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CREATION OF EXPORT-ORIENTED NETWORK OF GRAIN
ELEVATORS IN UKRAINE

Purpose. The scientific paper highlights improving the efficiency of export rail transportation of grain cargoes
in Ukraine by introducing shipper routing and concentration of loading at the terminal grain elevators.
Methodology. According to the experience of the USA and Canada, one of the most effective ways to reduce costs
in the grain to-port supply chain is a shipper routing of the rail traffic. Shipper routing for transportation of grain
cargoes involves the concentration of their loading on the multiple junctions. The junctions are proposed
to be selected with the use of cluster analysis methods. For the formation of the grain loading concentration areas the
authors used methods of set theory and multi-criteria optimization. Findings. Based on agglomerative cluster analy-
sis algorithm, the junctions on a network of Ukrainian railways are selected and the areas of possible concentration
of grain loading are formed. DSU-algorithm allowed distinguishing the overlapping and non-overlapping areas of
concentration. The problem of selecting non-overlapping areas of the grain loading concentration is formalized as
the problem of multiobjective integer programming with boolean variables. The solution of this problem by a modi-
fied simplex algorithm allows selecting on the railway network of Ukraine 24 districts of possible grain loading
concentration, which cover 70 stations and at minimal additional cost provide routing of about 7.5 million tons of
grain per year. Originality. The originality of the work lies in the fact that the authors developed the mathematical
procedure for selection of junctions and concentration areas of grain loading at the Ukrainian railway network, tak-
ing into account the economic efficiency of the process. Practical value. Application of the developed method of
grain loading concentration for the formation of unit trains will significantly reduce the logistics costs in the supply
chain of grain to Ukrainian ports for export and, consequently, increase its competitiveness in foreign markets.
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Introduction

Grain is one of the main export goods of
Ukraine. Over the period from 2006 to 2016, the
share of its value in the total value of goods ex-
ported from Ukraine increased from 3.5 to 16.5%.
In 2015/2016 marketing year among grain
exporters, Ukraine, with an indicator of 38.7 mil-
lion tons, took the third place, behind the United
States (78.5 million tons) and the European Union
(52.2 million tons). Significant volumes of grain
were exported by Argentina (36.2 million tons),
the Russian Federation (34.6 million tons), Canada
(27.7 million tons) and other countries [14]. One of
the ways to increase the competitiveness of domes-
tic grain in the world market is to build an effective
logistics system. For Ukraine, this task is espe-

transportation;

shipper routing; loading concentration

cially important, as the share of logistics costs in
the cost of domestic grain is about 35%; for com-
parison, the share of logistics costs in the grain cost
in the European Union is 12 — 16%, the United
States — 9 % [10].

In 2016 in Ukraine, about 97% of grain exports
were made through seaports, while 63% of grain
cargo was delivered to sea ports by rail. Therefore,
increasing the efficiency of grain cargo transport-
ing by rail and water transportation is one of the
key tasks that must be addressed to reduce logistics
costs. The need to develop logistic schemes for the
grain delivery to ports with the participation of rail
transport is also conditioned by the need to in-
crease Ukraine's energy independence. The railway
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transport of Ukraine performs about 90% of the
turnover of electric power with the use of domestic
energy carriers. On the contrary, 72% of oil
products consumed in Ukraine are used for the
needs of motor transport; while 80% of oil prod-
ucts are imported by Ukraine [4].

Significant progress in reducing the cost of
grain transportation was achieved in the US and
Canada in the late 20th, early 21* century.

Changes in grain logistics in the United States
began in 1972—-1973 in response to a sharp increase
in demand for grain in the world market [25].
These changes led to a change in the number, ca-
pacity and location of elevators throughout the
country, improvement of the technology of grain
transportation by railways and their tariff systems.
Similar changes have occurred since the 1980s in
Canada.

Prior to the reform process, the logistics system
for grain delivery by the North American railways
was similar to that operating on the Ukrainian
railways. Empty carriages for the transportation of
grain were sent to technical stations, where from
the groups of 1 to 25 wagons were approached to
the loading stations. After loading, the wagons
were sent to technical stations for making up of
trains according to the composition plan. In 1965,
the USA began to use technology to transport grain
for export to seaports by route shipments [23]. The
efficiency of grain transportation by routes is con-
nected with a reduction of station costs, the more
rational use of the capacity of wagons and the
throughput and carrying capacity of railways. At
the same time, this technology requires the devel-
opment of access roads and loading capacity of
elevators [20].

Further technical and technological innova-
tions, state policy aimed at market development led
to a change in the volume, quality and cost of rail-
road services associated with the transportation of
grain. The end of the 1970s — the beginning of the
1980s was the period of economic deregulation of
the railway transport. The US Congress adopted a
number of documents, the most important of which
were: “Railroad Revitalization and Regulatory Re-
form Act” of 1976 [24] and “Staggers Rail Act” of
1980 [28]. These laws significantly simplified for
the railways the procedure for closing inactive ar-
eas and also gave considerable freedom in the for-

mation of tariff policy. As a result, inactive areas,
which constituted about 20% of the network, were
closed, in addition a significant number of low-
activity sections were converted into railways, in-
dependent of the 1st class railways [29]. Tariff pol-
icy of railways has also undergone significant
changes. The railways switched from tariffing of
freight in proportion to the ton of cargo to single-
car rate, multiple-car rates, unit train and multiple
origin unit train rates, stimulating shippers, on the
one hand, to the maximum loading of wagons, and,
on the other hand, to the concentration of grain
traffic. In the 1990s, the Burlington Northern rail-
way (BNSF after 1996) introduced the technology
of grain transportation by shuttle train [22]. This
technology implies the use of a special tariff,
which is lower than that for the transportation of
grain by group shipments by 46—52%. At the same
time, the shipper must be able to ensure loading of
the train of 75-120 cars during the limited time
(about 15 hours) [27]. Trains move between the
points of loading and unloading according to a
rigid schedule in accordance with the contract for
6—9 months, without remarshaling and uncoupling
of train locomotives at the loading station [26]. In
response to changes in grain transportation condi-
tions in the United States, there were significant
changes in grain production and storage systems.
Between 1980 and 1998, the number of agricul-
tural enterprises decreased by 15%, while their size
increased by 11%. The total number of elevators
decreased due to a significant reduction in the
number of country elevators, while the number of
terminal elevators increased, and the number of
terminal elevators increased, ensuring the shipment
of grain to the railway transport in lots sufficient
for the formation of routes [21]. Technical specifica-
tions for elevators that provide shipment of grain
lots for the formation of routes are presented in [25].
The average distance of to-elevator grain delivery
by farmers increased from 19 to 51.5 km [22].

In general, despite the fact that the cost of grain
production in the USA, as a rule, is higher than in
the main competing countries, the effective logis-
tics system ensures its competitiveness in world
markets.

The logistic system of grain transportation in
Canada underwent similar changes. In response to
discounts provided by railways when increasing
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the amount of shipment, there occurred a consoli-
dation of elevators. Between 1994 and 2003, the
number of grain elevators decreased by 62%, while
their total loading capacity decreased by only 8%.

The domestic logistics system for the export of
grain cargo is characterized by the dispersion of
the grain loading over a large number of railway
stations. So, at present in Ukraine grain loading is
carried out at 630 stations, however, as the analysis
of statistical data showed, for about 420 stations
(67%) the volumes of average daily grain loading
do not exceed 1 wagon. In addition, the loading at
some stations is extremely uneven: for example,
only 24 stations (4%) conducted the grain loading
on more than half of the days a year, while 50% of
the stations spent no more than 34 days a year for
grain loading [9, 15].

The negative result of this is a significant turn-
over of wagons, which in 2016 was about 9.9 days
[17], inefficient use of locomotive traction at the
initial and final stages of transportation, significant
operating costs associated with car servicing at
stations. The existence of such a logistics system is
possible because of the absence in Ukraine of dif-
ferentiated tariff rates for wagon, group and route
shipments, as well as the availability of stand-by
grain hoppers in the 2000s. However, the combina-
tion of such factors as sharp increase in grain pro-
duction, critical wear of grain carriers and stiffer
competition in the world grain markets make it
necessary to improve the logistics infrastructure
and technologies for grain transportation. In these
conditions, the experience of the USA and Canada
can be used in Ukraine, which consists in increas-
ing the loading capacity of elevators, on the one
hand, and using routes for the grain transportation
with special tariffs, on the other hand.

Purpose of the study

The purpose of the study is to develop
a methodology for the formation of a network of
grain loading concentration areas to ensure the
shipper routing of rail transportation of grain to the
seaports of Ukraine for export.

Methodology

The choice of terminal elevators (junctions) and
grain loading concentration areas is a very com-
plex multivariate and multifactor optimization task.

At the same time, it is necessary to take into ac-
count the existing infrastructure of the junctions
and the possibilities for its development, the
volumes of grain loading at the stations, the addi-
tional costs associated with storing grain, unit train
loading, delivering grain to junctions by road and
the costs of transporting grain by rail to ports.

Formulation and formalization of the problem.
The task of determining the areas of possible grain
loading concentration and the corresponding junc-
tions, where the grain will be loaded in unit trains,
can be formulated as follows.

There are a lot of S grain loading stations on the
railway range S = {s|, $», — §; 5.), where z —is the
total number of grain loading stations. The dis-
tances /; between each pair of stations s; and s; (s;,
s; € S) can be represented by the distance matrix L
[16]:

[

z1

lLyo L. O

£

Each eclement of the set S (station) is
characterized by a number of parameters and can
be represented by the structure:

s;={I,N,c,q,p,T.K}, (1

where [ —station identifier (ECP code) [16]; N —
station name [16]; ¢ — station class; g —average an-
nual volume of grain loading, wag.; p —capacity of
the elevator facility for one-time storage of grain,
ths. tons; T — vector characterizing the distance
from the station to the main seaports; K — vector
characterizing the volume of additional capital in-
vestments for the development of the station infra-
structure when loading grain unit trains.

Each element of the vector T is the number of
the tariff zone corresponding to the distance from
the given station s; (s; € S) to one of the seaports
where grain is transshipped for export [7]:

T, ={t,.t5,...1, }

Each element of the vector K corresponds to a
certain amount of additional capital investments
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that are required for the development of the station
(elevator and railway) infrastructure with the
weekly loading of 1, 2 and 3 unit trains, respec-
tively:

K, = {kky, k).

Average annual volumes of grain loading g; for
each station are determined on the basis of statisti-
cal processing of the data obtained from UFACS-
UZ-E (Unified Freight Automated Control System
of UZ). Data on the class of each station and the
capacity of its elevator facility can be obtained
from TIS of the stations using AWS TIS.

On the basis of the indicated initial data it is
necessary:

— from the set S to select a subset S (S = S) of
the junctions Sy (Su*ES*, u=1, 2, ..., m), where
grain loading of unit trains will be carried out;

— for each junction s, (type U) to determine the
loading concentration area R, (u=1, 2,...,m), i.e. a
set of stations s, € S (type V), from which the de-
livery of grain by road to the junction s, will be
organized:

*
R, :{I,,Q,,s ,sl,sz,...,sv,...,sf}, s, €8,

where /. — identifier of the concentration area;
0O, — total annual grain loading at all stations of the
area, wag.

When forming loading concentration areas, it is
necessary to observe the following conditions:

— the distance from U-station su* of the area R,
to any J-station of the area s, (s, € R,) must not
exceed the maximum specified value /,.x (when
solving this task it is assumed that /,,,,=30 km):

(Vs, R )(Vs, eR 1, <L),
v=12,...,.f, u=12,.,m

u?’

— the total annual volume of the grain shipped
at the concentration area stations R, must be not
less than the minimum specified value Qi (When
solving this task, it is assumed that Q,;;=3000
wag/ year, which ensures the shipment of at least 1
unit train with grain per week):

(VRu )(Qr 2 Qmin )’ u= 1,2,...,7}1 (2)

And, finally, the solution of the task of select-
ing junctions and areas of grain loading concentra-

tion should ensure minimum total costs associated
with the routing of grain transportation for export
to ports. In aggregate, these costs can be repre-
sented as

m

m m

road st utr
DES D BN A B+
u=l1 u=1 u=l1

m m
+3ES S B min

u=1 u=1

3)

where E'*¢ — additional costs for transportation of
grain to the junction of the area R, by road, min.
UAH; E!' — additional costs for grain storage at
the junction of the area R, for making up a unit
train, mln. UAH; E" — costs for transportation of
grain to ports by unit trains from a junction of the
area R,, min. UAH,; E;l— costs for carload trans-
portation of grain to ports from the stations of the
area R,, min. UAH; E,i“f — additional reduced costs

associated with the development of elevator and
rail infrastructure of the junction of the area R,
min. UAH.

The article describes the developed methodol-
ogy for solving this problem, which is based on the
methods of cluster analysis, set theory and multi-
criteria optimization.

Findings

Determination of junctions for loading of unit
trains based on the cluster analysis. The solution
of this problem involves the separation of the ini-
tial set of grain loading stations S into two subsets
— 8", which includes junctions of possible loading
concentration (U-stations), and S’, which includes
stations where the loading of grain routes is im-
practical. Considering the significant number of
grain loading stations (more than 600), cluster
analysis methods can be used effectively to obtain
these subsets [6, 13].

Cluster analysis is a method of grouping (clas-
sifying) multidimensional objects, based on the
representation of the results of individual observa-
tions by points of a suitable geometric space with
the subsequent allocation of clusters of these
points. The task of cluster analysis methods is to
select such homogeneous spaces in the original
multidimensional data that the objects within the
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cluster are “similar” in a certain sense to each
other, and objects from different clusters are “not
similar”.

To select the set of junctions S, an agglomerate
algorithm of direct classification was used [6]. In
agglomeration algorithms, unlike divisive algo-
rithms, each classifiable object in the beginning is
a separate cluster. At each step of the algorithm,
the two closest clusters are combined. This hap-
pens until the number of clusters reaches the cer-
tain, in most cases, the predetermined value (in our
case, two clusters). It is advisable to use divisive
algorithms when the initial population must be di-
vided into a sufficiently large number of clusters
(more than 10) [13], which does not correspond to
the conditions of the problem of grain loading sta-
tion classification.

An important factor in the effectiveness of clus-
ter analysis is the choice of parameters by which
the classification of objects (in this case, railway
stations) is performed. As noted in [6], with the
increase in the number of indicators used to clas-
sify objects, its quality is reduced. In this connec-
tion, from the set of parameters characterizing the
freight station (2), based on the methods of disper-
sion analysis and Sheffe multiple comparisons [1],
and taking into account the expert estimates, the
following informative parameters were singled out:
station class — ¢, annual volume of grain loading —
g, available capacity of elevator infrastructure — p,
additional costs for the development of elevator
and railway infrastructure to ensure the loading of
grain unit trains — &y, k, ks. It should be noted that
obtaining of specific values of the vector &y, &, k3
in monetary terms for each station is a very labori-
ous task. In this connection, the authors used pa-
rameterized dimensionless values 4, k,, k3 in the
range [0; 1]; while k=0 means that additional
funds are not required for the station infrastructure
development to form j of grain unit trains per
week, and k=1 —formation of j of grain unit trains
per week at a given station is impractical due to the
need for significant investments in infrastructure,
in the rest of the cases — 0 < k<1. The specific
values of the parameters k, k», k3 for each station
are determined expertly on the basis of the analysis
of its infrastructure.

Since the information parameters of the stations
selected for classification are measured in different

units and have different ranges of values, we car-
ried out their standardization. For this purpose, the
effectiveness of several methods for standardizing
data considered in [3, 13, 19] was researched.
Herewith, the “reference” classification was per-
formed expertly, during which a set of 35 grain
loading stations were divided into two clusters: U-
stations and F-stations. The effectiveness of each
of the standardization methods was evaluated ac-
cording to two criteria: probability of erroneous
classification — P, (as compared to a “reference”)
and value of the total intragroup dispersion — Dy,.
The studies performed on a computer with the help
of the “Statistica” package showed that the best
results (Po,= 4-7 %) were obtained with the stan-
dardization of data by maximum and by range, the
worst results were obtained with standardization by
dispersion.

During classification, an important role is also
played by the choice of the distance between the
individual objects. The distance between the two
objects a and b is the value of the distance d,,
which is the greater, the less similar are the objects
a and b. When choosing the method of classifica-
tion to obtain the training sample, we compared 6
distances in order to determine the most suitable
for the solution of the problem posed [6, 13, 19]:
the Euclidean distance, the Manhattan distance, the
Brey-Curtis distance, the Chebyshev distance, the
Canberra distance, the power distance.

To select the most effective distance with the
help of the “Statistica” package, their comparative
analysis was performed while classifying the “ref-
erence” set of stations. The effectiveness of each
distance was also assessed by the indicators P, and
D,,. The study of the distance effectiveness showed
that the best quality of the classification of grain
loading stations was obtained using the “Canberra”
distance (P,=3-5 %). The worst results were ob-
tained using the Chebyshev distance (P.~=30—
35%).

At each step of the agglomeration algorithm of
the cluster analysis, two clusters are combined, the
distance between which is minimal. This raises the
problem of determining the distances between in-
dividual clusters. The method of calculating this
distance is determined by the adopted cluster strat-
egy. When determining the most effective classifi-
cation algorithm, we studied seven cluster methods

doi 10.15802/stp2017/99952

60

© D. M. Kozachenko, R. V. Vernigora, R. S. Rustamov, 2017



ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayxa ta nporpec Tpancnopty. Bicauk /{HinponeTpoBchKkoro

HAI[IOHAJIBHOTO YHIBEPCHTETY 3aIIi3HUYHOr0 TpaHcmopty, 2017, Ne 2 (68)

EKCIUIYATALLA TA PEMOHT 3ACOBIB TPAHCIIOPTY

[3, 6, 19]: “nearest neighbor”, “furthest neighbor”,
“group mean”, “centroid”, “quadratic”, “flexible”,
Ward's method. The comparative analysis of the
application of these methods for the classification
of the “reference” set of grain loading stations, per-
formed with the help of the “Statistica” package,
showed that the closest results to the “reference”
classification were obtained using the “flexible”
unification method and Ward's method (P, = 5—
7%). The worst results were obtained using the
methods of “nearest” and “furthest” neighbor
(Per = 25-35%).

Thus, using the agglomeration cluster analysis
method based on the “flexible” unification method
and the “Canberra” distance between objects, the
initial set of grain loading stations S was divided
into two subsets — S*, which includes the junctions
of possible loading concentration (U- Station) — 43
stations in total, and S’, which includes the sta-
tions where the loading of grain unit trains is not
relevant — 587 stations in total.

Determination of areas of possible grain load-

ing concentration. Based on the found subset of
junction stations S the areas of possible grain
loading concentration R, (5) are formed, according
to the territorial proximity of V-stations to the junc-
tion U-station (6). For each junction station s, at
the first step of the formation procedure of the cor-
responding area R, (5): O,=q., f=0, (O,€R,, feR,,
quesu*). Next, the i-th row of the distance matrix L
(1) corresponding to the station s, is analyzed and
those stations s;€S (j=1, 2,—z), for which the condi-
tion /; < [y (6) is true, are included in the set R,.
At the same time for the area R, the following pa-
rameters are recalculated:

Q;~:Q;~+qj’ f=r+1 (qj‘esj)-

With the help of this procedure, the set R = {R;,
Ry,..., Ry,..., R,} was formed, which includes 43
areas (m=43) of the possible grain loading concen-
tration (Table 1).

Table 1
Areas of possible grain loading concentration
. Loading at . .
No. Region Junction station s, Total loading, station s, Stations o_floadmg concentra-
wag / year tion area R,
wag / year
| 2 3 4 5 6
| Chernihiv Linovitsyi 9831 2288 Priluki, Piryatin
Palmira, Maryanovka,
2 Cherkasy Drabovo-Baryat. 8897 2905 Grebenka
3 Chernihiv Priluki 8496 5675 Linovitsyi, Galka
Drabovo-Baryatinskaya,
4 Poltava Grebenka 8325 365 Maryanovka,
Piryatin, Lazorki
. Sula, Belovodyi,
5 Poltava Yuskovtsyi 8175 1077 Andreyashevka, Lokhvitsa
6 Cherkasy Uman 8148 1151 Hristinovka, Potash
7 Cherkasy Palmira 8119 3089 Drabovo-Baryatinskaya,
Zolotonosha-1
8 Poltava Romodan 7895 3110 Mirgorod, Horol, Sencha
9 Poltava Piryatin 7708 1868 Maryanovia, Linovitsy, Lazorid,
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Continuation of table 1

Drabovo-Baryatinskaya,
10 Cherkasy Maryanovka 7676 2538 Piryatin, Grebenka
11 Cherkasy Nosovka 7353 2426 Nezhin, Bobrovitsyi
. Sumy, Syrovatka, Basyi,
12 Sumy Toropilovka 7121 5016 Golovashevka
Toropilovka, Syrovatka,
13 Sumy Sumy 7121 1047 )
Basyi, Golovashevka
14| Sumy Syrovatka 7010 590 Basyi, Toropilovka, Sumy,
Boromlya
15 Cherkasy Hristinovka 6876 5134 Uman, Monastyrishche
. Romodan, Gogolevo,
16 Poltava Mirgorod 6813 3273 Melashenkovo
17 | Poltava Sula 6744 4417 Yuskovtsyi, Andreyashevka
Lohvitsa, Sencha
. . Koristovka, Korolevka,
18 | Kirovohrad Aleksandriya 5875 732 .
Pantaevka, Schastlivaya
19 Cherkasy Monastyrishche 5725 591 Hristinovka
20 | Kirovohrad Korolevka 5632 708 Schastlivaya, Koristovka,
Aleksandriya
. Romnyi, Yuskovtsyi,
21 Sumy Belovodyi 5495 1835 Andreyashevka
22 Cherkasy Zolotonosha 1 5214 2125 Zolotonosha 1, Palmira
23 | Poltava Horol 4768 1108 Romodan, Veselyiy Podol,
Petrovka
24 Sumy Romnyi 4418 2154 Belovodyi, Andreyashevka
25 | Kirovohrad Novoukrainka 4221 1537 Pomoshnaya, Kapugtmo,
Pletenyiy Tashlyik
26 Kiev Ustinovka 4106 866 Fastov-1, Belaya Tserkov
27 Poltava Seleshchina 4105 1683 Karlovka, Bozhkov
28 Poltava Karlovka 4020 2251 Seleschina, Lannaya
29 Kiev Yagotin 3911 3911 -
30 | Cherkasy Gorodishche 3823 418 Korsun, Signacvka,
Tsvetkovo
31 | Kirovohrad Koristovka 3758 2075 Aleksandriya, Korolevka,
Pantaevka
. . Vapnyarka, Knyazhevo,
32 Vinnytsia Kryzhopol 3640 1197 Popelyuhi
33 Lugansk Starobelsk 3570 3570 -
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End of the table 1

34 | Kirovohrad Pomoshnaya 3498 1563 Novouk'ramka,
Lyudmilovka
. Fedunka, Sagaydak,
35 Poltava Reshetilovka 3494 3064 Brateshki, Umantsevka
36 Vinnytsia Vapnyarka 3423 1494 Knyazhevo, Kryizhopol
37 Vinnytsia Knyazhevo 3423 732 Vapnyarka, Kryizhopol
38 | Khmelnitsky Kamenets-Podol. 3248 3248 -
39 Kharkiv Savintsy 3163 1955 Zakomelskaya, Balakleya
40 Kharkiv Zakomel'skaya 3149 824 Savintsyi, Izyum
41 Poltava Globino 3108 2237 Veselyiy Podol, Rublevka
Im. Tarasa Shevchenko,

42 Cherkasy Kamenka 2948 880 Fundukleevka

. . Signaevka, Novomirgorod,
43 | Kirovohrad Kapitanovka 2833 350 Serdyukovka

In total m=43 areas included »n=82 stations: 43
junction (U-stations) and 39 non-junction (V- sta-
tions). The condition (6) is not fulfilled for the re-
maining non-junction stations, i.e. they are located
from the nearest junction station at a distance
greater than /.

For each formed concentration area R, (R, — R)
the condition (7) is checked i.e. the sufficiency of
the total annual volume of grain loading at the sta-
tions of the area for sending of at least one grain
unit train per week from the corresponding junc-
tion station s, . If the condition (7) is not fulfilled,
then this area is excluded from further calculations.
As can be seen from Table 1, the total volumes of
annual grain loading in concentration areas on the
basis of Kamenka and Kapitanovka stations are
less than O,,;,=3000 wag/year; therefore, the areas
R4, and Ry; are excluded. Thus, in the list of m=41
area there are n=76 stations (41 junction U-station
and 35 non-junction V-stations). It should also be
noted that some areas include only junction sta-
tions: Ry (Yagotin), Rs; (Starobelsk) and Rsg
(Kamenets-Podolskiy), own grain loading at which
exceeds Omin.

Selection of effective areas of grain loading
concentration. Analysis of Table 1 shows that the
majority of the obtained sets R, (u=1, 2,..., 41) are
overlapping, i.e. one or several elements (stations)
of one set (area) are simultaneously elements of

other sets (arcas). For example, Lazorka non-
junction station belongs to the areas R4 (Grebenka)
and Ry (Piryatin), while Linovitsyi junction, in ad-
dition to the R, area, is also part of the areas R;
(Priluki) and Ry (Piryatin). At the same time, there
are several disjoint sets, the elements of which are
part of only one set, for example, R;; (Nosovka),
R29 (Yagotln)

Thus, in the resulting set R it is necessary to se-
lect the subset R', all of m" elements of which
(loading concentration areas R,, u=1, 2,..., m*) are
mutually disjoint sets. Herewith, the total volume
of grain loading in the final subset R* must be the
maximum, and the total amount of costs associated
with the concentration of grain loading and the
making up of grain unit trains must be minimal (3),
Le.

e
ZQr(i) — max
i=1

E(R") - min

{Q(R*) —>max _
“)

lﬂ*
ZEi — min
i=1

The required subset R < R is the union of dis-
joint sets R: (u=1, 2,..., m"), for which the objec-
tive function (4) reaches an extremum.

To solve this problem, the following procedure
was developed. Initially, disjoint and overlapping
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subsets R, (u=1, 2,..., m) are distinguished in the
original set R (Table 1). For this purpose, one of
the DSU (disjoint set union) algorithms can be
used [2, 12]. The result of this algorithm is the ma-
trix G = |g,| (w=1, 2,..., m; v=1, 2,..., m), where
each row u and column v correspond to a certain
set (concentration area) R, and R,, respectively
(Table 1), and each element of the matrix g,, is a
list of stations s; (s; € ), which are simultaneously
included in the areas (sets) of R, and R,. In case if
gw= {J}, the sets R, and R, are disjoint and are
included in the resulting subset R < R. If g,#
{J}, then the sets R, and R, are overlapping;
herewith the following options are possible:

— common elements of the sets R, and R, are
only junction U-stations (for example, areas of
concentration Rz, —Kryzhopol, R;s —Vapnyarka, R3;
— Knyazhevo);

— common elements of the sets R, and R, are
only non-junction V-stations (for example, An-
dreashevka station for the areas R;; —Sula and Ry, —
Romnyi);

— common elements of the sets R, and R, are
both junction and non-junction stations (for exam-
ple, the areas R, —Toropilovka and Ry, — Sumy).

It is necessary to redistribute common elements
for all pairs of overlapping sets R, and on their ba-

sis to form such sets R’ , that the objective function

(4) reaches an extremum. The above problem (4)
can be solved by methods of the optimal set parti-
tioning theory [8]; however, these methods are ra-
ther laborious and require a considerable amount
of computation. The specificity of this problem
allows us to obtain a solution by more simple
methods.

We transform the matrix G into the matrix
X=x (w=1, 2,..., m; =1, 2,..., n), in which each
row u corresponds to a certain set (area) R,
(Table 1), and each column ¢ — to a definite U-
station or V-station. Each element of the matrix is
the Boolean variable x,, = {0; 1}, which takes the
values x,, = 1, if the station s, can be included in
the concentration area R, (s, R,), and x,, = 0
otherwise (s, R,). Each station s, corresponds to a
certain value of the average annual amount of grain
loading ¢, (1), as well as a certain parameter e,,,
which characterizes the value of additional costs
when the station s, is included in the loading con-
centration area R,. st Ru. The objective function

(4) in this case takes the following form:

Z z q,x,, —> max Z Z q,%,

u=l t=1 u=l t=1

m n m n
Z Z €%, —> N _Z Z CurXur
u=l t=1

u=l t=1

= — max

)

It should be noted that determining the values
of the parameter e, for each grain loading station
directly in monetary terms is a very complex and
time-consuming task. In this connection we ac-
cepted the parameterized scale of values e, {1;
10}, when e, = 1 corresponds to the minimum
level of additional costs when including station s,

into the concentration area R, , and e,, = 10 — to the

maximum. The specific values of ¢, for each sta-
tion at the stage of preliminary calculations are
determined expertly.

Let us state the constraints of the problem:

(Vs, )(i x, <

u=1

0, t=12,.,n (6)

(VR:)(quxm >0 v quxm =0),u=12,.,m
t=1 1=1 (7)

(Vs, & R)(x, =0), u=1,2,..m; t=1,2,...n (8)

The constraint (6) means that each station s, can
be included in not more than one concentration

area R, but it can be included in no area. The con-

u

straint (7) determines that the total volume of load-
ing for each concentration area R, must not be less

than Qi (2), otherwise this region is excluded,
and the stations included in it are redistributed
among other areas. The constraint (8) excludes the

possibility of adding the station s, to the area R: ,if
this is not provided in the original set R (see Table

1).

The problem (5)-(8) in the above formulation is
a multi-criteria (vector) optimization problem [18];
herewith, the peculiarities of the problem make it
possible to assign it to problems of integer-linear
programming with Boolean variables [11], for the
solution of which it is expedient to transfer to a
one-criterion optimization problem. For this pur-
pose, we used the method of linear convolution
with the standardization of criteria [5]; the objec-
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tive function (11) in this case takes the following
form:

m n

m n
0 0
(9, 2,207 %, =, D D €01%,) = max
u=1 t=1 u=1 t=1

where ¢ ,e), — normalized values of the parame-

ters of grain loading stations; w,, w, — weight coef-
ficients of the optimization criteria, the specific

values of which (in the range [0; 1]) are deter-
mined expertly

The resulting problem was solved with the help
of the simplex method, modified for problems with
Boolean variables [11]. As a result, the subset R’,

. . . . . . *
was formed, which is a union of disjoint sets R, ;

* .
each such set R, corresponds to a certain area,

where the grain loading concentration is the most
effective (Table 2).

Table 2
Effective areas of grain loading concentration
No. Multiple junction s, Stations of loading concentration area R: To\tj;gl;);:;:g,
1 Drabovo-Baryatinskaya Maryanovka, Grebenka 5808
2 Priluki Galka 6208
3 Uman Potash 3014
4 Romodan Horol, Sencha 4622
5 Piryatin Linovitsyi, Lazorki 4805
6 Nosovka Nezhin, Bobrovitsyi 7353
7 Toropilovka Sumy, Syirovatka, Basyi, Golovashevka 7121
8 Hristinovka Monastyirische 5725
9 Mirgorod Gogolevo, Melashenkovo 3703
10 Sula Yuskovtsyi, Lohvitsa 5911
11 Aleksandriya Koristovka, Korolevka, Pantaevka, Schastlivaya 5875
12 Zolotonosha 1 Zolotonosha-1, Palmira 5214
13 Romnyi Belovodyi, Andreyashevka 4418
14 Ustinovka Fastov-1, Belaya Tserkov 4106
15 Karlovka Seleschina, Lannaya 4020
16 Yagotin - 3911
17 Gorodishche Korsun, Signaevka, Tsvetkovo 3823
18 Kryzhopol Vapnyarka, Knyazhevo, Popelyuhi 3640
19 Starobelsk - 3570
20 Pomoshnaya Novoukrainka, Lyudmilovka 3498
21 Reshetilovka Fedunka, Sagaydak, Brateshki, Umantsevka 3494
22 Kamenets-Podolskiy - 3248
23 Zakomel'skaya Savintsyi, Izyum 3149
24 Globino Veselyiy Podol, Rublevka 3108
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In the final solution, 70 stations are included in
24 grain loading concentration areas, which, with
minimal additional costs, provides the maximum
total volume of grain loading by unit trains with
109344 wag. per year.

Originality and practical value

The originality of the work lies in the fact that
the authors, based on the modern mathematical
apparatus of cluster analysis, set theory and multi-
criteria optimization, developed the methodology
for the formation of grain loading concentration
areas on the Ukrainian railways network that takes
into account both infrastructure-technological and
economic factors.

Application of the developed method of grain
loading concentration for the formation of unit
trains will significantly reduce the logistics costs in
the supply chain of grain to Ukrainian ports for
export and, consequently, increase its competitive-
ness in foreign markets.

Conclusions

The performed researches allow drawing the
following conclusions.

1. Ukraine is one of the world's largest grain
exporters. At the same time, one of the main prob-
lems in the export of Ukrainian grain is a high

share of logistics costs, which reaches 35% of the
final cost of production.

2. More than 95% of the grain is exported
through the seaports of Ukraine, whereto the
delivery is carried out mainly by rail transport by
carload. One of the ways to reduce costs in the lo-
gistics chain of grain delivery to ports is the rout-
ing of rail traffic. The experience of the USA and
Canada shows that the introduction of grain unit
trains allows reducing the share of logistics costs
up to 9%.

3. To organize the shipper routing of grain
transportation by rail it is necessary to form a net-
work of terminal elevators for grain loading con-
centration. Delivery of grain from linear to termi-
nal elevators can be carried out by road.

4. The selection of junction stations and grain
loading concentration areas is a complex task,
which is proposed to be solved on the basis of clus-
ter analysis, set theory and multi-criteria optimiza-
tion.

5. Using the developed methodology, there are
selected 24 areas of possible grain loading concen-
tration on the Ukrainian rail network, which cover
70 stations and, with a minimum additional cost,
provide for about 110,000 ths. wag. per year of
unit trains (more than 7 million tons of grain).
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CTBOPEHHS EKCIIOPTHO-OPICHTOBAHOI MEPEKI EJIEBATOPIB
B YKPAIHI

Merta. B HaykoBiii poOOTI HEOOXiTHO AOCIIIUTH TTMTAHHS MiJBUIICHHS e()eKTHBHOCTI €KCIOPTHHUX 3aJTI3HUYHUX
NepeBe3eHb 3PHOBHX BaHTAXKIB B YKpaiHi 32 paXyHOK BIPOBaKEHHS BiANPAaBHUIILKOT MapLIpyTH3allii Ta KOHIEH-
Tpalii HaBaHTa)XKEHHsI 3epHa Ha BY3JIOBUX ejeBaTopax. Meroauka. Sk cimunth nocsin CIHIA i Kananu, ogaum i3
e(peKTUBHUX HANpPSMKIB 3HIKCHHS BUTpAT y JOTICTUYHOMY JIaHIIO31 JOCTABKH 3€pHAa B MOPTH € BiIIPaBHUIbKA
MapIIpyTH3allis 3aJli3HHYHHUX IepeBe3eHb. BinnpaBHUIbKa MapIIpyTH3aLlisl IepeBe3eHb 36PHOBUX BaHTAXIB IEpea-
0ayae KOHICHTpAIiIO iX HaBaHTaXXCHHS Ha BY3JIOBUX CTaHLIsAX. BUOIp By3/I0BHUX CTaHIIiH NPONOHY€EThCS 3/1HCHIOBA-
TH 3 BUKOPHCTAaHHAM METOJIB KilacTepHOro aHamisy. [ns ¢popmyBaHHs paifoHIB KOHIEHTpALlil HaBaHTAXXSHHS 3epHA
BHKOPHCTaHI METOM TeOpii MHOXWH 1 OaraTokpuTepiaabHOi onrtuMiszaniii. Pe3yiabTaTn. Ha ocHOBI arimomepaTiBHO-
TO aNTOPUTMY KIIACTEPHOTO aHaJi3y Ha MEpekKi 3ai3HUIb YKpaiHU BUALICHI BY3JIOBi CTaHIII Ta copMoBaHi paiio-
HU MO>KJIMBOI KOHIICHTpAIlii HABaHTAXXEHHA 3epHa. 3 BUKopHcTaHHsIM DSU-anroputMmy BuaiJieHI epeciuHi i Heme-
peciuni paifoHMm KoHIeHTpamii. 3amgada BHOOPY HENEPECIYHHX paioOHIB KOHIEHTpamii HaBaHTA)XEHHS 3epHa
(opMmamizoBaHa SK 3amada OaraTOKPUTEPiabHOTO MIIOYHCIOBOTO TPOTpaMyBaHHS 3 OyJIeBUMH 3MiHHUMHU.
VY pesynbTatri po3B's3aHHA 1€l 3a1adi 3a JOMOMOro0 MOAN(IKOBAHOTO CHUMIUIEKC-METOAY Ha MEpexi 3aji3HHLb
Ykpainu BuniIeHo 24 paliloHM MOXIIMBOI KOHIIGHTpallii HaBaHTaXEHHsI 3€pHa, sIKi OXOIUTIOI0Th 70 CTaHWii Ta npu
MiHIMaJIBHUX J0JATKOBUX BUTparax 3a0e3NedyroTh BiJNPAaBHUIIBKY MapIIpyTH3allilo OJM3bKO 7,5 MIH T. 3epHa B
pix. HayxoBa HoBH3Ha. Ha OoCHOBI cyyacHOro MaTeMaTH4HOTO arapaTta aBTOpaMH po3po0JieHa METOANKa BHOOPY
BY3JIOBUX CTaHIIM Ta paiioHIB KOHIEHTpalii HaBaHTaXEHHs 36PHOBMX BaHTaKIB Ha MEPEXi 3ali3HUIb YKpaiHH 3
ypaxyBaHHSIM €KOHOMIUHOi edeKTuBHOCTI mporecy. [IpakTuyna 3HauYnMMicTh. 3acTOCYBaHHS pO3pOOICHOT
METOAMKH KOHLCHTpalil HaBaHTaXXCHHs 3epHa 11 (OpPMYBaHHS BiIIIPaBHULBKAX MapUIPYTiB JO3BOJUTH CYTTEBO
3HM3HUTH JIOTICTHYHI BUTPAaTH B JIAHIIO31 IOCTa4aHHS YKPAaiHCHKOTO 3epHa B MOPCHKI IIOPTH Ha EKCHOPT i,
BiJMIOBiTHO, MiABUIIUTH HOTO KOHKYPEHTOCIIPOMOJKHICTh Ha 30BHIMIHIX PUHKAX.

Kntouosi crnosa: excropT 3epHa; eNeBaTOpH; 3ali3HWYHI NEpPEBE3CHHS; BiANpaBHUIBKA MapIIpyTH3ALis;
KOHIICHTpALlisl HABaHTaKCHHS
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EKCIUIYATALLA TA PEMOHT 3ACOBIB TPAHCIIOPTY

CO3JAHUE SKCIHOPTHO-OPUEHTUPOBAHHOM CETU
IJIEBATOPOB B YKPAUHE

Heab. B HayuHol pabore HEOOXOOMMO PacCMOTPETH BOIPOC MOBBILICHUS! 3((PEKTUBHOCTH 3KCIOPTHBIX
KEJIC3HOJOPOKHBIX EPEBO30K 36PHOBBIX TPY30B B YKpAUHE 3a CUET BHEIPEHUS OTIPABUTEIBCKON MapIIpyTH3AIIUH
W KOHIEHTpalMH IOTPY3KH 3epHa Ha y3/OBBIX aneBaTopax. Merogmka. Kak cunerensctByer onbiT CLIA u
Kananpl, oqHuM 13 3¢ (GEeKTUBHBIX HAIpaBICHUH CHIKEHUSI PACXOJOB B JIOTHCTHYECKOM IIENH JOCTaBKH 3€pHa B
TIOPTHI SIBJISICTCS] OTIIPABUTENBCKAS MapIIPYTH3AIHS JKEJIE3HOAOPOKHBIX MepeBo30K. OTIIpaBUTENbCKAsT MapIIPYTH-
3aIys TIEPEBO30K 36PHOBBIX I'PY30B MPEAyCMaTPUBAET KOHLECHTPALMIO X MOTPY3KH HA y3JIOBBIX CTaHIMAX. Bribop
Y3JIOBBIX CTAHIMH MpeAIaraeTcst OCyIECTBIATh C UCIOIb30BaHNEM METOAOB KiIacTepHOro aHanmuza. st popmupo-
BaHMs PallOHOB KOHLIEHTPALMH MOTPY3KH 3€pHA UCTIOIb30BAaHBI METO/IBI TEOPHH MHOKECTB U MHOTOKPUTEPHUAIBHOMN
ontuMuzanuu.  PesyabTarel. Ha  ocHOBe — arfioMepaTMBHOTO — alropuTMa  KIACTEPHOTO  aHAlM3a
Ha CETH JKEJIE3HBIX JOPOT YKpPauHbI BBIACIEHBI Y3JIOBBIE CTAHIMM W COOPMHUPOBAHBI PAHOHBI BO3MOKHOM
KOHIIGHTpaluuu mnorpy3ku 3epHa. C wucrmons3oBanueM DSU-anroputma BbIIENEHBI MEpeceKaromuecs u
HellepeceKalomuecss paifoHbl KOHLEHTpaluM. 3afadya BbIOOpa HEMEPeceKaloIMXcs palloHOB KOHIEHTpPALUU
HOTPY3KH 3epHa (popManu3oBaHa KaK 3ajJada MHOTOKPUTEPHAIBHOTO IIEJIOYHCIEHHOTO IIPOrPAMMHPOBAHHS C
OyneBbIMH TIEpEMEHHBIMU. B pesynbraTe pemieHusi 3TOH 3aladd ¢ MOMOIIBI0 MOJIU(UIIMPOBAHHOTO CHUMILIEKC-
METOJIa Ha CETH JKEJE3HBIX JOpOr YKpaumHbI BbIIENCHO 24 paiioHa BO3MOXKHOM KOHLEHTPAILMH IOTPY3KH 3€pHA,
KOTOphle OXBarhlBalOT 70 CcTaHOMH W TPH MHUHUMANBHBIX JIOMOJHUTEIBHBIX Ppacxoiax o00ecrednBaoT
OTIPABUTENBCKYI0 MapUIPYTH3ALHUIO OKOJIO 7,5 MitH T. 3epHa B To1. HayuHnass HoBu3Ha. Ha ocHOBe coBpeMEHHOTO
MaTeMaTH4ecKoro ammapaTa aBTopamMH pa3pa0oTaHa METOJMKa BHIOOpa Y3JIOBBIX CTAaHIMH ¥ paiiOHOB
KOHIIEHTPALlMK TOTPY3KH 3CPHOBBIX TPY30B Ha CETH JKEJE3HBIX JOPOT YKpaWHBl C YYETOM SKOHOMUYECKON
s dextuBHOCTH nporiecca. IlpakTnyeckas 3HaYNMOCTb. [IpuMeHeHne pa3pab0oTaHHOW METOOUKH KOHICHTPALUU
HOTPY3KH 3epHa ISt (hopmupoBaHus OTIPABUTEIBCKUX MapIIpyToOB MIO3BOJIUT
CYIIECTBEHHO CHU3UTH JIOTUCTUYECKHE PACXOJBl B IIENN IOCTAaBKM YKPAWHCKOTO 3€pHA B MOPCKHE MOPTHI HA 3KC-
opT U, COOTBETCTBEHHO, MMOBBLICUTL €I'0 KOHKypeHTOCHOCO6HOCTb Ha BHCIIHUX PBIHKaX.

Kniouegvie  cnosa: SKCIOPT 3€pHA; JJIEBATOPBI; JKEIE3HOJOPOXKHBIE IEPEBO3KH;  OTIPABUTEIBCKAS
MapHIpyTH3AIHST; KOHLEHTPALM HOTPY3KH
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