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DISTRIBUTION AT RAILWAY TRANSPORT NODES

Summary. At present there are two trends in the market of rail freight transportation in
Russia: freight owners put forward higher demands to the transportation quality
(promptness of delivery) in an effort to reduce storage costs by means of reducing the
size of freight shipment; the structure of railcar traffic volume of the railways of Russia is
getting more complex due to the reduction of the average shipment size and due to the
transfer of railcar fleet ownership to a large number of operating companies. These trends
significantly complicate operational management supervision of railway stations and
transport nodes. Application of typical data from the information system about the railcar
location at the transportation node is not enough for the dispatchers to make the best
decision concerning the car traffic management. The dispatcher traffic control service
needs some software-based models of efficient railcar distribution. The article is
concerned with the description and development of the mathematical model of empty
railcar distribution for loading at the railway transport node; this model will take into
account the requirements of railcar owners in terms of their cars application, the
operating work level of railroad stations of the transportation node and the possibility of
adding the groups of empty railcars to the transfer trains, clean-up trains and industrial
railway trains operating on a tight schedule. The developed model and the software
package were implemented in the information system of the industrial railway of the
major metallurgical enterprise - OJSC «Magnitogorsk Metallurgical Works», which
processes up to two thousand of railcars belonging to different owners. This model made
it possible to reduce the labour intensity of dispatcher operation planning the empty
railcar distribution for loading and reduce the total time the railcars spend in the
enterprise railway system.

MATEMATHUYECKAS MOAEJIb OIITUMAJIBHOI'O PACITPEAEJIEHU A
[NHOPOXXHUX BAI'OHOB B KXEJIE3BHOJJOPOXHbBIX TPAHCIIOPTHBIX YV3JIAX

AnHoOTauMs. J/I[ByMs OCHOBHBIMH TCHICHIIMSIMHE PBIHKA YKEJIE3HOIOPOKHBIX TIEPEBO30K
B Poccum sBNSIOTCA: TOBBIICHWE TPEOOBAaHWM TPY30BIAACTBIICB K KA4eCTBY
(CBOGBPEMEHHOCTH) TEPEBO30K, UYTO, B YACTHOCTU, CBA3aHO C HMX CTPEMJICHHEM K
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COKpAILICHUIO CKIAJCKUX H3JEPXKEK IyTeM YMEHBIIEHHs pa3Mepa TpaHCIOPTHO-
TPY30BBIX MApTHH; YCIO)KHEHUE CTPYKTYphl BaroHONOTOKOB Ha JKENE3HBIX JOpOorax
Poccun, npoucxopsiee kak o NpUYMHE YMEHBLIEHHS CPEHETO pa3Mepa OTIPABOK, TakK
U B pe3ylpTaTe Iepelayd Ilapka >KEJIE3HOJOPOXKHBIX BarOHOB B COOCTBEHHOCTb
MHOJKECTBY  ONEpPAaTOPCKUX KoMmaHuil. OTMEYeHHble TEHICHIMH 3HAYUTEIbHO
YCIOXKHSIOT OINEPaTHBHOE PYKOBOJCTBO pabOTOM JKENEe3HONOPOXKHBIX CTaHUUH U
TPAaHCTIOPTHBIX  y370B.  Vcrmonmp3oBaHWe — gUCTETYEpaMU  THIIOBBIX  JIAHHBIX
WH(GOPMAITMOHHON CHUCTEMBI O MECTONOJIOXEHHH BaroHOB B TPAHCIIOPTHOM y3IIe
SBJISIETCS. HEIOCTATOYHBIM JJISi BBIPAOOTKM ONTHMAIBHOTO PELICHUS 1O YIPaBJICHUIO
BaroHomoTokamu. JlucreTdepckoMy ammapary TpeOyeTrcs mporpaMMHO peaTn30BaHHBIC
MOJIETH ONTHMAaJIFHOTO MCTIOIh30BaHUS BaroHOB. B cTaThe paccMaTpuBaeTCs MOCTaHOBKA
U aJTOPUTM pEATU3alUN MaTeMaTU4eCKOH MOJEIH pacHpelesIeHUs] TOPOKHUX BaroHOB
MOJ TOTPY3KY B KEJIE3HOJOPOKHOM TPAHCIOPTHOM Y3JI€, YUUTHIBAIOLIEH TpeOGOBaHUs
COOCTBEHHHMKOB BaroHOB Ha HUX HCIIOJIb30BaHUE, OMNEPATUBHBIA YpPOBEHb 3arpys3Ku
JKENEe3HOJOPOKHBIX CTAHLIUH y31a M BO3MOXHOCTh BKIIIOUEHHS TPYII MOPOKHHUX
BaroHOB B COCTaB INEPEJATOYHBIX, BBIBO3HBIX IOE3J0B M IOE3I0B, OOPAIAIOIIUXCS IO
KOHTakTHOMY rpaduky. PaspaboraHHass Mojenb W KOMIBIOTEpPHAs MporpaMma
peann3oBaHbl B paMKax WHPOPMAIMOHHOHW CHUCTEMBI KEJIE3HOIOPOKHOTO TPaHCIIOpTa
KpYyNHEHIIEro B MHpe MeTaulyprudeckoro npeanpusatius — OAO «Marauroropckui
METaJUTyprUIecCKUii KOMOWHAT», €KECYTOYHO MepepadaThiBaloONIero JI0 JABYX ThICSY
BaroHOB, TpPHHAIJIEKAIINX Pa3IUYHBIM COOCTBEHHUKaM. Vcmonb3oBaHne Moaenu
MO3BOJIMJIO 3HAYUTENBHO COKPATUTh TPYNOEMKOCTb ONEPAaTHBHOIO IUIAHUPOBAHUS
paboThI AUCHETYEPOB MO PACIPEETICHHUIO IOPOKHUX BarOHOB IO HOTIPY3KY, COKPAaTHTh
CyMMapHO€ BpeMsI HaX0X/IEHUS BarOHOB Ha IMyTAX MPeIpUsTHS.

1. INTRODUCTION

Reorganization of the transport system and, particularly, the federal railway (in Russia)
restructuring caused significant changes in the structure of the transportation services, such as: the
increase in the number of haulage companies including carriers, which have their own rolling stock.
The main trend of the transportation market is that customers put forward higher demands in terms of
the transport service quality. To reduce costs customers try to reduce the consignment size and
improve the promptness of delivery.

The trends above are the objective causes of freight traffic flow sophistication on the one hand, and
the increase in the requirements to the quality of traffic control, on the other hand [1].

One of the main factors, which makes it difficult to improve the quality of freight traffic at the time
of freight traffic flow sophistication, is the lack of co-ordination in the work of the operating managers
of the transportation process. Large metallurgical enterprises have developed railway systems and a
large amount of rolling stock. For this kind of transport are solving complicated logistical problems
[2]. Only inefficient interaction between the main line and the industrial railway transport of
metallurgical enterprises results in annual logistical costs of up to 1.5 billion rubles ($45 min. dollars)
on average per enterprise [3, 4]. One of the pressing problems caused by the transfer of railcars into
haulage companies’ ownership is the rational use of the empty railcar fleet at transportation nodes
taking into account various restrictions, which railcar owners face in terms of the cars application [5].

It is necessary to be able to solve this problem on-line as the data concerning the allowable
directions and consignments for railcars of various owners can vary daily. Practical experience shows
that empty railcar distribution for loading takes place at the beginning of the design day and, as a rule,
it is not adjusted until the beginning of the next base period (schedule day). This feature makes it
possible to view the problem of optimal distribution of empty railcars as static one and to simplify it to
an allocation linear programming problem, in particular, to a transport problem.

On the other hand, account of additional restrictions for the owners on the use of empty railcars
connected with the loading operations of certain cargos and shipment of railcars to certain destinations
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does not differ much from the well known allocation problems for various railcars over the loading
areas [6]. That is why the authors believe that this problem should be solved taking into account that
the groups of empty railcars are bound to the schedules of district and transfer trains operation or to
the tight schedule of trains operating between the stations of the enterprise. The restrictions above
make it possible to solve this problem in the on-line mode only on the basis of the developed
mathematical model, which uses the data from the information system to distribute the empty railcars
on-line [7 - 9].

2. STATEMENT OF THE PROBLEM OF EMPTY RAILCAR DISTRIBUTION AT
RAILROAD TRANSPORTATION NODES

Statement of the problem of optimal distribution of empty railcars at railroad transportation nodes
as a static transport problem can be formulated as follows. By the beginning of the design day there
are k =1,2,...,L groups of empty railcars of various kinds and belonging to different owners on the

on the special railway track. Here we will denote the number of railcars belonging to each group as
A .

By the start of the base period the railcars belonging to each group k can be located at different
industrial railway stations. We will assign to each industrial station the index i =12,...,M , where
M is the number of stations making up the railway transport node. We will denote a part of railcars
from the k group located at the i station as A,;. It is necessary to distribute the empty railcars

belonging to different groups among the industrial stations.
We will denote the destination stations (loading stations) as j=1,2,..., V indices, where N is the

number of empty railcar consumers. The number of railcars belonging to k group, which must be
delivered to the corresponding stations will be denoted as B,;.

The plan of empty railcar distribution must meet the requirement of complete distribution of the
empty stock located on the approach lines, i.e.

YA=2B=Ak=12,.. L. (1)
i=1 j=1

In order to simulate the return of excess cars or the order of lacking empty railroad cars, the extra
supplier and consumer corresponding to the connecting station were introduced.

It is necessary to determine the number of empty railcars belonging to each group k and located at
the stations i1, which must be delivered for loading to points j. We will denote the unknown models,

which as a whole form the plan of empty railcar distribution, as X,; .

If the required moments of spotting are not predetermined, it is reasonable to select the minimum
total time spent on delivery of empty railcars from the stations where they are located at the beginning
of the base period to the loading stations as the optimality criterion. We will denote the time spent on

each spotting X,; as Cy; .

The time consumption C,; is calculated using well known methods of the shortest path search for
the transport network as a sum of estimations p;; of transport network paths forming the traffic route
of the railroad cars from the starting station of the route i, to the final station j. Estimations p; of

the transport network paths (span) connecting the vertexes of the network (railway stations) can be
calculated by the following formula

P =tio; +1;, 2
where t. is the processing time (dead time) of empty railroad cars on the i station (the starting station
of the route). In the model it is set as the average time the transit railcars spend at the station;
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o, is the station workload factor, the variable that depends on the number of cars present at the

station at the design moment and on the number of shunting facilities available. The value of the
station workload factor can be determined using fuzzy logic methods described in the articles [4, 10];

t; is the specified travelling time along the span connecting the starting station i and the final
station j of the route.
Then, if the traffic route for empty railcars is determined S; :{i,...,/?,l, j}, where 4; is the

number of the vertex preceding the j -th one, time consumption Cy; is calculated as the sum of the

curve potentials p; comprising the traffic route Sij of empty railcars X,; .
The target function of railcar distribution will take the following form

L M N
ZZZCH,- Xy = min .. 3)
k=li=1 j=1
The target function (3) combined with the limitation (1) and the nonnegativity constraint of the
number of car supply X,; form a known static multicommodity transport problem.
However, application of this simplified model for improving empty railcar distribution will result
in a non-optimal plan, as it does not take into account the restrictions imposed by the train schedule

(including tight train schedule of industrial railways). If we take into account the addition of empty
railcars to the formation of trains operating according to the tight schedule, the period of time, which

the empty railcars spend at stations on their route as well as the total time consumption C; , will
increase due to extra waiting time of the scheduled train departure. Let us assume that for each i-th
station the scheduled train departure time t,. is known, where r=12,...,R is the progressive
number of the train leaving station i for station j, R is the number of trains outgoing from station |
over the base period of time. Then the formula (2) will take the following form

Pij = (tir - pi)+tij ' 4
where p; is the assessment (potential) of the i-th vertex of the transport network. Variable p; is the
total travel time from the starting station of the route to the i-th station and it is calculated as the sum
of assessments (potentials) of the transport network curves making up the traffic route form the
starting vertex of the route to the i -th one according to the following formula

Pi =Py + Py, ®)
the difference t;, — p; determines the dead time of the railcar delivery in expectation of the dispatch of
the next scheduled train, which is supposed to include the empty railcar supply.

It is necessary to choose such a value of r in the formula (4), which would satisfy the following
conditions

tis <(pi+to)<t, u (6)
Xy < Qirs (7)
where Q,. is the maximum number of railcars, which might be included into the train r dispatched

according to the schedule from the station i at the time point t, .

Fulfilling of condition (6) makes sure that the dispatch of the empty railcars from the station will
not take place before the dispatch of the nearest scheduled train and fulfilling of condition (7) will
ensure the train size limitation.

The introduction of additional limitations (6) and (7) into the model in most cases makes it
impossible to solve this problem for one iteration as in some situations it is impossible to provide
delivery of the optimum number of empty railcars as part of the first trains at the beginning of the base

period. This situation may arise when the size of railcar supply exceeds the value of Q,. or even the
train size. In this case the remaining part of empty railcars, which will further be referred to as
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«undistributed railcar supply», should be included into trains scheduled for later dispatch. This,
according to the formula (4), will make it necessary to change the potentials of the transport network
curves and the time consumption C,; and to make a new plan of empty railcar distribution.

Thus, in order to find the minimum of the target function (3) with limitations (1) and (4) it is
necessary to develop an algorithm that will provide both optimum railcar distribution over the loading
areas and the loading stations and optimum empty railcar assignment to the trains operating according
to the tight schedule. The developed algorithm is given in Fig. 1 and it consists of the following
operations:

1. Initial data preparation including the values of the following variables:

A, — the number of empty railcars of each group k located at the railway transport node at the
beginning of the base period, railcars;

A, — the number of empty railcars of each group k located at each industrial railway station i,
railcars;

B,; — demand for empty railcars at each J -th station or loading area, railcars;

t, — the average processing time of transit rail cars at the i -th station, min.;

o; — station workload factor. It is calculated according to a special algorithm on the basis of the

data about the number of railcars at each station at the start of the base period (the data can be
requested from the information system), the number of shunting locomotives and draw out tracks;

t; —train travel time between the neighbouring industrial railway stations, min.;

t;, — train schedule — train dispatch time for each r -th railway station, min.;

Q,, — the maximum number of railcars, which can be included into the train r dispatched
according to the tight schedule from station i at the time t. , railcars.

ir?
2. Calculation of the time spent on railcar processing at the stations t,o; for further use in the

formula (6).
3. Development of optimal route set for all starting vertexes of the transport network (carried out

according to a special algorithm). The i-th stations where railcars A,; are located are taken as the

starting vertexes of the transport network. In the process of the optimal route set development it is
necessary to adjust the curve assessments according to the formula (4) taking into account the
limitations (6). Limitation (7) is not taken into account on this stage as the size of empty railcar supply

Xy Is not known yet.
4. Calculation of time C,;, which is necessary to deliver the empty railcars from the starting
station of each route i to the final j-th stations where there is a demand for empty railcars B,;- The

value of Cy; will be equal to the final vertex potential of the corresponding route, i.e. C;; = p; .

5. Successive solution of the static transport problem of linear programming as a matrix problem
(1), (2) for each group of empty railcars A, and the calculation of the optimal railcar supply X .

6. Route classification by the value of Cy; in the ascending order and sequential condition testing

(7) for all vertexes of each route. The vertexes are tested successively beginning with the i-th one to
the A, -th one preceding the final vertex.
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Initial data preparation A, Ay, By, t,, t;, t,, Q;

v

Calculation of station load factors o; using models and methods of the fuzzy set theory

v

Calculation of the time spent on railcar processing at the stations t; - o;

\2

Development of optimal routes form all the i -th stations where there are empty railcars A,; to the final
stations (the problem is solved by the method of potentials)

v
Calculation of time Ckij , Which is necessary to deliver the empty railcars along the optimal route
Vv
Application of the simplex method for calculation of the optimal railcar supply for each railcar group K
v

Initial data preparation to check the condition/limitation (7) i, J, X; Cy; K, Q;

a4

Is the condition x,; < Q, fulfilled?

Calculation of the undistributed
supply size X, for the train r:

- . Qi =Q; — Xyij
Xuij = X —MinQ;,

Calculation of the undistributed supply size ;kij for
the train I': x,; =minQ, forVvies§;,

The next railcar

Have all the railcar groups been con-
group

sidered?

The next optimal

Have all the optimal routes been con-
— route

sidered?

Summing up the intermediate results: the set of distributed railcar supply X,;; ; their routes S ; the

train numbers I, which include the distributed railcar groups

Adjustment of A, ,

Yes

Are there any undistributed railcar

Ais Byt L, aroups left?

Yes

Increase of Q,,
values

Have all the empty railcars been dis-
tributed?

| End

Fig. 1. Algorithm of optimal empty railcar distribution at railway transport nodes
Puc. 1. AIropuT™M ONITUMAJIHHOTO pacpeesIeHUs] IOPOKHUX BATOHOB B KEJIE3HOJOPOKHBIX TPAHCITOPTHBIX

y35ax
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7. If the condition (7) is not fulfilled for the train r on any of the route vertex, the size of railcar

supply X,; is considered equal to the minimum value of X; =minQ, for VieS§;, and the

difference ;kij = Xyij — minQ,, is stored as the undistributed supply.
If the condition (7) is fulfilled, the values of Q, for all route vortexes are reduced by the railcar
supply size Q;, = Q;, —x,; and the railcar supply X,; is stored as distributed. If after this the value of

Q,, is equal to zero for the train r, this train is excluded from further calculations.

8. If there are several groups of railcars k going along this route, the condition (7) is checked
successively for each group. The order of consideration can be determined by priority in delivery of
certain empty railcar groups if the enterprise has such a priority.

9. Calculation of the number of the undistributed railcars in each group as the sum of the number of

Mo
railcars in the undistributed supply A, = z Xkij -
i=1
10. Summing up the intermediate results: the set of distributed railcar supply Xiij ; their routes Sij ;

the train numbers r, which include the distributed railcar groups.

11. Repetition of the algorithm starting from the second stage until there is no undistributed railcar
supplies left. If still there are such railcar supplies by the end of the base period, they will form the
carry-over of the empty railcars for the following base period. This carryover can be eliminated if you

increase the value of Q,. for the trains. After that it will be necessary to redevelop the plan of empty
railcar distribution starting from the first step of the algorithm.

3. CHOICE OF SOLUTION METHOD AND RECOMMENDATIONS ON MODEL
SOFTWARE IMPLEMENTATION

There are numerous specialized methods of solving the transport problem of linear programming,
which makes it possible to reduce the number of iterations during hand calculations. Can be found
several attempts of solving such problem of optimization for the main railway transport [11, 12].
However, taking into account the fact that this model will be implemented into the operating
information system of the metallurgical enterprise and that the dimension of the problem is relatively
small (within the day only about 100 loading areas require empty railcars delivery and the number of
railcar groups does not exceed 50), the universal simplex method can be used in the developed model.

One of the program libraries of linear programming (API), for example, Linear Programming
Library GIPALS32 [13], can be used for the automated model solution by the simplex method as well
as for the integration of the model into the operating information system.

The research group believes that the algorithm of «The optimal routes table» described in the paper
should be used to search for the least time route of the transport network and to calculate the time

consumption C,; on delivery of empty railcars from the starting station of each route i to the final
J -th stations.

4. CONCLUSION

The results of the developed model application are: set of values X,; determining the optimal

number of railcars in each group, which must be delivered within the base period to a certain loading
areas (stations); optimal routes of movement S;, train numbers r for each station, which include

supplied empty railcars (assigning of empty railcar supply to the trains).
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The implementation of the developed model resulted in significant labor intensity reduction of the
on-line empty railcars distribution along the loading areas of the railway transport node and, as a result
of the rational use of the empty railcar fleet, it is expected that the dead time of railcars on the
industrial enterprise railway tracks will decrease by 15-20%.

References

1. Kopuunos, C.H. & Awntonos, A.H. Iloaxoxg k BbIOOpY NpPHOPHUTETOB HpU OOCITYKMBaHUH
MPOU3BOJCTBEHHBIX  IMOJAPA3NCICHUN  KEJIe3HOMOPOKHBIM  TpaHcmopToM.  Cospemenibie
npobnemvr  mparcnopmnoz2o xkomnaekca Poccuu. 2011. Nel. C. 95-99. [In Russian:
Kornilov, S.N. & Antonov, A.N. A way of choosing priorities in servicing industrial railway
transport departments. Current problems of transport industry in Russia. 2011. No. 1. P. 95-99].

2. Parunakjan, V. & Sizova, E. Designing of logistical chains inside production and transport system
of metallurgical enterprise. Transport Problems. 2013. Vol. 8. No. 1. P. 35-45.

3. barunosa, B.B. & Paxmanrynos, A.H. & Ocunues, H.A. KoHTpoap BaroHOmnoTokoB Ha MyTH
HeoOmero monb3oBauus. Mup mpancnopma. 2010. No. 3. C. 108-113. [In Russian:
Baginova, V.V. & Rakhmangulov, A.N. & Osintsev, N.A. Car traffic volume control on the
nonpublic tracks. World of transport. 2010. No. 3. P.108-113.

4. Ocunne, H.A. & PaxmanrymnoB, A.H. YmnparieHne BaroHONMOTOKaMH B TPOMBIITUICHHBIX
TPAHCIIOPTHBIX CHCTEMaAX. Becmnux MaZHumOZOPCKOZO zocydapcmeel-moeo mexHu41eckozco
yHueepcumema um. I"HM. Hocosa. 2013. No. 1. C.16-20. [In Russian: Osintsev, N.A. &
Rakhmangulov, A.N. Car traffic volume control in industrial transport systems. Vestnik of Nosov
Magnitogorsk State Technical University. 2013. No. 1. P. 16-20].

5. Zhang, X. & Zhang, Z. Study on an optimized model and algorithm of railway empty wagon
distribution in China. Journal of the Eastern Asia Society for Transportation Studies. 2003.
Vol. 5. P. 277-291.

6. Spieckermann, S. & Vosz, S. A case study in empty railcar distribution. European Journal of
Operational Research. 1995. Vol. 87. No. 3. P. 586-598.

7. Crainic, T.G. & Laporte, G. Planning models for freight transportation. European Journal of
Operational Research. 1997. Vol. 97. No. 3. P. 409-438.

8. Hasan, S.F. & Siddique, N. & Chakraborty, S. Intelligent Transport Systems: 802.11-based
Roadside-to-Vehicle Communications. 2013. Berlin: Springer. P. 157.

9. Kosnos, ILLA. & Ocoxun, O.B. & Tymun, H.A. TIlocTtpoeHne WHTEIIEKTYaIbHON
MHQOPMALIMOHHON CpeAbl Ha JKEJIe3HOJOPOKHOM TPAaHCHOPTE. MHHOGAYUOHHBIE MPaHCHOpM.
2011. No. 1. C. 6-9. [In Russian: Kozlov, P.A. & Osokin, O.V. & Tushin, N.A. Development of
intelligent information environment for railway transport. Innovative transport. 2011. No. 1.
P. 6-9].

10. Harris, J. Fuzzy Logic Applications in Engineering Science. Berlin: Springer. 2006. P. 221.

11. Cheng, X.Q. & Lu, Y.X. & Pu, Y. Coordinated optimization of railway empty wagon distribution
and routing. International Conference on Transportation Engineering. 2007. P. 247-252.

12. Cheng, X. & Tang, R. & Tang, Z. Probability model and solution of railway empty car
distribution. ICLEM 2010. P. 3360-3365.

13. Programming Resources - Linear Programming Library GIPALS32.

Available at: http://www.optimalon.com/product_gipals32.htm.

Received 05.04.2013; accepted in revised form 03.08.2014


http://link.springer.com/search?facet-author=%22Syed+Faraz+Hasan%22
http://link.springer.com/search?facet-author=%22Nazmul+Siddique%22
http://link.springer.com/search?facet-author=%22Shyam+Chakraborty%22
http://www.optimalon.com/product_gipals32.htm

	Aleksandr RAKHMANGULOV*, Anatoly KOLGA, Nikita OSINTSEV
	Ivan STOLPOVSKIKH
	Aleksander SŁADKOWSKI

