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To meet the put forward contradictory technical and economic demands to the structure of
transmission networks it is necessary to use multi-criteria optimization methods when planning
them. During our planning of a transmission network we design such a topology that has to provide
high quality and sufficient reserve capacity at least costs. In practice it means that the designer must
balance three transmission network quality factors, which characterize the cost, the quality and the
capacity. In this paper we are going to discuss mostly the features of performing the nominal stage of
the transmission network planning with the aid of multi-criteria optimization methods. We
substantiate our choice of the set of quality factors which can be used to find the optimal topology of
a transmission network with respect to them. The optimization procedure includes the next steps: 1)
forming a set of valid network topology variants; 2) extracting from the obtained set the Pareto-
optimal variants followed by selection of a single variant. The main method to protect against
unavailability factor increase is to build a ring topology. However this strategy requires the use of
additional equipment and trunks which will lead to a considerable increase in the cost of our
network. The cost of the network should be calculated in accordance with the required number of
connections and of cross-connectors. That is why it is advisable to carry out the optimization of a
mobile communications transmission network with respect to these two conflicting parameters,
namely, unavailability factor and cost. Analysis of stages and tasks of mobile communication
transmission networks has been done. Initial data, technical characteristics and quality factors that
are taken into account during transmission networks planning have been determined. A feature of
such networks is that their quality factors are not only related and contradictory to each other, but
the values of them depend on the selected specific network topology. That is why to select optimal
topologies of a transmission network taking into account the set of quality factors we have to use
general provisions of multi-criteria optimization. The paper presents results of solution to the
problem of discrete choice of transmission network optimal topologies. The choice takes into account
the set of quality factors, namely, unavailability factor and network cost. The set of valid topologies
is constructed. The values of contradictory quality factors are estimated and the subset of Pareto-
optimal variants of network topology over the criterion space of estimates of quality factors is found.
By using the conditional preference criterion we extracted a single variant of transmission network
topology from the Pareto subset.

Keywords — transmission networks, network topology, multi-criterion optimization methods,
Pareto-optimal solutions, quality factor, unavailability, cost, mobile communication.



B nanHoii paGoTe paccMOTpeHbI 0COOEHHOCTH ONTHMM3ANMH TPAHCHOPTHOH ceTH W
NpHBEEHbI Pe3yJbTaThl PellleH!sl 3aa4M BbIOOPa ONTUMAJIbLHOI TOMOJOTHH TPAHCHOPTHOM
CeTH € Y4YeTOM COBOKYNHOCTH ToOKa3aTejeli KayecTBa Ha OCHOBe METOI0B
MHOTOKPHTEPHAJIbLHOI ONTUMHU3AMMN.

KnawueBble cjioBa —  TpaHCHOpPTHash  CeTb, TOMOJOTMSA  CETH, METO/bI
MHOTOKpHTEpPHAIbLHOI  onTuMmu3anuu, I[lapero-onTUMajbHble pelleHHsi, MNapaMeTpbl
KAa4eCTBa, HErOTOBHOCTh, CTOMMOCTh, MOOUJIbHASI CBSI3b.

Beenenne

BaxHbIM 3Tanom miaHupoBaHus COTOBOH ceTr MoOMIIbHOH cBsizu (CCMC) sBnsieTcs MIaHupOBaHNE
tpancrioptHoi cet (CTNP — Cellular Transmission Network Planning). ITpu sTom rnaBHO# 3amaueii
ABJIsieTCSl pa3paboTKa CTPYKTYpHI (TOMOJIOTMH) CETH, 0OeCleunBaroIiell B3auMOICHCTBUE MEXIYy BCEMHU
y3maMu ceTH (0a30BBIMU CTAHIMSAMH, 0a30BBIMA KOHTPOJIEPAMHM, IIEHTPOM KOMMYyTarluu). B pesynbrare
TUTAHAPOBAHUS TPAHCIIOPTHOW CETH HEOOXOAMMO TOJYYHThH: TOTOJOTHIO CETH; IMEepPEUYeHb W TEXHUYECKHEe
XapaKTePUCTHKH  y3JIO0B, JUHUHA, IUPPOBBIX KPOCC-KOHHEKTOPOB; CYMMAapHBIA K03 dummeHt
3arpyKeHHOCTH COOCTBEHHBIX M apEHIOBAHHBIX JIMHUH.

K cTtpykType TpaHCHOPTHBIX ceTell MPEeabSIBISIOTCS NPOTHBOPEUUBBIE TEXHHKO-IKOHOMHYECKHE
TpeOOBaHM, YTO OMNpeAeNseT HEeOOXOAUMOCTh NPHUMEHEHHS TpH WX IUTAHUPOBAaHWH METO/OB
MHOTOKPHUTEPHATHFHON ONTHMU3ANNN. AHAIIN3 JINTEPATYPHI, OCBSAIICHHON TUIAHUPOBAHUIO TPAHCIIOPTHBIX
cereii [1,2], mokasaj, 4YTO IUTAHMPOBAaHHME OTHX CETEH HE paccMaTpMBaeTCs Kak 3ajada
MHOTOKPHUTEPHATHFHON ONITUMHU3AITNH C yI€TOM COBOKYITHOCTH ITOKa3aTesei KadecTna.

B obmem ciywae B TpaHCIIOPTHOW CETH MOOWMIJIBHOM CBS3M MOXHO BBIACTUTH JBA OCHOBHBIX
CerMeHTa: MarumcTpajbHas TpaHCIOpTHas ceTb W ceTb paaunomoctyna (RAN). IlpuHImmer moctpoeHus
MarucTpaJbHOW CEeTH MOOWIBHOW CBSI3M HMEIOT CBOM OCOOEHHOCTH, HO B IIEJIOM COBIAJArOT
C MIPUHIUIIAMA TTOCTPOCHHST JPYTUX MAaruCTPalbHBIX ceTed mnepemayn. [103ToMy ocoOeHHOE BHHMaHHE
yAenseTcsl ydacTKaM CeTH, KOTOpBIE COENWHSIOT 0a30Bble CTAaHIMH C Oa30BBIMH KOHTPOJUIEpAMU
(KOHTpOJIIEpaMH YIIpaBJIEHUS pagnoceTrio) [1].

Ilepen HayajoM IUTAHWPOBAHHUS TPAHCIIOPTHONW CETH MOOWIIBHON CBS3M CIEIyeT COOpaTh BCIO
HEOOXOANMYIO0 WH(GOPMAIMIO W MONYyYUTh PE3yNIbTaThl MPEABITYIINX ATANOB IUIAHUPOBAHUS BCEH CETH.
TakuMu HCXOMHBIMU JAHHBIMH JJIS TUTAHUPOBAHUS TPAHCIIOPTHOM CETH SABIISIOTCS:

- reorpaduueckre KapThl U 0a3bl JaHHBIX,

- reorpaduyecKoe pacronoxeHne 0a30BbIX CTAHIHUMH,

- HAW4He TPSMON BUIUMOCTH MEXKAY 3JI€MEHTaMU IIaHUPYEMOI TPaHCIIOPTHOM CETH,

- HAIM4KeE CYLIECTBYIOIIMX JIUHUH Nepeauu, TPAaHCIIOPTHBIX CETE U MX TOIOJIOTHH,

- TpeOOBaHMsI K MPOM3BOJUTEIBHOCTH U JOCTYITHOCTH,

- TpeOOBaHMsI K CUTHAIN3ALMH U CHHXPOHHU3AIINH,

- IPOTHO3BI TpauKa U MEPCIIEKTUB Pa3BUTHS CETH,

- BO3MOKHOCTH M CTOUMOCTBb 00OpYAOBaHMS,

- MaTepHaIbHbIe BO3MOKHOCTH OIIepaTopa,

- IPUHIIMITBI KOPIIOPATUBHON CTPATErnu U PYKOBOASAIINE IPUHIMIIBL U T.JI.

Lenp mmaHupoBaHUsI TPAHCIIOPTHOM CETH - coelnHUTH O0a3oBbie cTanuuu (BTS) ¢ konTponepamu
pamuocetn (BSC) u 6a30Boil ceThi0 ¢ ONTHMaIbHBIMHU IMOKa3aTesIMU KadecTBa. JIMHUM mepenaun npu
9TOM MOTYT OBITh MEIHBIMH, KOAKCHAJbHBIMH, PaAHOpPENCHHBIMH WM BOJIOKOHHO-ONTHYECKHMHU.
Paguopenelinple coenuHeHus1 TMOKHE, a HWMEHHO OOOpYyJOBaHUE JIETKO pa3MelacTcsi Ha 0a30BBIX
cTaHuusx. [IpoBoHbIEC THHUN HYXKIAIOTCS B O0JbIIEM 00beMe MHKEHEPHBIX Pa0OT BO BpeMsl IPOKIIaIKU U
pexoHpUTrypanyu ceTH. BOJOKOHHO-ONTHYECKHE JIMHUU pa3BOpauMBalOTCI B TOM Ciydae, Korna
HEOOXOIUMO COCIMHEHHE C OONBIION TIPOMYyCKHOW CIMOCOOHOCTHIO. [TlaBHOE OTIMYHME MEXIY
TUTAHUPOBAHUEM PATUOCETH M TPAHCIIOPTHON CETH 3aKJII0YaeTcsl B TOM, UTO IUIaHHpyeMas TPaHCIOpTHast
CeTh JOJDKHA TIOJHOCTHIO YAOBIETBOPSTH CO3/AaBACMyI0 HArpy3Ky IO OOCTY)KHBAaHHIO MOOWIBHBIX
HI0JIB30BATEIICH B paIUOCETH HAa MPOTSHKEHUH BCETO ee CyliecTBoBanus [1].



B mporecce ruraHUpoOBaHWS TPaHCIOPTHOW CETH pa3padaThIBacTCs CXema COSNUHEHWH, KoTopas
JIOJDKHA O0ECTIeYHTh BBICOKOE KA4eCTBO M JIOCTATOYHYIO PE3EPBHYI0 EMKOCTh INPH MHHAMAILHBIX
3arparaxX. [IpaKkTHUYECKH, MPOCKTHPOBIIMK JOJDKEH cOalaHCHpOBaTh TPH TOKa3aTess KadyecTBa
TPAHCIIOPTHOW CETH, XapaKTePHU3YIOIIHE CTOMMOCTb, KAUeCTBO H EMKOCTb.

[poriecc muaHWpoBaHHS TPAHCHOPTHOW CETH BKIFOYACT ISITh JTAIOB, KOTOPhIC MPEJCTABICHBI Ha
puc. 1. Ha mnpakTuke mnpoliecc IJIAHUPOBAHUS JOCTATOYHO CIIOXKHBIA, Tak Kak Ha KaKJIOM JTare
BBITIOJTHSETCSI MHOTO UTEPAIINH, TPEXkKJIe YeM KOHEUHas CTPYKTypa TPAHCIIOPTHOM ceTH OyIeT roToBa.

[MnanupoBaHne HauyMHAETCS CO cOOpa JAHHBIX, KOTOPBIE BKIIIOYAIOT TPEOOBAaHHS K €MKOCTH U
kadecTBy. OOpabaTpiBaeTcsi OCHOBHAs MH(OpMAIUS O JOCTYITHOM O0OpYIOBaHWH, MHCTPYMEHTAIBHBIX
Cpe/cTBaX sl IUTAHUPOBAHWS W BBIYHCICHUE OFOJDKETA IOJKIIOUEHHH; OIpEeeNseTcs TOMOJIOTHs,
KOTOpAasi MOXKET UCTIONIb30BAThLCS, U TaK Jaliee.

TpeboBanus k WnxenepHas
Homunansuoe

CCTH: EMKOCTb, ChCMKa, aHaJIn3 oo
—\/ TNJIAHUPOBAHUEC —\/
Ka4eCTBO U Jp. JOCTYIHOCTH

IInanupoBanue Ilnan
JletanbHOE

oo pPaauopencHbIX TPAHCIIOPTHOU
= 7] /| nnaHupoBaHHE
MOKIIOYEHHI ceTn

Puc. 1. Dmanwei nranuposanus mpancnopmmotl cemu

OTall HOMHHAJIHHOTO IJIAHUPOBAHHUSA COCPENOTAYMBAETCS Ha acleKTaxX OIpeleNeHUus pa3MepoB U
TOTIOJIOTMH TPAHCIOPTHOMW ceTr cBsi3u. OH HaduMHAETCS IMOcae 00pabOTKH IMONYYeHHOW WH(OpPMAIUU O
pe3ynbpTaTax IJIaHUpOBaHMA pagroceTH. Korma m3BecTHO YMCiO 0a30BBIX CTAHIMK M HArpy3Ka Ha CETh,
AHAM3UPYIOTCS KadeCTBEHHBIE TapaMeTpbl WX pa3MENIeHHs, JHHAW TPSMOW BUANMOCTH CaiTOB,
BO3MOJKHOCTP MOJIKITIOUEHHS U (POPMUPYIOT MBICIICHHYIO TOTIOJIOTHIO CETH MIIM TPeOOBaHMUS K HEH.

OTan JeTarbHOTO TUTAaHWPOBAHUSI COCTOUT W3 PacIpeeNieH!s] 9acTOT (YacTOTHOE TUIAHWPOBaHUE),
oTpeAeNieHNs] MapIIPyTU3alliyd CUTHAJIOB, MPHHIAIIOB CHHXPOHU3AIMH, W TUIAHHUPOBAHHS YIPaBICHUS
ceThi0 CBsI3W. Kanmplil 3Tanm miaHUpOBaHMS MOKET BHOCHTH W3MEHEHHUS B MPEABIAYIIHHA, MOCKOIBKY B
MpoIiecce TUIAHMUPOBAHUS CTAPAIOTCS JOCTHYh KOMITPOMHCCA MEXIY IMPOITyCKHOW CIIOCOOHOCTBIO CETH,
Ka4eCcTBOM M cTOMMOCTBIO [1, 2]. Ha manHOM 3Tame yTo4YHsSETCs OFOKET, MCHOJIB3YIOTCS CIICIHATbHBIC
nporpaMMHBbIe makeTsl, HanpuMmep Nokia NetAct Link Planner.

B nmanHOU cTaThe B OCHOBHOM PacCMaTPUBAIOTCS OCOOEHHOCTH BBIMOIHEHHUS HOMHUHAIBFHOTO dTama
IDIAHUPOBAHHUSA TPAHCIOPTHOM CETH C MPUMEHEHHEM METOJOB MHOTOKPHUTEPHANBHON ONTHMHU3AIINH.
O60CHOBBIBAaETCSl BHIOOP COBOKYITHOCTH TOKa3aTeNiell KadecTBa, KOTOPHIE MOTYT HCIOJIB30BATHCS MPH
BBIOOpE ONTHMAaNbHOW CTPYKTYpPHI TpaHCIOPTHOW cetn. DopMHpYyeTcs HEKOTOPOEe MHOXKECTBO
JIOTTYCTHMBIX BapUaHTOB CTPYKTYPHI CETH, BRIIEISIFOTCA M3 HUX [lapeTo-onTrManbHbIe BADHAHTHL, a 3aTEM
U3 HUX BHIOUPACTCS CIMHCTBECHHBIN BapUaHT.

1. Be16op noka3areseii kauecTBa TPAHCHOPTHOM ceTH

Tormoyioruss TPaHCMIOPTHOW CETH, KOTOpas MPOCKTHPYETCS B paMKaX YCTAHOBJICHHBIX MPABWI U
pEKOMEHIaIui, BIMSIET Ha TOTOBHOCTH (IOCTYIHOCTH) Kakioro ysna. Pexomenparu ITU-T G.821 m
ITU-T G.826 onuceiBatoT napaMeTpbl TOTOBHOCTH. B 4aCTHOCTH, HETOTOBHOCTH almapaTyphl - 3TO TaKoe
COCTOSTHHE yYacTKa CETH, MPU KOTOPOM B TEUCHHUE JCCATH CEKYHIHBIX WHTECPBAIOB, CICAYIOUIUX TOIPSI,
UMEET MECTO TMpOMNaJaHue CUrHana (TOTepsl CUHXPOHU3AINU) W KO3(PPUIMEHT ONMOOK MpPEBhIMIACT
Hopmy [3]. TlpuumHamu, OPUBOISIIMMU K HETOTOBHOCTH almaparypbl, MOTYT OBbITh CICIYIOIINE:
HEHAJeKHOCTh  allapaTypbl, OLIMOKH OOCIYXXHBAIOIIETO MEPCOHANa, OSKPaHUPYIOIIEe BIUSHHE
NPENATCTBUSL TpU CyOpedpakiuu, BIMSHUE THUAPOMETCOPOB, BIIMSHUEC MPOMBIILICHHBIX aTMOC(EpPHBIX
(hakTOpOB.

Hns tpancnoptHeix coeauHenuit BTS ¢ BSC wucnome3ytor 2-f u 3-if Kjlacc KayecTBa
TUIOTETUYECKOW MOJIENN TPaKTa KOpOTKOoro y4actka [2]. st 2-ro u 3-ro kiacca kadecTBa KOI(QGUIHEHT



HeroToBHOCTH coriacHO pekomeHmamuu ITU-T G.821 we momken mnpessimatrs 0,05% B rom. DTOT
MoKa3areNb UMEeT OTHOIICHNE KO BCEl IIeMH, T.€., €CIIU CyIecTBYeT memnb u3 10 6a30BbIX CTAHIMN CETH,
MOAKIIOYCHHBIX K KOHTPOJUIEPY, TO JJIA KaXJOro 3BeHa (IMpojera) 3HadeHHE KodhdumenTa

neroroBHoctd N; Oyzmer paBHo 0,005%. B peanpHoit cetm MoxeT ObiTh MeHbmie 10 3BeHbEB,

coequustomux BTS ¢ BSC, ognako onepatops! ceTell s pe3epBa NPOU3BOIUTEIBHOCTH NIPEATIOUNTAIOT
NPUMEHATh 3HaueHne koddduuumenta HerotoBHocTH paBHoe 0,005% mns kxaxgoro 3seHa. OOBIYHO
UCIIOJB3YIOT OJHOTUIIHBIE coenuHeHus. HeroroHocTs BTS 3aBHCHT OT KommdecTBa y4acTKOB M THIA
KoH(Urypauun. Eciiu TpakT cOCTOUT U3 MOCIEI0BATENbHO COETUHEHHBIX YYaCTKOB, TO HEroToBHOCTH BTS
(N) mns BSC ompenensiercst

N=>N, (1)
i=1
a JUIA MapauICJIbHO COCAMHCHHBIX YUACTKOB!
m
N=]TN;, 2)
i=1
rae M — KOJIUYECTBO Y4aCTKOB, 1 - HOMCp Yy4YacTKa. Tl'oToBHOCTL B mMH0OOM Cjlygyac paBHa

D=1- N, rak kak oOuiee BpemMs pabOTbl O0OOPYHIOBAHUS COCTABIACTCSA U3 MEPUOIOB T'OTOBHOCTH W
HETOTOBHOCTH.

Ha puc. 3 npuBeaens! npoctsie npumepsl coeanHennit BTS, a takxkxe HerotoBHOCTh Kaxkaon BTS u
CyMMapHBI{ MPOLEHT HETOTOBHOCTH B TPAKTE B 3aBUCUMOCTH OT KOJIMYECTBA COSAUHEHHH.

2N
N N 2N N
—A —A—A 3N
2N
N = 0,005% 3N =0,015% 8N = 0,04%
Ns = 0,005% Ns =0,0075% Ns =0,01%

Puc. 3. Hecomosrocmp kasicooti BTS (N ) u cymmaphvlii npoyenm 1e20mosnocmu 6 mpaxme 6 3a6UcumMocmu. om

Koauuecmaa coeouHeHul

OCHOBHBIM METOJIOM 3aIIUTHI OT yBEIHYCHUsT KOI((PHUIIMEHTa HETOTOBHOCTH SIBIISIETCS TIOCTPOCHUE
KosblieBoi Tomojioruu [2]. Ha puc. 4 mokasaHo ymeHblieHHe Koddduiuenra HerotoHoctn BTS mpu
UCIIOJIb30BaHUU KOJBIIEBBIX TOTIOJIOTUMN CETH.

2N N+2N?
a) \ 0) N
2N N+2N?
N = 5N = 0,025% N = 3N+4N? = 0,0151%
Ns = 0,00833% Ns = 0,005%

Puc. 4. Ymenvwenue xosgppuyuenma necomosnocmu BTS 3a cuem ucnonvzosanus Kongueypayuu Koavyo

BunHo, yTO MCTIONB30BaHUE KOJBIIEBOM TOMOJIOTHH (0) YMEHbIIAET KO3(PPUIIMEHT HETOTOBHOCTH TIO
cpaBHeHHI0O ¢ (@) mouTH B JBa pa3a. Ho CTOUT OTMETHTh, 4YTO KOJBICBAas TOIOJOTHS TpeOyeT
JIOTIOJTHUTEIBHOTO O0OpPY/NIOBAaHUS W COCAMHUTENBHBIX JIMHUA, YTO NPUBOAMT K 3HAYUTCIHHOMY
YBEJIIMYCHUIO CTOMMOCTH ceTh. CTOMMOCTh CETH CJEIyeT PacCUUTHIBATH COTJIACHO HEOOXOJUMOMY
KOJINYECTBY COCIMHEHUN W HANMYMIO KPOCC-KOHHEKTOpoB [2]. TToaToMy 1iesieco00pa3HO BBIMTOIHSTH
ONTHUMU3AIUI0 TPAHCIIOPTHOH CETH MOOWJIBHON CBSI3M C yYETOM JBYX MPOTHBOPCUYMBBIX IMapaMETPOB:
ko3 purmeHTa HerOTOBHOCTH M CTOUMOCTH.



2. @opMupoBaHUe MHOKECTBA BAPHAHTOB TONOJIOTHII TPAHCTIOPTHOI ceTH
PaccmoTpum mpumep, Korza B pe3yiIbTaTe TUIAHWPOBAHUS PAaTHOCETH OBLT MOJIyYeH IUTaH TOYHOTO
pacnosoxeHus 26 0a30BBIX CTaHIMHA M KOHTposuiepa cetd (puc. 5). Takke HMEIOTCSA HaHHBIC I10
BO3MOXHOCTH OpTaHW3allM CBSI3UM MeXmy Bcemu BTS. HeoOxomwmMo HaWTH ONTHMANBHBIN BapHaHT
TOTIOJIOTHH CETH C YI€TOM JIBYX IMPOTHBOPEUMBBIX MOKa3aTeNlel KauecTBa: KO3 GHUIMeHTa HEeTOTOBHOCTH U
OTHOCHUTEJILHON CTOMMOCTH.

A A
BTS5
BTS2 BTS6
BTS1 A
A BTS3 BTS4 A A A
BTS 11 BTS12 BTS7
BTS 10
B%S g BTS9
BTS 14
BTS 13 A A A A
BTS18 pBTs19 BTS20
A BTS17 BTs21 A
BTS 16 A BTS 22
BTS 1 BTS 24 BTS 25 BTS 26
BTS 23
BSC

Puc. 5. I[Inan pacnonooicenus anemenmos cemu MOOUTbHOU CEA3U

Jns paccMmarpuBaeMoil cetn ObITO c(hOPMUPOBAHO HEKOTOPOE MHOKECTBO BAPHAHTOB TOITOJIOTHH

TPAHCIIOPTHOM CETH, KOTOPbIE MPEACTaBACHBI Ha puc. 6 — 11.

IN+2N2 2N+2N? 2N+2N2

3N 3N

2N+2N?
2N+2N2

Ny = 66N = 0,33%
Ns =0,0127%

Ds = 99,987%
BSC

Puc. 6. Tononozus 1 mpancnopmuoti cemu

2
2N+2N2 2NF2N

2N+2N?

2N+2N2

2N+2N? N2 N+2N2

N+2N?2
2N+2N2

2N+2N?
2N+2N?
2N+2N2

Nz = 40N+26N? = 0,20065%
Ns =0,0077%
Ds = 99,9923%

BSC

Puc. 8. Tononozuss 3 mpancnopmuou cemu

2N+2N2  ontonz 2N

2N
2N+2N2

2N+2N2

2N+2N?

Nz =50N +32N? = 0,2508%
Ns = 0,00964%
Ds = 99,9904%

BSC

Puc. 7. Tononocuss 2 mpancnopmmuoii cemu

8N?2

N+4N2
N+6N?2
A A

N2
8

Ny = 12N+132N? = 0,0633%
Ns = 0,0024%
Ds = 99,9976%

Puc. 9. Tononoeus 4 mpancnopmmnoti cemu



8N? NRoN® N+6N?
A

N+4N?
A\

N+4N2
AN

/\ 8N?

Ny = 16N+100N2 = 0,0825% Ny = 8N+164N2 = 0,0441%
Ns = 0,0032% Ns = 0,0017%
Ds = 99,9968% Ds = 99,9983%

Puc. 10. Tononozuss 5 mpancnopmmoti cemu Puc. 11. Tononocus 6 mpancnopmuou cemu

3. Pe3yabTaThl BbIOOPA TOMOJIOTHii TPAHCIIOPTHOM CeTH, ONTHMAJILHBIX M0 COBOKYNHOCTH
nokasareseil KayecTBa
Pemenne 3amaun BbIOOpa ONTUMAIBHON TOTIOJIOTHH TPAHCIIOPTHOHN CETH BKJIOYaeT (GOpMHUpPOBAHHE
MHOJKECTBa JIOIMYCTHMBIX BapHaHTOB TOIIOJIOTUH CETH, 3a/laHuEe COBOKYITHOCTH ITOKa3aTejei KadecTBa U
KpUTEpHUsI ONTUMAIIBHOCTH TOIIOJIOTHH, a Takxke BBIOOp [lapeTo-onTrManbHBIX BapHaHTOB TOIIOJIOTUH H
BBIZIEJICHUE CPEI HUX €MHCTBEHHOTO BApHAHTa TOMOJIOTHH TPAHCIIOPTHOM ceT [4].
[Tapeto-onTrMansHbBIE pEIMIEHUST MOTYT OBITh HaWAeHBI KaK HETIOCPEACTBEHHO HAa MHOXKECTBE

JomycTUMBbIX pemennid @, ¢ MpUMEHEHHEM BBEJCHHBIX OMHAPHBIX OTHOLICHMII MPEANOoYTeHUs, TaK H B
IPOCTPAHCTBE OLICHOK BBEJECHHBIX MoKa3arenel kadectsa K (@) = (K1 (@), Ko (4), ...,k (4)), KoTOpoe Taxxe

Ha3bIBACTCA KPUTCPHUAJIBHBIM IIPOCTPAHCTBOM. HpI/I 9TOM Ka)K,Z[LIfI BAapHaHT TOIIOJIOTHUHA ¢ OTO6pa)KaeTC$I

U3 MHOXKECTBA JIOIyCTHUMBIX penieHnii @, B KpUTepHaIbHOE MPOCTPaHCTBO V € R M [5]

V=K(@,)=(eR"V=(ky(#). kp(#)..... Kk (#)), $eD,). ®3)
BapI/IaHT TOIOJIOTUH ¢° BKJIFOUAECTCI B IOIMHOXXECTBO HapeTo, ecnu Ha MHOxectBe D , HE

CYLIECTBYIOT APYTHE BapHAHTHI TOIIOJIOTHH ¢, IUIsl KOTOPBIX BBIMOJIHSIETCS BEKTOPHOE HEPaBeHCTRO [4, 5]

k(¢)>k(8°). 4

ENMHCTBEHHBI BapUaHT TOMOJIOTHH CETH BBIOMpAETCS B PE3yJbTaTe CYKCHHS IMOIMHOMXECTBA

ITapeTo-onTUMaNbHBIX MPOEKTHBIX PEIICHUN 10 €AMHCTBEHHOTO BapHaHTa TOMOJOTHWHU C MPUBJICYCHHEM

JIOTIONIHUTENBHOM HWH(pOpMaImi. [Ipd 3TOM MOXET OBITh HCIOJNB30BaH METOJ HAa OCHOBE IMOCTPOEHHS

CKaJSIpHON (DYHKIIMU [IEHHOCTH, ONTHMHU3ANUS KOTOPOU MPHUBOIMUT K BEIOOPY OJHOTO BapHaHTa CHCTEMBI

U3 ToaMHOXecTBa Ilapero. B wacTHOCTH, MOKeT OBITH HCIIOJNB30BaHA AUIMTHBHAS (Gopma IeJIeBOI
¢dysknuu [5]

m
F(kp. kg k) = D ¢ fi(kj), (7
j=1
rae Cj — IIKaIMPYIOIIHE K03 PULIMEHTHL, fj(kj) — HEKOTOphIE CKaJsipHbIE (YHKLUMH MOJIE3HOCTH,

ABJISFOLINECS OLIEHKAMH MOJIE3HOCTH BAPUAHTA CUCTEMBI () TI0 | -My TIOKa3aTelTto KayecTBa K i(4).

Bein1 BEIOITHEH CpaBHHTCHLHBIﬁ dHAJIN3 pPAa3HbBIX BAPUAHTOB TOIIOJIOT 13174 TPAHCIOPTHBIX CeTCfI,
MMPpCACTABJICHHLIX Ha pHC. 6 - 11. TpchnopTHaﬂ CCTb, KOTOpad UMCCT «APCBOBUIHYI0» TOIOJOTHUIO (pI/IC
6) — 3TO CaMbIi ,I[CH.ICBLIﬁ BAapHUAaHT MOCTPOCHHA CCTH, HO B JAaHHOM CJIy4ac¢ NPOUCXOAUT HAKOIIJICHUC
BCPOATHOCTHU OIIMOOK U 06]1[61"0 MpoucHTa HEroTOBHOCTU CCTH. KpOMC 9TOr'0, Y3KUM MECTOM TOIIOJIOTHU
SABIACTCA COCAMHCHUC C KOHTPOJUICPOM PaAUOCCTHU BSC. 3,Z[CCL COCPEAOTOUMNBACTCA Tpa(l)I/IK OT BCEX
peAbILAYIIUX BTS, 4qTo Tpe6yeT IIHUPOKOIIOJIOCHOTO KaHaJia CBSA3U. BI:IXO)I 3 CTpoA O60pyI[OBaHI/ISI Ha



JAHHOM y4YacTKe JIeJaeT cpa3y HEJOCTYIHOHM OONBINYI0 YacTh CETH, YTO NMPHBOAMUT K OOJBIIUM, B TOM
qycie SKOHOMHYECKUM, TOTEpsM sl omnepartopa. s TpUBENEHHON CTPYKTYphl HCIoib3yercss 66
COCTMHCHUM TS MOAKITIOUeHUS 26 6a30BBIX cTaHuid. [Ipu aToM mporieHT HerotroBHOCTH BTS cocrapiser
0,0127%. OnTUMH3UPOBATh TAKYIO CETh MOXKHO MPUMEHUB KOJIbIIEBBIC COCIMHEHHUS.

Ha puc. 7 — 11 npezcraBiieHbl pa3indyHble BAPHAHTHI TOIOJIOTHH C WCIONB30BAaHHEM KOJBIIEBBIX

coenuHeHni. JIns KakaI0ro W3 HHUX paccumtaHbl nokasatenu nerotoBHoctH (N ). Ha puc. 7
paccMaTpuBaeTCs yCOBEPIICHCTBOBAHHAS CTPYKTypa HCCIeAyeMoil ceTH. Iyl TOBBIIMIEHUS TMPOIIEHTa
TOTOBHOCTH Ha KOHIIaX CETH HCIIOJIB3YIOT coeAuHeHus koibimoM Tpex BTS. Ilpu Takoit koHdpurypammm
cymmapHbiii kKoaddurment HerotoBHocTH BTS paBen 0,00964%. Ho ecTecTBEHHO CTOMMOCTH TakKoit
KOH(HTYpallui CEeTH 3HaYMTEeNBHO BhIime. Ha puc. 8 mpencrasieH TpeTuii BapuaHT KOHPHUTYpALUH CETH,
KOJIBIIOM COEIMHEHBI ocHOBaHUS nepeBbeB M BSC. Ilpu Takoit koH(HUTypanuu cyMMapHBIA KO3 OHUITHEHT
HerotoBHocTu BTS pasen 0,0077%, xotopsiii Menblie Ha 0,00194% mo cpaBHEHHIO C TIpEIBITyIICH
CTPYKTypoii, uto coctaBiser 20%. Takum oOpa3oMm, coenuHeHHe OoJbiIoro kommdectsa BTS kombiiom
Oonee 3 hekTUBHOE YeM 00bEeTUHEHNE HEOOIBIINX YYaCTKOB.

Ha puc. 9 — 11 mnpencraBneHsl BapuaHThl KOMOMHUPOBaHHOW KoH(urypauuu cetd. llpu
KOMOWHHUPOBAHHOUM CTPYKType JOCTUTaeTCs MaKCUMAllbHOE CHIKCHHE KOA((UIMEHTa HETOTOBHOCTH
kaxnoit BTS. Oqnako y cereli ¢ Takoil TOMOJOTUE caMas BHICOKAasi CTOUMOCTh CPeIM MPEenoKeHHbIX. B
TO € BpeMsl, BapuUaHT 6 JaeT caMblii HU3KUW IOKa3aTeib HErOTOBHOCTH, HECMOTPS Ha MPAaKTHUECKU
OJINHAKOBYIO CTOMMOCTH BapuaHTOB 4, 5 1 6.

Kak BuamuM, TOIOJIOTHS C CAMBIM HHU3KUM K03()(DUIIMEHTOM HETOTOBHOCTH UMEET CaMYK) BBICOKYIO
CTOMMOCTb, & TOIMOJOTHS, UMEIONIAs CaMyl0 HHU3KYI0 CTOMMOCTBH, XapaKTEpPU3YETCS OUYEHb BBICOKHUM
ko3 dumenToM HeroToBHOCTH. TakuMm 00pa3oM, yKa3zaHHBIE TMOKa3aTed KauecTBa CBS3aHBI MEXKIY
co00il W SBISAIOTCA MNPOTUBOPEYMBHIMU. OMUCAHHBIA BHINIC TOAXOJ ONTHMH3AIMUA TOIOJOTHU
OCHOBBIBACTCS Ha CPaBHCHHHM OTHOCHTEIbHOW HerotoBHocTH BTS B cern. ®aktudecku, KoHpUryparus
3aBUCHT OT KEJIAEMOW CpPEIHEH HEroTOBHOCTH s Kaxnoi BTS u cOamaHCHpOBaHHOW CTOMMOCTH ISt
JIOCTUKCHHS BEICOKOH TOTOBHOCTH.

B pesynbrare nmpoBeACHHOIO aHAIW3a YKA3aHHBIX BapUAHTOB TPAHCIOPTHOM CETH MOXKHO CJENATh
CJIEeTyIOIlHe BBIBOADI:

— WCIOJIb30BaHKME KOJIBICBBIX COCAMHCHUN (BapHaHThl 2 - 6) 3HAYWTEIBHO YMCHBIIACT
KO3 GUITUCHT HETOTOBHOCTH TI0 CPABHECHUIO C MCIIOJIb30BAHUEM JIPSBOBUIHON TOIOJIOTUY (BapuaHT 1);

— HaMHOTO 3(QeKTHBHEE COCTUHATH B KOJBIO HamboJiee HarpyKeHHBIE 3BeHbsI (BapHaHT 3), 4eM
HeOOJIBIII0e KOTMIECTBO OA30BHIX CTAHIIMIA HA KOHIIAX CETH (BapHaHT 2);

— KoH}uUryparun 4 - 6 1aroT HanOOJIBIINE TTOKA3aTeTH TOTOBHOCTH, HO TIPH 3TOM UMEIOT Hanbomee
BBICOKYIO CTOMMOCTG. [IpH 5TOM mpu OTHOCHTENFHO PaBHON CTOMMOCTH BapHaHT 6 MMEET CaMblii HU3KHIA
MOKa3aTeNlb HETOTOBHOCTH.

Takum o0pazom, HEOOXOAWMO PAcCMOTPETh W CPAaBHUTH BapHAHTHI TOMOJOTHHA C TOYKH 3PEHUS
TEOPUU MHOTOKPUTEPHUANBHON onTuMm3anud. Heo0XoauMo MCKIIOUNTE OE3YCIIOBHO XYM€ BapHUAHTHI
TOTIOJIOTHH TT0 0€3yCIIOBHOMY KPUTEPHIO MIPEANOUYTeHNS U BBIOpaTh [lapeTo-onTumManbHble BAPHAHTEI.

PaccMoTpeHHBIE BapuaHTBl TOMOJOTHH TPAHCIIOPTHOW CETH TIPEJCTABIEHBI B TPOCTPAHCTBE
HOPMHUPOBAHHBIX [MOKa3aTesel KauecTBa: CTOMMOCTH U K03 (uimeHTa HeroroBHoCTH (puc. 12).

CTOUMOCTh
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Puc. 12. Ilpedcmasnenue 6apuanmos monorocuil cemu 8 KpumepuaibHoM NPOCMpPAHCmee noKkazameiel Kayecmed



W3 puc. 12 BHmHO, YTO BapwWaHTHl 2, 4 W 5 SABIAIOTCS OE3YyCIOBHO XYAINIAMH IO KPHUTCPHIO
npennouternst [lapeto. OcrtanpHble SBISIOTCS HEXYANIUMH BapUaHTaMH, KOTOpPBIE BKIIOYEHBI B
noaMHoxkecTBO [lapeTo-onTUManbHBIX BapUAHTOB TOIOJIOTUM TpaHCHOpTHOM ceTu. IIpu ncnosib3oBaHUM
YCIIOBHOTO KPHUTEPHS MPEANOYTeHH, OCHOBAHHOTO HAa MUHUMH3AINH CKaJSIPHOW 1ieneBoil ¢yHkimu (7)
IpH paBHBIX KO3(pHIMEeHTax MONE3HOCTH ITOKAa3aTeNeld KadecTBa TaKUM ONTHMAaJbHBIM BapHaHTOM
BBIOpaHa TOMOJIOTHS TpaHcopTHOU cetr Ne 6 (puc. 11), s koTopoit kodhPUIHEHT HETOTOBHOCTH paBEH
0,0017%.

BriBoabI

1. BeimostHEeH aHaM3 3TaloOB W 33/ad IUIAHUPOBAHUS TPAHCIOPTHBIX CeTeHl MOOWIBHOHN CBS3M.
OmnpeneneHsl UCXOAHBIE IaHHBIE, TEXHUYECKHE XapaKTEepHUCTHUKHA W TIOKa3aTelN KadecTBa, KOTOPHIE
YYUTBHIBAIOTCS TIPH IUIAHUPOBAHUH TPAHCIIOPTHHIX ceTeil. OCOOEHHOCTHIO TAKUX CETEH SBISIETCS TO, YTO MX
MOKA3aTeNId Ka4ecTBa HE TOJBKO CBS3aHBI M IPOTHBOPEUMBEI MEXTy COOOH, HO M X 3HAYEHUS 3aBHUCAT OT
BBIOpaHHON KOHKPETHOM TOMONOTHH ceTH. [loaToMy /st BBIOOpa ONTHMAaNBHBIX TOMOJIOTHI TPAHCTIOPTHOM
CEeTH C YYETOM COBOKYITHOCTH IOKa3aTellell KadecTBa CJIEAYeT HWCIIOb30BaTh OCHOBHBIE MOJIOKEHHS
MHOTOKPHTEPHATHFHON ONITUMH3AIIHH.

2. llpuBeneHsl pe3ynbTaThl pEIICHHUA 3aJa4d JUCKPETHOTO BHIOOpPA ONTHMAIBHBIX TOMOJIOTHHA
TPAHCTIOPTHOW CETH C YYETOM COBOKYITHOCTH ITOKa3aTeleld KadecTBa: Kod((HUIMeHTa HETOTOBHOCTH W
cronmoctr ceTn. CHOPMUPOBAHO MHOMKECTBO JOIMYCTUMBIX TOIIOJOTHH, OIEHEHBI 3HAUEHUS BBEIECHHBIX
MPOTUBOPEUMBHIX IMOKA3aTeNIed KayecTBa M HAWACHO MOAMHOXKECTBO llapeTo-onmTUMaiabHBIX BapUaHTOB
TOMOJIOTMM CETH B KPUTEPHAILHOM MPOCTPAHCTBE OILICHOK MOKaszaresiel kadecTBa. C MCIOJIB30BAHHEM
YCIIOBHOTO KPUTEPHUS TMPEANOUYTCHHUS W3 TMOJAMHOXKecTBa [lapeTo BBIOpaH €IUMHCTBCHHBIH BapHaHT
TOTOJIOTUH TPAHCHIOPTHOM CETH.
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