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BBEJIEHUE

AKTYaJIbHOCTb TeMbl. B HaCTOSIINII MOMEHT BpEMEHU OIPOMHOM MOMYJISPHO-
CTBIO 00JAJAIOT CEPBUCHI XPAHEHHs M NEpeJaud BHUIEO MO MPOTOKONY MPHUKIIATHOTO
ypoBHs HyperText Transfer Protocol (HTTP). /lanHoe siBieHHE BBI3BAaHO MHOKECTBOM
(bakTopoB, TAKUMU KaK OypHOE pa3BUTHE MOOMIIBHBIX YCTPOMCTB, YBEJIMUEHUE ayIUTO-
pUH COLIMATBHBIX CETEM U WX IJIOTHASI MHTErPALUS C CEPBUCAMU XPAHECHUS BUICOKOH-
TEHTA, POCT MOMYISPHOCTU AUCTAHIIMOHHOTO OOyUYEHHUs, BUICOKYPCOB, BUICOIEKIIHI
u T. 1. [lonoOnas komOuHanus (akTopoB MPUBOIUT K JOMUHUPOBAHUIO TIEPEIaud BU-
J€OJJAHHBIX B COBPEMEHHBIX T€IEKOMMYHUKAIIMOHHBIX CUCTEMAX.

Baxxnoii ocod0eHHOCThIO niepenaun Buaeo 1o nporokony HTTP sBnsercs nanu-
Yyye JIByX TE€XHOJIOTMIA OpraHU3alldM Nepefadyn BujeoAaHHbix: HeagantuBHas (HTTP
Progressive Download) u anantuBaas (HTTP Adaptive Streaming), npeacraBieHHbIE
B crafgmapre Dynamic Adaptive Streaming over HTTP (DASH). B nactosmee Bpe-
Msl MOJI30BATENM 00JIa/Ial0T BICOKOH MOOMJIBHOCTBIO, YTO MPUBOAUT K MCIOJIb30Ba-
HUIO OECIPOBOMHBIX CETEH CBA3M B KauecTBE HocuTens uHpopmaruu. Poct 06bemMoB
BUJeoTpadKa MPUBOIUT K SKCTPEMAJIbHBIM Harpy3kam Ha O€CHpOBOJIHYIO CETh, YTO
IPOSIBIISIETCS. B MOSIBJICHUH 3(PPEKTOB AeTpajaluu KadyecTBa 00cIyKuBaHUs aO0OHEH-
TOB: YBEJIMUYECHHE JIJTUTEIBHOCTU OXUJAHUS Hauajla BOCIIPOU3BEICHUS U MPEPhIBAHUE
IPOUTPBIBAHUS BUJICOKOHTEHTA IIPU MPOCMOTPE.

OO611ast MpOU3BOAUTEIBHOCTH OECITPOBOIHBIX IIECHTPAIM30BAHHBIX CETEH BO MHO-
TOM OIpeIeseTCs aclieKTaMu paboThl ¢ OECIIPOBOIHBIM KaHAJIOM CBSI3U, @ UMEHHO aJl-
TOPUTMOM PACHPEEICHUS YaCTOTHO-BPEMEHHBIX PECYPCOB MEXY IMOJIb30BATEISIMU.
B coBpemMeHHBIX cTaHapTaxX CBSI3U paCHpPEICTICHUE PECYPCOB OCYIIECTBIISIET aJITOPUTM
IIaHUPOBAaHUS (TUIAHUPOBILKK), yCTAHOBJICHHBIN HAa KaHAJIbBHOM YPOBHE 0a30BOM CTaH-
uud. [[maHUpOBIIMKY HE PEITIAMEHTUPYIOTCA CTAHAAPTAMU, U KX bl POU3BOAUTED
000pyI0BaHMs 10 COOCTBEHHOMY YCMOTPEHHUIO BEIOUPAET MPUHIIUIIBI, B COOTBETCTBHU
C KOTOpPBIMU OyZI€T OpPraHM30BAHO PACIIPEACICHUE PECYPCOB paJiMOKaHala, YTO UMEET
HEIMOCPEJACTBEHHOE BIUSHUE HA MPOU3BOAUTEILHOCTh CUCTEMBI B LIETIOM.

Takum 00pa3oM, akTyaJllbHOW SIBJIETCS 3ajadya MCCIENOBaHUS U Pa3padOTKu
aJTOPUTMOB TUTAHUPOBAHUS JJ1sI OECIIPOBOAHBIX IIEHTPATU30BAHHBIX CETEH, KOTOPHIC
o0ecreynBaroT BEICOKYIO MPOU3BOAUTENLHOCTh U JJOCTATOYHBIN YPOBEHb KaueCcTBa BOC-

NPUATHS TIPU NIepefade BUACONAHHBIX 110 nmpoTokony HTTP.



Crenennb paspadoTraHHOCTH TeMbl. B 0CHOBE ucciaen0BaHUs POU3BOIUTEIb-
HOCTH aJITOPUTMOB IJIAHUPOBAHUS B OECIIPOBOIHBIX IIEHTPATN30BAHHBIX CETAX IS Te-
peaayu BUACOAAHHBIX UCIOIb30BAIACH TEOPUSI 3aMKHYTBIX CUCTEM MacCOBOIO 00CITy-
JKMBaHUS C KOHEYHBIM 4HcIIoM aboHEeHTOB, mpopaboranHas A. Scherr, L. Kleinrock,
b.C. llpt6akoBeiM, B.M. Bumnesckum u A .. JIsxoBeiM. [IpuMeneHne HacTOSIITICH TE€O-
PUHM K HCCIIEIOBAHUSIM CUCTEM MEpe/laud BUACOAAHHBIX ObUIO MPEACTABICHO B psle
pabot oreuectBeHHbIX: E.A. bakun, I.C. EBcees, A.W. IlapamoHOB, 1 3apyOekKHBIX aB-
TtopoB: A. El Essaili, O. Oyman, V. Ramamurthi, uccienyomunx npou3BOAUTEIbHOCTb
aJTOPUTMOB TIJITAHUPOBAHUS JIJIS IEpEIaud BUICOKOHTEHTA. B OONIBIIMHCTBE MOAOOHBIX
paboT paccmarpuBaeTcsa HeaAanTUBHAS TEXHOJIOTHS Mepeiayy U MPEeAaratoTcs Moaxo-
Jbl JUISl YBEJIMYEHUS [TPOU3BOIAUTEIBHOCTA B COOTBETCTBUM C PACCMATPUBAEMBIM KPH-
TE€PUEM KaueCTBA BOCITPUATHS.

Llesib10 HACTOSIIETO AUCCEPTALIMOHHOTO UCCIEA0BAHUS SIBIISIETCS ONIPECIICHUE,
BBIUHCJIEHUE U ITIOCTPOEHUE YHUCIEHHBIX NTOKA3ATEIE MAKCUMAJIBHO BO3MOKHOM MPO-
U3BOJUTEIBLHOCTH aJITOPUTMOB PACIIPEEIICHNS PECYPCOB PaJUOKaHAIIA IIPU UCITOIb30-
BaHWUM aJalITUBHOM U HEATAIITUBHOW TEXHOJIOTMU MEPENAYN BUACONAHHBIX 110 POTOKO-
ay HTTP, u pazpaboTka anropuTMOB TUTaHUPOBAHUS pacIipeie]IeHUs PECypcoB Oecnpo-
BOJIHOTO KaHajia Ha 0a30BOM CTaHIIMHU, TPOU3BOIUTEILHOCTh KOTOPHIX OJIM3Ka K MaKCH-
MaJIbHO JOCTHKUMOW TPOU3BOAUTEIIBHOCTH.

Jist AOCTUXKEHUS TTIOCTABIEHHOM eI HEOOXOUMO PELIUTh CIEAYIOIIne 3a1a-
Yym:

1. MccnenoBarh TEXHOIOTMA aIAITUBHOM M HEAQAANITUBHOM ITEpEauy BUICONAH-

HBIX 110 npotokony HTTP;

2. HccnenoBaTh METOABI U KPUTEPUU OLIEHKH KA4€CTBA BOCIPUITHUS BUIACOPAIA
JUTSL aJalTUBHOM U HeaJlanTUBHOM nepeaayu BUACOAAHHBIX U BBIICIUTH (PaK-
TOpBI, 00J1a/1at0IIME HANOOBIIINM BIUSHUEM Ha Ka4€CTBO BOCIIPUSTHUS;

3. BBectu Mozienb CUCTEMBI NEpeaul BUICOAHHBIX, BKIIFOYAIOIYIO B C€0s1 MO-
JIETM KOMIIOHEHTOB CUCTEMBI TIepeiadu BUE0 U O€CIPOBOAHON LIEHTPAIIN30-
BaHHOW CETH, U HAUTHU B3aUMOCBSA3b MEK]y €€ ITapaMeTpaMu;

4. TlpennoXuTh aHATUTUYECKHE OLEHKH MAKCUMAJIbHO BO3MOKHOM IIPOU3BOJIN-
TEJIbHOCTH aJITOPUTMOB PACIIPEACIIECHUS PECYPCOB paIMOKaHasa sl UCCIIE0-
BaHHBIX KPUTEPUEB KaYECTBA BOCIIPUATHUS NP aAalTUBHON U HEATANTUBHOU

nepeaadye BUACOMaHHbIX 1Mo nporokony HTTP;



5. Pa3paboraTh anropuT™ pacupeesieHus pecypcoB paJuoKkaHaia, OCHOBAaHHBIN

Ha IIOJYYCHHBIX AaHAJIMTHYCCKHX PE3yjibTaTax, MU IIPOBCCTHU CPABHCHHC CTO

IMPOU3BOAUTCIILHOCTHU C CYIICCTBYOIMUMHU aAJITOPUTMaMU.

O0bekT U npeaMeT uccjaeaoBanusi. OObEKTOM HCCIIEIOBaHUS SBIETCS Oec-

IMPpOBOAHAA HCHTPAJIM30BaHHAA TCJICKOMMYHHKAIITHOHHAA CUCTCMA C JIOMUHHUPOBAHUCM

nepenady BuaeoaaHHbix no nporokony HTTP.

HpCI[MCT HCCIICAOBAHMA COCTABJCT QAJTOPUTM pacHpeaciIiCHUA YaCTOTHO-

BPCMCHHLIX PCCYPCOB 6GCHpOBOI[HOFO KaHaJia CBSI3M Ha 0a30BOM CTaHIIMHU IIpHU aJall-

THUBHOM IMOTOKOBOU MEpeiade BUACOAAHHBIX 1O mpotokoiry HTTP.

MeTom0J10rUsl M METOABI HCCJIETOBAHUS. HpI/I IMOJIYYCHHH OCHOBHBLIX PC3YyJIbTa-

TOB paOOTHI UCIIOJIL30BATUCH OOIIIME METO/II TEOPUH BEPOSATHOCTEN U MaTEMaTUYECKOM

CTaTUCTHUKHU, TCOPUU CJIY‘-I&IZHBIX mpoueccoB, METObI MaTeMaTH4eCKOM OIITUMU3allnU,

B YaCTHOCTH HEJIMHEHHOIO U HCBBIITYKJIOTO ITPOTrpaMMHUPOBAHMSA, 4 TAKIKC MCTOAbI UM -

TAOIUOHHOI'O MOACIUPOBAHUA.

Haquaﬂ HOBH3HA:

l.

[TocTpoeHa TPeXKOMIIOHEHTHAsI MOJI€]Ib CUCTEMBI Iepe/1adl BUICOIAHHBIX IO
npotokory HTTP B 6ecripoBOAHBIX IIEHTPAIM30BAHHBIX CETAX CBSI3U, YUUTHI-
BaroII[asl U3MEHIEMOCTh BO BPEMEHH XapaKTepHUCTUK paanokadana. [locTpo-
€HHasi MOJICJIb MO3BOJISICT MPOBECTH aHATUTUYCCKUE MCCIICIOBAHUS U CPaB-
HEHHE MPOU3BOAUTEIHFHOCTH aITOPUTMOB pacTpe/ieiICHUsI peCypcoB Oecmpo-
BOJIHOTO KaHAJIA;

JI71s1 TOCTpOEHHOM MOJIE TN HalIeHa B3aMMOCBSI3b MEX Y XapaKTepUCTUKAMHU
CeTH TIepesiauM JJAaHHBIX M BOCIIPOM3BEACHHUEM BHUACOPsIa MPU Nepeaade BH-

neo o HTTP nporokony;

. IIpennoxeH anropuTM BBIYMCICHUS HUKHEW TPAHULbI HOPMUPOBAHHOIO OT-

HOIIICHUS JUTUTSIBHOCTEH Oy epr3ariuu 1 mpoCcMOoTpa MPH HeaJalTUBHOM Tie-
penade BUICOTaHHBIX;

[Ipennoxken u peaan30BaH aJrOpUTM IUIAHUPOBAHUS, 00J1a1af0ITN OOJIBIIIEH
MPOU3BOJIUTEIIBHOCTHIO, YEM PAHEE H3BECTHBIC AJITOPUTMBI, I KPUTEPHUS
HOPMHPOBAHHOTO OTHOIICHMS JJIUTEIbHOCTEH Oydepu3anuu u mpocMoTpa
IIpU HEeATaNTUBHOM Mepenaye BUICOJaHHbBIX;

[IpenoxkeH anropuT™M BBIYMCICHUS HUKHEH TPAHUIbI OTHOIICHUS JIUTEIb-
HOCTEeH Oydepu3amuu 1 IPpoOCMOTpa C YIETOM CpeHe OMTOBOI CKOPOCTH BH-

ACOIIOTOKA IIpH aHaHTHBHOfI nepeaaiuc BUACOJaHHbIX.



Teopernyeckass ¥ NMpakTU4YeCKasi 3HAYMMOCTH JUCCEPTALMOHHON PabOTHI.
[TomyuyeHHbIE B OUCCEPTALMOHHON pabOTe Pe3yJabTaThl MO3BOJISAIOT MOJYYHUTh KOJIU-
YECTBEHHBIEC OLICHKH MaKCMMaJIbHO BO3MOKHOM MPOU3BOJUTEIHLHOCTH OECTIPOBOIHBIX
[EHTPATN30BaHHBIX CETEHl M MOBBICUTH MPOU3BOAUTEIHHOCTh AITOPUTMOB pacIipeie-
JIEHUs] pecypcoB paJroOKaHaia g aJanTUBHOM MOTOKOBOW mepeaayd BUACOAAHHBIX.
[Tomydennble pe3yabTaThl MOTYT OBITh HCIIOIB30BaHbI 17151 POPMUPOBAHUS TPEOOBAHHUIA
K pa3pabaThIBa€MbIM CTaHAAPTAM CBSI3U TEKYIIETO U MOCIEAYONIUX TOKOJICHH.

CreneHb 10CTOBEPHOCTH. Pe3ynbTaThl, NOJy4eHHBIE B IUCCEPTALIMH, COITIACY-
FOTCSI C U3BECTHBIMM MCCJIEOBAHUSIMMU TIEpeaaur BUACOAaHHbIX 110 poTtokoiry HTTP B
OecnpoBOIHBIX ceTsIX. OCHOBHBIEC PE3YIbTATHI OMyOIMKOBAHbI B PELIEH3UPYEMbIX KYP-
HaJax U JO0JIOKEHBI Ha KPYITHBIX MEXIYHAPOAHBIX KOH(PEPEHITHIX.

Anpo6anusi pe3yJbTatoB. OCHOBHBIE PE3yJIbTaThl PabOThHI JOKIAABIBAINCH U
00CYXKIalMCh Ha CIEAYIOMNX KOHPEPEHIIUIX U cuMno3uyMax B iepuoj ¢ 2013 mo 2017
IT.: Ha Hay4HbIX ceccusix ['YAII; na xondepenunu «CITMCOK-2014» Ha 15-i1 koHpe-
pennun «Conference of Open Innovations Association FRUCT»; na 15-m cumnosuyme
«Problems of Redundancy in Information and Control Systemsy.

Buenpenune pe3yiabraroB. Pe3ynbrarel paOoThl ObLIM HCMOIB30BAHBI B paM-
Kax mpoekra «Pa3paboTka TPOMBIINUIEHHOW TEXHOJIOTHU CO3JaHUs MNPOrpPaMMHO-
anmnapaTHOro KOMILIEKCa JUIsl epeaayy JaHHbIX, ay/ln0- U BUJICOMH(POPMALIMU IO HU3-
KOCKOPOCTHBIM M HECTAaOMJIbHBIM KaHallaM CBSI3M B peajbHOM MaciTabe BpEeMEHU»
ITAO «MuTtentex». Kpome Toro, pe3ynabrarsl pabOThl UCIIONIB3YIOTCA B yU€OHOM MpO-
necce kadenpsl THHOKOMMYHHUKAIIMOHHBIX CUCTEM U Kadeapbl 0e30macHocTH HHGOP-
MalMoHHBIX cucteMm [ YAIL

JInuHbIi BRIaA. Bce pe3ynbrarsl, IpeCTaBICHHBIE B TEKCTE AUCCEPTALMOHHON
paboThL, TOTYYEHBI ABTOPOM JIMYHO.

Hy6aukauuu. Marepraiibsl, OTpaKaroIe OCHOBHOE COJEPKAHNUE U PE3YIbTAThI
JUCCEPTALMOHHON padOThl, JOCTATOYHO MOJIHO OMYyOJIMKOBaHBI B 12 nevyarHbix pado-
Tax. 13 Hux 2 pa®oTsl onyOIMKOBaHbI B PELIEH3UPYEMbIX HAYyUHBIX KypHaJlaX, yTBEp-
xaeHHbIX B nepeune BAK, u 3 paOoTbl onmyOIMKOBaHbI B U3AAHUSX, HHACKCUPYEMbIX B
Scopus.

OcHOBHBIE 110JIOKEHUSI, BBIHOCHMbIE HA 3ALNUTY:

1. Moxenp 6ecripOBOIHON IEHTPATM30BAHHONW CHCTEMBI CBSI3U TPU IEepeiade

BUJCOMaHHbIX N0 npotokosry HTTP, yuuTsiBaromas n3aMeHsIeMOCTh BO Bpe-



MEHM XapaKTEPUCTUK PaAUOKAHAIA U MO3BOJSAIONIAsA IPOU3BOAUTH aHAIINTH-
YECKHUE UCCIIEI0BaHNs AJITOPUTMOB PaCIpEeACIICHNs pECYpPCOB paAroKaHaia.

2. B3auMocBs3b XapakTEPUCTUK OECIIPOBOAHON LIEHTPATU30BAHHON CETH U BOC-
IIPOM3BENICHU BUIEOpsiAa IIpU nepegade Buaeo no nporokoiny HTTP.

3. ANropuTM BBIYHCIEHUS HWKHEH TPAHULBI HOPMHUPOBAHHOTO OTHOILIECHMS
JUTUTETTLHOCTEH Oyepusaliu u mpocMoTpa Ipyu HeaJanTUBHOM repeiade Bu-
NEOJJaHHBIX.

4. ANropuT™M pacHpeneseHHsl pecypcoB paJroKaHaa, oOnafamui 0obIIei
IIPOU3BOUTEIILHOCTBIO, YEM PAHEE W3BECTHBIC AJTOPUTMBI, I KPUTEPUS
HOPMHUPOBAHHOT'O OTHOIIECHUS JUIUTENIbHOCTEH Oydepusanuu U IpocMoTpa
IIPY HEATANITUBHOU IIepeiaye BUICONAHHBIX.

5. AAropuT™ BBIYUCIEHUS HU>KHEHN TPaHUIbl OTHOLIEHUS JJIUTEIbHOCTEN Oyde-
pHU3alMU U MPOCMOTPA C YUETOM CpeIHEN OMTOBOM CKOPOCTH BUIEOMOTOKA
IIPY aJJalITUBHOM I1epeadye BUACONAHHBIX.

O0bem u cTpykTypa padorsl. /[uccepranns COCTOUT U3 BBENCHMS, YETBIPEX

pa3lesnoB, 3aKIOYEHUs, CIUCKOB JUTEPATyphl, WILIFOCTPATUBHOIO MaTepHaia U Tal-
JUL, ¥ YeThipex npuiioxkeHuil. [lomuprit 00bEM quccepranuu coctaBisieT 143 cTpaHuLbl

¢ 29 pucynkamu u 11 Tabnuuamu. Criucok TuTeparypbl COACPKUT 52 HAUMEHOBAHUSI.
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1 OCOBEHHOCTHU AJJAITUBHOHN NOTOKOBOMU IEPEJAYN
BUJIEOJAHHBIX B TETEKOMMYHUKAIIMOHHBIX CETSIX

1.1 BsBoaHbIe 3aMeYaHuA

B Teuenue nocneaHux JieT HaOIIOMAETCS CYIIECTBEHHOE PAa3BUTHE TEICKOMMY-
HUKAIMOHHBIX CUCTEM, 0COOEHHO CeTeil MOOMIIBHOM CBSI3U. ITO MPOSBISLETCS B POCTE
CKOpOCTEH Mepeaun TaHHBIX B KaHaJIaX CBSI3U U YBEJIMUEHUU YKCIIa 00CITyKMBAEMbIX
YCTPOMCTB B CE€TU. YBEIMUYECHHUE MPOU3BOAUTEILHOCTH MOOMIIBHBIX YCTPOMCTB MO3BO-
JseT UM 00padaThIBaTh OOMBIIHN 00beM HH(OPMAITUU U TPUBOIUT K YBEIMUCHUIO Ha-
rpy3ku Ha GecripoBoHbIe ceTd. Hanbomplei monmysipHOCTRIO CPEIU MOJIb30BaTeNeH
MOOUITEHBIX CETEH MOIOJIB3YIOTCSI CEPBUCH IPOCMOTPA BHICOKOHTEHTA IO MPOTOKOITY
HyperText Transfer Protocol (YouTube, Vimeo u T. 11.) IJI0THO UHTETPUPOBAHHBIE C CO-
uanbHBIMU ceTsMU. [logo0HOe ABIeHNE MPUBOAUT K KOJIOCCATLHOMY POCTY Harpy3KH
Ha CyIIECTBYIOIINE MOOUIbHBIE ceTH. ClenyeT OTMeTUTh, 4To 3a 2016 rog 06bem nepe-
naBaeMoil MHGOPMAIIUK Yepe3 TeICKOMMYHHUKAIMOHHBIE MOOWIbHBIE CETH YBEITUIHJI-
csl Ha 63 MPOICHTa U TOMUHHUPYIONTUM BHUJIOM IepeaaBacMol HHPOPMAITUHU SBIISIECTCS
BUJICOKOHTEHT, KOTOPHIN 3aHs 60 MpOIEeHTOB 00beMa Tpaduka, MPOIISAIEro Yepes
MoOubHBIE ceTH. [1o mporuno3zam Beayux NpOU3BOAUTENCH CETEBOTO 000PYIOBAHMUS
BUJICOTAHHBIX, 3aiMET OKOJIO 78 MPOIIEHTOB BCcero MoOMiIbHOTO Tpaduka Kk 2021 ro-
ay [1].

OCHOBHO# MPOOJIEMOI ceTelt MOOMIIBHOM CBSI3M SBIISETCS OTPAaHUYCHHOCTH J10-
CTYITHOM YaCTOTHOM MOJO0CHI JJIs1 OpraHu3aluy OeCIPOBOIHOTO KaHala, YTO MPUBOAUT
K OTpaHUYEHUSM Ha MTPOITYCKHYIO CIIOCOOHOCTH KaHAJIOB CBSI3U U YMCJIO Aa0OHEHTOB, OfI-
HOBPEMEHHO aKTUBHBIX B CETU. YBeIMUeHUE 00beMa TpapuKa B CETH HETaTUBHO BIHSIET
Ha Ka4eCTBO OOCTY>KUBaHUSI aOOHEHTOB, HaU00JIEe CUJIBHO BBHIPAXKAIOUIETOCS B YMEHb-
IICHUU CKOPOCTHU Tepeaadn nHPOopMalluu, YBETUIECHUU CPEIHETO 3HAYCHUS U JUCTIEP-
CHUH 33JICP)KKH TIPH TIOCTaBKe TaHHBIX aOoHeHTy. Hanbosee 4yBCTBUTEBHOM, K JTAHHBIM
¢dakTopaM oOCITyXKHBaHUs, SIBISETCS Mepeaada Buaeoqanubix. Kak ciencreue, onepa-
TOPBI MOOMJIHHOW CBSI3U U MPOW3BOIUTENHN TEIEKOMMYHUKAIIMOHHOTO O00OPYIOBAHHUS
UIIYT IIyTH ONTUMHU3AIMHA COBMECTHOH TIepeIaur pa3IudHbIX BUIOB TpaduKa B CyIIe-
CTBYIOIIUX W pa3pabaThIBAEMbIX CUCTEMaX, I7l€ HAUOOJIBIIUM MPUOPUTETOM 00IagacT

HMCHHO IICpcaada BUACOJaHHbIX.
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Jlist opranu3aiuy uccieqoBaHus B 00JacTH Mepefayu BUCOJAHHBIX BaXKHBIM
SBIIIETCS YCTAaHOBJICHHE KITIOUEBBIX [TOKA3aTeIei MPOU3BOAUTEIILHOCTH CETH Mepeauu
nHGOPMAIIUY U KPUTEPUS KaueCTBa BOCIIPUATHS C MO3UIIMU JOCTABKU BUICOKOHTECHTA.
OCHOBHBIM KPUTEPHEM MPOU3BOTUTEIHPHOCTH CETEH Mepeaadnl BUICOIaHHbIX SBIISCT-
Csl UMEHHO KPUTEpHUH KauecTBa BOCHPUATUSA — CyObEKTHBHAS pPEaKIUsl MOJIb30BaTEIs
Ha XapaKTePUCTUKHU BOCIPOU3BEACHHS BHIEONOCIE0BATEIbHOCTH. BaxkHo# oTinyn-
TEIHHOU YEPTOH Mmepeaayn BUACOAAHHBIX SIBISICTCS BIMSIHUE HA KAYECTBO BOCTIPUSTHS
0COOEHHOCTEH paboThl BOCITPOU3BOISIIIETO YCTPONCTBA, HA36IBAEMOTO BUICOILIICEPOM.
JlaHHBIN pa3aen MOCBSIIEH PACCMOTPEHUIO OCOOCHHOCTEH Mepeaauy BUACOIaH-
HBIX B COBPEMEHHBIX TEJIEKOMMYHHUKAIIMOHHBIX CETAX U OPraHU30BaH CIEIYIOIINM 00-
pa3zoMm. B Hauane paccMmarpuBaeTcs cucteMa mnepeaadd BUACO B IIEJIOM U OMHCHIBACT-
csi hopMaT XpaHEeHHs BUACOIOCIeI0BaTeIbHOCTEN. Jlanee mponu3BoAUTCS aHAU3 Cy-
IICCTBYIOIINX BUCOILICEPOB, U HA €T0 OCHOBE MPEJIaracTcsi MOJIEIh TEHEPUPYEMOTO
Tpauka npu MpocMoTpe BUAEO. B 3akitoueHnn npou3BoauTcs 0030p KIKOYEBBIX IMO-
Kazareseil Mpou3BOAUTEILHOCTH TEIEKOMMYHHUKAIIMOHHBIX CETEH M METOAUK OLEHKH
KauecTBa BOCIIPUATHUS MIPH Mepeaade BUACOTAHHbBIX.
BBuay O0NbIIOT0 YMCIIa aHTIOS3BIYHBIX TEPMHUHOB, UCIOJIB3YEMBIX B JIAHHOM
paszere, ganee MpeacTaBlIeH CIIMCOK OCHOBHBIX HUCIOJIB3YEMBIX COKPAIIEHUH, UX pac-
MU (POBOK M KPATKUX OIMMCAHHI.
— Key Performance Indicators (KPI) — kiroueBbie mokazareian Mponu3BOAUTEb-
HOCTH;

— Quality of Experience (QoE) — kputepuii kadecTBa BOCHPUSITUS;

— Mean Opinion Score (MOS) — ycpeagHeHHOE MHEHHE TI0 TPYTIIE MOJIb30BaTe-
JICH;

— Transmission Control Protocol (TCP) — npoTtokon TpaHCIOPTHOTO YPOBHS 1S

rapaHTUPOBAHHOMN JOCTABKU WH(OPMAIIUY;

— Media Presentation Description (MPD) — ¢opmar ¢aiina, onuceiBarommii

IpeJICTaBICHUE BUIECOIOCIIEI0BATEILHOCTH Ha CEPBEPE;

— HyperText Transfer Protocol (HTTP) — npoTokos mpuKIagHOTO YPOBHS s

oOMeHa nH(pOpMalIUY B TEIEKOMMYHHUKAIIMOHHBIX CETAX;

— HTTP Progressive Download (HPD) — HeananTuBHast TEXHOJIOTHUS HEpeIadynt

BUJICOJJAaHHBIX;
— HTTP Adaptive Streaming (HAS) — aganTuBHas TEXHOJOTHS Tepeadll BH-

JICOJIAaHHBIX;
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— Moving Picture Experts Group - Dynamic Adaptive Streaming over HTTP
(MPEG-DASH) — MexxayHapOAHbId CTaHAAPT NEpeadu BUACOAAHHBIX, MMOA-

JIEPKUBAIOIINAN aJanTaIMi0 BUACOMOTOKA.

1.2 Crpykrypa cucTeM nepeaavyu BUAEOTAHHBIX

CoBpeMEHHBIE CHCTEMBI NEPEAaur BHJACOJAHHBIX N0 mporokoiny HyperText
Transfer Protocol cocTosiT U3 Tpex OCHOBHBIX KOMIOHEHTOB (pucyHok 1.1):
— BuaeocepBep — mporpaMmMHo-anmapaTHbI KOMILIEKC 00€CIIeUnBarOIIUA Xpa-
HEHHE U JOCTYN K BUACOJAHHBIM;
— Certb nepenaun HHGOpPMAIUH — cpeia nepeaadu nHGHOpPMaLuy, OpraHUu3yIoas
COEAMHUE MEXAY Y3JIaMU CETH;
— Ilonb30BaresbCckoe yCTPOMCTBO — MPOIPAMMHO-AIIAPATHBIA KOMILIEKC ITPOU3-

BOASIIMI 3arpy3Ky U JEMOHCTPALIMIO BUAEO MOJIb30BATEIO.

G G G ) 0 e e e - - - - - - -

| = Onucanue |
dopmara | : MPD
= = =P qpefcTaBaeHNA . T —— ——
! B/AEOAAHHbIX

L "0

MNpotokon HTTP

|
|
b

| |
| Mopynb
| 3anpochbl 1 CerMeHTbI
Briaeo KOHTeHT l(—) [OCTaBKM < sm o > KS/V\'E::
l cermeHToB DASH Aeona
L - a» e _l e e = il
Bupgeocepsep CeTb nepegaun MNonb3oBaTenbckne
nHbopMaLun YCTPOWCTBA

Pucynok 1.1 — O06o0011eHHas CTpyKTypa CUCTEM TIepeiaun BUICOTaHHBIX

[Tpu nepenaye BUACONAHHBIX YIAICHHO B ceTU MIHTepHET ycTaHOBIEHA cHCTEMA
cepBepoB (Buneocepsep), xpansiias Bugeoganubie. K qaHHON cucteMe mocpeacTBam
HyperText Transfer Protocol (HTTP), HyperText Transfer Protocol Secure (HTTPS)
win Transport Layer Security (TLS) npoTtokonam uepe3 ceTh nepegayu uH(Gopmaruu
MOJIKITIOYAIOTCS TTOJIb30BATENIbCKUE yCTpoiicTBa. [Ipu ycTaHOBKE COEAMHEHUS C Kax-

AbIM ITOJIB30BATCIICM IIPOU3BOAUTCA (bOpMI/IpOBaHI/Ie CCCCHH II0 IIPOTOKOJIY TapaHTH-
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poBanHoit noctaBku JaHHBIX TCP (Transmission Control Protocol). JlanabIi TpoTOKOT
oOecrieunBaeT HaICKHYIO Mepeiady HH()OPMALIMK MEXKTY Y3JIaMH CETH 3a CYET HCTIOb-
30BaHMS JIOMOJHUTEIbHBIX COOOILEHUM, MOATBEPKIAIOIINX JIOCTABKY JAaHHBIX (KBU-
TaHlMM). Ba)kHO OTMETUTH, UTO 3arpy3koil BUACOAAHHBIX YMPABIAET MPOrpaMMHBIN
KOMIUIEKC, YCTAaHOBJIEHHBIN Ha MOJIb30BATEIBLCKOM YCTPOUCTBE — BUAcoMeep. IMeHHO
BUJICOILICEp MPUHUMAET PEIICHHE O MOPSAKE 3arpy3KU JaHHBIX IyTeM (OPMUPOBAHUS
MOCJIEIOBATEILHOCTH 3alIPOCOB HA CEPBEP XpaHEHUS HHPOPMAIUU B 3aBUCUMOCTH OT
BOCIIPOM3BE/ICHUS U CTATUCTUKH MOIy4YEHUsI HHPOPMALIUH.

Ucxons n3 cnenuduku padotsl padoThl ceTeBbIX mpoTokoioB HTTP u TCP, npu
IPOXOXKICHUH Yepe3 CeTh nepeaadyr HHPOpMaIuu MPOUCXOIUT TOIBKO 3aepHKKa JaH-
HBIX IIPY JIOCTaBKE HA IOJIb30BATEIIbCKOE yCTPOUCTBO. Kak ciencresue, HEBO3MOXKHA
CUTyalus, KOrja MPOMCXOAUT NOTEPS JAHHBIX IPH IEpeIadye yepes3 ceTb. BaxkHOU 0cOo-
OEHHOCTBIO CHUCTEM, OCHOBaHHBIX Ha npoTokosie HTTP, siBnsercss ux ”HBapUaHTHOCTD
K CeTH Tepeaadyn nHpopMaruu: 1l o0ecreueHus: paboThl TAKOW CUCTEMbI HEOOXO -
Ma JIMIIb KoppekTHas padora nportokona HTTP u Hmkenexamux ypoHeil. OnHako,
UCIIOJIb30BaHUE Ha TPAHCIOPTHOM ypoBHe npoTokosia TCP BHOcUT HEOOIbIITYIO N30bI-
TOYHOCTb, 00YCJIOBJIEHHYIO KBUTUPOBAHUEM U MMOBTOPHBIMHU NE€pEAaYaMU TaHHBIX.

3aieprKka npu nepeaaye nHGOpMaIMU MOKET IPUBECTH K MOSIBJICHUIO HETATUB-
HBIX 3((EKTOB BOCIPOU3BEACHUS, TAKUX KAaK IJIUTEIHLHOE BpEeMs OXXKHIAHHUS Hadaia
IIPOUTPBIBAHUS, OCTAaHOBKA BOCIPOU3BEICHUS BBUJlY HEOCTATKA 3arpPyKEHHBIX JaH-
HBIX U, KaK CJIEACTBHUE, YMEHBIICHUIO YAOBIETBOPEHHOCTH ITOJIB30BATEIIS IIPOCMOTPOM.

[{enpr0 TaHHOTO pa3fena SBISIETCS UMEHHO YCTAaHOBJIEHHUE B3aUMOCBSI3H MEKY
XapaKTEPUCTUKAMU CETU TIepeiadr UH(POPMAIIMK U YAOBIETBOPEHHOCTHIO MOJIh30BaTe-
JIsl TPOUTPBIBAHUEM ITOTOKA, IPOIIEAIIEero yepe3 Hee. Ha ocHOBe JaHHOW B3aMOCBSA3U
BO3MOKHO IIOCTPOUTD PELICHUS ISl YBEIUYEHUS IPOU3BOAUTEIIBHOCTU TEIEKOMMYHU-
KAaIlIMOHHBIX CETE IS Iepelau BUACOAaHHbIX. [IepBbIM 1arom i 10CTUXKEHUS T10-
CTaBJICHHOM 1IEJIH SIBJISIETCS pacCMOTpeHus (popmaTa mpeIcTaBieHus Buaeo nHpopma-
MU [PU NEpeIade Yepe3 TEICKOMMYHUKAIMOHHBIE CETH.

OcHOBHBIE pPe3yIbTaThl JAHHOTO pa3/iesa OmyOIMKOBaHbI B padbote [2].
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1.3 IlpeacraBieHue BUAEOJAHHBIX NIPH Nepeaade Yepe3 TeJJIeKOMMYHHUKAIIMOHHbIE
ceTH

Onumem gopmar xpaneHnust uHdopmaiiu Ha BugeocepBepe 115 mepeaaydu ¢ uc-
nons3oBanreM HTTP nporokona. Kaxnasi mocienoBarenbHOCTh, XpaHAIIascs B mams-
TH cepBepa, pa3duTa Ha IEPUOJIbI PAaBHOH JUTUTEIHPHOCTH HA3bIBAEMBIMH CETMEHTAMH (B
aHmos3pIYHON uTeparype Segments win Chunks). Kaxapiii cerMeHT xapakTepusyeT-
Csl YHUKAJIbHBIM UJICHTU(HUKATOPOM (TTOPSIKOBBIM HOMEPOM U UIAESHTU(PUKATOP BUJIEO)
U penpe3eHTanuei [3].

PenpesenTarnus siBasieTcss oOMIETIPUHATON XapaKTEPUCTUKOM BUieonoToka. OHa
BKJIFOUAET B ceOs TpH Mapamerpa:

— butoBast ckopocTh moToka — 00beM HH(pOpPMAIUU, HEOOXOAUMBIN ISl Xpa-

HEHUS JaHHBIX B OJIHY €IMHUILY BpeMeHU. OOLIenpuHsATas equHuIa u3Mepe-
HUSI OMTOBOM CKOPOCTH TOTOKa MOuUT/Cc (MerabuT B cekyHAy). B pycckos3bIu-
HOU JuTeparype AJis 0003HAYEHHUs TAaHHOTO TePMHHA WHOTAA HCIIOJIb3YeTCs
TEPMHUH OUTPEUT, SBISAIOMUNACA TPAHCKPHUIMIIMEH aHITOSI3BIYHOTO aHAlora —
Bitrate.

— PexoMeH10BaHHOE pa3pelIeHUE — KOTMYECTBO TOUEK IKpaHa, 3aHUMAaeMOe IIPU
JIEMOHCTpAalMK CerMeHTa. /[aHHas XapakTEepUCTUKa U3MEPSIETCA B MPOrpec-
CUBHOM pa3BepTKe (p) MIIOTHO aCCOLMUPOBAHA C pa3MepaMu SKPaHOB BOCIIPO-
U3BOSIINUX YCTPOUCTB, Haripumep, 720p ompenensieT skpaH (opmara BbICO-
koro paspemienus (High Definition) ¢ 720 Toukamu nio Beptukanu. Mcxoas us
CTaHJAapPTHOIO COOTHOIIICHHUS CTOPOH 3KpaHoOB 16:9, onpenensercs 3KpaH pas-
Mepa 1280 Touek mo ropuzoHTanu U 720 1Mo BEpTUKATIH.

— Yacrora KagpoB — YUCIIO KaJpOB, BOCIPOU3BOINMOE B OJHY €IMHHILY BpEMe-
HU. OOLIETPUHATON €IMHULICH U3MEPEHHS YaCTOThI KAJAPOB SIBIIETCS Kaap B
CEKYHJLY.

BaxHO OTMETHUTB, UTO TIPH MEepejaue CETMEHTa Yepe3 CeTh MH(pOpMalIusl, COAep-
Karmasics B CerMeHTe HH(opMaIys MpeICTaBIIeTCs BBUE MTOCIIEI0BAaTEILHOCTH U3 T1a-
KETOB paBHOro oobeMa. B peanbHOI cucteme pa3Mep makera OrpaHUYEH CBEPXY 3Ha-
YeHHEeM MaKCHMaJbHOTO pa3Mepa MOJIe3HOro 0iioka nH(OopMaIi OJHOTO TaKeTa, Te-

peaaya KOTOporo BO3MO)KHa 0e3 parMeHTaluy TaHHbIX (B aHIJIOS3BIYHOM JIUTEpaType
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Maximum Transmission Unit unu MTU). B cetu Untepuer 3nauenne MTU Bapbsupy-
ercs B oTpeske ot 536 1o 1440 Gaiir.

J{ns AeMOHCTpalMK B3aMMOCBSI3HM MEPEUMCICHHBIX BBIIIE MapaMeTPOB MPUBO-
auTces Tabnuma 1.1, 7eMoHCTpUpyolasi peKOMEHIAIMY 110 HAaCTpOMKaM perpe3eHTa-
1A cerMeHTOB [4; 5]. B nanHo# Tabnuiie yactora KaapoB cuutaercss CTaHIapTHOM,
eclii oHa He npeBbimaeT 30-Tu KaJapoB B CEKYH Y, U BBICOKOU eclii OHAa MpeBOCXOAUT

JaHHOC 3HA4YCHUC.

Tabnuma 1.1 — PexomeHn0BaHHBIE HACTPOMKH penpe3eHTaluu cepBrucoM YouTube

Pazpemenne CTaHHOEIapHHe MoOunbHBIE
YCTPOUCTBA .
CranpaptHas Bricokas yerpoucersa
JacToTa KaJIpOB | YacTOTa KaJIpoOB
2160p (4K) 35-45 Mowut/c | 53-68 Mo6ut/c | 13.5 Mobut/c
1440p (2K) 16 Mo6wut/c 24 Mowut/c 6 Mout/c
1080p (Full HD) 8 Mowut/c 12 Mowut/c 3 Mowut/c
720p (HD) 5 Mowut/c 7.5 Mbwut/c 1.5 Mbwut/c
480p 2.5 Mowut/c 4 Mowut/c 0.7 Mourt/c
360p 1 Mb6ut/c 1.5 Mout/c | 0.45 Mb6ut/c
240p - - 0.25 Mb6wut/c

N3 ananu3za tabnuiibl 1.1 BO3MOXKHO BBIBECTHU CIAEAYIOIINE 3aKOHOMEPHOCTH:

1. C yBenuueHHeM pa3pelieHusl SKpaHa Ha OJHY IO3UIIMI0 OUTOBass CKOPOCTh
BO3pACTaeT MPUMEPHO B JBa pa3a;

2. buroBas ckOpOCTb BUACONOTOKA /JI1 MOOMJIBHBIX YCTPONUCTB B HECKOJIBKO pa3
HUKE, YeM JIJIsl CTalMoHapHbIX. JlaHHBIN (hakT 00yCIIOBICH Pa3HUIICH MEXKITY
pasMepaMu 3KpaHOB MOOMIIBHBIX M CTAllMOHAPHBIX YCTPOUCTB.

[Ipu mpeoOpazoBaHUM HUCXOJHON BUEOMOCIIEIOBATEILHOCTH B popMaT XpaHe-

HUS JAHHBIX Ha BUJEOCEPBEPE BO3MOXKHBI JIBA PEKUMA KOJTUPOBAHUS: C HEU3MEHAEMOMN
U U3MEHsIeMO OUTOBOM CKOPOCTHIO MOTOKA (B aHIIOA3bIYHON uTeparype Constant u
Variable Bitrate coorBercTBeHHO). [lox Hen3mMeHsseMoli OMTOBON CKOPOCTBHIO MOTOKA
MIOHUMAETCS CIEAYIOIIEE: BCE CETMEHTHI MOCIIEI0BATEIBHOCTH B 3aJJaHHOM pa3perie-
HUU UMEIOT PaBHBIC OMTOBBIE CKOPOCTH. [Ipu n3MeHsieMol OMTOBOM CKOPOCTH KA IbIit
CErMEHT JIaXKe B OJJHOM pa3pelIeHUH MOXET UMETh OTIIMYHBIE IPYT OT JIpyra OUTOBbIE
ckopoctu. Hannuume nByX peXMMOB KOAMPOBAHUS BBI3BAHO TMHAMHYHOCTBIO CLIEH HC-

XOI[HOfI oCJICIO0BATCIIbHOCTH, HAIIPUMCEP, CTATUYIHBIC COCHBI MOTYT OBITH OoJiee 3(1)-
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(PEeKTUBHO CXKAThl BUIEOKOJEKOM, UeM JMHAMUYHbIE, KaK CJIECTBUE B 3aBUCUMOCTH OT
CJIOKHOCTH CLEH UCXOJHOTO BUIEO UMEETCA BO3MOKHOCTh YMEHBIIUTh O0BEM XPAHU-
Mol nH(popmaluu 6€3 MoTepu KauyecTna.

Ha xaduecTBEHHOM ypOBHE, HAJIMYWE JIBYX BO3MOMKHBIX PEKUMOB KOIHPOBAHUS
MOCJIeI0BAaTEILHOCTEN 3aTPYAHSIET pa3pabOTKy PEIICHUH JIJIs1 YBEIUUEHUS TPOU3BOIH-
TEJIBbHOCTH IIPU NIEpeade BUACOJAHHBIX B TEJIEKOMMYHHUKAMOHHBIX CeTAX. Tak Kak mo-
ABJISIETCS JOTIOJIHUTENbHAS 3aBUCUMOCTb TPEOOBAaHUMN K pecypcaM TE€IEKOMMYHHUKALIH-
OHHOM CHUCTEMBI OT cojiepkaHus Bueo. Ha qanHbiii MoMeHT cepBuc YouTube nmomuep-
YKMBACT TOJIBKO PEKUM C HEU3MEHSIEMOM OMTOBOM CKOPOCTBIO peNpe3eHTAIHU [4].

Jns omucanus Bcell uMerolelcs HH(pOpMaluu O BUICONOCIEI0BATEIbHO-
cti Obul paspaboraH crnenuanbHbI (opmar mnpenctaBienuss Media Presentation
Description (MPD) ¢aiin, onuchiBaromuil Kaxablii CErMEHT IMOCIEI0BaTEILHOCTH:
uAeHTU(UKATOP, JUIUTEIBHOCTh U penpe3eHTauus. Pain qaHHoro gopmara 3arpysxa-
€TCs Ha BHUJCOIUIeep Mepe]l HauajJoM 3arpy3KH BHIEO, M Ha OCHOBE MHGPOpMAIINH, 3a-
NUCAaHHOU B HEM, BUJieoTIeep OyJIeT OCYIIECTBIATh 3arpy3Ky BUACOIOCIEI0BATEIbHO-
CTH.

[Tocne onpenenenust popmara XpaHEeHUsI U MPEACTABICHUS BUICONOTOKAa HEOO-
XOIMMO OTBETUTH Ha BOIIPOC: KAKKUM 00pa3oM OpraHu3oBaHa repeaada Buaeo ¢ Bueo-
cepBepa Ha MoJb30BaTeNbCKOe yCTPOorCTBO. Mcxomst u3 mpencTaBieHHOM HHPpOpMaLIUK
B nofpaszene 1.2 cienyer, 4To BEYIIYIO pOJib IIPH Mepefade BUAEO UCTIOTHSAET BUIEO-
mwieep. Kak cnencrsue, ciieyronmM maroMm Heo0XoIMMO TPOBECTU aHAJIU3 CYIIECTBY-
IOLMX BUJICOIUIEEPOB U HA OCHOBE JJAHHOT'O aHaju3a cpopMHUpPOBaTH MOJIENb Tpaduka,

TEHEPUPYEMOT0 TPU TPOCMOTPE BUICOKOHTEHTA.

1.4 TexHosiornu aganTUBHOM MOTOKOBOI NMepeaayu BUI€OJaAHHBIX

BaXHbIM MOMEHTOM IIpU OPraHU3aAMU NEPEIAYN BUACO YEPE3 TEICKOMMYHHUKA-
[IMOHHBIE CETH ABJISIETCS pab0Ta BOCIIPOU3BO/ISIIETO YCTPOMCTBA U MOJEINb MMOBEICHUS
MTOJIB30BATEIIA.

N3HayanmbHO BBEAEM MOJEIb MOBEACHUS MOJIB30BATENS MMPU MPOCMOTPE BUIECO-
KOHTEHTA (pUCYHOK 1.2). B HauaJIbHBII1 MOMEHT BpEMEHHU MOJIb30BaTEh HE TPOCMATPH-

BaeT BUJCOJAaHHbIE (HE aKTUBEH). Uepe3 HEKOTOPhIN CIydailHbIi TPOMEKYTOK BpeMe-
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HU OyJIeT HavaT MPOCMOTP BUICOPA/IA: JaHA KOMaHJIa BUJICOILIEEPY, YCTAHOBICHHOMY
Ha TMOJIb30BATEILCKOM yCTPOIMCTBE, OPraHW30BaTh Mepeaady U JAEMOHCTPAIUIO 3arpy-
’KCHHOI'O KOHTEHTa C cepBepa XpaHCHHS BHI€0. Ba)kHO OTMETHTH, UTO ITOJIb30BATEIb
IMPpOCMATPUBACT 3aKa3aHHOC BUACO ITOJTHOCTBIO U CUUTACTCA aKTHBHBIM B IICPHUO/ ITPO-
cmortpa. [Tocite okoHYaHUS TPOCMOTPA KaXKI0H BUICOIIOCIIEIOBATEIIBHOCTH, Yepe3 CITy-

YallHbIII TPOMEKYTOK BPEMEHHM (May3y) MOJb30BATEIb CHOBA HAYHET MPOCMATPHUBATh

BUJIEO.
AKTVBHOCTb [MpocmoTp Braeo
nonb3oBaTens ponnkos
A
AKTMBEH T ‘1 v2 - N
He akTnBeH >
BpemA
HauanbHan May3bl Mexay
naysa

NPOCMOTPAMN BUAEO

Pucynok 1.2 — Mopens moBeAeHUs OJIb30BaATENS MIPU TPOCMOTPE BUIEO

OnucanHasi BbIIIE MOJEb MOBEACHUS MOIH30BATENSI MOXKET OBITH OMpE/eIeHa
CJIeIYIOIIUM HA0OPOM CITyYaiHBIX BEJIUYMH:

— JlnuTenbHOCTh MHTEpPBAJIa BPEMEHU IIEPE]] 3aKa30M [EPBOTo BUI€0 (HauadbHast

naysa);

— JIuTenbHOCTh 3aKa3aHHOTO BUIEOPSIIA;

— JIIMTEeNnbHOCTD May3 MEXIY MPOCMOTPaMU BHUJIEO.

Takum oOpazom, pu HAOMIOACHUU 3a TpadUKOM, MPOXOASAIIUM Yepe3 CETeBOM
(1 HIDKeNexalme) ypoBeHb cemuypoBHeBoit mozenu OS], pukcupyercs yepenoBaHme
NEPHUOIOB HAJMUMSI U OTCYTCTBHUS (IyJbcauun) Tpaduka y abonenra. OqHako, JaHHOE
YTBEPKICHUE 3aJa€T JUIIb 0000IICHHYIO MO/IENb TpapuKa CO CTOPOHBI MOJIb30BATEIS
CUCTEMBI llepeaaur BUACOAAHHBIX. [{J151 TOro 4ToObI OKOHYATEIBHO ONPEIETUTh MOAEIb
reHepupyemMoro tpaduka HeoOX0IUMO PACCMOTPETh aCMEKThl PabOThI BUAEOILIEEpa B
AKTUBHBIN MEPUOJ 3arPy3KH BUICOTIOCIIEI0BATEILHOCTH.

B Hacrodiue AHM CylIeCTBYeT OIPOMHOE MHOKECTBO CEPBHCOB XPAHEHMS BH-
JCOaHHBIX U KaXKIbII U3 HUX MPEJCTABISET COOCTBEHHBIN MPOTrPaMMHBIN KOMILIEKC,

oOecreunBarofil 3arpy3Ky BUIEO C YHUKAJIBHOTO cepBuca. Mcxons u3 ganHoro (ak-
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Ta MPOBECTH 0030p BCEX BO3MOXKHBIX BHUICOIUICCPOB HE MPEACTABISIET BO3MOXKHBIM,
MO3TOMY B JIaHHOW paboTe OyleT mpeacTaBieHa o0oOIIeHHas MOJIETb BUEOIIeepa.
JlaHHas MoJieNb, HE Tepsisi OOITHOCTU, ONMCHIBAECT BCE BAXKHBIC ACIEKTHI pabOThI BCE-
BO3MOKHBIX TIJIEEPOB BUICO/IAHHBIX.

Ha pucynke 1.3 uzo0pakeH KOHEUHBIN aBTOMAT BUcoIuieepa. B HauambHBIN MO-
MEHT BPEMEHHU TIEEP HAXOUT B COCTOSIHUU Oorcuoarnusi Hadalla 3arpy3Ku, HAX0XKJICHUE
B JIAHHOM COCTOSIHUM OOYCJIOBJIEHO OKUJIAHUEM yKa3aHUil OT noJib3oBaresid. [locne no-
Jy4Y€HHUsI KOMaH/Ibl OJIB30BATENS O HaYaje 3arpy3ku Oy/IeT YCTaHOBIIEHO COEIMHEHHUE C

CEepBEPOM XpaHEHUS BUJCOIAHHBIX U TPOU3BEIICH MIEPEXO]] B COCTOsIHUE byghepuzayus.

bydep
NOCTaTOYEH
BocnpoussegeHue 3aBeplueHve
OxunpaHne bydepmzauna S oy
bydep
nycT

Pucynok 1.3 — KoHeuHbIi1 aBTOMAT BUAEOILIEEPA

B cocrosinuu bygepusayus Buaeorsieep He OCYUIECTBISIET JEMOHCTPALIUIO 3a-
rpy’KaeMbIX BUACOJAHHBIX, 4 TPOU3BOJIUT HAKOIIJIEHNE BUACOJAHHBIX /10 ONIPEIEIEHHO-
rO YPOBHS i ocleaytouien gemoHcTpaiuu. OcyiiecTBieHue oydpepusainnu Ha Boc-
MPOU3BOJSIIEM YCTPONCTBE MPU3BAHO YMEHBIIUTH HEraTUBHBIC 3(P(HEKThl BOCIPOU3-
BEJICHUSI, BbI3BaHHbIE N3MEHEHUEM CBOMCTB KaHaja Mepeiayd JaHHbIX, YTO OCOOEHHO
aKTyallbHO J1Jis OECIIPOBO/IHBIX CUCTEM Mepenaun JaHHbIX. [IpeObiBanue B JaHHOM CO-
CTOSIHUM SIBJISIETCSI HEraTUBHBIM 3P eKTOM Ipu npocMoTpe Buaeo. [lociae HakorieHus
JOCTAaTOYHOM JJIUTEILHOCTH BUICOTIOCIIEIOBATEILHOCTH B Oydepe Buaeorieep nepe-
XOJIUT B COCTOsSIHUE BocnpoussedeHnue u 3azpy3xa.

B teuenuu cocrostnust Bocnpouszeedenue u 3azpy3ska mieep pellacT 1B BaXKHbIC
3a7a4d: IEMOHCTpaAlXs KOHTEHTA U aJanTalus 3arpy’KaemMoro noToka JJisi MAaKCUMU-
3alMHU JUIATEIBHOCTU BO3MOKHOTO BPEMEHHU BOCIIPOU3BEAEHUs. BTopas 3a1a4ya He sB-
JSI€TCSl TPUBHAIBHOM U PEMIAETCS, B PACCMOTPEHHBIX JlaJliee peaIn3alusiX, IBPUCTAYE-
CKMMH ME€TOaMH. Ba’)kHO OTMETUTH, YTO B JAHHOM COCTOSIHUU MPOUCXOINUT OJHOBpE-
MEHHOE€ HAIlOJIHEHHE U OIycTolleHueM Oydepa Ha Moiab30BaTeIbCKOM YCTPONCTBE, U

CCJIN CKOPOCTH HAITOJIHCHUA 6YI[CT MCHBIIIC CKOPOCTHU OIIYCTOIICHUA, TO B HeKOTOpBIﬁ
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MOMEHT BpeMeHHU B Oydepe He HaliieTcss HeoOxXonuMoro oobema JaHHbBIX AJis obecre-
yeHus feMoHcTpanuu. OnucanHoe coOObITHE Ha3bIBaeTCs omycTolieHue oydepa, u mpu
€ro HACTYIUJICHUW BUJEOTIeEp BO3BpallaeTcs B cocrosiuue bygepuszayus, tae Oyner
HAXOJUTKCS 0 HAKOIUICHHUS JOCTATOYHOTO 00beMa BUICOJaHHBIX.

B HekoTOopblii MOMEHT BpeMeHU OyJIeT 3aKOHUEHAa 3arpy3ka BUACOJAHHBIX Ha
MOJIb30BaTENIbCKOE YCTPOiicTBO. U BUIeomIIeep OCYIIECTBUT NEPEXO B COCTOSIHUE 3a-
sepuieHue Pabomwi. B nanHOM cOCTOSIHUU OYAET 3aKPBITO COCIUHEHUSI C CEPBEPOM H
OXXUJaHNE OKOHYAHMS MPOCMOTPA, MOCJE Yero BUACOIUICEp MEPEXOTUT B COCTOSIHHE
Oorcuoarnus Havyana 3arpy3KHu.

3aBepIuaroluM LIaroM JJisi ONMUCAHUS MOJENIU T'eHEepUpyeMoro Tpaduka mpu
IPOCMOTPE BHUJEO SIBISETCS PACCMOTPEHUE CYIIECTBYIOMIMX METOJOB aJalTaluu 3a-
Ipy’KaeMoro MOTOKa JIJIsl MAKCUMU3AINH JTTUTETHHOCTH BO3MOYKHOTO BPEMEHH BOCIIPO-
U3BEJICHUS B COCTOSTHUU Bocnpoussedenus u 3aepysku. BceBO3MOXKHBIE IIJICEPHI BUIIEO-
JAHHBIX Pa3/EsAI0TCS Ha ABa MHOXKECTBA!

— HTTP Progressive Download (HPD) — MHOecTBO mieepoB, HE OCYIIECTBIIS-

IOLIUX aJanTaIlio BUIEOMOTOKA;
— HTTP Adaptive Streaming (HAS) — MHOX€ECTBO TIJIEEPOB, OCYIIECTRIISIOMIMNX
a/IarTalyio BUICOMOTOKA.
Jljig ynipo1ieHrs TEpMUHOJIOTUU U YMEHbILIEHUS HCTIOIb3yEeMbIX aHITIOSA3bIYHBIX a00pe-
BUATYp AaJiee B pabote npu o6o3Hauennu mieepos HPD OyneT ncnonb30BaThCcst TEPMUH
HeadanmuseHble, a sl 0003HaYeHus maeepoB HAS — aoanmuenvie

B nHauane TeicsiueneTus B cetu IHTEpHET Bce BUACO OBLIU NIPEICTABICHBI JIHIIIb
B OJIHOHM pENpe3eHTAINH, U JIJIsl WX JOCTABKH HCIIOJIb30BAIIMCh Pean3alliy Heasar-
TUBHBIX mieepoB. OHAKo, Aake B HACTOsIIEe BpeMsl HEaJalTHUBHBIEC IIEEpPhl OYCHb
HMIMPOKO pactipocTpanenbl. OHU UCTIONB3YIOTCS B Opay3epe Safari asis 3arpy3ku BUI€0-
IaHHBIX ¢ cepBuca YouTube, ays mpocMmoTpa Buieo B cormanbHon cetu Facebook u
IpU TIepeIavye TPAHCISIIUN B peXUME PealbHOTO BPEMEHH (CIIOPTUBHBIE COPEBHOBA-
HUS, pecckoHpepeHuii U T. 11.). Kak nmpaBuio, A MeponpusTuii, TpaHCIUPYOLINX-
Csl B peaJIbHOM BPEMEHU, HE OPTraHU3yeTCsl KOAUPOBAHNUE BUACOMOTOKA JIJIsl HECKOJIBKUX
penpe3eHTaIui, a J0CTyMHA JHIIb OJJHA JIJIsl 03HAKOMJICHHUS C COIepKaHHEM MEPOTIpH-
ATUS.

Jlanee mpuBeeHO ONMMCaHUe pabOThI HEAJANTHBHOTO IIeepa B COCTOSTHUH byghe-
pusayus 1 Bocnpouseedenue u 3acpyska. Ilocie noimyyeHuss KOMaH bl OT MOJIb30BATENS

0 Ha4aJIC 3arpy3KH HCKOTOPOIo BUACO HA I10Jb30BaATCIbLCKOC YCTPOﬁCTBO 3arpyKacrcsia
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MPD ¢aiin ¢ onucanrem MOCIEA0BaTeIbHOCTH, U MOJIL30BATEIIO MPEJIaraeTcs BbI-
OpaTh penpe3eHTaIuio 1y mpocMoTpa. Ha ocHOBe BEIOpaHHOM pernpe3eHTaIuy Oyaer
OTIpaBJICH 3anpoc Ha BupeocepBep, KOTOPHIM OpraHU3yeT MOCIEA0BATEIbHYIO OTIIPAaB-
Ky CErMEHTOB BHJICO Ha BOCIIPOU3BOISIIECE YCTPOHCTBO. Jlanee mpoucxonut Oydepusa-
1M TOCIIEIOBATEIbHOCTH HEKOTOPOU JITTUTEIFHOCTH U MOCIIe OKOHUAaHUsI Oypepu3aium
HAYHETCS BOCIPOM3BeneHHE. Eciu Mo KakuM-Tub0 MpUYrWHAM TOJIB30BaTeNb KETaeT
U3MCHHUTH PEIPE3CHTAINIO MPOCMAaTPUBAEMOT0 BHJICO, TO Ha CepBep OyJeT OTIPABIICH
HOBBIH 3aIIPOC C €€ YKa3aHUEM U UJICHTU(UKATOPOM CETMEHTA, C KOTOPOTro HEOOX0 -
MO Ha4daTh Mepenady BUAeonaHHbIX (pucyHok 1.4). Jloruka otmpaBku 3arpocoB Ha Bu-
JI€0CEPBEP PENIAMEHTUPYETCS MPABUIIOM: «3ANPOC HA HOBBIU CecMeHm OMNpasiaemcs

nocie nojaydeHusl meKyueco 3acpysicaemoco ceemenmay.

Bocxopawmin kaHan

| I

Hucxopsawmim KaHan

banTbi

y

»
Bpems

banTbi

Bpems
11l S e
8¢ @) ﬁ) o O O
St -
I_ 'BPEMFI
Hauano Hauano MpocmoTp
PaboTbl MpowurpbiBaHua cermeHTa

Pucynok 1.4 — Jloruka paOoThl HEaIaITUBHOTO BUACOTLIEEPa

Bo BpeMst paboThl HEaJanTUBHOTO BUJIEOILJIEEPA B COCTOSIHUM Bocnpou3ssedeHue
u 3aepy3ka Ha CETEBOM YPOBHE HAOII0AAETCSl TOCTOSHHBINA MOTOK BUJICOTAHHBIX B HUC-
XOJISIIIIeM KaHauie (OT BUAECO CEpBepa K MOJIb30BATEII0), @ B BOCXO/ISIIEM KaHAJIE PEIKUE
3aIpOoChl OT BOCIIPOU3BOALIEIO YCTPOMCTBA.

Takum oOpa3oM, Mozienb TeHepupyeMoro Tpaduka npu padoTe HeaJanTUBHOIO
BHJIEOILIEEPA IPEACTABIISETCS MOCJIEN0BATEIIbHOCTHIO MEPUOAOB BBICOKOW HAIPY3KH Ha
CETh NEPEJAUN JAHHBIX CO CIYyYalHBIMU Nay3aMy MEXIY HUMU. JTUTEIbHOCTD NIEpH-
OJIOB BBICOKOW HArpy3KH OMPEIENSIeTCs TOJbKO JUIMTEIbHOCTHIO BUJIEO U BHIOPAHHOM
pernpeseHTaiuei, 6e3 yuera TeKyIiei cutyaruu B ceTd. [logo0Has Momens Moesb mo-

BCACHUA 3HAYUTCIIbBHO YBCINYMUBACT HAI'PY3KY Ha CUCTEMY IICPCAaYIN JaHHBIX.
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3a nmocnegHue AeCATh JET KOJTUYECTBO OOCITYKUBAEMBIX YCTPONUCTB B CETAX IIe-
peaayu TaHHbIX POCIO B TEOMETPUYECKOM nporpeccuu. M B Hauase nepBoro JecAaThiie-
TUA 21-T0 BeKa CTajao OYEBUIHO, YTO CYILIECTBYIOIINE TEIIEKOMMYHUKAIIMOHHBIE CETH,
0COOCHHO MOOHMJIbHBIE, HE 00JIaIal0T TOCTATOYHON EMKOCTBIO JJII 0OecIeueHusI JOCTa-
TOYHOTO Ka4decTBa 0OCIIyKMBaHUS OOJBIIOrO yncia aOOHEHTOB, OTHOBPEMEHHO MPO-
CMaTpPUBAIOIINUX BUACOKOHTEHT. [10/1 eMKOCTBIO CETH MOHUMAETCSI MAaKCUMAIbHOE YHC-
JI0 TIOJIB30BATEIIEH, KOTOPOE MOKET OJJHOBPEMEHHO HAXOJUTCS B CETH, C HEOOXOAUMBIM
YPOBHEM KauecTBa OOCTY>KMBaHHUSI Ka)KJOTO aKTUBHOTO MoJib3oBarelisa. BBuay HeBo3-
MOXKHOCTH KapJMHAJIBHOTO U3MEHEHHUSI CYIIECTBYIOIINX TEICKOMMYHHUKAIIMOHHBIX CH-
CTEM JJIsl TOCTAaBKU BHUJIEO OBLI pa3paboTaH HOBBIM CTaHAAPT IS IEpeadun BUICOAaH-
HeIXx Moving Picture Experts Group Dynamic Adaptive Streaming over HTTP (MPEG-
DASH), KOTOpBIi1 TO3BOJIIET YACTUYHO PEIIUTH MPodIeMy eMKocTH ceTH [3]. B Hacro-
siiee BpeMs npeacranieHa Bepeus cranaapra 3GP-DASH B cnienudukannu KoHCOp-
1IMyMa, pa3padaThIBAIOIIETO permeHus 1 oecrpoBoaHout csizu 3GPP [6]. Ctanmapt
3GP-DASH BxirodaeTt B ce0st onucaHue afanTUBHON U HEAJaTUBHON TEXHOJIOTHH T1e-
penaun Buaeo o nporokory HTTP.

Crangapt DASH onuckiBaeT nuib ¢opMaT mpeicTaBIeHus BUACOAAHHBIX (TIOA-
paznaen 1.3) u obmue uaeu npapuia GOPMUPOBAHUS 3aIIPOCOB BUCOILIIEEpa K CEPBEPY
HAa CETMEHTHI BUJI€0, KOTOPBIE TTO3BOJISIIOT OPTaHU30BaTh aJaITUBHYIO TIepeIady BUICO-
MOTOKA [T CrielU(PUUHBIX TPeOOBaHMM Ka)K0TO KOHKPETHOTO CEPBUCA I0CTABKU KOH-
TeHta. O0O00IIEHHAs JJOTHKA paOOThl BUJACOIIEEPa, OMUCHIBAIOIIAs OCHOBHYIO UJICHO
npenacraBieHHyto B cranaapre DASH, neMoncTpupyer pucyHok 1.5.

[Tocne ycranoBku coenunenusi ¢ Bugeocepsepom u 3arpy3ku MPD ¢aiina Bu-
JICOTIIEep CaMOCTOSATEILHO TEHEPUPYET U OTIIPABIISET MEPBbIN 3aMpoc Ha BUACOJAH-
Hele. [locie 3arpy3ku KakJjoro cerMmeHTa IpOU3BOAUTCS OLIEHKA CKOPOCTHU MOTYUCHHUS
JaHHBIX U JJUTEIBHOCTH 3arPy>KEHHOTO BHJIE0, HA OCHOBE KOTOPBIX MEXaHU3M ajiarl-
TalluM BUACOPSIA BEIOEPET PENPE3CHTALINIO ISl CIIEAYIOUIEro cerMenTa. B coctostHum
Bocnpouzeedenue u 3acpyska n3mMeHsieTCs JIOTMKa OTIPABKHU 3allPOCOB HAa CETMEHTHI
TAHHBIX C «3aNpocC HA HOBbIU Ce2MeHm OMNPABIAEMCs NOCe NOJIYYEeHU MeKyu|e2o
3azpyHcaemozo ceecmenmay Ha «3anpoc Ha HOBbIU Ce2Menn OMNpassemcs nocie npo-
CMOMPa MeKyuye20 ce2Menma, 9To NPUBOJUT K MOSBICHUIO May3 MEXAY 3arpy3KaMu
cermeHToB. Hanuuue anropurmMa M3MEHEHUS PENPE3CHTALMM U TIay3 MEXIY 3arpy3Ka-
MU CETMEHTOB MPUBOJIUT K YMEHBIICHUIO HATPY3KH HA TEJICKOMMYHHUKAIIMOHHBIE CETH,

H, KaK CJIICACTBUC, YBCIIMYCHUIO HX CMKOCTH.
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Pucynok 1.5 — Jloruka pa®oThl a1anTUBHOTO BUJI€OIIIeepa

Takum 00pa3oM, BaKHBIMU OTIMYUTEIbHBIMU OCOOEHHOCTSIMU aJallTUBHOTO BHU-
JIeoIuIeepa OT HEaAANTUBHOTO SBJISAIOTCS:

— OtnpaBka mueepoM 3anpocoB Ha BupeocepBep Uil KaXXJOro YHUKAJIBHOTO

CErMEHTa BUJIEOIIOCIIEI0BATEIIBHOCTH;

— Hanuuue nay3 mexay 3aka3aMu CETMEHTOB B COCTOSIHUM Bocnpou3zgedenue u

3azpyska;

— Hanuuue anroputma ajanTaluyy pernpe3eHTalUn I0J XapaKTEPUCTHKU CETH

Iepeadn TaHHbIX.

HauGonpimmii uHTEpEC U3 MEePEUnCICHHBIX BBIIIE 0COOCHHOCTEH MPEACTABIISET
AJTOPUTM aJanTally PENPE3CHTALNH, TAK KAK OH UMEET HEMOCPEACTBEHHOE BIUSHUE
Ha MOJIeJIb reHepupyemoro Tpaduka. Kak Ob110 ckazano panee crangapT DASH He pe-
IJIJAMEHTHPYET JaHHBIN alroput™. OgHaKO, CYIIECTBYET PeaIn3anys OIIOPHOIO BUIEO-
mieepa, KOTOPbIi NOJHOCThIO cOOTBETCTBYET cTannapty DASH. Hacrosmas peanuza-
st Obuta mpeactasieHHa koncopimyMmom DASH Industry Forum, kotopsiit 3aHumaeT-
Cs MPOABMIKEHUEM HACTOSIIIETO CTAHAAPTA U MPEIOCTABISAET OTKPBITYIO PEaATU3aLHI0
BUJICOIJIEEPA U CEPBEPHBIX MPHIOKEeHUH. JlaHHBIN 1T1eep OBl peaan30BaH B MPOEKTE
Dash.js, HCXOIHBIN KO KOTOPOTO IOCTYIEH Ha Tuatdopme pazpaboTINKOB MPOrpamMm-

Horo obecnieuenust GitHub [7]. [Ineep Dash.js monHocThIO COOTBETCTBYET TpeOOBaHU-
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am ctanaapta DASH, nocTtossHHO OOHOBIISIETCA U JAOMOJHAETCS MPU KOHCYIBTALUAX
C TPYIION IKCIEPTOB, pa3padarbiBaolnii JaHHBIA cTaHAapT. Jlanee B pabote Oyaer
onucaHa pabora onopHoro mieepa Dash.js Bepcuu 1.5. B xone npoBenenus nccineaona-
HUs OBUIT MTPOAHAIM3UPOBAH UCXOIHBIN KOJ| Ha si3bIke JavaScript U MpoBeAEH KOMILIEKC
UCIIBITAaHUI JUISI HOATBEP KACHUS NOJYYEHHBIX B XO/€ aHAIN3a UCXOIHOIO KOJIA.

JIJist HarIsiTHOTO TPECTaBICHUSI PE3YIbTaTOB MPOBEACHHOIO aHaIKu3a ObLT CO-
3/1aH pUCYHOK 1.6, ONTUCHIBAIOIINI JIOTUKY aJIallTalliki ONTOBOM pEeNpe3eHTAIINH BUICO-
IJIEEPOM B COCTOSIHUAX Bygepuzayus n Bocnpoussedenue u 3aepyska. Bee peneHus
aJropuTMa aJanTaldyd PENpe3eHTAM OCHOBAaHbI HA 3HAUEHHUH ITapaMerpa « Ypoeenw
bygepa» — nnuTenbHOCTD 3arpyKEHHOMN BUIEONOCIEA0BATEIHLHOCTH Ha TIOJIB30BaTEIb-
CKOM YCTPOMCTBE B CEKYH/IaX, JOCTYITHOM JIJIs BOcponsBeneHus. Hanpumep, npu 3Ha-
4yeHuu « Ypoeenv byghepa» paBHOM 5-TU CeKyH/1aM Ha BOCIPOU3BOISIIEM YCTPOMCTBE
JOCTYITHO K BOCIIPOM3BENCHUIO 5 CEKYHJ BHUJIEO B TEKYIIIM MOMEHT BPEMEHU, U €CIIU
Iieep HaXOJUTCS B COCTOSIHUM Bocnpouseedenue u 3acpy3xka U B TEUEHUE S-TU CEKYH]
He OyJeT 3arpyKeH HU OJJMH CEIMEHT, TO BOCIIPOU3BEACHHUE MPEKPATUTCS U ILIeep Iie-
peinet B coctossHue bygepuzayus.

[Ineep Dash.js siBnsieTcs MHOTONMOTOYHBIM MPUIIOKEHUEM U €T0 paboTa OpraHu-
30BaHa B TPEX OCHOBHBIX MTOTOKAX, OAHOBPEMEHHO UCTIOJIHSIOIINUXCS HA TOJIb30BaTENb-
ckoMm ycrpoiictee: [IPOUT'PBIBAHUE, 3AI'PY3KA 1 MOHUTOPUHI.

B HavanbHBIE MOMEHT BpeMeHH paboThl 1uieepa goctyneH MPD ¢aiin ¢ onu-
CaHHWEM Ka)KJJOTO CErMEHTa BUECONOCIIEI0BATEIIbHOCTH, U HEOOXOUMO PEIIUTh 3a1a-
4y BbIOOpa penpe3eHTaluu sl IEpBOro CErMEHTa BUEONOCen0BaTeaIbHOCTH. s
pelieHusl JTaHHOW 3a/1auM peaju3oBaHa (QyHKIMS 1Moadopa penpe3eHTalluu 10 OLICHKE
CKOpPOCTH MOTy4YeHHs AaHHbIX. CIIOBECHO aHHas (QyHKIUS MOKET ObITh ONKCAHA CJie-
OYIOIIUM 00pa30M: HAUTH ONMKANIIYI0 CHU3Y PENpe3eHTalrI0 ¢ OUTOBOM CKOPOCTHIO
HE MPEBBILIAIOINIYI0 OLEHKY CKOpocTU. OHa BBI3bIBAETCA B OJOKaX, IJI€ MPUCYTCTBYET
KOMaH/1a «3anpocuthby. i1 mepBoro cermeHTa OyAeT nogoOpaHa penpe3eHTanus Onm-

Kaimas K ckopocTd 1 MOuUT/c, OTIIpaBiIcH 3apoc Ha CEpBEP U 3alyIleH IOTOK IpreMa
nmaHHeIX — SATPY3KA.
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B noroke 3AI'PY3KA npoucxonuT NprueM JAHHBIX C HWKEIEKAIIUX YPOBHEU
ceTd, (opMUpPOBAHNE CETMEHTOB BUCOIMOCIEAOBATEIILHOCTY U TIOMEIIeHHE UX B Oy-
¢dep Ha BOCTIPOU3BOJIAILIEM yCTpOorCTBE. PaccMOTprUM LMK 3arpy3KH OAHOTO CETMEHTA
Buzeo. [locne oTnpaBku 3ampoca Ha CEpBEpP B HUCXOJAIIEM KaHaJe HAYMHAETCS epe-
Jaya JIaHHbIX, 1 HEOOXOAMMO OpPraHU30BaTh UX MPUEM, KOHTPOJIb KOPPEKTHOCTH, TO-
pSIKa U MOJHOTHI 3arpy3Ku JaHHbIX. Korjga cerMeHT OyAeT MOJHOCThIO JOCTaBJICH Ha
BOCIIPOM3BOJISIIEE YCTPOUCTBO OH OyneT 3arpyxeH B Oydep, U 3HaueHUE mapameTpa
«Yposenv byghepa» yBennueHo Ha JUIMTEIBHOCTH 3arpy>KEHHOT0 cerMeHTa. Jlanee nns
BbIOOpA penpe3eHTalu ISl CIEIyIOIIEr0 CErMeHTa MPOU3BOJUTCS OLEHKAa CKOPOCTH
3arpy3KH JIaHHBIX B JBa dTana:

1. BbluncneHue OLIEHKH CKOPOCTH 3arpy3KH TEKYIIETO CETMEHTA, KaK OTHOIIIE-

HUE pa3Mepa CerMEHTa K JUIMTEIIbHOCTH €0 3arpy3Ky;

2. BpruucneHue pe3yJbTUPYIOLIEH OLEHKM CKOPOCTH 3arpy3Ku Kak CPEIHErO
apu(pMETHUECKOTO OLEHOK CKOPOCTEM HECKOJIIBKUX MOCIEIHUX CETMEHTOB U
YMHOKEHHE TOJTyUYeHHOTO 3HAYEHUS Ha MOHMXKAOMUN Ko ULUEHT. 3aHu-
KEHUE PE3yIBTUPYIOLIEr0 3HAYCHUSI HEOOXOJUMO JIJIs1 KOMITIEHCAI[UU BO3MOXK-
HBIX KOJIEOAHUM CKOPOCTH 3arpy3Kd JaHHBIX.

Jlanee 3HaueHue napamerpa « Yposenwv bygepay cpaBHUBAETCS C TOPOTOM JOCTATOUHO-
ro ypoBHs Oydepa. Ecnu 3nauenue « Yposenv byghepay Brillie, TO Cneaylinii CETMEHT
OyZeT 3aKka3aH B MAaKCUMAaJIbHOM JOCTYITHOM penpe3eHTalny, MHaYe BHIOOP perpe3eH-
Taluu OyJeT OCHOBAH Ha BBIYUCIICHHON paHEe OICHKE.

OpnnoBpemenHo ¢ notokoM 3AI'PY3KA pabGoraer moroxk MOHUTOPUHI, 3a-
Jla4€il KOTOPOTO SIBJSIETCS KOHTPOJIb JUIMTEIIBHOCTH 3arpy3KH CErMEHTOB. J[Jisi 3TOro
B KaX/blii MOMEHT BPEMEHH 3arpy3KHu IMPOUCXOINUT OLICHKA 0XKUAAEMOT0 BPEMEHHU 3a-
IPY3KH CETMEHTa M €CJIM JAaHHAs OLICHKA IPEBBIIIAECT MPOU3BEICHUE JUIUTEIBHOCTH
cerMeHTa u ko’ (UIMEeHTa MOPOrOBOT0 OXKHAAHUS 3arpy3KH, TO 3arpy3ka TEKYIIETo
cermeHTa Oynet npekpainieHa. [Ipu npekpaiiennn 3arpy3Kku Bce 3arpy>KeHHbIE JaHHbIE
YIOAQISIOTCS M B 3TOT )K€ MOMEHT, CEPBEP YBEAOMIISIETCS O MPEKPALLEHUH 3arPy3KHU Cer-
MEHTa U Ha HEro OTIIPaBIISIETCS] HOBBIN 3alpOC C YKa3aHUEM pernpe3eHTaluu, BhIOpaH-
HOM Ha OCHOBE OLICHKH CKOPOCTH 3arpy3KH TOJIBKO TEKYIIETO CETMEHTA.

[Tociie HakoruieHUsT pa3smMepa JOCTATOYHOW T Hadajla BOCIPOU3BEACHUS JUJIN-
TeabHOCTU BuAeo Oynet 3amyiieH norok [IPOUT'PBIBAHUE, koTopselil mpou3BoAUT
J€MOHCTpALUIO 3arpyKeHHOro B Oydep Buzaeo. [Ipu npourpbiBaHuu cerMeHTa OH U3bl-

maeTcsi u3 Oydepa, u 3HaueHue « Yposenv bygepa» yMeHbIIAETCA HA JIUTEIbHOCTD,
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U3BATOTO cerMeHTa. JIaHHBIM MOTOK BIWSAET HA BHIOOP pENpPE3CHTAIIMU TOJBKO B TOM
cityuae, Korja ypoBeHb Oydepa paBeH Hymto (B Oydepe HET JaHHBIX JJIS BOCIIPOU3BE-
JIEHUsT), TOT/Ia TUIeep IMPEKpaIaeT JEMOHCTPAIIUIO BUIEO, TIEPEXOAUT B COCTOSIHUE Hy-
Gepuzayus, a CASAYIONANA CETMEHT Oy/IeT 3aKa3aH B MUHUMAaJIbHOU perpe3eHTAallUH.

Ha npencraBineHHbIN BBIIE AITOPUTM aAANTAMA BUIECOPAAA NOMA YCIOBUS Ka-
HaJla Iepeaadyu JaHHbIX HAJIAraeTcs OrPaHUYECHUE HA YACTOTY IEPEKIIFOYCHUs perpe-
3eHTaIui BUae0. OUeBUIHBIM ABJISETCS (DAKT, YTO YACTOE MEePEKII0OUEHNE OUTOBBIX pe-
MPE3EHTALMN HETATUBHO BIIMSAECT HA KAYE€CTBO BOCIIPUITHS BUICOIOTOKA: B HEKOTOPBIX
ciay4dasx ObICTPOE MEPEKII0YECHUE PETPE3CHTAIIMN ITPU MMPOCMOTPE MPUBOIUT K TIPOSIB-
JIEHUIO CUMIITOMOB HEBPOJIOTUYECKHUX PACCTPOUCTB. [[03TOMY B COBPEMEHHBIX pEAIU-
3alMsIX BUACOIJIECPOB KOJIMYECTBO MEPEKIIOUCHUN B €IUHUILY BPEMEHU OIPAaHUYCHO
cBepxy [8].

OcHoBHbIe TapameTpsl Buaeoruieepa Dash.js Obuin arperuposansl B Tadmune 1.2.

J{1s1 amanTUBHOTO BUEOIIIEepa MOEIb TEHEPHUPYEMOTO Tpaduka 3aBUCUT KakK OT
XapaKTEPUCTUK POCMATPUBAEMOIO BUJICOIIOTOKA, TAK U CUCTEMBbI NIEPEIAYU TAHHBIX.
OHa onpenensieTcss HACTPOMKaAMU BUJICOIIEEPA U AJITOPUTMA AIalTallid PEIpPe3eHTa-
LIUH.

Ha Texymuit MOMEHT ObLI ITPEJCTABIICH aHAIU3 OpraHU3aIlMU TIepelay BUIEO B
TEJICKOMMYHHMKAIIMOHHBIX CETIX. PACCMOTpEHBI OCHOBHBIE BU/IBI BUICOIIEEPOB U T1O-
Ka3aHo BIMSHUE TIJIeepa Ha MOJIeNTb TeHEepupyeMoro Tpaduka. Mcxos u3 mpoBeIeHHOTO
aHaJIM3a BO3MOXKHO 3aKJIFOUUTh, UTO OOCITYKMBaHUE TIepeIaull BUJCOTAHHBIX SIBISETCS
HETpUBHAJIbHOM 3a1aueii. Hanbonee BaXKHBIM JIJ1 UCCIICIOBAHUS CTAHOBUTCS BOIIPOC O
BIIMSTHUY XapaKTEPUCTHUK CETH Tepelay JaHHBIX M BHACOIUIEEpa Ha Ka9Ye€CTBO 00CITy-
*uBaHUs aboHeHTa. IMEHHO TaHHOMY BOIIPOCY IMOCBSIIIICHA CIIeAYIONas YacTh pa3fe-

Ja.

1.5 MeToauKu OLEHKHU Ka4yeCTBA Nepeladyd BUICOKOHTEHTA

OHCHKa Ka4dCCTBa IMnepcaair BUACOKOHTCHTA ABJIACTCA CJIOKHOM 3az[aqel>'1 BBU-
ay CY6’[>€KTPIBHOFO BOCIIPHATHA I10JIB30BATCIICM XaAPAKTCPHUCTHUK BOCIIPOU3BCACHUA. Cy-
IMCCTBYIOT ABAa OCHOBHBLIX ITOAXOAA JJIsI OICHKH Ka94CCTBA CCPBUCOB: OKCIICPTHAA OILICH-

Ka [9] 1 olieHKa MOIB30BATENBCKOTO OIBITA UCIIOIb30BaHusA cepruca [10].
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Tabnuma 1.2 — OcHOBHBIE MapaMeTphl aAanTUBHOTO Bujieorieepa Dash.js

HazBanune

Onucanue 3HaueHue
napameTpa
OO61re mapamMeTpsl
JnmuTenbHOCTh JmATENbHOCTh CETMEHTOB, HA
CEerMeHTa KOTOpBIE pa3/iesicHa [2, 10] cexynp
BHJICOJJAHHBIX BHJICOTNOCIIEI0BATEIbHOCTh
JIIMTEeNbHOCTD
Pa3smep HauanpHOM BHUJICOMOCIIEI0BATEIILHOCTH, 12 cexyns
oydepuzanuu KOTOpas JI0JbKHA OBITh 3arpy’keHa
repe] HayajaoM BOCIIPOU3BEIACHUS
MakcumainbHas JJIUTEeIbHOCTh
MaxkcuManbHEIN BUICOIOCIIECI0BATEIILHOCTH,
pasmep Oydepa | KOTOpas MOXKET ObITh ITOMEIICHA B 60 cexyrn
Oydep
[TapameTpsl aganTaluu penpe3eHTaluu
OueHka kaHaja rnepeaadu
HavanpHas onieHka JTAHHBIX, HA OCHOBE KOTOPOM 1 M6ut/c
KaHasa Oyzet BbIOpaHa penpe3eHTaIus

IIEPBOrO CETMEHTA
Uucno cermMeHToB, Ha OCHOBE
KOTOPBIX OyJI€T MPOU3BOAUTHCS 3
OLICHKA CKOPOCTH KaHaja

«ITamsaTe» IpU
OLICHKE CKOPOCTHU

KaHala
nepeaavu JaHHBIX
. KoaddunmeHT nis moHuKeHus
Honmxaroui OH(le)gI)KI/IIl CKO oﬂcm nepenaayn
K03 puIueHT P P 0.9
JTAHHBIX, TIPU OIICHKE CKOPOCTH
OIICHKHU CKOPOCTH
3arpy3Ku
JImUTENbHOCTH
. Oy epu3npoBaHHOTO
JlocTarouHbIi y(epusHp
BHUJICONIOTOKA, IIPU KOTOPOM ILIECEP 40 cexyHp
ypoBeHb Oydepa
OyIeT 3aKa3bIBaTh TOJIBKO
MaKCHMaJIbHYIO PETPe3SHTAIINIO
Koadppunment JIMUTeTbHOCTh YMCiIa CETMEHTOB,
MTOPOTOBOTO KOTOPBIX OyIeT OKUJATh TIeep, 15
OXKUJTAaHUS nepen yaajJeHueM TeKyIero '
3arpy3KH CeTMEHTa CerMeHTa

M3HavanpHO A1 OMpCACIICHUA KadeCTBA TCICKOMMYHHUKAIIMOHHBIX CCPBHUCOB

UCIIOJIb30BAJINChH AKCHEPTHBIE OlleHKHU. [lomydeHne momoOHOW OLEHKH COCTOSUIO U3
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HECKOJIbKHMX 3TaIloB: MOAOOp YJIEHOB 3KCHEPTHOM KOMHUCCUHU, (POPMYIHUPOBKA CTPOTO
MOCTABJICHHBIX BOIIPOCOB M OKMJIaHHE pe3yibTaTa. [JaHHas mpoienypa 3aHUMaeT MHO-
IO BPEMEHH, KakK CJIE/ICTBUE, UCIOIb30BAHUE IKCIIEPTHOU OIIEHKH UMEET CMBICII TOJBKO
y’Ke K pa3paboTaHHBIM CHCTEMaM Mepeaayu JaHHBIX, OIHAKO IS OILICHKU KauyecTBa Ha
aTamne pa3pabOTKH CHCTEMBI MCIOJIb30BaTh JAHHBIM MOIXOA HE MPEACTABISETCS BO3-
MOXXHBIM. B Hactosiiee BpeMss MHEHHS SKCIIEPTOB UCTOIB3YIOT IJisi (POPMHUPOBAHUS
TpeOoBaHuUi K pa3pabaTbiBaeMbIM CTAHJAPTAM CBS3U CJICAYIOIIETO MOKOJICHHS.

B Toxke BpeMs, Hamuyue MOJOKUTEIbHOW SKCIEPTHOM OILEHKU HE SIBISIETCS
FapaHTUEN YJIOBJIETBOPEHHOCTH II0Jb30BATEIS UCIIOJb30BAHUEM CEPBUCOM. JlaHHBIN
(dbakT mpuUBeIN K MOSBICHUIO BTOPOTO METO/Ia OIEHKH Ka4eCTBa: OLICHKA MOJIb30BATEb-
CKOTO OINbITA UCIIOIb30BaHUS CEPBUCA, B AHIVIOSA3BIYHOM JINTEPATYPE STOT TEPMUH U3BE-
cteH kak Quality of Experience (QoE). Tepmun QoE ouenb 06miuii v BKIIto4aeT B ceos
OTPOMHOE YUCJIO METOAMK M KPUTEPUEB JJI Pa3IMYHBIX CEPBUCOB, JTH000I KPUTEPHIL €
CHCTEMOM CPABHEHMS PE3YJIBTATOB, OTPAXKAIOIINH TOJIb30BATEIBCKUN OIBIT, CAUTAETCS
QoE.

JI71s1 OLIEHKM KadecTBa TeJIEKOMMYHHUKAIIMOHHBIX CEPBUCOB OblIa MPUHSITA METO-
JI0JIOTHUS OLIEHKH, n3BecTHasi kak Mean Opinion Score (MOS) [11]. Pe3ynbrar ornieHku
MOS npencraBiseTcsi YUCIOM B OTPE3KE OT OJHOTO JI0 TSATH, TJ€ €ANHUIA OMTUCHIBACT
HAaWMEHBIIYIO CTENEHb YIOBIETBOPEHHOCTH IMOJIb30BATENS, a MMATh HAaUBbICIITYI0. Cun-
TaeTCsl, YTO MOJIb30BATEIb YIOBIETBOPEH Kauye€CTBOM CEpBHUCA, €ciau 3HaueHne MOS
OomnbIie win paBHo TpeMm. s momydenus orieHku MOS cobupaeTcsi CTaTUCTHUCCKU
ONpaBlaHHAas TPYIIIA MOJb30BATEIEH, C YYETOM PACOBOT0, MTOJIOBOI0, BO3PACTHOIO U
T.JI. paKTOPOB, MPOU3ZBOJUTCS IEMOHCTPALIUS CEPBUCA, U HA €€ OCHOBE WICHBI IPYIIIIbI
BBICTABIISIIOT OIICHKU. Pe3ynbTupyroliee 3Ha4YeHUE BhIpaXKaeTcs Kak cpeaHee apudme-
TUYECKOE BCEX JIaHBIX OINCHOK. ONMMUCaHHBIN BBIIIEC MyTh MOJYYSHHUS OIEHKH 00IagacT
TaKUMU K€ HEAOCTATKaMU, KaK U SKCIIEPTHAsl OLEHKA, OAHAKO MOJIYYEHHbBIN PE3yJbTaT
ABIISIETCSl 0oJiee MOKa3aTeIbHbIM, U Ha €r0 OCHOBE MOXXHO OpPraHM30BaTh CPAaBHEHUE
CHUCTEM CBS3HU.

MHOXeCTBO yCHIMil ObUIO HApPaBJICHO Ha YCKOPEHHE MOTYUYEHHUS OIICHKH BOC-
PUATHS KadeCcTBa 00CITYKUBAHUS, U B HACTOSIICE BPEMS I KaKJI0TO BUJIa CEPBUCOB
CYIIECTBYIOT pa3pabOTaHHbIE PEKOMEH IAIMU 10 BeIUKCIIeHUIO 3HaueHust MOS. B kax-
701 Mo 0OOHON PEKOMEHAALMH IPUCYTCTBYET OMUCAHUE METOI0IOTHH, KOTOpasi Ha OC-
HOBE OIPOMHOI'0 MacCuBa OOBEKTUBHBIX XapaKTEPUCTUK JOCTYMHBIX Ha MOJIH30BATENb-

CKOM YCTpOﬁCTBe BBIYHMCJIACT 3HAYCHHUEC OLICHKH. HOJ’Iy‘ICHHOC 3HA4YCHHUC, 110 YTBCPIKIC-
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HUIO aBTOPOB, HE OTIIMYAETCS OT OLIEHKH, TOCTABJICHHON ONIPAIlIMBAEMbIMU MTOJIb30BaTE-
asiMu. BakHO OTMETUTH clieAyromui PakT: MPUMEHUMOCTD Pa3IMUYHbBIX METOIOJIOTHIA
OLICHKH Ka4eCTBa BOCIPHUATUSI OIPAaHUYMUBAETCSI TUIIOM MCIIOJB3yeMOro BHUIEOIIEEpa,
HaIpuMep, CYLIECTBYIOT METO0JIOTHH, KOTOPBIE MOTYT BBIYHCIUTH 1OCTOBEPHOE 3HA-
YEHHE OIIEHKH TOJBKO €CJIM MPU IEMOHCTPALIMH UCOJIb30BAJICA HEAIAIITUBHBINA BUJIE0-
ieep.

Opranm3anueii International Telecommunication Union, n3BectHoli B PD kak
Mexnaynaponnbsiii Coro3 D1eKTpOCBA3M, ObUIa CTaHIapTU3UPOBAHA IPOLIETypa BHIYHUC-
aenust MOS 1151 BUACOIIOCIIEIOBATEILHOCTEN C HEU3MEHAEMOM penpe3eHTaIMeH 1J11-
TeNbHOCTHIO OT 30-Tu 10 60-TH cexyHn [12]. BBuny 601b110ro o0bema METOAO0IOTHH,
onucaHHou B [12], B maHHO# pabore OyAeT MmpencTaBieHo JHIb €€ ONKMCaHue Ha Ka-
YECTBEHHOM ypoBHe. [lanee B paboTe AJis COKpallleHUs JIMHbI Ha3BaHUM B KaueCTBE
0003Ha4YeHU TaHHOW MeTomoa0ruM OyneT Ha3biBaThest TepmuH [TU MOS.

N3HauanpHO HA OCHOBE OOBEKTUBHBIX XapaKTEPUCTUK PACCUMTHIBAIOTCSA JIBA OC-
HOBHBIX (paKTopa Mpu MPOCMOTpPEe BUIEO: (PakTOp KayecTBa BUACO U (PAKTOP BOCIPO-
u3BeneHus (pucyHokK 1.7). @akTop KauecTBa BUJIEO OILIEHUBAET BOCHPUSITHE MOJIb30Ba-
TEJIEM XapaKTEPUCTUK HEUCKAKEHHOTO BUIECOMOTOKAa Ha KOHKPETHOM BOCIPOM3BOAS-
IeM yCTpoicTBe. B KauecTBe BXOAHBIX MapaMeTPOB JIaHHBIA (PaKTOp YUUTHIBAET pa3-
pelieHne KpaHa BOCIIPOU3BOIAIIETO YCTPOIMCTBA, OUTOBYIO CKOPOCTh, YACTOTY KaJIpOB
Y HaCTPOMKH KOJWPOBAHUS BUAECO U aylIHO MOTOKOB. Hanuuue, B NpUBEIEHHOM BBIIIE
CIIMCKE, HACTPOEK BUACOKOAECKA OOYCIOBIECHO BIUSHUEM aIrOpUTMa CKATUS HA MOTe-
pro KauecTBa BucoJaHHbIX. Ha BhIXoJe BO3BpalllaeTcsi 3Ha4YeHUE, HOPMUPOBAHHOE B
OTpe3Ke OT 1-11bl 10 5-TH.

@aKkTOp BOCIPOU3BEICHUS OIIEHUBAET BOCIIPUITUE TOJIH30BATEIIEM XapaKTEPH-
CTHK BOCTIPOU3BEJCHUS. BbIIENAI0TCS IBa OCHOBHBIX HETaTUBHBIX 3(peKTa, UMEIoIuX
ONpeENAIOIIEe BIUSHUE Ha OLEHKY MOJIb30BaTEIEM BOCITPOU3BEICHUE BUIECO: HAaYAIb-
Has Oydepuzanus u onycromieHue Oydepa. HauanbHas Oydepusaius xapakTepusyercs
JUTUTEIbHOCTHIO HHTEPBAJa BPEMEHHU OT IMOJIYUYEHHS OT IMOJIb30BaTENs] KOMAHbI O 3a-
IpOCE BUAEO JI0 Hayasa IEMOHCTPALMH 3arPy>KEHHBIX TAHHBIX (IJIUTEIbHOCTD HAX0XK-
JeHUsS. B COCTOSIHUM bygepusayus B Hayane padoThl Buaeoruieepa). Cuuraercs, eciu
JUIMTENIbHOCTh HaYalbHOU Oy(epu3aliuu npeBbilliaeT HEKTOPOE 3HAYEHUE, TO MOIb30-
BaTeJIb OTKAXKETCS OT MPOCMOTPA.

BTtopoii HeratuBHBIN 3G (PEKT BOCTPON3BEACHUS BHUIEO — OMMyCTOIIeHHE Oydepa.

OH xapakTepu3yercs cOObITUEM NIEPEX0/Ia BUIEOILIeepa U3 COCTOSAHUSA Bocnpouseede-
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Pa3speweHne sKkpaHa
BOCMPOMW3BOAALLEro YCTPONCTBa ¢
ButoBas ckopocCTb YacTOTa KapoB Da KTOP KayecTBa
BIACO BMageopAaa
HacTpoiikn kognposaHus BUaeO T

Arperatop

JnVTenbHOCTb HaYanbHoOW
6y pepuzavmm ¢

dakTop KavecTBa
BOCMPOW3BeAEeHMS

Konunuectso , HaCTOTa N JJINTEJIbHOCTb
onycTolweHuin 6ydepa

Pucynok 1.7 — Cxema BbIUMCIECHHS OLICHKU Ka4yeCTBa MEPEAadyu BUICO B
Mmetonoiiornu ITU MOS

Hue u 3aepy3ka B coctosinue bygepuzayus, BBUAY HEJOCTAaTKa BUACOAAHHBIX 3arpy-
JKEHHBIX B Oydep BOCIPOU3BOASAIICTO ycTpoiicTBa. Hanbosee BaKHBIMH B METOJI0JIO-
ruu [TU MOS cuntatoTcss MOMEHTBI BpEMEHU MIEPEXO/IOB U3 COCTOSTHUMN, JITUTEIBHOCTH
MOBTOPHOTO HAXOXKJICHUS B COCTOSIHUM Bygepusayus nocne oCylecTBICHNs Hadyalb-
HO1 Oy(epusaruu. I3 MOMEHTOB BpEMEHHU MEPEXOA0B PACCUUTHIBACTCS YACTOTa OIY-
crouieHnit Oydepa npu BocnpouseaeHnu Buaeo. B merononorun [TU MOS nanuuue
XOTs1 OBl OTHOTO OMYCTOIIEHUS KPUTHYHO CHIIKAET OIEHKY KauyecTBa BOCIPOU3BEIC-
Hus. Ha BeIxone ¢gakropa BOCIIPOU3BEICHUSI TaK )K€ TPEICTABISICTCS YUCIOM OT 1-I1bI
10 5-TH.

Baxxubim MoMeHTOM paboThl MeTogoioruu ITU MOS sBisieTcs MeTo/1 arperaiuu

TIPE/ICTABICHHBIX BhIIIE (PAKTOPOB, OMPEIEIACMBIi CIETYIOIIMM BhIPAKCHHEM:
ITUMOS = max([VideoQuality Factor — 5+ VideoPlayingFactor], 1),

rie VideoQuality Factor — pakrop kadecTBa Bujaeo u Video Playing F actor — dpaktop
BOCITPOU3BEICHUS.

W3 Bua MaHHOTO BBIPAKEHUS CIEIYET, YTO pe3yibTupyromiee 3Hauenue MOS
HE MOKET TMPEBBIIIATh OIEHKHU (haKTopa KadecTBa BUJEO: TIPH HACATHHOM BOCIPOU3-
BeZieHUH (OIleHKa (haKTopa BOCIIPOU3BEACHHS paBHA 5-TH) PE3yIbTUPYIOIIEE 3HAYCHHE
paBHO oI1leHKe (aKTOpa KauecTBa BUJIEO, a TI000€ YMEHBIICHHE Ka9Y€CTBO BOCIIPOU3BE-

JICHHS] YMEHBIIIAET PE3yJIbTaT.
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OcHoBHBIM HenoctatkoM Metoponoruu ITU MOS sBnsieTcs ero orpaHudeHHas
chepa MPUMEHUMOCTH, TaK KaK OHa MOKET ObITh MCIIOJIb30BaHAa /I BHICOIOCIIE0BA-
TEJILHOCTEN ¢ HEU3MEHHOM OMTOBOM CKOPOCTHIO (HEAJANTUBHBIN BUACOIUICEP) U JIJTH-
TEJIbHOCTBIO HE TpeBhIIaonmx 60-Tu cexyHa. Takxe peann3amnus JaHHOW METO10J10-
TUU 3aTPYJHEHO BBUY UCIIOJIb30BAHUS OTPOMHOTO 00heMa MH(POPMAIIMH ISl BHIYHUC-
neHust oneHku. B pabore meromonorust ITU MOS npuBeneHa B KadeCTBE OMOPHOTO
METO/ia OIIEHKH Kaue€CTBa BOCIPUSITHUS BUJICOPS/IA, TAK KaK BCE OCTaIbHbIE METOJI0JIO-
TUY OCHOBaHBI Ha JTAHHOM.

B Hacrosiiee BpeMs NpeayiokKeHO HECKOJIBKO METOIOJOTHM OIEHKH KadyecTBa
BOCHPHUATHA TPOCMOTpPA BUACO. SIPKUM MPEICTABUTEIIEM TAKUX METOHOJIOTUH SIBISIET-
cs1 pemenne komnannn Huawei mog nasBanuem U-vMOS (User, Unified, Ubiquitous-
Mean Opinion Score for Video), koTopas ctaBUT niepes] co0o0i 3a7jauy OlIEHKH KauyeCcTBa
BUJIeO 0€3 OrpaHUYEHUM Ha UX JIJTUTEIIbHOCTh U M3MEHEHHUE OMTOBBIX CKOpOCTEil. Me-
tononorust Huawei U-vMOS Ob11a ipeactasiena B anpene 2016-ro romga Ha BEICTaBKe
London TV Connect Exhibition [13].

[TonpoOHOE omMcaHKe TaHHOW METOMIOJIOTHHU TPEICTABICHO B MPE3CHTAIIMN Ha
caiite komnanuu [14]. B otmuuun ot metononoruu [TU MOS, nns pacuera 3HaueHus
U-vMOS TtpelyeTrcs HaMHOTO MEHbBIIIEE YUCIIO TTapaMETPOB.

J1s1 pacdeTa pe3yIbTUPYIONICH OIEHKH KadyeCTBa BOCIPUATHS BUJIEO 10 METOJI0-
goruu U-vMOS noiKHBI OBITH OIEHEHBI TpH (haKTopa IJis OHOTO CeTMEHTa BHUJIEO:

— @axkTop KauecTBa BuAcogaHHbIX (sQuality);

— @akTop OKHMAaHUA Hauyajia MpourpsiBanus (sltreraction);

— @akTop KauecTBa BoCIpou3BencHUs (sView).

Hanee, myist 0003HAYCHUS MPECTABICHHBIX (DAKTOPOB, OYAyT MCIIONIH30BATHCS OPUTH-
HaJIbHBIC AHTVIOA3BIYHBIE TEPMUHBI.

®daxrop sQuality onmrchIBaeT BOCIPHUATHE TOJIB30BATEIEM MPOCMOTPa BUACOPSI-
Jla HEKOTOPOTO pa3pelieHus] Ha TUTIOBOM YKPaHE BOCIIPOU3BOJISIIETO yCTPOCcTBA. AB-
Topamu Metonosnioruu U-vMOS, B KauecTBe TUIIOBBIX 3KPAHOB, ObUIM pPacCMOTPEHBI
9KpaH TEJIEBU3MOHHOTO ycTpoiicTBa (42 nroiima) u 3kpan cmaptdona (5.5 aroitma). 3Ha-
yenue sQuality 3anano Tabaumon 1.3.

dakrtop slnteraction onuchIBaeT yI0BIECTBOPEHHOCTh MOJIL30BATEIIEM JIUTEb-
HOCTBIO OXKHJAHUS B CEKyHJaX HaudaJla BOCIIPOM3BEIACHUS MOTOKA M 3aJaeTcs Tabu-
et 1.4. JlaHHas OIIEHKA SIBIIICTCS OOIIEH IS BCEX CErMEHTOB BUJICO M BBIYHCIISICTCS

TOJIBKO IJIA IICPBOI0 CCrMCHTA.
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Tabnuma 1.3 — dakrop kadecTBa Buaeomanubix (sQuality) B metomonorun U-vMOS

Pa3pemienue OHCH@
sQuality
penpe3eHTanuu | TeneBU3NOHHBIN DKpaH
AKpaH cMmarpdona
2880p (5K) 4.78 5
2160p (4K) 4.65 4.78
1440p (2K) 4.2 4.58
1080p (Full HD) 4 4.45
720p (HD) 3.15 4
480p 2.44 3.64
360p 1.66 3

Tabnuia 1.4 — ®dakTop okugaHus Hauyajia BocrpousBeaeHus (slnteraction) B MeTomo-
goruu U-vMOS

Onenka .
sInteraction JImMTeNnbHOCTh HauadbHOM Oydepu3anuu
TeneBu3noOHHBIN 3kpaH | DkpaH cmapTdoHa
5 <100 mc <100 mc
4 I cex I cex
3 2 cex 3 cex
2 5 cek 5 cek
1 > 8 cek > 10 cek

BaxxapIM ¢akTopoM Bocmipom3BeieHUs sABIsieTcs sView. B kauecTBe orjeHHBa-
e€MOI XapaKTePHUCTHKH HCITONB3YeTCS IPOICHT BPEMEHU OXKHJIAHUS BO30OHOBIICHHUS
IPOCMOTpa MOCJE COOBITHS OMyCTOIIeHUs Oydepa K IIUTETLHOCTH CErMEHTa BUIEO.
OreHKa KagecTBa BOCIIPOM3BEICHUS TaK )K€ SBISCTCS TaOIMYHO 3aJaHHON (QyHKIIHEH
(Tabnuma 1.5).

[Tocne Toro kak OBUTHA pacCUMTAHBI BCE BBINICTICPEUNCICHHBIC ITOKA3aTEIN Kayue-
CTBa PE3yJIETUPYIOIIEE 3HAYCHUE TSI OJHOTO CErMEHTA MOKET OBITH IMOJIYYCHO CIICITY-

IOLIUM 00pa3oM:

sInteraction — 1) + B(sView — 1)
4(a+ B)

UvMOS = (sQuality — 1) o +1,
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Tabmuna 1.5 — ®akrop kauecTBa BocnpousseaeHus (sView) B merogonorun U-vMOS

Ouenka sView

[IpoueHT BpeMeHH NpepbIBaHUS BOCITPOU3BEACHUS

TeeBU3NOHHBIN DKPaH

DkpaHn cMapTdonHa

5 0% 0%
4 0.1% 5%
3 1% 10%
2 5% 15%
1 > 10% > 30%

rae Ko3QpGUIHEeHTH o U [ 3aJaHbl Tadauiei 1.6.

Tabnuia 1.6 — Koaddurments! s pacuera 3HaueHue MOS B metononorun U-vMOS

TeneBU3nOHHBIN
Koadpurment skpan OKkpaH cMapT@oHa
o 0.66 0.71
o) 0.77 0.77

N3 Buna gyukiuu U-vMOS crientyeT, 4To eciii 3apuKCupoBaTh HEKOTOPOE 3HA-
yeHue nokasarens sQuality, To pe3ynbTupyroliee 3HaUeHHE HE MOXKET MPEBHIIIATh 3HA-
YeHHe JTaHHOTO Mokaszarens. TakuMm oOpa3zom, yToObl Mody4yuTh 3HaueHne MOS mpe-
BbIIIAOIIEE 3, TO HEOOXOIMMO JAEMOHCTPUPOBAThH MOJB30BATENI0 BUICOMOTOK C pas-
pemieHueM He meHee 720p u 360p a1 TenesKpaHoB U cMapT(POHOB COOTBETCTBEHHO.
ITokazarenu kadyectBa slnteraction u sView, OTJIUYHBIE OT 5-TH TOJBKO TTOHMKAIOT pe-
synerupytomiee 3Hadenrne MOS. Kak cineactsue, mis ooecnieuenus 3nadenus U-vMOS
Oosblile Tpex cieayeT obecrneynBaTh 00Jiee BHICOKUE PEIPE3CHTALINH.

Kommnanueii Huawei OblT npecTaBieH MporpaMMHbIA KOMILIEKC JJ1s1 pa3paboT-
YUKOB CHCTEM, KOTOPBIM MO3BOJISET OLIEHUTh KaY€CTBO BOCIIPOU3BEICHUSI HA CTOPOHE
MOJIb30BATEIILCKOTO YCTPOHCTBA It OonbmuHCTBA Tuiatdopm [15]. Peann3zoBaHHbI
IPOrpaMMHBIN KOMIUIEKC IIPEICTaBICH B BUie OnOnmroTeku Ha si3bike C++. OH mo3Bo-
JSI€T OLIEHUTH Ka4eCTBO IS aJallTUBHOTO BUJIEOIIOTOKA HEOTPAHUYEHHOM JUIUTEIBHO-
cTu, Ha ocHoBe MeTtoanku U-vMOS. Ha BX0o TOCTYNAIOT «ChIPbIE» TAHHBIE JJIs1 KaXK10-
IO IPOCMOTPEHHOIO CErMEHTA: pa3pelieHrne, OMTOBask CKOPOCTh, IPEPHIBAHUE BOCTIPO-

HU3BCACHUA U MJINTCIBHOCTb OXXHWAAHUA Ha4dajla BOCIIPOHU3BCIACHUSI. Ha BBIXOAC IIPCI-
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CTaBJICHBI OIIEHKU BOcCIipou3BeAeHus notoka (sQuality, sInteraction, sView) u pe3ynib-
THUPYIOILIEE 3HAYEHNE OLIEHKHU YIOBJIETBOPEHHOCTH ITOJIB30BATEIIS OT IMTPOCMOTPA.

Takum o6pazom, metop orenkn Huawei U-vMOS nipuMeHUM JiJ1 aAanTHBHOTO
Y HEAJANTUBHOIO BUAEOMNOTOKA. JJaHHOE CBOMCTBO MO3BOJISIET MCIOIB30BaTh €r0 IS
OOJIBIIIET0 MHOYKECTBA BHUICOKOHTEHTA, IO cpaBHEHHUIO co ctanmaprom [TU MOS. U3
OTMMCaHMsI METOJIUK OLICHOK KauecTBa BocrpousBeaeHus Buaeo [TU MOS u Huawei U-
vMOS, ciieayet uTo 1Sl UX UCTIOIh30BaHUS HE00X0IUMO UMETh AOCTYT K UH(pOpMaIiu
Ha Bujeoruieepe. JJlaHHOe orpaHnYeHUe 3HAUUTEIbHBIM 00Pa30M CYKaeT BO3MOXKHYIO
cepy ux mpuMeHEHUS.

CyiiecTByeT psiji pa0doT, B KOTOPBIX CTABUTCS 3a/1a4a aHAJIW3a U yBEJIMYEHUS MPO-
U3BOJAUTENHFHOCTH CYHIECTBYIOIIUX OECIPOBOJHBIX CUCTEM IMpHU Nepeaade BUIELO, MO-
CpelCcTBaM aHaJIMTUYECKOTo uccnenoBanus PyHkuu MOS. ABTOpbI JaHHBIX PabOT OT-
MEYaroT, YTO OMKMCAHHBIE BBIIIE METOAbI HEBO3MOXKHO MCIIOIb30BaTh B KAYECTBE LIEIIE-
BBIX (DYHKITHH, BBHIY OOJIBIIOTO YKCIia MapaMeTpOB M UX CIOKHOM, HeJTMHEHHOM B3a-
uMocCBs3U. B momoOHbIx paboTtax paccmarpuBarorces anmnpokcumannun MOS, KoTopeie
ONMPAIOTCS HA MEHBILIEE YUCIIO MAPAMETPOB. Tak Ke yTBEPKAAECTCS, YTO ONTUMHU3ALIHS
(MUHUMUA3AIUS WM MaKCUMU3AIMsl) TAKUX allPOKCUMAIIMI MPUBOAUT K MaKCUMHU3a-
nuu ¢pynkumu MOS. B Tabnuue A.1 (mpuiokeHue A) peicTaBlIeHbl HEKOTOPbHIE arl-
IPOKCUMAIMU, OTCOPTUPOBAHHBIE B MTOPSIAKE BO3PACTAHUS KOJIMUECTBA UCIIOIb3YEMBIX
KPUTEPUEB JIJIs1 OLIEHKH KauyecTBa 00CTyKUBAHUS.

TaGmuiy A.1 BO3MOXHO HCIONB30BaTh CIACAYIOMUM 00pa3oM: 3aUKCUPOBATH
HEKOTOPBI 00BEM JTaHHBIX, JOCTYMHBIA pa3pabOTUMKy CETH, U BbIOpATh TE€ KPUTEPUU
KauecTBa OOCIYyXKUBaHUSI, KOTOPbIE MOTYT OLEHUTH YIOBJIECTBOPEHHOCTH IMOJIb30BaTE-
ns1. Hanmpumep, pu 3HaHUM OUTOBOM CKOPOCTH IPOCMATPUBAEMOTO IMTOTOKA MOXHO UC-
MOJIb30BaTh METO/l, ONMCaHHBIN B padore [16], onHako, eciau 700aBUTh MHGOPMAIIUIO
0 JUTUTEILHOCTH OIyCTOIIeHUs Oydepa u mpocMOTpa BO3MOXKHA OoJiee TOUHAs OLIEHKA
Ha OCHOBE Kpurtepus [17].

W3 pe3ynbraroB, NpeacTaBiIeHHbIX TaOIUIOW A.l, ObUIM CHENaHbI CIEIYIOIINe
BbIBO/IBI. Ha ynOBIIETBOPEHHOCTD IMOJIB30BATENSI MPOCMOTPOM BUAEO BIIMSAIOT JBa OC-
HOBHBIX (hakTopa:

— @aKTOop Ka4ecTBa BOCIPOU3BOAMMOIO ITOTOKA, OMPEAEIIEMBbIN pa3peIlieHuEM

¥ yacToTod KajapoB. Ha HacTosimuii ¢akTop OKa3bIBa€T HEMOCPEICTBEHHOE

BIIMSTHUE OMTOBAs CKOPOCTh MOTOKa (Tabmuma 1.1).
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— @axkTop ATUTETHLHOCTH OkuAaHus (Oydepusaium) B TEUEHUN MPOCMOTPa BH-
JICOIOTOKA.

dakTop KauecTBa BOCIPOM3BOJAMMOIO BHJICO OKa3bIBACT BIWSHHE Ha YJIOBJICTBOPCH-
HOCTB IT0JIB30BaTEIICH, HCIIONB3YIOMNX QIaTHBHYIO TEXHOJOTHIO IIEpeIaddl BUICO-
JTAHHBIX, TaK KaK IPH UCITOJIH30BaHUN HEaJallTUBHONW TEXHOJIOTUH Ka4eCTBO BHCO BhI-
OupaeTcs caMuM ToJib3oBaresieM. B cBoro ouepenpb, GakTop AIUTETbHOCTH OXHUIAHUS
B TCUEHUHU TPOCMOTPA OKA3bIBACT BIUSIHHUE Ha YIOBICTBOPCHHOCTH IMOJIH30BATEIISI BHE
3aBHCHMOCTH OT TEXHOJIOTHH TIepeaad BU/ICO (aIallTHBHOW M HEa Al THBHOMN ).

M3BeCTHBI ABa KpUTEPHS OIICHKH (paKTOpa JTUTSILHOCTH OXKUIAHUS, TPEACTaB-
JICHHBIX B Ta0uIe A.l:

— Hopmuposannoe omuowenue onumenvnocmeti dygepuzayuu u npocmompa

[18;19]:
T
g; = lim ——— (1.1)

T—00 sz + bgﬂ

TIe bZT — 001I1ast VU TEIBHOCTH Oy epu3aIiu MoJIb30BaTelis ¢ 3a Bpems 1, wZT —
o01m1ast ITMTENHFHOCTh TPOCMOTPEHHOTO BHJICO TI0JIb30BaTeieM ¢ 3a Bpems 1,
— Omnowernue onumenvrHocmeti oypepuzayuu u npocmompa [20]:

bT

= fim 2

B Hacrosimiee Bpemsi, IIUPOKO HCCIIeI0OBaHA MPOU3BOIUTEILHOCTh OECITPOBOIHBIX CH-
CTEM MPH UCIOJIb30BAHUU HEAJANTUBHON TEXHOJOTHM ISl Kputepus kadectna (1.2),
ofHaKo, Ay Kputepus (1.1) oTCyTCTBYIOT MCCleI0BaHUsI IPOU3BOAUTEIBHOCTH Oec-
MIPOBOJIHBIX CUCTEM CBSI3U IS Tepeaayu Bu1eo no rnporokoiy HTTP.

B nocnenyrommx pasieiax HacTOSAEro UCCEPTALMOHHOTIO UCCIE0BAaHUS MPO-
BOJIUTCSI aHAIN3 MPOU3BOAUTEIHLHOCTH OECIIPOBOJHON CUCTEMBI CBSI3H JJIsI KPUTEPUS
kadectBa (1.1) mpu MCMONBb30BaHUM HEAAANTHUBHON TEXHOJOTHM MEpeNadyu BUJIEO, U
KpuTepus kadecta (1.2) mpu aganTUBHON TEXHOJIOTUU NEPEAAYU BUICOTIAHHBIX.

[Tocne ocyniecTBieHus 0030pa pa3IuYHbIX METOJUK OIIEHKH Ka4€CTBA BOCIIPHSI-
THS BUCO OCTAETCSl BaYKHBIN BOIIPOC O B3aMMOCBS3M OOBEKTUBHBIX MOKa3aTesIel Mpo-
U3BOJIUTEIBHOCTH CETH MEPEIaul BUACOIAHHBIX U OLICHKH KaueCTBa BOCTIPUITHUSA (TI0]1-

pazzen 1.5). [lanHOMY BONpOCY MOCBSIIECHA 3aKIIOUUTENbHAS YacTh pa3jea.
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1.6 O B3anMocCBsi3M 00BEKTHBHBIX MOKA3aTeJIei MIPOU3BOANUTEILHOCTH CETH H
OLICHKHU KA4eCTBAa BOCIPUATHS BHIE0

[Tpu mepenave BUICOAHHBIX K TEICKOMMYHHKAIITMOHHON CETH MPEIbSBISIOTCS
crienUIHBIC TPEOOBAHMS, 00YCIIOBIICHHBIC XapaKTePUCTUKaMH BUICOKOHTEHTA U Ha-
CTpOMKaMH BOCIIPOM3BOIALIETO ycTporcTBa. s pa3paboTUUKOB CETEBOro 000pyI0-
BaHUS BAKHO 00€CTIEYUTh MAKCUMAJIbHO BOBMOXKHYIO €MKOCTh CETH Mepe/iaul TaHHbIX,
YTO CTaBUT 3aJ[a4y OIICHKU KaueCTBa BOCTIPUSATHS KOHTEHTA MOJIb30BaTEIEM Ha OCHOBE
HEeKoTOoporo oobema uHpopmaruu. [Ipu paspaboTke WiIM MOJAESPHU3AIIUMA CETEH Tepe-
Jlauy TAaHHBIX pa3paboTYrKaM JOCTYIEH OrpaHUYEHHBIN HAOOp MOKa3aTesei KauecTBa
00CITy)KMBaHUS, KOTOPBI MOXKET OBITh C JOCTATOYHOM TOYHOCTHIO OIEHEH Ha (U3H-
YEeCKOM, KaHAJIbHOM, CETEBOM U TPAHCIIOPTHOM YpOBHsIX. OIHAKO, MOKa3aTeIu padOoThI
BOCITPOM3BOJISIIIETO YCTPOMCTBA, KOTOPHIE UMEIOT HANOOJIbIIIEe BIUSHUE HA YIOBIETBO-
PEHHOCTD MOJIB30BATENs MPU IPOCMOTPE BUACO, HEAOCTYITHBI BBUY MG POBaHUS Tpa-
¢duKa, 4TO IeIaeT HEBO3MOXKHBIM TMOJIydeHUE JaHHON MH(OPMAITUU Ha HIDKEISKAIINX
YPOBHSIX CETH.

Bompoc 0 B3auMoCBsI31 XapaKTEpPUCTHUK CETH U KauecTBa 00CTy>KMBaHUs a0OHEH-
TOB MPOpa0aTHIBAJICS B OOJBIIOM KOJIUYECTBE pabOT. ABTOPHI MOAO0OHBIX pabOT Mpe/i-
CTaBIISIIOT CIIUCOK 0OBEKTUBHBIX XapaKTEPUCTHK (B aHTJIOSI3BIYHOM TUTEpaType 0003Ha-
yaetcs kak Key Performance Indicators unu cokpamenno KPI) cetu u yka3piBaiot ux
3HA4YEeHHUsI, JJI TOTO YTOOBI MMOJIb30BaTEIb OBLI YIOBIETBOPEH KaY€CTBOM OOCITYKHBa-
Hus. B HacTosiiee BpeMsi COBpeMEHHbIEC TEIEKOMMYHHUKAIITMOHHBIE CETH U BOCIIPOU3-
BOJISIIIME YCTPOMCTBA OYPHO Pa3BUBAIOTCS, IPUBEICHHBIE B IAHHBIX pa0OTax KOJIWYe-
CTBEHHBIC 3HAYCHUS TOKA3aTENIe M3MEHSIOTCS B 3aBUCUMOCTH OT MOMEHTA HAaITUCaAHUS
pabot. OgHAaKO, CIMCOK OOBEKTUBHBIX MOKAa3aTele KauyecTBa 0OCTyKUBAHUS BHUIEO-
Tpaduka ObIIT HEU3MECHHBIM.

Ha ocnoBe ananu3za padot [5;21;22] ObL1 BbIZICTICH CIIEIYIOMINN CIIUCOK 00bEK-
TUBHBIX MTOKA3aTeJIe KadyecTBa OOCTYKUBAHUS TI0JIh30BATEIIsI, MMEIONTUX HanOOoJIbIIee
BJIIMSHUE Ha Tepeaavy BUICO:

— 3aoepoicka — MHTEPBaJl BPEMEHU OT MOMEHTA OTIIPABKU MMaKeTa Nepeaaroiei

CTOPOHOM U JJ0 MOMEHTA TMOJIy4eHUSI TIOATBEPKIACHUS OT MPUEMHOM CTOPOHBI

O ITIOJTYUYCHHUHU ITaKCTaA. B anmos3eryHomn JIUTCPATypC IJIAd 0003HaUYEHUSA JaHHO-
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ro BUJA 33JepKKU UCToNb3yeTcst TepMuH Round Trip Time, B pyCCKOA3BIYHOM
JIBYCTOPOHHSISI.
B peanbHOI cucTeMe 3a/iepiKKa SIBISETCS CcllydyalHOW BennunHou. Kak cnen-
CTBUE, BO BCEX pabOTax B KaU€CTBE KOJIMUECTBEHHOTO MTOKa3aTelisi IPUBOIUTCS
OLICHKAa MAaTEMATHUYECKOTO OKUIAHWS JaHHOM CIly4yalhHOM BenuduHbl. Kpome
MaTEeMAaTHYECKOTO OXKUIAHU 3aIEPKKY TaK KE XapaKTepU3YIOT [MapaMeTPOM,
KOTOPBIH B aHIIIOSA3bIYHOM TuTepatype Ha3biBatoT Packet Delay Variation [23].
JlocTarouHo 4acTo Kak B PYCCKOA3BIYHOM, TAK U aHIVIOS3BIYHOM JIMTEpPaType
JTAHHBINA MMapaMeTp Ha3bIBAIOT HKUTTEpOM (Jitter).
— Jlorcummep — olieHKa kKosie0aHui 3a7epkku. B pexomennanuu [23] onuckiBa-
€TCsl HECKOJIbKO BO3MOKHBIX BHJIOB JAHHOTO MMapaMeTpa, Jajiee B pabote Oyzer
paccMarpuBaThCs ABYXTOUEUHBIN JUKUTTEDP. [[ByXTOUEUHBIN JHKUTTEP IS OA-
HOT'O NTAKETa MPUHUMAETCS PABHBIM 3HAYEHUIO PA3HOCTH MEXKIY OAHOCTOPOH-
HEM 3aJICP>KKOM, U3MEPEHHOW ISl TAHHOTO MaKeTa, 1 HEKOTOPBHIM 3TAJIOHHBIM
3HAUCHUEM 3aJEepKKU. MHOTHA dTANOHHOE 3HAUYEHUE 3aCPKKU NMPUHUMAIOT
PaBHBIM MUHUMAJIBHOMY 3HAYE€HUIO, U3MEHEHHOMY 32 IIPOJOJIKUTENBHOE BpE-
M. B HacTosIee BpeMs BIUSIHUE JHKUTTEP HA NPOU3BOAUTEIBHOCTh CUCTEM
nepeiayu TaHHbIX HUBEJIMPOBAHO 3a CUET BBEACHUS Ha y3J1ax ceTu Oydepon
JUISL CTYIQKUBAHUSI BO3MOYKHBIX KOJICOAHUM 3a1€pHKKU.
— Bpemsa omxauxa — uHTEpBan BpeMEeHHU, HEOOXOAUMBIN I OpraHu3allK COo-
eIMHEHUS MEXTy IPUEMHOH U Mepearoleil cTopoHoil. B HekoTopbix paboTax
JIAHHBIN M0KA3aTellb HAa3bIBAETCA HAYAJIbHOU 3aJ€PKKOM.
— Ckopocmb 3a2py3Ku OaHHbIX — CKOPOCTD Mepeaadn JaHHBIX B CETH.
[Tocne onpeneneHny KIOYEBBIX MOKAa3aTeNe MPOU3BOAUTEIIBHOCTH CETHU Iepe-
Jla4d JAHHBIX M KPUTEPUEB KauyeCTBA BOCIPUATUS BHUJIEO IOJIB30BATEIIEM BO3HUKAECT
aKTyaJIbHBI BONPOC O MX B3aMMOCBA3U. JlaHHBIN BOINPOC ABISETCS OCHOBOIIOJIATAKO-
UM JJISI peAJIU3alUU METOAOB YBEIUUYEHUS TPOU3BOIUTEIIBHOCTH TEIEKOMMYHUKAIY-
OHHBIX CETEH JUIs IEpPe1auu BUICOKOHTEHTA.

st pazpaboTurka ceTei nepenayu JaHHBIX MOXET OBbITh JOCTyIHA MHpOpMa-
1S C CETEBOT0, TPAHCIIOPTHOTO, KAHAJILHOTO U (PU3UYECKOTO YPOBHEH, B 3aBUCUMOCTH
OT BUJA U JIOCTYITHBIX MEXaHMU3MOB aHalin3a cucteMbl. CIUCOK JOCTynHOU nH(popma-
LU COBIIAJIAET CO CIUCKOM, MPEJICTABIECHHBIM PAHEE B HACTOAILEM MOAPA3AEe, H OH
SBJIAETCSI OYEHb OIpaHUYEeHHBIM. OJIHAKO, UCXOMs U3 ONMCAHMS KPUTEPUEB KauyecTBa

BOCIIpUATUS BUIEO (Toapaszaen 1.5), nis TOYHOW OIEHKH KadecTBa HEOOXOaWMa WH-
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¢dopmarusi, AOCTyIHas TOIBKO HA ypOBHE MpuiioskeHus. Y moqoOHbI CIMCOK OrpaHu-
YUBAETCS TPEMS NOZULIUSMU:
— burtoBas ckopocTh U pa3pelieHne (penpe3eHTalrs) BOCIpOU3BOJUMOrO MOTO-
Ka B TGKYH_II/II;'I MOMCHT BPpCMCHHU,
— JlnuTenbHOCTh HaYallbHOM Oydepu3anuu JUisi TEKYIIEro BOCIPOU3BOIUMOTIO
BU/JIEO;

— Craructuka onycromieHuit Oydepa Ha MoIb30BaTEILCKOM YCTPONCTBE.
Ob6nananue naHHo MHGOpMaIUen I KaXJI0ro aKTUBHOTO IOJIb30BaTENsl B CETU U
CerMeHTa, MPOCMAaTPUBAEMOI'0 UM BHJIEO TIO3BOJISIET, B MEPCIIEKTUBE MO3BOJISIET chop-
MHPOBATh ONTUMAJIbHOE YIIPABICHUE CUCTEMOM ITEPEIa4Yy TAHHBIX U1 YBEINUYCHHUS €€
IIPOU3BOJIUTEIIBHOCTH.

Ha npakTuke Bce XapaKTepUCTUKH CETH, TAKUE KaK 3aJICPHKKa, JDKUTTEP U T.1., ar-
PErUpPYIOTCS B OJIE3HYIO CKOPOCTB IEPENady JAHHBIX JUIS KaXXA0r0 nojabs3osaress. [1o-
J€3Hasi CKOPOCTh — 3TO CKOPOCTh MOJTYUYEHUs JAHHBIX HA YPOBHE NMPUIIOKEHUSI O€3 yue-
Ta HAKJIaJHbIX PACXO/I0B Ha Nepenavdy JaHHBIX (3aroJOBKH, KBUTAHLIMM U ITOBTOPHBIE
nepenayu NpoTOKOJIOB TPAHCIIOPTHOTO ypoBHs). [Ipy Hanu4mm orpaHU4eHHOTO pecyp-
ca, TPaMOTHOE IIEPEPACIIPEAEIICHUE TI0JIE3HOU CKOPOCTH IIEPENaYM JaHHbIX MEXIY aK-
THUBHBIMH ITOJIB30BATCIIEIMH MOKCET YBCIIMINUTD ITIPOU3BOAUTCIIBHOCTE CUCTEMEI B IICJIOM.
[Tone3Hast CKOPOCTh MOXKET OBITh C I0CTATOYHON TOUHOCTBIO OLIEHEHA Ha TPOMEKYTOU-
HBIX y3J1aX CEeTH KaK OTHOIIIEHHE 00beMa JaHHBIX, TPOIIEAIIETO B HUCXOAAIIEM KaHale,
K JUTUTEIILHOCTH €70 1I0CTaBKU. J[aHHAs OlleHKa MOXKET OBITh YIyUIlleHa 33 CYET aHaTn3a
CITyEOHBIX COOOILIEHUI TPOTOKOJIOB TPAHCIIOPTHOTO ypoBHs. Hanbonee BaxHbIM siB-
JsieTcs cylecTBoBaHUE YPPEKTUBHBIX MEXAHU3MOB YITPaBICHUS MOJIE3HONU CKOPOCTHIO
Iepeadn JaHHbIX, HAIIPUMED, B IPOBOAHBIX CETAX BO3MOKHO BHOCHUTD 3aJI€PKKY B J10-
CTaBKY [TaKETOB MOJIb30BATEIIIO JIJISl €€ OTPAHUYEHUS CBEPXY, a B OECIIPOBOIHBIX BIUATh
Ha paclpeeIeHue 4aCTOTHO-BPEMEHHBIX PECYPCOB PaJMOKaHaa.

[Tone3nas CKOpOCTh Mepeaayu JaHHBIX UMEET OTPOMHOE BIIMSIHUE Ha paboTy BCEX
BUJI0B BUJieomieepoB (noapasnen 1.4). s HeananTHBHOTO BUJIEOILIEEpa 3TO BhIpaxka-
€TCs B ITUTENIbHOCTU HayaIbHOU Oyepusaiiui U npepbIBaHUSX BOCIIPOU3BEACHHUS U3-
3a omycronieHus Oydepa, a B aJaiTUBHOM IIJIEEPe TOTMOTHUTEIBHO HA OCHOBE OLIEHKH
CKOPOCTHU MOJIYYEHUS JAHHBIX MPUHUMAETCS PEIICHUE O BbIOOpE perpe3eHTaluu AJis
CCTMCHTOB BHUJCO. Bce st (i)aKTOpBI HMCIOT HCITOCPCACTBCHHOC BJIIMAHHUC HAa KA94CCTBO

BOCIIPpUATHSA BUACO, U, KaK CIICACTBUC, HA IIPOU3BOAUTCIIBHOCTb CCTH.
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Takum 006pa3oM, OCHOBHBIM 3JIEMEHTOM YIIPaBJICHUS TEIEKOMMYHHUKAIITMOHHOMN
CHUCTEMOM TIPHU JI0CTaBKE BUJICO SBISETCS MOJIE3HAsA CKOPOCTh Mepelauul JaHHbBIX U CY-
IIECTBYIOT MEXaHU3MbI peaiu3aliiy yIpaBieHUs epeaadei TaHHbIX.

B uccnenoBanun nepenayu BUACOMAHHBIX 1O TpoTokosry DASH [5] mist meto-
JOJIOTUH OIIEHKH KadecTBa Bocnpusatus Huawei U-vMOS mnipeacraBiieHa B3auMOCBSI3b
MEXTy OOBEKTUBHBIMH KPUTEPUSAMH KadeCTBa OOCTY>KUBaHUS U CyObEKTHBHOM OIICH-
KoM kKauecTBa BocupusTHs (Tabmuna 1.7). Takum oOpa3zom aiis JaHHON METOOJIOTHH
CYIIECTBYET B3aUMO-OHO3HAYHOE OTOOpaKEHNE 0ObEKTUBHBIX MOKA3aTENIe 00CITyKH-
BaHMS U CyOBEKTUBHOM OIICHKH Ka4eCTBa BOCIIPUATHS BHUICONMOTOKA. boiee Toro, onu-
pasicb Ha Tabnuiry 1.7, BO3MOXKHO OCYIIECTBUTH OIICHKY KaueCTBA BOCIIPHUSATHS Ha TIPO-

MEXYTOUYHBIX y3/1ax ceTu ajisi metogoioruu Huawei U-vMOS.

Tabnuua 1.7 — BiusiHue oObEKTUBHBIX MOKA3aTeNe KauyecTBa 00CTyKUBAHUS MIPH T1€-

penayu BUAEO Ha Kputepuil kadectBa Bocupusatusi U-vMOS

3HaueHue OObeKTUBHBIC TTOKA3aTeNn
U-vMOS YpoBEHb NPUIOKEHUS [IpomexyTOUHBIE y3IIbI
Jnurens- CkopocTh CxopocTb
Paszpeme-
e HOCTb 3amepk- | 3arpy3Kd NpH | 3arpy3Ku Mpu
Ha4YaJIbHOMN Ka Ha4YaJIbHOU BOCIIPOU3BE-
BUJICO
oydepuzanuu Oydepuzanuu JIEHUH
3.0 720p 3.5¢ 80 mc 5 Mowurt/c 2 Mbwut/c
3.3 720p 1.5¢ 80 mc 7 Mout/c 2 Mowurt/c
40 1080p lc 40 mc 13 Mbwurt/c 5 Mb6ut/c
' 2K 1.6 ¢ 40 mc 11.7 Mbwut/c 8 Mowur/c
4.5 4K lc 10 mc 32 Mowurt/c 18 Mout/c

W3 npencTaBieHHO BbIle TAOIUIIBI CISIYIOT CJICIYIOIINE BHIBOJIBI:

— Ha ontenky kauecTBa BOCIIPHSITHSI BIMSIOT IBa IIEPUOJIA TTPH IIPOCMOTPE BHUJICO:
HauvalbHas Oydepusaiiys u BOCIPOU3BEACHUE;

— CkopoCTh 3arpy3Kd JaHHBIX IPU HaYaJIbHOM Oydepuzannuu A0IKHA ObITH 3HA-
YUTENFHO BBIIIE, YeM MPH BOCIPOU3BEIACHUM IJIsi 00ECIeUeHHs] Tpedyemo-
ro 3Hauenust U-vMOS. JlanHOe siBJIeHUE OOBSICHICTCS KPUTHUESCKUM BIIHSTHU-
€M JITUTEeIIbHOCTH HavaJdbHOU Oydepusaruu npu pacuete 3HadeHuss U-vMOS
(mogpazzaen 1.5), 1 HEOOXOAMMOCTHIO €€ MUHUMHU3AITUH.

— Haubonbiee BIUsHIE HA KAYE€CTBO BOCIIPHUATHS UMEET MOJIe3Hast CKOPOCTh 3a-

TPY3KH OAHHbIX.
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[Tponomxum paccMoTpenue kauectsa Bocnpuatusa Huawei U-vMOS, onucanno-
ro B mozApasaene 1.5, mpu UCroiib30BaHUU aJaNTUBHOTO BUEOIIeEpa JIsl MOOMIIbHBIX
yctpoicTB. [Tokaxem, kakum 00pa3oM ympaBiIeHUE MOJIE3HOW CKOPOCTHIO MOIYYCHHUS
JAHHBIX BIUSET Ha KAY€CTBO BOCTIPUATHUS BUIE0. 3ahUKCHPYEM JIIUTEITHHOCTh HAadyallb-
HO Oydepuzanuu Aji1 BUIEO paBHOUM 2-M cekyHaaM (sInteraction) u mocTpoum 1ioc-
KOCTh BCEBO3MOXKHBIX 3HaueHH kputepuss U-vMOS. Hcxoas u3 onucaHus METOIO-
JIOTUH, IS TIOyYESHHsI OLICHKH, TpeOyeTcs nHPopMaIis 0 pa3pelieHuu BUICOTIOTOKA
(sQuality) u npoueHTa BpeMeHU TpepbiBaHus BocrpousBenaeHus (sView). s nomy-
yeHust orieHkH sQuality ncmonap3yeM 3HadeHus U3 Ta0auIpl 1.1 0 B3aUMOCBSI3H MEXKTY
OUTOBOI CKOPOCTHIO MIOTOKA U €T0 pa3peuieHrueM sl MOOUIIBHBIX YCTPOUCTB, a B Ka-
YEeCTBE OLIEHOYHOTO 3HAYEHUS BBIOEpPEM cpeliHee 3HaueHue. J{Jis moayueHus: mpoMexy-
TOYHBIX 3HAUCHUU JJ11 OUTOBOM CKOPOCTH U BCEX TAOIMYHO 3aaHHBIX (PYHKIIMI MTOKa-
3areneit kauectBa U-vMOS ObLT UCTIONIB30BAaH METO/ KyCOUYHON MHTEPIIONSIIIUU KyOu-
YeCKUM ToamHoMaMu Ha oTpeskax (Piecewise Cubic Hermite Interpolating Polynomial

(PCHIP)). [Tony4yennslii pe3ynbTaT NpeAcTaBieH Ha pucyHke 1.8.

3.5

1.5

0.25

WA

senet

0 0 wipaHnA socrpo”?
P

Pucynox 1.8 — Briusinue 00beKTUBHBIX XapaKTEPUCTHUK Ha KPUTEPHI KauecTBa

Bocrpusatus U-vMOS

I[To ocu abciucc omiokeHa cpefHsisi OUTOBasi CKOPOCTh MPOCMATPUBAEMOT0 BU-

JI€0, 10 OCU OPAMHAT CPEIHHI MPOLEHT BPEMEHU NPEPHIBAHUS BOCHPOU3BEICHUS BU-
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neo (moBTOpHBIE Oydepusamnui) U OCh anIUIMKaT MPEACTaBIsSET Pe3y/IbTaT BhIUMCTIC-
HUs Kputepus kadectBa Bocnpusitus U-vMOS, nipu 3a1annabix napamerpax. [Ipouecc
yIIpaBJICHUEM TMOJIC3HON CKOPOCTh MEePe/layul TaHHBIX, BO BpEMsI TPOCMOTpPa BUIEO, MO-
YKET MPUBECTH B OHY M3 BO3MOXKHBIX TOUEK IMOJYYEHHOMN TIIOCKOCTH. 3HAYEHHUS 110 OCH
anTUIMKAT HaXOTCS B AUANa30He OT OJHOTO JI0 YETHIPEX, Pa3eIuM MIOCKOCTh Ha TPH
oOnactu:

— OO06nacTh BBICOKOTO 3HAYCHUS KPUTEPUSI BOCIIPUATHS (JIEBEE 3aIITPUXOBAHHOU
00J1aCTH) COOTBETCTBYET 3HAUCHUSIM B BhIIIE 3-X. Eciu mosip3oBarento ObLia
obecrieueHa moyie3Hasi CKOpOCTh JIJIS TTOTa/IaHus B JaHHYIO 00JIacTh, TO OH Oy-
JIET YAOBJIETBOPEH Ka4eCTBOM OOCTYKMBAHUSI.

— I'pannunas o0nacTh (3amITPUXOBaHHASI 001aCTh) COOTBETCTBYET 3HAUCHHSIM B
oTtpeske oT 2.5 1o 3-x. ['pannuHast 006J1acTh XapaKTepU3yeT MOrpaHUuYHOE CO-
CTOSIHUE yJIOBJIETBOPEHHOCTH TOJIH30BaTEIS.

— OO6nacTb HU3KOTO 3HAUCHUSI KPUTEPHS BOCTIPUATHSA (IIpaBee 3allITPUXOBAHHOM
0071aCTH) COOTBETCTBYET 3HAYCHUSM B HIDKE 2.5. B manHo# 00nmacTu mosie3Hoi
CKOPOCTH HEJO0CTATOYHO JjIsi 00€CIeYEHUs TOCTOMHOTO YPOBHs 00CIIyKHUBa-
HUSI, TAKUM 00pa30M MOJIb30BaTEIb CYUTAETCS HEYIOBIECTBOPEHHBIM.

[lenpro ympaBiaeHUs], YBEIMYUBAIOIIETO TPOU3BOIUTEIIBHOCTh TEIEKOMMYHHKA-
IIMOHHOM CETH, SIBISETCS MaKCUMU3AIIMS YnJjia MOJIb30BaTeseil, HaXOAAIIMXcsa B o0na-
CTH BBICOKOTO 3HAUCHMsI KPUTEPHUS BOCIIPUATHSI. DTO MOXKET OBITh JOCTUTHYTO MyTEM
nepepacupeiesiCHUs PECypPCOB CHCTEMBI JIJIs TIOJIb30BaTeNIel B TpaHUIHOM 00J1acTH, 3a
CYET IMOJIb30BaTesIel B 001aCTH HU3KOTO 3HAYCHUS KPUTEPHS, TaK Kak Iepepacrpeie-
JICHHUE PECYPCOB JIJII HUX HE MOXKET MPUBECTH K YBEIIMUCHHUIO MX YJIOBJICTBOPCHHOCTH.
[TomoOGHBIM aHaMKM3 MOXKET OBITH TTPOBENICH JJIS JTFOOOTO KpUTEpHs KaueCTBa BOCIIPHSI-

TUs, IPEACTABIEHETO B nozpasnaene 1.5.

1.7 BsiBoabI 110 pa3aeiry

B kauecTBe BBIBOZIOB 110 pa3zieily MOKHO OTMETHUTD, UTO 3371a4a aHAJIN3a U YBEIIU-
YEHUsI TPOU3BOJIUTEIIBHOCTHY TEJIEKOMMYHUKAILIMOHHBIX CETEU IS ITepeauu BUICONAH-
HBIX SBJISIETCSL AaKTyaJIbHOM, BBUY OypHOTO pa3BUTHS MOOUIIbHBIX YCTPOUCTB. OCHOB-

HOM CJIBIO YBCIIMYCHUS IIPOU3BOAUTCIBHOCTHU ceTeH SBISACTCS MaKCHUMMU3alus duciia
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BU/JICOTIOJIb30BATEIICH, OMHOBPEMEHHO aKTUBHBIX B CETH. [laHHas 11€71b MOXKET OBITH J10-
CTUTHYTA ITyTEM BBEJACHUS YIIPABICHUS IMOJIE3HON CKOPOCTHIO TIepeIadu JaHHBIX, KOTO-
POC OCHOBBIBAETCS Ha 3HAHWHU O (popmare MpeACTaBICHUS BUICONAHHBIX MPH TIepeaade
(mompasznen 1.3), ocobeHHOCTElH OpraHu3alluy Iepeaadn BUAEO U TUTaX BOCIIPOU3BO/IS-
X yCTporcTB (Toapaszaen 1.4), 00beKTUBHBIX, CyOBEKTUBHBIX TIOKa3aTes e KauecTBa
o0CITy’)KMBaHUS U UX B3aUMOCBS3M (Toapa3aesnsl 1.5 u 1.6 cCOOTBECTBEHHO).
VYBeau4ueHNe MPOU3BOAUTEIIBHOCTH TEICKOMMYHHUKAITMOHHBIX CUCTEM JIJIS TTepe-
Ja4d BUJICOKOHTECHTA SIBISICTCS OCOOCHHO aKTyaJIbHBIM TSI MOOMJIBHBIX CETel CBS3H,
BBH/Iy O'PaHMYECHHOCTH PECYPCOB U JUHAMUYHOCTH COCTOSIHUS OECIPOBOIHOTO KaHa-
na.
B xauecTBe OCHOBHBIX PE3YJBTATOB CTOUT OTMETHUTH CIICIYIOIINE:
— B HacTos1iee BpeMsi CyIecTBYIOT IBE TEXHOJIOTHUH JI0CTaBKH BUACOJaHHBIX TI0
npotokony HTTP: neagantuBHas u anantuBHas (moxapasnaen 1.4);
— OrneHka KauecTBa BOCIPUITHS BUACOJAHHBIX SIBISIETCA CIOKHOM 3a/1a4eil BBU-
1y CYyObEKTUBHOCTH TOJB30BaTeNsl, U 00JIee TOTO 3aBUCUT OT TEXHOJIOTHH T1e-
penauu Buaeo (moxapasaen 1.5);
— OcHoBHBIE (PaKTOPHI, BIUAIONIAE HAa KAYECTBO BOCIIPUATHS BUICONIOTOKA B 3a-
BHCUMOCTH OT T€XHOJIOTHH Tepenadu (rmoapasaen 1.6):
HeaganTuBHasi TEXHOJOTHUS — JTUTEIHLHOCTH Oydepusanuu B Mepuo mpo-
CMOTpa BHJIEO;
AanTHBHAsI TEXHOJIOTHSI — JJINTEIBHOCTh Oydepusanuu u OUTOBasT CKO-
POCTB ITPOCMATPUBAEMOTO TIOTOKA.
WNudopmariys, mpeacTaBieHHas B JJAHHOM paszelie, BO MHOTOM HOCHT 0030p-
HBIN XapakTep, C UCTIOIB30BAHIUEM METO/IOB OOpaTHOM pa3padOTKU U aHATN3a «YEPHOTO
smukay. [IpencraBieHHOe HCCIeI0OBaHUE IEMOHCTPUPYET OCHOBHYIO MPOOJIEMaTUKY
nepeIayy BUJICO B TEIICKOMMYHUKAIIMOHHBIX CUCTEMax W SBISICTCS OCHOBOITOJIAraro-

UM JI TTOCJICAYIOIUX PA3JCIOB pa6OTBI.
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2 B3AUMMOCBS3b XAPAKTEPUCTUK BECIIPOBOJTHOM
IEHTPAJIN30BAHHON CETHU U BOCIIPOU3BEJEHUSA BUJEOJAHHBIX

2.1 Bsoanble 3aMeyaHus

3amada yBequ4YeHHs MIPOU3BOIUTENBHOCTU MPHU Mepeaade BUICOJaHHBIX Han0o-
Jee aKTyaibHa Il O€CIPOBOJHBIX CHUCTEM CBSI3U IO MPUYMHE HATWYHUS OrpaHHYe-
HUI Ha IPOITYCKHYIO CIOCOOHOCTh paiIiOKaHaja, KOTOPBIM CYUTAETCS «Y3KUM MECTOM
(amanTUPOBAaHHBIN MEPEBOJl aHMIOA3BIYHOTO TepMuHa «bottle neck») ceTu B LeIOM.
Kak crnenctBue, CKOpocTh mepefadu JaHHBIX OT BUAECOCEpPBEpa A0 MOJIb30BaTEIbCKO-
TO YCTPOMCTBA OMpPENEseTCs MMEHHO CKOPOCTBIO MEepeIavyr TaHHBIX MO paJloKaHaITy.
OcHoBHas mpo0JieMaTHKa BCEX UCCIIEIOBaHUN B 00JIACTH Tepeaadl BUICOJaHHBIX CO-
CTOUT HE B MPEAJIOKEHUU METO/IOB YIIPAaBJICHUS AJI TEIEKOMMYHHUKAIIMOHHBIX CETEH,
a B obocHOoBaHuM uX 3P dekTuBHOCTA. OTHAKO, B HACTOAIIEE BPEMS HE CYIIECCTBYET
OTIOPHBIX TEOPETUYECKUX UCCIIEAOBAHUMN, C KOTOPHIMH BO3MOXKHO CPaBHUTH MPOU3BO-
JTUTEIBHOCTD Mpe/jlaraéMbIX PEIICHUIA.

B macTosiiee BpeMsi Hanbosiee pacpoOCTPAHEHBI IIEHTPATN30BaHHBIC Oecrpo-
BOJIHBIE CCTEMBI CBSA3M C KOMMYTAI[MEl aKeTOB, TaK KaK MOA0OOHBIE CUCTEMBI I03BO-
JSIIOT 1OOUThC OOMBIINX CKOPOCTEN Mepeaayd JaHHBIX U MEHBIIMX 3aJepikKeK B Oec-
IPOBOJIHOM KaHaue cBs3u. Haunbosee sspkuM mpencTaBuTeNieM JAaHHOTO KIacca CUCTEM
asisieTcst cranaapT The Long-Term Evolution (LTE) [24].

Hacrosmuii pa3aen nocsileH 3a1a4e nepesadyn BUI€0IaHHbIX B COBPEMEHHbIX
LEHTPAJIM30BaHHbIX OECHPOBOJIHBIX CeTsX. B pasnmene paccmarpuBaercsa cnenuguka
MOCTPOEHUSI COBPEMEHHBIX MOOMIIBHBIX CETEH CBSI3U, U pemaercs 3agada Gopmupo-
BaHUS AHAJIUTUYECKOM MOJIEIH IS TPOBECHUS UCCIIEA0BAHUN TTOJOOHBIX CUCTEM TIPH
nepenade BuAcoganubIX. [Ipenmaraemast Mosieb COCTOUT HECKOJIBKHUX BIOKEHHBIX MO-
JieJIeld, ONMCaHue KOTOPBIN MOCe10BaTeNbHO OyIEeT MPEACTABICHO B HACTOSIIEM pa3-
nene. B 3akiroueHun paszena npeiiaracTcsi OCHOBOIOJATAIOIINM Pe3yabTat, OMKUCHI-
BAIOIMI B3aUMOCBS3b MEK/Y XapaKTePUCTHUKAMU CETH, KOTOPBIE BIHSIOT Ha €€ MPOU3-
BOJIUTEIHHOCTb.

OcCHOBHBIE pe3yJbTaThl JAHHOTO pasjielia OMmyoJuKOBaHbI B pabote [25].
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2.2 CTpyKTypa cOBpeMEeHHbIX 0eCIPOBOIHBIX HEHTPAJIU30BAHHBIX ceTel
nepenaym JaHHBIX

B HacTosee Bpemst HanOosbIee pacpoCTPaHCHUE TOTYYUIIN [IEHTPATN30BaH-
HbIE MOOUJILHBIE CETH C KOMMYTAIIMEH MaKeTOB, TaK KaK OHM 00ECIIeYMBalOT Hauboee
BBICOKHE CKOPOCTH U MaJylo 3a/IEpKKy IIpH nepeaaye qaHHbIX [1]. B nenrpanusosas-
HBIX OECIPOBOIHBIX CETSIX BCS TEPPUTOPHS OOCTYKMBAHUS pa3/ieiicHa Ha 30HbI, Ha3bl-
BaeMbI€ COTaMU. B Kax 0¥l COTE yCTAHOBIICHO YCTPOUCTBO, yIpaBJsIoIIee repeaayeii
JTAHHBIX BCEX aKTUBHBIX MMOJIB30BATENICH B 30HE €r0 OTBETCTBEHHOCTH, Ha3biBaeMoe ba-
30BOM CTaHIMEW. ba3oBas cTaHIMA ABIACTCS NPOTPAMMHO-ANIIAPATHBIM KOMILJIEKCOM,
obecrieunBaroIuM OOMEH JaHHBIMU MEXIY MOJIb30BATENIEM B PAIHOCETH U OCTAIHHOM
CEThIO.

CoBpemeHHbIe O€CITPOBOIHBIC IIEHTPATIM30BAHHBIC CUCTEMbI CBS3U COCTOST W3
TpPeX OCHOBHBIX KOMITOHEHTOB (pUCYHOK 2.1):

— QuxcuposanHnas masucmpanvHas cemsv nepeoadu oanHwvix. CeTh Tepenadu
JAHHBIX, B KOTOpas 00€CIeYnBacT COCIUHECHHE C YIaJIEHHBIMU yCTPOUCTBAMU
(B cucTtemax mepeaayd BUACOJAHHBIX TaKUM YCTPOMCTBOM siBisieTcs Bupaeo-
cepBep). OHa XapaKTepU3yeTCs BHICOKON HAZEKHOCThIO, OOJIBIION CKOPOCTHIO
Nepeadyn TaHHbIX, HU3KUMH 33JIEPKKON U JHKUTTEPOM.

— Onopnas cemv onepamopa. Cuctema yCTpOMCTB, 00€CIIEUNBAIONIAs B3aNMO-
JIEHCTBHE TIOJIb30BATEIbCKOTO YCTPOMCTBA C YIaJICHHBIMU y3JIaMH B (PUKCH-
POBaHHOW MarucTpajbHOM ceTu. JlaHHBIM ydacTok ceTH 00JagaeT CXOKUMHU
XapaKTepUCTUKAMH C MaruCTpabHOM CETHIO.

— Paouocems. becipoBoiHas ceTh nepeadd AaHHBIX, OpraHu3yoas oOMeH
JAHHBIMU MEXK1y MOJIb30BATEILCKUMH YCTPOMCTBAMU U OCTaJIbHBIMU KOMIIO-
HEHTaMU CeTH. XapaKTepU3yeTcsi HECPAaBHUMO MEHBIIIMMU CKOPOCTSIMHU TEepe-
Jla4M TAHHBIX U MIPOMYCKHBIMU CITIOCOOHOCTSIMU KaHAJIOB, OOJIBITUMHU 3aEPK-
KOUM ¥ HKUTTEPOM. BakKHOM OTIIMYUTEILHON 0COOEHHOCTHIO PATUOCETH SIBIISI-
€TCsl U3MEHSIEMOCTh XapaKTEPUCTUK OECIPOBOIHOTO KaHalla BO BPEMEHH.

N3 mipencTaBieHHON BBIIIE CTPYKTYPbI, CIEIYET YTO aHAIMTHUYECKash MOJEIb

JIOJKHA arperupoBaTh B ce0e MHOXKECTBO aCIIEKTOB 1 TapaMeTPOB, MIPUCYIIUX OecTpo-

BOAHBIM HICHTPAJIM30BAHHBIM CUCTCMaM, YTO ACJIACT €C CJIIOKHOM U MHOFOYpOBHeBOﬁ.
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Pucynok 2.1 — CtpykTypa COBpeMEHHBIX O€CIIPOBOAHBIX LIEHTPATU30BAHHBIX CHCTEM

Kak crnenctBue, manbHeiiiee mpeacTaBieHue OyieT pa3aeieHO Ha HECKOIBKO 3TAroB,
MOCJIEI0OBATEILHO OMMCHIBAIOIINX MPEJACTABICHHYIO CTPYKTYPY:
— OO01u1re MojgoXKeHus mpeiaracMon MOICIH;
— Mogens pagnoceru:
— Mogenp 6ecipoBOAHOTO KaHaa Mepeadyn JaHHbIX;
— Mopenbs 0a30BOM CTAHIUH.
— Mogenb BOCIIPOU3BOJIAIIETO YCTPOMCTBA.

B 3aBepmienuun onucanus OyaeT mpeAcTaBlIeHa CUCTeMa UCIIOIb3YEMbIX JIOMYIICHUH.

2.3 OO0mme MoI0KeHHUA AHAJTIUTHYECKOH MOJETH

B HacTtosmieit pabore paccMarpuBaeTCs CUCTEMa ¢ KOHEYHBIM YHUCJIOM a0OHEH-
TOB: B CUCTEME HaxoAsATcsi [N Mob30BaTeNe, KOTOPhIE UCIIOIB3YIOT CEPBUC MTPOCMOT-
pa BueoKOHTeHTa. KaXK/IbIil mosb30BaTesb 00J1aaeT yCTPOUCTBOM C YCTAHOBIEHHBIM

BHJICOIUIEEPOM M XapPAKTEPU3YETCS YHUKAIBHBIM HOMEPOM — ¢, OJHO3HAYHO ACCOLUU-
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PYEMBIM C BOCIIPOU3BOAIIUM YCTPOUCTBOM (Ha pUCYHKaX 0003HAYaETCsl COKPAIIEHHO
«YeTp. 1»).

B coBpeMEHHBIX IEHTPAIN30BAaHHBIX OCCIPOBOIHBIX CHCTEMax Oa30BbIC CTaH-
IIUY B PA3JUIHBIX COTaX padO0TAIOT HE3aBUCHMO JIPYT OT JIpyTra: HEBO3MOXKHA CUTYaIIHS,
KOT/1a OJTHO Y TOKE YCTPOMUCTBO OOCTY>KUBAIOT HECKOJIBKO CTAHIIMI OTHOBPEMEHHO. Pe-
IIICHUE O BBIJICTICHUU PECYpPCOB OSCTIPOBOIHOTO KaHajla Ha 0a30BOM CTaHITMU MPUHUMA-
€TCs HEe3aBHCHMO, OT pabOThl 0a30BBIX CTAHIIUKA B coceaHMX coTax. CiemoBareiabHoO,
Ka)KyI0 COTY BO3MOYKHO pacCMaTpHBaTh KaK OT/ACIIbHYIO HE3aBHCUMYIO CUCTEMY, B KO-
TOPOM HEOOXOAMMO TPOU3BOIUTH ONITUMU3ALIMIO Tiepeaadr Buaeo. Ha ocHoBaHUM BhI-
HIEU3JI0KEHHOT0, Jlajiee B paboTe OyleT paccMaTpuBaThecs paboTa TOJIBKO OAHON COTHI.

Bce N aOOHEHTOB MOIKIIIOYEHBI MO OECIIPOBOIHOMY KaHANy K OJHOW 0a30BOii
CTaHIIUA ¥ UMEIOT COCTMHEHHUE C BHUACOCEPBEPOM, YCTAHOBJICHHBIM B MaruCTpabHOM
ceru. [Ipenmonaraercs, 9YT0 MaruCcTpajbHBIE H OTIOPHBIC CETH CBS3U HCIIOJIL3YIOT BbI-
COKOCKOPOCTHBIE KaHAJIbl CBSI3H, YTO MO3BOJIIET JOCTUTATh KOJOCCAIBHBIX CKOPOCTEH
¥ MAUHUMAaJIBHO BO3MOKHBIX 3aJIEP)KEK U JUKUTTEpA MPH Mepeaade TaHHbIX. Takum 00-
pasoM, 3aJIepKKOU MPOXOXKICHUE TaHHBIX Yepe3 JaHHBIC YUYaCTKH CETH MOXKHO MpEHe-
Opedb, M CUNTATh TIepeaady TaHHBIX Yepe3 HUX MTHOBEHHOM.

Ha ynaneHHoM BHI€O cepBepe IPEICTABICHBI BHICOPOIUKH PA3IMUHON JITH-
TEeIIbHOCTH B HEKOTOPOM Habope OMTOBBIX pemnpeseHTanuil (moapasmen 1.3). Kaxmoe
BUJICO MPEACTABICHO B BUJE MOCIEIOBATEILHOCTH U3 CETMEHTOB PaBHOM JITTUTEIBHO-
cTH d cekyH]. JTUTeTbHOCTh BUICOIOCIEA0BATEILHOCTEH Ha BUIEOCEPBEPE ABIACTCS
HEKOTOPOM CIIy4ailHOM BEIMUYMHOMN m. Penpe3eHTanusa Kaxxa0i BUIEONOCIEN0BaATEb-
HOCTH OJTHO3HAYHO COITOCTABIISICTCS ¢ OMTOBOM CKOPOCTBIO MmoTOKa. Jlaiee B pabote,
1uisi 0003HaUeHUsT OUTOBOM CKOPOCTH MOTOKA CErMEHTa j, MPOCMAaTPUBAEMOIO TOJb-
30BaTeleM ¢, OylleT UCIONb30BaThesl HoTauus [, ;. Ilpennonaraercs, 4to Bce BUAEO-
MOCJICIOBAaTEILHOCTH Ha BHJICOCEPBEPE JOCTYITHBI B HEMIPEPHIBHOM OTPE3Ke OMTOBBIX

ckopocTel OT R,in 10 Rz

Rm‘ - [Rmm, Rmax];i = 1,N. (21)

B peanbHOIi cucTeMe HEMPEPHIBHOCTH OUTOBBIX CKOPOCTEH MOXKET OBITh JOCTUTHYTA
UCIIOJIB30BaHMEM Ha YIAJIEHHOM CEpPBEpPE TPAHCKOAEPOB BHUJEOINOTOKA. TpaHCKomep —
IPOrpaMMHBIN KOMITJIEKC, TTO3BOJISIIONINN B PEXKUME PEealIbHOTO BPEMEHHU MOJIy4aTh BU-
JIEOTIOTOK C 3aJJaHHOM OMTOBOM CKOPOCTHIO M3 TTOTOKA ¢ 00J1e€ BBICOKOH OMTOBOM CKOPO-

cThi0. Mcnonp30Banue TPaCKOAUPOBAHNA BHUACOIIOTOKA ITO3BOJIACT BUACOILIICCPY IIO/-
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OupaTh OUTOBYIO CKOPOCTH BUIEO MOT KOHKPETHBIE YCIOBHUS CUCTEMBI MIEPEIadun BUIEO-
naHHbIX. O0IIast CTPYKTypa M 0COOCHHOCTH pabOTHI TPACKOACPOB BUICOMIOTOKA OTIHCA-
HBI B paborax [26;27].

CerMeHT BUJICOJIAHHBIX j, TIPHU Mepeiaue uepe3 CETh MOIb30BATEIIIO ¢, TPEACTAB-
JIAETCS B BUJIE NOCIEN0BATEILHOCTH U3 F; j MakeToB paBHOro pasMepa. O0mmii 00b-
€M MEPENAHHBIX JJAHHBIX B CETMEHTE j Ha MOJIb30BATEIbCKOE YCTPOMCTBO % COCTABIISIET
Ri,jd our.

BBenem Mojieiib, OMMCHIBAIOINIYIO TOBEICHUE MOJI30BATENS MPU IPOCMOTPE BU-
neokoHTeHTa. Kakpiii aOOHEHT MpOoCMaTpPUBAET CEPUI0 BUJICO (PUCYHOK 2.2) TyTeM
OTIPABKH 3aIPOCOB HA BUIECOCEPBEP U IMOCIENOBATEIBHON 3arpy3KH CETMEHTOB BHU-
JICOJAHHBIX Y€PE3 BOCXOIAIIMN U HUCXOIAIINN KaHAJIBI CBA3U COOTBETCTBEHHO. [Ipn
3aKa3€ KaxJ0ro CErMEHTA BUICOJAHHBIX BOCIIPOU3BOSAIIEE YCTPOMCTBO FTEHEPUPYET U
OTHPABIISIET HA BUJCOCEPBEP YHUKAIBHBIN 3alIpOC C YKa3aHUEM XapaKTEPUCTHUK CET-
MeHTa. B Hauane mpocMoTpa BHACO NMPOU3BOAUTCS HadaibHas Oydepusaius, mocie
OKOHYaHMS KOTOPOW HAUMHAETCS JEMOHCTPALUS BUAEOIIOTOKA U MPOJOILKUTCS 3arpy3-
Ka OCTaBIINXCS BUACOAAHHBIX. [lociie OKOHUaHUS MPOCMOTpa BUJIEONOIb30BATEINb ¢ Ue-
pe3 cilydaiiHblii HHTEpBal BpeMEHHU (T1ay3y) 7; 3aKa)XeT MPOCMOTpP HOBOTO Bujeo. Ec-
JIM CKOPOCTH 3arpy3KH JaHHBIX HEAOCTATOYHO ISl 00eCIIEYeHHUS MPOCMOTPa BULCO, TO
MOTYT BO3HUKHYTH MIPEPHIBAHUS BOCIIPOU3BEICHUSI, BRI3BAHHBIE HEOOXOAMMOCTHIO Ha-

KOTUICHHSI TOCTaTOYHOTO 00beMa BHICOAaHHBIX MTOCTIE OMyCTOIIeHUs Oydepa.

~

> P>
CnyuaiHas naysa CnyuaiiHas naysa
HauanbHas o [NpepbiBaHme
[ ] %% 3arpyska | | Mpocmorp | 2o

Bydepusaums NpPoOCMOTpa

PucyHnok 2.2 — BpemeHHas [uarpamma MOBEAEHUS MTOJIb30BATENSI P MPOCMOTPE

BUACO

N3 MOJCIIN ITOBCACHUS ITOJB30BATCIIA CIICAYCT, YTO BCC BPCMS AJII KOHKPCTHOTI'O

IMOJIB30BATCJII MOKHO pasAaCIMTh Ha TPH IICPHUOLAA:
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— bygepuzayus: monp30BaTeah 0KUIAET HaYaIa WIH BO30OHOBJICHHUS ITPOUTPHI-
BaHUs BHUICO (BKJIFOUAeT B ce0s1 HaualibHbBIE Oy(epu3aun U MpephIBaHUSI BOC-
MIPOU3BEACHNS, BhI3BaHHBIE OMYyCTOIICHUEM Oydepa);

— Ilpocmomp: miTaTHOE COCTOSTHHE, Koryia Oydep Ha oIb30BaTeIbCKOM YCTPOK-
CTBE JIOCTATOYCH U IOJIb30BATENh MPOCMATPUBAET BHJICOTIOTOK;

— Ilay3za: monb3oBarelb BEIOUpAET CIASAYOIIEE BUICO ISl TPOCMOTPa (B JAHHOM

NEPHOJIEC MPOCMOTP U 3arpy3Ka BUJICO HE OCYIIECTBIISIOTCS).
T

B nanbHeinmem GyayT MCIIONB30BaThCs 0003HaueHus b, w! u p! ans o6o3HaueHws
o01Ieit JMTeapHOCTH Oydepu3annu, TPoCMOTpa U May3 IOJIb30BaTels ¢ 32 BpeMs B
otpeske [0, 7'] COOTBETCTBEHHO.

Ha ypoBHe nosb30BaTens JaHHYIO MOJEIb IOBEIECHUS BO3MOKHO OIUCATh JBY-
MsI OCHOBHBIMH XapaKTEPUCTUKAMU: KOA(POUIIMEHTOM Pa3peKEHHOCTU BUJEOIOTOKA U
OTHOILEHHUEM JJIUTENbHOCTEH Oydepusanuu U MpocMoTpa Al KaXKJ0ro KOHKPETHOIO

ITOJIB30BATCJIA.

Onpeoenenue 2.1. Ko>ppuuneHTt pa3pexeHHOCTH BUACOMOTOKA MOIb30BATENS ¢ — 31O
OMHOUleHUe CYMMbL OIUMENIbHOCMEL NPOCMOmMpPaA U nay3 K OIUmenbHoCmu nPoCMompa

noav3oeameiis 1 3a unmepeanl 6pemeHU T — oo:

w4+ p!
v = lim 2P

T—00 ’UJZ.
KoadduniueHT pazpexeHHOCTH MOTOKA SIBISECTCS BEITMUUHOU OOJBIIEH MU paB-
HOM equHuue: 7; > 1,7 = 1,N. JlaHHOE 3HAYEHUE ONUCHIBAET AKTHBHOCTD TIOJIB30-
BaTeJIsl MPU MPOCMOTPE BUACO U MOKA3BIBAET B3aUMOCBSI3b MEXKy OOIIUM BpEMEHEM
IPOCMOTpA | Tay3 JIJIsi KOHKpPETHOro aboHeHTa. Hampumep, cpaBHUM JBYX MOJb30Ba-
Tenel [ u r, KOTOphIe TPOCMOTPEIN OJMHAKOBYIO JJTUTEIHLHOCTH BHUAEO 3a BpeMms 1,
OJTHAKO 7y; > 7Y,, 9TO O3HAYAET YTO MOJIb30BATEb | Aesall OOJIbIINE May3bl MEXIY MPO-

CMOTpaMHu BHUJACO, YCM I10JIb30BATCIIb T.

Onpeodenenue 2.2. OTHOIICHUE ITUTEIbHOCTEN Oydepr3aliuu U MpoCcMOoTpa — 910 om-
HowleHue obueli onumenvHocmu 0ygepuzayuu K OIUmenlbHOCmMU NPOCMOMpa nojib30-

gamens i 3a uHmepsea epemenu T — oo:

T
.= lim L.
di T—o0 sz
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OTHomeHne JIUTENbHOCTEH Oypepru3anuu 1 mpocMOoTpa JAJIsI KaXKA0T0 IMOJIh30Ba-
TEJIS SIBIIIETCS. HEOTPULIATENbHOMU BEIUYHUHON: ¢; > 0,1 = 1,N. Vcxoms u3 roapasziesna
1.5, Oydepuzanus siBasieTcss HeraTUBHBIM 3(PPEKTOM BOCIPOU3BEICHUS BHUJIEO, KOTO-
pBIi UMEeT KPUTUYHO OOJIBIITOE BIMSHHUE HAa KAY€CTBO BOCIIPUSITHS aOOHEHTOM CEpBHUCa
nepeadn BUACOMaHHBIX. Kak ciaeacTBue, MTaHHBIN KPUTEPUH 0OpPaTHO MPOIOPIIMOHA-
JICH YIOBJIETBOPEHHOCTH TOJIb30BATENIsA: YeM OOJIbIlie 3HAYCHUE (;, TEM MEHBIIE YJIO0-

BJICTBOPCHHOCTD ITIOJIB30BATCIIA.

2.4 Mopgeab 0eCrIpOBOIHOIO KaHAJIA MepeIayu JaHHbIX

OnaHO U3 BaKHEWIINX MMOJI0KEHUN B ONIMCAHUU MPECTABIAEMON aHATUTUYECKON
MOJIETIM 3aHUMAET MOJEIb PAAUOCETH. B COBpEMEHHBIX LIEHTPAIU30BAaHHBIX OECIpo-
BOJIHBIX CUCTEMAX PaJIiOCETh COCTOUT U3 TPEX OCHOBHBIX KOMIIOHEHTOB:

— becnpoBoaHOM KaHaJ NEpPeaaYr TaHHbIX;

— bazoBas cranius;

— Ilomp30BarenbCKOE yCTPOMCTBO.

OnumeM CTPYKTYpy M acnekThl paboThl OecpoBOAHOIO KaHana. B cyiiecTBy-
IOIIMX O€CTIPOBOAHBIX IIEHTPATU30BAHHBIX CETSIX Ha (PU3UUECKOM YPOBHE PECYpChI 3a-
JAI0TCSl ABYMSI M3MEPEHUSIMU: YaCTOTOM U BpemeHeM (pucyHok 2.3). Bo BpemenHoi
oOmactu Bce BpeMs pabOThl pa3fesieHO Ha MEePUObl PAaBHOM JIIMTENbHOCTH, Ha3bIBa-
eMble cioTaMu. TurnoBast JIMTENbHOCTh OAHOTO CIOTA PaBHAETCS |- MUJUIUCEKYH/E
(Mc). B anmos3piuHOM JuTeparype sl 0003HauYeHUs CioTa ucnoib3yerca Slot unu
Transmission Time Interval (TTI), o603Hauarone MUHUMAIBLHOE IPOOJICHUE BpEMe-
HU JUJIs Tiepefiayu NaHHbIX. B yactoTHOW o0nactu Bes mojioca paszesieHa Ha 001acTH
PaBHOI IMPUHBI, B COBPEMEHHBIX CTaHapTaxX Mepeaayy JaHHBIX IUPUHA TAHHBIX 00-
nacrer paBHsercs 180 kI'n. MUHUMAaIIBHOM €IMHULIEH pECYPCOB sBIsieTcs PecypcHbli
bnok — ogHa yacToTHas 00J1aCTh ITUTEABHOCTHIO B OJIUH CJIOT.

MHOXECTBO peCypCHBIX OJ0KOB (hOPMUPYIOT OOIIMKM KaHAJ Nepeaadn JaHHBIX,
peCypchl KOTOPOTO MOTYT OBITh paclpeiesieHbl MEXIy IO0JIb30BATEIsIMU B pajinoce-
tu. [loMuMo oOImIero kaHaia CBSI3U PEaIM30BaHbI CIIY>KEOHBIE KaHAJIbI, pEIIaroIIue
3a/1a4M MOAJICPKAHUS CUHXPOHU3AIMU U YIPABJICHUS TMepeaadyei Mmojib30BaTelIbCKUX

YCTPOMCTB, OLICHKU KauecTBa KaHaja, oO0ecredeHrs HaJASKHON Tepeadyn TaHHBIX T10
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HEHAJIeKHOMY KaHaly U T.J. JlaHHbIe KaHAJIBl 3aHUMAIOT PECYPCHI B HaYajle U BHYTPH

PECYPCHBIX OJIOKOB.

KaHan nepegayn gaHHbIX

YactoTa

(gl e (U9 =S . e

Cny»kebHble KaHanbl
10 mc

Y

A

Bpems

Pucynoxk 2.3 — CtpykTypa 6ecripoBOJJHOTO KaHaja

BaxxHoil oTIH4YUTENbHON 0COOCHHOCTHIO OECITPOBOIHBIX KAHATIOB CBSI3U SIBJISIET-
Csl I3MEHYUBOCTD €r0 XapaKTEPUCTUK KaK BO BPEMEHH, TaK U B YaCTOTHOW OOIACTH.
[Tono6GHas ”3BMEHUYUBOCTH BhI3BaHA HAJTUYMEM MIOMEX OT pabOThI APYTUX CUCTEM CBSI3H,
JIBUKEHUEM I10JIb30BATENS U OKPYKEeHHUA, U T.1. JlaHHBIA (aKT OpUBOAUT K TOMY, UTO
JUTSL OTHOTO A0OHEHTA B Pa3HBIX PECYPCHBIX OJIOKaX MOXKET ObITh IEpeaH Pa3IMYHbIHI
o0beM naHHbIX. JIJIg KakI0ro pecypcHOro 010ka Ha 0a30BOM CTAHIIMM BBIYUCIIAETCS
3aTyXaHHe paclpOCTpPaHEHHUs CUTHaja Ha OCHOBE MH(POpPMALIUM OT CIyKEOHBIX KaHa-
J0B cBsi3U. JlJig onmMcaHus KadyecTBa KaHalla Ha BBIIIENEXKAIIUX YPOBHIX 0a30BOM CTaH-
{1 U, [TOJIyYEHHOE 3HAUCHUE 3aTyXaHUsl CUTHAA JJ11 KOHKPETHOI'O PECypCHOTO OJIoKa U
aboHeHTa npeolpa3yeTcs B KOJO-MOAYISALUOHHYIO cxeMy. Kompo-monymsimonHas cxe-
Mma (Modulation Code Scheme ninu MCS) — komOunamus moayssiiuu (QPSK, QAM-16,
QAM-64) 1 HacTpoEK MOMEX0YCTOMYMBOTO KOJUPOBAHUSI.

PaccmarpuBaemas MOi€Nb MPEIOIATAET, YTO MOJIH30BATENN B COTE MOTYT HAXO0-
IUTCS B PA3JIMYHBIX YCIOBUSAX OECIPOBOIHOTO KaHaja, BEI3BAHHBIE YIaJIEHHOCTBIO OT
0a30BOM CTAaHIIMU U ABM)KCHHEM a0OHEHTa U OKpy>keHus. [locienoBareabHO paccMoOT-
PUM BOCXOASIINI M HUCXOJAIIMKA OECIIPOBOIHBIE KaHAJbl. B COBpEMEHHBIX LIEHTPAJIU-
30BaHHBIX CUCTEMAX CBSI3M BOCXOSIINHN KaHall 001a/1aeT CPaBHUMBIMU XapaKTEPUCTH-
KaMHM C HUCXOJSIIHUM, OJHAKO, €T0 3aIrPYKEHHOCTh HECPABHUMO MEHBIIIE 10 CPABHEHUIO

C HUCXOAMIICH nuHueln cBsI3u. Kak ciaeacTBHUe, BOCXOASIIMM KaHal CBSA3M CUMTACTCS
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aOCOJIIOTHO HAJICKHBIM M 33JICPKKOM TIEpeiadrl 3apoCOB Ha CETMEHTHI BUIE0 MOKHO
npeHeOpeyb.

AHanuTuyeckas MOJACNb YAENIsIeT OOJbIIIOE BHUMAHUE HUCXOIAIIEMY KaHATy
CBSI3M, TaK KakK OT €r0 MPOU3BOJUTEIHLHOCTH 3aBUCUT YAOBJIETBOPEHHOCTH IMOJIb30Ba-
Tenel B cotre. B manHoM paboTe paccMarpuBaeTcs MOACHH KaHaja, o0naaromas cie-
JIYIOIIUM CBOMCTBOM: 3aTyXaHUE IPU PACIPOCTPAHEHUN CUTHAJA MPOUCXOAUT OJHA-
KOBO IO BCEUW IIMPHUHE TMOJOCHI MEPENavn NAHHBIX JJI1 KOHKPETHOTO IMOJb30BATEIIS B
OJIHOM MOMEHTE BPEMEHU. B peasbHON cHUCTEME TaHHOE JOMYIICHUE MPUBOJIUT K pa-
BEHCTBY 3HAUCHU BHIOPAHHBIX KOJO-MOIYIISIITUOHHBIX CXEM JISl BCEX PECYPCHBIX OJI0-
KOB B pAMKax OJTHOTO CJIOTa KOHKPETHOTO Mojb30Baressi. CleICTBUEM PaBEHCTBA KO/IO-
MOJYJIAIIMOHHBIX SBIISICTCS PAaBEHCTBO BO3MOXKHOTO TepeaBaeMoro o0bema JTaHHBIX
JUISl BCEX PECYPCHBIX OJIOKOB B CJIOTE.

Takum oOGpa3oM, coOCTOsTHHE OCCIPOBOAHOTO KaHasla MOJIb30BaTels ¢ BO3MOKHO

OXapaKTCPpHU30BaTb MAKCHUMAJIbHO HOCTH)KHMOﬁ CKOPOCTBIO KaHaJIa.

Onpeodenenue 2.3. MakcumaabHO JOCTHKHMAs CKOPOCTh KaHAJIA MOJIb30BATENS & — CKO-
pocms nepedadu OaHHbIX NO Oecnpo8OOHOMY KAHANLY, eClu 8ce OOCHYNHble PecypCbl

OvLIU 8blOENIeHbL 1-MY NONb308AMENIO.

JlaHHasi BeMYMHA SIBJISICTCS AHAJIOTUYHOW CKOPOCTH TEpeJaud JaHHBIX, MPHU
YCJIOBHH, YTO IMOJIL30BaTENb ¢ HAXOAUTCS OJWH B cotTe. Jlanee B pabore, 111 0003Ha-
YEHUsI MaKCUMAJIbHO JOCTHXKUMOM CKOPOCTH KaHasia TOJIh30BaTels ¢ OylAeT WCIOJb-
30BaTbcsi 00o3HaueHue C;, a g COKpAIEHUs TEKCTa CIOBO «MaKCHUMaslbHas» OyneT
OIyCKaThCsl.

Jlms KaXa0ro moJIb30BaTENs ¢ CYIIECTBYET CIyYalHbBIN MPOLIECC U3MEHEHHUS 3a-
TyXaHHs TPU PacpPOCTPAHCHUM CUTHAJIA M 3aMUpaHuil oT BpemeHu L;(t). Ha ocHo-
Be 3HaueHus L;(1) B MOMEHT BpeMeHH | Ha 0a30BOM CTaHIUU MOAOUPACTCS KOJIO-
MOJYJIAIIMOHHAS CXeMa, TAKUM 00pa3oM, YTO BEPOSITHOCTh OLTMOKH TIPH Mepeade JaH-
HBIX SIBJIACTCS MPEHEOPEKUMO MaJIOW BeTWINHON. BriOpaHHas KOI0-MOIYJISIIMOHHAS
cxeMa OTpe/elisieT MaKCUMAaIIbHYI0 PONycKHYy 0 kanana C;(t) B MOMEHT BpEeMEHH .

[Ipenmonaraercs, 4To COCTOSTHUE O€CITPOBOHOTO KaHaIa U3MEHSIETCS, TAKUM 00-
paszoM, 4TO B TEUCHHMH 3arpy3Ku MakeTa k U3 CETMEHTa j MaKCUMAaJbHO JOCTIKUMAs

CKOPOCTb KaHaJia IT0JIb30BaTCIIA 1 IOCTOSIHHA:

Ci(t) = Cijgstijre <t <tijr+ Atijr, (2.2)
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rze t; j , — MOMEHT BpEMEHHU Hadaja 3arpy3KH I0JIb30BaTelIeM ¢ IIaKeTa k U3 CETMEHTA 7,
At; j ), — JNIUTENILHOCTD 3arPy3KU I10JIb30BaTeNIeM ¢ 1akeTa k u3 cermenta j, C; j , — Makx-
CUMAaJIbHO JOCTHKHUMAasi CKOPOCTh KaHaja IOJIb30BaTelIs ¢ B TCUCHUH 3arpy3KH IMaKeTa
k m3 cerMeHTa j.

BBenem nomonnurtenprHoe 0003HAUYEHUE Ci:jl paBHOE BBIOOPOYHOMY CPEIHEMY
JUTSL BEJTMYMH OOPATHBIX K MAKCHMAJIbHO JOCTHXKUMOKN CKOPOCTH IPH IMepeaadu MakKe-

TOB B TCUCHHUEC OJHOT'O CEIMCHTA BUACOAAHHBIX:

1 Pij
C 1
i = i

1
b
Cijk

7 =1

rae P j — 4UCII0 TAKETOB B CETMEHTE j MOJIb30BATEN 1.

2.5 Pacnpenesienne pecypcoB 0eCIIpOBOIHOIO KAHAJIA CBA3M

[Tocne ompeneneHusi CTPyKTYphl OSCIPOBOJHOTO KaHajda HEOOXOAMMO TpHBE-
CTH ONMCAHUE TOTO KaK, UCIOJIb3Ys JJAHHYIO CTPYKTYPY, TPOUCXOAUT OOMEH TaHHBIMU
MEX Ty 0a30BOM CTAHITUN M TOJIB30BATEILCKUM YCTPOUCTBOM. [[j1s1 3TOTO paccMoTpuM
(YHKIIMOHAJIBHYIO CTPYKTYpy 0a30BOM CTaHIIUH.

OcHoBHO# 3a7aueii 6a30BOI CTAHITNH, SABIISICTCS OPraHU3AIMs HAJICKHOH Mepe-
Jlaud TAaHHBIX 110 HEHAJAESKHOMY pajuokaHaiy. i peieHnst JaHHOHM 3a1a4u UCTIOJb-
3yeTcsl CTPYKTYpa, COCTOSIIAS U3 YEThIpEX YpOoBHEN (PUCYHOK 2.4):

— VYpoBeHb 00pPabOTKHU MMAKETOB;

— YpoBeHb ouepeneit s nepesadr JaHHbIX M0 OeCIIPOBOIHOMY KaHAIy CBSI3U;

YpoBeHb A0CTyNa KO Cpelie Nepeiadu JaHHbIX;

— VYpoBeHb (GUBUYECKOU CPEIbI.

OnuiieM T0CTaBKy IMakeTa ¢ JaHHBIMUA OT MOMEHTA €ro MOoJIydeHus: Ha 6a30BOM
CTaHLIAH, 1O MOMEHTA €T0 MOSABIICHNS HA CETEBOM YPOBHE I10JIb30BaTEIBCKOTO YCTPOM-
ctBa. M3 onopHOil ceTu omepaTtopa MakeT MOMaJaeT Ha ypOBEeHb 00pabOTKU MaKEeTOB,
JaHHBIA YPOBEHB BHITIONHSET J1Be GyHKIMU. [lepBoii (hyHKIMEH SIBIISETCS CKATHUE 3ar0-
JIOBKOB [TaKETOB TPAHCIIOPTHOT'O U CETEBOT'O YPOBHS, /ISl yMEHbIIIEHUS 00beMa nepea-
BaEGMbIX JJAHHBIX MO OeCMpoOBOIHOMY KaHaily. Peanu3zanus cxaTusi 3aroJOBKOB IMaKeTa

IMO3BOJIAACT HUBCIIMPOBATb HAKIAJHBIC U3CPKKU ITPU IICPEAAYC JaHHBIX I10 6CCHpOBOI[-
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®duU3nYecKknin ypoBeHb

Pucynok 2.4 — ®OyHKIHOHAIbHAS CTPYKTYpa 6a30BOM CTAHIIUU U MOJIH30BATEIHCKOTO

YCTpOMCTBA

HOMY KaHaJly ¥ CYMTaTh, YTO B TAKETE HET HUKAKOM N30BITOUHOCTH, J0OABIISIEMOM ceTe-
BBIMU MTpOTOKOJIaMU. BTOpoil QpyHKIIMEN ABIIsIeTCsl onpeiesieHne abOHeHTa U Tiepeaadya
UH(GOPMAITMOHHOW YaCTH ITAKEeTa B €r0 OUepe/ib Ha HUKEIIekKAIIeM YPOBHE.

Huxe pacrnonokeH ypoBeHb ouepenei A mepefayu JaHHBIX 1Mo OecrnpoBO-
HOMY KaHaiy cBsizu. Ha maHHOM ypoBHE AJisi KaXI0TO MOJIb30BaTENsl, MOAKIIOUEHHO-
ro k 6a30BOM CTaHIMU, pacnojiokeHa odepean (Oydep) s TaHHBIX. YPOBEHb ouepe-
JIeH SABIISETCS TIPOMEKYTOUHBIM MEXKIY YPOBHSIMHU 0OpPaOOTKH IMAKETOB M KAHAJILHOTO
YPOBHSI, BBITTOJIHSOIIETO POJIb BPEMEHHOTO XPAHWIIUIIA JAHHBIX TP UX Tepeaade Mo
OecnpoBogHOMY KaHaty. OOCTyKHUBaHUEM Ouepeiel 3aHUMAETC s HIKENeKaluil ypo-
BEHb: YPOBEHB J0CTyMma Ko cpene nepeaaun (Medium Access Control uinm MAC).

VYpoBeHb 1OCTyIA KO Cpejie Iepeauu JaHHBIX pelllaeT KIIFUEBYI0 3a/1aqy JUIsl CH-
CTEMBI B IIEJIOM: Ha OCHOBE HH(POPMAITUHU OT YPOBHS (PU3NUESCKOM CPeIbl U BHINIEIIEKA-
IIMX ypOBHEH 0a30BO¥ CTAHITMH IPOU3BECTH paCIIpeielIeHUE PECYPCOB O€CIPOBOTHOTO
KaHaja U 00ecneunTh HaIeKHOCTh Mepeiayn JaHHbIX. PereHremM qaHHOW 3a7a4yu 3a-
HUMAETCS TUIAHUPOBIIUK PECYPCOB OECIIPOBOIHOTO KaHaja, YCTAaHOBJICHHBIN Ha 0a30-
BOU CTaHIMU (B aHIVIOA3BIUHOM JINTEpAType UCTONIb3yeTcst obo3HaueHne Media Access

Channel Scheduler mmu MAC Scheduler). [lanee B pabote mj1s cokpaiieHus: oobema
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TEKCTa B Kaue€CTBE 0003HAYCHUS «IITAHUPOBIITUKA PECYPCOB OECIPOBOTHOTO KaHAJIa
OyZIeT UCTIOJIb30BAaThCS TEPMHUH «IIJTAHUPOBIITUK.

[[maHUpOBIIMK B KAXKJIOM CJIOTE MPOU3BOJIUT PACHpPEICTICHUE PECYPCOB PaJHO-
KaHaJsa (peCypCHBIX OJJOKOB) B COOTBETCTBHE C HEKOTOPBHIM alIrTOPUTMOM. BaskHO oTMe-
TUTh, YTO TMJIAHUPOBIIUK HE BBIACISIET PECYpChl a0OHEHTaM, Y KOTOPBIX HET JaHHBIX B
TaHHOM clioTe. B xaxxaom ciote popmupyercst kKapTa pactpeaesIieHus peCypCHbIX 0J10-
KOB, KOTOpas OyzeT rnepeaana Ha ¢pusndeckuil ypoBeHb. Ha pucynke 2.3 mpencraBieH
pUMeEp pacrpeeieHUs PECYypCOB B TEUCHUHN JACCATH CJIOTOB JJIS YEThIPEX aKTUBHBIX
nosib3oBarenieid. TakuM oOpa3zoMm, paboTy alropuT™Ma IUIAHUPOBAHUS MOKHO TIpecTa-
BUTH B BUJIE PaCIIpeICTICHUs JOJIEH KaHaa Mex Ay nosb3oBarenamu. Hanpumep, B riep-
BOM CJIOTE TIOJIB30BaTeNIsIM 1, 2 1 3 ObUIN BBIZEICHBI 10JIH OeCTIpOBOAHOTO KaHama 0.2,
0.4 1 0.4 COOTBETCTBEHHO.

CdopmupoBaHHas KapTa pacipeaesieHue PeCypCcHbIX OJI0KOB OyleT nepeaaHa Ha
YPOBEHb (PU3NUYECKOM CpeIbl, KOTOPHIN 00ECIIEUUT Mepeady JaHHbIX U3 YPOBHSI ouepe-
JIeW B BBIJICJICHHBIX YaCTOTHO-BPEMEHHBIX pecypcax. B nanpHenem, npu KOppeKTHON
paboTe Bcex OMHMCAHHBIX YPOBHEH 0a30BOM CTAHIIMM MAaKEeT OyAeT JOCTaBJIEeH 1Mo Oec-
IPOBOJHOMY KaHaJdy Ha IMOJIb30BAaTEIbCKOE YCTPOMCTBO U, PO CTEK B 0OpaTHOM
MOPsIZIKE, CTAHET IOCTYIIEH HA CETEBOM YPOBHE MOJIb30BATEIHCKOTO YCTPONCTRA.

HecMoTpst Ha BaXXKHYI0 pOJib IUIAHUPOBILIUKA, aJITOPUTMBbI INTAHUPOBAHUS HE CTaH-
JAPTU30BaHbl ISl CYHIECTBYIOIIUX CHUCTEM CBSI3H, MTOATOMY KaXKJIbI MPOU3BOAUTEID
0a30BBIX CTAHIIMIA HUCIIOJIB3YET COOCTBEHHBIE Pean3allii AITOPUTMOB IJIAHUPOBAHUS.
Co3nanue 1mogo0HbBIX aITOPUTMOB SIBJISIETCS OTKPBITON 3a]aueid, TaK KaK TPEOOBaHUSI K
HUM OY€HBb OOIIUPHBI M HE CYIIECTBYET CTPOTUX TEOPETUUECCKUX HCCIICIOBAHUN O UX
MaKCUMaJIbHOW ITPOU3BOJUTEIBHOCTH. B HacTosee Bpemsi U3BECTHBI J1BA 3BPUCTHUYE-
CKHX aJITOpUTMa IJIaHUpoBaHus pecypcos: Proportional Fair [28] u Round Robin [29].
AnroputMm manupoBanus Proportional Fair craBut cBoeii 3aaueit obecrnieueHus: pas-
HBIX CKOPOCTEMN Mepeaaun JaHHBIX JJIs1 BCEX aKTUBHBIX MMOJIb30BaTENCH. AJITOPUTM I1J1a-
HupoBanus Round Robin obecnieunBaet paBHBIN JOCTYI K pecypcaM paJroKaHaa s
BCEX aKTHUBHBIX MoJib3oBarenel. [loaToMy HacTosmasi nuccepraioHHasi pabora cra-
BUT CBOEH OCHOBHOM 3aJ]a4€H UCCIIETOBAHUE AITOPUTMOB INIAHUPOBAHUS, C LIEJIBIO YBE-
JUYEHUS] UX TTPOU3BOJUTEIIBHOCTH U, KaK CIIEJCTBUE, BCE OECIPOBOIHOMN IIEHTpaAIIU-

30BAHHOW CETH JJIA NIEpeIady BUACONAHHBIX.
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[{enTpasbHOE MTONOKEHUE, B IPEICTABIISIEMON aHATTUTUYECKOW MOJICIIH, 3aHUMAa-
€T aJlTOPUTM TUTAHUPOBAHMSI pacIpeiesieHusl peCcypcoB OECITPOBOIHOTO KaHaIa, yCcTa-

HOBJICHHBIN Ha 0a30BOM CTaHII1H. BBGI[CM OIIPCACIICHUC AJITOPUTMA INIAHUPOBAHUA:

Onpeoenenue 2.4. ANTOpUTM IUIAHUPOBAHUS — MO NPABULO, 8 COOMBEMCMBUU C KO-
mopuvim 6a308as CManyus 8 MOMeHm epemeHu T pacnpeoensem 001U pecypcos becnpo-

800H020 kanana o;(t) > 0 ons norvzoeamenst i.

Takum 00pa3oM, paboTy airopuT™Ma INIAHUPOBAHUS B MOMEHT BPEMEHH ¢ BO3-
MOHO OIIMCATh BEKTOPOM 3HaueHui QyHkiuii: A(t) = {;(t),7 = 1,N }. OueBuaubim
OrpaHUYCHUEM HA BO3MOXKHBIC 3HAYCHUs (DYHKIHMH «v;(f) SBISETCS CIEeAyIOIee Hepa-

BCHCTBO:

N
VY a(t) < 1. (2.3)
=1

Hepagrenctro (2.3) MOXkeT ObITh HHTEPIIPETUPOBAHO CIICAYIOMKUM 00pa3oM: B 000
MOMEHT BpPEMEHHU pabOThl AJITOPUTMA TIJIAHUPOBAHUS OOIIUI 00bEM BBIJICJICHHBIX pe-
CYypCOB HE MPEBBINIAET TOCTYITHOTO 00beMa PECypCcoB ISl KaHAJIa TIepeaadu JaHHbIX.
CrnemoBatenbHO, AJIs J000TO MOJIB30BATENs ¢, MTHOBEHHAs! CKOPOCTh Tepeaadn JgaH-

HBIX B HUCXOJISIIIIEM KaHaJe CBsi3H S; (1) MOXKET ObITh BBIYHCIICHA CIICTYIOIIMM 00pa3oM:
Si(t) = ai(t)Ci(t). (2.4)

AJITOpUTM IIJIAHUPOBAHUS B KK MOMEHT BPEMEHU PEIIIACT 3aJ1a4y pacIpe/ie-
JIEHUs1 peCcypcoB OecrpoBOIHOTO KaHana. st perenus JaHHOH 3a/lauu eMy JOCTYyIHa
uH(dOopMaIus 0 NPeAbICTOPUH, @ UMEHHO JIOJIU BBIJICIEHHBIX PECYpPCOB KaHaja, 3Have-
HUS MAaKCUMAJIBHO JOCTH)KHUMBIX CKOPOCTEH KaHalla M 00bEeM MepeaHHbIX JaHHBIX JJIs

Ka)<JI0TO TI0JIb30BaTes:
Alt) = A(Si(7),Ci(1);7 < t,i=1,N), (2.5)

rie A(-) sBIsieTcss anropuTMOM IUlaHupoBaHus. B dopmyne (2.5) unHpopmanus o
NPEIbICTOPUM BBIACICHHBIX J0Jeil 0eClpOBOAHOIO KaHajga U oO0beMax MepelaHHbIX
JaHHBIX JUIS MOJIb30BATEIIs | arperHpOBaHbl B 3HaYeHHH S;(T), TaK Kak JaHHbIC Ta-
paMeTphbl 33J]at0TCsl COOTHOIIEHUEM (2.4).

BaxxHo orMeTuthb (hakT, 4To AJI IUTAaHUPOBIIKMKA 0230BOM CTAHIIMHU MOJIB30BATEIh

B K&)I(I[I)Iﬁ MOMCHT BPCMCHH MOXCT HAXOAUTHCA B OAHOM M3 ABYX COCTOSIHUM: aKTHB-
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HOM U HeakTHUBHOM. [lonb30BaTenb cuuTaeTcsl akTUBHBIM, €CJIM Yy TAaHHOTO MOJIb30Ba-
TEJSl €CTh JAHHbIE Ul NIepeadyr B HUCXOAIEM KaHalle Ha 0a30BOIl CTaHIIMU, HUHAYE
M0JIb30BATEJIb CUNTAETCS] HEAKTUBHBIM. B peanbHOIl cucTteMe, akTUBHOCTh aDOHEHTa
TaK e OIpeNessieTCs Ha OCHOBE HAIOJIHEHHOCTH ouepeneid. OCHOBBIBAsCh HAa MoJie-
JIM TIOBEACHUS TOJIB30BATENSI IPU POCMOTPE BHUJIEO, MOJIB30BATENb MOKET SIBIIETCS
AKTUBHBIM TOJIBKO B MEPUOJ OCYIIECTBIECHUS 3arpy3KH JaHHBIX (PUCYHOK 2.2). Bax-
HO OTMETHUTh, YTO 3arpy3Ka JaHHBIX COCTOUT U3 MOCJIEI0BAaTEIbHON Mepeaun aKeTOB
C BUJICOJJAaHHBIMU, U TIOJI30BATEIb CUMTACTCS HEAKTUBHBIM BO BpPEMS May3 MEXAY UX
3arpy3KaMmH.

B nannol nuccepranimoHHON paboTe paccMaTPUBAIOTCS AJITOPUTMbI TUTAHUPOBA-
HUS1, KOTOPBIE YIOBIETBOPSIIOT MPEACTABICHHOMY HIXKE HAOOPY CBOMCTB:

- B K&)KI[BIﬁ MOMCHT BPECMCHHU AKTUBHOMY I10JIb30BATCIIIO I'aPAHTUPOBAHO BbI-

min.

JICJICHHE MUHUMAJIbHOM J10JIM PECYPCOB KaHana o "

a;(t) =0 TOJIb30BATEIb | HCAKTMBEH B MOMCHT BPEMCHHU ¢
' ’ (2.6)

a;(t) > o™ monp30BaTENh i AKTUBEH B MOMEHT BPEMEHH f

MunumasbHas 10J1 pecypcoB KaHaja SBIsSeTCS BEIUUUHOMN, OTJIMYHOMN OT HY-
st o™ > (), 1 cyMMa MUHUMAJIbHBIX J10JI€H pecypcoB KaHaa i BCeX M0JIb-

30Baresiel He MPEBbIIIaeT 00IIero 00beMa pecypcoB, JOCTYIIHBIX IS IJIaHU-
N

poBanus: » o < 1.

— Pecypcbl Z6_6:1cr1p0130nH0r0 KaHaJla HE MOTYT OBITb BBIJICTICHBI HEAKTHBHOMY
aOOHEHTY.

— B kax1p1ii MOMEHT BpEMEHU TJITAHUPOBIIUK PACIIPEIEIISIET BCE JOCTYITHBIE pe-

CYPCHBI MCKAY aKTHBHBIMU aOOHEHTaMH:

= : (2.7)
i—1 1, wnHaue

N
Z ( ) O, B MOMCHT BPpCMCHHU t BCE IOJIb30BATEIN HEAKTUBHBI
a; t

2.6 Moaeab BOCIIPOM3BOASIEIO YCTPOCTBA

B 3aBepiiieHnn mpecTaBIeHUN aHATUTHYECKON Mojienn OyeT onpeieneHa Mo-

nenb Bungeorpaduka u Buguormieepa. B nanHoit padbore npeamnonaraercs, 4To BUAEO-
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IUIeep U BUJIEOCEPBEP MOANEPKUBAIOT TEXHOJIIOTHIO aJaNTUBHON Mepeaayy BUACOKOH-
tenta DASH (nonpasnen 1.4) (pucynok 2.5). Buaeormieep, yCTaHOBICHHBIM Ha MOJIb-
30BaTEIbCKOM YCTPOMCTBE, OCYIIECTBISET MOCIEIOBATEIBHYIO 3arpy3Ky CETMEHTOB
BUJICOTIOCIIEIOBATEIIBHOCTHU: CIICYIOIINIA CETMEHT BUEO MOXET OBITh 3aKa3aH IMOCIe
OKOHYaHMsI 3arpy3Ky MpelbIAyIIero 1 HeKoTopoi 3anepxku. [lay3za mexy 3akazamu
0OyCIIOBIICHBI CTpaTerueit HamoinHeHus Oydepa U MOAEIBIO MOBEACHUS MOJIb30BATES.
JlanHas 3a7ep>KKa MOXKET ObITh KOPOTKOM, €CIIN 3arpyKaeTcsi CETMEHT B CEpeIMHE BU-
JI€0 ¥ IOCTATOYHOMN JJTMHHOM, €CJTN 3arpy’KaeTcs IePBbId CETMEHT, B CITy4ae €CJIH JIaH-
Has 3aJepKKa BKIIIOYAeT B ce0sl CIyyaiiHyIo May3bl MEX1y IPOCMOTPaMU BUEOIOCIe-

JIOBaTEIbHOCTEH, IPEACTABICHHbIC HA PUCYHKE 2.2.

Bocnpons
BefeHune

OueHKa KauecTBa
KaHana

Y

3arpy»aembix i
CEerMeHToB AfanTauus MoToK 3anpocoB
> 3agepKKa >
penpeseHTaumu

|
|
|
|
|
|
|
|
|
|
|
|
|
3
[MoToK |
|
|
|
|
|
|
|
|
|
|
|

Pucynok 2.5 — Mopenps BOCIIPOU3BOISAIIETO YCTPOKUCTBA

[Ipu 3aka3ze HOBOTO CErMEHTa BUJIEOMOCIIEAOBATEILHOCTH BUICOIIJIEED peIaeT
3a/lady BbIOOpa perpe3eHTaluy AJIs 3aKa3bIBAEMOr0 cerMeHTa. B npeiaraemoit Mosie-
JIM pENpe3eHTAlMs CETMEHTA OJHO3HAUYHO COMOCTABIEHA C OUTOBOM CKOPOCTHIO, TAKUM
o0pa3oM 3a7aua BbIOOpA penpe3eHTaly CBOJUTCA K 3a/1a4e ajanTaluuu OUTOBOM CKO-
pocTu noToka. J{Jis1 pemenus 1aHHOM 3a7a41 BUICOIIIEEp MOXKET UCTIOIb30BaTh UH(POP-
MaIIMIO O HAMOJIHEHHOCTH Oydepa U IPyruX CTAaTUCTUKAX: OIICHKY CKOPOCTHU MOTYYCHUS
JaHHBIX B TEUCHUH MPEABIYIINX CETMEHTOB, HH(POPMAILIMIO O KaYeCTBE OECIIPOBOIHOTO
KaHaja u T.J. 3a/1a4a aJlafTaliii OUTOBOW CKOPOCTH MOTOKA MOXKET OBITh MPECTaBICHA

CIIEIYIOIINAM BBIPAKEHHUEM:
Ri,j =B (Ri,ka CZ'(T), SZ'(T); k < j, T << ti,j) ,

e B (-) siBasiercst QyHKIMEH BRIYUCIICHHST OUTOBOI CKOPOCTH j-TO CETMEHTA MOJIb30-

BaTcCJIsAd i, R@ j— OuToBas CKOPOCTDB ITOTOKA ] -0 CErMEHTA IOJb30BaTEIIA 7.
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W3 onucanus, npeacTaBlIeHHOro B oapasnene 1.4, cieayer, 4To yacTo Ha QyHK-
1uio B (-) HaIOKEHO OTpaHMYCHHE HA YUCIIO TMEePEKITIOUCHHUI pernpe3eHTalnil B e/1u-
HUIY BpeMeHH. OObIYHO aJanTaus BUJCONOTOKA M0J] KOHKPETHBIE YCIOBUS Oecrpo-
BOJTHOTO KaHaja MPOUCXOJUT B KOPOTKUH MPOMEKYTOK BPEMEHHM B Hadajie 3arpys-
KA HOBOTO BUZEO. TakuM 00OpazoM, €CiIM CYHIECTBYIOT MaTeMaTHYE€CKOE OXKHIaHHE:
E[R;| = J_liglo E[R; ;] u cpenHee KBagpaTudHOE OTKIOHEHUE: o [R;] = jli)ngo o [Ri ;]
OUTOBOM CKOPOCTU MPOCMATPUBAEMOrO MOTOKA, TO KOI(PPHUIIMEHT Bapualiui OUTOBOU
CKOPOCTH BHJICOTIOTOKA OTPAaHUUEH CBEPXY HEKOTOPOI MOCTOSTHHOM, 3HaY€HUE KOTOPOii
3aBHCHUT OT THIIa U HACTPOEK BHIEOILIEEpa:

Vi : olf] <l (2.8)
ElR] —

BBenenne Moneny BUACOIIIEEpa 3aBEPIIAeT ONMMCAHNE aHATUTUIESCKON MOJIEITH.
00006111251 OnTMCaHHOE BBIIIIE, PEAIAraeTCs CIAeYyIOIIas CUCTEMA JIOMYILEHUH JIIsl aHa-
JUTUYECKON MOJIENIN NTepelaul BUJCOAAHHBIX B LIEHTPAJIM30BaHHBIX O€CIIPOBOIHBIX Ce-

TSX.
2.7 Cucrema qonyuieHui 1Jisi MoaeJIM Mepe1adyd BUAeOTaHHBIX

OO6m1as CTpyKTypa MpeIoKEHHON aHATUTUYECKON MOJISTU TIEpeIaur BUIe0aH-
HBIX TMpEJCTaBICHA HA pUCYHKE 2.6. B mpeAcTaBIeHHON CTPYKType MarucTpajibHas U
OmopHas ceTH ObUTH OOBbEICHBI B MATUCTPATILHYIO CETh MEPEIavyy TaHHBIX, BBUIY CXO-
KECTH MX XapakTepucTuk. Hke mpencraBieH CUCOK UCIONIb3YEMBIX JOMYIICHUN B
HacTosien padore.
— ©@opmam npedcmasieHus 8UOEO00AHHBIX:
1. Bce BumeonocneoBaTeIbHOCTH pa30UTH HA CETMEHTHI OJJMHAKOBOM
JUTUTENIBHOCTH d CEKyH]I,
2. Kax bl cCerMeHT BUJICOAaHHBIX j MTOJIb30BATENIS ¢ PEJICTABISETCS B
BHJIE NIOCIIEOBATENBFHOCTH U3 [ j TAKETOB PAaBHOTO 00bEMa;
3. Bce BumeonocnenoBareabHOCTH Ha BujieocepBepe npecTaBieHbl B

HETIPEPHIBHOM OTpe3Ke OUTOBBIX CKOpocTel (2.1);
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----- Bocxoasawmi paguokaHan
Hucxoaawmin pagnokaHan
MaructpanbHasn ceTb

Rl(t)z

Yerp. 1 <
TP B(Ci(0),0,())

[ RO=
Yep- s (c )0, (0) ¢

a,(7),C(7),
t<t,i=1,N

RN(t) =

Yere- Nl ey .a )

basoBas Buaeocepsep
cTaHuuA

PaauoKaHan

Pucynok 2.6 — CtpykTypa MOJ€NIH NEPeaayr BUACOJaHHBIX B [ICHTPAJIU30BaHHBIX

OECIPOBOAHBIX CETAX

4. JIMATeIbHOCTh BUICOMOCIEAOBATEIBHOCTEH, MPEACTABICHHBIX Ha
BUJIEO CEPBEPE, ABJISAETCA HE3ABUCUMOM CIIyYaHOU BEJIMYUHOU C KO-
HEYHBIM MaTeMaTHYECKUM OKUIAHUEM U TUCTIEPCUEH.
— Obwue xapakxmepucmuku cemu nepeoayu OAHHbIX:
1. 3anmepkka B BOCXOJSIIEM KaHAJIE CYMTACTCS MPEHEOPEKUMO MaJIOH;
2. 3arpy3ka CerMEHTOB BUACOAAHHBIX HAYMHACTCS HE3aMEJIUTEIHHO B
MOMEHT OTIIPABKH 3apoca.
— Mooenb nosedenus nonvzosamens npu NPOCMompe 8UOeo:.
1. IMay3bl MeXay IPOCMOTPAMH T; SIBISIETCSI HE3aBUCUMbBIMU CITy4YaiiHbI-
MU BETMYMHAMH C KOHEYHBIMH MaTeMaTUYeCKUM OXXHJIaHueM (T;) U
JACTIEPCUEN.
— Mooenv becnpoooHo2o Kauana:
1. 3aryxaHue curHana npu pacripoCTPaHEHUU MPOUCXOAUT OJUHAKOBO
10 BCE MIMPUHE MOJIO0CHI Mepeayu TaHHbIX JJ1 KOHKPETHOTO IMOJIb-
30BaTelis B OJIHOM MOMEHTE BPEMEHH,
2. Komo-MonymnsiinoHHasi cxeMa 1moi0upaeTcsi TaKUM 00pa3oM, 4To Be-
POSITHOCTH OIIMOKM TpH Tepeaade JaHHBIX M0 OeCIpOBOAHOMY Ka-

HaJIy MpeHeOpe KMo Maa;
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3. B TeueHun nepenadu OAHOTO MakeTa k U3 CerMEHTa j MOJIb30BaTelieM
i B HUCXOJISAIIEH JIMHUM CBSI3U MaKCUMAJIbHO JOCTHXKUMAsi CKOPOCTh
KaHaJla mocTosinHa (2.2);

4. TlocienoBaTeIbHOCTH CIy4YalHBIX BETUUYNH C’Z.Tll, C’;QI, .., i=1N
bopMHpYET IProgudecKue CaydaiHble MPOIECChl ¢ KOHEYHBIMH Ma-
TeMaTnueckuMu oxupanusimMu E[C; ' u xorppummentamu Bapua-
MK V- COOTBETCTBEHHO.

— Mooenv nnanuposwura pecypcos 6ecnpo8ooHo20 KaAHaud.

1. AATOpUTM IIAaHUPOBAHUSI BBIJIEIISIET YaCTOTHO-BPEMEHHBIE PECYPCHI
TOJIKO aKTUBHBIM a0OHEHTAaM;

2. ANTOPUTM TUTAHMPOBAHMS TapaHTHUPYET KaKJIOMY aKTHBHOMY abo-
HEHTY MUHUMAJILHYTO JOJII0 PECYPCOB O€CIIPOBOTHOTO KaHAaJIa B KaX-
JIOM MHTEpBaJie riaHupoBanus (2.6);

3. AJTOpPUTM IJIAHUPOBAHUS PACTIPEILISIET BCE JOCTYIHBIE YaCTOTHO-
BpEMEHHBIE pecypchl (2.7).

— Mooenw suoeonneepa:

1. TlocnenoBarensHOCTH R;1, Ri9,...,1 = 1,N ¢bopMupYIOT 3pro-
JTUYECKUE CIyYaiHbIE MPOIECChl C KOHEYHBIMH MaTeMaTUYeCKUMHU
oxunanusamu F[R;] u ko3ddUIueHTaMy Baprallii HE MPEBbIILIAI0-
IMMH 3HaYeHui v (2.8) COOTBETCTBEHHO.

— Jlononnumenvhvie 0003HaAYEHUSL:

1. A — MHOXXECTBO aJITOPUTMOB TUIAHUPOBAHUS Ha 0A30BOW CTAHIIHH,
YIOBJICTBOPSIOIINX BBEJCHHBIM JOMYIICHUSM;

2. B — MHOXECTBO aJITOPUTMOB aJIaNTaIlii PEPE3SHTAIINN Ha TOJIb30-
BaTEJIbCKUX YCTPOWUCTBAX, YAOBIETBOPSIOMIUX BBEICHHBIM JOITYIIIE-
HUSIM.

Cucrema I[OHYH_IGHI/II‘/II 3aBCpIIaCT MMPCACTABICHUC AHAJIUTUYCCKOM MOJICIIH.

2.8 Cucrema nepeaaqyu BUA€OAAHHBIX KAK CHCTEMA MACCOBOI0 00Cy;KUBAHUS

HpeIICTaBJ'IeHHaSI BBIIIIC aHATTUTUYICCKASA MOJACIIb IICpCaAaY BUACOJAHHBIX OITUCHI-

BacT JO0CTAaTOYHO COBPCMCHHBIC TCHACHIIUU PA3BUTHUA TCIICKOMMYHHUKAITUMOHHBIX ceTren
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CBsI3U: TIepeaaya BUIe0 U OECIIPOBOHBIE CETH. AHAJIOTUYHBIE CUCTEMBI paccMaTpuBa-
nuck emie B 70-x rogax 20-ro Beka, OHU U3BECTHBI KAK 3aMKHYThIE CHCTEMbI MACCOBOTO
obcnyxuBanus (CMQO) ¢ KOHEeUHBIM UKCcIIOM a0OHEHTOB. Jlanee mpennaraeTcst KpaTkoe
onrcanue Takux CMO u aHanu3 OTIWYUM TaHHBIX CUCTEM OT paccMaTpUBaEMOM MoJie-
JIY B HaCTOsAIIEH padoTe.

N3navansno, CMO ¢ KOHEYHBIM YHCIIOM a0OHEHTOB ObLTH paccMoTpensl Lllep-
pom B pabore [30], B nanpHelnieM 3aMkHyThie CMO ¢ KOHEYHBIM YUCIOM a0OHEHTOB
OBLIN IIMPOKO HCCleIoBaHbl B padoTrax [31-33]. OOmas nieonorus Takux CUCTEM CO-
CTOMT B clieIytomeM. AOOHEHT OTHpaBIseT Ha OOCTYKUBAIOITUN TPUOOP 3asBKY, KOTO-
pasi CTaHOBUTCSA B O4epeib OECKOHEYHOTO pa3mepa. 3asiBKU BceX aDOHEHTOB CUUTAIOTCS
oMHaKOBBIMU. OOCTYKUBAIOITUN MPUOOP, UCXOAS U3 3a(DUKCUPOBAHHON JAUCITUILIH-
HbI 00CIIyXKHMBaHUs1, 00padaThiBaeT 3asBKU B ouepeau. Koraa 3asiBka JJisi HEKOTOPOTO
aboHeHTa ObLTa 00CTy)KEeHa, TO MO MeTie 0OpaTHOW CBSI3M JjIsl 3TOr0 adOHEeHTa OyneT
JIOCTABJIEHO YBEJOMJIEHHE 00 OKOHYAHWH BBITIONHEHUS 3asiBKU. [locre nmonyuenus yse-
JIOMJICHHSI a0OHEHT OTIPABIISIET CIASAYIYIO 3asIBKY B CUCTEMY Yepe3 HEKOTOPYIO Tay-
3y. B knaccuyecknx CMO ¢ KOHEUYHBIM YUCIIOM a00OHEHTOB BPEMSI MEXKTY MOIYyYCHHEM
yBeAOMJIEHUsI 00 00pabOTKH 3as4BKH 10 MOCBHUIKM HOBOIO 3alpoca B CUCTEMY W -
TEILHOCTh OOCITYKMBAHUS 3asBKH B OUYEPEIH PACIPEICTICHO 0 SKCIIOHCHITHATLHOMY
3aKOHY.

BaxxHol 0COOEHHOCTBIO MOAOOHBIX CUCTEM SIBIISIETCS TO, YTO B KAXKIBIA MOMEHT
BPEMEHH B ouepe/id Ha 00CTy>KMBAIOIIEM MpUOOpe KOIMUECTBO 3asBOK HE MPEBOCXO-
JIUT KOJIMYECTBO AOOHEHTOB B CeTH. J[aHHBIN (haKT MPUBOIUT K TOMY, UTO CPEAHEES Bpe-
Ms 00CTy)KMBaHHS aO0OHEHTOB JI0 TOYKH HACBIIICHUS CUCTEMBI PACTET HE3HAYUTEILHO,
a TocJie Hee pacTeT JIMHEWHO, ¢ YIJIOM HAaKJIOHA 3aBHUCSIIET0 OT MHTEHCHUBHOCTU 00-
CIIY’>KMBAHHUSI U BPEMEHEM MEX/y MOJYUYCHHEM YBEIOMJICHUS U OTIPABKK HOBOM 3asiB-
ku. Takoe moBeAeHrEe CPEAHErO BPEMEHU 00CTYKMBAHUS OTIIMYAETCS OT KJIIACCUYECKUX
CMO 06e3 00paTHOI CBSI3H, B KOTOPBIX OHO PACTET SKCIOHEHIIMAIBHO MOCIE JOCTHXKE-
HUSI CUCTEMOM TOYKH HACBIIIEHHUS, B BUIY OECKOHEYHOIO pOCTa KOJIMUECTBA 3asBOK B
ouepean Ha 00CITy)KHBAOIEM ITprodope.

OnumeM cuctemMy nepesadd BUACOJAHHBIX B TepMUHAX 3aMKHYThIX CMO ¢ ko-
HEYHBIM YUCJIOM a0OHEHTOB. Jlanee Oyner onucana oo011ast J0ruKa paboThl CUCTEM TIe-
peradr BHJACOJAHHBIX, B CKOOKaxX OyIeT IpeAcTaBiIeHO Ha3BaHHe B TepMuHax CMO

(pucynok 2.7).
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BocnpousBogsiiue ycTpoiicTBa (abonermbl) IO BOCXOASIIEMY KaHAITy CBSI3U OT-
MPAaBIISAIOT 3aIPOC Ha CETMEHT BUJEOMOCIEA0BATENbHOCTU K BUaeocepsepy. Cepsep,
B CBOIO OY€pe/ib, OTCHUIAET BOCIIPOU3ZBOIAIIEMY YCTPOUCTBY CETMEHT BHUJICO (3A56KY).
BaxHo 0TMETUTB, YTO OJHOBPEMEHHO OJTHO YCTPOUCTBO (@OOHEHmM) MOKET 3arpyKaTh
TOJILKO OJMH CETMEHT (3as6K)). Bce cerMeHThl BUACOAAHHBIX TMOMAJAI0T B OUYepean
Ha 06a30BOil cTaHIUu (0OcHydHcusarowem ycmpoticmee). Jlanee, B COOTBETCTBUU C aJl-
TOPUTMOM TIJIAHUPOBAHUS PACIIPEACIICHUEM PECYPCOB (OUCYUNTUHOU OOCTYIHCUBAHU),
CErMEHTHI (3as6Ku) U3 ouepenel mepeaaloTes Ha MoJIb30BaTeIbcKkoe ycrpoiicTsa. [lo-
CJie TIOJTy4eHHSI CETMEHTA BOCITPOU3BO/ISIIEE YCTPOHCTBO OTIPABUT YEPE3 HEKOTOPYIO
11ay3y HOBBIM 3aIpOC HA BUIEOCEPBED.

B manHOI cucTemMe 3ampoc Ha CerMEHT BHJACOJAHHBIX BBIMOJHSAET POJIb METIN
00paTHOM CBsI3U. B mipeio’KeHHOM MOIEIH IJTAHUPOBIIUK Ha 0a30BOM CTAHITUU B KaXK-
JIbIE MOMEHT BPEMEHH pacrpeiesiseT J0JIU PeCypCcoB KaHada MEXKIy aKTUBHBIMU a00-
HeHTaMHU. Pacripenenenue noiei pecypcoB KaHajda BO3MOXHO MHTEPIPETUPOBATH Kak
pasneneHrue BpeMeHU 00CITy)KUBaHUS aKTUBHBIX a00HEeHTOB. CrieoBaTeibHO, 0a30Bast

CTaHIIUSI MOXKET OBITh IPEACTABIICHA BBUJIC MPOIIECCOpa C pa3eICHUEM BPEMEHHU.

—> Ycrp. 1 P =]
3
Q
I
s
—> Yctp. 2 —> ©
)
09]
E Mpoueccop ¢ pasaeneHmem
s BpemeHM 0b6CyKMBaHMA, B
—> Ycrp. N —> PN 3aBMCMMOCTM OT TpeboBaHMit
3aABOK

Pucynok 2.7 — Cucrema nepefadv BUICOAAHHBIX KaK 3aMKHYTasi CHCTEMA MacCOBOTO

o0cITy)KMBaHUS

OpHako, CylIeCTBYET HECKOJIBKO BaXKHBIX OTIMYHUI CUCTEM NEPENAYN BUIAECOIaH-
HBIX OT 3aMKHYThIX CMO C KOHEYHBIM YHCIIOM a0OHEHTOB:
— Pa3Mmep 3arpy»aeMbIX CETMEHTOB BUICOAAHHBIX U3MEHSAETCS BO BDEMEHU H 3a-
BHUCHT OT CKOPOCTH 3arpy3KHt JaHHBIX, U KaK CJIEICTBUE, aJrOPUTMa IUIAHUPO-
BaHUS;
— JIIMTENBHOCTh MHTEPBAJIA BPEMEHU MEXK/Y ITOJIyYEHHEM CETMEHTA U OTIIPAB-

KM HOBOT'O 3a11pocCa HE pacCIIipCaCIICHO 110 SKCITIOHCHIUAJIBHOMY 3aKOHY
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— Bpewms nepenaun cermenTa Bueo yepe3 0a30BYIO CTAHIIHIO (8pems 0OCyHcu-
8aHUsL 3a516K1L) 3aBUCUT OT €T0 pa3Mepa U XapaKTePUCTUK OECIIPOBOAHOTO Ka-
Haja BCEX aKTHBHBIX a0OOHEHTOB B TEKYIIIMH MOMCHT BpEMEHH (M3MEHsIeMas
WHTEHCHBHOCTL OOCTY)KHBAaHHS BO BPEMCHH C JIONOJHHTEIIBHOW 3aBUCHUMO-

CTBIO OT IIPEJILICTOPHH).

2.9 B3auMocCBsI3b XapaKTEPUCTHUK 0eCIPOBOJAHOI LIEHTPAJIU30BAHHON CeTH U
BOCIIPOU3BeIeHUSI BUACOTAHHBIX

HpCHCTaBHGHHaH paHEC aHAIIUNTUYICCKas MOACIIb OITMChIBACT BayKHEHIIIE KOMIIO-
HCHTBI U IMapaMCTPbI peaHBHOI?'I CHUCTCMEI IICpcaain BHUICOJaHHbIX. OcHOBBIBasICh Ha
I[ﬂHHOfI MOZICIN BBOAUTCA YTBCPKICHUC 21, OIMUChIBArOIass OCHOBHBIC B3aUMOCBA3HU

MCIKAY IapaMcTpaMu CUCTCMBI.

Ymeepocoenue 2.1. /[151 6c€603MONCHBIX ANCOPUMMOB NIAHUPOBAHUSL U AOANMAYUU BU-
0eops10a, y0081emeopaouUux 00Ny eHUsIM, NpeodCcmasieHHvIX 8 noopasoeine 2.5, cieody-

nuiee HepaeeHCcmeo UCNTUHHO.!

(3 (3

E[R)E[C;!
Z (1 — V-RV-C) R BIC; | <1 (2.9)
) qi + Vi
B HepageHcTse (2.9) 0603HaYEHUS ¢, ;, VT
2.1 1 BBIpaXEHHUIO 2.8 COOTBETCTBEHHO. /X — KO3()(HIMEHT BapHAIMKM MAKCUMAIEHO

COOTBETCTBYIOT OINPEICICHUIM 2.2,

,Z[OCTI/I)KI/IMOI\/'I CKOPOCTH KaHaJia IT0JIb30BaTCJIA 1.

Loxazamenvcmeo. PaccMOTPHUM HPOLIECCH] B CUCTEME IN€peadr BUACONAHHBIX, KOIIa

HEKOTOPBIH MMOJIb30BATENb ¢ 3aTPYyKaeT MaKeT k U3 cerMeHTa j. B Teuenue 3arpysku na-
R d .

P, » KOTOPBIH MOXKeET

OBITh BBIYMCIIEH UCXO/s M3 HAOIIOACHUS 32 CKOPOCTBIO MEpeaayu AaHHBIX B OecCIpo-

KeTa 4Yepe3 CHUCTeMY ObLI MepeiaH CIeayomui 00beM TaHHBIX

BOJIHOM KaHaJI€:

ti,j,k+Ati,j,k ti,j,k+Ati7j,k
Sz(t)dt = Cz',j,k / Oq(t)dt = J

tijk tijk
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e t; j ; — MOMEHT BPEMEHH Havaja 3arpy3KH MOJIb30BaTENIEM ¢ MAKETa M0 HOMEPOM K
U3 cerMenrTa j, At; j ;, — JNINTEIbHOCTD 3arpy3KU I0JIb30BaTEIIEM ¢ IIAKETa [0l HOMEPOM
k u3 cermenTa j

ITepenecem C ; 1. B IPaBYIO YacTh IOCJIETHETO PABEHCTBA U MTOIy4UM JOJIIO Bpe-

MEHH MCIIOJIb30BaHUS KaHaja I10JIb30BaTeIeM © ITPpH 3arpy3Ke k-ro makera:

i+t jk

d 1

P Cijk

tijk

[IpocyMMupyeM JIEBYIO U MPABYIO YaCTh MO BCEM ITAKETAM B CETMEHTE, TIOJIYYUM JOJIEO

BPEMEHU MCIIOJIb30BaHUs KaHAJIA MMOJIb30BATENIEM ¢ IIPU 3arpy3Ke j-TO CETMEHTA!

tiJ—‘rAtiJ‘ Bj
1 1
Oéz(t)dt = RZ'J'd E y
Pij o= Cijk
ks _
]
rne t;; = t;j1 — MOMCHT BPEMEHH HaJaya 3arpy3KH HOJb30BAaTeJIeM i CErMEHTa j,
P, : :
At j = > . At; j 1, — JIATETBHOCTD 3arPy3KU MOIb30BATENEM { CETMEHTA ] Cornac—
~1
HO BBE/ICHHBIM panee 0603HaueHusM (noapasnen 2.4) C; ' = P’ iy Z w1 Cij —1 Torma

BBIPAXKCHUC IIPUMCT BHU !

tij+AL
a;(t)dt = R; ;C; d.

tij

Torga noJig BpeMEHH MCIIOJIb30BAHUS KaHasa MoJIb30BaTeleM ¢ 3a Bpemsi 1':

T
/az dt—dZR” L4 Ag, (2.10)
0

e H! —4uciio monHoCTIO 3arpyskeHHBIX CETMEHTOB MOJIB30BATENEM i B TEUEHHH BPE-
menn 1', As; — ITUTETHPHOCTH BUICO0, 3aTPy>KEHHOTO MOJIH30BATENEM ¢, HO HE BOCIIPO-
u3BeeHHbIN miieepoM. [IpocymmupoBas ypaBaenue (2.10) nms Bcex mosib3oBaresei B

cucteMe (¢ = 1,N) u BHECA CyMMY IOJ] 3HaK MHTETpaja ObLIO MOIYUYEHO CICAYIOIIEe
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BBIPAKECHHUE:

/Zaz dt_ZdZR”C +As,

0 ].

N
e As = Y As;.
i=1
Tak Kak B KaK/Iblii MOMEHT BPEMEHH ¢ CyMMa BBIJICJICHHBIX PECYPCOB HE MOKET
T N
PEBBIIIATH SAMHMUIBI, COMIACHO yCcIoBHIO (2.7), cinenosarensro [y «;(t)dt < T
0 i1

N HT

dY > RiCil+As<T

i=1 j=1

PaznenuM sieByro U mpaBylo 4acTh HEPABEHCTBA HA 1’ M BHECEM €ro MOJ NEPBbIM 3HAK

CYMMBI, TaK Kak 7' > () 3HaK HEpaBEHCTBA HE U3MEHUTCS.

HT

N dZRw +AsZ

= - <1.

1=1

JJis KaXkJ10TO MOJIb30BaTeNsl BpeMs NMpeObIBaHUE B CUCTEME COCTOUT U3 Oydepusaiuii,
IPOCMOTPOB H May3 MeXy IpocMoTtpamu Bueo: 1 = bl + w! + p!, cnenosarensho,

MOCICAHCC HCPABCHCTBO IIPCACTABIICTCS B CICAYOIICM BHUAC:!

Tak kak IJINTCIIBHOCTD ITPOCMOTPA PABHACTCA MJIIUTCIBHOCTHU BCCX 3aI'PYKCHHBIX CCT-

MEHTOB, w HTd 1=1 N

HT
N w?%ZR,jC + As;
P b; +w, + p;

PEIBI[GJ'II/IB YUCJINUTEIb U 3HAaMEHaTeb JICBOM 4acTH IIOJYYCHHOI'O BBIPAKCHUS Ha wZT n

ycTpeMuM Bpemsi B 6eckoHeuHOCTh (1T — o). s kaxkmoro adonenta ¢ = 1,/NV Boc-
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ITOJIB3YCMCA OIIPCACIICHUCM (; U ITIOJYYHM CICAYIOICC BBIPAKCHHUC!

N _
B[RO
E <
= it
JlaHHBIII TIEpexoJ BO3MOXKEH TaK Kak II0CIEeJOBaTeIbHOCTH [?;1,R;o,... W
Ci1,Cia,...1 = 1,N ¢dopMuPYIOT 3proaudeckue CiIydailHble MPOLECChl C KOH-

YeHBIMH TIEPBEIMH JIByMs MOMEHTaMH (Tioapaszen 2.7).

PaccMotpum Gosee moapoGHo 3HaueHue, nonyunsiiee B uncaurene: E [R;C; .
Ba)kKHO OTMETHUTb, YTO OUTOBAS CKOPOCTH MOTOKA R; [l KaXKIOTO ONb30BATENs BbI-
GupaeTcs B 3aBHCHMOCTH OT OIIEHKH KAadecTBA KaHaJa, KOTopas OIpENeysAeTcss MaKCH-
MAaJIBHO JIOCTHKUMOM CKOpocThio kKaHana C;. CrieioBaTensHo, 3Hadenus R; u C; aBis-

OTCA 3aBUCUMBIMHU BCIIMYNHAMHU, 1 MAaTEMAaTHUYCCKOC OKNAAaHUEC NX HpOI/IBBCZ[eHI/I}IZ
E[RC;' =E[R]E[C;] +r (R, C ") o[R)]o[C; 1,

rne r (R;, C;') sBastercst koo uumeHTOM Koppesumy Mexy Bennantamu R; u C; .
Ilo onpenenenuto 3uadenne r (R;, C;') npunnMaer 3uadenns B otpeske [—1, 1], cie-
JIOBaTEIIbHO:

E[R)E [C;'] — o[Ro[C; ) < E[R,C7].

7

Ucxons 3 nanHoro dakra:

N ~1
E R E|C;
1 qi + i
Taxum oOpazom, yTBepkaeHue 2.1 nokazaHo. []

Pesynbrar, npencTaBieHHBIN B yTBEPKISHUH 2.1, ONMCHIBACT B3aUMOCBSI3b MEXK-
7Ty BCEMHU XapaKTEPUCTUKAMH CETH TIEpeIad BUACOIaHHBIX OT 0COOCHHOCTEHN MOIeTH
MOBEJICHUSI MOJIb30BaTeIIs (7;, ¢;) M XapakTepucTuk Buaeonoroka (K|R;]), mo acmek-
TOB pabOTHI pajoKaHasa (E[Cz-_l]) JUIs1 BCEX TOJIb30Baresneit B cetu. [lomydeHHOe BbI-
pakKeHHE BO3MOXKHO HCIIOIBh30BaTh B KAYECTBE OTPAHMUYCHUS Ha TOCTHKUMBIA 00BEM
peCypcoB paJuoKaHaja Mpyu ONTUMHU3AIMY Mepeaud BUICOMAHHBIX B O€CIIPOBOIHBIX
[IEHTPATN30BaHHBIX CETSX.

JIstst yIpOIEHNsT MATEMAaTHYSCKHUX BBIKJIAJIOK B Ka4ecTBe 0003Ha4yeHul K| R;| u

E[C; '] 6ynyT ucnionb3osathest 0603Hauenue 12; u C; ' cOOTBETCTBEHHO.
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2.10 BwbiBoabI MO pa3aenay

B manHOM paszene ObuIa MpeiokKeHa MoJIeib TIEpeIayr BUACOTAHHBIX B COBpE-
MEHHBIX IIEHTPAIU30BaHHBIX OECIIPOBOIHBIX ceTsX. [IpeanoxkenHas Moieab OnUChiBa-
€T BCE BaKHEHIITNE KOMIIOHEHTHI CYIIECTBYIOIINX CETEW: MarucTpajbHas U OMOpHAs
CeTH Tepeaaur JaHHBIX, 0a30Bas CTaHIUS (CTPYyKTypa O€CIPOBOIHOTO KaHaIa M ajiro-
PUTM paclpeeieHUsI €r0 PeCcypcoB) Mojeib BuaeoTpaduka (hopmar mpeacTaBICHUS
BHJICO U aCIEKTHI paOOTHI BOCIIPOM3BOIAIIEIO YCTpoicTBa). Tak ke MOJIeTb CHCTEMBI
nepenayu BUACOAaHHBIX B O€CIIPOBOIHBIX IIEHTPATU30BAHHBIX CETSIX OblIa paccMOTpe-
Ha KaK 3aMKHYTasi CHCTEMa MacCOBOTO OOCTY>KUBAHUS C KOHEYHBIM YU CIIOM a0OHEHTOB.
B 3aBepmienuu pasznena ObLT MpeACTaBICH Pe3yabTaT, OMUCHIBAIOIINA OCHOBOIIOJIAra-
IOIIE B3aHMOCBSI3H MEXK/Ty BCEMH XapaKTePUCTUKAMH CETH TIepeIadul BUACOJaHHbIX.

OcHOBHBIE pe3y/IbTaThl pa3jieiia BO3MOXKHO C(HOPMYITUPOBATH CIICIYIOMUM 00pa-
30M:

— IlpennoskeHa MozeNb epeIadr BUACOIAHHBIX B OECIIPOBOIHBIX [ICHTPAIH30-

BaHHBIX CETIX, BKIIOYAIOMIAs B CeOs:

— Mopenb oIopHO# 1 MaruCcTpalibHON CETH TIepeIadu JaHHBIX (Toapa3-
nen 2.3);

— Mogens OecipoBOAHOTO KaHama CBs3M (moapasaen 2.4);

— Mogenp paboThl 0a30BOM CTAHIIUM U TUIAHUPOBIIMKA PECYpPCOB Oec-
MIPOBOIHOTO KaHasa (roapaszaen 2.5);

— Monenb BOCIIPOU3BOSIIETO YCTPOMCTBA M BUeoTpaduka (rmoapas-
nen 2.6);

— Cucremy nonyuieHuit (mogpaszaen 2.7).

— IIpoBenen ananu3 6€CIIPOBOAHBIX CHCTEM MEPEYH BHICO KaK 3aMKHYTBIX CH-
CTEM MacCOBOTO OOCIY)XMBaHUS ¢ KOHCYHBIM YHUCIIOM aO0OHEHTOB (ITOpas-
nen 2.8);

— IIpencraBneHa B3aMMOCBSI3b MEXKIY XapaKTEPUCTUKAMU CETH TEpenaydl BH-

JeoaHHbIX (moapaszaen 2.9).
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3 MCCJEJOBAHME U PABPABOTKA AJITOPUTMOB PACHPEAEJEHUS
PECYPCOB PAJIMUOKAHAJIA ITPU HEAJANITUBHOM NEPEJAYE
BUJEOJAHHBIX

3.1 BsBoauble 3aMeuyaHud

B nacTosiee Bpemsi B O€CIIPOBOIHBIX CETSAX, HECMOTPS Ha OypHOE pa3BUTHE TEX-
HOJIOTMI aIalTUBHOM NIEpeAavr BUACOKOHTEHTA, TOCTATOYHO PACIpOCTPaHEHA ITepe/ia-
Ya BHJIEO C HCNOJIb30BaHUEM HEAJANTHUBHBIX BUAeoIuieepoB. Hanbonee spkum npume-
POM sIBIII€TCS collMalibHas ceTh Facebook, BeCh BUIEOKOHTEHT KOTOPOM MPEACTABIICH B
JByX PENPE3CHTAUNAX: CTAHAAPTHOM U BBICOKOM Pa3pELICHUSX, B aHITIOSI3bIYHOM TEp-
munonoruu Standard Definition u High Definition coorBecTBenHo. [lons30Barens npu
IPOCMOTPE BUJIEO MOXKET BbIOpATh OJMH U3 JBYX MPEACTABICHHBIX BBIIIE BAPUAHTOB
KauecTBa BHUJIEONIOTOKA, U OHO HEe OyAeT W3MEHAThcs BO BpeMeHu. [logoOHas monenb
IIOBEJICHMS ITOJTHOCTBIO COOTBETCTBYET ONIMCAHUIO HEATAIITUBHOTO BUIEOILIIEEPA, IPEI-
CTaBJICHHOTO B nojpasaene 1.4.

B nHacTosimem pazaene nmpou3BOJIUTCS aHAIIMTHYECKOE UCCIIEOBAaHUE POU3BO-
JIUTEIbHOCTU OECIPOBOJHBIX LIEHTPAJIU30BaHHBIX CUCTEM IE€peaud JaHHBIX C JOMU-
HUPOBAaHMUEM IIEpENaYu BUACOJAHHBIX 10 MPOTOKONY INpukiagHoro yposHs HTTP. B
Hauaje pasliena MpeuiaraeTcss KpUTEpHil KauecTBa OOCITYKUBAaHUS JIJIsl HEaJanTHB-
HBIX BHJIEONOTOKOB. Jlasee BBOIUTCS JIOMOJIHUTENbHbIC JOMYLIEHHUS, CIICHU(PUIHBIC
JUIsl HEaIalTUBHBIX BUEOMOCIEIOBATEIbHOCTEN. 3aTeM (POPMYyIHUPYETCsl ONTUMU3A-
LMOHHAs 3aJla4a U MPEeJIaracTcs HWKHsS TPAHNLA BBEACHHOIO KPUTEpPHs KauyecTBa
oOciyxuBaHus. B 3aBeprieHnn npeiaraeTcsi YUCICHHBINH MPUMED, TEMOHCTPUPYIO-
IIUH POU3BOAUTEIBHOCTh CTAHAAPTHBIX AITOPUTMOB IUIAHUPOBAHUS PACIIPEICIICHUS
pecypcoB 0eCIpOBOIHOTO KaHajia M0 CPABHEHUIO C MOJYYEHHOW HIKHEN TpaHUIIeH.

OcHOBHBIE pe3yJIbTaThl JAHHOTO pasjiesia OMyoJUuKOBaHbI B padbortax [19;34].
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3.2 Kpurepuii kKauecTBa BOCTIPUSITUS HEAJANTHBHOIO0 BU/IEONOTOKA

O0606m1as nHbOpMAaIIUIO, IPECTABICHHYIO paHee B HACTOSIICH paboTe, MOKHO
BBIJICJIUTH TPU OCHOBHBIX (PAKTOPa, BIUSIIONIUX HA BOCIPUATHE BUICOMNOCIEIOBATEb-
HOCTH:

— Penpesenranus (pekoMeHAyeMOe pa3pelieHre IKpaHa U 4acToTa KaJapoB BU-

11€0), ornpeensemMas OMTOBOM CKOPOCThIO MOToKa (Tiozpasaen 1.5).
— IIpeppiBaHHe BOCIPOM3BEACHUS, BBI3BAHHOE OydepHu3ammeil BHJICOIOTOKA,
BKJIIOUAIOIIIee HauaapHyI0 Oydepusaruio Buaeo (moapasaen 1.5);
— I'magkocTh BOCTIPOU3BEACHUS BUACOTOCIICIOBATEIIHHOCTH — YACTOTa U3MEHE-
HUsI OUTOBOM CKOPOCTH BO BpeMEHHU (Tozipasen 2.6).
PaccMoTpuM KaXK bl U3 TIEPEUHUCIICHHBIX BBIIIE (JaKTOPOB C TOUKHU 3PCHUS HEaTalTHB-
HBIX BHUIEOIIOCIICIOBATCIHLHOCTEM.

[Ipu paGoTe HeaganTUBHOTO BUJICOIUIEEpA PEIICHUE O BHIOOPE perpe3eHTaIlun
BUJICOPsIIa IPUHUMAET T0JIb30BaTellb HEKOTOPHIM 00pa30M, OTBEYAIOITUM HHIAUBHUITY-
aJTbHBIM TPEOOBAHUSAM K Ka4eCTBY MPOCMATPUBAEMOTO BHJICO W HE U3MEHSET €ro BO
BpeMEHH. V3 HEM3MEHHOCTH pEIpe3eHTAIlMd BUIACO BO BPEMEHH, CIICAYET YTO Iyaj-
KOCTh BOCIIPOM3BEICHUSI, KOTOpask XapaKTEPHU3yeT YACTOTY U3MEHEHUS peNpe3eHTALUU
BO BPEMEHH, HE BIUSAET HAa KAYECTBO BOCIIPUATHS BUICOPSIA.

Takum 00pa3oM, Ha yJAOBJIETBOPEHHOCTh IMOJIB30BATENS OT MIPOCMOTPA HeaIar-
TUBHBIX BHJICOIMOCIICAOBATEILHOCTEH BIMSIOT MPEPHIBAHUS BOCIPOU3BEIACHUS, BHI-
3BaHHBIC OITyCTOIIeHHEM Oydepa u HauaabHOU Oydepusanuell Ha MOJIb30BaATEIbCKOM
YCTPOMCTBE.

Od4eBUHO, YTO €CIIM B COTE€ HAXOMUTCSI OOJBINOE YHCIO a0OHEHTOB, TO MO-
T'YT IPOSIBUTCS AP (PEKTHI Ierpaganii BOCIIPOU3BEACHUS BUICO Y TTOJIH30BATENICH, BBU-
Ty KOHEYHOCTH KOJIMYECTBA YaCTOTHO-BPEMEHHBIX PECYypCOB OSCIPOBOIHOTO KaHalla U
OTPaHWYECHHOCTH CHU3Y MUHHUMAJIbHOW OMTOBOM CKOPOCTH perpe3eHTauu Buaeo. Ha-
IpuUMep, €CJIM HEKOTOPOMY MOJIB30BaTEN0 0a30Basi CTaHIMA 00ECIEYNBAET CKOPOCTh
3arpy3ku JaHHbIX paBHyto (.25 MoOut/c, a OuroBasi CKOpOCTh MUHUMAJILHOM perpe-
3eHTanuu paaseTcs 0.5 MOuUT/c, TO y JTaHHOTO TOJI30BATENIs TIPH MTPOCMOTPE BUIEO
C BBICOKOW BEPOSTHOCTBIO Oy/leT JIUTeIbHAs HadaJlbHas Oypepu3anus 1 HEM30SKHO
BO3HHMKHYT IMpEphIBaHUSI BOCIPOU3BeAeHUs BUe0. OCHOBBIBAasICh Ha JaHHOM (hakTe,

BBEJIEM OIPE/ICIICHHUE MEPETPY3KHU:
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Onpeoenenue 3.1. Ileperpyska — cocmosnue cucmemul nepedaiu OAHHbIX, XapaKmepu-
3yrouee HedOCMamox pecypcos 0jisi obecnedeHus 00CmMamoiH020 YPOBHS YO08IemE0-

PEHHOCMU 6CeX AKMUBHbLX nonv3oeamerell.

Kaxk 6s110 peicTaBiaeHo B moapaszaeie 2.3, Bce Bpems 1’ HaX0KJICHUS T0JIb30Ba-
TEJsl B CUCTEME pa3ziesieHo Ha Tpu (a3sl: Oydepuzanus (b;f) , IPOCMOTP (wZT ) Y TIay3bl
MEX1y IPOCMOTPaMU BUJIEO (p;f) . B HacTos1em pazzene npeayiaracTcs OlleHUBATh Ka-
YECTBO BOCTIPUATHS BHICOTIOTOKA JIJIsl TTOJIb30BATENsI KAK HOPMHUPOBAHHOE OTHOIIICHHE

JUTUTENIbHOCTEHN Oyepusannu u npocMoTpa 3a Bpemst 1

Onpeoenenue 3.2. HopmupoBaHHOE OTHOIICHUE ATUTEILHOCTEN Oydepusauu u mpo-
CMOTpa 0.1 NOIb308aMeENs | — MO OMHOueHUue obujell daumenvHocmu 6ygepuzayuu K
ONIUMENIbHOCMU HAX0XHCOEHUS NONIb308AMENS 8 CUCeEMe, UCKII0YAs NAY3bl Me#COY Npo-
cMOmMpamu UOeo:

bl

gi = TII_{I;O o (3.1)

(3
Kputepuit Boctipusitus (3.1) onuchiBaeT MPOLEHTHOE COOTHOIIIEHNE OOIIUX JIJTH-
TeIbHOCTEH Oydepr3aliuu 1 MpoCMOTpa I Mojib3oBaTes . Ha 0CHOBe maHHOTO KpH-

TCPpHUA BO3BMOXKXHO OLCHUTL YAOBJICTBOPCHHOCTD ITOJIB30BATCIIA CIICAYOIUM 06pa30M:

p
0, MOJIb30BATEIb YAOBJICTBOPCH ITPOCMOTPOM

gi =4 ¢€(0,1) mnonp3oBarenb i HAOMIOAACT HEeTaTUBHBIC PEKTHI P TPOCMOTPE -

1, TMOJIb30BATEIb ¢ MOJHOCTHIO HE YAOBIETBOPEH MTPOCMOTPOM
\

Ecnu monb3oBarens He 0KHUJ1a B TEUEHUE BPEMEHU HAXOXKACHHS B CUCTEME (bZT = O) ,
Toraa 3Hauenue g; = (. Eciu monb3oBaresnb 3a Bpems 1' He TPOCMOTPES HU OHOM ce-
KyH/IbI BUJIEO (wZT = O) , TO 3HaYeHHe g; OyzmeT paBHO 1. Mi3HayanbHO KpuTepuit (ompe-
nenenue 3.2) ObLT MpenokeH B padbore [35], B aHMIOA3BIYHON JUTEpaType JaHHBIN
KpUTEpUI U3BECTEH NI0J] Ha3BaHUeM «rebuffering percentagey. Tepmun «rebuffering» B
AHIVIOSA3BIYHON JIMTEPATYPE UCTIONB3YETCA sl 0003HAYEHUSI BPEMEHU OXKHJIaHUS BOC-
NPOM3BENICHUS B TEUCHUU IPOCMOTpPA BUEO MPH Mepeade ¢ UCMOIb30BaHUEM MPOTO-
xona HTTP.

B xauecTBe kputepus KauecTBa pabOThI CUCTEMBI B IIEJIOM MPEJIaraeTcs UCIOJb-
30BaTh Cpe/lHEEe 3HAYCHUE OTHOIICHUS ATUTENbHOCTEN Oydepu3alunu U mpocMoTpa o
BCEM II0JIb30BaTeIIsIM, IPUCYTCTBYIOMINX B cucteme: g (A), rae A — sBiseTcs HEeKOTO-

PBIM AJITOPUTMOM INNIAHUPOBAHUS HaA 0a3oBoH CTaHIIHUH. Baxno OTMCTHUTDL, YTO 3HAYC-
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HUE KpUTEPHsI KauecTBa 00CTYKUBAHUS UMEET MPSIMYIO 3aBUCUMOCTb OT UCIIOJIb3yeMO-
r0O aJITOPUTMA TUIAHUPOBAHUS pacTIpeiesieHUs] peCypcoB OECIIPOBOTHOTO KaHama A.
[Tocne onpeneneHus Kpurepus KauyecTBa OOCITYKMBaHUS B JajbHEHIIEM OyaeT

MIPOM3BEICHA MTOCTAaHOBKA OMTUMU3AIIMOHHON 3a/1a4H.
3.3 IlocraHoBKa ONTHMH3AIMOHHOM 3a1a4YH

B nacrosmiem noapaszaene OyaeT HMpOIOIKEHO PacCMOTpPEHHE KPUTEpHs Kaue-
CTBa OOCITYy>KUBaHUS ISl HEaJaTUBHBIX BUACOMOTOKOB, BBEJICHHOTO B moipasene 3.2.
Ha ocHoBe mpoBeeHHOTo paccMOTpeHust OyAeT MpeaiokeHa MOCTaHOBKAa ONTHUMU3a-
[IMOHHOM 3aJ]a4u, pelIeHre KOTOPOU XapaKTepu3yeT MaKCUMaJIbHYI0 BO3MOXHYIO MPO-
W3BOJUTEIHLHOCTh AJITOPUTMA TUTAHUPOBAHUS TIPH Mepeaade HeaJanTUBHBIX BUIEOIO-
TOKOB.

PaccmoTpuM KpuTepuii KadecTBa [UIsl HEAJANTUBHOTO BHUIECO: HOPMUPOBAHHO-
ro OTHOLIEHUS JUIUTENbHOCTEN Oydepuzanuu u npocmorpa g; (onpeaenenue 3.2). [o
OIIpEIEICHNIO, YOBIETBOPEHHOCTh MOJIb30BaTENsI 00OpaTHO MPONOPILUOHATIbHA 3HAYE-
HUIO TAHHOTO KpuTepus. J{Jist KayK10ro KOHKPETHOTO ajropuT™Ma IJIaHUPOBaHUs A, TpH-
HaJIJISKAIEMY MHOXECTBY A, MPOU3BOIUTEILHOCTh BO3MOXKHO OIEHUTH CIICAYIOITHM

obpa3zom:
A
g(A) == a4
i=1

O,Z[H&KO, MHOKCCTBO BO3MOXKHBIX AJITOPUTMOB INIAHUPOBAHUA, YAOBJIICTBOPALIO-
X JOIIYINCHUAM, SABJIACTCA OCCKOHEYHBIM U HCCYCTHBIM, IIOOTOMY BMCCTO IIOHCKA
MUHUMAJIBHOTO 3HAYCHUA B JTaHHOM PaA3JCJIC 6YIIGT HaﬁaeHa HWXHSA I'paHUIa (I/IH(I)I/I—

HYM) 110 BCEM BO3MOXKHBIM ajroputMam A:

G = inf g(A). (3.2)

Panee B moapazzaene 2.3 ObLIO BBEICHO OINpEASICHUE JJIS ¢;: OTHOIICHUS JIJTH-
TeapHOCTEeN Oydepuszanuu U MpocMoTpa IJis Tosib3oBaress ¢ (onpeneneHue 2.2). Iloka-
KeM, KaKuM 00pa3oM B3aUMOCBsI3aHbI 3HaYEHUS ¢; U ¢;. [10 ompeneneHuto TaHHBIX Be-
JIYUH, eCIH IPOIOLKATENBHOCTS Gypepusanun (b] ) paBHsIach Hyo, 10 ¢; = g; = 0.

HYCTB 3HA4YCHUC b;r OTJIMYHO OT HYJIA, TOTAA 3HAYCHUS q; U ¢; B3AUMOCBA3AHbI CJICAY-
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IOLIUM 00pa3oM:
9i

Ha ocHoBe npeacTaBieHHON BBIIIE B3aNMOCBSI3U 3HAUCHU KPUTEPUEB KAUeCTBA

qi

obcimyxuBaHUs BeIpaxkeHue (2.9), ModydeHHOE B pe3yibTare J0Ka3areabCcTBa Y TBEP-

xaenus 2.1 (moapazzaen 2.9) npumer ciaeayomui BU/I;

N

_ 1 —g
1 — 29 BIRE[CT 1. 3.3
;( v7) BIRBICT ) =y < (3.3)

[Ipn mpocMOTpe HEAAANTUBHBIX BUICONOCIIEIOBATENLHOCTEN TTOIB30BATEND ¢ B
HavyaJbHBI MOMEHT BPEMEHH BBHIOMPAET PEIPE3CHTALNI0 ¢ OUTOBOM CKOPOCThIO R; U
HE U3MEHST €€ B TEUCHUHU BCEro BpeMeHU paldoThl. J[aHHBIN (HaKT MPUBOJIUT K U3MEHE-
HUIO onyieHust Mooenu guodeoniieepa HoMep 1 , mpeicTaBICHHOMY B moapaszene 2.7,
CICAYIOITAM 00pa3oM:

1. 3naueHrne OUTOBOM CKOPOCTH BHJAEOIOTOKA JJIA KaKJI0TO KOHKPETHOTO abo-
HEHTa HEM3MEHHO BO BpeMeHU: ;1 = R0 = ... = R, i = 1,N.

CrnencTBueM U3 TAaHHOTO JIOMYIIEHUS SIBIISIETCS] paBEHCTBO KoddpuiineHTa Bapu-

atmu v, i = 1,N HyIto, a MaTeMaTHYeCcKoe OKUIaHus OUTOBOI ckopoctr F|R;] paBHO

R; nns xaxxaoro nmoib3oBarens ¢. TakuM 00pa3om, HepaBeHCTBO (3.3) mpuHUMAET Clie-

JTYIOIIUNA BU:

N 1o
S RE(CT]— T <1.
— gi +7i(1— g)

Jlis ymeHbleHus: oobeMa MOCIEAYIOUMX MaTeMaTH4ecKux Npeodpa3zoBaHUiA
BBE/IeM obo3Hauenue K; = R; F[C; ']. BaxkHo OTMETUTD, 4TO 3HaueHUE K; HE SBIAET-
Csl IEpEMEHHOM, TaK KaK €ro KOMIIOHEHTHI 331af0TCS HE3aBUCHUMBIMH OT ONMTHMH3AIIH
(dakTopaMu: MOXKEIaHUSAMU TOJb30BaTeNs ([1;) U ycnoBUsIMU OECIPOBOIHOTO KaHaa
(E[C).

B nomonnenun x cucreme JomnylieHuit Moodenu nosedenus nonvzoeamens npu
npocmompe 8uodeo, BBEICHHOMY B Ioapasene 2.7, B paMKax HaCTOSIIEro pa3ieia BBO-
JUTCS JOTIOIHUTENILHOE JIOMYIICHHUE:

2. KoadduuueHT pa3pekeHHOCTH BUACOIOTOKA Y; (ompenenenue 2.1) ans Bcex

N0JIb30BaTeIel UMEET PaBHOE 3HAUCHHUE: v; = ¥, 7 = 1,IV.
Hacrosmee nonymienne o0ycaoBIE€HO 3aBUCUMOCTBIO B pEaJIbHOM CUCTEME MEXK-

Ny IIUTEIbHOCTHIO BUICOPOJIMKA U TAy3bl MOCIE €ro MpoCMOTpa: MOoCie MPOCMOTpa
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JUTUTETTLHOTO POJIMKA IMOJIb30BATEIh «OCMBICIMBAET)» €ro 0ojee ATUTENbHBIN MpoMe-
KYTOK BPEMEHHU, YEM IPU MPOCMOTPE KOPOTKOIO POJIUKA. ITO MPHUBOIUT MPUOIIU3U-
TEJIbHOMY PAaBEHCTBY KO3 (UIIMEHTOB Pa3peKEHHOCTH MOTOKA Y BCEX MOJIb30BATENECH.

0060011125 CKa3aHHOE BHIIIE, B HACTOAILIEM pa3zelie MpearacTcsi ONTUMHU3aIIU-

OHHas 3ajJla4ya CIEIYIOIIEro BUIa:

N
Munumusupoarb: G = + > g;
i=1
IIpu yciaoBum:
o (3.4)
2 g9 = 1

1=1
g; € [0,1],i=1,N

OnrumusarnmonHas 3a7a4a (3.4) sBiseTcs 3a1a4eil HETMHEHHOTO MPOTpaMMHUpPO-
BaHUs, BBUIY HEJIMHEMHOCTH NEPBOro OrpaHndeHusd. JlanpHeilas 4acTh JaHHOTO pa3-
JieJia MOCBAIIEeHA MTOMCKY ONTUMAJIBHOTO penieHus 3aaadu (3.4), 3HaueHHe KOTOPOTo
3a71a€T HIKHIOK IPaHUIly MO BCEM BO3MOXKHBIM aJITOPUTMAaM IIJIAHUPOBAHUS, YIOBJIE-

TBOPSIIOIIMX JONMYIIEHUSIM BBECHHBIX B mojpaszaene 2.7.

3.4 Pemenue 000011eHHON HeNPEPBLIBHOM 3a1a44 0 PIOK3aKe

OTbICKaHUE pelIeHus] ONTUMU3ALMOHHON 3a/1a4u (3.4) ABIseTCs CIOXKHOM 3a/1a-
4el, ¥ I €€ pelieHus He0OX0UMO MIPOAENIaTh HECKONBKO 11aroB. M3HayansHo OyneT
paccMOTpeHo 0000IeHNE N3BECTHOM HEMPEPHIBHOM 3a1a4n O PIOK3aKe W HAHJEHO ero
pemenue. Janee Oyner moka3zaHo, KaKUM 00pa30oM HailIeHHOE pelieHrue MOXKET ObITh
UCIIOJIB30BAHO MPHU PEIICHUU ONTUMHU3AUMOHHON 3anaun (3.4). B nanHoM noapaszzaene
paccMaTpuBaeTcs HeMpephIBHAA 3a/1a4a O PIOK3akKe, €€ 000011eHNe U HAXOAUTCS pellie-
Hire 0000IIEHHOMI 3a1a4 .

[IpencraBneHHOE HUXKE pellIEHUE OMyOIMKOBaHO B padote [34].

HenpepbiBHas 3a/1a4a 0 proK3aKke B aHIIOA3BIYHOM JINTEpaType U3BECTHA MO Tep-
MUHOM «fractional knapsack problemy», n nogpooHo omnucana B [36]. 3agadya Gpopmy-
aupyeTcs cienytomuM oopazom. Nmeetcst Habop u3 N npeaMeToB, KaXKIbli IpeAMET

i XapaKTepU3yeTcs IBYMs BEIMYMHAMU: CTOUMOCTBIO (¢;) U BecoM (w;). Tarke nme-
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€TCs PIOK3aK HEOTPAaHUYEHHOTO 00bheMa, XapaKTEPUIYIONTUHCS BECOM MPEAMETOB, TI0-
MEILEHHBIX B Hero. CUMTAETCs, UTO YEJIOBEK, KOTOPBIN OyJeT HECTH 3TOT POK3aK, HE
MOXXET IOJIHATH BEC, NMpeBbimatomuii W . Bee npeaMeTsl cuuTaroTest ASTMMbIMU Ha O€c-
KOHEYHOE YMCIIO YaCTel, 4TO MO3BOJIAET BHIOPATH JOJI0 KaXKJIOTO MpeaMeTa x;, KOTo-
PYIO OH IIOJOXKHUT B PIOK3aK. B KaduecTBe 3aa4yu, NMPEIIaracTcsa HauTU TaKOW BEKTOP
(21,9, ..., TN), 9TO BEC B3ATHIX J0JICH IPEIMETOB HE IpeBbIaet VW 1 mpu 3TOM CTOH-
MOCTb B3SITBIX IPEAMETOB MaKCUMaJIbHA. MaremMaTnueCcKkoe NPEeACTABICHUE HEMTPEPHIB-
HOM 3a/1a4y O PrOK3aKe MPeACTaBIeHO cucTeMoi (3.5).

N

MakcMMHU3HPOBATh: Z CiTi
IIpu ycnoBum: -
g:lwzxz <W
x; € 0,1], i=1N

(3.5)

Taxum oOpa3oM, HempephIBHAS 3aja4ya O PIOK3aKe OTHOCUTCS K KJIACCY HEMPEPhIBHBIX
3a/1a4 JIMHEWHOTO MPOTPAMMHUPOBAHUS OT HECKOIBKHUX MTEPEMEHHBIX.

BaxxHbIM OTJINUMEM HENPEPBIBHON 3a7aud O prok3ake (3.5) oT KiaccuyecKou
3agaun o prok3ake («0-1 knapsack problemy) 3akitodaeTcs B BOBMOXHOCTH JICJICHUS
IIPEIMETOB, KOTJIa B KJIACCHYECKOM 3a71aue MPEAMETHI CUUTAIOTCS HEJACTMMBIMU (BEITH-
YUHA T; MOXKET MPUHUMATh TOJIbKO JBa 3HaueHus: O u 1). 3BecTHO, 4TO 3a71a4a O PIOK-
3aKe HE UMEET 3aMKHYTOTO PEIICHUS X MOXET OBITh PEIIeHa METOJaMU TMHAMUYECKOTO
nporpammupoBanus. OgHAKO, 11 HEMPEPHIBHOM 3a/1a9M O PIOK3aKe ONTHUMATILHOE pe-
IIIEHUE MOXKET OBITh MOJYUEHO «KaJHbIM airoputMomy (anroputm 3.1) [36].

Hacrosmuii moapasnen opraHu3oBaH CleAyrOIuM o0pa3zoM. IlepBbiM 1miarom,
OyzeT mpeacTaBiIeHO 0000IIEeHNE HENMPEPhIBHONW 3a/1add O prok3ake. BTopeiM marom
OyZeT Moka3aHO KakuM oOpa3oM anroputM 3.1 MOXeT ObITb NMPUMEHEH AJIs pellle-
HUs 0000IIEHHON HEMPEPHIBHOM 3a/1a4u 0 prok3ake. B 3aBepiieHnu nojapasaeina Oyaer
IIPE/ICTABICHO CPAaBHECHHE CIIOKHOCTH IMOJYYEHHOTO PEIICHHS CO CTaHIAPTHBIMH Me-

TOdAaMHU PCIICHUA 3ala4 BBIITYKJIOTO ITPOTrPpaMMUPOBAHNA OT HCCKOJIBKHUX ITCPCMCHHBIX.



75

Auaroputm 3.1 : Penienre HenpepbIBHOM 3a/1a4M O PIOK3AKE
1: CopTHpOBKa NPEAMETOB M0 BO3PACTAHUIO OTHOMIEHHH %, H MX HyMEpalHs, B CO-
(2
OTBETCTBUE C COPTUPOBKOIA;

j—1

1=1

J

Z w; > W

=1

2: HaxoxneHue npeamera ¢ HHIECKCOM J :

Ecruj € g, 05 =N +1;

3: Haxoxnenue onTuMalIbHBIX 3HAUCHUU T
(

1, i< j
j—1
! i=1

0, P>

O060011eHre HeTTPEPHIBHOM 3a7]auu O PIOK3aKe:

N
MakcumusupoBatb: »  f(z;)

i=1
IIpu ycaoBumn:

N

=1

z €01, i=1N

: (3.6)

rie f(x;) — HempepbIBHAsL, BaXbI AU GepeHIIpyeMast, CTPOr0 MOHOTOHHO BO3pac-
TaroIIasl, BRITYKJIasi BHU3 (PYHKITUS, OTpaHUYCHHAS CBEPXY U CHU3Y B 00J1aCTH OIpe/e-
JCHHUS T;.

OnTuMuzanonHas 3aada (3.6) OTHOCUTCSA K KJIACCy BBIITYKIJIOTO MPOrPaMMHUPO-
BaHUS OT HECKOJIbKHX MMEPEMEHHBIX C OTPAaHUYCHUSMH THUTIA HEpaBeHCTBa. BakHo oTMe-
TUTH (HAKT, YTO 33JI1a9M BBITYKJIOTO MPOTPAMMHUPOBAHUS SABJISIOTCS MOAKIACCOM 3a7a4
HEJTMHEHHOTO TIPOrpaMMHUPOBaHUS.

Pemenne ontuMu3anroHHoM 3a1a4u (3.6) onuchIBaeTCs B yTBEpKaAeHUHU 3.1.

Ymeeporcoenue 3.1. Eciu 6 ancopumme 3.1 npunams Vi : ¢; = 1, mo eexkmop X =
(1, 9,...,TN), NOTYUEeHHDLIL @ pe3yibmanme @blnoHenus: aneopumma 3.1, sensemcs

peutenuem 3a0ayu HeMUHeUHO20 NPoPamMmuposarus (3.6).

ﬂOKdS’ClWlQJZbCWlGO. B ocHoBe MNPCIIOKCHHOIO JaJICC TOKA3aTrCJIbCTBA OBLI MCIIOJIB30-

BaH MCTOH OT IIPOTHUBHOTIO. HpeﬂHOHOH(I/IM, 4qTO CyHCCTBYCT OIITUMAJIbBHOC PCUICHUC
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Y = (y1,¥2,--.,YN), YIOBICTBOPSIOIIEE BCEM OPAHUYCHUSAM CUCTEMBI (3.6), OTIINY-
Hoe oT pemienust X = (x1, 2, ..., TN ), HOTYYCHHOTO HA OCHOBE anroputma 3.1 (pu-
CYHOK 3.1). BaxHO OTMETUTD, YTO HyMEPALIHS BCEX MPEAMETOB MPOUCXOJIUT B TIOPSJIKE
coptupoBkHU Ha mare 1 anropurma 3.1. Toraa B peniennu Y HalaeTcsa napa UHICKCOB
k u [ Takue 4To:

— k — HaMMEHBITNHN UHJCKC TIpeaMeTa: vy < 1;

— | — HaMMEeHbIINHN UHJEKC npeameTa, oonbmmii k: y; > 0,1 > k.

1-

=
N
N

v

X
; % ‘

>

Homep npeameta

»
|

HoMmep npeameta

k 1
Pucynok 3.1 — Bup peumennii X u Y

[ToxakeM, KaKkuM 00pa30M BO3MOKHO IepepaCIPEACIIUTh JIOJIH B3SITHIX IPeaIMe-
TOB Y, ¥ Y; TIOJT MHJEKCAMH k ¥ [ COOTBETCTBEHHO, JIJII MAKCUMHU3AIUH TIEIeBOM (PyHK-
uu cucteMsl (3.6).

Jl1s1 3TOTO BBEIEM ClIeayIonue 0003HaUYSHHUS

— Wy — CyMMapHBIN BEC B3SATHIX IPEAMETOB k U [:
Ws = YpWg + Yrwy.

Tak xak 3nauenue yp < 1 uy; € (0,1], T0 wy < wy, + wy.

— OOHOBNIEHHOE pelieHue Y *:

Y* = (ylv cee 7yk‘—17yl>:’7yk+1a ce 7yl—17y;<7yl+17 .- ')7

I7A€ Y, U y; — OOHOBJICHHBIC JI0JM IPEIMETOB O] UHJEKCaMH k u [ cOOTBET-
CTBEHHO.
Pemienust Y u Y™ ynoBIETBOPSIOT OrpaHUYECHUAM ONTHUMHU3ALMOHHOW 3aJ1a4u

(3.6) 1 OTNIMYAIOTCS TONBKO B JOJSAX MPEAMETOB MOA MHAEKcaMmu k u [. B HacTosmem
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JI0Ka3aTenbCTBE, OyeT MOKa3aHo, UTo 3a CUET MpeoOpa3oBaHus A0JeH ¥y U y; (perieHne
Y) By ny; (pemenue Y ) COOTBETCTBEHHO, O€3 M3MEHEHHA OCTaIbHbBIX 3HAYEHUH J0-
Jie MpeIMETOB BO3MOXKHO YBEJIMYUTh 3HaUCHHUE 11eJieBoi (pyHKInu 3a1a4u (3.6). byner
MOKa3aHo, YTO JJIs JT000T0 perieHus Y HahaeTcs pemeHue Y, OTIIMYHOE B TTO3UIIUSIX
k u [, Takoe uTo 1ieneBast PyHKIUS IPU perieHuu Y * OobIiie, 4yeM npu Y, 4TO IPUBOIUT
K MIPOTHUBOPEYHIO.

JIns1 3TOT0 MOCTaBUM MPOMEKYTOUHYHO ONTUMHU3ALMOHHYIO 3a1a4y:

MakcumusupoBarb: f(y;) + f(y))
Ipu ycaosun:
)
ws = YWy + yjwy
(3.7)
wWs < Wi + Wy
Wi < Wy

| vi-vi € [0.1]

B mpomMexxyTouHo# onTuMu3animoHHou 3amade (3.7) meneBas pyHKIUS COCTOUT
13 cyMMbl OyHKIWMA f(-) 1 goneit mpeaMetoB k u [, Tak Kak penieHue Y OTIHIHO
OT Y TOJIbKO B JJAHHBIX MO3UIUAX. 3HAYEHUSI OCTAIBbHBIX 3JIEMEHTOB CYMMBI SIBIISIIOTCS
KOHCTaHTaMU U HE BIUSIOT Ha 3HAUCHME 1eJeBON PyHKIMU. B orpannueHusx 3aaaqu
(3.7) yka3bIBaeTcs, UTO CyMMapHBI BeC MPEAMETOB k U [ HE MOXKET ObITh U3MEHEH, a
3HAYUT HE OYJIET HAPYIIEHO OIPaHUYEHUE Ha CyMMAapHBII BEC BCEX MPEAMETOB B3SITHIX
B prok3ak B cucteme (3.6).

Taxum 00pa3oM, 1EIbI0 TPOMEXKYTOUHON ONTUMHU3ALIMOHHON 3a1a4H (3.7) sBIs-
€TCs OTBICKAHWE TAKUX Y; W Y, IPH KOTOPBIX LieneBas QyHKIMA 3a1a4u (3.7) mpuHU-
MaeT MaKCMMaJbHOE 3HaueHue. Ba)XHO OTMETUTD, YTO MaKCUMM3AIUs LEeJIeBON (yHK-
IIUY IPOMEXKYTOUHOM 3aaa4u (3.7) MIPUBOANUT M K MAKCUMHU3AIUH 11eJIeBOM (PYHKITUHU B
00001IeHHOM HenmpephIBHOM 3adaue o prok3ake (3.6). Kak crnencrBue, eciu pelieHue
Y MoxeT ObITh yIydlIEHO B MPOMEXYTOUHOM ONTHUMHU3AIMOHHOM 3ajadye, TO OHO HE
SIBJISIETCSI ONTUMAJIBHBIM pereHrueM 3agauu (3.6).

[IponomkuM pacCMOTPEHHE ITPOMEKYTOUYHOM ONITUMU3ALMOHHON 3a1aun. 13 cu-
cTeMsl (3.7) BBIpa3suM ¥ KaKk (QyHKIMIO OT ;'
wy — yjwy

*
y =
k wy,
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[ToncraBuM MOTy4YEHHBIN pe3ynbTar B cuctemy (3.7):

MakcuMu3HpoBaTh: [ (w;—ilwl> + f(y)
IIpu yciaoBum:
( *
x _ Ws—Ywy
T
W (3.8)
wWg < Wg + Wy

Wy < Wy

| vivi € [0.1]

Haiinem BTOpyI0 mpou3BOoHYIO 1esneBOM GyHKIMK 3a1a4uu (3.8):

* " * 2
Ws — Yy Wi * e ([ Ws T YW wi e, *
[f (—wkl ) + f (v, )] =f <—wkl ) <w—k> + 7 (r)-

Tak kak ¢ynkims f(x) sBusercs Belmykioi BHu3, o f”(x) > 0. CiaemoBareinb-
HO, BHIP@KCHHE B IPABOH YaCTH SBISICTCS TOJOKHTEIBHBIM, H IKCTPEMYMOM ONTHMH-
3alMOHHOM 3anaun (3.8), ecnu OH cylecTByeT, sBisieTcs MUHUMYM. Kak ciencrsue,
MaKCHMaJIbHOE 3HAYCHUE LEIeBOH (YHKIMH JOCTHIAeTCs Ha TPAHUYHBIX 3HAYCHUSX
y; (pucyHok 3.2).
f(W_W—ylWl) +1OD f(W_W—”W’) +1OD

k k
A A

:* ;*
Vi Vi

Pucynok 3.2 — Buj ueneBoit GyHKIUU NPOMEKYTOUHON ONTUMHU3AIMOHHON 3aa4u

Bocnonb3yeMcs METOIOM MOCIEA0BATENBHOIO aHATIN3a BAPUAHTOB JIJIs1 3HAYCHHUSI
w;s [37]: pa3oObeM Bce BO3MOXKHbBIEC 3HAYCHHSI W, HA TPU UHTEpBaia (pUCYHOK 3.3):

— It ws € (0, wy];

— I :ws € (wi, wl;
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— Il :w, € (wl,wk+wg).

[l [ [l [ >
I T I ! ld

0 W %) Wy + wg W

Pucynok 3.3 — Bo3MOXHBIE 3HAYEHUS W

JUist Ka)k[I0TO TIEpEUrCIICHHOTO BBINIE HHTEPBAJia MOCTPOUM TPAaHUYHBIE 3HAYE-
HuUs 1eneBoi pyHkum# (3.8).

Humepean I:

[TocTpouM rpaHUYHBIC 3HAUYEHUS JUTS 11eJIeBOM (DYHKIIMK ONTHUMHU3AIMOHHON 3a-
nauu (3.8), npu ws; € (0, wy]. Jyisg 37010 HEOOXOAUMO COOTIOCTH BCE OTPAHUYUCHHS
ONTHMH3AIIMOHHOM 3a1a4n. BakHBIM orpaHudeHHeM sBIsieTcs yciaosue yy,y; € [0,1].
Jst obecniedenns y;, > ( He0OX0AMMO, YTOOBI 3HAYCHHE Y, HE MPeBbImano *. Orpa-
HUYCHHOCTh 3HAYCHUS W, BETUYUHOW W), MPUBOJAUT K HEBO3MOXKHOCTH MPEBBIIICHHSI
3HAUEHWAMH Y; U Y, CAUHULBL

OCHOBBIBAsCh Ha ITAHHBIX PACCYKICHUAX, {;” MOKET IPUHUMATh 3HAYEHHS Ha OT-
pe3ke {O, ﬁ—l} , I TPAaHUYHBIE 3HAYCHUSI MOTYT OBITh MPEICTABICHBI CICAYIOIUM 00pa-
30M:

— I'pannunoe 3Hauenue [.1:

Y = u
y =0

s
k

3HaueHwue 1eNeBoi QyHKIUU: f (;‘)’—) + f(0);
— I'pannuHoOe 3HaueHue [.2:

Y. =0
x W,
Y =

Ws

3uauenue nenesoit Gynxumn: f(0) + f (12 ).

Ha ocHoBanuu ¢aktoB 4to GyHKIWs f () SABISETCS MOHOTOHHO BO3PACTAIOIICH
U wy < w; CACAYET, 9TO f (%) > f (i‘j}—l) , TaK KaK ;‘j—k > % CrnenoBarenbHO, TpaHUY-
HOe 3HaueHue [./ MaKCUMU3UpPYET LeNeByIo (PyHKILNIO Ha nHTepBae /.

Humepean 11:

Ha unrepBane, xorna ws € (wy,w;] BaXXHO OTPAaHUYUTH CBEPXY 3HAYCHUE Yy

w

CIUHMIEH, U1 DTOrO BEJIMYMHA Y, JNOJDKHA IPEBBIIIATH #}“”“ HeorpunarenbHOCTh
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Yy, 00eCIIeunBAETCS OTPAHUYEHHOCTBIO CBEPXY ;" BETMYMHOM 2”0—1 N3 w, < w; cnenyer,
*
gyro y; < 1.
OCHOBBIBasICH Ha IAHHBIX PACCYKICHUSX, I, MOXKET IPUHUMATh 3HAYEHUS HA OT-
Ws—Wp, Ws
pe3ke [Tz’ E] , ¥ TpaHUYHBIC 3HAYCHHUS MOTYT OBITh IPEIACTABICHBI CIICTYIONTAM
o0pa3zom:

— I'pannunoe 3Hauenue /1. 1:

Y, =1

* Ws—Wg

Y=y

3nayenue nenesor pyukuuu: f(1) + f (w%lw’f),

— I'pannunoe 3Hauenue [1.2:

3uauenmue neseBoit pyakmu: f(0) + f (%) < f(0) + f(1).

O4eBUAHO, YTO TPAaHUYHOE 3HaUeHUE [[.] MaKCUMHU3UPYET LEIEBYIO0 (DYyHKIIUIO
Ha uHTepBaie /.

Humepean 111:

Ha untepBane wy € (w;, wy + w;) NPOBEs PACCYKICHUS, aHAIOTHYHbBIE TIPE/I-
CTaBJICHHBIM PAaHEE, Y, MOXET NPUHUMATh 3HAYECHHS HA OTPE3KE {lewk, 1} JUTSL BBI-
MOJIHEHUS BCEX OTPAaHUYCHUN ONTUMU3AIMOHHON 3a1auu (3.8). ['paHUuHbIC 3HAYCHUS
MOTYT OBITh MPEJCTABIEHBI CIETYIOUM 00pa30OM:

— I'pannunoe 3Hauenue [11.1:

v, =1

* Ws—WE

Y=

3HaueHue neneBoi Gyukmu: f(1) + f (lewk),
— I'pannunoe 3Hauenue [11.2:
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o . Ws—Wy
3HayeHHe 1eeBOi GYHKIUH: f <—wz ) + f(1).
He cocraBnser TpyaHOCTe# moka3arh, 4T0 w;lw" > wj;k YL OCHOBBIBASsICh Ha CJIe-

TYIOITUX HEPABEHCTBAX: Wy < Wy + w; U wy, < w;. ClienoBaTebHO, TPAHUYHOE 3HAYE-
Hue [ 1.1 MmakcuMu3HUpyeT LeaeByro QyHKuio Ha uatepsaie [ /1.

Takum oOpa3oM, pelieHne onTUMU3AMOHHON 3adauu (3.7) 3amaercs Tabauiei
3.1. Tabnuma 3.1 oprann3oBaHa CICAYIOIMIMM 00pa30oM: MO 3aJaHHOMY 3HAUYCHHUIO W,

OIIPEEIIAIOTCA ONTUMANBHBIEC 3HAYEHUS ) U ;.

Tabnuia 3.1 — Pemenre npomMeKyTOYHONW ONTUMHU3AIMOHHOMN 3a1aun

OnrtumaabHOoEe OnrtumaabHOoe
3Ha4YeHUE W, i X
3HAYEHHE V], 3HAYECHHE Y
w
Wy
Ws — Wk
(wk, wg + wl] 1
w

[Ipu Bcex BO3MOXKHBIX 3HAUCHUSIX Wy MIepepacipeiesieHre T0eil B3AThIX Tpei-
METOB B MOJIb3y MPEIMETa k 3a CUET BCEU B3SITOM JIOJIM MpeaMeTa [ MPUBOIUT K MaK-
CUMU3AIMH TIEJIeBOM (PYHKIIMK ONTUMHU3AIIMOHHOM 3aaa4u (3.7) (Tabmuma 3.1). Cneno-
BaTEJIbHO, PEIICHHE Y BO3MOXHO YIYUIIUTh 34 CUET MepepacupeiesieHus JoaeH npe-
METOB 1oj| uHaekcamu k u [. Bug pemenuit X, Y u Y™ npeacrtapieH Ha pucyHke 3.4.

Taxum oOpasom, moboe perieHne Y, B KOTOPOM HaWIyTCsl MPEIMEThI ¢ UHICK-
caMu k 1 [ MOXET OBITh YIIYYILIEHO J0 peuieHus Y *, 3HaueHue 1eaeBoil (yHKIUU KO-
Topoii Oosnbliie, ueM y Y. bornbliiee 3HaueHne 11eTE€BOM (PYHKIMY MPU PEIIeHUH Y *, 1o
CpaBHEHHIO € Y, 00ecreunBaeTCsi TeM, 4TO Y * SIBISIETCS] PEIICHUEM TIPOMEKYTOUHOM
ONTUMM3AIMOHHOM 3amaun (3.7).

CrnenoBarenbHO, BCEBO3MOXKHBIC PEIICHUS Y HE SIBISIOTCS ONTHUMAaIbHBIMU IS
00001ICHHOW HENPEePHIBHON 3aa4u O prok3ake (3.6), 9To SABISETCS MPOTUBOPEUUEM.
OAHOBPEMEHHO C ATHUM Ba)XXHO OTMETHUTh, YTO IS peuieHus: X, MOIy4eHHOTo ajro-

put™MoM 3.1, He HaleTca mapbl IPEAMETOB C MHAEKCAMU Kk U [, cie10oBaTeIbHO OHO
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»
>

A HOoMep npeameta

HOMep npegmeTa

HoMep npeameTa

k 1
Pucynok 3.4 — Bup pemiennit X, Y n Y™

HE MOJKET OBITH YIIy4lICHO U ABJEACTCA OIITUMAJIBHBIM JIJIA OHTI/IMHSaHI/IOHHOﬁ 3aJa4dn

(3.6). [

[IpoBenem aHanM3 CIOKHOCTU MPEIJTIOKEHHOTO PEIICHUSI HEMPEPHIBHON 3a7a4u
0 prok3ake. J{Jist 3Toro paccMOTpUM KaxK/blil mar aaropurma 3.1:

— Iar 1. CopTupoBKa nojp30Barenei B MOPSIKEe BO3pacTaHUsl OTHOUICHUIN ﬁ’—

CnoxHocTb nanHoro mara cocrasisier O(N log, N), N — 0o pH KCIOIb30-
BaHUU OBICTPOM COPTUPOBKHU;
— Ilar 2. ITouck npeamMeTra ¢ UHAEKCOM j MOXKET OBITh OCYIIIECTBIICH C JIMHEHHOM
cnoxHoCcThi0: O(N), N — 00;
— Ilar 3. BeluucneHne oNTUMANBHBIX 3HAUECHHIT 2;,7 = 1,N MOXeT OBITh pea-
JIN30BAHO ¢ JIUHEHHOU crnokHOCThIO: O(N), N — o0.
Cnoxnoctb anroputma 3.1 onpenensercs Llarom 1 u pasusercs O(N log, N), N —
0.

JIns1 HenmpephIBHBIX 3a7a4 BBITYKJIOTO MPOTPaMMHUPOBAHMS OT HECKOJIBKUX TEpe-
MEHHBIX C OTPAaHUYEHHUSMH TUIIA PABEHCTB U HEPABEHCTB CYIIECTBYIOT HECKOJIBKO Me-
TOJOB OTBICKaHUS 3KCTpeMyMoOB [37;38]:

— IlomydyeHne 3aMKHYTOTO BBIPAKEHHUS JJIA SKCTPEMyMa Ha OCHOBE YCIIOBHIA

Kapyma-Kyna-Takkepa (KKT);

— Ilonydenue unucneHHoro pemenus Ha ocHoBe ycioBun KKT;
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— YucneHHbIE METOIbI HEIMHEHOTO MPOrPaMMHUPOBAHMUS.

CraHapTHBIM METOAOM PEILICHHS 3a7a4 BBIMYKJIOrO IPOrpaMMUPOBAHUS SIBIISI-
€TCs TIOUCK pelIeHus yaoBieTBopstomux ycnoBusiM Kapyma-Kyna-Takkepa [37; 38].
JIaHHBIM METOJI CBOAUTCSA K HAXOXJCHUIO PEIIEHUS CUCTEMbI HEJIMHEWHBIX ypaBHE-
HUW ¥ HEpaBEHCTB. B pesynbrare peiieHus JaHHON CHCTEMbl MOXKET OBITH IOJyde-
HO 3aMKHYTO€ BBIPAXXEHUE JUIsl YCIOBHOIO SKCTpeMyMa. Toraa ClioKHOCTh MOJy4eH-
HOT'O PEIICHUS 3aKJII0YaeTCs B BBIYMCICHUM 3HAUECHHUM MO 3a/laHHBIM BXOJHBIM JIaH-
HbIM. CJI0KHOCTH BBIYMCIICHUS PEIICHUs] pACTET JIUHEHHO OT YKclia IEpEMEHHbBIX V:
O(N), N — oc.

OnHako, BBUAY OOJBIIOTO YKCIA MEPEMEHHBIX B CUCTEME, MOITYYEHHOM Ha OC-
Hoe ycioBuil KKT, monyuenue 3aMKHYTOTO pelieHus MOXKET ObITh 3aTPYAHUTEIBHO.
JIist penieHus: mog0OHBIX CUCTEM MOXKET ObITh MPUMEHEH METOJI, U3BECTHBIN B aHIIIO-
S3BIYHOM JIUTEepaType Kak «water-filling», nonpodHo onucanueiil B [38]. laHHbIil Me-
TOJ MO3BOJISIET HAMTH PELICHUE CUCTEMBI C UCITOJIb30BAaHUEM YHCIIEHHOM NpOoLeaypsl. B
HacTosuIell pabote, MeTo] «water-filling» ObUT MPUMEHEH IS pELIeHHs] ONTUMU3AIIH-
OHHOM 3aJ1a4u, IpeACcTaBICHHON B nojapasene 4.4. CI0XKHOCTh BEIYUCIICHUS PELICHUS
ONPENECISIETCA CIIOKHOCTHIO MPOLEAYPHI IMOTYUYEHUSI YACICHHOTO PEIICHUS.

Jlns perieHus 3a/1a4 BBITYKIJIOTO MPOrPaMMHUPOBAHUSI OT HECKOJIBKUX MEPEMEH-
HBIX C OFPAaHUYEHUSIMU THIIA PABEHCTB M HEPABEHCTB U3BECTHBI YMCICHHBIE METOJIbI:
METObI crycka U mtpadHbix GyHkiui [37]. BaxkHO OTMETUTSH, 4TO JJ1s1 33724 BBIMYK-
JIOTO IPOrPaMMHUPOBAHUS TAHHBIE METOJBI CXOJATCS K ONTUMAIbHOMY PELICHUIO, TaK
KaK B MOJIOOHBIX 3aJ]a4yax CYIIECTBYET TOJbKO OIUH IKCTpeMyM. OLIEHUTH CI0KHOCTb
MOJIYYSHUS! PEIICHUS] ONTUMU3AIMOHHBIX 3a/lad C MCMOJIb30BAHUEM MOJOOHBIX METO-
JIOB HE MIPEICTABIIAECTCS BOBMOKHBIM, TaK KaK JAHHBIE METObI SABJISIFOTCS UTEPATUBHbI-
MU U 3aBUCAT OT HAYJIbHBIX 3HAUEHUI TOMCKA IKCTpEMyMa (HEBO3MOXKHO MPEACKA3aTh
YUCJIO 11aroB, HEOOXOAUMBIX JUIsl HAXOXKICHUS ONTUMAJIbHBIX 3HAYEHUN ONTUMU3AIU-
OHHOM 3amaun). CpaBHEHUE CIOKHOCTH METOJOB PEIICHUS] ONTUMU3AIMOHHBIX 33]1a4
BBIITYKJIOTO TPOrPAMMUPOBAHHUS OT HECKOJBKUX MEPEMEHHBIX C OTPAaHUYEHUSIMU THUIIA
PaBEHCTB U HEPABEHCTB MPEACTABICHBI B Tabauue 3.2.

Taxkum oOpa3om, pU CPaBHEHUH CIOKHOCTH MOJTYUYEHHOTO PEICHHs HAa OCHOBE
anroputma 3.1 co cTaHIapTHBIMU METOJIAMHU PEILICHUS HEPEPBIBHBIX 33]1a4 BBIITYKJIOTO
IpPOrpaMMHUPOBAHUS OT HECKOJIBKHUX MEPEMEHHBIX C OTPAHUYCHUSIMU THUIIA PABEHCTB U

HCPABCHCTB CIIPAaBCAJINBO CIICAYIOIICC YTBCPIKIACHUC: CJIOMHCHOCNb PeULEHUA HA OCHO6€E
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Tabmuna 3.2 — CpaBHeHUE CIIOKHOCTH METOJIOB PEIICHUS 0000IIIEHHOMN HENPEPHIBHOM

3aJa41 O PIOK3aKe

XapakTeprucTuKa
Bo3MoxxHOCTE
CJI0)KHOCTH METOJa IpU
HazBauue metona peanu3alnny B peaibHOM
gaanuuu N
Maciitade BpeMeHU
MIEPEMEHHBIX
3aMKHYTO€ BBIPaXECHHUE
O(N),N = o0 +
Pemenne Ha ocHOBE
O(Nlog, N),N — o0 +

anroputMma 3.1

3aBUCHUT OT MPOLIEAYPEI
HucnenHoe pemenue P yP

. MOJYYCHHUS YUCICHHOTO +/—
cucremsl ycanoBui KKT Y /
pelieHust
YucieHHBIE METOBI
HEJIWUHEWHOTO Bricokas ci10KHOCTD —

IIPOrpaMMHPOBAHUS

ancopumma 3.1 saenaemcs npuemaemol 8 CpagHeHUU co CMAHOAPMHLIMU Memooamu
peuienus NOOOOHBIX 3a0aH.

Pemmenve ontumuzarmorHoi 3agauu (3.6) anroputMom 3.1 MOKeT OBITH BBIUHC-
JIEHO B PEKUME pealibHOro BpeMeHu. [1oa pesxrmMoM peasbHOro BpEMEHH TOHUMAETCS
BO3MO>KHOCTh BBIUUCIICHUSI ONITUMAJIbHBIX 3HAUCHUIN B KOPOTKHUH MPOMEKYTOK BpeMe-
HU. B Hacrosmei padboTe 3a eIUHUITY BpEMEHH TIPUHSIT WHTEPBA TUIAHUPOBAHUS PaB-
HbI 1 Mc (moapazaen 2.4). DneMeHTapHO MOKa3bIBAETCS, YTO HA COBPEMEHHBIX IMPO-
1eccopax aaropuT™ 3.1 MOKET OBITh BBIIIOJHEH 3a MPOMEKYTOK BPEMEHH HE TIPEBBI-

ma}omnﬁ HHTCPBAJ INIAHUPOBAHMA.
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3.5 HuxkHAA rpaHUIIA HOPMUPOBAHHOIO OTHOLICHUSA IMTEJILHOCTEH
Oy(depuzauuu ¥ NpocMOTPA NPHU Mepeaave HeaJANTHBHbIX BUIEONOTOKOB

B moapaznene 3.3 Obula mocTaBiaeHa ONTHMHU3AIMOHHAS 3aj7a4a HEJIMHEHHOTO
nporpamMmupoBanus (3.4), peleHne KOTOpor onpeaeIsieT HIKHIO TPAHUITYy CPeIHe-
r'0 3HAUYE€HUSI HOPMHUPOBAHHOTO OTHOIIEHHUS ITUTEIbHOCTEN Oy(epr3aruu v mpocMoTpa
G (ompenenenue 3.2) IO MHOXECTBY BCEX BO3MOXKHBIX aITOPUTMOB TUTAHUPOBaHUs A,
YIIOBJIETBOPSIOIINX BBEACHHBIX OTpaHUYEHUSAM B mojapaszaene 2.7. B nmogpasznene 3.4
ObLIIa TIpeacTaBieHa o000IeHHasT HeMpephIBHAS 3a/lada O PIOK3aKe, KOrJa B IIEJIEBOM
byHKIIMHU QUTYPUPYET CyMMa BBITTYKIIBIX (PYHKITUH, ¥ MPEIIOKEH aJITOPUTM HaAXOXKIe-
HUS PEIIEHUS TAaHHOW 3aJ1a4¥, C HU3KOM BBIYHCIUTEIBHON CIOXKHOCThEO. HacTosmuii
ToJIpa3/ies CTAaBUT CBOCH 3ajaueli HalTH HUKHIOKO TPaHUIly KpuTepHs kadecTBa (=, Oc-
HOBBIBAsCh HA pe3yJibTaTax, MOJYUYEHHBIX B nozpaszaene 3.4.

OnrumusanmonHas 3aaa4a (3.4) uMeeT CIICIYIOIINI BUI:

N

MunumusupoBarb: G = > g;
i=1
IIpu ycaoBumn:
N
Ki(1-g:)
Z.; gi+7(1=gi) =1

g; € [O,l],i = 1,N

rie K; = R;E[C; Y], ¥ — ko3bdULMEHT pa3pekeHHOCTH BUIEONOTOKA (ONpesieieHue
2.1).

Teopema 3.1. Peuwierue 3a0auu nerunetino2o npoepammuposanus (3.4), xapaxmepu3sy-
roujee HUICHIO 2PAHUYY HOPMUPOBAHHO20 OMHOWEHUs OlumenbHocmet 0ygepuzayuu
U npocMompa npu nepedaye HeadanmuHbvIX 8UOEONOMOKO8, MOXNCeN OblMb NOJIYYEHO

anzopummom 3.2.

lloxazamenvcmeo. J{ns nokazareibCcTBa T€OpeMbl 3.1 Mpou3BeeM HECKOJIbKO IPeod-
pazoBaHuii cucteMsl (3.4).

BriHeceM n3 3HaMeHaTeNs HEJTMHEMHOTO OTPAHUYECHUS Y-

N

Ki(l—g) _~~(K)_ (1-g)
Zgﬁrv(l—gi)_Z( >%+(1—gi)'

1=1 1=1 v
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Auaroputm 3.2 : Pemenune 3anauu (3.4)

1: CopTUpOBKa IMOJIB30BATENEH MO BO3PACTAHUIO OTHOIIEHUI %, U UX HyMepalus, B
COOTBETCTBUE C COPTUPOBKOW;

T .
LJL
2=
IN
—_

2: HaxoxxaeHue noyib30Bareiisi ¢ HHICKCOM ] :

o
2=
vV
—_

ecin j € g, 105 = N +1;
3. HaxoxJeHre onTuMalibHBIX 3HAUCHUH ¢ :

0, i<
) e
9i=Yenao =
1, i>j

j-1
meﬁzKlj(l—Z%).

1=1

[Ipeobpazyem 3amaqy (3.4) u3 3a7a41 MUHUMH3AIUH B 3371a9y MAaKCUMH3AIIUHN:

N
MakcuMHu3HpOBaTh: > (1 — g;)

i=1
IIpu yciaoBum:

(K (g

2 (5) sty <1

g; €10,1],i =1,N

Bsenem o003HaueHue:

1 — g
z; = ( 9@)
_l_

(1—g)

i
v

3HaueHHE L; MOHOTOHHO 3aBHUCHUT OT BCIIMYMHBI ¢g; 1 MOKCT IIPUHHUMATh 3HAYCHUA B

orpeske [0,1]. Beipazum 3Hauenus g; u (1 — g;) U3 x;:

(3.9)
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[Tpu BBeIeHHBIX 0003HAUEHUSAX ONTUMH3AIMOHHAS 3a/1a4a (3.4) MpuHUMAET cJie-

JTYFOIIUNA BU/L:
N

MakCHMU3HPOBATh: »

x;
zi+y(1=2;)

IIpu ycaoBumn:
N
SIORES
iz N

T € [0,1],i = I,—N

(3.10)

[IpoBenem ananu3 meneBoi PyHKIIMK ONTUMU3AIMOHHON 3a1aun (3.10) u moka-
KEM, YTO JIaHHas leseBas (QYHKIHS COOTBETCTBYET TPEOOBaHUSIM, HAJIAra€MbIMU Ha
1EeIEeBYI0 (PYHKIMIO ONTUMU3ALIMOHHOM 3a1auu (3.6). VI3 Bua GyHKIMHU OYEBUTHO, YTO
OHa HeTpephIBHA, CTPOT0 MOHOTOHHO BO3pAcTaeT U OrpaHUuYEHA CBEPXY U CHU3Y Ha 00-

JacTu onpeneneHus x;. [Iposenem ananus BTOpOM IIPOU3BOIHON:

[ zi ]” (=1
rity(L=z)]  (i+y(1 =)

[To onpenenenuto 3HaueHue v > 1, Tak xe BEJIMYUHA T;, IO YCIOBUIO ONTHUMHU3AIIM-
OHHOM 3a/1au, MOKET TIPUHUMATh 3Ha4deHus B otpeske [0,1], crmeqoBarenbHO BTOpast

IIPOM3BO/IHASI HEOTPHIATEIbHA B 00IaCTH ONIPEACICHUS T;.

Ty
ri+y(1—;)
uus, ABaXAb6l Au(depeHnupyeMas, CTpOro MOHOTOHHO BO3PACTAIOMIAs M OPaHUYCH-

Takum oGpazom, (yHKIUSA — HempepbIBHAS, BBIMYKJIAs BHU3 (YyHK-
Has Ha obnactu ompeneneHus r; GyHKuus. Mcxoas U3 ONMMCaHHOTO BBIIIE U PE3YIib-
TaTOB, MPEJICTABICHHBIX B MoApaszaeie 3.4, CupaBesIuBO CIEAYIOIIEe YTBEPKICHUE:
pemenue 3aaa4u (3.10) MOXeT OBITH MOTYYEHO MPHU MCIOJb30BaHUU ajroputma 3.1,
re w; = (%) c=1i=1NuW =1.

AnroputM 3.2 sBisieTcs agantanuen anropurma 3.1 B 0003HaU€HUSIX ONTUMU3A-
IIMOHHOM 3a7auu (3.4) U B3aUMOCBSI3U MEXIY 3HAUCHUSIMH ¢; U x; (BbIpakeHue 3.9).

JlaHHBIN (pakT 3aBepIlaeT 10Ka3aTeIbCTRO. ]

Pemrenuem 3agaun (3.4) siBIIseTCss BEKTOP OTHOIICHHH [UIMTEIbHOCTEN Oydepu-
3aI[MK U IPOCMOTPA IS KaXKI0r0 Mosb3oBatens: (g1, g, - - . , gn ), 00T JArONIHI MUHH-
MaJIbHO BO3MOXKHOM CyMMOM 3JIEMEHTOB, YIOBJICTBOPSIONINX BCEM OTPAHUYCHHSIM OII-
TUMH3AIMOHHOM 3a1a4un. CpeaHee apuMeTHIeCKOe IEMEHTOB JaHHOTO BEKTOpA SIB-
JSIETCS HUOKHEH TpaHuIiel Kputepust (G 10 BCEM BO3MOKHBIM aJIrTOPUTMaM ILUTaHHPOBa-

HUS PacCIpeleTICHUs] PECYPCOB, YAOBIETBOPSAIOIIUM JOMYIICHUSM, BBEJICHHBIM B TOJI-
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pazznene 2.7. Takum 00pa3oMm, B HACTOAIIEM pasjiesie Obliia HaiiieHa IpaHula, Xapak-
TEpU3YIOLIas MAKCUMAJIBHO BO3MOXKHYIO TPOU3BOAUTEIBHOCTD aITOPUTMOB pacIpe/ie-
JICHUS1 PECYPCOB paJIMOKaHANIa B IIEHTPAIN30BaHHbBIX O€CIIPOBOAHBIX TEJIEKOMMYHHKA-
[IMOHHBIX CETAX MPH Mepelaull HeaJanTUBHBIX BUIEOMOTOKOB.
Hacrosmuii pe3ynbsrar ”MEET IUPOKUN CHEKTP TPUMEHEHUS:
— Teopernueckas o6acTb. HuKHsAS rpaHniia MOXET OBbITh UCIIOJIb30BaHa JJIS
AHATUTUYECKON OIEHKHU MPOU3BOJUTEIBHOCTU HEHTPAIU30BAHHBIX OECIPO-
BOJIHBIX CETEH /IJIsl CYIIECTBYIOMINX U MOCIEAYIOINUX CTaHIapTOB OECIIPOBO/I-
HOU CBSI3U.
— IIpakTu4yeckasi o01acThb. biaronapss HU3KON BBIYHUCIUTEIBHON CIIOKHOCTH
pacueTa 3HAYEHUN HIXKHEN TPaHUIIBI (AITOPUTM 3.2), HACTOSIIIASI HUXKHSS Ipa-
HULIAa MOXET ObITh HEMOCPEICTBEHHO BCTPOEHA B AJITOPUTM paACIPEACICHUS
pecypcoB OECIPOBOAHOTO KaHajla Ha 0a30BOM CTaHIMU. Takas BO3MOXKHOCTh
MO3BOJIIETCSA CO3aTh CEMENCTBO aJITOPUTMOB IIJIAHUPOBAHUS JIJ1s1 OBBIIIEHUS
IIPOU3BOIUTEIIBHOCTH CETH MEPEIa4YH TAHHBIX B LIETIOM.
3aBepiuaroias 4acTh HACTOAIIETO pa3jielia MOCBAIIECHA JEMOHCTPAIUU 00IacTH
IPaKTUYECKON MPUMEHUMOCTHU MOJIyYeHHOTO pe3ylnbTraTa. Jlanee Oyaer npennoxeH ai-
TOPUTM ILJIAHUPOBAHUS PECYPCOB OECITPOBOJHOTO KaHajia Ha 0a30BOM CTaHIIMU U MPO-
W3BEIECHO €r0 CPABHEHUE C U3BECTHBIMM IIJIAHUPOBIIMKAMHU M HAMJICHHOW HUYKHEN Ipa-

HULEH.

3.6 AJuropuTm IVIAHMPOBAHMS PacCHpeAeIeHUs PeCypPCOB 1l MUHUMM3ALUKA
HOPMHPOBAHHOI0 OTHOIIEHMS JUIUTeIbHOCTel Oydepu3auuu ¥ NpocMOTPa NpPH
nepeaave HeaJANTUBHBIX BU/1€0NOTOKOB

Hacrosimuil nogpasaen onuchBaeT KOHIENIUIO AJITOPUTMA INTAHUPOBAHUS pac-
IpENENICHUs] PECYpPCOB Ha 0a30BOM CTaHUMHU, B OCHOBY KOTOPOTO MOJIOKEH PE3YJbTAT,
npeaCcTaBIeHHBIN B noapasaene 3.5. B noxpasnene OyaeT NpeanoKeH MIaHuPOBIIUK,
ONMMPAIOLIUICS Ha KOHLIEMIIMIO COBMECTHOTO IUIAHUPOBAHUS PECYpCOB paJuoKaHaa
MEX/1y BCEMH aKTUBHBIMU IOJIb30BATEISIMU B OTIMYHE OT KJIACCUYECKHUX aJITOPUTMOB
mwiaHupoBanus (moxpaszaen 2.5). Ilog COBMECTHBIM MJIaHUPOBAHUEM IOAPA3yMEBACT-

CiA YUYCT CTAaTUCTHUK BCCX aKTUBHBLIX HOJIB3OB21T€HCI>'I, MNPpUCYTCTBYIOIIMUM B CUCTCMC IIC-
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penauu JaHHBIX B MOMEHT IUIAHUPOBAHUS, TIPU PACTIPEICTICHIHN YaCTOTHO-BPEMEHHBIX
pPECYpPCOB KOHKPETHOMY IOJIb30BATEIIIO.

Hacrosmuii moapas/ien mocjaeIoBaTeIbHO OMMUCHIBACT TAIbl MOCTPOSHUS aJIro-
pUTMA NIJITAaHUPOBAHUSL:

— Omnpenenenue oobeMa T0CTYTHON HHGOPMAIINH JIs IPUHATHSI PEIICHNUS,

CTaTuCTUKU U METOJbI NX BBIYUCIIECHUS;

— MeTozs! ynpaBiaeHusl pacpeieIeHUEeM YaCTOTHO-BPEMEHHBIX PECYPCOB;

— AJNropuTM pacnpeeneHus: pecypcoB 0eCIpoBOIHOIO KaHAA.

[IpencraBuM onuvcanue paccMarpuBaemoit cucteMsl. Ha pucyHke 3.5 npeacras-
JeHa cxema OeclpOoBOAHON LIEHTPAIM30BAHHON CETH IPHU Mepeiade BUACOAAHHbBIX, OC-
HOBaHHAsI HA OTMMCAHUH PECTABICHHOM B nofpasnenax 2.3, 2.4 u 2.5. BaxHbiM QyHK-
IMOHAIbHBIM KOMIIOHEHTOM OTIOPHOM CETH OIepaTopa sIBISIETCS CUCTEMA aHaIu3a Tpa-
¢duKka, KOTOpas MOXKET ONPEACIUTH THUI UCIOJIb3YeMOro TpaduKa U ero XapakTepucTH-
KU (B aHIJIOSI3bIYHOM JIMTEpAType JAaHHbIE CUCTEMbl U3BECTHBI MO/ Ha3BaHUeM «Deep

Packet Inspection» nnu DP]).

basoas CraHuua

C;,i=1,N
OnopHas ceTb
onepatopa _—
D MnaHvpoBLmK ;
[ * MakeTHbI W03 n poBLyMK =B nHTEpdeiic
[ Iij] cuctema DPI A

R,i=1N

Pucynok 3.5 — KonuenryanpHas cxema npeajiaraeMoro ajropuTMa rjiaHupOBaAHUs

Ha mepBoM I11are OIicaHus alropuTMa IIaHUPOBaHUs Oy/IeT Ipe/cTaBiIeHa HH-
(bOpMaHI/Iﬂ, AOCTYITHAA aJITOPUTMY IINIAHUPOBAHUWA, OJIA IIPUHATHA PCIICHUS. B nacro-
sielt paboTe, TS UIAHKPOBIINMKA JOCTYIHA CIeAyommas HHGopMaIys 1 Kakaoro
TIOJIb30BATEIIs ¢ B KQXK/IBIi MOMEHT BPEMEHH t:
— BuroBas ckopocTs notoka R;(t), momy4eHHast OT CHCTEMbI aHaN3a Tpaduka
DPI;

— 3HaueHNe MaKCUMAIILHO JIOCTHXUMOH ckopoctH KaHana C;(t), 3HaUeHUE KO-
TOPOIt JOCTYIHO OT paanouHTepdeiica;

— O0ObeM JaHHBIX JOCTYIHBIH B OYEpeIH AJIs Mepeiadn Ha MOJb30BaTeNIbCKOe

ycTpoiictBo B;(t);
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— OObeM nepeaaHHbIX TaHHbIX P(t).

B cymectBytromnux 6€cnpoBOIHBIX [IEHTPATU30BAHHBIX CUCTEMAaX CBSI3U BpPEMsI SIBIISICT-
Csl IMCKPETHBIM U pa30UTO HA UHTEPBAJIBI PABHOU JUTUTENLHOCTH Al CEKyH]I.

Ha BTOpOM T1are onvcaHus aaropuTMa MpejiaratoTcsi METOIbI arperupOBaHHUS
noctynHoi naopmanuu. [IpeacTaBieHHbIN panee 00beM HHPOPMAIIMH JT0JDKEH OBIThH
arperupoBaH B HEKOTOPbIE 3HAUCHHUS, HA3bIBAEMbIE CTATUCTUKAMU, KOTOPHIE OTPAKAIOT
TEKYIIYI0 CUTYallll0 B 30HE OTBETCTBEHHOCTH 0a30BOil cranuuu. Hambomnee kputuy-
HBIC CTATUCTHKH, HEOOXOAMMBIE s (DYHKIIMOHUPOBAHUS TUIAHUPOBIIIHMKA, MTPEICTAB-
JICHBI CJICTYIOIINM CITHCKOM:

— AktuBHOCTH nojb3oBaress U;(1);

— OrieHKa CKOPOCTH Mepeadr JaHHbIX S, ° (t);

— OreHKa MaKCHMAITbHO TOCTHXRKUMO# ckopocTr kanaia C (t).

C0KHOCTB BBIYHMCIICHUS IAHHBIX CTATUCTHUK SBJSICTCS BAKHBIM TIApaMeTPOM, HaJlarae-
MBIM Ha BBIYUCIIUTEIBHYIO TIPOIEAYPY, BBUY )KECTKOTO BPEMEHHOTO OTPaHUYCHUS Ha
JUIUTENIBHOCTB MOJy4YEeHUs pe3yibrara (rmoapaszaen 2.5).

B nHacTosiel pabore paccMaTpuBaeTcsl MOJIEb MMOBEAEHUS M10Ib30BaTENs, IPO-
CMaTPHUBAIOIIETO MOCJIEN0BATEIbHOCTh U3 BUACOpoNuKoB (moapasnen 2.3). CnenoBa-
TEJHHO, TOJIL30BATEIb MOXKET HAXOAHUTCS B JABYX COCTOSHHSX: aKTUBHOM (3arpyxaeT
BHJICOJJaHHBIC) VUM HEAKTUBHOM (BBIOMPACT CICAYIOMIUKM POJIUK JJIT TpocMoTpa). Ta-
KM 00pa3oM, Ha YPOBHE IJIAHMPOBIIHKA HEOOXOAMMO mpou3BecTH oneHky U;(t): B
KaKOM M3 JIByX COCTOSIHUI HAXOIUTCA MOJIb30BaTElNb ¢ B MOMEHT BpeMeHH ¢. bynem cuu-
TaTh MMOJIH30BATENISI AKTUBHBIM, €CIIM Pa3HOCTh MEXKY TEKYIIIIM MOMEHTOM BPEMEHU U
MIOCJICTHUM MOMEHTOM BPEMEHH, Koryia y aboHeHTa ¢ ObUIH JaHHBIE JJIs Iepeaadu, He

tact

IIPCBLIIIACT CCKYHI:

Ui(t) = 1{t — ;" < 13, (3.11)

e 1{-} — unaukaropHas QyHKus, t1%! — MOMEHT BpeMeHH, KOIjia B MOCIEIHHN pa3
JUISL [TOJIB30BATeNIs | OBUIN JTAaHHBIE B OUepeIn Ha 0a30BOM CTAHIIUH.

BBenem o6o3HaueHue U (t) — MHOXKECTBO aKTUBHBIX mojib3oBarenei ¢ : U;(t) > 0
B MOMEHT BPEMEHHU ¢.

B Hacrosieit paboTe paccMaTpuBaeTcs repejiada JaHHbIX 10 0eCIPOBOIHOMY
KaHAJIy CBSI3U, BAXKHOM OTJIMYMUTEIIBHOW YEPTOM KOTOPOTO ABIIAETCS N3MEHIEMOCTD Xa-
PaKTepUCTHK BO BpeMeHH (moapasen 2.4). B kauecTBe CTaTUCTUKHY TSt OLEHOK S, ¥ (1)
u C;"(t) mpeanaraercs UCIOIB30BATh CPEIHEE 3HAYCHNE 3a IPOTOIDKHTENBHBIN 1PO-

MEXYTOK BpEMEHHM (JUIUTEIIbHOCTh YCPEIHEHMUS) Wg U W COOTBETCTBEHHO. OrpaHuye-
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HUE HHTEPBAJIa yCPEIHESHHs 00YCIOBICHBI H3MEHSIEMOCTRIO KaHalla CBA3U U HEOOXOIH-
MOCTBIO TIOJIZICP’KaHMS aKTyaIbHOCTH CTaTHCTHK.

O4eBUIHBIM MTOAXOOM ISl BEIYUCIICHUS CPEAHUX 3HAYCHUI 3a HEKOTOPBIN HMH-
TepBaj BPEMEHU SABJISETCS CKOJIb3sIIee Bpeaaee. OHAKO, CJI0KHOCTh €r0 BEIYMCICHUS
Mo omneparusM U 3aTpauyuBaeMbiM OOBEMOM MaMSTH JOCTAaTOYHO BBICOKA: XPaHECHHE
BCETO MACCHBAa UCXOHBIX JAHHBIX U €T0 00padoTKa. BBUIY CyIIeCTBYIOMIMX OrpaHuye-
HUI Ha BBIYMCIUTEIBHYIO CJIO)KHOCTD, B KAY€CTBE METO/IA OLICHKH CKOJIB3SIIETO Cpe/l-
HETO MpejyTaraeTcs UCIoIb30BaTh METO/I AKCITOHEHITNAILHOTO 3a0bIBaHU (B JIUTEPATY-
pe BCTpevaeTcsi TEPMUH «IKCIOHEHIIMATbHOE CIIIaKUBaHue») [39]:

av 1 av 1
X9 = (1= ) Xt = )+ (o)
wx wx
e X;(t) — 3IeMeHT CITy4ailHOTo Mpoliecca, Wy — JNIUTEIbHOCTh YCPESIHEHHS IS [IPO-
mecca X u X;7(0) = X;(1).

BaxxHol xapakTepUCTHUKON METOJIOB OLIEHKH CKOJIB3SIIETO CPEIHETO 34 HEKOTO-
PBIN TPOMEKYTOK BPEMEHU SBIISIETCSI CKOPOCTH CXOAMMOCTH IMOJTYUYE€HHON OLIEHKH K HC-
TUHHOMY 3Ha4eHUI0. Ha CKOpOCTh CXOAMMOCTH CpETHETO 3HAYCHUS, BRIYUCIICHHOTO Me-
TOJIOM SKCTIOHCHIIMAIHHOTO 3a0BIBaHMS, OOJIBIIIOE BIUSHNUE OKA3bIBACT JIUTECIBHOCTD
WHTEPBAJIOB yCpeIHEeHHs. Bo MHOTHX Ciydasx OIICHKAa CPEIHETr0 3HAUYCHUS METOJOM
CpeaHero apu(PmMeTudecKoro M KCIOHCHITNAILHOTO 3a0bIBAaHUS MTOKA3BIBACT OJIU3KHUE
3HaueHus. OgHaKo, CyIMIeCTBYET CIIeHApUi, Ha KOTOPOM OIIEHKH, MOJyYeHHBIE 1O Ha-
CTOSIIIUM METOJIUKAM, MTOKA3bIBAIOT Pa3HYI0 CKOPOCTh CXOIUMOCTH K UICTUHHOMY Cpejl-
HeMy 3HadueHuI0. [lomoOHas cuTyamnus BO3MOXKHA, KOT/[a IIEPBOE 3HAUCHHUE CITy9IaiHOTO
mporecca UMEET CUIIbHOE OTJINYUE OT UCTUHHOTO cpeaHero. [IpogemMoHcTprupyem 3TO
Ha IPUMeEpe: MyCTh CYIIeCTBYET AUCKPETHBIN ciyvaiHbiii mpouecc X (t) ~ N(10,1.5),
npu 3ToM 3HaueHune X (1) = 0, 1 HeoOXOAMMO MPOU3BECTH OLICHKY €ro CPeIHEro 3Ha-
yeHusl 3a nociennue wy = 10 orcueToB (pUcyHok 3.6).

N3 pucyHka 3.6 ciieqyer, 4To METOJ] IKCIIOHEHIIMAIIbHOTO 3a0bIBaHUSI IPU OLICH-
KE CPEIHET0 3HAYCHHMS MOKa3bIBaeT MEUICHHYIO CKOPOCTh CXOJAMMOCTH K UCTUHHOMY
CpeIHEMY 3HAYEHUIO B CPABHEHUU C METOAOM cpenHero apupmerndeckoro. [loatomy
B HACTOSAIIEM TOpa3ieie mpeajiaraeTcs MoIuUIIMPOBaTh METO] SKCTIOHSHITHAIHBHOTO
3a0bIBaHMS N3MEHSIEMBIM BO BPEMEHU MHTEPBAJIOM YCPEAHEHUS 10 CIISAYIOMEeMY Tpa-
BUJTY:

wyx(t) = min(t, wy).
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B nacrosimei pabote, METOA OLEHKHU CPEIHETO 3HAYEHUS, UCTIOIb3YIONINI H3MeHse-
MBIl BO BpEMEHU HUHTEPBaJl YCPEIHEHUSI HA3bIBACTCS «MEemMOoO0OM IKCHOHEHYUAIbHO2O
3abvieanusi ¢ bvicmpou adanmayueily. IIpou3BOIUTEIHBHOCTh TAHHOTO METOJIa OIICH-
KU CpaBHUMA C METOJIOM CPEIHET0 apu(PMETHUECKOTO U JJIEMOHCTPUPYET IOCTATOYHYIO

CKOPOCTb CXOAMMOCTH K UCTUHHOMY 3HA4€HUIO (PUCYHOK 3.6).

14

12 -

X(t)

y O [ONCKPEeTHBIN cnyyanHbln npouecc X

‘. ——CpefiHee 3HayveHne

2 ’ -8--OueHKa CpefHero MeToAoM CpeAHero apuMeTM4eckoro n

’ - - -OueHKa cpegHero MeTofoM 3KCMOHeHLUUsAabHOro 3abbiBaHUS

—A— OueHKa cpeHero MeTooM 3KCMoHeumnansHoro 3abbiBaHus ¢ 6eICTpoN aganTauvein
I I I I I I I I

0 5 10 15 20 25 30 35 40 45 50
t

PucyHnok 3.6 — CpaBHEHHE CKOPOCTH CXOJUMOCTH METO/I0OB OLIEHKU CPEIHETO

3HaA4YCHU A

avg

Takum 00pasom, Junst OLleHKH cpenaux 3Hadennii C; ¥ (1) n 57 (t) npenmararorcst
CITeyIIMe METOIHUKH, BBIYUCICHHE KOTOPHIX IIPOU3BOAUTCS TONBKO TPU HAXOXKICHHUH

ITOJIB30BAaTCJIA B aKTUBHOM COCTOSAHUMU:

c;“9<t)=(1— ! )0;“9<t—1)+< ! )Cl-(t) (3.12)

we(t) we(t)
avg . . 1 avg (i, 1 Pl(t)
S™9(4) = <1 ws(t>> S™I(E 1) + (wg(t)) e (3.13)

e we(t) = min(t — 1% + 1, we) n wg(t) = min(t — 1% + 1, 1wg) cooTBETCTBEHHO
u C(0) = S7"(0) = 0.
HeorpunarensHocTh 3HaUeHUH we(t) U wg(t) obecrieynBaeTCsi BEIYUCICHUEM

OLICHOK TOJIbKO B aKTHBHOM COCTOSTHMH MoJIb30Batess (t — t141 > (). TlogoOHbIii MeTOz
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OIIEHKH MOAAEPKUBAET aKTyaJbHOCTh CTATUCTUK, TAK KaK KaHaJl MOXET JTUHAMUYHO
U3MEHSTHCS BO BpDEMEHH, U 00J1a1aeT HU3KOU BBIYUCITUTEIHFHON CIIOKHOCTBIO.

Cremyromum maroM B MpeACTaBICHUH aJrOpUTMa TIaHUPOBAHUS SIBIISICTCS Me-
TOJI YIIPaBJIECHUS PaCTIPEICIICHUEM YaCTOTHO-BPEMEHHBIX PECYPCOB, UMEIOIITUI HETO-
CPEICTBEHHOE BIIMSHUE HAa CKOPOCTh Nepenadu JaHHBIX. JIJIsi mpecTaBieHns JaHHOTO
METO/1a HEOOXOIUMO OITMCATh KAKUM 00pa3oM CYIIECTBYIONTHE aITOPUTMBI TIJIaHUPOBa-
HUS PacIpeIelsIIOT pecypchl OSCIPOBOIHOTO KaHaja cBsa3s. Kak OblIO omrcaHo B 1Moj-
paznene 2.4, 6ecripoBOHOM KaHaJ CBSI3U pa3/iesieH Ha peCypCcHbIe OJIOKH, SBIISIFOLIUECS
MUHUMAJIBHOW €IMHUIIEH PEeCypCOB, KOTOpasi MOXKET OBITh BbIJEIICHA MOJb30BATEIIO.
Yucno pecypcHbIx 010K0B (/V,}) B OTHOM UHTEpBaJIC INIAHUPOBAHUS OTIPECIISICTCS II1-
PUHOU IIOJIOCHI.

B xaxx/1p1ii MOMEHT BpEeMEHH ¢ JJIs1 KOHKPETHOTO PECYPCHOTO OJI0KA 7" BHIYUCIIS-
eTCsI IIPUOPUTET BBIICICHUS JUIsl KayKIOTO ITOIb30BaTeNs @0 py;(t). [ KaXkmoro KoH-
KPETHOTO PECYPCHOTO OJI0Ka HAXOUTCSA MOJIB30BaTENb C MAKCUMAJIbHBIM IIPUOPUTETOM
Y BBIJICIISIETCA HAWJICHHOMY M0JIb30BaTEN 0. BaXKHO OTMETUTD, UTO BCE AJITOPUTMBI I1J1a-
HUPOBAHUS HE PACIIPEICIISIOT PECYPChI MOJIb30BATESIM, Y KOTOPBIX OTCYTCTBYIOT JJaH-
HBIE JIJI TIepesiayd Ha ypoBHE ouepesieid. IMeHHO MpaBuiio BHIYKCICHUS MPUOPUTETA
MOJI30BATEIII HA PECYPCHBIN OJIOK OMpenesieT aaropuT™ ruiaHupoBanus. Hanbonee
M3BECTHBIMU SBPUCTUUYECKMMH aJITOPUTMAMH TUUIAHUPOBAHUS ABISIOTCA Proportional
Fair n Round Robin:

— Proportional Fair craBuT cBoel 1eneBoil QpyHKIMEH oOecTieueHne paBHBIX

CKOPOCTEH Mepeiaun IaHHBIX:
avg
L) = S
(3
— Round Robin obecnieurBaeT paBHbIN JIOCTYI K pecypcam OecrpoBOIHOTO Ka-
HaJja 3a CYeT IUKIUYHOTO PacIpeIesIeHUs] PECYPCHBIX OJIOKOB MEXKTy aKTHB-
HBIMU MOJI30BATEISIMH.

BaxHOM OTIIMYUTENLHON YEPTOMN KIIACCUUECKUX INIAHUPOBILIMKOB SIBJISICTCSA HE3a-
BUCUMOCTbH BBIUMCIICHUS IIPUOPUTETA MOTB30BATEIIS 11 KOHKPETHOTO OJI0Ka PECYPCOB
OT APYTHUX TOJNb30Bareniei. B HacTosel paboTe mpeiaracTcs nHass KOHISIIIHS T1J1a-
HUPOBAHMS: COBMECTHOE IIJIAHUPOBAHUE PACIIPEICTICHUS PECYPCOB, B KOTOPOM BAKHYIO

POJIb BBITOJIHACT 3aBUCUMOCTD BBIYHUCIICHUA HIPUOPHUTCTA OT XapPAKTCPHUCTHK BCCTO MHO-
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’KECTBA IMOJIb30BATENEH: UX Yncia, Buaa Tpaduka, TpeOOBaHUMN K KauyecTBY 00CTYyKH-
BaHUA U T.[I.

AHAJIUTUYECKUE UCCIIEIOBAHUS POU3BOUTEILHOCTH CUCTEM NIEPEIaYM JaHHBIX
(mompasznen 3.5), MO3BOMSIOT OIIEHUTH CKOPOCTh O0CITYKUBAHUS IS KAXK0TO KOHKPET-
HOro a0OHEHTAa B 3aBUCUMOCTH OT CUTyaluu B coTe. Takum o0pa3om, B KaxKIbIii MOMEHT
BPEMEHU MOXET OBbITh BBIYUCIICHA «PEKOMEHAYEMas» CKOPOCTh Mepeaadn TaHHbIX JUIs
MaKCHUMU3alUH IPOU3BOJUTEIBHOCTU CETU B COOTBETCTBUH C HEKOTOPBIM KPUTEPHUEM.

s peanu3aluuy KOHLETIIIMM COBMECTHOTO IJIAHUPOBAHUS PACIIPEACIICHUS pe-
CYpPCOB HEOOXOAMMO PEIINUTD JBE 3aJaUu:

— IIpennoxxuTh anropuT™M BBIYHMCICHHS] PEKOMEHIOBAHHON CKOPOCTH MEpPEIadn
JTAHHBIX Ha OCHOBE OTPaHHMYEHHOTO 00beMa MH(OPMAaIUU, JOCTYIHOTO Ijia-
HUPOBIINKY 0a30BOIl CTAaHIIUU;

— IIpennoxxutb MeXaHu3M 0OeCIeUeHNs PEKOMEHA0BAHHOM CKOPOCTH Mepelaunt
JAHHBIX.

N3navanbHO OyAeT MpeaoKeH MeXaHu3M 00ecTiedeHIs] peKOMEHTyeMOU CKOpO-

CTH Iepefadn AaHHbIX S! (1) nonp3oBareto i. OCHOBHOM (yHKIHMEH anroputma ria-
HUPOBAHUS SIBISIETCS BbIJIENIEHHE a0OHEHTAM YaCTOTHO-BPEMEHHBIX PECYPCOB: B KaX-
JIBIi MOMEHT BPEMEHH TUTAaHUPOBIIUK MPUHUMAET PEIICHUE O JI0JI€ BBIIEICHHBIX pe-
CYpCOB JJI BCEX MoJib3oBareneit (moapaszaen 2.5). YnpapieHue CKOpOCThIO Mepeiadun
JAaHHBIX HAa YPOBHE JIOCTYTIA K CPEJIE MOXKET OBITh OCYIIIECTBIICHO 32 CYET KOHTPOJIS 10~
J¥ BBIJEJICHHBIX pecypcoB. [lycTh HEKOTOpOMY aOOHEHTY ¢ HEOOXOAMMO 00ECIIEUHTh
CKOPOCTB MOTYYCHHs AaHHBIX S!°“(1). AITOPUTM ITAHUPOBAHUS MOXKET OLICHUTH CKO-
POCTBh TMepeaaur JaHHBIX B KaXKJIbIH MOMEHT BpEMEHH ¢ Ha OCHOBE BhIpaxkeHus (3.13).
J1J1s TOTO YTOOBI CKOPOCTH MOTYUYEHHS TaHHBIX HE MPEBbIIIaia PEKOMEHI0BAHHOMN CKO-
POCTH BO3MOXKHO IMTPUMEHUTH CIAEAYIOIINI MOAXO/: MOJIb30BATENb ¢ YYaCTBYET B pac-
MPeJICIICHHH PECYPCOB B MOMEHT ¢, eciut S; 2 () < SIec(t).

Bribepem B kauecTBe OCHOBBI alroput™m Proportional Fair u npou3BeAeM €ro

00beIMHEHNE C MEXaHU3MOM OTPAHMUYEHUSI CKOPOCTH Mepeayu JaHHbIX:
avg
peat) = T{SP(0) < S7°(0)) o (.14
Si 7 (¢)
Brluncnenue nmpuopureTa IONb30BaTeNsl HAa OCHOBE BhIpakeHUs (3.14) mos3BossieT
o0ecreynTh CKOPOCTh Mepeiauu TaHHBIX HE MPEBBIIIAIOINIYI0 peKOMeH10BaHHOH. Eciu

B HeKOTOpBIﬁ MOMCHT BPECMCHH Y BCCX AKTUBHBIX MoJIb30BaTesie OIICHKAa CKOPOCTH IIpC-
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BBIIIAET PEKOMEHIOBAHHBIE, TO Y HUX BCEX OYIyT PaBHBIE IPUOPUTETHI HA PECYPCHBIE
OJIOKH, ¥ OHH MOTYT OBITh BBIJEJIEHBI CITyYaliHbIM a00OHEHTAM ISl TOJHOTO MCIIONbB30-
BaHHUs PECYPCOB OECIPOBOIHOIO KaHAa.

[Tocne BEIOOPa MEXaHHM3Ma YIIPABJIEHUS CKOPOCTHIO TIEPENadn JaHHBIX HEOOX0-
JIMMO 3a()MKCHPOBATH AITOPUTM BBIYUCIIEHUS PEKOMEHIOBAHHBIX CKOPOCTEH, YTOOBI Ha
MX OCHOBE OPraHU30BaTh YIIPABJIECHUE Nepeaadeii nanubix. [Ipeanonaraercs, 4To anro-
PUTMY [UIAHHPOBAHMS H3BECTHA OIEHKA GMTOBOI CKOPOCTH BHACOMIOTOKA 12;(t) 1 OIleH-
Ka MakCUMaJbHO JOCTHXKUMO# ckopoctr Kanana C;7 (t) (Beipaxkerne 3.12) muust Kax-
JI0TO ToJIb30BaTelst. JlanHbIi 00beM HH(OPMALIMH TTO3BOJISIET IPOU3BECTH BHIUMCIEHHE
OLIEHKH HIKHEN MPaHUIIBI HOPMUPOBAHHOTO OTHOLIECHHSI JUTUTENBHOCTEN Oyhepusariuu
1 IPOCMOTPA TPH Tepejiade HeaaanTHBHBIX BuaeonoTokoB G (1) = {g;(t),i € U(t)}
JUIL BCETO MHOJKECTBA aKTUBHBIX II0JIb30BATENed B MOMEHT BpeMeHHM ¢, mpu K; =
Ri(t)/C™(t) m v = 1, Tak KaK IIAHMPOBAHKE IPOM3BOIUTCS TONBKO JUIS MHOKECTBA
aKTUBHBIX MOJIb30BATEIE.

Ha ocuoBe onenkn G (1) peKOMEHIOBAHHBIE CKOPOCTH MPEUTAraeTCsl BEIYHCIIATh

CIEAYIOUUM 00pa3oM:

(

A

Ri(t)(1 = gi(t), 9i(t) €10,1)
Si(t) =  smin, at)y=1 ,i=1N, (3.15)

0, i ¢ U(t)

\

rae S™" — MUHMMaJIbHAs FAPAaHTUPOBAHHAS CKOPOCTh MEePelaul JaHHBIX, 00eCcIeurBa-
eMasi aJrOpUTMOM IUTAHUPOBAHUS. 3HAYEHHE MUHUMAJIbHONU CKOPOCTU 00CITYKUBAHUS
aOOHEHTOB OIpeNeNseTCsl CTaHAAPTAMU CBS3H.

Jonu pecypcoB 0ecripoBOJHOTO KaHaa ISl KaKI0TO TOJIb30BaTeNs ¢ B MOMEHT

BPEMEHHU ¢ MOT'YT OBITh BBIPAJKEHBI CJIEIYIOIIUM 00pa3oM:

TO0g )" 5 74(¢ _
a;(t) = RO (),i: IN.
0, i ¢ U(t)

Hcnonp3ys mpencTaBiIeHHbIE PE3YJIBTAThI, IPEAJIAracTCsl aJIrOPUTM IUIAHUPOBA-
HUSI, BBITIOJHAEMBINA B KaXK/IbI HHTEPBAJ IUIAHUPOBAHUS, U COCTOSIINMN U3 IISITH [Iar0B

(pucynok 3.7):



OnpeaeneHne MHOXKecTBa
aKTMBHbIX NO/Ib30BaTenen

BblumMcneHne pekomeHayemblx
CKopocTeln nepeaaym AaHHbIX

PacnpeaeneHune pecypcos
6ecnpoBogHOro KaHana
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( Hauvano )

O6HOB/IEHNE CTATUCTUK
av, av,
s ¢

|

[

BbIUMCIEHUA OLEHKM HUKHEN rpaHuLpl G
[1A MHOYKeCTBa aKTUBHbIX NO/b30BaTeNel

|

BbluMceHMe peKOMEH/L0BaHHbIX
CKOpOCTeN Nepesayun AaHHbIX

sreci=1,N

imax = Uniform(i: U; > 0)

Plmax =0

I

iZUi>0

Y

B ouepesu

BbluncieHue npuopureta
No/b30BaTeNA Ha PECYPCHbIN 610K

prr,i

I Imax = 1

Plmax = D1ri

]

T

[

BblAeneHve noab3oBaTento ¢
MaKCMMasbHbIM NPUOPUTETOM PECYPCHOTO
6110Ka

T

Pimax = Pimax + Przimax

]

Pucynok 3.7 — Jloruka anroputMa COBMECTHOTO IUIAHUPOBAHUS PACIPENCIICHUS

PECYPCOB IJIsI HCAAAIITUBHBIX BUACOIIOTOKOB
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— OmnpeaesieHne MHOKECTBA aKTHUBHBIX MOJIb30BaTeseil. Ha mannom mare Bce
MOJIb30BATEIIN PA3JICIAIOTCA Ha J]Ba TOJIMHOXKECTBA: aKTUBHBIC U HEAKTUBHBIE,
B COOTBETCTBUH C BbhIpaxeHueM (3.11).

— OOHOBJIEHHE CTATHCTHK. J[JIs1 MHOJKECTBA aKTUBHBIX A00HEHTOB OOHOBIISIIOT-
Csl 3HAUCHUS CTATUCTUK B COOTBETCTBUU ¢ BhIpakeHusMu (3.12) u (3.13).

— Pemrenre onTUMU3aUOHHOM 3aaaun. HaxoxaeHue peneHus OonTuMu3alu-
OHHOM 3anaun (3.4) AJisE MHOXKECTBA aKTHBHBIX MOJb30BaTEIEH MOJIb30BaTE-
neit: G(t) = {gi(t),i e U(t)}, mpu K; = R;(t)/C{ () my = 1;

— BbluncieHne peKOMeHAyeMbIX CKOPOCTeH mnmepeaadyu AaHHbIX. Brrauciie-
HUE PEKOMEHTYEMBIX CKOPOCTEH Mepenayu JaHHBIX JIJIs1 BCEX aKTUBHBIX MOJIb-
30BarTeieil B COOTBETCTBUU C BhIpakeHueM (3.15).

— Pacnpenesienne pecypcoB 0ecnnpoBOAHOro KaHaJa. Beigenenue pecypcos
OeCITpOBOHOTO KaHajla B COOTBETCTBHH C MPEIIOKEHHBIM MEXaHU3MOM 00eC-
TeYeHUs peKOMEH10BaHHOM ckopocTH (3.14). Ha manHOM 11are Takke mpous-
BOJIUTCSI KOHTPOJIb 33 00HEMOM BBIJICIICHHBIX PECYPCOB C IIEIBI0 TTPEIOTBpa-
IICHUS BBIJICTICHUS PECYPCHBIX OJIOKOB, KOTOPBIE HE MOTYT OBITh UCITOJIH30Ba-
HBI T10JIb30BATEJIEM BBUY OTCTYTCTBHS JJAHHBIX B OUe€peId Ha 0a30BOM CTaH-
M.

B pesynbrare HacTosIiero noapasaena OblT MPEaIoKeH aJrOpUTM TUIAaHHUPOBa-

HUS pacIpeiesICHHs 9aCTOTHO-BPEMEHHBIX PECYPCOB O€CTIPOBOAHOTO KaHAJIa CBS3H JJIS
HEHTPAIM30BAHHBIX CUCTEM Iepe/iadu TaHHbIX. [[pOu3BOIUTENHLHOCTD MPEIIOKEHHO-

ro aJIroOpuTMa TUIaHUPOBaHMs Oy/IeT MPOJAEMOHCTPUPOBaHa B mozpaszene 3.7.

3.7 UYuciaeHHbI npumep

JleMoHcTpaIys pe3yJIbTaTOB HACTOSIICH pabOTHI SBIACTCS HETPUBHUAIBLHON 3a-
Jadel BBHTY CIIO)KHOCTH aHAJTU3HPYEMOU CHCTEMBI M HEBO3MOXKHOCTH ITOCTAaHOBKH Ha-
TYPHBIX SKCTIEPUMEHTOB, TaK Kak 000py/I0BaHUE IIEHTPAITN30BaHHBIX CeTeH CBsI3M (0a-
30BBI€ CTAHIIMHU, OTIOPHASI CETh OlepaTopa U T.JI.) HEJOCTYIHO JJIsl PSIOBOTO HCCe-
JIOBATEJIs, YTO IPUBOJIUT K HEOOXOAMMOCTH MOMCKA TUIAT(GOPMBI AJIST MOJCTUPOBAHMUS.

Takum 06p330M, HACTOSIIMI nmoapasacili peiacT ABC 3a1a9n:
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— BriOop cranmapra O6ecnpoBOIHOI IEHTPAIM30BAHHON CHUCTEMBI Meperavu
JAHHBIX, HA KOTOPOM OyIyT J€MOHCTPUPOBATHCS MOTyUYECHHBIE PE3yJIbTaThl;

— Br100op margopMbl U ClieHApUsi MOIETUPOBAHUSL.

[IpoBenem aHan3 COBPEMEHHBIX CTaHIAPTOB CBSA3HU, KOTOPHIE COOTBETCTBYIOT
paccMarpuBaeMoO B HAcTosAImer pabore Moaenu cucTeMbl (pasmen 2). B Hactos-
MM MOMEHT BpeMEHH HauOoJiee N3BECTHBIMU TEXHOJOTUSIMHU, KOTPbIE COOTBETCTRY-
0T BBEJICHHOM MOJECIM CHUCTEMBI, SBIAOTCS nBa crtanaapra cBasu: [EEE 802.16
unu Worldwide Interoperability for Microwave Access (WIMAX) [40] u Long-Term
Evolution Advanced (LTE) [41]. Komnanueit Cisco ObLT MPOBEICH aHAIU3 PACIpOCTpa-
HEHHOCTH TE€XHOJIOTHM CBSI3H, YTBEPKIAIOIINN, YTO B HACTOSLIEE BPEMS CETH CBS3H,
NOCTPOEHHBIE HAa OCHOBE cTaHaapTa WiMAX, He UMEIOT HIMPOKOTO PaCIIPOCTPAHECHHUS,
a cucremsl craggapra LTE nomyuunu mmpoyaiiiee pacnpocrpasenue B mupe [1]. bo-
nee Toro, cranaapt cBsa3u LTE nocTtossHHO 00HOBIAETCS U AoNONHsAETCA. Takum oOpa-
30M, pe3yJIbTaThl HACTOAIIEH PabOoThI OyAyT AEMOHCTPUPOBATHCS Ha OCHOBE CTaHIapTa
cBsa3u LTE. BaxxHO OTMETUTB, 4TO BCE MOJTYyYEHHBIE PE3YNBTAThl IPUMEHUMBI KO BCEM
0ecTpOBOHBIM IIEHTPAIU30BAHHBIM CHCTEMAaM CBS3H, & B IAHHOM pa3fielie JIUIIb JIe-
MOHCTPHUPYIOTCS Ha MPUMEPE CaMOTr0 PaCIPOCTPAHEHHOTO CTAHAAPTA, YAOBIETBOPSIIO-
IIETO MOJIEIN CUCTEMBI.

Crnemyronium 1maromM Heo0XoauMo BeIOpaTh TIATGOPMY MOJAETUPOBAHUS CUCTEM
cragnapra LTE. B HacTosmumii MOMEHT BPEMEHU CYILECTBYET HECKOJIBKO BO3MOYKHBIX
margopm:

— Maltab. Komnanueit MathWorks nipeaiaraercs Moayiib aHajin3a C€Tei CTaH-
naptra LTE: LTE System Toolbox B pamkax nmakera Simulink, pacnpocTtpansi-
€MBbIH C IJIaTHOM nmoAnuckou [42]. JlaHHbIA MOYJb MO3BOJISIET OIIEHUBATh Xa-
PaKTEPUCTUKH OECIIPOBOIHOTO KaHaJa CBSI3U IIyTEM UMUTAIMOHHOTO MOJIEIIN-
poBaHus. OIHAKO, B HACTOSIIEM ITAKETE HE MPEICTABIICHBI pEeaIn3alliy BhIIIE-
JeXKaluX YpOBHEH: CTeKa MPOTOKOJIOB OECITPOBOJHOTO COETMHEHUSI CTaHAap-
Ta LTE u onopHoi#i ceTu oneparopa. 3To IPUBOJIUT K HEBO3MOKHOCTHU UCIIOJb-
30BaHUs JAHHOU MIAaTGOPMBI ISl JEMOHCTPALIMU PE3yJIbTaTOB HACTOSIIEH pa-
OOTBHL.

— Opnet LTE Simulation. Komnanust Opnet npenaraer miatdopmy sl Mo-
nenupoBanus cereil crangapra LTE c¢ mnatHoit moamuckoi OPNET LTE
SIMULATION [43]. Jlannas murat¢gopma BKIIOYAaeT B CEOS TOJHBIA CTEK

MIPOKOJIOB OECITPOBOJHOM CBS3WM U OMOPHOW ceTu omepartopa. OgHaKo, HC-
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XOIHBIN KOJ JJAHHOTO MPOEKTa SIBISIETCS 3aKPBITHIM M €r0 HEBO3MOXKHO [10-
MOJIHUThH KJIMEHT-CEPBEPHBIMU MPUIOKEHUSIMHU, OCYIIECTRISIONIMMU 3arpy3-
Ky U JIeMOHCTpanuio Bujaeo. CienoBarebHO, UCIOIb30BaTh JaHHY Iu1atdop-
MYy HEBO3MOXKHO JIJISI JIEMOHCTPAIIUM MOJYYEHHBIX PE3yJIbTaTOB.

Cucrema monenupoBanust NS-3. B 2012 roxy Obuta co3nana HU3KOYypOBHEBAS
cucTeMa MOJACIMPOBAHUS CETEBBIX TPOTOKOJIOB C OTKPBITHIM UCXOAHBIM KOJIOM
NS-3 [44]. JanHas cucTeMa MOACIMPOBAHUS pEATU30BaHA HA A3BIKE IPOrpPaM-
MupoBaHus C++, 1 €€ KOMIIOHEHTHI COOTBETCTBYET CTaHapTam cBsizu. B NS-3
TaKXe peaan3oBaH MOIYIb cTeka mpoTokoiaoB LTE mis 6ecipoBoHOM ceTH u
OIIOPHOM CETH OllepaTropa, COOTBETCTBYIOIMNA cTaHAapTy [41]. OTKpBITHIM Hc-
XOMHBIA KOJI TIO3BOJISIET MPOU3BOAUTH JIOMIOJIHEHUE U THOKYIO HACTPOUKY CH-

CTCMBI U1 HIMPOKOI'0 CIICKTpPAa 3a1a4.

Takum 00pa3om, pe3ysbTaThl HACTOSALIEH PabOThl OyAyT TEMOHCTPUPOBATHCS B

cucteMe MoaenupoBanust NS-3 s ctanaapra cBa3u LTE. JloctoBepHOCTh MOJTy4YeH-

HBIX PC3YyJIbTAaTOB o0ecreynBaeTCs COOTBETCTBUEM CHCTEMBI MOJCIIMPOBAHHUA U €C KOM-

noHeHToB cranaapry cBsi3u LTE u DASH.

Jns amanranuu cucteMsl MOAETUPOBaHUs NS-3 I JEMOHCTPALMU PE3YIIBTATOBR

HACTOsIIEH pabOThI ObLI PEIICH PsiJ TEXHUISCKUX 3a]1a4:

Peannsanus BuneocepBepa U KIMEHTCKOTO MPUIIOKEHHSI, COOTBETCTBYIOIINX
crangapry DASH (nogpasaen 1.4);

Peanuzanus B mogyine 6a3oBoii cranmu LTE cuctemsl ananuza tpaduka DPI,
KOTOpasi MO3BOJSET B KAXKJbIH MOMEHT BPEMEHU MOJACIUPOBAHUS MOTYUUTh
uHdopmaiuio o Bujie Tpaduka U ero XapakTepucTUKax;

Peanuzanus MexaHU3MOB OIIEHKH XapaKTEPUCTUK OECIPOBOAHON CETH Iepe-
Jlaud TaHHBIX B COOTBETCTBUH C PELICHUSIMU, IPEICTABICHHBIMHU B ITO/Ipa3IEIe
3.6;

Peanuzamus anropuTMa IUTaHUPOBAHMS, TIPEITIOKEHHOTO B TToipaseie 3.6.

CremyromuM BaKHBIM IIIarOM JUIsl IEMOHCTPAITUN PE3YIIBTATOB SBJISETCS BHIOOD

cueHapusi MoJeaupoBaHus. B Hacrosimieil paboTe KCIONb30BANNCh yKa3aHUs, Mpe-

ctaBieHHble B [45]. PaccmarpuBaercst paboTa OgHON COTHI, B KOTOpoi Haxoautcst N

M0JIb30BaTeNIed Ha MPSIMOM JIMHUU C PABHBIM PACCTOSHUAM JAPYT OT Jpyra (PUCYHOK

3.8). PaccTosiHre MeXy COCEIHUMH I0Ih30BATEIISIMU BBEIYUCIISAETCS CICTYIOMNUM 00-

pazom:

Xmax

Ag = —mee
v N+1’
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e X,,q; — MAaKCUMaJIbHO BO3MOYKHAS YIAJICHHOCTH TOJIb30BaTeNIe OT 0a30BOM CTaH-

OH1H.
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Pucynok 3.8 — CueHapuii MOAEIHPOBAHUS

B naHHOM cLieHapuH MOAENMPOBAHUS pACCMATPUBAETCS KAHAJI CBSI3H C INIOCKUMU
3amupaHusaMu (noapasnaen 2.4). [onHblii CIUCOK HACTPOEK CLIEHAPUS MOJAETUPOBAHUS
JUTSL KaXJ0TO0 KOMIIOHEHTA MOJIENIM CUCTEMBI IIpesicTaBieH B Tabnuue b.1.

B crienapuu MoaenupoBaHusl yBEIMYMBAJIOCh YUCIIO Q00HEHTOB J10 IEPEX0/1A CH-
CTEMBI B COCTOSIHMH Tieperpy3ku (ompeaenenue 3.1). [lanee mpou3Boamioch cpaBHe-
HUE MPOU3BOAUTEIBHOCTH U3BECTHBIX aJITOPUTMOB IIaHupoBanus (Proportional Fair
u Round Robin) ¢ npennoxKeHHbIM aITOPUTMOM U HAMIEHHOW HU)KHEW rpaHuLIeld KpH-
tepust G (3.2). Pe3ynbrar npoBeieHHOTO CpaBHEHHUS MPEACTABIICH HA pUCyHKe 3.9.

Ha pucynke 3.9 npuBeneHa HUXKHSA T'PAHULA, XapaKTEPU3YIOLIas MaKCUMaJIb-
HYI0 ITPOU3BOAUTENIBHOCTh AJITOPUTMOB INIAHUPOBAHUS B HACTOSAILEM CLIEHAPUU MOJIE-
AUpOBaHUs. 3allITpUXOBaHHAs 00JacTh XapaKTepU3yeT 3HAYCHUS, KOTOpbIe HE MOTYT
OBITh TOCTUTHYTHI JHOOBIM IJIAHUPOBIIMKOM, YIOBJIETBOPSIOIIUM JOMYLIEHUSM BBE-
JIEHHBIX B TIOJpa3ziesne 2.7: He CyIIEeCTBYET IJIaHUPOBIINKA, KOTOPBIA npu 30-TH MOJb-
30Baresieil B coTe 0OecreunBaeT 3HaUCHUSI KPUTEPHS KadyecTBa BOCTIpUATHs (G paBHBIH
0.01. 13 paccmoTpenust pucyHka 3.9 cieayert, 4To MpeayioKEHHbIA alTOPUTM TUIAHU-
pOBaHUs MMOKA3bIBAET IPOU3BOAUTEIBHOCTD Ha 7-14% BbILIE 1O YHCILYy YIOBIETBOPEH-
HBIX TOJIb30BaTeNel MPU 3aJJaHHOM YPOBHE KauecTBa 0OCIIYKMBAaHUS B CPABHEHUU CO
CTaHJAPTHBIMU alITOpUTMaMu. bosiee Toro npon3BoAUTEILHOCT TPEJIOKEHHOTO TUTa-

HUPOBIIHUKA OJTM3Ka K HIKHEHW TpaHMIICH.
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Yncno nonb3oBaTenen B cote

Pucynok 3.9 — CpaBHeHHe NpeIyioKEHHOTO aJrOpUTMa MUIAHUPOBAHUS C

W3BECTHBIMU IUIAHUPOBIIMKAMH Y HAUJICHHOW HUXKHEUW TPaAHULIEH

3.8 BrbiBoabI O pa3aeny

Hacrosimuii pazzaen Obl1 MOCBSIIEH BONPOCAM aHaIN3a U YBEIMYEHUS POU3BO-
JTUTEIBLHOCTU OECIIPOBOAHBIX LIEHTPATU30BAHHBIX CETEH I Mepeaaun HeaJanTUBHBIX
BHJICOTIOCIIeIOBaTeIbHOCTEN. B paMkax pasniena OblT BBIOpaH KpUTEPUM KaueCTBA BOC-
OPUATHUS I HEQAANTUBHOTO BUIEONIOTOKA: HOPMUPOBAHHOE OTHOUIEHUE JITUTEIBHO-
cteil Oydepusanuu 1 npocMoTpa (ompenenenue 3.2), U MpousBeAeH ero ananus. Ha
OCHOBAHUU JJAHHOTO KPUTEPHUS U MOJEIN CUCTEMBI, BBEJICHHOM B pasnene 2, Oblia mo-
CTaBJIeHAa ONTUMM3ALMOHHAA 3a/laua HEJIMHEHHOTo MporpaMMupoBanus (3.4), peleHue
KOTOPOM XapaKTEPU3yeT MAKCUMAJIbHO BO3MOXHYIO POU3BOAUTEILHOCTh AJITOPUTMOB
IUTAHUPOBAHUS MPU Nepeiaue HeaJanTUBHOTO BUe0. [lanee ObLI0O MpeasiokeHo pele-
HUE JaHHOM 3aJ]auM, ITyTEM €€ CBeACHHUS K 0000IIEHNIO HEMPEPHIBHOM 3a/1a4M O PIOK-
3aKe, peuieHrne KOToporo ObUIO HalIeHO B HAcTosIIIeM pasnene. [lonmydenHoe penieHue
XapaKTepU3yeT HUKHIOIO TPAHUILy HOPMUPOBAHHOTO OTHOILICHUS ITUTEIBLHOCTEN OY-

(I)epmam/m H IMMPOCMOTPa JJIA BCCBO3MOKHBIX AJITOPUTMOB ITNIAHUPOBAHUA, YIOBJICTBO-
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PAIOIIMX BBEJAEHHBIX JOMYUIEHUSIM B TojApaszene 2.7, mpu nepenaye HeaaanTUBHBIX
BHU/JICOIIOTOKOB.

Ha ocHOBe HaiiilecHHOTO pemieHus, O00JIaJaroIIero HU3KON BBIYMCIUTEILHON
CJI0’)KHOCTBI0, OBLJT MPE/IJI0KEH TUTAaHUPOBIIUK, 00J1aTaFOIITHIH BBICOKOM MPOU3BOAUTEIb-
HOCTBIO B CPAaBHEHUM C CYUIECTBYIOIIMMH IUIAHUPOBIIMKAMUA W HAWJICHHOW HHUXKHEU
IrPaHULIEH.

OcHOBHBIE pe3yIbTaThl pasiesia MOTyT ObITh C(HOPMYITHPOBAHBI CIICTYIOITAM 00-
pazom:

— IlpoBenen ananu3 pakTOPOB, BIUSIONINX Ha BOCIIPUATHE HEaIalITUBHBIX BUJIC-

nOoTOKOB. BeiOpaH KpuTepuil kKadecTBa BOCIPUATHS HEAJAITUBHBIX BHUIEOIIO-
TOKOB Ha OCHOBE HOPMHUPOBAHHOTO OTHOIIEHHUS JJIUTEILHOCTEH Oy epusaruu
u ripocMoTtpa (roapaszaen 3.2);

— IIpou3BeaeHa mocTaHOBKA ONTUMHU3ALIMOHHOM 3a/1a41 HETMHEHHOTO MPOrpaM-
MHPOBAHHUS, XAPAKTEPUIYIONIEH HMKHIOIO TPAHUILy BBEACHHOTO KPUTEPHS.
HanpneHo ee penienre v npeasioKeH aJIrOpUTM pacueTa HUKHEN TPaHUIIBI HOP-
MHPOBAaHHOTO OTHOIIEHUS ITTUTEIbHOCTEN Oydepr3aliuu 1 mpocMoTpa 1Mo Bee-
BO3MOKHBIM aJITOPUTMAM IJIAHUPOBAHUS, YIOBJIETBOPSAIOIINM JTOMYIICHUSIM
u3 nojapasnena 2.7 (mogpazaenst 3.3, 3.4 u 3.5);

— IlpensioxeH aropuT™ IIAHUPOBAHUS ISl HEAJAIITUBHBIX BHICOIIOTOKOB, pe-
ANM3YIOIINN KOHIEMIUIO COBMECTHOIO ITNTAHUPOBAHUS PACIIPEICIICHUS PECYP-
coB Ha 6a30Bo# cranuu. [Tokazano, 4To IPOM3BOAUTENLHOCTD MIPEAT0KEHHO-
r0 IJIAHUPOBILMKA IMTPEBOCXOUT U3BECTHBIC pelieHus Ha 7-14% u cpaBHUMA €
HW)KHEW TpaHUle. Pe3ynbTarbl HACTOAIIETO pas3jeiia JEMOHCTPUPOBAIUCH B
cucrteme moaenupoBanus NS-3 g crangapra cesizu LTE, cooTBeTcTByO1IIE-
TO MOJIEJIM CUCTEMBI IIEpeaur JJAaHHBIX, BBEJACHHOM B pazzesne 2 (moapa3aeibl
3.6 3.7).
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4 WCCJEJOBAHME AJTOPUTMOB PACHPEJEJEHUSI PECYPCOB
PAIMOKAHAJIA IIPU AJANITUBHOM NMEPEJAUYE BUJEOJAHHBIX

4.1 BsoaHble 3aMeUyaHus

B paznene 3 Obu10 IPOBEAEHO HUCCIIEIOBAHUE MAKCUMAIHLHO BO3MOXKHOU TTPOU3-
BOJUTEILHOCTH aJITOPUTMOB PACIIPEICTICHHS PECYpPCOB paJioKaHaia Ha 6a30BOM CTaH-
MU B OCCIIPOBOJIHBIX LIEHTPAIM30BAHHBIX CETAX JJIA Mepeaaur Hea JalTUBHBIX BUJIEO-
IMOTOKOB. HecMOTps Ha MIMPOKOE MCHOJIb30BAHUE HEANANTUBHBIX BUICOILIEEPOB IS
nepenayn BUACOJAHHBIX, B HACTOSIIEE BpPEeMsS BCE OOJBINYIO MOMYJSIPHOCTH MPHUOO-
peTaroT aJanTUBHBIE TEXHOJIOTUM Nepeaadn Buaeo 1o npotokony HTTP (nmoxpasnen
1.4). Haubonee spkuM TpeacTaBUTEIEM MOJAOOHBIX TEXHOJOTHM SIBISETCS CTaHIAAPT
Dynamic Adaptive Streaming over HTTP (DASH) [3;6].

JlaHHas TEXHOJIOTHS TTO3BOJISIET MOJIB30BATEILCKOMY YCTPONUCTBY TTOI00paTh Ka-
YECTBO BHUJEO IOJ KOHKPETHBIE YCIOBHS B CETH MEpeAadyd BUJICOJAHHBIX. ITO MOKET
MIPUBECTHU K CHUKCHUIO HATPY3KHU HA CETh MEPEJIauM TAHHBIX 34 CUET aIalTalluy BUJI€0-
psana. B HacTosmuit MOMEHT IIMPOKOe pacrpocTpanenue cragaapra DASH obGecnieun-
BAETCsI €ro MCMOJIb30BAHIEM CEPBUCOM XpaHEHMs BUIEOKOHTEHTa YouTube, KOTOpPBIit
SIBJIIETCA KPYITHENIIIMM XPAHWJIUILEM BUIACONAHHBIX B C€TH VIHTEpHET.

Hacrosimuii pa3nen MmOCBSIIEH aHATUTHYECKOMY MCCIEIOBAHUIO IMPOU3BOIU-
TEJILHOCTU O€CIPOBOIHBIX IIEHTPATU30BAHHBIX CUCTEM IE€pPe/Iayu JaHHBIX C JOMHUHU-
pPOBaHMEM TEpENauY BUAECO MO MPOTOKONY mpukiaaaHoro ypoBHs HTTP ¢ BosMoxHO-
CTBIO €r0 aJIaNTaINy Mo CIeU(UIHbIE YCIOBUS B CETH NIEpeaadu JaHHbIX. JlaHHBIHA
pasziesl HEOTCTYITHO CIIEyET CUCTEME JOMYIIeHUM, BBEACHHOM B moapasaene 2.7.

B Hauane pazjena npejiaracTcs KpUTepuil kauecTBa oOCIyKUBAHUS JIJIsI aJiall-
TUBHBIX BUACONOTOKOB. [lanmee popMynupyeTcs onTUMHU3aIMOHHAs 3a/a4a ¥ Mpe/sia-
raeTcsl HIXKHSS TPAHUIA BBEICHHOTO KPUTEPUS IO BCEM BO3MOXKHBIM aJITOPUTMAM Pac-
peesieHns pecypcoB OECITPOBOIHOTO KaHalla U aJlalTalliy Buaeopsaa. B 3apepiiennn
MPEJIaraeTCs YUCICHHBIM MPUMED, NEMOHCTPUPYIOIIUNA MTPOU3BOAUTEIBHOCTh CTaH-
JAPTHBIX AJITOPUTMOB TIJIAHUPOBAHUS pacIpe/ieieHUs] peCypcoB O€CITPOBOIHOTO KaHa-
Jla B CPABHEHWU C HAWJICHHOW HUKHEW IPaHULICH.

OcHOBHBIE Pe3yabTaThl JAHHOTO pa3jelia omyOIMKoBaHbI B pabote [46].
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4.2 Kpurtepum KauecTBa BOCIPUSTHA aJaITUBHOI0 BUAEONOTOKA

B nonpaznene 3.2 6bU1 MpOBEICH aHAIN3 OCHOBHBIX OOBEKTHUBHBIX TTOKa3aTeen
BOCIIPOM3BEICHUS BUJICOJJaHHBIX, BIUAIOIINX HAa OLIEHKY Ka4yeCTBA BOCIPUATHS BUJIEO-
NOTOKA U ONIMCAaHHBIX paHee B noapazaenax 1.5 u 2.6:

— burtoBas cKOPOCTh NOTOKA, XapaKTEPU3YIOIIasi KA4eCTBO BUIEO;

— JlnurensHOCTh Oy(epuszanuu, BKIOUAIONIas B CeOsl JJIMTEIbHOCTA BCEX Ha-

YyaJbHBIX U MMOBTOPHBIX Oy(depuzanuii BO BpeMs MPOCMOTPa;

— I'maakocTh BOCIIpOU3BENCHUS BUIEOPSIIA.

PaccMoTpuM KaXaplil M3 HUX € IMO3ULIAM AANITUBHON NEPENAYM BUACOJaHHBIX.

[TpuHIMIHABHBIM OTIMYHUEM aJalTUBHBIX BUICOTIIEEPOB OT HEAAANTUBHBIM SIB-
JsieTCA HaJU4Me MEXaHu3Ma Moadopa penpe3eHTAlMd BUAEO B 3aBUCUMOCTH OT Xa-
PaKTEpUCTUK KaHalla Mepeaund JaHHbIX WM aJanTalliyd perpe3eHTanuu (mmoapasuen
1.4). OcHOBHOM 11€JIBI0O MEXaHW3Ma aJaNTallid PEeNpPE3CHTAIMU SIBIICTCS MUHUMU3A-
sl UIUTEeNbHOCTH Oydepu3anuu (HadalbHble U MOBTOpPHBIE Oy(depusanuu B TEUCHUH
IPOCMOTpa BUJEO0), TaK KaK JaHHBIA (PaKTOpP MMEET CUIbHOE BIMSHHE HA KaueCTBO
BOCIIPUATHS BUJIEO MONb30BaTesneM. OqHako, TOMUMO OOIel ATUTEeNbHOCTUH Oydepu-
3allMH, ONPEAEISAIONLYIO POJIb MPU OLIEHKE KaueCTBAa BOCHPUSTHSI BBIIOJIHSAET OUTOBAS
CKOpPOCTh TOTOKA, XapaKTepu3yollas KauecTBo Buaeopsiaa (moapaszaen 1.5). Dt1o ge-
MOHCTPHUPYET CIOKHYIO B3aUMOCBSI3b MEXKIY OUTOBOW CKOPOCTHIO MOTOKA U JJIUTENb-
HOCTBIO Oy(epuszanuu npu NOCTPOCHUU YNPABICHUS I aJalTUBHBIX BUJEOIIEEPOB.

[IponeMoHCcTpupyeM 3Ty B3aUMOCBsI3b Ha ipumepe. IlycTh aJist HEKOTOpOro Mo-
OWJIBHOTO TOJIb30BaTeNsi CKOPOCTh MOMYyYEeHUS TaHHBIX paBHseTcs 0.65 Mout/c u no-
CTOsiHHA BO BpeMeHu. Mcxons u3 tabnuisl 1.1, raHHas CKOPOCTh MOXKET 00ECIIEUHTh
npocMoTp BuAeo B kauectBe 360p (0.45 MOuT/c) 6€3 BOSHUKHOBEHHS TOBTOPHBIX OY-
dbepuzanuii Bo BpeMs mpocMoTpa, uin B kauectse 480p (0.7 MOut/c) ¢ Hanmuuuem mo-
BTOpHBIMU Oyepusaiuil, JNUTETbHOCThIO 5% OT JIUTENBHOCTH ITpocMoTpa. OHAKO,
OuToBas penpe3eHTaLMs 3a/1a€T BEPXHIOKO I'PaHUILy YIOBIETBOPEHHOCTH MOJIb30BaTENs
IpU IPOCMOTpE: 7Sl JAHHOTO MpUMepa MpHU NPOCMOTPE BUAEO B UACAIBHBIX YCIOBH-
X (MUHUMAJIbHO BO3MOXKHAS IJTUTEIIBHOCTh HA4allbHOM Oydepusaiii 1 OTCyTCTBHUE
NOBTOPHBIX) B KauecTBe 360p 3Hauenne MOS (metoponorus U-vMOS) He MoxeT npe-
BBIINIATh 3HaUeHUs 3, a 1151 480p — 3.64. CnenoBarennbHO, 00eCTIeUeHUE MOIb30BaATEITIO

IpoCcMOTpa BUeo B kKadecTBe 360p O6e3 moBTOpHBIX Oydepuzanuii He IPUBOAUT K €T0
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JOCTaTOYHOM YyIOBIETBOPEHHOCTH KAaYECTBOM OOCIYKMBAHMSI, TaK KaK IMOJIb30BaTENb
CUMTAETCS YAOBIETBOPEHHBIM eciii BeinunHa MOS npeBsllliaeT 3HaueHue 3.

[TpuBeneHHBIN BhIIIE PUMEDP JAEMOHCTPUPYET BAXKHYIO CrieU(PHUKY OpraHu3a-
IIUU YIIPABJICHUS TTOJIC3HOW CKOPOCTHIO TIONYYCHUS JaHHBIX JIJISl aIallTUBHBIX BHIICO-
IJICEPOB: 6E3VCN08HASL MUHUMU3AYUS 0Oweli OnumenbHocmu bygepuzayuu He npueo-
Oum K MakcumMusayuu y0081emeopeHHOCMU NOIb308aAMeNsl NPOCMOmMpom eudeo. UTto
NPUBOAUT K HEOOXOAMMOCTH y4eTa OMTOBOM CKOPOCTH MOTOKA B KPUTEPUU KauecTBa
BOCIIPHSITHS JIJIs1 QIaITUBHBIX BUICOIIIEEPOB.

N3 ananu3za paboThl aIanTUBHBIX BUACOILICEPOB, MPOBEICHHOTO B MOApa3eiie
1.4, ciaenyet, 4TO MIaJKOCTh BOCIIPOU3BEACHUS BUACOPsAa 00€CIIEYMBACTCS aJITOPUT-
MOM BBIOOpa penpe3eHTAIlMH, YCTAaHOBICHHOM Ha BUJICOIIEEPE U OTPAHUUEHO CBEPXY
HEKOTOPOM BEJIMYMHOM (moapasnen 2.6).

Takum o6pazom, pu HGOPMHUPOBAHUYU KPUTEPHS KAY€CTBA BOCTIPUSATHUS Al THB-
HOTO BUJICOTIOTOKA HEOOXOAMMO YUUTHIBATh JIBa (PaKTOpa BOCTIPOU3BEACHUS: JITUTEb-
HOCTh Oy(depuzannii 1 GUTOBYIO CKOPOCTH MOTOKA.

B nactosiem pasnesne kayecTBO BOCTpUATUs (aKTopa JIUTEILHOCTH Oydepu-
3a1mu OyJeT OIICHUBATHCSI HA OCHOBE KPUTEPHS OTHOIICHUE NIUTENbHOCTEN Oydepu-
3aIliy U MpocMoTpa (ompeaeneHue 2.2):

b

¢ = lim —

T—o0 wZT ’

e bl — obmas muTensHOCTE Gydepusanuu nop3osatens i 3a Bpems 1, w! — obmas
JUTUTETLHOCTH MPOCMOTPA BUJIEO TOJIH30BATEIIEM ¢ 32 BpeMs 1.

JIaHHBIN KPUTEPUN MO3BOJISIET OLCHUTH YIOBIETBOPEHHOCTH MOJIb30BATEIIS:

0, MOJIb30BATEINb ¢ YAOBIETBOPEH IPOCMOTPOM
4 = .
e > (0 mnonb3oBarens ¢ HAOMIOAAET HeraTUBHBIE (D (PEKTHI TPU MPOCMOTPE

3HaueHre KPUTEpHs Ka4eCTBa BOCIIPUATHUS ¢; OOpPaTHO MPOMOPIIMOHAIBHO YIOBIETBO-
PEHHOCTH TOJIb30BaTENs TPOCMOTPOM. BriepBrie KpuTepuii kadecTBa ¢; ObLIT pacCMOT-
peH B pabdore [20].

B kauecTBe KpuTEpHs KadyecTBa BOCIPHUATHS (paKkTOpa JTUTSIHPHOCTH Oydepu3a-
I I, OTIMCHIBAOIIIETO CHCTEMY B II€JIOM, OBLIO BBIOPAHO CpeHee 3HAYCHUE OTHOIIICHHE

JUTUTETLHOCTEN Oydepusaluy u mpocMoTpa Becex noib3oparenei B cucteme (4.1). Ha
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3HaueHue kputepus (4.1) oka3bIBaOT BIUSHUE AJITOPUTM TUIAHUPOBAHUS pacpeese-
HUS pECYpPCOB A, YCTaHOBIICHHBIN Ha 0Aa30BOW CTAHIIMH, ¥ aJITOPUTM aJlalTallid OUTO-
BOM penpe3eHTaluu 3, yCTaHOBIEHHBIN Ha MOJIb30BATEIIbCKUX YCTPOMUCTBAX, TPUHA-

JexanuM MHOKecTBaM A 1 3 cooTBeTCTBEHHO (moapaszaen 2.7).

G (A, B) ZqZ (A,B) | . (4.1)

B otnrunm ot KpuTEepUs KaueTcBa BOCHPUATHS, IIPEICTABIICHHOTO B MOIPA3/ETE
3.2, HaIM4YKe ajanTalydyd BUAEOPSIa BHOCUT 00Jee CIOKHYIO 3aBUCUMOCTh Ka4eCTBa
BOCIIPUATHUS OT MapaMeTpoB cucTemMbl. OHA BBIpAXKaETCA B HAJIMYUU OOpaTHOM CBSI3U
IpH B3aUMHOM paboTe anropuTMOB A W B: HCX0as U3 CKOPOCTH TOJIYUYEHUS JTaHHBIX
oOecrie4yeHHON alropuTMoM A, anroput™m B BeIOMpaeT OMTOBYIO CKOPOCTH JIJIS 3aKa3bl-
BAa€MbIX CETMEHTOB, KOTOpasi BIUSAET Ha 3arpy3Ky OECIPOBOJHOTO KaHajla U CKOPOCTb
nepeiayr TaHHbIX.

Cpennsiss 6uToBasi CKOpOCTh BHIEOIIOTOKA BCEX MOIb30BaTeNeH OyIeT UCTIONB30-

BaTbCA OJI1 OOCHKHU (baKTOpa Ka4CCTBa PCIPC3CHTALIUM.

R(A,B) = ZR (A,B) |, (4.2)

rie R; — MaTeMaTH9eckoe 0KMIaHIe GUTOBOI CKOPOCTH BHICOMOTOKA MOMb30BATEIS i
(mompaznen 2.9).

B nanHoM nogpaszesne Obul IPOBEIEH aHAJIU3 OCHOBHBIX (DaKTOPOB, BIUSIOIINX
Ha Kaue€CTBO BOCHPUATHUS aJalTUBHOIO BUJIEONMOTOKA. Pe3ynsTaroM MaHHOrO aHalu3a
SBJISIETCSL BEIOOP JIBYX KPUTEPHUEB KauecTBa: CpeHEee 3HAYCHUE OTHOIICHUS JJIUTEIb-
HOCTel Oydepusanmu u nmpocMoTpa (4.1) u cpenHss OUTOBas CKOPOCTh BHIEOMOTOKA
BCeX MoJib3oBareneit B cucreme (4.2). Ha ocHoBe naHHbIX KpuTepueB OyaeT chopmu-
pOBaHa ONTUMU3ALIMOHHAS 3a]1a4a JIsl UCCJIEI0BaHUSI MAKCUMAJIbHON TIPOU3BOIUTENb-
HOCTH O€CTIPOBOJIHBIX IICHTPATU30BAHHBIX CETEH CBSI3M NP Tepeiadue aJanTUBHBIX BH-

JICOMOCIJIEI0BATEILHOCTEMN.
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4.3 IlocraHoBKa ONTHMHM3AIMOHHOM 3a1a4YH

B manHOM mojgpasierne Mpou3BOAUTCS ITOCTAHOBKA M aHAJIN3 ONITHMHU3AIIMOHHON
3a1a4M ISl UCCIIEIOBAHUS MaKCUMalbHO BO3MOXKHOW MPOM3BOIUTEIBLHOCTH Oecrpo-
BOJIHBIX IIEHTPAJIM30BAHHBIX CETEH CBS3M MPH Tepenade aJanTUBHBIX BHIACOMOCIEIO-
BaTenbHOCTeH. B monpasnene 4.2 ObUI0 TPOU3BENCHO PACCMOTPEHHE (PaKTOPOB, BIIHSI-
IOIIMX Ha Kaue€CTBO BOCIIPHUATHS aIalITUBHOTO BUICO, M BBIJICIICHBI IBA OCHOBHBIX: (4.1)
u (4.2). Hacrosmuii moapasaen mocTpoeH CASAYONUM 00pa3oM: B Havajie mpejiara-
eTcst 0000IIEHHBIN KPUTEPHI KauecTBa, 00beauHsIoNMi Kputepuu (4.1) u (4.2). Hanee
npeayiaracTcs 0000IMEHHBIM KPUTEPHS KaueCTBA BOCTIPUSTHS U TIPEJIaracTcsl ONTUMH-
3arMoHHas 3a7ada. B 3aBeprieHuu noapaszena Npou3BOAUTCS aHATN3 ONTHMH3AIINOH-
HOH 3aJa4H.

BaxxHbIM BBIBOJIOM U3 nozipasnena 4.2 sBiseTcsi HEOOX0IUMOCTb YCIIOBHOM OIl-
TUMU3aIUK (PakTopa [uuTenpHocTH Oydepusanuu: G (A, B), npu nepenade aganTus-
HBIX BUJIEONIOTOKOB. BTOpBIM (hakTOpOM, BIUSIOMIUM Ha Ka4eCTBO BOCHPHATHS, Oblia
BBIJIEJIEHA CPEJHAS OUTOBAsi CKOPOCTB BHEO IO BCEM MONB30BATENAM B CHCTEME 4,4,
BBICTYIIAIOIIAs B POJIM OTPAaHUYCHUS TIPH MUHUMH3AUH (haKTopa JTUTEIbHOCTH Oyde-
puzanuu. B HacTosmeM pasaene 0000IeHHbBINA KpUTEPUM KadeCcTBa O0CTYKUBAHUS JIJIs

AJAIITUBHOT'O BUACOPAAA BBOAUTC B CIICAYIOLICM BU/JIC:

Q= inf 7(A,B). 4.3)
A,B:R(A,B)>Rgyg,AcA,BEB

Takum 00pa3oM, LeNIbI0 HACTOSILErO pasjieia SBIAETCS HAXOXKIECHUE HIKHEU
TpaHULIbl OTHOIICHUS IIUTENbHOCTEN OydepHu3anuu U mpocMoTpa Mo BCEM BO3MOXK-
HBIM aJITOpPUTMaM TUIAHUPOBAHUS PACIIPEICIICHUs] PECYPCOB Ha 0a30Boi ctaHIuu A u
ajropuT™MaM BbIOOpa penpe3eHTauu 3, yaoBIEeTBOPSIONINX AOMYIIICHUSIM BBEICHHBIX
B nozipaznene 2.7, TaKUM 4TO CPEeIHEE CPeHsIst OUTOBasE CKOPOCTh BUICOMOTOKOB TIpe-
BBILIAET BEIMYMHY [y,

Ba)XxHO OTMETUTH, YTO B HACTOALLEM pa3JIee UCIOJIb3YETCs] CUCTEMA JOMYyIIIEe-
HUHN U3 nozpasnena 2.7 0e3 NOMOIHUTENIbHBIX U3MEHEHH, YTO MO3BOJISET UCIIOJIb30-
BaTh yTBepKJeHue 2.1 B BUje, MpecTaBlIeHOM B noapaszene 2.9. Takum odpa3om, omn-
TUMU3ALMOHHAs 3a/1a4a JUIsl KpuTepus kauectsa (4.3), onuceiBaronias MakCUMalbHYIO
IPOU3BOAUTENLHOCTD Mepeayy aJalTUBHBIX BUICOMOTOKOB B OECITPOBOAHBIX LIEHTpa-

JIM30BaHHLIX CCTAX, IPUHUMACT CJ'IC,Z[YIOHII/Iﬁ BUA:



108

N
MHHHMH3HPOBATD: + Y ¢;
i=1

IIpu ycnioBum:

(X RC
> (=vff) - -1<0
-1 qi+i . (44)

N
—%;RH—RQUQSO

Ri c [RminaRmaa:] 7i - 17N
\_Qi < 07 L= ]-7_N

[IpoBenem ananus 3agauu (4.4) Ha KaUeCTBEHHOM ypoBHE. B Hacrosuiet onrtu-
MH3AIMOHHOM 3a1aue 2N mepeMeHHbIX: ¢ = (q1,q2, - .., qN) 1 R= (él, Ro, ..., R~N).
W3 Bua nepBoro orpaHu4eHUs CJIEIyeT, YTO ONTUMHU3AIIMOHHAS 3a1aua (4.4) OTHOCUT-
¢4 K KJIAcCy 3aJ1a4 HEJIIMHEWHOTO MPOrpaMMHUPOBaHUs. BaKHEUIIMM 3TarioM aHalin3a
ONTUMU3ALMOHHBIX 3a]1a4, ONPEICISIOIINM BO3MOKHBIE METO/bI UX PELICHHUS, ABIISIET-
Csl OIpeNIeNICHUE MOAKIIACCa 3a1a4i HEJIMHENHOTO: 3a/1a4 BBIITYKJIOT0, BOTHYTOTO WJIH
HEBBITYKJIOTO MPOrpaMMUPOBaHUs. 3aBepIlatoNias 4acTh JAHHOTO MOApa3/iesia MmoCcBs-
II[eHa UMEHHO OTPEICIICHUIO MoKIacca 3aaa4u (4.4).

OnTtumuzanvonHas 3anada (4.4) obnanaer ueneBo (PpyHKIHUEH TUHEHHOTO BH-
J1a ¥ TUHEHHBIMU OI'PaHUYCHUSIMU TUIIA HEPABECTBA, UCKIIIOUAs MIEPBOE OrPAHUYCHHUE,
CJIeI0BaTEIbHO, TUII 33]1a4H OyJIET ONPEAEHATHCA BUJIOM IEPBOro orpaHnyeHus. CTout
OTMETHUTh, YTO JaHHOE OrpaHUYEHHE — 3TO PyHKIMS OT 2V niepemMeHHbIX. J{J1s ero ana-
JM3a pacCMOTPHM CITy4ai, KoTaa B CHCTEME HaXOIUTCS TOIbKO oauH aboHeHT (N = 1),
B JJAHHOM CJIy4ae YHCIIO IEPEMEHHBIX YMEHbIIAETCA 10 ABYX. /[ ynpomeHus nocnie-
OYIOUIMX MAaT€MaTUYECKUX BBIKJIAJIOK B BbIpaxkeHUU (4.5) HoMep aOOHEHTa ObLI OIly-

IICH, TaK KaK B CUCTCMC IIPUCYTCTBYCT TOJILKO OH OJAWH.

RC™!
q+
Ornpenenene Buaa GyHKIMH OT HECKOJBKUX MEPEMEHHBIX BO3MOXKHO Ha OCHOBE

(1— ™) —1. (4.5)

Marpuiisl ['ecce [38]. B 3aBucuMocTy Buia Matpuilbl ['ecce BO3MOKHO OMPEICTUTh BUJT
byHKIIMU CeAyIOmMM o0pa3oM: eciii Matpuiia ['ecce sBusercs

— TlomoxxuTenbHO OMpenesIeHHON BO BCEX TOUYKaX, TO (DyHKIIHUSI BBITYKIIAs;

— OrtpuiareibHO ONpeieSIeHHas: BO BCEX TOUKaX, TO (PYHKIIUS BOTHYTas;

— He sBnsiercs 3HakoomnpeaeaeHHo, To GyHKIUS 00IIero Buaa (HEBBITYKIIas).
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Marpuna ['ecce H (-) s Gynkiwn (4.5) npuHUMAET CIACSAYONHNA BHIT;

(171/R1/C)C~"1
 (g)?

(l—uRuc>C'_1 (1—URZ/C)C_1R
 (¢+)? (g+7)?

Tak kak marpuua ['ecce sBIsIeTCS CHMMETPUYHOM OTHOCUTENBHO TJIABHOM JHUa-
TOHAJIY, TO AJIsl OMPEAECICHUS €€ 3HAKOOTIPEACIEHHOCTH BO3MOXHO UCTIOJIb30BaTh KpU-
Tepuil CunbBecTpa: CAMMETPUYHAS MaTPUILIA SIBIIIETCS TOJOKUTEIBLHO ONPEICICHHOM
TOIJIa ¥ TOJILKO TOT/a, KOIJIa BCE €€ YINIOBBIE MUHOPHKI MOJIOKUTEIbHBI, B CITy4ae HEOT-
pHUIIATEIBFHON OMPEEICHHOCTH — OOJbIIe WX paBHBI HyM0. OTpUIaTebHAS 3HAKO-
ONPEAECTCHHOCTh CUMMETPUYHON MATPHIIBI 331aETCSI YEPEAOBAHUEM 3HAKOB YIIIOBBIX
MHHOPOB: OTPHULIATENbHBIN, MOJOXKUTEIBHBIN U T.J. B UHBIX cllydasx MaTpula HE SB-
JsIeTCA 3HaKoonpeaenaeHHou [38].

Haiinem 3Ha4eHust yriioBbix MuHOpoB A marpuiisl H (R, q):

(1 — VRVO> C R _0

A =0-
' (q+7)°
(1 — VRVC) C~’_1R (1 — VRVC) C~'_1 ? (1 — VRVC) C~'_1 ?
Ay = 0- - —| - : = — : < 0.
(g+7) (g+7) (g+7)

Tak kak 3HaUeHHE (1 — I/RVC) ¥ CyMMa 3HauYC€HHUH ¢ U 7Y OTIIMYHBI OT HYJIA (CH-
cTeMa JOIYIICHHH, moapasen 2.7), To 3HaY€HUE BTOPOTOo yriioBoro MuHopa (As) cTpo-
ro oTpuIarenbHo. TakuM 00pa3oM, OCHOBBIBasICh Ha Kputepuu CuibBecTpa, QyHKITHUS
(4.5) saBnsercs GpyHKIMEH o01ero Buia (HEBBIyKI0H ). Crie1oBaTeIbHO, ONITHMHU3AIIH-
oHHas 3aj7a4a (4.4) OTHOCUTCSA K TTOJKJIACCY HEBBIMYKIIBIX 3a/a4.

KpuTnyHo Ba)XHO OTMETHTb, YTO JUIS 3aJ71a4 HEBBIMTYKJIOTO MPOrPaMMUPOBAHUS
HE CYILIECTBYET CTaHAAPTHBIX METOAOB WJIA MOAXOJ0B K pemenuto [37;38]. Crnenona-
TEJIbHO, PEUICHUE ONITUMHU3AIIMOHHON 3a/1auu (4.4) SBISETCS HETPUBUAIBHOM 3a/1a4eH.
B nactosiiem paszzaene OyAeT NpeasioKeHO pelieHUe JAaHHOM 3a1adu, KOTopoe OyneT
OCHOBAaHO Ha JIBYCTYIIEHUAaTOM onTUMM3anuu. JlanpHelas 4acTh pasjena OyeT mo-
CTpoeHa cieayromumM oopazoM. Ha mepBoM 1iare OyzieT npeCcTaBIeHO PEIICHHE 3a/1a4uH
BBIIMYKJIOTO IpOrpaMMHUpoBaHus Ha ocHoBe TeopeMbl Kapyma-Kyna-Takkepa (KKT) ¢

UCITIOJIb30BaHUEM MeTona «water-filling», onucannoro B [38]. lanee Oynet npeayioxkeH



110

AJTOPUTM BBIYUCIICHUS HUKHEW TPaHUIIbI ONTHUMHU3AIMOHHON 3a1aun (4.4), KOTOPBIi

WCTIOJIB3YET PEIICHUE 3a7a4u Ha 0cHOBE TeopeMbl KKT.

4.4 PeuieHue BCIIOMOraTeJbHOM ONTHMHU3ANMOHHOM 3212491 BBITYKJIOTO

NporpaMMMpoBaHus Ha ocHOBe Teopembl Kapyma-Kyna-Takkepa

B nacrosiiiem noapasaene npeacTaBieHo pelieHre 3aa41 BBITYKJIOTO IPorpam-
MUPOBAHUS MPU HATMYUY OTPAHUYCHHS THIAa HEPABEHCTB Ha OCHOBE TeopeMbl Kapyima-
Kyna-Takkepa (KKT) [37; 38]. IIpencraBneHHoe pelieHre ObUIO ONMUCAHO B paboTe
[20].

PaccMoTpuM ONTHUMHU3AIMOHHYO 3a/1a4y CJIECIYIOLIETO BUIA:

N
MuUHUMH3HPOBATE: Q* = % > q
i=1

IIpu ycioBun:

N 7 (4.6)

a; . *
Z qiti L < 0
=1

rac &ia 1= ].,N 1 L* IBISIOTCS NON0KATEIHFHBIMHA Y OTJIMYHBIMH OT HYJISI YUCJIaMHU.

Ymeeporcoenue 4.1. Onmumanvroe 3navenue (Q* modxcem Ovimsb NONYYEHO HA OCHOBE

svipadicerusi (4.7):

N o,
0, eciu » | (f‘y—) < L*

=15 = S @)
% > max (\/,uodiN — Y, 0), MHA4e

=1

T [ty — penieHue ypaBHeHus (4.8):

a;
— L*=0. 4.8
Z max (\/ poa; N, %‘) (48)

=1

ﬂOKClS’Clme]ZbCWZGO. 3 BH A IICPBOI'0 OIpaHUYCHUA CIICAYCT, YTO OIITUMHU3AlIMOHHAA 3a-

nada (4.6) OTHOCUTCS K KJIacCy 3a/iad HEIMHEWHOTO BBIMTYKIIOTO MPOrPaMMHUPOBAHMUS.
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CnenoBatenbHO, MOTYT OBITh BBIMHMCAHBI YCIOBHs cymiectBoBanus mMuHumyma KKT,
Y CYIIECTBYET €IMHCTBEHHAsl TOYKA HA MHOTOMEPHOM IUIOCKOCTH, YAOBJIETBOPSIOIIASL
nanHbIM ycioBusiM. Teopema KKT mo3BosisieT cBecTr 3aa4y BBITYKJIOTO ITPOTPAMMU-
pPOBaHUsA K OUCKY CTallMOHApHOM TouKM (pyHKIMH JlarpaHxka Ha MHOXXECTBE, OTpe/ie-
JICHHOM OTPaHMYCHUSAMH HA HEOTPHUIATEIILHOCTh 3HAYCHUW MHOXUTENen Jlarpanxka,
NPUHAJJICKHOCTD PEIICHUs 00JaCTH T0MyCTUMBIX 3HaueHu [37].

JIs1st OnTUMH3AUOHHOM 3a1a4u (4.6) Haiinem ¢yHkuuo Jlarpamxa L(-):

N N .
1 a;
s =Y 4 YY) | - 4.9
(qu IJ:) N - qi + Ko - 4 + ; Hidis ( )
e q = (q¢1,92,---,qn) ¥ 0 = (po, {41, - - -, fiy) SIBISIFOTCSL BEKTOpAMH UTHHBI N U

(N + 1) coorBercTBeHHO. Bekrop p ucmosb3yercs: st 0003HAUCHUST MHOKUTEICH
Jlarpanxa.
Ha ocnoBe (4.9), ycnoBus cyiiecTBoBaHus perieHus 3aaauu (4.6) Kapyma-Kyna-

Takkepa npeacTaBIeHbI CIEAYOIEH CUCTEMON:

(

% — ,uo(qif#)g — ;= 0,5 =1,N CTanuoHapHOCTb
—q; < 0,1 =1N Bpinoanumocts 1
N
> q{‘ﬁy —L*<0 BbINOJHUMOCTL 2
i=1 (4.10)
i > 0,7 =0N HeoTrpuuarejbHOCTH
wiqi =0,2=1N JlonmosiHsIOIIasA HeXKeCTKOCTh 1
N
140 [<Z q-iiw) — L*] = JIonoTHAOIIAA  HEKECTKOCTh 2
L :1 7 K3

Teopema KKT yTBepkaaet, uTo pelieHre ONTUMU3AIMOHHON 3a1aun (4.6) yno-
BJIETBOPSIET BCEM YCIIOBUSIM, MpeAcTaBiIeHHbIM B cucteMe (4.10). OgHoBpeMeHHO ¢
3TUM, BBIIYKJIOCTh 3a/1a4d 00E€CIEUNBAET €JUHCTBEHHOCTh PEIEHUsI HACTOALIEH CH-
ctembl. BaxkHo ormeruth, yto ycnoBuss KKT MoryT ObITh HmpHMEHEHBI U K 3aJa4am
HEBBIITYKJIOTO MPOTPAaMMHPOBAHHUSI, OJTHAKO, B TAKOM CIy4ae MOXKET CYIIECTBOBATh
HECKOJIbKO BO3MOYKHBIX PEUICHUN cHucTeM, aHaJIornuHbIX (4.10), Tak Kak B Takux 3a-
Jauax BO3MOXKHO OYJIET CYIIECTBOBAaTh MHOXKECTBO JIOKAJIBHBIX 3KCTPEMYMOB. [laHHBII
(bakT MPUBOIUT K HEOOXOMMOCTH OpraHU3aIlUK ITlepedopa 1Mo MOJTyYEHHBIM PEIICHUSIM
IUTSL TIOUCKA TIIO0AIbHOTO SKCTPEMYMa MPHU UCTIONb30BAHUH TOJX0/]a HA OCHOBE YCIIO-

Buii KKT 115 3a1a4 HEBBIITYKIOTO IpOrpaMMHUPOBaHUS.



112

B o603nauenusx k cucteme (4.6) MCHOIB30BaAJICS aJlalTUPOBAHHBIN MepeBO/l aH-
IJIOSI3bIYHBIX TEPMHUHOB:

— «Stationarityy — CtanuoHapHocTb. PaBeHcTBo rpaguenta Gpynkuun Jlarpan-
xKa HYIIO;

— «Primal feasibilityy — BeinmoaHuMocTb. OrpaHU4eHHs THIIA HEPABEHCTBA B
KaHOHUYECKOM BHJIE;

— «Dual feasibilityy — HeorpunarejbHOCTb. OTpaHUYEHUE HA TOJOXKUTEIIb-
HOCTb 3HAUEHUN MHOXUTENEH Jlarpanxa;

— «Complimentary slackness» — JIonoJHA0IAasA HEKECTKOCTh.

[IponomKuM paccCMOTPEHHUE YCIOBUN CYIIECTBOBaHUA dKcTpemyMa (4.6). U3

ycinoBHs CTallMOHAPHOCTD BBIPA3UM 3HAYEHUE [1;:

1 @; .
Wi = — — pp——, ¢ = 1,IV.
(¢ +)?

CrnepnoBareinbHO, ycioBue J{onojHA0OIAs HeskeCcTKOCTh 1 nmpeodpasyercs K BU-
ay:

1 a; —
Qi __/JJ— :O)Z:l)N, (4.11)
¥

VYpaBuenue (4.11) 3agaet 3aBUCUMOCTb 3HAYEHUN ¢; OT 3HAYEHHUS TOJIBKO OJHOTO MHO-
xutens Jlarpanxa . [IpoBenemM nocnenoBarenbHblil aHanu3 BeipakeHus (4.11) mis
KOHKPETHOTO MOJIb30BATENS ¢ B 3aBUCUMOCTHU OT 3HAUCHUH [i(.
2 ~
i 1 a;
ITycTe po € [0, a—N) , TOTJIa BBIpaXKeHUE [N — 05577 | » PABHOE [i;, TPUHIMACT
3Ha4eHUsI cTporo Oosblie Hynd. CieaoBaTenbHO, IPU JaHHBIX 3HAUEHUSX (i), BBIPAXKE-

Hue (4.11) umeer enuHCTBEHHOE penieHue q; = 0.
aiN’
MPUHUMAET OTPHULIATEIIbHOE 3HAUeHUE NMpH ¢; = 0, OHAKO, B COOTBETCTBUU C YCIOBUEM

Ecmm pg € [ oo), TO 3HAUEHUE B KBaJpaTHBIX ckoOkax (4.11), paBHoe L;,
HeorpuuareabHocTsb, 1; > 0. CaegoBaTenbHO, IPU JAHHBIX 3HAYCHUSX i) PELIECHU-
eM ypaBHerwus (4.11) sBisercs ¢; = / poa; N — ;. OObenuHss 1Ba TTOTYYCHHBIX BBITIIE
pe3yJibTaTta aHaiu3a, pemeHue ypaBHeHus (4.11) onpenensieTcs CaeayrommuM BbIpaxke-

HUEM:

¢; = max ( toai N, %’) : (4.12)

Takum 006pa3oM, 3a1a4a HAXOXKAECHUS 3HAUCHU BEKTOpa ¢ MOXKET ObITh CBEJICHA

K HAXOXACHHNIO OJHOI'O 3HAYCHHUA MHOXKUTCIIA HarpaHH(a Ho- 3HaueHue Mo MOXKET OBITH
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IMOJIYUYCHO M3 PCHICHHA YCJIOBHUA I[OIIOJ]HHIOIIIaH HEXKECTKOCTDb 2, IoaACTaBHUB B HETO

(4.12) nomy4yuM creayroiee ypaBHEHUE:
N

a; o
0|2 s (o) F ] T

1=1

JlaHHO€ ypaBHEHHE UMEET J1BA BO3MOKHBIX PEIICHHUS:

— o = 0. B nannom ciyyae Vi : ¢; = 0, eciiu pu JaHHBIX 3HAYEHUSX BEKTOPa
g BBITIOJIHAETCS YCIOBUE BBINMOJIHUMOCTS 2.

— [4p HAXOJIUTCS U3 pelleHUs ypaBHeHUs (4.8).

Hacrosmuii ¢hakt 3aBepinaeT J0Ka3aTeabCTBO. []

OnucaHHBIM TOJXO0J HAXOXKICHUS PELIEHUsI CUCTEMbl YCIOBHM CYIIECTBOBAHUS
IKCTpPEMyMa B aHMIIOS3BIYHOW JIMTEpAType WU3BECTEH IOJ Ha3BaHUEeM water-filling u
MpeaCTaBieH B [38].

0060011125 CKa3aHHOE BBIIIE, PEIICHHE ONTUMHU3AIMOHHON 3a1aun (4.6) MOXKeT
OBITH MOJYYEHO M3 perieHus ypaBHeHUs (4.8). BaxHo ormeTuts, uto (4.8) 00mamaet
MOHOTOHHOM 3aBUCTBIO OT 3HAUEHUS [io. 11 HAXOXKACHUS pelICHUS] JaHHOTO ypaBHe-

HUSI MOXKET OBITh IPEJIOKEHA JBYXATallHAs YMCIeHHas npoueaypa (anroputm 4.1).

Auaroputm 4.1 : UucnenHoe pemenue ypaBHeHus (4.8)

N ]
S > [

o —~ max(v/ka;N v

1: Haiitu orpesok [k,r] : < ( )
<L

a;

221 maX(\/W 7%')
AJITOPUTMOM SKCIIOHEHIIMAJIBHOTO IIara: yJIBOCHHE 3HAUYEHHUs 1", 10 TE€X IOp IOKa
HE HalJeTCs 3HAUCHHE, YIOBIETBOPSIIOLIEE YCIOBUSIM.

2: Haiitu peuienne ypaBaenus (4.8) Ha oTpeske [k,r| alropuTMoM AUXOTOMUH (Je1e-

HUS OTpe3Ka MoIoiam).

['paduyeckoe npencrasnenue anropurma 4.1 npuseneHo Ha pucyHke 4.1.

Crnenyronmm 3TanoM pacCMOTPEHHUS PEUIEHUsT ONTUMU3ALMOHHON 3a1a4u (4.6)
SIBJISIETCSI OLIEHKA CJIOKHOCTH MOJTYy4YeHHOTO petieHus. Yucnennsiit anroputm 4.1 obna-
JaeT Jorapu(pMUUECKON CIIOKHOCTBIO OT TPEOyeMOil TOUHOCTH HAXOXKICHUS PEIICHUS
ypaBueHus (4.8) [20;38]. Ha ocHoBe manHOTO (haKTa CIIpaBeJIMBO CIICIYIONICE: CI0XK-
HOCTB anroputma 4.1, HaXOXIeHUsI PEIICHUsI ONITUMHU3AIIMOHHON 3a1auu (4.6), aBisieT-
Csl COIIOCTABUMOM €O clIoKHOCTBI0 anroputma 3.1: O(NlogaN), N — oo (moapaszaen
3.4, Tabnuna 3.2).
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DKCMOHEeHLUMaNbHbIN War
[T Anxotomms

Ho
Pucynok 4.1 — I'paduueckoe mpeacTaBiIeHHs aIrOpUTMa YUCICHHOTO HAXO0XKICHHUS

pelIeHus

4.5 HwkHAS rPAaHULA OTHOIICHUS JJINTEIbHOCTEH Oyepu3annu u MpocMoTpa
IPHU nepeaaye aJanTUBHbIX BUICONOTOKOB

B nogpaznene 4.3 Obuta npenjioxkeHa ONTUMU3ALMOHHAS 3aJlaya HEBBIMYKIIO-
ro nporpammupoBanus (4.4), onpenensionias MaKCUMalIbHO BO3MOXHYIO ITPOU3BOIU-
TEIBHOCTh OECIIPOBOIHBIX IEHTPAIN30BAHHBIX CUCTEM JIJIS epeaayy aJalTUBHBIX BU-
JICONOTOKOB. JlaHHas ONTUMU3ALMOHHAS 3a/laua YYUTHIBAET JBa OCHOBHBIX (pakTopa,
BJIMSIOIINE HA KAUECTBO BOCHPUSITHUS aIAlITUBHOTO BU/IE0: OTHOLIEHUE JJIUTEIbHOCTEN
oydepuzanuu u npocMoTpa (g;) U CpeaHsis OMToBas CKOPOCTh MPOCMOTPEHHOTO BH-
€0 (f%z-), npeAcTaBlieHHbIE B nonpasaeiie 4.2. CI0KHOCTh MOJy4YeHUsl pEIICHUs 3a/1a-
41 (4.4) 00yci0BiI€HA HEBBIITYKIOCTBIO €€ OTPAaHUYEHHUS, YTO MPUBOAUT K OTCYTCTBUIO
CTaHJAPTHBIX METOJOB U MOAXO/I0B K penieHuto. OntuMu3annonHas 3agada (4.4) ume-

€T CIECIYIOUINN BUI:
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N

MHHHMH3HPOBATD: + Y ¢;
i=1

IIpu ycnioBum:

(X R, O\ RO

Zl(l_yi Vi) = —1=<0

1=

N .
—%;RH—RQUQSO

Ri c [RminaRmaa:] 7i - 1aN
\_Qi < 07 L= ]-7_N

[IpennaraeMblii moaAXo AJIs penieHus 3a1a4u (4.4) COCTOUT B pa3IeJICHUH €€ pe-
IICHMSI HA J[BA dTara.
Ha nmepBom aTane Oyznet paccMoTpeHa mpoMexyTouHas 3a1ada (4.13):
N
MaxkcumusupoBarb: L = > [,
i=1
Ipu ycnioBum:

=1 . (4.13)

71/.Ry,c ~,_1 _—
l; € 0’%]7 i=1N
\Ri S [Rmim Rma:v] ) 1= L—N

OnrtumuzarnmonHas 3a7a4da (4.13) sBuseTcs 3agaueli ¢ IMHEHHOM 11e71eBor (PyHK-
Meld U OJHHUM HEBBIMyKIbIM OTPAaHUYCHHUEM KBaJIpaTHUYHOTO BHja. BakHbIM OTIH-
YyueM ONTUMU3AIMOHHON 3a7auu (4.13) ot (4.4) coCcTOUT B BUE MEPBOrO OrpaHUYe-
HUS: OorpaHruYeHue B 3ajaue (4.4) sABISCTCA ocpanuuenuem oduje2o suoa (Moapasaes
4.3), xorma orpaHu4eHue B 3a1a4e (4.4) sBIASCTCS oepanuyeHuem KeaopamuyHo2o 6uod.
DT0 HEOOIBIIIOE OTIINYKE ONTUMHU3AIMOHHBIX 3a]1a4, UMEET KOJIOCCAIbHOE BIUSIHUE Ha
METOJIMKY pemieHus. J{Js 3ama4 KBaapaTuaHOTO IPOrPaMMHUPOBAHUS, C HEBBITYKIIBIM
OTpaHWYEHUEM KBAaJIPAaTUIHOTO BHJA CYMIECTBYET 3(P(EKTUBHBIN aITOPUTM PEIICHHUS,
MOCTPOCHHBIM HAa OCHOBE METO/Ja MHOTOTPAHHOW ammpoKCHUMAaIiy (B aHIJIOS3BITHOM
auteparype «polyhedral underestimating methody), B COYETaHUM CO CTaHIAPTHBIMU
YUCJIEHHBIMU METOJIAMU PEILICHUS 33]1a4 BBIYKJIOTr0 IporpaMmupoBanus [47]. Onuca-

HHUC JAaHHOT'O YHUCJICHHOI'O MCTOAA PCIICHUA 3a4a4 KBAAPATUIHOI'O IIPOIrpaMMUPOBaHUSA
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C HEBBIMYKJIBIM KBaIPaTUYHBIM OI'PaHUUYEHHUEM SIBIISIETCS OYEHb TPOMO3/IKUM U HE TIPH-
BOJIMTCS B paMKaX HaCTOAIIEH pabOThl, TAK KaK HE SBIIAETCS PE3yJIbTaTOM, OJTYyUYEeHHBIM
aBTOPOM.
OnTumuzanuonHas 3aaada (4.13) coxpansier Bce orpannueHus 3aaauu (4.4), HO
BBOJUT 00O3HAYEHUE:
Cit
l; = (1 - VRVC) —
qi + i
Hcnonb3ys BBeneHHOE 0003HAUEHUE, IPeoOpa3yeM OrpaHUYEeHUS ONTUMHU3AIMOHHOM

3amaqn (4.4). Tak kak ¢;,¢ = 1,N MOXeT mpUHUMATh 3HaueHus B [0, 00), TO 3HAYCHUSI

].71/RI/C

- )or ], YTO OTPAKEHO

l;;1 = 1,N noJ>KHBI NPUHUMATH 3HAYEHUS B OTPE3KE [0, (

B 3a7aue (4.13).

B3anmocss3b periennii 3anad (4.4) u (4.13) onuceiBaetcs yTBepkaeHuem 4.2.

Ymeeporcoenue 4.2. /s onmumanvruix snavenuti eekmopa {q; } 3aoauu (4.4) u onmu-

manvHo2o peutenus L™ 3a0auu (4.13) cnpaseonuso ciedyroujee HepaseHCmeo.

Do <L
i1 q; + i

ede&i:(l—z/ )01

Loxazamenvcmeo. Jloka3aTenbCTBO YTBEPKACHUS 4.2 TOCTPOCHO HA OCHOBE METOJIA

OT IpOTUBHOTO. [Ipeanonoxum, 4To 3TO HE TaK, TOINA HAAyTCA 3HaYeHUs ¢, , ¢ = 1,/V:

N
Zq + -

i=1

CnenoBarenbHO, CyIIECTBYET [ = ,i = 1,N, yIOBIETBOPSIONINE OTPAHNUECHUSIM

N

ONTUMHU3ALMOHHOM 3a1auu (4.13). Torna » | 19 > L*, oqHako, U3 JAHHOTO COOTHOIICHUS
i=1

clemyeT, uTo 3HaueHue L* He Obuto permenueM 3anaun (4.13). Takum obpazom, Ob1I0

*+

HaleHo mpoTuBopeure. Hactosmuii ¢pakt 3aBepIiacT 10Ka3aTeIbCTBO. []
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Hcnonb3ys pe3ynbrar yTBepKaeHus 4.2, npeajaraercsi NoOCTaHOBKAa ONTUMM3a-

IMOHHOM 3a7au (4.4) ¢ ocabJIeHHBIMU OTPAHUYCHUSIMMU:

N
MHUHHMH3HPOBATD: 3 . (i
i=1

Ipu ycnoBum:

N
a; _ *
Z: Qi+ L S 0
=1
—(; S O,i = 1,N

JlaHHast MOCTAHOBKA 33J]a4M MTOBTOPSIET ONTUMHU3ALMOHHYIO 3a7a4dy (4.6), npen-
CTaBJICHHYO B nofpaznene 4.4. O003HaYeHMsI, UCTIONIb3YEMbIE B HACTOSIICH TOCTAHOB-
ke 1 3a1a4e (4.6), cormacoBanbl. OCHOBBIBAsICh pelIeHUU 3a/1a4u (4.6), IPUBEICHHOMY
B nozapazaene 4.4, u 0000111ast paHee NPUBEACHHBIE PE3YIbTaThl, IPEAJIAraeTcs Cleay-

omiass Tcopema.

Teopema 4.1. Huoicuss epanuya cpeoHezo sHaueHus OMHOuleHul oaumensHocmetl 0y-
Gepuzayuu u npocmompa npu nepeoaie A0aNMUEHbIX 8UOEONOMOKO8 MOXdCem OblMb

8blUUCIeHA Al2OpuUmMOom 4.2.

AJaroputm 4.2 : Beiuncnenre HUKHEN TpaHUIlbl OTHOLLICHUS ITUTEIbHOCTEN Oydepu-
3allMy ¥ IPOCMOTpa NP NEpeiadye aaTUBHBIX BUIEOIIOTOKOB

1: Beruncnenue L* — penienne onTuMu3aimonHom 3aaauu (4.13);

2: HaxoxxzeHue 3HaueHUs (4 SIBISIIOLIErOCs PEIICHUEM YPAaBHEHMUS:

N ~

a;
=0
Z max (\/ IL[/dZN7 fyz) O’

=1

3: HOI[CTaHOBKa SHA4YCHUA U, ITIOJTYUYCHHOI'O Ha ITPCABIAYIICM IIATrc, B BEIPAKCHHUC I
BBIUMCIICHUS] HUDKHEH I'paHULbI:

N
0, ecIu » | (%) < L*
i=1 N .

Q = N
% >~ max (vpa;N —7;,0), unaue
i=1

3aBepIIarouM 3TAllOM HACTOSAIIETO MOJpasjeia ABISECTCS aHaIU3 CIOKHOCTH

BBIYHCJICHUS HIDKHEH TpaHUIlbl OTHOIICHUS IJIUTEIbHOCTEN Oydepu3aiuu u mpocMoT-
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pa mpu mepenave aJanTUBHBIX BHICONOTOKOB. B anroputme 4.2 HanOObINEH BBIUKC-
JUTEILHOU CIIOKHOCTBIO 00JIa/laeT miar 1: MOUCK penieHusl ONTUMU3ALMOHHON 3a/1a-
4y (4.13) ¢ UCMOABL30BAaHUEM YHMCIICHHBIX METO/IOB HAaXOXKJACHUS MUHHUMYMa IIEJIEBOM
(GYHKIIUY TIPU OTpaHUYCHHSIX TUIA HepaBeHCTBA. CIIOXKHOCTD MOJ0OHBIX METOJIOB U UX
CpaBHEHHE C BO3MOXHBIMH aHAJIOTaMH OBLIO TIpHBEACHO B Tabuie 3.2 moapaszaen 3.4.

Takum obOpazom, anroputm 4.2 061a7aeT BHICOKON BBIYMCIUTEIBHOU CIIOXKHO-
CTBIO U HE MOXKET OBITh PEaIM30BaH B peaIbHOM MacIITabe BpeMEHH ITPU OPTaHU3aINH
yIIpaBJICHUs pacipeeieHueM pecypcoB O€CITPOBOIHOTO KaHala Ha 0a30BOM CTAHITUHU.
OnHako, TaHHOE CBOMCTBO HE CHMIKAET 3HAYMMOCTH MOJTYYEHHOTO pe3ybTara Jjis aHa-
JUTHUYIECKOM OIEHKH MPOU3BOAUTEIHFHOCTH OSCIPOBOIHBIX IEHTPATN30BAHHBIX CETEH
pu Tiepeaayue afanTuBHOTO Buaeo. HacTosmuii pe3ynsrar MOXKET ObITh HCTIOIB30BaH
IpU TUTAHUPOBAHUM CETEH OECIPOBOMAHON CBSI3M (PACIOIOKEHUE M XapPAKTEPUCTUKHU
yCTaHABIMBAEMbIX 0A30BBIX CTAHIIUI) U CO3JaHUs TPEOOBAHUM K aJrOpUTMaM IJIaHU-
POBaHHS peCcCypcoB OECIPOBOTHOTO KaHaia JIs CYIMIECTBYIONIUX U OyIyIuX CTaHaap-

TOB O€CIPOBOHON CBS3U.

4.6 YuciaeHHbI IpUMep

Hacrosmuii nonpasaen AeMOHCTPUPYET PE3YIbTAThl CPABHEHUS HUKHEW TPAHU-
116l OTHOIIICHUS JUTUTEIIBHOCTEH Oydepusauu u mpocMoTpa, MpeCTaBICHHON B MOJ-
paznene 4.5, ¢ U3BBECTHBIMU aJITOPUTMAMU TIJIaHUPOBaHUS (TIozpasaen 2.5).

JleMOHCTpanus pe3yiapTaTOB HACTOSLIErO pasjiefia MPOU3BOAMTCSA B COOTBET-
CTBHH C TozpazjaenoM 3.7. PaccmarpuBaercs paboTa OJHON COTBI, TI€ MOJIb30BATEIN
HaXOJATCSA Ha OJHOM JIMHUU MO yAAJIeHHI0 OT 0a30oBoi cranuuu. CocTosiHue Oecrpo-
BOJIHOTO KaHajla MU3MEHSETCS BO BPEMEHHM, TaK KaK B MOJEIUPOBAHUM HCIIOIb3YETCS
MOJIEJIb PAIMOKaHAJIA C IUNIOCKMMU 3aMUPaHUAMMU.

Ha pucynke 4.2 npencraBieHO CpaBHEHUE TPOU3BOUTEIIBHOCTH U3BECTHBIX aJl-
roput™oB mranupoBanust (Round Robin v Proportional Fair) ¢ HMbKHEN TpaHUIeH TPy
3a(MKCUPOBAHHOM 4HKciie a0OHEHTOB B coTe, paBHOM 10 monb3oBarensm. [lo ocu abc-
IUCC OTJIOKEHA Tpedyemasi CpellHsASI CKOPOCTh MPOCMATPUBAEMOT0 BUICOTIOTOKA B COTE,
a TI0 OCH OpAMHAT 3HAYCHHE KPUTEPHS KaueCcTBa BOCTpUATUA (). 3alITpUXOBaHHAS 00-

JacTh MOJI KPUBOM, ONpeAeAoIed HIKHIOI TPaHUIly, XapakTepu3yeT o0acTh, 3Ha-
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YCHUA KOTOpOﬁ HCOAOCTHIKHUMBI JJI1 BCCBO3MOKHbLIX aJITOPUTMOB INIAHUPOBAHUA, YI0-

BJICTBOPSIOLIMX BBEICHHBIM JIONYLIEHHUAM B IIOIpa3aeiie 2.7, HApUMeEp, HE CyLIECTBY-

CT aAJITOPUTMOB IUNIAHUPOBAHUA U aAdllTallUd BUACOPAAA, 06eCHe‘lI/IBaIOHlI/IX 3Ha4YCHMU

KpuTepus kadectBa Bocupustus () papHoM 0.05 mpu cpeaHeit OMTOBOW CKOPOCTH MPO-

CMaTpHUBaEMbIX BHACOTIOTOKOB paBHOU 3.75 MoOwuT/c, Korma B cote Haxoautcs 10 abo-

HCHTOB. HaﬁHeHHaH HWIKHAA I'paHULAd JJIA aJalITUBHBIX BUACOIIOTOKOB CPABHUBACTCS C

y’K€ U3BECTHOM HIDKHEW IPaHUIICH JIJIsl HEaJanTUBHBIX, IPEACTaBICHHOH B pabote [20].

HpI/I MOICIIMPOBAHNU U PACUCTC XAPAKTCPUCTUK TJIA HCAJAIITUBHOTO BUACO IIPCAIIOJIA-

rajgoch, 4TO BCE€ IMOJIb30BaTEIN MPOCMATPUBAIOT BUJIEO C OMTBOIN CKOPOCTHIO PaBHOM

Ravg-

W3 pe3ynbraroB, IpeICTABICHHBIX HA PUCYHKE 4.2, CIIEAyeT:
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Ha pucynke 4.3 npeacTaBieHO cpaBHEHUE HIKHUX TPAHUIL AJ1 KpUTepus () pu
HAJIUYUH Pa3IMIHOTO YMcia aboHEeHTOB B coTe. C pocToM unciia abOHEHTOB MPHU 3a-
JTAHHOM YPOBHE 3HAYCHHU KpuTepHsi () cUCTEMa MEePEXOIUT B COCTOSHUE MEepPErpy3Ku
(ompenenenuie 3.1) npu MeHbIIEM 3HAYEHUU TPeOyeMoOil cpenHel OUTOBON CKOPOCTHU

BHUACOIIOTOKOB B COTC.
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Pucynok 4.3 — HwxkHss rpaHuiia Kpurepus () pu pa3IndHOM YUCIIe a0OHEHTOB B

COTC

BBeneMm omnpeneneHne eMKOCTH COTHI:

Onpeoenenue 4.1. EMKOCTb COTBI — YUCIO NOb30BAMENEl 8 COME, NPU KOMOPOM 3HA-

yenue Kpumepus () pagHsemcs HeKomopou 3a0aHHOU GeTUdUHe.

Omnpenenenne 4.1 B3aMMOCBSA3aHO C OMPEIEICHUM MEPErPy3KH CIASAYIOIINM 00-
pa3oM: OmpeeeHUEe NMePEerpy3Ku 3a/1aeT rpaHully 3HAYCHUS] KPUTEPHUsI KaueCTBa BOC-
IPUATHS, TIPH KOTOPOM CHCTEMa MepecTaeT MoAAepKUBaTh TpeOyeMblii ypOBEHb Kade-
cTBa 00CTy>KHBaHUA. B CBOIO ouepeib onpeiesieHue eMKOCTU COThI OTIPEICIISIET MAKCH -
MaJIbHOE YHMCJI0 TOJIb30BaTeNIeH, MPH KOTOPOM CHCTEMA €III¢ He MepeInia B COCTOSHUE
neperpy3KH.

Pucynok 4.4 WiUTIOCTpUPYET MAKCUMaJIbHO BO3MOXKHYIO €MKOCTb COTHI JIJIsl pac-

CMaTpUBaEeMOTro CIieHApHsl IPU 3HAUYEHUU Kputepus BocrpusaTus () pasaom 0.01, 0.05
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u (.1 B 3aBUCUMOCTH OT TpeOyemMoii OUTOBOM CKOPOCTH MPOCMATPUBAEMBIX BHIEOIIOTO-
KOB. BO3BMO)XHO OTMETUTH, YTO HAOOJbIIAsE EMKOCTh COTHI JIOCTUTAETCS IIPU OOJIBIITUX

SHAUYCHUAX KPUTCPUA KAaICTCBA Q
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Tpebyemasn cpegHsas buToBass CKOPOCTb Ravg ,Méut/c
P HCYHOK 4.4 — MaxkcumalibHast EMKOCTb COTEI AJIs1 PA3JIIMIHBIX 3HAYEHUU KpUTCpUs

KauecTna ()

4.7 BbiBOABI IO pa3aesy

B nacrosiiem paznene Obula paccMOTpEHa Iepenadya alalTUBHBIX BHUIEONOTO-
koB 1o mpotokory HTTP B GecripoBOAHBIX HEHTPaAJIM30BAHHBIX CETSAX CBsA3U. B Ha-
qajie paszzienia ObLI MPEAJIOKEH KPUTEPUil Ka4yecTBAa BOCHPUATHS aJalTUBHOTO BHJIEO,
YUMUTBIBAIOIIUH J1Ba OCHOBHBIX (pakTopa: JIUTENbHOCTh Oypepu3annu U OuToBasi CKo-
POCTb TpOCMATpPUBAEMOro BueonoToka. Ha ocHoBe nanHOrO Kputepus Obuia chopmy-
JMPOBaHA ONTMMM3ALMOHHAS 33a/1a4a HEBBIITYKJIOTO IPOIrPAMMHUPOBAHUS, ONPEAEIIIO-
11as MakKCUMaJIbHO BO3MOXKHYIO ITPOU3BOJIUTEIIBHOCTD CUCTEM NE€PENauYn JaHHBIX IS
BBEJICHHOTO KpuTepus. /[ nmocraBieHHON ONTUMU3AIIMOHHON 3a/lauM OblIa HailieHa

HWXHSA IT'paHUIIa 110 BCCBO3MOKHBIM aJITOPUTMAaM IINIAHUPOBAHUA PACIIPEACICHUS PC-
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CYpCOB O€CHpPOBOHOTO KaHaa U aalTalliy BUIEONIOTOKA, YIOBIETBOPSIONIUX JOITY-
HICHUSIM, BBEJICHHBIM B nIofipazzene 2.7. B 3akimtouenun paszaeina Obuia IpoaeMOHCTPH-
POBaHO CpaBHEHUE IPOU3BOAUTEIBHOCTH CYILECTBYIOIINUX aITOPUTMOB IJIAHUPOBAHUS
C HAUJCHHOW HUKHEW TPAHULIEH, U ONIPEAECTICHA MAKCUMAJIbHO BO3MOKHasI EMKOCTb CO-
ThI JJIsI pACCMaTPUBAEMOTO CLIEHAPHS TIPU MIepeade aIanTUBHBIX BUICONOTOKOB.
B kadyecTBe pe3ynapTaToB HACTOSILETO pa3fesina MOTYT ObITh BBIAEIIECHBI CIEIYIO-
ue:
— IlpennoxeH KpuTepuil KayecTBa BOCIPHUATHS AJANTUBHOIO BHUJIEO: OTHOIIIE-
HUE JTUTeNbHOCTEN Oydepuszanuu U mpocMoTpa NMpU OrpaHUYCHUN CHU3Y Ha
cpenHee 3HaYeHUue OMTOBOM CKOPOCTH MPOCMATPUBAEMOTO BUACOMOTOKA (T10/1-
paznen 4.2);

— JIns IpeIOKEHHOTO KPUTEPUS ITPOU3BEAECHA ITOCTAHOBKA ONITUMHU3AHOHHOM
3aJ1a4¥ HEBBIITYKJIOTO IPOrpaMMUpOBaHus. [JIs1 JaHHOM TOCTaHOBKU HAMJI€HA
HVKHSISL TPAHUIA BBEIEHHOTO KPUTEPHS 10 BCEBO3MOXHBIM aJITOPUTMAM ILJ1a-
HUPOBAaHMA U AN TAllMU BUAECONIOTOKA, YIOBIETBOPSAIOLIMX BBEACHHBIM JOITY-
LIEHUSM B Itozipasaenie 2.7, ¢ UCIONIb30BAHUEM JIBY CTYIIEHYATON ONITUMU3ALAN
(mompaznensl 4.3, 4.4 u 4.5);

— IIpousBeneHa 1eMOHCTpauys NPOU3BOAUTEIBHOCTH CYIIECTBYOIINX AJITOPUT-
MOB IUIAHUPOBAHMS B CPABHEHUH C HAWJICHHOM HUKHEW TPAHULIEN U OTIpEAeTIe-
Ha MAaKCUMAaJIbHO BO3MOYKHasi EMKOCTB COTBHI JUJIsL pACCMAaTPUBAEMOTO CLIEHAPHS
(mompaznen 4.6).

Hacrosmmuii pa3znein sBISIETCA 3aKJIFOUUTEIBHBIM B JUCCEPTALIMOHHOM HCCIEN0-
BaHUU M, JJIA JEMOHCTpPALMK OOIIeld KapTHUHBI MPOJACIIaHHOW pabOoThl, B MPHIIOKE-
Huu B mpencrasieH rpad OCHOBHBIX 3aBUCHMOCTEN MEXy MoApaszaeiaMu (PUCYHOK
B.1). Hymepanus y310B rpada cooTBETCTBYeT HyMepaluu MOApa3IeioB, HalpaBieH-
HbIe pedpa (CIUIOUTHBIC TUHUU) 0003HAYAIOT MPSMBIE CCHIIKA MEXKIY MOApa3aeIaMu
(Hanmpumep, noapaszzaen 3.3 ccpluiaeTcs Ha mojpasaeisl 2.7 u 2.9), MyHKTUPHbBIC JTUHUT
0003HaYaloT JJOTUYECKOE COSAMHEHNE MAaTEPUAJIOB MOAPA3/IEIIOB.

B03MOXXHO OTMETHUTBH, UTO OMOPHBIMU MOAPA3/IeIaMi HACTOALLEH PaObOThI SIBIS-
10Tcs 2.7 1 2.9, npeAcTaBisoIINE CUCTEMY JOMYIIEHUH U OCHOBOIIOJIATAOIIYIO B3au-
MOCBSI3b MEX/Yy XapaKTEPUCTUKAMH CETH MEPENaUM TAHHBIX U BOCITPOU3BEAECHUEM BU-
Jeopsiia COOTBETCTBEHHO. OCHOBHBIE PE3yabTaThl padOThI, IPEICTaBICHHBIC B MOAPA3-
nenax 2.9, 3.5 u 4.5, u ux geMoHctpauuu 3.7 u 4.6, HEMOCPEJACTBEHHO OMUPAIOTCS HA

cUCTeMy JonyiieHui (moxapaszaen 2.7). Marepuaisl noapaszzaena 2.7 chopMUpoBaHbl HA



123

OCHOBe aHanu3a nepenaun Buzeo mno nporokoiay HTTP (pa3nen 1) u coBpemeHHbIX Oec-
MPOBOJIHBIX IIEHTPAIU30BAHHBIX TEJICKOMMYHHUKAIIMOHHBIX CUCTEeM (TIopaszaesnsbl 2.2,
2.4u?2.5).

BakHbIM MOMEHTOM TPOBEIEHHOTO MCCEAOBAHUS SBIISIETCS CBA3b MEXKIY CH-
CTEMOM Tepeaaur BUACOJAHHBIX U 3aMKHYTOM CHCTEMON MacCOBOTO OOCTY>KMBAHUS C
KOHEYHBIM YHCIIOM a00HEHTOB (moapasnen 2.8). 13 marepuanos noapasaena 2.8 cie-
Ty€eT, 4TO HCCIeIyeMas CucTeMa siBisieTcs 00600menneM 3aMkayToii CMO ¢ KOHEUHBIM
YUCJIOM a0OHEHTOB, B KOTOPOM KaXk/1asi reHepupyeMas 3asiBKa YHUKaIbHa U JIJTUTEIbHO-
CTH Iay3 MEXAY UX OTIPABKAMU HE SIBJISIOTCS SKCIOHEHIHAIBHBIMU CIIyYalHBIMH BE-
JUYMHAMU, @ THTCHCUBHOCTH OOCTY>KMBaHUSI U3MEHSAETCS] BO BPEMEHH U 3aBUCHT OT Xa-
PaKTEpUCTUK BCETO MHOKECTBA 3asBOK, HaXOAAIINXCA B Oydepe Ha 0O0CTyKHUBAIOIIEM
ycTpoiictBe. Hacrosimiee quccepTallnuoOHHOE UCCIIEOBAaHUE MPEJIaraeT HOBbIE aHAJIu-

TUYECKUE PE3YyIbTaThl AJIsl MOAOOHBIX CUCTEM MacCOBOTO OOCTY>KUBAHMUS.
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3AKIIOYEHHUE

B nucceprannonHoit paboTe paccMOTpeHa nepeada BUACOJaHHbIX 10 IPOTOKO-
ay HTTP B GecripoBOAHBIX IIEHTPAIU30BAHHBIX CUCTEMaX CBsA3U. OCHOBHOE BHUMAHHE
YIEJIEHO aHATUTUYECKUM UCCIEAO0BAHUSIM MAKCUMAIBHO BO3MOKHOWU MPOU3BOAUTEIb-
HOCTH JIAaHHBIX CHCTEM CBSI3HM MPH JTOMHUHUPOBAHUH MEPEIAYN BHUJIEO.

OcHOBHBIE Pe3ybTaThl PA0OTHI 3aKIIOYAIOTCS B CIEAYIOIIEM.

1. Ipennoxena Monens 6€CIPOBOIHON LIEHTPATU30BAHHOW CETH CBS3H MPH TIe-
penade BuaconaHHbIX no nporokony HTTP. Halinena B3anMocBA3b MexIy
00BEKTUBHBIMU XapaKTEPUCTUKAMU CETU U KaY€CTBOM BOCIIPOU3BE/ICHUSI BU-
neo. IIpemnyioxxeHHas MOAENb U HAAEHHAs] B3aMMOCBSI3b MMO3BOJISIIOT OCYyIIE-
CTBUTH aHAJUTUUYECKUE UCCIIEIOBAaHUS TPOU3BOJUTEILHOCTH OECITPOBOIHBIX
LEHTPAIIM30BAHHBIX CETEN NIPU JOMUHUPOBAHUU IIEPEAAYN BUACONAHHBIX.

2. IlpenyoxeHbl allrTOPUTMBI BBIYUCIICHUS TPAHUYHBIX 3HAYEHUN MAaKCHUMAaJIbHO
BO3MOKHOM NMPOU3BOJUTEIHLHOCTH OECIIPOBOAHBIX IIEHTPATU30BAHHbBIX CETEH
JUTSL CJIENYIOIUX KPUTEPUEB KAYECTBA BOCIIPUSATHS:

— HopMupoBanHOe OTHOIIIEHWE AJIUTEIBHOCTEW Oydepusanuu u mpo-
CMOTpa IIpH IIepeade HeaJanTUBHBIX BUACOIIOCIECA0BATEIBHOCTEM;
— OrtHoueHne aAnuTenbHoCcTe Oydepusanuu U NMpocMoTpa C y4eToM
CpeaHel OMTOBOM CKOPOCTH BUIEO MPH Mepeaade aganTHBHOTO BH-
TEO.
[TomydeHHble pe3ylbTaTbl MOTYT OBITH MCIOJB30BAaHbI B KaU€CTBE OMOPHBIX
3HAYEHUU NpH pa3padO0TKE HOBBIX AJITOPUTMOB IJIAHUPOBAHUS, YUUTHIBAIO-
M€ THUII IEPeaBaeMoro Tpapuka U TpeOOBAHUS K €ro 0OCITYKUBAHUIO, IS
CYILIECTBYIOIIMX U MOCIEAYIONINX CTAHAAPTOB OECIIPOBOAHON CBSI3H.

3. Pa3paboraH anroputm pacrpeaeineHus pecypcoB paaroKaHaa, 001a1aromun
Ha 7 — 14% Oonblel Mpou3BOIUTEIHHOCTHIO, YEM PaHEE U3BECTHBIE AITOPUT-
MBI, JIJIsl KpUTEPUS. HOPMUPOBAHHOTO OTHOILIEHUS JUIUTENLHOCTEN Oydepusa-

IIMH U IIpOCMOTpa IIpHu HeaI[aHTHBHOﬁ nepecaaduc BUACOAAHHBIX.
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INPUJIO)KEHUE A

AINNTPOKCUMAIINA ®YHKIIUU MOS JIs1 HEPEJAYU BUAEOJAHHBIX

Tabnuma A.1 — Annpokcumanuu byHkiuu MOS 11 nepegadu BUACOIaHHBIX

Hcrtou-
dopmyna Onucanue
HUK
[Ipouent 3amupanus BocrpousBeaeHus notoka (Stalling, Rebuffering Percentage)
g; — IPOIIEHT BPEMEHH, KOTJIa TI0Ih30BATENIb HAOIIOMAT
pepbIBaHNE BOCIPOU3BEICHUS TTOTOKA;
9i = tli_{rc}o #ﬁﬁ(t) rb;(t) — ITUTENLHOCTD 3aMUPaHK BOCIIPOU3BEICHUSI TOTOKA 3a .
Minimize : Z i BpeMms ¢ [18;19]
Z d;(t) — IMTENILHOCTH MPOCMOTPEHHOM MOCIEA0BATEILHOCTH 32
BpewMs 1.
g = lim % ((tt)) w;(t) — AUTENLHOCTh OKUIAHHS B TCUCHUH BPEMCHU t,
b oo YUUTBIBAIOLIEE HaYaIbHbIE Oyepu3aiu U npepbIBaHus [20]

Minimize : Y q;
i

BOCIIPOU3BCACHMA IIOTOKA.

B3BenieHHbIE CyMMBI XapaKTEpPUCTUK BOCITPOU3BEACHUS

MOS; = frare (R;)
Mazimize : Z MOS;

R;(t) — OutoBas CKOPOCTh MPOCMATPHUBAESMOTO ITOTOKA.

[17]

vel



Ji= kilnR; — ky 21'(%)

Maximize : Y f;
i

R;(t) — butoBasi CKOPOCTh MIPOCMATPUBAEMOTO MTOTOKA;
k1,ko — BecoBble KOA(PPUIIMEHTHI TpHOPUTETA (PYHKIIUHU OT
OMTOBOM CKOPOCTH M 3aMHUPAHHM BOCIIPON3BEICHUS

COOTBETCTBEHHO, MpuueM ki << ks.

[16]

A — CpeIHUI MIPOIIEHT BPEMEHU MPEPHIBAaHUS BOCIIPOU3BEICHHUS
10 BCEM MOJIb30BATENSIM;

0 — cpenHee 3HaYEHHE CKOPOCTU OMTOBOU PENPEe3eHTALMH I10

Minimize : WA — 6 [48]
BCEM I10JIb30BATEIISIM;
W — BecoBoit KO3 PUITUEHT TPUOPUTETA IPEPHIBAHUS
BOCITPOU3BEICHUS, CPABHUM CO 3HAYCHUEM 6.
QoE; [t] = Wi Wi, Wy, W3 — BecoBble KO3 (UIIMEHTHI;
2
log(R; [t] — Wa(Buf;[t] — Bufir) R;[t] — OuTOBast CKOPOCTH B MOMEHT BPEMEHH 1; 8]
2
—Ws(R; [t] — R; [t — 1])7) Buf;[t] — ypoBens Oydepa B MOMEHT BpeMEHH t;
Mazximize : Z QoL [t] Bu fi,» — moporoBoe 3HaueHue ypoBHs Oydepa.
1
a; — K03 OUIMEHTBI, 3aBUCSIIME OT XapaKTEPUCTHK
MOS — @ +as FrRi+azlog( RTCT) IIPOCMATPHUBAEMOI0 KOHTEHTA;
C T 1tasPLitas(PL;)? P . pTCP
. ; : rR; —gactora xagpoB noToka; R; ~' — CKOPOCTh IOTyUCHUS 49
Mazimize : Y MOS; ! P ! P y [49]
i nHpopMaIuu;
PL; — BEpOATHOCTH OTEPH MAKETA.
MOS; = - (RTC?DS(id( o +a a,b — HOpMHUPYIOIIHE KOHCTAHTHI;
o\t “ Cj — KOHCTAHTBI, TIOJ0OPAHHBIE B XOJIE IKCIIEPUMEHTA,; [50;51]

Mazximize : Y, MOS;

SU Dl — JIATCIIBHOCTh OXXKHMJaHUA Hadajla BOCIIPOU3BCACHMA.

Gel



MOSpges (Resl;) = 1.475log (Resl;) — 6.15
MOSge (RebRate;) = 0.738 e~ fiebRate:

MOSgup (SUD;) = —0.02 SUD; + 2.53
MOS; =

0.174 M OSpes (Resl;) MOSgey(RebRate),-
-MOSsyp (SUD;)
Mazximize : > MOS,;

Resl; — pa3peliieHne penpe3eHTanuu;
RebRate; — oTHOIlIEHHE BPEMEHU TPOCMOTPA K AJTUTEILHOCTH

omycTomieHus oydepa.

[52]

9¢l
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HNPUJIOKEHME b

IHAPAMETPbBI MOAEJINPOBAHU A

Tabnuua b.1 — Iapametpsl MoaenupoBaHus

Ha3Banue napamerpa 3HaueHue
OO01mue mMoJIoKeHNs
MakcumanbHas yqaJl€eHHOCTb MOJIb30BATENEH OT 200
M

0asoBoi ctaHuu X, .

Tunsl Tpaduka

Tonbko BUaEO

I[J'II/ITCJ'H)HOCTB MOACIUPOBAHUA

360000 ¢

I[HI/ITCJ'ILHO CTb MHTCPBAJIa INITAHUPOBAHUA

1 mc

becnpoBoaHoil kKaHa

Mopnenb 3aTyxaHust paclipOCTPaHEHUsI CUTHAJIA

Oxkamypa-Xara

OkpyxeHue T'oponckas 3acTpoiika
Tun ropona bosnpion ropon
MomntHoCTh nepenaTdyruka 6a30BOM CTaHIIUH 44 nbm
MouiHoCTh nepenaryrka nojib30BaTeIbCKOro
. 23 nbm
yCTpOWCTBa
KoaddunmenT ycunenus aHTeHHBI 0a30BOM 10 25
CTaHLWH U MOJIb30BATENBCKOTO YCTPOMCTBA 8
Hecymas yacrora 21T
[IIupurHa oIOCHI Iepenadn 10 MI'g
Mopenb omuOKu npu nepeaade JaHHbIX OtcytcTByeT

Ili1ockue 3amMupanus

Mopnenb Extended Pedestrian A (EPA)
JIBIDKEHUE OKPYKCHUS 3 KkM/4
JnutensHOCTh TEHEpUPYEMOU 10¢
MOCJIEI0BATEILHOCTH
Hecymas yacrora 21T

TCP nporokoa
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Cranpapt TCP NewReno

Pa3smep ¢parmMentanuu nakera 1440 b

MuHuManpHOE 3HAUEHUS TaMayTa Ic
HavaneHblii pa3mep okHa 4320 b
OrpannyeHue Ha4aJIbHOTO POCTa OKHA OBICTPOTO
Heorpannuen
cTapra
Pa3mep Oydepa Ha mpreMHON U niepeaaronei 6 ME

CTOpOHE

AJIFOpI/ITM IVIAHUPOBAHMUA NJIA HEAJAIITUBHBIX BUACOIIOTOKOB

WNHTepBan ycpeIHEHUsI OLIEHKHA CKOPOCTH

- 1000 mc
nepenaun uHhopmanuu (wg)
NHuTepBan ycpenHEeHUsT OLEHKA MAKCUMAIbHON
. - 1000 mc
MPOITYCKHOM CIOCOOHOCTH KaHana (w¢)

MuHuMabHas TApaHTUPOBAHHASI CKOPOCTh

, 100 K6/c
nonydenus nadopmammu (S™")
[Topor HEaKTUBHOCTH MOIb30BaTeNs (1) 4c¢
BuaeoxkonTeHnT
JInmuTensHOCTh BUAEO 300 ¢

buToBbBIE CKOPOCTH MOTOKA HEAJAITUBHBIX

1 Mour/c

BHUJICOIIOCJIEI0OBATEIILHOCTEHN

butoBbie CKOPOCTH IIOTOKA aAalITUBHBIX

BHUJICOMIOCJIEI0BATEIILHOCTEHN

[1, 4.5] Mobut/c

Buneomnieep
JITUTETbHOCTh CETMEHTA BUICOaHHBIX 2¢
PasMep HauanwHOM Oydepuzamnmu 4c
MaxkcumanbHslii pazmep Oydepa 10c

A manTaiys BUIEOIMOTOKA

CooTBETCTBYET MapameTpam,

NpeACTaBICHHBIM B Tabnuie 1.2

IToBenenue moJib30BaTe s

HauanpHas 3aepkka npu 3aka3e BUIEO

PaBHOMepHas cnydaiinas

BenmunHa B oTpeske [1, 60] ¢
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YceueHnnas OKCIIOHCHIIMAJIbHAasA

CiTy4yaiiHasi BEJIMUUHA B OTPE3KE
[Tay3a Mexay mpocMOTpamMu BHUJIEO
[15, 45] c co cpenHUM 3HAUCHUEM

30c




HHPUJIOXEHME B

I'PAOUYECKOE MNPEJCTABJEHUE 3ABUCUMOCTEM PA3JIEJIOB

a.b Bbieodbl no pasdeny @ OcCHoOBHble pe3ysabmamobl @ YucneHHble npumepesi

) Pasden
1

] @@ G @E @ @-
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HPUJIOXEHMUME I

AKTBI O BHE/IPEHUH

YTBEPXXIAIO

I"eHepanbHEIH KOHCTPYKTOP
ITAO:«HaTenTex»,

3.0.H PO

e AL B.M. MupouiHukoB
N O '»jﬁ%pT 2017 r.

06 UCIIONIBL30BAaHUH PE3YJIBTATOB UCCEPTAMOHHOTO HCCIIeIOBAHUSI
ITactymika Uropst AnaronseBuva
Ha TeMy «VccrenoBanue u pa3paboTKa aJITOPUTMOB
pacnpenenenus: peCypcoB paqloKaHana s alallTUBHOMN
IIOTOKOBOH Iepenavyu BUICOTaHHBIX»

Komuccuss B cocrtaBe: mpenacenartenss — 3aM. IeHEepajbHOrO IWpeKTopa -
nupekropa HTII-1, n.1.H., npodeccopa Jleruaruna H.M. u diieHOB: HadaJlbHHKAa
oTnaena, O.T.H., OIleHTa BoGpoBckoro B.H. u HavaJlbHUKa Hay4HO-
HCCJIEIOBATEILCKOIO  OTAEJeHHus, TIyJaBHOro KoHcTrpykTopa OKP «Ilakrays»
ManaxoBckoro A.A. - cocTaBUlia HaCTOSIIIHHA aKT o BHEIPEHUH.
AKT noaTBepxaaeT, 4To B ‘pamkax OKP «Pa3pabGoTka MpOMBIIUIEHHON TEXHOJIOTHH
CO3JaHusl MPOrpaMMHO-aNIapaTHOrO KOMIUIEKCa IS Iepefadd MaHHBIX, aylIuo- WU
BUJEOMH(OPMAIIUY II0 HH3KOCKOPOCTHBIM W HECTAaOWJILHBIM KaHallaM CBS3U B
peanbHOM MacmTabe BpemeHu», mudp «I[lakrays» OBLTH HCIIOIB30BAHBI PE3YJIbTATHI
AYCCEepPTAallMOHHBIX uccienoBaHuil Ilactymka WM.A., B YacTHOCTH METOIHUKA
BBIYMCJIEHHUs] HMO)KHEH I'paHMIBl IJIs OTHOIISHWS UIMTEIbHOCTEW OydepHuzanuu u
IIPOCMOTpa C Yy4YeTOM cpe/iHell OUTOBOM CKOPOCTH BHIEOIIOTOKA IIPU alallTUBHOM
IIOTOKOBOM mepeaade BHICOJaHHBIX B O€CIIPOBOIHBIX LIEHTPATU30BAHHBIX CETSIX.

IlpumeHenre METOAMKHM  TIO3BOJIHUIO IIPOBECTH YTOYHEHHYIO  OIEHKY
MPOU3BOAUTENBFHOCTH Pa3pabOTaHHOrO KOMIUIEKCA CPEICTB CBSI3M NPHU Ilepeaade
BUJIE€OJaHHBIX.

Hpeucena-re.m; KOMHCCHH

3aM. reHepaJbHOTO JHPEKTOopa — V%/{/W
nupexrop HTILI-1, a.1.H., npodeccop % ? H.U. JIsraarun
YneHbl KOMHCCHH

HaganpHuk oTnena, 4.T.H., JOIEHT % gjé B.U. BobpoBckuit

HaganpHuk Hay4dHO-
HMCCIIeI0BATEeILCKOro OTAEJICHUS,

riaBHbIM KOHCTpykTOp OKP «Ilakrays» A.A. ManaxoBCcKuit
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MWHWUCTEPCTBO OBPA30BAHUA N HAYKU POCCUMCKOW ®EQEPALIUMU

d)e,qepanbuoe rocygapcTeeHHoe aBTOHOMHoOe oﬁpaaoBaTeanoe yuypexpneHue Bbiclwero 06pa3OBaHMﬂ
«CaHKT-lMeTepOyprckuit rocyaapcTBeHHbI YHUBEPCUTET a3pOKOCMUYECKOro NpubopocTpoeHuns»
(CYAN)

yn. bonblasa Mopckas, a. 67, nuT. A, CankT-leTep6ypr, 190000, Ten. (812) 710-6510, dbakc (812) 494-7057,
E-mail: common@aanet.ru OFPH 1027810232680, MHH/KMM 7812003110/783801001
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06 WCIONBb30BAHHH pe3yJIbTaTOB  IHecEpi:
«UccnenoBanne M paspabOTKa airOPUTMOB -
[IOTOKOBOM Ilepeiadyl BUAEOJAHHBIX.
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Ha N¢ oT

YTBEPXIAIO

Pexrop ®T'AOY BO «Canxr-IlerepOyprekuit
rocyIapCTBEHHBIH YHUBEPCUTET
a’POKOCMHUYECKOTO IPHOOPOCTPOECHUS»

HayuHo-TexHudeckas KOMHccHs B cocTape: A.M. TIOpIHKOB — H. 0. AUPEKTOpa HHCTHTYTa
MH(pOPMAIHOHHBIX CHCTEM H 3amuThl HHGopMarun; A.A. OBYHHHUKOB — 3aBE/yIOLIHA Kadeapoit
6esonacHocTH HEpopMamuoHHEX cucteM; C.B. @enopenko — npodeccop Kadeapsl 6e30macHOCTH
MH(POPMAIHMOHHBIX CUCTEM, COCTABHIIA HACTOAIIMH aKT O TOM, YTO CJIAYIOLIHE Pe3yIbTaThl

JMCCEPTALMOHHOM paboTHI:

-Mozenb OecrpoBOAHOM ceTH Iepefaddl HHPOpPMAMH Kak 3aMKHyTas CHCTEMa MacCoBOTO

06CJ1y JKUBAHUSI C KOHCYHBIM YHUCJIIOM a6OHeHTOB;
- METOAUKA BBIYUCJICHUSA HIDKHEH TpaHUIbI

IO BCEBO3MOXXHBIM QJIrOpuT™MaM IIJIAHUPOBAHHSI

pacrpesieleHHsi pecypcoB OeCIPOBOIHOTO KaHana [l HOPMUPOBAHHOTO OTHOMIEHHS JUTHTENBHOCTH
6y(epusamuy K IPOCMOTPY IIPH IlepeJiade HealanTHBHBIX BUIEONOCIS0BATENFHOCTEH O IIPOTOKOITY

HTTP.

HCTIONB3yIOTCA TPH NPOBEJIEHHH JIEKIMOHHBIX M JaGOpaTOPHBIX 3aHATHH y4eGHBIX KypcoB «OCHOBEI
IOCTPOEHHs MH)OKOMMYHHUKALMOHHBIX CHCTEM H ceTei» u «MeToabl MONeTMpOBaH)s U ONTHUMH3ALHIY,
YUTAEMBIX CTYJAEHTaM Kadeaps! 6e30macHoOCTH HHPOPMALIMOHHBIX CHCTEM.

H. 0. JUPEKTOpa MHCTHTYTa HHPOPMALMOHHBIX
CHCTEM H 3aIMUTHI HHPOpMALUU
JIOKTOp TEXHHUYECKHX HayK, IIpodeccop

A.M. TropnukoB

3aBeayronuit kadeapon
6e30macHOCTH HHHOPMAITHOHHBIX CHCTEM
KaHJUIAT TEXHHYECKUX HayK, TOLEHT

3
/

A.A. OBUNHHHKOB

[Tpodeccop xadenps
6e30macHOCTH HH()OPMAITHOHHBIX CHCTEM
JIOKTOpP TEXHHYECKHUX HAyK, JOLUEHT

C.B. ®enopeHko

CF
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MWUHUCTEPCTBO OBPA30BAHMUA U HAYKWU POCCUACKON ®ELQEPALIUN

chenepanbHoe rocyiapcTBeHHOe aBTOHOMHOe o6pa3oBaTesibHOe yYpeX aeHue Bbicluero o6pasoBaHus
«CaHKT-MeTepbyprckuit rocyjapcTBeHHbI YHUBEPCUTET a3POKOCMMUYECKOr0o NpubopocTpoeHuns»
(CYAM)
yn. Bonblasa Mopckas, 4. 67, nuT. A, CaHkT-MeTep6ypr, 190000, Ten. (812) 710-6510, daxc (812) 494-7057,
E-mail: common@aanet.ru OFPH 1027810232680, WHH/KIMMN 7812003110/783801001
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YTBEPXIAIO
Pextop ®I'AOY BO «Cankr-IleTepOyprekuii
. JApPCTBEHHBIM YHHUBEPCUTET

o Vi N
00 HCHOJB30BAaHHM PpE3yJIHTATOB nnccepTaHHOHWpa%Tm [Tactymka MWrops AmnaronseBuua
«HccnenoBanne U pa3paboTka alrOpUTMOB paclpelesieHHs] pecypcoB paJuoKaHada Ui aJanTUBHOM
MIOTOKOBO# Iepeiaui BUAEOTAHHBIX).

HayuHno-TexHuueckas komuccus B coctaBe: A.M. TIOpIHKOB — H.0. IUPEKTOpPA HHCTHTYTA
HH(POPMAIMOHHBIX CHCcTeM U 3auThl HHpopmaruu; H.B. MapkoBckas — 1oueHT kadeapbl
uHpokoMMYyHUKaMOHHBIX cucteM; A.H. TpodumoB — noneHT kadeapsl HHPOKOMMYHUKAIIMOHHBIX
CHCTEM, COCTaBHJIa HACTOSALINH aKT O TOM, YTO CIIEAYIOIIUE pe3yIbTaThl JUCCEPTAIOHHOMN paboThI:

- B3aUMOCBSI3b MEXIY XapaKTepHCTHKAMH CHCTEMBI Iepefadd WHGOPMAIMU W IPOUTPHIBAHUS
BUAeopsaa npu nepenaye suaeo no HTTP nporokomy.

- QITOPUTM IUIAHHPOBAHUS PpaCIpeleNieHuss pecypcoB OecIpoBOJHOrO KaHada Uil MHHHUMH3ALUH
HOPMHPOBAHHOT'O OTHOLIEHUS JIMTENFHOCTEH 0XKUIAHUS U IPOCMOTpa IIpH Iepeaade HealanTHBHBIX
BHJIEOIIOTOKOB.

UCIIOJIB3YIOTCS IPHU TPOBEICHUH JIEKIIMOHHBIX U Ta00paTOPHBIX 3aHITUH y4eOHBIX KypcoB «CeTn u
CHCTEMBI MOOMIIBHOH cBsI3M» U «OO1Iast TEOpHs CBA3U», YATAEMBIX CTYJIEHTaM Kadeapbl
HHPOKOMMYHHKALIMOHHBIX CHCTEM.

U.0. JUPEKTOpa HMHCTUTYTa MH(OPMAIMOHHBIX

CHCTEM M 3aIllUThl HHPOPMALUH :
JOKTOp TEXHUYECKUX HayK, mpodeccop A M. Topnukos
JlonieHT Kadenpsl
HH()OKOMMYHHUKALIUOHHBIX CHCTEM %
~
KaHIUJAT TEXHUYECKUX HayK, JOLIEHT H.B. MapkoBckast
/

JloueHT xadenpsl

HH(POKOMMYHHUKALHOHHBIX CHCTEM
KaHUIaT TEXHHIECKUX HayK, TOLUEHT W/ A.H. Tpodpumon
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