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AnHoranus. [Ipennoxen MeToa nepapxuuecko-KOOPANHALIMOHHOTO oOCTy)HBaHUs odeperneil. B pamMkax mpemnoxeHHOro me-
TozIa 3a/1a4a OOCIY KUBaHUS odepeseil Oblia CBeIeHa K PeICHII0 ONTUMU3AIMOHHON 3a1aull, PEICTABICHHOH IBYXYPOBHEBOM
Hepapxuueckoil cTpykTypoi. Ha mepBom ypoBHE pemanach 3amada pacmpeielieHHs] MOTOKOB MEXTy OdepeisiMH, Ha BTOPOM
YPOBHE pelIeHHs, NOIyIeHHbIe Ha IIEPBOM yYPOBHE, KOOPANHUPOBAIUCE C IIENBIO TIPEIOTBPAICHISI BEPOSTHON Meperpys3ku Ka-
Haya cBsi3u. [Ipu ynpaBiieHIN MHOTOYpOBHEBOH CTPYKTYPOI B OCHOBY OBLI MOJIOXKEH MPHHIIUII IIEJIEBON KOOPAWHAINH, KOTOPBII
oIIpezielisul MOPAJOK yueTa OrpaHUUCHUM Ha B3auMOJEHCTBUE ouepeliell U paclpeieeHUsl pacueTHBIX 3alau MEeXy YPOBHSIMU
uepapxuu. KoopauHarus perieHuii ocyIiecTsIsach ¢ UCNOIb30BaHUEM MeToa MHOXKuUTenel Jlarpanxka. Merogamu aHaIuTH-
YECKOT0 MOJIETTUPOBAHMS IPOBEAEHO HCCIIEA0BAHIE CXOAUMOCTH MPEAT0KEHHOTO METO/IA.
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Abstract. The paper presents hierarchical coordination queuing method. Within the proposed method a queuing problem has
been reduced to optimization problem solving that was presented as two-level hierarchical structure. The required distribution
of flows and bandwidth allocation was calculated at the first level independently for each macro-queue; at the second level
solutions obtained on lower level for each queue were coordinated in order to prevent probable network link overload. The
method of goal coordination has been determined for multilevel structure managing, which makes it possible to define the
order for consideration of queue cooperation restrictions and calculation tasks distribution between levels of hierarchy.
Decisions coordination was performed by the method of Lagrange multipliers. The study of method convergence has been
carried out by analytical modeling.
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BBenenue

BaxxHoil 3afa4eil pa3BUTHSI COBPEMEHHBIX TEJIEKOMMYHUKALMOHHBIX CETEH SABJISETCS MOBBILIEHUE KAauecT-
Ba obcmyxuBanus (Quality of Service, QoS) Bo3pacTaroliero Kojxu4ecTBa 3anpocoB nonb3opareneid. Cpenu
MHOXCCTBa CPCACTB MOBBINICHHSA Ka4€CTBa O6Cﬂy)KI/IBaHI/ISI 3HAYUMOE€ MCCTO 3aHUMAIOT MCETOABI YIIPaBJICHUA
o4epelsiMH, MO3BOJISIOIUE YP(EKTHBHO YIyUIINTh TAaKUE MOKA3aTeNn, KaK CpelHss 3aJepiKKa ITaKeTOB, JIKHT-
Tep, KOJIMYECTBO OTOPOLICHHBIX [TAKETOB 0€3 CYLIECTBEHHBIX 3aTpaT Ha MOIEPHH3ALUIO CYILECTBYONIeH HHDpa-
CTPYKTYpbI cetu [1]. B cBoro ouepenp, ocodeHHOCTH M 3()h(PEKTUBHOCTh TEXHOJIOIMYECKUX PEIICHUH B 00IacTH
00CITyKMBaHHUs Ouepesieil 3aBUCAT OT TEX MaTeMaTHYECKUX MOJIeIel U METO/IOB, KOTOPBIE B HUX 3aJI0KEHBI.

[Tpumensiemble ceropnst Mexanu3Mbl oociyxusanus odepeneid (FIFO Queueing (First In, First Out), npu-
oputetHsie ouepenu (Priority Queuing, PQ), 3aka3usie ouepenu (Custom Queuing, CQ), B3BemIEHHOE CIIpaBea-
mBoe obciyxuBanune (Weighted Fair Queuing, WFQ), B3BemIeHHbIE CIpaBeIINBhIC OYepPEIU, OCHOBAaHHBIC Ha
kiaccax (Class-based Weighted Fair Queueing, CBWFQ), ouepenu ¢ manoii 3agepxxoit (Low Latency Queuing,
LLQ)) TpebyroT BMeIIaTeIbCTBA aIMUHICTPATOPa IPH HACTPOWKE, HE CIIOCOOHBI K aaNTallud U TEM CaMbIM HE
CHOCOOHBI 00ECIIeUNTh BO3PACTAIOIINE MOTPEOHOCTH B 00ECHEYeHUH KauecTBa 0OCIY)KMBAHUS HOBOTO MH(OD-
MAaIMOHHOTO obImecTBa [2]. B cBA3M ¢ 3TUM aKkTyadbHBIM BUIWTCS WCCIEAOBAHUE HOBBIX IIOAXOIOB OOCITYKHBA-
HUS OUepeiCi Ha y3J1ax Kak MPOBOJHOM, TaK U OSCIPOBOIHON TEICKOMMYHHUKAIIMOHHOM ceTh [3—6].

CoBpeMeHHast TeJIeKOMMYHHUKAI[OHHAsI CETh UMEET MHOTOYPOBHEBYIO CTPYKTYPY, IPOUCXOJUT MEPEXos K
pacnpeiesieHHbIM, O0JIaYHbIM TEXHOJIOTHSM, KOTOpble TPeOYIOT COONIONEHMSI MPUHLIMIIOB COIVIACOBAHMUS, KOOp-
JMHAIMY d5eMeHToB [7, 8]. B obnactu obcimykuBaHus ouepeneit 3To paclpeeseHHbIe aITOPUTMBI 00CITy>KHBa-
ot DWFQ (Distributed Weighted Fair Queuing), DCBWFQ (Distributed Class-based Weighted Fair Queuing,
DLLQ (Distributed Low Latency Queuing)) u ap. MaTeMaTHYECKUM aImaparoM, CIIOCOOHBIM PEIIUTh ITOCTaB-
JICHHYTO 3371a9y COTIACOBAHUS U KOOPAWHAIINU PACIIPENEeNICHHON CeTH AJIsl OBHIMICHHS Ka9eCTBa OOCITyKUBaHUS
MTOTOKOB TTOJIb30BaTelICH, SIBIISIETCS TEOPHS MHOTOYPOBHEBBIX HepapXudeckux cucteM [9, 10].

Hepapxudeckne CTpyKTYpsl (04epenn) NOAXOAAT Ui MAcIITa0MPOBAHUS CETH B CIIydae YBEIHMYCHHS KO-
JIMYECTBA 00CITY)KHBAEMBIX MTOTOKOB. ITOT MAaTeMaTHYCCKHUI ammapar mo3BosieT 6osiee 3pPeKTHBHO UCIOIIB30-
BaTh MHOTOSIEPHBIE (MHOTOIPOIIECCOPHBIE) CHCTEMBI, KOTa OOIIMI pecypc pachpenemnsercs mapauielbHO U
KaXbIH TPOIECCOP 3aHUMAETCS 00CITY>)KUBaHUEM CBOEH TPyIIIbI Ouepeeit.

Takum 00pa3zom, akTyalbHOM SIBIISETCS 3a/ia4a MCCIIEI0BaHUs HOBBIX METOJIOB OOCITY)KUBAaHUs O4epeei,
NPE/ICTaBICHHBIX UEPAPXUUECKUMHU CTPYKTypamu. [IpeasiokeHHbI B HacTosALIeH paboTe MOAXOJ TaKkxkKe Hccle-
JIOBaH B 00JIaCTH YIIPaBICHUS TPA(QHUKOM JUIS PEIICHHS 3a]1a4 MapIIPYTU3AINH, TPEICTABICH MAaTEMATHICCKUMH
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MozensIMHI TudQepeHInaNbHbIX U anredpandecknx ypasaeHuii [11, 12]. B pabote nmpeanoxeHa MOTOKOBask MO-
JeTIb MepapXUUeCKUX ouepesield B JeKOMIIO3UIMOHHON (opMe B BHIE anreOpandeckux ypaBHEHUH.

JBYyXypOBHEBbIi MeTO HePapXU1eCKO-KOOPANHAIIMOHHOTO 00C/Ty;KMBAHUS 0Uepeeil Ha y3J1ax
TeJIeKOMMYHUKAIIMOHHOI ceTn

bazoBbiMu IMIpUHIUIIAMHA Mepapxuqecxof/i CUCTEMBI ABJIAIOTCA NPUHOUIIBI COTJIACOBAHHOCTU U KOOpAWHA-

IIUM peIIeHUH, MPUHUMAaEeMbIX Ha BCEX YPOBHAX yIpaBieHus. B pamkax 3amaum oOcCiy)XKMBaHHUS odepenei 3Tu

NPUHLMUIIBI 3aKJII0YAIOTCS B TOM, YTO BCE CETEBBIC 3JIEMEHTH! ynpasiieHHs: OydepHbIM pecypcoM (Kak 1o ropu-

30HTaJIM, TaK ¥ 10 BEPTUKAIIN) JOJDKHBI OBITH COTIIACOBAaHBI MEXIY COOOH MO BCEM MOKazaTessIM C 1IEJIbI0 J10C-

TYDKCHHMS 3aJIaHHBIX 3HAUCHHUH CpeIHEeH 3aJiepiKKH, IPKUTTepa, KOJIMYecTBa OTOPOIIEHHbIX nakeToB. Hampuwmep,

MPY IPOEKTUPOBAHUN CHCTEMbI OOCITYKUBAHUS O4depeied JOIDKHA OBITh MPELYCMOTPEHA KOOPAMHALNS JIIEMEH-

TOB TIO pacxojy pecypcoB mpomyckHoi criocooroctr (I1C) mcxomsmero kaHama CBS3H, 3arpy>KEHHOCTH CETEBO-

ro uHTepdeiica, o ueniM GyHKIHOHUPOBAHKSA, IPOTPAMMHOMY ¥ QJITOPUTMUYECKOMY O0ECIIEYEHHUIO U T.JI.

B cereBoM y31e B Xo[e pelleHUs 3aa4u 00CITy)KUBaHUA odepereld HeoOXOIMMO ONPENeIUTh pacipese-

JICHHE MHOXECTBA IIOTOKOB MEXIY OUEpPEIsIMHU, a TAKKe IMOPSIOK OOCIYKMBAHHMS MOTOKOB MAKETOB 3aJaHHOMN

uHTeHcuBHOCTH [13]. JInst MOBBILIEHHST MacITAOUPYEMOCTH 3a/1auk 0OCITY)KUBAHHS Ouepesieil OnpenesuM JIByX-

YPOBHEBYIO (DyHKIIMOHAJIBHYIO HEPAPXUIO PACUYETOB!

— Ha HW)KHEM YPOBHE MCKOMOE pacIipe/ie/ieHHe TIOTOKOB MOJIEKHUT pacuyeTy He3aBUCHMO JUIS KaXKAoi Makpo-
o4epey Il TOTOKOB, KOTOPBIE IIOCTYTAIOT OT CETeH JOCTYIIa WIIN IPYTUX CETEBBIX Y3JI0B;

— Ha BepXHEM ypOBHE IOJydEeHHbIE HA HIHKHEM YPOBHE PEIICHHS 33J1a4 paclpeieNICHNs] IOTOKOB M BBIJEIICHUS
I1C nnst kax 0l ouepesn KOOPAUHUPYIOTCS C LEIbI0 IPEAOTBPALLIEHHs BEPOSATHOM Ieperpy3ku KaHaia CBsI3H
BBUY JELEHTPAIM3ALUK IPUHIMAEMBIX PEHICHUH Ha KaKI0i KOHKPETHOH MakpOO4YepeH.

O01mas cxeMa mpejIaraeMoro MeTozia mpecTaBlieHa Ha puc. 1.
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Puc. 1. Obwas cxema ABYXypOBHEBOrO METOAA MEPapPXMYECKO-KOOPANHALMOHHOIO 06CNyXuBaH1sa odepenen

Ha Bxox cereBoro y3na noctynatoT M MOTOKOB C pa3IMYHBIMU IapaMeTPaMU UHTEHCUBHOCTH, IPHOPUTE-
Ta, JUIMHBI ¥ PAcHpeielIeHHs] BPEMEHN TOCTYIIJICHHUS MTAKeTOB. B 3aBUCHMOCTH OT HAaCTPOEK CIIMCKOB JIOCTyIa Ha
CETEBOM Yy3JIe TOTOKH pacIpeaensorcs Mexay K makpoodepemsimu. Kaxknmas makpoodepenb 0OCITyKHBACTCS
OTZENBHBIM MPOLIECCOPOM MM SIPOM CETEBOTO y3i1a. B pamMkax mMakpoodepenei mapajulenbHO pacCUNTHIBACTCS
pacmpeniesnieHre OTOKOB MEXy odepelqsiMu U BblaeneHue s Kaxnoi odepenu I1C. Koopaunarop cieaur 3a
TeM, 4To0bI cymMa I1C, BBIIENeHHBIX KXol Makpoodepeny, He npesbimaina [1C kaHana cBA3M.

Ba3oBas Mone/ib 00CIy:KHBAaHHSA OUepeaeii Ha y3/1aX TeJIeKOMMYHHKAIIMOHHOMN CeTH

[Mpennonoxum, 9to st Kaxaon r -i (7 =1, K ) Makpoodepeay B Ka4eCTBE MCKOMBIX BBICTYIAIOT Oyrie-
r

;;» KOTOPBIE XapakTEPH3YIOT BO3MOXHOCTb 0OCIykuBaHus i-ro (i=1,M ) noroka j-i

BbIC IICPEMCHHBIC X

(j=1N,) odepensto r -ii MaKpoOUEPE/H, a TAKKE IEPEMERHBIE b , oz KoTopbiMK noHMMaeTcs T1C, Boinenen-

Has U1t j -i oduepenu r -ii Makpoodepenu.
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CornacHo (1)I/I3I/Iq€CKOMy COACPIKaHNIO, UCKOMAd IMEPEMCHHAA xl.’j MOXCET NPUHUMATL TOJIBKO ABa 3HAYC-

Hus — Wik 0, ik 1, Tak Kak MOTOK OJHOTO Kjlacca MOXKET OBITh OOCITYKEH TOJIBKO B PaMKaxX OHOW OYepeIH:

X, € {0,1} . (1)
C nenbto obecrnieucHUs YHOpaBIAE€MOCTH MPEAIOXKCHHOTIO0 METOAA HCO6XOI[I/IMO 00ECTICUNTh BEHITIOIHCHHE
YCIOBHSA
K N, .
D=1 (i=LM). )

r=l j=1

VYcnosue (2) rapaHTHpyeT OOCITy>KMBaHHE TOTOKOB IOJIB30BATENCH MCXOMAIIMMHU OYEpelsIMU U TOJDKHO
BBITIOJHATHCS IS KAKIOTO i -TO IIOTOKA, MOCTYIAIONIETO B IPOU3BOJILHYIO MaKpOOUEepEb.

OCHOBHOH NPUYMHON MOTEPH IAKETOB B TEJICKOMMYHHUKAIMOHHOM CETH SIBIISIETCS IepernoyiHeHne Oydepa
CEeTEeBBIX yCTPOICTB, BbI3BaHHOE HenocTatoyHoi [1C kaHama cBA3M U1t 0OCITY)KUBAaHHS MTOCTYIHBIIUX ITOTOKOB.
OTcyTCTBHE TIOTEPh Ha CETEBOM Y3JI1€ JOJDKHO CIOCOOCTBOBATh OTCYTCTBHIO IOTEPh B CETH B LieNoM. IHTeHCHB-
HOCTP MIOTOKa, HAIIPABJICHHOIO Ha 00CITy)KUBAaHHE B 04epe/ib, He JOJDKHA IpeBbiiath [1C, BBIENCHHOM A1 3 TOR
ouepeny. C Lenbio NPeIoTBPAIeHUs] BO3MOXKHOM IIeperpy3KH ouepenell B Xo/ie pacueTa pacipeneneHus IOTOKOB

BA>XHO BBITNIOJIHUTH YCJIOBUE
M
r r
Dax, <b, ?3)
i=1

Iae a, — AHTCHCUBHOCTD II0OTOKA [ -TO KJ1acca, NOCTYIAaromero Ha O6CJ'Iy)KI/IBaHI/Ie CCTEBOTO y3Ja.

Jlns pemieHus 3a1a4u pactpenercHus Tpaduka MEeXIy OuepesIMA K UCIIONE30BAHHIO MPEaracTcs Ie-
neBast QyHKIHSI MUHHUMHA3AIIUHA CPETHEH JITHHBI O9epeIi:

K N,
F=%> f(p}.d)m;, “
r=1 j=1
rne f(p},d;) — Hexotopas (yHKUMS OT XapakTEPUCTUK NAKETOB j -i odepenu, Hanpumep ux IP-npuopurtera
p]’. WIH JUIVHBI d]’. ; ﬁj’ — cpeaHsis ANMMHA J -i ouepenn r -i Makpoouepear. CTOUT OTMETHTh, YTO MOTOK ¢ 6O-
Jiee BBICOKAM ITPHOPUTETOM OOCITY>)KUBAETCsI JIyIlle, YeM MTOTOK C HU3KUM IIPUOPHUTETOM. B pesynsrare 3HaueHne
ynkuun f(p},d;) nomxHO GbITh TeM GOIbIIE, YeM BbIlIIE IPUOPUTET U TYBCTBUTENBHOCTD K 3a/IEPIKKE TAHHO-

o MoToKa. B cBsA3M ¢ 3THM B (4) B KauecTBe (PYHKIMH XapaKTEPUCTHUK ITOTOKA MOJKHO HCIIOIB30BaTh CIEAyIoNee
BBIpaXKECHHE:

P
f(pj,dj)=dj,_-

B 3aBHCHMOCTH OT NapPaMETPOB BXOJALIETO MOTOKA 71, MOXET ObITh PACCUMTAaHA C UCTIONB30BAHUEM CIle-

6))

JYIOIIMX BBIPAXKEHUMN:

MIM/1:
- (P,-)r ’ (©6)
1-p;
M/D/1:
(A
o 7
a0 @
M/M/1/N:
_, p; I-(N+D(p)" +NE)™ |
" g . J J -0, 8
n; 1_(p;~)N+l 1_P; pj ( )
BMIM/1/N:
. pr N pr N+1
P I-(N+1)| L f(H)| (+N|~f(H
Ef(H) ( +)Bf( | Bf( ) o
ﬁjy = . N+2 o _E/f(H)’ ©)
_| P 1--L f(H
1| ) g /)
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e p) =-=—— — K03(hQUIMEHT UCTIONB30BaHHS TIPOTYCKHOH CIIOCOGHOCTH, BBIIETIEHHOH JUis j -1 ouepen;

b},
B — BEPOATHOCTH OTCYTCTBHS IIOBTOPHOM nepesaun maketos; H — koodduuuent Xepera; f (H ) — dyHxums,
KOTOpasi YUHUTHIBAET BIMSIHUE CaMOIIOA00UsI TOCTYIIAIONIETO B y3€i motoka. M3 (9) BUIHO, YTO JUIs ONpeAeeH s

CpelHell JUTHHBI 0uepesn HeoOXoauMo onpenenutbes ¢ Gpynkuueit [ (H ) . Hanpumep, ecnu ucnons3oBars Jiu-

HEHHBIN 3aKOH M 3HAYeHHUE NaHHOH ¢QyHkuwum mis H = 0,5, paBHoe 1, TO MOXHO TPEACTAaBUTH [ (H ) B BUJE
f(H)=2H [14].

Hcnonp3oBanue neneBoit GpyHkimu (4) MO3BONIIET HAUOOIEE TIOJHO COXPAHUTH (BHU3UUCCKUN CMBICI HC-
KOMBIX TIEPEMEHHEIX, aallTHPOBAB METO ITOJ] XaPaKTEPUCTUKH Pa3IMIHBIX IepelaBacMbIX IMOTOKOB. B 3aBuCH-
MOCTH OT MOJIEIIH BXOJSIIETO MOTOKA W MOJIEIH OOCITYKHBAHUS PEIIaeMYI0 3aJjady MOXKHO aIlllPOKCHMHUPOBATH

OJIHOM M3 CHUCTEM MAacCOBOTO OOCITY)KHMBaHHS, BOCIIOJIB30BABIIUCH JJIsl BBIYUCICHHUS CPEIHEH [UIMHBI O4Yepeu
M3BECTHHIMU BRIpakeHHAMH (6)—(9). [Ipu s3ToM yunteiBaercst [P-npropurer makeToB u ux miuHA (5).

Ilepexoa OT HEHTPAJIM30BAHHOIO PellleHHUs K T1eKOMMIO3UIMOHHOM opme

st mepexona k Oonee THOKOM, MacIITabUpyeMoil nepapXuieckoil CTpyKType oOCIyKUBaHHsI Oodepeaei
OIMCAHHYIO BBINIE [EHTPAJIN30BAHHYIO IIOCTAHOBKY 33/1a4M pacIipelieNieHHs IOTOKOB MEXAY O4epeisiMU H BBI-
nenennsi [IC HeoOX0OMMO TIPENCTaBUTH B JEKOMIIO3UIIMOHHON (popMe 10 KOIMYEeCTBY Makpoouepenei ¢ BO3-
MOYKHOCTBIO KOOP/IMHALIMH PE3yJIBTaTOB PEIICHHUS Ha KaXI0H MaKpOO4epeu.

CrouT y4ecTh, UTO pachpesesieHHe MOTOKOB JUIsl KaXXI0W MaKpoOodepean PacCUUThIBAETCs TOJIBKO Ha OC-
HOBE MMEIOIIeHcsl y Hee MH(POPMAIMK O IOCTYNUBIIMX B Hee makerax u [IC kaHama cBs3u, 6e3 JaHHBIX O pe-
3yJbTaTax pacrpereneHus motokoB U BeineneHns [1C Ha npyrux Makpoodepernsx. B cBsi3u ¢ 3TUM B JONOIHEHNE
K YCJIOBHIO IIPEIOTBpAIIEHHS Neperpy3Kku odepenu (3) menecooOpa3HO OIpEAeNnTh yCIOBHE Ha HENEperoiIHe-
HHE KaHaJla CBS3HU:

M N,
ZZaix; <b-

i=1 j=I

N, _

Zz;a LK). (10)

i=1

iiMw

-r

B neBoii wactu HepaBencTsa (10) nmpuBeneHa cyMMapHasi HHTEHCHBHOCTD ITOTOKOB ITAKETOB, ITOCTYITHB-
MIMX Ha 0OCITy)XKMBaHKE B r -I0 Makpoouepens. B mpaBoii yacti HepaBeHcTBa (10), kpome I1C kxanana cBsizu b,
MIPHUCYTCTBYET CyMMapHasi THTEHCHBHOCTh ITOTOKOB, IIOCTYNTUBIINX Ha OOCIY)KHBaHUE B ApYyTrHe (OTIMYHBIC OT
-if) makpoouepenu. Cmbicn Beipaxenus (10) 3axmodaeTcst B TOM, YTO MOTOK, OCTYNUBIINN Ha OOCTY)XKHBAHUE B
¥ -0 MaKpoodepeib, He JOIDKEH [0 CBOCH MHTEHCHMBHOCTHU INpEBbIIaTh AocTynHYyto [IC kaHana cBsi3u, KoTopas
ocTajiach mocje oO0CITy>KUBaHHS TIOTOKOB, 0OCTYKEHHBIX B IPYTHX Makpoodepensx. Brmonnenue ycmosus (10)
OyZIeT MOJIOKEHO B OCHOBY KOOPIWHHPYIOLIETO YPOBHsI MPeIOKEeHHON Moxenn. B manpHeiimem yciosue (10)
yA0OHO OyNeT MCI0Ib30BaTh B BEKTOPHO-MaTPHYHOM (opMme:

K N
Bx, <b-Y Bx, (r=1K), (11)

s=1
S#E”

rae B,, B, (r,s€K;r#s) — conacyole MaTpUIbl, KOOPAUHATHl KOTOPHIX BBIOMPAIOTCSl B COOTBETCTBUU C

BbIpakeHHeM (10) M HHTEHCHBHOCTSAMH ITIOTOKOB, IIOCTYHAIOIINX B CETEBOH y3eIL.

Pemrenne onTrMu3anmoHHON 3aqa4d, CBA3aHHON ¢ MHHAMU3aed QyHKInu (4) Ipu HATMYUHN OrpaHIde-
Huit (1)—(3), (11), sBiIgEeTCS OCHOBOH MpEIyIaraeMoro MeTo[a HepapXuieCKO-KOOPIUHAIMOHHOTO 00CITy)KHBaHHS
ouepeneit. Torna, UCIONB3ysl TEOPEMY O CTPOrOM yaJlbHOCTH 3a[ad Ha YCIOBHBIN 3KCTPEMYM M NEPEXOAS K 3a-
Jaye Ha 0e3yCIIOBHBIN AKCTPEMYM, UMEEM

min F = maxd)
x,b

OTIpEIIeNUB B COOTBETCTBHH ¢ popMyioii (8) aBoiicTBenHyr0 (hyHKIHI0 D(U) ciemyronmM o0pa3om:
qb(“’) = {n}ian(xa b’ H)} >

e
N,

K K K
L= 203 S]]+ L (B, + Y BX ~b) (12)

r=1 j=1

S#r
[TprMeHeHne MepapXxu4ecKo-KOOPANHAIIMOHHOTO MOAXO0AA K PELISHHIO MTOCTAaBICHHON 3a1auy MpeAroia-
raeT 000CHOBaHHBIN BHIOOP KOOPAMHUPYIOIINX BEKTOPOB (BekTopa). [Ipu permeHur onTHMHU3AIIMOHHON 3aadyn
MO YIPaBJICHUIO MHOTOYPOBHEBOH CTPYKTYpOW B OCHOBY HEPapXHU€CKO-KOOPIMHAIIMOHHBIX METOJOB MOTYT
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OBITH TOJIOKEHBI NPUHLUIBI KOOPIMHAIMN, TaKHe, KaK NPHHIMI LEJCBOH KOOPAMHAIMH, MPUHIOWI OLEHKH
B3aMMOJICHCTBUII M IPUHIIHII IPOTHO3MPOBAaHUS B3aumoneicTaus [9, 15].

B pamkax moTokoBoit MojienM HanOosee 0O00CHOBAHHBIM SIBIIAETCS IMPUHIMI 1I€J€BOH KOOPIHHAINH, KO-
TOPBIM ONpeAeseT MOPSIOK ydeTa OrpaHMYEHUN Ha B3aMMOIEHCTBUE MAKpOOUEpEAeH M paclpeneieHus pac-
YEeTHBIX 3a]a4 MEXIYy ypOBHSIMH Hepapxuu. [Ipu 3ToM B XOozme AEKOMIO3MLMH pereHus 3anadu (12) BekTopbl

MCKOMBIX MEPEMEHHBIX X;; U b] OyyT paccuMTBIBATLCS HEMOCPEICTBEHHO HA MPOLECCOPAX KaX/O0H MaKpooye-

penu, a MHOXuUTenH Jlarpamka p, OymayT paccUHTHIBaThCS HA BEPXHEM YpPOBHE YIIPABJICHHs VISl NPEIOTBpalIe-

HHUS TIeperpy3KH KaHaJIOB CBS3M.
Taxum oOpaszoM, I perreHns cHOpPMYIHPOBAHHOW ONTHMH3ALMOHHOW 3a/la4d HCIOJIb3YyeM IPUHIHIT
1eseBoi koopauHaiwu [9, 15], B pamkax Kotoporo narpamkuas (12) mpeactaBuM B cIeIyIONMEM BUE:

N,

K N, K K K K
r N t t t
L=2 2, f(Pad))a] + 2 iBx, + D 1, 2 BX, =D b (13)
r=1 j=1 r=1 r=1 s=1 r=1
SEF
IIpennonoxus, YTO BEIMYMHBI W, SBISIOTCS (PUKCUPOBAHHBIMH, MOXKHO IIPEAIOCIIEIHEE CllaraeMoe B
BBIpa)keHUH (8) mpuBeCTH K BUAY [15]

K K K K
ADRTED I a4)
r=1 s=1

r=1 s=1
S#r S#Er

u ¢ yuetoM (14) BeipaxkeHne (8) MOKHO 3aIiucaTh CIEIYIONIMM 00pa3oM:

K
L=>L,
r=I1

rae
N,
L =Y f(p,.d)a +pB,x, —pib. (15)
Jj=1
Taxmm o6pazom, pyakmms (8) mpuobperaeT cenapabenbHy0 hopmy, a obmast mpobieMa pacrpeneneHus

Harpy3KH MeXIy odepensMu u BbineneHus [IC okazamace TEKOMIIO3HIIMPOBAHHON Ha Psif MmoA3aaad (1o 4ucIy
Makpoodepeneil), rae kKaxaas 3afada paclpelesieHus Ha r -i MaKpoodepenu, COCTOAMIas B pacdyeTe BEKTOPOB

x;; u b}, ceenack k ontumusanuu narpawkuana L, (15). Ilpu stom narpamxkuan (15) sensercs Gyuxuueii ne-

PEMCHHBIX TOJIBKO OAHOT'O MHACKCA, OIPEACIIAIOIIECTO HOMEP MaKpOOUECpEIn.

p(a+D)=p (a)+Vu,

K
Vi, (x5,bj) = ZBrxr -b

r=1

1 41 or pr K LK
Xjj»bj H Xjsb; H H X;jsb;
A
min Ll Ill:ianl’ mn LK
Xjj-bj Xijob j Xji»bj

~=

Ny
L= f(pd))] +pB x, —pib
Jj=1

Puc. 2. Cxema ABYXypoBHeBOro obcnyxusaHus odepenei

Pemenne 3amaun MUHUMHK3AMK BeIpaxeHus (15) ompenenser HHXKHUI ypOBEHb PacueTOB, PE3YJIBTATOM
KOTOpOTO siBIsieTcs: popMupoBaHue pacnpernenaeHus Tpaduka u Bbinenenns [1C kaxnoi KOHKPETHOH Makpooye-
PE/U COIIACHO CONEPKUMOMY HCKOMBIX BEKTOPOB X;; W b} . Ha BepxHem ypoBHe, OCHOBHOI 3a51aueii KoTOpOro
SBJISIETCSI KOOPAWHALMS PEIICHNH, TTOMyIeHHBIX Ha HIKHEM YPOBHE C IETbI0 HEAOMYICHNS IEPETPy3KH KaHala
cszu (11), ocymectBisiercs MoguduKaus BeKTopa MHOKUTeNEH Jlarpamxka B Xo/e BBIITOTHEHUS CIEAYIOMIEH
TrpaluE€HTHON MPOLEAYPBL:
rge VU, — rpagueHT (QyHKIUM, KOTOPBIM PacCUUTHIBAETCSA UCXOAS U3 MONTy4YaeMbIX Ha HUDKHEM YPOBHE Pe3yilb-

TaTOB PEIICHUS 3a/Iaud pPACIpeNCICHUs TOTOKOB U BhiencHUs [IC KakaoW KOHKPETHOW r -H MaKpoouepean
(rek),te.
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K
Vi, (xj;,b}) = > B,x, —b. (17)

r=1
Pesynprarhl pemeHus 3aiad Ha KaXIOW OTAETHHON Makpoodepeau coOHparoTcs KOOPAMHATOPOM (BepX-
HUHM ypOBEHb HMEpapXyu), OCYIIECTBIIETCA X aHAIN3 U KOOPAWHAINA IMyTeM pacdera (KOPPEKTHPOBKH) BEKTO-
poB MHOXxuTenei Jlarpamxka p (r € K) (16)—(17) B xone ontumuzanuy garpamkuasa (13). ITomydeHHble HOBbIE

PELIEHUs] CHOBA «CITyCKAIOTCS» HA MEPBBIM yPOBEHb YIPABICHUS IJIS UTEPALMOHHON ONTUMM3ALMU IIpoLecca
pactipenenenus Tpad¥Ka ¥ BBIIEICHUS MTPOITYCKHOM CIIocoOHOCTH (puc. 2).

HccaenoBanne u oneHka 3¢ peKTHBHOCTH NMpeII0;KeHHOTO TBYXYPOBHEBOTO MeTO0/1a HepapXHIecKo-
KOOPIHHAIIMOHHOTO 00CIYKMBAHMSI OYepe/Ieii Ha y3J1aX TeJIeKOMMYHUKAIIMOHHOM ceTH

HccnenoBanue NpeyiokeHHOTO METOa OCHOBBIBAJIOCH Ha aHAIN3E CXOMUMOCTH PE3yJIbTaTOB aHAJIUTHYE-
CKoro MozenupoBanus. s 1a60paTopHOTO MCCIIeOBAHUS METOIA MOXHO HCIIONB30BaTh IMIOAXO0], ONMCAHHBIH B
[16]. OnTMu3alMOHHAs 3a]]a4a pelaiach ¢ UCroyb3oBaHieM makera Optimization Toolbox cpenst MATLAB 7,
MPE/ICTaBICHHOTo MporpaMMoi fmincon, B pamkax KOTOpOW HOAJEPKHBAETCS pELICHUE 3alad HEIWHEWHOro
MPOrpaMMHUPOBAHUSI C TIPOU3BOJIBHO 3a/laHHON LenieBo (yHKImel. [IpoBoamics aHamu3 A pa3IMYHOTO KOJIHU-
4ecTBa IIOTOKOB HAa BXOJE CETEBOIO y3ia, umucia Makpoouepeneil, IIC xanana. [lng npumepa peleHus 3amauu
00CITy)KMBaHUS O4Yepeaei ¢ UCIIONb30BaHMEM MPEIIOKESHHOTO METOIA B3AThI CIICAYIOIINE UCXOAHbIC JaHHbIe. Ha
BXOJI CETEBOT0 y3J1a OCTYyMNal TpaduK, COCTOAIMN U3 IEBATU IOTOKOB HHTEHCUBHOCTBIO @, = 8 ¢, a, =12 ¢,

_ -1 _ -1 _ -1 _ -1 _ -1 _ -1 _ -1
a,=10c, a,=24c ', a;=22 ¢, a,=18 ¢, a, =38 c, g, =22 ¢, a, =26 c . OOciayXxuBaHue Tpa-
(hMKa MPOU3BOMMIIOCH ¢ TIOMOIIBIO Moaenu M/M/1. [Ijis oOCcmyKUBaHUS Odepeiei PEIOKEeHO UCTIONb30BaHKE

Tpex Makpoodepeseil ¢ AByMs ouepesMH B Kaxa0i Makpoouepenu. IIC kanama csi3u coctasmsma 250 ¢ . Pe-
3yNbTaThl UCCIEI0BAHUA CXOAUMOCTH METO/Ia IIPE/ICTAaBICHBI HA PHC. 3.

500 T r T : .
. L
— 450 ' : : ; !
: R
g 400 = ; : | F ]
&) : H . ! :
o : H h ' ‘
g 3501 | 5 : : i ]
= i H H H ‘
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Puc. 3. Pesynbrathl nccnegoBaHus CXOAMMOCTU NPEASIOXKEHHOrO MeToaa

Ha puc. 3 nokaszan koopruaupyronmi 3pdexT BBenenust MHoxuTenel Jlarpamxka npu nepexozne K uepap-
XMYECKOW MOCTaHOBKE OOCITyXHMBaHMS odepeneld. M3HauanbHO, TIPH MalbIX 3Ha4eHMIX MHOXwHTens Jlarpamxa,
KaXxJast 13 Makpoodepenier 11l 00CTy)KUBaHUS TOCTYIIABIIETO B Hee TpadyKa BRIACIIA MAKCHMAIIBHO BO3MOX-
Hyto [1C, uro B cymme B passl npesbrmano [1C kanana cs3u. C yBenmueHrHeM MHOXUTENS Jlarpamika, KOTOpPBIA
ABIsieTCA MTpadyomuM (KOOPIUHUPYIOMINM) SJIEMEHTOM MeToxa, cymMmapHas [1C, BeimenseMass Makpoodepe-
JSIM, YMeHbIIaack. [l HCXOOHBIX JaHHbIX, IpeCTaBICHHBIX BhIIIE, 3HAYeHHe MHOXUTes Jlarpamxka, obecrie-
YHBAIOIEe YIOBIETBOPEHHE YCIOBUS HEMEPENONHEeHUs KaHaa cBs3H, (11) jexur B mpexenax oT 450 u Beime.
JocTarouHo Oombllioe 3HaYeHHE MHOXUTENS JlarpaHka MO3BOJIUT Cpa3y BBINOIHUTH OTpaHUYEHHE HETeperol-
HEHUs KaHayla CBSI3U HE3aBUCHMO OT MCXOIHBIX JaHHBIX, HO 3TO MPHUBEAET K YBEIWYEHHIO UTMHBI OuepeN, Bedb
yem Menblie [1C BbieneHo AJIst ITOTOKA, TEM BhIIe OyAeT 3Ha4eHUE CPEAHEH JIMHBI O4epeH, YTO OTPULIATENb-
HO CKaXeTCs Ha KauecTBe 0OCIy>KMBaHMS IIOTOKOB HoJb30BaTesell. Hamna 3agaua 3akiarouaeTcst B IOUCKE TaKOro
3HAYCHUs] KOOPIUHUPYIOIIHMX 3JIeMEHTOB (MHOXKHTeNel Jlarpamka), KOTopoe IMO3BOINT MaKCHMAJIBHO HCIIONB30-
Barh foctynHyto [1C kxaHana cBs3H, HE IEPENONHUB €r0, T.¢. Ha IIepeceyeHnt rpauKoB Ha puc. 3.

[Mopsimok penienust cGOpMyIHMPOBAHHOW 3a7adud C HCXOAHBIMH JAHHBIMH, IPEICTABICHHBIMH BBIIIE,
TOKa3aH Ha puc. 4.
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Puc. 4. Mpumep pe3ynsTaToB pacyeta npeanoXkeHHOro Metoaa

B pesynbrare pemeHuss ONTHMU3AIMOHHON 3a/1ady MOIYyYeHO pacIpeieIeHHe TIOTOKOB MEXIY Odepess-
MH, BbIIEICHHAs MPOIYCKHAs CIIocoOHOCTh b' 1ist kKaxao# Makpoouepenu cocrasmaa 95¢ ', 79 ¢, 76 ¢! co-
OTBETCTBEHHO, MHOXKUTEND Jlarpanska paBHsuics 450.

3akjauenne

B pabote npemtoxeH ABYXypOBHEBBIH METOA HEPapXUIECKO-KOOPANHAIMOHHOTO OOCITYKHBaHHS Odepe-
Jlell Ha y3JlaX TEJIEKOMMYHHUKAIlMOHHON ceTu. B OCHOBY MeTOAa IOJOXKEH NPUHLUI LEIEBOW KOOpAUHALMU, A
3amada 0OCITy)KUBaHMS O4Yepeeil cBelleHa K PEIICHUIO ONTUMU3alMOHHON 3a/1a4H, IPECTaBIeHHON B JEKOMIIO-
3uLoHHOM (hopme. [Ipu perieHrn 3a1auu 00CTy)KHUBaHHS OYepe/iei 3TO MO3BOIHIO 00ECIIEUNTh 00Jiee BHICOKHI
YPOBEHb aJIeKBaTHOCTH (CUCTEMHOCTH) IIPOLIECca YIPABICHUS U IMOJIYYUTh OOliee BHICOKOE KaueCTBO PEIIeHUS
3a/1a4y yrnpaBJIeHHs Ieperpy3kaMu Ha y3/ax CeTH, afalTHPOBAB MX I10]] COBPEMEHHYI0 MHOTOIPOLIECCOPHYIO ap-
XHUTEKTYpPY CETEBBIX Y3JIOB. AJIEKBATHOCTbH IMOJYYEHHBIX PE3yJIbTaTOB 00ECHEeYHBANIACh MCIONB30BaHHEM MOJIO-
JKEHUH W3BECTHOTO M XOPOUIO arpoOMPOBAHHOTO MAaTEMaTHUECKOTO arapara — TEOPUH yIPaBICHUs] MHOTOYypPOB-
HEBBIMH CHCTEMaMH, TEOPHH MAacCOBOTO OOCITYy)XMBaHHS, a TaKKe YETKOH (PU3NYecKoil TPaKTOBKON HMCKOMBIX
MIEPEMEHHBIX U MOJTyUYEHHBIX Pe3yabTaToOB UccenoBaHus. [IpennokeHHbIll MaTeMaTHUECKUI anmapar IOAXOIUT
JUTSL peLIeHUs 3a/1ad PAacIpeIeNICHNsT PECYpCOB B PacIpeieIeHHBIX, MHOTOSIEPHBIX, MHOTOIIPOIIECCOPHBIX, MHO-
TOMOJYJIBHBIX cucTeMax. VIcIonp30BaHne MapajuieIbHO pabOTaIONINX MPOIIECCOPOB TS BEIMHUCICHHH Ha IEPBOM
YPOBHE MepapXuH IO3BOIUT YBEJINYUTh CKOPOCTh HAXOXKJICHUS ONTHMANbHOTO pemieHus. MccnenoBanue cxomau-
MOCTH TIPEJJIOKEHHOTO METOZA MTOKA3aJI0 XapaKTep BIMSHHUS KOOPAWHHUPYIOIETO BEKTOpa Ha pe3y/bTaThl pacye-
Ta, a TAKXKe Ha CIOCO0 HAXOXKIECHUS TAKMX KOOPAMHUPYIOIIUX 3HAUCHUH, KOTOpPBIE MO3BOMISAT MAKCUMAJIBHO HC-
TIOJIB30BaTh AOCTYIHBIN pecypc MPOITyCKHON COCOOHOCTH, TEM CaMbIM ITOBBICHB Ka4e€CTBO OOCITY>KUBAaHUsI MO-
TOKOB TI0JIb30BaTeNeH.
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