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METO/, IEPAPXIYHOI MDKJOMEHHOI MAPIIPYTU3ALILL Y IPOTPAMHO-
KOH®II'YPOBAHIN TEJTEKOMYHIKAIIMHIN MEPEXKI I3 3ABE3IIEYEHHSIM
MIKKIHIEBOI SIKOCTI OBCJIYTOBYBAHHSI

IIpeamerom nociiPKEHHS B CTATTI € MPOIIECH MDKIOMEHHOT MapUIpyTH3alii i3 3a0e31eueHHsIM MDKKIHIIEBOT IKOCTi 00CITyrOByBaHHSI.
MeTta poGOTH — pO3pOOHUTH METOA i€papXiuyHOT MKIOMEHHOI MapLIpyTH3aLii 13 3a0€31eUeHHAM MIXKKIHIIEBOT IKOCTI 0OCITYTOBYBaHHS
10 TIOKAa3HUKY CeperHbOi MIKKIHIIEBOI 3aTPUMKH IAKeTiB B MYJIBTHIOMEHHIH NPOrpaMHO-KOH(IrypoBaHIH TeleKOMYyHIKaI[iHHIH
Mepeski. Y CTaTTi BUPINIYIOTECS HACTYIIHI 3aBJAaHHS: po3poOKa Ta JOCIIHKESHHS METOY iepapXiyHol MDKIOMEHHOI MapuIpyTH3alii i3
3a0e3neYeHHsIM MDKKIHIIEBOI SKOCTI 0OCIyroByBaHHSA. BHKOPHCTOBYIOTBCS Taki METOOH: Teopis rpadis, Teopis TEH30piB, Teopis
iepapXiyHUX 0araTopiBHEBHX CHCTEM, TEOpis MacoOBOTO OOCIyTrOBYBaHHS Ta METOAM MaTeMaTHYHOTIO NporpamyBaHHsS. OTpuMaHO
HACTYIIHI pe3yJabTaTH: PO3pO0IEHO Ta JOCIIAXKEHO METOJ i€papXiuHOi MIXXKIOMEHHOT MapIIpyTH3aLii y IporpaMHO-KOH(IrypoBaHiit
TEIEeKOMYHIKaliiHii Mepexi 13 3a0e3nmeueHHsIM MIDKKIHIIEBOI SKOCTI OOCIYrOBYBaHHS, KM JO3BOJISIE Ha MiACTaBi OajaHCyBaHHS
HABaHTa)XEHHS B JOMEHAX TEIEKOMYHIKalifHOT Mepeki 3a0e3lmeunTH 3aJaHuil piBeHb QOS 3a MOKAa3HUKAMH IMPOAYKTHBHOCTI Ta
cepeHpOi MDKKIHIIEBOI 3aTPUMKH MakeTiB. BucHoBku: B po0oTi 3anmpomnoHoBaHO METO i€papXidHOi MXKIOMEHHOI MapIIpyTH3awLii y
MPOTrpaMHO-KOH(ITYpOBaHIN TeICKOMYHIKaIIHHIIT Mepexi i3 3a0e3MeYeHHIM SIKOCTI 00CITyrOBYBaHHS 3a MMOKa3HUKaMH MPOITYCKHOT
3IATHOCTI 1 CepelHbOi MIKKIHIICBOI 3aTpUMKH MakeTiB. HOBH3HOIO MeTona € Te, M0 BUKOHaHHS QOS-BHMOT MIOJO CEpPeaHBOT
MDKKIHIIEBOI 3aTPHMKH IaKeTiB 3MiHCHIOEThCS HE Ha MiACTaBi MOIEPEAHHOr0 HOPMYBaHHS I 3HaueHb 3a JOMEHaMH, a IULIXOM
BBEJICHHS Ta peaji3alil JBOpiBHEBOI KOOPIMHALII MapIIpyTHHX PillleHb BiIIOBIIHO 1O NMPUHIMITY IiIbOBOI KoopauHaLii. B ocHOBY
3alPOIIOHOBAHOTO METOJY IMOKJIAJIECHO JCKOMIO3MI[IHHY OTOKOBY MOJENb MiKIOMEHHOI MapuIpyTH3alii, a i OTpUMaHHS B
AHATHYHOMY BWIJIAI yYMOB 3a0e3MedeHHS MDKKIHIEBOI SIKOCTI OOCIYrOBYyBaHHS BHKOPHUCTAHO TEH30PHHH OIMUC KOKHOTO 3
MEpEKHUX JIOMEHIB. BHUKOpHCTaHHS 3alpONOHOBAHOTO METOAY i€papXiyHOi MDKIOMEHHOI MapHpyTH3alii [Io3Boisie 0e3
Mepepo3nOIiy KaHATBHOTO Pecypcy, a JIHIIe Ha MiAcTaBl OalaHCyBaHHS HaBaHTaXEHHA B AomeHax TKM 3abesneuntn 3amaHuid
piBeHb QO0S 3a MOKa3HWKaMU MPOIYKTHBHOCTI Ta CEpeAHbOI MIXKKIHIIEBOT 3aTPUMKH NaKeTiB. JleneHTpanizanis 004HCIeHb MapIIpyTiB
B KOXXHOMY 3 JIOMEHIB Mepexki Ha IIiJICTaBi BUKOPUCTaHH JOKaJIbHOI iHpopMaIlii Ipo X cTaH JO3BOJISIE MiIBHIIUTH MacIITA0OBaHICTh
MapIIpyTHHX PillleHb, a BBEJCHHS NPOIEAYp KOOPANHALIT J03BOIISIE 3a0€3EeUUTH ITOTOPKEHICTh Y po6oTi SDN-KOHTpOIIepiB foMeHIB
3 TOYKH 30py 3abesneueHHs QoS. JIOCHiKeHHS 3alIpPONOHOBAHOTO METOIY Ha DSl pO3paxyHKOBUX MPUKIAIIB MiATBEpAMIa HOTO
30DKHICTD JI0 ONTHMAIIBHHX PIllICHb 32 KiHIEBY KiJbKICTh iTepaliii KOOpAWHALIWHOI IpOLEeaypH.

KnawuoBi caoBa: mporpamHO-KOH(DIrypoBaHa TeJeKOMYyHiKamiiHa Mepeka; MiKIOMEHHa
00CITyroByBaHHS; cepeqHs MKKIHIIEBA 3aTPUMKH MaKETiB.

MapuIpyTH3alis; SKICTh

Beryn 3aBIaHHA MIOAO0 BU3HAUCHHS Ta MIATPUMKH OJHO abo

MHOXHMHH IUIAXIB Tepefadi MaKeTiB, B3OBX SKHX OU

[TinBuenHs piBHSI raobamizamii comiaJibHUX Ta 33663H€‘IyBaJ’II/ICL 3aJaHl 3HAYE€HHS OCHOBHUX QOS'
€KOHOMIYHHMX  BiJHOCHH NpU3BEJIO OO  3POCTaHHSI HOKa3HUKIB: IIPOIY CKHOT 3[aTHOCTI, CepeaHbBOl
TepHTOpiaHBHO.l. pOSHOZ[iJ'IGHOCTi Cy4acHHUX Mi)KKiHI_[eBO.l. 3aTPUMKH, JOKUTEPY Ta piBHfI BTpar MaKeTiB.
TeHeKOMyHiKa].[iI\/‘IHI/IX CUCTEM Ta MEPEXK. HpOTe BI/IpiHIeHHH I_IiC.f 1 TaKk JIOCHUTH HerOCTOT 3az[atli

TemexomyHikaliiiHa iHQPACTPYKTypa IIUIEHO OXOILTIOE
BCIO IUIaHETy, 3abe3leuyroud JIOJCTBY Oe3lepepBHHIA
JOCTYI 10 iH(GOKOMYHIKAIHHUX CEPBICIB, MEPETK SKHX
MOCTIHHO PO3IIMPIOETHCS, a BUMOTH MIOJO  SIKOCTI
obcmyrosyBanns (Quality of Service, Q0S) HeBmuHHO
3pOCTarOTh. AJIGKBATHOIO PEAKINEI0 TeJIeKOMYHIKaIliHHOT
rajysi, K CKJIaJHOI OpraHi3alilfHO-TEXHIYHOI CHCTEMH,
Ha TpoOJsieMH, OB’ A3aHi 3 MacIITa0OBaHICTIO MEPEXHUX
pillleHb, € BHKOPHCTaHHS NPUHLUIIB 1€pPApXidHOTO
migxony. BBeneHHs wiTkoi iepapxii B OCHOBY CTPYKTYpHO-
¢dyHKIiOHATBHOT MOOYZIOBH TENEKOMYHIKAIIHHUX Mepex
(TKM) mae Ha MeTi peari3amnilo epesar HeHTpalTi30BaHuX
Ta PO3MOAUIEHUX PillleHb 3 MiHIMI3aIli€ro iX HeAOMIKiB [1-
3]. Lle moBUHHO, TEpII 3a BCE, MPOSIBUTHCH B MiHiMizaIii
006’emy cimyx)60Boro Tpadiky, SKHH ITUPKYIIOE B MEPEXI,
MiBUIIICHHIO OMEPAaTHUBHOCTI MEPEXHHUX PIllIeHb MI0J0
yOpaBIiHHA TpadikoM Ta Mepexer B  IiJIOMY,
3a0€3MeYCHHI0 OUIBII BUCOKHMX IOKA3HHUKIB HaJIHHOCTI,
BIZIMOBOCTIHKOCTI Ta SIKOCTi OOCIIyrOBYBaHHS B LILJIOMY.
OmHMM 3 Ha/BaXJIMBHUX TEXHOJOTIYHUX 3ac00iB
11010 320€3MeUeHHs IKOCT1 00CIIyTOBYBaHHS € TPOTOKOJIH
MapmpyTrzanii 8 TKM. Came Ha HUX MOKIQAAIOTHCS

CYTTEBO YCKJIQJHSETBCS B yMOBax TI'€TOPOTEHHOCTI Ta
teputopiaibHOi  posnozginieHocti TKM. Sk mokasanu
pe3ynbTatd  JochijkeHHs [4-6], mocuTh edeKTHBHUM
BapiaHTOM BHPIIICHHS Mi€l 3ama4i € BHUKOPUCTAHHSI
MPOTPaMHO-KOH(DITypOBaHUX MYJIBTHIOMEHHAX MEpex,
SKi peaNi3yloTh 1€papXigyHWA TPHUHIUI BBEICHHA Ta
B3aeMoJii koHTposepis ynpaeninas TKM (puc. 1).
Jexommosunis TKM Ha qoMeHH — 1 pillleHHS, sSKe
cebe 10oOpe 3apeKOMEHIyBalo Ha PpiBHI  BIIOMHX
MIPOTOKOJIIB iepapxiuyHoi MapmpyTtu3anii BGP, PNNI,
OSPF Tta IS-IS [7, 8]. Ilpore opranizamis sKiCHOTO
GbyHKIIOHYBaHHS i€papXii KoHTposiepiB gomeHiB Ta TKM
B IIUIOMy Ha TEXHOJOTiYHOMY (TPOTOKOJIHHOMY) PiBHI
OaraTo B 4OMy 3aJIeKUTHh BiJ] €()EeKTUBHOCTI PoOOTH iX
MaTeMaTUYHOTO Ta ITOPUTMIYHO-IIPOTPAMHOTO
3a0e3MeUeHHs, OCHOBY SIKOTO CKJIaJal0Th MaTeMaTH4Hi
Mojeni Ta Meroau Mapmpytusanii. [Ipm  mpomy
OCHOBHMMH BHMOT'aMH JI0 TOAIOHNX MOAENed Ta METOMIB
€, To-Tepuie, BpaxyBaHH: iepapxigHoi Ta
MYJIBTHIOMEHHOI TOOYIOBH IPOrpaMHO-KOH(IrypoBaHoi
mepexi (Software-defined Network, SDN) Ta posmnoziny
GYHKITIH MiX KOHTpOJIEpAMH Pi3HUX i€papXidHUX PIiBHIB;
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TO-JIpyTe, Opi€HTAIlisl Ha TTIOTOKOBUH XapakTep Cy4acHOTO
MepeKHOTO Tpadika; mo-TpeTe, 3a0e3rmedeHHs SKOCTi
00CITyTOBYBaHHS 32 MHOXHHOIO (QOS-TIOKa3HHWKIB; IIO-

YeTBepTe, 3a0e3NEeYCHHS ONTHMAJIbHOIO BHUKOPUCTAHHS
JOCTYITHOT'O MEPEKHOTO pecypey.

SDN-koHTpoJiep Mepexi

Homen 2

KaHaJ 3B’ 3Ky MEpexi

KaHaJIM YIPaBJIiHHS MEPEKEI0

MapIIpyTH3aTop
Mepexi

Puc. 1. Bapiant moOyxoBu mynstigomentoi SDN

AHaJi3 pilmeHb 3a1a4 iepapxiuHoi MmapupyTu3auii B
MYJIbTUAOMEHHUX TeJeKOMYHIKaliHHUX Mepexkax

Sk Toka3aB MPOBEACHUI aHai3, IO €IXHOI IepeBaru

KOMOiIHATOPHHX piteHs o0 PO3paxyHKy
HaWKOpOTIIOrO0 HUIIXy Ha rpadi, NOpeacTaBIeHUX
anroputMamu  benimana-®opna  Tta  Jlefikerpu,  ski

BUKOPHCTOBYIOTHCS B ICHYIOUHX MPOTOKOJIAX i€papXidyHOl
mapupytusanii PNNI, OSPF rta IS-IS [1, 7, 8], Bapro
BIIHECTH  JIMIIE  KOHTPOJBOBaHY  OOYHCIIOBAJbHY
cknaguicte. OpHAK II0BHA HEBIANOBINHICTE  BHILE
c(hOpMyITLOBAaHUM BHMOTaM HPAKTHYHO YHEMOXKIHMBIIOE
BUKOPHCTAaHHS MOJIOHMX aJITrOPUTMIB y NEPCHEKTUBHUX
mpoTokoynax Mapmpytuzanii B SDN 3 iepapxigyHOIO
CTPYKTYPOIO.

VY poborax [9-11] npexcTaBieHi eBpUCTUYHI METOIN
opraHizanii MDKJOMEHHOI MapHIpyTH3amii, SKi TaKoX
OpIEHTYIOTh Ha MiHIMIi3amif0o CKIaJHOCTI iX MPOTrpaMHO-
amapatHoi peamzarii. Ili Meromn HOCUTH OOMEXEHO
BPaxoBYIOTh (DYHKIIOHAJBHI MapaMeTpy MyIbTHIOMEHHOT
TKM, a BiACYTHICTP HaJEKHOTO  TEOPETHIHOTO
OOTpYHTYBaHHA OTPHUMAaHHX MAapIIPYTHUX PIIIeHb HE
JIO3BOJISIE BECTH MOBY PO 3a0e3NeueHHs 3aaH0T0 PiBHA
SIKOCTI 00CITyrOBYBaHHSI.

Haii0inpmr  eekTUBHUMH 3 TOYKH 30Dy
3a0e3reueHHs] ONTHMAIBHOTO BHKOPHCTAHHS MEPEKHOTO
pecypcy € MOTOKOBI MOJENI i METOJIW MaplIpyTH3alii B
mynbtugoMeHHux TKM [12-20]. B unpoMmy Bumaaky
3aja4a 1I0JI0 BU3HAYCHHS MHOXWHHM MIXKIOMEHHHUX
NUIAXiB TIepeadi MakeTiB Pi3HUX MOTOKIB (hOPMYITIOEThCS
SIK omTHMizariitHa. Y mpargx [12-17] 3ampomoHOBaHO
MapmIpyTHI pPIilIeHHS, SKi CTOCYIOTBCS MIKIOMEHHOT

Mapmpytrsanii B TKM 3 TOCHiIOBHOIO CTPYKTYpOIO
JIOMEHIB, a y poborti [18] — 3 HOBiIBHOIO KOH(DIrypamieto
JoMeHiB. Y poOoti [19] 3ampomoHOBaHO IaKONTHYHUN
METOJl PO3PAaXyHKY MDKJOMEHHUX MapUIPYTIB, B SKOMY
MOKPAIIyBaBCSI BEPXHIM MOPIr 3aBAaHTAKEHOCTI KaHAJIB
3B’s13ky TKM, 110 onocepenkoBaHo MOKpallyBajlo piBeHb
QoS B MmynbrHaOMeHHIH Mepexi. [Ipu npomy B nux
poboTax  MPOMOHYETHCA  MIiAXiA, 3aCHOBAaHHH  Ha
BUKOPUCTaHHI  Teopil iepapxidHuX OaraTopiBHEBHX
cucteM [20, 21], Koau MapIIpyTHI pilleHHs, OO0 OTPHUMAaHi
B JOMEHax, KoopauHyloTbcsi  SDN-KoHTponepom
BEPXHBOTO PIiBHSA YNPaBIIHHSA Ui HAONMKEHHS SKOCTI
PO3IOAICHHUX PillleHb IO PIBHS LEHTPali30BaHHX.

VY crartax [16-19] meToro koopamHAIii JOMEHHHX
pilieHsr € 3a0e3Me4YeHHsT 3B’S3HOCTI  MIKIOMEHHHUX
MapIIpyTiB, KOIW TPAaHHUI JOMEHIB IPOXOIUTH HE depe3
OJMH, a uYepe3 JeKibka MapuIpyTH3aTOpiB, MIO
YCKIIQJIHIOE TOPSIIOK OallaHCYyBaHHS HABAHTAKEHHS Ha
MDKIOMEHHiH ninsami. B po6orti [22] po3ristHyTO BapiaHT
oprasizarii iepapxigHoi MIKIOMEHHOI MappyTH3aIii i3
3a0e3NeueHHs M HOPMOBaHOI 3a JOMEHaMM  SIKOCTI
00CIIyroBYBaHHS 32 IOKa3HUKAMHM IPOIYCKHOI 34aTHOCTI
Ta ceperHbol MDKKIHIEBOI 3aTpuMKH. HopmyBaHHS
3HaYeHb OCHOBHHX ITOKAa3HHUKIB SIKOCTI 00CIIyrOByBaHHS 32
JIOMeHaMH (TiMepekaMHu) OKpEMUX OTIePaTOPiB 3B SI3KY €
JIOCHTh PO3MOBCIOJKCHUM SIBHUIIEM, HAIPaBICHHUM Ha
CHPOIIEHHS OTPUMAaHHS PillleHb o0 3abe3nedeHHs QoS.
[Tpore BCTaHOBJIEHHS YKOPCTKUX BHMOT, HallpUKIaJ, Ha
3HAYeHHS CepelHboi MDKKIHIIEBOI  3aTpuUMKH  abo
WMOBIPHOCTI BTpaT IMakeTiB B JOMEHaX MOXKE HETaTHBHO
BIUIMHYTH Ha THYYKICTb PillICHb 1010 3a0e3medeHus QoS,
0COOJIMBO B YMOBax, KOJNU € HEOOXiJHICTh TUHAMIYHO
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MIEPEPO3NMOIUTHTA HOPMH BIATIOBITHO A0 3aBaHTaKEHOCTI
JIOMEHIB TOIIIO.

B 3B’sa3ky 3 mmM y gaHid poboti Oynme
3apOTIOHOBAHUM ~ METOJ  i€papXigyHOi  MiKIOMEHHOT
MapIipyTH3arii y MIPOrpaMHO-KOHQITypoBaHii
TEJICKOMYHIKAIIMHIN ~ Mepexi, SKHH € TOoAaNbIIuM

PO3BUTKOM pillICHHS, 3alpoNOHOBAHOTO y poboti [22].
OnHak Ha BIAMIHY BII BiOMOTO aHAJOTy METOIO
KOOpAMHAIIIT y 3aIPONIOHOBAHOMY METO/Ii € 3a0e3MeUeHHS
BUKOHaHHS Qo0S-yMOB 100 3Ha4YeHb CEPEIHBOI
MIDXKKIHIIEBO1 3aTPUMKH MAaKeTiB B MyIbTuAOMeHHIH TKM.

IMoTokoBa MoeJIb MiZKIOMEHHOT MapIIpyTU3aLii B
NporpaMHo-KoH(pirypoBauiii TeaexkomyHikamiiinii
Mepexi

[lpumycTrMO, IO  CTPYKTYpa MYJIBTHIOMEHHOI
TEJIEeKOMYHIKAaIiHOI MepeKi MPeCTaBIAEThCA y BUTIIAAL
opieHTOBaHOTO rpada

r=(R, W), (1)

ne R — wHoxuHa BepmiuH rpada, MO0 ONHUCYE
MapiipyTuzatopu, a W — 1ie MHOXKHHA YT, sIKa MOJICITIOE
kaHanu 3B’s13ky B TKM.

Hexait K — MHOXHHA TIOTOKIB, IAKETH SKHX
nepefarotbess B TKM, Toami 3araibHe YHCIIO IMOTOKIB B

TKM MoXHa TpeICcTaBUTH BHPa30OM |K|: K. s

kokHOro k-ro mortoky (ke K) 3amaerscs cepemHs

<6u.M>

IHTEHCHBHICTh TIAKETiB Ay , SKa BHMIPIOETBCS B

makerax 3a cekyHay (l/c). ®aktuuHO T 3HAYCHHS
BU3HAYa€ MiHIMalbHi BHMOTH MIOAO  IIPOITyCKHOT
smatHOoCcTi TKM, sika BUAIIAETHCS IIHOMY MTOTOKY.

SIkmo TKM ckmamaerses 3 N B3aeMONOB’ sI3aHUX MK
co00r0 JIOMEHIB, TO KOXKEH OKpeMuil p-ii momeH B TKM

omucyethest 3a poromororo migrpada I'P =(RP, WP)

rpapa ', ne VP = {Rip; i=1, mp} —  MHOXHHa
MapUIpyTH3aTOPIB p-TO JIOMEHY,
wP :{Win; i,jzl,mp, i# j} — MHOXXMHA KaHaJiB,

SKi  3’€IHYIOTb ~ MaplIpyTH3aTOpu  P-TO  JIOMEHY.
[apamerpn My Ta N, BH3HAYAKOTH 3arajlbHy KiIKICTh

MapHIpyTH3aTOpiB Ta KaHATIB 3B 53Ky y P-My JOMeHi
BignoBigHo. O0OymoBuMO Toi (akt, mo B TKM rpanuts
MDK JOMEHaMH IPOXOAWIa caMe depe3 MapUIpyTH3aTOpH

Mepexi, SK I[Ie peaji3oBaHO, HANPHUKJIAA, y HPOTOKOJII
OSPF [17, 22]:

RpﬂRq¢0TaWpﬂWq=0,p¢q- 2)

Jnst KOXKHOTO P-TO JIOMEHY BH3HAYMMO MHOXKHHY
npurparnunnx mapmpytusatopis BP (BP € RP). Bes
MHOXXHHA NPUTPAaHUYHUX MapIIpyTH3aTOPiB P-TO JTOMEHY
pO3IIAETHCS HA BI TiAMHOXUHU: Biﬁ’k — MOiIMHOXHHA
NPUTPaHUYHHUX MapLIPYTH3ATOPIB, 4epe3 ki maketu K-ro
MOTOKY HAaAXOZSTh A0 P-TO IOMEHY; Bopljtk — MiAMHOXXHHA

NPUTPaHUYHUX MapLIPYTH3aTOPiB, Yepe3 sKi maketu K-ro

MMOTOKY BHOYBAIOTh 3 p-ro aomeHy [17, 22]. dua kaHamy
3B’SI3KY Wi,pj yepes ‘/’i?j MO3HAYUMO HOTO MPOIYCKHY

3MIATHICTh, IKa BUMIPIOETHCS B MaKeTax 3a cekyHmay (1/¢).
Y  pesynbraTi pO3B’A3aHHS 33ja4i  1€papXiduHO-

KOOpJHMHALIHHOT ~MDKIOMEHHOI ~MapuipyTH3amii s

KO>KHOTO P-TO JIOMEHY HEOOXiJHO BU3HAYMTH MapLIPyTHI

3MIiHHI X-plk

i SIKI XapaKTepH3YIOTh IONI0 i1HTEHCHBHOCTI

K-ro moToKy makeriB, 110 MPOTIKae B KaHAMi Wipj ewP:

0<xPf <1, A3)

Sk mokazaHo y pobortax [17, 22], mis KOXHOTO
MapiipyTu3aropa pP-ro JOMEHa HEOOXiTHO BHUKOHATH
YMOBH 30€epexeHHst K-ro moToky 3 Meroro 3abe3rnedeHHst
3B’SI3HOCTI BHYTPIIIHBOJOMCHHHX TUISHOK MIKIOMEHHHUX
MapuipyTiB. SIKmo P-ii TOMEH € TpaH3UTHUM A K-To
MOTOKY MAKETiB, TO MOMIOHI YMOBH MAalOTh BUTJISIII;

k k .
)y )y Xi‘,)j_ )y ij,i =1

K
Bh eBP Wif’jewp Wfiewp
K K _q
> o - X X =0 4)
w;Pew P wPewP

1] 1l

K K|
> )y Xi?j - 2 ij,i =-L
BopdtkeBp Wif’jewp Wj’ieWp

Skmo k-i morik maketiB Hagikmos 1o TKM uepes
p-ii noMeH, a HOro mKepejoM BUCTYIA€, HAINPUKIAI,

MapIIpyTU3aTop Rip , TO JUIs L€l Mepexi mepiia ymoBa
cucremu (4) HaOy e BUTIISIITY

2 =L

p
ElijEp

Komu mapmpytuzaTtop Rip 3 p-TO JOMEHa €

OTPUMYBAYEM MAKETIB K-ro TOTOKY, TO CIIPOCTHTHLCSI JIHIIIE
OCTaHHE PiBHAHHSA cucTemH (4):

z XEik =1.

EPicEP
Mertoro 3amo0iraHHs IepeBaHTAKCHHS KaHANIB
3B’S3Ky P-TO JIOMEHa MeEpexi BaJIMBO BHUKOHATH
HACTYIIHI yMOBH:
BUM p,k p TN
> PR <Pl p=TN. ©)
keK
pk _ 5 jleum) pk
IlosHaunMo TakOXK depes A = 2 A X j
‘ keK '

CEpEeHIO IHTEHCHUBHICTH K-r0 IOTOKY IaKeTiB, IIO

NPOTIKAaE B KaHai Wipj ewP.
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Pk
1]
BIAMOBIMHUX  MAapUIIPYTHUX  BEKTOPiB, SKi  3TiAHO
NpoBeJeHOi CTpYKTYpHOI nexomnosuiii TKM Ha mepexHi
JIOMEHHU, MIISATA0Th (PYHKIIOHATBHIA JEKOMITO3HUIIIT:

MapupyTHi  3MiHHI X €  KOOpAMHAaTaMu

r k
oo =1 —‘ Xpr
% Xp 1,2
- ) Xp,k
X2 Xp 1,3
_ - : ok :
X= 5(‘ ] Xp - *k ] Xp - Xp’k 1 (6)
p Xp i,
g SK p.k
LXN | Xp | Xmpmp-1

ne X — BEKTOp MapUIPyTHUX 3MIHHHX, SIKMH BH3HAUYa€
nopsiok MapmpyTusanii motokis B TKM Bsarami; X, —

MapmpyTHHH  BEKTOp, SKHH  BH3HA4Ya€  MOPSIOK

MapuIpyTH3amii BCiX IOTOKIB B [P-My JOMEHi; 7('5 —

MaplIpyTHUH BEKTOP, SKUI BCTaHOBIIIOE PE3YJbTaT
PO3B’sI3aHHS 331a4i MapuIpyTH3arii came K-ro moToky B p-
My OMEHi.

Ilpu pospaxyHKy BekTopiB X, Ta T(E y Mexax

KOXKHOTO OKPEMOro p-ro JoMeHa Tpeba 3a0e3NmeqnuTH
3B’SI3HICTh MDKJIOMEHHHX MapuipyTiB. Jlns 3abe3nedeHHs
3B’SI3HOCTI MIXKIOMEHHOTO Mapiipyty B Mozens (1)-(6)
BBOJATHCS YMOBH MKIOMEHHOI B3aemoii [17, 22]:

cX p,g=1LN, p=q, keK, (7)

-k _ ~k =k
p’qxp—C X,

q.p"q"

ne C Iqu — MaTpHIs B3aEMOZIl P-To Ta (-TO AOMEHIB, SKa

k

Mae po3mip mp’quf' » Mg :‘Rpﬂ Rq‘ — KiNbKiCTB

MapIIpyTH3aTOPiB, Yepe3 sIKi MPOXOJUTh TPAHUI MIX P-

Pk

— YHUCJIO KOOpAWHAT XIJ

M i (-M JOMEHaMmu; mf‘k
sk
BEKTOPY Xp.
YMoBH 3a0e3ne4eHHs Mi’KKiHIIEBOT IKOCTI

00C/IyroByBaHHSI B MYJIbTUAOMEHHI
TeJeKoMyHikaniiiHii Mepexi

Ie TKAP — 3HauenHs CM3II B mynsrumomennii TKM;

k

T<()0n> BUMOId MOJA0 MAaKCUMAJIbHO JOOITYCTUMHUX

3Hagenb CM3I1 8 TKM. 3HaueHHS TKAP 3aMipSETHCS MK
BXiIHUM  MapuipyTH3aTOPOM  JIOMEHa-IDKepela  Ta
BUXIJHHUM MAapIIpyTH3aTOpOM B JIOMEHi-OTpHMYyBada
nakeTiB k-ro mMoTOKy. 3 BpaxyBaHHSIM MYJIBTHIOMEHHOI
crpykrypu TKM Ta aquTUBHOT MPUPOAU YaCOBUX METPUK

N

‘[K/Ip =y r,@l’l,; , T100rto  QoS-ymoBH  (8)  MokHa
p=1

MpeacTaBuTH B hopMi

N ok _ k

E <

p:1TMP = “{oon)” ©
e T,&IFE — 3HAaYeHHs CepelHbOI 3aTPUMKH NaKeTiB K-ro

MOTOKY y P-my AoMeHi TKM.
3abe3nedeHHs: BUKOHaHHS QO0S-ymoB (9) nmos’s13ane 3
HEOOXIJTHICTIO ~ aHAJTITUYHOTO  PO3PaxyHKy  3HAueHb

1,6”5 nome"is TKM 3

BpaxyBaHHIM TOIIOJIOTIi JOMEHY, XapaKTePUCTHK MOTOKIB,
MPOIYCKHUX 37IaTHOCTEH KaHaTiB 3B’s3Ky Ta peaizoBaHol
crparerii Mapupyrtuzanii. s po3s’si3aHHs wiei 3amadi
CKOPUCTAEMOCh ~ METOJIOJIOTIEI0  TEH30PHOTO  aHAIli3y
Mepex, OCHOBH fkoi po3pobuB I'. Kpon [23] Ta ska
3rojoM Oyjia ajanToBaHa IiJ PO3B’S3aHHS MEPEKHHX
3aj1a4 B Taiy3i TenekoMyHikariiii [24-31].

3aTPUMOK y KOXHOMY 3

TeH30opHa MoJeJIb JOMEHY TeJIeKOMYHiKauiitHOl
Mepexi

g K0>XKHOro mOTOKy, sikui nupkymoe B TKM, Ha
WOTO MBUAKICTH Tepenadi, CepemHi0 MiXKKIHIEBY
3atpuMKy naketiB (CM3II) ta iiMOBipHiCTH BTpaT MakeTiB
BCTAHOBJIOIOTHCSI TIEBHI OOMEKEHHS IOJ0 iX I'PaHWYHUX
(MiHIMaJIBHUX Ta/a00 MAaKCUMAaIbHUX) 3HAYeHb, SIKI 1
BHU3HAYaI0Th piBeHB SKOCTI 00CITyroByBaHHS
kopuctyBaua. Toxi yrodHeHi ymMoBHu 3abe3nedeHHs QoS
32 CepelHbOI0 MIKKIHIIEBOIO 3aTPUMKOIO IIAKETIB JUIA
KOYKHOTO KOHKPETHOTO K-TO MOTOKY B MYJIBTHIOMCHHIH
TKM npuiiMaroTh BUIJISIZ

WP < 2o ®)

s 3abe3nedeHHs po3paxyHKY 3HA4YeHb 3aTPUMOK

p.k
™mP

k-ro moroky y p-my nomeni. [lpore s Hao4YHOCTI
OTPUMAaHUX Pe3yJbTaTiB HOMEPH JOMEHY (p) Ta MOTOKY
(k) B manomy po3aimi OyayTh omyiueHi. Toai BiAmoBigHO
JIO Pe3yINIbTATiB JIOCIIKEHHS, OTPUMaHUX y poboTtax [24-
31], BBememo HacTymHI mo3HaueHHs. Hexall momocamu
JIOMEHY € MapIIpyTU3aTOPH, 4Yepe3 sKi TOH uM IHIIUN
MOTIK MakKeTiB HAJXOAUTh Ta BUOyBae i3 Hporo. BBegemo
HACTYIHI TO3HA4YeHHs: K — KIJIbKICTh Oa3MCHUX
MDKIOJIOCHUX HUISIXIB B IOMEHi; § — YHCIIO BHYTPILIHIX
BY3JIOBUX Tap Yy JIOMEHI, III0 BKIIOYA€ B ceOe BCi BY3JIOBI

Oyzne po3mIsgaTHCh MpOoLEC MapupyTH3amii came

napu, KpiM MOJIIOCHOT. Beeneni CTPYKTYpHI
XapaKTepUCTUKA  TOB’S3aHI MK  COOOK  TaKUMH
BUpa3aMH:

K=n-m+2;%=m-2, (10)

e M Ta N BU3HAYAIOTH 3arajbHY KUTBKICTH BiJMOBiTHO
MapIIpyTH3aTOPiB Ta KaHATIB 3B’S3Ky y oOpaHOMY it
anamizy momeni TKM.

Toni Ha cTPYKTYpi TOMEHY BBOIUTHCS AUCKPETHUI
N -BUMIpHUH TE€OMETPUYHUHA TIPOCTIP, B AKOMY JI0 YBard
OyIyTh MPUHHATI Taki Ba THIH OPTOTOHAILHUX CHUCTEM

koopmunat (CK) [27, 30, 31]:
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- CHCTeMa KOOPJAMHAT TiIOK JIOMEHY {VZ,Z:l,n},

MIPOEKIIi] TEH30PiB B sKill OyAyTh MO3HAYATHCSA iHICKCOM
2
MIXKIIOJIFOCHUX — TUIAXIB

- CUCTEMA KoopAauHaT

{yi,i =1,_K} Ta BHYTPILIHIX BY3JIOBHX Map {8 jo ) :1,_19}

JOMEHY, TPOEeKIii TEeH30piB B sKiif OyxyTh MO3HAYATHCS
IHIEKCOM J¢ .
Bukonanus ymoBu N=x+.9 3 ypaxyBanusam (10)
BH3HA4Ya€ OPTOTOHAIBHICTh BBEACHUX CHCTEM KOOPAUHAT.
VY BBeIEHOMY N -BHUMiIpHOMY HPOCTOPI JOMEH MOXE
OyTn  ommcyBaTucb  3a  JOIOMOTOI  3MIIIAHOT'O
JBoBaneHTHOTO TeH3opa [30, 31]:

Q=T®A; (11)
ne ® — omepaTop TEH30PHOTO MHOXEHHA, | —
ONHOBAJICHTHUH  KOBapiaHTHMH  TEH30p  CepeAHiX
3aTPUMOK MaKeTIB,; A - OJIHOBAJICHTHUHN
KOHTpaBapiaHTHUH TEH30p CEPeAHIX IHTCHCHUBHOCTEH
MOTOKIB Y KOOPAMHATHHX MUIAXaX MEPEIKi.

B3aeM03B’s130Kk  TpOeKIii  TEH30piB  CEepeaHix
3aTpuMoK (T, ) Ta cepelHIX IHTEHCUBHOCTEH IIOTOKIB

(Ay) B CK rinok MoxHa IPeICTABUTH TAaKUM BEKTOPHO-
MaTPUYHHUM PiBHAHHIM:

Ty =EAy; (12)

ne E, = ei‘j — TIpencTaBlieHa MiarOHANBHOI NXN -

MaTpPHULEI0 MPOEKILis JBiUi KOBapiaHTHOIO METPUYHOTO

teazopa E B CK rimok. Y Bumamky MOJAETIOBaHHS
pobotu  iHTepdeiiciB  MapHmIpyTH3aTOPiB  JOMEHY
CHUCTEMOIO MacoBOTO 00cITyrOBYBaHHS M/M/1,

KOOpAMHATH JiaroHajpHOi MaTpuii E, MmatumyTts BuA
[29-31]:

v 1
& =————
(g =2p)

ae A', — IHTEHCUBHICTb CaMe TOTO IIOTOKY IaKeTiB, SKuii
PO3TIISIAETHCSI 3 TOUKY 30pY MOOYI0BU TEH30PHOT MOJEdi,
B | -My KaHaui 3B’3Ky; A;j — CyMapHa iHTEHCHBHICTH BCiX
MOTOKIB MAKeTiB, 10 TPOTIKAIOTh B | -My KaHAIi 3B 3Ky
obpanoro nomeny (i = Ln ).

Y 0a3uci MIKIONIOCHUX NUIAXIB 1 BHYTPIIIHIX
BY3JI0BUX Hap piBHAHHA (12) MaTumMyTh Takuit Burisf [30,

31]:

T,.=E,A

re = Eplyes (13)

e A, Tta T,
MDKIOJTIOCHUX IUIAXIB 1 BHYTPIIIHIX BY3JIOBUX Hap, sKi

ve

MPEACTABICHA AIarOHAIBHOI0 N XN -MAaTPULEIO MPOEKIIis

JBiul KoBapianTHOro MerpuyHoro TeHszopa E B CK
MDKIOJFOCHUX IUISIXiB 1 BHYTPILIHIX BY3JIOBUX Hap.

— mpoeknii TeHsopiB A 1a T y CK

IPEACTAaBJICH1I N -BUMIPHUMHU BEKTOpPAMMU, E},g Z‘

3akoH KOHTpPaBapiaHTHOTO KOOPJIUHATHOTO
MEePEeTBOPEHHSI KOOPAMHAT TeH30pa A OMNUCYEThCS

HECHHTYJSIPHOIO NX N -MaTPHUIICIO C}Yg [30, 31]:

Ay =ClA,.; (14)

Jie N -BUMIPHUI BEKTOp A, , IKUH € MPOEKII€l0 TeH30pa

ye>
A B CK MIKINOJIOCHUX HUISXIB i BHYTPIIIHIX BY3JIOBHX
nap, Ma€ TaKky CTpYKTypy:

% A
A, . .
A =|==[i A=A A=28|5 (29)
A, : :
N
ze A, — Kk -BUMIPHMH BEKTOp IHTCHCHBHOCTCH IOTOKY

B3/I0BK 0a3HCHHMX MIKIONIOCHHX HIIAXiB Mepexi; A,

9 -BUMIpHMH BEKTOp IHTEHCHUBHOCTEH IIOTOKY MIiX

BY3JIaMH, SIKi YTBOPIOIOTH BHYTPIIIHI BY3JIOBi MMapH; /1; -

IHTCHCHUBHICThP ~ TIOTOKY  B3JOBXK j-ro  0asucHOro

MDKIONIOCHOTO  muisixy (7 ); igp (t) — IHTEHCUBHICTh
MOTOKY, IO HAIXOIOHTh Y MEPEXKY 1 BUXOIHUTH 3 Mepexi
4epe3 BY3JH, SIKi CTBOPIOIOTh P -Ty BHYTPILIHIO BY3JIOBY
napy (&p ).

3aKOH MepeTBOPEHHS MPOEKIIii JBiUi KOBapiaHTHOTO
teH3opa E npu mepexoxi Bijg Oasucy rinok mo Oasucy

MDKIOJIOCHUX LUIAXIB 1 BHYTPIIIHIX BY3JOBUX Iap Mae
TaKuW BUTIISA;

Eye = (C;\//e )t Evc;\)ls ; (16)

t . .
e [] — o1riepaulsd TpaHCIIOHYBAaHHA MATPUIIL

Marpumio  E,.  MOXHa mpeactaButH Yy Takii
JIEKOMITO3UIIHHINA PopMmi:
1 2
TN
-—— + ———=E,,
3 4
T

ze Eﬁ? — KBaJpaTHa MiAMaTPHUIA PO3MIpY K XK ; E7<,§> -

£

posmipy Ix9; ye

KBaJipaTHa  IiIMaTPHIIS

migMaTpuLs po3Mipy kK x9 ; E}g) — MiAMaTpHL PO3Mipy

IxK.

Bimomo, mo cepeaHs MiXKiHIIEBa 3aTPUMKA TIAKETIB,
SKi TIepeIaloThCS MIXK 3a1aHOI0 TApOI0 MapUIPyTH3aTOPiB
3a JIONIOMOT0I0 MHOKMHM MapuipyTiB P, po3paxoByeThcs
3a Takoro (hOPMYJIOIO
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TMP = z xpr y (17)
p=l
ae Xp = ip / l<gw> — YacTKa IOTOKY TMIaKeTiB, SKi

nepeaar0TbCA a0 MapumpyTusaTopa-oTpuMyBayda 3a

<6’u}l/l>
OTIOMOTOI0 P -TO  Mapupyty; A
IHTCHCHBHICTh MOTOKY makeTiB (1/C) Ha BXOIi IOMEHY;

Ap ~— IHTCHCHBHICTP NOTOKYy makeriB (l/c), ski

nepeaaroTbCs a0 MapuipyTusaTopa-oTpuMmyBada 3a
JOIIOMOIOK0 P -TO MapuUIpyTy, ‘L'p — CEepCaHsd 3aTpuUMKa

cepenHs

TAKeTiB, SIKi EPENAIOTECA B3IOBXK P -ro MapmpyTy; |P| —

3arajbHa KiJTbKICTh JOCTYNHHX JUISI MapIupyTh3arii
MIUIAX1B MK 0OpaHOIO TTapOI0 MapIIPyTHU3ATOPIB.

Tomi, sx mokazano B poborax [30, 31]
CHPaBEUIMBOIO € HACTYITHA PIBHICTS:
ted)
VP =M, (18)
i(em)

sgKa BHU3HA4Ya€ IIyKaHy (OpMyITy MId pPO3paxyHKY
cepenHbOl MIKKIHIIEBOT 3aTPUMKH MAKETiB 00paHOTO st
aHaJi3y IOTOKY B 3aJJaHOMY MepexxHoMmy gomeHi TKM.

o ocHoBHuX mnepesar Bupasy (20) i QoS-ymos (21)
BapTO BIJHECTH BpaxyBaHHS OCHOBHUX CTPYKTYpHHX 1
¢ynkiionanpHnx mapamerpie  IKM, xapakrepuctuk
Tpadika Ta AUCIUILTIH 00CITyrOByBaHHS MAKETIiB, a TAKOX
aHATITHYHY (HOPMY YMOB, IIO J103BOJISIE 3a0€3MEUUTH IXHE
BUKOPUCTAHHSA TP ONTHMIi3amii Pi3HOPITHUX IIPOLECIB
yOpaBimiHHA TpadikoM: MapHipyTH3allii, po3IoAiTy Ta

pe3epBYBaHHSA  KAaHAIBHUX 1

OydepHHUX pecypciB.
Metona iepapxiuHoi Mizk1oMeHHOI MapIpyTU3ailii B
nporpaMHo-KoH(pirypoBaniii TejexkomyHikauinnii
Mepe:ki i3 3a0e3meyeHHAM MizKKiHIeBOT AKOCTi
00CJIyroByBaHHA

IpyHrytounck Ha Matematwunii momeni (1)-(18) B

OCHOBY MeTony iepapxiyHoi MbkaomeHHoi QoS-
MapHIpyTH3aLii Oyne MOKJIaJICHO PO3B’s13aHHS
onTHMi3aliifHOl 3amayl MO0 PpO3PaxyHKY BEKTODIB

k

MapuwpyTHAX 3MiHHHX X, (p= 1N,

notpuMmanHi oomexeHnb (3)-(5), (7), (9) i1 (18) mursixom
BUKOPHUCTAHHS KPUTEPIIO0 ONTUMAIBLHOCTI:

keK) mnpu

- Skt k ok
minF, F= 3 > (X5)HpXp,
peN keK

(19)

K . L
e Hp — JliaroHajJbHA MAaTpPHUIsl BaroBuX KoedillieHTiB,

KOOpAWHATaMHU $KOi, K TpaBwio [22], € MapmpyTHi
METPHKH KaHaliB 3B’ 513Ky P-ro nomeny TKM.

Jlnst 3abe3neueHHs] BIACTHBOCTEH 1€papXidHOCTI Ta
KOODJMHYEMOCTI ~ MapIIpyTHUM pINICHHSAM B  XOJi
po3B’s3aHHA  c(HOPMYIHOBAHOT ONTUMI3AIlHOT 3amadi
OyJe BUKOPHCTAHO MPHUHIIMII I[IILOBOI KoopauHamii [20,
21]. Tomi, mepexomsfun a0 3amadi Ha OE3yMOBHHUI
EKCTPEMYM

min F =maxL,
X Z

HEOOXiTHO MAKCUMI3yBaTH M0 /i JIArpaHKiaH BUIY:

N N N N
L=Y X KOHERE+ S 3 3 (a5 ) (Ch o35 —cgypx§)+sz fk(zlfhaé —12‘00@), (20)
e p=

p=lkeK p=1g=1 keK
a=p
Ae [ — BekTop MHOXHHUKIB Jlarpamxka; [ipq
MiJIBEKTOPU  BEKTOPY  [i, BiJHECEHI 10 KOXHOI 3

BEKTOPHO-MAaTPUYHUX YMOB B3aemojii qomenis (7); f k_
MHOXHHKH JlarpaHxka, siKi BiTHECeHi 10 KOXKHOi 3 QoS-
ymoB (9).

3a TPHUHIUIOM IJIFOBOI KOOPIMHAILII BEKTOPH
MHOXHUKIB JlarpaKy [ po3paxoBYIOThCS Ha BEPXHBOMY

piBHI Ta JUIS HIDKHBOTO PIiBHS € BIJOMHUMH 3HA4YEHHSIMH,

Tomy BUpa3 (20) MOKHA TIPEICTAaBUTH B JIEKOMITO3UITIHHIN
hopmi:

N
L=> Lp,
p=1
e KOXEH 3 JlarpamkiaHiB JOMEHIB Moxe Oytu

NPE/ICTaBICHUM Y cripolueHii ¢popwmi [17, 22]:

N N
Ktk ok Ktk ok KNtk K k_pk
Lo= 2 ) HpXp+ X X (ipg) Cpgip—2 X (ligp) Cpgip+ X S i - (21)
keK g=1 keKE g=1 keK= keK
pzq P pzq P

3ajgaui iepapXi4HUX pIBHIB METOLY MDKIOMEHHOI
QoS-mapmpyTHzanii B nporpamao-koHpiryposaniit TKM
OylyTh MaTH HacTynHe HanoBHeHHs. Ilepmmii (HykHIiN)
iepapXiyHMi piBeHb MapIIpyTH3alii, SKHH OXOIUII0E
SDN-KkoHTpOJIepH JOMEHIB, BIANOBiJae 3a PO3pPaxyHOK

. sk
MapIIPYTHUX 3MiHHHX, NPEACTABICHNX BEKTOpamu X,
(p=1,N, keK), B xoai minimizaii narpamxkiaais (21)

npu  obomexeHHsx (3)—(5). Pesynbratm po3paxyHKiB

nepesatoThCsl Ha BepxHiM piBeHb — Ha SDN-koHTposep
nporpamMHO-KoH(irypoBanoi ~ mepexi  B3arami. Ha
BepxHbOMY piBHI SDN-KOHTpojep Mepexi 3.iicHIoe
KOOp/JMHAIIiI0 pillleHb, OTPUMAaHUX Ha HIKHBOMY DIBHI
SDN-konTponepamu nomeniB. [To-niepiie, ai1st BAKOHAHHS
yMOB MikaoMeHHOi B3aemomii (7) SDN-koHTposiep
MEpEexi pealtizye iTepariiiny rpaJieHTHY TIpoIenypy

1 q(a+1) = i o (@) + Vs g, (22)
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Je a — HoMep iTeparii; Vﬁlélq — rpazgient QyHkuii (20),

SKHH pPO3PaxOBYEThCS BIAMOBIAHO 10 OJEPKaHUX Ha
HIDKHBOMY  pIBHI  pe3yibTaTiB  pO3B’s3aHHS  3a/1ad

k* ey
Xp (p:11N|

KOHKPETHOMY TOMEHi:

MapIIpyTH3aLii keK) y xkoxHOMY

=C -C

q’p?cg . (23)

K
Viip (%) p.g¥ p

[Mo-npyre, nHa SDN-KOHTpoJiep MepexXi TaKOX
MOKJIAJAIOTECS 3a/mavi 3a0e3leycHHs BUKOHAHHS QoS-
ymoB (9), (18) mnwuiaxoM Momudikamii MHOXHHKIB

Jlarpanxa fk (ke K) B xomi BUKOHAHHS II¢ OJHIi€T

rpajlieHTHO] iTepauiiHoi MpoLeaypH:

fK@+1) = K@) +vfX, (24)

e vik

BIIOBITHO

— rpanieHT ¢yHKUii (20), SKUi PO3PaXxOBYETHCS
10

pe3yibTaTiB  poO3B’sI3aHHS 33Jady  MapuIpyTU3auii

Ha HIKHBOMY PiBHI

k*
p

oJIepIKaHUX
X
(p= 1N, kekK ) Y KO’)KHOMY KOHKPETHOMY TOMEH:

viK(x)
X

(25)

X

N p.k k
= Tap — 7T .
. pz:l MP ~ %/oon)

MoandikoBaHi 3Ha4eHHS BEKTOPIB MHOXKHHUKIB

Jlarpanxa ﬁl;,q ta f mnepemaroTbes Ha HWXKHIN piBEHB

(ma SDN-KOHTpOJIEpH JOMEHIB) AJsI PO3paxyHKY HOBHX

J¢ KOOpIHMHATU ik

K
Xp,

BEKTOPY  MHOXHHUKIB

MapIIpyTHUX BEKTOPiB

K-BumipHOTO Jlarpamxa

BU3Ha4yany 3HaueHHs QoS-merpuk. Unum Oinble nmotoyHe
3HAYCHHS MDKKIHIEBOI 3aTPUMKH MAaKeTiB K-ro moToky

k
Z TMP MEePEBUIILYBATI0 JOMYyCTUME 3HAUYECHHS r< don)’

TAM BiamoBigHO 10 (24) Ta (25) OlLIBIIOIO cTaBaja
BignoBigHa (QOS-meTpuka, TOOTO KOOpIMHATA fk

IIpomec pos3paxyHKiB 3HOBY HaOyBae iTeparliifHoOro
Xapaktepy. 3B’S3HICTh MDKJIOMEHHHUX MapuipyTiB (7) Ta
BukoHaHHsA QoS-ymoB (9), (18) Oyme 3abe3neuyBatucs
MPY TaKMX 3HAYCHHSIX TpaieHTiB (23) ta (25):

V,upq() 0 Ta ka(X)zO.

3anponoHOBaHUN METOX i€papXidHOi MiKIOMEHHOT

MapHIpyTH3aLii B NpOrpaMHO-KOH(DIrypoBaHii
TENICKOMYHIKaliiHIiE ~ Mepexxi i3 3a0e3neyeHHsIM
MIXKKIHIIEBOI ~ SKOCTI  0OCIyroByBaHHs Oyme  MaTu

CTPYKTYPY, HaBeICHy Ha pHC. 2.

BepxHiit piBeHb — piBeHb SDN-KOHTponepa mepexi

KoopauHauiiHi npoueaypu

OcHoOBHa 3agava:
KOOPJHHALis pillieHb, OTPUMAaHUX

fipg (@ +1) = ipg (@) + Viigg
P,q=LN pzq keK |

fAa+1)= f @)+ VF*

OcHOBHa 3agava:

PO3DaxyHOK MapiupyTis YMmoBw 36eperkeHHs

Ha SDN-KoHTpoJIepax JOMeHiB, 3 k ok k pk K
! \Y% X =C -C_ X VIR (x L= Tup — T,
METOI0 BUKOHaHHS QO0S-yMOB Ta Hia )X ® p pap ) X=X pzzll MP = *{gon)
YMOB MIDXKIOMEHHOT B3a€MOJIi1 — . T
A - 3 -
1k s
T f ook f. Nk f
HWKHi piBeHb — leIBGHb SDN.-KOHTponepIB % u Xp I %, I
LOMEHIB Mepexi v v v
LinboBa 1-ii tomen p-ii nomen N-it jomen
byHKuUia . - -
min Ly minL, minLy
X X X
O6MmesKeHHA |
YMmoBM peaniszauii 6araTownaxosoi mapLupyTmsauii: 0< Xipjk <1.

B OKPEMHX JIOMEHAX,
nepeBaHTaXKeHHA
NPECTaBICHUX .
pea _K > xf’ﬁk— > ]”; =1, sxmo R =RP; KaHanis 38'A3Ky:
BekTOpaMi X, et et
& & (eun) pk o p
> xlp. - X xf,i =0, sKIIo RpiRm,Rf;w; Z }“k X|’J S(DI’J.
EP eEP EP eEP keK
1] i
y Py x], =-1, sxmo RI'=RF,,.
E . cEP BV eEP
i, i

NOTOKY: YmoBu 3anobiraHHA

Puc. 2. CrpykTypa IBOPiBHEBOIO METOLY i€papXiuyHOi Mi>KIOMEHHOI MapIIpyTH3aLii y mporpaMHO-KOH(IrypoBaHii
TEeJICKOMYHIKaI[iHIi Mepexi i3 3a0e3neueHHsIM MXKKIHIIEBOT SIKOCTi 00CITyroByBaHHS
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TakuM 9YUHOM, TPEICTABJICHUN METOJ i€papXidyHo-
KOOpJIWHAIIIMHOT ~ MDKIOMEHHOI  MapumipyTusamii B
MIPOrpaMHO-KOH(ITypoBaHiil TeIeKOMYHIKaIlIHHIN Mepexi
JI03BOJISIE  320€3MEUUTH JOMYyCTHUMY MDKKIHIIEBY SKICTh
obcnmyroByBaHHs 3a mokazHukoM CMB3II makeriB 0e3
MOMEPEeIHHOr0 HOPMYBaHHsS ii 3HAYEHh 3a JOMCHAMU
TKM. Ile n03Bois€ MiABUIIUTH THYYKICTH yIPABIiHHS
MEpPEKEI, OCOONMBO y BUMNANKAX, KOJU BCTAHOBJICHHS

k
HOPM Ha 3HAYCHHS r,&P € CKJIQJHOK 3aauero
nporHo3yBanHs ctaHy TKM. Ilpote edekTuBHICTD
3alpPOMOHOBAHOTO  METOMYy, SAKHH  TAaKOX  CIpHSE

MiIBUICHHIO MacIITabOBAaHOCTI MapLIPyTHHUX pIllIeHb B
TKM, 6arato B 4OMy 3aJICXKHTh BiJl 3QJIC)KHUThH IIBUIKOCTI
301KHOCTI KOOpAMHALIHHUX mpouenyp (22), (23) ta (24),
(25). Bix ximpkocTi iTepauid LUX MpOLEAYp HAIPsMY
3aJeXaTh  OIEPATUBHICTh NPHUHAHATTS  MapUIPYTHHX
pimerbr Ta  00’€eM  CIOy)KOOBOTO  HaBaHTAKEHHS
(iHdopMartis mpo cTaH Mepexi, MapIIPyTHI TaOJHUII), K
nupKyoe Midk SDN-KOHTpoJiepaMH Pi3HUX 1€papXiqHUX
piBHiB. ToMy OKpeMOIO BaXKJIHMBOK  337a4ei0 €
JIOCHI/DKCHHST  3alPONIOHOBAHOTO  METOMY  i€papXiuHol
MiKAoMeHHOT QoS-MapmipyTh3amii 3 METOI  OIIHKH
MIBUAKOCTI 301KHOCTI KOOpAMHALIHHUX mpouenyp (22),
(23) Ta (24), (25) Ta amamizy BIIHBY (akTopiB, SKi
BIUIMBAIOTh HA LIEH MpoIEC.

JlocimipkeHHS 3aIpOIIOHOBAHOT'0 METOTY 1€papXiqHOT
MikIoMeHHOi QOS-mapmpyTuzamii mpH  KOOpAHWHAI]
pilIeHs 3a cepeqHbpOI0 MIKKIHIIEBOIO 3aTPUMKOIO

[MutaaHsAM aHami3y 301KHOCTI METOMIB i€papXidHOT
MapIIpyTHU3alii 10 ONTUMAIBLHUX PINICHb 3 BUKOHAHHSIM
YMOB B3a€EMOJIi JIOMCHIB Ta 3a0e3leucHHs 3B’S3HOCTI
MIKIOMEHHUX WDUIIXiB (7) TPHUCBSYCHI JOCHIKCHHS,
npexacTasieHi y poborax [17, 18, 22]. Tomy B nmaniid
poboTi po3risigaBcs BUNAAOK Oprasizamii iepapxivyHoi
MiKaoMeHHOi QoS-MapmipyTusamii Tpu  KOOpIWHAIIL
pIIlICHh JIMIIIE 33 CEPEeIHBOI0 MIXKKIHIIEBOIO 3aTPHUMKOIO
naketiB (24), (25). 3a ocHOBy Oyna B3iTa CTPYKTypa
TKM, ska ckiamagach 3 JIBOX JIOMEHIB, sKi Oynu
OB’ sI3aH1 Yyepe3 €TUHUA MPUTPaHUIHUN MapIIpyTH3ATOP.
[TomiOuuii BapianT ¢iznyHOi abo JOTIYHOI MOOYIOBH
TKM mMpoKko BUKOPHUCTOBYETHCS NpU OpraHizamii
aBTOHOMHHUX cucTeM IP-mepex Ta JAOMEHIB, HAIPUKIA,
npu BukopuctaHHi nporokony OSPF. Tak Ha puc. 3
nokazano mnpukiany TKM, ska CKIagaeTbes 3 JABOX
CUMETPUYHHX 33 CBOEID CTPYKTYPOIO TOMEHIB, KOXKEH 3
MICTUB JIeB’SITh MaplupyTu3aTtopis. Ha oMy puCYHKY B
po3puBaxX KaHAJIB 3B’SA3Ky HAaBEACHO IiX TIPOIYCKHY
3maTHicTh (1/c). ['parnIs JoMeHIB MPOXoamiIa yepe3 OIuH

CHUTBHUHN JI1 HUX MapUIpyTH3aTOP Ré ( Rlz ).

Hexaii B Mepeki IepedaBaliCh ITaKETH OBOX
MOTOKIB, XapaKTePUCTUKH SKHX Ta BUMOTH IMOJO PiBHS
QoS, HaBeneHi B Tabm. 1.

Ry

Ry
2504@—180
170

RS
250 300
210

2-it nomMeH

Puc. 3. [Ipuxnag ctpykrypu neogomerHoi TKM, sika miassirana 1ocmipKeHHIO

Tabmuus 1. Xapaxmepucmuxu nomoxie naxemis, sxi nionseanu Q0S-mapwpymuzayii ¢ myaomudomenniti TKM (puc. 3)

Howmep notoky (k) Maprupytuzarop-mpKepesno

MapupyTtusarop-oTpumyBad

A (1) ZLoon) MO)

Ri

R2 150 105
9 180 90
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3acTocoByoun 3aIpOINOHOBAHUI METOJ
MapuIpyTH3aIii, Ha iICTaBl OaJlaHCyBaHHS
HaBaHTaXCHHSI B KOXKHOMY 3 noMeHiB TKM HeoOXimHO
Oy0 3a0e3MeunTH 3a/1aHni piBEeHb SIKOCTI

00CITyroBYBaHHS I KOKHOTO 3 JIBOX ITOTOKIB ITaKETiB

(Ta6n. 1) i 3a OpPOMyCKHOIO 3IATHICTIO (/1<WM> ), 1 3a
CepeHbOI0 MDKKIHIIEBOIO 3aTPUMKOIO IAKETiB (r<00n>).

IIpomec koopawHaIii 3pydyHO MPOJEMOHCTPYBAaTH Ha
npukiani (puc. 4), KOMW I OTPUMAHHSA IITyKaHOTO
pillleHHs 3HaMOOWIIOCH NECATh iTepalliii KOOpIUHALIHHOT
npoueaypu (24), (25).

Ha puc. 4a diTko BHIHO, IO ABTOHOMHUI
PO3paxyHOK MapIIPyTiB B JOMEHAX Ha MEPIIUX iTeparrisx
He Tpu3BOAUB 10 BuKOHaHHA QoS-Bumor 3a CM3II B

o
T
|

o
o

o
S

cepeaHs MiXKKiHLEeBa 3aTpuMKa NakeTiB B Mepexi, MC
©
(5]
.

2 4
K7 gons MC
90 * s s * # /Q
_-o---o
L o --0-—9
85 .
4 5 6 7 8 9 10

KiNbKICTb iTepaLiil koopanHaLiiHoT npouesypu

a) 3arpumku naketiB B TKM B 1iiomy

TKM st mpyroro mMOTOKY ITaKeTiB, X04Ya YIS TEPIIOro
MOTOKY IIi BHMOTH 3aJOBOJBHINCH 3 ICSIKHAM 3allacoM
MIIIHOCTi.  3aBASKH  3aCTOCYBaHHIO  KOOPJMHAITIHHOT
npouenaypH (24), (25) Baamocs mepepo3moaiIATH MOTOKH 1
mepimomy, i B Apyromy jaomeHi (puc. 4 6) TakUM YHHOM,

00 3MEHIITUTH rf,lp 3a paxyHOK AESKOTO IiIBUIICHHS

rjl\,lp, mpote 6e3 mopymeHHs QOS-BUMOT IS MEpUIOro

MOTOKY TakeTiB. SIKk mokazaHo Ha puc. 4, Ha gecsATid
KOOpJMHALINHIA iTepauii rpagieHTHOi mpouexypu (24),
(25) QoS-Bumord BKE 3aJOBONBHLIMCH Ui 000X
MIOTOKIB.
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cepeaHst MiXKiHLieBa 3aTpyMKa nakeTiB B JOMeHax, Mc

4 5 6 7 8 9 10
KiNbKiCTb iTepauii KoopAvHauiiHOT npoueaypu

6) 3aTPUMKH TIAKETiB B OKPEMHX JIOMEHAX MEPEexi

Puc. 4. [lunamika 3MiHH cepeHiX MKKIHIIEBUX 3aTpuMOK makeTiB B TKM B 11ioMy (a) Ta 3a toMmeHamu (0) Ui KOKHOTO 3 TBOX
MOTOKIB BIJIIOBIJTHO JI0 iTepaliii koopAnHaLiiHOT mpouenypu (24), (25)

[IBuAKICTh 301KHOCTI KOOPIMHAIINHOI MPOIeaypH
(24), (25) ™MoxHa 3HaYHO MIABUIIUTH  LUISIXOM
BJOCKOHAJICHHSI 11 TMapameTrpiB, HANpUKIaZ 3pOOHMBIIN
3MIHHMM KpOK MOUIYKY, aJanTyBaBII{d HOro 3HAYESHHS JI0
yMoB 3anaui. Toxi, sIK MOKa3aHO Ha pHC. 5, OTpUMATH

106 T T

CKOOPJIMHOBaHE pileHHs 3ajaui iepapxiyHo-
KoopauHaIiiHOT  MikaomMeHHOT  QoS-mapriupyTtu3sariii
MOXIIMBO 32 TPH iTeparlii, 110 TO3UTHBHO BIUIMBAE Ha 4ac
pilieHHsT MapupyTHOi 3amadi Ta 00’€M CIIy»KOOBOTO
HaBaHTaxeHHA B TKM.
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a) 3arpuMku naketiB B TKM B minomy
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6) 3aTPUMKH TAKETiB B OKPEMHUX JOMEHAX MEPEKi

Puc. 5. [lunamika 3MiHN cepeiHiX MDKKIHIIEBHX 3aTpHMOK IakeTiB B TKM B minomy (a) Ta 3a soMeHam# (0) [uIs KOXKHOTO 3 ABOX
TIOTOKIB BIJIIOBIHO 0 iTepalliif koopAuHAILIHHOI mponexypu (24), (25)
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BucHoBku

1.V poboTi 3ampomoOHOBAHO METOJ i€papXidHOl
MDKIOMEHHOT MapIIpyTH3aIlii y MIPOrpaMHO-
KOH(IrypoBaHiii  TeNeKOMyHIKaIlidHIA  Mepexi i3
3a0e3MmeueHHsIM SKOCTI 00CIYTrOBYBaHHS 3a MOKa3HUKAMH
MIPOITYCKHO{ 3IaTHOCTI 1 CepeTHbOT MKKIHIIEBOT 3aTPUMKH
nakeTiB. MeToj KW € MONaJbIIINM PO3BHTKOM PilllCHb,
mpeAcTaBIeHuXx y poborax [14-19, 22]. HosusHoro
MeTona € Te, mo BukoHaHHS QoS-Bumor mozo CM3IIL
3MIACHIOETHCS HE HA MiJICTaBi MOMEPEIHHOr0 HOPMYBAHHS
il 3Ha4YeHb 3a JOMEHaMH{, a IUIAXOM BBEIEHHSA Ta
peasizanii 1BOpiBHEBOI KOOPAMHALT MapIIPyTHUX PillIeHb
BIMOBIAHO JI0 WPHWHIMITY IIJIHOBOI KoopauHaiii. B

Mepepo3Moaiy KaHAIBHOTO pecypcy, a JIMIIEe Ha IiAcTaBi
OajlaHCyBaHHS  HaBaHTaXCHHA B JoMeHax TKM
3a0e3meunTy 3amaHuil piBeHh QOS 3a MOKa3HWKaMHU
MPOIYKTUBHOCTI Ta CEPEAHBOI MIXKKIHIIEBOT 3aTPUMKH
makeTiB. JlemeHTpamizamisi OOYMCICHb MAapIIpyTiB B
KO>)KHOMY 3 JIOMCHIB MEpEXi Ha MiJICTaBi BUKOPUCTAHHSI
JIOKaJbHOI 1H(pOpMaIii Mpo IX CTaH A03BOJISE MiABHUIIUTH
MaciITabOBaHICTh MApPIIPYTHUX pIlICHb, a BBEICHHS
TpoIeTyp KOOpAMHAIIIT JIO3BOJISIE 3a0e3neunuTi
MOTO/KEHICTE 'y poboTi SDN-KoHTposiepiB AOMEHIB 3
TOYKH 30py 3abe3neueHHs QoS.

3. B xoxi mocmikeHHS 3alpOoIIOHOBAHOTO METOIY
MDKIOMEHHOT QoS-mapmpyTu3artii Ha psmi
PO3paxXyHKOBUX MPHUKJIAAIB MiATBEpHKEHA HOTO 301KHICTh
0 ONTHUMAJILHUX PIMIeHb 3a KiHIEBY KUIBKICTh iTepartii

OCHOBY 3aMpPOIIOHOBAHOTO METOY MTOKJIAZICHO

JIEKOMIIO3MIIIHHYy ~ NOTOKOBY  MOJENb  MiDKIOMEHHOi  KOOpIMHamifHOi mpouexypu (24), (25) — B cepennboMy 3a

mapmpytusamii (1)-(7). Jiis oTpuManHs B aHamitmaHomy — 3-4.  MiHimisanis 4Yucna  KOOpIMHAUIWHMX — iTepaniii

BUIIS  yMOB  3a0e3MedeHHs MDKKiHIEBOI SIKOCTi ~ CHPHAE 3HUIKEHHIO 00CATY CIly’OOBOTO HABAHTaXCHHS B

obcmyroByBanHs (9), (18) BHKOPHCTAaHO TEH30pHHIA ormHc — MEPEXKi, AKE HHUPKYJIIO€ B MepeKi MiXK

KOKHOTO0 3 MepexxHux qomeHis (10)-(18). MapipyTtuzaropamu  1a  SDN-KOHTpoJiepaMu  Pi3HHX
2. Bukopucranus 3aIIPOIIOHOBAHOTO MeToly ~ DIBHIB, a TaKkOX MNPONOPUIHHOMY 3MEHIICHHIO Yacy

iepapxiuHoi MikIOMEHHOT MapmIpyTH3alii 103Bonse Ge3  PO3B’A3aHHS 3a1adi MiKAOMeHHOI QOS-MapipyTh3aLii.
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METO/]I HEPAPXUYECKOM ME)KJ;[OMEHHOFI MAPIIPYTU3ALINU B
INPOI'PAMMHO-KOH®UT'YPUPYEMOMU TEJJEKOMMYHUKALIMOHHOU CETHU
C OBECIIEYHEHUEM MEXKOHILIEBOI'O KAYECTBA OBCJIY’KUBAHUA

IIpenmeToM mccite0BaHUS B CTAaThe SBISIFOTCS MPOIECCH MEKIOMEHHOH MapIIpyTH3aU: ¢ 00eCIIedeHIeM MEKKOHIIEBOTO KauecTBa
obcimyxuBanus. Ileab paboTsl — pa3paboTaTh METOJ MEPAPXUUECKOH MEXIOMEHHOH MapIIpyTH3aluuH C oOecredyeHHeM
MEKKOHIIEBOTO KayecTBa OOCIY)KMBAaHHS I10 IIOKa3aTeNI0 CpenHell MEKKOHIIEBOW 3aJep)KKH MaKeTOB B MYJIBTHAOMEHHON
MIPOrpaMMHO-KOHQHUTYPUPYEMOH TEIeKOMMYHHKAIMOHHONH ceTH. B cTaThe pemraroTcs criepyromue 3agadyd: pa3paboTka u
HCCIIeI0BaHNE METONA UEePApXUIECKON MEXITOMEHHOW MapUIpyTH3alMU ¢ oOecredeHneM MEXKOHIIEBOTO KauecTBa OOCITYKHMBAaHUSL.
Hcnionp3yroTest creayIomye MeTobl: TeopHs rpadoB, TEOpUsl TEH30POB, TEOPHS HEPAPXHUECKIX MHOTOYPOBHEBBIX CHCTEM, TEOPHUS
MaccoBOTO OOCIY»KMBaHUSI U METOJBI MaTeMaTHYECKOTO MporpaMMHupoBaHus. IlomydeHsl crexylomue pe3yibTaTsl: pa3paboTaH U
HCCIIEIOBaH METOJ HMepapXHUueckod MEXIOMEHHOH MapIIpyTHU3allH B MPOTrpPaMMHO-KOH(GUTYPHPYEMOH TeleKOMMYHHUKaIMOHHON
CeTH C OOEeCIeUYeHNEeM MEXKOHIIEBOTO KadecTBa OOCTY>KMBaHMs, KOTOPBIA IO3BOJISET HAa OCHOBAaHMH OalaHCUPOBKU HAarpy3kd B
JOMEHaxX TEeJICKOMMYHHUKAIIHOHHON CeTH 00eCIednTh 33/JlaHHBI ypoBeHb QOS 1o moka3zarelsiM HMpPOU3BOJMTEIBHOCTH M CpelHel
MEKKOHIIEBOH 3aJepKKH IakeToB. BeiBoabl: B paboTe mpeasyiokeH MeToJ HMepapXUUeckod MeXJOMEHHOH MapIIpyTH3aluu B
MIPOrpaMMHO-KOHQHUTYPUPYEMOH TETeKOMMYHHKAIIMOHHOM CeTH ¢ o0OecreueHneM KadecTBa OOCIY)KMBAHHA MO IIOKa3aTelsM
MIPOIYCKHOH CHOCOOHOCTH U CpelHedl MEXKOHILIEBOW 3aaep)KKH ImakeToB. HOBH3HOW MeTona sBIsSETCA TO, 4TO BBINONHEHHE QOS-
TpeboBaHMI N0 CpeJHell MEeKKOHIIEBOH 3aIepiKKe AKETOB OCYIIECTBISICTCS HE HA OCHOBAHUH NPEBAPUTEIFHOTO HOPMHUPOBAHHS €€
3HAUCHUH MO0 JOMEHaM, a IyTeM BBEICHHS M PealH3allii JBYXypPOBHEBOH KOOPAMHALMK MApLIPYTHBIX PEIICHUH B COOTBETCTBUH C
MIPUHIUIIOM 1IeJeBOM KOoOpAMHANMu. B OCHOBY mHpeuioskeHHOro MeToja IOJ0XKEHa JAEKOMIIO3MLIMOHHAs IOTOKOBas MOJEb
MEKJIOMEHHONH MapIIpyTH3alliK, a Uil IOJYyYeHHS B AHAIUTHYECKOM BHJE YCIOBHII oOecHedeHHs MEXKKOHIIEBOTO KadecTBa
00CITyKHMBaHHS HCIOJIb30BAaHO TEH30PHOE ONMCAHME KAXKIOrO U3 CETEBBIX JOMEHOB. lcronp3oBaHME MeTola HEpapXU4ecKon
MEXJOMEHHOH MapIIpyTH3alUK MO3BOJIsAET Oe3 IepepacrpesiesieHnss KaHaIbHOIO pecypca, a JIMIIb Ha OCHOBAHMH OallaHCUPOBKH
Harpy3Kd B JIOMEHaX TEIEKOMMYHHKAIIMOHHOI ceTH o0ecneunTh 3adaHHbl ypoBeHb Q0S Mo MoKa3aTesM IPOM3BOIUTEILHOCTH U
cpemHel MEXKOHIIEBOH 3aJIep)KKH IMaKeToB. JlereHTpaan3anys BBIYUCICHHI MapIIpyTOB B KaXJOM M3 JOMEHOB CETH Ha OCHOBE
HCTIONB30BAHUS JIOKATbHON HMH(pOpMamu 00 MX COCTOSIHHM ITTO3BOJISIET ITOBBICHTH MAaCIITaOMpPyeMOCTh MAapIIPyTHBIX pEIIeHHH, a
BBEJICHNE MIPOLELyP KOOPIHMHALNH MO3BOJISIET 00ECTICUNTh COTJIACOBAHHOCTH B paboTe SDN-KOHTPOIUIEPOB JOMEHOB C TOYKH 3PEHHS
obecneqenns QoS. MccrmemoBaHue mHpeuIoKEHHOTO METOJA Ha psifieé PAacdeTHBIX IPHMEpPOB IMOATBEPAMIO €ro CXOANMOCTh K
ONTUMAJIBHBIM PELICHUSIM KOHEYHBIM KOJIMYECTBOM UTEPALUI KOOPIMHALIMOHHOTO MPOLEAYPBbI.

KuiroueBsbie cjioBa: mporpaMMHO-KOH(GHUTYpUpyeMasi TeJIeKOMMYHHKAIMOHHAS CEeTh; MEKIOMEHHAs MapIIpyTHU3aLHs; Ka4eCTBO
00CITy)KUBaHUSL; CPEHSST MEKKOHIIEBasI 3a1€PXKKA ITAKETOB.

THE METHOD OF HIERARCHICAL INTER-DOMAIN ROUTING IN A SOFTWARE-
DEFINED TELECOMMUNICATIONS NETWORK WITH ENSURING END-TO-END
QUALITY OF SERVICE

The subject of research in the article is the processes of inter-domain routing with ensuring the end-to-end quality of service. The aim
of the work is to develop a method of hierarchical inter-domain routing with ensuring the end-to-end quality of service in terms of
average end-to-end packet delay in a multi-domain software-defined telecommunications network. The following tasks are solved in
the article: development and research the hierarchical inter-domain routing method with ensuring the end-to-end quality of service.
The following methods are used: graph theory, tensor theory, theory of hierarchical multi-level systems, queuing theory, and
mathematical programming methods. The following results were obtained: the method of hierarchical inter-domain routing in a
software-defined telecommunications network with the provision of end-to-end quality of service has been developed and
investigated, which allows, based on load balancing in the telecommunication network domains, to provide a specified level of QoS in
terms of performance and average end-to-end packet delay. Conclusions: The paper proposes a method of hierarchical inter-domain
routing in a software- defined telecommunications network with ensuring the quality of service in terms of bandwidth and average
packet end-to-end delay. The novelty of the method is that the implementation of QoS requirements for the average end-to-end packet
delay is carried out not on the basis of preliminary normalization of its values by domain, but through the introduction and
implementation of two-level coordination of route solutions in accordance with the principle of target coordination. The proposed
method is based on a decomposition flow-based model of inter-domain routing, and to obtain in an analytical form the conditions for
ensuring the end-to-end quality of service, a tensor description of each of the network domains is used. Using the hierarchical inter-
domain routing method allows to reassign the channel resource, but only on the basis of load balancing in the telecommunication
network domains, to provide the specified level of QoS in terms of performance and average end-to-end packet delay.
Decentralization of route computations in each of the network domains based on the use of local information about their state makes it
possible to increase the scalability of route decisions, and the introduction of coordination procedures ensures consistency in the work
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of telecommunication domain controllers in terms of QoS. The investigation of the proposed method on a number of computational
examples confirmed its convergence to optimal solutions with a finite number of iterations of the coordination procedure.

Keywords: software-defined telecommunication network; inter-domain routing; quality of service; average end-to-end packet
delay.
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