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We suggest a mathematical model that describes railway network. This model is applied
to the problem of allocation locomotive for transportation of freight trains. The aim of
the optimization is to minimize the size of active locomotive fleet by choosing trains and
locomotives routes. An alternative formulation of the optimization problem is proposed with
the usage of a heuristic objective function, which makes it possible to construct an effective
decision algorithm. A new deterministic algorithm for suboptimal control is described. This
algorithm is a modification of the previously proposed, based on the construction of routes
tree for each locomotive and, subsequently, the choice of such a route, in which the maximum
value of the given objective function is reached. Numerical experiments were carried out on
the example of the historical data of the Moscow Railway. The analysis and comparison of
the results are given.
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Introduction

Recently, the strategy of scientific and technological research of the Russian Railways
is especially aimed at carrying out complex works on the improvement and automation of
cargo management systems.

In many works [1-8] various methods and algorithms for the optimization of cargo
transportation by railway transport are considered. In [4] means for improving the
organization of freight transport are proposed. These means are based on the consideration
of a single model of the logistics supply chain of goods, including the production,
construction, reconstruction and maintenance of infrastructure, ensuring the reception of
all trains without delay, taking into account the uneven movement. The deterministic
combinatorial problem of forming trains and planning schedules for rail transport is
formulated in [6,7]. In 7] various models are presented, which arise during planning the
movement in railway transport, in particular, the model of the operational control of the
movement of the composition and the model of the formation of freight flows through
the sorting stations. In [8] two combinatorial problems are considered: the problem of
scheduling a non-periodic schedule and the problem of assigning a train to the platform.

1. Main Definitions

Let a directed graph G = (V, A) corresponds to a part of a railway, where V' is a set
of vertices, A is a set of edges. The vertices of the graph G are the main stations (freight
distribution center and stations where locomotives are changed). The edges of the graph
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G are the ways connecting the main stations. Some main stations are also depots. Let us
denote the corresponding subset of V' by D.

Locomotives may move only by defined routes (so-called railway hauls), so we introduce
the following definition.

Definition 1. A sequence of edges ay,...,ar, of the graph G is a railway haul P if the
following conditions hold:
1. Each edge a; = (v;_1,v;) is distinguished from other edges: a; # a;,1,j € {1,...,Ip}.
2. The first vertex of first edge coincides with the last verter of last edge, is a depot,
and differs from other vertices in the sequence: vy = vp € D, v; # vy fori=2,Ip — 1.

Also, we will consider subhauls and simple subhauls.

Definition 2. Any subsequence of adjacent edges a;,ait1,...,a; (1 < i < j < Ip)
belonging to the haul P is a subhaul of the haul. Any edge a; = (v;_1,v;) belonging to the
haul P is called a simple subhaul.

Let L be the set of all considered locomotives. For any locomotive [ € L, a set of
feasible railway hauls is determined.

Let us define the set P; for any set P,, | € L. The set P, contains all simple subhauls
of hauls of the set P;.

Let S be a set of carried freight trains. Each train is described by its dispatch station
g, receiving station v}, readiness time ¢j, time 77, until which the train has to arrive at
the receiving station. This means that the tuple (v, £, v}, 7';) corresponds to the train s.
Notice that this tuple defines the plan of transportation.

Locomotives and trains can move by preassigned routes only in certain periods of time
called train paths.

Definition 3. A sequence of tuples (vi,t1,v2,72), (va,t2,v3,73), ...,
(Vin—1,t1n—1,VIx, TIx ), 1S Said to be a path N if the following conditions hold:

1) ’UZ’EV, izl,[N, tiER, izl,[N—l, TiER, iZQ,IN,'
2) (’Ui,UiJrl) € A, 1= 1,[]\[— 1,‘

3) tz < Tit1, L= 17[N - 17‘
4) i <ti, i=2,1Iy.

In this definition, t; corresponds to the departure time from the station v;, 7,41
corresponds to the arrival time to the station wv;;;. The introduced conditions show
restrictions related with the movement of locomotives. Conditions 1 and 2 require that the
locomotives can move only by edges, condition 3 means that the departure time from the
current station is earlier than the arrival time to the next station, condition 4 means that
the arrival time to the station is earlier than the departure time from this station.

By analogy with subhauls and simple subhauls, let us introduce subpaths and simple
subpaths.

Definition 4. Any subsequence of adjacent tuples belonging the train path N is called a

subpath. Any tuple (v;,t;, Vi1, Tig1), @ = 1, N — 1, belonging to the train path N is called
a stmple subpath.
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Let a set N of train paths be given. Let the unordered set of all simple subpaths
belonging to each path N € N denote by F(N). We denote the set of all simple subpath
belonging to the set ' by N, i.e.

N =] F@).
NeN

Since the locomotives move only by paths and hauls, we introduce the definition of a
feasible route with respect to the set of hauls. In this definition, we take into account that
the locomotives have to undergo maintenance not later than in time 7" (48 hours) after
the previous maintenance. The duration of maintenance is denoted by t7o (8 hours). It is
assumed that at the initial time each locomotive [ € L is described by time interval 7,
which has passed since the previous maintenance. If a locomotive undergoes maintenance at
the initial time then the value 74, is negative and equals in magnitude the time remaining
until the finish of the maintenance.

Definition 5. A subsequence of simple subpaths (vi,t1,ve,72), (vo,ta,v3,73), ...,
(vll_l,tfl_l,v_fl,nl) 1s called a feasible route M; of the locomotive | with respect to the
set of hauls Py if the following conditions hold:

1) T S ti, Z: 2,Il — 1,‘
2) (Ui,'UiJrl) € Pl, 1= 1, [l — 1,’
3) there exists an increasing subsequence iy,...,i5 of numbers from the set

{2,3, ..., I;} such that

Tro + 7 < T, (1)

tij — T ZtTOa j:17fl_17 (2)
Tij - tij,1 < Ta ] = 27.fl7 (3)
T, =ty < T.if fi # 1. (4)

Condition 1 requires that the arrival time to the station is earlier than the departure
time from this station. Condition 2 restricts a feasible transportation by the hauls.
Condition 3 requires maintenances in certain time interval. The sequence bigy - iy,
corresponds to the times of the maintenances start. According to (1) the time of the first
maintenance the start is not later than time interval T since the previous maintenance.
According to (2) the maintenance cannot be less than tro. It follows from (3) that time
interval between the departure after the maintenance and the next maintenance cannot
be more than 7. According to (4), the departure time after the last maintenance must be
later than the time T" before the arrival to the route termination.

Note that the route is a spatiotemporal concept. Let us denote the set of feasible routes
of the locomotive [ by M;. The initial and terminal stations of the route M; are denoted
by vo(M;) and vg(M;) respectively. The time of the first path beginning in the route is
denoted by to(M;). The arrival time to the terminal station is denoted by 7¢()).

Let us introduce the definition of a train feasible route. This concept is also
spatiotemporal.

Definition 6. A sequence of simple subpaths (vi,ti,v9,7), (vo,te,v3,73), ...,
(vr,—1,tr,—1,v1,,71.) 18 called a feasible route of the train s € S and is denoted by Ry
iof the following conditions hold:
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1) vy =v§;
2) vi, = v};
3) Tigti, ’i:2,[5—1,'
4) 6 <t
5) 15 > 71,

Conditions 1 and 2 define the initial and terminal stations of the route, condition 3
restricts the departure and arrival time, conditions 4 and 5 require to carry out all needed
transportation on time.

The set of feasible routes of the train s is denoted by R.

Let us define the set F(M;) of all simple subpaths belonging to the route M, for all
locomotives [, [ € L. Also, we define the set F(R;), s € S, of all simple subpaths belonging
to the route R, of the train s.

2. Statement

Let us consider the part of the railway, which corresponds to the graph G = (V, A)
defined above. Suppose that L is a set of locomotives, S is a set of trains, A is a set of
paths. Let N be the corresponding set of simple subpaths. For all locomotives [ € L, a set
P, of hauls is defined. Let P; be the set of simple subhauls.

At the initial time, some locomotives can move, so it is supposed that locomotive [ € L
can depart only from the fixed station v}, after the time ¢},

Let the time 74, since the previous maintenance is given for all locomotives [ € L.
The set of feasible routes M; is given according to definition 5 taking into account the
time 74, for all locomotives | € L. Similarly, for all trains s € S, the set of feasible routes
R is given. Let |L| be the number of locomotives from the set L with non-empty route.

Let the set of paths N, C N that can be used to carry the train be given for all trains
s € S. The set of all corresponding simple subpaths is denoted by N,. These constraints
are needed because some paths can be used only for certain transportation.

Let M = {M,}cr be a selected set of routes for all locomotives, R = {Rs}scs be
a selected set of routes for all trains, M = {M;},c be a set of feasible routes for all
locomotives, R = {Rs}ses be a set of feasible routes for all trains.

It is required to select a set M of the locomotive routes and a set R of the train routes
such that the number |L| of the exploited locomotives is minimal and all train routes are
covered by locomotive routes. This means that the following problem should be solved:

|L| - min (5)
MeM,RER
subject to
M, e My, L€ L, (6)
R, €R,, s €S, (7)
UF@®) cJFomn). (8)
seS leL
F(RONF(Ry) =9, s# 5, s,§ €8, 9)
F(IM)CN,leL, (10)
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F(Ry) C N, s€S, (11)
vo(M;) = g, (12)
to(M;) >t (13)

Conditions (6) and (7) mean that we consider only the feasible locomotive routes and
train routes. In particular, this means that feasible hauls exist for feasible routes. Also,
notice that the feasible route requires to carry out the plan on time.

Condition (10) requires that the train routes contain only simple subpaths, because

the set |J F(M;) C N contains simple subpaths that belong to some route of locomotive.
leL
Condition (11) defines the similar requirement for train routes, moreover, it restricts the

selection of feasible paths to carry a train. Condition (8) means that all simple subpaths
belonging to the route of a train are used for a locomotive, i.e. all trains are carried by the
locomotives. Also, it follows from this condition that the locomotives can move by simple
subpaths that are not used by trains. Therefore, each used path corresponds to a train
with one or several locomotives or to a locomotive without train.

Condition (9) means that the routes of trains cannot intersect, i.e., one simple subpaths
cannot be used for two trains. Since the locomotives can move together or with a train
(so-called auxiliary run), the similar condition is not used for the locomotives.

Conditions (12) and (13) define an initial state of the locomotives.

Notice that the set S of trains and the set N of paths are defined by the daily
transportation plan and by the number of days of the general plan.

In the formulated problem, routes of the locomotives and trains should be selected.
Let us consider a special case of the problem (5) — (13), by refusing optimization on trains
and solving only the task of locomotives allocation. So, we suppose below that the set of
feasible routes Ry of the train s € S contains only one route. Therefore, the problem is
reduced to the problem of locomotive allocation to carry trains with certain routes.

Let us write the objective function that helps us to make decision about the rote M;
from the set of feasible traffic routes M;:

(M) = |Mi]. (14)

Thus, we can formulate an optimization problem of choosing the optimal route for the
locomotive in the sense of the objective function (14):

(M) — \nax (15)
subject to (6) — (13).

Solving the formulated problem by specifying the optimal routes for the sequence
of locomotives allows us to find a suboptimal solution of the problem of the optimal
assignment of locomotives (5) — (13) formulated in [1]. Algorithm for this suboptimal
solutions is described in the following section.

3. Algorithm of Locomotives Allocation

Let a non-empty set S = {s; | i = 1, |S|} of trains with non-empty routes be given. Let
n=_(,- v}, 7!) be the terminal simple subpath of the route M;, vif be the terminal station
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of the route (or initial station in case of an empty route) and 7' be the arrival time of
the locomotive [ € L at the station v}. The algorithm is based on building of the possible
routes tree for the locomotive and further selecting the desired route depending on the
given criterial function ®. We denote routes tree of the locomotive [ by 7;, the vertices in
the tree are simple subpaths, the root of the tree f is a simple sbpath n.

Algorithm

0.Letv:=1,7:=1, k:=1, m:=1.

1. For the locomotive [; € L, we put simple subpath n to the root of the tree Tj.

2. State train s; € S, and simple subpath n; € R,;.

3. If 7l < t(ny), (vo(nk), vy (ng)) € Py, proceed to step 4, otherwise go to 5.

4. If vﬁ}' # vg(ny), then search a simple subpath N* for distillation of a locomotive I;
to nyg, if it is not found, then make 7 := 57+ 1,k := 0 and go back to 3. Proceed to step 5.

5. 1f 7 = |S| and k = |F(R;)|, then procced to 7, otherwise let j := j + 1,k := 0 and
go back to step 3.

6. Put simple subpath n; in the tree 7; on level m.

7. We will consider each resulting leaf as the route of a new tree, if m = m™* go to step
8, otherwise we accept m := m + 1, for each resulting tree, we repeat the algorithm steps
from the second one.

8. The tree is built. According to the given criterial function ®, we select the best
route from the resulting tree. If there are not transported trains, set ¢ := 7+ 1, go to step
1, otherwise, go to step 9.

9. The end of the algorithm, the solution of the problem is obtained.

The algorithm allows us to find a suboptimal solution of the problem of assigning
locomotives to compositions in the sense of a given criterial function ®. The variable m*
used in step 7 of the algorithm limits the depth of the tree construction. The algorithm
has a recursive structure. Note also that the described algorithm is labour-intensive (it is
not difficult to prove its exponential complexity). Nevertheless, for daily planning and in
conditions of a small number of permissible train paths for each locomotive, the usage of
such an algorithm proves to be effective.

4. Numerical Experiment Results

Numerical experiment was executed with the help of data provided by Moscow
Railway. Initial data characteristics are presented in Table 1.

Table 1
Initial data
The number of stations 40
The number of depot-stations 16
The number of marshalling yards 16
The number of trains in daily movement plan 298
The number of paths per day 1254
Plan period (days) 5
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Here is Table 2 "Locomotives usage" for the solution obtained using the algorithm
described in the previous section. There are 6 rows in Table 2 because the first and the
last days are not complete (12 hour period was considered).

Table 2

Locomotives usage

Number of | Day | Number of locomotives exploited during the ¢-th day | Total
trains and taken in the j-th day
N 2 3 4 5 6

299 1 |321 0 0 0 0 0 321
598 2 | 319 79 0 0 0 0 408
598 3 | 320 74 3 0 0 0 407
598 4 ] 321 78 2 1 0 0 420
598 5 | 320 79 3 1 0 0 416
299 6 | 294 50 1 1 0 0 350

It is not difficult to see that the matrix track is the value of the objective function.
Let us mention that new locomotives are not being put into operation at the end of the
period. This indicates the stabilization process. To compare with [1] we got two times
faster stabilization and the same locomotive fleet size.

Let us compare the solution with the historical data of locomotives usage by Moscow
Railway. Overall locomotive Moscow Railway fleet is about 900 locomotives. 700 of them
are used every day. Thus, we can make a conclusion that our solution is two times better
than the current one. However, it should be noted that the model does not take into
account all limitations in the real work of the railway.

Conclusion

In this work, the mathematical model to allocate locomotives for transportation
of freight trains is suggested, the algorithm to solve the problem and its software
implementation are developed.

A mathematical model of the designation of locomotives for the transportation of
freight trains is proposed in the paper. An alternative formulation of the optimization
problem is presented with the use of a heuristic objective function. An effective algorithm
for solving the problem was developed and its software implementation was carried out.
The result of numerical experiments has shown that the suggested method allows us
to reduce the number of exploited locomotives about twice. However, we should notice
that in practice this result is difficult to obtain, because in the considered example a
lot of constrains are not taken into account, particularly, we consider only one type of
maintenance, we do not consider possible random deviations from the timetable. But the
obtained result allows us to hope that the found solution will provide effective locomotives
usage.
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AJITOPUTM OPTAHU3AIINU SPPEKTUBHOMN PABOTHI IIOABUXKHOT O
COCTABA JIA I'PY30BOTO JABU>XXEHUN

M.B. Bysavwos, A.U. Kubayn
MockoBckuit aBuanuonnbiii nactutyT, T. Mocksa, Poccutickas @eneparns

PaccmarpuBaercs m3BecTHAS MATEMATHYECKAs MOJENb YIIPABJIEHUs IPY30BbIMHU TIepe-
Bozkamu. CTAaBUTCS 3312498 ONTUMU3AINN YIIPABJIEHUs C KpuTepueM B (hopMe 00beMa, IKC-

ILUIyaTHPYEMOr0 MapPKa MAaruCTPAJBHBIX JIOKOMOTHBOB. lIpemiaraercs asmbrepHaTHBHAS
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MMOCTAHOBKA 33/1a49¥ ONTUMW3AINU C WCIIOJIB30BAHUEM 3BPUCTUYECKON 1e1eBOi dyHKINH,
[O3BOJILAIONIAs TOCTPOUTD D DeKTuBHBIN aaroputm pernenns. OUUCbIBAETCH HOBbBIN jJeTep-
MUHHUPOBAHHBIH aJITOPUTM CYyOONTUMAIBHOIO YIIPABIEHUS. Y KA3AHHBIN AJITOPUTM ABJISETCS
MomuduKaIueil panee TPeII0KEHHOT0, OCHOBAHHOIO H3, TIOCTPOSHWM JI€PEBA MAPIIPYTOB
JJIS KaXKI0TO JIOKOMOTHUBA U, B MIOCJIEICTBUH, BHIOOPA TAKOTO MAPIIPYTa, IPHA KOTOPOM 0-
CTUTAeTCd MaKCUMAJbHOE 3HAYeHue 3a1aHHol meneBoil dynknun. [IpoBemensl dncieHHbe
SKCIEPUMEHTHI HA IIPUMEPE UCTOPpUIecKuX JaHHbiXx MocKoBCKOit keme3n0#t noporu. Ilpuso-
JUTCS aHAJIN3 W CPABHEHUE MOJYyUYeHHbIX Pe3YIbTaTOB.

Karonesvie crosa: meopus 2pados; UeAouucAeHHas ONMUMUIAYUIL; 2PY306bLe NEPEGO3-

KU, aHaAu3 an20pummos.
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