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AHHoOTanms

AKkmyaavHOCM®b. B cospemeHHOM Mupe meaeKoOMMYHUKAYUU Uzparm KpumuyeckKu 8axCHyH poJib 8 obecneveHuu
yugposoli skoHoMuKuU. CA0HCHOCMb U MACUWMAO COBPEMEHHbBIX MeAeKOMMYHUKAYUOHHbIX cemell, XapaKmepusyio-
WUXCsl 8bICOKOU OUHAMUYHOCMbIO, 26MepOo2eHHOCMbI0 U NOCMOSIHHbIM POCMOM mpagukad, 06yca1asausarnm Heoo-
xodumocms pazpabomku u npumeHeHus 3gekmusHbix Memodos onmumuzayuu. TpaduyuoHHsle aHaAUMUYeCKue
Memodul 4acmo 0Ka3bl8aMcsl HECNOCOOHBIMU CNPABUMbBCST C KOMOUHAMOPHOU CA0HCHOCMbIO U HeAUHEeUHOCMbIo
3aday, 803HUKaWUX 8 daHHOU 061acmu, Ymo desaem akmya/bHbIM NOUCK A/1bMEPHAMUBHBIX N00X0008. B amom
KOHmMeKcme a/120pummbsl p0egoz20 UHmeJijiekma npedcmas/isitom co6otl nepchekmugHblll KAacc Memodos, 0CHOB8AH-
HbIX HO KO//eKMUBHOM hogedeHUU 6U0/102UYecKUX Op2aHU3MO8 U CNOCOOHbIX 3PdeKmusHo peuwlamb CAO0HCHbIE
3adavu onmumu3ayuu.

Llesavio Hacmosiweli pabomel s18A51emMcsl cucmemMamu3ayusi U AHAAU3 COBPEMEHHbIX UCCAed08aHULl, NOCBSU eHHbIX
NpUMeHeHUI0 a/120pUmMo8 poe8o20 UHmMeA/1eKma 8 meJeKOMMYHUKAYUOHHbIX cemsix. 0coboe sHUMaHUe ydeseHo
makum Memodam, Kak a120pumm n4eJUuHol KO0HUU, A120pUmm MypasbUHOU KOJOHUU U A120pUMM CMau cepbix
80/1K08, a makce ux modugukayusim. OcHo8HOU 3adayel] UcC/e008aHUS S18/151€MCSl Bblsi8/1€HUE KAI04eB8bIX MeHOeH-
yuli u Hanpae/eHUll pazeumust 38PUCMUYECKUX A/120pUMMO8 C Ye1bl0 NO8bIUWEHUS NPOU3800UMEAbHOCMU, HAO0exc-
HOCMU U ycmot4ugocmu me/aeKoOMMYHUKAYUOHHbIX CUCMEM 8 YCA08USIX pocma mpaduKa U YCAOHCHEeHUS CemeabiX
apxumekmyp.

Hay4yHas HOBU3HA 3aK/104aemcsi 8 hpogedeHUU cUCMeMamu4eckozo 0630pa COBPEeMeHHbIX Ny6AuKayuli, nocesi-
WeEeHHbIX NPAKMUYECKOMY NPUMEHEHUI0 A/120pUMMO8 poesozo UHmesaekma 8 cjoepe meaekomMmyHukayulii. Ilpeo-
cmas/ieHa MAKCOHOMUSL paccCMampusaemMbvlx Memodos, d makxe NpoaHaAU3UpPOo8AaHbl UX OCHOBHble NPUHYUNbI
@yHKYUuOHUPOBAHUS U 3¢pheKmUBHOCMb NpuU pewleHUU cheyuduieckKux 3ada4 onmumudayuu 8 daHHolU npedMemHoll
obaacmu. Ocobblll akyeHm cdeqaH HA adanmayuu u 2ubpuduzayuu a120pummos 0151 N08bIWEHUS UX NPoU3800uU-
me/ibHOCMU 8 PeaJ/ibHbIX CeMegbiX CYEHAPUSIX.

Teopemuueckast 3 HAYUMOCMb UCC/1e008AHUSI COCMOUM 8 0606UWeHUU Cyujecmayiouje20 0nblma npuMeHeHus 6uUo-
UHCNUPUPOBAHHBIX MeM0d08 ONMUMU3AYUU 8 MeAeKOMMYHUKAYUSIX, YMOo OMKpbleaem 803MOXCHOCMU 015 0a/1b-
Heliweli pazpabomku 60/1ee 3hheKMusHbIX U MACWMABGUPYeMbIX N0OX0008 K ynpasAeHU CAOHCHbIMU JUHAMUYe-
ckumu cucmemamu. [losyyeHHble pe3yabmambsl cnoco6cmayrom yaay6/1eHul0 NOHUMAHUS NOMeHYuaaa ai20pum-
MO8 p0e8020 UHMeA1eKma 8 peweHuu 3aday Mapupymusayuu, pacnpedeseHus pecypcos, NAaHupo8aHus cemeli u
dpyaux npob.aem, XxapakmepHblx 04151 CO8peMeHHOU Yugpposoli SKOHOMUKU.

Knw4yeBsble c10Ba: onmumusayusi cucmem mesaekoMMyHUKayutll, Memasspucmuveckue mMmemodsl, poegoill uHme.i-
snekm, ABC, ACO, GWO
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Annotation

Relevance. In the modern world, telecommunications play a critically important role in supporting the digital econ-
omy. The complexity and scale of contemporary telecommunication networks — characterized by high dynamism,
heterogeneity, and continuously growing traffic — necessitate the development and application of efficient optimiza-
tion methods. Traditional analytical approaches often prove inadequate in addressing the combinatorial complexity
and nonlinearity of problems arising in this domain, making the search for alternative solutions increasingly relevant.
In this context, swarm intelligence algorithms represent a promising class of methods inspired by the collective be-
havior of biological organisms, capable of effectively solving complex optimization tasks.

The aim of this study is to systematize and analyze current research devoted to the application of swarm intelligence
algorithms in telecommunication networks. Particular attention is given to such methods as the Artificial Bee Colony
(ABC) algorithm, Ant Colony Optimization (ACO), and the Grey Wolf Optimizer (GWO), as well as their modifications.
The main objective of the research is to identify key trends and development directions of heuristic algorithms aimed
at enhancing the performance, reliability, and resilience of telecommunication systems under increasing traffic loads
and evolving network architectures.

Scientific novelty lies in conducting a systematic review of recent publications focusing on the practical application
of swarm intelligence algorithms in the field of telecommunications. A taxonomy of the considered methods is pre-
sented, and their core operational principles and effectiveness in solving specific optimization problems within this
domain are analyzed. Special emphasis is placed on the adaptation and hybridization of algorithms to improve their
performance in real-world network scenarios.

The theoretical significance of the study consists in summarizing existing practices of applying bio-inspired optimi-
zation techniques in telecommunications, thereby opening up opportunities for further development of more efficient
and scalable approaches to managing complex dynamic systems. The obtained results contribute to a deeper under-
standing of the potential of swarm intelligence algorithms in solving routing, resource allocation, network planning,
and other critical problems typical of the modern digital economy.

Keywords: telecommunication system optimization, metaheuristic algorithms, swarm intelligence, ABC, ACO, GWO
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BBegeHue COB, TAaKHUX KaK MaplIpyTH3al¥s, yIpaBJeHle CEThbIO,

CoBpeMeHHbIE TeJeKOMMYHHKALMOHHbIE CHCTEMbI obecreyeHne KauecTBa ob6cayxuBanud (QoS, a66p. om
IIPH [Iepexo/ie K CeTSIM CIeAYIOLEro NOKONeH s oTan-  dH2/. Quality of Service) u cieKTpocesIeKTUBHOE IEKO-
YaIOTCS CI0XKHOI APXUTEKTYPOH, BHICOKOI CKopocTplo ~ AMPOBaHue [1]. B cBA3HM ¢ BO3pacTaHHeM MacIITaGoB 1
06pabOTKK JaHHBIX, YJbTPAaHM3KOH 3ajepkkoid u  ANHAMUYHOCTH 3a/laq KJlaCCU4eCKHe METOAbI OTHMH-
HEOGX0AMMOCTbI0 ABTOMATU3ALMH K/II0YEBbIX Tporiec-  3AIMH CTAHOBATCA HeIGEKTUBHBIMU M3-3a 3HAYHM-
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TeJIbHBIX BEIYUCJIUTEbHBIX 3aTPAT. B TaKUX yCJI0BUSAX
IIMPOKOEe NPUMEHEHHE HAaX0JSAT MEeTa3BPUCTUYECKUE
aJITOPUTMBI, MO3BOJIAIOIME MOJYYaTh NpPHEMJEMbIe
pellleHus 32 OTHOCUTEILHO KOPOTKOe BpeMs [2].

BuonHcnupupoBaHHbIE METO/IbI TPOJAEMOHCTPUPO-
BaJIK BBICOKYI0 3GPEKTUBHOCTb NMPU PEUIEHUU CIO0XK-
HbIX 3aa4 ONTHMMU3alLUM B pas3IMYHBIX 00J1aCTHX,
BKJIIOYAsl TeJleKOMMyHHKanuu (tabauna 1). Cpeawu
HauboJiee NONyJIAPHbIX META3BPUCTUYECKUX aJITOPUT-
MOB, IPUMEHSIEMbIX B JJAHHOU 06J1aCTH, CJIeAyeT BblJe-
JINTb METOJT ONITUMU3AUU pos dyacTtun, (PSO, a66p. om
aHes. Particle Swarm Optimization), Mmogenupyromui
colyaJibHOe NoBeieHUe NTUIL U pbI6 [3-5]. Takxke 1mu-
pPOKOe pacnpocTpaHeHH e MOJIYYUJ aITOPUTM O TUMHU-
3anMu ctau canabn (SSO, a66p. om aues. Salp Swarm
Optimization), ocyuiecTBJASIOIMUN MOUCK ONTHMAaJIb-
HBIX pelIeHHUH 3a CYeT MapasjielbHOT0 UCCIe0BaHUSA
NPOCTPAHCTBA peEIIeHUH MOCPeJCTBOM MOy ISUU
are”ToB. JIlaHHBIM aJrOPUTM HCHOJIb3yeT CTpPAaTeruu
MeXareHTHOTO0 B3auMOJENWCTBUSA JJ1 HaxO0XJeHUs
rJ106a7IbHOTO 3KCTPEMyMa U YacTO NMPEBOCXOAUT ApY-
ryve MeTO/ibl 10 CKOPOCTH CXOJUMOCTH U KayeCTBY I10-
JlydaeMbIX pelieHui [6].

He MeHee BocTpe6OBaHHBIMM OCTAIOTCA reHeTHYe-
ckuit anroputM (GA, a66p. om aHaa. Genetic Algorithm),
BOCIPOU3BOAALIMNA TNPUHLMUNBl €CTeCTBEHHOro OT-
6opa, u guddepennuanpHas apostonusa (DE, a66p. om
aHe. Differential Evolution), ocHOBaHHasi Ha MeXaHU3-
Max npupojHo# 3BoJsonuu [7, 8]. K yuciy nepcnek-
TUBHBIX NI0/IX0/J0B OTHOCAITCS TaKXKe aiTOPUTM ONTH-
MH3aLUU KopMJeHUs 6aktepuit (BFO, a66p. om anaa.
Bacterial Foraging Optimization) 1 aJiropuT™ JieTy4ux
Mmbimei (BA, a66p. om aHes Bat Algorithm), koTopsie
MMHUTHPYIOT COOTBETCTBEHHO IOBejieHHME OGaKTepuu
NpY NMOMCKE MHULIM U 3X0J0KALHOHHbIE HABBIKU JIETY-
yux Mblmed [7, 9]. IlepeudnciieHHble AITOPUTMBI
YCNeIWHOo NPUMEHSIOTCA B Pas3JMYHbIX NpeJMeTHBIX
06J1aCTAX, IeMOHCTPUPYS BbICOKYI0 YHUBEPCAJIBbHOCTD
Y 3¢ eKTUBHOCTD NPU pellleHUH 3a/ia4 ONTHMU3al U
[8, 10] (cM. Tabsmny 1). [sis BI6GOpa HAKbOIee TOAXO-
JsIero MeTo/la HeoOXOJAMMO NpPOBEJEHHE CpPaBHU-
TEJBbHOr0 aHaJh3a MO0 TAaKUM KPUTEPHSM, KaK CKO-
pPOCTb CXOAUMOCTH, TOYHOCTb DellleHUs W aJalTHB-
HOCTb K U3MEHSII0LIMMCS YCJI0BUAM [2, 3, 11].

B paMKax HaCToAIlero uccjiegoBaHUA pacCMaTpH-
BAaKTCA TpU HauboJiee 4acTo IIPUMEHAEMBbIX POEBbIX

aJIropuTMa:
- nmyesuHoi ceMbu (ABC, a66p. om anen. Artificial
Bee Colony);
- MypaBbuHOHU KosioHuu (ACO, a66p. om aHes. Ant
Colony Optimization);

- ctau cepbIX BoKOB (GWO, a66p. om aHea. Grey
Wolf Optimizer).

TABJIMLA 1. Pa3dHoOoGpa3ue MeTaBpUCTUYECKHUX A/ITOPUTMOB
M 06J1aCTh UX NIPUMEHEHUS

TABLE 1. Diversity of Metaheuristic Algorithms and Their Areas
of Application

06J1acTh IpUMEHEHUS Anroputm

WH>XeHepHOE NPOEeKTHPOBaHUE GP, GSA, SA, WOA

ABC, ACO, CSA, EPO, GA, GWO,
MHSA, MBO, MMA, PSO, SSO

KOMHb}OTeprIe CeTH
" TeJIEKOMMYHHUKallUH

BBO, CSA, FA, GWO, HHO, KHA,
MFO, PSO, SSO, WOA

JHepreTukKa
Y 3HEProMeHe/NKMEHT

ABC, ALO, FA, GA, GSA, GOA,
GWO, PSO, RIO, SA, WOA

AHaM3 JJaHHBIX
Y MalIMHHOE 00y4eHue

Po6oToTeXHUKA GP, GSA, SA, WOA

ABC, ACO, BA, BMO, CSA, EPO,
MeauIMHCKas AMarHOCTHUKA

PBA, PSO
Wudopmaruka BA, BBO, BNSS, DFO, ESA, FOA,
U Apyrue 06JacTi LA, MPA, SHO

Cnucok npuHAMBbIX COKpaueHul:

ABC - AnroputM nmuesimHoro ceMbH (Artificial Bee Colony)

ACO - AnropuTtM MypaBbUHO# KosoHuH (Ant Colony Optimization)
ALO - AropyTM ONTUMH3AIMH MypaBbHHBIX JIbBOB (Ant Lion
Optimizer)

BA - AnroputM JieTyuux Mbliel (Bat Algorithm)

BBO - Buoreorpaduueckas ontumusanus (Biogeography-Based
Optimization)

BNSS - AjiropuTM novcka ¢ HoBoH cTpaTeriei 0GHOBJIEHUS pelleHU I
(Backtracking Search Algorithm with Novel Solution Updating Strategy)
BMO - OnTuMu3anus Ha OCHOBe GpPOYHOBCKOTO /iBM>KeHUs (Brownian
Motion Optimization)

CSA - AnroputMm noucka KyKymkH (Cuckoo Search Algorithm)

DFO - /luddepenunanbHas onTuMusanus onblieHus nsetos (Differen-
tial Flower Pollination Optimization)

EPO - Yay4meHHbléi anroputM pos yactur (Enhanced Particle Opti-
mizer)

ESA - 3BostorinoHHbIH nouckoBbid aaroput™ (Evolutionary Search Al-
gorithm)

FA - AnroputM cBeT/1s1uKoB (Firefly Algorithm)

FOA - AnropuTM ontUMu3anuu Myuek-gposodui (Fruit Fly Optimiza-
tion Algorithm)

GA - TeHeTnyeckuit anroputm (Genetic Algorithm)

GSA - AnropuTM rpaBUTallMOHHOrO norcka (Gravitational Search Algo-
rithm)

GOA - Anroput™m ontTuMH3anuu capaHuu (Grasshopper Optimisation Al-
gorithm)

GP - I'eHeTHueckoe nporpaMMmupoBanue (Genetic Programming)

GWO - AnropuTM cTau cepbIx BoJIKoB (Grey Wolf Optimizer)

HHO - AnroputMm ontuMu3anuu sictpe6os Xappuca (Harris Hawks
Optimization)

KHA - AnroputMm craga kpuas (Krill Herd Algorithm)

LA - AnropuTM iury yemnuonartos (League Championship Algorithm)
MFO - AfropuTM onTUMHU3aLuu MoJiel ¥ nuiaMenu (Moth-Flame
Optimization)

MHSA - MHoroyHuBepcaJbHbIi rapMOHHYecKuit nouck (Multi-Verse
Harmony Search Algorithm)

MMA - MeTop aBrxyuuxcst acumnToT (Method of Moving Asymptotes)
MPA - ANropyUTM MOPCKUX XMLIHUKOB (Marine Predators Algorithm)
PBA - [losMTHYeCKHU arOpUTM onTUMU3auuHy / [lapsaMeHTCKUH ajro-
putM (Political/Parliamentary Optimization Algorithm)

PSO - Anroputm post yactuy (Particle Swarm Optimization)

RIO - AsnropuTM ONTHMH3aLMY HAa OCHOBE NoBe/ieHUs KphIc (Rat-
Inspired Optimization)

SA - UMuTauus omxura (Simulated Annealing)

SHO - Anroputm npsiratromux gsryuiek (Shuffled Frog Leaping Algo-
rithm)

SSO - AnropuTM conpanbHbIX naykoB (Social Spider Optimization)
WOA - AnroputM ontuMusanuu kutoB (Whale Optimization Algorithm)
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Anroputm ABC, BIOXHOBJIEHHBIA NOBEJleHUEM Me-
JIOHOCHBIX MMYeJI, XapaKTepU3yeTcsl MPOCTOTON peasu-
3allUMY U IPUMEHUMOCThIO K 3aJlayaM MalIUHHOTO0 00y-
YeHUs] W yIpaBJIeHUs TEXHOJIOTUYEeCKHMHU IpolLiec-
caMu. OlHAKO OH MOXKeT CTaJIKUBAThCs € IpobieMaMu
3aMe/lJIeHHON CXOJUMOCTH M HeJ0CTaTOYHOM TOYHO-
ctu [12]. Anroputm ACO, OCHOBaHHBI Ha MEXaHU3Me
$epoMOHHBIX TPOI, XOPOILIO 3apeKoOMeH/J0Baj cebs
pU pelIeHuH 334a4 JUCKPETHOU ONTUMHU3AIUU, 0CO-
6eHHO B 00J1aCTM MapUIPyTHU3aLUX U MJIaHUPOBaHUA
[2]. Anroputm GWO, MoAaenupymoIui COLUAJbHYIO
viepapxUio U 0XOTHUYBU CTPATETUU CEPBIX BOJIKOB, OT-
JINYAETCS] BBICOKOW CKOPOCTBI) CXOJMMOCTH M TOYHO-
CTbI0, HO CKJIOHEH K pex/ieBpeMeHHOHN CX0JUMOCTH U
CHW)XeHHUI0 pasHoobpasusa nonyasuuu [13]. CoBpe-
MeHHble MOJUPHUKAIMY, BKII0OYasi MHOTOCTYIIeHYaThle
CTpaTeruu aJanTUBHOIO MOUCKA, CHOCOOGCTBYIOT IO-
BBILIEHUIO €r0 YCTOMYUBOCTH K ONAZAHHUIO B JIOKa/b-
Hble OITUMYMBI U pacIiMPEeHUI0 JUalla30Ha IpaKTHYe-
CKOTO MMPUMEHeHUs.

B pa6oTe paccMaTpuBalOTCA TeopeTHUYecKHe oc-
HOBBI YKa3aHHBIX aIFCOPUTMOB, UX aZlallTallUs K CIIEeI -
buke 3a7ay TeJeKOMMYHHKAIMOHHBIX CHCTEM, a
TaKXXe pe3yJbTaThl 3KCIEPHMeHTaNbHbIX UCCIe0Ba-
HUH, IpeicTaBJeHHbIX B Hay4YHOH inTepaType. Ocoboe
BHUMAaHHeE y/iesieHO aHanIu3y 3G PpeKTUBHOCTH, yCTOM-
YUBOCTH U MacLITaGUPyeMOCTH aJITOPUTMOB.

TeopeTHYeCKHe OCHOBBI POEBBIX aJIFOPUTMOB

TeopeTudeckre 0OCHOBBI pOEBBIX aJITOPUTMOB 6a3u-
PYIOTCS HAa NPUHLHMINAX KOJJIEKTUBHOTO UHTEJJIEKTA U
CaMOOpraHHU3alMHy, N03BOJIAIOIIMUX pellaTh CI0XHble
ONTHMMMU3ALMOHHbIE 33/ja4M 3a CYeT B3aUMOJelCTBUA
MHOXXECTBA MPOCTBIX areHTOB. JTHU aJrOPUTMbl UMH-
TUPYIOT NPUPOJIHbIE SIBJIEHUs], TaKHe KaK IoBeJieHhe
CTal MTHUL, KOOPAWHALUSA PbIO UM COLHATbHOE B3au-
Mo/JieficTBHMe HAceKOMBbIX, 4YTO obecneyuBaeT 3dpdek-
TUBHOE MHCCJeJOBaHME IIPOCTPAHCTBA peIleHUH B
YCJI0BUSIX BBICOKOH pasMepHOCTH M HeollpeJe/leHHO-
ctu [14, 15].

OnHMM M3 KJIIOYeBbIX MNpeJCTaBUTeseld AaHHOIO
KJacca ABageTca aaroputMm PSO, KOTOpBIA MOJy4UJI
IIMPOKOe paclpocTpaHeHUe O6Jarojapss BbIYMCIH-
TeJbHOM NPOCTOTE U GBICTPON KOHBepreHnuu. OJHaKoO
ero MCNoJIb30BaHKe OrPpaHUYEHO PUCKOM NONaAaHuUs B
JIOKQJIbHbIE OIITUMYMBI U peX/AeBpEMEHHON KOHBEp-
reHyuei. Jlyis npeosiosieHUs 3TUX HeJOCTAaTKOB pa3pa-
60TaHbl YCOBEPLIEHCTBOBAHHbIE BEPCHUH, BKJIIOYAIO-
I¥e MeXaHU3MbI aJJallTHBHOTO 0T6OPA JINIEPCKUX Ka-
4yecTB U noJieTsl JleBu [16, 17].

O6mUMH XapaKTEePUCTUKaMU POEBBIX aJOPUTMOB
SBJIAIOTCA JlelleHTpaJu30BaHHOe yIpaBJeHre, napal-
JienbHasi 06paboTka MHPOPMALUK U UCIOJIb30BaHUE
NPOCTBIX MNpPaBWJ JIOKAJbHOIO B3aWMO/EeNCTBUSA
MEX/y areHTaMu. ITH CBOMCTBA 0GECeYrnBaIOT BbICO-
KYI0 YCTOMYMBOCTDb K JIOKAJIbHBIM ONITUMyMaM M I103-
BOJISIIOT 3¢ GEeKTUBHO PabOTATh B YCIOBUSIX HETIOJTHOMN

nHOpPMaLUH U JUHAMUYECKOH U3MEHYUBOCTH Cpefibl
[18, 19]. Braropaps cBoel rUO6KOCTU U aZJallTUBHOCTH
JlAaHHbIe aJIFOPUTMbl HAXOJAT NPUMEHEHHEe B pa3/ny-
HBIX 06J1aCTSX, BKJIIOYas TeJIEKOMMYHHUKALMU, pO60TO-
TeXHUKY, JIOTHUCTUKY, MOHMUTOPHHI OKpY’Kaloliel
cpe/ibl ¥ IJIaHUPOBaHUe MapipyToB [19, 20].

Cpenu HauboJiee U3BECTHBIX POEBBIX AJTOPUTMOB
BoigessoTcsa ABC, ACO u GWO. Anroputm ABC Moze-
JIUpYeT TOBeJieHHe MeJOHOCHBIX MYes NMPU MOUCKE
nuiy, 3¢pGeKTUBHO OajlaHCHUpys MexAy pa3BefKou
HOBBIX UCTOYHUKOB U 3KCIlyaTanuei u3BecTHbix. ACO
OCHOBBIBaeTCs Ha MexaHu3Me $epOMOHHBIX TPOI MYy-
PaBbEB, YTO MO3BOJISIET HAXOJUTh ONTUMAaJIbHbIE Y TH
B CJIOXKHBIX IPOCTPAHCTBax pemeHuit [21]. GWO umu-
TUPYET COLUATBbHYI0 HEPAPXUI0 U OXOTHUYbE MOBE/Ie-
HUe cepbiX BOJIKOB, eMOHCTPUPYS BbICOKYI0 CKOPOCTb
Y TOYHOCTb KOHBepreHuuu. CoBpeMeHHble MoAuduUKa-
uur GWO HamnpaBJ/ieHbl Ha pellleHre Mpo6JieM npexie-
BpEMEeHHOU KOHBEPreHIIMU U JIOKAJbHON ONTHMH3a-
uuu [22, 23].

ABC npegsioxen /. Kapa6oroit B 2005 r. [24]. He-
CMOTpS Ha CcBOI0 3QPEeKTUBHOCTbL B 3a/jayax Hempe-
PBIBHOM ONTHMH3ALMH, AJTOPUTM CTAJKHBAETCS C
npo6JsieMaMu €J1a60ro JIOKaJbHOTO MOKCKA U Npexze-
BpPEMeHHOW KOHBepreHUMHu. [14 yay4leHus ero npo-
HU3BOJUTEJNBbHOCTU ObLIM pa3paboTaHbl MoAudUKa-
UM, TaKHWe KaK HCI0JIb30BaHUe k-cpefHUX [JJis KJa-
CTepU3alMU U Xa0OTU4YeCKoro noucka [25].

ACO, paspa6oTtanHbiii M. [lopuro B Havyase 1990-x
roJioB [26], 0OCHOBBIBAeTCsl HA MeXaHHU3Me OTJIOKEHHS
¢depoMoHOB. UcKyccTBEHHBIE MypaBbH CTPOSIT pelle-
HUs, BblJeJisisl PepPOMOHBI, YTO CO3/iaeT MOJI0KUTENb-
HyI0 OOpaTHYI0 CBSI3b M HaIpaBJsieT MOUCK K OINTH-
MaJIbHBIM pemieHusM [27]. dddextnBHOCTE ACO MO-
KET ObITh JOMOJHUTEJNBHO OBBILIEHA 33 CYET KOPPEK-
THPOBKH YHCJEHHOCTH MOMYJISILIMY MypaBbeB [28].

GWO MogenupyeT coLMaJbHy0 UEPAPXUI0 U OXOT-
HU4Ybe MOBEJIeHHE CepbIX BOJKOB. COBpeMeHHbIE MO-
Aundukanuu, Takue kak ATgWO u EGWO, yaydwmawT
HcceloBaHWe IPOCTPAHCTBA pellleHUH 3a cyeT afan-
TUBHOTO B3BelMBAaHMsA JIMJEPOB U WHHOBALMOHHBIX
CTpaTeruii o06HOBJIeHUs O3ULUi [29].

Bce Tpu anropuTMa AeMOHCTPUPYIOT pa3MYHbIN
6as1aHC MeX/ly UCCJleloBaHMEeM HOBBIX pellleHUH U 3KC-
miyaTanyeil usBecTHbIX. ABC ucnosib3yeT BeposiT-
HOCTHBIHA BbIGOD W ciy4yalHbIN mouck, ACO - ciefpl
¢$bepoMOHOB U 3BpUCTHYECKYI0 HHbOopManu, a GWO -
COLMAJIbHYI0 MepapXUI0 U KOOPJHWHUPOBAaHHOE Iepe-
MellleHHe areHToB [12]. 3To mo3BoJisieT NpeosoieBaTh
JIOKaJIbHble OITUMYMBI, YTO SIBJIsIETCS KJA04eBOM 3a/a-
Yyel B CJIOKHBIX 33/jayax ontumusanuu [30].

BeruvcauTesbHasg CJA0XKHOCTb pacCMaTpUBAEMBbIX
aJIFOPUTMOB HaxXOJUTCS B MOJUHOMHUAJIbHBIX Npee-
JIax, 4YTO JieslaeT UX IPUMEHUMBIMHU K peasibHbIM 3a/a-
yaMm [31]. Ux ajanTanus /s napaJjijieabHbIX BbIYUCIE-
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HUU o6ecreyrBaeT 3HAYUTEJbHOE YCKOPEHHE U Mac-
mwrabupyemoctb [32]. [lapaMeTpryeckasi HaCTpoOUKa
WUrpaeT BaXKHYH pOJIb B ONTHMH3ALUU IPOU3BOLU-
TEJIbHOCTU KaXkJ[0Tro ajaropurma [33].

CpaBHUTENBbHBIN aHAM3 MOKa3bIBaeT, 4To ACO 3d-
deKTUBEH /11 MapLUIPYyTU3AIHUH U IJIAHUPOBAHUSA Iy-
Tel, HO YyBCTBUTEJIeH K KO3Q UIIMEeHTy UcCHapeHUs
$epoMOoHOB, Beca 3BpUCTHYECKON HHPOPMALUU U HH-
TEHCUBHOCTU OTKJaJbiBaHUs dpepomMoHOB [34]. GWO
OTJINYAEeTCs] OBICTPOM CXOJUMOCTBIO, HO CKJIOHEH K
npexjeBpeMeHHON KoHBepreHuuu [35]. ABC xopoiuo
paboTaeT ¢ HempepbIBHBIMU (PYHKIUSMH, HO MeHee
3¢ deKTUBEH B JUCKPETHBIX 331a4ax [35].

Ba)xHOM 0COGEHHOCTBI0 BCEX TPEX aJTOPUTMOB SIB-
JISIETCS UX CIIOCOGHOCTD K afantanuu. CoBpeMeHHble
MoAMGUKALUY 3HAYUTEbHO PACIIMPSIOT UX BO3MOX-
HOCTH, NOJYepPKHBash aKTyaJbHOCTb U NepCleKTHB-
HOCTb MCIO0JIb30BaHUA METa3BPUCTUYECKHUX aJTOpPHUT-
MOB B COBPeMEHHBIX IPUJIOKEHUSAX [36].

Ananus npaKanecxoﬁ peasin3aliuy aJIrOpuTMoOB

Bce Tpu anroputma, ABC, ACO u GWO, peanusyioTt
OOLIYI0 CTPAaTETHI0 UTEPATUBHOTO YJIy4IIEeHUs pelle-
HUM 6e3 MCI0J/1b30BaHUSA IPpaiMeEHTHON MHpopManuy,
[10J/1arasich Ha KOJIJIEKTUBHOE NOBeJIeHHEe areHTOoB JJIs
WCCIeJOBAaHUSA U 3KCIJIyaTalMd NPOCTPAHCTBA pelle-
HuM. HecMoTpsa Ha o6uiyto Lesib — HaxoXJeHHe TIJo-
6a/IbHOTO ONTHMyMa MOCPEACTBOM KOJIJIEKTUBHOIO
noucka - ajaroputmbl ABC, ACO u GWO gemMoHCTpH-
PYIOT HIPUHLIUIHAIbHBIE OTJIMYMS B OllepaTope 0GHOB-
JIEHUs1 pelleHuH, CTpaTerud obMeHa HHPOpMaleH
MeXJy areHTaMH U B MeTojax 0aJJaHCUPOBKH pas-
BeJIKM U 3KCIJIyaTallM{, YTO ONpefiesisieT UX OTHOCH-
TeJbHY10 3GPEeKTUBHOCTb NPU pelIeHWH Pa3IUYHBIX
KJI1aCCOB ONTHMMU3ALMOHHBIX 3aZla4. JTU pasjnyHu4,
NOJKpeNJeHHble COOTBETCTBYIOLIMMHU MaTeMaTHye-
CKMUMH MOJeJSIMH U SMIUPUYECKUMHU HCCAe0BaHU-
sIMH, TO3BOJISIIOT UCCAE[0BaTENsIM U NpaKTUKaM Jie-
JIaTb 060CHOBAaHHBIN BbIGOP METOJ0JIOTHH B 3aBHCH-
MOCTH OT KOHKPETHbIX Tpe60BaHUH 3aJJa4yl U BbIYMC-
JINTENbHbBIX OrpaHnYeHud [37-39].

Anroputm ABC ucnosb3yet cxemy Tpex ¢pas, KOTo-
pasi coyeTaeT JIOKaJbHBIM NMOUCK (C MOMOLIBIO oNepa-
Uil 0OHOBJIeHUS pelleHUN B dale pabouux) c rjo-
6a/IbHBIM MOMCKOM, OCYLIecTBAsAeMbIM QypakUpaMHu.
OcHoBHble nperMyniecTBa ABC 3ak/o4aroTcs B NMpo-
CTOTE peasn3alyy, OTHOCUTEJbHO HEOOJIBIIOM KOJIH-
YecTBe MMapaMeTpoB /Jisi HACTPOHWKU U CIOCOGHOCTH
n36eraTh Npex/eBpeMeHHOH CX0JUMOCTH 3a CYET CIY-
YaWHOTO NOMCKA HOBBIX pellleHUH.

MaTeMaTHYeCKM OGHOBJIEHHE pelleHUs MpeJiCTaB-
JieHO popMyJI0ii:
xi; (€ + 1) = x;;(t) + @i [x:5 () — x5 ()], (1

rzie x;;(t) - j-A KOMIIOHEeHTa i-ro pellleHHs B UTepaluH t;
Xij(t) - cayyaiiHO BbIGpaHHOE 3HaY€HUE U3 JPYron

TO3UIIMY; @;; — CIy9alHbIA KO3 ULMEHT, paBHOMED-
HO pacnpe/ieJIeHHbIN B mpomexyTke [-1, 1].

Anroputm peanusyet auddepeHHATbHYIO 3BOJIIO-
L[MI0 pelleHus] Yyepe3 UHTErpalio caydyaiiHbIX KOMIIO-
HeHT [40]. Tem He MeHee, anroputm ABC MoXXeT GbITh
MeHee 3QQEeKTUBHbIM NpPHU BBICOKHX pPa3MepPHOCTSX,
MOCKOJIbKY TOYHas 3KCIJIyaTallus JIOKaJbHBIX ONTH-
MyMOB TpeOyeT 3HAa4YUTEJBbHOrO 4YMCJa HUTepauui -
JlaHHOe OrpaHUYeHHe XapaKTepHO /Il ero npuMeHe-
HUS B 3a/ja4axX HellpepbIBHON ONTUMHU3ALMHU U KOMOU-
HaTOPHBIX 33/layax, TAKUX KaK 3a/ilaya KOMMUBOsXepa
[37].

B cBo1o ouepenp, anroputm ACO oT/iM4aeTcs ABHOU
3aBUCUMOCTBIO OT UCTOPHHU NOKCKA, KOTOPasi KOAUPY-
eTcs B BU/ie cyiefioB GepOMOHOB.

BeposTHOCTHOE MpaBUJIO BEIGOPA KOMIIOHEHTA pe-
LIeHHUs BbIpaXkaeTcss GOpMyJIou:

Pl = [t;(0]* - [n;;(®)] /%1 €
€ JiD[ta(®]* - Ma@®]F,

rae T;;(t) - KoHIeHTpanua ¢epoMoHa Ha pebpe Mexy
ropoJiaMu i ¥ j B MOMEHT BpeMeHH ¢; 1;;(t) — 3BpUCTH-
yeckass UHpOpMalHs, 4YacTo o6paTHasg PacCTOSHUIO
MeXAy [ ¥ j; o ¥ B - mapaMeTphbl, onpe/ieisiole OTHO-
CUTE/NbHYI0 3HAYUMOCTb (GEpoOMOHA U 3BPUCTHUKY;
Jx (i) - MHOXECTBO JOCTYNHBIX BePLIKH /11 MypaBbs k,
HaxoAsAIerocs B Bepuinxe i [38].

(2)

[IpaBuJIO BBIGOpA AEMOHCTPUPYET, KAKUM 06pa3oM
WHTEHCHBHOCTh QepoOMOHa U 3BPUCTHYECKAs UHPOP-
Mars (HanpuMmep, o6paTHOe PacCTOSTHHUE) KOMOUHU-
pyloTcs A GopMHUpPOBaHHUS ONTHUMAJbHBIX MapuUIpy-
TOoB [38].

B mormosiHeHYE K 3TOMY KJII0YEBYIO POJIb UTPAET Me-
XaHU3M HucnapeHus ¢pepoMOHa, OMUChIBAEMbIH ypaB-
HEHUEM:

Tj(t+1) =1 —p) 1;(t) + Ay, (3)

rae p € (0, 1) - koaddunueHT ucnapenus; At;; - 1o-
NOJIHUTE/IbHOE KOJIM4eCcTBO (epoMOHa, BHECeHHOe
MypPaBbsIMH, YaCTO BBIYUC/IsIEMOE KaK CyMMa BKJIa/l0B
Ka)KJJ0T0 MypaBbs, IpolllejLIero yepes pe6po.

Jta npoueaypa (3) MO3BOJSET YCUIUTDH T€ KOMIIO-
HEHTBI pellleHUH, KOTOpble BeyT K MOCTPOEHUI0 Kaye-
CTBEHHbIX MaplIPYTOB, ¥ OJHOBPEMEHHO CHUXKATb
BJIMSIHHE MeHee ONTHMaJbHbIX My TeMH.

ACO oco6eHHO 3 PeKTUBEH B pelIeHUH JUCKDPET-
HbIX 33/]a4 ONTUMU3ALUH, IJle TpeJCTABJIEHNUE pelle-
HUSI eCTeCTBEHHBIM 06pa3oM COOTBETCTBYeT rpado-
BOM MOJeJIHM, OJJHAKO H3-3a CBOEH BbIYHUCJIUTEJbHOH
CJIO’KHOCTHU W 3aBHCHUMOCTH OT OOHOBJIEHUs1 pepoMo-
HOB ero peajiu3anus MOXXeT ObITh 3aTPyHEHA JJ1s 3a-
Jlay ¢ 60JIBIIIUM YHCJIOM BEPUIMH UJIU ITIepeMeHHbIX. AJl-
roput™M GWO, HanpoTUB, ONMpaeTCcsd Ha MO/JeJb COLU-
aJIbHOM U OXOTHHYbEW JAMHAMUKU CTaH, TJie Jydllde
pelleHus UTPAKOT POJIb JTUJEPOB.
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OcHoBHOe ypaBHeHV e 0GHOBJIEHUS MO3ULUU:
Xt+1)=X®)—A-D, 4)

rae X(t) - Tekyuas Mo3uIUs BOJIKA B UTEpPALUU ¢
D =C-X,—X(t) V- paccTosiHHe [0 «J00bIYU» (MU
Jiydulero peieHus X,); koapdpuuneHnTs! A u C paccuu-
TBIBAIOTCA 110 BBIPAXKEHHUIO:

A=2a-r1—aunuC = 2 -1,

r/ie a — napaMeTp, YMeHbIIAWIIUKCA JIUHERHO OT 2 10
0 3a BpeM#s pabOThbI aITOPUTMA; I'y U ', — PABHOMEPHO
pacnpejesieHHble B uHTepBaJe [0, 1] caydyaliHble BeK-
Tophl [39, 41].

YpaBHeHUe Cc onMCcaHHBIMU Ko3dpdunuentamu A u C
(4) meMoHCTpHUpYeT, KaK Cjy4ailHble KOMIIOHEHTHI,
aJlanTUBHO M3MeHAIoLHecs B Ipolecce paboThl, obec-
NeYNBalOT KaK IJ106abHBIH, TaK U JIOKAaJIbHbIN IOUCK.
BaxxnbiM acnekToM peanusanuu GWO gBidertca ad-
HellHOe yMeHbllleHHe NapaMeTpa d, YTO CII0COGCTBYEeT
NepeKJIIYeHHI0 aJITOPUTMA OT pa3BeJKH (ucciesoBa-
HUS IPOCTPAHCTBA) K 3KCILIyaTalMU (TOYHOe yJIyylle-
HUe Hal/leHHbIX ONITUMAaJIbHBIX pellleHUi). B oT/inuue
ot ABC 1 ACO, GWO o6J1aiaeT ecTeCTBEHHOH CIIOCO0-
HOCTbIO [0 Jlep>KUBATh 6asaHC MeX/y AUBepcuduUKa-
[Mel NOMyJIAIIMY U CXOAUMOCTBIO K ONITUMYMY 33 CYET
MHOT'OKPAaTHOTO 0GHOBJIEHHS O3ULUH 110/] BJUSHUEM
Tpex JUAEPOB cTau - aabda, 6eTa U JeabTa. ITO Je-
gaeT GWO yHMBepcaJbHbBIM UHCTPYMEHTOM KaK JJif
HelpepbIBHbIX, TaK U [JJis HEKOTOPOTo KJjacca JUC-
KpeTHbIX 3a/jay — B YaCTHOCTH, IPU pelleHUuH 3ajay
ONTHMM3ALMY B IHEPreTHYECKUX CUCTEMAX, YIIpaBJIe-
HUS WJIM IPOeKTHpoBaHus [42].

TakuM 06pa3oM KaxKAblid U3 HUX peajusyeT YHU-
KaJIbHbIM 0AX0 K 6a/IaHCUPOBKeE pa3BeAKU U IKCILIY-
atauuu: ABC ucnosib3yeT NpPOCTyI0 CXeMY CAYy4YalHOTO
MOKMCKa ¢ ¢pa3aMu JIOKAJbHOTO U IJI06aJbHOIO YJIydIle-
Hus, ACO noJiaraetcst Ha GpepoMOHHbBIE CJIe/Ibl U BEpO-
SITHOCTHBIHN BbIGOD pellleHHUH, 0co6eHHO 3P PeKTUBHO
B JMCKpeTHBIX 3aZia4ax, a GWO mozenupyeT conualib-
HYI0 HepapXUI0 U OXOTHUYbIO AUHAMUKY, 06ecrieqrBast
XOpOUIMU GaJIAaHC MEX/AY UCC/IeJ0BAHUEM U CXOJIUMO-
CTbI0. DTU Pa3/IN4MS B CTPATETUAX U MATEMATHUYECKUX
MOJieJIIX O0YCJIAaBJUBAKT ClienuUIecKrue CUJIbHbIE
CTOPOHBI U OTPAaHUYEHHUS] KaXKZOro ajJropuTMma, 4To
M03B0OJISIET BbIOUPATh HauboJiee NOAXO SN METO/L B
3aBHCHUMOCTH OT THUIA 33/a4H, ee pa3MepPHOCTH U Bbl-
YUCJIUTENbHbBIX TPE6GOBAHUM.

IIpMeHeHHte poeBhIX AJITOPUTMOB B CUCTeMax
TeJIeKOMMYHUKaIL M1

PoeBble aJrOpUTMBbI MOJYYUJIH IIUPOKOE PaCIpO-
CTpaHeHHE B PelleHUHU 33/aY, CBSI3aHHBIX C yIpaBJie-
HHEM U ONTHMH3AIMed B TeJeKOMMyHHKauusax. Ux
cnoco6HoCcTb 3¢ PeKTUBHO paboTaTb C OGOJIBLUIUMU
06'beMaMM JAaHHBIX U aJalTHPOBAThCA K JUHAMUYe-
CK{ U3MEHSIOIUMCS YCI0BUAM JielaeT UX He3aMeHH-
MbIMHU [JIJ151 COBpEMEHHBIX ceTell [43].

Oco6oro BHUMaHUSA 3acayKuBaeT npuMeHeHue ACO
JUIST ONTUMU3ALUN MapHIPYTHU3ALUU. DTOT AJTOPUTM
JleMOHCTPUPYET BBICOKYI0O 3QPEKTUBHOCTb 3a CYeT
HMUTAUU GEepPOMOHHBIX MEXaHU3MOB, YTO MO3BOJISIET
YAY4YUIUTb KJIOYeBble METPUKU NPOU3BOAUTESBHO-
CTH, BKJII0Yas KO3PUIMEeHT AJOCTAaBKU NAKETOB U IPO-
MYCKHYI CHOCOOHOCTh [44]. MoauduuupoBaHHbBIN
[I0AX0/, Ha OCHOBe aJITOPUTMa MYpPaBbUHOM KOJIOHUU
(MACO, a66p. om anzsa. Modified ACO), yauThIBarouui
TeKyllee COCTOSIHUEe CeTH, 0OecrneyrBaeT NOBbILIEHUE
MPOMYCKHOM CIIOCOGHOCTH U CHIDKEHHUE 3a/lepKeK [45].
I'ubpuHble Mojenu, uHTerpupywie ACO ¢ meTto-
JlaM{d MallMHHOTO0 00y4YeHHs, MOKa3aJu 3HAYUTEJIb-
HbIl NOTeHLUaJ B 6eCIpOBOJHbBIX CEHCOPHBIX CETHX,
rZie OHU CIIOCOOCTBYIOT CHUXKEHHUIO 3Hepromnorpe6Jie-
HusA [46].

Anroputm ABC Takxe 3apeKoMeH/i0Bas cebsi Kak
3pbeKTUBHBIA MHCTPYMEHT MHOTOIE/JEBOU ONMTUMU-
3anuu. OH yCIelHo NpuMeHsieTcs 11 MUHMMU3alun
3aJlep’)KeK U 3JHEepronoTpebseHUsT B NPOrpaMMHO-
onpejesseMblIX CeTsX, Ie yaydliaeT napamMmeTpsl QoS
[47]. B noructudeckux npuoxeHusx ABC obecneyu-
BaeT MapLIPYTH3aLHUIO C yYeTOM creluduiecKux orpa-
HUYEHUH, HANPUMED — TeMIlepaTypHOro pexxruma [48].

3HayuTeNbHBIA BKJIAJ B pa3BuTHe ceTel 5G BHec
afanTupoBaHHbIH GWO, KOTOpPBIHA YCHENIHO peliaeT
3a/jlayy MaplIpyTHU3aLHUHU C y4eToM Tpe6GoBaHui QoS
[49]. UHTerpanus 3TOro ajJroputrMa C TPaJUIUOH-
HbIMU NIPOTOKOJIAaMH N03BOJIIET OCYLeCTBAATD JUHA-
MUUECKYI0 KOPPEKTUPOBKY TpaduKa B peajlbHOM Bpe-
Men# [50].

WHTe/1eKTya/IbHble 3JIEKTPOCETH, HUHTErpUpylo-
¥e JAaTYMKH, YMHbIE CYETYUKU U YCTPOKUCTBA UHTEP-
Heta Beulei (IoT, a66p. om anza. Internet of Things),
CTaJIKUBAIOTCA C HEOBXOJUMOCTbIO 06pabOTKH 60JIb-
KX 06'beMOB JIaHHBIX B peaJlbHOM BpeMeHHU. Tpaau-
LMOHHbIE 06JIaYHbIE CHCTEMBI HE BCET/1a CIIPaBJISIOTCS
C BBICOKOW Harpy3koH, 4to cHmxkaeT QoS. B uHTepecax
MUHHUMH3ALWH 33J€PKKH U TTOBBIIIEeHUs 93P PEKTUBHO-
CTH 06paboTKU 3anpocoB B [51] 6bly1a npeaioXKeHa -
6puJHas apXUTEKTypa «061aK0-TyMaH», 06ecreyrBa-
Iol1asi TPEXypOBHEBOE pachpe/ie/ieHHe BbIYUCIAeHUN
MeX/y 10JIb30BaTesIMH, TYMaHHbIMU Y3J1aMU U 006J1a-
KOM. B Moziesi MpUMeHSI0TCSA KaK CTaH/AapTHBIE ajro-
putMbl (Round Robin, Throttled), Tak 1 6M0BAOXHOB-
JieHHbIe MeToAbl: PSO, ACO, ABC 1 ux rubpu/ibl, Hanpu-
Mep, THOPUIHBIN M alallTUBHBIN BapUaHT aJropuUTMa
MypaBbUHBIX KosioHUM (HABACO, a66p. om aHens.
Hybrid Adaptive Binary Ant Colony Optimization), cro-
COGHBIN M36eraTh JIOKaJbHbIX ONITHMYyMOB U Npe/iHa-
3HA4YEHHbBIN [ pelleHUs 33,24 ONTHMH3AUU B OU-
HapHOM TnpocTpaHcTBe. JPPeKTHUBHOCTb MOAXO0JA
MOATBEPK/EHA CUMYJISILUSIMU U MHOTUMH UCC/Ie/l0Ba-
HUsAMH [52-55].

'ubpuaHas apxUTeKTypa npejycMaTpUBaeT pas/e-
JieHVe QYHKIMI: Ha YPOBHE MO0JIb30BaTesedl cobupa-
I0TCSl laHHble, TYMaHHbIe Y3JIbl BBINOJHAT Npe/iBa-
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pUTEJbHYI0 06pabOoTKY, 2 06J1aK0 — IJIYy6OKUH aHAIU3
Y ynpasJieHUe pecypcaMmu. Oco60e BHUMaHUe y/IeJeHO
anroputMy HABACO, koTopbiii o6beauHseT ABC u
ACO g1 60s1€€ TOYHOTO pacnpezeseHus 3aaa4d. Cumy-
JALMM TOKas3aJd CHUXeHHe BpeMeHM OTKJHWKa [0
60-90 % no cpaBHeHuUt0 ¢ PSO u ACO, npu aTom obuiue
3aTpaThbl Ha BbIYUCIEHUS OCTAIOTCA ONTHMaJbHbIMU
Jlake IIpU yBeJUYEeHUU 4HUCJIa BUPTyaJbHbIX MalIKH.
[TosnydeHHbIE pe3yJIbTAThl COTJIACYIOTCS C BbIBOJAMH
Jpyrux ucciaenoBaHui [54-56]. i npakTUYeCKOro
BHeJIpeHHUs TpebyeTcsl pa3paboTKa NPOTOTUIIOB U UH-
Terpalus ¢ TeXHOJIOrusiMu 6e3omnacHocTH. [IpeacTas-
JIeHHasl MeTO/I0JIOTHUSl OTKPBIBAET BO3MOXXHOCTH [IJIst
MOBbIIIEHNUS 3HeproaGpPeKTUBHOCTU U HaAJEKHOCTHU
YMHBIX CeTel Oy AyIIero.

B o6J1acTu pacrnpeziesieHUsI peCypcoB poeBble aJiro-
PUTMBI JIEMOHCTPUPYIOT BBICOKYI0 3)PEKTHUBHOCTD.
ABC noBblIIaeT cieKTpaibHy10 3P GeKTUBHOCTD B MO-
OMJIbHBIX ceTsiX, a ACO ucmoJsib3yeTcs AJis ONTUMU3A-
LU pacnpejieieHUsl 3JIeKTPO3IHEPTUH B PaIMOCUCTe-
Max [45]. Oco6oe mecto 3aHuMaer GWO, KOTOpBIH
YCHEeLIHO CHpaBJisieTcsl C OrpaHUYeHUsIMH, CBSI3aH-
HBIMU C II0JIOCOM NPOIYCKaHWsl U 3HepromnoTpebJe-
HueM [57]. YnpaBJsieHUe CIeKTPOM CTaHOBUTCS Bce 60-
Jlee aKTyaJbHbIM B yCJIOBUSIX PA3BUTHUS TEXHOJIOTUHN
5GuloT. ABC 3dpdeKTHBHO pemiaeT 3a4a4u JUHAMHUYe-
CKOTO paclpeziejieHUsi CIeKTpa Mex/Jy onepaTopaMu
cBs3u [58], a ACO onTUMHU3UPYET YaCTOTHOE IJIAHUPO-
BaHUE B COTOBBIX CeTsAX. MHTerpauus MeTo[0B UCKYC-
CTBEHHOT'O HHTEJIJIEKTA B YIIPaBJIeHHUE CIEKTPOM I03-
BOJISIET OCYIECTBJIAATh €ro JUHAMUYECKYI0 KOPPEKTHU-
poBKy [59].

JHeproapdeKTUBHOE IJIAHUPOBAHUE SIBJISETCS
BKHBIM aCHEKTOM COBpPEMEHHBIX TeJIeKOMMYHHKa-
yuil. AnroputMbl ABC v ACO no3BoJISIIOT OITUMHU3UPO-
BaTb paboTy 6a30BBbIX CTAHLMH M MapLIPYThl Nepe-
JlauU JaHHbBIX, YTO IPUBOJUT K 3HAYUTETbHOU 3KOHO-
MUHU 3Hepruu. Pa3paboTka cucTeM ynpaBJieHUs] SHEP-
ronorpebyseHreM JJisg 6a30BbIX CTAaHLUN CIOCO6-
CTBYeT CHIKEHHIO 3aBHCHUMOCTH OT 3JIeKTpoceTH. B
chepe 6e30MaCHOCTU TeJIEKOMMYHHUKAIMOHHBIX CETEN
poeBble aJrOPUTMbI HAXOAAT NPUMEHEHHUE B Pasiny-
HbIX 33Zja4ax. ACO ycnemHo ucnoJib3yeTcs JJisl ONTH-
Musauuu cucteM mwndposaHusa, GWO geMoHCTpUpyeT
BBICOKY!0 TOYHOCTD B BBISIBJIEHH aHOMAJIMH CETEBOT0
Tpaduka [60], a ABC onTUMHU3UPYyeT CTpaTeruu pac-
npejesieHus cnekrpa [61].

WHTerpanus pasMYHbIX POEBbIX aJITOPUTMOB OT-
KpbIBaeT HOBble BO3MOXXHOCTHU AJISl PeLIeHHUs CJIOXK-
HbIX 3a7a4 B SDN (a66p. om anza. Software-Defined
Networking) u IoT. 'ubpuaHbIe TOAXO/BI, COYETAIO-
mue ABC u ACO, 3¢ peKTUBHO pelaoT npobJieMbl pas-
MelleHHUs] KOHTpoJLIepoB [62], a kom6uHanusa GWO u
ABC o6ecrneunBaeT 3HeproadppeKTUBHYIO MapLIPyTH-
3anuio [63].

AjanTanus ajJropuTMOB posi K JAMHAMHYECKHUM
YCJIOBUSIM COBPEMEHHBIX CeTeH MOATBEPKAAET UX YHHU-

BepcasibHOCTb. MACO JeMOHCTPUPYET BBbICOKYIO 3-
$EeKTUBHOCTD B yIpaBJeHUU MapuipyTulanuen [45],
Moaudukanuu ACO ycneniHo peniaroT 3aJjaud MHOTO-
KpUTepuaJbHON onTtuMusanuu [64], a GWO nokasbl-
BaeT OTJIMYHbIE pe3y/JbTaThbl B pacnpefie/leHHbIX CH-
ctemax [63]. CHHeprusi poeBbIX aJITOPUTMOB C METO-
JlaMH MallMHHOTO 00y4YeHHUs Co3JjlaeT OCHOBY JiJI pas-
BUTHA UHTEJIEKTYalbHbIX CUCTeM ynpaBjeHusa. ACO
3pdeKTUBHO MPUMEHSETCH JJIsi JUHAMHUYECKOTO pac-
npejesieHus MoJ0Chl nmponyckanus [65], GWO onTu-
MHU3UPYET NapaMeTpbl HEMPOHHBIX ceTed [66], a Me-
TOJIbl pOEBOro 00y4YeHUsl HaX0AAT NpUMeHeHHe B UH-
TeJUIEKTYaJIbHBIX TPAHCIOPTHBIX cUcTeMax [67].

TakuM 06pa3oM Bce pacCMOTPEHHbIe pOeBble ajro-
PUTMBI JIEMOHCTPUPYIOT BBICOKYH 3)PEeKTHUBHOCTh
MpU pelleHuH MUPOKOTO Kpyra 3aZjay B TeJeKOMMY-
HUKaLUAX — OT MaplIpPyTU3aLUH U paclipesieieHus pe-
CypcoB [0 oGecrneyeHHs 6e30MaCHOCTU U 3Heproad-
deKTUBHOCTH. X cCIOCOGHOCTb aJaTUPOBATLCA K [ -
HaMH4YeCKd U3MEeHSIIOIIUMCS YCJI0BUSM, paboTaTb C
OOJIbITMMH 00'beMaMH JIaHHBIX U HAaXOAUTh KOMIIPO-
MUCC MeX/Jy pa3Be[KON U 3KCIJIyaTalUel AesiaeT Ux
I[eHHbIM HHCTPYMEHTOM B YINpPaBJIEHUH COBpPEMEH-
HBIMU CETSIMH, 0CO6EHHO B YCJOBUAX pa3BuTHs SDN,
[oT u TexHosorut 5G. UHTerpanus 3TUX aJropuTMoB
C MeTOJaMH MalIUHHOTO 00y4YeHuUs U TUGpUAHbIE TIOJ-
XO0Jlbl OTKPBIBAIOT HOBble IEPCIEKTUBBI ISl TOCTpPOe-
HUSI UHTEJJIEKTYalbHbIX, CAMOHACTPANBAIOLIUXCS CU-
CTEM CBSI3H.

CpaBHUTe/IbHBIN aHa/AN3 3P PEKTUBHOCTHU
aJITOPUTMOB

CpaBHUTENbHBIN aHAIU3 3P PEKTUBHOCTH aJIrOPUT-
MOB ONTUMH3ANUU B TEJTEKOMMYHUKAI[USX BbITTOJHEH
Ha OCHOBe 0630pa CyIIeCTBYIOIUX HCCJIEJOBAaHUH U
ny6JIMKaLUi, B KOTOPBIX UCHO0JIb30BAJIMCh KaK TECTO-
Bble QYHKIIMH, TaK U MPAaKTUYECKHUE 33J]a4d U3 06Ja-
cti cBs3u. OIleHKa OCYIUIeCTBJISLJIACh MO KJIHOYEBBIM
KpPUTEPUSM: CKOPOCTh CXOJUMOCTH, TOUHOCTb pellle-
HUH, BBIYUCIUTEbHAsS CJI0XXHOCTb, YCTOWYHUBOCTb K
JIOKaJbHbIM ONTUMYyMaM M CIIOCOOGHOCTb 06pabOTKHU
OorpaHUYeHU.

Ontumusatop GWO geMoHCTpUpyeT HauboJiee BbI-
COKYI0 CKOPOCTb KOHBEPTeHIIMU CpeJikd paccMaTpUBae-
MBIX aJTrOPUTMOB, JOCTUras MpHeMJIEMBIX pelleHUuN
Ha HayaJIbHbIX UTepanusax B 42 u 58 % ciyyaes, COOT-
BETCTBEHHO [66]. OAHAKO 3TO NPEUMYLIECTBO CONPO-
BOXJAETCS PHUCKOM IpeXJAeBpeMEeHHONW KOHBEpPTeH-
[[MH, YTO MOXKET NPHUBECTH K CHUKEHHIO pa3HO0Opasus
nonyasanui [9, 68]. B otsinuue ot GWO, anroputm ABC
xXapakTepusyeTcs 6osiee CTabUIbHON KOHBepreHuen
Ha MO3JHHUX 3Talax ONTUMHU3ALHUH, YTO obecrieyuBaeT
abdexTHBHOE pellleHHe 3aa4 C MHOTOYUCIEHHBIMHU
JIOKQJIbHBIMY ONITUMyMaMH [66]. COBpeMeHHbIE MOJU-
¢dukanyu GWO HanpaBJieHbl Ha TPEO/0JIEHNE YKa3aH-
HBbIX OTPAaHUYEHUH 33 CYET MHTETPalMH aJalTUBHbBIX
CTpaTerui ¥ rubpuHbIX 0AX00B [69, 70].
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[Ipu ouenke ToyHOoCTH anroputMoB ABC mokasasn
Hauwly4qlni pesyabtaT — 97,3 %, oco6eHHO 3ddeKTH-
BeH B HeNpepbIBHbIX MpOCTpaHCTBaxX peweHuit. ACO
JOCTUT TOYHOCTHU 95,8 % U NpoZeMOHCTPUPOBaJ Ipe-
MMYylleCcTBa B AUCKPETHBIX 3ajadax [71]. GWO 3aHsan
MPOMEXYTOYHOE MOJIOKEHUE C TOYHOCTBI0 96,5 %, co-
XpaHsis CTaOUJIbHYIO NMPOU3BOJUTEJIBHOCTh B 0OOUX
TUNax 3aja4 [72]. YHuBepcasbHocTb ABC ocobeHHO
3aMeTHa [IpU pelleHUH HeJUHeNHbIX 3a/jay B 9HEPro-
cucteMax [73]. CpaBHUTe/IbHbIE XapaKTEPUCTHUKU pac-
CMOTpPEHHbIX aJITOPUTMOB 060611[eHbI B TabJIUIE 2.

AHanu3 BbIYHCIUTENBHON CI0XKHOCTH BbISIBUJI 3HA-
YHUTeJIbHble pa3nyua Mexzay ajaroputmamu. ABC xa-
pakTepu3yeTcs MUHUMaJbHOM CJ10XKHOCTbI0 O(n2), 4To
JleJlaeT ero INPUMEHHUMBIM B DPa3/MYHBbIX 006J/acTHX,
BKJIOYAsi SHEPrOCUCTEMBbI U 6GeclpoOBOJHbIE CEHCOP-
Hble ceTH [73, 74]. ACO nMeeT 60o/iee BBICOKYIO Bpe-
MEHHY0 CJ10XKHOCTb 0(n3) n3-3a HE06X0JUMOCTH MO/ -
JlepkaHus MaTpulbl GepOMOHOB, YTO yBeJU4YHMBaeT
vcnosib3oBaHue namMsATH [10]. GWO 3aHMMaeT npoMe-
JKyTOYHOE I0JI0KeHHUe ¢ caoHocTblo O(n? log n), 6a-
JIAHCUPYS MeX/ly IPOM3BOJUTEJbHOCTBIO U IOTpebJie-
HUeM pecypcoB [75] (cM. TabauLy 2).

B KOHTeKCTe CIOCOOHOCTH K IPE0J0EHUIO JIOKaJIb-
HbIX onTuMyMoB ABC mocturaeT rjio6ajbHOro ONTH-
myMa B 87 % cay4vaes, onepexas GWO (82 %) u ACO
(76 %) [76] (cM. Tabauny 2). [Ipu stom ACO memoH-
CTPpUPYeT HaWIy4ylllhe pe3yJbTaTbl B BBIMOJHEHUH
OTpaHUYEHUH, Hax0sl AONYyCTUMBbIe pelieHus B 92 %
cayyaeB [35, 77]. CTaTUCTHYECKUN aHaAIU3 METOJ0M
ANOVA (p < 0,05) noaTBepaua ctabuabHocTb ABC, Ko-
TOpBbIA NOKaszan ko3dpduuueHt Bapuanuu 12,3 % no
cpaBHeHUIO ¢ 15,8 % ansg ACO u 14,2 % g GWO [73,
78]. 3Ta xapaKTepHUCTHKA 0COGEHHO BaXKHa JIJIsl TPUJIO-
JKeHUH, TpeOYIIMNX HaIeXKHBIX pellleHUH.

[IpakTHYecKoe NPpUMEHEHHE aJTOPUTMOB B 33/ja4ax
Mapwpymuszayuu mnokasajo, 4To ABC obecneunBaeT
MUHHUMaJbHY0 3aepxkKy (12,3 mc), onepexass ACO
(14,2 mc) u GWO (13,1 mc) [79]. Onnako ACO feMoH-
CTPUPYET Jy4llyI0 OGaJTaHCUPOBKY Harpy3kKH € Ko3d-
déunuentom Bapuanuu 0,15 npotusB 0,21 aaa ABC u
0,18 nis GWO [45, 79]. B 3agavyax sHepeoagpekmus-
Ho20 naanuposanuss GWO focTUr HauboJIblIero 3Have-
Hus neseBod ¢yHkuuu (0,87), npeBbilias NoKasaTeau
ABC (0,82) u ACO (0,84) [80, 81]. Tem He meHee, ABC
NPOSIBUJ OOJIBLIYI0 CTAOUJIBHOCTb 3HepromoTpe6Jie-
HUs B AMHAMHUYHBIX CETEBBIX yCJOBUsAX. MeToj aHa-
JiM3a uepapxui MOATBEPAUJ Npuopumemsl aJropurT-
MoB: ABC nosyyus Bec 0,38; GWO - 0,35; ACO - 0,27
[82, 83]. ABC u GWO xapaKTepHU3yOTCs BBICOKOH YHU-
BepcasbHOCTHIO, Torga kak ACO Haubosiee apdeKrTH-
BeH B CIIELMAJM3UPOBAHHBIX CIeHAapHUSAX C 3JeMeH-
TaMU HeomnpeJeseHHOCTH [84]. PesyabTaThl noauyep-
KUBAIOT HEOOXOAUMOCTb yyeTa KOHTEKCTa NMpUMeHe-
HUsI IPH BbIGOpE aIrOPUTMa ONTHMH3ALMH.

TABJINLA 2. CpaBHMTeJIbHbIE XapaKTePUCTUKHU POEBbIX

a/ITOpUTMOB
TABLE 2. Comparative Characteristics of Swarm Intelligence
Algorithms
XapaKTepuCTHKA ABC ACO GWO R
(mokasaresb)
Cxopocts YMepeHHas | YMepenHas | Beicokas | [58]
CXOAMMOCTH
Tourtocts 97,3 % 95,8 % 965% |63
pelleHust [64]
BbruucsnTenbHast
2 3 2
CIONKHOCTE 0(n?) 0(n3) O(n?logn) | [66]
ii?;;:;ﬁ;b Bricokas CpenHss Cpepusas | [67],
(87 %) (76 %) (82 %) [68]
ONTHMyMaM
Pa31—1006pavay1e Bricokoe Cpeznnee Huskoe [60]
HONyJISIIUA
[IpurogHoCTb ANS [65]
HelpepbIBHbIX OTiMyHas CpepHsas Xopo1uas [64]'
3aj1a4
[IpuroaHocTh A5 [63]
JUCKPETHBIX CpepHsas OtsnyHas | Xopouwas [64]'
3a/1a4
Bbicokoad- | Xopoiro
dddexrtu- | dextuBeH | paboTaeT
[Ipumenenue B BeH (MMHHU- | (0co6eHHO (y4uThI- [37]
MaplupyTH3aLUH MU3aLHUs B Gecnipo- | Baer Tpe-
3a/lepKeK) BOJHBIX 60BaHUS
ceTsx) QoS)
lpumenenme Ontumusa- | MapwpyTu- | Banancu-
B 33/layax pas-
nus 3anus poBKa [69],
rpy3Ku Tpadua, Harpysku Tpaduka pecypcoB | [70]
6aJIaHCUPOBKHU
Ha CepBepbl [ 1o ceTn B CETSX
Harpysku
Bobicokas
JHeproadpdek- (sxoHOMMUSA Bricoxan
Cpepuss (B obsau- | [71]
TUBHOCTb o 20 HEIX ceTsIX)
MBT/ron)
CnekTpasibHas
5dEKTUBHOCTH Bricokast CpepHss Cpennss | [49]
O6paboTka Xopomasgs | OtnnuHas | Xopowas | [72],
orpaHUYeHH I (85 %) (92 %) (88 %) [27]
Koadduuuent Huskuii CpeaHuii Cpepnuuit | [65],
BapHaluu (12,3 %) (15,8 %) (14,2%) | [73]
Cl0XXHOCTB [3],
O — IpocTas CpepHsas [IpocTas [74]
HUcnosb3oBaHue [3],
LAMSITH Huskoe Bobicokoe CpegHee [74]
Bo3morkHa
Bo3morkHa BosmoxHa
(¢ MauruH- (crenetu- (c aganTus-
'ubpuausanus YEeCKUMU A [61]
HBIM 06y4e- HBIMH CTpa-
aJITOPUT-
HUEeM) TETUAMHU)
MaMHu)
[41],
[IpumeHenue B 5G | YMepeHHoe | Bricokoe Beicokoe [55]
BesonacHocTb CpepHsas Bobicokas Boicokas | [52]
HUBEPCAJbHOCTD bICOKast pesHss bICOKast
y B C B 76

Yea. 06o3HayveHus:

R - UcTo4yHuk

Takum o6paszom, anroputmbel ABC, ACO u GWO Haxo-
ST NMpUMeHEeHUEe COOTBETCTBEHHO B HEMpPEepPbIBHBIX
3a/layax U 3HeproapPeKTUBHOCTH, MAPIIPYTU3ALUU U
3aJladyax C OTpaHUYEHHUsIMH, a TaKKe B 06ecredeHuH
BBICOKOH CKOPOCTH cxoauMocTH U QoS [26, 28].
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IlepcneKTHBBI pa3BUTHUS U THGPUAU3ALMS
aJIrOPpUTMOB

[TepcneKTUBBI PAa3BUTHSA U TUOPUIU3ALIMS AJITOPUT-
MOB POEBOr'0 MHTEJJIEKTA PEICTABISAIT COO0M OJHO
M3 KJII0YEBBIX HANpPaBJEHUN COBPEMEHHBIX UCCJEN0-
BaHUH B 06JIaCTH ONTHUMHU3AIUU TEJEKOMMYHHKAIU-
OHHBIX CUCTeM. AHa/JIU3 aKTyaJbHbIX Hay4YHbIX pa3pa-
60TOK I03BOJISIET BbIAEJUTb HECKOJbKO OCHOBHBIX
TPEH/I0B, XapaKTEePHU3YIOIIUX IBOJIIOLMI0 JAHHbBIX aJ-
FOPUTMOB.

B nepBy1o oyepesb, 3HaUUTEJbHOE BHUMaHUe y/e-
JIleTcsl UHTerpalyyuu poeBbIX aJrOPUTMOB C TEXHOJIO-
TUSIMU MalIMHHOTO 00y4yeHus. Tak, couetanue ABC ¢
rJIy6OKUMU HEHPOHHBIMHU CETSIMU IEMOHCTPUPYET I10-
BBIIIEHHY0 3¢ PEKTUBHOCTh B 33/jladyax MPOTHO3UPO-
BaHMUSA ceTeBOro Tpadrka u Mapupytusanuu [85-87].
Ocobyto 3HaYMMOCTb IpUoOpeTaeT pa3paboTka ajal-
THUBHBIX CUCTEM POEBOr0 MHTEJJIEKTA AJis 06paboTKHU
60JIbLIMX JaHHBIX, [Jle HellpoceTeBble MOAX0/bI 06ec-
MeYyrnBaloOT yJIy4llleHHe TOUCKOBbIX MEXaHHW3MOB.

Kom6uHupoBanrue ABC u ACO nokasbiBaeT CUHEP-
reTudeckuil apdekT 6/1arojapss MexaHU3My NaMATH
ACO, 4TO MPUBOAUT K MOBBILIEHUIO NPOU3BOAUTEb-
HocTv Ha 15-20 % [88]. UnTerpauus GWO c reHeTuye-
CKMMHU a/JITOPUTMAaMU CIIOCOGCTBYET yBeJUYEHHUIO pas3-
HOO06pa3ys MOMyJSALUH U NPeAoTBPALEHHIO TpeXx/e-
BpeMeHHOW KoHBepreHuuu. OcoGeHHO NepcrneKTHB-
HBbIM IIpeJCTaBJ/sAeTCsa coyeTaHUe aaroputmos Honey
Badger (HBA) u onTUMH3anuy posi MecyaHbIX KOIIEK
(SCSO), memoHCTpUpYIOIlee BHICOKHE pPe3yJbTaThl B
ri06aJbHOM onTUMHU3anuu [89].

3HauUTeNbHBIN Nporpecc HabaeTcss B 06J1acTH
caMoaJianTaluy MapaMeTpoB aJroOpUTMOB. B KOHTeK-
ctre GWO paspaGoTaHbl CTpaTeruud JUHAMHYECKOH
aJlanTanuy, Mo3BOJISIOIINE PETYJIMPOBATh TAKHeE Mapa-
MeTphl KaK 4YacTOTa MyTalMi B 3aBUCMMOCTH OT Xa-
PaKTEPUCTHUK MPOCTpPaHCTBa pemeHuit [90, 91]. Agan-
TUBHBIM JAUHAMHUYeCKHH aJropuTM caMooby4daro-
1iekcs OITUMU3aL MU cepblx BoJIKOB (ASGWO, a66p. om
aHes. Adaptive Dynamic Self-Learning Grey Wolf
Optimization Algorithm) Bk/ITO4aeT WHHOBALMOHHBIE
MeXaHU3Mbl 0OHOBJIEHUS MMO3ULUH, YTO CYIECTBEHHO
MOBBILIAET CKOPOCTh U TOYHOCTb KOHBepreHuu [92].

WHTerpanus ¢ 6J10K4YeHH-TEXHOJOTUSMHU OTKPbIBAET
HOBble BO3MOXXHOCTHU [UJIsI JlelleHTPaJM30BaHHOTO
ynpaB/ieHuss  pecypcamu.  KoHuenuus ~ Swarm
Intelligence feMOHCTpUPYeT BbICOKYIO aJalTUBHOCTD B
JUMHaMUYHBIX NIPUJIOKEHUSX, a JIByXPaKTOPHbBIN 6JI0K-
YyeHH-KOHCEeHCyC 06ecliedMBaeT 3al{UTy KOMMYHUKaLH-
OHHBIX KaHaioB [93]. [losiBleHNEe TEXHOJIOTHH Swarm
Contracts no3BosiseT MUHUMH3HWPOBATb 3aBUCHUMOCTb
OT LeHTPaJIN30BaHHbBIX CUCTEM yIpaBJieHus [94].

Oco6oro BHUMaHH 3aCJIyKUBaeT BHeJpEHUE KBaH-
TOBBIX BbIYUCJIEHHH B poeBble airopuTMbl. QACO (a66p.
om aHzsa Quantum Ant Colony Algorithm) u QPSO
(a66p. om aHesn. Quantum Particle Swarm Optimiza-

tion) EMOHCTPUPYIOT 3HAUUTEJIBHOE YJIy4IleHHe CKO-
POCTU KOHBEPreHIIMU U KayecTBa pelieHU [95], uTo
NOJTBEPXKJAET NEPCNEKTUBHOCTD JAHHOTO HAalpaBJie-
HUs. Pa3BUTHe MeXaHHU3MOB KOJUIEKTUBHOIO o6ydye-
HUS TaKXKe MpeACcTaB/sieT CO60M BaXKHbIM aclleKT MO-
JlepHU3alMY aIrOPUTMOB posi. CUCTEMB], OCHOBaHHbIE
Ha OOGMeHe ONbITOM MEX/JY areHTaMH, IOKa3bIBaIOT
BBICOKYI0 3¢ PEKTUBHOCTD B CJOXKHBIX 33/la4yaX ONTHU-
Musanui 2, 48]. BHeapeHue cripaBeAJIMBbIX MEXaHU3-
MOB BO3HarpaJeHusl CTUMYJIUPYeT y4yacTHe pecypco-
eMKHUX OpraHU3aluil B npolecce KOJJIeKTUBHOIO 00Y-
yeHus [96].

WHTerpanus ¢ TEXHOJOTUSIMU LUGPOBBIX JBOWHU-
KOB 3HAYMTEJIbHO PACIIUpPsSeT BO3MOXXHOCTH ONTUMHU-
3alMU TeJeKOMMYHHUKAlMOHHBIX ceTeil. KomGuHanus
GWO c nudpoBbIMHU JIBOMHUKAMU 0OecriedyrBaeT TOY-
HO€ MO/IeJTMPOBAaHME CETEBbIX 3JIEMEHTOB U IIPOTHO3U-
pOBaHME ONepaLMOHHBIX ITpobJeM. [lnaTdopmel T
GH-Twin, ucnosb3ywinue obydeHue rpadam, npeo-
CTaBJISIIOT HaJleXXHble UHCTPYMEHTbI CAaMOBOCCTAaHOB-
JeHus [97].

3akJ/il0ueHue

Ha ocHoBe poBeieHHOT 0 aHa/IM3a Npe/CTaBJ/ISETCs
BO3MOXHBIM CZleJ1aTh BbIBOJ, O TOM, YTO KaXKJbIl U3
pacCMOTPEHHBbIX POEBBLIX aJrOPUTMOB XapaKTepusy-
eTCsl YHUKAJbHBIMU 0COGEHHOCTSIMH, JIe/Ial0IUMH UX
NPUTOAHBIMHU [JIJIs1 PellleHUsI Pa3IMYHbIX 3a7a4 B chepe
TeJleKOMMyHUKaluui. ABC peMoHCTpUpyeT Hauyd-
1IMe NoKasaTeJ iy 001el MPpOU3BOJUTENBHOCTH U CTa-
OWJIBHOCTH NPU pellleHUH 3a/a4d HelpepbIBHOW ONTHU-
MH3aLUH, 0COGEHHO B YCJIOBUAX HAJUYUsI MHOXeCTBA
JIOKaIbHbIX oNTUMYMOB. ACO ocTaeTcss He3aMEHUMbIM
WHCTPYMEHTOM JJI51 33/ia4 MaplIpyTHU3aLUH U MJIaHU-
POBaHUSI C KECTKUMH OTPAaHHUYEHUSIMH, TOrJa Kak
GWO nposiBsisieT BbICOKYI0 3G PEKTUBHOCTD B 3a/ja4ax
C MHOXKeCTBEHHbIMU KPUTEPHUSMH ONTUMHU3ALUHY, TJe
TpebyeTcs 6bICTpast CXO4UMOCTb.

s 3a71a4, CBSI3aHHBIX C 3HEPro3¢PeKTUBHBIM ILJIa-
HHUPOBaHMEM U ONTHMH3alLMel CeKTpalbHbIX pecyp-
COB, peKOMeH/lyeTcsl NpUMeHTh aaroputm ABC 6J1a-
rojaps ero TOYHOCTH U CTaOMJBHOCTU. B 3ajayax
MapUIpyTU3aLMU U pacnpeje/leHUs] PecypcoB C KecT-
KHMMM OTpaHHYeHUAMHU NpeJIo4YTeHHe CleayeT OTha-
BaTb ACO, o6s1azato1eMy 3pGeKTUBHBIM MEXaHU3MOM
paboTel c orpanuyeHussMU. GWO Haunbosiee MOAXOUT
JUI 33Jla4 peasIbHOr0 BpeMeHH, TaKUX KaK BbIIPy3Ka
Tpaduka, rje TpebyeTcsa onepaTHBHAs CXOJUMOCTb
NIpY COXpaHEeHUH IpUeMJeMO TOYHOCTH pelleHHUs.

[lepcrieKTHUBBI AalbHEHIINX UCCJIEL0BAaHUN B JaH-
HOH 06/1aCTH LOJDKHBI GbITh HANPaBJIeHbl HA PA3BUTHE
FUOPUJHBIX TMOAX0JOB, COYETAWUUX CUJbHbIE CTO-
POHBI Pa3JIMYHbIX aJropuTMoB. Oco60e BHUMaHHe
clelyeT yAeJUTh pa3paboTKe MeXaHU3MOB CaMOa/jarn-
Talld NapaMeTPOB M CO3JaHUI0 pacnpejeseHHbIX
BepCUH aJrOPUTMOB JUJI1 UX NPUMEHEHHUs] B KPYIHO-
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MaclUITaGHbIX TeJIEKOMMYHHUKALMOHHBIX ceTsAX. UHTe-
rpals poeBbIX AJITOPUTMOB C TEXHOJIOTUSIMU MalllWH-
HOro 06y4YeHUs1 U [UPPOBbIX IBOMHUKOB TaKXe Mpe/-
CTaBJjsieT COGOU MepCcreKTUBHOE HaIpaBJeHHe, CIOo-
CO6CTBYIOLIEE CO3JAHUI0 UHTEJIEKTYaJbHbIX CUCTEM
yHpaBJieHUs CEThIO.

BakHbIM acnekToM OyAyLIUX UCCJAeOBAaHUN SBJISA-
eTcs pa3paboTKa METO/I0B OLeHKHU U CpaBHEHUS 3(-

$EeKTUBHOCTH POEBBIX AJITOPUTMOB B YCJOBUSX JHUHA-
MHUYECKOU paboThl ceTell cBsA3U. Heo6xoAMMBbI 10MOJI-
HUTeJIbHblE UCCIe[l0BaHUA N0 ONTHUMHU3al MU BbIYHUC-
JINTEJIbHOW CJIOKHOCTH aJITOPUTMOB IIPU COXPAaHEHUH
VX IPOU3BOAUTENBHOCTHU. TakKe NpeJcTaBaseT Hayd-
HbIM YU NPAaKTUYEeCKUN UHTepec pa3BUTHE KBAHTOBBIX
BePCUM poeBBIX AJITOPUTMOB U UCCIeJOBAaHUE UX TIPU-
MEeHHMOCTH B IPUJIOKEHUSIX MeTaBceJeHHOU [98].
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