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AHOTANIA

Yepesamenko O.B. Cnoci®0 moOyaoBH BIPTyalIbHOI KOMIT IOTEPHOI MEpexki Ha
ocHoBi TexHouiorii SDN. — KBamidikariiiina HaykoBa Ipalis Ha rpaBax pyKOIIUCY.

Juceprartist Ha 3100yTTs HAYKOBOTO CTYIEeHs T0KTopa (pitocodii 3a crieniaabHICTIO
123 — Komn’roTepHa iHxeHepis 3 ramysi 3HaHb 12 — IHdopmarliiiHi TexHOJOrii. —
Hamionansuuit Texuiunuit YHiBepcureT Ykpainu «Kuicbkuii [lomiTexuniuauii [Hctutyt
imeH1 Iropst Cikopebkoroy, Kuis, 2025.

JuceprartiitHa po6oTa mpHUCBIUYeHa MOOYAOBI BipTyalbHOI KOMII IOTEPHOT Mepexi
JUIsL Tepenayl 3aJaHoro Tuny Tpadiky 3 BHUKOPUCTAHHAM TEXHOJIOTIT IPOrpamMHO-
BU3HadYeHHUX Mepex (Software-defined networks, SDN). Ilo pe3synbraTtam T0CITiIKESHHS
CTBOPEHO KOMIUIEKCHUH croci0 moOyA0BH BipTyalbHOI TPOTrpaMHO-BU3HAYEHOI MEPEXKI,
sKa BHKOPUCTOBYE METOJ] MOOYJOBH KaHaJIB 3B’SI3Ky Ha OCHOBI I1HTETPaJIbHOTO
KPUTEPII0 3 ypaxXyBaHHSIM METPUK SIKOCTI OOCIYyroByBaHHS Ta METOJ JIWHAMIYHOT
peKOH}ITypallii Mepexi 3 BUKOPUCTAHHSAM BIIMOBOCTIMKUX PE3EPBHUX KaHAIIB 3B’ SI3KY.

Mertoro nucepraiiitHoi poOOTH € po3poOKa KOMIUIEKCHOTO CIOCO0y MoOyao0BU
KOMIT' FOTEPHOT MEPEeXi JUIS IIIBUINCHHS MIBHAKOCTI Ta HAAIHHOCTI mMepenadi JaHuX B
HI{, 10 JO3BOJMTH TapaHTYyBAaTH BIANOBIAHICTH MEpEXi 3aJaHUM IapaMeTpam sSKOCTI
OoOCITyroByBaHHs I 4Yac BUXOAY 3 JaAy OKpeMHX ii AUISHOK MUISIXOM I1HTErparlii
TEXHOJIOT1H BIpTyaJIbHUX MEPEX Ta MPOrpaMHO-BH3HAYEHUX MEPEK.

JlocnimxeHi BiomMi pilieHHS MOOYAOBH BIPTyaJdbHUX KOMIT IOTEPHHX MEPEX 3
BUKOpHucTaHHAM TexHojorii SDN. Ha ocHoBI aHaimi3y niteparypHUX JpKepel 3p00JIeHO
MOCTAaHOBKY 3aJlayi MPO HEOOXIAHICTh PO3POOKH PIlICHHS MJIs MOOYI0OBU BIPTyaabHOI
KOMIT FOTepHOT Mepeki Ha ocHOBI TexHojorii SDN, sike 103BOJIUTH BIOCKOHAIUTHU
pollecH Tiepeiadil JaHWX y BUMAAKY BIIMOB OKPEMHX JIJITHOK KOMIT IOTEPHOI MEpexi.
[Ticns mpoBeneHOro aHami3dy JiTepaTypyd Ha TeMy BIJIMOBIJHOCTI pillieHb MOOYIOBH
NpOrpaMHO-BU3HAUCHUX MEPEK KpUTEpisaM skocTi obciyroByBanns (quality of service,
QO0S) 3p0061eHO BUCHOBOK MPO HEOOXITHICTh PO3POOKH METOAY BpaxyBaHHS SKOMOTA
O1/Ib11I01 (HE MEHIIE YOTUPHOX, OCKUIBKHU BIJOMI PIIEHHS 3a3BUYail BpaxoBYIOTh /1Bl 200
TPH) KITBKOCTI METPHK SIKOCTi 00CITyrOBYBaHHS MPH Mepeiadi JaHUX Y MEPExKi.

Brnepiie po3po6sieHo Ta OOrpYHTOBAHO 1HTETpaIbHUN KpUTEPiil MOOYI0BH KaHATIB
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3B’SI3KY y BIPTyaslbHIA KOMIT IOTEpHIM Mepeki Ha ocHOBI TexHosorii SDN, skwuii, Ha
BIIMIHY B1JI ICHYIOUHX CIIOCOOIB MOOY/I0BH, OJTHOYACHO BPaXOBY€ HEOOXITHY KIIbKICTh
Ta MPIOPUTETH METPUK SKOCTI 0OCIyTOBYBaHHs KaHAJIB 3B 53Ky MEpPEXKi, 10 JT03BOJISIE
JOCSITTH 30epeKeHHs cTabUIbHOI MIBUAKOCTI Tepeaadl Tpadiky Oyab-skoro Tumy. Llei
KpUTEpid POPMY€ETHCA Ha OCHOBI YHCIOBUX METPUK SKOCTI OOCITYyrOBYBaHHS 3B’S3KiB
M1 KOMyTaTOpamH JUIsl OnTUMi3alii moOya0BY HMUIAXIB i Yac MapuIpyTH3AIIii.

Brepiie po3po6iieHo Ta oOrpyHTOBAaHO KpUTEPil HaAIMHOCTI BY3JiB MEpExi s
noOy/IOBM KaHATIB 3B 3Ky, SKHM, Ha BIAMIHY BIJ ICHYIOUHX CIIOCOOIB TOOYI0BH,
BPaXOBY€ 3/1aTHICTh IPOMI>KHHUX IPUCTPOIB MEPEXK1 TPAHCHIOPTYBATH TpadiK MI>K CBOIMU
MopTaMH, 10 J03BOJIAE 30UIBIIUTA HANIMHICTh KaHAJIB 3B 43Ky Ta 3MEHIIUTH BTPATH
JAaHUX 1] Yac nepeaadi. BUKopucTaHHsS METPUKH HAJIHHOCTI BY3JIB Y SIKOCTI KPUTEPIIO
moOyIOBH J03BOJIsIE OOMpaTH TakKl KaHaIM 3B’S3KY, IO 3aJ0BOJIBHSIOTH HEOOXITHIM
SKOCT1 0OCIIyTrOBYBaHHS IIPU Nepeayi pi3sHUX TUITIB Tpadiky.

Brnepire po3po6iaeHo Ta o0rpyHTOBAHO METO/I MOOYA0BH BIJIMOBOCTIMKUX KaHAIIB
3B’SI3KY BIpTYaJIbHOT MEepeXi Ha OCHOBI TexHoJorii SDN, skwmif, Ha BiIMIiHY BiJ] ICHYIOUHX
METO/11B, 0a3y€ThCsl Ha PO3/IIJICHH] BIPTYyalIbHOT MEPEX1 Ha MiAMEPEKl Ta BUKOPUCTOBYE
pO3pO0IIeH] IHTErpAIbBHUIM KpUTEP1i MOOYI0BM KaHaJiB 3B’SI3Ky 3 YpaxyBaHHIM SIKOCTI
00CITyroByBaHHS Ta KpUTEPIH HAAIHHOCTI BY3JIiB, 110 JO3BOJISE 3a0€3MEYUTH CTaOIIbHY
IIBUJIKICTh, 3MEHIIIUTH 3aTPUMKY Ta BTPATH JIAHUX 1]l 4ac mepeaadl Oyb-aKoro TUITY
TpadiKy y pa3l BUXOAY 3 JIaJy OKPEMHX JIJISTHOK Mepexi. Bukopucranus npiopuresanii
METPHK MpU NMOO0YyA0BI NUIAXIB TIEpeIadl 103BOJs€ 30UTBITUTH THYUKICTh 3aCTOCYBAaHHS
METOAY Ta 3MIHIOBATH KOH(Irypalilo BipTyaJbHOI MEPEXi B 3aJE€KHOCTI B PI3HUX
TUIIB Tpadiky, MO MePETAETHCS.

VY nockoHaleHO METO/ AMHAMIYHOI peKOH(DIryparlii BIpTyaJlbHOI MEpEeXi Ha OCHOBI
texHoJsorii SDN, sikuii, Ha BIAMIHY BiJl ICHYIOUMX METO/IIB, 0a3y€ThCs HA BUKOPUCTaHH1
BIJIMOBOCTIMKHMX PE3€pBHUX KaHAIB 3B’ 53Ky, 30€peKeHHX y nam’aTi KoHTposaepa SDN,
0 JI03BOJISIE MIATPUMYBATH Oe3MepepBHUI ceaHc mepeaadl Tpadiky y pasi BiIMOBH
OCHOBHOTO KaHajy 3B’s3Ky. HasBHICTh pe3epBHOTO KaHANy JO03BOJISIE HE MEpPEpHUBATH
3’€IHAaHHS MDK By3JlaMHd Yy pa3l BIJIMOBH OCHOBHOTO MAapIIpyTy, MOKH KOHTPOJIEP

BHUKOHY€E OOYI0BY HOBOTO IIISXY B 00Xi/ MPOOJIEMHHX IIJITHOK Ta 3aBaHTAXEHHS HOTO



B KOMYTaTOpHU.

Po3pobiieno mporpamue 3abesnedeHHs 111 SDN-kontponepa Open Network
Operating System (ONQOS), 30kpeMa 3aCTOCYHOK, SIKHH peajtizye po3po0iieHi B poOoTi
METO/IY MOOYAOBH KaHATIB 3B’sI3Ky Ha OCHOBI 1IHTErpaIbHOTO KPUTEPIIO Ta AMHAMIYHOL
pexoHdIrypariii Mepexi 3 BAKOPUCTAHHIM PE3epPBHUX KaHAIIB 3B’ sA3Ky. ExcriepuMeHTH
3 BUKOPUCTAHHSIM 3aCTOCYHKY IMMOKa3ajlu 3MEHIICHHs 4acy peKoH(Iryparii MepexeBoi
MOJIE/Il Ta JIOCTABKH JIaHMX, IMOPIBHSAHO 31 CTAaHJAPTHUMH 3aco0aMH MapuIpyTHh3alii y
ONOS. Ile Oyno I0CATHYTO HE JHUIIE 3a PaXyHOK BUKOPHUCTAHHS IHTETPAIbLHOTO
KpUTEPII0 MOOYIOBM KaHaMIB 3B’SI3Ky, a W €(QEKTUBHINIOI KOMMUISLII 1HCTPYKIIH
KOHTpoJiepa Ta nepeOyA0B1 MUIAXIB MK KOMyTaTOpaMu Ha OCHOBI 310paHUX JaHUX PO
notoku. Bukopucranus texHomorii SDN mo3Bosisie BUKOHYBAaTH TiepeHATAIITyBaHHS
MepeXi Ha piBHI KOHTpoJIepa Y pa3i BIIMOBH MEBHUX BY3JIiB, a TporpamMHe 3a0e3neyeHHs
ONOS n03BoJsI€ BHOCUTH 3MIHHM Ta PO3IIMPIOBATH HAOIp IHCTPYKINM AJisl BIpTyaIbHOI
Mepexi 0e3 3yITMHKM KOHTpoJiepa Ta Mpollecy nepenadi Tpadiky.

BukoHaHO moOyJI0BY BIPTYaJIbHUX MEPEX PI3HOI TOMOJIOTIYHOI OpraHizaiii, 10
BUKOPHCTOBYIOTH 3aIIPOIIOHOBAHI B pOOOTI METOAM MOOY/I0BU KaHAIIB 3B’ 513Ky Ha OCHOBI
IHTErpajJbHOTO KPUTEPIIO Ta JMHAMIYHOI peKOH(]Irypaiiii Ha OCHOBI PE€3€PBHUX KaHAIIIB
3B’s13Ky. CTBOpEHi MOJiei BIpTyallbHOI MEPEIKi y IPOTrpaMHii yTHIIITI Mininet, BAKOHaHO
MIJKITFOYEHHS 10 Heil neHTpanizoBaHoro SDN KoHTposiepa 31 BCTAHOBJICHUM Ha HBOMY
nporpamuuM 3a6e3nedeHHsaM ONOS, 3amistHHS 3aCTOCYHKY Ui Tiepenadi JaHUuX Mix
By3JlaMd Mepexi. Y XOJl EKCIIEpUMEHTY TeHepyBaBcs Tpadik pI3HUX THUITIB 1
B1I0YBaOCA 3HATTS MOKAa3HUKIB MIBHJKOCTI MEpeaayl JaHUX Ta iXHbOTO 00’eMy MpHU
MOCTYIIOBOMY BIIKJIIOUEHHI By31iB Mepexi. [licns BiAKIIOYEHb BY3JiB KOHTPOJIEP
BIJIC/TIIKOBYBaB 3MIHM B KOH(Irypamii Mepexi Ta BHUKOHYBaB MOOyIOBYy Ta BHOIp
OHOBJICHMX KaHamiB TmepeAadi Tpadiky. 3a pe3yibTaTaMH €KCIEPUMEHTIB, IS
TOTIOJIOTIYHUX TpadiB pi3HOI OpraHi3allii BAalocs nepeaaTu 00’ eM JaHuXx, mo € Ha 65%
OUIBILIMM, HIK TOW, 110 OyB MepeAaHuil 3 BUKOPUCTAHHAM ICHYIOUMX METOAIB MOOY0BU
nusiXiB. Baanocss He JOMYCTUTH 3HWKEHHS IIBUIKOCTI mepeaadi ouibine Hix Ha 41%
MICTISl BIKIIFOUCHHS MTOJIOBUHH BY3J11B MEPEXKI.

Po3pobnenuii cmocid moOymoBu BIpTyalibHOI Mepexi Ha oCHOBI TexHosorii SDN
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JI03BOJIMB PO3POOUTH EKCIIEPUMEHTAIBLHY MOJEIb JJI MPAKTUYHOTO BUKOPHUCTAHHS Ta
BIPOBADKCHHS Yy KoprmopatuBHUX SDN Mepekax 3 BIJANOBIAHMM amnapaTHUM
3a0€3MEUYECHHSIM.
Knrouosi cnosa: SDN, OaratonuisixoBa MapuipyTH3allisi, BipTyajdbHa Mepexa,
iH(opMaltiitHa cucTema, sIKICTh 00CIIyTrOBYBaHHSI, B1JOM1 MapIIPyTH, BiIMOBOCTIHUKICTb,

TOMOJIOTIS.



ABSTRACT

Cherevatenko O.V. Method for creating a virtual computer network based on SDN
technology. — Qualified scientific work as a manuscript.

Dissertation for the degree of Doctor of Philosophy in specialty 123 — Computer
engineering in the field of knowledge 12 — Information technology. — National Technical
University of Ukraine "Igor Sikorsky Kyiv Polytechnic Institute™, Kyiv, 2025.

The dissertation is devoted to the construction of a virtual computer network for the
transmission of a given type of traffic using software-defined networks (SDN)
technology. Based on the results of the research, a comprehensive method for
constructing a virtual software-defined network has been created, which uses the method
of constructing communication channels based on an integral criterion considering the
metrics of their quality of service and the method of dynamic network reconfiguration
using fault-tolerant backup data transmission channels.

The purpose of the dissertation is to develop a comprehensive method for
constructing a computer network to increase the speed and reliability of data transmission
in it, which will ensure that the network meets the specified quality of service parameters
during the failure of its individual sections by integrating virtual network technologies
and software-defined networks.

Known solutions for constructing virtual computer networks using SDN technology
have been studied. Based on the analysis of literature sources, the problem of the need to
develop a solution for building a virtual computer network based on SDN technology,
which will allow improving data transmission processes in the event of failures of
individual sections of the computer network, was formulated. After analyzing the
literature on the compliance of solutions for building software-defined networks with
quality of service (QoS) criteria, the conclusion was made about the need to develop a
method for considering as many (at least four, since known solutions usually consider
two or three) quality of service metrics as possible when transmitting data in the network.

For the first time, an integral QoS criterion was developed and substantiated for

constructing communication channels in a virtual computer network based on SDN
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technology, which, unlike existing construction criteria, simultaneously considers an
unlimited number of QoS metrics for network communication channels and the priorities
of these metrics, which allows maintaining the data transfer rate for any type of traffic.
This criterion is formed on the basis of numerical quality of service metrics for
connections between switches to optimize path construction during the routing process.

For the first time, a reliability criterion for network nodes has been developed and
substantiated for constructing communication channels, which, unlike existing
construction criteria, considers the ability of intermediate network devices to transport
traffic between their ports, which allows increasing the reliability of traffic transmission
over communication channels and reducing data loss. Using the reliability metric of
nodes as a construction criterion allows choosing such communication channels that
satisfy the required quality of service when transmitting different types of traffic.

For the first time, a method for constructing communication channels of a virtual
network based on SDN technology has been developed and substantiated, which, unlike
existing construction methods, uses an integral criterion for the quality of service of
network communication channels, a criterion for the reliability of network nodes and its
division into subnetworks, which allows maintaining speed, reducing delay and data loss
during their transmission for any type of traffic in the event of failure of individual
network sections. The use of metric prioritization when constructing transmission paths
allows increasing the flexibility of the method and changing the configuration of the
virtual network depending on different types of transmitted traffic.

The method of dynamic reconfiguration of a virtual SDN network has been
improved, which, unlike existing methods, is based on the use of fault-tolerant backup
data transmission channels stored in the memory of the SDN controller, which allows
maintaining a traffic transmission session in the event of a failure of the main
communication channel. The presence of a backup path allows not to interrupt the
connection between nodes in the event of a failure of the main route, while the controller
is building a new path bypassing problem area and loading it into the switches.

Software for the Open Network Operating System (ONOS) SDN controller has been
developed, in particular an application that implements the methods developed in the
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work for constructing communication channels based on the integral criterion and
dynamic network reconfiguration using redundant communication channels.
Experiments using the application have shown a reduction in the time for reconfiguring
the network model and delivering data, compared to standard routing tools in ONOS.
This was achieved not only by using the integral criterion for constructing
communication channels, but also by more efficient compilation of controller
instructions and rebuilding paths between switches based on collected data about flows.
The use of SDN technology allows for network reconfiguration at the controller level in
the event of failure of certain nodes, and the ONOS software allows for changes and
expansion of the set of instructions for the virtual network without stopping the controller
and the traffic transfer process.

Virtual networks of different topological organizations were constructed, using the
methods proposed in the work for constructing communication channels based on the
integral criterion and dynamic reconfiguration based on backup data transmission
channels. Virtual network models were created in the mininet software utility, a
centralized SDN controller with ONOS software installed on it was connected to it, and
an application was launched for data transmission between network nodes. During the
experiment, traffic of different types was generated and data transmission speed and
volume were measured during the gradual disconnection of network nodes. After the
nodes were disconnected, the controller monitored changes in the network configuration
and constructed and selected updated traffic transmission channels. According to the test
results, for topological graphs of different organizations, it was possible to transmit a data
volume that is 65% larger than that transmitted using existing methods for constructing
paths. It was possible to prevent a decrease in transmission speed by more than 41% after
disconnecting half of the network nodes.

The developed method of building a virtual network based on SDN technology
allowed the development an experimental model for practical use and implementation in
corporate SDN networks with appropriate hardware.

Keywords: SDN, multipath routing, virtual network, information system, quality of

service, known routes, fault tolerance, topology.
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INEPEJIIK YMOBHHUX ITIO3HAYEHD

API — application programming interface, intepdeiic mpukIagHOTO IPOTrpaMyBaHHS
ARM — Advanced RISC Machine, snockonanena RISC-mamnuna

ARP — Address Resolution Protocol, IIpotokoi BupiliieHHs aapec

CLI — command line interface, inTepdeiic koMmanaHOTO psiAKa

CMTS - cable modem termination system, cucrema tepmiHaiiii KabeabHOTr0 MOJEMa
ICMP — Internet Control Message Protocol, [Ipotokos kepyro4nx MOBiIOMICHb
InTepnery

MPLS — Multiprotocol Label Switching, bararonporokosibHe epeMUKaHHSI MITOK
ODL — OpenDayL.ight

ONF — Open Networking Foundation

ONOS — Open Network Operating System, Bigkpura mepexeBa onepailiiiHa cucrema
OSGi — Open Services Gateway initiative

OSI — Open Systems Interconnection, B3aeMo3B'130K BiIKPUTHX CUCTEM

SDN - software defined networks, mporpamao-BU3Ha4EHI Mepexi

VLAN — Virtual Local Area Network, BipTyajibHa JIOKaJbHa Mepexa

VPN — virtual private network, BipryansHa npuBaTHa Mepexa

VXLAN — Virtual Extensible Local Area Network, BipryansHa po3miproBaHa
JIOKaJIbHA Mepeka

QoS — quality of service, sikicTh 00CTYrOBYBaHHS

REST — Representational State Transfer, [Tepenaua npeacTaBHUIIBKOTO CTaHy

EbB — ekca0Oaiir
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BCTYII

AKTyaJbHICTh TeMHU. [[paKkTiKka BUKOPUCTAHHS KOMIT IOTEPHUX MEPEXK OCTAaHHIMU
JTECATWIITTAMA  JEMOHCTPYE TEHACHINIO 10 IIBHUAKOTO 3pPOCTaHHS  KIJIBKOCTI
KopucTyBauiB. lle mnpu3BOAUTH A0 MIABUINEHUX PHUBUKIB I  (DYHKIIOHYBaHHS
MepexeBoi 1HOPACTPYKTYpH — MEepEeBaHTAXEHHS KaHAJIB 3B’ SI3KYy, MaJiHHS IMIBUIKOCTI
3’€IHaHHA Ta, K HACMIJIOK, BITMOBHU OKPEMHUX BY3JIB UM yciei Mepexi B riiomy. Oxpim
TOT'0, HASIBHICTB JIFOJICBKOTO (haKTOpy B HAJNAIITYBaHHI MEpEXki Ta HEOOX1THICTh OKPEMOi
KOHQIrypalii s KOXXHOTO By3Jla B CHCTEMI 3HAYHO TMOTIPIIyE THYYKICTh Ta
MacmTabOBaHICTh TPAJAMIIMHUX KOMITIOTepHUX Mepex. O3HaueHi npoliemMu
MOKJIMKaHa BUPIIIMTH TEXHOJIOTISI MEPEK, 1o mporpamuo BuzHaueHi (SDN).

Bnposamxkenns mepexx SDN € akTyanbHUM pillleHHSM, OCKUTBKH BOHU BTUTIOIOTH
HACTYNHI 1HHOBAIlIWHI MIAXOAUW [0 yhpaBiiHHA Mepexxamu. SDN  nmosBossie
aJMIHICTpaTopaM MepexXi 31MCHIOBATH YMPABIIHHI Ta KOHQITYpalil0 MEpEeKEeBUX
NPUCTPOIB Yepe3 Tak 3BaHUN KoHTpoJep. Komm TexHosoris mporpamMHO-BU3HAUYEHUX
Mepexx Oyna BIeplIe NpeJICTaBiI€HA, PIBEHb OOUYUCIIOBAIBHHUX MOTYXHOCTEH He
JO3BOJISIB  3[IMCHUTH 1i MacoB€ BIIPOBAKEHHA. 3apa3, KOJU KOHTPOJEP MOXKE
6e3mpobaeMHO (YHKITIOHYBAaTH Ha 0a3i MEepCOHAIBHOTO KOMIT IOTEpa abo BipTyalbHOI
MaIlTuHU, ICHYE MOXJIHUBICTD it cTBopeHHs SDN mMepex Oyab-siko1 po3MIpHOCTI Ta IS
nepenadl Oyap-sKoro Tumy Tpadiky. 3a paxyHOK LEHTPaJi30BAHOIO YHPABIIHHS
BY3JIaMHU 1 pecypcamMu KOHTPOJIEPY BIAAETHCS 3MEHIIUTH 00CAT cy:k00B01 iHhOopMaIii,
YHUKATH 3alBOTO BHUKOPHCTAHHSA TPOIMYCKHOI 3IaTHOCTI Ta ONTHMI3yBaTH IUIAXH
nepenavi naHux MK Bysnamu. [lopiBHsHO 3 TpaaumiitHumu, mepexi SDN 3HauHO
edeKTUBHIIIIE MaCIITA0YIOThCS, a 32 PaXyHOK BUKOPUCTaHHS MPOTPaMHUX 1HTEepdenCIB
MK KOHTPOJIEPOM 1 IPUCTPOSIMU MEPEK1 ICHYE MOKIIUBICTD 3alIITH BETUKY MHOKUHY
HaJallTyBaHb.

JI71s1 TIOBHOTO PO3KPUTTS MOTEHIlany BUKopucTanHsi mepexxk SDN akryanbsHOO €
pO3poOKa KOMIUIEKCHOTO PillIeHHS JJisi moeaHanHs TexHoJsiorii SDN Ta BipTyaabHUX
Mmepex. [lepeyMOBH BUKOPHCTAaHHS BIPTyaJbHUX MEPEXK MOJSATAIOTh y 301IBIICHHI

KUJIBKOCTI MEPEKEBHUX IMPUCTPOIB Ta 3B’SA3KIB MK HUMHU. Ha BiaMiHy Bia (i3UYHUX,
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BIpTyaJbHI MEPEXi NMPU HEOOXITHOCTI IXHHOTO PO3IIMPEHHS HE MOTPEOyBAaTUMYTh
NepeMilieHHs] Ta MEePeniIKIIOYeHHs] MPUCTPOiB, IO JO3BOJIUTH 3HAYHO MIBUIIIIE
MacIITadyBaTH MEpEXy: JOJaTH HOBI BY3JHM Ta MIAKIOYEHHS MiX HuMHU. Lle moGpe
MOTOJ/KYETHCSA 3 TpUHIUIIOM Mepexki SDN, Koy KOH}ITrypallisi IpUCTPOiB BiIOYBAETHCS
HUIIXOM Tepeiadl KOMaH/ 3 HEHTPaJIbHOT0 KOHTpOJIepa.

AKTYyaJTbHOIO TIPOOJIEMOIO TAKOXK € MOKIIUBICTh CY9acCHHX KOMIT IOTEPHUX MEPEK
nepeaaBaty pizHi Tunu Tpadiky. Tak, iCHyI0Th BUAM Tpadiky 3 pi3HUMH BUMOTaMH JI0
HAJIMHOCTI — HaNpHUKIa, Tpadik, MOB’I3aHUN 3 (PIHAHCOBUMU OMNEPALiSIMHA, BUCTABJISIE
OUIBIIII BUMOTH JI0 TapaHTIM JOCTaBKU 1H(MOpMAIlii, HIXK MyJIbTUMeniMaui Tpadik. s
TOTO, W00 BIJANOBIIATA BHMOTraM, MepeXa MYCHThb MAaTH BIJIMOBIIHY SKICTh
obciyroByBanHs (quality of service, Q0S). Bona mgocsraerbcs IIIAXOM HiATPUMKH
MIEBHOTO PIBHS PSy METPUK, SIK-OT, KUIBKICTh IEPEXOJIIB MK By3jaMHu ab0 3aTpuMKa
nepenayi ganux. [1lo0 Matu MOXIHMBICTE €PEKTUBHO NIepeaaBaTH Tpadik pi3HOTO THUILY,
Mepeka Ma€ MaTH BIANOBIIHICTh SKOMOTra OUIBIIOMY (HE MEHIIE TPbOX-YOTHUPHOX)
YHUCIIy METPUK SKOCTI 00CIIyroByBaHHs. BTiM, OUIBIIICTh Cy4acHUX pillieHb OOYI0BH
MepEX 3a3BHUYAN MPOTIOHYIOTH BIAMOBIIHICTH JIUIIIE OTHINW-TBOM MeTprkaM QOS .

3 ommsimy Ha O3HA4YeHI MpoOJieMH, BHHHKAE HEOOXIAHICTH B PO3POOJICHHI
KOMIUIEKCHOTO Ccroco0y MOoOyJAOBH KOMIT' IOTEpHOI MEpexki, fKe CHpsSMOBaHE Ha
BJIOCKOHAJICHHS IPOLIECIB Mepeiayl JaHUX B KOMIT IOTEPHUX Mepekax Ta 3a0e3neyeHHs
HEOOXITHOTO PpIBHSA SKOCTI OOCIIyTOBYBaHHS 3aBISKH I1HTErpaiii TEeXHOJIOTIH
BipTyanbHUX Mepex 1 mepex SDN.

3B’5130K po00TH 3 HAYKOBUMH NPOrpaMaMu, IjiaHamu, TeMamu. [{ucepTariiitna
poOoTa BXOAUTH B IJIaH HAYKOBOi poOoTH kKadeapu oduucatoBanbHoi TexHiku KIII im.
Irops Cikopchbkoro 1 BHKOHaHa B paMKaxX HACTYMHUX [MOIIYKOBUX JOCIIIKECHb
(1HIIIaTUBHUX TeMAaTHK): «BUCOKOMPOIYKTHBHI KOMIT FOTEPHI CHUCTEMU Ta MEPEeXKI:
Teopis, MeToau 1 3aco0u amapaTHOI Ta TMporpamMHoi peamizamii» (hakyiabTeT
1H(hOpMaTHKK Ta OOYMCIIOBAIBLHOT TEXHIKM — KepiBHUK: 1o1. A. M. Bomoxura), Ne
norosopy: /p Ne0121U108261, nata peectpartii: 11.02.2021.

Merta i 3aBaanns aociaigkeHHs. Metow aucepraniitHoi poOOTH € TiIBUIICHHS

IIBUIKOCTI Ta HAIIWHOCTI Mepeaadi JaHuX MIITXOM PO3POOKH KOMILIEKCHOTO CITOCO0Y
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MoOyI0BH KOMIT FOTEPHOT MEPEXKi, IO JO03BOJIMTh TApAaHTYBATH BIAMOBITHICTH MEPEXKI
3aJlaHUM TapaMeTpaMm SIKOCTI OOCIYroByBaHHSI MiJ] Yac BHUXOAY 3 Jaay OKpeMHX ii
TUISTHOK [UISIXOM 1HTErpalii TEeXHOJOTiM BIPTyaJlbHUX MEpeX Ta MPOrpaMHO-
Bu3HaueHuX Mepex (SDN).

Jl5is nocATHEHHS] METH B JUCEepTaIliiiHiil poOOTI MOCTaBJICHI HACTYTIHI 3aB/IaHHSA .

e JlocmimuT acrekTd TOOYyI0BH, a TaKOX MPUHIUNKM (PYHKIIIOHYBaHHS
BIpTyaJIbHUX MEPEXK 3 BUKOpUCTAHHAM TexHOJOT1 SDN 3 MeToro po3poOsieHHs
KOMIIJIEKCHOTO Croco0y MOOYyJOBH KOMIT IOTEPHOI MEpPEeki, 10 J103BOJIUTH
BJIOCKOHAJIMTH MPOIIECHU Mepeaadl JaHUX Yy BUIAJKY BIIMOB OKPEMUX JIISTHOK
KOMIT'IOTEpHOT Mepexi Ta 3a0e3ledeHHs HEOOXITHUX MapaMeTpiB SIKOCTI
00CITyroByBaHH4;

e Po3pobutn mMeTon MoOyIOBM KaHAMIB 3B’SI3Ky MK By3JaMU MEpexl, SKHM
BpPaxoBY€ HEOOXI/IHY KUIbKICTh METPHUK SIKOCTI 0OCITyTOBYBaHHS KaHAIIIB 3B’ SI3KY
3 METOI0 30€peKEeHHS IIBHUIKOCTI, 3MEHIICHHS 3aTPUMKH Ta BTPAT JaHUX MPH
nepeaayl pi3HUX TUIIB Tpa@iKy y pa3l BUXOAY 3 JIaly OKPEMUX TUISTHOK MEPEXKI;

e BrockoHanmuTu MeToA AMHAMIYHOI peKOH]Iryparii BipTyaabHOI KOMIT I0T€PHOI
Mepexxi Ha ocHOBI TexHojorii SDN, skuii m103BOJIIE MIATPUMYBATH CEaHC
nepenayi Tpadiky y pasi BIIMOBH OCHOBHOT'O KaHaTy 3B’SI3KYy, BAKOPUCTOBYIOUHN
JUTSI IILOTO PE3EPBHI KaHAJM 3B’ A3KY M1k By3JIaMu,

e OOrpyHnryBatu TexHiuHe pimeHHs ajs SDN xoHTposiepa 3 MeToro peanizaiii
3aMpoNOHOBAHUX METOIB MOOY/T0OBU KaHaiB 3B’ 513Ky BipTyanbHoi SDN mepexi
3 ypaxyBaHHSAM METPHK SKOCTI 00CITyrOBYBaHHS Ta JMHAMIYHOI peKOH(Irypartii
MepexXi 3 BUKOPUCTAHHSAM PE3EPBHUX KAHAJIIB 3B S3KY;

e Po3pobuTu nporpamue 3a0e3neyeHHs AJis IPOBEICHHS €KCIIEPUMEHTIB 3 METOIO
J0BeJIeHHS €(PEeKTUBHOCTI 3aIIPONIOHOBAHOT0 KOMIUIEKCHOTO CIIOCO0Y MO0y 10BU
BIPTYaJIbHOI KOMIT FOT€PHOI Mepeski Ha OCHOBI TexHouorii SDN.

00’exT pociaimkenHsi. O0’€KTOM JOCTIIKEHHS JAUCEPTAIiiHOT poOOTH € TpoIec

noOyJI0OBH  BIPTYallbHOT KOMIT'IOTEPHOI Mepeki Ha ocHoBi TexHonorii SDN 3
BUKOPHUCTAHHSAM 1HOBALITHUX METO/IB Nepeadi JaHuX.

IIpeamer npocaimxenns. [IpeameToM MOCHIKEHHS IHCEPTAIliiHOI POOOTH €
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METOAM Ta 3aco0M BJIOCKOHAJEHHS TMPOIECIB Mepenadi JaHUX Yy BIPTyaJbHUX
KOMIT' FOTePHUX Mepexax Ha ocHOBI TexHosorii SDN.

Metoau pocaixzkeHHs:. METOAMYHOIO OCHOBOIO JIOCTIDKEHHS € CHCTEMHE
OMpAaIOBaHHS Ta aHall3 TEOPETUYHOTO MaTepianry, NIPHUCBIYECHOTO BIPTyaJlbHUM
KOMIT'IOTEPHUM MeEpekaM, IMPOrpaMHO-BU3HAYCHUM Mepexam, MpollecaMm Iepeaadl
JaHUX Yy HUX, QIropuTMaM Mapuipytusaunii, npuHiuunam ¢yskuionyBanas SDN
KOHTPOJIEPIB.

Y mporeci BAKOHaHOTO JOCTIKEHHS OyJIM BUKOPUCTaH1 METOIU MOPIBHSUIBHOTO Ta
CTATUCTUYHOIO aHaJli3y, METPUKU OOUMCIIIOBAJIbHOI CKJIAJHOCTI, IIBUJIKOCTI Ta
KUIBKOCTI TIepe/iayl IaHUX Y KOMIT IOTEPHUX MEpeKax, a TaKOXK MPOTrpaMHi 3aCO0M s
MOJICTIOBAaHHS BIpTyalbHUX Mepex Ta PpyHkuionyBanas SDN koHTposepiB.

HaykoBa HoBH3Ha oTpuMaHHX pe3yabTaTiB. HaykoBa HOBHM3HaA OJ€pKaHHUX
pe3ynbTaTiB pOOOTH MOJATA€ Y HACTYITHOMY '

e Brepuie po3po6iieHO Ta OOIPYHTOBAHO IHTErpajbHUN KpuTEpiil moOynoBu

KaHaJliB 3B’SI3Ky y BIpPTyaJibHIN KOMIT IOTEPHIN Mepexi Ha OCHOBI TEXHOJIOTil
SDN, skuid, Ha BIAMIHY BIJ ICHYIOUHUX CHOCO0IB MNOOYAOBH, OJHOYACHO
BpPaxoOBY€ HEOOX1/IHY KUIBKICTh Ta MPIOPUTETH METPUK SKOCTI OOCITYyrOByBaHHS
KaHaIIB 3B’S3Ky MEpexXi, IO J03BOJIIE JOCATTH 30epeKEeHHS CTaOlIbHOT
HIBUIKOCTI niepenayl Tpadiky Oyb-IKOro THILY;

e Brepie po3po0ieHo Ta 00IPyHTOBAHO KpUTEP1 HANIMHOCTI BY3/11B MEPEKI JIs
noOyZI0OBM KaHAIIB 3B’SI3Ky, SKW, Ha BIAMIHY BIJ ICHYIOUHUX CIOCOOIB
oOyI0BH, BPAXOBY€ 34aTHICTh MPOMIKHUX PUCTPOIB MEPEKI TPAHCTIOPTYBATH
Tpadik MK CBOIMH MOpPTaMH, IO JO03BOJSE 301IBIIUTH HAMIMHICTh KaHATIB
3B’SI3Ky Ta 3MEHIIUTH BTPATH JAHUX ITiJ1 Yac mepesadi,

e Brnepme po3pobieHO Ta OOIPpYHTOBAaHO METOJ| MOOYJOBH BiAMOBOCTIMKHX
KaHaJiB 3B’SI3Ky BIpPTyalbHOI Mepexi Ha ocHOBI TexHousorii SDN, sxuii, Ha
BIIMIHY BiJ] ICHYIOUUX METOIIB, 0a3ye€ThCsl HAa PO3AUICHHI BIPTYyaJIbHOT MEPEXKi
Ha MIMEPExi Ta BUKOPUCTOBYE pO3pO0JIEH] IHTErpAIbHUN KPUTEPIid MO0y 10BU
KaHaJiB 3B’SI3Ky 3 YpaxyBaHHSAM SIKOCTI OOCIyroByBaHHS Ta KpuUTEpii

HaJIAHOCTI BY3JI11B, 1110 I03BOJISIE 3a0€3MEeUNTH CTaOUIbHY IIBUIKICTh, 3SMEHIIIUTH
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3aTPUMKY Ta BTPATH JaHUX Mij yac mepeaadi 0yab-sKoro Tuiy Tpadiky y pasi
BUXOJy 3 JaJly OKpEeMUX JIISTHOK MEPEKi;

e VYOCKOHAJIEHO METOJ| JUHAMIYHOI peKOH(Irypailii BIpTyallbHOI MeEpexi Ha
ocHoBi TexHouorii SDN, sikuii, Ha BiAMiHY BiJ] ICHYIOUMX METO/IIB, 0a3y€ThCs HA
BUKOPHUCTaHHI BIJIMOBOCTIMKMX PE3E€pPBHHUX KaHAIIB 3B 3Ky, 30€peKEHUX Yy
nam’saTi KoHTposepa SDN, 1mo mo3Bosisie miaTpuMyBaT O€3MEepepBHUN CEaHC
nepeaadi Tpadiky y pasi BIIMOBU OCHOBHOI'O KaHAITy 3B’SI3KY.

I[IpakTHyHe 3HAYEHHS] OTPUMAHMX Pe3yJbTATiB. 3alpoONOHOBAaHI METOIU Ta
OJIeprKaHi pe3yJIbTaTH J03BOJISIOTh peali3yBaTH Ha MPAKTHULIl KOMILJIEKCHE PIIICHHS JJIs
moOyJIOBH  BIPTYallbHOI KOMIT'IOTEpHOI Mepexi Ha oOcHOBI TexHosorii  SDN.
3anponoHOBaH1 METOAM PeaTi30BaHl y BUIIISIII POTPAMHOTO PILIEHHS, 1110 MPEICTaBISE
coboro nentpanizoBanuii SDN koHTposiep Ha 0a3i mporpamHoro 3abesneueHHs Open
Network Operating System (ONOS), Ta moaudikoBanuii 3acrocyHok Intent Forwarding,
KW BUKOHYe MapmpyTtu3saiio Mixk OpenFlow-komyraropamu y mepexi. Po3pobiene
KOMILJIEKCHE PIIICHHS JI03BOJISIE IOCATTH MepeBar y MBUIKOCTI peKOHDIrypailii Mepexi,
NIJBUILIEHH] HAIIMHOCTI mepenayl JaHUuX y MOPIBHSAHHI 3 ICHYIOUMMHU NPAaKTUYHUMH
pimeHHsMy 0Oy I0BU BIpTyaldbHUX Mepex Ha ocHOBI TexHomorii SDN.

Ocobuctuii BHecok 3a00yBaya. Jlucepramisi € pe3ylbTaTOM CaMOCTIHHUX
HAyKOBUX JIOCHIJI)KEHb, Y KX BHUKJIAJIEHO aBTOPCHKI HAYKOBI JIOCATHEHHS Y TOOYA0BI
BIpTyaJlbHMX Mepex Ha ocHoBi TexHojorii SDN. HaykoBi monokeHHs Ta OCHOBHI
pe3ynbTaTH, SIK1 MICTATBCS B AMCEpTallii, OTpuMaHi 3j00yBayeM CaMOCTIHHO Y MPOIIeci
HayKOBO-JIOCIIAHUIIbKOT poOoTH. B poOoTax, omyOiikoBaHUX Yy CIIBaBTOPCTBI,
JMCEePTaHTy HanexaTh: [1] — po3poOka MeToay moOYyI0BHM BIpTYaabHOT KOMIT IOTEPHOT
Mepexi Ha OCHOBI TexHoJoTii SDN 3 BUKOpPUCTAHHSIM aJrOpUTMY pekoH(iryparii 3
pPE3ePBHUMH MapIIpyTaMu Ta aHaji3 3aBaHTAXKCHHS KaHATIB 3B’A3Ky MPU BIIMOBAX
npomikaux OpenFlow komytatopis; [2] — po3poOka MeToay MOOYI0BH BipTyalbHOI
Mepexxi SDN mij ynpaBiliHHSIM LIEHTPATi30BaHOTO KOHTpPOJEpa Ha 0a3l MpOrpaMHOro
3abesneuenHss ONOS 3 migrpumkoro mporokony OpenFlow, skuii  BukoHYE
KOH(DIrypaitito Ta NiATPUMKY MEpexi 1 peasizye MexaHi3M peKoH(pIrypaiii BipTyaabHUX

KoMyTaTopiB; [3] — mpoBeAeHHS Ta ONMUC TECTYBaHHS INPEACTABICHHUX TOIMOJIOTTYHUX
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opraHizaiii Mepexi y BipryanbHoMy cepeaoBuili SDN Ha BiIMOBOCTIMKICTh IIISIXOM
EKCIIEPUMEHTAILHOTO BUMIPY 00’ €My Tepeianoro Tpadiky Micis BIIKIIOYEHHS YaCTHHU
BY3JIIB Ta BHSIBJICHHS HAWOLIBIN CTAOUTHPHUX JO 3MIH THIIB TOMOJIOTIYHOI OpTraHi3arlii
KomyTaropiB; [4] — ommc MeToay MiABMIICHHS CTAOUIBHOCTI Iepenadi JaHUX Y
nporpamHo-pu3HadeHin mepexi (SDN) msxom i guHamiuHOi pexoH(irypamii 3
ypaxyBaHHSAM TTapaMeTpiB AKocTi 00cayroByBanHs (Q0S) kaHaTIB 3B’ 3Ky Ta HaIIHHOCTI
By31iB; [5] — TOpIBHAIBHHI aHali3 METOAY KOHCTPYIOBaHHA Tpadiky 3i
CHeIai30BaHUMHU  MapaMeTpaMu  SIKOCTI  OOCIYTOBYBaHHS JJS  TOMOJOTIYHHMX
opranizamiii BipryanbHoi Mepexi SDN Ta rpadiune mnpejcTaBieHHS pe3yJbTaTiB
EKCIIEPUMEHTY.

Anpobauis pe3yabTatiB aucepranii. OCHOBHI pe3yJIbTaTh poOOTH Oy OJIIKOBAHO
Ta 06roBopeHo Ha XV MixHapoiHI HayKOBO-TIpakTH4HINA KoH(pepenti «Komm 1oTepHi
CUCTEMHU Ta MepexHi TexHosorii» (M. KuiB, Ykpaina, kBiTeHb 2024) Ta MiXKHapOIHIN
koHdepentii The International Conference on Security, Fault Tolerance, Intelligence
2024 (m. KuiB, Ykpaina, uepBenb 2024).

IIyoaikanii. 3a pe3yiapTaTaMu AUCEPTALIMHUX JOCIIKEHb Yy  (paxoBux
YKpaiHChKUX Ta MDKHAPOJHUX BUJAHHAX OMYyOJIIKOBAaHO S HAYKOBHUX CTaTeH, 3 AKUX 2
BXOJISITH /0 HAYKOMETPUYHOI 0a3u JaHUX 3 MDKHAPOIHUM 1HIEKCOM ITUTYBaHHS SCOPUS.

Crpykrypa i obcsar podorm. J[uceprariilina poOoTa CKIATa€ThCsl 31 BCTYIY,
YOTUPHOX PO3JAUIIB, 3arajbHUX BHUCHOBKIB, CHHUCKY BHUKOpUCTaHuX mkepen 13 90
HalilMeHyBaHb. 3arajbHH 00cCsT auceprarii ctaHoBuTh 149 ctopiHok, 3 skux 128
CTOPIHKM OCHOBHOT'O TEKCTy, 2 nomatku Ha 9 cropinkax. [Quceprarisi mictuth 45

pucyHkiB, 36 popmyi, 12 Tabnuiib.
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PO31LT 1

AHAJII3 BIZIOMUX PILNEHBb HOBYAOBHU ITPOI'PAMHO-
BU3HAYEHUX MEPEX

1.1. IIpo0OJsiema 3pocTanHs 00’emy Tpadiky y KOMII’IOTEPHUX MepesKax

He nuBnsuvch Ha Te, 110 KOMITIOTEPHI MEPEXl CTalOTh BAXKIMBOIO YACTHHOIO
TEXHOJOTIYHOTO Mporpecy, 0araTo CydacHHUX MEpexeBUX I1HPPACTPYKTyp BcCe I
IPYHTYIOTBCSI Ha paHille BIPOBAHKEHUX apXITEKTYpHUX pimieHHAX XX CTOMITTS, SKi
CTPIMKO BTpaydaroTh aKTyaldbHICTh. ChOTOJIHI CIIOCTEPITa€ThCs HE3ATHICTD LIUX PIIICHb
noOyJJOBM MEpEeX aJeKBAaTHO pearyBaTH HAa JUHAMIYHI YMOBH: HANPUKIAJ, 3 POCTOM
KUIBKOCT1 1 PI3HOMAHITHOCTI MOOUIBHUX MPHUCTPOIB, OE3IPOTOBUN 3B'SI30K IIBUIKO
Mporpecye, BUHUKAIOTh HOB1 TEXHOJIOT1I 1 CTaHIapTH Jj1sl Hboro. Lle TakoK Npu3BOAUTH
0 WIBUJKOIO 3pPOCTAHHS KIIBKOCTI KOpPUCTYyBayiB I[HTEpHETy, Tak SK BHCOKa
JIOCTYIIHICTh MOOUIBHUX TPUCTPOIB JO3BOJISE 30UIBIINTH 3PYUYHICTh MIAKIIOYEHHS 10
CBITOBOI IaBYTUHU. SIK pe3ysbTar, Cy4acHi O€3ApOTOBI MOOUIbHI MEPEKI CTUKAIOTHCS 3
OUTBIIMMU BUKJIMKAMHU, HIXK TPAJIUILIIHI POBITHI 1HOPACTPYKTYpH.

OCHOBHOIO MPOOJIEMOIO NIJIsi OTNEepaTopiB 3B’S3KYy € CTPIMKE 3POCTaHHS OOCSATIB
MOOUIBHOTO Tpadiky. OKpiM 301JIbILIEHHS KUIBKOCTI KIHIIEBUX KOPUCTYBauiB [HTepHETY,
MOOUIBbHI TEXHOJIOTI 1 IOJAATKU CTalOTh BCE OUIBII BUCOKONPOAYKTUBHUMHU, a 3HAYHUTh
3pOCTa€ MPOMYCKHA 3/1aTHICTb, sIKA BUMAraeTbes Biag Mepex. Buan 1 06’em tpadiky, 1o
NEpPeIaloThC MEpeXaMHu, pPO3IIHUPIOIOTECSA. PeryispHO OHOBIIIOIOTHCA CTaHIAPTH
MyJIbTUMENINHNX (OpMATIB Ta SKOCTI KOHTEHTY, IO 30UIbIlye HaBaHTaXCHHS Ha
HIMPOKOMOBHI KOMIT FOTEPHI MEPEXI.

Y 2010-x Ta 2020-x pokax mpobiieMa 3arocTpuiach MaKCHMaJIbHO 3
NOMYJISIPU3aLI€I0 BIIGOXOCTUHIOBUX Ta CTPIMIHTOBHUX IutatdopM, a nanjaemis COVID-
19 Buknukana pi3kuil pict [HTepHeT-Tpadiky uepe3 nepexiy OUIbIIOCTI CEpPBICIB Ha
BIITAJICHUN PEeXKUM poOOTH 1 3B’s13Ky. CTAaTUCTUYHI AaHI AEMOHCTPYIOTh, IO 00’€M
iHTepHeT-TpadiKy 1o CBITY cTabuibHO 3poctae Ha 10-15% mopoky, a BIJCOTOK

MoGipHOTO Tpadiky 2023 poky Brepie csarays 60% (tadm. 1.1, 1.2) [1].
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Taomung 1.1
O06’em cBiTOBOrO IHTEpHET-TpaiKy MO pokam
KBapran 06’em Tpadiky, Eb KBapran 06’eM Tpadiky, Eb
Q1 2019 29,02 Q2 2021 72,2
Q2 2019 32,66 Q3 2021 77,81
Q3 2019 36,49 Q4 2021 84,16
Q4 2019 39,56 Q1 2022 92,75
Q1 2020 45,16 Q2 2022 100,42
Q2 2020 50,03 Q3 2022 107,58
Q3 2020 54,79 Q4 2022 118,21
Q4 2020 58,44 Q12023 126
Q12021 66,14 Q2 2023 133,86
Tabmuusg 1.2
Bincorox Mob6isbHOTO Tpadiky y CBITI
KBapran Bincotok Mob1s1bHOTO Tpadiky
Q12015 31,16%
Q12016 39,47%
Q12017 50,03%
Q12018 51,77%
Q12019 48,71%
Q1 2020 51,92%
Q12021 54,8%
Q12022 59,66%
Q1 2023 60,89%

Jlnst po3B’si3aHHS TPOOJIEMH TIEPEBAHTAXKEHHS MEPEeX MPOMOHYBAINUCH Pi3HI
BapiaHTu. OOUH 3 TUX, [0 OTPUMAB BEJIUKY MIATPUMKY — 3OUIBLIEHHS TYCTOTH
MOOUTLHOTO TIOKPUTTSI 3a JOMOMOIOK 3OUIBIICHHS 4YKcia 0a30BUX CTaHIIA Ta

3MEHIIEHHS PO3MIpy TepUTOPIi, AKYy BOHH IOKPUBAIOTh. 3aBASKH LILOMY KIIIEHTH Oy 1y Th
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po3TaloBaHi OJIMKYe 10 CTAHIlIHN, a IXHS KUIBKICTh Ha OJIHY CTaHIIIF0 CKOPOTUTHCS. Alle
JUISL TOCSITHEHHSI €(DEKTUBHOCTI TaKOTo PillieHHs, 3a MPO(UIBHUMHU OLIHKaMH, TOTP1OHO
MaiKe BIBAIATEPO 30UIBITUTH KUTBKICTh 0a30BHUX CTaHIIIN [2].

[Ipote, iCHYIOTh IPUYUHU, YEPE3 sIKI MPOOJIEMHU MOTOYHOT MEPEKEBOT ApXITEKTYPH
He OyayTh BUPILICHI TPOCTUM 30UTBIICHHSIM KUIBKOCTI COT Y MOOUTBHUX Mepexax:

e HeMOXJIHMBO OJHOPIAHO PO3IMIMPUTH MOOLIBHE MOKPHUTTS, OCKUJIBKH 0a30Bi
cTaHIii Oy yTh pO3TAIlIOBYBAaTHUCS BUIIAIKOBUM YMHOM 4Yepe3 Pi3HI penbedHi
YMOBU Ta pIi3HE CIOXXUBAHHS IMOCIYI KOPUCTYyBadamu (HAmpUKIad, IpH
MOPIBHSAHHI MICBKOI Ta CUTbCHKOI 30H);

e KepyBaHHS TakolO BEJIMKOIO MEpEXer Oyne MyKe CKIaAHUM 1 He3py4YHHM
yepe3 HaBaHTaKEHHSI, 1[0 Xa0TUYHO 3MIHIOBATUMETHCS, B3a€MO/IIT MIJK COTaMH
Ta 6araro 1HIKX (HaKTOPIB;

e Jlng 3abe3nedyeHHs OLIbII IIIJIBHOTO MOKPUTTA HEOOX1JHA BEJIHMKA KIJIbKICTb
oOnajiHaHHA, 1[0 TPHU3BENE J0 3HAYHUX BUTpPAT Ha BIIPOBAKEHHS TaKOl
1H(PaACTPYKTypH Ta il moJajblle 0OCIyroByBaHHS.

[HImIMM  pimeHHsSM nOpoOsieMH 3pocTaiodoro Tpadiky Moxe OyTH OHOBJICHHS
oOJlalHaHHs caMuX 0a30BHX CTaHIIINM 33711 30UIbIIEHHS IXHbOI MPOIYCKHOT 34aTHOCTI.
OcCKUIBKM y CBITI HIOPOKY CTBOPIOIOTBCS HOBI1 crnenu@ikamii Ta I1HHOBAIlli, ICHY€
MOXJIMBICTh 3a PaxyHOK BJOCKOHAJIEHHS amapaTHOro 3a0e3leyeHHs BUPIIIUTH
npobiieMy niepeBaHTaXeHHS Mepek. OfHaK, HeMa€e BIIEBHEHOCTI, 110 arapaTHa CKJIaJ0Ba
MPUCTPOIB Ta iX MporpaMHe 00JaHAHHS MPAIFOBATUMYTh BIIMOBIAHO 10 JOKYMEHTAII11
— SIK HEMa€ TaKoi BIIEBHEHOCTI 1 JUIS JIIFOYOr0 OOJaJHAHHS — TOMY MOXYTh BUHUKHYTH
HernepenOdayeHi OOMEXeHHsT (YHKIIOHaJTy, BIAMIHHI BiJ TOTO, IO OIHKCAHO B
JOKyMEHTaxX. Y Mepexax 1151 mpobJieMa cTae HaBiTh OUIBII BAXKJIMBOIO, OCKITTBKH (DYHKIIIT
MEpEeXXEeBUX MPUCTPOIB PO3IMOALICHI MO By3iax 3'eqHaHb. OCHOBHOIO MPUYUHOIO IIHOTO €
JOMIHYBaHHSI  JIIICH30BAaHOTO  MPOIPIETAPHOTO  MPOTPAMHOTO Ta  arapaTHOTO
3a0e3nedeHHs. 3a3Bu4ail, BUPOOHUKHN BKIIAJAIOTh JUPEKTHBHU IS aJMIHICTPYBaHHS
MEpEeXE B amapaTHy YacTHHY CBOIX NMPHUCTPOIB, HE 3a/1I0I0YM MPOrPAMHUI pIBEHbD,

ToMy 0€3 ydacti camoro BUpPOOHHMKA (SKMM MYCHTh MaTH 10 IIbOTO BIJAMOBIIHY
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(biHaHCOBY a00 TEXHIYHY MOTHBAIIIIO) MEPENPOEKTYBATH BY3JIM ICHYIOUHX MEPEK €
BKpail CKJIAJIHOIO 3a/1a4€l0.

[Ipu mokpareHHi oOiagHaHHA Ta IHPPACTPYKTypHU BapTO BPaxOBYBATH, IO 3a
OCTaHHI JIECATh POKIB Opraizaimis OOYHCIIOBAJIBHUX IMPOIECIB  IOCTYIOBO
nepeminryetbes 10 xmap (cloud), a kimieHT-cepBepHa apXiTeKkTypa 3 Gi3UIHUM CEPBEPOM,
10 BUKOHYBaB HEOOX1/1H1 omepariii, ika 0yjia OCHOBOIO JIJIsl BCIX KOMIT FOTEPHUX MEPEkK
paHilile, HAHI BTpadae Mo3uilii Ha (HOHI PO3BUTKY BipTyanbHuX Mepex [3]. Jms toro,
mo0 peanizyBaTH BOPOBAPKCHHA LHUX TEXHOJOTIA, PIBEHb PO3BUTKY MEPEKEBOI
1H(}paCTPYKTYypH, IO TIAHY€ETHCA JJ1s1 TOOYA0BH, Ma€ OYTH JOCTATHHO CyYACHHUM.

[HmM  ¢dakTOpOoM, 10 BUKIMKAE TPYAHOUU Y (YHKIIIOHYBaHHI MEpEeX Ha
HUHIIIHBOMY €Tamll PO3BUTKY MEPEKEBUX TEXHOJOIIH, € YCKIAIHEHHS MpOIECY
ynpaBiaiHHSA. OCKUTBKH KUTBKICTh MEPEK 3pOCTAE, TO BUMOTH 70 O€3MeKH Ta Ha{IMHOCTI
MaroTh OyTH 3a0€31€UeH] Yepe3 OHOBJICHHS CUCTEM O€3MEKH, MEPEKEBUX MTPOTOKOJIIB Ta
YCTaTKyBaHHA y OUIbIIOMY MaciuTadil, Hix paHime. MepexeBl IpUCTPOi, HA OCHOBI SIKUX
CTBOPIOIOTBCSI MEpEXi, CTAalOTh BCE OUIBII CKJIAJHUMU 1 MalOTh MIATPUMYBATH
po3mnojiieH! (YHKIIi — HaNpUKIIad, HOBI MPOTOKOIH, KIIBKICTh SKHX (K 1 iXHIX
CTaHJapTIB) MOCTIHHO 3pocTae. [Ipu boMy BUPOOHHUKYU BKIIFOYAIOThH Y 00JIaTHAHHS CBOI
BJIAaCHI mpomnpieTapHi iHTepdencu, sKi, 3a3BUYail, MalTh OOMEXEHY MIATPUMKY
MPOTOKOMIB, OCOOIMBO THX, LI0 3aKPUTI BiJ 1HIIMX BUPOOHUKIB. Y MOCTayaIbHUKIB
MOCJIYyT MOXJIMBOCTI IIOAO MOJIEpPHI3AIl apXiTeKTypu CBOiX 1HGPACTPYKTYD,
BIIPOBAIP)KCHHSI HOBUX CEPBICIB, JOJaBAHHS HOBUX KJIIEHTIB, IO MOCTIHO 30UIBIIYIOTh
CBOi BUMOTH, € Jayxe oOMmexeHuMH. KokHa MeTpuka Mepexki, SK-OT, IIBUIKICTB,
HAJIWHICTh, KUIBKICTh KOPHUCTYBadiB, BHUMAara€ IOCTIHHOTO MOHITOPUHTY Ta
YIOCKOHAJIEHHS, 100 3aJ0BOJIBHATH TMOCTIHHO 3pOCTar0ydi BUMOTH KOPHUCTYBAadiB Ta
CyyaCHUX TexHojorii. B  pe3ynprari, KepyBaHHA CY4YacCHOIO  MEpPEKEBOIO
1H(pacTpyKTyporo mnependayae He TUIbKM BUKOHAHHS IIMPOKOTO CHEKTPY TEXHIYHUX
3aB/IaHb, aj€ 1 CTBOPEHHs! €(PEeKTUBHOI CTpaTerii, fika AOMOMOria O KepyBaTH pOCTOM
Mepexi 1 epeKTUBHO pearyBaTu Ha 3MiHU B IOTpeOax KOPUCTYBaUiB.

Takum ynHOM, Bke Ha nmoyaTok 2010-x pokiB npobyiema 301IbIIEHHS MPOITYCKHOI

CIIPOMOYKHOCTI MEPEX CTaja KPUTUIHOIO Yepe3 MePEeBaHTAKECHHS O1IBIIIOCTI KaHAJIB Y
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3B’SI3KYy 3 BHMYEpPNAHHSAM iXHIX amapaTHUX CIPOMOKHOCTEH TP OOMEXKEHUX
MOXJIMBOCTSIX J0 OHOBJIEHHS KoOH(irypaiiid. BiamoBigHO, MBUAKICTH PO3IMIMPEHHS
MEpeX Ta IXHsA MPOIyCKHA 3JaTHICTh HE MOXKE 3aJI0BOJIBHATH 3pOCTaloyi moTpedu
KOPHCTYBauiB, a TOMY OYy/Ib-sIKi MOXKJIUBOCTI, 1110 A€ TPATUIIIMHHM M1IX1]T 10 CTBOPEHHS
MepexX, HE MOXKYTh PO3B’sI3aTH HAsBHUX Tpodiem [4].

[lepekOHIMBUM CBITYEHHSIM JESKOT «KpU3W» y cdepl ympaBiiHHS MepexKamu
1J100aJpHOr0 MacIITaby € BeJHMKa KiIbKICTh KibepaTak Ha 1HGPACTPYKTYPY 1 MaCOBUX
BIpYCiB, III0 HETaTHBHO BIUIMBAIOTh Ha €KOHOMIYHY aKTHBHICTh B 0aratboX KpaiHax.
OCKIJIBKH ypa)KE€HHSI MEPEX MPOJOBKYEThCS PErYJSpPHO, L€ CBIAYUTH PO Te, IO
npobisieMa O6e3neKn MEpeXK, siIka akTyallbHa JJIs iXHbOI MIATPUMKH MPOTATOM OCTaHHIX
JECATHIIITh, BCE IIE 3aJTUINAETLCS HEPO3B'sa3aHo0 [5].

VYkpaina Mae yHIKaIbHUNA Hallp mnpobiieM, TOB'A3aHUX 3  PO3BUTKOM
iHQpacTpykTypu  MepekeBux  mpoBaiimepiB. Ockimbku y  70-80-x  pokax
BUKOPUCTOBYBAJIUCh CTAHIAPTH MOOYIOBH MEPEXKEBOI apXITEKTypH, SIKI HE MaJH
BIIHOIIICHHS JI0 3axiJHUX aHajoriB, To Ha moudarok XXI cromitrs B YKpaiHi He
c(hopMyBaJIOCh CBOI'0O KOMILUIEKTY CTaHIAPTIB 1 BAPOOHUKIB MEPEKEBOTO 00IaHAHHSA. Y
HaIIi JepXaBl HE ICHYE BITYM3HSHOTO BUPOOHMIITBA TEXHOJIOTIH, IO CTOCYIOTHCS
InTepuer-Tpadiky, 1 Bca IHPPACTPYKTypa CTBOPIOETHCS HA OCHOBI YCTaTKyBaHHS Bij
1HO3€eMHUX BHUpPOOHMKIB. B IIbOMYy KOHTEKCTI YKpaiHa 3aeKUTh BiJ MIKHAPOAHHUX
CTaHJapTIB 1 TPEHIB B MEPEKEBIN 1HIYCTPIi.

OTXe, BUOKPEMHUMO TOJOBHI TPYIHOLIl Cy4aCHHMX KOMITHOTEPHHUX MEpEXK, SKI
BUMAraroTh Mepexo/ly Ha MporpaMHe KOH(IrypyBaHHS:

e TexHIYHI OOMEXKEHHS Ta HayKoBa CKIAIHICTh: HHUHINIHI TJI0OAJIbHI
KOMIT'FOTEPHI MEpPEX1 CTaIH TIOCUTh CKIAAHUMU 1Jis1 €(EKTUBHOTO KEpyBaHH,
3a0e3MedeHHs X 0e3MeKu Ta MPOTHO3YBAHHS IXHBOI MMOBEIIHKH;

® CKOHOMIUHHI acmeKkT: MepeXeBa apxXiTEeKTypa TOpOKYaE Ta CTae€ OUIbII
3aIUTyTaHOO, IO BUMArae 3ajy4eHHs OUTbII KBaTi(h)iIKOBAHUX CHEIIATICTIB JIJIst

YIOPABIIHHSA MEpEKaMU Ta MPUAOAaHHS TOpPOroro 00aHaHHS;
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® THUTaHHS MailOyTHHOTO: HASIBHI PIIIEHHS MEPEKEBOI apXITEKTypru 0OMEKYIOTh
MOXJIMBOCTI ~MaciiTaOyBaHHS Ta JIOJaBaHHS HOBUX CEpPBICIB  JJIs
00CIIyrOoByBaHHS.

Tox miacyMy€eMo, 10 MUTaHHS MacIITa00BAHOCTI MEPEK I 30UTBIIIEHHS IXHBOTO
MOKPUTTS Ta KIIBKOCTI KOPHCTYBadiB HaOyJI0 KPUTHUYHOI aKTyaJdbHOCTI. BenuuesHe
PO3MAITTS TEXHIYHUX 3ac00iB 3B’S3KY, SKi 3'IBUIHCS 3 moyaTKy XXI cTomiTTs, BUMarae
y CHCTEMHHUX ONEpaTOpiB 3HAHHA IXHBOI apXITEKTYpH Ta KOMaHJ JJisi KepyBaHHS, SIKi
PO3PI3HSAIOTECA BiJl OJHOTO BHUPOOHMKA J10 1HIIOro. [li BUKIMKM CHOHYKalOTh M0
BUHUKHEHHSI HEOOXIJHOCTI y BIPOBA/KEHHI MOBHOI a00 4YacTKOBOi aBTOMAaTH3aIlll

JTAaHOTO TIPOIIECY.

1.2. KonnentyajJbHUii aHAJi3 TEXHOJIOTIi BIipTyaJbHUX Mepesk

Wi-Fi ta Mepeki MOOUIBHMX [JaHHX MPAIlOIOTh HAa OCHOBI 0€3IpPOTOBHX
paniocurnanis. B cemummaposiit moneni OS| BcTaHOBIEHHS 3B’SI3Ky Ta MapIIpyTH3AIIis
MK MIPUCTPOSIMU 3HAXOMAATHCS HA TPhOX HANHIMKYMX IIapax: 3-i piBeHb (MEPEIKEBHIA),
2-1 piBeHb (KaHANBHUN) 1 1-i1 piBeHb (Pi3uaHMI).

VY BIpTyalnbHUX Mepexax 3B’S30K Ta MapUIPYTH3aIlisi MOBHICTIO BiJOYBAarOTHCSA B
MPOTrpaMHOMY CEPEIOBHIII, K€ MOXKE (PYHKI[IOHYBaTH BCEPEMHI OJHOTO (DI3UYHOTO
cepBepa. AOO K, BOHM MOXYTb OyTH pIBHEM aOCTpakuii, Mo Al€ moBepx (Pi3nuyHOi
MepexKl, /16 HANAITYBAHHS Ta CTPYKTYpa MOKYTh 3HAYHO BIAXUJISITUCS BiJ] HAJIAIITYBaHb
Ta CTPYKTYPH BIpTyalibHOI Mepexi. Lle 301bliye rHy4KiCTh 00y 10BU 1HQPACTPYKTYpHU
JUTSI MOOUTBHUX Mepex [6].

CTBOpEeHHs BIpTyaJIbHOI MEpexki — L€ CKJIAJHHUM mpollec, aje mepeBaru Horo
BUKOPHUCTAHHS JIOBOJII 3HAYHI: MEpeki MOKHA 3MIHUTH, IPOCTO peAaryroun ¢aiu, 6e3
noTpeOu B BaxkKil (pi3u4HIN poOOTI TIO TEPENiAKITIOUEHHIO TPUCTPOIB, 3aMICTh SIKUX TYT
BUCTYMAIOTh BIPTyaJibHI MAIIMHU.

BipTyansHa MammHa — mporpamMHa CYTHICTb, SIKa JAa€ 3MOTY BHKOPHUCTOBYBATH
JIeKiJbKa IporpaM Ha OAHOMY (Pi3UYHOMY OOJIaHAHHI. ¥YCl CUCTEMHI 3allUTH Ta 1HIIY

J1ajJoroBy JISUIbHICTh, $KY BOHM 3a3BM4Yail MPOBOJATH 13 0a30BUM amapaTHUM
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3a0€3IeUeHHsIM, Kepye MPOrpaMHMI piBEHb, SIKMM Ha3MBA€ThCs TimepBizop. BiH kepye
3alUTaMU BiJl PI3HUX BIPTyaJbHUX CHCTEM, SKI MPAIFOIOTh HAa OJIHIN (13WYHINA MaIIuHI,
JUTSL OITUMAIIEHOTO BUKOPHUCTaHHS 0a30BHX arapaTHuX pecypceis [7].

BipTyanbHa MaminHa MOXe aJIaliTyBaTd KOMaHIU MK anapaTHUMHU I1aTdhopMamu,
10 J03BOJISAE 1, HAPUKJIIAM, MpaIfoBaTH Ha oOaagHaHHI X86, He3aJIe)KHO BiJ TOTO, YU
Oyna BoHa ctBOpeHa ais npouecopiB ARM. TinepBizop npu mpboMy 37aTEH HaJaBaTu
BIJIMOBI/I, K1 BIpTyaJIbHA MallliHA OYIKY€ OTPUMATH BiJl allapaTHOTO O0JIaJHAHHS.

BipTyansna Mepeka moOyoBaHa Ha aHAJOTIYHMUX 3acanax. BoHa BHKOPUCTOBYE
nporpamHe 3abe3neyeHHs A iMiTalli crenudigHoi MEpeKeBOi CTPYKTYPH 32 BUMOTOIO
MepeXeBOoro aaMinicrparopa. [loniOHo 10 BipTyadbHUX MAaIllUH, BIPTyadbHY MEPEKY
OIKCY€ MpOorpaMHe 3a0e3NeyueHHs], a He peaibHe oOnagHanHs. e o3Haydae, mo cucremu
ab0 mporpamu, siKki BAKOPUCTOBYIOTH 110 MEPEKY, HE PO3PI3HSIOThH, YA BOHHU IOB'S3aH1 3
peaTbHIM KOMYTaTOPOM, UM BipTyalsHUM [8].

MepexeBi NpUCTPOI BIANPABISIIOTh NAKETH 31 CHELIaJIbHOI 1HQOPMALIEIO IS
MapHipyTH3allii B 3arojloBKax 1 O4iKyIOTb OTpUMAaTH iX Hazaj. Uepes craHmapTH3aIliIo
TAaKOro 3B'I3Ky MOXHa 3 JIETKICTIO CTBOPUTH IMPOTPaMHE 3a0€3MEUEHHS, SIKE IMITYE
poboTy (izuyHOi MepexeBOi KapTH, KoMmyTaTopa abo poytepa. Taki BipTyasbHi
KomyTatopu, sik Open vSwitch, MaroTe MOKIMBICTE (DYHKITIOHYBaTH Ha TiepBi3opi a00
SK KEPIBHUM MIap IS PEAIbHOTO MEPEKEBOTO 00JIa THAHHS.

3 OTpUMaHUMH MaKeTaMH TiNepBI30p IMOBHHEH BHU3HAYUTH IUIAX 0 MICIS
MpPU3HAYCHHS 3TIAHO 3 TUM, sIK 1Ie O 3maificHioBasiocs y ¢Gi3uuHid mepexi. OpHak
BIIMIHHICTh TIOJISITA€ B TOMY, IO TIMEpPBI30p MOBUHEH TIEPETBOPUTH MPOTPaMHY
iH(dopMmallito 3 BIpTyaJlbHOI Mepexi Ha O00’€KTHUBHI JlaHi Mpo peanbHe (i3uyHe
cepenosuie [9].

['HyuKicTh BipTyanbHOI MepeXKi JiJIst OOy 0BH MOOUTHHUX 1HPPACTPYKTYP MOJIATAE
B TOMY, III0 XOCT MO€ BBa)KaTH, 110 BiH BIJIPaBJIs€ MaKeT JO 1HIIOIO XOCTa B MEXKax
TI€T K JIOKAJIbHOT MEPEK1, IPOTE HACIIPAB/I 111 JIBa MPUCTPOI MOKYTh OyTH PO3TAIIOBaHI
y pI3HUX MICTaxX 4 KpaiHax.

['inepBizop po3B'sa3ye 10 MpoldiaeMy, PO3MILIYIOYM IMAKET BCEPEAHMHY I1HIIOTO

nakera, SKuid Mae 1H(QOpMaIlil0 TMPO MapHIPYTH3AIII0 B 3arojoBKYy, a TMICHIS I[HOTO
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nepeaac e CKiageHui MakeT J0 peaibHOTO MepexeBoro oonaananns. Konu nei naker
JIOXOAUTH JI0 CBOTO NMPU3HAYEHHSI, 30BHIIIHIN MaKeT BUAAISIETHCS, a MPUCTPIM, AKUN
oTpuUMaB ioro, Oyne cnpuiiMaTé MakeT TakK, Haue BiH NMPUUIIOB Yepe3 BIPTyalbHY
MEPEKY, a He uepe3 peaiabHy (Hi3HUHy MEPEKY, IO SAKii BiH Hacmpasi npoxoaus [10].

Bipryansna nmpuBatHa mepexa (VPN) € Haiibinpin 6a30BUM THUIIOM BipTyalIbHHUX
Mepexx. HaifOinpmn TumoBa cuTyalis ii BUKOPUCTaHHS — KOJH JIEAKHM KOMI'IOTEp
HIIKII0Ya€ThCs yepe3 [HTepHEeT A0 KOpIOpaTHBHOI JIOKAJIbHOI Mepexi. s 1poro
KOMI'IOTEpa 1 IHIINX KOMIT'IOTEPIB y MEPEXi, 3 SKUMHU BiH B3a€MOJI€, €l KOMIT'IOTEp
OyJie BUTIISIATH K YaCTHHA JIOKAJTbHOT Mepexi miciis nmigkmoueHHs 10 VPN, HezanexHo
BiJl HOTO TeorpadiuHOro po3TallryBaHHS.

Biptyanbna nokansna Mepexka (VLAN) ¢opmye TOBHICTIO JIOKJIBHY MEPEXKY, 1110
icHye y BipTyasibHOMY cepenoBuiili. VLAN Moxke OyTH cTBOpeHa IUISIXOM IOy OHIET
¢G13u4HOI JTIoKanbHOT Mepexi Ha Jekinbka VLAN a0o 31uTTs Gi3MdHO B1IOKPEMIIEHUX
JIOKaNbHUX Mepex B oaHy ciiiabHy VLAN.

BipryansHa posmupena inokanbHa wMepexxka (VXLAN) mnpeacraBisie co0oro
BIOocKoHaneHy Bepcito VLAN, 1o 103BoJisie pO3AUIMTH BEIUKI JIOKAJIbHI MEPEXl Ha
Hu3Kky okpemux VLAN. Bona no3Boiisie mirpyBatu KoHGITypallito BipTyalbHUX MaIluH
0e3 nmepepuBaHHs MOCIYT, IO € BaXIUBUM it xMapHuX cepeaobuil. VXLAN Bkiouae
Ol/IbIlIE MEPEKEBUX MOKIMBOCTEH, IO POOUTH 11 Ayke €()EeKTUBHUM PILICHHSAM JUIs
yIpaBTiHHS BEJIMKMUMHU Ta CKJIAJHUMU BIpTyalbHUMH Mepexamu [11].

BipryanbHa Mepexa cTae He3aMIHHOIO /1J11 BUKOPUCTaHHS, KOJIH ICHYIOTh JIEKIJIbKa
BIpTyaJIbHUX MAIINH, [0 MPAIfOI0Th Ha OJIHIN (i3udHii miatdopmi, 10 € 3BUYaliHUM
BUMAKOM Yy cdepl xmapHux obduucienb. Yepes ctBoperns mepex VLAN 1 VXLAN B
MeXaxX ICHYIOUMX peaJbHUX MEpEexX, MEpPEXeBl aAMIHICTPATOPU MOXKYTh IMIBHIKO
nepeOyI0ByBaTH MEpEeXi IS BIJMOBIII HA MOTpedbu — 1ie HabaraTto eeKTUBHIIIEe, HIXK
MepeopranizyBaT peajibHI Mepexki BPYyYHY 1 € JIy»e BaKJIUBOK OCOOJMBICTIO s
no0yn0Bu MoOLTEHUX Mepexxk SDN, mpo siki mije MoBa y HACTyTHUX IMyHKTaXx.

OTxe, OCHOBHI TMepeBard BIPTYaJIbHUX MEPEXK, IO pOOJATh iX HaWOIIBII
M1IXO/ISIIIIO0 TEXHOJIOTIE0 JJ1s1 MTOOYA0BU MOOUTBHUX TPOTPaMHO-BU3HAUYECHUX MEPEXK €:

3HIDKCHHSI BUTpaT Ha OOCIyroByBaHHs (DI3UYHOTO MEPEKEBOro OOJaJHAHHS,
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CIIPOIIICHHSI KEPYBaHHSI MEPEKEI0 uepe3 IMeHTpali3alliio 1 aBTOMaTH3allll0 yIpaBIiHHSA,

O1IBII THYYKI Ta JIeTaJ130BaH1 OIIIii HATAIITYBaHHS MEPEXKI.

1.3. Anani3 apxiTekTypHHuX 0codmBocTeil Mepe:xxk SDN

Bnepme texnonoris SDN Oyna npencrasinera y 2006 pori, Oyayud CTBOpeHa
nocinigaukamu 3 YHiBepcuteTy CrteHdopaa Ta YHiBepcutery Kamidopnii B bepki.
Xo4a HayKOBE CEPEIOBUIIE Bipasy K OIIHWIO HOBY KOHIIEMIIIO K IPOPHUBHY, BEITUKI
TEXHOJIOT1YHI KOpIopaiii He MPOSBISIN JO0 HEi BEIMKOTO 3aIliKaBJICHHS IMPOTITOM
HaiOmmkanx pokiB. Jlumre y 2011 porri OyB 3acHoBanuii koHcopiiym Open Networking
Foundation (ONF), Ha skoMy OyJ10 y3ro/pKEHO CIUIBHY MpAaIlfo Hajl BAOCKOHAJICHHIM Ta
PO3pOOKOI0 aBTOMATHU30BaHUX MEPEX HOBOro MokodiHHA. Lleit koHcopiiym o0'eHaB
BEJIMKI KOMITaHii, SIK1 CIIEI1alli3yI0ThCSl HA BUPOOHUIITBI MEPEXKEBOT0 00JIaTHAHHS, SIK-OT
T-Mobile, Microsoft, Google, Intel, AT&T [12].

['onoBHOIO iA€€10, MO 3aKIAJAETHCS Y MEPEXKy, IO MPOrpaMHO BU3HAYEHA, €

BIJIOKpEMJICHHS PiBHIB Tiepeaayi i aaMiHicTpyBaHHs Tpadiky y Mepexi (puc. 1.1) [13].

TpaguuitHa mepexa MNporpamHo-eusHaueHa mepexxa (SDN)

KonTponep

HorayTatop

Ynpasniuua

Nepepaya gaHHAX ZAHHMHA

Ynpasninua
AIHAMH

Mey Mey
peaaya JaHHK pPeAaYa AaHHK Mepepaua aaHHx

¥npasniHua YnpasniHua
AFHHMKA AFHHMEH

KomyTtaTtop KomytaTop

KemytaTop KemytaTop

Nepepaya gauHx

Komytatop

Puc. 1.1. Bizyanizanis piBHiB nepeaaui nanux (data plane) ta ynpasiinas 1aHuMu

(control plane) y Tpagumiiiniii Ta SDN mepexi
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Bnoposamkennss SDN Mepexx Mae Ha MeTi BHUIIPABUTH TPUHAWMHI YacTUHY
HAKOIMWYEHUX MpOoOJeM YIpaBIiHHA, 32 JIOMOMOrOI0 aBTOMaTH3allii, BJOCKOHAJICHHS
0€3MEeKOBUX CTAHIAPTIB Ta 30UIbIIEHHS THYYKOCTI Y (YHKI[IOHYBaHHI Ta yHpaBIiHHI
KOMIT'FOTEPHUMH MEPEKaAMHU.

Po3ninenns piBHIB niepeadi il aIMiHICTPYBaHHS 103BOJISIE 3a0€3MEUUTH TUHAMIYHY
KOH(ITYpaIlito Mepesxi JJIsl TOKpaIeHHs 11 MPOAYKTUBHOCTI Ta MOHITOPHHTY, Y CIOCiO,
OLIIBII CXOXKHIM Ha XMapHI OOYMCICHHS, HK Ha TpaaulliiiHe KepyBaHHsS Mepexero [14].
Taxa i1es 703BOJIsIE€ BUPIIIUTH MPOOJIEMY CTATUYHOI apXITEKTYpH TPAAULIIMHUX MEPEX 1
MO’K€ BUKOPUCTOBYBATHUCS JJIsl IEHTpati3alii aAMiHICTPYBaHHs B OJJHOMY MEPEKEBOMY
KOMITOHEHT! (LIEHTPAIbHOMY KOHTpOJEpi), SKUWA Mpalioe y IUIOMIMHI YNPaBIiHHS
naHuMK (TUTOIMMHA KepyBaHHs, control plane), B Toii Yac sk mpUCTPOi Mepexi
3aJIMIIAIOTHCS JIMIIE B IUIONIMHI MEpecHiiaHHs JaHux (TuiompHa naHux, data plane).
Tomy, Ha BIAMIHY BiJ TpaAMILIIHOI MEpEeXI, 1€ KOKHUN NPUCTPIN y ii CKIIal BIANIOBIAAE
AK 3a TMepeaady JaHuX, Tak 1 32 MapUIPyTHU3allII0 10 MEpEeXi uepe3 «CIUIKYBaHHSD) 3
IHIIUMU  JJaHKaMH, B TPOTPAMHO-BU3HAYEHIM MeEpexi yCl MPOMDKHI MIPHUCTPOI
OOMIHIOIOTHCSI TUPEKTUBAMM JIMIIIE 3 KOHTPOJIEPOM 1 MIEPECUIalOTh JlaHl yepe3 cede Ha
OCHOBI 1oro koMans [15].

BianoBiiHUM 4YMHOM MOKe OyTHM 3MIHEHa amapaTHa 1 MporpamMHa KOHCTPYKLIIS
NPUCTPOIB Yy JIAHKaX MEpexi, fAKI NpU TpajuliiiHOMYy MiAX0Al A0 NOOyAOBH
1H(}pacTpyKTypyu BHUKOHYIOTH OJ[pa3y Tpu JoriuyHl (QyHKIIl: nepenady Ttpadiky,
KepyBaHHA Tpa(iKoM Ta YIPaBIiHHSA MEPEKEBUMHU MPUCTPOSIMU (B ACSKHUX MyOJIKAIIAX
e BHIUSIETGCSA B OKpeMy IUIOIIMHY ajMiHICTpyBaHHS — management plane [16]).
3a3BuYail, KO)KHUN 3 LIUX MPOLECIB KOHTPOJIIOETHCS OKPEMO Ha KOXXHOMY EJIEMEHTI
Mepexi, 10 MPU3BOAUTH JO 3HAYHUX 3aTpaT 4Yacy Ha KOH(Irypaumilo Mepexi i
Hee(eKTUBHOTO BUKOpHUCTaHHS pecypciB. B SDN Mepexi nmpomixkHI KoMyTaTopu Oy 1y Th
CKJIaJIaTUCS TUIBKA 3 JBOX YacCTUH — (PI3MYHUX MIKPOUIMiB, BIAMOBIAAIBHUX 3a
MOXJIMBICTH Tepenaul Tpadiky, Ta 6a30B01 TaOJUII MApIIPYTH3AIlii, 1110 HAJACHIAETHCS
IPUCTPOIO LIEHTPATBHUM KOHTPOJIEPOM Ta BKA3ye MaKeTaM HAMPSIMOK MEPEMIILIEHH S MiXK

nopTamu npuctporo (puc. 1.2) [17].
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forwarding table

DATAPLANE
Mepenasa

' KomyTtaTtop

KoHTponep

MANAGEMENTPLANE
AaMiHICTpYEaHESA

forwarding table |

DATAPLANE . KomyTatop

Mepexaqa I
CONTROLPLANE

Perymoeamas

forwarding table |

DATAPLANE . KomyTtaTtop
Iepeaasa !

Puc. 1.2. O0’e1HaHHS TUIOIIMH PETYJIFOBAHHS Ta aAMIHICTPYBAHHS 1 PO3/IJICHHS 3

IUTOLIMHOIO Tiepeiayl JaHux y mepexkax SDN

Po3ninenns mnomuH KepyBaHHA Ta ympaBhinHs gaaumu B SDN mepexi Ta
nepegavya aAMiHICTpyBaHHS B OKpEMY LIEHTPaJII30BaHy CUCTEMY, sIKa aBTOMATU30BAHUM
YUHOM OyJle OJJHOYACHO PEKOH(]IrypyBaTH BCIO MEPEXKY, JTO3BOJISIE 3MEHIIUTH BUTPATH
yacy Ha Mpouec iHimiani3auii HajJalmTyBaHb Ta 30UIBIIMTH MPOIYKTHUBHICTh Mepeaayi
tpadiky [18].

[TprBabIMBICTH 11€1 TEXHOJIOTII JJI1 KOPIOPATUBHUX MEPEXK MOJIATAE B HACTYTHUX
dakrax:

® MOXIIMBICTh MOKPAUIUTH €()EKTUBHICTb POOOTH MEPEKEBOro OOJagHAHHS 1
3HM3UTHU BUTPATH HA 1OT0 00CITYyroByBaHHs, 3aBJsKH 0OMEKEHHIO MOKIMBOCTI
JIOJCHKOI TOMHUJIKM Y aAMIHICTpYBaHHI Ta WIBUIKOMY BHUSBICHHIO 1
BUIIPABJICHHIO IOMUJIOK;

® TIEPETBOPCHHS YIIPABIIHHS MEPEXKEIO Ha TH)KEHEPHE PIIICHHS;

® MOXJIMBICTh CTBOPEHHS CIELIa]i30BaHUX CEPBICIB ISl aaMIHICTPATOPIB 1
KIHIIEBUX KOPUCTYBAaYiB, K1 MOXKYTh OyTH MUTTEBO 3aBaHTaK€H1 a00 BUAAICH]
3a pIIEHHSIM LIEHTPAIBLHOTO KOHTPOJIEPA, 110 CIPOIILYE TOCTYI Ta KOHTPOJIb 3a
mepexero [19].

Texnonoris SDN mpencrapiisie IHHOBAIIMHUK IMAXIT 10 MEPEXK, SKUH 00XOIUTH
CKJIQJHICTh Ta CTaTUYHICTh ACIEHTPAII30BAHUX MEPEKEBUX CTPYKTYP, IO NEPEBAKHO

BUKOPHCTOBYIOTHCS ChOTOJIHI, 32 JIOMOMOTOI0 TIPOTPAMHOTO IMiIX0y, TOOYA0BaHOTO HA
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NPUHIUII a0CTPaKIIi IIOMIMHU KePYBaHHS Ta IUIOIIMHU NIepeiadl JaHuX, 1110 BKIKYAEe
aK (13UYHI, TaK 1 BIpTYaJIbHI MPUCTPOI. Y KOMIUIEKCI 11e aOCTparyBaHHs CTBOPIOE HOBI
CTaHJAPTH MEPEKEBOrO YMPABIiHHS, M0 JO3BOJISIIOTh BUKOHYBATH JMHAMIUHE
aJIMIHICTPYBaHHS MEpPEXi 3 IEHTPAJIBHOIO KOHTpOJIepa 3a JOMOMOIOI0 MPOrPaMHOIO
3a0€31eUeHHS.

30kpema, 3a JOMOMOTOI0 MPOTOKONY aOCTpakilii IJIOMWHUA MaHHUX, TAKOTO SIK
OpenFlow, MmoxHa CTBOPIOBATH MEPEXKY 3 Oy Ib-IKHMM THIIOM MEPEKEBOI0 00JIaTHAHHS 1
BUPOOHUKA, a/kKe yBeCh 0a30BHil HaOlp MPUCTPOIB MOXKE 3B’SI3yBaTHCh MDX CO0OIO,
BUKOPHCTOBYIOUM ILIeW 3arajbHUil MpoTokon adctpakiii. Ile ycyBae Tpanuiiiini
OOMEKEHHS, 10 3a3BMYail HAKJIANalOThCS BUPOOHHMKAMHU HA CBOi MPHUCTPOI, HAJTAIOUH
OLUTBIIIe THYYKOCTI B HATAIITYBAHHSIX JJIsl IIPOTPAMICTIB Ta aaMiHicTparopis [20].

CxematuyHe TpejAcTaBieHHs 1H(opMaIii npo CTpyKTypy apxitektypu SDN

HaBeJIeHO Ha pucyHKy 1.3 [21].

PiBeHE J01aTKIB |

JloxaTkn
=5 — —t =
PiBensb ynpaBiaiHHA
Ilporpamue | ]
3a0e3medeHHS
SDN Mepe:keBi CJIyKOH
I o IaTepdeiic Mick piBEIMEA
H(l)paCprKTypa MEpeK1 nmepegadvi JaHAX
\J
Mepe:keBHit IpHCTPili Mepe:xeBHii mpHCTpiit Mepe:keBHii NPHCTPIH
Mepe:reBHH NpHCTpiH Mepe:keBHH NpHCTPil

Puc. 1.3. Cxema B3aemo/ii piBHIB y apXiTekTypi mepexi SDN

Komynikariss mixk SDN KoHTposepoM Ta MPOMIKHUMHU TPUCTPOSIMU Y MEPExi
BiIOYyBA€EThCS 3a JOMOMOTOI0 TporpamHoro iHTepdeiicy (API), skuit no3Bomsie im

OOMIHIOBATHUCh BEJIMKOIO KUIBKICTIO CIIELIaII30BAHUX JAHUX, U0 OYJI0 HEMOXIUBUM Y
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TpaauiiiHuX Mepexax 10 BUHUKHeHHs SDN. Ilpu npomy, KOHTpojep He oOMeKeHU!
nutie ogauM API, a Moxxe OyTH po3IMUpEeHH i IHIIUMH 1HTepdercamMu IJis JOCATHEHHS
MIEBHUX MOJKJIMBOCTEH, HAMPUKIIAJ, MPUIIBUAIIICHHS B3a€EMOIl MK MPUCTPOSIMH abo
nepeaadi JaHux y ¢gopmari, OUIbIIT 3p03yMIJIOMY JIUIS JIIOAUHU. B 0OCTaHHROMY BUTIAJIKY,
11€ CIIPOCTUTH PO3POOKY 1 MIATPUMKY MPOTPAMHOTO 3a0€3NEUCHHS IJIsT KOHTPOJIepa.
[TopiBHSHO 3 TPATUITIHHUMHE PO3IMOIUICHUMH ITiIX0IaMU JI0 CTBOPEHHS MEPEK, SKi
MaloTh TMOBHY 3aJIEKHICTh BiJl OOJIaJIHAHHS Ta CTAHJAPTIB, SIKI Yy HBOTO 3aKiajae
BupooHnk, SDN mpencraise cob6or0 OUIBIT CydacHUH MIAXiA 0 YIPABIIHHS HEIO Ta
BIJIKpPUBAE MOXKJIMBOCTI TIO0 30UIBIIEHHIO MIBUAKOCTI Ta SKOCTI mepenayi Tpadiky, siki

Oynu HemocshKHUMH panimie (tadm. 1.3) [22].

Tabmuusg 1.3
[MopiBHsmpHUY aHami3 Tpaauuiiaux Ta SDN mepex
O3naka Tpaguiiiiai Mepexi Mepexi SDN
['HyukicTh Mepeska BOJIONII€ THYYKICTIO Ta ONEPATUBHICTIO BIAMOBIAHO 10
BUMOT.
PiBH1 PiBenr nmnepemaul pgaHux Ta | PiBeHb nepenayl JaHUX Ta PiBEHb
yIpaBIIiHHS PIBEHb aJMIHICTPYBaHHS | aIMIHICTPYBaHHA pO3'€HAHI Ta

MO€HAH1 B OTHOMY arapaTHOMY | CHUIKYIOThCS 4epe3 BUIIJICHUN
MPUCTPOI. MIPOTOKOJI (Haituacrimie —
OpenFlow). PiBeHb aaMIHICTPY-

BaHHS  ILEHTPATI30BaHUN Y

KOHTPOJIEPI.
BiamoBo- Uepes pyuny xoHdiryparito | Mepexa IIEHTPaTI30BaHO
CTIHKICTb KOMYTaTOpIB MepeXa CXUJIbHA | KEPYETbCd  Ta  aBTOMAaTUYHO
J10 TIOMUJIOK. KOH(IrypyeTbcs BIAMOBITHO [0
BHMOT.

Hentpamizanis | BigcytHe mnoHsATTS ueHTpali- | KonTponep mae meHTpatizoBaHe

30BaHOTO OTJISITY MEPEKI. MIPENICTABICHHS MEPEXKI.
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[Iponorxenus Tadmauii 1.3

CKIagHICTh VYOpaBmiHHS MEpEXke JyXKe | YIIPaBIiHHS MEPEeXEeI MpocTe
YOpaBIiHHSA | CKIIAJHE. 3aBISKU PO3TOpTaHHIO
KOHTPOJIEPIB.
MacmraOyBanHusi | MacutabyBaHHs Mepexi | 3aBIsSKH  pO3'€IHAHHIO  PIBHIB
HEMOXJTUBE ¢()EeKTUBHHUM | aIMIHICTPYBaHHS Ta Iepeayl,
CIIOCOOOM. MaciTaOyBaHHS MEPEXKi JIETKE.
BapricTb Baprictb ynpaBniHHA Mepexero | BapTicTe ynpaBmiHHS Mepekero
yOpaBIiHHSA | BUCOKA. HIDKYA.
Tun Ckmanaetecs 3 anaparHux | HamamroByeTbcs Ha  OCHOBI
HAJAIITYBaHHSA | MEPEKEBUX MPUCTPOIB. nporpaMHOro 3a0e3meyeHHs 3
BIIKPUTUM KOJIOM.

1.4. Anaji3 BiToMuX HAyKOBHUX MiAX01iB 10 modya10Bu Mepe:xk SDN

B ocrtanni poku OyB oOmyONiKOBaHWMM HUIMNA PsiA JOCIIKEHb MPO MOOYIOBY
POrpaMHO-BU3HAYEHUX MEpEXkK, aje ICHYIOTh NEBHI HEPO3KPHUTI MOKJIMBOCTI Ta
HEBUPIIIEHI TPOOJIEMH Y KOHTEKCTI MPOEKTYBAHHSI IINX MEPEK.

VY nyomikanii [23] po3risaaeTbest podiieMa OHOBIICHB POTrPAMHOT0 3a0e3MeUeHHS
SDN-koHTpomnepa Ta pu3ukiB nepedoiB y poooTi mepexi. s pekondirypartii 3a3Budaii
noTpiOEH pecTtapT KOHTpoJiepa, ab00 BHUKOPUCTAHHS PE3EPBHUX CHUCTEM Ta
cnemiaiizoBanoro [10, o He € fonycTUMUM AJi OLTBIIOCTI KOPIIOPAaTUBHUX Mepex. B
CTaTTI aBTOPH PO3TJIAAAIOTH CIIOCOOM BUPIIIICHHS ITMX BUKIMKIB 1t SDN 3a momoMororo
JUHAMIYHOT peKOHPITypalii 1 JEMOHCTPYIOTh K MOKJIMBO KOHTPOJIOBATH CTAH MEPEXKi
i 9ac 1poro npoiecy. OaHak po3po0iaeHu HUMH METOJI BUKOPUCTOBYE JIUIIE OJIHY
IEHTPAIbHY 1HCTAHIIIIO U1 KePYBaHHS JUHAMIYHOIO PEKOH(Irypalli€ro, y TOW 4yac sK
JUIST MacIITaOHUX 1HPPACTPYKTYp sl 3MEHIIEHHS Yacy MPOCTOI0 Ta 30UIbIICHHS

BiJIMOBOCTIHKOCTI MOTPiOHA PO3MO/IlJIeHAa CUCTEMA KOHTPOJIEPIB.
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bianko Ta iHmi [24] BHCBITIIOIOTH Mpobiaemy MaciitabyBanHs mepex SDN. Taki
YUHHUKH, K 3Ha4Ha TeorpadiyHa po3noAUICHICTh 1 moTpeda B nepeaadi KOHTPOJILHOTO
TpadiKy, BUKIMKAIOTh JOJATKOBI CKIagHOIIll mpu BUKopucTtaHHi SDN B mepexkax
[HTepHeT-nipoBaiiiepiB. Y CBOEMY JIOCHIIKEHHI aBTOPU PO3POOMIM KUIbKICHY MOJIETh
JUIS.  PO3paxyHKy BeJMYUHU oOMiHy moBimomieHHsmu OpenFlow 1 BigmosimHOl
NPOMYCKHOI 3MaTHOCTI, HEOOXiAHOT s Tmepenadi Tpadiky MpH BUKOPHCTAaHHI
anroputmiB niepecwiands 3 KoHTpoiepa ONOS. Onnak, Xxo4a CTBEpIKYEThCS, IIO
pO3po0JIeH] KITBKICHI MOJENI MOXYTh CIYTyBaTH IHCTPYMEHTOM JUIsl HaJidHOTO
IUIAaHyBaHHS MEpEXi, aBTOpaMU HE IMPOBEACHUN aHaji3 O€3MEeKH TaKOoro pilIeHHS,
OCKUJIBKH TIPO MEPEXy 30MpaeThCcs JOBOJI JIeTallbHA 1, MOXJIMBO, KOH(IJIEHIIIHA
CTaTHUCTHUKA.

VY cratTi [25] npornoHyeThCst HOBE MepexeBe pillieHHs o0y 10BH i Ha3Boro Open
Network Hypervisor (ONVisor) ma ocroBi ONOS. OcnoBHi MoximBocti ONVisor
BKJIFOYAIOTh OKPEMY peaii3aliio IJIOMIKWHA YIPABIIHHA Ta OOMIHY JaHUMH JJISI KOKHOI
BIPTyaJIbHOI MEPEXi, MATPUMKY PO3MOJAUICHUX OMeparliii, MATPUMKY PI3HOMAHITHUX
tuniB ganux st SDN. Psag excrepumenTtiB Oynu MpoBeNEHI y PI3HUX TECTOBUX
CEpellOBUIIaX Ha OCHOBI PI3HUX CIICHApiiB Ta MOPIBHSAHI 3 HeBipTyamizoBaHoo SDN
Mepexero. Brim, pesynbrati nokazanu, mjo ONVISOr Haiae nepeBary y npoyKTHBHOCTI
(GyHKILIOHYBaHHS IUIOIIMHA KEPYBaHHS, ajle HE BUTPA€ y IIBUAKOCTI Mepenayl JaHuX,
TOMY HE BUPIIIY€E MOCTABJIECHUX 3a/1a4 KOMITJIEKCHO.

V nocnimpkenHi [26] mopiBHIOETHCS 3aTpUMKa peKOHDIrypariii aJis IeHTpali30BaHOi
(SDN) Ta posmoainenoi (OSPF) mepesxi. Pe3ysbTatu MoieIr0BaHHsI BKa3yIOTh Ha T€, 10
meperxka SDN B 1tomy nepeBakae TpaJMIliiiHI y IIBHIKOCTI Mepenadi JaHuX, KOJIH
PO3TISAIAI0TECS Taki (PaKTOpH SK PO3MIP MEPEeXki, 3aTPUMKHU 3'€IHaHb Ta JIOKaJi3allis
30010. AJle CyTTEBUM HEIOJIIKOM JOCHIDKEHHS € BIJICYTHICTb YypaxyBaHHS IIpu
nopiBHSAHHI pi3HUX pimieHb SDN KoHTposiepiB, SKMX Ha MOMEHT IyOJTiKaIlii 11€i poOOTH
B)KE€ 1CHYBAJIM JCCSATKH.

CanBiTo Ta iHmi [27, 28] omyOmikyBaau cepil0 HAayKOBHMX JOCIIIKECHb, 1€
3aIrpoIoHyBain cepBic i Ha3Boro Intent Monitor and Reroute (IMR), sikuii po3muproe

¢yukmionan Intent Framework y kontposepi ONOS, Hamaroum HOMY MOKJIHMBICTD
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OJIHOYACHO KOMITLIIOBATH JeKijabka HamipiB (Intentions) i mepeHacTpoOOBATH MOTOKH
JAHUX 3aJIEKHO Bl CTaHy MEPEXI Ta CTAaTHUCTHKU TOTOKY 3a JIOIOMOTOI0 KOMaH],
He3aJexxHuX Bi miardopmu. Xoda pimeHHs O0yio BusHaHe po3poOHukamMu ONOS Tta
BKJIIOYEHE JI0 CTaHJAPTHOIO MAaKeTy A0JATKIB KOHTPOJIEpa, BOHO Ma€ Psijl HEIOMIKIB, K-
OT, BIICYTHICTh MIATPUMKH 0araTOLUIAXOBOI MapIIpyTH3allii Ta ypaxyBaHHS 3aTPUMKU
MaKeTIiB MpH Mepenadi.

[Momituky HamipiB y ONOS BuBYae i psing iHmmMX gociimkensb. Tak, y [29, 30]
3aBJIIKM BICOKIM THYYKOCTI Ta MEHIIH 3aTpuMlli, Hik npu nepecuinanni naketis ONOS
3a 3aMOBUYBaHHSM, BUKOpUCTaHHs nonatky Intent Forwarding no3Bosmio 30i1bIuTH
MIBUJIKICTh MEPECHIaHHS NAaKETIB Ha OCHOBI BpaxyBaHHsS IPOIYCKHOI 3JaTHOCTI Ta
BUKOPUCTAHHS MEPEKEBOTO TpadiKy, a He JIUIIE KITbKOCTI mepexoiB. Y myomikarii [31]
OyJ10 IPOAEMOHCTPOBAaHE MPUKIIAAHE BUKOPUCTAHHS NIPOTrPAMHO-BU3HAYEHOI MEPEXKI 3
BukopuctanHsaM HamipiB ONOS, ne koHTposiep BHKOHYBaB 3ajadi MapIIpyTH3allii
TpadiKy Ta MOro nepeHampasieHHs, 100 MPOaHai3yBaTH PI3HUIIIO Y HAaOOpl JAaHHX,
cTBOpeHunx koutposiepom SDN. Ase Hapasi Hemae HAyKOBUX JOCIIKEHb, 1110 TO3BOJISUIIH
O BUKOPUCTOBYBATH MOJIITUKY HaMipiB JJIs EPECUIIaHHS JaHUX 10 KUIBKOX aJipecariB
OJIHOYACHO, TOOTO mMO30yJHCh OM OOMEXEHb, SKI HaKJIagae Ha MapIIpyTU3AIIo
QITOPUTM MOITYKY HUISIX1B JleMKCTpH.

[ToOynoBy mepexi Ha 0a3i SDN 3 koHTposepoM, sSKHil B3aeMomie 3 ycima
KOMyTaTOpaMH 4epe3 Criemiaai3oBaHe aepeBo, onucye crarts [32]. B Hiii BUpiIyeThes
3aBJIaHHs 3HAXO/HKCHHS MiHIMAJILHOTO JIEPEBa 3a Baroro, Jie Bara BU3HA4YA€ThCS SIK CyMa
Bar ycCiXx KOMYTaTOpiB, a came JIepeBO OyayeThCs 3alpOINOHOBAHWM EBPUCTUYHHUM
QITOPUTMOM, SKUW MIHIMI3y€ HE JIMIINE Bary JepeBa, a ¥l CEpelHI0 BIJICTaHb MIX
KOHTpOJIepoM Ta KoMyTaropoMm. OpHak, Takuil MIAXiJA € JIUIIEe PO3BUTKOM ifel
OOYMCIICHHS METPUKH BIJICTAHEH 3a KUTHKICTIO TIEPEXOIiB Ta MPY MPUKIAIHIN peami3artii
31 TOBXHETHCS 3 HEBPAXOBAaHUMHU 3aTPUMKAMH Ta TIEPEBAHTAXKCHHIM KaHATIB.

Pan nmyOnikaiiii BUB4aroTh mpoOjemMy OanaHCyBaHHS 3aBAHTAKEHOCTI KaHAJB y
SDN wmepexax. Tak, y crarti [33] ams BupiiieHHs MNpoOJIeMH MMEpEeBaHTaXKEHOCTI
MPOTIOHYEThCST  KOMOIHAIlisl  CcTpaTerii  BaroBoro IUIAHYBaHHA 1 JIMHAMIYHOTO

MepEeMUKaHHS MapuIpyTy, 1m0 GopMye HOBUI alropuT™M OaaHCYyBaHHS HaBaHTAKCHHS.
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Bin BukopucTOBY€E XelryBaHHA 1H(GOpMAaIlii, 0 CIPUSIE 3HUKEHHIO 3aTPUMOK, a TaKOXK
3a0e3nedye MEeBHUM CTYIIHb Oe3neku. TUM He MEHI, alropuTtM OYyB MPOTECTOBAHHM
JWIIe Ha OAHIM JOBOJII MPOCTIM TOMOJOTIi, 1 JJII MEPEX BETUKOI PO3MIPHOCTI 31
CKJIaJIHUM TOIOJIOTTYHUM Tpadom ioro eeKTUBHICTL HE OyJia TOBEICHA.

OpuriHanbHUNA TIAXIJ 10 BUPIIMIEHHS MpoOJieMH BpaxyBaHHS 3aBaHTaKEHOCTI
kaHaniB y SDN mepexi OyB 3anponoHoBanuii y crarti [34]. [Ipu mosBi mpobieMHOT
JUISTHKA 1 HEOOXITHOCTI i1 00XO0Jy BHUKOPHUCTOBYETHCS TEOPIS NMPUUHATTS PIIICHH B
yMOBaxX HEBHU3HAYEHOCTI, OCKUIBKM TIpH BHOOpI HaMKpamoro BapiaHTa o0O0X0omIy
BpPaxOBY€ETbCA XapakTep mepenadi Tpagiky. 3aCTOCYBaHHS Takoro MiIXOLy J03BOJILE
3HM3UTHU BTPATH HEEIACTUYHOTO TpadiKy, IKH CTAHOBUTH 3HAYHY YACTUHY 3arajbHOrO
o0csary manux. Jam ms iges Oyia po3BuHyTa y mpaii [35], ae 3anmponoHoBaHui criocio
3MEHIIIEHHS] WMOBIPHOCTI JUHAMIYHOI pEKOH(Irypaiii IUISIXOM MPOTHO3YBAaHHS
3aBaHTAXEHHS KaHAJIB y TpaHcnopTHiil Mepexi. Kontponep SDN renepye nuisixu, mo
HE MEpPETUHAIOTHCS, 3a JOIMOMOIOI0 AJIrOPUTMY 3BOPOTHOI XBHJII, @ IMOTIM OLIHKH
3r€HEPOBaHUX MapUIPYTIB PO3PAaXOBYIOTHCS Ha OCHOBI HEUITKOIO JIOTTYHOTO BUCHOBKY.
Alle Xoya aNropuT™M, po3poOJeHUNH B UHUX JOCTIPKEHHSAX, TMOJIMIIYE SKICTh
00CITyroByBaHHs B MPOTPAMHO-BU3HAUCHUX MEpEekax, HOro mpakTUYHa IMILUIEMEHTAIis
MOK€ MPHU3BECTU 0 NPOOJEM 3 MacIITa0yBaHHSM Ta PIBHOMIPHHM 3aBaHTaKCHHSIM
KaHaJI1B, OCKUJIbKU BUKOPUCTAHHS HEUITKOI JIOT1KHU 31 301IbIIIEHHAM KIJIKOCTI MEPEXO1B
HECe PU3UKH 30UIBIIICHHS TIIMTOTETUYHOCTI MAPIIPYTY, KU OYAY€ThCS MK XOCTAMH.

Psan ocrannix myOmikaiiiil 3aiiMa€eThCs MOLIYKOM HOBHUX PIllIEHb TPOOJIEMH MOLIYKY
HaikopoTimx nuisixiB. Tak, y [36] mpomoHyeThes inest MaTeMaTHYHOI MpiopUTe3altii
MOTOKIB y BY3JIM 3 KUIbKOMa TpH3HadeHHsSMU. Hamaroum mepeBary mapiipytam J0
KOKHOTO BY3J1a TIPU3HAYEHHS, 3aPOTIOHOBAHHI aITOPUTM JT03BOJISIE TpadiKy IIBHIIIIE
JOCSITTA ajpecariB. TWM HE MEHIIe, NPIOPUTETU3AIlSI MOTOKIB X04 1 MOXe OyTu
KOPHCHOIO, aJie 1eH MiIX1J MOXe MPU3BECTH J0 HEPIBHOMIPHOTO PO3MOALTY PECYPCIB,
TOOTO JEsIKl MOTOKH JAaHUX OTPUMAIOTh MEHIIE PECYpCiB, HDK MOTPIOHO, IO MOXKE
3HU3UTHU 3arajibHy NPOAYKTUBHICTh MEPEXKI.

Jlemo cxoxke pimieHHs 3anpornoHoBaHe y [37] — amroputM, po3poOicHH Y

JOCITIJIKEHH1, TPU3HAYEHUHN JIJISl TTONTYKY HAMKOPOTIIIOTO NUISAXY B 3a/IaHIi MEpexi, 110
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3aJI0BOJIbHSIE TIEBHI 0OMEXEHHS, 111 yrpaBiaiHHiIM KoHTposiepa ONOS. Ane y it ctaTTi
aBTOp HE MpoaHajli3yBaB MacIITa0OBAaHICTh Ta BIJIMOBOCTIHKICTh CBOTO aJrOpUTMY, HE
BU3HAUEHA HEOOX1IHICTh Ta MOXJIHMBICTh KOHBEPTEHI[II HA OCHOBI JUHAMIYHUX 3MiH B
MEpEeXIi, K-0T, 3MIHHA B CTPYKTYpi Tpadiky abo BIIMOBH OOIa HAHHS.

€ myOmikariii, 0 MPOMOHYIOTh MAPIIPYTU3YBATU JaHl y MPOrpaMHO-BU3HAYEHIN
Mepexi 3a BekTopoMm muctaniii. Hampuknan, y [38] 3actocoBana OararomuisixoBa
MaplipyTH3alliss MO0 KPUTEPII0 BU3HAUEHHS MAapUIpyTy, Ji€ IMiJ Yac BU3HAUYCHHS
OCHOBHOTO IUISIXYy O KIHIIEBOTO XOCTYy PpO3PaxOBYIOThCS TaKOX MapUIpyTH BiJ
IIPOMIXKHHX JIAHOK JI0 HBOTO, IO CHPHSIE PIBHOMIPHIIIOMY PO3MOJIITY HaBaHTaKCHHSI.
[Totim mapmpyTHa iH(poOpMalis 30epiraerbest 1 s paHimie cQOpMOBAHUX IUISIXIB
3aHOBO HE po3paxoByeThes. Llel miaxia € 10Boi MEPCIEKTUBHUM Ta MOBHICTIO Peai3ye
kouuernmiro SDN, ane He qae BUTpanly y pasi JUHAMIYHUX 3MiH KOHDIrypaiiii Mepexi,
110 notpedye nepedopmMaTyBaHHS HATAIMITYBAHb 31 CTOPOHU KOHTPOJIEpA.

[Tomryx HaiikopoTmoro nusixy y MoOumpHUX SDN Mepekax 3a IT0TMOMOTOIO
aITOPUTMY KjlacTepu3aiii 3ampornoHoBanuit y [39]. 3B'si3ku MiK KiacTepamMu Ta
BCEPE/IMHI KJIACTEPIB BUKOPUCTOBYIOTHCS MJIA TMEpenadl JaHUX 3 METOI 3HIKCHHS
4acoBOi CKJIQJIHOCTI MapHIpyTH3allii, a 3a JOTOMOTOK XBWJIBOBOIO AaJITOPUTMY
(bOpMYIOThCSl IIUISAXH, IO HE MEPEeTUHAIOTHCS, MK XocTamu. OTpuMaHUil pe3ysbTar
ycyBae mpo0JieMy BiJIIKY 0 HECKIHYEHHOCTI, 110 € TOJOBHUM HEIOJIKOM aJrOPUTMY
BEKTOPHOT MapmipyTHU3alllii Mo BEKTOpYy AUCTaHINi, ajie moTpedye OuIblle pecypciB y
MOPIBHSHHI 3 HILIKMHU PIIIEHHSAMU TOOYA0BH MPOrPAMHO- BUSHAYEHUX MEPEXK.

VY octanHi 1Ba poKku OyJM 3ampONOHOBaH1 HAWCYyYaCHII PIIIEHHS JIJIsT BUPIIICHHS
npoOiemM MapiipyTu3sailii, pekoHdirypaiiii Ta OaqaHCyBaHHS 3aBAHTAXEHOCTI MEPEXK
SDN. OgHuM 3 Takux € BUKOPHUCTaHHS MAaIIMHHOTO HAaBYaHHS, OTJIs] MyOJiKaiii 1mo
skomy BukoHamu ®aesi Ta inmm [40]. 3rigHo pesynbTaTaM AOCHTIHKEHHS, Y OUIBIIOCTI
cTaTeli Ha IF0 TEMAaTHKy pO3Iiisjanacs peakTHBHA MOJENb [Js BUSBICHHS Ta
imenTudikaii, a apxXiTeKTypa NPOAKTUBHOI MOJIEN, sSIka BUKOPUCTOBYETHCS JCAKUMU
PO3pPOOHUKAMH JIJIsl TIOM IKIICHHS MPOOJIEM 3 YIPABIIHHIM, € TTOMITHOIO MPOTAIMHOIO B
OCTaHHIX JOCTIAHUIILKUX poOOTaxX, MOB’sI3aHUX 3 MAIIMHHUM KepyBaHHAM. Kpim Toro,

OHJIAITH HaBUaHHS Maike He PO3IJIsAaloCch B OTJIIHYTHX IMyOITIKaIisfX, X04a BOHO MOXKe
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MOKPALTUTH TPOAYKTUBHICTh MOJEIi, B TOMY YHWCJII TpPU BUKOPUCTaHHI PEaTbHOTO
CepeIOBHIIIA.

ABropu y myoOmikanii [41] mpomoHyrOTE CTpaTerito MapuipyTH3aiii Ha OCHOBI
METaCBPUCTUYHOTO AITOPUTMY IS IOCSTHEHHS ONTHMI3allii Mpoiecy MapIipyTH3aIlii.
Baru iHepuii B omuMcaHOMY airopuTMi MOCTIMHO OOpOONAIOTHCS AN adamnTaiii 10
JUHAMIYHUX XapaKTEPUCTHK TOIOJIOTIT MPOTPaMHO-BU3HAYEHOI MEPEXKi, [0 TTOKPAIIye
IIBUJIKICTh 301)KHOCT1 BUX1THOTO airopuTMy. Kpim TOro, BBOASTHECS KPOCOBEP 1 MyTallis
TEHETUYHOTO QJITOPUTMY, W00 TMOKPAIIUTH 3aTHICTh QJITOPUTMY 3HAXOIUTH
niaxoasamui nursx. e ogHe 3 HalnmepCneKTUBHIMIMX PIlleHb Ha ChOTOJHIINIHIN JCHB,
[0 JIEMOHCTPY€E pe3yJbTaTh Ha Mepekax Oyab-sSKOi pO3MIPHOCTI, OJHAK BUCTABIISE

CYTT€B1 BUMOTH JI0 allapaTHOTO 3a0€3MeYEHHS.

1.5. Anaji3 BiIoMHX HAaYKOBHX MiIX0AiB A0 migBuineHHs BigmoBiaHocTi SDN

MepesK AKOCTi 00CIyrOBYBAHHA

Jlnst migBUIIEHHST SKOCT1 mepenadi Tpadiky Ta crabimizaiii Mepex y HayKOBUX
JOCTIDKEHHSIX ~ PO3TJIIAIOTHCST  CIOCOOM  TOKPAILEHHS — BIAMOBIAHOCTI  SIKOCTI
oocnyrosyBanns (Quality of Service, Q0S) BiacHe Mepex 3a paxyHOK OI[IHOK METPHUK
11€1 IKOCTI 32 PI3HUMU KPUTEPISIMHU.

Kontponepu SDN MaroTh MOBHUU KOHTPOJb HAJ MEpPEX)amu, 1 A MATPUMKH
HajexkHoi QOS BOHM MOBHMHHI OyTH poO3TalioBaHl MEeBHUM 4uHOM. [IpoOnemu, ski
MOXYTh 3aBaJUTU JIOCATHEHHIO HEOOXIJHOI SKOCTI OOCIyroByBaHHSI — 4epe3
BUKOPHCTAaHHS KOHTPOJIEPIB, MOKYTh BKJIIOYATH B cebe: Oe3MeKy Mepeki, yIpaBIiHHS
Mepexero, eeKTHBHE BUKOPUCTAHHS PECYPCIB, MPOTPAMOBaHICTh MEPEXi, yIPaBIIiHHS
MEpeXEeBUMU MocayraMu. Taki BUKIMKU Yy Mepekax SDN MoxkHa 3BECTH O MIHIMyMY,
OIATPUMYIOYM  HAJIAHICTh, MAacCIITa0OBaHICTh, Y3TOJDKEHICTh Ta OajJaHCyBaHHS
HaBaHTa)KCHHSI.

Xoua SDN € mpuBabauBOIO JOCIITHUIIBKOK 00JIACTIO B CyYaCHUX KOMI'FOTEPHUX
Mepexkax, mpobsiema y Il ramgy3l MHoJsrae y TOMy, LIO JUIsl BEJIHMKOI Mepexi

pO3ropTaHHsIM KOHTPOJIEPIB 3a3BU4all BaXKKO KepyBaTu. HaailiHicTh 1 MacIiTaboBaHICTh



39

€ KJIF04oBUMU npooiemamu i QOS y nmporpamoBaniii Mmepexi. CaMe TOMY MPOBOSTHCS
PI3HOMAaHITHI JOCI1PKEHHS, 1100 M010J1aTH 111 BUKJIUKH Ta BIAMOBICTH HA 3aITUTAHHS, K-
OT: CKUIbKH KOHTPOJIEPiB MOTPIOHO BKIIOUUTHU B iHPpacTpykTypy SDN Mepexi, 3HailTu
MICHS JIJIE PO3TOPTaHHS ITUX KOHTPOJEPIB 1 TaKOX SK BOHM OyAyTh OOMIHIOBATHCS
JaHUMH 3 MIIKIIOYEHUMHU TPUCTPOSMHU. BiamoBinHO, HEOOXITHO MPOBECTH aHaui3
PO3MIIIEHHSI KOHTPOJIEPiB L1010 METPHK MapameTpiB QOS.

JI71st mokpanieHHsl MpOAYKTUBHOCTI MEpPEeXk1 MPOEKTYBAHHS Ta PO3MIIIECHHS PI3HUX
KOHTPOJIEPIB 3aJIMIIAIOTHCS TOCTIIKYBaHUM TUTAaHHSAM. [HIIT Ba)KJIMB1 aCTIEKTH, SIK1 CITIT
BpPaxOBYBaTH Jisi TOKpAIIEHHS MPOJYKTUBHOCTI MEpEXi, BKIIOYAIOTh THYYKICTb,
MaciTaboBaHICTh, 3aTPUMKY, OC3IEKY Ta Y3ro/DKEHICTh [22].

VY Benukux mepexkax ajig OallaHCYBaHHS HaBaHTAXKEHHS Tpadiky po3ropTaroThCs
kiibka KoHTposepiB SDN. Konu KiIBKICTh KOHTPOJIEPIB Yy Mepexax 301IbIIYEThCS,
KOHLIETILISI HEHTPaII30BaHOTO YIIPABIIHHS PO3IUIMBAETHCS 1 BTpadae CBOI nepesaru. J{is
nocarHeHHs xopomroi Q0S Mepeski moTpiOHI KiTbKa KOHTPOJIEPiB, OCKIIBKU IX CIiIbHA
MOTYXKHICTh OUIbINA, HIXK y OAHOTO KOHTposiepa. OJIHAaK LEHTPaTi30BaHE YNPaBIIHHS
CTa€ CKJIAJHUM 4Yepe3 pi3Hl (PyHKIIT pi3HUX KOHTPOJIEPIB.

HasBHICT, KUIBKOX KOHTPOJEPIB TOJIETIIYE MacIITa0yBaHHS MPOTPAMHO-
BU3HAYCHNX Mepek. OmaHak MacmTaOoOBaHICT, Moke BIDIMHYTH Ha QOS uepes
HEOOX1THICTh €(DEeKTUBHOTO OaJIaHCYBAHHSI HABAHTAKEHHS M1 KOHTPOJIEPAMH.

OcHOBHOIO MPOOJIEMOIO B MTPOTPAMOBAHUX MEPEXKAX 13 KUITbKOMa KOHTPOJIEPAMU €
CUHXpOHI3alis 1HpopMalii nNpo cTaH Mmepexi MK HuMmH. Llsg mpobiema Bimoma sk
nmpoOsemMa KOHCEHCYCYy. Y BHIIQJIKy 3aHAATO CKIATHOI peanizaiii oOMiHy CIy>KOOBOi
1H(DOopMaIrii Mixk KOHTPOJIEpaMH 3pOCTAE 3aTPUMKaA MIPUHHATTS KOHCEHCYCy. BiamnosiaHo,
JUTSL TIPOEKTYBaHHS MEpPeXki 3 KiTbkoMa KOHTPOJepaMyu HEOOX1THO CIIJIaHYBaTH TPOIIEC
JIOCSITHEHHSI Y3TO/PKEHOCTI MI>K HUMHU.

3 1HIIIOI CTOPOHU, BUKOPUCTAHHS JIMILIE OJHOTO0 KOHTposepa B Mepexi SDN mae
Oarato mepear, TaKuX SK YNPaBIiHHSA, KOHTPOJIb 1 MOHITOPUHI YChOTO MEPEKEBOTO
CEpelloBHUIIA 3 OJHOTO BY3Ja IIEHTpalTi30BaHO. BTiM, IeHTpamizailisi Moxxe OyTh SK
nepeBaroro, Tak 1 HEIOJIKOM Ta TPU3BOAUTH JO TOTIPIICHHS HAAIMHOCTI Ta

MacmTaboBaHOCTI B Mepexi. 31 30UIBIICHHSIM KUIBKOCTI Tpadiky Ta MPHUCTPOIB IIi
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npoOJeMu HETaTUBHO BIUIMBAIOTh HA MPOAYKTHBHICTH. 1100 3MEHIIUTH 3aTPpUMKY Ta
MOKPAIUTHA 3arajibHy MPOAYyKTUBHICTh MEpEeXki, HEOOXITHO PO3MICTUTH ONTHUMAJIbHY
KUTBKICTh KOHTPOJIEPIB Ha BIAMOBIAHIN BiAcTaHl B Mepexax. Po3paxyHOK He0oOX1gHOT
KUTBKOCTI KOHTPOJIEPiB Ta BUOIP MICIlb, € BOHU IMIOBUHHI OyTH BCTAHOBJICHI B MEpeKax
e NP-ckimaganmu 3amagamu [42].

Y posmnomieHoOMy CepemoBHUIll MOTpiOHA BEIWMKAa KUIBKICTh KOHTPOJIEPIB, SKi
oesnocepenHbo BruMBaoTh Ha QOS Mepexxi SDN. Jlns BupimieHHs 1€l mpoOsiemMu
HeoOX1IHUN e(heKTUBHMIA 3B'I30K MK KOHTPOJIEpaMH 13 BIAMOBITHUM CHEI[iali30BaHUM
IpOTOKOJIOM. PO3po0Ka 1IbOro NpOTOKOJTY € BIAKPUTOIO Ha ChOTOIHIIIHIH €Hb 3a7auelo.
[IIo6 cymicHa poOoTa pi3HUX KOHTpOJIepiB OyJjia eheKTUBHOIO, HEOOXITHO YHUKHYTH
iIXHBOTO NEPEBAHTAKEHHS, IIIBUAKO 30aJIaHCYBABIIM TpadiK Y MEpPEKI.

VY nocnimkenni [43] 3anmpornoHOBaHO MeXaHI3M I MPUAHSITTSA PIlICHb MO0
PO3MIIIEHHSI KOHTPOJIEPiB, SIKUM BU3HAYAE TXHIO HEOOX1IHY KUTBKICTh y (izmunux SDN
Mepexax. [le MexaHi3M 103BONHMB 30UTBIUTH CTiHMKicTh Mepexi SDN. V myOmikarrii
[44] Oyno 3amporOHOBAaHO EBPUCTUYHHUI aNTOPUTM JUI BUMANKY, KOJU PO3B’SI30K
ONTHUMI3alIiHOI 33a/1a4l 3alpPONOHOBAHOI MOJIENIl HEMOXKJIMBO OTPUMATH B MPAKTUYHUN
yac, 1[0 JO3BOJWIO 3HU3UTH 3aTPUMKYy TMepelayl JaHuX Ta BUPIMIMTH MpoOieMy
OanmaHCyBaHHS HaBaHTAXCHHsI JJIsl pO3MiIleHHsS KOHTpoJepiB y SDN.

[Mayncon ta inmmn [45] 3ampomoHyBaiau MigXiJy BU3HAYEHHS Baru MiHIMalIbHO-
MaKCUMAaJIbHOTO 3HAYEHHS JUIsl BUPIMICHHS KOMITPOMICIB, MOB’SI3aHUX 13 MPOOJIEMOIO
onTuMizauii MK KOHTpoJiepamu. DyHKIIIS BApTOCTI KIJTBKOX OOMEXKEHb MIHIMI3Y€EThCS
JUIs OfIHi€T 3MiHHOT. Y cTaTTi [46] aBTOpM 3MEHIIMIN HAKJIaHI BUTPATH KOHTPOJIEPIB i
ONTHUMI3yBajly iX PO3TAIlyBaHHS i1 PO3MIIICHHA. BIiAMoOBIIHO J0 TEpeayMOBH
O0OMeKeHHSI HaBaHTaKEHHS Ha JIOKATbHY MEPEKY, HATAITYBaHHS TIOCUJICHHS JIJIS1 OJTHI€l
CHUIbHOT KOHKYPEHTHOI T'pH BUOMpA€e Y4YaCHHUKIB HACTYIHOTO payHIy TIpH, 1 MICISA
3aCTOCYBaHHS CHUIBHOTO MIJXOYy KUIbKa pa3iB 3arajbHa 3aTpUMKa MEpei €(heKTUBHO
3MEHIIYEThCS, a OallaHCYyBaHHS HAaBaHTAXCHHS TMPHU3BOAUTH 0 MOKPAIIEHOTO
po3noauieHHs Tpadiky Ta cTadbim3alii Mepexi.

ABropu y myOmikamii [47] Hamarajucss BHPINIMTH MPOOJIEMH PO3MILICHHS

KOHTpoJiepiB nussxom MacitadyBanHs SDN mepexi. Born Bukopuctanm Moens 4epru
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OUIKyBaHHS HECKIHUEHHOTO Oydepa 3 KiIbKoMa KOHTPOJIEpaMu JIJIs aHaJli3y MOKa3HUKIB
MPOYKTUBHOCTI CUCTeMHU. [11s imrocTpallii 3alpornoHOBaHO1 MOJIE1 BUKOPUCTOBYIOThCS
SIK YHCJIOBI, TaK 1 3MOJI€IbOBaHI OI[IHKH.

VY crarti [48] Oy:na 3anpornoHoBaHa cXxeMa aJalTHBHOIO PO3MIIICHHS KOHTPOJIEPIB
st apxitektypu cucteM DT. BpaxoByroum kopensmito Mk DT B3aemomiroumx i
O0YHMCITIOBAILHUX 00’ €KTIB, BUKOpUCTaHe 3HadeHHs [1lernti Teopii koonmepaTuBHUX irop,
K€ CHpPaBEMJIMBO KUIBKICHO BH3HAYa€ BHECKM B3a€EMOJIIIOUUX OOYUCITIOBAIIBHUX
00’ €KTIB.

Padin Ta inmi [49] 3anpomonyBanu cxemy SDVN, sika Ha OCHOBI MAIIMHHOTO
HABYaHHS BUOWpaE MiHIMaIbHY TPUBATICTh 3B’ A3Ky (LD) st 3B 43Ky MiXk By3jamu, ajie
BUOMpAE NUISX 13 MAKCUMaJIbHUM 4YacoM NUISIXY MK JKEPEIOM 1 OJIepKyBaueM.
JIBodhazHa cxeMa BUOOpY MOKpAILy€e TPOIYKTUBHICTh MEPEXKi 3 TOUKH 30py KoedirieHTa
noctaBku (maibke 95%), Hackpi3HOi 3aTpuMKH (MiHiManbHe 3HaueHHd 0,11 mc) i
Koe(dilieHTa BUTPAT HA MapIIPyTU3aLii0 (MaKCUMalIbHE 3HaY€HHS CTaHOBUTH 10%), 110
M1TBEPKYETHCS PE3yJIbTaTaMH MOJICITIOBAHHS.

V ny6mikarii [50] aBTopu 3anpornoHyBaiu KOOepaTuBHY MOJIeNs onTuMizaiii Salp
Swarm (CMSSO), sika moeaHye 4oTupu alropuT™u. L{i aroput™Mu criBIpaiomTh, Moo
BUPILIIYBaTH TECTU YHUCEIbHOI onTuMmizauii 3 ofHieo HuUuno. CHUMYTSALIS METOIy
nokasaja, 0 BUTpaTu Ha MpoekTyBaHHS SDN Mepexi 3HU3WINCH.

Opnebaito Ta iumn [51] posrasHynu mpoOieMy po3MOaily KOoMyTaTtopa Ha
KOHTpPOJIEp, SKa BpPaxOBy€ HEOJHOPIAHICTh TOTYKHOCTEH KOHTpoJiepa. BoHH
MPOIMOHYIOTh JIBa QJITOPUTMU HA OCHOBI IIEHTPAJBHOCTI CYCIJCTBA JJIS BUPIIICHHS
npoOIeMu 3 METOI0 MIHIMIZAIlli 3aTPUMKHU TIEPEMUKAHHS Ha KOHTpoJep. Takox HUMHU
OyJia pejacTaBiaeHa (QYHKIlS 3BaKEHOT [ICHTPAIBHOCTI, sIka 3a0e3neuye CrpaBeaIuBUil
pO3MOMALT  HABAaHTAXEHHS MK  KOHTpOJIEpaMHU.  3allpOIOHOBaHI  aJITOPUTMH
BUKOPUCTOBYIOTh BHUMIPIOBaHHS Ta €BPUCTUKM HAa OCHOBI UEHTPAJIbHOCTI IS
BU3HAYECHHS 1J€AJIbHOTO PO3MOJAUTY MK KOMyTaTOpaMH Ta KOHTpoOJiepaMu, SKi
BpPaxoBYIOTh MPOMYCKHY 3IaTHICTb BIAMOBIAHUX BY3JIIB KOHTpoisiepa. PesynbTaru
MOKa3yloTh, IO BpPaxyBaHHS HEOJHOPITHOCTI TMOTYKHOCTEH KOHTpOJIepa 3HAYHO

SMCHIIY€E I[I/IC6aJ'IaHC HaBaHTAa>XCHHA.
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ABtopu y cratTi [52] BUKOpHCTAIM BIACHUN MiAXIJ /IS 3MEHIICHHS KIIBKOCTI
KOHTposiepiB y Benukux SDN mepekax. BoHu po3poOuiiy BiIMOBOCTIMKUM MeXaHi3M
JUISL BUIIE3TaJaHOTO CEpEeAOBHINA. Y IOMY TOKYMEHTI MPOMOHYETHCS KOHCEHCYCHHN
MIPOTOKOJI JJIs TIABUIIIEHHS BiMOBOCTiHKocTi SDN 3 KiJlbkoMa KOHTpOJIEpaMH.

ABtopu y nyOmikanii [53] 3anpornonyBanu riopunHy iHppactpyktypy SDN mis
PO3MOJTY BEIMKUX MEpEeX MK KOHTposiepamu. BoHu MareMaTH4HO copMyrroBaiu
npobmemy EASON sk 3agady [UIOYMCENBHOTO TMpOrpamMyBaHHs, JOBEIM i
HEMOJIIHOMIAJIbHY YacOBY CKJIAQIHICTh 1 3aMpONOHYBaIM €BPUCTUYHHM aITOPUTM Mij
Ha3Boro BonSec. ExciepuMenTanbHi pe3ynbTaTi MOKa3yoTh, 110 BONSEC nocsrae piBHs
Oe3MeKkr Ta EKOHOMIYHOCTI, SIKI MOXXHA TOPIBHATH 3 ONTUMAJIbHUM PIIICHHSIM Y
HEBEJIMKUX TOMOJOrAX. Y TOM K€ yac MOro MoO)KHa MaciiTa0yBaTH Ha BEJIHMKHUX
TOTIOJIOT15IX.

VY po6oTi [54] mponoHyeThCsT MOJIENb OiHAPHOTO JIHIHHOTO MpOTrpaMyBaHHS s
JIOCSITHEHHSI KOMIIPOMICY B TJIOOAnbHUX Mepekax. Mojenb BU3HAYa€ THUI, MICIE Ta
MIHIMAQJIbHY KUIBKICTh HEOOXITHUX KOHTPOJEPIB, OTPUMABIIU MICIIE TEPEMHUKAUIB,
KUIBKICTh MPOIECOPHOT MOTY>KHOCTI KOHTPOJIEPIB 1 BapTICTh HAJAIITYBAHHS KOXHOTO
KOHTpoJiepa. BianmoBigHo, 11e 3MEHIIIy€ BapTICTh HAJAIITYBaHHS, CEPEAHIO 3aTPUMKY
M1 KOMyTaTOpaMH Ta KOHTPOJIEpaMH, a TAKOXK CEPEIHIO 3aTPUMKY MIX KOHTPOJIEpaMu
MOPIBHSHO 3 ICHYIOUMMH METOAaMU. Pe3ynbTaTi AOCHIKEHHS MTOKa3yI0Th, 10 MOJENb
Ma€e HaWHWKYYy BapTICTh HAJAIMTYBaHHS Ta MIHIMAJIbHY CEpPEIHIO 3aTPUMKY
KOHTPOJILHUX TAKETIB (Bl KOMyTaTopa J0 KOHTpoJiepa Ta KOHTpoJiepa J0 KOHTpoJiepa)
MIPY PO3MIIIIEHHI KOHTPOJIEPIB MOPIBHSHO 3 TONEPETHIMU METOJaMHU.

Kymap [55] peamizyBaB MoaudikoBaHHH anropuT™M bpe3eHxema Ta alropuTMm
JedikcTpu, o0 3HAUTH MIAXOMSIIMKN MIISX 3a 3HAYHO CKOPOUYCHHMM 4Yac OOYMCIICHHS.
KpiM TOro, BHKOPHUCTOBYIOUM TMepeBard JETEPMIHOBAHOI TPYNH CYIMyTHHKIB, OYB
3aIPOTIOHOBAHMK aJTOPUTM Iepefadi IMpaBuja IMOTOKY Ta aJITOPUTM MOHITOPHUHTY
TOTOJIOT.

VY ny6mikarii [56] nmponoHyeThcsi BAACTUBICTD i Ha3BOKO Cy(hiKCHA MPUYUHHO-
HacuiakoBa y3romkeHicTh (SCC). Bona ominroerbest y Open vSwitch i komyraropax P4

y MoeaHaHHI 3 KoHTpojepamu Ryu ta P4Runtime. PesympTat mokasyrots, mo SCC
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3abe3reuye OUIbITy €(EKTUBHICTh, HIK KOHKYPYIOYl ajJbTepHATHBH IOCIIJOBHOTO
OHOBJICHHS, BOJHOYAC MPOMOHYIOUM TOCIIOBHICTh, sIKa € JOCTATHHO CHJIBHOIO, 1100
3a0€e3MeYNTH BUCOKOPIBHEB] BIACTUBOCTI MapIIpyTH3AIIi].

VY ny6amikatii [57] aBTop omnmcye cTpaTerito BiAHOBICHHS IIIIAXY KepyBaHHS, KOJIU
KOHTPOJIEP BUXOUTH 3 JIay B IUIOUIMHI KepyBaHHA JTokaabHOI0 SDN Mepeskero, BUSBIISIE
BIJIMOBIIHY MaTeMaTH4YHYy MOJEJb, MPOIMOHYE BIAMOBIAHUI aJITOPUTM BiTHOBJICHHS
HUIAXY Ta JEMOHCTPYE BIJIMOBIIHI €KCIIEPUMEHTH, IO TOBOASTH JOCSITHEHHS MEPEKEIO
HEOOX1THOTO PIBHS SIKOCTI 0OCITYTOBYBAaHHS.

VY crarti [58] aBTOpHM po3poOMIM BIacHy apXiTekTypy, y skiii SuperController
3B’s3yeThes 3 RegularControllers, posainenumu Ha kinactepu. 11006 rapantyBaTH, 1110
BCl KOHTpPOJIpU B MEPEXI MalTh MOBHY I1HPOpMAIII0 PO BCIO MEpexy Ta
MOBIJJOMJISIFOTh 1HIIMM KOHTpPOJIEpaM, 10 B MEPEXi BiIOYBA€THCS MEBHE OHOBJICHHS,
BUKOPUCTOBYETBCS CIUIbHE CXOBHUIIE JaHUX. OTXe, KOXKEH KIacTep Mae€ BJacHe
CXOBHIIIE JTaHUX JIJIsl CIIUIBHOTO BUKOpUCTaHHS. KpiM TOro, iICHy€ TJi00ajibHEe CXOBHUIIE
JTAHUX CHUIBHOTO JOCTYITY JJIS BCIET MEPEXKI, JO AKOTO MOXXYTh OTPUMATU JOCTYII yCi
SuperController i 3Bu4aiini KOHTpOJIEPH B OJJHOMY KIIACTEP.

TiBana ta Cinrx [59] npomnoHyoTh TEXHIKY aAanTHBHOT ONTHMI3allil HAaBaHTAKECHHS
JUIS MYJIBTHMEIIAHUX TPOrpaM 13 BUKOPHUCTAHHSAM KUTbKOX KOHTpoisiepiB y SDN.
Kirouem 710 1bOro METONy € aJlanTUBHUM MEXaHI3M OINTHUMI3allil HAaBAaHTAXKEHHS, KU
PO3YMHO PO3IOIISAE MEPEKEB1 PECYPCH BIATIOBIIHO 10 TOTOYHUX MoJjienel Tpadiky Ta
noTped nopaTkiB. MeTon BHUSBISIE TEPEBAHTAXKEHHS MEPEeXi Ta MPOAKTHUBHO
Mepepo3MOAiIie HABAaHTAKCEHHS MK CErMEHTaMH MEPEXi 3a JOMOMOTOI METOJIB
MalMHHOTO HABYaHHS Ta onTuMizarlii. JlJis MyJIbpTUMEIIAHUX TporpaMm I TapaHTye
ONTUMaJbHE BUKOPHCTAHHS PECypCiB, 3MEHIIy€ 3aTPUMKy Ta IMOKpaIlye SKiCTb
obciyroByBanus Mepexi (Q0S).

Xoa Ta iHmi [60] 3amponoHyBali KOHTCHHEPHY apXiTEKTYypy, 3IaTHY LIBHIKO
MacmTabyBaT Bropy Ta BHU3 Ha OCHOBI HaBaHTaXKEHHsS Tpadiky Mg IUIOMIMHU
kepyBanHa SDN. 3a momomoror HOBOTO amanTUBHOTO A0 Tpadiky aaropuTmy

pe3yiabTaTh TOKa3ylTh, 10 3alpOINOHOBAHA CHCTEMa 3JaTHA 3a0€3MCUUTH
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MPOJYKTUBHICTh 13 BUCOKUM YHMCJIOM BXIJHUX 3alUTIB HOBOTO MOTOKY Ta 3MEHIIUTH
HEJI0OCTaTHbO BUKOPUCTOBYBaH1 KOHTPOJIEPH /1JIs1 €(DEKTUBHOTO BUKOPUCTAHHS PECYPCIB.

VY my6uikarii [61] Oya mpencraBicHa HOBa TEXHiKa OalaHCyBaHHS 3a YHIKAJIbHAM
METO/IOM OI[IHKYA HABaHTAXKEHHS, IKUI yCepeIHIOE HaBaHTaXKeHHsI Ha KoHTpoJiepu SDN,
TaKUM UYWHOM CHpUAIOYM e(ekTUBHOMY po3noauty Ttpadiky. I[IpoayKTHBHICTB
3allpOIIOHOBAHOI METONWKM Oyna OIlilHEeHa Ha OCHOBI CTymeHs OajaHCyBaHHS
HaBaHTAXXEHHS, Yacy BIJITyKy MEpeXk1 Ta BApTOCTI Mirpariii.

Hapemri, HaliopurinanbHimui miaxig no nokpameHHs QoS mepexi SDN Oys
npejacrapiacHuii y [62]. ByB omucaHuii MeTOz ONTHUMI3AIll MypaliuHOi KOJOHIT Jyis
nepemMapiipyTusalii 3 ypaxyBaHHsIM OanaHCyBaHHs HaBaHTakeHHs B Mepexkax SDN. 1s
TexHika, sfika HazuBaeTbca DPLBANt, chopmynboBana sik mpoOiemMa HaWKOPOTILIOrO
nusixy B SDN, 1 Moke 3MEHIIUTH BUCOKE HaBAaHTAKEHHS Ha KOMYTAaToOp KOHTPOJIEpA.
[IpencraBnena TexHika roposed croyaTKy BHSIBJISIE TOTOKH JaHUX 32 JOMOMOTOIO Mapu
knacudikaTtopiB Sk Ha KoHTposiepi SDN, Tak 1 Ha kKOoMyTaTtopax. bimpIricTh KaHANAATIB
BIJICIIOIOTBCS HA KOMYyTaTopax, 110 3a0e3nedye TouHe Ta eeKTUBHE BUABNICHHS. [loTiMm
DPLBANt otpumye rnobansauil ctan SDN, 3 sIKOTO BUTATYIOTHCS] HAHOUIBII ITiIX O TSI
NUISXWA IS TIEPEBAHTAXXEHUX TIOCHJIaHb, 1 TIOTOKH JaHUX TEPEHANPABISIOTHCS
BiAnoBiIHO. IIpoaykTuBHICTh 3anponoHoBaHoro DPLBANt Oyna 3monensoBana,
pe3yibTaTH CBiAYATh MPO Kpally IPOAYyKTUBHICTh KOMI FOTEPHOI MEPEX1 MOPIBHAHO 3
ICHYIOUMMH METOJaMHU.

Ornsig onmMcaHuX B I[bOMY IMYHKTI HAYKOBUX JOCTIKEHBb IMOKa3ye, 0 Y BCiX
poOoTax aBTOpPH BHPIMIYIOTH TMpoOsemy BigmoBigHOCcTI Mepex SDN - skocTi
00CITyroByBaHHs JOBOJII HETPUBIAILHUMU METOaMH MaTeMaTHUKU a00 MpoTrpaMyBaHHs,
BUKOPUCTOBYIOUM CKJIQJHI OOUYMCIIOBaIbHI anroputMu. KpiM TOro, OUIBIIICTb
OTJITHYTHX PIIlIEHb BUCTABIISE CYTTEBI BUMOTH JI0 allapaTHOTO 3a0e3MeYeHHs] — XMapHi
CepBEpH, KJIaCTepU KOHTEHUHEPIB, TOLIO. 3 OIISIAY Ha Iie, MocTae mpodiieMa po3poouTH
Takuil cnocid migBUIIEHHS BiAnoBiIHOCTI Mepexi SDN sikocTi 00cIyroByBaHHs, SKUN
HE MOTpedye TaKUX 3HAUHUX allapaTHUX BUMOT Ta BUPIILIY€E MpodiieMy o0y 10BH LUIAXIB

BIJIHOCHO MPOCTUMHU JJIsl IPOTpaMHO] peasizallii ailrOpuTMaMH.
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BucnoBku 10 po3uiay 1

Anami3z MoxiuBocted TexHosorii SDN Ta Ti MOpiBHAHHA 3 TpagullliHUMU
METOaMH MTOOYI0OBH MEPEK MOKa3yI0Th, 110 Ha CHOTOJIHI aKTyaJIbHOIO € HEOOX1THICTh
pO3pOOKH  METOMIB TMOOYJOBM KaHATMB 3B’A3KYy, M0 JO3BOJSATH  3aroOirTH
MEPEBAHTAXKEHHIO 3B’SI3KIB MK BY3JIaMH MEpPEXKI Ta 3HU3UTU BTPATH JaHUX IiJl 4ac
ceancy nepenadi. Takoxx mpobieMoro, o nmoTpedye BUPIMICHHS, € PO3pOOKa METOIIB
JUHAMI4HOI pekoHirypaiii Mepex 3ajs 3a0e3rnedyeHHs Oe3nepeOiiHOro ceaHcy
nepemadi Tpadiky, aganTarii 70 3MiH TOMOJIOTIi, TPUETHAHAS HOBUX CETMEHTIB, BiIMOB
OKPEMHX BY3JIIB.

B xo/1 anainizy TeXHOJOT1i BIpTYalbHUX MEpex OYyJI0 TOCITIIKEHO TXH1 MOKIIUBOCTI
BIIPOBA/KYBATH CKJIaJIHI aIrOPUTMH YIpaBiiHHA TpadikoM Ta OaraTo(yHKIIOHAJIbHI
MepexeBl clly>)kOu 06e3 HeoOXI1IHOCTI 3MIH Ha amapaTHoMmy piBHi. Lli MoxnuBOCTI €
BKJTMBUM JIOTTIOBHEHHSIM JI0 TPOCKTYBAHHS MPOTPAMHO-BU3HAYCHUX MEPEK Y KOHTEKCTI
Oe3neku. BipTyaibHi MepeXi MOXKYTbh BUPIIIUTH Pl aKTyaJIbHUX MTPOOJIEM Y MOOIITbHUX
1H(}pacTpyKTypax BEJIMKOI PO3MIPHOCTI, SKI MalOTh TEHJEHIIO JI0 TOCTIHHOIO
3pOCTaHHs: peKoHQIryparliss Mepexi y pa3l 3poCTaHHS KUIBKOCTI KOPHUCTYBauiB,
BIIPOBAPKCHHSI HOBHUX MPOTOKOJIIB NIepeiayl JaHuX.

BukopuctanHs BIpTyaJIbHUX MEPEX B MOeAHAHHI 3 TexHoJsoriero SDN 3MiITHUTh
aJanTUBHICTh, MAacIITa0OBAHICTh Ta MPOAYKTUBHICTh Mepexki. Ha OCHOBI OrisiHyTOro
Matepiany Oyjia TMOCTaBlIeHa 3ajiada PO3pOOKHM METOAy AMHAMIYHOI pekoHirypairii
BipTyanbHoi SDN-mepexi, SKkuii AO03BOJIUTH MIATPUMYBaTH Oe3nepeOiiHui ceaHc
nepenadi Tpadiky y pasi BIIMOBU OCHOBHUX KaHAJIIB 3B’SI3KY.

AHani3 JiTepaTypHUX JDKEpes MoKas3as, 10 Xo4a TPAAUIIHHI aITOPUTMHU TIOIIYKY
NUIAXIB 3a0e3MevuyBajidi MPUUHATHY IIBUIKICTh Mepelayl JaHuX Yy PO3MOAUICHUX
Mepekax, MpPOorpamMHO-BHU3HAYEHI MEpeXi MOTPeOyIOTh HOBHX MITXOJIB IO MPOIECY
noOy0BH NUISIXiB. HUHIIIHI 004U CITIOBaIbHI MOXKIMBOCTI Ta LIEHTPAJIi3allisl yIPaBIiHHS
JIO3BOJIAIOTh 3aCTOCYBAaTH OUIBII THYYKI MIAXOAW MJig 30UIbIICHHS €(QEeKTUBHOCTI
noOy/I0BM KaHamMB 3B’s3Ky. OOHUM 3 TakuxX TWIOXOMIB € 3a0e3medeHHs SIKOCTI

oO0ciyroByBaHHs Mepexxi SDN 3a1J1s THYYKOCTI 1i BAKOPUCTAHHS B YMOBAaX I1BUIIEHUX
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HaBaHTaXX€Hb Ta 3pOCTAaHHS KIJIbKOCTI KOPUCTYyBauiB. BTiM, aHalli3 iICHYIOUUX PIIIEHD Y
HAyKOBUX IMyOIKaIIsAX MOKa3aB, M0 3 YCIX 3alpPOINOHOBAHUX METOIB HEMAaE TaKoro,
KU 0N OyB JOCTaTHHO €(EKTUBHUM MpHU 30€peKEHHI BIIHOCHO HEBEIMKUX BHUMOT JI0
amapaTHoro 3a0e3mnedeHHs. Tomy Oyyia mocTaBiieHa 3ajiladya po3pOOWTH BIJMOBIIHUI
METO/I, e MO0y 0Ba BIpTyaJIbHUX KaHATIB 3B’s3Ky Oyje BiAOyBaTHCS 3 ypaxyBaHHSIM

SIKOCT1 0OCITyTOBYBaHHSI.
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PO3/11 2

MNOBYJOBA KAHAJIIB 3B’S13KY BIPTYAJIBHOI MEPEXKI HA
OCHOBI TEXHO.IOTTI SDN 13 3AJAHOIO SAKICTIO
OBCJIIYTOBYBAHHA

2.1. MaTtemaTu4yHe OOIPYHTYBaHHSI MpPo0JjieMU NMOOYAOBH KaHAJIB 3B’SI3KYy 3

YPaxyBaHHSIM NapaMeTPiB AKOCTI 00CIyrOByBaAHHSA

Tomnonorito  OyJb-KO1 KOMIT'IOTEPHOI MEpEeXl MOYKHA MpPEICTaBUTU  SK
opientoBanuii rpad G(V, E), ne V o3nauae Bci By3u Mepexi, a E o3Hauae BCi 3’ eqHaHHS
Mk HUMU. KoxxHe 3’elHaHHA €(jj) € E Mae B1acH1 BIacTUBOCTI, TaKl AK JOCTYIHA CMyTa
IPOIMYCKaHHS Ae, 3aTPUMKA Ue, TA BTPATA MAKETIB pe.

Komu poOuThcs 3amuT Ha MapHIpyTH3alll0, CTaTyC 1 IOKa3HUKH MEpexi
OHOBITIOIOTBCS, 1100 MIJBUIIUTH TOYHICTh JAHUX MPO JOCTYIIHI PECYPCU Ta BU3HAUUTH
UUISIX, SKUWA 3aJ0BOJIBHSIE TMapaMeTpu sKocTi mociyr [63]. 3aBmaHHsS TMONIYKY
HAWKOPOTIIOTO NULIXY MOJIATAE B TOMY, 100 3HaiiTh MapuipyT P Bin By3na mxepena S
710 By3J1a Mpu3HaueHHs 0, SKHii 3310BOJILHSE Pi3HI 3HAYCHHS TTApaMETPiB MEPEXKi Ta MPH
bOMY JI03BOJISIE JOCATTH MEHIIMX YacOBUX BUTpAT Ha 3B SA30K MIX By3JIaMH, HIXK
anbTepHaTUBHI MappyTu. s nusixy P Bu3HaunMo (yHKIIH0 HOro noOya0BH.

OCHOBHI METPUKH SKOCTI OOCIyrOBYBaHHsSI, SIKi BPaxOBYIOThCS MPU MOOYIOBI
MapIIpyTiB, € HACTYITHUMHU.

Mertpuka xomiB (NOpPS) mo3Hayae KibKiCTh EPEXO/iB MiXk By3Jamu S i d. Y mpomy
BUIAJIKy BapTICTh KOXHOTO Tepexody (i BIAMOBIIHO, Bara KOXHOro pedpa rpady
TOTOJIOTIYHOTO MAIIOHKY) AOPIBHIOE 1.

h(P) = z e, (2.1)

eep
ne h(P) — KiIbKICTh MEpexoiB (XOIiB) Y HIIAXY.
Metpuka cmyru mnpomnyckanHs (bandwidth) mo3nauae miHIMabHY TPOIMYCKHY
3aTHICTh MK By3JamMH S 1 d, a MeTpruka BapTOCTI KOKHOTO KaHAIy BCTAHOBIIOETHCS

00€pHEHO MPOMOPIIIITHOIO MPOMYCKHIM 3JaTHOCTI IbOT'O KaHAITY.
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A(P) = minyeep {/1—16} (2.2)

ne A(P) — MiHIMaJbHa 3 TOCTYITHUX CMYT IIPOITYCKaHHS JIJIs IEPEXO0/IiB Ha MIIAXY.
Mertpuka 3arpumku (delay) nuisxy € cymoro ycix 3aTpUMOK, 110 BUHHKAOTh MIPH
MIPOXO/DKCHHI JaHUX Ha KO)KHOMY MEPeX0/Ii MiXK JIJAHKaMH.

u(p) = 2 €y, (2.3)

eep

ne u(P) — 3aranbHa cymapHa 3aTpuMKa IUISIXY.

MeTtpuka BTpatu maketiB (packet 10SS) mo3Hauyae BiZCOTOK BTpadyeHHX IAKETIB y
MOPIBHSIHHI 3 3arajlbHOI0 KUIBKICTIO HAMICIaHUX TMaKeTiB (BIAMOBIIHO, HYJIbOBE
3HAYEHHS METPUKH O3HAYa€ BIICYTHICTh BTPAT MAaKETIB):

pPy=1-] |a-ep, (2.4)

eepP

ne p(P) — BIICOTOK BTpauy€HUX MAKETIB BIAHOCHO KUIBKOCTI HAICIaHUX MAKETIB.

VY icHyOuuX pIIIEHHSX IPU BUKOHAHHI 3a]lay MOOYIOBU BIPTyaJbHUX MEPEX Ta
MapLIpyTU3aLii 3aBK/I1 BPAXOBYIOThCS JIUILIE OKPEM1 METPHUKH SIKOCTI 00CITYyTrOBYBaHH,
aine He ycl pa3oM. Lle 3yMOBJI€HO HaBaHTaXEHHSM Ha HU3bKONPOIYKTHMBHY amapaTHy
YaCTUHY MapUIpyTH3YIOUHMX IMPUCTPOIB, Ky PO3POOHMKH IIi€] amapaTypH 3a3BUYail HE
PO3paxoBYIOTH 1T BEJIMKI 00UYMCTIOBaIbHI HaBaHTaKeHHs. Hanpukian, nporokon RIP
BpPaxoOBY€ JMIIE KUIBKICTh MEPEXOJIB MK By3JaMu HpU MNOOYAOBI CBOro JepeBa
mapmpyTu3aitii. [Ipotokon OSPF BuKoOHY€e MOITyK HAWKOPOTIIUX MUISIXIB MO KUIBKOCTI
NEepPEXOAIB Ta 3 ypaxyBaHHSM CTATyCy KaHaly 3B’S3KYy (JIMILE TOCTYIHOIO MPOITYCKHOIO
MO>KJIMBICTIO), 110 OOMEXKY€E MOKIMBOCTI TOOYTOBHU SIKOMOTA €(DEKTUBHIIIOTO 3B’ S3KY Y
mepexi [64].

OyHKIIS 3aTPUMKHU € aIUTUBHOIO (TOOTO 3HAYEHHS 3arajibHOI 3aTPUMKHU 3aBXKAU
JIOPIBHIOE CyMI 3aTPUMOK Ha OKPEMHX KaHajaX, B HE3aJIEKHOCTI Bij] iXHROTO Ha0Opy y
HUIAXY), TOAl AK (PYHKIIS MPOIMYCKHOI 3[aTHOCTI € YTHYTOI (Ma€ BiJ’€MHY JpYyry
noxijHy). MyHKIlS BTpAaTH MAKETIB € MYJIbTUILUIIKATUBHOK (3HA4eHHs (GyHKIIT yis
NoOyTKy TMapaMmeTpiB AOPIBHIOE AO00OYTKY 3HaueHb (PYyHKLII Bil KOXHOIO 3 IUX

napameTpiB), ajie i1 MOXKHA MEPETBOPUTH HA aTUTUBHY (DYHKIIitO, B3SIBIIU Jiorapupm



49
BigHomeHHs . Came 3a JONOMOrOI0 IbOTO Tapamerpa i € MOXKIUBUM 3a0e3MeYuTH
mepexeBuid QOS [65].
1106 oIiHUTH MPOIYKTUBHICTH IIJISXY, PO3TIITHEMO MPOMYCKHY 3JaTHICTD K Mipy
NPOAYKTUBHOCTI, IKa XapaKTepU3ye YCHIIIHY JOCTaBKy MaHuX Es: uepes kaHai 3B s3Ky.
VY naHomy BUMAIKy Iie nuiix, ae Es; € orpumannvu nanmmu dyx Big jpKepena Sy, 3a

BUHSITKOM IOBTOPHO MEPEIAHUX JAHUX [data IPOTATOM YChOTO YaCy CHOCTEPEKEHHS 1t

[66]:

Jie, BIAITOBITHO:

Stx — (drx - rdata)

Stx

(2.6)

ANTOPUTM HAWKOPOTLIOrO MUISAXY Ma€ BHU3HAYaTH MAapLIPYyT 13 HAWHHKYOIO
BapTICTIO 3 €JHAHHS, BU3HAUCHOIO 3HAYEHHSAM, OOCpHEHO MPOMOPLINHUM AOCTYIHIN
NPOMYCKHINA 3JaTHOCTI KOXKHOTO 3 €HAaHHA. 3a3BUYail JJIsl Takoro THUITy MOUIYKY
BUKOPUCTOBYEThCA anroput™ Jleiikctpu. OCKiabKM 718 OOYyJ0BU MapuIpyTiB Oyiio
oOpaHo Il ypaxyBaHHSI YOTUPH Pi3HI METPHUKH, TO BapiaHTH MOIIYKYy HAHKOPOTIIOTO
HUIAXY MatOTh OyTH 00’ €JHaH1 y €IMHY BUXIJTHY MaTPHIIO Ta 00paxoBaHi 3a JOTOMOIOI0
anroputMmy [elikctpu. HeoOXimHO pO3IMNIAHYTHM MOKA3HUKHU MNUISAXY 3 HAWMEHILIOIO
KUIBKICTIO TIEPEXO0/11B, BAPTICTIO MPOITYCKHOI 3TATHOCTI, 3aTPUMKOIO Ta BTPATOIO MAKETIB
[67].

[nsx MiHIMATBPHUX MEPEXOJIB TO3HAYAE HAWMKOPOTIIMHM MIISAX 13 HAWMEHIIOIO
KUIBKICTIO MEPEXO/IIB MI>K BUXIJTHUM 1 KIHIIEBUM BY3JIOM.

H;; = min (h(P)), (2.7)

Jie | — I0YaTKOBA BEPIIIHMHA, 3 IKOT OYAYEThCS NUISAX; | — KiHIICBA BEPIIUHA IIUISXY.

[nsx MiHIMQJIBHOI BapTOCTI CMYTM MPOMYCKaHHS I[O3HAYa€ HaWMEHIITY
JOCTYMHICTh MPOITYCKHOT 3JaTHOCTI 3-TIOMIXK JOCTYITHUX MEPEXO/IB.

[[Insx wmiHIMaIBHOT 3aTPUMKH TIO3HAYAa€ HAWMEHIIy 3 CyMapHUX 3aTPUMOK

JOCTYITHUX MapLIpyTiB.
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D;; = min(u(P)) (2.9)

HInsx MiHIMaIbHOI BTpATH MAKETiB MO3HA4Ya€ HaMEHIIMU BiJICOTOK BTPAYCHHUX
MaKeTiB MPH Mepeiayl JaHuX 3-TIOMIDXK JOCTYITHUX MapIIPYTiB.

L;j = min(p(P)) (2.10)

Y pob6oTi cTaBUThCS MeTa OyAyBaTh HAWKOPOTIN HUISIXH MK TPUCTPOSAMU Y

KOMIT FOTEpHINA MEpeXi 3 BUKOPUCTAHHAM Pi3HUX MeTpuk QOS. 3MiHIOIOUYN MiHIMAIBHY

BapTICTh TMEpecuiiaHb [JIsi METPUKH, 3a SIKOI0 HEOOXITHO OLIHUTH TO0YI0BY

HAMKOPOTIIIOrO MapuipyTy, € MOXJIUBICTh JUHAMIYHO BHOpPATH HUISX IJIS AAHUX MIX

BY3JIOM-JI?)KEPEJIOM Ta BY3JIOM-aJIPECATOM.

2.2. MeToa no0y10BH KaHAJIB 3B’SI3Ky HA OCHOBI iHTerpajbLHOro KpuTepiio 3

YPAXyBaHHSAM METPHK IKOCTi 00CJIyrOByBaHHA

2.2.1. O04ucIeHHS IHTErPAJbHOT0 KPUTEPi0 MOOYA0BH KAHALY 3B’ A3KY

MeTton, 0 IPOMOHYETHCS, 3ACHOBAaHUM Ha 3aCTOCYBaHHI KJIACUYHOTO aJIrOPUTMA
Hevikctpu. Bin 0a3zyeThcsi Ha BUBYEHHI HAOOPY CYCIAHIX BY3IB 1 OOYMCICHHSX IS
BU3HAYECHHS MOTEHILIMHOrO HAMKOPOTUIOrO0 MHUIAXY MDK JDKEpEeIoM S 1 IYyHKTOM
npusHaueHHs d. BracHe, BiH OOYHCIIOE HAWKOPOTINI MIISAXH JO BCIX ITyHKTIB
npusHadeHHsA. [lotim 1s iHGopMmaris BuxkopuctoByeThcsi SDN-xoHTpoOsmepoM s
MapIIpyTH3allii o Tomnojorivnomy rpady [68].

[IIo6 mpoBecTH OOYMCIECHHA WUIAXIB MK BEpIIMHAMH, anroput™m Jlerkcrpu
noTpedye BaroBy MaTpUIlio, Ha OCHOBI SIKO1 BiH MOPIBHIOBAaTUME TIEpPEeX0au (Baru pedep
Ha rpadi) Ta KOMOIHATOPHO BU3HAYATUME HAMKOPOTIINM 3 HUX. SIK yKe 3a3Hayanocd, y
TPaJAMIIITHOMY MIIXO0JI 3a3BUYail BPaXOBYETHCS JHIIE OfHA (piamie — JiBl) METPUKHU
nepexoAiB. ¥ naHiii poOOTI MPOMOHYETHCS BPaXOBYBATH YOTUPU — KIJIBbKICTh MEPEXO/IIB
M1k MMOYAaTKOBOIO Ta KiHIIEBOIO BEPIIMHAMH, CMyTa TPOIyCKaHHs, 3aTPUMKa Ta BTpaTa

[MaKeTIB.

Ha ocHoBi BaroBoi maTpuiri airoput™ (popmMye MapiipyT NPOXOKEHHS TTaKeTIiB. 3

ypaxyBaHHAM OOpaHUX MapameTpiB AKOCTI 0OCIyroByBaHHs, BUOIp MapuipyTy Oyne
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O1bIIIE BIAMOBIIATH MOTpedaM KOpUCTyBaya.

Hexait y npomeci mnepenaui Tpadik MNOBHUHEH JOCSAITH BEpUIMHHU-apecaTa 3
rapaHTI€l0 Ta y HaMKOpoTIIl TepMiHU. BpaxoByrouum pobGoTy amroputmy Jledkcrpw,
Tpadik mpoiae Mo €IMHOMY HAUKOPOTIIOMY (ajie He 00O0B’SI3KOBO HalOe3MeUYHIIIoMY)
MapuIpyTy. Y mpoiieci nepeaadi Tpadiky BiH Ma€ MPOUTH KOXKEH MPOMIKHHUI MPUCTPiid
y MEpEeK1 BIATOBITHO 10 TOTOJOTTYHOTO MATIOHKY, PyXalOUUCh TAKUM YHHOM TIO IILJISIXY,
KWW BIANOBIAA€E 3aJaHUM BHUMOTaM.

Jlns po3paxyHKy IUIAXy 3a JIONOMOror anroputMmy JledkcTtpu mnoTpiOHO
OOYUCIHUTH CyMapHy BapTICTh MPOXOMKEHHsS TpadlKy MK JBOMa By3JaMH [ Ta j, Ta
oOpaTH IUISAX 3 HAWMEHIIIO0 BapTICTIO JI0 BY3J1a J, 1€ j#L.

[le Mo>kHa MPECTABUTH y BUTIIAI JBOX MMapaMeTpiB:

e d;;— BapTIiCTh 3B’A3KIB M) BEpIIUHAMH [ Ta J;
e D;;— HaWKOPOTIINH NUISIX, IKUM IPOXOAUTUME TpadiK MiX BEpIIMHAMHU [ Ta
J.

Ha mouarky cBo€i poOoTu anroputm JIeWKCTpu IMO3HAYa€ BEPIIMHHU 33JaHOTO
TOMOJIOTIYHOTO Tpada. BiH BUKOPUCTOBYE ABa CIUCKHU ISl TTO3HAYEHHSI MiHIMaJIbHOI
BapTOCTI BY3JIiB: OJUH MICTUTh 00YMCIICHI By3iu (MOCTIMHUN CIUCOK S), a IHIIHHA —
BY3JIH, SKHX IIe Hemae (rorepenHiii cnucok S”). IIpoTsrom kKokHOT iTepariii anropurm
OOYHUCITIOE HAWKOPOTIIUN IUISAX BiJ CYCIIHBOTO By3jda k 10 By3ia [ 3 HAWMEHIIOO
BapTICTIO 110 By3Ja i. CucoK S 301IbIIY€ETHCS NUISIXOM JI0/IaBaHHS OOYMCIICHUX BY3JIB.
Cnucok S’ npu IbOMY 3MEHIITY€ThCS IUISIXOM BUJAJIEHHS BY3J1B, 1110 Oy A0JaHi A0 S
[69].

AJNTOPUTM NOYUHAETHCA 3 MPU3HAYEHHS NMOCTIMHOT MiTKK () TOYATKOBI# BEpIINHI S
Ta TUMYaCcOBOI MITKH HecKiHueHHOCTI perrti (N-1) BepimH. Bigroai Ha KokHIH iTeparrii
KO>XHA HACTYITHA BEPIIIMHA BCTAHOBIIIOE MOCTIHHY MITKY BIITIOBITHO /10 TIEBHUX MPABUJL.

KoxHa BepIimHa |, sKa I¢ HE MO3HAYCHA IMOCTIMHO, OTPUMYE HOBY THMYAaCOBY
MITKY, 3HAUCHHS K01 3aa€ThCS HACTYITHUM YHHOM:

Dij = min(Dl-j, (dl + Wij))' (211)

ne D;j— miTka BepimHu | (y MpaBiii YaCTHHI PIBHSHHS — «CTapa» MITKa y CIIHCKY S’
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BU3HAYCHA K MiHIMAJIbHUI IUISAX MK BEpIIMHAMY | Ta ] HA MUHYJIIH niepesipii); d; —
«cTapa» MITKa BEpIIMHH | Yy CIHCKY S; w;; — Bara pebpa (IpsMa BIJCTaHb) MK
BepIIMHaMy i Ta j. SIkmio i Ta j He 3°eHaHi peOpoM, TOi W;j = 0] | — OCTaHHS BEPIIMHA,
MOCTIMHO MO3HA4YeHa Ha MOTEPEIHIN 1Tepallii alropuTmy.

[Ticst Toro sk HaliMEHIIIe 3HAYEHHS cepeJl YCiX TUMYACOBHUX MITOK 3HalIEHO, BOHO
CTa€ TMOCTIMHOIO MITKOIO BIAMOBITHOI BEpIIMHMU (BHIAISIETbCA 31 CHOHCKY S’ Ta
NEPEXOANTh Y CHHUCOK S). Y pasi, KO y KUIbKOX HAHKOPOTIIMX NUISXIB OJHAKOBA
JIOBXKMHA, 3 HUX JUIS TIOCTIHHOTO MapKyBaHHSI BUOMPAETHCS OJMH BUMAJKOBUM YHHOM.
PoGoTta anroputMy NpOAOBXKY€TbCSA, MOKM BEpUIMHA NpU3HAYeHHS ! He oTpumae
nocTiitHy MiTky. [lepiia BepiuHa, siky HOTPIOHO MOCTIHHO MO3HAYUTH, 3HAXOAUTHCS HA
HalMeHIIi BijcTaHi Big S. Jlpyra BepmmHa, sika OTpUMYE€ MOCTiiHYy MITKY 3 pemta (N-
1) BepiuH, € BEpPIIMHOI, HAHOIIKYOO 10 S. 3 pemtH (N-2) BepIInH, HACTYITHOIO, SIKa
OyJle MOCTIMHO MO3HAYeHa, € Ipyra HalOauxK4a BepiirHa 110 S, 1 Tak gami. [locTiitHOIO
MITKOIO KOKHOI BEPIIMHU € HAHKOPOTIIIa BIJICTAHb I11€1 BEPIIUHU BiJ S.

SAx 3a3Havanocs BuIE, I TOOYJAOBM HAMKOPOTIIMX UHUISIXIB Yy poOOTI
MPOTOHYETHCST O0paTH YOTHUPU KpuTepii BUOOPY MapuipyTy Ha OCHOBI NapameTpiB
00CITyroByBaHHs KaHaJIB 3B’s3KYy, 10 OyJAyTh CKOMOIHOBAaH1 y €JUHUMN IHTETPAIbHUM
KputTepii. Ane anroput™ J[eWKcTpu MOKe OJHOYACHO TPAIFOBATH JIMINE 3 OJHHUM
HabopoM JaHuX 3 iH(popMalieto rpo Baru pedep rpada. [1{oou BpaxyBatu yci napameTpu
SKOCT1 0OCITyTOBYBaHHS OJTHOYACHO, TOTPIOHO BUPIMIUTUA HACTYITHI IPOOIEMHU:

1. OG’enHatu naHi mpo Bark pedep 3a BIANOBIAHMMHM TapaMeTpaMu SIKOCTI

00CITyroByBaHHs KaHAJIIB 3B’ A3KY;

2. BuzHauuTu (31 CTOpOHU KOPUCTYBaya) MPIOPUTETHICTH OKPEMHUX METPUK SIKOCTI

00CITyroByBaHHs HaJ 1HIIMMHU Yy SKOCTI KpUTepis s oOpaHHS OCTaTOYHOTrO
IUISXY .

3. BpaxyBaTu MOXKJIMBICTb PO3/IIJICHHS MEPEXK1 HA MiAMEPEK1 (CETMEHTH ) 3 OAHIEI0
YU KUIBKOMa BY3JIOBUMH BEpIIMHAMHM Ta HEOOXIAHICTH mepenayi Tpadiky 3
OJIHOTO CETMEHTY B 1HIIH.

Jlns BupimieHHs nepiioi npodseMu (HOpMYIOTHCS BIANOBIAHO YOTUPH YMOBHI

Martpuili (IuB. OyKBeHHI TO3HaYeHHsS y Gopmynax 2.7—2.10): matpuns nepexonis Hij,
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MaTpHULs CMYyTH npornyckanHs Bij, maTpuus 3arpumku Djj 1 Matpuis BTpatu naketis Lij.
Ko’xHa ymMOBHaA MaTpuilsi BUKOPHCTOBYE 3a Bary pedpa MOpPIBHSUIbHI JaH1 BiJIOBIIHOI
METPUKH JIJIS1 3B SI3KIB MK MPUCTPOSMU MEPEkKI — TaK, HAMPHUKIA I MOPIBHIHHS
BTpaTu makeTiB KoHTposep SDN po3cunatume mo Mepeki TECTOBUM MaKeT JaHUX JIJIs
BU3HAYCHHS BIJICOTKY BTpAT, 1 BHUCTABUTh 3HAUCHHSA BariB pedep MPOIOpIiitHO
OTPUMaHHUM pe3yJibTaTaM [JIsl Pi3HUX 3B’SI3KIB MK KomyTatopamu. [loTiM ymoBHI
MaTpuill MOTPIOHO TIpocyMyBaTu Juisi (GOpPMyBaHHS €IWMHOI BaroBoi MaTpHII
IHTETpaJIbHOTO KpUTEpito oOpaHHs HUIAXy Kjj, 3 SKOIO 1 MpalroBaTUME aIrOpUTM
Jevikcrpu.

Buxopasuu 3 BUMOT ISl aIMIHICTPYBaHHS, IPOTIOHYETHCSI BU3HAUYCHHSI PIOPUTETIB
napameTpiB 00CITyTOBYBaHHS I[IJTMMHU YUCIIAMH, 110 CTAaHYTh 3HAYCHHSIMH BEJIMYWH, 110
MPOIMOHYIOTECA — Koe(ilieHTiB mnpiopures3amii. Hampukian, sKio BpaxyBaHHS
JIOCTYITHOCTI CMYTH TPOMYCKaHHS Ma€ OUIbIIy BaXXJIUBICTh JJisi OOMIHY JaHUMU Yy
MepexXi, HK KUIBKICTh HEOOXIIHHMX MEpPEXOAIB MK KOMYTaTOpaMH, TO KOE€(ILI€HT
npiopuresatii 1yist MaTpuil Bjj Oyne BcTaHOBIEeHUI BUIIMM 3a KoedimieHT Matpuil Hij
Ha BEJIUYMHY, 10 0OMPAETHCI BUMOTaMU J10 MEPEXKI.

MoskiiiBe po3IIJICHHST MEpeXl Ha CEerMEHTH Tepeadadae MpOBEICHHS O0YMCIICHD
BariB pedep rpady miaMepexi OKpeMo B KOKHOMY cerMeHTi. [[1s oOMiHy AaHUMHU M1XK
MPUCTPOSIMA B MeEXaxX OJIHOTO CErMEHTa JOJIaTKOBI Jii, OKpPIM BXK€ OINHCAHUX, HE
MOTPEOYIOThCA. Y BHITQJKY, SKIIO JIaHI MAalOTh MPOWTH 3 OJHOTO CETMEHTY B 1HIIIHH
4yepe3 BY3JIOBI BEPIIMHM, CETMEHTH BapTO BBAXKATH €IMHOIO CYTHICTIO. TakuM 4uHOM,
JUISL X CETMEHTIB iXH1 MaTpulll iHTerpanbHOro Kpurepito Kij 0yayTh 06’ €1HaH1 Mk cO0010
yepe3 CyMyBaHHs, ajie Koe(ilieHTH mpiopuTe3allii y KOKHOMY CErMEHTI MOXKYTh OyTH
BH3HAYCHI OKPEMO Ta BpaxOBaHi Ha eTalli CyMyBaHHS YMOBHUX MaTPHUIb CETMCHTY.

3aranpHe MaTeMaTU4YHE Tpe/ICTaBIeHH (HOpMyBaHHS BaroBoi MaTpuIll HA OCHOBI
IHTErpaJIbHOTO KPUTEPIO NowyKy nuiaxy Kjj ams poOOTH ONTUMI30BAaHOTO aJrOPUTMY
JleHKcTpH Jy1s MOy KY HaHO11bI 30aJIaHCOBAHOTO IIISXY MK IPUCTPOSIMU MEPEXK] Mae
Hactymauid Burisia [70]:

XEN*
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e a — koedilieHT mpiopuTe3alii mepexomdiB; b — koedimieHT mpiopuTe3alii CMyru
IpOIycKaHHs, C — KoedillieHT mpiopuTe3aliii 3aTpuMks; d — koediieHT nmpiopuTe3arii
BTpPAT MAKETIB; X — MOPSIIKOBUI HOMEP CETMEHTY (IMEPEexKi).
PimeHHsT HE OOMEXYETHCS 3aCTOCYBAaHHSAM JIMIIE YOTHPHOX 3aMPOMOHOBAHUX
METPUK SKOCTI OOCITyrOBYyBaHHsS Ta MOXe OyTH pO3IMIMpEHE M0 HEOOXIAHOI KiTbKOCTI
IHIIMX METPHK 3 BIAMOBIMHUMH KoedimieHTamu. B y3araibHeHOMY BUTIISAI (GopMyia

O0OYHCIICHHSI IHTETPAIbHOTO KPUTEPII0 Ma€ BUTJIS/;

K = z (i Ky My )z (2.13)

xeN* y=1

ne kK — xoedimienT npiopuresanii MeTpuky; Mijj — YHCIOBE BUPaKCHHS METPUKH.

2.2.2. MaTteMaTu4He OOTPYHTYBAHHS 3MEHIIIEHHSI YaCOBOI CKJIATHOCTI

100y10BH BipTyaJlbHUX KAHAJIIB 3B’ A3KY

BaxnmuBHUM acnieKToM OIIHKU €()EKTUBHOCTI METONYy MOOY/I0BU KaHAJIB 3B’ SI3KY €
yacoBa CKJIaJIHICTh, TOOTO MaTeMaTUYHE MPEACTaBICHHS OYIKyBaHUX YaCOBUX 3aTpaT Ha
noOyJOBy KOXHOTO KaHajia. Y BHNAAKy anroputMmy JleWkcTpu, micias aHamizy i
MOPIBHSIHHSA 3’ €/IHaHb 3a MIEBHOIO YMOBOIO 1H(OpMaIiss POpMYETHCS Y BUTIISAL MATPUILIL
BariB 3B’A3KIB MDK BEpUIMHAMHU. TaKUMH yMOBaMU MOXYTh OyTH HE JIMIIE TEBHI
€BPUCTUYHI ITPaBUJIa 32 TUIIOM KPUTEPIiB AKOCTI 0OCTYTrOBYBaHHS, a i LIIJIKOM KOHKPETHI
BUMOTH, SIK-OT, Y TMPOIIEC] JIOTICTUKU Ta JUCTPHUOYIIi HEOOXITHO TIPOUTH Yepe3 HUBKY
HEOOXTHMX BY3JIOBHX BEPIIMH Ha TOIOJOTIYHOMY Tpadi, adbo K y mporeci BUOOpYy
HUIAXY HEOOXIJTHO KUIbKa pa3iB MPOMTH Yepe3 OJMH 1 TO caMuii By30i1. Bumora moxe
OyTH MocTaBjIeHa TAKUM YUHOM, 10 BUOIp LIUX BY3J11B MOXKE HE MAaTHU HIYOTO CIIJIBHOTO
3 IHIIMMHA METpUKamMH. BUXonsuu 3 1bOTro, Ha 3arajbHy Bary 3B’S3KiB MK BY3JaMH
BIJIMBATUMYTb HE JIUIIE 00paxoBaH1 KpUTEPIi MOPIBHSAHHS MapILIPYTiB, a 1 0OMEKEHICTh

PO3rally’KeHOCTI MIUISIXIB Yepe3 HEOOX1IHICTh MMOBEPTATHUCS Y TIEBHI BEPIIIHHH.

YacoBa CKIaIHICTh CTBOPEHHS OJTHOTO BIPTYyaJIbHOTO KaHATY BiJl BUXITHOI TOYKH

710 KiHIIEBOTO By3J1a y TOMOJIOTiYHOMY rpadi anroputMom JeiikcTpu cranoButs [71]:
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O(N?), (2.14)
ne N — KUIBKICTh BY3JIIB TTOYATKOBOI (PI3MYHOI Mepexi, B paMkax sKoi (hopMy€eThCs
KaHal.
BixmoBigHO, YacoBa CKJIaJIHICTh CTBOPEHHS K BipTyaabHUX KaHATIIB 1AM METOJIOM
JIOPIBHIOBATUME:
0(kN?) (2.15)
3a3Buuaii, 0JJHOMY BIpTyaJlbHOMY KaHally MOX€E BIAMOBIAATH JIeKUIbKa (13UYHHUX,
AKl, SIK TPaBWJIO, HE TMepeTuHalThcs. lle momomarae miaABUIIUTU €(PEKTUBHICTD
MpoIeTypu KOHCTPYIOBaHHS Tpadiky, 3abe3neunTn 3amani mapamerpu QO0S mpu 3miHi
napameTpiB MEepexi, 30KpeMa IpH 3MiH1 OKpeMHUX METPUK KaHaIB repeaadi indopmarii,
HUISIXOM 3aMIiHUA OJHOTO (hI3UYHOTO KaHajy IHIIMM B paMKaX OJHOTO BIPTYyaJbHOIO
KaHamy.
B 3aranpbHOMYy BHMaaKy, 4acoBa CKJIAQJIHICTb CTBOPEHHS OJHOTO BipTyaJlbHOTO
KaHaTy, SKUW CKJIaAaeThes 3 ( PI3UUHUX KaHATIB, CKJIa/IAE:
0(qN?) (2.16)
[Ipu hopmyBaHH1 BIpTyanbHOTO KaHAITY, IKHI CKJIAJAETHCS 3 MHOKUHH IUISXIB, 10
HE TIEPETUHAIOTHCA, a BEPIIWHU, IO BXOAAThH y MOMEPEeaH] NUIIXH, HE BPaXOBYIOThCH,

yacoBa CKJIAJHICTh AITOPUTMY CKianae [72]:

0 N2+z ZNLJ , 2.17)

ne N — KUIbKicTh BY3JiB B MepeKi; K — KUTbKIiCTh IUIAXIB, MO HE MepeTHHAIOTHCS; Nij—
KUIBKICTh IPOMIPKHUX BEPIIMH HUIAXY L.

Hexail mpezacTaBieHuil TOMOJOTIYHUN Trpad KOMIT IOTEPHOI MEpEeXi 3 IMEBHOIO
3B’s13aHicTIO Mixk 21 BepmmHamu. HeoOxiqHO moOyryBaTi K MapipyTiB Mixk HEpILOO Ta
OCTaHHBOIO BEPIITMHAMH 32 JOTIOMOT'0I0 KOMOIHATOPHOTO AJITOPUTMY TaKUM YHUHOM, 11100
BOHU HE MaJli CIIUJILHUX NIEPEXOAiB Ta BepiuH. Baru pebep rpada mis gaHoi 3aga4i He
npornucaHi 0e3nocepeHbO, aje BBAKAETHCS, IO MEpeXi] Mae SKHANOUIbIIYy LIHY B

3aJIEKHOCTI BiJl CBO€I JIOBXKMHU, IO HA MPAaKTULI 4acTO 0OYMOBJIEHO reorpadiuHuMu
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0COOIMBOCTAMHU. TakuMm YHNHOM, CTOITh 3aBJaHH HO6YI[OBI/I IIJIAX1B  BHUKIIOYHO

BIIHOCHO MO3uIli{ Ha rpadi (puc. 2.1).

Puc. 2.1. Tononoriyauii rpad KOMIT I0TEpHOT MEpExi

MiHiManbHa pO3MiJIbHA MHOXHHA IIHOTO Tpady MOPIBHIOE TPHbOM, IO MOXKHA
JIOBECTH 3 BUKOPUCTaHHSAM KOMOIHaTopHoro anroputmy [lelikcrpu. Posrasinemo ioro
poOOTY TOKPOKOBO.

Ha mepmiomMy kpoili 00MpaeTbcsi HAMKOPOTIIMKM MPSAMHUM NUISX BiJ MOYaTKOBOTO
By3sa 1 10 By3na-aapecara 21. YacoBa ckiIagHICTh HOTO MOIIYKY CKJIaJa€, BiMOBIIHO
10 0a30BOi CKJIAMHOCTI anropuTMmy JledkcTpu, KBaapaT KUIBKOCTI BCIX BEpIIMH rpady
(puc. 2.2):

L:1—-3—-7—-12—-17—21, (2.18)
t(Ly) = O(N?) = 21% = 441. (2.19)
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Puc. 2.2. TloOyaoBa nepiioro BipTyajJbHOTO KaHATY 3B’ A3Ky MIX BepIIMHaMH 1 1

21

Ha npyromy kpoiii popmyeTbes NUIAX Yepe3 YOTUPHU BEPUIMHU Y BEPXHIN YaCTUHI
rpady. B pamkax 1minoro rpagy 4yacoBa CKJIaJHICTh HOTO MOILIYKY 3 YpaxyBaHHSIM 4acy,
BUTPAUYEHOTr0 Ha MEPIINN IIJISX, CKIaIaTUME CyMY CKJIaJHOCTI MOIIYKY NEPIIOro HUIAXY
Ta KBaJpaT KIJILKOCTI BEPIIMH 0€3 ypaxyBaHHs THX, Yepe3 Kl BXKE MPOXOJUTh MEepUINi
HUISX.

Ha pucynky 2.3 mo3HadeHO, OKpIM 3HAMJEHOTO JAPYToro NUIsAXy, TaKoX HaOIp
BEpUIMH 1 IEPEXOAIB MK HUMH, SIKI HE MOXKYTh OyTH 3a/isH1 Y APYroMy LUISXY 4epes
T€, 10 IUISIXU HE MAIOTh MEPETUHATUCS M1k COOOI0!

Ly:174—-6—11—18—21, (2.20)
t(Ly) = O(N? + (N — N, )?) = 212 + (21 — 4)* = 730. (2.21)
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Puc. 2.3. IloOynoBa apyroro BipTyajbHOT'O KaHAITy 3B’SI3Ky MiXk BepliuHaMmH 1 1
21

Ha nHactynmHoMy Kpoui (GopMyeTbesl TpeTiid NUISIX, Y HWOKHIN yacTtuHi rpady. Tyt
HasBHI JiBa MOTEHI[IHI MapIIpyTH, M0 HE MEPETUHAIOTHCS. TOM, IO CKIIAJAETHCS 3
4OTUPHOX BepmuH (4depe3 BepmuHU 8-20), Ta TOH, IO BKIOYAae B cede yxe 5
NpoMiKHUX BepiiuH (depe3 2-19). He quBisuuch Ha Te, 110 MEPUINH MUIAX € KOPOTIIHM
K 3a KUTBKICTIO TIEPEXO/iB, TaK 1 reorpadiyHo (3a ymoBamMu 3ajadi, JOBKUHA 3B 3Ky
XapakTepu3ye MOTo Bary), BiH He MOke OyTH oOpaHUi Ha AaHiil iTepalli yepe3 Te, 110
BKJIIOYA€ B ceOe BEPIIMHU, MMOEAHAH] 3 TUMH, 110 YK€ 3aJisiH1 y paHimie copmMoBaHUX
HUIXax.

Tox o0upaeTbes NUIX yepe3 BepuHu 2 1 19 3 mictbma nepexonamu. [Jo yacoBoi
CKJIQJIHOCT1 TMONIYKY I[bOTO HUIAXY pa3oM 3 JBOMa MOMEpPEAHIMH JOJAEThCS KBaJapat
KUJIBKOCT1 BEPILHMH, SIK1 3aJUIIAINCh HA MOBHOMY Tpadi 0e3 ypaXxyBaHHS THX, IO B¥KE
Oynu 3adisiHI Y MUHYJIUX nupsixax. CxemaTuyHe NpeACTaBiICHHS MOOYIOBH LULIXY 3
«HEJOCTYTHUMI» TIEpeXoJaMH Ta BEpUIMHAMH 4epe3 iXHIO0 «3alHATICTE» Y MHHYJIHUX

HuIsIXax Mo3Ha4eHo Ha puc. 2.4:
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L3:122—-5-9—-15-19-21, (2.22)
t(L3) = O(N?+ (N —N,)>+ (N—N.)?) =730+ (21 —-8)? =899  (2.23)

Puc. 2.4. ITobyaoBa TpeThOro BipTyaJIbHOIO KaHATY 3B’SI3Ky MK BepiinHamu 1 i

21

YerBeptuil muisix (OpMyeTbCsl TAKOXK y HIDKHIM 4YacTUHI Tpada 3 4YOTHPbOX
NPOMIXKHMX BepiinH. Ha manoMy erari BKe HE 3aJIMIIUIIOCH BEPIIMH, 10 HE 3B’s3aH1 3
TAMHU, 10 OyJNM 3adisiHI y MUHYJUX NUIAXaX, TOMY BIIOYBAa€ThCs CHpoda TMOIIyKY
IMPOMIXKHHMX BEPILHMH, 1[0 MAIOTh 3B’SI3KM HE JIMILIE 3 TUMH, 10 3a[15HI paHille, ajne i 3
He3aaissHuMH. Le mae 3Mory oOpaT BIAKMHYTHI Ha TTONIEPEaHIN 1Teparlii MapIIpyT 4epe3
BepmmHN 2 1 19. IlinTBepmKyeTbcs TPaBUIIBHICTE (POPMYJIBHOTO TPEACTABICHHS
4acoBO1 CKJIQHOCTI MOIIYKY NUISAXY 3T1IHO (2.16). CXxemMaTHyHO NIISX MO3HAYCHUM Ha
puc. 2.5:

Ly:1-28—13—-16—20—21, (2.24)

2
4 3
(L) =0 N2+ Z N — zNL]. — 899+ (21—13)2 =963.  (2.25)
i—2 =1
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Puc. 2.5. IloOGyaoBa 4eTBepTOTO BIPTYyaJIbHOTO KaHAITy 3B SI3Ky MIXK By3Jiamu 1 1 21

Jns  BupimieHHA 3a1ayl  po3poOKM  aNrOpuTMIB MOOYJOBU KaHAIIB, SKI
XapaKTepU3yrThCs MIHIMAIBHOKO YacCOBOK CKIIQJIHICTIO, HEOOXIOHO 3MEHIIHUTH
KUIBKICTh 3B’43KIB MIX By3JaMH, MO SIKMM BiIOyBaeTbCd MOUIYK MIISAXIB, IO HE
nepeTuHaroThesa, Ha rpadi. g mporo mij yac mporecy moOynoBU NUISXIB Trpad
po30uBaeThcss Ha uvactuHH (miarpadu). Lle mo3BomuTh Mpu OOYMCIEHHI YacOBOI
CKJIQJHOCTI MOILIYKY KOXXHOTO HUISIXY HE BPaxOBYBaTH yBECh LIUTICHUM rpad, a Juuie Ti
BEPIINHM, 1110 € YACTHHOIO IIThOBOTO MiArpady. 3a paxyHOK IIbOT0, 4YacOBa CKJIA/IHICTh
MONIYKYy MUIAXYy OyJIe KpaTHO 3MEHIIYyBaTUCh KOXHOI 1Tepallii, MOPIBHSIHO 31
CTaHJApTHUM MEePeOOPOM YCIX MOKIIUBUX BEPIIHH.

[e#t minxig mae psg nepesar. [lo-meprie, Oyae 3MEHIIEHUNH pPO3MIp TaOIHUITh
MapIIpyTU3allii, M0 AO3BOJIUTH CIPOCTUTH MIATPUMKY MEpPEki Ta 3HU3UTh BUMOTHU 0
amapatHoro 3a0e3nedeHHs (a 0Tke, 1 MaTepiasibHi BUTpatu). [lo-apyre, Oyae 10CATHYTO
3MEHIIIEHHS YacOBOi CKJIAJHOCTI QJITOPUTMY TOMIYKY NUIAXY, [0 MPHUIIBUIIINT
nepecwiands Tpadiky MDK By3igamu Mepexi. llpu upomy, y SKOCTI aaropuTmy
MapHIpyTH3allii BUKOPUCTOBYBATUMEThCS KIIACUYHUHN alropuT™ JlelKcTpH, o poOUThH

PIIIICHHS CyMICHHUM 3 HassBHUMH MPOTOKoIamu yrpasiinas SDN mepexi.
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BukoHaeMO TMepeoliHKy YacoBOI CKJIQJHOCTI TOWIYKY MUISAXIB, 10 HE
NEepPEeTUHAIOTHCA, IS Tpady, M0 PO3TIIAIA€ThCSA Y JAHOMY IYHKTI, 3 YpaXyBaHHSIM HOTO

JTUHAMIYHOTO po30UTTSA Ha miarpadu (puc. 2.6).
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Puc. 2.6. Po36uTTs Tononorignoro rpady Mepexi Ha miarpadu

Jns mepmioro nuisixy depe3 BepmiuMHUM 3 1 17 3MiHM 4acoBOi CKJIQJHOCTI HeE
B1I0OyJIOCS, OCKUIBKM BIH OyayeTbes, Oa3yrounch Ha Tmiepedopi ychoro rpady.
BianoBigHo, fioro yacoBa ckiaaHicTs 212 = 441,

[lepmmii nuisx, moOynoBaHui B cepeauni rpada, IIIuTh Moro Ha aBa miarpadu —
YMOBHO Ha3MBaTUMEMO iX BEpPXHIM Ta HWXKHIM. BepxHiit rpad ckiamaeTbcs 3 MIECTH
BepunH (4, 6, 10, 11, 14, 18), a vuxHi — 3 ne’stu (2, 5, 8, 9, 13, 15, 16, 19, 20).
BianoBigHo, apyruit nuisx, 1m0 noOyJoBaHUM y BepXHbOMY Tiarpadi, miadupaeTbes 3
mecTyu BepmmH, a He 3 (21-4), ax oOpaxoByBasiocsi BHIle. TakuM YMHOM, YacoBa
CKJIQJHICTh APYTOro HUIIXY TENep CKIAIae

t(Ly) = O(N? + Ny*) = 212 + 62 = 477, (2.26)

ne Ny — KUTBbKICTh BEPIIMH BEpXHBOTO miArpady.
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Hpyruii nuisx po30uBae BepxHii miarpad 1me Ha MEHII ABl YaCTUHU — miarpad 3
BEPIINH, Yepe3 sIKI HUISX MPOXOJIUTh, Ta Ti, M0 3HAXOJATHCA MK HUM Ta MEPIIUM
nustxoM (To6to, Bepmuau 10 1 14). Ase oOM/BI 111 BEPIIMHA MAIOTh 3B’ SI3KH JIUIIIE 3 YKE
3aJIISTHUMH BEpUIMHAMU, TOMY € TYIIMKOBUMH 1 HE BUKOPUCTOBYBATUMYThHCA Y CIIpoOax
oOyI0BH NIISAXIB, IO HE TIEPETUHAIOTHCS.

AHAJOTIYHUM YHHOM, SIK JIJIS JPYTOTO INIIAXY, OOpaxyeEMO YacOBY CKJIAIHICTh
MOIIYKY IUISXIB BKJIFOYHO 3 TPETIM HUISXOM, 1110 C(DOPMOBAHUH Y HIDKHBOMY miArpadi.

t(L3) = O(N? + Ny + N,?) = 212 + 6% 4+ 92 = 558, (2.27)
ne N — KITbKICTh BEPIIMH HUXKHBOTO TiArpady.

TpeTiM HUIIXOM HYKHIN miarpad po3aiieHuil Ha aABa MeHI miarpadu. Ha BigMiny
BiJl BEpXHBHOro miArpady, TyT CKIajacs CUTyallisi, KOJH 1€ OJWH IUIAX MOXe OyTH
noOyI0BaHUH 3 BEPIIHH, 1110 3aJUIIHINCA HE3aAITHUMHU 1 MaIOTh 3B’ 3KU MK COOOIO Ta
13 3aiSHUMU BepirHamMu. YacoBa CKIIAJHICTh MOOYJOBH YETBEPTOTO HUISXY Oyle
nopiBHioBat 0, TOMy 110 TIepebOpy HE BIIOYBAETHCS 1 NUISIX CKIANAETHCS 3 €IUHOTO
MO>KJIMBOI'O MAPUIPYTY, IO 3aJTUIIUBCS Y miArpadi. 3 1mie€i npu4auHH:

t(L,) = t(L3) = 558. (2.28)

[Ipn kmacu4HOMY TIAXOJ1 YacoBa CKIAJIHICTh ITOOYJIOBH YOTHPHOX IIUISIXIB
CKJIajasia Maibke yaBiui Oubie — 963. Came ToMy [Tt BUpiIIeHHsI TpoOsieMu K MIISXiB,
10 HE TIEPETUHAIOTHCSA, HA TOTIOJOTIYHOMY T'padi KOMIT I0TEPHOT MEpPEXk1 IPOIIOHYEThCS
METOJ pO3IlIeHHs rpady Ha miarpagu 3 MNOAANbIIUM IMOUIYKOM NUIAXIB Y MeXax
niarpadis. IBunka noOynoBa MapuipyTiB, L0 HE MEPETHUHAIOTHCS, 03BOJUTH
3MIICHIOBATH MOMEHTAJIbHY 3MIHY OCHOBHOTO NUISIXY HaJICUJIAHHS Tpadiky B Mepexi
SDN y pa3i BigmMOB, 1110 CTaHe Ha PUTO/Ii TPH HEOOX1AHOCTI AMHAMIYHOT peKoH]irypartii

Mepexi.

2.2.3. O04ucIeHHs KpUTEPiKo HAAIIHOCTI BY3J1iB /151 3MEHIIEHHSI BTPAT

HeeJIaCTUYHOT0 Tpadiky y mepe:ki SDN

JInst miABUIIEHHS €pEKTUBHOCTI MOOYI0OBU BIPTYyaJIbHUX KaHAJB 3B’ 513Ky B MEpPExKi

SDN 'y pobOOTi TpOMOHYETHCS IEHTPATI30BAHMMA MAXIJ OO MapHipyTH3aIii
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KOMIT’ FOTEPHOT MEpexi: 3aBuacHa MoOyJ0Ba KaHaJiB 3B’SI3Ky KOHTPOJIEPOM Ta BHOIp
TaKuX 13 HUX, 110 HaWOLIbIIE BIAMOBINAIOTH 3aJaHii SIKOCTI 0OCIyroByBaHHs. Jlis
BUPIIICHHS MPOo0JeMH BHOOPY TAaKOrO KaHaly 3B’SI3KYy Ta 3MEHILIEHHS BIJCOTKY BTpat
MAaKeTiB B yMOBax Iepeliayl HeelacTHYHOro Tpadiky MNpPOMOHYEThCS BUKOPUCTAHHS
J0JJTATKOBOI METPUKHU HAAIMHOCTI BY3JIiB.

Po3srnsnemMo Mepexy, IO MPOrpaMHO BU3HA4Y€HA, Y BUIIIAAI HEOPIEHTOBAHOTO
rpada:

G=V,E,W,C), (2.29)
ne V — HemopokHs KiHIIeBa MHOXHWHa BepuiuH, E — muoxkuna pebep; W — Baroma
(byHKIIIs, IKa TPUCBOIOE KOXHIM BEPIUHI TIEBHE JiiicHe uncio 3 inTepBaiy (0, 1], sxuii
nmo3Hava€e iMOBIpHICTH 0e3BiAMOBHOI poOOTH 1boro By3na; C — BaroBa (yHKIIis, sSKa
IPUCBOIOE KO)KHOMY peOpy MEBHE J1HCHE YUCIIO.

[I{o6 mocsArTy MiHIMAJIBHUX BTpaT JaHUX MpU TEepenayl y Mepexi, HeoOX1JIHO
OpraHizyBaTu KOHCTpPYIOBaHHsS Tpadiky BiamoBimHuM uuHOM. [lo-mepiie, € motpeda y
edeKTUBHIA MapHIpyTH3allii, TOMy HEOOXIJJHO CTBOPUTH MHOXKHHY IUISXIB, IO HE
nepeTrHarTbes (uB. myHKT 2.3). Lle 103BoJIss€ ONTUMABHO OpraHi3yBaTH PO3IOJILT
iHdopMaIlli Mk MapuIpyTaMu, BPaxOBYIOUM METPUKHU JIJIi KOKHOTO NUIAXY Ta THI
Tpadiky, 110 HUM MEPEAAETHCS.

Oo6uucnenns BaroBoi Gpynkuii C s rpady mepexi 0ysio mpencTaBieHe y MyHKTI
2.2 (bopmyna 2.12). Taka dyHKIis, 0 103BOJISIE OTPUMATH BaroBi KOeDIEHTH s
OLIIHKH TO0YTOBH KOKHOTO IUISAXY, JEMOHCTPYE y3araJbHEHY METPHUKY 3 ypaxyBaHHSIM
napameTpiB SKocTi o0ciayroByBanHs (QO0S), 00 HuIAX iss OYAb-IKOTO THITY Tpadiky
OyB sIKOMOTa KOPOTIIUM Ta TaKUM, 1110 HE JIOITyCKa€ epeBaHTAKEHb KaHAJB 3B’ s3Ky. B
pe3yabpTaTi 0OYUCIEHHS METPUK SIKOCTI 0OCIyrOBYBaHHS 3B’sI3KiB, POPMY€ETHCS YMOBHA
BaroBa MaTPHIIs, SIKa BUKOPUCTOBYEThCSI KOHTposiepoM SDN 1t mpoeKTyBaHHS MUISIXIB
MDXK IMOYaTKOBUM 1 KIHIIEBUM BY3JIOM.

VY nepeBaHTaXEHIM MEpeXi CTaHU 3’ €HaHb IMOCTIMHO 3a3HAIOTH 3MiH. Taki 3MiHK
BXKO Mepea0aunTh, OCKUIBKH € P MPHUYMH, SKI MOXYTh CIPUYMHUTH HECIIOJIBAaHE

HAaBaHTAXXEHHS Ha OKpPEMY JIHIIO 3B’S3Ky, fKa 10 ILOTO 3abe3neuyBajia CTaOUIbHY



64

nepeaady Tpadiky i 103BoJIsIIA IEpeIaBaTH JaHi Py 30€peKEeHHI BUCOKOTO P1BHS SKOCTI
oOciyroByBaHHs. Cepell IUX MPUYMH € HACTYTIHI:

e 3001 B poOOTI IPUCTPOIB y MPOMIKHHUX JIAHKAX MEPEXKI;

® panTOBI HABaHTAXXEHHS Ha KIFOYOBI KaHAIIM TIepeayl;

e 30UIbIIEHHS KUTBKOCTI KOPUCTYBAUiB MEPEXKI.

Y nepmiomy BuUNaaKy nOpu 300X B PpoOOTI OJHOTO 3 KOMYTaTOpIB YH
MapIIpyTHU3aTOPiB MOTPIOHO TEepEeCHIaTh MaKeTH Ha iHII KaHaau. [Ipu oMy meBHi
3'€THaHHS MOXYTh 3HAYHO MEPEBAHTAXKYBATHUCS.

Y napyroMy BHWITaIKy 3aTPUMKHA MOXYTh BHHUKATH dYepe3 dYacTi OJHOYACHI
MIJKIIOYEHHS 1O OJHOTO 3 PEeCcypcCiB BEJIMKOI KUIBKOCTI KOpHCTyBauiB. Taki 300i
OUIKYIOTBCSl U€pe3 HU3KYy HEKOHTPOJIbOBAHUX aIMIHICTPATOPOM (HaKTOPIB, TaKUX SK
3pOCTaHHSl MOMYJSPHOCTI OKPEMHUX BY3JiB, IMIJBHUILEHA AKTHBHICTH KOPUCTYBAaiB Y
NeBHUM yac 1061 a0o0 pi3H1 BUAM 3710My. MOO1IBHI MEPEKI TAKOK MOKYTh 3ITKHYTHUCS 3
npoOJeMor0, KOJM MICHs MIJKIIOYEHHS JOJaTKOBMX aOOHEHTIB BHMHUKAIOThH
NEepPEeBAHTAKEHHS MEBHUX KaHAIIB Iepeiadl, OAHAK L1 Mepexl 3a3BHyYaid OLIbII
IJITOTOBJICH]1 JI0 TAKOTO POy TIPOOJIEM.

Y MHMHYIMX TyHKTaXx [bOTO pO3AUTy 3ampoONOHOBAaHO Ta OOIPYHTOBAHO
BUKOPUCTAHHA  MOJAM(IKOBAHOTO  alrOpUTMy mpu  (OpMYyBaHHI  MapIIpyTiB.
3acTOCOBYIOUH HOT0O, MOXKHA 3HANTH BC1 MApIIPYTH, 10 HE MIEPETUHAIOTHCS, MK MTapamMu
By3J1iB. Ha ocHOBI iH(opMarii mpo cTaH KOXXHOTO MapmipyTy KoHTpojiep SDN mae
BUOpaTH MapuipyT 3 HAWUMEHIIUM IHTETPAIbHUM KPHUTEPIEM, IO BPAXOBYIOE CTaHU
KaHaJliB HA MOMEHT 3aIuTy.

BtiM, g migBuilieHHST SKOCTI mepefadi Tpadiky KOHTpoJiep Mae 30upaTu
iH(DopMaIlito He JUIIe MPo CTaH 3B’SA3KIB MK By3laMu. Ha mpakTuili KoMmyTatopu Ta
MapuIpyTH3aTOpPH MarOTh BJACHI apXITEKTYpHI HEIOJIKH, IO HE J03BOJIAIOTH iM
BUKOHYBATH TEPECUJIaHHS TMAaKEeTIB MDK CBOIMH TMOpPTaMU TOBHICTIO O€3BIMOBHO.
Kontponep SDN, sk 1 y BUNagKy 3 1HIIMMH METPUKAMU SIKOCTI OOCITyrOBYBaHHs, Ma€e
MO>KJIMBICTh IMHAMIYHO 30MpaTH Ta OHOBJIIOBAaTH CTAaTHCTHKY BY3J]IB Ta 30epiraTu ii y
CBO1H mam’aTi. J{71s1 1boT0 BiH Oy7ie aHai3yBaTH KIJIbKICTh MAKETIB, IO TPOXOASTh Yepe3

KOMYTaTop, Ta MOPiBHIOBAaTH 00’ €M Tpadiky, 10 OTPUMAHUMN BXITHUM MOPTOM, Ta TOM,
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o OyB BiJNpaBJICHUH yepe3 BUXiTHUN mOpT. Lle BiAHOMIEHHS MPOMOHYETHCS Ha3BaTH
Koe(]illieHTOM HaIIMHOCTI By3Ja.

p; = e(t) out
l e(t)in ’

ne e(t)out— KUTBKICTH MAKEeTiB, IO HaTiCJIaHa 3 BUX1THOTO IMOPTY 3a OUHUITIO Yacy; e(t)in

(2.30)

— KUTBKICTh TIAKETIB, 110 OyJjia MpUIHATA BX1THUM ITOPTOM 3a TOM caMuii yac.

Hexaii npeacraBneHuil AesiKuii MapuipyT, A SKOTO HEOOXITHO BUPIIIUTH 3a7ady
oO0YHCIIeHHsT WMOBIPHOCTI BTpAT MAaKeTiB Yepe3 HEeHaAIMHICTh By3/diB 0e3 ypaxyBaHHS
METPHK SKOCT1 0OOCITyTOBYBaHHS KaHaJiB 3B’s3Ky. ba3yrouncek Ha BiHOIIEHH] KiJTBKOCTI
NAKeTiB, 10 OyJM YCHIINIHO HAaJAICAaHl 3 BXIJHOTO HAa BUXIAHUN HOPT KOXKHOIO
KOMYTAaTopa, 10 MOBHOI KIJIKOCTI MaKeTIB, U0 HAaJICUJIAJIUCh 3 MEPILOTO By3ja, MOKHA
IIPOBECTH OLIHKY HaAIHHOCTI KoxkHOTO By3a Pic(0, 1].

s obuuncieHHs: MoBipHOCTI BTpaTn nakety P(Aj) mis MapmpyTy 3 MHOKUHH
HUIAXIB, [0 HE IEPETUHAIOTHCS, NMPOMOHYETHCS 3aCTOCOBYBATH (oOpMyIy HOOYTKY

HE3AIEKHUX MOIIHN:
n
Pa)=1-| oo, i=Tnm (231)
i=1

ne P(A;) — iIMOBIpHICTh BTpaTH MakeTy MpH HOTo mepeaadi no UUisIXy J; Pi — KoeiieHT
HaJIIHHOCTI By3Ja.

HaniiiHicTh By3J1iB HE € METPUKOIO SIKOCTI 0OCITyTOBYBAHHS KaHAJIB 3B’ 13Ky, TOMY
BOHA HE CYMY€EThCS B 3arajibHy YMOBHY BaroBy MaTpHUIIIO BIAMOBIAHO 710 hopmynu 2.12.
BoHna nponoHyeTbcsl 10 BUKOPUCTAHHS SIK OOMEKEHHS — 1 3a MEBHUX HaJIalITyBaHb
Mepexi 3a MmoTpedH aaMiHICTpaTopa MOXe OyTH BUKOpHCTaHA y cCleHapii oOpaHHS
nusixy. Hanpukian, moxke OyTu 3amaHe JaesKe NMPaBWiIO, 3TAHO 0 SIKOTO OJIUH 3
aNbTEPHATUBHUX MAapILIPYTIB, SKUM Mae OUIbLIy BapTICTh IO METPUKaM SKOCTI
0OCITyroByBaHHsI KaHaliB, aje MEHIIy WMOBIPHICTh BTpPAT MAaKETIB 4Yepe3 HaJlliHICTh
BY3J1iB Ha MEBHY BEJIMUYMHY, Oy/ae BBaXKaTUCS OCHOBHUM MaplIpyToM. [HIIMIl BapiaHT
3aJIaHHs MPaBWIA: MapIIPyT, 110 MA€ 3aHAATO BEJIMKY WMOBIPHICTh BTpAT MAKETIB, HE
MOKe OyTH BKJIFOUEHHH J0 MepesiKy aJbTePHATHBHUX MApPIIPYTIB 1 Oy/ie iIrHOPYBATHUCH

KOHTPOJIEPOM JIJIsl BUOOPY HAMPABIICHHS MaKETIB.
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BukopucranHs MeTpuKM HaalWHOCTI By3Jla, 3a PaxyHOK MOCTIHHOTO
BIJICJIIIKOBYBaHHS KOHTpoJiepoM SDN cTaHy MHOpPTIB KOMYTaTOpiB, J03BOJISE TaKOXK
OIlepaTHBHO pearyBaTy Ha BiIMOBH BJIACHE BY3IIIB, a HE JIMILIE KaHAIB 3B’ sA3Ky. Y pasi
BUXOAY 3 JIaJy KUIbKOX MOPTIB MEBHOTO KOMYTaTOpa, KOHTPOJEpP Ma€ 3MOTY OJpasy
TUMYAacOBO BUKIIOUUTH 3 TOTIOJOTIYHOTO MAJIOHKY MEPEKi MMOB’s13aHi 3 IUMHU MOPTaMH
3B’A3KH, a Y pa3l BUXOMY 3 JIaAy yCiX MOPTIB OJipa3y — MOBHICTIO BUKJIIOYUTH BY30J 3
rpady Mepexi 3 ycima 3B’s13KaMu, 110 WAYTh 10 Ta 3 HbOro. Lle 103BonnTh cpuitmaTu
BY30JI K aBapiiiHy AUISHKY Ta YHHKAaTH HOTO Mpu mepenadi Tpadiky, JOKH poOOTy

KOMyTaTopa He Oy/ie 3HOBY BIJTHOBJICHO.
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BucHoBku 10 po3aisy 2

Icuytoui anroputmu He 3a0€3MeUyI0Th KOMILJIEKCHE BHUPIIICHHS 3aja4l o0y 10BU
BIpTyaJIbHOI MEpeXi 3 BU3HAUCHHSAM IUIAXIB, sIKI OM 3a0e3meuyBaiy 3'€qHAHHS Bif
BHUXIJIHOI TOUKH JI0 ajJipecara, BPaXxOBYIOUHM HAJIIMHICTh KOMYTaTOPIB Ta CTaH 3B’S3KIiB
MDK HUMU. [t 3a0e3neueHHs SsKoMora MEHITUX YaCOBUX BUTpAT Ha nepenaudy Tpadiky
npu MoOyZ0BI MapHIpyTy MDK BYy3J1aMH 3alpONOHOBAHO OJHOYACHO BPaxOBYBaTH
JOTHUPU METPHUKHU SIKOCTI OOCIYTrOBYBaHHS: KUIBKICTh IEPEXOJIIB MDK BEpIIMHAMU,
JIOCTYITHY CMYTY TIPOITyCKaHHS, YaCOBY 3aTPUMKY Ta BIJICOTOK BTpayeHUX MakeTiB. [Ipu
CTBOPEHHI 3allUTy Ha BU3HAYEHHS MapuIpyTy M Tpadiky y MEpexi CTaTyC BY3JIB
OHOBITIOETHCS 3 METOIO TOOYAOBH XY, IO BIINOBI/Ia€ IKOCTI 00CITyTOBYBaHHS.

VY po3aini 3anponoHOBaHUM IHTETpATbHUI KpUTEP1il 11 TOOYA0BH KaHAJIB 3B’ 3Ky
3 ypaxyBaHHSM SIKOCT1 00CITyTOBYBaHHs y BIpTyalIbHIi KOMIT IOTEpHINA MEPEKi Ha OCHOBI
texHosorii SDN. Bin mpencraBise co00r0 KOMOIHAII0 YMOBHHX BaroBUX MAaTpHIlh
(kokHa TOOyJIOBaHa UIsl «CBOrO» MapameTpy OOCIyroByBaHHA) Uisl (POpPMyBaHHS
€IMHOI MATPHUIIl MEPEXOJIiB MK By3JlaMHU. 3alie’KHO BiJl TUMY Tpadiky, I KOXKHOTO
napaMeTpy SKOCTI OOCIYrOBYBaHHS MeEpexki 3aJaloThCs CIeliadbHl Koe]ilieHTH
npioputesairii. BUkopucTaHHs iHTErpaIbHOTO KPUTEPIIO JO3BOJISE JOCITTH 30€PEKCHHSI
MIBUIKOCTI Tiepenayl AaHuX Juisi OyAb-sSKOro TUIy Tpadiky Ta 30UIBIIMTH THYUYKICTh
noOyZJOBY KaHaJIB 3B’SI3Ky y MEPEXI MMPHU 3MiHaX ii KOHPIryparii.

VY po3aini npoaeMOHCTPOBAHO, IO KOMOIHATOPHHUM aJTOPUTM OaraTOIUISIXOBOI
MapIIpyTu3amii, mo ¢opMye K MUIAXiB, 0 HE MEPETHHAIOTHCSA, Ha rpadi Mepexi,
XapaKTepU3y€eEThCS MEHIIO0 YaCOBOKO CKJIAHICTIO B MTOPIBHSIHHI 3 0a30BUM aJITOPUTMOM
y BUNQJKYy PO3AUICHHS rpada Ha miarpadu 3 BUKOHAHHSM KOMOIHATOPHHUX Omeparliii B
MEXKax KOXKHOTO 3 HUX OKpeMo. PozauneHHs rpada Mepexi Ha miarpadu 3MEHIIUIO
YacOBYy CKJIQHICTh TOOYJOBM KaHATIB 3B 3Ky 3 BUKOPUCTAHHSIM I1HTETPAIHLHOTO
KpUTEPIIO.

VY po3aiii 3anpornoHOBaHUNA KpUTEpid HAIIMHOCTI BY3JiB MEpPEki i MOOYyJ0BU
KaHaliB 3B’s13Ky. Kputepiii HamiiiHOCTI € YHCIIOBUM BIJHOMICHHSM MIX KUTBKICTIO

MAKeTiB, OTPUMAHUX KOMYTaTOPOM, JI0 KUJTbKOCTI, 10 OyJjia Ha/liclaHa HUM 3 BUX1AHOTO
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NOpTY 3a Ty caMy OJMHHMIIIO Yacy. 3a JOMOMOIOI0 MOPIBHSJIBHOTO aHAJI3y BXIAHOTO Ta
BUX1JIHOTO Tpadiky Ha mopTax KomyTatopiB Mepexxi SDN Bu3HauaeThcsi HMOBIPHICTD
BTpaTH MaKEeTIB MPU MPOXOKEHHI BY3JIiB HA KOXKHOMY 3 aJbTePHATUBHUX MapIIPYTIB.
BukopucranHs KpUTEpir0 HAJIMHOCTI BY3JIB JIO3BOJMJIO 301IBIIUTH HAAIMHICTH
nepeaadi Tpadiky 1Mo KaHajaaM 3B’ SI3Ky Ta 3MCHIIUTH BTPaTH JTaHUX.

Y maHoMy po3Aiii 3a1IPOMOHOBAHUN METO/1 OOYI0BU KaHAIIB 3B 3Ky BIpTyalbHOI
Mepexki Ha OcHOBiI TexHojorii SDN, skuil BHKOPHUCTOBYE IHTETpaJbHUM KpUTEPid
noOy/I0BM KaHaJTIB 3B 3Ky MEPEX1 3 ypaxyBaHHSIM SIKOCTI 0OCIyroBYBaHHsI, KpUTEPIi
HaAJIIMHOCTI BY3JIiB MEpeXk1 Ta PO3AUICHHS 11 Ha MiAMEpeXl MijJ yac Mporecy modyaoBu
KaHaJIiB 3B’ s13Ky. MeTo1 J03BOJIMB 30€perTH IBUKICTh, 3SMEHIIIUTH 3aTPUMKY Ta BTpaTH
JAHUX MIpH iXHIK niepenayi 17s OyAb-sSKOro THILY Tpadiky y pas3i BUXOAY 3 JIay OKPEMUX

JJISTHOK MEPEexKi.
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PO3JILT 3

YIOCKOHAJIEHHS METOAY JUHAMIYHOI PEKOH®IT'YPALIL
BIPTYAJIbHOI KOMII’FOTEPHOI MEPEKI HA OCHOBI
TEXHOJIOI'LI SDN

3.1. Peaizauisi MmeToay nod0ya0BH KaHAJIB 3B SI3Ky HA OCHOBi IHTerpajbLHOIO

KPHUTEPilo 3 ypaxyBaHHAM SIKOCTi 00C/IyrOByBaHHS

[Tig gyac dynkuionyBanusa Mepexi SDN MoxIuBe panToBe BiAKIIOYEHHS YaCTUHU
koMyTaTopiB. Lle 00ymMoBiIIO€ HEOOXITHITH peKOHDIrypartlii — nepedy10BU JOCTYITHUX
JUIS TIepeniadl JaHuX KaHamiB 3B’ s3Ky. Bimomi peamizarii koHTposepiB SDN 3a3Buuaii
nepeOyI0BYIOTh MUISIXH TIEpeiadi TaHuX 3 HyJIA, 0 BEJE J0 BEIUKUX YaCOBHX BUTPAT
Ha pekoH(irypailito. BUKOpUCTOBYIOUM 3alpONOHOBAHUN y JAPYroMy pO3JLIlT METO
mo0yI0BH KaHaJIiB 3B’ 13Ky HA OCHOBI IHTETPAJILHOTO KPUTEPIIO Ta MaM’SITh KOHTPOJIEpa,
sKa 30epirac MHOKHUHY paHilie moOyJOBaHUX HUISAXIB (B TOMY YMCII1, HEAOCTYITHUX JIJIs
nepeaayl micist MOsiBU aBapiiHUX JUISTHOK MEpEK1), MPoIiec JUHAMIYHOT peKOHpIryparii
MOJKHA yJTOCKOHATTUTH.

Pexondirypartiss Mepexi MOYMHAETHCS 3 TOOYOBU KaHAJIB 3B’SI3KY 3TiHO rpada
TOMOJIOT1I MEpPEeXi, sIKI BUKOPUCTOBYBATHMMYThCS B MpoOILECi mnepedadl Tpadiky MIix

MOYaTKOBOIO Ta KIHIEBOIO BepiuuHamMu (puc. 3.1).

Puc. 3.1. I'pad Tononoriunoi opranizaiiii Mepexi
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Sk 3a3Hauanocs y po3aut 2, 000B’SI3KOBOKO BUMOTOIO JI0 apXITEKTypH MEpEexl €
BpaxyBaHHS MMapaMeTpiB SKOCTI 00CITyroByBaHHS MapIIpyTiB. B ekcniepuMeHTaIbHOMY
rpadi 10 By3miB. [lepenbagaeTncs, mo By30a | € BUXIAHOIO TOYKOIO, a A0 Touku 10
HEO0OX1THO MO0y AyBaTH IUISIX.

B xomi cBoiXx o0u4McIeHb KOHTpOJEpYy HEOOXiMHO Cc(HOpMYyBaTH MHOXHUHY
MapmipyTiB, IO HE MEPETUHAIOTHCS, BiJ BUXIAHOI BEPIIMHHU 0 aapecara, abo miiTw

BHCHOBKY, 1[0 BCTAHOBHUTH 3B’ 130K MIX By3JIaMU HEMOKIHBO (puc. 3.2) [73].

< MOYATOK >

A 4

OTpumaTn AaHi MeTpUK

QoS

Y

O6uncautu saru pebep

A 4

BuKkoHaTtn cnpoby nobyaysaTtn
KaHan 3B'A3Ky

KaHan Bganoca nobygysaTtu?

TAK

A 4

MobyayBaTy anbTepHaTUBHUIA KaHan BcTaHoBUTK 3B'A30K
3B'A3KY HEMOXN1BO

KaHan Bganocs nobyaysaTtu? HI

\ 4
36epert MHOXUHY
KaHanis 38’A3Ky, WO He
nepetuHaTbCA

A\ 4

=

Puc. 3.2. AnroputM noOy10BH MHOKWHU KaHaJiB 3B 53Ky, 10 HE MEPETUHAIOTHCS
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3riqHo anroputMmy JleWKCTpu, mNpamopelb HUHINIHBOI TOYKM HAa TMOYATKY
BCTAHOBIIIOETHCS HA BEPIIMHY |, BiZICTaHb BiJ MOYATKOBOI TOYKH JIO BJIACHOTO BY3J1a
BCTaHOBIIIOEThC Ha 0, a 1HII BY3JIM MO3HAYAIOThCA TEramMu. YCi JeCATh BY3JiB, IO
MO3Ha4eH1 Ha Tpadi, MOMIIAIOTHCS O MHOKHHHU BY3JIIB IIUIIXY S.

[lepiroro 3 METpUK, 110 BPAXOBYIOTHCS, € KUIBKICTh MEPEXO/iB Mk BepIIMHAMU
(xomiB). /I;s1 OIIHKYM BiJICTaHI MIXK BEPIIMHAMH 3TiHO HEl CTAHIAPTHUM ITIXOJIOM €

HaJaHHS OJMHUYHOI Bard KO;KkHOMY peOpy rpada (puc. 3.3).

Puc. 3.3. I'pad Mepexi i3 peOpamMu, OIIHEHUMH 32 METPUKOIO KiJTbKOCTI TIEPEXOIiB

Ha npakTuii y Mepexax 3arajibHOT0 KOPUCTYBAaHHS 32 «IIEPEXiI» M1k MPUCTPOSIMH
MOXXYTh BB@)XAaTHCS I1HINI TOKa3HWUKHU. Hampuknaa, dYacThHa NPUCTPOIB MOXKYThH
BBAKATHUCH MPIOPUTETHUMH 32 PaXyHOK OUIBIII TOTY>KHOTO arapaTHOTo 3abe3nedeHHs. B
TaKOMYy BUNAAKYy aIMIHICTPATOp MOKE 337aTH METPUKY TAKUM YHMHOM, 00 CKepyBaTH
Tpadik Ha Takl IPUCTPOI 3315l 3a0e3MeyeHHs CTaOUIbHINIO! Tepeaayl Tpadiky.

Hacrtynna meTprka — JoCTyHA cMyTa MPONycKaHHs. 3rimHo Gopmynu 2.2, BOHA €
O00OEpHEHO MPOMOPLIMHOI 3aBAHTAKEHOCTI MapuipyTy. Ilpu BupimenHi 3agadi
noOyJI0OBU BIPTyaJIbHOI MEpeXi METpPUKa MPOIMYCKHOI 3IaTHOCTI JJIS KaHaTy 3B S3KYy
OOYHCITIOETHCS. HACTYTHUM 4YuHOM: KoHTpoJiep SDN, 3acHOByrounch Ha JaHUX MPO

NPOIMYCKHY 3JaTHICTh KaHaliB 3B’SI3Ky Yy [aKeTaXx Ha CEKyHIy, BBEIEHHUX
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aMIHICTPATOPOM, OOYHCIIIOE METPUKY SK OKPYIJIGHE YHCIIO BiJ JUICHHS PI3HUIN
BEJIMYMHU I[1€1 MPOITYCKHOI 3JaTHOCTI KaHally 3 MaKCUMaJbHO MOKJIMBOI TEXHIYHO
IIPOITYCKHOIO MOXJIMBICTIO KaHaTy (Hexail BoHa cTaHOBUTH 1000 makeTiB Ha CEKYHIY)
Ha 100.

B pamkax BupillleHHs TOCTaBJICHOI Y JaHOMY ITYHKTI 3a/1a4l BBAXKATUMEMO MPSMU
MapuIpyT MDK I[OYaTKOBOIO 1 KIHIIEBOIO BEpIIMHAMU HAWMEHII HIUPOKUM (TOMY
OLIIHEHUM SK OLIbII BapTiCHUN). 3 HaWOLIBIIOK CMYrol0 MpOIMyCKaHHS Tpadiky

JOCTYITHI IPOMIXKHI MapHIpyTH BcepeauHi rpady (puc. 3.4).

6
5
1 3 6
2
8 8 7

6 2

6 6
1
6 6

Puc. 3.4. I'pad mepexi 13 pedpamu, OLIIHEHUMH 332 METPUKOIO JOCTYITHOI CMYTH

IIPOITYCKaHHS

Komu opranizamis kaHamB 3B’S3Ky 3aCHOBaHA JIMINE Ha BIJCTaHAX MK
MPOMIXKHUMH IPUCTPOSIMHU, TO BUKOPUCTAHHS HAUOLITBIIT KOPOTKUX MapIIPYTIB CIOYATKY
OyJle BUKOHYBaTH Tiepefady 3 MPUUHSITIMBUMU TOKa3HUKAMH, aje MpU 30UIbIICHHI
00’emiB TpadiKy By3bKi IEPEXOH MIBUIKO CTAHYTh MEPEBAHTAKEHUMH, 110 TOTIPIIUTH
CTaOUIBbHICTh Mepeadl JaHuX y MEpexi.

Jlam mpomoHy€eThCs 10 PO3TISAYy METPUKAa YacoBOi 3aTPUMKH TepexoaiB. Bona
MOke OyTu 310paHa JWIE HAa OCHOBI JaHWUX, IO OyJM OTpUMaHI KOHTPOJIEPOM 3

NonepeHboro (PyHKIIIOHYBaHHS Mepexi Xxouya O MEeBHUM MpOMIXKOK vacy. Tomy mpu
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3anycky SDN MapuipyTu3aiiii Ha HOBiM 1HPPACTPYKTypi Ta TOMOJIOTIT yMOBHA MaTPHILI
3aTpUMKH Oyjie THMYacOBO He oOpaxoBaHa Ta piBHa ().

Jlyist BUMaaKy, M0 pO3TIISIIAETHCS, YSIBIMO, IO 32 BUMOTOIO BIIACHUKA MEPEXK1 ISt
OIIIHKHM BapTOCTI 3B’sI3KIB BUKOPUCTOBYIOTHCS I11J11 UUCIIA BiJl OKPYTJICHHS JECATOI 01
3aBaHTAKEHOCTI MapIIpyTa y BiJIcOTKaxX. BiTHOCHO mpsiMuii MapuIpyT Mi>K BEpIIMHAMU
1 1 10 cunpHO 3aBaHTaKEHUM, 00X1THI Yepe3 BepmuHU 4 1 8, a Takoxk 2 1 9 — cepeHpo
3aBaHTaxeHi. [IpocToro0Th MpOMIXKHI 3B’ sI3KK BcepeauHi rpada. Taka cutyartiist J0BOJII
YacTO HasBHA Y PEATbHHX KOMIT IOTEPHUX MEpPEKax 3araJilbHOTO KOPUCTYBAHHS, €
ICHYIOTh OCHOBHI Marictpali, o SIKUM HalpaBiseThCs OUTbIa yacTUHA TpadiKy, y TOU
yac SIK 37aTHI JO MPOXO/KEHHS BEJIMKOi KUIBKOCTI TpadiKy NPOMIXKHI 3B’SI3KH

IIPOCTOIOIOTH (pHC. 3.5).

5
3
1 1 3
1
10 9 7

6 1

1 6
4
6 6

Puc. 3.5. I'pad mepexi 13 pebpamu, OLIHEHUMH 32 METPHUKOIO 9aCOBOT 3aTPUMKH

OCTaHHBOIO METPUKOIO, IO MPOMOHYETHCS BPaxOBYBATH MPHU OpraHizallli KaHajiB
3B’A3Ky, € BIJICOTOK BTpPAuy€HHUX IMakKeTiB. SIK 1 y BHUINAAKy JUIsl 3aBaHTAXKEHOCTI
MapuipyTiB, BOHa Moxe OyTu oOuucieHa mumie michs (yHKIIOHYBaHHA MeEpexi
MPOTATOM MEBHOTO Yacy, TOMY P 0€3MOCepeTHHOMY 3aITyCKy MapIIpyTH3allii Ha HOBIH
TOTIOJNIOTIi YMOBHA MAaTpHIIS BTpAauy€HUX IMAKETIB JOpIBHIOBaTUME Hyr0. Hexail mis

IMPOCKTYBAaHHA iCHye BHUMOTI'a I_IiJ'IOLII/ICJ'IOBOFO MpEACTaBJICHHA Bi}ICOTKy BTpAuYCHUX
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MaKeTIB Ha JaHOMY KaHaJIl 3B’ s13Ky. BTpatu 6e3mocepeiHbo 1MoB’si3aHi 13 3aBaHTaKEHHIM
Ta TPOIYCKHOIO 3/aTHICTIO KaHamy. Hexail Ha 3aBaHTa)KEHOMY IEHTPATHLHOMY IUIAXY

BTpaTH MAaKETIB JOCATalOTh 8%, ajne 1HII 3B’SI3KH JEMOHCTPYIOTh B LINIOMY CTaOlIbHY

nepenauy Tpadiky (puc. 3.6).

2
2
1 1 2
1
6 8 7

3 1

1 3
2
3 3

Puc. 3.6. I'pad mepexi 13 peOpamu, OLIIHEHUMH 332 METPUKOIO BIJICOTKA BTPAYCHUX

IAKETIB

Ha ocHOBI onricaHMX MaTpHIlb BariB EPEX0/I1B, MOKHA CIPOTHO3YBAaTH, AKI IIJISXU
nepenayl Tpadiky OynyTh oOpaHi anroputMoM [lelkcTpu st MapupyTu3aiii Habopy
JaHUX, 10 HeoOXxigHo HaxmicaaTd A0 BepmmHM 10 mpu gaHOMy CTaHI Mepexi.
[TepeBanTaxenuit nentpainbHuil Mapupyt 1—=3—7—10 OyB O6u oOpaHuii numie npu
BpaxyBaHHI OJIHI€T METPUKH KIJIBKOCTI TIEPEXO/IIB, ajie, OUCBUIHO, BIH HE € I AXOAAITUM
3T1JIHO SIKOCTI OOCIYTrOBYBaHHS, OCKUIBKH YEPE3 BEJIMKY 3aBAHTAKEHICTh HA HBOMY 1CHY€E
BEJIMKA WMOBIPHICTh BTPAT JaHUX.

Hexaill BracHMKOM Mepexi 3ajjlaHa BUCOKA MPIOPUTETHICTh YHUKAHHS KaHAIIB 3
BEJIMKOIO YaCOBOIO 3aTPUMKOIO — KOS(DIIIEHT MPIOpUTE3allil 11€1 METPUKU BCTAHOBJICHO
y 3HadenHs 10. J[oBoui BaXXTMBUMHU TaKOK BBAXKAIOTHCS METPUKH KUTHKOCTI TIEPEXO/IIB
Ta BIJICOTKA BTpAueHUX MaKeTiB (KOSQIIIEHTH JOPIBHIOIOTH 5). CMyra mporyckaHHS

3TiIHO BUMOTaM Ma€ BBAXKATHCS HAWMEHII TPIOPUTETHOIO (KOe(Dilli€HT TOPIBHIOE 2).
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Ha ocHOBI oTpuMaHMX JaHUX MPO BUMOTH II0JI0 KOedIli€HTIB mpiopuTe3alii Ta
METpHUK CTaHy MEpPEki Ha MOMEHT IreHepallii Habopy TaHuX, SKUi He0OX1THO HaJIICIaTH,
koHTposiep SDN Mae BuKOHaTH OOYHMCIIEHHS y3arajJbHEHOI BaroBOi MaTpHIll HA OCHOBI

dbopmynu 2.12 HACTYITHUM YHHOM:

ne Hij, Bij, Dij 1 Ljj — BaroBi matpuui pedep rpady, 1o npeacrasieHi Ha puc. 3.3-3.6.
BiamoBinHo, Tomosoriunuid rpad Mepexi, moOymaoBaHW Ha OCHOBI 00’ €IHAHO1

MaTpHULll BapTOCTI KaHAIIB 3B 3Ky Kjj micias oO0YMCIIEHb KOHTPOJEpa BUIIISIIATUME SIK

(s
55 -
24 @
151 151 124

92 24

92

MOoKa3aHo Ha puc. 3.7.

92

Puc. 3.7. I'pad mepexi 13 peOpamu, OLIIHEHUMHU 32 YOTUPMA METPUKAMHU SIKOCTI

00cITyroByBaHHs

Takuii Burisig rpada € rpagiyHIM YSIBJICHHSIM TOIOJIOTIT MEPEKI Ta 3B’ A3KIB Y Hil,
Ha 0a3i "oro mpatoe anroputm Jleitketpu. [IpocymoBani Baru pedep SBISIOTH COOOI0
MaTeMaTUYHE NPe/ICTABICHHS NMPIOpUTE3allli METPHK.

B xoxi pobGotu anroputmy Ta BHOOPY HAMMEHIIOI Baru HACTYITHOTO IEPEXOTy
bopMy€ETHCS MapUIPYT, 110 BUKOPUCTOBYE KIIPOMIXKHI» TIEPEXO/IH, 1110 OYJIM HE 3a]lisTH1 B
X0J11 mepeaayl JaHuX 0e3 ypaxyBaHHS sIKOCTI 00CIyroByBaHHs. TakuM YMHOM, 3aBISIKU
oOuucieHHssM  OyB  cpopmMoBaHMIi  HOBUM  BIPTyaJbHMH  KaHal 3B SI3KY

1-4-6—-7—-8—10 (puc. 3.8).
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Puc. 3.8. Ilepmmuii copmoBanuii kanai 3B’ sa3ky MK BepirHamu 1 1 10 Ha ocHOBI

IHTErpajibHOTO KPUTEPIIO 3 YpaxXyBaHHAM SIKOCTI OOCITYyTrOBYBaHHS

[Ticnst moOymoBu mepuioro (SK 1 miciist OyAb-sIKOrO YeproBOro) MapuipyTy 3 rpady
TOMOJIOTIT MEpPEeXi IJis MOJAIbIIUX OOYUCICHb BWIYYAlOTHCA BEPIIMHM, IO OYyJn
MPOMJIEH] Y MUHYJIMX MaplIpyTax Ta 3B’S3KH JI0 HUX. ['pad) TaKuM YMHOM JIITUTHCS HA
niarpadgu (BXKe BIIOMI MapIIPyTH BHUCTYNAIOTh SIK Iepepi3), B Mexax SKHX 1
B1JI0YBAETHCS MONATBIITUHN MOITYK MAapIIPYTiB JUIsl IOTMIOBHEHHS] MHOYXHUHU IUISIXIB.

VY Bumanky 3ajadi MONIYKYy NUISXIB ISl MOOYIOBU MEpEXi, 110 BUPIIIYETHCS Y
bOMY IYHKTI, HAUOLIBII T XOAAIINHI 3T1THO METPHUK SIKOCTI 00CIIyTOBYBAaHHS MapIIpyT
MPOXOIUTH Yepe3 BepiuHu 4, 6, 7 1 8, TOMy 1711 MOOYIOBU 1HIITMX MApUIPyTiB, M0 HE

NIEPETUHAIOTHCS 13 HUM, BOHM BUKJIFOUCHI 3 ITOAAJIBINOI moOyaoBu (puc. 3.9).

—

Puc. 3.9. IloOynoBa 3anuiikoBoro miarpady Mepexi mciis mo0ya0BU MEPIIOro

KaHaJy 3B 43Ky MK BepiurHamu 1 1 10
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Uepes BepIilIMHY, 1110 3ATUIIWINCH, ICHYE JIMILE OJIMH MOKJIMBUN NUILX 3 By371a 1 10
10, 1 BiH oOupaeTbcs SIK €IMHA ainbTepHATHBA. J[JI1 TakKoro BHIIAJIKYy MOXKHA
CTBEp/UKYBaTH, IO YpaxyBaHHS MapaMeTpiB SKOCTI OOCIYyroByBaHHS MJii LbOTO
MapuipyTy OyJI0 BUKOHAHO HESBHO, OCKIUIBKHM 1€ MapuipyT OyB MOOyTOBaHUM SIK
Oe3albTepHATUBHMM Ticasl MOOYAOBH 1HIIMX KaHaliB 3B’A3Ky. AOHM moponaru
HEBU3HAYEHICTH BIJIMOBIAHOCTI TAaKHUX NUISAX1B MOCTABIEH M 3a/1a4i epeKTUBHOI iepeayi
Tpadiky Ta chopMyBaTH €IUHUM PIBEHBb MPIOPUTETHOCTI YCiX MapHIPYTIB, IO HE
NMEePETUHAIOTHCS,  3HAMOOWTHCS ~ JOoJaTKoBa  Mpiopuresariis. Y  myHKTI 2.4
3alpONOHOBAHUI KpUTEpiil BUOOpPY NUISIXy O METPHUIll HAAIMHOCTI BY3JIB 4Yepes
OOYHUCJICHHS MMOBIPHOCTI BTpaTH MakeTy MpU HOTO TPAHCIOPTYBaHHI 3 BXIJHOTO Ha
BUXIIHUIA TOPT KOXHOTO MpHUCTporo. Came 3a paxyHOK I[bOTO OOMEKEHHS MO>KHA
MIPUBECTH Y BIAMOBIIHICTh MAPIIPYTH, IO MOOYT0BaHI 33 «HAJUTUIIIKOBUM MIPUHITUTIOM,
TOOTO 3IMILIMINCH K O€3aJbTEPHATUBHI MICHS MOIIJIEHHS rpada TOMOJIOT1i MEPEXi Ha
niarpadu.

[Ticnst BUKITIOUEHHS MPOMIKHUX BEPIINH, Yepe3 K1 MPOXOAUTh APYTUi MapIIpyT,
Ha Tpadl 3aTUIIAE€THCSA JHMINE OJHA TYNHKOBA BEpIIMHA 3, Yepe3 sKy MoOyqyBaTu
MapmipyT 10 Bysna 10 HemoxnuBo. TakuMm 4MHOM, B X0/1 poOOTH KOMOIHATOPHOTO
anroputMy (HOpMYIOThCS JIBa IUISAXH, 10 HE MEPETUHAOTHCS, Mk BepiurHamu 1 1 10

(puc. 3.10).

Puc. 3.10. Kananu 38’s13ky mix BepmHamu 1 1 10, moOyaoBaHi Ha OCHOBI

IHTErpaJIbHOTO KPUTEPIIO 3 YPAXyBaHHIM SIKOCTI 0OCITYyTrOBYBaHHS
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OTXe, BUKOPUCTOBYIOUYHM 3alIPOIIOHOBAHUN METOJl MOOYI0BU KaHAJIB 3B’SI3KYy Ha
0a3l 1HTErpaJIbHOTO KpUTEpito, OyJad OTpUMaHI MapHIpPyTH, IO 37aTHI BHUPIIIUTH
npobiieMy e(exTuBHOI mepenaui Tpadiky Ta BpaxoBYBaTH CTAaTUCTHYHI MdaHi, IO
JWHaMI4HO 30uparoThcsi KoHTposiepoM SDN y peanbHOMy uyaci. J[yis pearyBaHHS Ha
3MiIHYy BHMOT JO MEpEX1 aJMIHICTpaTOpH MOXYTh 3MIHHUTH HEOOXITHHHI pIBEHb
npiopuTeTHOCTI st KoxkHO1 3 MeTpuk QOS. Ilporpamue 3a0e3medeHHs KOHTpoJepa
posrisgaTiMe BUOpaHi piBHI K KOoe(ili€EHTH IPIopUTe3allii ISl PO3PaxyHKy YOTUPbOX
HOBHX YMOBHUX BaroBHX MAaTpHIlb IS TOMOJOTIi Mepexki. Omicis KOHTPOoJiep BUKOHAE
iXHE CyMyBaHHS BIJIIIOBITHO JO BCTAHOBJIEHUX pIBHIB, 100 chopMyBaTH MOBHY
MaTpuLlo BariB pebep rpady, a MOTIM 3 BUKOPUCTAHHSAM airoputMmy JleWkcTpu Tta
NPUHIUIY PO3AUICHHS Trpady TOmoJorii Mepexi Ha miarpadgu mnodyaye MHOXKUHY
BIPTYaJbHUX KaHaIIB 3B’SI3KYy, 10 HE NEPETUHAIOTHCS, MK BEPIIMHOIO-JKEPETIOM Ta

BEPIITNHOIO-A/IPECATOM.

3.2. IlpiopuTe3amnisi kaHaJiB Mepeaayi JaHUX HA OCHOBI KpuTepilo HaaiiiHOCTI

BY3.JIiB Mepe:xi

Hactynaum nponecom, 1o BiIOYBa€ThCS B paMKax AUHAMIYHOI peKoH(irypaiii
micyst MoOyI0BY KaHAIB 3B’ 513Ky, € IPpiopUTe3allis moOyJ0OBaHUX KaHaJB, TOOTO BUOIp
THUX, SIK1 TPOXOISITh Ye€pPe3 BY3JIH, 110 BIJIMOBIAIOTH 33JaHOMY KPUTEPitO HAIIHHOCTI.

MeTtpuka HagliHOCTI By3da P; 0a3yeTbCs Ha PO3PAaXyHKYy WMOBIPHOCTI BTpaTH
MaKeTy MpU HOTOo MEPEeHOC] BiJ BXIAHOTO JI0 BHUXITHOTO MOPTY KOXKHOTO IMPOTPaMHO-
BU3HAYCHOTO KOMyTaTopa. BoHa npezcrasisieThes y unciioBoMy BupakeHHi Pie(0, 1] s
BIJIHOIIICHHS TIAKETIB, IO YCIIIIHO TPAaHCIOPTOBAaHI 4Yepe3 MPHUCTPii, 10 3arajibHOI
KIJBKOCTI THX, IO HAAIWIILUIM 10 HBOTO.

{06 edekTHBHO BUPIMIKUTH PoOJIeMy niepenadl Tpadiky Ta y3roAUTH MPIOPUTETH
BCIX MapmpyTiB, MOTpiOEH mporec mpiopute3aiii (MyHKT 2.4), aarOpuTM SKOTO

300pakenuii Ha puc. 3.11.
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MOYATOK

!

OTpumaTH AaHi MeTpuKU
HaaiMHOCTI BY3niB

I

06YnCAUTU KoedilieHTN Ha ik HOCTI
BY3/iB

!
v

BW3HAUNUTK, YM NPOXOAMNTDL i-1 KaHan
3B’A3KYy Yepes By3nu, WO He
Bif,NOBIfal0Tb KPUTEPIO HaLIAHOCTI

TAK

KaHan npoxoauTb Yepes
HeHagailHi By3nu?

TAK
L4

BuKAOUMTM KaHan 3B'H3Ky i3 MHOXWH U
aAN1IbTEPHATUBHUX KaHanis

I HI

3aNUWN AN Cb HEPO3TAAHYTI
KaHaNN Y MHOXWUHI?

HI

36epertm MHOXUHY
KaHanis 3B’A3Ky, LLO He
nepeTnHaTHCA

KIHELLb

Puc. 3.11. Anroput™My BiIOOpY KaHATIB 3B’ S3KY MO KPUTEPIO HATIMHOCTI BY3JIiB

3amaTé BENMYMHY HAIIMHOCTI BY3JIIB MOKHA Ha OCHOBI paHilie 310paHux
koHTpoJsiepoM SDN nmanux mpo ctan (yHKLUIOHYBaHHSA Mepexi. 3rigHo ¢opmynu 2.29
bopMyIOThCSl KOE(ILIEHTH HAAIMHOCTI JJI KOXXHOTO By3ja Ta OHOBIIIOIOTHCA 4Yepes
3aJJaHUil TPOMDKOK 4acy, SIKIIO 4Yepe3 By30JI MPOJOBXKYEThCS Mepeaada JaHuX Ta €

MOKJIMBICTh OHOBJIIOBATH CTATUCTUYHI JaHl. IHIIME croociO: 3agaHHS BEJIWYUHU
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HAJIIMHOCTI HA OCHOBI BUMOT, 0OpaHUX BJIACHUKOM a00 aJIMIHICTPATOPOM MEPEXKi, 110, Y
CBOIO UepTry, MOKYTb 0a3yBaTHCh Ha allapaTHUX Ta MIPOrpaMHUX HEJ0J1KaX KOHKPETHOTO
KoMyTaTopa. B TakoMy pa3i BcTaHOBIIeHI KOe(DIIEHTH HAIIMHOCTI JJIS BY3JIi1B MEPExKi
BUKOPUCTOBYIOTHCS SIK OOMEKEHHS JIJIs1 JOCTYITHOCT1 MapUIPYTIB.

OOumBa MITXOAW 1O BCTAHOBJICHHS 3HAYCHb HAMIMHOCTI BY3JIB I03BOJSIOTH
CHIBCTaBJISITH LUIAXHU, AKi OyJdM CTBOpEHI K Oe3anbTepHAaTUBHI — TOOTO B yMOBax
3MEHIIIEHHS MacmTaly miarpadiB Oyld €IMHUMH MOXJIMBHUMH MapIIpyTaMH MIXK
BUXIJIHUM BY3JIOM Ta By3JoM-aapecartoMm. Lle 103BoiMTh BUKOHATH BHOIp HUIIXY B
yMOBaX HEBU3HAUEHOCTI, KOJIM BpaXyBaHHs apaMeTPiB IKOCTI 00CITyroByBaHHS KaHAIIIB
3B’SI3KY MIPUCYTHE JIUIIIE HESIBHUM YMHOM (4epe3 MoOyA0BY 1HIIUX MIISXIB).

3anponoHoBaHUil MeToA NOOYAOBH NUIAXIB 332 PaXyHOK BpaxXyBaHHA METPUKHU
HAJIWHOCTI BY3JIIB MOKHA BUKOPHUCTATH JUIsl BUPILNIECHHS 3a7adi BUOOpY HUISIXY JUIS
rpady Tomosmorii mepexi. Koatponep SDN Bojioi€ CTATHCTUKOO MTPOXOKCHHS TTAKETiB
yepe3 MpUCTpoi, 310paHoi Ha OCHOBI MUHYJIOTO (DYHKILIOHYBaHHS Mepeki. TakuM 4nHOM,
JUTSL KOXKHOTO KOMYTaTopa KOHTPOJEPOM BHUCTAaBJICHUI KOE(DIIIEHT MOTO HAIIMHOCTI y
YUCIIOBOMY BUpaxxeHHi. ['pad Tomosiorii Mepexi 3 300pakeHHSIM JIBOX IUISIXIB, 110 HE
NEePEeTUHAIOTHCS, SKi Oynu MOoOyI0BaHI y MHUHYJIOMY WYHKTI, Ta TMPOCTaBICHUX

Koe(iMieHTIB HAAIIHOCTI BUTIIAATUME TaK, SK IMMOKa3aHO Ha puc. 3.12.

0.95

Puc. 3.12. I'pad mepexi 3 kaHamamu 3B’ 13Ky Mk BepirHamu 11 10 ta

KoedilieHTaMH1 HaJIHHOCTI BY3JIiB
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Ha ocHoBi 310paHoi koHTpoJjiepoM iHdopmMallli, MOXXKHa MEPEUTH 10 OOYHUCIIEHb
HMOBIpDHOCTEM BTpaT TMAaKETIB Yepe3 HENOJIKM amapaTHOro 4Yu MPOrPaMHOIO
3a0e3MeYeHHs] KOMYyTaTOPiB BxKe Oe3mocepeHbo i MoOYA0BaHUX paHillle MapIIPyTiB.
KoeditieHTH HaIiMHOCTI € YHCIOBUM BHPAXEHHSIM MMOBIPHOCTI BTpaTH MaKeTy Ha
KOHKPETHOMY BY3JI1, TOXK iX MOXKHA BBaXXaTH HE3aJICKHUMU MOAIsIMU. BinnosiaHo, s
OoOYMCIIeHHs] 3arajbHOi KWMOBIPHOCTI BTpaTH MakeTy Ha YChOMY MapUIpyTi 3TiIHO
bopmynu 2.30 HEOOX1THO OTpUMATH JOOYTOK KOedilli€EHTIB HATIMHOCTI JJIS YCIX BY3JIiB
(BKITFOUAIOYM TTOYATKOBUH Ta KIHIIEBHH ), Yepe3 SKi MPOXOAUTH MapIIPYT.

3acTocyBaBIId LI METOJ MJis 3a/4adl, M0 BHUPIIIYETbCS Y JTAHOMY PO3JIii,
OTPUMYEMO WMOBIPHICTH BTPATH MAKETY Yepe3 HeHAIHHICTh KOMYTaTOPIB ISl TIEPIIOTO
Mapuipyty (1—-4—-6—7—8—10), mo OyB BU3HAUCHHUH SIK HANOLIBIN MIAXOIANIANA MTPU
BpaxyBaHHI JIMIIE MMapaMeTpiB SKOCTI OOCIYyroByBaHHA JJiA 3B’si3KiB, maibke Ha 50%
OubILy, HiX U1 Apyroro (1-2—5—-9-10).

P(A;) =1-(0,98-0,95-0,96-0,93-0,92-0,96) = 0,266 (3.2)
P(A,)=1-(0,98-099-0,89-0,99-0,96) = 0,18 (3.3)

[e o3Hauae, 110 Mpu BpaxyBaHH1 METPUKH HAIIHHOCTI BY3JIIB APYTHA MapIIpyT Ma€e
OyTn oOpaHuil SIK MPIOPUTETHUN UYepe3 MEHIILY HMOBIPHICTh BTPATH JaHUX MpHU IX
nepeaayi mo HpboMy. [IpuumnHa, 3a sIK01 MapIIPyT BUSABUBCS MEHII HAIIMHUM, KPUETHCS Y
OUTBIIINA TOBXUHI MapHipyTy. 15 Mepexx BelIuKoro Macmrtady, /e HasBHI MapIIpyTH
gyepe3 6araTo mepeBaHTAKEHUX BY3JIOBUX TOYOK, II€ € BKpail akTyaJlbHOIO MPOOJIEMO}I0,
TOMY JUISI HUX METOJI, III0 MPOIOHYETHCS, JTO3BOJUTH JOCATTH 301IBIICHHS HAIIMHOCTI
nepeaadi JaHuX.

VY naHoMy METO/ll TPOMOHYETHCSI BAKOPUCTOBYBATH CTATUCTUKY HAA1MHOCTI BY3JIIB
HE JIMIIe Yy SKOCTI mpioputesaiii, a i y AKocTi oOMexeHHs. Tak, 0OMeXeHHs] MOXYTb
OyTu 3agaHl JBOMa CIOCcOOaMHM B 3aJ€XKHOCTI BIJ TUIy TpadiKy, MO0 IJIAHYETbCS
HaacunaTy. [lepmuii crocid: mo HaAIMHOCTI HUISIXY — MapIIPYT 13 MHOKUHH HUISAX1B, 110
HE TICPETUHAIOTHCS, HA SKOMY HMOBIPHICTH BTpaTH ITAKETy IPH HOTO IOBHOMY
MIPOXO/IKEHHI HE BIAMOBIJA€ MIHIMAJIbHOMY 3HAUYEHHIO 32 BUMOT'aMH, BUKIIOUYAETHCS 3
MHOXHHH alTbTEPHATUBHUX MapIIpyTiB. JIpyruii crocio: mo HaAIitHOCTI OKPEMUX BY3IIIB

— BY3JIH, 5Kl MalOTh KOE(DIIIEHT HATIMHOCTI MEHIIIUM, HI’)K MiHIMaJIbHUM 32 BUMOTaMU,
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BUKJIIOYAIOTHCS 3 TOMOJIOTTYHOTO Tpady Mepexi, TOOTO yCl IUISIXH, 10 TPOXOATh Yepe3
TaKi By3JI1, MalOTh OyTH BUKJIIOYEH1 3 MHOXKHHH aJIbTEPHATHUB.

[Tpu 3amistHHI OOMexeHHs 1o HaaidHocTi muisixy P(A))=0,2 mis 3agadi momryky
nUBsIXiB Ha puc. 3.12 1 meBHOrO TUMy Tpadiky, NMEpIIMi MapHIpyT HE Moxe OyTu
BUKOpUCTaHUU 111 Tiepenadi, ockinbku P(A1)>P(A;). Takum unHOM, IpyrHii MapmipyT
3aJUIIAEThCS Oe3aIbTepHATUBHUM 1 BUKOPUCTOBYBATUMETHCS UIS TMepenadi Tpadiky
BOTO TUITY.

[Tpu 3amissHHI 0OOMEKEHHS TI0 HaIIMHOCTI oKpemux By3miB Pi=0,9 st Tiel x 3amaqi
MOIIYKY, 0€3aIbTEPHATUBHUM 3AJTUIITUTHCS NMEPIIUA MAPIIPYT: HE JUBJISYUCH HA TE, 11O
npu 00’ eaHaHHI WMOBIPHOCTEH BTpaT MAaKETIB K HE3AJICKHUX MOMAIN IIel MapHipyT B
LIJIOMY € MEHII HaJIHHUM, aJIbTEPHATUBHUNA HOMY JpYruii MapupyT OpOXOIUTh Yepes3
BEPIIMHY 5, [0 MAa€ HE3aIOBUIbHY 3 TOUKY 30py BUMOT HaJIHHICTh, TOMY 1110 Ps < Pi. Lls
HEHaJlliiHa BepirHa OyJie BWJIyY€HA 31 CIHCKY JOCTYHHUX JJisl Iepedadi, y 3B’SI3Ky 3

YUM JIPYTHA MapuIpyT nepectae OyTH MiaXOMsmuM s nepeaadi gqanux (puc. 3.13).

0.95

Puc. 3.13. BukitodeHHs BEpIIMHY, IO HE BIAMOBIIAE KPUTEPISIM HAMIMHOCTI, 3

npoliecy NpiopuTe3allii KaHajiB 3B’ 13Ky

Hexait nns manoi 3amadi aaMiHICTpATOPOM OOpaHO OOMEXEHHS MO HaIIHOCTI
OKpeMux By3idiB. B Takomy Bumanky wMapuipyt 1—4—6—7—8—10 3anumaerbcs

€INHOIO AJIbTCPHATUBOIO IJIA Hepej:[aqi JaHUX.
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3.3. Metox auHamiyHoi pexoH(irypaunii BipTyajbHOI Mepeki Ha OCHOBI

TeXHOJI0ril SDN 3 BUKOPHCTAHHSIM pe3epPBHUX KAHAIIB 3B’ SI3KY

HeoOxinHicTh pexoHpirypatiii Mepeki BUHUKA€E yepe3 psia YMHHKKIB. [lo-nepie, y
3B'S13KY 13 MOKJIMBUM IIBUAKUM 301JIBIICHHSAM OOCATY TAaHUX Ta KUIBKOCTI KOPUCTYBaYiB,
1o iX MepefaroThb, ACSKI BY3JIM MOXKYTh MOYaTH NEPEBAaHTAKYBAaTUCh Ta BUXOJMUTH 3
nany. Lle oco61mBo 9acTo BimOyBa€eThCsl Y MOOLTBHUX MEpEekKax, 31eOUThIITOTO Y THX, 1110
MaloTh BEJIMKE TeorpadiuHe MOKPUTTH.

[To-mpyre, Mepexka MOXKe MEPIOANIHO PO3MIUPIOBATHCH, YEPE3 IO BXKE ICHYIOUI
BY3JIM MPUEIHYIOTHCS 10 HOBUX. PaHime nmoOyoBaHi NUIAXU Nepeaadl JaHUX MOXYTb
CTaTU HEaKTyaJbHUMH 4Yepe3 3MiHY TOIOJIOTITYHOrO MaltoHKy Mepexi. [1{o0 yHukHyTH
HEraTUBHOT'O BIUIMBY Ha IIBUJKICTh Nepenadl JaHuX abo HaBIThb TUMYACOBOI 3yNUHKH
[BOT'O TPOILIECY, HEOOXIAHO CBOEYACHO MPOBECTU MPOIEC KOHBEPIEHIIII KOMIT IOTEPHOT
Mepexi, TOOTO nepedyJ0BY KaHaIB 3B’ A3KY.

HaiikpamuMm cnoco6oM NpUIIBUIIIUTH PEKOH(ITYpaliio € aBTOMaTU3alisl bOro
npouecy. IIpoTokonu Ta KOHTpOJEepH, CTBOPEHI Ha OCHOBI TEXHOJOTIIl MpOrpamHO-
BU3HAUYCHUX MEPEXK, JI03BOJISIIOTH MPOBOJUTH pPEMapIIPyTU3AIlil0 3a BIAPI3KK Yacy,
HE0OX1TH1 J1st 0a30BUX MPOIIECOPHUX OOUYHCIICHB, 1110 HA TIOPSAIKH MIBHUIIE, HIXK PyYHE
nepeHanamTyBaHHsg Mepexi. Kpim toro, xontposep SDN, skuii apXiTeKTypHO €
KOMIT'FOTEPOM 3 MOXJIMBICTIO BCTAaHOBJICHHS IIMPOKOIO Ha0Opy pi3HOMaHITHUX
JOJIaTKIB JJIs YIPABIIIHHS MEPEKEI0, HaJa€ MOKIIUBICTh 30€piraTu TOMOJIOTII0 MEPEXI B
ychoMy ii 00cs3i. Le 103Bosie oMy BUKOHATH NEpEHANAIITYBaHH OKPEMHX BY3JI1B a00
KaHaJiB 3B’s3Ky 3 ypaxyBaHHJIM aHaji3y BIUIMBY HOBHX HaJlalITyBaHb Ha MEPEXKY B
1JI0OMY.

IcHyroui Meromu pekoHdirypamii SDN KOHTpoJsiepiB HE BUKOPUCTOBYIOTh
MOXKJIUBICTh 30€peKeHHS MapHIpyTiB mepenadi y mnam’sti. B manomy posmim
3alpOIIOHOBAHO BUKOPUCTOBYBATH PE3EPBHI KaHAM 3B’SI3KY y BUMAAKY HEOCTYTHOCTI
OCHOBHOTO, II[0 € OCTAHHIM €TaroM PeKOHDIrypailii Mepexi.

ETanu 3anponoHoBaHOT0 METOy AMHAMIYHOI peKOH(Irypallii BipTyaIbHOI MEpexi

SDN, 3rigHo SKUX 31MCHIOETHCS BUOIP PE3epBHOIO NUISIXY, 300paxkeHi Ha puc. 3.14.
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NMOYATOK

A 4

OTpumaTH NOBILOMAEHHA
Npo BiAKAOYEHHA BY3/iB

\ 4
BMKIOUMTM KaHanu 38'A3Ky 3
HeJOCTYNHMMMU BY3/1AaMMU i3 MHOXUHM
aNbTepPHATUBHMUX KaHanis

ANNWNANCb aNbTePHATUBHI
KaHaN Y MHOX UHI?

TAK

O6paTn OCHOBHWI Ta pe3epPBHUI KaHan
3B’A3KY i3 MHOXWH M anbTepHaTUBHUX
KaHanis 38’A3Ky

CoopmyBaTh rpac 3 BUKNIOYEHHAM
npobiemHux By3nis

h 4 h 4
CohopmyBaTh HOBY MHOXKMHY KaHanis
3B'A3KY, WO He NepeTUHATbCH, i3
ypaxyBaHHAM napameTpis QoS

ChopmyBaTH HOBY MHOXWHY KaHanis
3B'A3KY, WO He NnepeTUHaTbCA

A 4

O6paTtu HalkopoTwi 3riaHo QoS KaHanm
3B’A3KY i3 cPOPMOBAHOT MHOXMU HU

A\ 4
36epertm MHOXMUHY
KaHanis 38’A3Ky, WO He
nepeTMHaTbHCA

A 4

KIHELLb

Puc. 3.14. Eranu metony nunamiuHoi pekoHdirypartii mepexi SDN

Hexaii y mepexi, 300paxkeHiit Ha puc. 3.13, Oyu 3HHWKEHI BUMOTH 10 HaA1HHOCTI
By31iB 70 Pi = 0,88. B oMy Bumnaaky, 3amicTh nepeOyA0BH HOBUX KaHaIiB 3B S3KY,
KOHTpOJIEp BCTaHOBUTH MapuipyT 1—2—5—9—-10 sk pesepBHUl (OCKIIBKH MOTO
CyMmMapHa Bara Ouiblla, HIX y OCHOBHOro mapupyrty 1—4—-6—7—8—10). Yacona
CKJIQJIHICTh MOOYAOBH KaHAJIIB 3B’ A3KY 3 TOUKH 30PY TOMOJIOTIi MEpeXki JOPIBHIOE HYJIIO.

YacoBi BUTpaTu Ha 30€peKEHHS PE3EPBHOTO MUISXY BU3HAYAIOTHCS JIUIIE YACOM, KU
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HEOOXITHUN KOHTPOJIEPY JUIsl 3aMKCY B [aM’ATh OHOBJIEHOT MHOXUHU KaHATIB 3B SI3KY.
JlocTynH1 NUISIXM 715 TIepeaadl JaHuX BiAMOBIAATUMYTh puc. 3.12.

JIy1si BUHUKHEHHS TIPUYWHU JUTSE IPOBEJICHHST HOBO1 PeKOHGITYpaIlii MpUITyCTHUMO,
o KoMmyTtaropu 4, 5 1 6 Oynu BuaydeHi 3 (I3UYHOT TOMOJIOTIT Ta OUIbIIE HE MOXYTh
BUKOHYBAaTH TpPAHCIOPTYBaHHS makeTiB. [Ipum mpoMy, Mepexa Il dYac IXHBOTO
BUJTYYCHHSI TIPOJIOBXKYBajda (PYHKI[IOHYBaTH, a 3a BUMOTAMH, BOHA MAa€ BHKOHYBATH
nepeavy JaHux Mk BepimmHamMu 11 10 6e3 nepeboiB a1 3py4HOCTI KOPUCTYBAYiB.

Sx TIIBKM BY37TH MEPEKI TiepecTanu nepenaatu Tpadik, kourposep SDN otpumye
MOBIJJOMJICHHS TIPO 11€, MICJS YOro PO3MOYMHAE TMpoliec peKoH(Iryparii Mepexi ais
nepeHanpasieHns Tpadiky. Ilepme, mo BiH mepeBipse — MOXIUBICTh BUOOPY
IbTEPHATUBHOIO NUISXY 3 MHOKMHU IIUIAX1B, 1110 OyJIu noOy1oBaH1 padiiie. [lepmmii 13
CIUCKY LUISX1B, IO BIJIMOBIAIOTH IKOCTI 00CTYyroByBaHHSs, Oyae oOpaHuil s epeaayi
TpadiKy. SKIIO ) aTbTepHATUBHUX LUISIXIB HEMA€E, TO BAOYBAETHCA MPOLEC MOLIYKY
HOBUX OOXIHMX MapuIpyTiB. 3 TEXHIYHOI TOYKH 30pYy, BIH € TUM CAMHM IPOLECOM
noOyI0BU KaHAIIIB 3B’SI3KY, 10 3alPOTIOHOBAHUIA Y MUHYJIOMY PO3JLIL, aje /i rpady,
10 BX€ BKJIIOYae B cebe iH(opMaliio Mpo paHille BU3HAYEHI OCOOJMBOCTI MEPEXKI.
Bepuunu 4, 51 6, a Takoxk yci 3B’ 3KU 10 HUX HA rpadi BIACYTHI Yepe3 HEIOCTYIHICTh
[UX BY3JIIB JJIS MIEpeiadl JaHUX y MEpexi.

3aasis yHUKaHHS 3aTPUMKU B MOOYI0BI HOBOTO MapuIpyTy Nepeaadl NakeTiB, IpH
peKkoH(pIrypalii ycl mapamMeTpu SKOCTI OOCIyroByBaHHS, IO OyiIM OOYHCICHI TpHU
(GYHKIIOHYBaHHI MEpEeX1 paHille, BBAXKAIOThCSI TAMU CaMUMHU. TakKUM YMHOM, rpad 13
BaramMu pe0ep, Ha OCHOBI SIKMX BU3HAYAIOTHCA BAPTOCTI MApIIPYTiB, BXKE€ TOTOBUN IS
aHa3y KOHTPOJEPOM. €IMHOIO TEXHIYHOIO 33a4€t0, SIKY HOMY TOTP1IOHO BUPIIITUTH JIJIs
noOy/I0BM HOBOTO KaHAy 3B’SI3Ky — 0OpaTH 4yepe3 OJHOPA30BE 3aisTHHS aITOPUTMY
JlefikcTpy HaliMEHINI BapTICHUA MapmipyT MK BUXIJHOIO BEPIIMHOIO Ta aapecaToM.
Ormiciist TOro, SIK CTa0lILHUM 3B’ 130K Oy 1€ BCTAHOBJICHO, a Mepeiava JaHUX BITHOBUTHCA,
KOHTpOJIEp TIICIS TPOXOKEHHS BCTAaHOBJICHOTO aJMIHICTPATOPOM TMEpIOy Yacy
OOYMCIIUTh MapaMeTpu SKOCTI 00CIYrOBYBaHHS 3B S3KIB Ta HAJIMHICTh BY3JIB BXKE Ha

OCHOBI1 (DYHKIIIOHYBaHHSI HOBHUX KaHajiB 3B’s3Ky. Ilicis 1miporo HuMm Oyne mpoBeneHa
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MJIaHOBa PEKOHQIrypallisi TOMOJIOTiT Mepexi Ta, 3a HEOOXITHOCTI, 3MiHAa POOOUYMX
KaHaJiB 3B’ SI3KY.
Tomonoriunuit  rpadp Mepexi, Ha 0a3i AKOr0 KOHTPOJEP MPOBOIUTH

pekoHdIryparlito mcis BIAKIIOYEHHS YaCTHHU BY3JI1B, 300pakeHuid Ha puc. 3.15.

\ 0.92

-7 / \ 57 0096
g 098 ,/ \ '
1 151 15 I\ 7 124
3 \

~~_ 7~ X 92

Puc. 3.15. TloGynoBa HOBOTO KaHay 3B’A3KY MICJs BIJKIIOUEHHS YaCTUHU BY3JIiB

3amicTe nuUiHKM 1—4—6—7, mo micis BIIKJIIOYEHHS BY3JIB BHUSIBUJIACS
HEJIOCTYITHOIO, JUISI KOHTPOJIepa € MOXJIMBICT, 0OpaTu BapTiCHY AUIAHKY 1—3—7, i
nosectu Tpadik 1o Bepmmau 10 uepe3 podounii Biapizok 78— 10, sskuii OyB MpUCYTHi
y OpPHUTIHAIBHOMY MapIIpyTi, 3aMiCTh IPAMOTO 3B 53Ky 7—10. ¥V npaBunbHOCTI BUOOPY
BIJIPI3KY JIETKO MEPEKOHATHUCS, OCKIIBKU
l78 + 1810 <1710, (3.4)
ne lij — BapTicTh MapmpyTy 3riJHO MapaMeTpiB SIKOCTI 0OCITyTOBYBaHHSL.
OTxe, 3a JOTIOMOTOI0 3aMPONOHOBAHOTO METOJY JAWHAMIYHOI pekoHdiryparii 3
BUKOPUCTAHHSAM BIIMOBOCTIMKUX PE3epPBHUX KaHAIIB 3B’s3Ky KoHTposiep SDN wmae

3Mory 3abe3neunTu Oe3nepediiiHuii ceanc nepenavi Tpadiky y pasi BiIMOBU OCHOBHOTO

KaHAITy 3B SI3KY.
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BucHoBku 10 po3ainy 3

Y po3aiii nmpeacTaBiICHUN aNTOPUTM MOOYJOBH MHOXKHMHU KaHATIB 3B SI3KY, 110 HE
MEPETUHAIOTLCS, MDK BYy3JaMHU MEPeXi, IO IO € peali3ali€ld OJHOTO 3 eTalliB
BIJIMOBITHOTO METOJTy MOOY/I0BH KaHAIIB 3B’ 13Ky Ha OCHOB1 IHTETPAJIbLHOTO KPUTEPIIO 3
ypaxyBaHHSAM SIKOCTI OOCITyrOBYBaHHs, 3alIPOIIOHOBAHOTO Y po3aiii 2. [ns peamizartii
aNrOpUTMYy HEOOXIJTHO OOYMCIUTH METPUKH SKOCTI OOCIYTrOBYBaHHS JJII KOXKHOTO 13
3B’A3KIB MK MPHUCTPOSIMH B Mepexi. Ha ocHOBI mMxX AaHuX, 310paHUX y MaTpHUIIIO, 3a
MeToaoM JlelikcTpr HeoOXiTHO OOy IyBaTH MHOKHHY IUISXIB, IO HE MEPETUHAIOTHCS.
[TobynoBani nuisixu, mo 0a3yroThes Ha gaHuxX KoHTpoJdepa SDN mpo morounwmii ctan
Mepexi, BUCTYNar0Th MepepizoM Uil oAUy rpada Mepexi. 3a paxXyHOK BUKOPUCTAHHS
3aIpPONOHOBAHOTO AIITOPUTMY 1 MIOCIIJOBHOTO PO3/UICHHS Tpady Mepexi Ha miarpadu,
KOXXHUH HUIAX OYIy€ThCS 31 3SMEHILIEHOI YaCOBOKO CKIIAHICTIO.

VY po3auil MpeacTaBICHH alrOpuTM BIAOOPY KaHAiB 3B’SI3KY IO KPUTEPIO
HAJIMHOCTI BY3JIB, 10 € peali3alli€lo HACTyITHOrO €Tamy MeToay MoOyJAO0BH KaHAalliB
3B’SI3KY, 3aIIPOIMIOHOBAHOTO Y po3uii 2. BUKOpUCTaHHS aJITOpUTMY JTO3BOJISIE 301IBIITNUTH
BIJIMOBOCTIHKICTh KOMIT IOTEPHOT MeEpexi Ta 3a0e3leYuTH TapaHTil0 JTOCTaBKH
HeoOx1qHOo1 1HGopMalii 1o Oe3meYHuM MapuipyTaM. BUKOPUCTOBYIOUM YHCIIOBI
Koe(DILIEHTH HAAIMHOCTI SIK 0OMEXKEHHS 1Sl BUOOpY HUIAXY M1 BEpUIMHAMU, HEOOX1THO
oOpaTH OCHOBHUW MapuIPyT 3 MHOKHMHH abTEPHATHB 3T1HO BCTAHOBJIEHIA BUMO3I1 JI0
HAJIMHOCTI BY3JiB, 1HIII MapLIPyTH BBaXaTH pe3epBHUMHU. BUMoOrm n0 HagiiiHOCTI
3ajieXxaTh BiJ TUIY TpadiKy, II0 MEePEAAEThCS Y MEPEXI.

VY po3aim 3ampornoHOBAaHO YJIOCKOHAJICHHS METOAY JUHAMIYHOI peKoHpirypari
BipTyanbHOi Mepexi SDN 3 BHKOpHUCTaHHSM BiIMOBOCTIMKHX PE3EpPBHUX KaHAIIiB
3B’s13Ky. BUKOpUCTaHHS METOTy JO3BOJISIE MIATPUMYBATH CEaHC repeaadi Tpadiky y pasi
BiTMOBH OCHOBHOTO KaHAaJTy 3B’sI3Ky Ta OMEPATUBHO O0paTH albTePHATUBHUMN MUISIX IS
HajcuiIaHHs Tpadiky. Skuio y npoueci nepenayi Tpadiky BUHUKAE 301 y MPOMIKHUX
JaHKax Mepexi abo KaHajmax 3B’S3Ky MK HHMH, TO JJIS peKoH(iryparii Ta 00Xomy

poOIEeMHOI TIJITHKK BUKOPUCTOBYIOTHCSI MOHITOpUHTOBI 1aHi SDN koHTposepa.
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PO3JILI 4

PO3POBJIEHHS NTPOI'PAMHOI'O 3ABE3IIEYEHHSA JIJIA
MOBYJIOBHU BIPTYAJBHOI MEPEKI HA OCHOBI TEXHO.JIOT'Ti
SDN

4.1. AHaji3 TexXHIYHUX MOKJUBOCTeld mporokoiay OpenFlow nias modymnoBu

Bipryanbnoi SDN mepexi

3-momix iHImMX pimeHb nporokon OpenFlow, skuii BignoBigae 3a KOMyHIKaIiO
MK SDN-KOHTpOepoM Ta MPOMIKHUMH MPUCTPOSMU B MEpPEXKi (HaiyacTiie 1e Tak
3BaHi komytatopu Open vSwitch), mocTymoBo cTae cTaHIapTOM 3aBASKH JOCTYITHOCTI Ta
JOCTaTHBO TMpOCTIM peanizauii. B paMkax mNOmIyky TEXHOJIOTIM 17 1oOyAOBH
BIpTyaJIbHOI Mepexi Ha 0cHOBI TexHoJoTii SDN mpoTokos, 1o € JaHKOIO ISl 3B 3Ky
MK KOMYTaTOpaMH Ta KOHTPOJEpoM, € (yHIaMEHTOM g NOOyAOBH YCI€i
1H(}pacTpyKTypH, TOMY OOpaHHS MPABHJILHOTO PIIICHHS BIUTMBATHUME HA MOKA3HUKH,
AKUX OaKaHO JOCSTHYTH MPHU MojentoBaHHl. HeoOXiqHO TpoBeCTH TEOPETUUHHM OTJISI
MPOTOKOJIy Ta MpoaHadi3yBaTH HOTO BIAMOBIIHICTH PIIMICHHIO IMOCTABJICHOI 3ajadyi
moOyI0BH MPOTPaMHO- BU3HAYEHOT MEpeKi 3 OLIBIIIOI0 MIBUIKICTIO Mepeaadi Tpadiky Ta
pekoHpiryparii.

OpenFlow € BiakpuTHM Ta OE3KOIITOBHUM IS BIPOBAIKCHHS MPOTOKOJIOM, IO
ctBopernit st SDN-komyTatopiB, sSiKi MATPUMYIOTH BIIJAJICHE YIPaBIiHHS, IO €
OCHOBOIO KOHIIEMNIi MpOrpaMHO-BU3HAYEHOI Mepexi. BTiMm, nns mpaBuiibHOT poOOTH
MIPOTOKOJIY MPUCTPOI Y MEPEKiI MalOTh OyTH CIICIabHO armapaTHO CIIPOSKTOBAaHI JIs
fioro miarpumkw [74].

[Tpotokon OpenFlow moBHICTIO peanidye TEXHIYHI BHUMOTH, SKi ICHYIOTH IS
texnonorii SDN. Ile Bkmowae B ceOe¢ CTBOPEHHS CTaHIAPTHOTO MEPESKEBOTO
oOaHaHHS, HE3aJIEKHOTO Bijl HOr0 BUPOOHMKA, OCKITBKHU, K 3a3HAYAIOCh Y MUHYJIHX
MyHKTaxX, KO)KHA KOMIAaHis, 10 BUPOOIISIE MEPEXKEBl MPUCTPOI, 3a3BUUAll KOHQITYpYE
CBO€ 00JIalTHAHHS BJIACHUMH IIPOTOKOJIAMH, YaCTO ITiJT MPOIPIETAPHOIO JIIIEH31€10, M0

poOuth pimeHHssT NoOyAoBU 1H(GPACTPYKTYpH AopoxkuuM. KpiMm Toro, peamnizaiis
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OpenFlow nepenbavyae KOMyHIKaI[il0 MiXK KOHTPOJIEpOM Ta KomyTaropamu uepe3 AP,
JUTST 90TO Ha KOHTPOJIEPl 3aIlyCKalOThCs BiAMOBIMHI npaiiBepu. Lle mo3Bossie iiomy 3a
JIOTIOMOTOI0  IUPEKTUB IO TMPOTOKOIY KEpyBaTH MEpEeXer Ta BU3HAYATH, SKI
KOpHCTyBaui a00 IMiACHCTEMH MOKYTh B3aEMOIISITH MIX c00010 [75].

[TpoTokon cTae mocepeHUKOM MK HEHTPaJIbHUM KOHTPOJEPOM Ta MPOMINKHUMHU
MepexeBUMH TipucTposMu. Bci Open vSwitch-komyTraTtopu MarOTh y CBOIM mam’sTi
npuHaiMHI oaHy TaOauiio motoky (flow table) (y sepcii OpenFlow 1.0 He Oymo
MO>KJIMBOCTI MAaTH KiJTbKa TaKuUX TAOJHWIh) 1 TaK 3BaHHWM KaHAJ 3aXHUIICHOTO 3B'SI3KY

(secure channel), uepes sikuii BiiOyBa€eThCsl KOMYHIKallis 3 KOHTposiepoM (puc. 4.1) [76].

Mepexesi cepeicu

,.) OpenFIOW i o ) O O
b KomyTatop 4 00"'“(', O 0 4 N
IR e
cw beaneunuit “.--‘ SDN koHTponep

.
KaHan

«lopas./engan. notokis
Tabauua « EHkancynauia naketis

MOTOKIB

*BuAaBneHHA KOHTpOnepa

o iy E
Puc. 4.1. Cxema xomyHikaiii SDN-koHTposepa i KoMyTaTopa 3riTHO MPOTOKOITY

OpenFlow

Tabnuisi TMOTOKIB BUCTYNAa€ OCHOBOKO JUIsi MEXaHI3My TMepenadl JaHuX MK
inTepdeiicamu komyTtaropa. Koxkna tabmmis mictuth 3amucu npasui (flow entries), mo
B CBOIO YEPry MICTATh HACTYIHY 1H(POpPMALIiIO:

e mons  BignmoBimHocTi  (match  fields) aGo  3aromoBkM  CAYTYHOTH
1meHTr(IKaTOpaMu TIPaBWII 7151 30epEKEHHS IPUHITUITY YHIKATbHOCTI;

e JiumibHUKU  (COUNters) 30epiraloTh KUIBKICTh  3aCTOCYBaHb  IPaBUII
KOHTPOJIEPOM TPOTATOM IEBHOTO MEPIOAY Yacy Ta BUKOPHUCTOBYIOTHCS IS

360py CTaTUCTUYHHUX NAHHX,
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e iHcTpykuii (instructions) 36epiraroTh CyTHICTH BIACHE mpaBmia [77].

He3spaskarouu Ha Te, mo 1 marpuMmka OpenFlow npuctpiii Mmae OyTH BiIMOBIAHO
CKOHCTPYHOBaHMI, caM MPOTOKOJI HE BCTAHOBIIOE KOHKpeTHUI BUrisg APl mis cBoel
po6otu. Takum UyMHOM, aAMIHICTPATOPU MEPEki MarOTh CBOOOIy BHOOpY 1HTEep(eiciB
Ta 3aCTOCYHKIB, 5IK1 Oy IyTh 1HCTAJIIOBATHUCh Ha KOHTPOJIEP.

Komu komyrtarop, ckoHdirypoBanuii mig poboty 3 mportokosiom OpenFlow,
OTPUMYE TaKeT JaHUX BIJ 1HIIOTO MPUCTPOIO Y MEPEXi, HA HhOMY BiJOYBaIOThCS TakKi
orepariii:

e KomyTaTop Bujiise Ta 3amaMm’sTOBY€ 3aroJIOBOK MaKeTy, SKUH MPEACTaBIISIE
c00O010 ITOCIIIIOBHICTH OITIB;
e KomyTarop poO3MOYMHAE TIOIIyK 3alUCy CepeA JIOCTYIHHUX, J€ TMOoJje

BIIMOBITHOCTI HAHOLIbIIIE 301raeThCs 13 3ar0JIOBKOM MAKETY;

o CuniBnajiiHHs 3HANICHO: KOMYTAaTOp BUKOHY€E 1HCTPYKIIii, BKa3aHl B IIbOMY
3amuci A [bOrO MaKeTy (HANpUKIIaJ, BiAMpaBKa Ha 1HIIMK MOPT, 3MiHA
3arojioBka, 00poOKa B TaOJIuIIl, TOIIO);

o CuniBnajiiHHs HE 3HANWIEHO: KOMyTaTOp a00 BUJIAJISE MTAKET, 00 BIAMPABIISE
HOro 10 KOHTpoJiepa B I1HKancyjaboBaHOMY BUrsial. [1oTiM koHTposep
MPOBOAUTH aHaI3 Ta CTBOPIOE MPABUIIO sl 0OPOOKH 1OTO Ta MOAIOHUX
MaKeTiB, BUCWJIAIOYM MOTO HAa KOMYTATop, € BOHO JIOJAETHCS B TAOJIUIIIO
noTokiB [78].

Skiro komyTtatop 3 miarpuMkor0 OpenFlow micTuTh Kijbka TaOIHUIb TOTOKIB, TO
JUIs TIOBHOTO aHalli3y MaKeTa BUKOPUCTOBYETHhCS KOHBeep. lloumHaroun 3 oOpoOKH
3aroJioBKa MakeTa B OJHINA TaOdHIl, BiH MOTIM MOXe OyTH NEpelaHuid 3a TOMOMOTOI0
METaJIaHUX Ta MPOAHAJI30BaHUM B 1HIIUX TaOIUIAX. J[JI1 1[bOTO, 3alMCH B TaOIMIIX
MOTOKIB MYCSITh MICTUTH KOHKPETHI IHCTPYKIIi /ISl KOHBEEPIB.

HaifgacTimmm npaBmiioM, iK€ 3aBaHTAKYETHCS JO KOMYTATOpa, € THCTPYKITT JIs
MIepPECIIaHHS MMaKeTa Ha 1Hmui mopT. Bin He 000B’s3k0BO Mae OyTH (Bi3UUHUM, 1 IS
BIPTyaJIbHUX MEpEeX MOXHA BHKOPHUCTOBYBAaTH BIpPTyajbHI MNOPTH. SIKIIO MOPT

BIpTyaJIbHHM, MOTO MOYKHA HAJAIITYBAaTU JJIi aBTOMAaTUYHOTO BUKOHAHHS TIEBHUX JIIH
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0e3 3aJlaHHs TOJATKOBUX 1HCTPYKIIM — HalpUKJIIA, BIANpPABKA JAHUX 10 KOHTPOJEPA,
BIJIIIPaBKa Ha 1HIIUH KOMyTaTOp, epeHanpasicHHs 0e3 BukopucTanas OpenFlow [79].

Tabnuii MOTOKIB MOXYTh BHUKOPHCTOBYBATHCH OUIBII THY4Yko. BoHHM MaroTh
MOXJIMBICTh 30€piraTv MOCHJIaHHS Ha HAOOpHU 1HCTPYKIIIH, 32 paxXyHOK 40ro iH(opMallio
npo HEoOXiIHI MO0 JaHUX il MOXKHa iHKamncymoBatu. Cepes 3aluTiB CKIATHIIION
CEMaHTHKH MOXYTh OyTH MacoBa po3cmiika (broadcast), quramidna 3MiHa MapIiipyTiB,
arperyBaHHs KaHajiB. [{eif MexaHi3M J103BOJIsi€ 3MIHIOBATH BUX1/IHI ITAKETU JJISI BEJIMKUX
NOTOKIB JaHMX, 30epiraloud mpu LbOMYy pecypcu. ['pymu, moaiOHO 10 3amucis,
30epiraroThes B CBOIX BiiacHUX Ta0misx [80].

OpenFlow He BMMarae KOHKPETHOT IPOrPaMHOI peaizailii MepeKeBUX MPHUCTPOIB,
ane g poOOTH MPOTOKOJY MOTpiOHA cTaHAapTHaA Mpolieaypa oOpoOKHM MakeTiB, a
CEMaHTHUKA IHCTPYKIIIM Ma€ BIAMOBIIATH KOHKPETHUM BUMOTaMm. Jlerani peanizariii, Taki
SK BHKOPHCTaHHS amapaTHUX TaOnwip MapmpyTusaiii, cnutbHux (shared) GiToBux
MacoK Il BCiX Tpyn ad0 MOTOKIB, MOXYTh BapiroBaTUCh. BaxxinuBo, mo0 Oyab-sKi aii
I0JI0 TpaBWJI — IXHA YCTaHOBKA, OHOBJICHHS, BHJAJEHHS — KOHTPOJIIOBAIUCS
Oe3nocepeIHbO KOHTpoJiepoM. BiH Moe poOUTH 1€ PEaKTUBHO (BCTaHOBIIIOIOYU
MpaBUJIO TIC/ST OTPUMAHHS TAKETy, NJIS SKOTO HEeMa€ 1HCTPYKIIi) ab0 MpOaKTUBHO
(BCTAHOBIIIOIOUM TPABUJIO TEpe] HAAXOKEHHSM IaKeTiB, SKUM Il MpaBwio Oyje
noTpiOHE).

OpenFlow ympasisie naHuMH 3a JOMOMOTOI0 CHCTEMH IOTOKIB, 3aBISKH YOMY
BIJIOBIJIHI Ta0NMIl HAa KOMyTaTopax 1 OTpuUMajiad CBOKO Ha3By. lLle o3Hauae, 1o
BIJIMOBITHE TIPABUJIO BIMIPAIILOBYE HE JUIsI KOKHOTO TAKETY OKPEMO, a 1 111 HACTYITHUX
3 MOTOKY. Takuii miaxXii eKOHOMHUTh allapaTHI PECypcH it 0OpOOKH TaHUX, JO3BOJISTIOUYH
y3araJlbHUTH MPOIIeC Mepeiadi JTaHuX yepe3 MPUCTPOi.

KomyHikallis MK KOHTpOJEpoM 1 KomytatopoMm Yy mpotokoii OpenFlow
3IMCHIOETHCS YEPE3 TPU BUIU TTOBIIOMJIICHbD:

® MIpsIMi — IIEPEIAIOTHCS BiJl KOHTPOJIEPA 10 KOHKPETHOTO KOMYTaTOpa B MEPEXKI 1

Cly’)KaTh JUIsl BIJACTEKEHHS CTaTyCy KOMYTaTopa, HaJaHHS IHCTPYKLIH
KepyBaHHs, 30UpaHHs CTAaTUCTUKH, PeAaryBaHHs 3aIlMCIB B TaOJUISIX MOTOKIB

KOMYTaTOpiB;
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® CHUMETPUYHI — MEPENaloThCsA K Bl KOHTPOJEPA IO KOMYTaTopa, Tak 1 HaBMaKH,
BUKOPHCTOBYIOTHCSl JIJISI BHUSBIICHHS MOXJIMBUX 300iB 1 3aTpUMOK Tiepenadi
TaHHX;
® ACHHXPOHHI — MEPEAA0ThCS BiJ KOMyTaTopa 0 KOHTpOJepa i CIOBIIIICHHS
HOro mpo MPOXOJPKEHHS MaKeTiB, 3MIHU 3alKCiB B TaOJUIAX, 3MIHH CTaHy
KOHTpoJiepa a00 BUHMKHEHHS TTOMUJIOK [81].
OTmxe, mpoTokoa OpenFlow e noBosi mpocTuM y peasizaltii Ta mATPUMII 3aCO00M
3a0€e3IeueHHs IBUIKOTO 3B's13Ky B Mepekax SDN, 3aBasiku YoMy B)KE CTaB CBOEPITHUM
CTaHJApTOM JJIsi IPOrpaMHO-BU3HAYEHUX MEpeX. BIH BUKOPUCTOBYETHCS 1y PIlICHHI,

110 3alpOMOHOBAHO B JIaH1i pOOOTI.

4.2. O0rpynTyBaHHsi BUOOpPY 0a30BOro mporpamHoro 3adesmedenHss SDN-

KOHTpOJIepa

Icaye Garato BiakpuTux Ta KomepmiitHnx SDN KoHTpomepiB, MO MiAXOASTH AJS
pi3HUX 3acTocyBaHb. KOHTposepu B OCHOBHOMY MOAUIAIOTBCS Ha PO3MOJAUIEHI Ta
nenTpanizoBadi. KinbKicTh KOHTpOJEPIB Oe3mocepeiHbO BILIUBAE HA TPOTYKTUBHICTD
mepesk SDN Ta gorpumanss sikocTi oOciyroByBauHs. [IpoGiema po3milieHHs
KOHTpPOJIEPIB MO€ BIUIMBATH Ha IHIII aCMEKTH, TaKl SK 3aTpUMKa KOMYHIKaIii Mix
KOHTpOJIEpaMu Ta KOMYHIKalll MK KOHTPOJIEPOM 1 KOMYTaTOpamu y MEpexi.

Kontponepu Floodlight 6asyroTsest Ha Java ta miagTpuMyroTh SK BipTyallbHi, TaK i
¢iznuni  OpenFlow-komyTaropu. Kontponep Floodlight peanizye wmoaynb, skuii
3abe3reuye Taki PyHKIII, SIK BUJIAJICHHS TOTOKIB, BCTABKa MOTOKIB Ta JIESIKI MOJITUKH
st yrpasnainas Q0S. 1i momyi peanisyrotbes B mpotokosi OpenFlow eepcii 1.0, sikuit
3[IaTEH B1JICTEKYBATH MOJITUKH B KOMYTaTOpax Ta 3aCTOCOBYBATH iX J0 KJIaciB CEPBICIB.
VY niBaiuHOMYy iHTepdeiici Floodlight moayns QueuePusher renepye nmosigomieHHs st
KoH(DIryparii yepr ajas CTBOPEHHS, YATAHHS, OHOBJICHHS Ta BUAAICHHS (DYHKIIN IS
yhnpaBiiHHA KomyTtaropamu tumy Open vSwitch [82]. Brim, BukopucTanHs jwiie
npotokosry OpenFlow st ynpaBiHHS MOTOKaMH JEII0 0OMEKYE el KOHTPOJIep y Horo

MOJKJIMBOCTSAX KEPYBAHHS MEPEKEI0 Ta 3a0€3MEeUEHHS IKOCTI 00CITYTOBYBaHHS.
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Binkputuit koutposnep OpenDaylight (ODL), mo 6a3yerbcst Ha Java, peaiizye
inppactpykrypy SDN. OpenDaylight marpumye nporpamyBaHHS 3a IOTIOMOTOIO
¢petimBopkiB OSGI [u1st TOKATBFHO PO3TAIIOBAaHUX KOHTPOJIEPIB Ta MpOTrpamMyBaHHS 3a
nonomororo REST s Bignanenux kontposepis. Ilnatdhopma ODL po3pobnsie neski
JIOaTKHU (HAMPHUKIIaJl, KOOPAUHATOPU BipTyaumi3allii Ta 3aXUCT BiJ po3nojiaeHux DOoS-
aTak) Ta KUTbKa IJIaTriHiB MPOTOKOJIIB MiBACHHOTO 1HTEp(ECy i reTepOreHHUX MEPEK.
s pocsrhennss QO0S B Mepekax Ha ocHoBI moTokiB ODL-Lithium moxe OyTH
3aCTOCOBAHUH IUIAriH MiBAeHHOTO iHTEepdelcy mansa iHppacTpykTypu DOCSIS. Tnmmit
riarid niaenHoro inrepdericy OVSDB koHpirypye ta kepye dyepraMmu B KOMyTaTopax
SDN. Kpim Toro, mis Q0S B nbomy koHTpojepi € momarok Packet Cable Multimedia
(PCMM), sikmit 3abe3neuye iHTepderic A ynpaBiIiHHS MOTOKOBHUMH CEpBicaMu IS
mepexx CMTS. JlomatkoBo B moxayni pesepByBanHs ODL mnepenbadeHo HamgaHHS
HU3BKOPIBHEBOTO PE3EpPBYBAHHS pECypciB, sKe 3a0e3leuye MepexeBl IOCIyTH,
IPOIYCKHY 3/1aTHICTb, IIOPTH JIJIsl KOPUCTYBAaYiB HA TIEBHUN BUAUICHHI Yac [83].

Kontponep ONOS 6a3yeThcs Ha Java Ta miATpuUMye sIK BIpTyalibHI, TaK 1 Gi3udH1
komytatopu OpenFlow. Bin 3abe3neduye posmoaineHi miatGopMu, mo MOKPANIYIOTh
MPOYKTUBHICTh, MAaCIITA00BAHICTD 1 IOCTYIHICTh MEPEK JIJISl TOCTAYATLHUKIB TTOCIIYT.
Onnak miarpumka MexaHizmy OpenFlow oOmexye BukopuctanHs ONOS muire
KOMYTaTOpaMu, IO MiATPUMYIOTh 1eil ipoTokoi. [ mokpameHas QO0S B GibmioTexax
ONOS peanizoBano iac SetQueuelnstruction (BucokopiBHeBa iHCTpyKILis). 3
napameTpiB SIKOCTI OOCIIYyTOBYBAHHSI MEPEXKI, Kl MOYKHA MOKPAUIUTH 3a JOMOMOIOIO
IIOTO0 KOHTPOJEPY, CIIJ BUIIIUTH HAIIAHICTH, MAcCIITaOOBaHICTh, y3TOMKCHICTh Ta
OanaHcyBaHHS HaBaHTaxeHHs [84]. BaxnuBumu nepeBaramu Bukopuctanas ONOS e
IPOCTOTA peai3allii B3aeMO/Iii KOHTpoJiepa 3 komyTtaropamu (depe3 REST API), a Takosxk
3HayHa KiIbKICTh AOJATKIB y BIAKPUTOMY JOCTYI, SIKi JO3BOJISIOTH 3HAYHO PO3IIUPUTH
MOXJIMBOCTI KOHTpOJEpa.

VY posnomiieHux Mepexxax uepe3 apXiTeKTypHI NpoOJeMH KOHTPOJIEp MOXKE
BBOJUTH HECYMICHI IIpaBHUJia MOTOKIB Y KOMYTaTOPH, 10 MOTEHLIHNHO MPU3BOJIUTH 10
HectabubHOCTI Mepexi SDN. Il HecTaOuIbHICTH MOXE CHPUYMHHUTH MEPEepPUBAHHS

nepeaadl JIaHuX, BTPaTy MAKETIB Ta aCMHXPOHHY KOMYHIKAII0 MK KOHTPOJEPAMH.
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DevoFlow ta DIFANE BupimytoTh 11i Ipo0JieMH, BIPOBAIKYIOYH KOHTPOIbHY METPUKY
B KOMyTaTopax, 10, OJIHaK, CynepeuuTs npuHuunam ausaitny SDN. [lns miarpuMku
y3TOJPKEHOCTI OyJIH 3alpOTIOHOBAaHI PIICHHS], TaKi SK aJanTHBHA MOJIETh Y3TOKEHOCTI,
TEeXHIKH KJacTepH3allii, caMOHaBYaJIbHI Mojenl y3rojkeHocti. OpHak mpoOiaeMu
y3rOJDKEHOCTI MK KOHTPOJIEpaMH yce Iie He MaloTh TOTOBOTO pirneHHs [85].

Po3puB 3’€qHaHHS MK piBHEM JaHUX 1 pIBHEM YNPaBIiHHS uepe3 BiAMOBY MOXKE
COpUYMHUTH 301 Mepexi. ToMy mNWTaHHA HAIIMHOCTI TPH 3aiIHHI KIJIBKOX
KOHTpOJIEPIB € BKpail BaxiuBUM. Jlis ympaBiiHHA NpoOieMamMH BiIMOBU cCepell
KOHTPOJIEPIB BUKOPUCTOBYIOTHCSI METPUKH MIHIMAJIBHOTO PO3pI3y KOHTPOJIEPIB Ta
EBPUCTUYHI METPUKH, SIKI OOUUCITIOIOTh HAAIMHICTh KOHTPOJEPA B PI3HUX TOMOJIOTISAX.
Opnak yepe3 BUCOKY BapTICThb OUTBLIOCTI KOHTPOJIEPIB €IUHOI €(PEKTUBHOI METPUKH
HaJIIMHOCTI Hapa3l He 3HAKIEHO.

VY cepenoBuIl pO3NOJIITIEHUX KOHTPOJEPIB KOKEH KOMYTATOP aJIMIHICTPYETHCS
KOHTPOJIEPOM Y JIOKaJIbHOMY AoMeHi. Ciry:k00Buli Tpadik yrpaBiIsieThCsl KOHTPOJIEPAMHU,
1 31 30UIBLIEHHSM KIJBKOCTI TIPaBWJI TOTOKIB JEsAKi KOHTPOJEpPH CTarOTh
MEepPeBAaHTAXKECHUMH, a JCSIKI — 3aJMIIAIOTHCS HEIOBAaHTAKECHUMH. Takwii nucOanaHc
MOTIpITy€ MPOAYKTUBHICTH Mepexi SDN dyepes3 Hu3bKy MPOIYyCKHY 3aTHICTh Ta BUCOKHIMA
yac BiAnoBial. J[Jis 3MEHIIEHHS HABAaHTAXKEHHS HAa KOHTPOJIEPU BUKOPUCTOBYETHCS
MOJAYJb TEpEHAa3HAYEHHsI, KU MOHITOPUTH 1 30Upa€e CTATUCTUKY BUKOPUCTAHHS
KOHTpPOJIEPIB, a TaKOX IMEpeHa3Hayae acolfiaiii MiX KOHTPOJIEPOM 1 KOMYTaTOpoM. Y
JESKNX BUTIQKaX HCAKTUBHUM KOHTPOJIEP MOXe OyTH BHIAJICHUH, 1 Oy/1e T0AaHO HOBUI
KOHTPOJIEP JIJIsl YPaBIIIHHS HABAaHTAXKEHHSIM Ta €()EKTUBHICTIO.

Ha ocHoBi npoBenenoro ananizy KoHTposepiB SDN s BUKOHaHHSI MPAKTHYHOT
YaCTUHU JOCHIIKeHHS Oyno ob6pano kouTpojiep ONOS. [Ileit koHTposep
PO3MOBCIOIKYETHCS IO BIAKPHUTIN MOJIEIII, 110 JO3BOJISIE OTPUMATH JOCTYT IO HOTO KOy
Ta Moau(ikyBaTu KHoro Ha Oyap-skomy piBHi. ONOS BucTaBisie MOPIBHAHO HEBEJIHKI
BHUMOTH JIO allapaTHOTo 3a0e3MeueHHs, TOMY MOKe OyTH 3aITylIeHHi Ha TIEPCOHATTEHOMY
koM totepl. [lepeBaroro 1mporo KOHTpOJEpa TAKOXK € BeHMKa 0aza pi3HOMAHITHUX
JOJIaTKiB, SKI JO3BOJISIIOTH 3HAYHO PO3IIUPUTH MOXKIHMBOCTI KOHTpoJiepa IO

MOHITOPHUHTY Ta nepeaadi JaHux y mepexi SDN.
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4.3. IIporpamua peadni3aniss 004Mc/JeHHS] MiHIMAJBHOI0 3HAYEHHS METPHKH

SIKOCTi 00CJIYyTOBYBAHHSI KAHAJY 3B’ AA3KY

[lepmum  eramom Tmporecy MMOOYAOBH KaHATMB 3B’SI3Ky Ta JHHAMIYHOL
pekoH(irypaiii € CTBOPEHHS MHOXHWHH MIISXIB 3TiTHO QJITOPUTMY, CXEMAaTHYHO
300paxxeHoro Ha puc. 3.2. Jlns peanizaliii mouryKy MiHiMaabHOI Baru pedpa mporpaMHuM
YHHOM, HEOOXiTHO MPEJICTaBUTH IIeH MPOIIEC Y BUTIIAI MPOTpaMHOro Koxy. Lls morika
Oyne BUKOPHUCTOBYBATUCH y oOumcieHHsX SDN-KOHTpojepa B X0l BUKOHAHHS HHUM
3a/1a4i MoOyI0BU BIPTYaJIbHOI Mepexki Ta KaHaliB 3B’ s3Ky. OCKUIbKY y YHKTI 4.2 0yI1o
oOrpyHtroBane BukopucTaHHsi KoHTposiepa ONOS, mo Hamucanuii Ha MOBI Java,

NPECTaBICHUI HIDKYE KOJ] BAKOPHCTOBYE OIEPaTOPH IIi€i MOBH (puc. 4.2).

int getMin() {

if (dist.length() < 1) {
return minStruct { index = -1; val = 0; }

}
int i,minIndex = 0;
int minVal = MAX_NUM;

while (i < len(dist)) {
if (v_in_S(i + 1) == false) {
if (dist[i]<MAX_NUM && dist[i]>0 && minVal>dist[i]) {
minVal = dist[i]; minIndex = i;
}
}

inc(i);

}

return minStruct { minIndex + 1, minVal };

}

Puc. 4.2. Java-xox nnst GyHKIIII NOMIYKY MIHIMaJIbHOI Baru pedpa aaropuTMom

HetikcTpu miisa nporpamuoro 3abesneuenas SDN-koHTpoaepa

BukopuctoByroun dynkuiro getMin, onucany BuIle, MOKHA IMOPIBHATH 3HAYCHHS
dist (mucraHIiis) By3ia Uisl HACTYIMHUX 3B’s13aHUX 3 HUM BepiiuH. [{ukiiuHa nepeBipka

pOOUTHCS 1L KOXKHOTO By3ja, 1 y pasi MeHImoro 3HaueHHs dist mis By3ma, Imo
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NepeBIPSIETHCS, TOPIBHSHO 3 IONIEPEAHIM, HUHIIIHIN BY30J1 0OOMPAETHCS SIK HApaBICHHS
3arajibHOr0 MUIAXY. 3HAYCHHS JHYMIbHUKA | 30UIBIIYEThCS HA OJUHUIIO ICIS
MPOXO/KEHHS IUKITY JUJIsl KOXKHOI BepiuHu. Llei miunnpHuK noTpibeH, mo0d BUKOHATH
IIUKJT HEOOX1THY KUIBKICTh pa3iB Ta 3aBEPIIUTH aHaJI13 YCiX BEpIIYH.

3nadenHs dist B X011 UKy OHOBIIOETHCS MiCIIS TOTO, SIK JJIsl KOYKHOTO HACTYITHOTO
(32 HUHINHIM) By3/J1a BUKOHYETbCA MiHIMAlbHE TOPIBHAHHSA 3 MONEPETHBO
NPOCTaBJICHUM 3HaYCHHM BifcTaHi. Octaroune 3HaueHHs diSt BUKOPUCTOBYETHCS, KOJIH
TOYHO BU3HAUEHUH HACTYIHUIA By30J1 17151 MapiipyTy. [1ig yac poboTu mporpamu 3miHHa
dist € OKanbHOIO JUIS IMKITY, OCKUJIBKH Ui POOOTH alrOpUTMY TMOIIYKY ILIAXY
HeoOX1/1HE JIMIIE 1T OCTATOYHE 3HAUYEHHS.

[lpu BpaxyBaHHI mapaMmeTpiB SKOCTI 00cimyroByBaHHs, 3HaueHHs dist Oyxe
MPEACTaBIATH COOOI0 TO€NHAHE 3HAadeHHS (yHKIINH mapametpiB QOS, sKi 3TiIHO
dbopmynu 2.12 cymyrloTbCs B YMOBHY BaroBy MaTpHIlIO, SIKY 37aT€H BUKOPHUCTOBYBATH
anroput™m JlelkcTpu Ta HMOro mporpamHa peanizauis. AJITOPUTM LIISAXOM MOOYAOBH
HAaWKOPOTILIOTO MIISAXY BHUPIINIYE 3aja4y CTBOPEHHS KaHANy 3B’SI3KYy, IO BIJIMOBIJIAE
napameTtpam QOS.

Hactynaum erarnoM moOynoBHM NUIAXIB MiX BEpUIMHAMU € BUJIYYEHHS KaHalliB
3B’SI3KY, IO MPOXOAATh Yepe3 MPOMIKHI BEPIIMHH, SKI HE BIJIMOBIJAIOTH KPUTEPISIM
HAJIIMHOCTI, BCTAHOBJICHUM 3T1IHO BUMOT J0 Mepexi. MeTpuka HaAilHOCTI By3ja €
BIJIHOIIICHHSIM MAKETIB, 1110 YCIIIIHO BUUIIUIA Yepe3 MPUCTPIi Bl BUXITHOTO MOPTY Ta
TUMH, 1110 HAAIUIUIM 10 BX1JHOTO MOpTy. BiAMoOBiAHO, BEIMUMHA HAMIMHOCTI KOXKHOTO
By3Jla Ma€ BUpaKaTucs y 1poboBomMy 3HaueHH1 Big 0 10 1, a 004nCIeHHs TpOBOAUTHCS
Ha OCHOB1 MOHITOPHUHTY Tiepeadl JaHUX 10 MEPEexi.

[licisi BCTaHOBJIEHHS 3HAY€Hb HAJAIMHOCTI BY3JIB KOHTPOJIEPY HEOOX1THO
BUKJTFOYUTH KaHAIHM 3B’SI3KY, IO MPOXOASATH Yepe3 HEeHAJlIHI BEPUIUHU, 3 MHOXHHH
abTEPHATUBHUX KaHAJIB 3B’SI3KYy 3T1HO alropuTMmy, 300paxeHoro Ha puc. 3.11.

[Ipoliec 11bOTO BUKIIIOUEHHS y BUIJISIAI MpOrpaMHOro Java-koay 300pakeHul Ha puc.

4.3.
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boolean checkPathReliability() {
Set<Vertice> vertices = path.getVertices();
Map<Long,Float> reliabilityCoefficients =
graph.getVertices().getCoefficients();
for (int i = @; i < vertices.length(); i++) {
if (vertices[i] < requiredReliability) {
disablePath(path);
return false;

}
}

return true;

}

Puc. 4.3. Java-xon ¢yHKIIIT BU3HAYCHHS POXOKEHHS ITUIIXY Yepe3 KOMyTaTOPH, 1110

HE BIJMOBIJAIOTH KPUTEPISIM HAIHHOCTI

3rifHO LBOr0 MIAXOAY LUISIX pO30MBA€ThCS HAa MACHB OKpPEMHX BeplIuH. Jlis
KOXKHOT 3 IINX BEPIIWH B Tpadi BU3HavaeThes KoediieHT HaaiiHocTi. [ToTiM B anroputmi
3aIyCKA€ThCSl LUKI, B SIKOMY 3HAU€HHS KOE(IUIEHTY MOPIBHIOETHCSA 13 MOTPIOHOIO
HajirHicTio requiredReliability

k1o HagIiHICTh X04a O OAHIET BEPIIMHU HIKYA 32 OTPIOHY, IUISIX OTPUMYE CTaH
disabled, a ¢pynkuis checkPathReliability moseprae 3nauenns false. fxmo nmepepipka
HAJIWHOCTI MPOMIeHA JJIsI BC1X BEPIIMH 1 3HAYEHHS JOPIBHIOE a00 O1iIbIIe 32 HeOOX1THE,
IUIAX BBAXKAETHCS IOCTATHHO HAJIMHUM, 1 (DYHKI[IS OBEPTA€E 3HAUEHHS true.

B mporeci mepemadi Tpadiky MoKe BHHUKHYTH HEOOXITHICTH peKoH(Irypaiii
MEpeXi y 3B’SI3Ky 3 BIAKIIOYCHHSM YaCTUHU BY3JiB. Y [bOMY BHUMNAAKY KOHTPOJEP
npuiiMae BiAMOBIAHE MOBIJOMJICHHS, MTICTISl YOTO MepeHanpanssie Tpadik Mo pe3epBHOMY
MapuipyTy, 1 mapajiesbHo (popMye HOB1 HA OCHOBI BY3JIiB, 0 3AIHMIIUAIUCE Y POOOUOMY
CTaHl. Y mporpaMHOMY BUTJISI/II LIE peali3yeThCs Yepe3 BAKOHAHHS BIANOBIAHOI (QyHKIIIT,
10 Moaudikye HaOIp aTbTEPHATUBHUX MUISIXIB, 100 3JIMIIIATH JIUIIIE Ti, SIKI TPOXO/ISIThH
yepe3 By3JH, 110 30eperiiu 3AaTHICTh 10 nepenayi Janux. OyHKITIS BUKITUKAETHCS T1CTsS
HAJIXO/DKCHHS Ha KOHTPOJIEP TMOBIJIOMJICHHSI MPO BIAKIIOUEHHS BY3JiB, a Y BUIJISAL

nporpamMHoro Java-koay il MokHa 300pa3uTH HACTYITHUM YiHOM (puc. 4.4).



98

void reconfigure(Set<Vertice> failedVertices) {
foreach (path : paths) {
if (path.getVertices().contains(failedVertices)) {
disablePath(path);
paths.removePath(path);

}

}

if(!paths.isEmpty()) {
setOptimalPath(paths.getOptimal());

} else {
Matrix updMatrix = updateWeightMatrix(graph);

Set<Path> updPaths = formDisjointPaths(updMatrix);
setOptimalPath(paths.getOptimal());

}

Puc. 4.4. Java-xkon ¢pyHKUII TUHAMIYHOT peKOH(Irypauii Mepexi

®ynkuis reconfigure mpuiiMae y SKOCTI mapameTpiB HaOip BEpIIWH, sIKi 3a3HAIN
30010. [1OTIM TSl KO)KHOTO HIISIXY 3 MHOKHHH HEPEBIPSIETHCS, YA MICTUTh JAHUM IIIAX
xo4a 0 OAHY 3 BEpILIMH, L0 IEpecTaad MpaiioBaTd. SKIO0 MICTUTh, TOMI HUIAX
BumuKaeTbes (Qynkmiero disablePath, micns doro Bumanserscss 3 HaOOpy NLISAXiB
meronom removePath.

[IpoiimoBun yepe3 ycl NUISIXM Ta BUKIOYUBIIM NpoOJIeMHi, PYHKIIA MEepeEBIPSE,
YU 3IMIIWINCH Y HA0OP1 aKTUBHI HUISIXU. SIKILO Taki IIe €, BOHA BUKOPUCTOBYE METO/]
getOptimalPath, mo Ha3Hayae OCHOBHMM MapuIpyTOM IMepenadi AaHuX MUIAX 13
HAallMEHIIMM 3HAYEHHSM JOBXKHUHU 3 HaOopy. SIKIIO K Micis BUAAIEHHS MPOOJIEMHUX
NUIAXIB HAOlp TOBHICTIO BUYepraBcs, (YHKIIS MEePeXoauTh M0 peKoH(irypamii Ta
MepeCTBOPEHHS HAOOPY IUISAXIB, IO HE MEPETHHAIOTHCS.

Bona cTBOproe HOBYy Matpuilto Bar Trpada, OHOBIOIOYM 11  (PYHKIIEO
updateWeightMatrix, BpaxoByio4n BTpaTy 4acTHHH BepIIuH. LIsi MaTpuis npeacTaBise
rpad, ae npoOaeMHI BEPIIMHM BiACYTHI. 3 I1€1 OHOBJIEHOI MaTpHUIll Bar PyHKIis hopmye
HoBHI HaOip nuiaxiB ¢yskiiero formDisjointPaths. ITicas mporo, 3 HOBoro Habopy
HUIAXiB  3a  gomomororo ¢yskmii  setOptimalPath BuOupaerbcss HOBHET 1HUIAX Ta
HA3HAYAEThCA K HAUMPIOPUTETHIINH 1715 Iepenayl Tpagiky.

OTxe, 1151 GyHKINIS, 3 OTHOTO OOKY, HAMAraeThCs 3HANUTH HAWKpaIuil MOKIUBUN

NUISX, BUKOPUCTOBYIOUHM 1104l BEPIIMHU 1 MUIAXHU, MO BXKE OyJIM paHiilie 3HaijaeHi
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KOHTPOJIEPOM, a 3 THIIIOTO — AMHAMIYHO aIalTy€eThCs i 3MIHU y rpadi, 3HAXO 14U HOBI

IIUISIXM B pa3i BIAIMOBHU BEPIIIMH, BAKOHYIOUH BIAIOBIIHO JUHAMIUHY PEKOH]Irypartiro.

4.4. Kondirypauis SDN-koHTpoJiepa /11 NPOBeIeHHS MO/IeJTIOBAHHA Mepexi

Jlns MojenroBaHHs BipTyaslbHOI Mepeki Oyiia BHKOpHCTaHa mporpama Mmininet,
mojienb skoi SDN koHTposnep BinTBOprOoe B CcBOiM mam'sti. YTwirita mininet go3sosse
noOyAyBaT TOIIOJIOTII0 Mepexi Ha OcHOBI Python ckpumnTy, B SIKOMy BU3HAuCHa
1H(popMarIlis Mpo pAl MEPEKEBUX MapaMETPIB: XAPAKTEPUCTHKU 1 OMUC MPHUCTPOIB,
BJIACTUBOCTI 3B’S3KIB MK HUMH, BEpCii MPOTOKOJIB MapuipyTH3aiii, 1 Tak mami. s
OUIBIIOT 3PYYHOCTI Ta €KOHOMIi 4Yacy MpU MPOEKTYBaHHI MEpexi, OyJio IOAATKOBO
BUKOpPUCTAHE PO3MIMPEeHHs Mininet mix Ha3zsoro Miniedit, ske mo3Bossie OymyBaTh

TOTIOJIOTIF0 MEPEXKI 3a JOMOMOroro rpadidHoro iHtepdetricy (puc. 4.5).

MiniEdit - o X

File Edit Run Help

o gom-

= hl

Run

Stop IM

Puc. 4.5. Ilpuknaa noOy/10BM MOBHO3B A3HO1 BIPTYaJbHOI MEPEXkKI B YTHIIITI

miniedit
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JInsi mpoBeIeHHsT MPOLIeCY TECTYBAHHS CTBOpPEHA MOJENb, KOTpa Ma€ HACTYIHI
0COOJIMBOCTI:

® JIBa XOCTH (KOMIT IOTEpH KOPUCTYBayiB), 110 00’ €/THaH1 MK COO0I0 Y MEPEXKY 3

anpecoro 10.0.0.0/8, came MiX IUMH XOCTaMU HEOOXIAHO MOOYIyBaTH KaHal
3B’SI3KY IS iepenadi Tpadiky;

e xomyrtaropu Open vSwitch, mo BCTAaHOBIIOIOTh MK CO00I0 3B’SI30K Ta

nepenaroTh Tpadik Ha 6a3i mporokory OpenFlow;

e SDN xonTtposep, 0 BUKOHY€ aJMIHICTpPYBaHHS Ta peKOH(Iryparimo ycix

KOMYTaTOpIB B MEPEKI;

e nmpairoe Ha Bepcii mporokoay OpenFlow 1.3 ams xopekTHOi CyMiCHOCTI 3

nporpamMHuM 3a0e3neueHHsM koHTposiepa ONOS.

[lin yac 3amycKy MOJENIOBaHHA B Mporpami OyJjia HaJalTOBaHa MOXJIMBICTh
3ammycKy kKomaHmHoro iHTepdeiicy kopuctyBauda (CLI), mo 3abesmedye BBemeHHS i
BUKOHAHHS HEOOXIJHMX KOMAaHJ IIiJi 4Yac AaKTUBHOTO BHUKOpPUCTaHHA Mojemi. Lls
OCOOJIMBICTH JT03BOJISIE KOPUCTYBadYaM BBOJAUTH, MOIU(IKyBaTH Ta BUKOHYBAaTH KOMAaH/IA
B peaJpHOMY 4Yaci Oe3mocepeHbO IMij yac mpoliecy MojientoBanHs. Lle ciporye podorty

3 MCPCIKCIO, JO3BOJIAIOYHN JICTKO KOHTPOJIIOBATHU ITPOLCCH Bi,Z[J'IaFOI[)KCHHﬂ Ta TCCTYBaHHA

(puc. 4.6) [86].

Preferences *x
IP Base: |10,(},[},mq -sFlow Profile for Open vSwitch
Default Terminal: xterm — | Target:
Start CLI: Sampling: 400
Header: 128
Default Switch: Open vSwitch Kemmel Mode — .
Polling: |30
-Open vSwitch - -
~NetFlow Profile for Open vSwitch
OpenFlow 1.0:
Target:
OpenFlow 1.1: . .
Active Timeout: |600
OpenFlow 1.2: [
Add ID to Interface: [
OpenFlow 1.3: ¥
dpctl port:

oK Cancel |

Puc. 4.6. HanamtyBanus BipTyanbHOi Mepexi mininet (BukopucroByroun miniedit)
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Anapataum 3a0e3nedeHHsaM i1 SDN koHTposiepa € KoMI'1oTep, 1110 MPaItoe i
yropasiinasam Ubuntu Linux. Big agminicTpatopa moTpeOyeThes JIMIE BCTAHOBJICHHS
nporpamuoro 3abesneuents ONOS.

ONOS € BiakpuTuM (OPEN SOUICE) IporpaMHUM 3a0€3MEUCHHSIM IS KOHTpoJIepa i
MO3UIIIOHYETHCS K PIIICHHS AN MEPEXKi, MO0 CKIAJAEThCS 3 MOCTaYaIbHUKA MOCTYT
3B 3Ky Ta Horo kmieHTiB. ONOS € 3B’s3y104o0 naHkoro anst Outbmn npoctux SDN-
cucTeM, Oyaydd CBOEPITHUM KJIacTepoM g JEKUIbKOX By3idiB. IlepeBaroro
BukopuctanHa ONOS y sKocTi cucTeMu 11 KOHTPOJIEpa MEPEKi € MOMKIIUBICTh ITHOTO
IPOrpaMHOro 3a0e3MEYeHHs] MNPOTUHIATH 3005IM CUCTEMH Yy pa3l MOPYIICHHS
HAJIAIITYBaHHA OKpeMux By3miB. OKpiM LbOrO, BY30JI, y SIKOMY cTajacs MOMMUJIKA
aapecanli abo 3’€THaHHSA, MOXe OyTH ONEPATHUBHO MEPEKOH(DIrypOBAHHUI POrPaMHUM
3a0€3IeUeHHsIM KOHTPOJIEPY.

BBaxkatu, mo OpenFlow Tta inmm momiOHI MepexeBi MPOTOKOJIW IHTETpOBaHI B
ONOS, Oynme HekopekTtHO, oOcKiuTbkH OpenFlow BHKOPUCTOBYETHCS JUINE IS
BCTAHOBJICHHS 3’ €JJHAHHS M1 MPUCTPOSIMU MEPEKI, a cama orepariiina cucreMa ONOS
3a0e3Me4eHa BIACHUMU J0AaTKaMH Ta MPOrpaMHUMU pilleHHSIMU. BOHU po3aisieH] Ha
piBHi (tiers), Ha KOXKHOMY 3 SIKUX TPAIfOIOTh BJACHI MporpaMHi Mojaeii (O7Ha 3 HUX
B3aemoyie 3 OpenFlow) i siki MOXyTh (DYHKIIIOHYBaTH HE3aJCKHO. 3aBISKH IMOJIIOHIM
13071511011 PIBHIB cHCTeMa HaOyBa€ YHIBEPCAIbHOCTI, OCKUIBKM HE NPHB’SI3YETHCS M0
OJlHI€T MoJzeni abo TPOTOKOY 1 MOXKE B3a€EMOJIATA Ha PI3HUX PIBHAX 3 IHIIUMHU
eJIeMEHTaMH MEPEX1 B MEKaxX TOMOJIOTTI.

Ha 6asi piBaiB Tta momeneir y ONOS mparrorors momatku (applications), 3a
JIOTIOMOTOI0  SIKUX MPOrpaMiCT Ma€ MOKJIMBICTh HAJAIITOBYBAaTH MEPEXY Ta
KOHTPOJItOBaTH Tpadik. Y NPUCTPOI YOpPaBIIHHS, HA SKOMY TMpalO€ orepaliiHa
cuctema, 30epiraerbesi iH(MOpMAIlS MPO TOIMOJOTII0 MEPeki. 3 IBOTO K IEHTPY €
MOXJIMBICTh BCTAHOBUTH 3B’SI30K 0€3MOCEPEIHBO 3 MEBHUM NPUCTPOEM Yy MEpexi Ta
HaJiclaTh Womy MeBHI AaHl. lle po3mmproe MOXKIUBOCTI KOHTPOJIOBAaHHS MEPEXkI Ta
CHpOIILyEe pO3pOOKY OAATKIB Ta aJMIHICTpyBaHHSA. BnacHe nomaTku MOXyTb OyTH
J10/1aH1 a00 BIIIyY€H1 3 MEPEXK1 JUHAMIYHO, JUISl LIOTO HE MOTPIOHO 3yNUHATH Tpadik Ta

BIIKIIOYaTH ab0 Tepe3amycKaTh MEPeXy, IO € BEINMYE3HOI IMepPEeBaror s
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IPOBaiIepiB, sAKi MOTPeOYIOTh Oe3mepediiftHoOro 3’eIHaHHsA 3 aboHeHTamu [87].

JIJis eKCTIepUMEHTY, IO MPOBOIUTHCS Y IIBOMY PO3JIiJIi, BAYKIMBOIO € BIAKPHUTICTh
nporpamaoro 3ade3nedeHns Koutposiepy ONOS, ockibKY 11€ J03BOJISIE HE 301TBIITYBATH
MaTepiajibHl BUTPATU JJIs1 MOOYJAOBHU MEPEKEBOTO PIIICHHS Ta BIJIKPHUBAE MOXKJIUBICTh
HEOOMEKEHOTO BHECCHHS 3MiH JI0 KOy JOJaTKiB KOHTPOJIepa.

Ak yxe 3aznaganocs Buiie, Ha ONOS MoxHa BKITIOUATH ICHYIOY1 Ta J01aBaTH HOBI
JNOJMATKA JUIs  po3MHpeHHs (YHKIIOHATY KOHTpoiepa. Jlms  excrmepuMeHTy
BUKOPHCTOBYIOTHCS JIEKUIbKA JOMATKIB, K1 BKJIIOUCHI B CTAHIAPTHUMN MAKET YCTAHOBKH
po3poonukamu ONOS, dhyHKIIOHATEHUN KO IIUX JOJIaTKIB OyB MOIU(DIKOBAaHUMN B X011
JTOCITIJIKEHHSI:

e OpenFlow Provider Suite (org.onosproject.openflow) — 3acTocyHOK, 1110
JI03BOJIsIE KOHTPOJIEPY MpairoBaT 3 mnpotokoiom OpenFlow, B3aemomiroun 3
openvSwitch komyTtaTopamu yepe3 creliagizoBaHHi MPOrpaMHUIA 1HTEpQeiic
(API);

e Reactive Forwarding (org.onosproject.fwd) — 3acTocyHOK, [0 JO3BOJISE
KOHTPOJIEPY BUKOHYBAaTH MaplIpyTH3allilo Tpadiky 3a paxyHOK CTaHIApTHHUX
TUPEKTUB Ta 0e3 MOXKJIMBOCTI ypaxyBaHHS QOS; BHUKOPHUCTOBYBAaBCS IS
MOPIBHSHHS PE3YJIbTATIB MOJICTIOBAHHS;

e Intent Forwarding (org.onosproject.ifwd) — wmoaudikoBanuéi B XxO0i
JTOCTIKEHHSI ~ 3aCTOCYHOK, IO  JIO3BOJIAE  KOHTPOJIEPY  BUKOHYBATH
MapHIpyTH3aililo Tpadiky 3a paxyHOK BCTAHOBJICHHS CIEIlaJbHUX MPABHI —
Hamipis (intents);

e LLDP Link Provider (org.onosproject.lldpprovider) — 3actocyHok, 1110
3abe3neuye MokIUBICTh 71 sijpa ONOS BUSIBISATH BY3JIM TOTOJOTIT Ta 3B’ SI3KH
MDK HUMU IIJISTXOM BiJICIT1IyOBYBaHHS KOHTPOJBHUX MAaKETiB TpoTOoKoIy LLDP;

e Proxy ARP/NDP (org.onosproject.proxyarp) — 3acTOCYHOK, IO JO3BOJISE
koHTpoJiepy HanpasisiTh ARP/ICMP tpadik, 110 1a€ MOKIHUBICTh MEPEBIPITH
3B 130K MK XOCTaMHU Yy MEPEXI.

[Micna 3amycky ONOS Ha xomm’roTepi Ta crapTy MOJCNIOBaHHS y Mininet nsi

YTWIITH BCTAaHOBIIOIOTH 3B 30K OJIHA 3 ONHOIO, a MamuHa, ae 3amynieHo ONOS,
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NpeCTaBIsIETbC Yy Tomouorii sk koHTposep CO. Ha koHTpomepi OymyeThcst BiacHe
Tpe/ICTABIEHHs. TONOJOTIT MepexeBoi iHPPacTpyKTypHu. Ii MokHA MOGAYUTH,
nigkmounBmuchk 10 cucteMu ONOS, BukopucToByrouwm TpadiuHuil iHTepdeiic, o
BXOJIUTH B TIAKET MPOTPAMHOTO 3a0€3MIeUCHHSI.

B xoai mocnmigkeHHsI TOMOJOT KOHTPOJEp BU3HAUA€ KUTBKICTh KOMYTaTOPIB Ta
XOCTIB, IO MO€eaHAHI MK coOoro 3B’si3kamu (links). s ¢pyHKmioHyBaHHS mepenadi
nanux y SDN mepesxi BukopuctoByroThes oToku (flows). Bonu siBistroTs co00r0 aaHi,
0 JOJAIOTHCSI KOHTPOJIEPOM 10 KOH(DIryparii KO)KHOTO KOMYyTaTropa Ta JT03BOJISIOThH
OCTaHHBLOMY poOUTH 00pOoOKYy Tpadiky. Kosken 3ammc moToky Mae moie Selector, sike
BU3HAYae TUN Tpadiky, 110 HAAXOAUTh Ha KomyTarop. LI MOTOKM € CcBOEpIAHOIO

peatizaii€ero Tabmip MapmpyTu3saiii y mporokom OpenFlow.

4.5, [lopsinok mMpoBeaeHHsI MOAeJTIOBAHHS

3amauero y eKClepuMeHTI € mo0ya0Ba KaHally 3B’SI3Ky Ta mepefada JaHuX MK
nsoma xoctamu — hl (IP-agpeca: 10.0.0.1) ta h2 (IP-agpeca: 10.0.0.2). I1{o6 aictaTuch
BiJ] TIEPIIIOTO XOCTA JI0 IPYToro, Tpadiky noTpiOHO mpoiTH yepe3 aekiibka Open vSwitch
KOMYyTaTOpiB. SIKIIIO yCci KOMYTaTOpH Ta 3B S3KH MK HUMHU 3HAXOMISTHCS y poOOUOMY
cTaHi, TO OyayThb mnoOOyAOBaHI NUIAXM, IO HE MEPEeTUHAIOTHCS, K1 OyIyTh
BUKOPUCTOBYBATHCS JJIs CTBOPCHHS KaHaIIiB 3B 513Ky [86].

[Ticnst omi3HaBaHHS KOHTPOJIEPOM TOIOJIOTIYHOI OpraHizailii BIpTyaJlbHOI Mepexi
CIIOYATKy BOHA BijioOpakaeThcst 6e3 xoctiB h1-h2, Bu3HaYeHNX Ha erari MpOeKTyBaHHSI.
Ile moB’si3aHe 3 THUM, IO CITY:KO00BUH Tpadik, sikuit BiacmiakoBye gogarok LLDP Link
Provider i sikuit mOTIM CTBOPIOE Y MaM’sITi KOHTPOJIEpa MPEACTABICHHS PO MEPEKY,
npoxoauTh Jmiie Mk Open vSwitch komyTaropamu, a 10 XOCTIB HE BiANPABISETHCS.
J1g IXHBOTO B1TOOpa)keHHsI HEOOX1JHO BUKOHATH MEPEBIPKY 3B 3Ky MIXK yCiMa XOCTaMH
yepe3 BinmpaBky tecroBoro ICMP Ttpadiky 3a monomororo komanmu pingall. Ile
JI03BOJIUTH TEPEBIPUTH HE JIMIIIE JOCTYIHICTH XOCTIB OJWH JJISi OJTHOTO, ajie W JacTh
MO>KJIUBICTh KOHTPOJIEPY MPOBECTHU JOCIIIKEHHS MAPIIPYTIB Y MEPEXKI1 JJIs TOIATTBIIIOTO

3amam’sITOBYBAaHHS 1 BAKOPUCTAHHS.



104

BTim, oOpana peasizaliis nmomyky nuisxiB 3B’s3Ky y koHTposepi ONOS nmoTpedye
noaaTkoBoi fii. 11{o6 yCHmiImHO BCTAaHOBUTH 3B’SI30K BiJl OJJTHOTO XOCTa JI0 1HIIIOTO, MIX
HUMHU TpeOa CTBOPUTH CHeEIliayibHuK 3anmuT — Hamip (intent). Hamip — me o0’ekT y
aOCTpaKTHOMY IMIPEACTABICHHI MPOrPaMHO-BU3HAYEHOI MEpEeXkKl, SKUH OMHCY€E 3amluT
nporpamu 110 sapa ONOS st 3MiHM noBeniHkKu Mepexi. Hamipu, 30kpeMa, OnucyroTh
HACTYTHI €JICMEHTH TTOBEIIHKU:

e MepexeBuil pecypc: HaOlp 00’€KTHUX MOJENCH, TaKuX SIK 3B S3KH, SKi

chopMOBaHi B MeXKax 4aCTUH MEPEXI1, Ha K1 BIUIUBAE HAMIP;

e OOMexeHHs: Baropi koe(ili€eHTH, 3aCTOCOBAHI 10 HA00PY MEPEKEBUX PECYPCIB,

TaKUX SIK IPOIYCKHA 3/1aTHICTh, ONITUYHA YacTOTa abo THII 3B’SI3KY;
e Kpurepii: monst 3arojoBka mnakera ado IIa0JOHM, AKI OMHUCYIOTh (PparMeHt
TpadikKy;

e [HCcTpykwii: Aii 3 aagMiHICTpyBaHHA (PparmeHTa Tpadiky, SK-0T, Moaudikawis

0JIs1 3ar0JI0BKa a00 BUBEACHHS (PparMeHTy 4yepe3 NEBH1 OPTH.

Kpim toro, Hamip 3aBxau ineHTH(DIKY€eThCs K uepe3 Applicationld mporpamu, sika
J0/1a5ia HOro B CUCTEMY, Tak 1 yHikaabHuM Intentld, srenepoBaHuM 1mix yac CTBOPEHHS
Hamipy [84].

OpHi€rO 3 TOJIOBHUX NEpEeBAr BUKOPUCTAHHS HAMIPIB NIEpe/1 3alIMCaMy MOTOKIB JIJIs
porpaMHOi KOHQIrypariii Mepexi € Te, IO HaMipH BIJICTEKYIOTh CTaH MEpexki Ta
JUHAMIYHO 3MIHIOIOTh CBOIO KOH(Irypauito, 1100 3aJ0BOJBHUTH TOCTABIICHY IEpes
HaMIpoM 3ajavy nepecuianHs Tpadiky. Hanpukian, SKiio neBHi 3B’ A3KM MK BY3J1aMH
CTaHyTh HEJOCTYITHUMH, TO HaMip MepeHanpaBuTh MOTIK Tpadiky HA albTEPHATUBHUM
nuigx. [loOynoBa MHOKMHYM albT€pHATUBHUX KaHATIB 3B’SI3Ky BIIOYBA€ThCSI HA OCHOBI
NPIOPUTETHOCTI, SIKa B CBOIO uepry Oa3yeTbCs HAa HAAIWHOCTI BY3JIIB Ta SKOCTI
oOCITyroByBaHHs TakK, K I1¢ OyJO OmucaHo y po3aiurax 2 i 3 maHoi pobortu. ko
AITCPHATHBHOTO IIUISIXY HeMae, TO Hamip yBikae B HeBmanuii cran (failed) i
3aJIMIIaTUMETHCS Y HbOMY, JIOKU HE CTaHe JOCTYIHUM X04a O OJIMH HUISIX MK 3aJaHUMHU
XOCTaMH.

Ho xontponepa ONOS MoXHa MIIKIIOYUTUCH 3 BUKOPUCTAHHSIM KOMAaHIHOTO

psanka (CLI). Ile mae MOXIMBICTH BBOAMTH KOMAHIW IS JOJABaHHS a00 BHIAJIEHHS
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CYTHOCTEH y IpOrpaMHiil MOJEIl MEePEeXkKl y MaM’Ti KOHTPOJIepa, a TAKOK CTATUCTUUYHY
1H(DOopMaIrito.

Hamipu OyBaroTh KiJIBKOX THITIB, SK-OT, HAMIP MK XOCTaMH, TOYKaMH, KOJICKIIis
3B’s13K1B, Hamip Mepexi MPLS Ta ixmm. Yci HaMipu 3a CBOEIO JIOTIKOIO HACIIYIOTh KJlac
Connectivitylntent y mporpamuiii ctpykrypi ONOS. ¥V pamkax MoJeNIOBaHHS, IO
NPOBOAUTHCA B JTaHOMY pO3]iii, Opanuch M0 yBard JBa TUIM HaMipiB, IO YacTO
BUKOPHUCTOBYIOThCS Ha MIPaKTHIl — Hamip MK xoctamu (HostToHostIntent) Ta Touka o
touku (PointToPointIntent).

Hamip Mix XxocTtamMH CTBOPIOEThCS Komanmow add-host-intent, me y sxocti
napameTpiB BKa3yOThCS 17ICHTU(HIKATOPU XOCTIB, MK SIKUMU HEOOXITHO BCTAHOBHUTH
3’€JHAHHS Ta MoAayblly nepenady Tpadiky. Crnucok HamipiB 3 1H(OPMAIIEO PO IXHI
HaJIAIITyBaHHS MOYKHA OTPUMAaTH 3a JOMOMOT0I0 KoMaHau intents.

3a3navenuii Buie Hamip Mix xoctamu (host intent) € 06’extom HostToHostIntent
y crpyktypi ONOS. BiH perymoe CTBOpEHHS MOTOKIB Ui Tepenadi JaHux 1 €
aOCTpaKIli€l0 JIBOHAINPABICHOTO 3B’SI3Ky MIXK KiHIEeBUMHU By3namu. Llelt Hamip
aJMIHICTpy€e mnepenady Tpadiky MDK XOCTaMU 1 BHUKOHY€ pPEKOH(DIryparito CBOiX
HaJalITyBaHb y pa3l HEMOXKJIMBOCTI HaJACUJIaHHSA Tpadiky OOpaHUMHU MapIIpyTaMH.
Bu6ip mapmpyty host intent BukoHnye 3 ypaxyBaHHSM KOPOTKOCTI Ta 3aBaHTa)XEHOCTI
MapmipyTy MDK BYy3JaMH, OJHAaK CYTTEBUM HEAOJIKOM HOTro 3acTOCYBaHHS €
HEMOXKJIUBICTh TIEpeHanpaBiieHHs Tpadiky MO albTepHATUBHOMY Mapuipyty 0e3
nepepuBaHHs Mepeadi, HaBITh y pa3l KO AaHi Tpadiky A03BOJICHO po3auuTu. Kpim
toro, host-mamip 10BOJi OOMEXeHHMH y KacToMi3allii, 4depe3 IO He MOXe OyTH
MPUCTOCOBAHUM JIO peaizailii MOCTaBICHUX Y JUCEPTAIlitHIN poOOTI 3aBJaHb.

[IpoBecTn mepeBipKy 3ampONOHOBAHUX METOJIB MOOYAOBH BIPTYaJIbHOI MeEpexi
OyJ10 BUPIIIIEHO 32 TOMOMOT0I0 O1TBIITI HU3bKOPIBHEBHUX HAMIPIiB — TOYKa 70 TOYKH (Point
intent), sixi y ctpykTypi koaTposiepy ONOS € 06’ extamu kiacy PointToPointintent. e
THUI HaMipy BCTAHOBJIFOETHCS MIXK TOPTaMH OKpeMoro 0pen vSwitch komyTaropa — By3ia
rpady Mepexi. Y KOKHOTO TaKoro Hamipy € Habip HajalTyBaHb, 30KpeMa MPIOPUTET
(priority), 3Ha4eHHs AKOrO0 MOKHA BCTAHOBITIOBATH.

B pamMkax exkcnepuMeHTy, IO MPOBOAWTHCS Yy JaHii poOOTI ISl TEepeBipKU
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3alpONOHOBAHUX METOJIB MOOYIOBU MHOXXHMHHM IIISAX1B, MPIOPUTET HAMIpy TOYKa JO
TOYKHU BBAKATUMETHCS BAPTICTIO MEPEXOJTY, 0 SKOr0 BeJe BUXITHUN IJIsi HAMIPY MOPT
KomyTaropa. MoaudikoBanuii momarok Intent Forwarding Ha oCHOBI METPHK SIKOCTI
00CITyroByBaHHS KaHAIIB 3B’ 3Ky Ta KOe(III€HTIB MPIOPUTE3aLlii I KOKHOTO 3B’ SI3KY
MIX BY3JIaMHd BHUKOHA€ OOYMCICHHS BapTOCTI MapIIPyTy 3TIAHO KOXKHOI 3 METPHK,
3poOUTh CyMyBaHHS BariB Ta OTpMMae KOMOIHOBaHY BaroBy MaTpHULIIO MEPEXOAiB AJIs
rpady mepexi. [licisg nporo st KOKHOTO BUXITHOTO MOPTY KOKHOT'O KOMYTaToOpa, 1110
NPHETHAHUKA JIO BiATIOBIIHOTO 3B’S3KY, JIOJATOK CTBOPUTH POInt intent ta BCTaHOBUTH
HOMy MpIOPUTET, MO € 3BOPOTHO PIBHUM (BIJHOCHO MaKCUMAJIbHOTO 3HAYCHHS Baru
3B’sI3KY B YMOBHII MaTpHIIl) CyMapHiil BApTOCTI 3B’ 3Ky 3T1THO BpaXOBaHUX MapaMeTpiB

AKOCT1 00ciyroByBaHHs (popmyina (4.1)).
px = max(K;;) —k, + 1, (4.1)

ne px — npiopurer Hamipy, max(Kj) — HaitOuibIna 3 BariB pedep y 00’ €IHaHII Baroii
MaTpHuili, Ky — Bara 3B’s3Ky.

Kontponep ONOS y pamkax ¢yHKmioHansHOCTI point intent, maroun indopmarriro
PO MPIOPUTETHICTH 3B’ A3KIB, TOOYAy€ MApUIPYTH 1 HA TXHIM OCHOBI KaHAJIH 3B’ SI3KY MK
KOMyTaTopaMu, 110 Oe3MocepeHbO MIJKII0UEHI 10 XOcTiB. OCHOBHMM MapUIPyTOM
nepeaadi JaHux Oyae oOpaHuil Takui, III0 Ma€e IKOMoTra OlIbIe 3HaYSHHS MTPIOPUTETIB
point-HamipiB. ByayTh 3a MOXJIMBOCTI TOOYIOBaHI ¥ 1HINI MapHIPyTH IO HE
MEePETUHAIOTHCS MK c00010. BoHM OynyTh 3a/11siH1 TPU Mepeiadl JaHUX Y pa3i BEJIMKOTo
3aBAHTAKEHHS OCHOBHOI'O MapIIPYTy.

[Tpu BUXOI 3 Taxy OKpeMUX AUITHOK Mepexi goaarok Intent Forwarding Bukonye
pekoHdirypaiiito. Bona nossrae, sik 1 ciiaye 3 onucy y po3aiiax 2 1 3, y BUOOpi OJTHOTO
3 aJbTEPHATUBHUX KaHATIB 3B’A3KYy B SKOCTI OCHOBHOT'O, a TaKOX IMOOYJOBY HOBHX
IUIAXIB 3 ypaxyBaHHSAM BIJICYTHOCTI psIly BEPILUH Ta 3B’ sI3KiB Ha rpadi Mepexi, a TaK0XkK
B)Ke (DYHKITIOHYIOUHX BiJIOMUX MapmipyTiB. Ha BiiMiHY BiJ XOCT-Hamipy, e KpUTEpieM
YCHIITHOCTI Mepeaadi MakeTy € HOro MpUUHSATTS XOCTOM-aJIpecaToM, MPU BUKOPUCTAHH1
point-namipiB Tpadik MOKPOKOBO PETYJIIOETHCA HUMH Ha KOXKHOMY BY3J1i. Lle 103BOHUTH

KOHTPOJIEPY, L0 Y peaIbHOMY 4aci BIJIC/IIIKOBY€E 3MIHU Y MEpexi, 0€3 3yNMHKH Iepeadi
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Tpadiky TNepeHampaBUTH WOTO 1HIIMM MAapHIPyTOM Ta 3HHU3UTH YaCOBY CKIIAIHICTh
nepe0y/10BH KaHAJIIB 3B S3KY.

Y peanizanii ONOS 3a 3aM0OBYyBaHHSAM BCl HaMIpH MalOTh OJHAKOBHUI MPIOPHUTET,
a moOyJI0Ba KaHaJIIB 3B’sI3Ky BIJIOYBA€ThCS JIMIIE 0a3yIOUHUCh HA KITBKOCTI MEPEXO/IiB,
MO ICHYIOTh MDK JDKepenoM 1 aapecaroMm. lle mpu3BoauTh J0 CHUTYyaIlii, KOJU BXKE
NEPEeBAHTAXEHUI HAMKOPOTIIUNI MapuIpyT Moke OyTu oOpaHuil ams nepenadi Tpagiky,
y TOM Yac sIK 1HIIi MapIIPyTH MPOCTOIOIOTh. SIK pe3ynbTar, BAHUKAE BUCOKA HMOBIPHICTD
BTpaT JdaHUX Ta 30UIbIIEHHS 3aTPUMKH, LI0 TOTIPIIye SKICTh OOCITYrOBYBaHHS
KOpPHUCTYyBauiB Mepexi. B paMkax eKCHepUMEHTy NOpIBHIOBAaTUMETHCS, 30KpeMma,
CTaHJapTHAa peajtizallis moOyI0BU BIPTyaJIbHUX KaHaIB 3B a3Ky KoHTposiepoM ONOS Ta

MOAM(IKOBaHA B MPOLEC] AOCTIIHKEHHS, IPEICTABIECHOr0 Y JaHii poOoTi.

4.6. IloOynoBa BipTyaabHOI Mepeski Ha ocHOBI TexHoJ10rii SDN

B xon1 nepenaui Tpadiky MK XOCTaMU KOHTPOJIEP BIJICTIIKOBYE 3aBaHTAXKEHICTh
By3aiB. Il[06 oTpumaTu OUThII penpe3eHTaTUBHY KapTUHY POOOTH 3ampOrOHOBAHOTO
MeTOoay pekoHirypartiii, B X0/1 MOJIEIIOBaHHS MOCTYMOBO BIAKIIOUAIOTHCS HAMOUIbII
3aBaHTaXCHI BEPIIMHU, aX JOKM He OyayTh BiakmodeHi 50% BysmiB Mepexi. B
€KCIIEPUMEHTI MOPIBHIOIOTHCS:

e CrangaptHa no0Oy0Ba KaHawiB 3B 513Ky y koHTpoJiepi ONOS nonarkom Reactive
Forwarding, sikuit mpu moOy/10Bi KaHATIB 3B’SI3Ky BPaxOBYE JIHIIE KiTbKICTH
NepexoiB MK KOMyTaTOpaMu;

e [loOynoBa kaHaJliB 3B 53Ky 3a JJOIOMOTO00 NOSt-HaMipiB, 110 BPaXOBYIOTh JIHIIIE
KUIBKICTh TIEPEXOJIiB Ta IMIUPUHY MPOIYCKAHHS 3B’S3KIB, a TAKOX HE Mae
MO>KJIMBOCTI TIepeHanpaBuTH Tpadik 6e3 mepepuBaHHs Nepenadi;

e [loOynoBa kaHaiB 3B 3Ky 3a JJOMIOMOTOI0 POINt-HaMipiB, 1110 BPaXOBYIOTh JIUIIIE
KUIBKICTh TIEPEXOJiB Ta IMUPUHY MPOMYCKAaHHS 3B’S3KIB 0€3 BCTAHOBJICHHS
MPIOPUTETIB;

e MoaudikoBaHa noOy0Ba KaHAIIB 3B’S3Ky 3a JIOMIOMOTOI0 POINt-HaMipiB, M0

BpPaxoBY€ YOTUPHU METPUKH SIKOCT1 OOCIIyTOBYBaHHS Ta BCTAHOBIIIOE BiIMOBIAHI
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MIPIOPUTETH JJIA 3B’ A3KIB MK KOMYTaTOpaMu sl 00X01y MpOOJIEMHUX AUTSTHOK
Mepexi (peanizailiss MeTO/iB, 110 3alPONOHOBaHI y po3ainax 2 1 3).
Komanma Iperf 3 mapamerpamu 103BOJISIE OOMIHIOBATHCS BEIIMKMMH 00’ €MaMu
TpadiKy MK XOCTaMH 1 OTPUMYBATH CTATUCTUYHI AaH1 MO0 bOTo Tpadiky. Y Mepexi
3 N BEPIIMH CIIOYATKy MMOYMHAIOTH HajcuiaTucs N/2 HaOOpiB JaHUX, MO0 CTBOPUTH
3aBaHTaXCHHS I 3B’s3KiB Mepexki. [lotim mpotsrom 10 cexkyHn ime mepemada
KOHTPOJILHOTO HabOpy JaHux. /s mboro Habopy 0OUMCIIIOETHCS KUIBKICTh TIepeaaHux
naHux («tpancdep» y Tepminosorii yrumita iperf) ta mBuakicTs nepeaadi («OITpen™ y
TepMiHoJIOTIT yTrmiTu iperf).
Jlnst ypaxyBaHHSI METPUK SKOCTI OOCTYyroBYBaHHS KaHaJiB 3B 3Ky OyJo 0OpaHO
JIBa BaplaHTH KOH(QIrypauii KOe(ille€HTIB MpIOpUTE3alli: OJUH JUIsl HEEITaCTHYHOTO
Tpadiky, 1110 moTpedy€e BUCOKOT rapaHTii JOCTABKH, Ta €IACTHYHOTO (TOTOKOBOTO), JJIsI
SAKOr0 JOIyCTUMI MEBHI BTpaTW JaHuX 1 3aTpuMmku. Koediuientn Oynu HazHayeHi
HACTyITHUM YHHOM:
® HeenacTUYHWM Tpadik: KUIBKICTh TMepexodiB — 1, JOCTymHICTh CMyTH
npomyckaHHs — 5, 3arpumka — 10, BimcoTok BTpaueHux mnakeriB — 10.
KoedimienT mamiitrocTi mist By3miB — 0,95.

® EJAaCTUYHMI Tpadik: KUIbKICTh EPEXO/IB — O, TOCTYMHICTh CMYTH MPOIYCKaHHS
— 10, 3atpumka — 4, BizcoTok BTpadeHUX nakeriB — 6. KoedimieHT HaaiHOCTI
st By3miB — 0,9.

JI1s1 KO’)KHOTO THITy TOTIOJIOTIYHOI opraHizailii mpoBeACHO TPH CIpoOH MoOy10BU
BipTyanbHOi Mepexi. 50% Bij 3araqbHOr0 00’€My JaHUX CKJIaJa€ eNacTUYHUM Tpadik,
i 50% — HeemacTuuHuid. Pe3ynbpTaTH BHMIPIB MIBHAKOCTI Ta 00°€My TEpelaHUX
JAHUX, TPEJCTaBIICHI Jali, € CEPeIHIM 3HAYCHHSM IS OTPUMAHUX IIPH KOXKHIM
1moOy/10B1 BIJMOBITHUX PE3YJIbTATIB.

daktopu, MO MOXYTh BIUIMBATH HA PEMPE3CHTATHBHICTH PE3YyJIbTATIB
MOJICTTFOBAHHS:

® MOJCNb BIPTyaJIbHOI MEpPEXi I17ealli3oBaHa, TOMY BTpaTH IaKeTIB depes

HEJI0JIIKU 00JIaIHaHHS 3BEJIEH1 710 HYJIS,

® 3B’S3aHICTH TOMOJIOT1I Ma€ OYTH JOCTATHBOIO, IIOOU MPH BITKIIOUEHHI OKPEMUX
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BY3JIIB TOMOJIOTIYHUN rpad He OyB po3ipBaHUM, yepe3 Ie NI TECTyBaHHS HE
BIJIXOJMThH TaKa TOIOJIOTis sIK AepeBo (tree);

e DI3HUI B IIBUIKOCTI, BUMIPSHIA BiANMPaBHUKOM M ajapecaTtoM, IOB’s3aHa 3
PI3HHM YaCOBUM 1HTEPBAJIOM, 3 IKHM aJpecaT MpuiMae Ta 00poOIroe HadiCIaHi
yrpoaoBx 10 cexkyHa (d4ac TecTy) makeTd — YaCTHHA 3 HUX MOJXKE 3aJIMIIUTHCh

HEO0OPOOICHOIO TP HACTAHHI MOMEHTY KIHIISI TECTY.

4.6.1. IloBHO3B’I3HA TOMOJIOTisl

[10oBHO3B SI3HUI TOMOJIOTIYHUIM MAJIOHOK € TaKUM, y SKOMY BCl BY3JU MEpEexi
3B’s13aHI MK c00010 Oe3nocepenbo. [Ipu pyci 3 Oyap-skoro komyraropa Tpadik Mae
MO>KJIUBICTh JIICTaTUCh O OYy/b-SIKOTO 1HIIOTO 32 OJAWH KPOK HABITh NPH BIIKJIIOYECHHI
OKPEMHX BY3IIIB.

[lepen OCHOBHMM MOJEIOBaHHSIM OYJIO IPOBEJEHE TECTOBE, A€ OYB NEpeBIpeHUI
po3monain Tpadiky miJ Yac HaACWIaHHS oOmexeHoro Habopy 3i 100 makeriB Mix
By3iamu. [lomryk mapmipyTy 3[1HCHIOBAaBCS 3 BUKOPUCTaHHAM alropurma Jleikcrpu

(puc. 4.7).

Puc. 4.7. IlpencraBienns moBHO3B’ si3HOTO Tpada Ha koHTposiept ONOS

Pe3ynbpTat MOHITOPUHTY MOKa3ald, IO B1AOYJIOCH MEPEBAHTAKEHHS OCHOBHOI'O
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mapuipyty 3 10% Brpartoro nakeTiB (puc. 4.8) [72].

--- 10.0.0.2 ping statistics ---
100 packets transmitted, 90 received, +10 errors, 10% packet loss, time 181196ms

rtt min/avg/max/mdev = 0.031/0.195/10.661/1.111 ms, pipe 4

Puc. 4.8. Cratuctuka noctaBky nakeTiB cranaaptHumu 3acobamu ONOS s

MOBHO3B’SI3HOTO rpada Mepexi

MeTtoau, 3ampomnoHoBaHl y po3auiax 2 i 3, AO3BOJSIOTH HE JOMYCTHUTH I[HOTO
nepeBaHTaXEHHS KaHaly, 30kpema i 11t SDN kortposepa ONOS.

[ToBHO3B’s13Ha TOMOJOrIS 3 JAEB’SITbMa BEpIIMHAMHU 300paxeHa Ha puc. 4.9,
pe3yJbTaTh MOJICTIOBAaHHS TMepenadl Tpadiky i 1€l TOMOJOTil 3 MOCTYNOBUM

BIJIKJTFOYEHHSIM KOMYTATOPiB MPOJIEMOHCTPOBaHI y Tabnuili 4.1.

Puc. 4.9. TloBHo3B s13Ha Tomosoris (9 BepiuH) y Bizyauizariiii kouTpoiaepa ONOS
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Taomurg 4.1

[TopiBHsIbHA cTaTHCcTHKA 00’ eMmy (O) Ta mBuakocti (L) nepenadi Tpadiky mis

MOBHO3B’SI3HOT TOMOJIOTT 13 9 BepIIMHAMH

Reactive Host Intent Point Intent | Memoou, wo
Forwarding | Forwarding | Forwarding | nponouyromscs
By3zmu | Tun xocty
0] 11 0) 11| 0] I 0] 11|
(I'b) | (I'dit/c) | (I'B) | (I'6it/c) | (I'B) | (I'6it/c) | (I'B) | (I'GiT/C)
BIJIMPaBHUK 423 41,8 43,8 44 8
9 49,2 48,6 50,4 52,5
aapecar 42,1 41,6 43,6 447
BIJIMMPaBHUK 40,9 40,1 414 419
7 47,5 47,1 48,3 49,7
azpecar 40,7 40,0 41,2 417
BiJITPaBHUK 38,4 37,5 38,8 40,1
5 45,8 43,6 45,5 47,1
aapecar 38,3 37,4 38,7 39,9

[ToBHO3B’s13HA TOTOJIOTIS 3 MIBaANATHMA IT’AThMa BEPIIMHAMH 300pakeHa Ha PHC.

4.10.

% / -
\,\\ ;mml\\\,_’//‘
f

Z 7R
AP SAIN
x \‘ Y / 7
. )\ .*‘ // //
gg \V), /
| Z i
\"\\\o{" P/ ' l"‘\\'\/’\'~
QORI zddl "‘?\.N
!Q‘\(‘\};,;s;ﬂgi : i ‘__§_§ .
gé X oY €. =g"?’? <>

45
n
1\

{

“,\'4
22N

S )
Ny /A%
N5z RO
2 . NI
N> KA > KRN NN\ =2
"‘—"—‘Av 4%, : L ). .'.\—“!ngﬁ
] NS S oy AT \‘,./(v;‘
\NPZEHI AR RS A
%@%\‘/‘q L A XN '..’ .§\» <2
Ple—— 3= /% PN 7
S e e
\\'l.’/ ‘ Winles\W
| ] HZZAXN
/ V==
B

Puc. 4.10. TToBHO3B’ s13Ha TomoJoris (25 BepiinH) y Bizyami3aiiii koutposiepa ONOS
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PesynbpTaTn MopaentoBaHHs Tiepenadi Tpadiky s 1€l TOMOJOrii 3 MOCTYIIOBUM

BIJIKJTIOUCHHSIM KOMYTaTOPiB MPOJAEMOHCTPOBaH1 y Ta0bmuil 4.2.

Taomung 4.2
[TopiBusmpHA cTaTHcTHKA 00’ eMy (O) Ta mBuakocTi (I11) Tpadiky mms

MOBHO3B’SI3HOT TOMOJIOT1 13 25 BepIIMHAMU

Reactive Host Intent Point Intent | Memoou, wo

Forwarding | Forwarding Forwarding | npononyromoecs

Byzmu | Tun xocty

O I O I O I O I
(I'b) | (I'dit/c) | (I'B) | (I'6it/c) | (I'B) | (I'GiT/c) | (I'B) | (I'GiT/C)
BIJIMPAaBHUK 43,5 445 43,1 446
25 50,8 51,4 50,5 52
aapecar 43,2 44,3 43 44 4
BI/IMPaBHUK 42 6 43,2 42 5 44
19 49,8 50,6 49,8 51,6
azpecar 42,5 43 42 .4 43,9
BiJITPaBHUK 419 42,7 419 43,5
13 49 49,9 49,2 50,7
azpecar 41,7 42,6 41,6 43,4

4.6.2. Tonouaoris ne bpyiina

Tomonoris Ha OCHOBI TepeTBOpeHb N bpyiiHa 1 HaAIUMIIKOBOTO KOIy € mo0pe
30aJJaHCOBAHOIO 1 3B’SI3HOIO TOMOJIOTIE0. 3a paxXyHOK KoMOiHauli rpadis ne bpyiiHa B
pI3HUX CHCTEMAaX 4YHCICHHS TOMOJIOTIS JI03BOJISIE BapilOBAaTH CTYNEHEM BEPIIUH,
JiaMeTpOM Ta KUTbKICTIO allbTepHATHBHUX NUISXIB 111 MapipyTu3aiiii [88].

JI71s1 eKcnepuMEeHTY BUKOPHCTaH1 rpadu, yTBOpeHi Ipu 00’ €THaHHI1 1epeB 3 rpadom
Ha OCHOBI KOJIOBUX NepeTBopeHsb Ae bpyita. ¥V Tomosorii 01T cTBopenunii rpad Ha 9
BEpIIMH 3 MOTPIHHUM 3MIMIEHHSIM KOJIB B KOXHY cTopoHy. [[ns tomonorii 012TZ
ctBopenuit rpad Ha 30 BeplIMH 31 3MILEHHSAM KOAIB M0 I’Th pa3iB B KOKHY CTOPOHY.
k1110 3MIIEHHS Ja€ YHIKATBHUN KO, 10 1€ He MPUCYTHIN Ha Tpadi, TO1 yTBOPIOETHCS
HOBa BEpIIIMHA Ta 3B’ 530K 110 Hel [89].

Hannumkosa tonosorist ae bpyitaa 01T 300paxena Ha puc. 4.11 [90].
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Puc. 4.11. Tomosnoris xe bpyiina 01T y Bizyamizamii koaTposepa ONOS

Pe3ynbrat MozemtoBaHHS nepenadl Tpadiky A Li€l TOMOJIOTI 3 MOCTyHOBUM

BIJIKJTIOUCHHSIM KOMYTaTOPiB MPOJAEMOHCTPOBaH1 y Tabiuili 4.3.

Tabmums 4.3
[TopiBusimpHA cTaTHcTHKA 00’ eMy (O) Ta mBuaKocTi (1) Tpadiky nms Tomosorii
ne bpyiina O1T
Reactive Host Intent Point Intent | Memoou, wo

Forwarding | Forwarding | Forwarding | nponouyromucs
By3smu | Tun xocty

O I O I O I O I
(I'b) | (T'oit/c) | (I'B) | (I'6it/c) | (I'B) | (I'GiT/c) | (I'B) | (I'GiT/C)
BIJIMMPaBHUK 43,3 441 42,7 44.6
9 50,8 51,3 50,2 52
aapecar 43,3 44 42,6 445
BI/IMPaBHUK 40,1 38,2 41,2 42,3
7 47 44,7 48,3 49,4
aapecar 39,9 38 41,1 42,1
BIJITPaBHUK 35,4 35,5 37 40,6
5 41,5 41,7 43 47,9
aapecat 35,3 35,4 36,8 40,5
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Hannmumkosa Tonosoris ae bpyiina 012TZ 306pakena Ha puc. 4.12, pe3ynbTaTu

MOJIC/TIOBaHHs Tepenayul Tpadiky JuIsi TOMOJIOTT 3 TOCTYHOBHUM BIAKIIOUCHHSIM

KOMYTaTOPIB MPOJEMOHCTPOBaH1 y Tabsmiri 4.4.

Puc. 4.12. Tononoris ne bpyiina 012TZ y Bizyamizanii kouTposiepa ONOS

Tabmuus 4.4
[TopiBusimpHA cTaTHcTHKA 00’ eMy (O) Ta mBuaKocTi (1) Tpadiky nms Tomosorii
ne bpyiina 012TZ
Reactive Host Intent Point Intent | Memoou, wo
Forwarding | Forwarding Forwarding | npononyiomocs
Bysmu | Tun xocty
O I Q) I O I O I
(I'b) | (T'oit/c) | (I'B) | (I'6it/c) | (I'B) | (I'GiT/c) | (I'B) | (I'GiT/C)
BIJITPaBHUK 38,7 37,9 36,6 38,9
30 45 44,3 42,5 45,4
aapecart 38,6 37,7 36,5 38,8
BI/IMPaBHUK 34,5 33,3 33,5 36,7
23 40,4 38,8 39,1 42,7
aapecar 34,4 33,2 33,2 36,5
BIJITPaBHUK 30,1 28,7 29,3 34,6
16 35,2 33,6 34,3 40,5
aapecar 30 28,6 29,2 345
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4.6.3. TomoJiorisi TOp

3 TeOMETPUYHOI TOYKH 30py TOP CTBOPIOETHCSA OOEPTaHHIM KOJa HaBKOJIO OCl, 1110
JCKUTh y TUIOMIMHI IIbOTO KOJia 1 HE MepeTHHaE ii. Y KOMIT IOTEpPHUX MEpexkax o
TOTIOJIOTIIO TMPEACTABISAIOTh SIK CITYACTE 3’€HAHHSA 3 BY3JaMH, PO3TAIIOBAaHUMHU Yy
NPSIMOJIIHITHOMY MacuBi po3MipHICTIO 2 Ta Ounbmie. KoxeH By3on mija’eaHaHudl 10
HAOMM)KUMX CYCIIB 1 BIANOBIAHMX BY3JIB HAa MPOTWICKHHX Kpasx MAaCHUBY.
BianoigHo, y miil penriTiii KoxeH By301 Mae 2N 3’eananb. Tomosoris Top Ha3BaHa Ha
4ecTh C(POPMOBAHOT TAKUM YMHOM PELIITKH, sIKa TOMOJIOTTYHO ofgHOpiaHa N-BUMipHOMY
TOpY.

Jlns excriepuMeHTy Oyiia BUKOpHCTaHa BOymoBaHa y mininet ytuiita --topo, sika
JI03BOJISE, 30KpeMa, MOOyyBaTU BIPTyalbHY MEPEXKYy 3 TOIOJOTIEI0 TOP 3a3HA4eHOI
posmipHocTi. bynu oOpani Bapiantu TopiB 3x3, 6X6 Ta 9X9 13, BIAMOBIAHO, KIJIBKICTIO
BepuimiH 9, 36 Ta 81. JlomaHHa OUIbLIOI KUIBKOCTI BEpPIIMH Ta 3B S3KIB
YHEMOJIMBITIOBAJIOCH MOTYKHOCTSIMHU amapaTHOTro 3a0e3neyeHHs, 10
BUKOPHCTOBYBAJIOCH /ISl ekcriepumenty [90].

Tomomoris Top 3x3 300pakeHa Ha puc. 4.13, pe3yabTaTH MOACITIOBAHHS TIepenadi
TpadiKy IJs TOMOJIOT] 3 MOCTYNOBUM BIIKIIOYEHHSIM KOMYTATOPIB MPOJIEMOHCTPOBAHI

y Tabsuii 4.5.

Puc. 4.13. Tononoris Top 3x3 y Bizyami3aiiii koutposepa ONOS
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Taomung 4.5
[TopiBHsibHA cTaTHcTHKA 00’ eMy (O) Ta mBuaKocTi (1) Tpadiky nns Tomosorii
Top 3x3
Reactive Host Intent Point Intent | Memoou, wo

Forwarding | Forwarding | Forwarding | npononyromscs

Byzmu | Tun xocty

O I O I O I 0O I
(I'b) | (I'dit/c) | (I'B) | (I'6it/c) | (I'B) | (I'6it/c) | (I'B) | (I'Git/c)

BI/IMPaBHUK 44 42 .3 41,6 44 8

9 51 495 48,8 51,7
aapecar 43,7 422 41,4 446
BIJIMMPaBHUK 38,4 36,1 37,3 40,3

7 45,2 42 43,5 47.8
azpecar 38,3 36 37,2 40,2
BiJITPaBHUK 29,1 285 30,2 36,2

5 33,9 33,6 35,1 42,6
aapecar 28,9 28,3 30 36,1

Tomomnorist Top 6x6 300paskeHa Ha puc. 4.14, pe3ynpTaTi MOJICTIOBAHHS Mepeaadi
TpadiKy IJis1 TOMOJIOT] 3 MOCTYNOBUM BIIKIIOYEHHSIM KOMYTATOPIB MPOJIEMOHCTPOBAHI

y Tabnui 4.6.
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Puc. 4.14. Tonooris Top 6x6 y Bizyamizartii koaTpojepa ONOS
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Tabauus 4.6
[TopiBHsibHA cTaTHcTHKA 00’ eMy (O) Ta mBuaKocTi (1) Tpadiky nns Tomosorii
TOp 6X6
Reactive Host Intent Point Intent | Memoou, wo
Forwarding | Forwarding | Forwarding | npononyromscs
By3zmu | Tun xocty
O I O I O i O I
(I'B) | (I'6it/c) | (I'B) | (T'6it/c) | (I'B) | (I'6iT/c) | (I'B) | (I'GiT/C)
BI/IMPaBHUK 37,6 36,6 37,4 38,5
36 441 42,6 43,7 45,2
aapecar 37,5 36,4 37,3 38,4
BIJIMMPaBHUK 30,4 27,6 30,5 35,4
27 35,5 32,4 35,6 41,2
azpecar 30,3 27,5 30,2 35,3
BiJITPaBHUK 21,3 19,5 22,2 28,8
18 24,5 22,9 26 33,6
aapecar 21,1 19,3 22 28,6

Tomomnorist Top 9x9 300paskena Ha puc. 4.15, pe3ynpTaTél MOJIETIOBAHHS Mepeaadi

TpadiKy IJis1 TOMOJIOT] 3 MOCTYNOBUM BIIKIIOYEHHSIM KOMYTATOPIB MPOJIEMOHCTPOBAHI

y Tabmui 4.7.

Puc. 4.15. Tonosoris Top 9x9 y Bizyamizartii koaTposepa ONOS




118

Taomurs 4.7
[TopiBHsibHA cTaTHcTHKA 00’ eMy (O) Ta mBuaKocTi (1) Tpadiky nns Tomosorii
Top 9x9
Reactive Host Intent Point Intent | Memoou, wo

Forwarding | Forwarding | Forwarding | npononyromscs
Byzmu | Tun xocty

O I O I O I 0O I
(I'b) | (I'dit/c) | (I'B) | (I'6it/c) | (I'B) | (I'6it/c) | (I'B) | (I'Git/c)
BI/IMPaBHUK 33 31,9 32,4 34,1
81 38,4 37,6 37,9 40,1
aapecar 32,8 31,9 32,3 34
BIJIMMPaBHUK 23,7 21.3 25,5 31,7
61 26,7 249 29,6 37,4
azpecar 23,6 21,1 25,3 315
BiJITPaBHUK 13,5 12,3 13,7 20,3
41 15,6 14,3 16 25,2
aapecar 13,3 12,2 13,6 20,2

4.7. AHaJjii3 OTpMMAaHMUX Pe3yJIbTATIB MOJAEJTIOBAHHS

IMopiBHsIBHI Tpadikd UIS  BIPTYAJIBHOI MEPEX1 IMOBHO3B S3HOI TOITOJIOTII
p p it pTY P

300pakeHi Ha puc. 4.16-4.17.

[IBHIKICTH, TOBHO3B'A3HA (9) O0'eM, ToBHO3B'A3HA (9)

%E::.:___?________E‘m
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JO .\H P
= 30 &
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g e
10 ¥ 10
0 0
9 7 5 9 . “_7 - 5
KiTbKicTh By37iB VIBKICTB BYSIIB
Reactive —e—Host Intent Reactive —e—Host Intent
—e—Point Intent —e—3amp. MeToIH —e—Point Intent —&—3amp. METOOH

Puc. 4.16. ITopiBHsIBHI TpadiKy MIBUAKOCTI Ta 00’ €My JaHUX IIPU 3MEHIIEHH]
y

KUIBKOCT1 BEPILKH ISl TOBHO3B I3HOI TOMOJIOTIT Ha 9 BEpIIMH
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[IIBUAKICTE, TOBHO3B'I3HA O0'eMm, moBHO3B'13Ha (25)
(25)
40 = 50
2
i B 40 (2
303 o
— -
= 30 —%"
20 = Q
2, 20
= =9
) =
10 10
0 0
25 19 13 25 19 13
KiTbKicTh By3IiB KimpkicTs By3TiB
Reactive —e—Host Intent Reactive —e—Host Intent
—e—DPoint Intent ——3amp. MeTOIH —e—Point Intent —&—3anp. MeTOIH

Puc. 4.17. TlopiBHsUIbHI TpadiKy MIBUIKOCTI Ta 00’ €My TaHHUX MPU 3MEHILIEHH1

KUIBKOCT1 BEPILKH ISl HOBHO3B I3HOI TOMOJIOT11

3riJIHO pe3yIbTaTiB MOACIIOBAaHHS Oy MoOyA0BaH1 MOPIBHSIBHI rpadiku Ha iHHS
IIBUJIKOCTI Mepeiayl TaHuX Ta iXHbOro 00’ €My JJIsl KOYKHOI TOIOJIOTI Ta B 3aJI€KHOCTI1
BiJl METOJTY, 32 JOTIOMOTOIO SIKOTO BII0OYBaJIach MOOY/10Ba KaHAJIIB 3B’ SI3KY.

3 OoTpUMaHUX JaHUX CIHIIy€, IO MPOMYyCKHAa 3[aTHICTh MEpEexl 3MiHuIacs
HEe3HauHO: /Uit rpady 3 9 BeplIIMHAMM ICHYI0Y1 METOIU MOOYI0BU BIPTyaJIbHUX KaHAIIIB
3B’SI3Ky TIPOJIEMOHCTPYBAJU MAJIIHHS MIBUAKOCTI niepeaadi ganux 6mu3bpko 10%. Y Toit
K€ 4ac METOJI, 1110 MPOMOHYETHCS, AaB MaJlIHHS MBUIKOCTI 6,5%, 1110 Kpalle 3a METOH,
3 SKUMU BIH MOPiBHIOEThCA. 1t rpady 3 25 BeplIMHAMM MAJIIHHA IIBUJIKOCTI Ta 00’ €My
BHUSIBWJIOCH I1I¢ O1IbII He3HAUYHUM: 4,5% 11 1ICHYIOUHX MeToAiB Ta 3,5% mJist Toro, 1o
NPOINOHY€EThCS. B 1ij0My, MOXHA 3pOOMTH BUCHOBOK, LIO JIA TOMOJIOTII Mepexi 3
MaKCUMaJIbHOIO 3B’SI3HICTIO  3alpOMOHOBAHI METOAW MPOJEMOHCTPYBAJIA  CBOI
MOXJIMBOCTI CTPUMAHO.

Ha rpadi, noOygoBanoMy Ha ocHOBI nepeTBopeHb e bpyiina, mo Mae 1oBoJi
BHUCOKY 3B’SI3HICTh, METOJI TPOSBUB ceOe kpamie. [lagiHHS MBUAKOCTI JJIsi TPHOX

ICHYIOUMX METO/IIB IMOOYJOBU KaHaiB 3B’SI3Ky CTAHOBUTH B cepeaHboMy 18,5%. B Toit
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K€ Yac METOJH, IO MPOMOHYETHCS, MPOJIEMOHCTPYBaIK NafiHHsA 00’emy Ha 7,8% Ta

MIBUAKOCTI Ha 9,2%.

[TopiBHsTbHI rpadiky 1S BipTyanbHOi Mepexi Tonoforii ae bpyina 01T ta 012TZ

300paxkeHi Ha puc. 4.18-4.19.

[IBunkicts, ne bpyix (9) O6'em, e bpyiin (9)

Kﬂ'm

h%

[*]
1 £ &
30 8 =
~ 30 @
20 = g
oy 20 3
2,
10 FA 10
0 0
9 7 5 9 T _ 5
KiTbKicTh By37TiB KuibKICTb By3IB
—e—Reactive —e—Host Intent —e—Reactive —eo—Host Intent
—e—Point Intent —e—3anp. MeToIH —e—Point Intent —e—73amp. METOIH

Puc. 4.18. ITopiBHsuibHI rpadiKy IMIBUAKOCTI Ta 00’ €My JaHUX IIPU 3MEHIIIEHHI
y

KUIBKOCTI1 BepiivH yist Tonosorii ae bpyiina 01T

HIBuaxicts, ae bpyiin (30) O0'em, ne bpytin (30)
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30 23 16 30 23 16
KiIbKicTh By3IiB KitpkicTs BysmiB
—e—Reactive —e—Host Intent —e—Reactive —e—Host Intent
—e—Point Intent —e—3amp. MeToIH —e—Point Intent —&—3amp. MeTOIH

Puc. 4.19. ITopiBHsuibHI rpadiKy MIBUAKOCTI Ta 00’ €My JaHUX IIPU 3MEHIIICHHI
Yy

KUTBKOCTI BEpIIUH JJ1s1 Tomoiorii ae bpyina 012TZ



121

[lle xpame mnepeBard METOAIB MOOYJAOBM KaHAIIB 3B’S3KYy Ta JAUHAMIYHOL
pekoHdIrypariii, 3apornoHOBaHUX Y poOOTI, CTaJIX OYEBUAHI IPH 301JbIITEHHI KIJTLKOCTI
BY3JiB Yy Mepexi. [cCHyr04l MeToau MPOJEMOHCTPYBAIHU MaIHHS IIBHIKOCTI Ta 00’ eMy
Ha 20-25% npu BiAKIIOYEHH] TOJIOBUHU BY3JIB Y Mepexi. B Toil ke yac meronu, 1o
MIPOIIOHYETHCS, 1Ay aAiHHs X BesmuuH jumre Ha 11,3% ta 10,8% BixmosigHoO.

[ToniGH1 pe3ynbTaTu CBiMYaTh MPO TE€, IIO MPHU 3aCTOCYBAHHI 3aMPOMNOHOBAHHX
METOJIB IIBUJIKICTh Tepeaadl Tpadiky MATPUMYETHCS MPAKTHYHO HA OJHOMY PIBHI
HaBITh KOJIM TIEPEBard 3B’S3HOCTI TOIMOJIOTII TOCTYMOBO BTpadarThcs. lle Takox
CBIIYMTH MPO Te, 1110 KoHTpoJiep SDN cBoedacHO nepeHanalmToBy€e MEPEKY MiciIst 30010
KOXXHOTO BY3J1a, 1110 JI03BOJISIE€ JEMOHCTPYBATH CTAOUIBHICTh Mepeiadl JaHUX.

Haiikpaie 3anponoHOBaHi METOAM MPOSIBUIM CBOI MEpeBard IpH MEepeBipii Ha
BIpTyaJIbHIM Mepexi HalMeHII 3B’S3HOI TOMOJOTii 3 THUX, IO MepeBipsuiaca — TOp.
Crnocrepirajach 3HauHa PI3HULS Yy MAAIHHAX IMIBUAKOCTI MK ICHYIOUMMH METOJaMU
noOy10BHM KaHaTiB 3B’ 513Ky y KoHTposiepi ONOS Ta Trm#, 1110 IPOTTOHYIOTHCS (Ha OCHOBI
ypaxyBaHHA YOTHPHOX METPUK SKOCTI 00ciyroByBaHHs). IIpu moOymoBi mepexi Ha
TOTOJIOTT TOp 3X3 I ICHYFOUMX METOIIB MaAiHHS IMIBHAKOCTI 1 00’ €My CKjaio Big 28

1o 35%, a 171t METO/iB, 110 MPONOHYI0ThCs — 19,4 Ta 17,6% BignosigHo (puc. 4.20).

[IIBuaKicTh, TOp (3%3) OG'em, Top (3x3)
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KiIbKICTE BY3IIB KITBKICTE BY3IIB
Reactive —e—Host Intent Reactive —e—Host Intent
—e—Point Intent —e—3anp. MeToau —e—DPoint Intent —&—3amp. MeTOIH

uc. 4.20. IBHSUTBHI T 1KY IIBUIKOCTI T MV JTaHWUX [IPUA 3MEHILIEHH]
Puc. 4.20. ITopi 1 rpadik KOCTI Ta 00’ emy J1a 3MEHIIICHHI

KUIBKOCT1 BEPIIIUH JJI TOMOJIOT1] Top 3x3
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s Tomosorii Top 6x6 maAiHHA BEJIUYMH CKJIaNIO BiAnoBiaHO Bix 40 mo 44% s

ICHYIOUMX METOMIB 1 25,7% Ui THX, 1110 IPOMIOHYIOTHCS Y aHiit pobori (puc. 4.21).

[IBuakicTs, TOp (6X6) O06'em, Top (6x6)
40 30
- 0 g
30 8 .
= 30 S
i =
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(=]

0 0
36 27 18 36 27 , 18
KinbkicTh BY37iB KUEKicTh Bysms
—e—Reactive —e—Host Intent —e—Reactive —e—Host Intent
—e—Point Intent —e—3anp. METOIH —e—DPoint Intent —&—3anp. MeTOIH

Puc. 4.21. I1opiBHsuibHI rpadiKy IMIBUAKOCTI Ta 00’ €MY JaHUX IIPH 3MEHIIIEHHI
y

KUTBKOCTI BEPIIUH JIJIs1 TOIOJIOTIT TOp 6X6

Tennentis 30epiraeTbes 1 A1t MEpEski TOMOJOT1T TOp 9x9, mopiBHsUIBbHI Trpadiku IIs

sKoi 300paxeHi Ha puc. 4.22.

[IBuakicTs, TOp (9%9) 00'em, Top (9x9)
40 50
= 102
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KiTpKicTh By371iB KumbKicTh By3mB
—e—Reactive —e—Host Intent —e—Reactive —e—Host Intent
—e—Point Intent —.—'331'[13_ MEeTOIH —e— Point Intent —.—3&1‘{13. METOIH

Puc. 4.22. I1opiBHsuibHI rpadiKy MBUIKOCTI Ta 00’ €MY JaHUX IIPU 3MEHIIIEHHI
y

KUTBKOCTI BEPIIIUH JIJIs1 TOMOJIOT1i Top 9x9
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Btpatu mBuakocTi mepenayi JaHWX Ji ICHYIOUMX METOMIB JJIsl BIPTyaJIbHOI
Mepexi 1€l Tomosorii ckianu Big 58 no 62%, a s METoMIB, 1O MPOIMOHYIOTHCS —
40,7% (mBuakicts) Ta 37,1% (00’em).

Jlnst Tomosorid 0OMeXeHOi 3B SA3HOCTI METOJl 3 BUKOPUCTAHHSM I1HTErPajbHOTO
KPUTEPIIO MPOJIEMOHCTPYBAB MepeBary y cTablIbHOCTI Mepeadi JaHUX y BIpTyallbHIN
mepexi. CTae 04eBUIHUM, 110 MPH 301UTBIIEHH] 3arajibHOI KUTBKOCTI BY3JiB Ha rpadi Ta,
BIJIMOBIHO, KIJIBKOCTI BIAKIIFOUEHUX BY3JIIB, METO/I MPOJAOBXKYE IEMOHCTPYBATH CYTTEBY
nepeBary Haj icHyrounmH. lle o3Hadae, mo BiH Oyne mpaIfoBaTh €(PEKTUBHO TIPH
MaciTabyBaHHI MEPEKI.

3aranpHa MOPIBHSJIBHA CTATUCTUKA 00’ €MY Ta IIBHJIKOCTI MEpPEJaHUX JaHUX MPHU
MO/ICJIFOBaHH1 3 BUKOPUCTAHHSAM 1CHYIOUHUX METO/IIB MOOYI0BM KaHAJIB 3B’ 513Ky Ta TOTO,

110 MPOIIOHYETHCS, MpecTaBIeHa y Ta0. 4.8 Ta 4.9 BiAMOBIIHO.

Taomuis 4.8

[TopiBHsIIIPHA CTATUCTHKA TIepeaaHoro 06’emy ganux (y I'b)

Tomomoris Metoau, 1110

(KIJIbKICTH BY3JIIB) Bysma| lenyiot merom ITPOTIOHYIOTHCS P

9 49,4 52,5 6,28%

IToBHO3B’s13Ha (9) 7 47,6 49,7 4,34%

5 45,0 47,1 4,74%

25 50,9 52,0 2,16%

[ToBHO3B s13Ha (25) 19 50,1 51,6 3,06%
13 49,4 50,7 2,70%

9 50,8 52,0 2,43%

Jle bpyiina (9) 7 46,7 494 5,86%
3) 42,1 47,9 13,87%

30 43,9 45,4 3,34%

Jle bpyiina (30) 23 39,4 42,7 8,28%
16 34,4 40,5 17,85%
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[Iponomxenus Tadnuii 4.8

9 49,8 51,7 3,88%
Top (3x3) 7 43,6 47,8 9,72%
5 34,2 42,6 24,56%
36 43,5 45,2 3,99%
Top (6x6) 27 34,5 41,2 19,42%
18 24,5 33,6 37,33%
81 38,0 40,1 5,62%
Top (9x9) 61 27,1 37,4 38,18%
41 15,3 25,2 64,71%
Tabanis 4.9
[TopiBHsIBHA CTaTUCTHKA MBUAKOCTI epenadi nanux (y 'bit/c)
Tomomorisg Metoau, 1110
(KIJTBKICTH BY3JIIB) Bysma | lenytoui metozn MIPOTIOHYIOTHCS Pt
9 42,4 447 5,34%
IToBHO3B s13Ha (9) 7 40,6 417 2,63%
5 38,1 39,9 4,63%
25 43,5 44 4 2,07%
[ToBHO3B s13Ha (25) 19 42.6 43,9 2,97%
13 42,0 43,4 3,42%
9 43,3 445 2,17%
He bpyiina (9) 7 39,7 42,1 6,13%
) 35,8 40,5 13,02%
30 37,6 38,8 3,19%
He bpyiina (30) 23 33,6 36,5 8,63%
16 29,3 34,5 17,88%
Top (3x3) 9 42,4 44,6 5,11%
7 37,2 40,2 8,16%
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[Iponosxenus Tabdmuii 4.9

Top (3x3) 5 29,1 36,1 24.20%
36 371 38,4 3,60%
Top (6x6) 27 29,3 353 20,34%
18 20,8 28,6 37,50%
81 32,3 34,0 5,15%
Top (9x9) 61 233 315 35,00%
41 13,0 20,2 54,99%

VY X0/l eKCIEpUMEHTY METOJIH, IO MPOMOHYIOTECA B poOOTI, OyJU MepeBipeHi Ha
KUIBKOX TOTOJIOTISIX — MOBHO3B’A3HIN, TOMOJOTIi, 3aCHOBaHill Ha mepeTBopeHHAx Jle
bpyiina, 1 Topi pi3HUX po3MmipHocTeil. Haiikpaie MeToau BUSBIIIM ceOe HA TOIMOJIOTTT
TOP, IPOJIEMOHCTPYBABIIN HAWOUIBIN CTA01IbHE 30€pEeKEHHS MBUIKOCTI Ta KIIBKOCTI
NepeaHnX JaHUX MPHU MOCTYIOBOMY BIJKIIFOUEHHI BY3JIiB. Y TOM e 4ac, IOBHO3B'SI3HA
TOTIOJIOT1SI BUSIBMJIA TIEpEBAard MeToA1B Haiicialue. [le 103Boiisie MpUIyCcTUTH, 110 MPU
moOy/IoB1  KOMIT' FOTEPHOI Mepeki Ha OCHOBI TOMOJIOTIT BEJIMKOI 3B S3HOCTI
BIJIMOBOCTIHKICTh Oyjie 3a0e3reueHa JUIIe TeOMETPUYHUMU OCOOIUBOCTSMU Tpady
Mepexi. OgHak mpu MOOyJOBI Mepeki Ha OCHOBI TOMOJOTIM BIAHOCHO HEBEJIMKOT
3B’SI3HOCTI, BIJIMOBOCTIMKICTh KaHaIB 3B’sI3Ky OyJe J0JaTKOBO 3abe3rnedeHa
3aMpONOHOBAHUMU Yy Po00TI MeTojnamu. OCKUIbKM MOOYJ0Ba BEJIUKOMACIITAOHOT
MOBHO3B’A3HOI MEpeXl Ha NPAKTUIl 3a3BUYall TEXHIYHO HEMOXKJIMBa abo Jopora,
3aMpONOHOBAHI METOJIU JIO3BOJISTH JIOCSATTH KpalluX pe3yJbTaTiB 100 Iepenaadi

TpadiKy Mpu opraxizauii BIIHOCHO cJ1a003B’A3aHO1 MEPEXKI.
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BucHoBku 10 po3ainy 4

[IpoBeneHo ormsan icHylouumx mporpamMHux peamizamiii  SDN-koHTposepis.
3pob6iieno Bubip koutposepy ONOS miist BUKOHaHHS! MOJIETIOBaHHS BIpTyaIbHOI MEpexi
SDN Ta mepeBipku 3amnpornoHoBaHUX MeTojiB. Bubip o6rpynToBanmii TuMm, mo ONOS
Ma€ JOCTaTHIO JJIsi BUKOHAHHS TOCTaBIEHOI 3a1a4i (yHKIIOHATBHICTH Ta BHUCYBAa€
NPUHAHATHI JJ1sI TPOBEACHHS eKcriepuMeHTy amapatHi BuMmord. Ha 6a3i ONOS crBopeHo
3aCTOCYHOK, IO J03BOJIsiE TOOYIyBaTH BIPTyallbHY MEpPEXKY, SKa BUKOPHUCTOBYE
noOyJI0By NUISIXIB mepefadi Tpadiky Ta AUHAMIYHY pPEKOH(QIrypalil0 Ha OCHOBI
3aIpPONOHOBAHUX y pOOOTI METO/IIB.

MonenroBanus BipTyaibHOi Mepexxi SDN min ympasninasm koHTposepa ONOS 3
BUKOPHCTAHHSAM 3allPOTIOHOBAHUX Y PO3/AUIax 2 1 3 METO/iB MOOYI0BU KaHAJIB 3B’ 3Ky
Ta JUHAMIYHOI peKOH(Irypauli NpoAeMOHCTPYBalIo 0€3yMOBHY NepeBary nepei TUMU
METOIaMH MOOY1I0BU KaHAIIIB 3B 53Ky, 1110 ICHYBaJIM paHILIE.

B xomi monentoBaHHs OyiM TpoOaHalli30BaHl pe3yJbTaTd mepeaadi Tpadiky s
JIEKUIBKOX TOTOJIOT1 MEpeX1 PI3HOi 3B’SI3HOCTI. JIJIg TOMOJIOTI 3 MOBHOIO 3B’ SI3HICTIO
3aMpONOHOBAHI METOJIA MPOJAEMOHCTPYBAIM HEBEIMKY PI3HUIIIO Y TMAaJlIHHI MIBUAKOCTI
nepeaayl JaHUX MpU NOCTYNOBOMY BHUXO/I 3 JIaAy BY3JIIB MEpPEXi, a 00’ €M MepelaHnux
JaHuX OyB OUIBIIMM 3a ICHYIOUl METOAU Bchoro Ha 2-5%. lle o3Hauae, mo nepeBaru
MOBHO3B A3HOCTI MEPEBAXKAIOTh HEJOJIIKU ICHYIOUMX METOJIB MOOYJAOBH IUISXIB, IO
J03BOJISIE TM IEMOHCTPYBATH MPUKUHATHI Pe3yabTaTH IIBUAKOCTI epeaadl Tpadiky.

PimeHHs Ha OCHOBI 3alPOMOHOBAHUX METOIB MPOSBUIIO ceOe Kpalle JjIsi MEHII
3B’SI3HUX TOIOJIOTIN. JIJ1s1 TOMmOJI0T1i Ha OCHOB1 HANIMIIIKOBOTO KOy /e bpyliHa maxiHHs
HIBUJIKOCTI JIJIsl ICHYIOUHX METO/11B MOOY0BH KaHAJIIB 3B’ 3Ky CTAHOBUJIO B CEPEITHBOMY
18,5%, a myist Mmeroay, 1m0 NponoHyeTbes — Ha 9,2%; 00’em nepeaaHux naHux OyB 110
18% O61bIUM. {7151 TOTIOIOT1i TOP MaAIHHS MBUAKOCTI JIJIs1 ICHYFOUUX METO/I1B NOOYI0BU
KaHaJiB 3B’s13Ky CTaHOBHIIO 10 60%, a 111 METO/y, III0 TPOTIOHYETHCS — HE MIEPEBUIITUIIO
41%; o0’em mepenanux naHux OyB no 64,7% Oumpmmm. Lle cBiguuTh mpo Te, L0
ypaxyBaHHS [apaMeTpiB AKOCTI 0OCIyrOBYBaHHS A03BOJISE MIATPUMYBATH MPUMHITHHUMA

piBEHb IMIBUAKOCTI NIEpeiayi JaHUX HABITh MPU BIAKIIOYEHH] 3HAYHOI KiJTbKOCTI BY3IIIB,
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10 HEMOJKJIMBE Il ICHYIOUMX METOJIB MOOYJAOBH KaHaJIB 3B’s3KY, SIKi BPaXOBYIOTh
JUIIe OIHY a00 JBI METPUKH.

ExcriepyMeHT miATBepIUB MPaBUIBHICTh OOpaHUX TEXHIYHUX 3aC001B PO3pOOKH
3acTocyHKy 11t SDN-kontponmepa ONOS Ta mepeBary 3alpONOHOBAaHHUX METO/IIB.
Bucoka mBuakicTh pexkoHGpIrypariii Mepexi, o T03BOJIuIa MiATPUMYBATH CTA0TBHHMA
piBeHb mepeAadl JaHHWX, CBIAYUTH MPO T, M0 MOAN(IKOBAHUN 3aCTOCYHOK HE

NepeBaHTaXye arapaTHi pecypcu KOHTpoJepa.
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BUCHOBKHA

Y nucepraiiiiiHiit poOOTI BUKOHAHO TEOPETHYHE OOTPYHTYBaHHS Ta OJIEP>KaHO HOBE
pIIIGHHs 3ajayl IMIiJBUINCHHS IIBHJAKOCTI Ta HAIIAHOCTI TIepeaayl JaHuX B
KOMIT IOTEPHUX MeEpexax. 3 II€I0 METOI0 PO3pO0JIEHO HOBHUM KOMIUIEKCHHUM CIOCiO
moOyI0BH BIpTyalIbHOT KOMIT I0OTEPHOI Mepexki Ha ocHOBI TexHoorii SDN mis mepenadi
3amadHoro tuny Tpadiky. Po3pobienuii crocid 0a3yeTbess Ha iHTerparlli TeXHOJIOTiH
BipTyanbHUX Mepexxk Ta SDN Ta ckiamaeThcs 13 MeTOqy MOOYyAOBH KaHAJIB 3B 43Ky Ha
OCHOBI IHTErPaJILHOTO KPUTEPit0, METOY TMHAMIYHOI peKOH]Iryparlii 3 BUKOPUCTAHHSIM
pE3epBHUX KaHANB 3B’s3Ky, Ta MPOTPAMHUX 3ac00iB peamizaili IHUX METOMIB Ha
koHTposiepi SDN.

OcCHOBHI HayKOBI Ta TMpPaKTU4YHI PE3yJIbTaTh JUCEPTAIIHOTO JOCIIIKEHHS
MOJISATAIOTh Y HACTYITHOMY:

1. JocmiaKeHo iCHYI041 pillieHHs MO0YI0BU BIpTyalbHUX KOMIT FOTEPHUX MEPEXK 3
BUKOpHUCcTaHHAM TexHojorii SDN. Ha ocHOBI aHami3y JiTepaTypHuX JKepea 3po0JieHo
MOCTAaHOBKY 3a/adl NpOo HEOOXIJHICTh PO3POOKH KOMILIEKCHOI'O PIIICHHS MOOYI0BU
BIpTyaJIbHOI KOMIT IOTEpHOT Mepeki Ha ocHoBI TexHosorii SDN, ske m03BOIUTH
BJIOCKOHAJIUTH TPOIIECH Mepenadl JaHUX y MEPEXl y BHUIAAKY BIIMOB OKpPEMHX ii
JJISTHOK Ta 3a0e3MeYUTH BIAMOBIHICTh MEPEX1 SIKOCTI 0OCIYyTOBYBaHHS. 3 I1€0 METOIO
OyB 3arpoNOHOBaHMIA cTI0C10 TOOY0BH BIpTyaJIbHOI MEPEK1 Ha OCHOBI TexHouorii SDN,
IO CKJIAJA€THCS 13 3alPONOHOBAHUX Yy POOOTI METOAYy MOOYAOBH KaHaJB 3B 43Ky Ha
OCHOBI1 IHTETPAJIBHOTO KPUTEPIIO 3 ypaxyBaHHSM METPHUK SKOCTI OOCITyrOBYBaHHS 1
KpUTEPII0 HAMIAHOCTI KOMYyTaToOpiB, METOAY JWHAMIYHOI peKkoHpirypamii 3
BUKOPUCTAHHSAM paHille MoOyJI0BaHUX KaHAIIB 3B’SI3Ky, Ta MPOrpaMHUX 3acoOiB
peamizailii nux MeToiB Ha KoHTposiepi SDN.

2. Po3pobiieHo Ta OOrpYHTOBAHO I1HTErpajbHUN KpuUTepid MOOYJOBH KaHajiB
3B’SI3KY Y BIPTYaJIbHIA KOMII'IOTE€pHIM Mepexki Ha ocHOBI TexHosorii SDN, sxuii, Ha
BIIMIHY BiJ] ICHYIOUHUX CIIOCOO1B MOOYA0BH, OJHOYACHO BPAaXOBYE HEOOX1IHY KUIBKICTb
Ta MPIOPUTETH METPUK SKOCTI OOCITYTrOBYBaHHS KaHAJIB 3B’ S3Ky MEPEXKI, 110 TI03BOJISIE

JOCATTH 30€epeKeHHsI CTaOUIbHOT IBUIKOCTI Miepeaadl Tpadiky Oyab-aKoro TUITY.
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3. Po3pobneHo Ta OOIpYHTOBAaHO KpHUTEpidl HAIIWHOCTI BY3/IIB MEpPEXi s
noOy/I0BH KaHaTIB 3B 3Ky, SKWM, Ha BIAMIHY BIiJl ICHYIOUHX CIIOCOOIB TOOY/IOBH,
BpaxoBYe€ 3[aTHICTh MPOMDKHUX MIPUCTPOIB MEPEKI TPAHCIOPTYBATH Tpadik MK CBOIMHU
MopTamMu, IO J03BOJISIE€ 301IBIIMTH HAIIMHICTh KaHAJIB 3B’ 513Ky Ta 3MEHILIWUTH BTpaTH
JaHMUX 17 Yyac mepeaaui.

4. Po3pobneHo Ta OOIpyHTOBaHO MeETOJ MOOYAOBH BIJIMOBOCTIMKMX KaHAiB
3B’SI3KY BIPTYaJIbHOI Mepex1 Ha ocHOB1 TexHouorii SDN, sikuii, Ha BIIMiHY B1Jl ICHYIOUHX
METO/I1B, 0a3y€eThCs HA PO3/IIJICHHI BIpTyaJIbHOT MEpEeXki Ha MiIMEPEKi Ta BUKOPUCTOBYE
pO3po0JIeH] IHTETpaIbHUM KpUTEpi MOOY/I0BM KaHaJIB 3B 43Ky 3 YpaXyBaHHSIM SKOCTI
00CITyroByBaHHS Ta KpUTEPIH HAAIHHOCTI BY3JiB, 10 JO3BOJISE 3a0€3IEYUTH CTAOLIbHY
HIBUKICTh, 3MEHILIUTU 3aTPUMKY Ta BTPATH JAHUX 1]l 4ac nepenadl Oyab-siKoro TUITY
TpadiKy y pasi BUXOIy 3 JIaJy OKpPEMHX JIUISTHOK MEpexi. 3a paxyHOK BUKOPUCTAHHS
METOZy JOCSITHYTO 30€peKEeHHS IIBUAKOCTI Iepeladl JaHuX Ta He JOMyIIeHO il
3HWKEHHS O1bie HiXK Ha 41% miciist BIAKIIOUEHHS TTOJIOBUHU BY3IIIB.

5. YIockoHajgeHO METOJl MWHAaMIYHOT peKOoH(Irypaiii BIpTyallbHOI Mepexi Ha
ocHOBI TexHojorii SDN, skuii, Ha BiAMIHY BiJ ICHYIOUMX METOJiB, 0a3yeThCs Ha
BUKOPHCTaHHI B1JIMOBOCTIMKMX PE3EPBHUX KaHAJIB 3B’SI3Ky, 30€peKEHUX y Mam’sTi
koHTposiepa SDN, 110 n03Bosisie miaTpUMyBaTH Oe3nepepBHUi ceaHc nepenadi Tpadiky
y pasi BIIMOBM OCHOBHOTO KaHaly 3B’s3Ky. 3aBuacHa 1moOyJioBa Ta BUOIp PE3epBHUX
KaHaJlIB 3B’53Ky, 110 HE TMEPETUHAIOTHCS, JO3BOJIMIIM MIATPUMYBATH Oe3nepeOiitHmit
ceaHc mepenaui Tpadiky Ta 30UIbIIMTH 00°€M TepedaHux JaHux Ha 64,7% npu
BIJIKJTIOUCHHI ITOJIOBUHH BY3J1iB MEPEXKi.

6. PospobOneno mporpamue 3abesnedenHs mis SDN kontponepa ONOS, mio
peanizye 3ampornoHoBaHui crocid nmodynoBu BipryanbHoi SDN mepexi Ta 6a3yeThcst Ha
BUKOPHCTAHHI 3alPOMOHOBAHUX Y POOOTI MeTOoiB. EKcriepuMeHTanbHEe MOJICTIOBAHHS
JI0BEJO €(PEeKTUBHICTh CIMOCOOY Ha PI3HUX TOIMOJOTIYHUX OpraHizalisX, MIBHIKICTh
nepeiayl Micis BIAKIIOYEHHS MOJIOBUHM KOMYTATOpiB 30UIbLIMIACH, MOPIBHSHO 3
ICHyIOUUMHU MeTonamu, Ha 5% nJisi MOBHO3B sA3HOI opranizaiii, Ta Ha 40-60% — s

opranizauiii O1TeI HU3bKO1 3B’ s13H0CTI (/e bpyiina, Top).
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JTOJNATOK A

YacTuHa MporpaMHoOro Koay

public class DijkstraGraphSearch<V extends Vertex, E extends Edge<V>>
extends AbstractGraphPathSearch<V, E> {

// OTPpUMAHHS 3HAYCHb BAI'OBHUX MATPHUIb HA OCHOBI CTATUCTUKHU KOHTpPOJICpa
@LinkStats(metric = "H")

private Map<Integer, Long> hopsCount;

@LinkStats(metric = "B")

private Map<Integer, Long> bandwidth;

@LinkStats(metric ="D")

private Map<Integer, Long> delay;

@LinkStats(metric = "P")

private Map<Integer, Long> packetLoss;

//oTpuMaHHs 3HaYeHb KOe(IIieHTIB IpiopuTe3allii
@ValueCoefficients("priority _coefficients")

private Map<String, Long> coefficients;

@Override
protected Result<V, E> internalSearch(Graph<V, E> graph, V src, V dst,
EdgeWeigher<V, E> weigher, int maxPaths) {

DefaultResult result = new DefaultResult(src, dst, maxPaths);
//OHOBNIEHHS BariB pedep 3rifHO KOe(ill€HTIB MPIOpUTE3AIiT METPUK SIKOCTI

00CITyroByBaHHs

updateWeightsAccordingToMetrics(weigher, coefficients);
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result.updateVertex(src, null, weigher.getInitialWeight(), false);

if (graph.getEdges().isEmpty()) {
result.buildPaths();

return result;

Heap<V> minQueue = createMinQueue(graph.getVertexes(),
new PathCostComparator(result));
while (minQueue.isEmpty()) {
V nearest = minQueue.extractExtreme();
if (nearest.equals(dst)) {
break;

if (result.hasCost(nearest)) {

Weight cost = result.cost(nearest);

for (E e : graph.getEdgesFrom(nearest)) {

result.relaxEdge(e, cost, weigher, true);

¥
minQueue.heapify();

result.buildPaths();

return result;

private final class PathCostComparator implements Comparator<V> {
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private final DefaultResult result;

private PathCostComparator(DefaultResult result) {

this.result = result;

@Override
public int compare(V v1, V v2) {
If ('result.hasCost(vl) && !result.hasCost(v2)) {
return O;
} else if (Iresult.hasCost(v1)) {
return -1,
} else if (Iresult.hasCost(v2)) {

return 1;

return result.cost(v2).compareTo(result.cost(vl));

private Heap<V> createMinQueue(Set<V> vertexes, Comparator<VV> comparator) {

return new Heap<>(new ArrayList<>(vertexes), comparator);

//xoMO1HAITis BATOBUX MATPHIIh JUIsI OOYHMCIICHHS IHTETPATBHOTO KPUTEPIIO
private EdgeWeigher<V, E> updateWeightsAccordingToMetrics(EdgeWeigher<V,
E> weigher, Map<String, Long> coefficients) {
return MatricesUtil.execute(*'sum",
coefficients.get("H") * hopsCount +
coefficients.get("B") * bandwidth +
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coefficients.get("D") * delay +

coefficients.get("P") * packetLoss);

public class PointToPointIntent {

private final FilteredConnectPoint ingressPoint;

private final FilteredConnectPoint egressPoint;

private final List<Link> suggestedPath;

public static PointToPointintent.Builder builder() {

return new Builder();

public static final class Builder extends ConnectivityIntent.Builder {
FilteredConnectPoint ingressPoint;

FilteredConnectPoint egressPoint;

List<Link> suggestedPath;

@Override
public Builder appld(Applicationld appld) {
return (Builder) super.appld(appld);

@Override
public Builder key(Key key) {
return (Builder) super.key(key);
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@Override
public Builder selector(TrafficSelector selector) {

return (Builder) super.selector(selector);

@Override
public Builder constraints(List<Constraint> constraints) {

return (Builder) super.constraints(constraints);

//KanbKyJSLis TPIOPUTETY HAMIPY HA OCHOBI OOEPHEHOI Baru 3B'sI3Ky
@Override
public Builder priority(List<Long> priorities) {
Long priority = (Long) (Collections.max(priorities) + 1) - 1/
(egressPoint.connectPoint().links(ingressPoint));

return (Builder) super.priority(priority);

public Builder filteredIngressPoint(FilteredConnectPoint ingressPoint) {
this.ingressPoint = ingressPoint;

return this;

public Builder filteredEgressPoint(FilteredConnectPoint egressPoint) {
this.egressPoint = egressPoint;

return this;
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public Builder suggestedPath(List<Link> links) {
this.suggestedPath = links;

return this;

//To0y0Ba HaMipy Ta BKIIIOYCHHS Horo y path (kaHai 3B's3Ky)
public PointToPointintent build() {
If (suggestedPath = null &&
suggestedPath.size() > 0 &&
('suggestedPath.get(0)
.sre()
.deviceld()
.equals(ingressPoint.connectPoint().deviceld()) ||
IsuggestedPath.get(suggestedPath.size() - 1)
.dst()
.deviceld()
.equals(egressPoint.connectPoint().deviceld()))
){
throw new Illegal ArgumentException(

"Suggested path not compatible with ingress and egress connect

points™);
¥
return new PointToPointintent(
appld,
key,
selector,

ingressPoint,
egressPoint,
constraints,

priority,
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suggestedPath

//super-builder mis Hamipy, IO BUKOPUCTOBYETHCS TPU MOOYA0BI KaHATY 3B'S3KY
private PointToPointintent(Applicationld appld,
Key key,
TrafficSelector selector,
FilteredConnectPoint ingressPoint,
FilteredConnectPoint egressPoint,
List<Constraint> constraints,
int priority,
List<Link> suggestedPath) {
super(appld,
key,
suggestedPath !'= null ? resources(suggestedPath) : Collections.emptyL.ist(),
selector,

constraints,

priority);

checkArgument(!ingressPoint.equals(egressPoint),
"ingress and egress should be different (ingress: %s, egress: %s)",

ingressPoint, egressPoint);

this.ingressPoint = checkNotNull(ingressPoint);
this.egressPoint = checkNotNull(egressPoint);
this.suggestedPath = suggestedPath;
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Cnucok nyoJaikanii 3100yBaua
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