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AnHOTanusa. AKmyasHOCMb Wcclel0BaHusA OnpeJe/seTcd NPpaKTHIeCKOW BaXXHOCTBIO 3a/lad MPOEKTUPOBAaHUsA CeTel UH-
’KEeHepHbIX KOMMYHHUKALMi, a UMEHHO 33/]a4 ONTHMH3alUKU CTPYKTYPbl MaruCTPaJbHOTO TPyOONPOBOAA MO HECKOJBKUM
KPUTEPHUSM, TAKUM KaK 9KOHOMHUYHOCTb, HAJI€XKHOCTb U [PYHM, B YCJIOBHUSX OTPAaHUYEHUH, HAalpUMep, COBMECTHMOCTh pa3-
JINYHBIX TUIIOB WHXXEHEPHBIX KOMMYHUKALMH. Tak KaK MarvcTpajbHbIA TPYOOIPOBOJ NMPOKJIA/bIBAETC HA MECTHOCTH C
Pa3/IMYHBIMU GU3UKO-T€0JIOTHIECKUMH GaKTOpaMH, MPUPOAHBIMU U CUTYALMHHBIMU yCJIOBUSAMH, B Ka4eCTBe IJ106aJbHOr0
KpUTEpHs 1[eJIeCO0OPa3HO NMPUHATH HA/IEXKHOCTh ero GpyHKIMOHMPOBAHHA. 3aZiadya ONTHUMHU3AIMU CeTed BIEpBble MpeJ-
CTaBJIeHa KaK OTOOpaXkeHHe MarrmCTpajbHOro TPyGOmpoBO/Ja MO BBIOPAHHBIM MapLIPyTaM B TPEXMEpPHOM MPOCTAPHCTBE,
YYUTBIBAs pasJIMyHble CYLIeCTBYIOLMe KOMMYHMKAallUM U OOBbEKThI, a TaKXe BbICOTHble OTMETKH MeCTHOCTHU. B paboTte
npeJcTaBJeHbl 3ala4X ONTUMU3AlUY ceTell KaK HellpepbIBHOM, Tak U AUCKPETHOM MOCTAaHOBKAX, a TAK)Ke U3yUeHbl pa3/iny-
Hble NOKa3aTeJH HafeKHOCTH QYHKIMOHUPOBAHUS MarucTpajbHOro TpybonpoBoza. Ilesw: paspaboTka Mojeau NpoKJa-
JIbIBaHUS1 MaruCTpabHOTO TPyOGONpPOBO/ia B TPEXePHOM NPOCTPAHCTBE, KOTOpast TaKXKe yYUTBaeT HaleXKHOCTb QYHKIIMOHU-
poBaHUsA TPYOGONPOBOAHOTO TPAHCIIOPTA; CPABHUTEIbHBIM aHaIU3 JJI1 pa3/IMUHbIX [T0Ka3aTesel HaZleXKHOCTH U TOMOJIOTHH
MarucTpajabHOTO Tpy6onpoBoja. 06seKmbl: UHXeHepHble KOMMYHHUKAIlUM U CeTH, NPOKJa/iblBaeMble B TPEXMEpPHOM Ipo-
cTpaHCcTBe. Memodubl: MeTo/jbl BAPUALIMOHHOT0 HCUYHUCIEeHHS, METO/Abl AUCKPETHON ONTHUMU3ALMU, METO/bI TEOPUU I'PadoB U
TeopUHU TunepceTel, MeTOAbl aHAIM3a HaJEXKHOCTH ceTel. Pe3y1bmamel. 3afadya ONTUMHU3AL MM MarucTpajbHOTO TPy6o-
MPOBOJIHOTO TPAHCIOPTa NOCTaBJIeHa C Y4eTOM ero BJIOXKEeHHOCTH [0 MapLIpyTy B TPeXMEePHOM NPOCTPAHCTBe C BbIGOPOM
KpUTepHsl ONTUMHU3ALUH (SKOHOMUYHOCTD, HaJIeXKHOCTD U T. I.). 3a/ja4ya NpeJicTaBjeHa B BUJie HellpepbIBHON U AUCKPETHOU
MOCTAaHOBOK, YTO BaXKHO JJIsl ee pa3BUTHUs B paMKaxX TEOPHUU BapHAlMOHHOTO HCUMUC/IEHHUS U JUCKPeTHOM ONTHUMHU3aluu.
B HacTof1el paboTe 3aaua 6bl1a UCCIe0BaHa B paMKaxX TeOpuH rpadoB U runepceTei, KOTOpble MO3BOJIAOT, BO-NEPBLIX,
YYUTBIBATb BJIOXKEHHOCTb OJHOM CTPYKTYphI (MarucTpajbHOro Tpy6onpoBoAa) B APYrylo (AUCKPETHBbIA aHAJOT TpexMmep-
HOTO MPOCTPAHCTBA) M, BO-BTOPBIX, HAlJIAHO MPOUJLIIOCTPUPOBATh pe3y/bTaThbl YUCIEHHBIX 3KCIIlepuMeHTOB. [lokasaHo,
YTO B YCJIOBHUSX 33/JaHHOTO MHOXECTBA CIOCOO0B NPOKJIAZAKA BTOPUYHON CETH MO KaHa/laM IePBUYHOM IOJIy4aroTcs pas-
JINYHbIE ONTHUMaJbHble CTPYKTYPhI IPU PACCMOTPEHUHU B KadyecTBe KPUTEePHUs pa3/HYHBIX [TOKa3aTesed HafeXHOCTH, YTO
MOXeT GbITh UCI0JIb30BAHO [I/I1 Peasn3alii NPOEKTHOTO PelleHHUs [0 CTPOUTENBCTBY U KCIIyaTallui TPYy6ONpOBOAHOIO
TPAHCIOPTa Pa3/JIMYHOTO Ha3HAYEHHU .
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AJITOPUTMBbI

BusiarogapHocTH: Pa6oTa BeinosiHeHa B paMKax npoekTta Ne 0251-2022-0005 [1®U UBMuMI' CO PAH.

Jna putupoBanusa: Tokrtomos [.bl, MuroB /[.A. MaTeMaTHyeckue MOJieJId U QJATOPUTMBbI JiJIsl IPOEKTUPOBAHUS Maru-
CTpaJbHOTO TPY6GONPOBOZA TPAHCIIOPTUPOBKH reopecypcoB // U3BecTusi TOMCKOTO MOJMTEXHUYECKOTO YHUBepcHTeTa. UH-
YKUHUPUHT reopecypcoB. — 2024. - T. 335. - Ne 7. - C. 155-165. DOI: 10.18799/24131830/2024/7 /4339

155



Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering. 2024. Vol. 335. No. 7. P. 155-165
Toktoshov G.Y., Migov D.A. Mathematical models and algorithms for designing main pipeline for transporting ...

UDC 519.17:621.644.07
DOI: 10.18799/24131830/2024/7 /4339

Mathematical models and algorithms for designing main pipeline
for transporting georesources

G.Y. Toktoshov?, D.A. Migov2™

I Ministry of Education and Sciences of the Kyrgyz Republic, Bishkek, Kyrqyz Republic
2 Institute of Computational Mathematics and Mathematical Geophysics of SB RAS, Novosibirsk, Russian Federation

¥mdinka@rav.sscc.ru

Abstract. Relevance. The practical importance of the tasks of utility networks design, namely, the problems of optimizing the
structure of the main pipeline according to given criteria, such as efficiency, reliability etc., under conditions of limitations, for
example, the compatibility of various types of utilities. Since the main pipeline is laid on the ground with various physical and
geological factors, natural and situational conditions, it is advisable to take the reliability of its operation as a global criterion. The
task of network optimization is proposed in the form of displaying the main pipeline along the selected routes in three-
dimensional space, which considers various existing communications and objects, as well as elevation marks of the area. The
paper presents the problems of optimizing networks, both in the continuous case and in the discrete case, and also studies vari-
ous indicators of the reliability of the operation of the main pipeline. Aim. To develop a model for laying the main pipeline in
three-dimensional space, considering the reliability of the pipeline transport; to conduct a comparative analysis for various reli-
ability indicators and topologies of the main pipeline. Objects. Utility communications and networks laid in three-dimensional
space. Methods. Calculus of variations, discrete optimization methods, graph theory and hypernet theory methods, network reli-
ability analysis methods. Results. The task of optimizing the main pipeline transport is given taking into account its nesting along
the route in three-dimensional space with the choice of an optimization criterion (economic efficiency, reliability, etc.). The prob-
lem is presented in the form of continuous and discrete formulations, which is important for its development both within the
theory of the calculus of variations and discrete optimization. In this work, the problem was studied within the framework of the
theory of graphs and hypernets, which allow, firstly, taking into account the nesting of one structure (main pipeline) into another
(a discrete analogue of three-dimensional space) and, secondly, clearly illustrating the results of numerical experiments. It is
shown that under the conditions of a given variants for laying a secondary network along the primary channels, various optimal
structures are obtained when considering various reliability indicators as a criterion, which can be used to implement a design
solution for the construction and operation of pipeline transport for various purposes.

Keywords: main pipeline reliability, graph, hypernet, three-dimensional domain, evolutionary algorithms
Acknowledgements: The reported study was supported by a project of the ICM&MG SB RAS 0251-2022-0005.

For citation: Toktoshov G.Y., Migov D.A. Mathematical models and algorithms for designing main pipeline for transporting
georesources. Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering, 2024, vol. 335, no. 7, pp. 155-165. DOI:
10.18799/24131830/2024/7/4339

BeeaeHnue [2-8]. Takum 00pa3oM, BO3HHKACT MHOT'OKPHTEPHAITb-

B cratee wmccmemyroTcs 3agaud  ONTUMM3ALUH
MapIIpyTOB TPOKIAABIBAHHS MarucTpalbHOTO TpyOo-
MPOBOJIA Il TPAHCHOPTHPOBKU T€OPECYPCOB MO KPUTE-
PHIO PKOHOMHYECKOH I1e7IeCO00pa3sHOCTH MPOEKTHOTO
pemIeHus, HAISKHOCTH WX (PYHKIMOHHPOBAHUS C yUe-
TOM COBMECTHMOCTH KOMMYHHUKAIIUH Pa3TUYHBIX THIIOB
TpyOOIPOBOTHOTO TPAHCIOPTA, MPOKIAIBIBACMBIX B
OIHOM HampaBieHuu. [IpercTaBieHHbBIC HCCIETOBAHUS
SIBIISIFOTCSA JIOTUUECKUM NPOJoKeHHeM paboTsl [1].

3agaun B 00JacTH JOOBIMM U TPAHCIIOPTUPOBKHU Te-
opecypcoB (ra3, HeTb, BOJA) CBS3aHBI C OCBOCHHEM
MCTOYHHKOB PECYpCOB, HX JOObIUEH W epBUYHON Tepe-
paboTKOH, ompenencHHeM TpeOyeMbIX OOBEMOB IS
MoTpeOHTeIIeH, a TaKke TPAHCTIOPTUPOBKOW M pacrpe-
JeJICHHEM JOTHX pPECypcoB MEXKIYy IOTPEOUTEISIMU

Hasl 33Jja4a, B KOTOPOW MILETCSI IKCTPEMYM HEKOTOPOH
1e7IeBOM (DYHKIIMN TIPH 33JJaHHBIX OTPAHUYCHUSIX U Tpe-
OoBanmsx. I[lojoOHas MHOTOKpUTEpHANbHAs —3ajada
MOXeET OBbITh CPOPMYJIMPOBaHA CIEIYIOUIMM 00pa3oM:
W3 MHOKECTBA BapHaHTOB HEOOXOIMMO BBIOpATh MPO-
€KTHOE peIlCHUE NMPH 33JaHHBIX OTPaHMUYCHHUSX, 00ec-
TICUNBAOIICE MUHUMYM CYMMAapHBIX 3aTpart, MpH ycio-
BUH, YTO MPOEKTUpyeMasi MarkCTpalbHasl CEeTh JIOJDKHA
VJIOBIICTBOPATH 3aJJAHHOMY IOPOTY HaJeKHOCTH. [py-
rasi (GOpMyJIUPOBKA COCTOUT B 3aMEHE ONTUMHU3UPYEMO-
TO KpUTEpUsl Ha HAJCKHOCTH (€CTECTBEHHO, C TIEPEXO-
JIOM OT MUHAMH3AIMN K MAKCUMU3AIMH 11eJIeBON (DyHK-
1IMH), @ IOPOTOBOTO TIOKA3aTeNsl — Ha CTOUMOCTb.
[MonoOHbie 3amaun sBArOTCS NP-TpyIHBIMH, YTO
ObUT0 HccnenoBano B [1]. B manHoii paboTe npoaHaim-
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3UPOBaHbI TOKA3aTEIN HAJEKHOCTH 3JIEMEHTOB MIPOEK-

THPYEMOT'O MarucCTPalbHOTO TPYOOIPOBOJA, KOTOPHIN

OCYILIECTBJISIET JIOCTaBKM I'€OPEeCypCcoB MEXIY 3a/JaH-

HBIMU MHO>KECTBaMH TOYEK B TPEXMEPHOM MPOCTPaH-

ctBe DcR’. MHOXecTBa TOYEK B TPEXMEpPHOM TIPO-

cTpaHcTBe D MOTYT SIBIATHCS (PUKCUPOBAHHBIMU U MH-

TEPIPETUPYIOTCSA KaK UCTOUHUKU T€OPECPyCOB, MOTpe-

OuTenu M Kakne-TH0o MPOMEKYTOYHBIC TOUKH, TaKHE

KaK pacnpe/ielUTeIbHble MyHKThl, HACOCHBIE CTaHIIUH,

MOJICTAHIIMH | T. II.

B 3aBucumoctu 0T KoM4YeCTBa TOYEK B IPOCTPaH-
cTBe D MBI MOXEM MEPEUTH K PELICHUIO OJTHOHM U3 Clie-
IYIOIIUX MoJ3aau:

e TIPOKJIAJIKA JIMHEHHOTO Tpada U3 TOYKH A B TOUKY
B;

e TMPOKJIAJKa 3BE3/IbI U3 TOUKU A B TOUKU B1,B5,...8B,,
B KOTOPOM A — UCTOYHHUK reopepcypca, B,Bs,...B, —
morpedureny (WM HA0OOPOT — HECKOJIBKO MOTpe-
oureseii, OJJUH UCTOYHHK);

e [IPOKJIaJKa MOJHOTO WM HEIOJIHOTO JIBYIOJBHOTO
rpada  MEXIy  HCTOYHHKAMH  T'€OPECYpCOB
Ay,A4,,...A, n notpedureneit By,B,,...B,.

Huxe Mbl ucciieiyemM 3aja4u MPOKIIAAbIBAaHHS Ma-
THCTPAIFHOTO TPYOONPOBONA B TPEXMEPHOM TIPO-
CTPAaHCTBE MO KPUTEPUIO IKOHOMUYECKOH 3 (heKTuB-
HOCTH MPOEKTHOTO pElICHUs,, B KOTOPOM OYyIyT ydTe-
HBbl BBICOTHBIE U CUTYallMOHHbBIE OIPAaHUYEHUS, a TAKKE
HAJEKHOCTh ero (yHKIMOHHpOBaHUA. B kauecTBe Me-
pPBl HAJEKHOCTH MArUCTPAILHOTO TPyOONpoBOJa B
YCIJIOBUSIX BO3MOXHBIX OTKa30B 3JIEMEHTOB NEPBUYHOMN
CeTH NMPOAHAIU3UPOBAHBI HECKOJIBKO albTEPHATUBHBIX
MoKa3aTellu HaJIe)KHOCTEH, TaKhe KaK: MUHUMYM CpeJlu
BEPOATHOCTEW CYIIECTBOBAaHUA NyTeH MEXIy 3aJaH-
HBIMU MapaMM BEPLIMH, CPEAHAA MapHas HaJeKHOCTb
W BEPOSITHOCTh CYIIECTBOBAaHHUS MyTEH MEXIy 3aJaH-
HBIMH TapaMud BepmwuH. [lpm 3TOM MOMKHBI OBITH
YYTEHBI OCOOCHHOCTH MECTHOCTH, MO KOTOpPOW Oyner
MIPOKJIA/IBIBATECS MAaruCTpaNbHBIN TpyOompoBoa. s
9TOH IETM paccMaTPUBAETCS AUCKPETHBIM aHAnor 00-
JaCTH JJIsl MPOKJIAJbIBaHUS MarucTpajibHOro TpyOo-
MPOBOJIa B BHUJIE MaTeMaTHUECKOW wuiu mudpoBoit Mo-
JIeId MECTHOCTH. B pampHeiimem OyIyT MOCTaBICHBI
3aJaud Ha $3bIKE€ TEOpUHU THIepceTed, B KOTOPOil
CTPYKTypa MPOEKTUPYEMOI'0 MarucTpaibHOTO TpyOO-
MIPOBOJIa MOJISIUPYETCs B BUjIE rpada BTOPUIHOU CeTH
SN (secondary network), TUCKpETHBII aHAIIOT 00IACTH
pasMmerieHuss — B Buue rpada mnepBuyHOH cetn PN
(primary network), a MapIIpyThl TPOKJIAJIBIBAHHS
(oToOpaxkeHHs) BTOPUYHON cetd SN B IMEpPBHYHYIO
cetb PN MoIenupylorcs B BHUIE JBYXYPOBHEBOH TI'H-
nepcretat HN (hypernet).

T'unepceTreBas MoAeJb NPOKJIabIBAaHUS
MarucTpajibHOro TpyGonpoBoja

[lycth cTpykTypa MarucTpajibHOro TpyOoIpoBoja
npencrasieHa rpagom SN=(Y,R), B kotopom Y — MHO-

JKECTBO TOYEK B MPOCTPAHCTBE, MOJIOKEHUSI KOTOPBIX
3a(UKCUPOBAHBI. DTH TOYKH MPEJCTABISIOT UCTOYHH-
KA TEOpPECypCOB, MOTPEOHUTENEH, a TaKKe IMPOMEXKY-
TOYHBIC Y3JIbl B BHUJE PacHpeleNUTeNbHbIX MyHKTOB,
HACOCHBIX CTAaHIMH, MOACTaHIMIA U T. 1. Hamnuue ped-
pa MEXIy HAMH O3Ha4aeT He0OXOIUMOCTh COSANHUTH
COOTBETCTBYIOIINE OOBEKTHI KaHAJIaMH CBSA3H.

PaccmoTpuM JUCKpETHBI aHAIOr IIPOCTPAHCTBA
DgR3, B KOTOPOM HPOKJIAJBIBAETCS MaruCTpPajJbHbBIN
TpyOONIPOBOIHBII TPAaHCHOPT (B JAaHHOM KOHTEKCTE
R — MHOXeCTBO BelIeCTBEHHBIX umncen). s ero npen-
cTaBiieHus: OyneM Hcroib30oBaTh rpadp PN=(X,V), B
KOTOpPOM X — 3TO MHOXECTBa y3JIOB, a J — MHOXECTBO
pebep (OymeM Ha3bIBaTh MX BETBSIMH), CBS3BIBAIOIIMX
COOTBETCTBYIOIIME Mapbl Yy3JI0B W3 MHOXecTBa X.
Hanuuue takoro pebpa mpezmnonaraeT BO3MOKHOCTh
(hUBHYECKN COEMHUTH COOTBETCTBYIOIINE TOYKH IMPO-
CTpPaHCTBA.

Torma mnpoknaapiBanue (0TOOpakeHUE) Maru-
cTpajpHOTO TpyOompoBoma SN=(Y,R) mo cootBer-
CTBYIOIIUM MapiipytaMm B Tpade PN=(X,V) 3amaercs
JIByXypOBHEBOM THUIIEPCEThIO, KOTOpasi OINpeNeseTcs
ciexyromum odbpasom [9]:

Onpeodenenue: Twnepcets HN=(X,V,R P,W,F) — 310
HepapXUUeCcKUii MaTeMaTH4eCKU OOBEKT, COCTOSIINM U3:
e Ha ypOBHE MEPBUYHOHN CETH:

- X=(x1,x2,...X,) — MHOXECTBA BEPIIINH;

— V=(v1,v2,...v4) — MHOKECTBA BETBEH;

- PV—2* - OTOOpaKeHHUs, COIOCTAaBIISIOIICE
KaXJOMy DJIEMEHTy Vel MHO)kecTBO P(v)cX
€ro BEpINWH, ONpeernsiomee rpad NepBHIHON
cetu PN=(X,V;P);

e Ha ypOBHE BTOPUYHOH ceTH:

— Y=(y1,y2,...yp) — MHOMKECTBA Y3JIOBBIX DJIEMEH-
TOB MarucTpaJibHOro TPyOOIPOBOJIA;

— R=(r,ra,...7m) MHOXecCTBa pebpa (maru-
CTpaJIbHBIC TPYOOIIPOBOIHI);

— W2 OTOOpaKEHUE, COIMOCTABJISIONIEE
KOKIOMY  DJIEMEHTy reR  NOAMHOXKECTBO
W(r)cP(F(r)) ero BepuuH, rae P(F(r)) — MHO-
J)KECTBO BepIIMH PN, WHUUMIACHTHBIX BETBAM
F(r)cV, onpenenstomee rpad BTOPUYHON CETH
SN=(YCX,R;W). B nanaom ciydae SN cooTBeT-
CTBYET CTPYKTYpEe MHPOCKTHPYEMOH CETH KOM-
MYyHHKAIIHH.

Torma orobpaxenue F :R—>2V, COIIOCTABJIAIONIEE
Kaxaomy pedpy r€R rpada Bropudnoit cetn SN omnpe-
JISJICHHBIA MaplIpyT U3 BeTBeil veV B rpade nepBuy-
HOW ceTH PN, onpesiensieT runepceTb. Takum o0pazom,
B3aUMOJCUCTBHE MAarucTpPaJbHOTO TPYyOOIpOBOIA U
TPeXMepHOI 001acTu ompesenseTcss rumeprpagom
(hyper graph) HG=(V,R;F), 1. . BeTBb ve V rpapa PN
MHINACHTHA pedpy r€R TOTrNIa W TONBKO TOTAA, KOTna
pebpo 7 MPOXOAUT (Peann30BaHO) MO COOTBETCTBYIO-
el BeTBU v, a BioxkeHue rpada SN B PN onuchiBaeT-
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sl rurnepcersio /AN, KoTopasi OJHO3HAYHO OIIPENesIeT-
cs1 Tpoiikoit (PN,SN;F) .

[Ipenmnonaraercs, yro rpader PN u SN HEOpUECHTH-
poannble. Ha puc. 1 rpad nepsuunoii cetu PN mpen-
CTaBJICH B BHJIC PEUICTKH, a Trpad) BTopudHOil cetn SN —
B BUJie MapmpytoB B PN R={(1,4,5),(1,4,7),(7,8,9)}.

@ ® &

S
P
L8]
(o)
N

: ) ) iy
J 8 E——
Puc. 1. [lpumep 2unepcemu
Fig. 1. Hypernet example

OTMeTHM, 4TO B 3aBHCHMOCTH OT BHJa OTOOpake-
HUSl (CEOPBEKTHBHOE, MHBEKTUBHOE WM OHUEKTHBHOE)
pebep rpada BropuuHoOil cetu SN MO COOTBETCTBYIO-
MM MapuipyTam rpada nepsuuHoii PN, T. €. B 3aBH-
cumocti ot F:R—2", BosHukaroT pasmmanbie mpH-
KJIa{HBIC 3371a4M B 00JIACTU MPOCKTUPOBAHUS U CTPOU-
TENBCTBA HMHXCHEPHBIX KOMMYHHUKAIIMHA Pa3IAIHOTO
Ha3HAYCHUSI.

MaTtemMaTHu4ecKye MO eI MECTHOCTH
TpexmepHoe npocmpaHcmeo

[Ipenmnonoxum, 4to 007aCTh MPOKJIAIBIBAHUS Ma-
THCTPAIFHOTO TPYOOIPOBOMHOTO TPAHCIIOpTa pac-
CMaTpHBaeTCsA KaK TPEXMEPHOE TUCKPETHOE MPOCTPaH-
crBo DR, cozieprkaiiee B cebe CyIecTBYIONNE KOM-
MYHUKAIIHA U CETH, a TaKKe MPUPOIHBIC U CHUTyaIlH-
OHHBIE OTPaHUYCHHS.

cyl. . -
S
A-‘ .

Y )

Puc. 2. /luckpemmulli aHano02 o6aacmu npokaadvl8aHusi —
epag PN=(X,Y)

Discrete analog of the laying area is a graph
PN=(X,Y)

Fig. 2.

B 3aBHCHMOCTH OT pACIOJOKEHUS COCIUHICMBIX
nap ToueK (0OHA U3 KOMOpwIX 6ce20d Cmapmosas, d
Opyeasi KOHeuHast), METPHIECKHE XapaKTePUCTUKH MEK-
Jly HUMU ONPEJISIISIETCsI CIIE Iy OIUM 00pa3oM (puc. 2):

o p=(A,B)=l, eciu y3161 A M1 B MMEIOT OJMHAKOBBIC

OTMETKH;

o p(A4,C)=+I’+h; , ecn y3mpl A n C umerot pas-
HBIE OTMETKH;

* p(B,J)=+20 +(h,+h)*, ecm y3nel B u J

HUMCIOT pa3HbIC OTMETKH (,Z[I/IaFOHaJ'H) C IAByMs CTY-
TICHSIMH);
e o(D,F) =12, ecnu y3nbl D u F UMEIOT oJuHa-

KOBBI€ OTMETKH (JaroHab);

. p(A,G)=m, ecinu y3nbel A u G UMET

pas3HbIe OTMETKH (IHaroHANb C OTHOH CTYIICHBIO).

Bo3MmokHBIC HAIUTABICHHUS MEpexola W3 TOYKH
A(x1,01,21) B TOUKY B(Xx2,02,22) B TpPEeXMEpHOM TIpO-
CTPAHCTBE MOKHO TIPEJICTABHTh KaK B HEMPEPBIBHOM,
TaK U B QUCKPETHOU (popMme, B 3aBUCUMOCTH OT CIICITH-
(uku pemaemoit 3amaum [10, 11].

Ecmu pemmaercs HempephIBHAs 3amada, TO TOYKA
A(x1,y1,21) cOBIaaeT ¢ BEPLIMHON KOHYCa, a OJHO U3
BO3MOJKHBIX MOJIOKEHUH TOUKH B(X7,)2,22) — € €ro oc-
HOBaHMEM (pHc. 3, a).

Puc. 3. (Ces3Hocmb nap éepwuH 8 mpexmepHoM NPpoCmpaH-
cmee 8 HenpepuiBHOM cayvae (csesa) u Ouckpem-
HoM ciy4ae (cnpasa)

Fig. 3.  Connectivity of pairs of vertices in three-dimensional

space in a continuous case (left), and in a discrete
case (right)

B MCKpeTHOM Cilyyae CBSI3HOCTb Tapbl BEPLIMH
A(i1.21) 1 B(oys,z) tpada PN B Tpexmepiom mpo-
CTPaHCTBE MOKET OBITh OMPEJIENEHa 10 MPHMHIUITY YEThI-
PEXCBAZHOCTU  [X1—Xo[ Hy1— ol Hzr22/<1 (puc. 4, a) nmm
BOCBMHUCBSIBHOCTH [v—/<1, [y1—3|<1 1 |z1—25<I (puc. 4, 6).

1

Puc. 4. [IpuHyunsl cessHocmu moyek 8 OUCKpemHoOM CAy-
yge: Yembvlpexcesi3HOCMb (c1e8a) U 80CbMUCB3SI-
Hocmb (cnpasa)

Fig. 4. Connectivity principles of points connectivity in the

discrete case: the four-connectivity (left), and the
eight-connectivity case (right)
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B  jguckperHOM ciiydyae  KOOpPAMHATBI  TOYKH
B(x2,)2,22) MOTYT HAXOJHUTHCS B OJJHOM M3 YETBIPEX MIIN
BOCEMH TIOJIOKCHUH, B 3aBUCHMOCTH OT IPUMEHSIEMOTO
TUIIA CBSI3HOCTU. B CBOIO ouepenb, TUII CBA3HOCTH 3a-
BHCHT OT CJIOKHOCTH TPOCTPAHCTBA DcR’, B KOTOPOM
MpeanoaaraeTcs MpoKIaAbIBaTh MaruCTPalbHbI TPy-
OOMPOBO/I.

ITocTaHOBKa 3aa4u

HenpepvleHast nocmaHoeka
Hwmxe MBI mpuBOAMM OOIIYI0 MOCTAHOBKY 3aIadm

MIPOKJIaIbIBAHUSA MarucTpalibHOTrO TPyOONIpoOBOaa MEX-

Jy 3aJlaHHBIMH MHOXKECTBAMH TOYEK B TPEXMEPHOM

MIPOCTPAHCTBE B HEMPEPHIBHOM OCTAHOBKE.

ITycTs:

e 4(x,y,z) — MPOW3BOJBHBIN MapIIpyT MEXIy 3aJlaH-
HBIMU TIapaMu Touek A(x1,11,21) 1 B(x2,12,22);

o flx,y,z) — OYHKUMA YAECNBHBIX 3EMIISIHBIX paboT
(TIOATOTOBKA IIOJIOCHI, PHITHE TPAHIIEH, KOJJIEKTO-
POB, TIO/I3EMHBIX TYHHEJICH | T. 11.) B TOUKaX (X,),2)
TPEXMEPHOTO0 IMPOCTPAHCTBA DcR’. Oma moxer
OBITH HETPEPHIBHOH, KyCOYHO-HETPEPHIBHON MiH
JUCKPETHOU B 3aBUCHUMOCTH OT OOJIAaCTH OTpejerie-
HUS TaHHOW (DYHKIIMH;

o 9(x,y,z) — QyHKIUS YICTBHBIX CTPOUTEIBHBIX 3a-
TpaT MarucTpajbHOro TpyodompoBoaa (mpuodpere-
HUSI 1 MOHTaX) B TOUKax (x,),Z) TPEXMEPHOTO IPo-
crpancTBa DCR’. OHa MOKET MEHSTBCS M3 TOUYKH B
TOYKY B 3aBUCHMOCTH OT KaTE€rOPUU MECTHOCTH.
Corunacuo [12], niauHa MPOCTPaHCTBEHHOW KPUBOM

Hap(X,y,Z), 3aJaHHOM CHCTEMOH ypaBHEHMH Yy=y(X),

z=z(x) W TpOXojsmed dYepe3 ToOukH A(xy,V1,z])) H

B(x2,02,22), paBHa

) = [T+ +[2.@Fdx. (1)

B namem cnyuae juiMHa TpexMepHOW KpuBOH /(L)
paBHa (TOXIIECTBCHHA) JUIMHE BEeTBU veV rpada mep-
BUYHOH cetu PN, T. e. [()=l(v).

[MonpiaTerpasbHOE ypaBHeHUE B (1) 0003HAUUM Kak
dl, . e.

dl = 1+[y. () +[z, ()P dx.

IMyct g[x,y(x),z(x)] xpuBasi, CBs3bIBAIOIIAS B IPO-
CTpaHCTBE DgR3 Touku (x1,y1,z1)€D, i=1,2. Tornma
CyMMapHasi CTOMOCTh Ha CTPOHTEIBCTBO 3TOW TPACCHI
(TpaHiLes, KOJUIEKTOP | T. I1.) ONpeAensieTcs Kak

Cuo = [ flxpo.zomd - @

MsI mosaraeM, 9TO JUITMHA TPOKJIAAbIBAEMOTO Ma-
rucTpansHoro Tpybonposoaa (anuHa pedpa reR) pas-
Ha CyMMapHOMY YHCITy BETBEH (Tpacc), MHIMACHTHBIX

sToMy TpybompoBoxy, T. €. [(r)= Zl(v). Tak kak

veF (r)
paccMaTpUBaeTCsl HENPEPBIBHBIN Cilyyail, JJIMHA MpO-
KJIQ/IBIBAEMOT0 MarvcTpalbHOTO TPYOONpOBOIa paBHA
JUTMHE HeTIPEPBIBHOM Tpacchl, T. €. [(r)=I(v).
CTOMMOCTh ~ MPOEKTUPYEMOTO  MarucTpajbHOTO
TpyOOIIpOBOJIa, TPOKIIAJBIBAEMOTO BJIOJIb  TPACCHI
H[x,1(x),z(x)], orIpeiensieTcs CIeTyOIIIM 00pa3oM:

D(k) = [ v (). 21 ®

X

rne g(x,y,z) — QyHKOMS yAenbHOW CTOMMOCTH MAaru-
CTpaIbHOTO TPYOONpOBOaA, 3aBHCAIIAS OT KOOPIMHA-
ThI TOUEK (X,,Z) B TPEXMEPHOM npocTapHcTBe DR,

Torma HenpepbIBHAS 3a7a4a MOXKET ObITh ChOopMy-
JIUPOBaHA CJEIYIONM 00pazoM: mycTth t(A,B) — MHO-
JKECTBA BCEX BO3MOXKHBIX MapIIPYTOB MPOKIaIbIBAHUS
MarucTpajgbHOTO TPyOOIpOBOa U3 TOUKH 4 B TOUKY B,
MPECTaBISAONINE CO0OM HeNpepbIBHBIE KPHUBHIE B
TPEXMEPHOM MPOCTPAHCTBE DcR®. Torxa 3ajmaua 3a-
KIIIOYAaeTCsl B IIOUCKE TaKOW KPUBOU f CPeOu BCeX
Tpacc (A,B), BIOIb KOTOPOH CyMMapHas CTOMMOCTH
(2) (cTouMOCTh MOATOTOBKM W CTPOUTEINICTBA JIMHEMU-
HBIX COOpY)KeHUH (Tpacc, onop u T. 1.)) U (3) (cTou-
MOCTh TPHOOPETEHHS M TPOKJIaIbIBAHIS MaruCTpallb-
HOro TpyOOmpoBOAa) MPUHUMAET HAUMEHBIIEE 3Haue-
HHE, T. €.

g}(ig{ L€ (L) +D()] =

= JU G (0, 2(0) + g, y(0), 2(0)ldx - ()

pu
R(HN)>R,. ©)

rne R(HN) — HaJeXKHOCTh THIEpceTd (MoKa3aTeln
HAQJIGKHOCTH HU3YYaIOTCS B CIEAYIONIC IyHKTE); Ry —
TpeOyeMBbIil MOPOT HaICKHOCTH.

HenpepsiBHas 3amava B Buue (4), (5), 6e3 ydera
YCIIOBHS TIOPOTOBOT'O 3HAYCHUS HACIKHOCTH, ITO3BOJISIET
pEIuTh €¢ METOJaMH BapHAIlMOHHOTO HWCYHCIICHUS
[13].

Huckpemmnas nocmanosxa

ITycTs 3amans! rpadsl nepBudHOi PN (AUCKPETHBIH
aHaJIOT TPEXMEPHOTO MPOCTPAHCTBA) U BTOPHYHOH ce-
™ SN (mpenmonaraemas CTPYKTypa MaricTparbHOTO
TpyOompoBoja) HekoTopoil rumepcetn HN. B muc-
KPETHOW MOCTaHOBKE 3a7ada BEIOOPA TPACCHI IS MPO-
KJTaKH KOMMYHUKanni U3 myHkTa A(X),)1,Z1) B IIyHKT
B(x2,y2,22) 3akiroyaercs B BHIOOpE MapiipyTa B TpexX-
MEpPHOM NIPOCTPAHCTBE DcR’ , AMEIOIIEro MUHUMAalb-
HYIO CTOUMOCTb [l4p CPEIU BCEX MapuIpyToB 14(A,B)
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MEXKIy 3aJaHHBIMH TlapaMu BepwiuH A(x),)1,z|))
B(x2,y2,2,) Ha Tpade nepBuuHO ceTH PN, 1 0TOOpaxe-
Hus pebep (MarucTpanbHOro TpybonpoBoaa) reR rpa-
¢a BTOpU4HOI ceTu SN 1Mo BBIOPAaHHBIM MapIIPyTaM B
PN. To ecTb TpeOyeTcst HAUTH

F:R—2"
JJIsT KOTOPOTO

S (e, +d,)-1(r) (©)

(6,7 Hap

O(HN) = min

u(4,B)
TIpU OrpanudeHud (5),

rne t(A,B) — MHOXKECTBO BCEX BO3MOXHBIX MapIIpy-
TOB U3 A(x1,y1,21) B B(x2,02,22); L4p — MApUIPYT, 0OEC-
MCYMBAIOIINA MHHUMYM CTOMMOCTH IIepexofa H3
A(x1,y1,21) B B(x2,02,22); ¢;j — CTOMMOCTB Ilepexoja U3
MYHKTA [ B IyHKT j, ONPEACIAIONINX 3BCHO MapIipyTa
M4p Ha Tpade nepBuyHOl cetu PN, T. €. (i) € tap; dij —
yaeJdbHAas CTOMMOCTH pebep reR (MarucTpajibHOTO
TpyOoIpoBoia) rpada BTopuyHOU cetn SN U3 MyHKTA i
B j; /(r) — IyIMHA TPOKJIAJBIBAEMOT0 MarucTpajIbHOTO
TpyOompoBoa (1uHa pedpa #€R) paBHa CyMMapHOMY
9HCTy BETBEH (Tpacc), MHIMICHTHBIX ATOMY TpyO0oO-
npoBozy, T. €. [(r) = Zl(v).
veF (r)

Juis pasnuuHbix Bapuanwmid 3amad (5), (6) npemio-
JKE€HBI pa3JIu4Hble AITOPUTMBI UX pemenus. Ha puc. 5
MPEACTABICHBl PE3yJIbTAThl PACUETOB ATHX alTOPHUT-
MOB: METOJl, OCHOBaHHBI Ha TIOCTPOCHHU CaMOK
Haa&KHOU CcTpyKyTpbl (Max Prob); meron ocHoBaH-
HBIA Ha >KaJHOW CTpPATEruu, HCHOJB3YIOUIUN TaKKe
npeasinynmii anroput™ (Floyd Greedy Prob); meron,
MCTIONB3YIOIMI  anroput™ MeHa Jisi TOCTPOCHHMs
MHOkecTBa k-kpatuaimmx myteit (K-path), ocHoBaH-
HBII Ha TIOAX0/1e MypaBbuHOW akojoHuu (AntColony),
a Takke gBe wux komOmHammu Greedy+K-path,
AntColony+K-path [14].

1600

1400

1200
1000 = Max Prob
¥ Floyd Greedy Prob
AnColony
5 B K-palh
B Gready + K-path
A I I AmColony + k-path
2 I I
a
5 10 30 60 80 IRl

Puc. 5. Pesyabmambl paciemos 04151 pewemku 10x10
Fig. 5. Numerical results for the 10x10 lattice

Cost
g &8 8

28

B xauectBe rpada nepsuuHoii cetu PN Oblia B3siTa
pewerka 10x10. CtoumocTs BeTBEH NEpBUUHON CETH —
cnyyaiiaeie uncna ot 5 10 10 ycnoBHbeIX enununil. Cto-
UMOCTb peOep BTOPUUHOH CeTH — caydaifHble Yyucia OT
1 o 5. Ry=0,7 nnst |R|=5, 10; Ry=0,6 nnst |R|=30, 60;
Ry=0,5 ms |R|=80. B xauecTBe HaJAC)KHOCTH ObLI pac-
CMOTpEH TaKoH Moka3arenb, KAk MUHUMAJIbHOE 3Haye-
HHE CPEIH BEPOATHOCTEH CBSIZHOCTH pedep BTOPHUHOM
cet (MyHKT “AHanu3 HaA&KHOCTH THUIEpceTei”).
Ha nuarpamme mo ocu aOcuucc moka3aHa CTOMMOCTh
MOJTY4YEHHOI THIEPCeTH, IO OCH OPIUHAT — YUCIIO pe-
0ep |R|, KOTOpbIe HYKHO BIIOKUTH B TICPBUYHYIO CETh.
MO>XHO 3aMeTHTBh, YTO LIeJIEcO00Pa3HO MCIIOIb30BAHIE
K-path xaxk wacTe Ipyroro ajropmTma Asl HaXOXAe-
HUA OoJiee JIEIIEBOrO PEIIeHHs, a TAakKe 4TO Ui He-
OONBIIMX 3HAYCHWH |R| Jydmiee penieHHe HaXOIHUT
cemelictBo anroputmoB AntColony, a amst Gonbmux
Tydiie padoTaroT jxaaHble anroput™sl (Greedy).

AHanu3 HaJEXXHOCTH runepceTei

3agaun, CBA3AaHHBIC C aHATM30M HAAEKHOTO (PyHK-
[IHOHUPOBAHUS CETEH Pa3IHMIHOTO Ha3HAYCHUS, aKTHB-
HO M3y4yayuch B [15-28] u nmpoaomkaroT u3y4arbcs B
HacTosmiee BpeMs. Kak mpaBuiio, 171 aHaimu3a HaJexK-
HOCTB CETCil MPUMCHSIOT Pa3IHYHBIC CTOXACTUICCKUC
METO/Ibl, TaKue Kak Metoa Monre-Kapio, BeposTHOCT-
HBIM aHanu3 u apyrue [15-21], a B kauecTBe MareMa-
THYECKOH MOJICNIM BBICTyNAeT CiydalHbld rpad [22].
[Ipennonaraercs, 4YTO S3JEMEHTHl Tpada, BEpPLIMHBI
u/mmn pébpa MPHCYTCTBYIOT B Tpade ¢ 3agaHHBIMH
BEPOSITHOCTSIMH, UTO OIHCHIBACT HAJEKHOCTE COOTBET-
CTBYIOIIMX 3JeMeHTOB ceTu. Kiaccuueckuil moxaza-
TEJIb Ha/IEKHOCTU CeTell — BEPOSITHOCTh €€ CBSI3HOCTH,
TO €CTh BEPOSTHOCTH CBS3HOCTH COOTBETCTBYIOIIETO
ciyuaiinoro rpaga [9]. B 6osee oOmem ciyuae pac-
CMaTPUBAIOT 3aJaHHOE IMOJMHOXKECTBO y3i10B K (T0-
JIIOCOB), IS KOTOPBIX HEOOXOAMMO OOECIIEYUTh BO3-
MOYXHOCTH YCTaHOBJICHUSI COCHHEHHS APYT C JPYTOM.
BeposiTHOCTB CBA3HOCTH ATHX Y3JIOB — 9TO TaK Ha3bIBa-
emass K-repMuHanbHas Haja&kHOCTH  (K-terminal
network reliability). BeiiensiroT 1Ba BakKHBIX CITydas:
K=V, B TakoM cilydyae TOJy4aeM YK€ YIOMSHYTYIO
BeposTHOCTh  cBsisHocTH  (all-terminal  network
reliability); 1 K=2, 4TO COOTBETCTBYET HaAEKHOCTH
JIByXTIOMOCHOK ceTn (2-terminal network reliability).
OTMETHM, YTO JIUIS BCEX ATUX IOKAa3aTeJIel TOYHBIM MX
pacuér npeacrapisieT codboit NP-TpyaHyro 3aaaqay [23].
HecmoTps Ha 3TO, TOYHbIE METOIBI pacuéra IIUPOKO
UCTOJB3yIOTCsA. Hampumep, BbIJENIsSETCS Kiace mocie-
JIOBATEIbHO-TIAPATUIETIFHBIX ceTell [24], mIsl KOTOPBIX
pacuéT OCYyIIECTBISAETCS 3a MOJMHOMHAIBHOE BpPEMS.
B oOmiem citydae BO3MOXKHO HCITOJIb30BaHHUE MPUOIIH-
JKEHHBIX METO/IOB, HampuMmep Mmeroma Monte Kapio
[25].

[TonsitTne caywyaiiHOW TuUIepceTH Ui aHalIu3a
HaE&KHOCTH UEPAPXUIECKUX CTPYKTYpP OBLIO BIIEPBBHIC
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BBEJIEHO B paboTax [26, 27]. COOTBETCTBYIONIHUII amma-
pat Ob11 nanee pas3sut B [28]. Kak mpaBmiio, paccMat-
pUBaeTCs ciy4ail OTKa30B B MEPBUYHOM CETH, HO TaK-
K€ U3YyUYEeHBl HEKOTOPBIE BAPUAHTHI OTKa30B AJIEMEHTOB
U BO BTOPUYHOMH ceTu.

g paccmarpuBaeMbIX 3a/1a4 — IPOEKTUPOBAHUE U
CTPYKTypHasl ONTHUMH3ALUA CEeTeH MHXKEHEPHBIX KOM-
MYHUKalU{ B yCIIOBUSX BO3MOYKHBIX OTKA30B AJIEMEH-
TOB, B TOM YHCJIE MaruCTPaJbHBIX TPYOOIPOBOIIOB,
MOAXOAUT MaTeMaThyeckas MOJeib, HW3JI0)KEHHas B
[1]. Mbl paccmaTpuBajli BO3MOXKHOCTH BBIXOZA U3
cTposi pé€dep MepBUYHOM ceTH (TpaHIIel, KOJUIEKTOPOB,
U T. 1.), IPH KOTOPOM BCE MPOXOISIIUE Yepe3 3TO ped-
PO BeTBM (JIMHUM CBS3HM BTOPUYHON CETH) NEPECTAIOT
¢yHKmoHMpoBath. Hanpumep, npu oOBaje mTpeka B
maxte OyAyT CKopee BCero MOBPEKIACHbI Kabeau dJeK-
TPONMTAHUS, CBSI3U, CETH MOHMTOPHMHIa, U JApYyrHe.
BeposiTHOCTE BBIXOZA U3 CTpOsi pEOEpP MOKET OBITH
OTIPEJIEJIEHa UCXOJIsl U3 CTATUCTUYECKUX JTAHHBIX, IKC-
TEPTHBIX OLIEHOK WJIM B PE3yJbTaTe MOJEIUPOBAHUS,
T. €. TOYHO TaK e, KaK U JJIs KIIACCUYECKUX MOJenen
ceTell ¢ HEHAIEKHBIMH dJeMeHTaMH. VMes 3HadeHus
HaJ&KHOCTH BETBHM NEPBUYHOMN CETH, HalEKHOCTh pe-
Opa BTOPUYHOM OIpeNeNsieTcsl eCTECTBEHHBIM 00pa3oM
KaK NpOM3BEACHUE HAAEKHOCTEH BETBEH, uepe3 KOTo-
pbie OHa MPOXOoaUT. TakuM 00pa3oM, IPUXOJUM K aHa-
JIOTY YX€ YNOMSIHYTOW JBYXIIOJIIOCHOM HaJl€XKHOCTH,
onpenensieMol Kak MakCUMyM M3 HaIEXHOCTEHW Bcex
pE€bep, coennHSIONIMX JBa 3alaHHBIX y3J1a BTOPHUYHON
cetu. MeToapl ONTUMHU3ALMK WHXEHEPHBIX CETEH, C
YYETOM HAJIEKHOCTU IO ATOMY ITOKa3aTeNro, Mpe.-
craBieHbl B [29]. Taxxke B [30] Mbl 00Cyknanu BO3-
MO>KHOCTB UCTIOJIb30BAHUS JPYTHX MTOKa3aTeleH.

B nmamnOi#t paboTre MBI paccMOTPHUM albTEPHATHB-
HBIE MMOKa3aTeNd HaAEKHOCTU Ui MPOSKTUPOBAHUS U
ONTUMU3ALUM CETeH MH)KEHEPHBIX KOMMYHUKALUN U
MarucTPajbHBIX TPYOOIIPOBOIOB M MPOMILTIOCTPHPYEM
UX ucnoib3oBaHue. IIpuBenéM cHavana onpeseleHne
YHOMSIHYTOT'O TOKa3aTelis HafEKHOCTH.

bynem cuwnrtath, uTO BeTBH V' mnepBUYHONH reR
PN=(X,V) ceTH NOABEPKEHBI CIyYalHBIM OTKa3aM,
MIPOUCXOAALINM HE3aBUCUMO APYT OT Jpyra ¢ 3alaH-
HBIMU BEPOSTHOCTIMH p;, 1<i<g.

Hanexxnocts pebpa BTOpUYHOM ceTH r€R ompene-
JIUM Kak

R.(HN) = []pm- )

veF (r)

Ecnu ans pebpa reR nytb F(r) uMeeT KOHEUHBIE
TOYKH a U b, ¥ eclii HUKaKue JApyrue péopa He CBSA3bI-
BAIOT 3TH TOYKH, MBI OyZ€M HCIHOJIb30BaTh 00O3HaUe-
Hue R,,(HN) Bmecto R.(HN). Ecnu qnsa y3inoB a u b
CylIecTByeT 0osiee OJHOTO TaKoro pedpa, 3To 0003Ha-
YeHHe WCIONb3yeTCsl JUId TOro pedpa, 3HAa4YeHHE
HaJIeKHOCTH KOTOPOTO MaKCUMAJIbHO.

Hanéxunoctes R(HN) = runepcetn HN B 1ienom, ¢
Y4€TOM TOro, 4TO B HepBHQHOﬁ CCTU MPOUCXOIAT
cOOHM, HO TIPH 3TOM BCE TOTPEOUTENN JIOJDKHBI OBITh
CBSI3aHBI C HEOOXOAUMBIMH MM ITOCTABIIUKAMH, OIIpE-
JIeISUTach Kak:

min(R,,;,) = min{R ,(HN)},aeY,,, .beY, , (8)

consumer

e Yspurce — ACTOYHUK T€OPECYPCOB; Yeonsumer — MOTPE-
OUTEINH.

Takum oOpazom, R (HN) sBiseTcss MUHHUMYMOM
cpenn  BCceX  JABYXTEPMHUHAIBHBIX  HAJEKHOCTEH
R,,(HN), Tie a — 3TO UCTOYHUK pecypca, b — moTpedu-
Tenb. Ecu MBI paccMaTpuBaeM cllydai, Korja mogo0-
HBbIC Y3IIbI HE 3aJlaHbl, a HEOOXOJIUMO TPOCTO MPOJIO-
JKUTH pEOpa 1Mo NMEPBUYHON CeTH, TO 3TO OyJeT MUHH-
MYM CpeJiu Bcex Haa&KHOCTEH pedep.

OnHako HE BO BCEX CIy4asiX afeKBaTHON Mepoi
HaJA&KHOCTH OyJIeT MMEHHO YKa3aHHBIA ITOKa3aTellb.
BBeném B paccMOTpeHHE ITOKas3aTelb Ui OMUCAHUS
HAaJIEKHOCTD CETH B CPEJTHEM:

Q
Av(Rpalr) = ézRab (HN)’ ae Ysource’ be Yconsumer ’ (9)
1

rae (2 — KOJIMYECTBO BCEX pacCcMaTpUBAEeMbIX Iap HC-
TOYHHK—TIOTPEOUTETh I BCeX pédep, ecir STH Haphl
B SIBHOM BH/I€ HE 3a/1aHBbI.

PaccmoTrpuM Takxke mokasartelb, KOTOPbI HE0OXO0-
JIUM ]I OIIMCAaHUs HaAEKHOCTHU B CIIy4yae, KOraa HyX-
HO, YTOOBI BCE MOTPEOUTENN U TOCTaBIIMKH OJHOBpE-
MEHHO OBUIN CBSI3HBI C MAKCUMAJIBHON BEPOSTHOCTHIO.
Onpenenum ero Kak BEpOsSTHOCTh CYLIECTBOBAHUS ITy-
Tel MEeXAY KXol mapoil HCTOYHUK—TIOTPeOUTENb:

RA[/fPairs (HN) = prObability
(Exist _a_path between a €Y. be¥,, ) (10)

source?

OnpeneneHue BEPOSITHOCTHOTO TMPOCTPAHCTBA B
3TOM CIIydac JIeNaeTcs 0 aHAJIOTHH C, HaIpUMep, pa-
ooroii [17].

Bo3MOXKHBEI cUTyanuu, KOrjaa Mpu OIHUX H TeX XKe
YCIIOBUSIX pPa3Hble KOH(QUTYpallul WHKCHEPHOH CeTH
OyAyT ONTHMAaTbHBIMH C TOYKH 3pPCHHS BBEIEHHBIX
HamH BbllIe nokasareneii (7)—(10).

Hanpumep, paccMOTpuM HEpBUUHYIO ceTh (pHC. 6),
MIPE/ICTABIICHHYIO PemETKON 4X8, T/e Kaxmas BETBb
MPUCYTCTBYET C BEPOATHOCTBIO p. Y3Jbl, KOTOpbIE
HEOOXOJMMO CBS3aTh PEOpaMM, PACHOIOXKEHBI CBEPXY
W cHU3y (BBIJICJICHBI Ha pUC. 0), T. €. KaxKaoe pedpo
CBSI3BIBACT BBIICJICHHBIN y3€Jl CBEPXY U BbLIAEICHHBIH
y3eI1, n300pakEHHBINA HETTOCPEACTBEHHO MO HUM.

PaccmorpuM Tpu cniocoba COeIMHEHHUs ITHX TPEX
nap y3JoB, n300pak€HHBIX Ha puc. 6—8.

3HaueHHus HAJIEKHOCTEH THIEPCEeTH Uil KaXKJI0To
U3 CITy4aeB IPUBEICHEI B TaOIHIIE.
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Ta6auya. 3HaveHus HadéxcHocmu 015 pa3HblX nokasame-
J1ell U pasHbIX 8apuaHmMos npokAaoKU 8mopuy-
Holl cemu
Table. Reliability values for different indicators and
different options for laying the secondary net-
work
[Tokazaresnun Tonosioruu/Topologies
Indicators T1 T2 T3
Min(Rpair) ps pé ps
2p8 + p* 2p* + p8
Av(Rpair — 6
(Reair) 3 p 3
Rau_pairs p'? p'é p'e

O0603HaYMM BapuaHTHI IPOKJIAIKH BTOPHUYHON CETH
1o BeTBsIM NepBUUHOM Kak Ne 1 (puc. 7), Ne 2 (puc. 8),
No 3 (puc. 9). U3 Tabmunpl BUIHO, YTO JUISL Pa3HBIX
MOKa3aTeneil pasHbIe TOMOJOTHU OYIyT ONTHMATbHBI-
mu. Tak, ams mepBoro (TabiuIa) mokas3arels JIydIIuM
Oyzaet Bapuant Ne 2. Han&xHocTb st BapuaHToB No 2
u 3 coBmajaet. Jyis TpeThero mokaszares JIyqiieit 0y-
net tonostorust Ne 1, cpemueit — Ne 3, xymmeit — No 2.
Jiis BTOpOrO mokasarens MoJOOHBIA CHHUCOK OyneT
3aBHCETh OT 3Ha4eHHus p. s onpeneiéHHBIX 3HaYe-
HUH Ty4ymuM Oynet u BapuaHT Ne 3, KOTOPBIH ¢ TOYKH
3peHUsl APYTUX MMOKa3aTesIel He SABISETCS JIyUIIUM.

Puc. 6. Pewemka 4x8

Fig. 6. 4x8grid

Puc. 7. Tonosaozus TI1: eapuaHm npokaadku 8mopuyHOU
cemu ¢ COBMECMHbIM UCNO/Ab308aHUEM eemeell
nepeuyHot

Fig. 7. Topology T1: the secondary network laying variant

with the joint use of primary one branches

Puc. 8. Tonosozua T2: sapuaHm npokaadku 8mopuyHol
cemu 6e3 COBMECMHO20 UCNO0./1b308aHUSl 8emeaell
nepeu4Holi

Fig. 8. Topology T2: the secondary network laying without
sharing the branches of the primary one

Puc. 9. Tonosozusa T3: OJdpyeoli eapuaHm npokaAadKu
8mopu4Holi cemu 6e3 c08MeCmMH020 UCNOAb308AHUS
eemaell nep8UYHOU

Fig. 9. Topology T3: another secondary network laying
without sharing the branches of the primary one

3ak/04yeHue

JI1s1 mpoekTHpoBaHMsSI M CTPYKTYPHOW ONTHUMH3a-
LMY CETEH I0CTaBKU I'€OPECYpPCOB C YYETOM UX Hepap-
XUYHOH BJIOKEHHOCTH C(HOPMYIHUPOBAHBI COOTBET-
CTBYIOIIME MAaTEMAaTUYECKHE 3aJauyd B BUJIE HeEIpe-
PBIBHOM U AMCKpeTHOM nocraHoBoK. [IpuBogurcsa ma-
TEMaTUYECKUM W AJTOPUTMHYECKUN ammapar Uisl pe-
IIEHUs] MOJOOHBIX 3a]ad, KOTOPbIH OMUCAH B paMKax
TEOpPUN BapHALMOHHOTO HMCUHCIICHHS, TEOPHH TpadoB
U JUCKPETHOM ONTHMHU3ALMH. PaccMOTpeHbl pa3nny-
HBIE [10KA3aTeJIM HAJEKHOCTU IPOEKTUPYEMOM CETU B
YCIIOBUSIX OTKa30B IEPBUYHON CETH — TPaHILEH, HITpe-
KOB B IIIaXTe, U T. 1. BEIOOp TOTO MM HHOTO TOKa3aTe-
J TIPU NPOEKTUPOBAHWU ONpENEssieTcsl 3aadyaMu U
YCIOBUSMH (DYHKITMOHUPOBAHUS KaXKJIOW KOHKPETHOU
CETH WHKEHEpPHBIX KOMMyHUKaiui. l[lokazano, 4to
IIPU OJIHUX M TEX K€ YCIOBUSIX pa3Hble KOHPUTYpaLTUl
WHKCHEPHOH ceTH OyIyT ONTHMAIBHBIMH C TOUKH 3pe-
HUS pa3HBIX TIOKa3aTesne.
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