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Network science is an essential tool for describing and analyzing complex systems in the social,
biological, physical, information and engineering sciences. Initially, almost all studies on networks used
an abstraction, in which systems are represented by an ordinary graph: the ,vertices“ (or ,nodes“) of
the graph represent some entity or agent, and the connection between a pair of nodes is represented
by an ,edge“ (or ,link”). Loops and multi-edges are usually ignored. Although this approach is rather
naive, it has been extremely successful.

With the development of research on complex systems, it became necessary to move towards more
complex and realistic models than a simple graph. For example, different heterogeneous properties
of edges: they can be directional, have different strengths (i.e., ,weights“), and exist only between
nodes that belong to different sets (for example, bipartite networks), or be active only at a certain
time. Much later, more and more efforts were made to investigate networks with multiple types of
connections and the so-called ,networks of networks“. Such systems were explored decades ago in
disciplines such as sociology and design, but relatively recently serious research has been carried out
on multi-level complex networks and generalizations of terminology and tools in this area. One such
generalization is the multilayer network model.

In telecommunication networks, problems naturally arise that are solved at several levels of the
network. For example, the task of routing in a circuit-switched data network with several logical layers
(different technologies) and different interfaces, which can lead to invalid paths. This paper shows a
negative example of a graph with edge properties. The tasks of designing a multi-level WLAN structure,
a two-level SDH / WDM network were solved, a scheme was developed to protect (restore) a two-level
optical network. To assess the distribution of traffic, a two-level model (LCN) was introduced, consisting
of physical and logical layers. All of these models are not universal (i. e., they either depend on a specific
technology, or are applicable to specific types of networks, or only take into account connections between
neighboring layers). However, for modeling multi-level embedded networks of various natures, for more
than 30 years several universities in Russia, Kyrgyzstan and Kazakhstan have been using the model
of a hyper net and its development. Hyper nets make it possible to adequately describe multi-level
networks with an arbitrary number of levels.

The hyper net (or S-hyper net) model consists of a physical layer and a logical layer(s) and is
thus an abstraction of computer networks. Probably the largest number of applications of the theory
of hyper nets and S-hyper nets are in telecommunications and transport. Nevertheless, the theory of
S-hyper nets is applicable to the analysis and synthesis of other systems of network structure. The
multilayer network model can be used to represent most types of complex systems (for example, in
sociology, epidemiology, biomedicine, etc.) that consist of several networks or include disparate and /
or multiple interactions between objects.
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Modeling real networks with a more complex model than a graph has long been a necessity. However,
questions about the unification of models, and most importantly, terminology began to arise only in
the last decade. This article presents two of the most common layered networking models to date.
It is shown that the choice of this or that model (even when solving the same problem) is based on
the features of the network. For example, the application of the hyper-network model will most likely
be appropriate when modeling a multi-layer telecommunication or transport network. A list of the
studied literature was also given, as well as the author’s works in the table, which showed the model’s
belonging to one or another class of multi-level networks.

Each of the above models describes only a subset of the set of multi-layer networks. It is possible
to develop both existing models and introduce new ones for networks that are not yet integrated into
the general theory. Therefore, research in this area will remain relevant and have many applications.

Key words: multilevel networks, multilayer networks, modeling, hyper nets.
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OrpanuveHHOCTb MOJIeU rpada TP MOJETUPOBAHNN PEATbHBIX CETE MTaBHO YK€ CTa a OUEBUIHA.
Kaxk ciencrBue, cTano mogBagThCS OTPOMHOE KOJUIECTBO TPY/IOB, YIUTHIBAIOINX MHOTOYPOBHEBDI
XapaKTep peabHBIX ceTell, 0IHAKO BOIPOCH! YHU(DUKAIIUN MOJIEIEN U TEPMUHOB CTAJIU TTOIHUMATHCS
JIUTIH B IIPOILIOM IECATUICTHH. B JaHHON CTaThe MPEACTaBJIeH UCTOPUIECKHU 0030p Pa3BUTUA MO-
Jlesieil MHOTOYPOBHEBBIX ceTefl. OQrucanbl HECKOIBKO Haubosiee Pa3BUThIX MOJIeseil Ha Cero/IHsITHUN
MOMEHT, a TaK:Ke JIOTUKA uX mocTpoenus. [Ipupegena Ttabmia, MOKA3BIBAIONAS TPUMEDPHI TIPHUMe-
HEHHUdA PACCMOTPEHHBIX MOJIeseil.

KuroueBbie ciioBa: MHOTOYpPOBHEBEIE CETH, MHOTOCJIONHDIE CETH, MOJEINPOBAHNE, TUIEPCETH.

Beegenune. Hayka o cersix (Network science) siBjisiercst BazKHBIM HHCTPYMEHTOM JIJIsI OIHCA~
HUS M aHAJIN3a CJIOZKHBIX CUCTEM B COIMAJIBHBIX, OMOJIOIMYecKuX, (PU3NIEeCKUX, MHPOPMAIUOH-
HBIX M WHKeHEPHBIX HayKax [1-3|. VI3HauampHO mouTH Bee HCCIe0BAHUS O CETSIX HCIOTb30BAITH
abCTPAKIUIO, B KOTOPOI CHCTEeMBbI TIpeJIcTaBaeHbl 00bIIHbIM rpadoM [4]: | y3abr (wnu , Beprin-
HBI“) Tpada TpejcTaBIsAT HEKOTOPYIO CYIIHOCTb WM AreHTa, W CBA3b MEXKIy Mapoil y3J0B
npejcrapisiercst ,pebpom” (wnu ,,cBsi3pi0®). Ilerau u MyabTH-pebpa 0ObIYHO UTHOPHUPYIOTCS.
XoTst 9TOT MOJAXO/ JOBOJILHO HaUBeH, OH OblI Kpaifine ycnenren |1, 2, 5-11].

ITo mepe pa3BUTHS HUCC/IEIOBAHUI CJIOKHBIX CHCTEM CTaJI0 HEOOXOJMMO JBUTATLCA K OoJiee
CJIOKHBIM M PEAJUCTHIHBIM MOJIC/ISIM, deM TpocToii rpad. Hanpumep, pasjimdanbie HEOTHOPOI-
Hble CBOiicTBa pebep: oHM MOryT ObITh HampabBieHHbIMH |1, 2, 12|, uMeTh pasaudHyO CHIY
(r.e. ,Beca®) |2, 13, 14|, cymecTBoBATH TOJBKO MEXKIY Y3JaMH, KOTOPble MPUHAJIEKAT pas-
JMYHBIM MHOZKeCTBaM (Haupumep JjByJosbhbie cern) |1, 2, 15| uin ObITh AKTUBHBIMEH TOJLKO
B ompejesenHoe Bpems [16, 17]. Hamuroro mosxe craau npuaaratbesi Bee OOJIbITNE YCHIHS 110
MCCJIIOBAHWIO CeTell ¢ MHOYKECTBEHHBIMHU THIIAMY CBA3eil U TaK Has3biBaeMble ,ceTn ceteii” [18].
Taxue cucTeMbl OBLIU UCCJIETOBAHBI JECATUICTHS Ha3a ] B TAKUX JUCIHAILIMHAX KAK COIMOJIOTHS
U IPOEKTUPOBAHKE, HO OTHOCHTEILHO HEIABHO OBLIH IIPOBEACHBI CePhe3Hble UCCIeI0BAHUS MHO-
TOYPOBHEBBIX CJIOXKHBIX ceTeit u 00OOIEeHUsT TEPMHHOJIOTUN U WHCTPYMEHTOB B 3TOil 00/1acTH
[19, 20].

B conmaibHbIX ceTaX MOXKHO KJIACCU(DUITMPOBATDL Pebpa B 3aBUCUMOCTHU OT XapaKTepa OTHO-
MIeHuil Win JedcTBUil KOTOPbIe OHU HPeCTABISIOT |2, 21, 22]. YuporneHue conuaTbHONR CHCTEMBbI
JI0 CeTH, B KOTOPOU JeHCTBYIONIHE JINTA CBS3aHBI MTOMAPHO TOJBKO OJHUM THIIOM OTHOIIEHWH
SIBJISIETCS OUeHb I'PyObIM NpUOIHZKEeHHeM peaJbHOCTH. B pe3ynbTaTe COIMUOIOTU AeCATUICTHS
HA3a/] OCO3HAJIN BayKHOCTb U3Y4EeHUS COIMUAIBHBIX CUCTEM IyTeM KOHCTPYUPOBAHUS MHOZKECTBA

© A.M. Kampreit, 2021



A. M. Kaavneti 7

COIUATBHBIX CeTeil, NCIOMb3YIONUX PA3INIHbIE CBI3U CEPAN OJMHAKOBBIX MHOYKECTB WHUBH-
108 |2, 23|. Hampumep, paccMOTPHM COIMOJOIDAMMBI, KOTOpbIe ObLin HapucoBaHbl B 1930-e,
9T00BI MPEJICTABATH CONUATBbHBIE ceTd B bank-wiring room [24]. Dtu conmoorpammbl oTobpa-
JKAIOT OTHOTIeHNEe MexK 1y 14 mHauBHAaMu Yepe3 6 pa3INIHBIX TUIIOB COMUATLHBIX B3aUMOIeH-
cTBuii. B conumosiornveckoii iureparype ceru, B KOTOPBIX Kazk10e pedbpo Kiaccuunupyercs ero
THUIIOM, Ha3bIBAIOTCS , MyJIbTUILIEKCHBIE ceTn" [25, 26| nim ,,maorocessube cetun’ [2|. Coruasnnb-
HbIe CeTH TaKyKe 9acTO BKIIOYAIT HECKOJIBKO THIIOB Y3JI0B (HATPUMED, MY KIHHBI 1 KEeHIIHBI )
W MepapXudeckKue CTPYKTYPhI (HapuMep, 9acTHbIe JTHIA SBJSIOTCS YaCThI0 OPraHu3aImii),
KOTOPBbIe U3YJaJIUCh, UCTOJIb3YS ,, MHOTOYPOBHEBBIe ceTu™. OmpenesieHne ,,ceTn ceTeil TakzKe
JaTupyeTcs, 1o Kpaitueil mepe, eme B 1973 romay |27]. MucTpymenTsl, paspaboTaHHble JIsl UC-
CJIe/IOBAHUSI MHOTOYPOBHEBBIX CONMAIBHBIX CeTel, BKIIOYAI0T MOJETH SKCIIOHEHIINAIBHOTO CIy-
qaiinoro rpada (ERGMs) [28, 29|, mera-cern u meta-marpuinr |30, 31| 1 MeToapl BBIBICHNS
COIUAJIBHBIX POJIEH ¢ UCIIOIB30BAHKEM BJIOYHOIO MOJAEIUPOBAHUS U PEJAINUOHHBIX airedp 32—
38].

B coobmecTBax KOMIBIOTEPHBIX HAYK W BBIYUCJAUTEIbHON JIMHEHHON aaredpbl METO/Ibl TEH-
3opuoit mexommozunuu |39, 40| u MHOrOCTOpOHHNMIT aHANIN3 JAHHBIX [41] HCIONBL30BAIKCD AJIs
N3yYeHUsT PA3JIMIHBIX THIIOB MHOTOYDPOBHEBBIX ceTeil. DTH THIIBI MEeTOJ0B OCHOBAHBI HA TIPeJI-
CTABJEHHH MHOTOYDOBHEBBIX CeTeil KaK TeH30POB CMEeXKHOCTHU ,paHra‘, 6osbiiero, yeM 2 (Ha-
IpUMeD, TTOpsKa GOJIbINe, YeM 2), a 3aTeM Ha MPUMEHEHUH MEXaHWU3MOB, Pa3pabOTaHHBIX JIJIs
TEH30PHBIX paszjoxkeHuii. Boamoxkno, Hanbosiee pacnpocTpaHeHHbIE METOIbI, KOTOPBIE UCTIOIb-
3YIOT 9TOT HOJXOJ, SABJIAIOTCH 00001meHnsaME cuuryaspaoro paznoxenus (SVD) [42], u stu u
JpyTHe WHCTPYMEHTH ObLIN KpaiiHe ycmernHbl BoO MHOruX npuioxkerusix [40]. Hampumep, me-
TOBI TEH30PHOW JAEKOMIO3UIUU U MHOTOCTOPOHHEIO aHAJN3a JAHHBIX MOTYT HCIOJIb30BATHCA
JIsT U3BJICUeHUsT COOOIecTB (HAmpuMep HABGOPBI Y3JI0B, KOTOPBIE IJIOTHO COEJIUHEHBI JIPYT C
apyrom) [39] wim st knaccudunuposanus y3aos (43, 44] B MHOrOypOBHEBBIX CETSIX.

CereBble CUCTEMBI, KOTOPBIE HE MOT'YT OBITh HPEJACTABICHBI KAK TPAIUIUOHHBIE IPadbl, TAK-
JKe OBLIH H3Yy9eHbl ¢ TOUKH 3peHus cOopa nanubix. Hampumvep, Heoqaopoanbe (MHMOPMAITHOH-
Hble) ceTH ObLIH pa3paboTaHbl Kak 00MIas CTPYKTYpa YTOOBI, YIeCTh MHOYKECTBO THIIOB Y3JI0B
u pebep [45-47]. AHAIOrMIHO, MOXKHO HCIOJIB30BATH MeTa~-MATPHIIBI, YTOOBI TPOBECTH AHAJIU3
JUHAMHYHBIX ceTeil [48], KOTopbiii BKIIOUAET BPEMEHHYIO U MPOCTPAHCTBEHHYIO HHMDOPMAITHIO,
y3JI0Bble aTPUOYTHl W THIIBI W JIPYTUE THUIBI JAHHBIX O COMHAJbHBIX CETSIX B TOW zKe 00Iei
cTpykType. Mera-MaTpuiibl IpUMeHsIINCh B KOHTEKCTE ,,OPTaHu3AIMMOHHOI TeOpun” B Ka4ecTBe
OpraHM3aIliy, JIOJIeH, PeCypPCOB W BCEX THUIIOB B3aMMOCBsI3aHHBIX cymiHocTeil [30, 31].

BzamMocBsizaHHBIE CHCTEMBI PACCMATPUBATINCH B TEXHHYECKOW JUTepaType KaK HCTOYHUK
KACKAJTHbIX OTKa30B [49-52|. [To aHAIOrUN ¢ HOHATHEM , CUCTEMHbIH PUCK® B (DUHAHCOBBIX CH-
CTEeMaX, yBEJUYEHUE CBI3HOCTH, B TOM YHCJI€ B3aUMOCBSI3AHHOCTH PA3JIUYHBIX CHCTEM B WMH-
dpacTpyKType, MOXKET IIPUBECTH K yBeJHYEHHIO MaciiTaboB cobbiTuii. [lo3xke 3Tn njgen ObLIN
dbopmMam30BaHbl B3aNMOJEHCTBYIOIMNME ceTsiMu (1 B3anMo3aBucuMbivu cetsivmu) [53, 54]. Ha-
npuMep, OBLIO MOKA3aHO (0COGEHHO ¢ UCIOIB30BAHKEM IIPOIECCOB MPOCAYHBAHS) ITO B3aUMO-
CBSI3aHHBIE CHCTEMBI MOTYT PDEArdpPOBATH HA CJIYyUYaiHble OTKA3bl CIIOCOOOM, KOTOPBIH OTINYaeTcst
OT ,,MOHOILIEKCHBIX (T. €. OJHOYPOBHEBBIX) ceTeii. JIJisi HEKOTOPBIX THIOB MPOIECCOB KACKAI-
HOT'O OTKa3a B3aWMO3aBUCHMAasi CHCTEMa MOYKET JIEMOHCTPUPOBATEH (DA30OBLII MEPEXOI ,, TEPBOTO
poa‘ (T.e. HPePHIBUCTHI) BMeCTO (DA30BHIX MEPEXOJO0B ,BTOPOro poga‘“ (T.e. HENPEPHIBHBIX ),
KOTODbIe TUINYHBI [T MOHOILUIEKCHBIX cucTeM |54, 5.

B TesleKOMMYHWKAIIMOHHBIX CETIX €CTECTBEHHBIM 00pPa30M BO3HUKAIOT 33JIa4H, pellaeMble
Ha HEeCKOJBKHUX YpPOBHAX ceTu. Hampmmep, 3ajada MapIiipyTU3aluu B CeTH Mepeaadn JAHHBIX
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Puc. 1. Packpacka Bepmun rpada. Y3oiel, umeomme —Duc. 2. Packpacka peGep rpada. Y3ibl ucxonHoit ceru
CXOKHUe IIBETA, CIPYNINUPOBAHBI B 01HOM ciioe. Pebpa TIOBTOPAIOTCA HA Pa3In4IHbIX c1osax. Ciaon
Te Ke, YTO U B UCXOTHOHN ceTn NIPE/ICTABIAIOT PA3JINYHBIE ACTIEKTHI OTHOIIEHUH B

ceru. Pebpa pasesieHbl 110 CI0IM HA OCHOBE HX IBETOB

¢ KOMMyTalieil KaHAJI0B ¢ HAJIMYHEM HECKOJIbKUX JIOTMYECKUX CJI0eB (Pa3HBIX TEXHOJIOIHi) 1
pazau4nbix uHTEepdeiicoB [56], 9T0 MOXKeT HPUBOANTH K HEBAJIUAHBIM MyTsiM. B JaHHON pa-
6oTe TOKa3aH HeraTUBHBLIN mpumep rpada ¢ pedbepubiMu cBoiicTBamMu. Pemnranuch 3a1a4u 1npo-
eKTUPOBaHs MHOrOYpOoBHeBOi cTpykTypsl WLAN [57], nByxyposresoit SDH/WDM ceru [58],
pa3pabaThIBATACH CXeMa ISl 3AIMUTHl (BOCCTAHOBJICHNUS) ABYXYPOBHEBOM ONTHIECKOiT ceTH [59)].
st onenKu pacmpeesienust Tpadguka BBoAUIACH IBYXypoBHeBas momaenb (LCN), cocrosmast
u3 (usnaeckoro u jormueckoro yposHeit [60]. Bee stu Momenn He sIBISIFOTCS yHUBEDCATbHbBI-
mu (T.e. THOO 3aBUCAT OT KOHKDETHON TEXHOJOTHH, JIMOO TMPUMEHHMBI K KOHKDETHBIM THIIAM
ceteil, OO YUYATHIBAIOT CBSI3U TOJIBKO COCENHUX YPOBHEit). OIHAKO, /IS MOJETUPOBAHUS MHO-
rOYPOBHEBBIX BCTPOEHHBIX CeTeil PA3IUYIHOM MPUPOHI, yKe Oosiee 30 JleT B HECKOJIBKUX YHU-
BepcuTerax Poccun, Kupruzun n Kazaxcrana ucnosrb3yercs MOIeTh THIIEPCETH U ee PDA3BUTHUS
[61-72|. Tunepcern mMo3BOMSIOT aIeKBATHO OIMUCHIBATH MHOIOYPOBHEBBIE CETH C IPOU3BOJILHBIM
KOJINYECTBOM YPOBHEH.

B nocsreyromux JiByX riaBax OyayT KpaTKO OIUCAHBI HECKOJIBKO Hanboee 00IHuX MOJIeel,
KOTOPBIe OMHUCHIBAIOT JIBa OOJIBITUX KJacca MHOTOYpPOBHeBBIX ceTeil. [locie Oyner mpusenena
TabJIUIA ¢ UCCIETOBAHHBIME CTATHIMH U WX MPUHAIEXKHOCTBIO K ONPEeIeIEHHOMY KJIACCY.

1. MHorocJoiiHaga ceTb. B j1anHoil riiaBe BMeCTO IOHATUS yPOBEHb Oy/1eT HPUMEHSTHCH
6M3KOe MO 3HAYEHWIO MOHSATHE CJIOH, KaK B OpUTMHAJLHON crarbe [19]. B ocmoBe mepexoma
OT OJTHOCJIONHOI CeTH K ceTu ¢ OOJIBIITUM YPOBHEM CJIOEB HCIOIB3YeTCsl HECKOJBKO CIOCODOB:
1) packpacka Bepims rpada (cM. puc. 1, 3aumcrBoBaHHbIH U3 [73]); 2) packpacka pebep rpada
(eM. puc. 2, 3anMCcTBOBaHHBIH u3 [73]).

Kak ciiejicrBue Takux paccyxkjeHuil Obljia co3jiana ollnasi Mojiesib, HpejAcTaBjeHHast Ha
puc. 3, 3anmcrBoBanHoM u3 [19]. Muorocoiinas cerb obaazaer HabopoMm y310B V' Kak 0ObIY-
Hast ceTh (T.e. rpad), a Takzke MOXKeT 061aJaTh JIOOBIM KOIMIECTBOM d ACIMEKTOB, W MOYKHO
onpee uTh nocaeaopareabuocts L = { Ly} 5a60poB s1eMeHTapHBIX C10eB, TAKHX 9TO eCTh
OJTMH HADOP JIEMEHTAPHBIX CJI0eB L, A KaxKJI0TO acleKTa a.

Nwmes mocienoBaTeIbHOCTL HAOOPOB IJTEMEHTAPHBIX CJI0EB, MBI MOYXKEM CKOHCTPYHUPOBATH
HADOp CJIOEB B MHOTOCJOHHO# ceTn myrem COOPKM MHOXKECTBA BCEX KOMOWHAIMIT 3JIeMeH-

TApPHBIX CJIOEB, MCIOJB3Ys IpsMoe mnpousBegeHue L[4 X --- X Lg. TToCKOJABKY y3JbI MOIYT
OTCYTCTBOBATH B HEKOTOPBIX CJIOLAX, BO-IIEPBLIX BBOAATCS MHOXKecTBO V X L X --- X Lg4
Bcex KoMmOwmHamuit u moaMHoxkecTBO Vi C V X Ly X .-+ X Ly, KOTOpoe COZEPKUT TOJb-

KO Te KOMOMHAIMM Yy3JIOB-CJI0€B, B KOTOPBIX y3€J1 IPUCYTCTBYET B COOTBETCTBYIOIIEM CJIOE.
MuoxkecTBO cBsizeit mMexkry atumu ysjgamu oboznauum FEp C Vi x V). Takum obpasow,
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Puc. 3. (a) Ilpumep maubosee obuiero tuna MHOroC0MHOM ceru, M = (Vas,Ep,V,L), paccMarpuBaeMoil B
crarbe [19]. (b) Tpad Gy = (Vas,Enr) TO# 3Ke MHOTOCIIONRHO#M ceTn

MHOrOCTOlHAst ceTh onpenensiercs M = (Vi Ep,V,L). TloHsdTHS CMeXKHOCTH W WHIHEHT-
HOCTH BBOJIATCS AHAJOTHIHO CeTIM C OJHMM cJjoeM. B mpumepe cerb M wmMmeer 4 ysia
V = {1,2,3,4} u aBa acmekTa, KOTOpble UMEIOT COOTBETCTBYIOIINE JJEMEHTAPHBIE HAOODHI
cioeB Ly = {A,B} u Ly = {X,Y}. Takum obpasom, umeem B OOIIEM dYeTbIpe DPa3/md-
uoix cnost: (A,X), (AY), (B,X) n (B,Y). Kaxkapiii cj1oit comepKuT HEKOTOPBIH HAGOD y3-
JIOB MHOXKecTBa V'; JJIs 3TOr0 IpHMepa, MHOXKECTBAMH Iap Y3JI0B-CJI0eB dBasgerca Vi =
{(1,A,X),(2,A,X),3,4,X),(2,A,Y),(3,A,Y),(1,B,X),(3,B,X),4,B,X),(1,B,Y)} C
V' X Ly X Lo. ¥3JIBI MOTYT OBITH COCIMHEHBI IPYT C APYTOM MOMAPHO KAK B OJHOM CJIO€, TaK U B
Pa3HBIX CJOSAX. Y3JIbl, KOTOPbIE OCTAIOTCsI BHYTPH CJI0si (T. €. BHYTPHCJOHHBIE pebpa), MoKa3a-
HBI KaK CILIOIIHBIE JHHUHU U DeOpa, KOTOphle MepecekaroT cyios (T.e. MeKcIoiiHbe pefpa) Kak
IyHKTHPHbIE JuHud. B rpade G); BHyTpuCIIOiiHbBIE pebpa IMOKa3bIBAIOTCA KAK CILIOLIHbIE JIH-
HHHU ¥ MEXKCJIOeBble pebpa MyHKTUPHBIME JuHUIMA. Marpuna cmexkuocru rpada (WM ,,cBepx-
rpaca’) siBjIsieTcst MATPUIEH CBEPXCMEXKHOCTH MHOTOCJOWHON CeTH.

2. T'unepcern. Ilepeiijiem K onucaHuio rulepceTeBbiXx Mojiesieil. JIByxypoBHeBasi Win 1po-
crast runtepcers H = (X, V) R; P, F,WW) cocrout u3 caenyomux 00beKTOB (cM. puc. 4, 3amm-
crpoBanubiii u3 [71]): X = (xy,...,x,) — Habop Bepmmu; V = (v1,...,0,) — HaOOp BeTBeil
(pebep rpada mepsuunoii cetn); R = (rq,...,ry;) — Habop pebep (pebep rpada BropuIHOI
cetnn); P : V — X x X — orobpaxenue, koropoe omnpegeiser rpadp PN = (X,V), koTopsiii
HasbiBaercd neppudnoil cerpio; W : R — X X X — orobOpaxkenue, Koropoe oupejesser rpad
SN = (X,R), koTopbiit Ha3bIBaeTCs BTOpUHOii cernio; F @ R — 2V — orobpaskenne pebep B
Mapripytsl PN.

BBoag MHOXKeCTBEHHOE BJIOXKEHIE BTOPUYHBIX CETell B IIEPBUYHYIO CETh, BIOKEHUE BTOPUY-
HBIX CeTeii Ipyr B JIpyra, a TakzKe 0ToOparkeHHe HeCKOJIbKHUX BEPIIMH BTOPUYHON CeTH B y3ei
MEPBUYHON, TPUXOAUM K (HOPMATBLHOMY OMpEIeIeHuI0 S-runepcetu [65].

[Tycrs 3amano muoxkectso rpados (runeprpador) Gy = (X0 V)G, = (XL, UY),... .Gy =
(X* U*) u xopuesoe nepeso Ty = (Z,R), rae Z = 2,21, . .. 2k, R = 71, ... ,r), — OUpeIeasioniee
Bioxenne rpados G, B G; (i < j) aHAJIOIUYHO BIOXKEHHSAM, ONPEIENSeMbIM B IHIEPCETSX, 3a
MCKJIOIEHAEM TOTO, YTO BEPIIVHBL Th U :L’{ rpacdos G; u G He TOKICCTBEHHBI, & MHIHICHTHL.
O4eBHIHO, 9TO OJHON | TOH YK€ BEpIINHE Th MOTYT OBITH HHIUICHTH HECKOJIBKO BepIuH X =
{xﬁ,xﬁ, . ,xﬁ} u3 [ rpados {G,,}, s = 1,...,l. Ha muoxecrBe Beprinu le OIpEIEeJISAETCS
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Puc. 4. Unmocrpanus k onpejesenuto ruepceru: PN — 310 nepBudHas cerb; TeMHble Bepiiuabl {1,3,4,6} u3

nabopa Bepuun orHocsaTcs K SN; SN — 310 BropudHas ceTh (B HAIIEM CJIydae siBJIAeTCH IOJHBIM rpadom);

H — sro runepcers (SN orobpazkaercs B PN)

L = (X,z,E). Bepmuabr :p{;ﬂ u xi cMexkHBl B L7, ecoin coorsercreyomue rpadbut G, u G, B
BEPIIUHE Th IMEIOT HEKOTOPYIO CHCTEMOOOPA3YIONTYTO CBsI3b [(277 27¢ ). B mpoTuBHOM CIydae 3Tn
BEPIINHBI He CBA3aHbI. TaK ke, KaK U B TUIIEPCETAX, peOpy u{ € G, B rpade G; conocrapidercs
HEelb WM HEKOTOPAas CBSA3HAS YaCTh MEXKIY COOTBeTCTBYONnMu BepimuHavu u3 ;. Ha puc. 5
(3ammcTBOBaHHOM u3 [65]) mpuBesen mpumep Takoii runepcer. CHCTEMOOOPA3YIONHE CBS3H
tuna {l(x,y)} MOryT MMerh pasTMYHYIO MPUPOIY W, KAK IPABUJIO, CYNIECTBEHHO 3aBHCSIT OT
BpeMeHH.

OmnpeieJIeHHYI0 TAKMM 06Pa30M S-THUIIEPCETh ¢ TIOMOIIbIO TTPUBEJEHHBIX B [65] MaTpuI| MOK-
HO 33J1aTh C TOYHOCTBIO JI0 H30MOPdU3Ma 1 jaKe ¢ TOYHOCTBIO /10 HyMepaluu BepIiuH u pebep.
B [71] paccmoTpenbl pasiaudHble BADHAHTHI THIIEPCeTeli ¢ HEHAEKHBIMHE, a B [72] — HedeTKuMu
3JIeMEHTAMU.

3. CpaBHeHmne. BoinenpuseieHHbIE MOJEIN OIMMHCHIBAIOT HECKOJIBKO KPYIHBIX KJIACCOB MHO-
rOYPOBHEBBIX ceTeil. Mojesb TunepeTu (WM S-TUIEPCeTH) COCTOUT U3 (PU3MUECKOTO CJIOs W
JIOTUYeCKOro(-1uX) ¢10si(-eB) M TeM CaMbIM $IBJIsIeTCs abCTpaKiueil KOMIBIOTEPHBIX cereil. Be-
POSITHO, HAWOOJIbIITee YHUCI0 MPUIOKEHWNH TEOPUH THUIEepCeTell u S-runepcereil TPUXOIUTCI HA
9JEKTPOCBS3b U TPAHCIOPT. TeM He MeHee, Teopus S-TUIEpPCeTeidl MPUMEHUMa, JIJIsT aHAJN3a U
CHHTE3a JPYIUX CUCTEM CeTeBOH CTPYKTYpPHI. /Ipyras ke Mojes b MOXKET UCHOIb30BATHCA JIJIs
IPEJICTABIeHUsT GOJIBIIMHCTBA TUIIOB CJIOYKHBIX CHCTEM (HAIPUMED, B COIMHOJOIHMHU, IITHIEMUO-
JIOTUH, ODHOMEJMIMHE U T. JI1.), KOTOPbIe COCTOST M3 HECKOJbKHUX CeTell WM BKJIOYAIOT HECOIO-
CTaBUMbIe H/HJIH MHOXKeCTBEHHbIE B3aMMOJeficTBIS Mexkay oObekTamu. [IpusegeM tabauiy c
N3yYEeHHBIMH CTATHIMHU, TJie OYIeT CPAaBHUBATHCS TPUHAIEKHOCTH PACCMATPUBAEMON B CTATHE
MOJIE/IH K TOMY WJIK HHOMY KJIACCY MHOI'OYPOBHEBBLIX ceTeil.

B 0630pe MHOrOCJIONHBIX cereif [19] pe3roMupyrorT pasaudHble HAMMEHOBAHUS ITUX ceTeil B
tabsure u3 26 pasJInIHBIX HAMMEHOBAHUIN (& TakzKe erne GOJIbIee KOJIUIECTBO CCBLIOK Ha CTa-
ThH, KOTOPbI€ MOYKHO OBLIO ObI BIHCATH B TAOJIUILY B KAYeCTBE MOJIeell MHOTOCTORHBIX ceTeil) 1
BBOJSAT 00IIee Ompe ie/IeHne MHOTOCIOMHBIX ceTeil. Takzke 3TH HANMEHOBAHUS KJIACCUDUITAPY-
I0TCH Ha OCHOBE THIIOB OTPAHUYEHU{l, KOTOpble HAJIAraloTCsd Ha 3TO OIpe/IeJIeHHe MHOTOCIOMHOM
CEeTH.

B wacTu craTeii, KOTOpble TPUIUCHIBAIOTCA K KJIaccy runepcereil [56-59| He mcnosn3yercs
MO/IeJIb TUIIEPCETH, OJIHAKO ee TIPUMEHEHHe BIIoJTHe Bo3MoKHO. B [60, 75, 76| perratorcst 3a1a4u,
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Puc. 5. 'uniepcers u ee cocrapisromue: ¢ — oroopakenue rpada Bropuunoit cetu (G; B rpad MepBUYHON ceTn
G2 ¢ obpasoBanmem runepcetn Go(G1); 6 — orobpaxkenne runepcern Go(G1) n rpada Gs B rpad Gy ¢
obpazoBanueM S-runiepcern H = (Go(G3,G2(G1))); 6 — runepcers H = (Go(G3,G2(G1))), B KOTopoii

olpe/ieieHbl BHYTPUY3J10Bbie cBs3u (rpadbt L;)

CBA3aHHBIE C OIEHKOM, TuHaMUKO# Tpacduka B ceru. OaHako u3-3a ocobeHHOCTEl ceTeil MOXKeT
MOHAIO0NTHCS TPUMEHEHHe TOH WM WHOH Momesn [77).

Sakmrouernue. MoaennpoBanne peaJbHbIX ceTeil DoJiee CI0KHOM MOIeIbIo, YeM Ipad, J1aB-
HO y7Ke CTaj0 HeoOxouMOocThbi0. O THAKO BONPOCH! HACUYET YHUMPUKAIINNA MOJIe e, a caMoe IJIaB-
HO€, TEPMMHHOJIOTUN Ha4YaJ BO3HUKATH TOJBKO B IPOHIJIOM AE€CATUJICTUUN. B ,ZLaHHOIU/I CTaThe
IpeJICTaBJICHBI JIBe HauboJIee O0IIIe MOJIEIM MHOTOYPOBHEBBIX ceTell Ha TeKymui MoMeHT. 1lo-
Ka3aHO, YTO BHIGOD TOH WM MHO Mojesn (1azke IIPH pelieH|H OJIHOM U TOii JKe 3a]]a9u) MPOKC-
XOJUT Ha OCHOBe ocobeHHOCTelt cetn. Hanpumep, mpuMeHeHne MOJETH TUIEPCETH OYIET, CKopee
BCero, ymeCTHbIM IIpHu MOJE/JIMPOBaHNU MHOFoypOBHeBOﬁ CeTUu 3JICKTPOCBA3U HUJIN TPpaHCHOPTA.
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Tabaruua
ITpunagmexHOCTH MOIE/TEH K PACCMATPUBAEMBIM KJIACCAM MHOTOYPOBHEBBIX CETEl

(S-) Muorocioiinast
Crarbs I'uniepcers ceTh

A multi-layer network model based on ITU-T G.805 [56]

Cross-layer design in wireless local area networks (WLANS) issues and
possible solutions [57]

Branch-and-cut techniques for solving realistic two-layer network design
problems [58]

On the modeling issue of joint cross-layer network protection/restoration
[59]

Layered complex networks [60]

Maremarndeckne MOJEIH CBA3HOCTH [61]

Application of Hyperneet Theory for the Networks Optimazation
Problems [62]

On Optimal Placement of the Monitoring Devices on Channels of
Communication Network [63]

Framework for Biologically Inspired Graph Optimization [64]
MaremMaTnaeckne MOJETH XKUBYYeCTH ceTeil cBsa3u [66]

Merozpl onTuMu3anuu CTpyKTyp 30HOBBIX cereil cBs3u [67]
Maremaruueckue MOJEJIUM U METO/AbI OUTUMU3ALUU I'OPOJCKUX TPAHC-
MOPTHBIX cucTeM [68]

Multilayer and Multiplex Networks: An Introduction to Their Use in v
Veterinary Epidemiology [74]
Multilayer networks: aspects, implementations, and application in v
biomedicine [73]
Congestion Induced by the Structure of Multiplex Networks [75] v
Method to enhance traffic capacity for two-layer complex networks [76]
Designing of optmal power supply networks for the equipment of
multifunctional safety systems [69]

Anasuz HaZEXKHOCTH MHOIOYPOBHEBBIX CeTeil ¢ HEHA/IeXKHBIMU BEPIIUHA-
mu [70]

Random Hypernets in Reliability Analysis of Multilayer Networks [71]
Some Problems of Fuzzy Modeling of Telecommunications Networks [72]

N N N N N N N N SN

SN NN

[IpuBeien crMCOK M3YYEHHOMN JIMTEPATYPHI, & TaKyKe padOT aBTOpa B TAOJUIE, I/e NOKa3biBa-
JIaCh TIPUHAJIIEZKHOCTh MOJIEIN K TOMY WA MHOMY KJAaCCy MHOT'OYDOBHEBBIX CeTeil.

Kaxknasa npuBe/ieHHas BBIIIe MOJEIb OIMCHIBAET JIHIIL HEKOTOPOE ITOJIMHOXKECTBO MHO-
JKecTBa MHOTOYPOBHEBBIX ceTeil. MOKHO pa3BHBaTh KaK CYIIECTBYIONIME MOJIeTH, TaK W
BBOJUTDH HOBBIE JJIsI CeTeil, KOTOphIe ellle He BCTpamBaIoTCs B 00IIyio Teopuio. [losTomy ucce-
JIOBaHus B JJAHHOI 06/1acTH Oy/IeT OCTaBaThCd aKTYyaJbHBIMUA U MMETh MHOYKECTBO IIPUJIOKEHUII.
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