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IMPROVEMENT OF MATHEMATICAL MODELS
FOR ESTIMATION OF TRAIN DYNAMICS

Purpose. Using scientific publications the paper analyzes the mathematical models developed in Ukraine, CIS
countries and abroad for theoretical studies of train dynamics and also shows the urgency of their further improve-
ment. Methodology. Information base of the research was official full-text and abstract databases, scientific works
of domestic and foreign scientists, professional periodicals, materials of scientific and practical conferences, me-
thodological materials of ministries and departments. Analysis of publications on existing mathematical models used
to solve a wide range of problems associated with the train dynamics study shows the expediency of their applica-
tion. Findings. The results of these studies were used in: 1) design of new types of draft gears and air distributors;
2) development of methods for controlling the movement of conventional and connected trains; 3) creation of ap-
propriate process flow diagrams; 4) development of energy-saving methods of train driving; 5) revision of the Con-
struction Codes and Regulations (SNiP 11-39.76); 6) when selecting the parameters of the autonomous automatic
control system, created in DNURT, for an auxiliary locomotive that is part of a connected train; 7) when creating
computer simulators for the training of locomotive drivers; 8) assessment of the vehicle dynamic indices character-
izing traffic safety. Scientists around the world conduct numerical experiments related to estimation of train dyna-
mics using mathematical models that need to be constantly improved. Originality. The authors presented the main
theoretical postulates that allowed them to develop the existing mathematical models for solving problems related to
the train dynamics. The analysis of scientific articles published in Ukraine, CIS countries and abroad allows us to
determine the most relevant areas of application of mathematical models. Practical value. The practical value of the
results obtained lies in the scientific validity and applied orientation of theoretical studies using mathematical mo-
dels, the improvement of which will expand the range of problems to be solved, and increase the level of reliability
of the results obtained.

Keywords: long train; train dynamics; mathematical models of longitudinal train oscillations; inter-car coupling
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Introduction The current level of theoretical methods for study-
ing the transient modes of train movement, based
on the use of modern PCs and IT, allows solving
many technical problems in the field of train dy-
namics. In addition, computer modelling (numeri-
cal experiment) has significant advantages over
field experiment.

First, there is no need to conduct an experiment
on real physical objects, so the costs for various
computer experiments are much less than for actu-
al experiments. The scale of the experiments can
be chosen at own discretion, and there is the possi-
bility of conducting multiple experiments with

With increasing speeds of movement, masses
and lengths of trains, especially freight ones, in-
creasing capacity of locomotives, it is required to
control the longitudinal forces that arise during
stationary and transitional train movements that
affect the traffic safety. It should be borne in mind
that from the standpoint of traffic safety, longitudi-
nal forces of quasistatic character or forces of
shock nature containing such quasistatic compo-
nents can be dangerous. Such forces can, under
certain conditions, cause outsqueezing (or pulling
out) of wagons from the train.

Earlier, the experimental method of studying
transient modes of train movement was the main
method used to obtain practically important results.

gradual changes in the task input data.
Secondly, in the process of constructing ma-
thematical models for carrying out a computational
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experiment and during its investigation, it is pos-
sible to analyse and understand the characteristics
of the object under study.

Purpose

Any scientific research should be based on
knowledge of the scientific heritage of predeces-
sors, and therefore one of the key stages of any
scientific research is the analysis of the results of
scientific research of predecessors. The need for
such an analysis is due to the impossibility of al-
lowing repetitions of the scientific result and the
need for further development of science with the
purpose of search for truth [30, 33].

The purpose of the publication is to analyse the
results of scientific research conducted in Ukraine,
CIS countries and abroad on the development of
mathematical models for solving problems of train
dynamics, and also to show the urgency of their
further improvement.

Methodology. Analysis of publication

To solve these problems, Nikolai Egorovich
Zhukovsky in 1919 proposed two train calculation
models.

In this case, the train was viewed as an elastic
rod with a load at the end. The rod mass and length
was equal to the train mass and length, while the
load mass — to the mass of the locomotive [9].
Then the motion of the train was described by the
wave equation and the definition of longitudinal
forces was reduced to the solution of the boundary
value problem. Then the train was supposed to be
considered as a system of solids connected by elas-
tic links subordinate to Hooke's law, and the task
was reduced to solving a system of differential
equations for given initial conditions. The schemes
described above represented conservative systems
and allowed us to determine only the upper bound-
aries of longitudinal forces under unsteady modes.

V. A. Lazaryan specified the calculation
models proposed by N.E. Zhukovsky. If the cou-
pling gaps do not affect the course of transients
(when the train pre-stretched from head starts,
when the head locomotive of the head pre-
compressed train brakes, when the stretched (com-
pressed) train enters the summit or sag), then the
train can be considered as an elastic-viscous rod
with a load (locomotive) at the end [1, 4, 12, 15-
17, 19, 36].

Fig. 1. Calculation model of train
in the form of rod.

In this case, the longitudinal oscillations of the
train are described by second-order partial dif-
ferential equations.

Using such a model, the solution of the prob-
lem can be found analytically.

Vsevolod Arutyunovich Lazaryan proposed in
his doctoral thesis to take into account the energy
dissipation during oscillations and to consider the
train as a one-dimensional system of solids con-
nected by elastic-viscous bonds.

Fig. 2. Calculation model of train

in the form of chain of bodies connected
by elastic-viscous bonds

These calculation models were used in the
works of V.A. Lazaryan, E.P. Blokhin, I.G. Bar-
bas, T.A. Gorodetskyaya, A.l. Stukalov, A.A. Ula-
nov and F.V. Florinskii. Numerous special train
experiments, conducted by V. A. Lazaryan in real
conditions, confirmed the validity of application, in
a number of cases, of the mentioned calculation
models and allowed to find many characteristics of
freight and passenger trains necessary for calcula-
tions (run speed, perturbations during start-up and
braking, train longitudinal stiffness, coupling stiff-
ness during loading and unloading, average statis-
tical gaps in the inter-car couplings).

Naturally, in this case, transitional modes of
motion were considered, not influenced by the
gaps in the train coupling (starting of the pre-
stretched and braking of the head pre-compressed
trains, movement of the stretched train along the
summit and sag). In all these cases, there is a prac-
tical coincidence of not only the curves of distribu-
tion of the maximum longitudinal forces along the
train, obtained by calculation and based on the ex-
periment results, but also the oscillograms of the
longitudinal forces The linear formulation of the
tasks made it possible to use analytical methods
and the electric model created on the passive ele-
ments (R, L, C) in the rolling stock dynamics and
strength laboratory of the DNURT.
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The first studies of longitudinal forces, when
the gaps influence the transient process, were car-
ried out experimentally.

When the gaps in the inter-car couplings influ-
ence the transient process, V.A. Lazaryan proposed
as a calculation model a system of solids connected
by elements with elastic imperfections that take
into account the gaps [3, 18, 20-23, 28].

o
Gl e

Fig. 3. Calculation model of train as
a nonlinear system.

Fig. 3 differs from Fig. 2 by the presence of one
more element, conditionally denoting the coupling
gap, and the non-linearity of the power characteris-
tics of the centre-coupler draft gear.

The presence of coupling gaps, in general, the
nonlinearity of the power characteristics of the
draft gears makes the train considered as a chain of
solids connected by links with nonlinear character-
istics. In this case, the mathematical model of lon-
gitudinal train oscillations is a system of essential-
ly nonlinear differential equations, the order of
which depends on the number of vehicles in a
train. It is impossible to obtain a solution of this
system analytically. Therefore, at the initial stage
the DNURT research of the train movement transi-
tional modes in the present formulation was carried
out with the help of a special electronic train model
made on the basis of three MPT-9 type analogue
computers. It is known that one of the advantages
of ACS (analogue computing system) is obtaining
of the solutions on a real-time basis, which is very
important in the case of automatic control systems.

With the advent of ECM (electronic compu-
ting machine), such studies have been carried out
by numerical experiments.

In this case the problem was reduced to solving
a system of ordinary differential equations using
numerical integration methods. The works [2, 3,
11] are devoted to the method of mathematical
modelling of train movement transitional modes
using ECM.

The advent of digital computers and the use of
modern computing methods have made it possible
to significantly expand the range of important tasks
for the industry. In this case, the oscillograms of
longitudinal forces obtained as a result of solving

the system of nonlinear differential equations can
only be compared qualitatively with those obtained
experimentally, but the distribution along the com-
position of the maximum values of the longitudinal
forces found by calculation and experimentally
agree fairly well. Naturally, such an agreement can
only be obtained when calculation uses the signifi-
cant driving characteristics of the train and the
track layout, as well as data on the distribution of
the gaps in the coupling before the beginning of
the transient processes.

To obtain such characteristics, special experi-
ments were carried out, with the trains homogene-
ous in wagon mass and draft gear type, within the
station tracks in order to determine the numerical
values of the parameters required for solving dif-
ferential equations of train movement.

One of these parameters is the gap limit in in-
ter-car couplings.

For the freight trains formed from the newly-
manufactured freight wagons this gap is 45 mm.
For the trains formed from freight wagons in ser-
vice this gap is equal to 65 mm. For the passenger
trains, the coupling gap is 45 mm. These values of
the gaps were used in solving differential equations
of train movement [3, 29, 48].

Rolling stock on the 1524 and 1520 mm gauge
railways is equipped with elastic-corrugating draft
gears, which are not stable in operation, therefore,
often the inter-car have different characteristics.
However, the experimental studies of train move-
ment transitional modes revealed the general, in-
tegral properties for the whole system.

Integral values are necessary for analytical
studies and modelling of transitional modes of
train movement. They can be determined by the
nature of the propagation of disturbances in the
train, i.e. by the speed of propagation of the pertur-
bations along the train, by the dispersion of the
perturbation waves of various levels, by the damp-
ing of the oscillations, etc. [2, 3, 48].

The use of digital computers allowed studying
the transitional modes of the movement of freight
and passenger trains during their starting, braking
and moving along the broken profile track. Here-
with the study included the homogeneous and he-
terogeneous trains, as well as trains containing
wagons with moving loads, equipped with draft
gears of automatic couplers and air distributors of
various types. The digital computers allowed solv-
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ing the greatest number of tasks related to the lon-
gitudinal dynamics of the train and solved at dif-
ferent times [7, 29, 34, 45, 48, 56-59].

The results of these studies were used when de-
signing new types of draft gears and air distributors
[3, 5, 6, 10, 27, 31, 32], when developing the
methods for controlling the movement of conven-
tional and connected trains [2, 38, 40], when creat-
ing the appropriate process flow diagrams and de-
veloping the energy-saving methods of train driv-
ing [58, 62], when revising the Construction Codes
and Regulations (SNiP 11-39.76) [3, 29, 48], when
selecting the parameters of the autonomous auto-
matic control system, created in DNURT, for an
auxiliary locomotive that is part of a connected
train [29], when creating computer simulators for
the training of locomotive drivers [24, 26, 37,
50-52, 54, 64].

In these days, freight trains weighing several
tens of thousands of tons with locomotives distrib-
uted along the train have long been in use in a
number of countries in America, Asia, Africa, and
Canada.

In order to increase the carrying capacity of
railways, to reduce operating costs, the weight
norms of freight trains in a number of countries are
being revised. For example, the weight norm of
4,000 tons was replaced in Russia by 6,000 tons on
the most common 1524 and 1520 mm gauge. The
double freight trains of 12,000 tons with locomo-
tives distributed along the train were put into regu-
lar operation on the most heavily loaded tracks of
Russian railways [13, 25, 39, 44, 46].

Herewith, in order to ensure the permissible
level of longitudinal forces in the most dangerous
mode of driving — braking — it is necessary to drive
the locomotives in a coordinated manner.

In trains of increased mass and especially
length during braking, there are longitudinal loads,
which can be dangerous from the point of traffic
safety.

Numerous special experiments, conducted in
different years at the Pridneprovskaya Railway,
DNURT, the Central Research Institute of the Mi-
nistry of Railways, and in a number of cases with
the participation of MSURE, with trains weighing
6, 8 and 10 thousand tons have shown that in case
of emergency and service braking even in homo-
geneous trains weighing up to 10 thousand tons the
cars can experience, with a low probability (of or-

der of thousandths), the forces, which exceed the
permissible strength.

During regulation braking, the maximum va-
lues of compressive forces observed in the experi-
ments with a statistical probability of 0.009 exceed
by 20-60% the values of the longitudinal loads
(£1 MN) allowed for the III calculation mode. For
the tensile forces that arise during «recoily, the
excess reached 20%, but with greater probability
by several times.

A lot of works [3, 11, 28, 35, 38, 43, 44, 47-49,
53, 60, 61, 63] are devoted to the study of longitu-
dinal dynamics in the braking of long trains using
mathematical models.

When operating the long trains, special atten-
tion is paid to the assessment of the dynamic
performance of vehicles, among which the most
important is the indicator characterizing the vehicle
movement safety — the derailment stability factor.

For this purpose, there are used mathematical
models of spatial oscillations of the car (or group
of cars), moving in the train [8, 14, 26, 41-42, 55].
In this case, the vehicle model is divided into sepa-
rate objects and the connections between them.
The objects, for example, can be the all inertial
features or some of them, which can be combined
into one object; while the others can act as separate
objects.

Findings

Information base of the research was official
full-text and abstract databases, scientific works of
domestic and foreign scientists, professional peri-
odicals, materials of scientific and practical con-
ferences, methodological materials of ministries
and departments.

The analysis of publications on the develop-
ment of mathematical models for solving the train
dynamics problems shows the multiplicity of the
investigated aspects. Scientists around the world
conduct numerical experiments related to the eval-
uation of the train dynamics using mathematical
models, which must be constantly improved.

The research results have found their scientific
use in a number of publications of authors in spe-
cial and scientific publications, speeches at scien-
tific conferences.
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Originality and practical value

The originality of the study is the presentation
of the main theoretical provisions and
methodological recommendations for the im-
provement of mathematical models for solving the
train dynamics problems. The carried out analysis
of scientific publications makes it possible to de-

Conclusions

The analysis of scientific publications on math-
ematical modelling of train dynamics allowed
drawing the following conclusions:

1. Despite the variety and the large number of
issues considered and solved in the field of transi-
tional modes for the movement of tank trains, the

termine the most relevant studies in the field of
train safety that are impossible without mathemati-
cal modelling.

The practical value of the results obtained lies
in the scientific validity and applied orientation of
theoretical studies using mathematical models, the
improvement of which will expand the range of
problems to be solved, and increase the level of
reliability of the results obtained.

problem of the train dynamics, in particular that of
train longitudinal oscillations, remains relevant,
especially at the most dangerous driving mode —
braking.

2. Recently, especially in Europe, much atten-
tion has been paid to modelling the movement of
trains of increased mass and length.

3. Mathematical models should be used to solve
problems concerning the influence of perspective
rolling stock on the train dynamics.

4.The existing mathematical train models
require improvement, taking into account the tasks
that arise during the operation of the rolling stock.
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Mera. BukopucToByroUl HayKOBi ITyOumikamii, y poOOTi HEOOXiTHO IPOBECTH aHANI3 MaTEeMATHYHAX MOJCIEH,
po3pobnenux B Ykpaini, kpainax CH/I Ta 3a KOpIoHOM, SIKi BUKOPHCTOBYIOTBCS JUISl TEOPETHYHUX JOCIIIKEHb M-
HaMIKH 1101312, a TAKOXK MOKa3aTH aKTyaJlbHICTh IOJANIBIIOTO 1X ynockoHayleHHs. Meroauka. [ndopmaniiinoro 6a-
3010 JOCIiKEHHs Oy o(iliiiHi MOBHOTEKCTOBI Ta pedepaTuBHi 6a3M aHWX, HAYKOBI Mpalli BITYM3HIHUX 1 3apy-
ODKHUX BUEHHX, MpoQeciiiHl nepiouyIHi BUIAHHS, MaTepiaii HAyKOBO-TIPAKTUYHUX KOH(EPEHIIH, METOANYHI Ma-
TepiaJii MiHICTEPCTB Ta BLIOMCTB. AHaii3 myOuikaii npo iCHyIo4l MaTeMaTH4Hi MOJeNi, sIKi BUKOPHCTOBYIOTHCS
JUIsl BUPILIEHHS IIMPOKOTO KOJIa 3aBAaHb, OB’ I3aHUX i3 TOCITIHKEHHSIM JMHAMIKH 11013713, OKa3ye MOIUIBHICTD iX
3acrtocyBaHHsA. PesyabTraTn. OTpuMaHi pe3ynbTaTH AOCIHIIKEHb OyJIM BHKOPUCTaHi: 1) TPH MPOEKTYBaHHI HOBHX
TUTIB MOTIMHAIOYHX arapaTiB Ta PO3MOMUIEHUKIB TOBITPS; 2) IPH po3poOIi crocoliB yIIpaBIiHHS PyXOM 3BHYAN-
HUX 1 3’€JHAHUX TOI3MiB; 3) MpHU CTBOPEHHI BIANOBIAHUX PEXUMHHUX KapT; 4) mpu po3poOIi eHepro3depirarodanx
cnoco0iB BemeHHS NOi31iB; 5) mpu meperisani CtpoutensHbx HopM U npasui (CHull 11-39.76); 6) npu Bubopi ma-
pamertpiB ms crBoperoi y AIITi aBTOHOMHOI cHCTEMH aBTOMaTHIHOTO KEPYBAaHHS JTOTIOMIXKHUM JIOKOMOTHBOM, III0
3HAXOAMTHCS B CKJIAZl 00’ €JHAHOTO MOi311a; 7) TIPH CTBOPEHHI Ha 0a3i KOMIT IOTEPHUX TEXHOJOTIH TpeHaXepiB I
HABYAHHS MAIIUHICTIB; 8) MpHU OIIHIOBAHHI TUHAMIYHHUX TOKA3HUKIB CKIMaXIB, [0 XapaKTePU3YIOTh OC3MEKy PyXy.
BuyeHi BChOro CBITY NPOBOJSTH YHCENbHI €KCIIEPUMEHTH, TIOB’s3aH] 3 OLIIHKOI0 JAWHAMIKM NOi37a, 328 JOIOMOTOI0
MaTeMaTUYHUX MOJeliell, siKi HeoOXiZHO IMOCTIHHO BAockoHanmoBaTH. HaykoBa HOBM3HA. ABTOpaMH BUKIaJCHI
OCHOBHI TEOPETHYHI TOJIO)KEHHsI, HA MIACTaBI SAKUX PO3pPOOJICHI ICHYIOYI MaTeMaTH4YHI MOJEINi Uil BUPILICHHS
3a7a4 OuHaMiku noizga. [IpoBexeHuii aHani3 HayKOBHX cTared, omyOJjikoBaHMX B Ykpaini, kpainax CHJI Ta
3a KOpJOHOM, JIO03BOJIS€ BH3HAUUTH HaHOUTBIN akTyadbHI cdepd 3acTOCyBaHHS MaTeMaTHYHUX MOJCINCH.
IIpakTHyHa 3HaYMMicTh. [IpakTHUHE 3HAUCHHS OTPUMAHHX PE3yJIbTATiB MOJISrae y HayKOBiil OOIPyHTOBAHOCTI Ta
NPHUKJIAIHIA COPSIMOBAHOCTI TEOPETHYHHX JOCHIDKCHB 13 BUKOPHCTAHHAM MaTeMAaTHYHUX MOZEINCH, yIOCKOHAICHHS
SKUX JO3BOJHTH PO3IIMPUTH KOJIO BUPIIIYBaHHUX 3aBIaHb, i JBHUIIUTH PiBEHb JOCTOBIPHOCTI OTPUMAHHUX PE3YJIbTATIB.

Kmouosi crnosa: noBrococtaBHi noizna; TMHaMiKa Moi3/1a; MaTeMaTHYHI MOJIEINI ITO3J0BXKHIX KOJIMBaHb M01311a; MO-
JIEIMIOBaHHS MDKBATOHHHX 3'€THAHB; HAYKOBI CTATTi; MO3JOBXKHI CHJIH B ITO13/li; TPEHAXKEPH MAITMHICTIB JOKOMOTHBIB
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COBEPIIEHCTBOBAHUE MATEMATHUYECKHUX MOJIEJEN JIJIS
OLHEHKHU TUHAMMKMHU ITOE3IA

Heas. Vcnone3ys HaydHble MyOIMKaLiK, B paboTe HEOOXOJUMO NMPOBECTH aHAIN3 MaTeMaTHYECCKHX MOJEIIeH,
paspaboTanHbIX B YKpanHe, crpaHax CHI' u 3a pyOexoM Ui TEOPETHYECKUX HCCICIOBAaHUH TUHAMUKH MOE37a,
a TaKXKe MOKa3aTh aKTyalbHOCTh JAIBHEHIIEro UX COBepIIeHCTBOBaHUA. Meroauka. MHpopManronHoit 6a30ii uc-
CJIEIOBaHUs SBIUIUCH O(HIMAIbHBIE MMOJHOTEKCTOBBIE U pedepaTHBHBIC 0a3bl NTaHHBIX, HAYYHBIC TPYIbl OTEYe-
CTBEHHBIX ¥ 3apyOCKHBIX YYEHBIX, HPO(PECCHOHANBHBIC MEPHOIMYCSCKUE W3IaHUs, MaTepualbl HaydyHO-
MPaKTHYECKUX KOH(EPEHLUH, METOIMUECKIE MaTepHallbl MUHICTEPCTB M BEJJOMCTB. AHaIM3 IMyOIMKaIui 0 cyle-
CTBYIOIIUX MaTeMaTHYECKUX MOJIENSX, UCIOJIB3YEMBIX JIsl PELIeHHs HIMPOKOTro Kpyra 3ajiad, CBs3aHHBIX C HCCIIe-
JIOBaHHEM TMHAMUKH [10€3/1a, MOKa3bIBaeT 11eIecO00pa3HOCTh uX npuMmeHeHus. Pesynbrarel. [lonydeHHble pe3yiib-
TaThl WCCICOBAHUIA OBUIM HCIOJB30BaHBI. 1) MPH MPOEKTHPOBAHMM HOBBIX THIOB IMOTJIOIIAIONINX allapaToB
Y BO3JyXOpachpeaenuTeneii; 2) mpu pa3paboTke crocoO0B yHpaBiIeHUs JBUKEHHEM OOBIYHBIX U COEMHEHHBIX IMO-
€3710B; 3) NIPH CO3JJaHUM COOTBETCTBYIOIIMX PEXUMHBIX KapT; 4) NMpH pa3pabOTKe SHEProcOeperaonmx cnocoooB
BelleHusI 110e310B; 5) npu nepecmotpe CtpoutenbHsix HopM 1 mpasui (CHull 11-39.76); 6) npu Beibope mapamer-
poB 1 coznanHoi B JIMITe aBTOHOMHOMH CHCTEMBI aBTOMAaTHYECKOTO YIIPABJICHUS] BCIIOMOTATEIbHBIM JIOKOMOTH-
BOM, HaXOJSIIUMCS B COCTaBE COEIMHEHHOTO I10€3/1a; 7) IPHU CO3JaHMH Ha 0a3e KOMIBIOTEPHBIX TEXHOJOTHH Tpe-
Ha)KepoB JIsi 00ydeHUs] MAIIMHNCTOB; §) NPH OLIEHKE JMHAMMYECKUX TOKa3aTeNnell dKUIaxel, XapaKTepu3yrommx
0€301acHOCTh JBMKCHUS. YUEHBIE BCETO MUPA MIPOBOAAT YHCICHHBIE SKCIIEPUMEHTHI, CBS3aHHbIE C OLIEHKOW JIMHA-
MHUKH 10€3/1a, C TOMOIIbI0 MAaTeMaTHYeCKUX MOJENeH, KOTOpble HEOOXOJMMO IOCTOSIHHO COBEPIICHCTBOBATD.
Hayuynasi HoBH3HAa. ABTOpPaMH W3JI0’KE€HbI OCHOBHBIE TEOPETUYECKHUE MOJIOKEHHUS, HA OCHOBAHUM KOTOPBIX paspa-
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00TaHBI CYIIECTBYIONINE MATEMAaTHUECKHE MOJICTH IS PEIICHMS 3a/1a4 JUHAMHKHU moe3na. IIpoBeaeHHbIH aHamM3
HaY4YHBIX CTaTei, OmyOJMKOBaHHBIX B Ykpaune, crpanax CHI' u 3a pyOexom, Mo3BOJISI€T ONpeAeiInTh Hanbosee
aKTyaJlbHble 00JNIacTH NPUMEHEHUs] MaTeMaTnieckux mozenei. [lpakruyeckast 3HaunMocTtsh. [IpakTuueckoe 3Ha-
YEeHHE MOJYYCHHBIX PE3YJIbTaTOB 3aKII0YaeTCsl B HAYYHOW 0OOCHOBaHHOCTH ¥ NPUKJIAHOM HANPaBIEHHOCTH TEOpe-
TUYECKUX HCCIEOBAHUMN C UCIOJIb30BAHMEM MAaTeMaTHUECKUX MOJAENEH, COBEPIICHCTBOBAHHE KOTOPBIX MO3BOJIMUT
pacIIUpUTh KPYT pellaeMbIX 3a/a4, TOBBICUTh YPOBEHb JOCTOBEPHOCTH MOJIYIaeMbIX pPe3yJIbTaToB.

Kniouesgvie cnosa: nnuHHOCOCTaBHBIC MO€3/1a; AMHAMUKA MOE3/1a; MaTeMaTHYeCKUe MOIEIU MIPOAONBHBIX Koje-
OaHMi 1Moe31a; MOJEIMPOBAaHUE MEKBATOHHBIX COSANHEHNUI; HAyIHbIE CTAThH; MPOAOIbHbIC CHIIBI B ITOE3/IC; TPEHA-
KEpbl MAIIUHACTOB JIOKOMOTHBOB
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