUOHHbIE MEXHOIO0UU, pasMelyenue-pacnpedeietue,
He2Na0Kas ONMUMU3AYUS
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