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ExeronHo B cooTBeTcTBUM C «IIpaBuiiamm pa3paOOTKKU MPOSKTOB COACPKAHUS
aBTOMOOMJILHBIX A0poT», padpadboTtaHHbiMU OO0 «HayyHo-uccaeaoBaTeabCKUit
U TIPOEKTHBIN MHCTUTYT TEPPUTOPUAIILHOTO PAa3BUTUS M TPAHCIIOPTHOM MHpa-
ctpyktypbl» (OIC 218.3.110-2019, 2021), onpeaeasitoTcsl y4aCTKM aBTOMOOMIIbHBIX
JIOpOT (IOPOXKHOI CEeTH), SKCIUTyaTallMOHHBIE XapaKTePUCTUKNA KOTOPHIX TOCTUTAIOT
KPUTUYECKUX 3HAYCHWI MU OJTU3KU K HUM. JIJIsT KaskI0To yJacTKa IIaHUPpYyeTCsT 0101 -
JKET Ha OCYIIIECTBJIEHUE PEMOHTA C yYeTOM IPOBEAEHHOU OLIEHKU COCTOSTHUSI TOPOTH
1 MTHXXKE€HEPHbBIX M3bICKaHUIA. Jlajiee MpOUCXOIUT pacipeneeHre MoaIexXaluX pEeMOHTY
Y4aCTKOB JOPOT 110 KOHTPAKTHBIM JIOTaM U (pOpMUPOBaHKE TOCYAapPCTBEHHOM 3aKYITKHU
Ha BBIIIOJHEHUE PEMOHTHBIX pa0OT MO KaxXa1oMy J0Ty. B pe3yabraTe mpoBeaeHUs OT-
KPBITOI'O 3JIEKTPOHHOTI'O ayKIIMOHA OIpeae/IsIeTCs IMMOAPSIAHAS OpraHu3alns, KOTopast
OyIeT OCyIIeCTBISITh PEMOHT YY4aCTKOB JOPOT, BKJIIOUEHHBIX B OMUH KOHTPAKTHBIMN JIOT.

711 5KOHOMMU CPEICTB M CHIDKCHUSI CTapTOBOI LIeHHI ayKIIMOHA CTABUTCS 3a1a4a
pacmpenesieH!s y4aCTKOB IOPOT, ITOIIEXAIIX PEMOHTY, I10 JIOTaM TaK, YTOOBI MITHK -
MM3HMPOBATh PACXOIbI MOAPSIAHBIX OpraHU3aLil Ha TIepeMelIeHIEe PeMOHTHOM TeXHUKI
B Mpoliecce BbIMOJHEHUS padoT.

Llenb uccnenoBaHuss — onpeaeauTb Haubosiee 3¢(p(HEeKTUBHYIO MaTEMAaTUYECKYIO
MMOCTAHOBKY OIMKMCAHHOM 3a1a4y U HA €e OCHOBE MOJIYYUTh UMCIIOBBIE PEe3yabTaThl IJIsI
MOJITHOMACIITAOHBIX TaHHBIX. D(P(HEKTUBHOCTh MOCTAHOBKYU OILIEHUWBAETCSI B 3aBUCH-
MOCTHU OT BpEMEHHU, 3aTpauMBaeMOro Ha MOMCK HaWJIy4Illero pelieHus], U OJU30CTU
MOJIy4EHHOTO pellieHUs K onTuMaabHoMy. [IpencTaBieHsl 1Be 6a30Bbie TIOCTAHOBKM:
000011IeHHAas 3aJa4ya KOMMUBOSDKepa M 0000I1IeHHAs 3a/1aya CeJIbCKOTO IMoYTaaboHa.
Jlns obeux mpeajoXeHo yaydlleHue, CBsI3aHHOoe ¢ MoauduKalumeid orpaHuYeHU,
00€eCITeunBaOIINX 3aIIPeT ITOALINKIOB.

B ximaccuueckoit acuMMeTpUYHOM 3amade KOMMUBOsEKepa u3BecteH rpad G(V, A),
B KoTopoM V'={0, ..., a} — MHOXecTBO BepluuH rpada, A c {(i,j):i,j €V, i #j}— MHO-
JKeCTBO IyT rpacda ¢ BecoM d;. Heobxommmo HaiiTi MapIpyT MUHUMAJIbHOM CTOMMOCTH,
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KOTOPBIIA HAUMHAETCS M 3aKaHYMBaeTcs B BepiinHe 0, a Bce ocTallbHbIE BEPILIMHBI rpada
BKJIIOYACT POBHO ONMH pa3. MaTteMaTnuecKasl IOCTAaHOBKA JIJISI peLlIeHUsT 3a1a4y Oblia
BIiepBhIe cchopmynupoBaHa B ctathe (Dantzig, Fulkerson, Johnson, 1954). JIns 3ampe-
Ta TOALIMKIIOB UCITOJIb3yeTCs IPyINa OrpaHUYCHHUI, COTJITACHO KOTOPHIM Ha KaXXa0e

IMOJMHOXKECTBO M3 kK BEPIIMH HE JOJDKHO MPUXOAUThLCS OoJiee k—1 ayr, BKIIFOYeHHBIX
B ONTUMAJIbHBII MaplIpyT KOMMUBOsDKepa. C IIPaKTUIECKOM TOYKM 3pEHUS, MIPe-
craBneHHas B pabote (Dantzig, Fulkerson, Johnson, 1954) maTemaTuueckas rocra-
HOBKa SIBJIIeTCSI Hea(P(EKTUBHOI, ITOCKOJIBKY KOJIMYECTBO OTPAaHMICHUI [IJIST 3a1IpeTa
MOLIMKIIOB 9KCIIOHEHIIMAIBHO 3aBUCUT OT YMCIIa BepiinH rpada |V, uro Gojee yem
3HAYUTEIHLHO YBEIMUMBACT BPEMS HA ITOMCK ONTUMAJIbLHOIO PEILICHUS.

CylIecTBEHHOE COKpAIlleHUEe KOJIMYeCTBA OrpaHMYCHUI IS 3aIipeTa ITOALUKIOB
onucano B cratbe (Miller, Tucker, Zemlin, 1960). ABTOpbI chopMyIMpoOBaIn 3am1a4uy
LIEJIOUMCIIEHHOTO ITPOTPaMMUPOBAHUS, B KOTOPOIA IJIsI 3aIIpeTa MOILIMKIIOB UCII0JIb30-
BaJIu IIepeMEHHbIE, TIPEACTaBIAONINe COOO0M MOTeHIMAabI BepirH. CorjlacHO JaHHOMY
OTrpaHUYEHUIO, TOTCHLIMAJ BEPILIUHbI, SIBJISIOLIEHCS KOHILIOM YT, XOTsI ObI HA €IMHUILY
0oJIbllIe TTOTEHIIMAJIA BEPIIMHbBI, KOTOPAsl CIY>KUT HauajioM oyru. s pereHus 3agaumn
Heo0XoarMo c(hOpPMHUPOBAThL BCET0 02 — L OTPAHMYEHMH JIJIsT 3aITpeTa IMOALMKIIOB (e
o = |V — 1), He comepXaluX BEPLUIMHY-IETIO.

B cratbe (Gavish, Graves, 1978) npeacrapieHa MaTreMaTuyeckasl IOCTaHOBKA IS
pelleHus 3aaa4 KOMMUBOSIKEpa, coAepXKalllas TaK Ha3bIBaeMble ITOTOKOBBIE Orpa-
HUYEHUs IJI 3aIpeTa MoaUuKnKIoB. s pelreHus 3agaun Tpedyercs a? — 1 Takux
orpaamyeHuii. B ctatee (Roberti, Toth, 2012) mpencraBieHbl pe3yJIbTaThl BEIYUCINTEb-
HBIX 9KCIICPUMEHTOB, COIIACHO KOTOPBIM 3aJa4a CMEIIAHHOTO IIPOrpaMMUPOBaHYSI,
copmynupoBanHas B ctatbe (Gavish, Graves, 1978), siBnsiercss ogHOM 13 HauboJee
3 OEKTUBHBIX LIS pelIeHUS 3a7a4l KOMMUBOSKepa.

O06o0061IeHHas 3a1aua KOMMUBOSDKEpa SIBJISIETCS pacllUpeHreM KJIacCUYeCKOlt 3a-

K
Jlayu, KOrJa MHOXEeCTBO BepiluH V pazaeneHo Ha K kiactepoB C; : el C,=V. Pe-

IIeHne 000O0IIeHHON 3agauyl KOMMUBOSIKEpa COCTOUT B OIpeIe/ICHUU MapIlipyTa
MUHUMAJIbHOM CTOMMOCTU, KOTOPBIA BKJIIOYACT POBHO OJHY BEPLIMHY U3 KaXIOTO
KJIacTepa, a TaK:Ke HAaUMHAETCs M 3aKaHYMBaeTCs B BeplnHe-aero. B cratbe (Laporte,
Mercure, Nobert, 1987) chopmynupoBaHa MaTeMaThIecKasi TIOCTAaHOBKA 0000IIEHHO
321891 KOMMUBOSIKEPA ¢ OTPaHUYCHUSIMHU [IJIS1 3aIIpeTa OALMKIIOB, IIPEIIOKEHHBIMU
B (Dantzig, Fulkerson, Johnson, 1954). B pa6ore (Kara, Guden, Koc, 2012) ucmnoJb-
3YIOTCSI OTEHIIMAJIbI BEPILMH /IS 3allpeTa IUKJIOB, He COAepKaIlUX BEPIIMHY-IEIIO.
[ToToKoBbIe OrpaHUYeHUS VIS 3alpeTa MOALMKIOB IPU pellieHUH 0000IICHHOM 3a1a4u
KOMMMBOSIKepa ObLJIU MCMOJIb30BaHbl B cTaTthe (Pop, 2007).

3agayva ceJIbCKOro IoYTaIboHa Ha OPUEHTUPOBAHHOM Ipade BriepBbie ObLIa chop-
myaupoBaHa B ctathe (Christofides, Campos, Corberan, Mota, 2007). M3BecTeH rpad
G(V,A), tne V=0, ..., a} — MHOXecTBO BeplunH, a A {(i,j):i,j €V, i+ j}— MHOXe-
CTBO IyT rpacda ¢ BECOM dj;, BKIIIOYAIOILEE TIOAMHOXECTBO 005A3aTeNbHbIX IyT A, < A.
3amaya COCTOUT B IIOMCKE MaplIpyTa MUHUMAJIbHOM CTOMMOCTHY, KOTOPHIA HAYMHAETCS
U 3aKaH4YMBaeTcs B BepuirHe 0, a TaKXKe COIEPKUT Bce 00s13aTelIbHbIC IyTH Ay, MaTte-
MaTuJdecKas moctaHoBka, ripeacrasieHHas B (Christofides, Campos, Corberan, Mota,
2007), TpebyeT cnieliMaibHOU TpaHchopMallMi UCXOIHOTO rpada Ajisi COKpalleHust
00beMa BXOAHBIX JaHHBIX U yAAJICHUs LIeTIOUeK Heo0s13aTeIbHbIX IYT.

s pellieHUs 3a1a4M CEIBCKOTO MOYTaIboHA TakxKe c(hOpMYJIMPOBaHbI MaTeMa-
THYECKHME TTOCTAHOBKHM, KOTOPHIE He TPEOYIOT CIlelIUalIbHOM Mpeao0opadoTKN JaHHBIX.
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MaremaTnuyecKkue MoCTaHOBKY OTJIMYAIOTCS IPYT OT Apyra CIIocoO0M 3ampeTra LUKJIIOB,
HeE 3aKaHYMBAIOLINXCS B BEPILIMHE-IEIO:
— B cTathe (Cerrone, Dussault, Golden, Wasil, 2014) orpannyeHnsT OCHOBaHBI
Ha MOTeHLMajax BEPLINH;
— B cratbe (Cerrone, Dussault, Wang, Golden, Wasil, 2019) ncrmonb3yiorcs 1mo-
TOKOBbIE€ OIpaHUYEHUS.
O06006111IeHHAs 3a7a4a CeILCKOTO TTOYTAIbOHA SIBJISIETCS paclIipeHUeM KJIaCcCU4ecKoit

K
3amaun: rpad G(V, A) comepxur K mogMHoXKecTB ayr C, : U e C, =V. ns perieHust

3a7a4yy TPeOyeTCs HANTU MK HauMEeHbIIIei CTOMMOCTH, KOTOPBIT BKIIOUAET XOTS ObI
OJIHY AYTY U3 KaXIoro nmoaMHoxectna ayr C, XoTs1 Obl OUH pa3.

MatemaTrueckas TocTaHOBKA JIJIs pelIeHUsI 3aJauM Obia cchopMyIMpoBaHa B CTa-
Tbe (Drexl, 2014) u BK110YaeT oOLIEIPUHSTHIE OTPaHUYEHUS IS 3arpeTa MOALIMKIOB
(Dantzig, Fulkerson, Johnson, 1954). MaremaTuueckue MOCTaHOBKH AJIs1 pelleHUs
00001IIEHHON 3aJa4i CEILCKOIO MOYTAIbOHA C IIOTOKOBBIMU OTPAHUYCHUSMHU U T10-
TEHLIMaJIaMK BEPIIMH B CTaThsIX HE OITMCAHEI.

B mutepaTtype BcTpedaeTcst MHOXECTBO Pa3IMIHBIX IMTPAKTUIECKUX MTPUIOXKCHUIN
00001IIeHHOI 3a7a4i KOMMMBOSDKepa 1 0000IICHHO 3a1a491 CeJIbCKOTO ITOYTaIbOHA.
OpnHako ciieayeT OTMETUTD, YTO paHee 3afada O IIOMCKE ONTUMAIBLHOTO (C TOYKM 3pEHUS
pPacxoI0B Ha IepeMelIeHe PeMOHTHOM TEXHUKN ) pPacIIpeAeICHUS 10 JIOTaM YIaCTKOB
JIOpOT, MOJIeXallluX PeMOHTY, HE paccMaTpuBajach.

s Bcex MaTeMaTUYE€CKUX II0CTAHOBOK, IIPEICTaBICHHbBIX B CTaThe, BBEACHHI ClIe-
nyrolye ooie 00o3HaueHus1. KolnuecTBo yuacTKOB 1OPOT, MOIeXAIX PEMOHTY,
paBHO #. Kaxplit ygyacTok noporu k =1, ..., n, XapaKTepu3yeTcs IByMsI TpaHUYHBIMU
TouKaMu a; 1 by. [1pu 3TOM NPUHSTH CASAYIOLINE MPEANOJ0XEHUSI OTHOCUTEIBHO
Ou3Hec-Tpollecca, CBSI3aHHOTO C BBIMOJHEHNEM PEMOHTHBIX PAadOT MO JIOTaM:

— PEMOHT OCYIIECTBIISICTCS 1 PEMOHTHBIMU TpyIaMu. KolmaecTBo peMOHTHBIX
IPYIII 3a1aeTcCsI 3apaHee U SIBJIIeTCs (PUKCUPOBAHHON BEIMIMHOM, ITOCKOJIBKY
ornpenessieTcsl NoAPSIAHON opraHu3alueit, OCyIIeCTBISIONIe PEMOHT;

— PEMOHT KaXIIOro yJacTKa IOPOTY OCYIIECTBIISICTCS 3a OMMH IPOE3., HEeIpe-
PBIBHO BO BpeMEHU;

— MOXET OBITh BEIOPAaHO MPOMU3BOJIbHOE HAIIpaBJIEHUE NBVXKEHUSI PEMOHTHOM
TEeXHUKU BIOJIb yYaCTKa k MPU BHITIOJHEHUHU padoT (KakK OT a; K by, TaK 1 B 00-
paTHOM HampaBJIEHUN);

— IS KaXI0TOo JIOTa HE YUUTHIBAIOTCSI PacXo/ibl Ha MepeMelleHe PEMOHTHOM
TEXHUKM K IMEPBOMY €r0 YUacTKy 1 IepeMelleHre OT IMOCJIeIHETo ero yyacTka.

ITocranoBka 1. O000meHHas 3a1a9a KOMMHBOSKEpa

PaccmoTrpuM B3BemieHHBIM opueHTHpoBaHHbI rpad G(V, A), tne V=1{0,1, 2, ...,
2n} — MHOXeCTBO BeplMH, a A C{(i,/):i,j €V ,i# j} — MHOXECTBO AYT C BECOM d;.
Bepmunsl 2k—1 u 2k, kK =1, ..., n, 00beAUHEHBI B KJIACTEP C HOMEPOM k M COOTBET-
CTBYIOT JIBYyM BapuMaHTaM IPOBEIECHUSI pEMOHTA Ha y4acTKe k: OT a; K b; 1 B IPOTUBO-
MOJI0KHOM HarpaBieHun. @yHkius A7) = i/2, rae s — OnvKaiiiiee K § 1eJoe YUCIIo,
He MEHBIIIEeE §, TTO3BOJISIET 10 HOMEPY BEPIIMHEI BEIMUCINTL HOMEP Ki1acTepa (1 HoMep
COOTBETCTBYIOIIETO y4acTKa JOPOT), B KOTOPHI OHA BXoaUT. Kaxkmast BepIrHa mpous-
BOJIBHOTO KJIacTepa COeAMHEHA JyraMK CO BCeMU BepIIMHAMU OCTaJIbHBIX KJIACTEPOB,
pu 3ToM Bec ayru (i, j) € A, tae Mi) # A(j), paBeH BBIYMCICHHOMY O TOPOKHOM CeTU
KpaTyaiIueMy PaCCTOSHUIO dj; MEXIY TOYKOM OKOHYAHMSA PEMOHTA yJacTKa A(/) U TOYKOM
Havayia peMOHTa y4JacTka A(j). BepimHbI Ki1actepa gyraMu He coeqnHeHbI. BepimmHa



OnTrMHU3aIMOHHBIE MaTeMaTUYeCKK1e TTOCTAaHOBKHY 3a1a4 O TOCTPOCHUM. .. 67

M(j) He BXOAUT HU B OWH KJIaCTep U COOTBETCTBYET (PMKTUBHOI TOUYKE, OTKYAAa TEXHUKA
JOCTaBJISIETCS K Hayaly peMOHTA y4aCcTKOB, BXOISIIMX B JIOT, M Ky/a IepeMellaeTCsI
10 €T0 OKOHYaHWU. DTa BeplIMHA COeAMHEHA IyraMu CO BCEMU OCTAaIbHBIMU BEPILIM-
HaMu rpada U, ciaenyst IpUHITOMY IpeAIoaoXeHuIo, dy =d;, =0, VieV \{0}.

O6o6menHas 3amaya kommuBostkepa (Pop, Cosma, Sabo, Pop Sitar, 2024) B taHHOM
cJy4ae COCTOUT B IMOMCKE M LIMKJIOB Ha Tpade G, KOTopbie 00J1a1al0T HAMMEHbBIIIUM
CYMMapHBIM BeCOM, UMEIOT €AMHCTBEHHYIO 00110 BeplIHY 0 M1 B COBOKYITHOCTH OIVH
pa3 BKJIIOYAIOT B ce0sl OHY M3 ABYX BEPILMH KaXI0ro Kiactepa k =1, ..., n.

BBenem creayionye nmepeMeHHbIe ONTUMU3ALKOHHOM 3aa4u:

— OuHapHBIe BEIMUUHBI X, V (I, j) € A:x;= 1, ecim ayra (i, j) € A BKIIIoueHa B OIMH
U3 m UUKJIOB, X; = 0 B IDOTMBHOM CJIy4ae;
— BEIIECTBEHHBIE HEOTPUILIATEJIBHBIE BEJIMUUHBI Uy, kK = 1, ..., n, KOTOpbIE TIPeI-

CTaBJISTIOT co00ii moteHmansl Kinacrepa (Miller, Tucker, Zemlin, 1960).
Lenesast GyHKIIMS ONTUMU3ALMOHHON 3a0a4n

> d;x; > min (1)
(i, j)eA

TMO3BOJIIET HAUTU pe€IcHUEC ¢ MMHUMAJIbHBIM CYMMAapHbIM BECOM IIMKIIOB, T. €. CYM-
MapHOM IIIMHOM MaplUIpyTOB, 10 KOTOPBIM PEMOHTHAsI TEXHUKA MIEPEMEIIACTCI MEXIY
ydyaCTKaMu.

OrpaHuuyeHUs ONTUMU3ALMOHHON 3a1auu ONpeAeseHbl CIeAYIOLIMM 00pa3oM.

B pesynbTate pelieHus 3agauyu AOJKHO OBITh C(DOPMUPOBAHO CTOJILKO IIUKJIOB,
CKOJIbKO CYIIIECTBYET PEMOHTHBIX IPYIIIL:

D x,=m. ()

JjeV\{0}
g kaxxgoro kjmactepa k =1, ..., n pOBHO OJIHA AyTa, BRIXOASIIAS U3 €r0 BEPIINH,
BKJTIOYE€HA BO MHOXKECTBO IIMKJIOB:

DD x =l Vk=l..,n (3)
i:M(i)=k (i, j)eA
B kaxnoii BepiuirHe rpaca BBITIOJHSETCS yCI0BUe OalaHca:
dox,= > x,, Viel. 4)
(i, j)eA (J, i)ed
He nomxHo ObITh HIMKIOB, HE coaepKalux BepiunHy 0 (MMOALIMKIIOB):
u,—Uu,+n Z Z x; <n—l, Vv p,qedl,...,n}, p#q. %)
EMD=p j:h())=q

EcTtecTBeHHbBIE YCJI0BMA Ha JOITYCTUMBIC 3HAYCHU S IICPEMCHHBIX 3a1a4M:

X, OV (L )ed, u 20, k=1...,n. (6)

ITocTanoBska 2. O600MIeHHAs 321242 CEJIbCKOro MOYTAJILOHA
HA OPUEHTUPOBAHHOM rpade

PaccmoTpuM monHbIN B3BelIeHHBIN opueHTUpoBaHHbIN Tpad G(V, A), rne V —
MHOXECTBO BEpIIMH, A — MHOXECTBO JIYT.

Bce BepiumHbl rpada, KpoMe OTHOM, COOTBETCTBYIOT IPAHMYHBIM TOYKAM d; 1 by, TTOJI-
JIeXKalIUX pEMOHTY Y4acTKOB k =1, ..., n. Eciin HeKoTopasi rpaHUYHast TOYKa SIBJISIETCS
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00111IeH IUTST HECKOJIBKIX PEMOHTUPYEMbBIX YIACTKOB, TO OHA IIOPOXKIAACT OMHY BEPILIMHY
rpada. Kak 1 B mpeapIayIeii mocTaHOBKe, BepirHa rpada 0 cooTBeTCTBYeT (PMKTUBHOM
TOYKE, OTKYAa TeXHMKA JOCTaBISICTCS K Hauyajly peMOHTa Y4aCTKOB, BXOASIIMX B JIOT,
1 KyJa IiepeMelaeTcs 0 ero OKOHYaHUM.

Kaxkmbrit peMOHTHUPYEMBIi1 yIaCTOK ITOPOKIACT IBE ITPOTUBOITOIOKHO HAIIpaBICHHBIE
nyru rpacda. Takue Iyru 00beIUHEHBI B MHOXKECTBO Az Y HA3bIBAIOTCS 00SI13aTEIbHBIMMU,
BCE OCTaJIbHbIE TYTW MOJTHOTO rpada G COCTaBISTIOT MHOXECTBO Ag 11 Ha3bIBAIOTCS He-
obs13aTennbHBIMA. Bec myru (i, j) € A, rae i, j > 0, paBeH BBIYUCIEHHOMY I10 JOPOXHOI
CeTU KpaTyalllleMy pacCTOSHUIO MEXIY COOTBETCTBYIOIIMMU I'PaHUYHBIMUA TOUYKa-
MU PEMOHTHPYEMBIX Y4aCTKOB, IIPU 3TOM BBIIIOJIHSIETCS HEPAaBEHCTBO TPEYroJibHUKA
d,<d,+d,Vij,l €V \{0}. Ecnmu usa nekotopoi tpoiiku i,/,/ € V' \ {0} BepHO ycioBue
d,;- =d;+ d; u nyra(i,j) € Ag, To oHa ynansiercsi u3 MHOXecTBa A. Bepimna 0 coennuena
IMapoii MpOTUBOHAMIPABIEHHBIX AYT CO BCEMU OCTaJIbHBIMU BeplIMHAMM rpada, mpu
atoM dy; =d;y =0, VieV \{0}.

O0o00meHHas 3amada ceJTbCKOTo IoYTaIboHA Ha OpreHTHpoBaHHOM Tpade (Drexl,
2014) cocTouT B IOMCKE M MapIIPyTOB Ha opueHTHpoBaHHOM rpade G(V, A), KoTophie
HAYMHAIOTCS W 3aKaH4YMBaloTcs B BepiimHe (), 001amal0T HAMMEHBIINM CYMMapHBIM
BECOM M B COBOKYITHOCTH COIEPKAT XOTsI ObI OIHY 13 KaXKI0i1 IMapbl ITPOTUBOIIOIOXHO
HaIIpaBJICHHBIX 00sI3aTeJIbHBIX AyT. MapuipyThl Ha rpade COOTBETCTBYIOT MapILIPyTaM
JIBUZKEHUSI PEMOHTHOM TEXHUKMU.

BBenem cienyroliye rnepeMeHHbIe ONTUMU3ALMOHHON 3a1a4uu:

— UEJOYMCIIEHHBIE HEOTPULATEIbHbIE BEIMYUHDI X, V' (i,/) € A, IOKa3bIBaIOILNE

4KCIIo pa3, Kotopoe ayra (i,j ) € A Bctpeyaercsd B MaplLIpyTax;

— OuHapHBIe BeUYMHBI 7y, V (1,/) € Ag i r; = 1, ecin Ha ydacTKe JOpOT, COOT-
BETCTBYIOILEM AyTe (i,/ ) € Ay, PEMOHT OCYILECTBIISETCA B HAIIPABJIEHUM OT €TO
IPaHUYHOM TOYKM, KOTOpas TOPOXKIAeT BepIIMHY Ipacda i, K TpaHUIHO TOUKe,
KOTOpasi MOPOXIAET BEPIIMHY Tpacda j u r; = 0 B IPOTMBHOM CIIy4ae;

— OuWHapHbIe BEIMYMHBL Y;;, V (i,/) € A:y;= 1, ecimayra(i,j ) € ABKIIOYEHA B OCTOB-
Hoe znepeso rpada G(V, A) (Kpucrodpunec, 1977), y; = 0 B IpOTUBHOM ciTydae;

— BeIlECTBEHHbIE HEOTpULIATEIbHbIC BETUYUHBI U;, Vi € V', KOTOpbIE TPeACTaBSIOT
c000ii moteH1Mabl BepinH rpacda (Miller, Tucker, Zemlin, 1960).

LleneBast GyHKIIMS ONTUMHU3ALIMOHHON 3a0a4n

d.x.— d.r. — min (7)
gy /)
(i, eA (i,))eA,

MUHUMM3UPYET CYMMAapHYIO JUIMHY MapIlIpyTOB, II0 KOTOPHIM PEMOHTHAsl TeXHUKA
MepeMeIaeTCss MEeXAY y4aCTKaMU.
OrpaHn4eHNsT ONITUMU3ALMOHHOM 3a1a4y OIpeneeHbl CIeAYIOIIMM 00pa3oM.
HOJKHO OBITH C(hOPMUPOBAHO CTOJIBKO MAaPILIPYTOB, CKOJILKO CYIIIECTBYET PEMOHT-
HBIX TPYIIII:

D x,=m. (8)

JeV\{0}
Kaxkaplii y9acToK IOpOT, MOMIekKalllii pEMOHTY, JOJIKEH ObITh POBHO OIMH pa3
OTPEMOHTHMPOBAH JIM0OO B HamNpaBJIeHUU Oyru (i,j) € A,, MO0 B IPOTUBOIIOIOXKHOM
HampaBJICHUMU:

ro+r, =1 Vi, j)eAgti<]. )

Ecnu yyacTok nopor, MoajieXXaliuii peMOHTY, OTPEMOHTHUPOBAH B HAIIPaBJICHUM TyTU
(i,j) € Ay, TO 3Ta yra 10JKHA OBITH I10 KpaiHE Mepe OMH Pa3 BKIIIOYEHA B MAPILIPYThL:
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x,2r,, V(ij)eA. (10)

i i’
B xaxmoii BepimHe rpaga BBITIOTHSIETCS YCIOBYE OanaHca:
Z Xx; = z X YieV. (1)
(i.j)eA (J, ed

OrpannueHus I TOCTPOSHUSI OCTOBHOTO JepeBa rpada, HeOOXoaUMBIe IS 3a-
MpeTa UMKJIOB, He cofepKamux BepinHy 0 (TTOIIIMKITOB):

D y= L Yiel\{oh, (12)
(i,j)eA
u,_u,+|V|y,1S|V|_la V(l,])EA, (13)

rze |V] — MoliHocTh MHOXeCTBa V.
Iyru, mpuHaaiexaiiyie ocToBHoMYy aepeBy rpada G(V, A), HOIKHBI ObITh BKIIOYEHBI
B MapUIPyThI:

X, 2y, V(ij)ea (14)

EctecTBeHHbIC yCJ10BMA Ha JOITYCTUMbIC 3HAYCHUA ICPEMCHHLIX 3a1a4uM:

x.e€Z, YV (i,j)eA, r. €{0,1} V (i,)) € Ag,
b ! (15)
yl.je{O,l}V(i,j)eA, u eR_Vkel.

YcnoBue (9) orpaHMYMBAET 00J1aCTh JOMYCTUMBbIX 3HAUEHUIA 1715 HEOTPULIATEIbHbBIX

LEJIOYMCIICHHBIX IICPEMECHHBIX 7; v (l , j ) €A p HYJIEM 1 eAuHULIEeH. DTO Ja€T BO3BMOKHOCTb

CHSITh OrpaHWYeHUs1 OMHapHOCTH (15) 1151 3THX MepeMeHHbIX. bojiee Toro, orpaHuYeHUs
(9), (10) 1 uenenas (pyHK1MS (7) MO3BOJISIOT CHSTh M OFpaHUYEHUE LIETOYMCIEHHOCTH
C epEMEHHBIX Fy. TakuM 00pa3oM, eCTECTBEHHBIE OTPAHMYEHUS ISl JAHHOM TPYIIITbI
MEPEMEHHBIX OYIYT BBIMJISLAETD CIECAYIOLIMM 00pa3oM:

r,eR,, v (i,]) € Ap. (16)

Momuduxkamun nocTaHoBKH 1 u 2

Beenem B mocraHoBkuM 3amay (1)—(6) u (7)—(16) HeoTpuLaTeIbHBIE TTEPEMEHHbBIE
fij, Y (i,j) € A, KOTOpbIe ONpPeaeasioT BEJIMYUHY TTOTOKA, Mpoxoasdiiero no ayre (i, j).
OTU NepeMeHHbIE HE 3aBUCST OT TOI0, KAK UMEHHO CTPOUTCSI ODUEHTUPOBAHHBIN Ipad
B ITOCTaHOBKax 1 u 2.

C NoMoIlIbIO 3TUX TIEPEMEHHBIX OTNIPEAEIUM CIeAYIOlMe OTPAHUYEHUS, 3aTpe-
1Iakolle MapuIpyThl HA COOTBETCTBYIONIUX rpacdax, He HadynHatourecs B BepuinHe (.

Bxoasiiuuit B BepliMHy MOTOK JOJIKEH MPEBOCXOIUTh MCXOSIIUNA U3 Hee MOTOK
Ha eVUHUILY:

D =D fi=1 VieV\{0) (17)
(i, )eA (j,i)eA
HyrI/I, I1I0 KOTOPBIM IIPOXOAUT IMOTOK, HOJIKHBI 6]:>ITb BKIIIOYCHEBI B OIITUMAJIBbHBIC

MapIIPYTHI IIepeMeIIeHUS] pPeMOHTHOM TEXHUKU:

VIx, > f,  V,j)eA. (18)

EcTtecTBeHHBIE yCJI0BHYA Ha JOITYCTUMBIC 3HAUYCHU A IIEPEMEHHDBIX 3aa4n:
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fij eR, V(i,j) e A. (19)

Orpanunyenue (5) B 000011IeHHOI 3agaue KOMMUBOsTKepa 1 orpaHmyeHus (12)—(14)
B 0000IIEHHO 3a1a4€ CEILCKOTO MOYTAIbOHA Ha OPMEHTUPOBAHHOM rpade, KOTOphIe Ipe-
Ha3Ha4YeHBI 151 3aTIpeIeHUS TTOALIMKIIOB, MOXKHO 3aMEHUTh orpaHndeHusmu (17)—(19).

PCSy.}II)TaTbI BbIYHMCJ/IMTEC/IbHBIX IKCIIEPUMEHTOB

B pesynbrate perieHus chopMyIMPOBAHHOM 331241 CMEIIaHHOTO MPOTrpaMMUPOBa-
HUs OyIyT OINpeNeSIeHbl 71 TAKUX JIOTOB, YTO KaXIblii y4aCTOK JOPOT'M OTPEMOHTUPOBAaH
POBHO OJIMH pa3, a CyMMapHasl JJIMHA Mepee30B PEMOHTHOI TEXHUKU MUHUMAJIbHA.

BoruvcinuTenbHble 3KCIEPUMEHTHI IIPOBOAMINCH Ha JAHHBIX 00 ydyacTKax J0pOT T.
Tsepu, mogexammx peMoHTy B 2021 1.

bru10 Hcnoap30BaHO ceayloliee IporpaMMHOE O0ecIIeueHue:

— ontumu3sarop: CPLEX 22.1.0.0 (HoxymenTtaumst ILOG CPLEX Optimization

Studio);
— cucreMa KoMmnbloTepHoi anredopsl Wolfram Mathematica (13.1) (JlokymeHTtanust
Wolfram Mathematica).

XapaKTepUCTUKU ITIPOBOAVMBIX pACUETOB:

orpanuuenue o spemenn: 3600 u 7200 cex;

HUCXOIHBIC JTaHHbIE:

— rpad G,(V, A), BxotopoM 187 BepinH u 34 596 ayr, 1j1s1 pereHust 0600IIeHHO

3a/1auv KOMMUBOSLKEPA;

— r1pad G,(V, A), B kotropom 116 BepimH u 4116 nyr, ajist 0600IIEHHON 3ama4u

CeJIbCKOTO MoYTajJboHa Ha OPUEHTUPOBAaHHOM rpade.

— 3aleiiCTBOBAHBI IB€ PEMOHTHbBIE IPYIIIIbI, M = 2;

Bepu(dUIIMpyeMble MaTeMaTUIEeCKIe ITOCTAHOBKHY 3a/1a4:

— obobmenHad 3amada KomMmuBostkepa (GTSP);

— 00001IeHHas 3aJa4a KOMMUBOSDKEPa C IOTOKOBBIM OTPaHMICHUEM IS 3aI1pe-

meHns noaunkioB (GTSP Flow);

— 000011IeHHasI 3a1a4a CebCKOTro MoYTaIboHa Ha opueHTUpoBaHHOM rpade (GDRPP);

— 0000I1eHHAas 3a/1a49a CeJIbCKOTOo MoYTaTboHa Ha OPUEHTHPOBAHHOM Tpade ¢ 1mo-

TokOBbIM orpaHndyeHuemM (GDRPP Flow).

BerancinrebHbIE SKCITIEPMMEHTHI ObIIY IPOBEACHBI HA TTIEPCOHATIBHOM KOMITBIOTEPE
¢ npoueccopom AMD Ryzen 7 4700U with Radeon Graphics, 2.00 GHz, onepatuBHast
namsith 16,0 I'b. YucnoBble pe3ynbTarhl peAcTaBaeHbl B Tadauie. st kaxmaoi nocra-
HOBKU MTOKAa3aHO Jiyulliee 3HaueHue 11es1eBOi (DyHKIIUU, TOCTUTHYTOE OTHOCUTEIBHOE OT-
KJIOHEHHE HIKHEl OLIEHKH OT TeKYIIEro JIy4dlllero perieHus (gap), a Takke BpeMsI cueTa.
HnsmoctanoBok GTSP 1 GDRPP Obl111 BEITIONHEHEI TT0 IBa pacyeTa ¢ BepXHEH TpaHuIIeH
1o BpeMeHu, paBHoii 3600 1 7200 cek. BoineaeHHOro BpeMeHM 0Ka3aa0Ch HETOCTATOYHO
JIUISI TOTO, YTOOBI B paMKaX 3THX ITOCTAHOBOK ObLIO HAMIEHO ONITUMAIFHOE PEIICHUE.

Tabnuma

Pe3yJ'[leaTl)I Bepl/l(l)l(ll(al[l/ll/l MATEMATUYCCKHUX MOCTAHOBOK /IS PEIICHUA 3a1a41 PEMOHTA 10por

[TocTaHoBKa Pacuer 1 Pacuer 2
LleneBast hyHKIIMS, Bpewms cuera, (cek) Llenesast pyHKIIMS, Bpewmst cuera
M (gap, %) M (gap, %) (cex)
GTSP 44 345,3 (15,4%) 3600 41910,7 (10,3%) 7200
GTSP Flow 41714,9 (0%) 1897 41714,9 (0%) 415
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GDRPP 45617,8 (17,5%) 3600 443453 (14,8%) 7200
GDRPP Flow 41714,9 (0%) 23 41714,9 (0%) 28

[TpoBeneHHBIE pacUeThl TOKA3aI1 BEICOKYIO 3((EeKTUBHOCTh MAaTEMAaTHIECKOM IT0-
CTAHOBKM 00O0OIIEHHOI 3aa4y CEJIbCKOIO ITOYTaIbOHA C IOTOKOBBIM OTpaHUYEHUEM
JUTSL 3aTIpelIeHUS MMOAUUKIIOB. ONTUMAaIbHOE PellieHHEe ¢ TTIOMOIIbIO ITOCTAHOBKHU J10-
cTuraercs MeHee, 4yeM 3a 30 cex, B TO BpeMsI KaK MOMCK PElICHUS B paMKaX ITOCTAHOBKU
GTSP Flow TpebyeT 3HaunTeIbHO OOJIBIIMX BPeMEHHBIX 3aTpar.

Jakiouenue

B cratbe paccMoTpeHa HOBasl ONITUMM3alMOHHAs 3aa4a O TIOCTPOSHUU MapIIPyT-
HBIX KapT peMOHTa aBTOMOOMJIbHBIX A0POT cyobeKkTa PAD, KoTOpast COCTOUT B ITOUCKE
pacrpezesieHus 1o JIOTaM y4acTKOB MOJIeXalIuX PEMOHTY JOPOT, 00eCneunBaloIIero
MHUHUMAJIBHBIE PACXOMIBI IIOAPSITHBIX OPraHM3aLIMIA Ha IIepeMellleHe PeMOHTHOM TEXHIUKI
B IIpoliecce BHITOIHEeHUs padoT. [IpeacTaBiaeHbl MaTeMaTUYECKME ITOCTAHOBKY 3a1a49K
B (hopMe 3amady CMEIIaHHOTO MPOrPaMMMPOBAHUS 1 BBHIIIOJIHEH UX CPaBHUTEIbHbII
aHaiau3. OCHOBHOE OT/IMYME ITOCTAHOBOK COCTOUT B Pa3IMUHBIX CIIOCO0AaX yCTpaHe-
HUSI IOALMKJIIOB B ONITUMAJIbHBIX MapuipyTax. Ha ocHOBe mporpaMMHBIX peajiin3aiii
MIPEIJIOKEHHBIX MOJIEJICH BBITTOTHEHBI YMCIOBBIE PAacUeThl, KOTOPhIE AaId BO3MOXK-
HOCTb OIIpeAeNINTh Hanboee 3(PHEeKTUBHYIO, C TOUKH 3pSHUSI IIPOU3BOIUTEIHLHOCTH,
OINTHMMM3AIOHHYIO ITOCTAHOBKY.
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