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PbIHOK nepeBO30K TECHO CBSI3bIBaeT
BKOHOMMUKY U TPAHCIMOPTHbIE MPOLECCHI.
MoTpebutenbcknii cripoc ANKTyeT CBOU
YyCJ10BUSI, HO U OH XX€ CTUMYIUpPyeT
rnepeBO34YMKa K COBEepLLUEHCTBOBaHUIO
opraHu3auuu npou3sBoACcTBa v JIOFTMCTUYECKOro
COMnpOBOXAEHUS] TOBapPOLABUXEHNS

Ha xeJsie3Hbix goporax. B yacTHocTtn,

3TO KacaeTcs norpy3Kkv/pasrpy3ku

BaroHOB — orepauyuii, UMeoLLnX 60/bLLYI0
3aBUCUMOCTb OT CTOXaCTU4YECKUX paKTOpPOB.
Hann4une Takoii 3aBUCUMOCTU NPUBOANT

K HernpounsBoaAuTeJIbHbIM 3aTpaTam,
3KOHOMUYEeCKkuM rnotepsim. Ctatbsl nokasbiBaeT
crnoco6b! oNTUMMN3aLumn pacrnpeseneHns
BaroHOrNoToKOB, KOTOPbIe MOMOrarT
MUWUHUMU3aLU Ppacxo[0B U MaKCUMaslbHOMY
POCTY NpuUGHLINIA BO B3aUMOAECTBYIOLLNX
onepaTopcKkux KOMMaHUSIX U OPraHn3aunsax
rpy3oBsiagesibLeB.

KnoyeBble croBa: xenesHas 4opora,

B9KOHOMMUKA, JIOFUCTMKA, IPY30MepeBo3Kky,
TPaHCMOPTHBIV GU3HEC, CTOXacTUYECKme

@PaKkTopbl, HEMNPOU3BOANTEIbHLIE 3aTPATHI,
rpubkiIIb, PACcXoAbl, OrepPaTopbl, rPY30BAaAEbLb,
B3auMozericTBue, KoopaAuHaLms.

Jloructnyeckue
NPUHLUUNbI 1 ON3HecC-
B3auMopgencTeve oneparopos
U rpysosnagesbLes

Eaucees Cepeeii FOpveeuu — 00Kmop mexHu4eckux
Hayk, npogheccop Mockosckoeo 2ocydapcmeenHo2o
YHugepcumema nymeti cooouenusi (MUHUT), Mockea,
Poccus.

Illamoxun Andpeii Andpeeeun — cmapuiuii
npenooasamend Kageopsl «IKCNAYamauus Heeae3Hoix
dopoe» MUUT, Mockea, Poccus.

CYILIECTBYIOLIUX PHIHOYHBIX YCIIOBUSIX
JajibHEH1LIee pa3BUTHE TPAHCITIOPTHOM
CHICTeMBbI HEBO3MOXKHO 0€e3 co0mone-

HUSI OCHOBHBIX MPUHILIMIIOB JIOTUCTUKU, KO-

TOpbl€ MPEAINOIaraloT palMoOHaJbHOCTb BbI-

0opa HaAWJIY4YIIMX PELIeHUI MO BCEMY KOM-

TUIEKCY MoKazaTesei pearnpusiTUs, 1eJa0CT-

HOCTb U CUCTEMHOCTb NEWCTBUU TIpU

BBITIOJTHCHUY 3aJaHHBIX 1IeJIEBBIX (DYHKIIUIA,

HaJM4yMe uepapxmuu Bo B3aUMOAEHCTBUY 2Ji€-

MEHTOB 00111e#i cuctembl. [Tpu aTOM 0COOBIN

CMBICJI TPUOOPETAET MPUHLIMI UHTETPALIUU —

00beIMHEHUS YCUJINI COTPYIHUYAIOLINX

B c(bepe TpaHCIIOPTHOTO OM3HECA CTOPOH TSI

JTIOCTUXKEHMS JOJATOCPOYHOTO, CTPATErMYeCKU

3HAYMMOTO SKOHOMUYECKOTO YyCIiexa.

CrenoBaHUe TIEPEUYNCICHHBIM TTPUHIIN-
naM MoApa3yMEBAET TMPEXE BCETO TJIaBHYIO
00513aHHOCTb TPAHCHIOPTHOTO MPEATIPUSITUS —

MaKCUMaJbHO yIOBJAETBOPSITH PLIHOYHbIN

CIPOC HA IEPEBO3KU U OOECTIEUNBATH BEICOKOE

KayeCcTBO TPAaHCMOPTHOU MPOAYKLUU IS

noTpeduTeseit, CoxpaHsisl MPU 3TOM YyYaCTHU-

KaM Mpoliecca B3aMMOBBITOJHBINA YPOBEHb

(GUHAHCOBBIX MMOKa3aTeseit paboTHI.

ITorpeOuTenbCcKUil CIPOC CTUMYJIUPYET
nepeBo34YrKa K MOMCKy 00Jiee COBEpLIEHHOMN

OpraHu3allMyi TOBAPOJBUKEHUS U €r0 JOTU-
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CTUYECKOTO COMPOBOXAcHUS. B mepByio
ouepenb 3TO KacaeTcsl TOTPy3Ku/pasrpy3Ku
KeJIe3HOJOPOKHBIX BATOHOB, MMEIOIITNX OOJTh-
LIYIO 3aBUCUMOCTb OT CTOXaCTUUECKMX (haK-
TOPOB.

1.

[Touck onTManbHOTO ITaHa 00eCTICYeHUST
TOTPY3KN BO3MOXEH C TMOMOIIBIO PEIEeHUST
TPAHCTIOPTHON 3amauu. JlomycTuM, CeTh Ke-
JIE3HBIX lopor coctont u3 P = {p , p,, ..., p.}
MMYHKTOB, COCIMHEHHBIX HATPaBIEHHBIMU
nyramu (p,, pj), i#], p € P. UutepBan ontu-
MU3alM¥U TIPOMBINIJIEHHO-TPaHCITIOPTHOU
cuctembl — 0, T. /179 Kaskmoro MOMEHTa Bpe-
MeHu (cyToK) t € Z, = {0; 1; 2, 3; ...} Ha MHO-
)XecTBe P MyHKTOB CeTW TUIaH MOTPY3KH
" BBITPY3KM k-TO poja rpy3a MOXeT ObITh

k
npezncrasieH Kak q; (t) , KOTOPOMY COOTBET-
k
CTBYET TpeOyeMoe KOJTMUEeCTBO BaroHOB U;;(t) .

Kaxnaa nyra (p,, pj) XapaKTepu3yeTcs Mpo-
MYCKHOM CITOCOOHOCTBIO dij >0,1i+#]j, KoTopas
OTpaHWYMBAET MPOITYCK CyMMapHOTO MOTOKa
10 BCEM pOjaM rpy30B. JJIMTETbHOCTh Mepe-
BO3KM 110 1iyre (p;, P,) COCTABIISICT 3HAUYCHHE t,.

KonundecTBeHHBIE TTOKa3aTean pabOThI
rmapka BaroHOB HOPMUPYIOTCSI TaKUM 00Opa-
30M, YTO BO3MOXHOCTH MapKa U IJIaH MOTpy3-
KU1 cOaJTaHCUPOBAaHBI MEXYy COOO TS KaxK-
JIOTO poJia BarOHOB:

v k; ZN:ZT:uf (t) = 0.

j=1 =0

)]

M3-3a TOro, 4T0 pUTMBI IIOTPY3KU U BBIT-
PY3KM HE COBIIaJalOT, BO3HMKAIOT 3amachl
BaroHoB B MecTax Iorpysku. Kaxmoe takoe
MeCTO p, MMeeT BMeCTuMocTb d, > 0, 1 910
OrpaHUYMBAET CyMMapHBIi 3arac BaroHOB
10 BCEM pojiaM Ipy3oB. B 110060ii MOMEHT
Ha uHTepBaje (1, T) B MecTe morpysku p; MO-
JKET HaXOAMThCS 3a11ac OTHOTO MJIM HECKOJIb-
KUX TUITOB BaroHOB. 3anac k-ro Tuiia BAroHOB

o k
0603HaYNM MepeMeHHOi X;(t) .

OO01uMii 3armac BaroHOB Ha CTaAHLIMSIX CETU
MOXET OBITh IIPEACTaBIeH HECKOJbKUMU MX
TUIIAMM, HO He JOJIKEH MPEBBIILIATh BMECTH -
MOCTH dU. B HauanbHbBIN MOMEHT BpeMeHu t = ()
Ha HEKOTOPBIX CTAHLIMSIX MOTYT OBITh COCpE-

k
JOTOYEHbI HavyajbHble 3anacel X; (0) , Torma
dbopmyna (1) mpuHUMAaeT BU;

N T N
VDY ah )+ Doxi =0
1

j=1 =0

2

® MWP TPAHCIOPTA, Tom 13, N2 5, C. 100-113 (2015)

Tubko mepepacnpeneisiss HOTOKU MEXIY
CTAHIUSIMU CETU, €CTh BOBMOXKHOCTD CTJIAINTh
OTpUIIATEeIbHOE BIIMSIHUE HECOTIACOBAHHOCTHU
PUTMOB ITOTPY3KU 1 BBITPY3ku. Eciu crimaxku-
BaHUE PaccoriacoBaHUsI pPUTMOB HEBO3MOXK-
HO, TO BO3HUKAIOT PUCKU OTIO3/IaHMS BATOHOB
WV X TIPOCTOSI B OXKUIIAHUU TIOTPY3KHU.

OnTuMu3aIms pacrpeieeHus BATOHOIO-
TOKOB B TPAHCIIOPTHOI CHCTEMeE pelaeTcs
MMHUMM3a1Mei pacxonoB. [1pu aTom 3amaHbl
OrpaHUYeHUsI Ha HEOTPUIIATETbHOCTh MCXOT-
HBIX 3HAYCHUWI TUTaHa TTOTPY3KM, CTOMMOCTH
1 BpEMEHM MePEBO3KH, a TAKKE OTPAaHUYEHMS
BMECTUMOCTU U TIPOIYCKHOM CITOCOOHOCTH
00BEKTOB TPAHCIIOPTHOM CETH:

0 <u () < d 3)

x5 (1) < df. 4)

Takoke MOTYT BBOIUTHCST IOTTOJTHUTETbHBIC
ImapaMeTphl ISl COTJIacOBaHUSI BO BpEMEHU
PUTMOB TIOTPY3KH U BBITPY3KH.

[Tpu peanuzanum 3amaum odecriedyeHUst
MOTPY3KHU TTOABVKHBIM COCTaBOM HanOOJb-
Y10 CJIOXKHOCTD TIPEICTABIISIET TOYHOE (COB-
nagatoiiee ¢ ¢pakrom) GopMUpoBaHUE Iia-
HOBBIX TTOKa3aTeJIei:

e TUIaH ITOTPY3KM JUTS KaXKI0# CTaHIINN;

e BpeMsI ITOPOKHETro peiica 1 CTOMMOCTh
MePEeBO3KU MEXY CTAHIIUSIMU CETH;

e 00pa3oBaHME U HAJTMIME TOPOKHUX Ba-
TOHOB.

Ha mpaktuke, Kak mpaBuiIo, BCe 3T IMa-
paMeTpbl pacCMaTpUBAIOTCS KaK AeTEPMUHM -
poBaHHBIe. X hakTMUeCcKOe OTKIIOHEHUE
OTHOCHUTCSI UCKITIOUUTEIBHO K BHEITHUM
MpUYMHAM (M3-3a TPY300TIIPABUTEIS, TIepe-
BO34YMKa U T.J.). [Ipy 3TOM HOBBIE IUIAHBI
MepeBo30K (hOPMUPYIOTCS Yallle Bcero 0e3
ONTUMM3ALIMY BO3MOXHBIX PUCKOB.

0

IA
IA

2.

Kaxnaplii orepaTop MoABUKHOIO COCTaBa
3aMHTEPECOBAH B MOJYYEHUN MaKCUMaJIbHOMI
npudbUd. C OAHON CTOPOHBI, LTSI 3TOT0 HEOO-
XOIUMO YBEJIUYUBATh 00bEMbI MEPEBO30OK,
MOBBILIATh KAY€CTBO TPAHCIIOPTHOM MPOIYyK-
LIMU, COKpalllaTh U3IEPXKKU, B TOM YUCIe
Ha COZIepXKaHNe U IKCILTyaTalMio TapKa Baro-
HOB, a C JIPyroii — MOCTapaThCsl MEPETOXKUTD
pucku ((pUHAHCOBYIO OTBETCTBEHHOCTD 32 3a-
JIEPXKKY BarOHOB B OXKUAAHWUU TPY30BbIX OTe-
paluii WK OTKa3 OT MEPEeBO3KM) HA KOHTP-
areHTOB.
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Puc. 1.
Annpokcumauyns 10,0
3aBUCUMOCTHU
BpeMeHu peiica oT ero
AanbHOCTHU. 50

Q 2000
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#  SH3YEHWA BPEMEHW M AENEHOCTH PEACOE, == KEZAPSTMYHEA BYHKLUMA

2,50
Puc. 2. BaBucumocTs 5 g
KBagpaTuyHoro ’
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Ecnu ot ornpaBuTtenst TpeboBaTh 3abJa-
TOBPEMEHHOTO TOYHOTO TUTAHWPOBAHUSI T10-
IPY3KH, a B ClIydasix OTKJIOHEHUsI OT TlaHa —
mTpadbl 3a HEMPOU3BOIUTETLHBIM ITOPOXKHUI
pelic WIK MPOCTO BAarOHOB B OXKUIAHWUM T10-
IPY3KHU, TO IPY30BJaeiel] MOIy4aeT CKPbITYIO
HalleHKY K CTOMMOCTHU TepeBo30K. Takyio
HalleHKY HEBO3MOXHO CIJIaHUPOBAaTh 3apa-
Hee, YTO CO3MaET TPYTHOCTH TTPU TUTAaHUPOBA-
HUW CTOMMOCTU TIEPEBO3KU M JaTbHEUIITNX
(rHaHCOBBIX MOKa3aTeNei.

Kpome Toro, Hapyiiaetcsi TpuHIIUIT 1ie-
JIOCTHOCTU M CUCTEMHOCTH JIOTMCTUYECKOM
LIETTOYKU OT CTaJNU 00eCcIieYeHUsI TPOU3BOI -

® MUP TPAHCMOPTA, Tom 1
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MAOTHOCTE BEPOATHOCTH BREMEHK I'IpMﬁbITHR EaroHa

CTBa JIO Iepeiadu TOTOBOM MTPOAYKIIH ITOKY -
MaTeJo, YTO OTPAHNIMBAET BO3MOXKHOCTH €&
ONTUMM3ALINH.

JJist oNITUMaIbHOTO B3aUMOJIEHCTBUS
orneparopa U rpy3oBjaneiblia clenyeT yuu-
TBIBaTh XapaKTePUCTUKU (HOPMUPOBAHUSI
cTpoca Ha TMepeBO3KM C YYETOM BIUSHUS
Ha HEeTo CTyYyaitHbIX COOBITUI, KOTOPHIE TIPU -
BOJSIT K U3MEHEHUSIM CPOKOB M O00OBEMOB
MPeIbSIBIISIEMBIX K TTE€PEBO3KE TPY30B.

st cobmoaeHrs 1eJI0CTHOCTU U apdek-
TUBHOCTH JIOTUCTUYECKOI CUCTEMBI «ITPOU3-
BOJUTEJIb — XeJIe3Has 1opora (B HalleM ciiyyae
OAO «PXK]l») — moTpeduTeib» Npu yrnpasie-

.100-113 (2015)
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HUU MApKOM BaroHOB HEOOXOAMMO TMOKO
YUUTBIBATh CITyYaitHOCTD CIEAYIOLIUX COOBITUIA:

® COBIIQ/ICHUE BPEeMEHU MTPUOBITHS BaroHa
U TIPEIBSIBIICHUS TPY3a K TTEPEBO3KE;

® COBMazieHNe 00BEMOB TTOTPY3KHU U KOJIH-
YecTBa MPUOBITHS TOPOXKHUX BAaTOHOB.

PesynbraThel MOgOOHBIX COOBITHM CYILIECT-
BEHHO BJTUSIIOT HA UTOTOBYIO CTOMMOCTD TTPO-
1ecca Mmorpy3Ku.

CorjlacHO CTaTUCTUYECKUM JaHHBIM,
cpenHee KBaApaTUIHOE OTKJIIOHEHNE BPEMEHU
petica cocrasnsiet 1,3 cyrok. [1pu aToM oHO
BO3pACTAeT C YBEIMUEHUEM AaTbHOCTH pelica,
a MOo3Xe OXUIaeMOTro BPEeMeHU, 3aMETUM,
npuobIBaeT okoJio 36% BaroHos (puc. 1—3).

J1st moaBOAA MTOPOXKHETO BaroHa C rapaH-
THEH ero cBoeBpeMeHHOro npubnitus B 90%
HaJI0 UMETh 3arac BPEMEHU OKOJIO 2,5 CyTOK
OT CpeHero 3HaueHus. BaxkHO OTMETUTBD, YTO
npu ganbHOCTHU petica MeHee 200 kM cpenHee
KBa/IpaTUYHOE OTKJIOHEHNE BPEeMEHU TTPUObI-
THsI BATOHOB Ha CTAHIIMU HAa3HAYEHUS B N1BA
paza MeHblIle, 4eM npu peiicax 6onee 500 kM
(0,7 u 6onee 1,4 cyTok cOOTBeTCTBeHHO). st
YKa3aHHOU Xe TapaHTUU 3arac BPEeMEHU B
TaKOM cllydae cokpariaercs 1o 1,5 cyTtok.

I[I10THOCTH BEPOSATHOCTU OTKIOHEHUS
OT MaTeMaTUYECKOTO OXKMIAHWST BpEMEHU TTPU-
OBITHSI BATOHA UMEET ACUMMETPUYHYIO (hopMmy,
KOTOpasi BOBHUKAET BCJIEICTBYE TOTO, YTO BO3-
MOKHOCTbH 3aJIePXKM BaroHa CyIIECTBEHHO
BBIIIIE, YeM BO3MOXHOCTb €T0 YCKOPEHMUSI.

ACUMMETPUYHOCTHIO pacTpeaesieHUs
MOXHO TIpeHeOpeub, KoTaa Ko3(pGHuimeHT
acuMMeTpuu cocTasisetr He Oonee 0,25.
Ho ananu3 no BceM mosicam JaibHOCTH TTOKA-
3bIBACT, YTO (DAKTUIECKU 3TO 3HAYCHNUE B JIe-
CATKU pa3 BhIlIe (puc. 4), 4To HE MO3BOJISIET
€ro paccMaTpuBaTh KAk HOPMaJbHOE.

YuuThbiBast BEpOSITHOCTHBIN XapakTep oopa-
30BaHMsI CIIPOCA HA BATOHBI 1 ATHI UX TPUOBITHST
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\ = 3HEYEHHE
BCHMMMETRMK

Puc. 4. 3aBucumocTtn
acuMmmeTpum pacnpesneneHns
BEPOSITHOCTU BPEMEHU NPpuUbLITUS
BaroHoB OT A4asibHOCTHU perica.

= flonycTumoe
SHEBYEHHE

Ha CTaHLIMM Ha3HauY€HMs1, HEOOXOAMMO OTpe/ie-
JIUTH OTNITUMAJIbHBbIE 3HAYEHUS [MapaMeTPOB
TUIaHA MEPEBO30K C YYETOM U3BECTHBIX PUCKOB.
IIpu 5TOM B yCIOBUSIX U30BITKA MOABUXKHOTO
cocTapa 11ej1eBast (DyHKITUS JODKHA MAKCUMI3H-
pOBaTh CyMMAapHYIO IPUObLIb OT NMEPEBO30K.

To ecTb AJ151 ONTUMAJIBHOT'O PELLIEHUST 3a0a4n
HY>XHO HATU MAaKCUMYM PAa3HULIbI OXKUIAEMO-
0 I0X0/1a OT IIEPEBO3KM 1 PaCX0A0B Ha o0ecre-
YeHUE TPAHCITIOPTHOTO TIpoLecca:
Hj=Zﬂj—ZCj—>max. (5)

3.

[TocTaBneHHYIO 3aHa9y MOXHO pa3aeInuThb
Ha JIBa JTamna:

© MITHUMM3AII1sI CTOUMOCTH O0SCIIeUCHUS
MOTPY3KHU IIPU ONTUMU3UPOBAHHBIX WJIU JIe-
TePMUHUPOBAHHBIX 00beMaX IIEPEBO3KH;

e ONTUMU3ALUA KOJIUYECTBA BATOHOB,
HAIIPaBJISIEMBIX IO [IOTPY3KY, C LIEIBIO ITOJIY-
YEeHMUSI MAKCUMaIbHOM MPUOBUIH.

B cnyyasx meTepMUHUPOBAHHBIX 3HAUC-
HUI 00BEMOB OXKMIA€MbIX TTEPEBO30K OINTHU-
MU3aLUs 3aTpaT BO3MOXHA 3a CYET COKpallle-
HUSI CTOUMOCTH 00eCTIeUeHHUsI TTOrpy3Ku. 3a-
TpaThl MO OTAEIBHOU KOPPECTIOHICHIINY Ba-
TOHOMOTOKOB € npuoOpeTamT TOTraa
CIEAYIOIIUIA BUL:

C[j = Cijmapmiz + Cijeaz + Cjos;armzp + ijmpatjz’ (6)
rae cl.j”’“P"i’ — CTOMMOCTD TapHda Ha ITepeBO3KY
MOPOXHETO BaroHa OT CTaHLIUM €r0 0CBOOO-
JKIOECHUS N0 CTAHLIMU [OTPY3KU;

cij“"f — CTOMMOCTb BarOHHOM COCTAaBJISIIO-
I[ei1 C MOMEHTA 3aaIPECOBKM BaroHa co CTaH-
LIMY €TO OCBOOOXKIEHUSI IO MOMEHTA ITPUObI-
TUM HA CTAHLUIO TIOTPY3KU;

cj""‘""ep — pacxoibl HA OXKUIAHUE TTOTPY3KU
IO CTAaHLIUMU J;

cj"”"l""ﬁ — pacxonpl 1 ITpadbl, CBI3aHHbBIE
C OITO3JaHNEM ITPUOBITHS BATOHA HAa CTAHIIIO
MOTPY3KH j.
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a)

M 3 2 1 0 1 2 ;
6)

[

-3 -2 -1

a 1 2

Puc. 5. B3aBucumoctu crouMmocTu obecreqdeHunsl NOrpy3Ku OT COBNafeHNsi BDeMeHU nNpubbITUs BaroHa
1 npeAbsBrIeHNs rPy3a K MepeBo3Ke: a) NoTepu, yBenynBaloLmnecs rnpsiMo rnporopynoHasbHO BpeMeHn
onosaaHuns BaroHa; 6) eaUMHOBpPeMeHHbIe MoTepy Npu ono3A4aHNy BaroHa.

s oTHenbHO B3SITOTO pelica MOpOKHETo
BaroHa TaHHBIC PACXOIbI 3aBUCST OT JAIbHO-
CTHU peiica, BpeMEHH CJIeIOBaHMS BaroHa
1 COBMAICHUS BpeMEHU ITPUOBITHS IIOPOXKHE -
IO BaroHa co BpeMeHEeM IPEIbIBICHUS TPy3a
K TIEpEBO3KeE.

[Ipu mnarupoBaHNU pelica TMTOPOXKHETO
BaroHa M3BECTHA TOJBKO CTOMMOCTH Tapuda
Ha TIepPeBO3KY. 3HAYCHMST OCTAJbHBIX 3aTpaT
(cl,j""e, crenep, cj"""l’“‘f’) MOXHO OLIEHUTbH JIMLIb
IIpeaBapUTEIbHO, TIPU 3TOM OHHU B3aMOCBSI -
3aHbl MEXIY COO0OU. YBeqnueHue BpeMeH!
perica BaroHa COKpalaeT ero IIpoCcTOM B OXXKH1-
nmaHuu rorpy3ku. Eciam Bpems peiica 0oJblie
JIOITyCTUMOTO 3HaUYCHUS U BarOH OMa3abIBacT
IO, TIOTPY3KY, TO BO3HUKAIOT COOTBETCTBYIO-
mue mTpadml.

3HayeHNEe pacXomoB, CBSI3aHHBIX C BO3-
MOXHBIM M30BITKOM WJIM HEITOCTAaTKOM II0-
POXXHUX BarOHOB B MECTaX ITOTPy3KH, — BEJI-
YUHA HEe TTOCTOSIHHAS ¥ UMEeT B
CA(bA —xA) _ f (xj —bj), ecaub, <x, o

N f7(b,—x;),ecaub, > x,
J J J J J
rie jif(xj—bj) — (pyHKLIMS pacXxoa0B, YIYUTHIBA-
o1ass u30bITOYHOE KOJIMYECTBO BaroHOB
Ha CTaHIIMU MOTPY3KM U B OJIMKHEM MOIXOJIE,
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BKJIIOUAsi CTOMMOCTD HETIPOM3BOIUTEIBHOTO
IIPOCTOsI IOABMKHOIO COCTaBa, HAXOXICHUE
Ha IIyTsIX OOILEro MoJb30BaHUs U T.11.;

fj?(bj—x,) — (DYHKIIUST PacXoJ0B, YUUTHIBA-
fouiasi HeobecreueHue 3aKa30B, BKIKOYAs
VIIYIIEHHYIO BBITOIY, PUCKU, CBI3aHHbIC
C HEUCIIOJTHEHUEM JJOTOBOPHBIX 00513aTE/IbCTB,
M T.J.

CTonMOoCTb 00ecreYeHUSI TOTPY3KU 3aBU-
CUT OT COBMNaAeHUs (yraablBaHUSI) BpeMEHU
MPUOBITUS BaroHa ¢ AaTOW MPEIbsIBICHUS
rpy3a. [TocaencTBusi IpuObITHS BaroHa ro3xe
BPEMEHU TOTOBHOCTH T'Py3a YCIOBHO MOXHO
KBaJU(UIIMPOBaTh, ejsi HA TPU OCHOBHbIC
KaTeropuu:

© [I0TEPU, YBEIMUMBAIOILIMECS IIPSIMO ITPO-
MOPILMOHAIBLHO BPEMEHM OTIO3/IaHUsT BaroHa
(puc. 5a);

e ¢IMHOBPEMEHHBIC IMOTEPU, CBSI3aHHbBIE
C YXOIIOM 3aKasa Jpyromy oIliepaTtopy WJiu
HEO0OXOIMMOCTBIO KPAaTKOCPOYHOM apeH/Ibl
BaroHOB JPYTUX COOCTBEHHUKOB (puc. 50);

® CJIOXKHBIC HEJTMHEWHBIE 3aBUCUMOCTH.

TakuM 006pa3oM, st ONTUMU3AIAN CTOM -
MOCTH O0ecTieueHusT 3aJaHHOT0 o0beMa I10-
TPY3KM Ha OTHCIBHO B3SITOM HaIIpaBJICHUUN
cllenyeT HaWTH TaKoe BpeMsl OTIIPaBJICHUS
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BaroHoOB, NPU KOTOPOM MaTeMaTU4YeCcKOoe
OXMIaHKE CYMMapHBIX PacX0JI0B 3a TTPOCTOM
B OXUJIQHUU TIOTPY3KH 1 IITPachoB 3a OTI03/1a -

HHEC GYHCT MUHUMAJIbHBIM:
0

[ (e)de+ [ epmet (¢)dt —>min.  (8)
0

y

—o0

I110THOCTh BEPOSITHOCTU BPEMEHU IPU-
OBITHSI BATOHOB MMEET aCUMMETPUYHYIO
dbopmy (cM. puc. 3), a dyHKLMS IITPadoB 11
KaXJ0ro OTIpaBUTE/Is] MOXET MPUHUMATh
pasyinuHbie (OpMbI, KOTOPbIE HEe BCErIa Co-
OTBETCTBYIOT BUIY CTAHIAPTHBIX MATEMAaTH -
yeckux (yHKUuUi. B Takux yclnoBusax s
MOKMCKA ONTUMAJIbHOTO PEeIlIeHNUs [IOCTABJICH -
HOI1 3amauu 11e1eco00pa3HO MCII0JIb30BATh
METObI AUCKPETHOM ONTUMM3ALINH.

J171st 9TOTO HEOOXOAMMO TPEICTABUTH 3a-
JaHHbIe QYHKIIMU B BUJE IMCKPETHBIX 3HAUE-
HUI TI0 TIepuoAaM BpeMeHUu At. 3HaueHue
mara At JOJDKHO o0OecIieynBaTh TpeOOBaHMS
MOrPEeLIHOCTU peleHus. Hampumep, mis
321241 00eCIIeYeHUsI ITOIPY3KU 3HaYeHUe At
MOXET ObITh OKOJIO 4—6 4acoB.

Ilocne muckpeTusauuu pacrpeieacHuin
HAXOJMTCs TAKOE 3HAYEHUE BPEMEHMU 7, IPU
KOTOPOM:

M( oo (1 ))+M( e (1 ))—)min, ©)

e M( om nozp(t )) ( mmpad) (t )) — MaTrema-

TUYECKUE OXKMIAHMS U3ACPKEK Ha OXKMTaHUE
TMOTPY3KM U IITpachOB 3a OMO3AaHKE /IS 3HA-
YeHUST UICKOMOTO BPEMEHHU OTITPaBJICHUS.

MartemaTtuyeckue OXMIAHUS PacXOI0B
NIPY BPEMEHU OTIPABJIEHUS] £, MOXKHO Paccyu-
TaTh KaK CyMMY IPOU3BEACHUI PacXxoaoB
Ha BEPOSITHOCTD UX MOJTYICHUS:

( omnaep(t )) Z( %K. n02p p(t))

[/

(10)

min

M (1) = 3 e - p(0),

1,

(11)

rae ¢, ¢ — MUHUMAJIbHO M MAaKCUMAJIbHO
BO3MOXHOE BpeMsI [IPUOBITUSI BATOHA HA CTAH -
LU0/ TPY OTIIPABJIEHUY B MOMEHT BPEMEHMU £ .

[110THOCTH BEPOSITHOCTU MOXHO OIpe/ie-
JINTH 110 JAHHBIM CTATUCTUKH (CM. pHC. 3) WK
9KCIEPTHBIM CIIOCOOOM.

[Tocne pacuéra MaTeMaTUIECKOTO OXUIA-
HUS U3JEPXKEK IJIsI KaXXI0T0 AUCKPETHOIO
3HA4YEHUsI BpEMEHU f IIPEACTOUT HAATU TAaKOE
3HAYEHUE f, IPY KOTOPOM CyMMa M3JIEPXKEK
OyIeT MUHUMAJIbHOIM:
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M( e (g, ))+M( Caad( 0)). (12)

TakuM 006pa3oM, MpH HaIpaBJIEHUU T10-
POXXHUX BaroOHOB TIOJI, TTOIPY3Ky Ha OOJIbIIINE
PACCTOSTHMSI MEXIY CTAHILIUSIMM i U j HE00XO0-
JIMMO PYKOBOJICTBOBAThCSI BPDEMEHEM ITOPOXK-
HETO peiica f;, IPY KOTOPOM JTOCTUTAETCS
HauMEHbIIIee OXUAAeMOe 3HAUYCHUE CYMMBbI
HEIPOM3BOAUTEIbHBIX 3aTPaT, CBI3aHHBIX
C TIPOCTOEM BaroHOB B OXXUIaHUU TIOTPY3KHU
U mTpadamMu Ipy MO3IHEM ITPUOBITUM.

Ha cranguu MecsiaHOTO IIaHUPOBAHUS IPY-
30BOi1 pabOTHI (POPMUPYIOTCS MPEIBAPUTEITH-
HBIE 3asIBKU Ha ITOTPY3KY, KOTOPbIE ITEPUOINIC-
CKU KoppeKkTupytotcs. Hanbosiee TouHo cyTou-
HbIe 00BbEMBI TIOI'PY3KH YCTaHABJIMBAIOTCS
B YTOYHEHHOM cBoIHOM 3akase (YC3) 3a 6 yacoB
J10 Havasia cyTok norpy3ku. Ho naxke YC3 ume-
€T CYIIIECTBEHHbBIE PACXOXJICHHUS 110 00BEMaM
M HarpaBJIeHUSIM C (haKTOM TOTPY3KH.

B Takoii cutyauuu mpu 3aaipecoBKe M0-
POXXHUX BarOHOB TIOJ TTOIPY3Ky Ha OOJIbIIINE
pacctostHust (300 kM 1 Gosiee) oreparTop ele
HE 3HaeT TOYHOE KOJIMYECTBO TPeOYyeMbIX Ba-
TOHOB, YTO CO3[aeT PUCKU IMOTyUYeHUST nedu-
LIMTA WY M30BITKA ITOPOKHMX BATOHOB B ITJIa-
HUPYEMOM TIePHOJIE.

4.

BaxxHO OTMETUTBH, YTO MaKCUMaJbHas
CpelHeCyTOYHasl TOXOJHOCTb BaroHa OyaeT
JIOCTUTAThCS TIPY €ro rapaHTUPOBAHHOM MO-
rpy3ke, HO MPU 3TOM JOXOJbI OT MEPEBO30K,
MMEIOUIUX BEPOSITHOCTHBIN XapakTep, oKa-
XYTCSl yOyleHHBIMU. M1 3TO aKkTyanabHO
B YCJIOBUSIX Ae(UIIMTA MOIABUXKHOIO COCTaBa.

ITpu ero u3ObITKE ONTUMATbHOE 3HAUEHUE
TU1aHa MOTPY3KM OyJIeT COOTBETCTBOBATh MaK-
CUMaJIbHOU MPUOBUIU, TO €CTh HYXKHO OIlpe-
JIeJITh TaAKOE KOJMYECTBO BarOHOB, HaIpaB-
JISIEMBIX Ha CTAHIIMIO MOTPY3KU, ITPU KOTOPOM
MPUOBLIb OT MEPEBO30K CTAHET MaKCUMaJlb-
HOM.

B o6uiem Buae ueneBas (yHKIMSI TTPUO-
OpeTaeT ciaenyrourii BUa:

HJ;ZZZJ.—ZCJ.—) max, (13)
rie /I, — mpuoObLTb OT MEPEBO30K 110 CTaH-
un j;

Zﬂj — CyMMa JIOXOJOB OT MepeBO30K
CO CTaHLIUU J;

ZCj — CyMMa pacxoJ0oB Ha oOecrieueHue
MOrpy3KM MO CTAHLMM j, BKIOYAsT PaACXOJbl,
CBSI3aHHBIE C TOABOJIOM (1, BO3MOXHO, Iepe-
aJpeCcoOBKOI) HEBOCTPEOOBAHHBIX BATOHOB.
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A A A

Puc. 6. lpadpukn /\ I\ / \
ombc;frenuiux / \ I \ / \
= N/ / \

e 10 BGI.

KosimyectBa
npu6blsluux BaroHos
AJ1s1 CYTO4YHbIX

e 100 BEF.

KOoppecrnoHAeHUnii \ /
mouyHocteo 1, 10

\/

\
un 100 BaroHos. V \
6

1 2 3 4 5

[I10THOCTH BEPOSATHOCTH M3MEHEHUS
00BEMOB MOTPY3KM, KaK MPABUJIO, UMEET
BUJ HOPMaJIBHOTO pacrpenesneHus. OqHako
B YaCTHBIX CJIyYasiX paclpeneacHUe MOXET
MMETh aCMMMETPUYHEINA XapakTep. Hampu-
Mep, KOTJa yBeJIM4eHue 00bEMOB MTPOIYK-
IIUY B IPUHITATIC HEBO3MOXHO, ITOCKOJIBKY
9TO OTPAHUYEHO KOJIMUYECTBOM CHIPbS WU
3aKa3aMy MOKyIMaTeJeid, HO Ipu 3TOM Be-
POSITHBI cOOM B TIPOM3BOJACTBEHHOM TIPO-
necce. st ycTaHOBJIEHUS TaKOW 3aBUCU-
MOCTHU MOXHO MCITOJb30BaTh OMSIThH XKe
CTaTUCTUKY WA METOJ DKCIIEPTHBIX OIle-
HOK.

Y4uTHIBas TO, YTO TUIOTHOCTH BEPOSITHOCTU
M3MEHEeHUsT 00BEMOB TTOTPY3KM MOXKET UMETh
ACUMMETPUYHBIN XapakTep, LieJiecooopa3Ho
HCTIOJIb30BATh METOJBI TUCKPETHOM ONITUMU -
3anuu. Takoil moaxox oO0ecreyuT equHO-
00pa3HBIil A ITOPUTM ONITUMU3AIIAN JIJIST BCEX
00BEKTOB TPAHCHOOPTHOM CETH, a liejeBas
(GYHKIIS IPUMET BU,

11, = Z::(aﬂc P (m))—

m (cl.j+cjk)-pj (m)+ o
- 5

7 +(cij +c}‘”"’)'(1—ij (m))

rae d, — JOXOI OT TMIEPEBO3KM BarOHa MEXIy
CTaHIIUSIMHA j U k;

ij( m) — BEpOSITHOCTD BBITIOJTHEHUSI TIepe-
BO3KU /M TIO MapuIpyTy j—k;

m — MaKCUMaJIbHO BO3MOKHOE KOJTMIeCT-
BO BaroHOB, KOTOPOE MOXET MOTPeOOBaThHCS
IO TIOTPY3KY, 110 CTAHIINU j B TUTAHOBOM TIe-
puone;

¢, — PACXOJIBI, CBSI3aHHBIC C IOABOLOM
TMOPOKHUX BArOHOB K CTAHIIVH J;

¢, — PACXOIbI, CBSI3aHHBIC C BBITOTHEHIEM
TIePEeBO3KHM 110 MapUIPYTy j—k;

(14)
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/
[V

8 k] 10 11 12 13 14

cj""”l’ — MOMOJIHUTEIbHBIE PACXOIBI TIPA
OTKa3e OT MOTPY3KHU MO CTAHLIMH .

TpebOyeTcs HalTU Takoe 3HAYEHUE TUIaHA
TIOTPY3KH /M, TIPU KOTOPOM 1ieJIeBast (PyHKLIUS
(TTpuOBLTL) MOCTUTAET MAKCUMAIBHOTO 3HA-
YEHUS.

ITpu onTuManbHBIX 3HAYEHUSX BPEMEHU
TMOPOKHETO peiica 1 00beMOB MTOTPY3KU OXKU-
JlaeMOo€e 3HAaYEHUE HENIPOU3BOIUTEIbHbBIX 3a-
TPAaT, CBSA3aHHBIX C MPOCTOEM B OXUIAHUU
MOTPY3KH, OTIO3JaHUEM K JATE MTPEAbSIBICHUS
rpy3a v MOACHUTKON U30BITOYHOTO KOJTUYECT-
Ba BarOHOB, UMEET CJIEAYIOLINIA BUI:

C}tenp _ rm23’(:(6,;'m1102p . p(t()))"'

‘min

(e )+
Tmin

+§:((Cki +G ) (1-p; (m))) ’

TJIe £, M M, — ONTUMAJIbHbIE 3HAYEHUS BPEME-
HU IOPOXKHEro peiica 1 IaHa Iorpy3Ku co-
OTBETCTBEHHO.

Takum oOGpa3oM, ONTUMAaIbHBI BapyaHT
yIIpaBJeHUs IMapKOM BAaroHOB B YCJIIOBMSIX
3aBUCUMOCTH OT CIy4aiiHbIX (haKTOPOB ITIpeI-
yCMaTpUBaeT HEMIPOU3BOIUTEIbHBIE PACXOIbI
M HaJIM4YKE pe3epBa BATOHOB B MeCTaX IIOrpy3-
ku. I1pu 3TOM yem Oosbllle 3aBUCUMOCTD
OT CJIy4aiiHbIX (PAaKTOPOB, TEM BbILLIE HEMPO-
M3BOAMTEIbHbIE PACXO/IbI.

YBennueHne BepPOSITHOCTU (TapaHTHPO-
BaAaHHOCTH) CBOEBPEMEHHOTO OOeCIIeUeHUs
3aKa30B IOBBILIAET HEIMPOU3BOAUTEIbHbBIE
pacxobl M CPeIHECYTOUHOE KOJIMUYECTBO Ba-
TOHOB, IIPOCTAMBAIOLLINX B OXXKUAAHUY ITOTPY3-
K. DTO MOXET ObITh aKTYaIbHO ISl KOMMEp-
YeCKU MPUBJIEKATEIbHBIX HAIIPaBIeHUI, 100
MOBBILIEHUE CTOUMOCTU OOECIeYEHMSI 110~

5)
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TPY3KH KOMITEHCUPYETCS BEICOKHM JTOXOI0M
OT TIEPEBO3KU.

CHIDKeHHST HETTPOM3BOIUTEIIBHBIX PACX0-
JIOB TIPABOMEPHO OXMIATH MPU IMOBBIIICHUHT
TOYHOCTH (POPMUPOBAHUS ITIJIaHA TTOTPY3KHU
M TIPEACKA3yeMOCTH CPOKOB IIPUOBITHS Baro-
HOB Ha CTaHUMM Ha3HaYeHus. DTo HauboJiee
BEPOSITHO TIPU COKpAIlcHUN TOPU30HTA TIJIa-
HUPOBaHMS (BpeMeHU MeXAy (DOPMHUPOBAHU-
€M TUIaHa U eT0 peayn3almeii).

B pamkax cymiecTByIOmEe TEXHOJOTUHN
YIIPaBJIEHNS TTAPKOM BarOHOB COKpaIlleHHe TO-
PU30HTA [TAHUPOBAHUSI 00ECTIEUEHMSI TTOTPY3KU
BO3MOXHO TIPY TIOJICHIIKE TTOPOXKHUX BarOHOB
C OTTOPHBIX CTAHIIMI B PETMOHAX TTOTPY3KH.

OpmHako clieloBaHre MTOPOKHEro BaroHa
yepe3 OTMOPHYIO CTAHIIMIO C TiepearpecoBKOM
CBSI3aHO C IIOTIOJTHUTEIBHBIMU PacXOdaMMU.
3/1ech U CTOMMOCTD TIepeaipecoBKM BaroHa,
U niepesioM Tapuda (CTOMMOCTb ABYX TOPOXKHUX
perlicoB 6oblIe, yeM omHOTo obiero). Kak
MPaBUJIO, JOTIOTHUTEIbHBIE PACXOIbI JIETat0T
TaKOW MoIxo/ Heleslecooopa3HbiM. [ToaTomy
X CTPEMSITCS MUHMMU3UPOBATh ITyTEM KOp-
PEKTUPOBKHU Tapr(OHOTO PYKOBOACTBA, UTO
TO3BOJISIET CTUMYJIMPOBATh MOBBIIICHUE TTPO-
M3BOAUTEIEHOCTHU MCITOJIb30BAaHKS BATOHOB.

Ha > deKTUBHOCTh MCTIOIB30BaHUS Ba-
TOHOB TaKKe 3HAYNTEIBHO BIIMSIET UX Pa3apo-
OJICHHOCTb, IIPUHAIJICXKHOCTD Pa3HBIM COOCT-
BeHHUKaM. Kpome yxymlnieHUsT KauyecTBa
YIIpaBJICHUSI, 3TO MIPUBOINT K IOITOJTHUTEb-
HOMY pa3/ieJIeHUI0 KOPPECTIOHICHITNIA Baro-
HOIIOTOKOB.

TIpu cokpalieHrnM MOIITHOCTHA BarOHOIIO-
TOKOB ITPOMCXOINT CHIKEHHUE UX CTAOMITBLHO-
CTH 10 BPEeMEHHM IPUOBITHST HA CTAHIINIO Ha-
3HaueHus. Ha puc. 6 nmpuBeneHbl rpaduku
OTHOCUTEJIbHBIX KOJIeOaHUIT KOJIUIeCTBa
MPUOBIBIINX BarOHOB II0 JAaTaM ISl Koppe-
cnoHIeHIMi MoitHocThIO 1, 10 1 100 BaroHOB
B CYTKH.

Yewm Gosible OTHOCUTEbHBIE KOJeOaHUsI
BaroHOIIOTOKOB I10 ITPHOBITUIO HA CTAHIIUIO
Ha3Ha4YeHHUsI, TeM OOJIbIlle 3aBUCUMOCTh
OT CJIyJaifHBIX (PaKTOPOB, KOTOPHIC YBEIMIM -
BAlOT HEIPOU3BOAUTEIBbHBIC PACXOIbl IIPU
obecrieyeHnu norpy3ku (15).

Hawubonee uenecoobpa3Hbiii MyTh CO-
KpallleHUsI OTHOCUTEIbHBIX KOJIeOaHUi

BaroHOMOTOKOB U, COOTBETCTBEHHO, He-
MTPOM3BOAUTENLHBIX 3KCIJIyaTallMOHHBIX
pacxo0B — KOHCOJIMAAIMS TapKa BATOHOB
pa3HBIX COOCTBEHHUKOB TOJ €IMHBIM
yIpaBJIeHUEM.
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{{# & LOGISTICS PRINCIPLES AND BUSINESS INTERACTION BETWEEN ROLLING
z STOCK OPERATORS AND CARGO OWNERS

Eliseev, Sergey Yu., Moscow State University of Railway Engineering (MIIT), Moscow, Russia.
Shatokhin, Andrey A., Moscow State University of Railway Engineering (MIIT), Moscow, Russia.

ABSTRACT

Transportation market links closely economic
and transportation processes. Consumer demand
dictates the conditions, but it also stimulates carriers
to improve organization of production and logistic
support of goods movement on railways. In particu-
lar, this concerns loading / unloading of cars — with

greater dependence on stochastic factors. The pre-
sence of such dependence leads to non-productive
costs, economic losses. The article shows how to
optimize distribution of traffic volumes, helping
minimizing costs and maximizing revenue growth in
the framework of interaction of operating companies
and cargo owners.

Keywords: railway, economics, logistics, freight transportation, transport business, stochastic factors,
non-productive costs, profit, costs, operators, cargo owners, interaction, coordination.

Background. In the current market conditions
further development of transport system is not
possible without respect for fundamental princi-
ples of logistics, which involve rationality — selec-
tion of the best solutions for entire range of enter-
prise performance; integrity, and consistency of
action while implementing specified target func-
tions; presence of a hierarchy of interaction of
elements of the common system. In this connec-
tion a special meaning belongs to inegration prin-
ciple, assuming combining efforts of interacting
parties in the transport business to achieve a
long-term, strategically important economic suc-
cess.

Adherence to these principles means first of all
the main duty of the transport enterprise — to fully
meet market demand for transportation and to ensure
high quality of transport products for consumers, while
maintaining a mutually beneficial level of financial
performance for process participants.

Consumer demand drives the carrier to seek a
more perfect organization of goods movement and
its logistics support. In particular this applies to load-
ing / unloading of rail cars that are more dependent
on stochastic factors.

Objective. The objective of the authors is to study
interaction of rolling stock operators and cargo own-
ers in terms of logistics and business principles, and
to develop approaches to optimum loading schedule
at the example of JSC Russian Railways.

Methods. The authors use general scientific
methods, mathematical analysis, comparative analy-
sis, economic evaluation, statistics.

Results.

1.

Search for the best possible loading plan is pos-
sible by solving a transport problem. Let’s assume
that rail network consists of P={p, [ p,} points
connected by directed arcs (p, p; ), i #J, p;€ P. Opti-
mization interval of industrial- transport system is 0,
T. For each point oftime (days) t e Z,={0; 1,2, 3; ...}
on the set of P points of the network plan for Ioading

and unloading of the k-th kind of cargo a‘(t), which

corresponds to the required number of cars u!j(t) .

Each arc (p, P, ) is characterized by the capacity d
0,i+}j, whrch lrmrts passage of the total flow for aII
sorts of goods. The duration of transportation along
thearc(p, P, ) is the value of t..

Quant/tat/ve indicators ofl rolling stock fleet ope-
ration are normalized so that the possibility of the fleet
and the loading plan are balanced with each other for
each kind of cars:
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N T
v k; ZZuf (t) = 0.
j=1 t=0
Due to the fact, that the rhythms of loading and
unloading are not identical, there are reserves of cars
at loading places. Each such place P has a capacity
of d/ > 0, and this limits the total stock of cars for all
sorts of goods. Atany moment at the interval (1, T) at
the loading place p; there may be stock of one or more
types of cars. The stock of k-type of cars we denote

as a variable x(t) .

(1)

The total stock of cars at stations of the network
may be represented by several types of them, but shall
not exceed the capacity of d,.,.. At the initial time mo-

ment t = 0 at some stations initial reserves x{(0) can

be concentrated, and then the formula (1) takes a
form:

v k; ZZqJ ) + ZX =

j=1 t=0

(2)

Redistributing flexibly flows between stations of
the network is an opportunity to make amends for the
negative impact of inconsistencies of rhythms of load-
ing and unloading. If smoothing of rhythms inconsis-
tencies is impossible, there is a risk of car delay or
downtime while waiting for loading.

Optimization of traffic volume distribution in the
transport system is achieved by minimizing costs
or maximizing profits. At the same time limits are
set on non-negativity of baseline values of loading
plan, transportation cost and time, as well as limita-
tions to capacity and bandwidth of the transport
network:

0 < u (t) u’ (3)

0 <x¥ () <dh. (4)

Additional parameters for coordination of rhythms
of loading and unloading can be introduced.

In implementing the task of rolling stock loading
the largest difficulty is exact (which coincides with the
fact) formation of indicators:

« loading plan for each station;

- time of empty run and cost of transportation
between stations of the network;

- formation and availability of empty cars.

In practice, as a rule, all of these parameters are
considered as deterministic. Their actual deviation
applies only to external causes (due to shipper, car-
rier, etc.). In this situation new transportation plans
are formed often without optimization of potential
risks.
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2. ing costs of maintenance and operation of rolling 4:
Each rolling stock operator is interested in obtain- ~ stock and on the other hand, to try to shift the risks

ing the maximum profit. On the one hand, it is neces-
sary to increase the volume of traffic, to improve the
quality of transport products, to reduce costs, includ-

(financial responsibility for delay of cars waiting for
cargo operations or refusal of transportation) to
counterparties.
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Ifa sender is asked to precisely plan and sched-
ule loading in advance, and in cases of deviation from
the plan, is required to pay penalties for unproductive
empty runs, or downtime of cars waiting for loading,
the cargo owner receives a hidden surcharge to the
cost of transportation. This surcharge cannot be
planned in advance, thus generating difficulties in
planning of the transportation cost and future finan-
cial performance.

In addition, it violates the principle of integrity and
consistency of supply chain from production to trans-
fer of finished goods to the buyer, which limits pos-
sibilities of its optimization.

For optimal interaction between the operator and
the cargo owner it is necessary to consider character-
istics of transport demand formation, taking into account
the impact of random events that lead to changes in the
timing and volume of transportation of goods.

To comply with integrity and efficiency of the lo-
gistics system «manufacturer — a railway (JSC Russian
Railways in our case) — consumer» in car fleet man-
agement it is necessary to take into account flexible
randomness of the following events:

« Matching car arrival time and offer of goods for
transportation;

+ Matching loading volumes and the number of
arrived empty cars.

The results of such events significantly affect the
final cost of loading process.

According to statistics, the standard deviation of
the run timeis 1,3 days. Thus itincreases with increas-
ing trip distance, and after the expected time, note,
about 36% of cars arrive (Pic. 1-3).

To supply the empty car to guarantee its timely
arrival at the level of 90% it is necessary to have a
reserve of time of about 2,5 days on average. It is
important to note that when the trip distance is less
than 200 km mean-square deviation of car arrival time
at the destination station is twice less than in trips over
500km (0,7 and 1,4 days respectively). For the same
specified guaranteed arrival time, reserve is also
reduced to 1,5 days.

The probability density of deviations from the
mathematical expectation of car arrival time has an
asymmetric shape, which arises due to the fact that
the possibility of car delay is significantly higher than
the possibility of its acceleration.

Asymmetric distribution can be neglected when
the asymmetry coefficient is less than 0,25. But the
analysis of all distance zones indicates that the ac-
tual value is ten times higher (Pic. 4), which does not
allow to consider it as normal.
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Taking into account the probabilistic nature of
formation of demand for cars and the date of their
arrival at the destination station, it is necessary to
determine optimal values for parameters of transpor-
tation in view of the known risks. Under the conditions
of rolling stock excess, a target function should
maximize the total profit from transportation.

That is, for an optimal solution of a task it is neces-
sary to find the maximum difference between the
expected revenues from transportation and the costs
of providing the transport process:

P.=> R->C.— max. (5)
J J ] 3

The task can be divided into two stages:

* minimizing of the cost of providing loading at
optimized or deterministic transportation volumes;

* optimization of the number of cars allocated for
loading, in order to maximize profits.

In the case of deterministic values of expected
traffic volumes cost optimization is possible by reduc-
ing the cost of providing loading. The cost of private
correspondence of traffic volumes c; then acquires
the following form:

CR=ICY fare 4 C car 4 Cwart load. 4 Cpenalty (6)
’ where c; are i fare for trénsportat/on of empty car
from statlon of its release to loading station;

c is cost of car component from the moment of
car addressmg from station of its release to arrival at
loading station;

clwa"‘ lead- js costs of waiting for loading at station j;

c”e"a”y is costs and penalties, associated with late
arnval of car at loading station j.

For a single empty car run, these costs depend
on trip distance, time of car movement and on match-
ing of the time of the arrival of empty car with the time
of offering goods for transportation.

When planning empty car run, only the fare for
transportation is known. The values of remaining costs
(¢, cratloac, cpenalv) can only be estimated beforehand,
and they are lnterrelated Increasing the trip time of the
car reduces its downtime waiting for loading. If trip time
is higher than the maximum value and the car is late for
loading, then there are corresponding penalties.

The values of the costs associated with possible
excess or deficiency of empty cars at loading, are
values which are not constant and are given by:

£ (%= b <x;
cj(b,—x,):{f.ng._ )

x;).if b, > x;’
where f, ’(x b) is cost function, taking into account
excess:ve numberof cars atloading station and in close

(7)
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Pic. 5. Dependence of the cost of providing loading on coincidence of the time of car arrival and the time of
proceeding of goods intended for transportation: a) losses, increasing in direct proportion to the time delay of
the car; b) non-recurring losses due to the train delay.

approach, including cost of non-productive downtime
of rolling stock, stay at tracks of public use, etc.;

1;2( b;-x) is cost function, taking into account failure
of orders, including lost profits, risks, associated with
failure of contractual obligations, etc.

The cost of providing loading depends on coinci-
dence (guessing) of the time of car arrival with the
date of presentation of goods. The consequences of
car arrival later than cargo readiness can be classified
conditionally by dividing into three main categories:

e Josses, increasing in direct proportion to the time
of car delay (Pic. 5a);

e non-recurring losses related to departure of the
order to another operator, or the need for short-term
rental of cars of other owners (Pic. 5b);

e complex nonlinear dependencies.

Thus, to optimize the cost of providing the speci-
fied loading volume on any given direction itis neces-
sary to find such a departure time of cars in which the
mathematical expectation of total expenditure for
downtime waiting for loading and penalties for delay
will be minimal:

(8)

4
-

0 +o0
[ eyt (e)ar + [ egre (t)dt — min,

0
The probability density of the time of car arrival
has a symmetrical shape (Pic. 3) and the penalty
function for each sender may take various forms,
which do not always correspond to the shape of stan-
dard mathematical functions. In such conditions, in

order to find the optimal solution of the task it is advis-
able to use discrete optimization methods.

To do this, it is necessary to represent specified
functions in the form of discrete values for time peri-
ods At. Value of the step At should provide for require-
ments of the solution error. For example, for the task
of providing loading value At may be about 4—-6 hours.

After sampling of distributions such a value of time
t,is found, in which:

M (e (1,))+ M (e[ (1,)) - min, (9)

where M (c}""*(t,)), M (c;" (1,)) are mathematical

expectations of costs of waiting for loading and
penalties for late arrival for the value of the desired
departure time.

The mathematical expectations of costs at the
departure time t, can be calculated as the sum of
expenditures on the probability of their receipt:

’msn

cl;/nit.[oad, (t")) _ Z( cl;uzit,laad, . p(t));

1,

'min

M( (10)

1,

M(C;enahy(t”)) — Z(c;enﬂhy p(l‘)),
Tmin
wheret . t are minimum and maximum possible
arrival time of car at the station j following the
departure attime t .
The probability density can be determined ac-

cording to statistics (Pic. 3) or by experts’ opinion.

(11)
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Pic. 6. Graphs of relative fluctuations of the daily number of arrived cars for daily
correspondence with capacity of 1, 10 and 100 cars.

After calculating the mathematical expectation of
costs for each of the discrete values of time t such a
value t,can be found, where the amount of costs will
be minimal:

M(c.v.vait.load,(to))_'_ M(c;znalry (tO ))

L4

(12)

Thus, in sending empty cars for loading at large
distances between stations i and j it is necessary to
be guided by an empty run time t,, at which the mini-
mum expected value of the amount of non-productive
costs, associated with downtime of cars waiting for
loading and penalties for late arrival, is achieved.

At the stage of monthly planning & scheduling of
freight operations pre-loading applications are gener-
ated that are periodically adjusted. The mostaccurate
daily loading volume are set in the specified sum-
mary order (hereinafter — SSO) at 6 hours before the
day of loading. Even SSO has significant differences
on volumes and itineraries as compared to future real
conditions of loading and delivery.

In this situation, while sending empty cars for
loading at long distances (300 km or more), the ope-
rator does not know the exact number of required
cars, which creates risks of getting deficiency or
surplus of empty cars in the planned period.

It is important to note that maximum daily rate of
return of the car will be achieved if it is loaded in ac-
cordance with existing schedule, but the revenues
from traffic with the probabilistic nature, will be
missed. And itis true when there is a shortage of roll-
ing stock.

When rolling stock is abundant, optimum value of
the plan will correspond to a maximum profit of load-
ing, so it is necessary to define a number of cars al-
located to the loading station, so that this quantity
ensures that the profits from transportation will be
maximized.

In general, the objective function takes the follow-
ing form:
P/.:ZR.—ZC/.—>max, (13)
where I5, is profit from transportation at the station j;

> R]. is amount of revenues from transportation
from the station j;

ZC, is cost for providing loading at the station j,
including costs, associated with supply (and possible
readdressing) of unclaimed cars.

The probability density of changes in the vol-
ume of loading, typically has a form of normal
distribution. However, in special cases, distribution
can be asymmetric. For example, when an increase
in production volume is impossible in principle,
since itis limited to the amount of raw materials or
customer orders, and failures in the production
process are probable. To establish such depen-
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dence, it is possible again to use statistics or a
method of expert evaluations.

Given that the probability density of changes in
loading volume may be asymmetrical, it is advisable
to use discrete optimization methods. This approach
will ensure a consistent optimization algorithm for all
facilities of the transport network, and the objective
function takes the form

ly =Z'::(r/‘k 'ij(m))_

RS (s + ) pu(m)+ s max
0 +(c,.j +c}“’””’)~(1—pjk (m)) ’ (14)

where I is revenues from car transportation between
stations jand k;

pl.k( m) is probability of transportation m on the
route j—k;

m is maximum possible number of cars, which
may be required for loading, at the station j in the
planned period;

c,l.is cost, associated with supply of empty cars to
the station j;

c, is cost, associated with transportation on the
route j-k;

comr is additional cost caused by refusal of load-
ing at the station j.

It is necessary to find such a value of the loading
plan m, where the objective function (profit) reaches
the maximum value.

Under optimal values of the time of empty run and
volume of loading the expected value of non-produc-
tive costs associated with downtime while waiting for
loading, delay to the date of presentation of the goods,
and additional sending of excessive number of cars,
are as follow:

1,

C;wnpr — f(c;ait,laud. . 17(10))+
Tmin
+imzx(cfenalry P(to))+

1,

‘min

(s )1 (m).

where t,and m, are optimal values of empty run and
loading plan, respectively.

Conclusions. Thus, the optimal option of car fleet
management under the conditions of dependence on
random factors provides nonproductive costs and
availability of reserve of cars at loading place. The
greater is dependence on random factors, the higher
are nonproductive costs.

Increase in probability (guaranteed provision) of
timely provision of orders increases nonproductive

(15)
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costs and the average daily number of cars, standing
idle while waiting for loading. This may be true for
commercially attractive directions, since increase in
cost of providing loading is compensated by higher
revenues from transportation.

It is rightful to expect reduction of nonproductive
costs when improving the accuracy of forming the
loading plan and predictability of the timing of car
arrival at the destination station. This is most prob-
able while reducing the planning horizon (time be-
tween formation of the plan and schedule and their
implementation).

Within the framework of existing car fleet man-
agement technologies reducing the planning horizon
to ensure loading is possible with additional sending
of empty cars from base stations in the regions of
loading.

However, empty car’s passing through the base
station with readdressing is associated with addi-
tional costs. Here there are cost of car readdressing
and fare fracture (cost of two empty runs is more
than of one shared run). Typically, additional costs
make this approach impractical. Therefore, they
should be minimized by adjusting fare guide that
stimulates productivity of using cars.

The effectiveness of the use of cars is also sig-
nificantly influenced by the fragmentation of the cars’
fleet, as different cars belong to different owners. In
addition to the deterioration of the quality of manage-
ment, it leads to further separation of traffic itinerar-
ies.

With the reduction of the power of traffic volumes
there is a decrease of their stability in time of arrival
at the destination station. Pic. 6 shows graphs of the
relative oscillation of the number of cars arriving at
different dates for flows of 1, 10 and 100 cars per
day.

The higher are relative fluctuations of traffic vo-
lumes counted by the date of arrival at the destination
station, the greater is dependence on random fac-
tors that increase nonproductive costs while provid-
ing loading ( 15).

The most appropriate way of reducing the rela-
tive fluctuations of traffic volumes and, consequent-
ly, non-productive operational costs is consolidation
of rolling stock fleet of different owners under single
management.
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