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For freight transportation services that involve the permanent formation of
rolling stock and the ability to make stops at stations along the route for
freight operations, it is necessary to create a methodology for determining
the optimal plan of stops. The subject of the research is the organization of
traffic management for container trains of permanent formation that stop at
stations along the route to carry out freight operations. The authors con-
clude that the provisions for developing a freight train formation plan cannot
be used to adapt it to the needs of container train of permanent formations
making passing stops. But some approaches to developing a plan for long-
distance passenger train formation can be taken as a basis. To develop the
methodology, it is proposed to distribute the total volume of container traf-
fic between trains on individual routes (including those where trains skip
some stops) taking into account compliance with a list of restrictions. The
value of operating costs is used as a criterion to evaluate the efficiency of the
stops plan for the set of container trains of permanent formation at the rail-
way district. For railway districts where more than 5 stations, determining a
rational stop plan becomes a large-scale task. Authors propose using an algo-
rithm that can be implemented in any programming language to facilitate
the processing of source data and the creation of a mathematical represen-
tation of a linear programming problem. The results of the research include
the method for assigning stops to container trains of permanent formation
and an algorithm for automated task of research formation.
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Introduction

In order to establish a highly competitive service in the field
of railway freight transportation, specialists from scientific and
production teams have worked for several years to develop a prod-
uct for organizing container trains with permanent formations. It
is assumed that this new product will include planned stops along
the route of the container train for freight operations. In 2020,
"Cold Express" [1,2] technology was approved officially and work
continued on developing services for goods that do not require spe-
cial temperature maintenance during transport and storage.

Regardless of the individual characteristics of the services be-
ing developed, they are united by the possibility of passing stops
for freight operations.

In accordance with the ideological features of the “Cold Ex-
press” service products and their analogues, there are four ways to
organize train assignments in railway districts [3]:

1) transportation by through trains from the station of depar-
ture to the station of final arrival without carrying out associated
freight operations, which corresponds to the current practice of or-
ganizing containerized through-trains;

2) transportation, with stops at each station along the route,
similar to a passenger train traveling at normal speed and making
stops, even if there are no passengers boarding or disembarking;

3) transportation with scheduled stops at certain stations along
the route (similar to a fast passenger train that makes stops at sta-
tions with high passenger demand);

4) transportation on short routes without breaking up of a train
and passing freight operations.

At the same time, methods 1 and 4 can be implemented using
the current technology of working with through trains, in which it
is necessary to accumulate a sufficient number of containers.
However, methods 2 and 3 do not yet have functional prototypes
for freight transportation on railways (with the exception of mail
and baggage trains). At the same time, methods 2 and 3 have sim-
ilarities with passenger transportation.

In the studies of scientists, examining the presence of stopo-
vers along the route, conclusions are drawn regarding the need to
strike a balance between the potential accessibility of transporta-
tion for the main target audience and the importance of route
speed, which often determines the advantage of alternative modes
of transportation [4-9]

However, economic feasibility should be considered as an ad-
ditional parameter in freight transportation by rail. Also, in order
to ensure rational use of railway district capacity [10,11] and high
reliability of train schedule execution, it is necessary to reasonably
assign stops for freight (container) trains with permanent for-
mation.

In this paper, a methodology is proposed that allows the use of
understandable tools to determine the rational purpose of stops on
routes of container trains with a permanent formation in the rail-
way district under consideration.

Materials and methods

Clearly, the current methodology for developing a plan for
making-up of freight trains is not applicable to the resolution of
this paper's issue. A unique aspect of container trains with a per-
manent formation is the alteration in the composition of the con-
tainers as they transit through stations for freight operations, and
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the uncertainty in determining whether a given train should be
classified as a through train or a pick up goods train.

The rationale behind the development of a methodology for
allocating passing stops to freight (container) trains of permanent
formation [12] can be grounded in the principles that underpin the
operation of long-haul passenger services [13-17].

Table 1 shows some parameters describing the distribution of
the total volume of container traffic correspondence between
trains in a railway district.

Table 1
Variables and their designations

Variable | Defining of variables
Description of the railway district
ST The total number of stations on the railway district

where freight trains of permanent formation are using
st The station at the railway district
The departure station for freight trains of permanent for-

dep mation on the railway district
The arrival station for freight trains of permanent for-
arr . . L
mation on the railway district
DepList A list of all departure stations in the railway district
P where freight trains with permanent formation are used
; The position number of the departure station in the list
DeplList
. A list of all arriving stations on the railway district where
ArrList

freight trains with permanent formation are used
. The position number of the arriving station in the list
J ArrList
Variables describing the volume of correspondence at the railway
district and container trains of permanent formation
The volume of container traffic correspondence between
o} . . .
the departure station dep and arriving station arr
List of container traffic correspondences on the railway

Corr (dep,

CorrlList district
- Possible route of a container train of permanent for-
mation on the railway district
the number of freight trains on the route tr (takes a pos-
Ny itive integer value)
ng, >0, ng € |Z|, V tr € Routelist
Cap;, The capacity of trains on the route tr
. A list of all possible routes of container trains of perma-
Routelist : . .
nent formation on the railway district
The part of the volume of correspondence
p(corr,tr)| Corr (dep, arr) which can be transported by the trains
on the route tr p(corr,tr) > 0; V (c,r) EK
PList List of variables p(corr, tr)
a set of pairs (corr,tr) , in which correspondence
(Corr) can be transported by the trains on the route tr
K . . .
without transshipment operations (artcoryr >0 u
depCOTT,tT > arrCOTT,fT)
T Total load of freight trains on the route () on the railway
brst district, after passing the freight train station n
Variables describing economic parameters
RCy, The amount of operating costs for the train route tr
(route cost)
SCt The amount of operating costs per stop at the station st
(station cost)
0C, The total cost of the route tr

The key factor in determining the overall feasibility of a pro-
posed train's stop plan is to minimize the cost [18] of implement-
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ing traffic management measures. It is essential to take into ac-
count the costs associated with the train route and each individual
stop on that route (Eq.1).

0Cyr = RCir + X SCyt (1)

To put it another way, a comprehensive analysis of the eco-
nomic viability of different scenarios for container train of perma-
nent formation stops plan can be conducted through the process of
comparing relevant parameters OCy,..

As additional evaluation criteria, the density of the route net-
work coverage, the coverage of the potential customer base, the
indicator of competition with other freight services, and others can
be used. However, this study is only focused on economic assess-
ment.

As assumptions in the further methodology, the following is
accepted:

— stations which can be used for freight operations with con-
tainer trains of permanent formation are known in advance;

— ontainer traffic correspondence has a one-way direction;

— information about the capacity of freight trains is known in
advance;

— capacity parameters are unified for all container trains and
are presented in the TEU;

— the correspondence values are also pre-converted and pre-
sented in the TEU;

—there is no provision for the transfer of containers between
trains during transportation.

— the capacity of stations is not restricted in terms of the num-
ber of trains they are able to accommodate and operate.

In order to work with variables correctly, it is necessary to es-
tablish some restrictions that will approximate the conditions to
the real-world ones.

Firstly, all correspondence must be transported. The total num-
ber of correspondence parts, p(corr, tr), is divided among trains
operating on tr routes. Division of correspondence should comply
with the condition that the total load of each freight train after
freight operations at station st is less than or equal to the specified
load capacity.

Terse = p(corr,tr), ©)

corr: 0 < dePcorrr < St, ArTeoryr>St

Checking the correctness of the distribution of the total volume
of correspondence into parts p(corr, tr) is determined by reverse
addition. Therefore, if both sides of equation (3) are equal, then
the statement about ensuring transportation of all containers from
departure stations to arrival stations can be considered reliable.

Z p(corr,tr) = Corr(dep, arr), Corr € CorrlList, (3)
tr

Since the concept of container trains of permanent formation
allows for stopping at passing stations along the train's route,
where containers can be unloaded and loaded, it is necessary to
check the condition of the maximum loading of the train.

The number of containers scheduled for transportation on the
container train of permanent formation must be less than or equal
to such trains capacity (in TEUs) on each element of the railway
district.

Tirse < Capey * Ny, tr € Routelist, (dep » arr) e tr 4

In order to minimize costs for all train routes used to transport
containers in accordance with the specified requirements, formula
(5) can be considered as the objective function.

F = 0Cyy * Ny > min (5)

tr € RoutelList

The presented mathematical formulation of the problem leads
to the subsequent optimization of solutions using integer linear
programming techniques.

The amount of data that needs to be processed to solve the
problem of selective stop assignment generates a high-dimen-
sional problem.

This is clearly demonstrated in Figure 1 (left side). For exam-
ple, we propose to compare identical circulation railway districts
where located five stations. At three stations of the railway dis-
tricts, container trains of permanent formation can stop for freight
operations (unloading or loading containers).

The assignment of stops for all container trains in a permanent
formation at all stations along the route will allow the operation of
10 different train routes within the railway district (and the choice
of the optimal combination thereof). But if the stops are not at all
stations, the optimal combination would be chosen from 26 possi-
ble routes.

The determination of the number of routes from which an op-
timal combination should be formed can be calculated using Equa-
tion (6), if trains will stop at every station along the route. Or, if
trains do not stop at some stations, then Equation (7) can be used.

ST (ST —1)
RSy =——— (6)
Sumt = 25T — ST —1 @)

The change in the number of possible routes, depending on the
size of the railway district, is shown in Figure 1 (right side).

Therefore, in order to work with large railway districts, it is
necessary to take into account the possibility of speeding up the
processing of initial data and forming a system of equations.

Development of algorithm

Before starting the algorithm, it is necessary to prepare source
data for conversion to a format suitable for processing [19].

In this paper, we propose to set the initial data about the corre-
spondence of container flows [20] and the initial data for operating
costs for train routes in a matrix format. At the same time, we sug-
gest placing departure stations vertically in matrix tables, and ar-
rival stations horizontally.

Since the assumptions to the methodology indicate a single di-
rection of container flow, the data below the diagonal of the matrix
and the diagonal itself are filled with values "0".

The costs of train stops can be presented in a matrix or list for-
mat, depending on the researcher's preferences. At the same time,
values of stop costs should be sorted depending on the serial num-
ber of stations in the railway district where freight trains of per-
manent formation are used.
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Fig. 1. A railway district with a set of stops along the route of container trains of permanent formation
(Example 1 — trains stop at every station along the route; Example 2 — trains skip some stops)

Step 1. When sequentially sorting through the cells of the cor-
respondence matrix, the occupancy of rows and columns is ana-
lyzed. If the cell value in a given row is not equal to “0”, the se-
quence number corresponding to that row is added to the list of
departure stations (DepList), and the corresponding sequence
number for the given column is added to the list of arrival stations
(ArrList). The iteration cycle should be set up so that duplicate
values are excluded from the lists. In particular, there should not be
two or more identical starting points in the list of departure stations.

Step 2. On the next step, the algorithm must analyze the cor-
respondence matrix again. The outcome of this analysis should be
the creation of a list of container traffic correspondences in the
railway district (CorrList).

The analysis is performed sequentially, starting from the top-
left cell of the first row in the input data. Then, with a column step
of +1, the transition is made to the next cell on the same row, until
the final cell in that row has been reached. After this, a transition
to the first cell in the next row occurs, and the analysis continues
according to the same principle. It is important to note that the
ordinal position of the column that was analyzed at the start of
each row must be equal to the ordinal value of "number of rows +
1" in order for the analysis to proceed correctly.

If the cell value does not equal "0", a new element
Corr (dep, arr) is added to the CorrList, where the value of
“Corr” corresponds to the value in the cell, “ dep” represents the
sequence number of the departure station, and “ arr” indicates the
destination station.

Step 3. At this step, it is necessary to make a list of possible
routes for two variations:

— xample 1: Trains stop at every station along the route;

— xample 2: Trains skip some stations.

The creation of a list of train routes (let's call it RouteList)
will be based on the lists of DepList and ArrList.

Creating a list of routes for example 1

In the DepList and ArrList, elements are consistently com-
pared to each other, considering the constraint that the value of an
element in ArrList must be strictly greater than the corresponding
value in DepList. If such a pair of elements is found, it is added
to the Routelist as a string. In this case, the first element of the
string in the RouteList will correspond to the value of the ana-
lyzed element from the DepList, and the last element of the string
will correspond to the analyzed element from the ArrList. The
intermediate elements of the line must fit in step 1.

Creating a list of routes for example 2

For example 2, the elements of the DepList and ArrList are
consistently compared in the same way as in example 1 above.
The step between the elements in the string entered into the
RoutelList is generated based on the logic of representing num-
bers in the binary system (Gray codes). An example of a string
representation of the range between i € DepList and j € ArrList
in a railway district with four stations is shown in Table 2.

Step 4. At the fourth step, the elements of a pair of lists are
compared (pair CorrList and RouteList] or pair CorrList and
RoutelList2).If dep, arr € tr,then p(corr, tr) should be added to
the list of variables PList (the designation is provided in Table 1).
Additionally, for each potential route of a container train with a
fixed formation tr, a further variable n(tr) is introduced.

Step 5. The generated lists of task variables make it possible to
proceed to writing the objective function (equation 5). Each train is
assigned a value, which represents the operating cost (RC;, ) as well
as the cost associated with each stop (SCs;) on its route.

n—
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Table 2
An example of representing a string, which is equivalent
to a set of stops on each container train route within
a 4-station handling range

Step 6. At this step, all routes are checked for compliance with
the restrictions (Equation 4).

Step 7. At this step, the distribution of the total volume of cor-
respondence into parts on every route are checked by Equation 3.

t‘i] aria- | Serial | The ter- | The num- |A sequence) Writing | Combina- Step 8. Print systems of equations for both examples (Example 1:
ons of |number | minus | ber of pos- | of integers | a num- | tions of . X X .
routes on | of the | stations [sible routes|in the deci-|ber in bi-|stopsina|  trains stop at every station along the route; Example 2: trains skip
the rail- | train of the between |malsystem| nary given some StOpS).
way dis- | route | routein | stations | from 0 to | number | route
trict the for- inj 2/7-1 _ 1| system range Results and discussion
25T _ ST mat format
-1 i—j The algorithm described in this paper has the potential to fa-
11 1 1-2 1 0 0 1-2 cilitate the process of developing a system of equations to solve
2 1-3 2 0 0 1-3 the problem of determining the rational purpose of stops along the
3 1 1 1-2-3 routes of container trains with permanent formations.
4 1-4 4 0 00 1-4 When solving such problems, initial data can be entered into a
3 1 01 1'*'i -4 table (matrix) using Microsoft Excel. To process the data and run
g § }(1) }:g: 33 an algorithm, as well as to solve a system of equations, it.is qdvis—
g 73 7 0 0 3 able’to use a programming language such as Python, which is ac-
5 4 2 0 0 W) cessible. The general-purpose ’Pyth.on programming language and
10 1 1 234 PyCharm software were used in this study.
11 3-4 1 0 0 3-4
The "*" sign indicates the skipping of a potential stop at the station

Example Nel Ne2
The number of possible routes 15 19
The number of freight trains 129 113
Total number of stops 765 50
The volume of correspondence processed, TEUs 18 381 18381
The total cost of the routes, thousand rubles/month 227729 213615
Example 1 Example 2

Trains stop at every station along the route

Trains skip some stops
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Fig. 2. Visualization of the optimal solution to the problem of scheduling container train stops, considering all relevant constraints
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In this research, a railway district with 11 stations was ana-
lyzed to determine the rational purpose of stops along routes of
container train services with permanent formations. This railway
district is a model for the Moscow — Krasnoyarsk railway route,
which is the pilot route of "Cold Express" service. Calculations
were performed on a personal computer at home with no re-
strictions on working time. To solve the system of equations, cal-
culations were performed using the algorithm in PyCharm within
21 hours.

Any programming language and integrated development envi-
ronment available can be employed to generate code that reflects
access to source data, its processing within the confines of an al-
gorithm, and the formation of a system of equations, as well as the
search for the optimal combination of train routes.

The results of the calculation for the railway district with 11
stations are shown in Figure 2.

As can be seen from Figure 2, when optimizing the train sched-
ule for a particular railway section, the total cost of operation var-
ies by 6% depending on the set of trains routes chosen and whether
or not certain stops are included.

Conclusion

For container trains of a permanent formation, which make
scheduled stops at intermediate stations along the route for the un-
loading or loading of containers, there is no established procedure
for assessing the appropriateness of scheduling these stops. The
criteria for optimality proposed in this paper — minimization of
operational expenses — may not be the only factor in arriving at a
final solution. However, it can serve as a basis for comparing al-
ternative solutions until a more advanced methodology is devel-
oped.

The result of solving this paper's problem is a certain combi-
nation of the number of trains on each possible route, taking into
account the minimum operating costs compared to alternative
combinations.

In addition to the above-mentioned improvements, it is possi-
ble to introduce variables that reflect the need for a technical stop
in order to change the train locomotive or the locomotive crew.
Additionally, indicators can be introduced that reflect the possi-
bility of combined technical and freight operations.
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Hacbi6ynnun Anpar Mapcoswu, Poccutickuii yHugsepcumem mparncnopma, Mockea, Poccus, nasybullin.airat@mail.ru

Caxanos Pycrem JlykmaHoBu4, KazaHckul ¢pedepasnbHbiii yHusepcumem, Kasanb, Poccus, Mockea, Poccus,
RLSakhapov@kpfu.ru

AHHOTaUMUA

[na cepBUCOB rpy30BbIX MEPEBO3OK, MPEeAyCMaTPUBAIOLLUMX MOCTOSAHHYIO KOMMO3ULMIO MOABWKHONO COCTaBa Ha BCEM MapLUpyTe
CNeAoBaHUA U BO3MOXHOCTb COBEPLUEHWA OCTAHOBOK Ha CTaHUMAX MapLupyTa AJfiA MOMYTHbIX rPy3OBbIX OMepauuii HeobxoanMa
paspaboTka MeTOAMKU, OMnpeAenaAloLlell pauMOHaNbHOCTb MpeAsaraeMoro MnaHa OCTaHOBOK. [lpeaMeToM uccnefoBaHuA ABnseTcs
OpraHu3aums [ABMXKEHUA KOHTEMHEPHbIX MOE3A0B MOCTOAHHOTO (OPMUMPOBAHMA, OCYLLECTBMAIOLIMX MOMYyTHbIE TPY30Bble OMEpaLyM.
ABTOPbI NPUXOAAT K BbIBOAY, YTO MONOXKEHWUA pa3paboTku nnaHa GOPMUPOBAHUA AJN1A FPY30BbIX NMOE3A0B HE MOTYT UCMONb30BaThCA ANA
aAanTaummn MoA HyXHbl KOHTEMHEPHbIX MOEe3A0B MOCTOAHHOrO (OPMUPOBAHMUA, COBEPLUAOLLMX MOMyTHble OCTaHOBKU. Ho HekoTopble
noaxoabl K paspabotke nnaHa GpoOpMUPOBaHUA MACCAKUPCKUX MOE3A0B AaSIbHEro CIEA0BAHUA MOTYT ObITb MPUHATLI B KA4€CTBE OCHOBBI.
[na pa3paboTkn MeToAMKM MpejiaraeTcs CyMMapHbIi 06beM KOPPEeCMnOHAEHLMU KOHTEMHEPOMOTOKOB pacrnpeAenaTb MeXAy noesfamu
OTAENbHbIX MApLUPYTOB (B TOM YMCNE MapLUPYTOB C YaCTUHHO OTMEHEHHbLIMU OCTAaHOBKAMM) C Y4ETOM COBMIOAEHUSA NEPEYHs OFpaHNYEHW.
B kayectBe kputepus 3¢peKTUBHOCTM, OLIEHMBAIOLLENO PaLMOHaNbHOCTbL MaHa OCTAHOBOK ANA BCEro Habopa KOHTEMHEPHbIX MOE3/0B
MOCTOSIHHOTO (POPMMPOBAHUA Ha MOJIMFOHE, PaCCMATPUBAETCA BENMYMHA SKCMIyaTaUMOHHbIX 3aTpar. [lna y4yacTkoB o6palieHus,
cocToALmX 6ornee YeM U3 MATU CTaHUMI, 3aja4a ONpeferieHNUs paLyoHaIbHOro MiaHa OCTAHOBOK MPUHUMAET 6onbLUyto pasMepHOCTb. [
ynpolyeHus paboTbl C UCXOAHbIMM JaHHbIMU UM (OPMUPOBAHWA MaTEMaTUYECKOM 3ammucyu 3afadv JIMHEWHOro MpOrpaMMUpOBaHUA
NpeAnaraeTca MCrosib3oBaHMe asiropuTMa, KOTOPbIV TaK ke MOXET ObiTb 3amucaH Ha Nto6OM A3bike nMporpaMMupoBanua. K pesynbratam
MCCNeA0BaHUA OTHOCUTCA METOAMKA Ha3HAYeHUA OCTAHOBOK, a TaKXKe aifOPUTM aBTOMATU3MPOBAHHOrO (POPMUPOBAHUA 3aZa4M.

Knioyeeble croea: koHmelHepHbIl noe30 nocmosHHO20 opMUpo8aAHUs, KOPpechoHOeHUUU KOHMelHeponomokd, 2py3oebie onepauuu,
nJIaHUpoB8AHUE 0CMAHOBOK, SKOHOMUYECKAA 3(peKmuUBHOCMb.
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