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This work is aimed at studying the stochastic assessment of the timetable
accuracy of heavy haul and extra-long trains in real traffic conditions. The
timetable accuracy is dependent on several factors, including climate condi-
tions, rolling stock specification, railway track profile, fails of equipment,
speed limitations, etc. These factors affect every train movement on the sec-
tion at the observation time. However, the timetable accuracy may be dras-
tically reduced depending on specific train features, such as type (passenger
or freight), weight and length. There are trains of the weight up to 8000 tons
and a length up to 2 km on the Trans-Siberian railway and increasing
throughput on railroad sections by reducing train intervals is topical. In this
case, stochastic timetable disturbances may significantly limit the value of
train interval and section throughput. In the study, a mathematical model-
ing of train delays on a railroad section based on the statistical data of
timetable execution is developed. It is shown that the train disturbances and
malfunctions can be considered using a stochastic approach. The way to esti-
mate timetable disturbances by distributions of chi-square, Erlang, Gamma
and Weibull is found in this contribution. The research results may be used
for the simulation models development and timetable planning, especially
for the design of timetable robustness.

Information about authors:

Valeriy V. Polyanov, Railway Transportation Management Faculty, Siberian Transport University, Novosibirsk, Russia, ORCID 0009-0002-9813-0585

Victor V. Atuchin, Laboratory of Optical Materials and Structures, Institute of Semiconductor Physics, SB RAS, Novosibirsk, Russia; Research and Development
Department, Kemerovo State University, Kemerovo, Russia; Department of Industrial Machinery Design, Novosibirsk State Technical University, Novosibirsk, Russia,
ORCID 0000-0002-7424-5604

Sergei A. Bessonenko, Railway Transportation Management Faculty, Siberian Transport University, Novosibirsk, Russia, ORCID 0000-0001-5782-1596

AnAa uMTMpoBaHusA:
lMonbsaros B.B., Amyuun B.B., becconenko C.A. CToxacTuyeckue OTKIIOHEHUA OT rpadyka ABMIKEHUA TAXKENOBECHBIX U ASIMHHOCOCTABHbIX Noe3A0B //
T-Comm: TenekoMMyHWKaLumm u Tpancnopt. 2025. Tom 9. N22. C. 53-60.

For citation:
V. V. Polyanov, V. V. Atuchin, S. A. Bessonenko, “Stochastic timetable disturbances in heavy haul and extra-long train traffic,” T-Comm,
2025, vol. 19, no. 2, pp. 53-60.

EEE

T-Comm Vol.l9. #2-2025




TRANSPORT

1 Introduction

The process of planning on the railway transport is aimed at
accounting the distribution of freight and passenger trains, local
work execution, reducing infrastructure faults, meeting the stand-
ard weight and length of trains, etc. The development of optimal
routes in freight traffic requires increasing the throughput in rail-
way sections [1]. At the same time, developing a robust timetable
is an important task for the railway efficiency increase, especially
in the Traffic Management System (TMS) development.

TMSs are advanced systems that help increase the throughput
of railways by reducing of train interval to 4 minutes or less in-
stead of 8-10 minutes typical in the case of automatic block sys-
tems [2,3]. According to the results reported in [4,5], the telecom-
munication infrastructure on railway sections is ready for the im-
plementation of virtual coupling on the sections of Trans-Siberian
Railway. However, the effectiveness assessment and optimal sec-
tion selection for testing the technology can be carried out only
based on safety and specific conditions, such as traffic character-
istic, infrastructure limitations, climate, track numbers, electric
traction, rolling stock capacity, human factor, etc. For example, in
accordance with the timetable standard [6], the proper running
time on a railroad section is dependent on rolling stock conditions,
locomotive power, load capacity of catenary, safety requirements
of train traffic, dynamic loads, etc.

One of specific conditions of the Trans-Siberian Railway is
heavy haul and extra-long train traffic. The efficiency of heavy
haul transport can be increased with changing optimal train inter-
vals by a virtual coupling implementation. At present, researches
propose programming models, such as the train service plan prob-
lem, train timetabling problem model and simulated annealing al-
gorithm [7, 8]. These approaches allow obtaining a train service
plan by minimizing the operation cost and maximizing the trans-
portation volume of special heavy haul railway lines. The distance
headway scheme for heavy haul trains, sometimes, is not efficient
to reach a virtual coupling of freight trains. In [9], the virtual cou-
pling was studied for heavy haul freight trains, and it was proposed
to set the follower train to be a certain time behind the schedule of
the leader train rather than the distance headway. The disturbances
in heavy haul lines may especially occur in virtual coupling sec-
tions. In [10], the virtual coupling-based timetable rescheduling
method was proposed to reduce the delays under disruptions and
increase the line capacity by the mixed-integer linear program
(MILP) model.

The Trans-Siberian railway is a passenger-freight collinear
railway. The accuracy of timetable execution for freight trains is
comparatively low because of high priority of passenger trains. It
leads to significant fluctuations in reference to a proper timetable
and crew plan in the presence of disturbances. The problem of re-
scheduling the train timetable and crew scheme in the presence of
disruptions on a passenger-freight collinear railway was consid-
ered in [11]. The mixed-integer linear program model was devel-
oped considering the distinctive priorities of passenger and freight
trains, as well as crew operations in order to minimize train delays
and fluctuations in the crew schedule, while maximizing the de-
livery rate of freight trains at the railway. The robust railway de-
sign considering freight train traffic fluctuations was implemented
in [12]. The optimization model of the robust version of strategic
timetable is developed as discrete scenarios. At the same time, the

uncertain freight train demand is modeled using optional trains,
which can be inserted in the resulting timetable.

Another reason of freight trains timetable fluctuation is infra-
structure limitations. The severe fluctuations in the traction power
may depend on the train operation stability. Researches tried to
account for operation conditions in mountain railways and reveal
the ways for the train timetable optimization of mixed passenger/
freight railways to reduce their impact on weak power grids [13,
14]. The electromagnetic compatibility limitations on the railway
transport, as emissions from power lines to nearby lines and signal
circuits, were reported in [15, 16].

In accordance with the train interval calculation methodology
[17], the motion on the railroad section is described as a stationary
process. It does not consider any stochastic fluctuations from the
proper timetable. However, there are train delays occurred in real
traffic conditions, which may lead to a change of train interval,
running time on the section and the throughput. Timetable disturb-
ances caused by a wide range of factors related to the functioning
of railway units or induced by external factors are difficult to take
into account. Train delays caused by the direct influence of an in-
terfering factor are called primary delays, and secondary delays
appear due to the delays of earlier trains [18]. Nowadays, topical
is to increase robustness at the timetable level for heavy haul and
extra-long train traffic, especially in TMS conditions. It allows in-
creasing the throughput of railways by setting an optimal train in-
terval. That is why the main purpose of the work is to reveal and
estimate the timetable disturbances on a railroad section planned
to be implemented by the virtual coupling technology.

One of the approaches used by researchers to consider the
timetable disturbances is stochastic modeling. It presents the data
on complex processes and predicts the outcomes that account for
certain levels of unpredictability or randomness, especially in
combination with stochastic interference. Stochastic microscopic
simulation models allow recognizing the capacity and stability of
timetable depending on the TMS type (such as radio-based control
systems) implemented on the railroad section. The evaluation by
this algorithm is based on simulation experiments [19]. The results
of modeling allow changing priority lines for a possible installa-
tion of advanced train interval systems based on the capacity and
operational conditions. The model of primary train delays allows
creating a robust timetable by discrete probability distributions. In
[20], the exact symbolic simulation method is used to compute the
impact of delays in railway systems. To reach that, the method of
computing exact probabilistic quantities was proposed. The delay
probability distributions, expected delays for timetable trains or
expected capacity use of infrastructure elements may be estimated
by stochastic algorithms. These approaches allow recognizing in-
frastructural problems and increasing the timetable robustness. In
[21], a two-step stochastic optimization model was used to allo-
cate the supplements and buffers with the objective of minimizing
the real-time schedule fluctuation from the planned timetable.
This approach is one of the easiest to realize and implement the
calculations, but it is not precise when a complex environment is
considered.

In order to estimate the efficiency of TMS implemented on the
Trans-Siberian railwayi, it is necessary to introduce stochastic dis-
turbances in the simulation model. Accordingly, the present study
is aimed at describing timetable disturbances for a train flow on a
selected railroad section by the optimal mathematical function.
Furthermore, as the timetable execution accuracy may be
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dependent on train conditions (weight, length, kind of haulage
etc), the created stochastic model should be able to account the
freight train traffic for different train categories, especially for
heavy haul and extra-long trains. The implementation of stochas-
tic approach for analyzing timetable may describe the disturbances
observed across the Trans-Siberian railway and establish the rea-
sons of delays. The timetable disturbances are estimated as fluc-
tuations from a proper running time on the railroad section Oy-
Mos of the Trans-Siberian Railway. The position of the railroad
section Oy-Mos on the topographic map is shown in Figure 1.

Trans-Siberian
Baikal-Amur Mainline
Trans-Manchurian

————— Trans-Mongolian

RUSSIA

‘‘‘‘‘
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Fig. 1. Scheme of railroad section Oy-Mos

The Oy-Mos railroad section is a passenger-freight collinear
railroad part with heavy haul and extra-long train traffic. Special
conditions of the section include curves and long hilly parts in-
clined up to 10.8%o. Average percent of trains delayed more than
1 minute on this railroad section is 98% per month.

The study is based on the timetable execution data collected
from automated train motion monitoring system during 240 h. The
train departure and arrival data were recorded using automatic
block signaling and interlocking devices (on the occupation of
block section circuits). The train category is identified by the num-
ber which is assigned for the transportation route. It allows recog-
nizing the train category in statistical data including heavy haul
and extra long trains. The reliability of the data is ensured by syn-
chronization automatic block system devices with the NTP server.
In accordance with the methodology for processing train timetable
statistics [22], the timetable execution data are recorded with an
accuracy of £1 min.

2 Methods

The process of the train motion along a railway section may be
described using the following differential equations [23]:

d
v : (1)
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where s is the railway section distance of the train relative to the
railway station, v is the train speed and « is the train acceleration.
But the problem of this approach is in recognizing the fluctuations
of kinematic parameters of a moving train in real traffic. As trans-
portation is the process of transfer trains between stations, it is pos-
sible to consider disturbances from the timetable execution data.

The study includes an analysis of the data on real train traffic
using probabilistic statistical methods. A hypothesis was put for-
ward about the possibility of describing a statistical sample using
the known distribution laws. The statistical hypothesis was tested
on the compliance of the assumed distribution law with the theoret-
ical law at a significance level of 0.05 using the Chi-square criterion.

A mathematical model of train flows via a railway station was
proposed in [24]. The mathematical model is based on the col-
lected statistical data on the Trans-Siberian railway. The timetable
fluctuations of freight trains are considered on the stochastic ap-
proach. The obtained modeling results show the distribution laws
of train delay values for passenger and freight trains. However,
such specific track and traffic conditions as heavy haul and extra-
long trains were not considered in [24].

3 Timetable execution accuracy on the railroad section

The statistical data of timetable execution were collected dur-
ing 10 days of January. The running time on the railroad section
is analyzed in accordance with the following conditions:

— running time fluctuations of up to 0.1 min are discarded;

—r nning time fluctuations more than 0.1 min up to 1 min are
accepted as 1 min in accordance with the Train Timetable Guide
[25] and Regulation for the Timetable Data Analysis [22];

— train delays in the railroad section more than 1 h for freight
trains and more than 6 min for passenger trains are not considered
as a stochastic delay. It is topical because such timetable fluctua-
tions are caused by the failure of technical facilities in accordance
with the terms of the regulation for the failures analysis in the rail-
way infrastructure [26].

The length of railroad section Oy-Mos is 23.1 km. The proper
running time on the observed section is 21 min for freight trains
and 17 min for passenger and suburban ones. Negative values
(ahead of timetable) are not taken into account. The results of the
statistical data of timetable execution are shown in Table 1.

Table 1

Running time fluctuations on the railroad section
Oy-Mos by train categories

Total |[Heavy |Extra |Regular|Passen- |Other
haul long freight |gers and|trains
trains freight |[trains |subur-

trains ban
trains
Number of trains 1013 238 190 | 245 | 220 | 120
Running time fluctua- | 896 233 189 | 238 40 96
tions
Percent of timetable 12% 2% 1% 3% | 82% | 20%
accuracy

Evidently, there are large timetable fluctuations on the railroad
section. The lowest running time accuracy occurs for freight
trains, including heavy haul and extra-long freight trains (1-3%).
In Figure 2 is the time distribution of timetable fluctuations from
the proper running time on the railroad section.
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Fig. 2. Distribution of timetable delays on the railroad section

A lot of factors should be taken into account to find and the
key causes of the timetable disturbances. For example, a special
condition of the Oy-Mos railroad section is the presence of long
hilly and curvy sections. Heavy haul trains (up to 7000 tons) on
such sections lose their speed at a hilly rise. It may lead to reduc-
tion of a train interval and a switching of an automatic block signal
to yellow or red one. Moreover, a sizable portion of the disturbances
is related to occidental external factors, including weather condi-
tions, visibility conditions, third party influence etc. The values of
timetable delays on the railroad section are shown in Table 2.

Table 2

Values of running time fluctuations
on the railroad section Oy-Mos

Total [Heavy |Extra |Regular|{Passen- |Other
haul long [freight |gers and|trains
trains |freight |trains [subur-

trains ban
trains
Total trains 1013 | 238 190 | 245 220 120
Fluctuations (min) 3804 | 1010 | 786 | 1005 | 141 462
Average fluctuation per | 3.8 4.2 4.1 4.1 0.6 3.9
train (min)

The largest fluctuations belong to freight trains (4.1-4.2 min),
including heavy haul and extra-long ones, and the smallest fluctu-
ations belong to passenger and suburban trains (0.6 min). There
are neither technical failures nor speed limitations that occured on
the section during the data collection. Thus, the reasons for the
observed delays are stochastic disturbances which have to be de-
scribed in timetable modeling tasks. The train running time de-
pends on many factors, and they are all difficult to taken into ac-
count. For this reason, the running time on the railroad section is
considered as a random variable, and, in the present study, this
variable is described by the stochastic approach.

According to the statistical data, the timetable disturbances
analysis is performed by train categories separately. Special atten-
tion is paid to heavy haul and extra-long freight trains. The data of
timetable fluctuations on the railroad section correspond to the
Chi-square, Erlang, Gamma and Weibull distribution laws. The
statistical hypothesis verification about the distribution law is car-
ried out at the significance level of 0.05 using the Chi-square cri-
terion. The significance level of 0.05 means that there is a 5%
probability of incorrectly rejecting the null hypothesis when it is

e [27]. This level strikes a balance between minimizing false
positives and detecting real effects.

3.1 Heavy haul train delay distribution

In order to analyze the timetable disturbances for heavy haul
trains, the data are distributed over the range from 0 to 20 min by
intervals of 1 min. It includes 238 heavy haul train observations
out of the available 1013 of the total trains number. The horizontal
axis shows the time of delay in minutes and the vertical axis shows
the number of trains. Chi-square, Weibull, Erlang and Gamma
functions are used for fitting to reveal the optimal distribution law
of the general population. The train delays histogram and its
approximation by selected functions are presented in Figure 3.

Distribution:

—— Chi-square
Erlang
——Gamma

Weibull

Number of trains
5

0 1 2 3 4 5 6 7 8 9
Amount of train delays, min

10 11 12 13 14 15 16 17 18 19 20

Fig. 3. Statistical distribution of heavy haul train delays

In Figure 4 are the cumulative distribution functions according
to Chi-square, Weibull, Erlang and Gamma distributions.
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Fig. 4. Approximations of heavy haul train delay cumulative distribution
functions by: a) Chi-square; b) Erlang; ¢) Gamma;
d) Weibull dis ibutions

The hypotheses test is performed using the chi-square crite-
rion. The sample shows that the delay values from 13 to 20 min
should be combined into one interval. That is why this interval is
extended to a large value. The calculated results of theoretical dis-
tributions are given in Table 3.
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Table 3 ';': Distribution:
Calculation results of the delay distribution for heavy haul trains :"S““m
Time in- Number of delays by £ —Gamma
= Weibull
terval [Qbserva-| Chi-square | Erlang Gamma Weibull 5
[a.b) | tion data | distribution | distribution | distribution | distribution| £
0|1 5 6.06434 12.0295 7.9855 16.0307 = ‘
1 2 7 18.3742 24~3386 200869 248379 0 1 2 3 4 5; 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
2 13| 28 24.1638 | 26235 | 24296 | 257615 AmeHEERtSiREEapmin
314 25 24.3923 23.6175 | 23.5539 23.3833 Fig. 5. Distribution of extra-long train delays
45| 24 21.6328 | 19.4882 | 20.5039 | 19.5815 , o o
In Figure 6 are the empirical distribution and theoretical distri-
516 23 17.7651 152735 | 16.7452 15.4631 butions according to Chi-square, Weibull, Erlang and Gamma
6 | 7 13.8637 11.5692 13.1093 11.651 functions.
718 9 10.4336 8.55356 9.95882 8.43737
Chi-square distribution Erlang distribution
819 10 7.64178 6.21041 7.39717 5.90165 T 12 T 1'(2)
1.0 3 1.
9 110 4 5.48028 4.44618 5.39933 4.00149 Z o8 Z os
2 06 8 06
10 1 1 4 386455 314759 388647 263717 E o4 — empirical distribution E 0.4 — empirical distribution
é ) — theoretical distribution § 0.2 — theoretical distribution
1112 4 2.6879%4 2.20791 2.7658 1.693 E oo Eoo
1213 2 1.84826 | 1.53698 | 1.94968 | 1.06057 i . B & Amount o rain delays, min -~y
13 | 20 8 3.78736 3.34578 4.36195 1.55962 a) b)
Gamma distribution Weibull distribution
. - e B
The results of distribution assessment indicate that the general 110 2 10
population is well approximated by the Chi-square function. The 3 o g0
Chi-squared distribution is a continuous distribution determined £ —empiricaldistribution | 3 0.4 —empirial distribution
i : g — theoretical distribution & 0.2 — theoretical distribution
by equation [28]: s 22 theoretical distribu £or
1 (X—m) !_1 ° 0 5 10 15 20 25 A(r)nounl ofstrain della(\)/s, min 1;02»5
f(X) = v exp (— —) (X —_ m)z , (2) Amount of train delays, min —— d
22r¢Y) 2 ) )
. . . Fig. 6. Approximations of the extra-long train delay cumulative
where m is the minimum x-value and v is the shape parameter. distribution functions by: a) Chi-square; b) Erlang;
The parameter v is a number of degrees of freedom which are ¢) Gamma;  Weibull distributions
equal to the mathematical value expectation.
According to the Chi-square criterion at significance level of Table 4

0.05, there is no reason to reject the hypothesis since

Calculation results of the delay distribution for heavy haul trains
Xzobserved < chritical (Xzobserved = 1803, chritical =21 03) ThllS, the

distribution of stochastic timetable disturbances of heavy haul | Time Number of delays by i
trains is well described by the chi-square law. interval | Observa- | Chi-square | Erlang Gamma | Weibull
[a,b) | tion data |distribution| distribution | distribution | distribution
. e e e 01 14 28.8185 42.2974 8.78858 14.3485
3.2 Extra-long train delay distribution 12 % 33 1826 20959 281361 229315
The time'table disturbances for the dgta of extra-long traiqs are g i g fg;%i ﬂgégg ;?;223 gggigg
C(.)nstruct.ed in the range from 0 to 20 min by 1'nte.rva1.s of 1 min. In 415 19 13.0017 10.6455 19.2306 175266
Figure 5 is the histogram of train delays and distribution functions. 516 3 87271 754016 12.2966 13.8405
The statistical data includes 190 extra-long train observations out 6 17 9 575831 534065 736796 10.4284
of the available 1013 of the total trains number (19%). 718 8 3.75348 378275 421532 7.55196
The horizontal axis shows the time of delay in minutes, and 8§19 2 2.42452 2.67929 2.3297 5.28234
the vertical axis shows the number of trains. Chi-square, Weibull, 9110 1 1.55509 1.89773 1.25349 3.58158
Erlang and Gamma functions are employed for fitting to put for- 10 |11 0 0.99184 1.34415 0.66014 2.36043
ward a hypothesis about the distribution law of the general popu- 11]12 4 0.62969 | 0.95205 0.34163 1.51534
lation. 12 (13 1 0.39825 0.67433 0.17424 0.94927
The hypotheses test is performed using the chi-square crite- [ 1320 3 0.67231 | 163735 | 0.17368 | 1.39595
rion. The sample shows that the delay values from 13 to 20 min
should be combined into one interval. That is why this interval is The results of distribution assessment allow putting forward a
extended to a large value. The results of theoretical distributions ~ hypothesis about the Weibull distribution of the general popula-
are given in Table 4. tion. The Weibull distribution is a continuous distribution deter-

mined by equation [28]:
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f(x) = %((x —m)/B)* exp (—([x —m]/B)%), 3)

where m is the minimum x-value, o is the shape parameter > 0 and
B is the scale parameter > 0. The distribution parameters A and 3
are determined from the following equations:

EX =2 (1+3)
s fn L2\ 2y @
DX = A (F(1+E)_ F(1+E))
where EX is the mathematical expectation of stochastic disturb-
ances, DX is the dispersion and /" is the Gamma-function.
According to the chi-square criterion at a significance level of
0.05, there is no reason to reject the hypothesis since
X2 observed < X2 critical (X2 observed — 16,52, X2 critical = 1968) As ob-
tained, the extra-long train traffic is characterized by Weibull dis-
tribution of stochastic timetable disturbances unlike the heavy
haul one. Thus, considering disturbances by a train category may
increase the accuracy of train delay simulation models.

4 Discussions

The results of statistical data analysis show that the lowest run-
ning time accuracy occurs for freight trains, including heavy haul
and extra-long freight trains (1-3%). However, in [24], the oppo-
site results were provided for the delay analysis in the Ural region
of the Trans-Siberian railway. In this case, 41.4% of freight trains
were observed on the proper timetable. Such results are due to some
approach differences. In the statistical data of the Ural region of the
Trans-Siberian railway, the freight train was considered as delayed
if its departure was on the timetable or up to 5 min later. This is
because the absolute train delay (from the moment of train for-
mation) was considered. However, the most important for the TMS
implementation is not the absolute value of delay, but the delay ob-
served just on the railroad section. It allows taking into account pri-
mary and secondary delays caused by stochastic disturbances.

In the present study, the distribution laws of train delays were
determined based on the results of theoretical distribution laws us-
ing the chi-square criterion at the significance level of 0.05. The
distribution of timetable disturbances for heavy haul trains on the
Oy-Mos section obeys the chi-square law. The distribution of
timetable disturbances for extra-long trains on the Oy-Mos section
obeys the Weibull law. However, in [24], the Gamma distribution
was stated as the best for freight train delays. That is why the dis-
tribution law should be proved for each railroad section model.

The average delay value per train on the railroad section Oy —
Mos is 4.2 min for heavy haul trains (21% delay from the proper
railroad section timetable), 4.1 min for extra-long trains (20.5%
delay) and 0.6 min for passenger trains (3.5% delay). Such delays
are commensurate to the values of minimal virtual train coupling
interval (3-5 min). This condition significantly complicates the
task of throughput increase by reducing the train interval. The
analysis of the real traffic train interval under the condition of sim-
ultaneously operating both the virtual coupling and automatic
block system was carried out in [3]. The average train speed was
56 km/h, and the train interval was 9-12 min. The obtained results
show the low efficiency of the virtual coupling technology for the
throughput increase.

The analysis of real timetable data in the Swedish Railways
was carried out in [18]. This allowed using empirical data as input
ones for the simulation model. The data were divided on the train
type, namely, local, regional and long-distance passenger trains,

as well as freight trains. In total, 99.4% of the deviations in run-
ning and dwell times were in the range of £10 min, 92.7% in the
range of 3 min and full 75% in the range of £1 min. The accuracy
of the schedule between Helsingborg and Karlskrona on the Swe-
dish Railways is higher than on the Oy-Mos section. However, the
data cannot be objectively compared due to the different type of
traffic. It is also necessary to take into account the infrastructure
conditions, such as electrification, length of the section, presence
of hilly and curvy sections etc. Despite this, the stochastic analysis
in both researches creates conditions for further analysis of pri-
mary and secondary delays.

The human factor also cannot be excluded in affecting the
timetable accuracy, especially under difficult conditions of hilly
sections and heavy haul trains. In Figure 6 (a) is the scheme of
heavy haul train movement to the rise.

l !;Tram #7003

{ decision taking distance for train #7003 |

a)

loss of speed distance for train #7001

Automatically calculated distance

Train #7003

b)

Fig. 7. Train movement on the hilly section: a) on an automatic block
system section and b) on virtual coupling section

The heavy haul train has to move at a speed of at least 50 km/h
in the foot part of the rise. The movement at a speed less than 50
km/h creates a risk of stopping at the rise. In this case, the train
cannot overcome the rise without assisting by a supporting loco-
motive. If the train driver sees a yellow signal, he is driving in a
state of uncertainty. It is necessary to make a decision about an
appropriate speed value in the absence of speed data of the train
going ahead. In many cases, a rational decision is to reduce the
speed on a flat section and save the distance. It allows accelerating
up to the required speed (50 km/h) when the green signal comes on.
Such decisions lead to an increase of disturbances due to the human
factor. The TMS and virtual coupling allow increasing the timetable
accuracy, as shown in Figure 6 b). In the case of virtual coupling,
the distance and speed of train #7003 are automatically calculated
based on the kinematic data of train #7001. It may increase the time-
table accuracy by reducing the influence of human factor.

To increase the traffic robustness, researchers add a buffer
time and minimum headway interval to their calculations to re-
duce or prevent the propagation of delays when a train is late. In
[29], they modeled each buffer time as an object whose value is
determined according to commercial and operational criteria, and
whose size is calculated based on a disturbances value. The sto-
chastic analysis of the train timetable by train categories on the
Oy-Mos railroad section allowed arranging trains into a timetable
package by the deviations magnitude (e.g. train category). The
separation of such packages by buffer times may increase the re-
liability and stability of the schedule.

—
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5 Conclusions

A common timetabling problem is description and evaluation
of disturbances. This study presented an analysis of stochastic dis-
turbances from the train timetable on the railroad section Oy —
Mos of the Trans-Siberian Railway. The approach for describing
the disturbances distribution may be used for delays estimation on
any section for the TMS implementation. In general, freight trains
are characterized by a low percentage of timetable accuracy. It is
evident from the analysis and may be associated with train char-
acteristics (weight, length) and track conditions (hilly and curvy
sections). The timetable disturbance value varies from 0 to 20 min
per train on the railroad section. Since the problem of reducing the
train interval may occur, for example, when virtual coupling or
another TMS will be implemented on the railroad section. How-
ever, reducing the planed train interval may lead to an increase of
secondary delays. The first way of further work is the analysis of
stochastic disturbances for other railroad sections with different
conditions, including climate, traffic intensity, passenger to
freight trains ratio, etc. The mathematical modeling of stochastic
disturbances allows increasing the reliability of the timetable at
the planning stage, for example, by the calculation of optimal min-
imal train interval or including a buffer time in the timetable.

The distribution law of stochastic disturbances may be intro-
duced in simulation models to solve practical problems depending
on the infrastructure and other specific conditions. That is why the
second way of further work is developing the robust timetable on
railroad sections of heavy haul train traffic. The research results
of delays distribution for train categories will be useful for the
simulation. It also allows implementing the obtained results in a
real train timetable.
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AHHOTaUUA

Pa6orta HanmpaBnieHa Ha CTOXaCTU4ECKOE UCC/IeJ0BaHUE TOYHOCTU BbINOSIHEHWA rpaduKa ABMKEHUA TAKENOBECHBIX U ASIMHHOCOCTABHbIX MOE3A0B B pPeasibHbIX
YCNOBUAX ABMXEHUA. TOYHOCTb BbINOSIHEHWUA rpaduka 3aBUCUT OT pAAa (HaKTOPOB, BKIIHOHAA KIMMATUYECKUE YCIOBUA, XaPaKTEPUCTUKM MOABUKHOIO COCTaBa,
Npodunb KeNe3HOLOPOXKHOrO MyTH, OTKasbl OBGOPYAOBaHWA, OrPaHUYEHUA CKOPOCTU U T. 4. DTW GaKTOpbl BAUAIOT HA ABWKEHWE KXKAOrO noesja Ha yqacT-
ke. OAHaKO TOYHOCTb BbIMONHEHUA rpadrKa ABMKEHWUA MOXKET CYLLIECTBEHHO U3MEHATLCA B 3aBUCMMOCTU OT KOHKPETHbIX XapaKTEPUCTUK MOE3/a, TakuUX KaK Ka-
Teropusa (NMaccaXkMpcKuin unu rpysoeott), eec u anvHa. Ha TpaHccubupckoi Maructpanu Kypeupytot noesga BecoM Ao 8000 ToHH 1 gnuHon Ao 2 k. [pu aTom
aKTyasnlbHO MOBbILLEHWE MPOTYCKHOM CMOCOBHOCTU YHACTKOB XKENEe3HOM JOPOrU 3a CHET COKPALLEHUsA UHTEPBASIOB ABWKeHUA noe3foB. CToxacTuyieckne Hapy-
LLIEHWA Pacn1CaHUA MOTYT CYLLIECTBEHHO OFPaHUYMUTb 3HA4EHWE MHTEpBAa ABWKEHUA NOE3/0B U MPOMYCKHOM CMOcOBHOCTM yyacTka. B nccneposaqum npose-
[IEeHO MaTeMaTU4iecKoe MOAENIMPOBaHME 33/lepXKeK MOE3J0B Ha Y4aCTKE XKEeNe3HOMN [AOPOrM Ha OCHOBE CTAaTUCTUHECKUX AaHHbIX rpaduKa UCMOSTHEHHOTO ABU-
»eHus. MNokasaHo, YTO OTKIIOHEHUs OT rpadumKa 1 3a4epXKKU MOE340B MOXKHO OMUCKIBATH C UCMOMB30BAHUEM CTOXACTUYECKOro noaxoaa. B pabote npuMeHeH
cnocob OLeHKN OTKIIOHEHUI OT rpacdmka C MOMOLLBIO pacnpeaeneHunini Xv-kagapar, DpnaHra, [aMma n Beitbynna. PesynbTatel nccneaosanmnsa MoryT ObiTh mc-
NOsb30BaHbI MPU Pa3paboTKe UMUTALIMOHHBIX MOAENEN M MTAHUPOBAHUN OTKA30YCTOMUMBBIX FPAUKOB ABWKEHMA.

Knioueebie cnoea: omksoHeHus om epagpuka dsuxeHus, 3a0epxkku noe3dos, Crmoxacmu4ecKue OMKJ/IOHEHUs, MMKEeI08ecHbie noe3dd, ONIUHHOCOCMAsHbIe noe3dd,
MEXN0e30HOU UHMep.ari, 8UPMyasbHAsA CUENKA.
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