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IMPROVEMENT OF THE METHOD OF TIME RATIONING FOR ASSEMBLING
CAR GROUPS ON ONE TRACK

Purpose. To improve the method for standardizing the duration of the shunting operation of assembling cars on one track. This
can be achieved as a result of solving the following research problems: development of a method for searching the optimal order of
assembling cars on one track; distribution parameters estimation of the random value of the duration of shunting operation of as-
sembling cars on one track based on calculation experiments.

Methodology. During the research, the methods of theory of railway operation, dynamic programming and mathematical
statistics were used.

Findings. Research on the assembling process of car group to one track established the distribution parameters of the random
variable of time spent for shunting. In the course of the research, the problem of choosing the optimal order of shunting operations
during car assembling was formalized and solved as a problem of dynamic programming. The time spent for shunting work was
chosen as the optimality criterion. The paper considers the possibility of approximating the data of calculation experiments by
analytical dependencies. It was found out that the use of linear polynomials with interaction allows obtaining dependencies de-
scribing time standards with a relative accuracy of =5 %.

Originality. The method is improved for developing the time standards for shunting work, which, unlike the existing one, is
based on the performance of a series of calculation experiments, each of which solves the optimization problem of finding such an
order of assembling cars that ensures minimum time consumption for shunting.

Practical value. The methods developed in the work and the dependencies obtained allow improving the quality of decisions

made when developing technology and designing railway stations and sidings of industrial enterprises.
Keywords: railway transport, railway station, siding, shunting work, time standards

Introduction. Shunting is one of the basic elements of
freight transportation process by railway [1, 2]. It is performed
at public railway stations and on the tracks of industrial railway
transport [3, 4]. Shunting work is related to significant con-
sumption of time, fuel, and other resources. In this regard,
research aimed at improving shunting operations is practically
significant for railway transport. The important direction in
the field of railway transport operation is the improvement of
the standardizing methods of time spent for shunting opera-
tion. The standards that are currently used in railway transport
include time standards for elementary operations such as, for
example, replacement of cars, various preparatory and final
operations. In addition, the standards set time expenditures
for complex operations consisting of several elementary opera-
tions. Examples of complex operations are car sorting on the
lead track, assembly of cars from several tracks, the comple-
tion of train formation, etc. As a rule, the same end result of a
complex shunting operation can be achieved by implementing
various options for performing elementary shunting opera-
tions. Therefore, time standards for complex operations should
be determined taking into account the best operation order
included in them. This work deals with one of the most wide-
spread complexes of shunting operations — the assembly of
cars from several tracks to one.

Literature review data and problem statement. Problems of
the organization of shunting work attracted the interest of re-
searchers even at the stage of railway transport formation. In
particular, in the period of the 20-30s of the 20" century,
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based on the results of analytical modeling by Professor
Vasiliev 1. 1. the problem of optimizing the assembly of cars
from several tracks to one was solved and published in mono-
graph “Schedules and calculations for organizing railway
transportation”. Examples of different ways of assembling cars
are shown in Fig. 1. At the same time, shunting work on as-
sembling cars can be performed in the following ways:

- rearranging groups of cars on the assembly track (Fig. 1, a);

- sequential join of car groups to the train (Fig. 1, b);

- combination of the methods described above.

According to the chosen method, the number of cars
placed on the assembly track, the number of locomotive trips
without cars, and the number of cars moved during each trip
will differ. Based on the solution of the optimization problem
by analytical methods, the optimal number of cars on the as-
sembly track was determined and an expression was obtained
for determining the minimum time spent on shunting move-

ments
b,M
T,=aP+ 5 +J2a,thP, (1)

where P is the number of tracks from which the cars are as-
sembled; M is the number of cars that are rearranged to the
assembly track; g, is shunting parameter reflecting the time
spent on the trip of a single shunting locomotive, min/run; a,,
b, are shunting parameters reflecting the time expenditures for
the trip of a shunting locomotive with a train, respectively for
the locomotive itself and for each additional car, min/run and
min/run/cars.

At the same time, the main assumption that simplified the
formulation and solution of the problem and made it possible
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Fig. 1. The ways of car assembling:

a — rearranging car groups on the assembly track; b — sequential
Jjoin of car groups to the train

to obtain expression (1) was the assumption of a uniform dis-
tribution of cars along the tracks of their initial location.

After linearization of expression (1), a dependence was ob-
tained, which is used for practical calculations of the duration
of shunting operation for assembling cars in modern conditions

T, = UP+ FM, )

where U, Fare the constant coefficients reflecting the standard
time expenditures for rearranging the cars, respectively, min/
track and min/car.

In 1957 in this form, the time standard for assembling M
cars from P tracks was included into “Guidelines for technical
regulation of shunting work” and is used to this day in “Me-
thodical guidelines for determining time standards for shunt-
ing operations performed on railway transport”. It should be
noted that in contemporary guidelines, based on expression
(2), a table was constructed, using which, in fact, the time for
the car assembly is established during the development of op-
eration technology of railway stations and technological pro-
cesses for the operation of sidings of industrial enterprises.

The presented methodology was criticized for the follow-
ing reasons:

- as arule, there is a different number of cars on the differ-
ent tracks;

- the number of cars located on the tracks and included in
the shunting train can only take integer values;

- the statement that the calculation results of the duration of
shunting work with the groups of medium-length cars corre-
spond to the average duration of shunting work was not verified.

Simplifications adopted when solving the problem of stan-
dardizing the car assembly duration were caused by the limited
possibilities of mathematical methods that were used to solve
applied problems in the field of railway transport at the begin-
ning of the 20" century. In the second half of the 20" century
and in the early 27* century, the methods of operations re-
search and computer modeling began to be widely used to
solve applied problems of organizing shunting work in railway
transport. In particular, in the work by Blackburn [5], the
problem of arranging cars by destination on a limited number
of tracks is presented. The solution of the problem was achieved
by the methods of graph theory. The methods for solving the
problem of forming the outcoming traffic volume of multi-
group trains from the incoming traffic volume of trains are
presented in the works [6—10]. At the same time, in the work
by Falsafain and Tamannaei [6], the method of dynamic pro-
gramming was used to solve the problem; in the works by Dor-
pinghaus & Schrader [7], Beygang, et al. [8], Hansmann &
Zimmermann [9] the graph theory methods were used; in the
work by Bohlin, et al. [10] the linear integer programming

method was used to solve the problem. As the purpose of opti-
mization in the works [6—10], a minimum number of stages of
shunting work was chosen. It should be noted that, as a rule,
the quality of shunting work is estimated by time expenditures.
At the same time, the number of stages of shunting work is
important, but not the only factor affecting time consumption.
The works [11, 12] are examples of solutions to the problem of
minimizing time expenditures on shunting. The work by Ko-
zachenko, et al. [11] describes the solution to the problem of
minimizing the time expenditures for changing the car order in
the train by reducing it to the search problem of the minimum
distance between two vertices on the graph. The work by
Jaehn, et al. [12] presents a solution to the problem of extract-
ing freight cars from the staging track by the methods of linear
integer programming. In both cases, the optimal solution can
be obtained for a limited number of cars, since the complexity
of the problem increases sharply with their increase. In the
works by Hirashima [13, 14], the distance of movement of the
shunting locomotive was used as an optimization criterion.
Such a criterion is somewhat simplified, since with small dis-
tances of individual movements, considerable time is spent on
acceleration and deceleration, however, it can be used with
significant speed restrictions for shunting.

Another approach that is widely used in planning shunting
work is related to the use of various simulation models to per-
form computer calculation experiments [15, 16]. In particular,
such an approach is applied in the works by lvic, et al. [17],
Hirashima [18] when choosing the order of multi-group train
formation, by Belosevic & Ivic [19] when solving the problem
of forming the outcoming traffic volume of multi-group trains
from the incoming traffic volume of trains, by Kozachenko, et
al. [20] and Sivitsky, et al. [21] when solving the problem of
technical and operational assessment of the railway station.
The general scheme of conducting research in the works [ 17—
21] is that the dependencies obtained in them are based on
statistical processing of the results of calculation experiments.
Herewith, in each individual experiment, the order of shunting
work performing was established by heuristic methods. Such
methods do not provide an exact solution to the problems, but
in many cases, they allow obtaining solutions with sufficient
accuracy for practical purposes.

Evaluation of the duration of shunting operations can be
performed by various methods. In particular, in the work by
Lashenyh, et al. [22] the duration of shunting movements is
determined based on the analytical calculations. It should be
noted that analytical models describe the movement of shunt-
ing trains in a simplified way. At the same time, the models
using traction calculation methods, such as those described in
the works by Kuznetsov, et al. [23] and Kozachenko, et al.
[24], are rarely used when choosing the order of performing
shunting operations due to their cumbersomeness.

The problems of the modern method for standardizing the
duration of the operation of assembling cars on one track are
related to the following. First of all, when solving the problems
of managing the work of railway stations and railway transport
of industrial enterprises, the main purpose is not to establish
the operation duration, but to find such an order of shunting
operation that ensures the achievement of minimum time ex-
penditures for shunting work in specific operational condi-
tions. The existing method of the duration of the shunting op-
eration does not allow answering such questions. Secondly,
when solving the problems of developing technology and de-
signing railway stations and railway transport of industrial en-
terprises, the time standards are established for calculation
conditions. According to expression (2), for the operation of
assembling cars, these conditions are determined by the num-
ber of tracks P and the number of cars M. Taking into account
the fact that the same number of cars can be placed on a given
number of tracks in different ways, the time expenditures for
assembling cars will be a random variable. The existing meth-
odology allows estimating only its average value. At the same
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time, for the effective use of modern methods of simulation
modeling when evaluating the technological and design deci-
sions, it is also necessary to have estimates of the dispersion of
the random variable relative to the average value. Therefore,
the existing methods of standardizing the duration of assem-
bling cars on one track require improvement.

Purpose and objectives of research. The purpose of the re-
search is to improve the method for standardizing the duration
of the shunting operation of assembling cars on one track. It
can be achieved as a result of solving the following research
problems:

- development of a method for searching the optimal order
of assembling cars on one track;

- distribution parameters estimation of the random value
of the duration of shunting operation of assembling cars on
one track based on calculation experiments.

Research materials and methods. In this study, the follow-
ing problem of car assembling is considered. A sorting yard
with P+ 1 tracks, a lead and a turnout track is given. The track
on which the cars need to be rearranged will be called the as-

sembly track. The conventional consecutive numbers i=1..P
are assigned to other tracks of the yard. It is assumed that there
are groups of m; cars on these tracks. The number of a car
group corresponds to the number of the track on which it is
located. The purpose of the shunting operation is rearranging

all car groups from the tracks i =1..P to the assembly track.
There are two variants for organizing the assembling of cars.
According to the first variant, the cars must be assembled in
such a way that the numbers of their groups in the assembled
train form an increasing sequence. A similar requirement is
put forward, for example, at the end of pick-up trains forma-
tion. According to the second variant, the groups of cars in the
assembled train can be arranged in any order. This variant is
possible, for example, when assembling the cars from the set-
out tracks of the cargo area to transfer to the station. The
shunting engine assembles the cars. In the initial state, the
shunting engine is on the assembly track. Power restrictions of
the shunting engine and the length of the turnout track are not
taken into account. In comparison with the existing method
for standardizing the duration of assembling the cars, such a
formulation of the problem differs in detail of the car location
on the tracks.

Different technical and operational indicators correspond
to different procedures of car assembling. In this study, the to-
tal time expenditures 7, for shunting were chosen as a criteri-
on for comparing variants for assembling cars and evaluating
the effectiveness of shunting organization.

Car assembly includes two types of shunting trips:

- assembly trips — working trips with groups of cars;

- idle trips — idle trips of a single locomotive on a track
where groups of cars are located.

The total time expenditures for shunting is the sum of the
time spent on idle and assembly trips.

Let us consider the first version of the problem statement,
when the groups of cars in the assembled train must be ordered.
A series of shunting trips that starts from the idle trip of the
shunting locomotive and ends with placing the cars on the as-
sembly track will be called the stage of car assembling. One as-
sembly stage may include several assembly trips. The minimum
number of stages is 1 and corresponds to the case when assem-
bly is performed by sequential joining all car groups to the train
after entering the track i = P. The results of the previous re-
search show that in the absence of traction force restrictions of
the locomotive and the length of the tracks, the division of
trains into parts when moving cars from one track to another is
impractical. Therefore, the maximum number of car assembly
stages is equal to P and corresponds to the case when assembly
is carried out by replacing each car group to the assembly track.

Let z be the Boolean value indicating the idle trip of the
shunting engine to start a new stage of assembly to the track i.

Locomotive trip to the track with number P is mandatory, i.e.
zp= 1. For other tracks 1 <7 < P, the value of z; is variable and is
equal to 1 when the locomotive comes to the track i from the as-
sembly track to start a new stage, and is equal to 0 when the loco-
motive joins cars from the i track to the train whose assembly has
started from entering a track with a higher number than i. With
this formulation, the problem has P— 1 variable. More compactly,
the set of variables z; can be denoted by one binary number Z, the
individual i* digit of which corresponds to the value of z. This
allows proceeding to the solution of the problem with one variable
Z, the value of which is limited by the condition.

0<Z<2"—1. 3)

The number Z will be called the order of car assembly.

Let us denote the number of assembly trips performed by
the locomotive after entering the track / (z;= 1) as x;. The value
x; is restricted by the condition 1 <x; </ and is determined by
the number of zeros in the binary notation of the number (27 +
+ Z) in the digits preceding the i”. For example, if it is set Z=
= 1001, for a yard with 5 tracks, then

Q2"+ 2),=11001,

and this means that the locomotive runs to track 1 and moves
the cars to the assembly track (z; = 1, x; = 1); then the locomo-
tive runs to track 4, makes two additional assembly trips (z,= 1,
x, = 3) and rearranges the cars to the assembly track; at the
end, the locomotive runs the track 5 and rearranges the cars to
the assembly track (zs=1, x5=1).

The total time spent on shunting is defined as the sum of
the time expenditures for the idle trips and assembly trips. In
this research, as well as in the current standardizing methodol-
ogy of the duration of shunting assembly, it is assumed that the
duration of the locomotive idle trip is constant and equals q,
minutes, and the duration of the assembly trips depends lin-
early on the number of cars being rearranged

t;,=a,,+bhm, (4)

where m is the number of cars taking part in the shunting.
The time expenditures for shunting at the i” stage of as-
sembly can be determined by the expression

0, atg,=0
a,+ax, +bM,(x,), atz,=1

Bi(zi’xi):{ Q)
where M,(x;) is the total number of cars moved during the as-
sembly stage

M(x;)= Z

r=l+i-x,(Z)

(r+x,—i)ym,. (6)

The total time expenditures for assembling cars is the sum
of the time spent for individual stages.

P
T,(Z)=> B/(z,x,). (7
i

The total time expenditures for the movement of the
shunting engine during assembly trips in expression (7) are
constant and equal

P
ath, =a,P.
i=l

Accordingly, expression (5) can be simplified and repre-
sented as
0, atg,=0

a +th,.(xl.)' ®)

Ti(zisxi):{

Finally, expression (7) can be represented as an objective
function in the form of a condition

P
T,(Z)=a,P+> T(z;,x;)—>min. )

i=1
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Function (9) is additive. Considering that the values of Z
are limited, the number of possible values of 7,(Z) is also lim-
ited and the problem can be solved by enumeration of possi-
bilities. Reducing the volume of possibilities can be achieved
by reducing the task of choosing the order of car assembly on
one track to the task of dynamic programming.

The dynamic programming problem is solved in P steps,
which corresponds to the maximum possible number of as-
sembly stages. Let us denote the minimum time expenditures
for shunting work to assemble the cars from the sorting tracks
from the track 7 — x; to the track P after entering the track 7 as
Ui(x;). Considering that there are no tracks with higher num-
bers for the track i = P, then

Uplxp) = Tp(1, xp). (10)

For other tracks, conditionally minimum costs for car as-
sembling can be defined as

Uix) = min(T(1, x;)) + Uy 1 (1); U 1(x;.0)) - at i< P.(11)

Conditionally optimal values of variables z(x;) corre-
sponding to the tracks 1 <i < P are determined by the formula

1, ifT.(x)+U._  ()<U,, (x
Zi(xi): ) 1( 1) H—l( ) 1+1( 1+1). (12)
0, if T,(x)+ U, (D2U;, (%)
Using expressions (10 and 11), the objective function (9)
can be represented by a sequence of functions

Up(xp) = Tp(xp);
Up_(xp_)=min(T,_ (1, xp_)+Up(1);U p(xp_ +1));

(13)
U, (x) =min(T,(1,x))+ U, (1);U,(x, +1));
min(7,,)=a,P+U,(x,).

After determining the minimum value of 7,(2), the value
of the variable Z,,, which provides it, is set according to the
conditionally optimal values of the variables z;(x;).

In the second variant of the problem setting, when groups
of cars in the assembled train can be in any order, the mini-
mum time spent on assembling cars can be set as the minimum
time for assembling cars among the variants for which the
number of cars on the tracks is the same, and only the num-
bers of the tracks differ.

The given method makes it possible to establish the opti-
mal order, which ensures minimal time expenditures on as-
sembling the train with the given initial location of its cars on
the sorting tracks. Such a task is typical for operational man-
agement of railway stations. The proposed method is a direct
optimization method and can be used both with simple meth-
ods for determining the time expenditures for transfer trips,
such as (4), and with more complex ones, such as the method
of traction calculations. This allows estimating the time expen-
ditures on assembling cars with the accuracy required to solve
a specific problem.

When performing technological and design calculations,
the number of cars in the train M = Sm; and the number of
tracks P, on which they are located, serve as the initial data for
determining the time standard for shunting work on assem-
bling cars. At the same time, the distribution of cars on the
tracks (individual values of m;) is unknown. The number of
variants for placing M cars on P tracks is

(M=)
Q_(M—P)!(P—l)!'

In such conditions, the time expenditures for assembling a
random train will represent a random variable. In order to set
the parameters of the specified value, a complete enumeration
of all possible variants for the location of M cars on P tracks
can be performed. The distribution parameters of the random
value of the duration of car assembly per one track can be es-

(14)

as.q

tablished by calculating the minimum time of assembly of 7,

cars for each ¢ variant (¢=1..0) and statistical processing of
the obtained values.

Research results. As an example, the problem of determin-
ing the order of train assembly of 30 cars placed on 5 tracks is
considered. Table 1 shows two possible variants of the initial
location out of 23,751 possible ones. In the calculations it was
taken ;= 1.8 min, a;, = 1.8 min, b, = 0.11 min/car.

The search for the optimal order of assembling cars on one
track for the variant 1 is illustrated in Table 2.

According to formula (9), the total time expenditures for
assembling by cars will be T, = 18.14 min, while Z,, = 10,102 =
= 1,010. The optimal order of assembling cars for variant 2 is
determined similarly. At the same time, 7,, = 15.20 min, and
Z,; = 0. Thus, different optimal time and order of assembly
operations will correspond to different variants for placing the
same number of cars M on the same number of tracks P. The
minimum time expenditures for the case when the assembled
car groups can be in any order for variant 1 is 16.67 minutes,
and for variant 2 — 15.20 minutes.

In contrast to the tasks of operational management of the
work of railway stations and railway transport [25] of indus-
trial enterprises, when information from a real object is used to
calculate the car assembly duration, during the solution of the
technology development tasks, the initial information for cal-
culations is obtained from various models. At the same time,
as a rule, the location of individual car groups on the tracks is
unknown. Therefore, the train assembly time should be con-
sidered as a random variable. To estimate the parameters of
this value, a computer program has been developed that im-
plements the algorithm described in section 4 of the article and

Table 1
The initial number of cars on the tracks
Track number i 1 2 3 4 5
Number of cars m; | Variant 1 2 3 14 1 10

Variant2 | 26 1 1 1 1

Table 2

Search for the optimal order of car assembling to one track
for variant 1

i Indicators i

1 2 3 4 5

5 Ts5(1, x5) = Us(xs) 2.90 | 422 | 7.08 | 10.16 | 13.46
4 Ty(1, x4) 202 | 3.78 | 5.76 | 7.96 -
Ty(1, x4) + Us(1) 492 | 6.68 | 8.66 | 10.86 -
Uy(x4) 422 | 6.68 | 8.66 | 10.86 -
24(X4) 0 1 1 1 -
3 T5(1, x3) 3.34 | 510 | 7.08 — -
T5(1, x3) + Uy(1) 7.56 | 9.32 11.3 - -
Us(x3) 6.68 | 8.66 | 10.86 - -
23(x3) 0 0 0 - -
2 T,(1, x,) 2.02 | 2.46 - — —
Ty(1, x,) + Us(1) 8.7 9.14 — - -
U (xy) 8.66 | 9.14 — - -
2(x) 0 1 - - -
1 T\(1, x)) 2.02 - - - -
T\(1, x)) + Uy(1) 10.68 - - - -
Ui(x)) 9.14 - — - -
71(x)) 0 - - - -
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determines the time expenditures on shunting work to assem-
ble cars for all possible location variants of a given number of
cars M on a given number of tracks P. The distribution histo-
gram of the random value of the assembly duration of M =
=30 cars with P = 5 tracks (the specified conditions are similar
to the numerical examples discussed above) is shown in Fig. 2.
The random variable 7, has an asymmetric distribution with a
negative skewness coefficient. At the same time, the mathe-
matical expectation is M[T,] = 17.82 min, the mean square
deviation s| 7,,] = 0.58 min, the minimum duration of train as-
sembling (with the most favorable car location) is 15.20 mi-
nutes, and the maximum (with the least favorable car location)
is 19.24 minutes. For comparison, the duration of car assem-
bling determined by expression (1) is 7, = 18.36 min.

In a similar way, the average time expenditures for other
combinations of the number of cars and the number of tracks
was determined. At the same time, the number of cars varied
from 1 to 40, and the number of tracks from 1 to 10. A frag-
ment of the table obtained for the case when the cars must be
in a certain order in the assembled train is given in Table 3.
Time standards in Table 3 allow setting the time expenditures
on assembling cars in the same way as the corresponding table
in “Methodical guidelines for determining time standards for
shunting operations performed on railway transport”.

To assess the calculation accuracy when using analytical
formulas in this study, the relative error was used, the value of
which was determined by the expression

_S(P.M)-M[T,(P,M)]
MIT, (P, M)]

where f{P,M) is the analytical dependency of the car assembly
duration on the number of tracks and the number of cars, min.

The studies conducted show that the relative error when
using formula (1) to determine the time expenditures on train
assembling according to the group order is from —35 to +4 %.
Positive error values are typical for conditions when a small
number of cars are assembled from a small number of tracks.
These errors are related to the fact that when deriving the ex-
pression (1) they ignored the fact that the number of cars in
shunting trains and the number of assembly stages can only
take integer values. As the numbers of cars and tracks increase,

(P, M)

(15)
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Fig. 2. Distribution histogram of the random value of the as-
sembly duration of M = 30 cars with P= 5 tracks

the errors take on positive values. This is caused by the fact
that when deriving expression (1), it was assumed that the cars
are evenly distributed along the tracks. In fact, such an ar-
rangement of cars is one of the most unfavorable. If there is no
requirement to observe the order of car groups in the assem-
bled train, the relative error when using formula (1) ranges
from -35 to +9 %.

Examples of the obtained dependencies of the mean
square deviation of time expenditures for assembling trains
with ordered car groups on the number of tracks from which
these cars are assembled and the number of cars being assem-
bled are presented, respectively, in Figs. 3, a, b.

The value of the mean square deviation depends on the
number of variants for placing M cars on P tracks and on the
difference in the number of cars on the tracks.

Today, the duration of car assembling on one track is cal-
culated according to a linear dependency (2). According to the
current methodology, the values of the coefficients U= 1.8 min
and F = 0.3 min/car are provided. With such coefficients, the
calculation accuracy for the majority of combinations of the
number of cars and tracks ranges within +10 %. However, the
limit of error reaches +73 and —27 %.

Table 3
Average time expenditures for car assembly complying with the group order in the train
Number Number of tracks

of cars 1 2 3 4 5 6 7 8 9 10

1 3.71 — — - - - - - - -

2 3.82 5.73 — — - - - - - -

3 3.93 5.90 7.86 — — - - - - -

4 4.04 6.06 8.08 10.10 - - - - - -

5 4.15 6.23 8.30 10.38 12.45 - - - - -

6 4.26 6.39 8.52 10.65 12.78 14.91 — — — —

7 4.37 6.56 8.74 10.93 13.11 15.30 17.48 - - -

8 4.48 6.72 8.96 11.20 13.44 15.68 17.92 20.16 - -

9 4.59 6.89 9.18 11.47 13.75 16.02 18.25 20.43 22.55 -
10 4.70 7.05 9.40 11.74 14.05 16.31 18.52 20.68 22.79 24.90
15 5.25 7.88 10.42 12.85 15.18 17.44 19.67 21.88 24.10 26.33
20 5.80 8.67 11.30 13.76 16.11 18.44 20.75 23.05 25.33 27.59
25 6.35 9.37 12.06 14.56 16.98 19.38 21.76 24.10 26.41 28.70
30 6.90 10.02 12.76 15.32 17.82 20.28 22.69 25.07 27.41 29.73
35 7.45 10.64 13.43 16.07 18.63 21.12 23.57 25.97 28.35 30.71
40 8.00 11.25 14.09 16.79 19.39 21.92 24.40 26.84 29.26 31.65
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Fig. 3. Dependencies of the mean square deviation of the time
spent on train assembling with ordered car groups:

a — on the number of tracks; b — on the number of cars

The error reaches an even greater value due to the entry in
the table in [3] of time standards for ranges of 5 cars. To assess
the possibility of approximating the results of calculation ex-
periments by linear dependency, the coefficients of dependen-
¢y (2) are determined using the following condition

max|3(P, M) > min, P=1.10, M=1.40. (16)

Condition (16) is satisfied by the coefficients U = 2.82 min
and F=0.16 min/car. At the same time, the relative error in in-
dividual calculations is +20 %. Such accuracy is unacceptable
for engineering calculations. The simplest analytical model that
allows approximating the results of calculation experiments in
Tables 3 and 4 with an accuracy of 5 % is a polynomial of the
first degree with the interaction of the following kind

Tasszk+kpp+kMM+kPMPM, (17)

where k, kp, k), kpy are the coefficients of statistical model.

Condition (16) is satisfied by the coefficients k = 1.46 min,
kp = 2.04 min/track, k,, = 0.107 min/car, kpy = 0.0161 min/
car/track.

Discussion of results. The conducted studies show that a
number of successive simplifications were adopted during the
development of modern time standards for shunting work on
assembling cars on one track. As a result, the time standards
according to the current methodology are set with a significant
error. Originality of the work lies in the fact it improves the
method for developing the time standards for shunting work,

which, unlike the existing one, is based on the performance of
a series of calculation experiments, each of which solves the
optimization problem of finding such an order of assembling
cars that ensures minimum time consumption for shunting.
The problem of finding the optimal order of assembling cars in
the work is formalized and solved as a problem of dynamic pro-
gramming. For the first time, the dependencies of the mean
square deviation of the time spent on assembling cars were ob-
tained. The practical significance of the research is in the fact
that the methods developed make it possible to improve the
quality of solutions when developing the technology for exist-
ing and projected railway stations and sidings of industrial en-
terprises. Reference values of a;, a;, and b, coefficients are used
in this work. At the same time, the technology of shunting at
each station and siding has its own characteristics. In this re-
gard, the goal of further research is to analyze the influence of
local conditions on the time expenditures for assembling cars.

Conclusions. The conducted research allows us to draw the
following conclusions.

1. When formalizing the task of finding the optimal order
of assembling cars on one track, the number of the assembling
order can be taken as a variable, and the time spent on shunt-
ing work can be taken as the objective function. The problem
can be reduced to a problem of dynamic programming. The
number of solution steps in this case is equal to the number of
tracks from which the cars are assembled, and for each track
one solves the issue of starting a new assembly stage or joining
the train when assembling from tracks with higher numbers.

2. When developing the technology and designing railway
stations and sidings, the location of a given number of cars on
a given number of tracks should be considered as random. As a
result, the time expenditures for car assembling make a ran-
dom variable. Parameters of the random amount of time spent
on car assembling can be obtained as a result of statistical pro-
cessing of the results of calculation experiments. The studies
performed show that the determination of time expenditures
for shunting work based on the analytical dependency ob-
tained for the conditions when there is the same number of
cars on the tracks leads to significant errors. The value of the
error in this case ranges from —35 to +4 % for cases when the
car groups in the assembled train must be ordered and from
—35t0 +9 % for the case when the car groups in the assembled
train can be in an arbitrary order.

3. As a result of the study, on the basis of calculation ex-
periments, the tables of mathematical expectation and mean
square deviation of time expenditures for shunting work for car
assembling on one track were obtained. These tables are for
the cases when the car groups in the assembled train must be
ordered and when the car groups in the assembled train can be
in an arbitrary order. The possibility of approximating the ob-
tained data using analytical dependencies was evaluated. It
shows that when using polynomials of the first degree with in-
teraction, the accuracy of the results will be within +5 %.
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Merta. YaocKoHaJeHHsI METO/IiB HOPMYBaHHSI TPUBAJIOC-
Ti MaHEBPOBO1 POOOTH 3i 30MpaHHS BaroHiB Ha OAHIl KOii.
Lle Moxe OyTu TOCSATHYTO B pe3yJbTaTi BUPILLIEHHST HACTYTI-
HMX 3aBIaHb TOCTIKEHHS: pO3p00OKa METOMY MOLIYKY ONTH-
MaJIbHOTO MOPSIIKY 30MpaHHsI BarOHiB Ha OHY KOJiIO; OLIiH-
Ka mapameTpiB PO3MOIiay BUITAIKOBOI BETUYMHU TPUBATIOCTI
MaHEeBPOBO1 pOOOTH 3i 30MpaHHs BaroHiB Ha OAHI KOJil Ha
OCHOBI PO3PaXyHKOBUX €KCTIEPUMEHTIB.

Metonuka. Y xoai DOCHIIKEHHS BUKOPUCTOBYBAIMCS
METONIM Teopil eKcrulyarallii 3al1i3HUIlb, TUHAMIYHOTO TPO-
rpaMyBaHHS i MATeMaTUIHOI CTATUCTUKM.

PesyabTaTtu. Y Xoni AOCHiIXeHHs Mpoliecy 30UpaHHSs
TPYIT BarOHiB Ha OIHY KOJIiI0 BCTAHOBJIEHI MapamMeTpu po3-
MOy BUIMAAKOBOI BEJIMUYMHU Yacy, IO BUTPAYAEThCS Ha
MaHeBpPOBY poboTy. 3amaya BUOOPY ONTUMAIBHOTO TTOPSIIKY
MaHEBpPOBUX omepalliit 3i 30MpaHHs BaroHiB Oysa dhopmai-
30BaHa Ta BUpillleHa SIK 3aaya TMHAMIYHOTO TIpOrpaMyBaH-
Hs. B sIKOCTi KpUTepito ONTUMaIBLHOCTI 0OpaHo yac, 1110 BU-
TPaAya€eTHCSI HA MAHEBPOBY POOOTY. PO3rissHyTa MOXITUBICTD
arnpoKcuMalii faHUX po3paxXyHKOBUX EKCITEPUMEHTIB aHai-
TUYHUMH 3aJIEXXKHOCTSIMU. BcTaHOBIEHO, 1110 BUKOPUCTAHHS
JIIHIMHUX MOJIIHOMIB i3 B3a€EMOJIIE€I0 TO3BOJISIE OTPUMATH 3a-
JIEXKHOCTI, 1110 OTIMCYIOTh HOPMU Yacy 3 BiTHOCHOIO TOUHiC-
TIo £5 %.

HayxkoBa nosusna. [losisirae B ToMy, 1110 B poOOTi y10CKO-
HaJIECHO METOJ pO3pOOKM HOPMATUBIB Yacy Ha MaHEBPOBY
po0OTY, SIKMIA, Ha BiIMiHY BiJl iCHY104OTO, Oa3yeThCS Ha MPO-
BEJEHHI cepii po3paxyHKOBUX €KCIIEPUMEHTIB, KOXKEH 3 SIKUX
PO3B’sI3y€ ONMTUMI3AlliliHy 3a/1a4y 3HAXOMKEHHS TaKOTO T0-
psIKY 30MpaHHS BaroHiB, 110 3a0e3Mevye MiHiMaJIbHi BUTpa-
TH Yacy Ha MaHEBPOBY OTIepallilo.

IIpakTuyna 3HauumicTsb. Po3polGiieHi B poboTi MeTOAM Ta
OTPUMAaHI 3aJIEXXHOCTI J03BOJISIIOTH MiABUILMTU SIKICTh pi-
1IEHb, 110 MPUIMAIOThCSI MPU PO3POOL TEXHOJIOTIT Ta Mpu
MPOEKTYBaHHI 3aJII3HUYHUX CTAHUIH i Min’i3HUX KOl mpo-
MMCJIOBUX ITiAMTPUEMCTB.

KiouoBi cnoBa: 3arizHuuHuii mpancnopm, 3a1i3HUMHA
cmanuyis, nid’izna Koais, maneaposa poboma, HOpmu 4acy
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