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MeToz nocTpoeHHs ONTHMAJILHOIO HAJOXEHHOT0 KaHANA
17151 0eCnpoBOAHON CEHCOPHOM CeTH

{Ipedaosicen memod noucka oRMUMAALHO20 MAPWPYNA HAAOHCEHHORO KAHAAA CRA3U NOBEPX GECNPOBOOHOI CelcopHol cemu,
RO360AAIOWUIL NOBBICUMb IPPERMUSHOCMD UCHOAB306GHUSA CEOTOOHBIX MEACKOMMYHUKAUUORNBIX 1 IHEPCIUMCCKUX PECYPCOs
6ecnposoOHbIX CeHCOPHBIX cemet (e3 HapYIeHus ux nepeutHoil YHKULIL.

Karonesvie croea: meaexommynuxayuonisie cemu, 6ecnposootbie CeHCOPHbe Cemi, NOUCK Mapupyma, ceobo0Hbli mete-
KOMMYRUKQUUOHHbLI pecype, c80000HbIl JHepeemuueciull pecype, HedoepylcenHble cemit, c60600HbIe Pecypent, NOUCK Mapupyma
MUHUMAALHON OAUHBI ¢ MAKCUMAALHOIM 8€COM, BAIAHCUPOBKA HASPYIKU, HANONCEHHBIC CERNL, HATONCCHHbLI Kanan c6a3u

Beenenne

B craree npencraieH pazpaboTaHHbINM METOL MO-
MCKA ONTUMAJIBHOIO MapLUpyTa HATOXKEHHOr0 KaHasa
GecrpoBOAHON CEHCOPHOI CETH, UCKITIOYAIOLLETO Bbl-
0OpP TeXHUUYECKH HEPEaTU3yeMbiX CI1y4aes.

becripoBoAHbIE CEHCOPHBIC CETH — 3TO CETU JAaT-
YUKOB M aKTyaTOPOB, OTJIMYUTEILHOH OCOOECHHOCTBIO
KOTOPBIX SIBSIETCSl OOMBIIOE YMCIO aBTOHOMHBIX Y3-
JIOB C MajibIM 3HEPrornoTpedieHueM, Maloil JaJibHO-
CTBIO CBAA3M M HEDONIBLIONW MPOMYCKHOM CMOCOBHO-
cTbi0. ONHO U3 IIaBHBIX MPEUMYILECTB NONOBHBIX Ce-
TCH — 3axBar OONBLUIMX TEPPUTOPHUI 3a CUET IpUME-
HEHHS MEXaHWM3MOB PETPAHCISLMK COOBLIEHHWA OT
y3/1a K y31y. B otnuume ot kiiaccuueckux ceteit B 6ec-
MPOBOAHBIX CEHCOPHbIX CETHAX 3JHEPrus Ha y3nax —
BaKHasi XapaKTepUCTUKA MNPU [UIAHUPOBAHUU Jajb-
HeHlwein padoTol.

becripoBoaHble ceTr no cBoeil Npupoje MPOKO-
BELIATE/IbHBI M MOTYT YCTaHaBJIMBATL CBSI3b CO BCEMM
y3JlaMu B pajguyce AeHCTBMS, YTO 3aTPYAHSET aHaIU3
noao6HbIX ceTeit. B GecrnpoBOAHBIX CEHCOPHBIX CETAX
pajguyc AeHCTBHS NIPUEMONEepeaTYnKa st DONbILINH-
CTBA Y3JI0B HEBEJHK, MMO3TOMY Y3€J MOXET B3aMMO-
JIEHCTBOBATL C OTPAHMYCHHBIM YKCIOM Y3JI0B B CETH.
Jnst M300pakeHus: TAKMX CETEN MOXHO MCIIO0Jb30BATh
rpag, rae pedpo — MOTCHUHATBHO BO3MOMXKHAS CBA3D
C IPYrUM Y3JIOM.

He Bce TenekoMMyHMKALIMOHHbBIE PeCypehl ceTeit
TEJICCBA3H, B TOM YMCIIe U GECNPOBOIHBIE CEHCOPHbIE,
UCTONB3YI0TCs NMOJAHOCThI0 [1—4]. CobbiTuiiHasg ak-
TUBHOCTb CETEH, HANPABJIEHHOCTh HA SHEProcHepexe-
Hue, Hea(heKTUBHAS MHOPACTPYKTYpa, MHXKEHEpHAs
M30BITOYHOCTB, MOOGUIBHOCTb, HEPABHOMEPHOE pac-
MpEeaeieHue PecypcoB B y3niax MpUBOIAT K 06pa3oBa-
HHIO CBOOOIHBIX TEICKOMMYHHUKALIMOHHBIX U 3HEpre-
THYECKUX OCTATKOB B COBPEMEHHbIX GECrpPOBOLHBIX
CCHCOPHBIX CETsIX, MEPEBO/Isl UX B KJIACC HELOTPYKEH-
HBIX CETEil TeIeCBsI3U.

Mmeetest psin 3amad, CBA3aHHBIX © Nepejayeii faH-
HBIX, OPraHM3aliueit BpPEMEHHBIX WIIM [TOCTOSHHbIX Ka-
HAJIOB TEJIECBSI3M U TEJIEKOMMYHUKALMOHHBIX CETeil B
CUTyalUMsIX, KOraa MPUMEHEHME CYLIECTBYIOLUMX Ha
CErOAHSIIUHUI I1eHb TEXHUYECKMX CPEIACTB HEBO3MOXK-
HO J1n0o 3arpyaHeHo. [NpemiaraeTcst peluTh JaHHbIE
3a0a4M 34 CYCT UCIONB30BAHMS CBOOOLHBIX TEIEKOM-
MYHHMKALUMOHHBIX PECYPCOB GECNpPOBOAHLIX CEHCOP-
HBIX ceTeit. JJaHHBIH MOJX0/1 OTIIMYALTCS TEM, UTO pe-
LICHHUE 3a1a4 He TpedyeT OpraHM3alluy HOBBIX CeTeil U
MacClITAOMPOBAHMS CYLIECTBYIOIIMX, MO3BOJSIET Bbi-
MOJHATL GAIAaHCUPOBKY CYLIECTBYIOLIEH BecrnpoBo-
HOW CEHCOPHOI1 ceTu.

B nanHoit pabote paccmarpusaercst ciyyail opra-
HU3ALMKM  OBOCOOJIEHHOIO  HAIOXKEHHOINO  KaHaa.
B3auMoOBIMsIHME HECKONBKMX KaHAJOB — 3a71a4a OT-
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JCJIBHOTO HCCJIENOBaAHMUSL. Pacuer MapupyToB KaHaiaa
[MPOBOJIUTCS HA MPUTPAHUYHBIX LLTIO3aX B PEXKHUME pE-
AJIbBHOTO BPEMEHH.

~

IMocTaHoBKa 3aa4n

V361 6ecripoBOAHbBIX CEHCOPHBIX ceTeil 00/1aaaioT
CBOOOIHBIMK SHEPIETUYECKHUM W TEJIEKOMMYHUKALIMU -
OHHBIM pecypcamu. OQHMM M3 CNOCOOOB MCMOJb30Ba-
HUSl CBOOOJHBIX TEJICKOMMYHMKALIMOHHBIX PECYPCOB
ABIAIOTCS HAJOXKEHHble KaHalbl (overlay channels)
U HasloXKeHHble ceTu (overlay networks) [5, 6] — Te-
JEKOMMYHMKALUMOHHOM CETH, COCTOSILEH M3 He-
CKOJILKHX (BO3MOXKHO, MEpPEeceKarolInxcs) Hal0XeH-
HbIX KAHATOB.

IMpu noucke ONTUMAILHOrO MaplIpyTa /Uit KaHaia
HAJIOXKEHHOHU CETH HCITOJIL3YKOTCH TE XK€ aJITOPUTMBbI,
YTO M B KJIACCHMUYECKMX CETSIX, NIPU YCIIOBUM [IPUMEHE-
HUs rpadoBOit MOJEH.

B cratbe [7], nocsiteHHo# cBopy MTaHHBLIX B Oec-
[IPOBO/IHOM CEHCOPHOU CeTH CO MHOXECTBOM CTOKOB,
rpacdoBasi MOJIEb JOMOJHEHA EMKOCTBIO U MHTEpde-
peHLMel B KaHaje cBs3u Ha pebpe rpada. B padore [8]
paccMmoTpeHa 3agaua GopMUPOBaHHUS CTPYKTYPbI 0a30-
BOM CETH TEICKOMMYHUKALUIMOHHOUW CUCTEMBI IPU Ha-
JIMYMH HECKOJBKUX MpoBaitnepos. [Liisi pelueHus no-
CTABIIEHHOW 3ama4u npepioxeHa Moaudukauus rpa-
(oBOi MOmeNM, e Beca [PUCBAMBAIOTCA HE TOJLKO
pedpam rpada, HoO u yanam. B cratee [9] npencrasnena
rpacoBasi MOZIeNb, TIe HA y3/bl U pedpa myjabTurpada
HAKJIAIBIBAIOTCS HECKOJbKO XapaKTepUCTHUK IS pe-
IICHUS 3a7a4M afarTUBHOM MaplupyTU3alUHMU B KOp-
MOPATUBHBIX CETAX HECKOJbKUX MMPOBAMIEPOB CBA3U.

B pesynbraTe aHanuza JIMTEpaTypbl OOHapyxeHa
npaktMka Moaudukauuu rpadoBoil Moaean LIS pe-
LeHKs DoJiee YaCTHBIX 3a7a4, B TOM YMCIIe 3a CUeT A0-
BaB/IeHUs] OJHOrO MJIM HECKOIIbKUX BECOB Ha y3el, J10-
OaB/IeHMs] HECKOJIbKUX BECOB Ha pebpo.

Mmeetcs CBA3HBIA rpad) ceTv, IpEanaracTes Mo-
JieJib OeCIIPOBOIHON CEHCOPHOM CETH U METO[ NoMCcKa
ONMTUMATBHOTO MaplpyTa Ui HATOXKEHHOIro KaHaia,
XapaKTEPUBYIOLIHECH TEM, 4YTO B MOJE/AM Ha Y3Jibl H
pebpa HAKJIaabIBAIOTCS CHNEIYIOLIME [TapaMeTphl: CBO-
OOIHBbIH TEJEKOMMYHUKALIMOHHBIA pecypc Ha ysie,
CcBOOO/IHAS PHEPrUs Ha y3/e, KaYyecTBO CBSI3M COEAu-
HeHus Ha pebpe u mpodunb coenrHeHUs HA pedpe, —
ro3BoJisiiolue 6onee TOUHO OTODPA3UTL MPEAMETHYIO
061aCTh M UCKITIOUUTH BHIOOP HEPEeATU3yEMbIX MapLL -
PYTOB TP TPUMEHEHUH MPEUIOKEHHOTO METOoAa 3a
cyeT COOJIIOIEHMS MUHUMYMOB CBOOOIHOM NMpPOIMYCK-
HOI1 CITOCODHOCTH M HEPTUM Ha Y3Je, a TAKXKE MUHU-
MyMa KauyecTBa CBSI3M M MaKCMMyMa MoTepb COODLe-
HUH TIpU HAJTOKEHUM npoduieil Ha pebpe rpada.

MartemMaTHuecKasi MOJE/b HAJIOXKEHHOr0 KaHana

[Tyctb GecnipoBoaHast CEHCOPHAas CETh MPeACTaB/e-
Ha B Buie rpada cetu G, = (V,, E), rne ¥, =
={v|, V3, ey Vb m € N, m > 0 — MHOXeCTBO Bep-

wuH, E, = {&}, &, ..., g}t n € N, n> 0 — MHOXECTBO
pebep rpaca ceru, s € V,, — uctok mapuupyra, /€ V, —
cToK Mapuipyra. Bepiuunnam v = (b, €) NpuCBOEHbI 1Ba
napamMerpa: repBblii napameTp b e 77 — TenekoMmy-
HUKALIMOHHBIM OCTATOK (HEUCIOJIb3yemasl B HACTOS-
1iee Bpemsi 4acTh MPOMYCKHOI CMOCOOHOCTU MPpUEMO-
nepegaTyMKa ysia), BTOpoil napamerp e 7% — sHep-
reTHYECKMI OCTAaTOK y37a (3Heprus, KOTOPYIO Yy3ell
MOXET BbIAECJIMTh [IJIsl HATOXXEHHOTO KaHasa 0e3 pucka
BBIATH M3 CTPOSI B TeKylulMit MomeHT). st Kaxmioro
pebpa rpada cetu & = (g, p,,) ONpeNe/cHbI 1Ba napa-
merpa: nepBoii — g € R, ¢ € {0, ..., 1} — onpenensier
KAuyecTBO CBSI3M MEXKIY ABYMS y3JlaMM Tak, YTO 3Haye-
HUE g = | COOTBETCTBYET MaKCHMalbHOMY KauecTBYy
cBs3u, a ¢ = 0 — MOJHOMY €€ OTCYTCTBHIO; BTOPOil —
p,, < P, 3anaet npoduib KaHana GeCrpoOBOAHOM CeH-
COPHOI CeTH MEXIy JIBYMs Y3JlaMH (XapaKTepucTHKa
TpadMKa B KaHaje OECPOBOJAHOI CEHCOPHOI ceTH).
IMpodunb HakIaabBAEMOro Ha OECIPOBOJHYIO CEH-
COPHYIO CeTh KaHala SIBSIETCS BaXKHOM €ro xapakre-
pucTukoii [10]: oH onpesaessieT MPOLEHT MOTEPb, BO3-
HUKAIOLIMX NPHU HAJTOXKEHUH [TOTOKOB COOBLIEHUIT Ha-
JIOKEHHOTO KaHajla M KaHana 6ecrpoBOIHOM CeHCop-
Hoit cetu. CocraB MHOXecTBa npoduieit P, 3aBUCUT
OT pelIaeMou 3a1a4uu.

Eciu y3es nosyyaer 3HEprocHabXKeHUe W3BHE M
SHEPrusi MOTEHUMAIbHO OECKOHEYHA, TO € = e ...
€nax € Ns €nax > 0, T e, — MAKCUMaNbHO BO3-
MOXKHOE KOJIMUYECTBO 3HEPTUM HA y3Jie.

Matpuiia cOBMECTUMOCTH Mpoduiieit decnpopon-
HOI1 CEHCOPHOI CETH 1 HATTOXEHHOM ceTH X, = P, X P,

- 1h

i=1,..,m,j=1, .., »n, 0003HAYAIOT MMPOLEHT MOTE-
PSAHHBIX NAKETOB U3-3a HAJOXEHHS TOTOKOB co0bllle-
HUIA KaHaJla HAJOXKEHHOM ceT M OeCrpoOBOLHOM CeH-

COpHOH ceTH, a P, — MHOXeCcTBO npoduieit Hajlo-
£ n

eHHoro KaHana. [lyctb r = ((a, b): re Z,ae P,
b € P, BO3BPAILAET U3 MATPHULbI COBMECTUMOCTH X,
[IPOLIEHT IOTepb COOBLIEHMIT, BOSHUKIIMX U3-3a Ha-
JIOXKEHUSsI MOTOKa COODLIEHMI OecnpoBOLHOM CEHCOP-
HOWM CeTH, COOTBETCTBYIOLIEMY MPOMUII0 U3 MHOXE-
ctBa P, 1 1orToka COO0LIEHUI KaHaJla HAJIOXEHHO

CeTH, COOTBETCTBYIOLLEMY NPOhWIIO U3 MHOXECTBA P,

rae aaemMeHTsl MaTpullel 6. € R, o, e {0, ..
i €y

Mycts y=w(u, vy:ue Vyve V,ye R*, — Be-
coBas (yHkuus pebpa rpacda. OnpeiesiuM BECOBYIO
byHKLMIO W(i, V) CIeAYIOLIUM 00pazom:

— . bll bV + ¥ +
w(u, v) = kymin % k,min(e,, e,
s I8

+ quuv - kag(pwm,‘ py) + Cp (1)

Kowcrauta C, € R": C, = max(k,&(p,, ,p,)) Kom-

MIEHCHUPYET OTPULIATEIBHYIO COCTABISIOLLYIO COBMEC-
TUMOCTU KaHaJOB CBSI3M M cMmewaeT (YHKLUMIO Ha
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l,u:sl

mHoxkectso R, Koadduuments k, =
2Lu#s J

l,v=t
k, = 5 2 MO3BOJIAIOT BEIOMPATH GOJIBLIYIO [TPO-
V#

NYCKHYIO CNOCOBHOCTB B TOM CJIyuae, eCiiu y3e/1 sBisi-
eTcs UCTOKOM mbo CTOKOM Mmapuupyta. k, e R,

k, e RY, k, e R", k, e R — BecoBbie Ko3(hULLMEH-
Thl JUJISI MPEMJIOKEHHOIO METOAd, KOTOPBIE 3a0a0TCs
MCXO/Isl U3 HEOOXOAMMBIX MPUOPUTETOB JUlsl PELLEHUS
KOHKPCTHOH 3agauu s CBODOAHON IPONYCKHOI
CMOCOOHOCTU Ha y3i1e, CBOBOIHOTO 3HEPreTUUECKOro
OCTaTKa, KayecTBa KaHama CBSI3M, COBMECTMMOCTH
npoduieii GecrpoBOAHON CEHCOPHOI CeTH M Hao-
XKEHHOI CeTH, COOTBETCTBEHHO.

3anaua noucka ONTUMAIBHOTO MapLIpyTa Ulsl Ka-
Ha/la HalOXEeHHOI ceTu chOpMUPOBAHA CIIEAYIOLLHMM
obpazom. [lycts Rs, < E, — BbIOpaHHbBI MapLIpyT
OT § 10 £, p, € P, — npod®uiib HANOKEHHOTO KaHama):

X w(u, v) — max;
vueV,;

vue R

b= by Yve Vi vue R &)
ezen.Vve Vi vue R,

q = Yuv e Ry,

x Vv e R,

9min

&Py, Pp) > ©

MeToa noMCKa ONTHMAJIBHOIO MAPWIPYTA
I KAHAJA HAJIOXKEHHOM ceTH

[TpesIoKEHHBI METOA COCTOMT W3 CHEAYIOLLMX
3TarnoB:

Oran 1. [IpeobpasosaHue npesIoKEHHOTO BbILLE
rpaca 0ecripoBo/HOIt ceHcopHoit cetn G, K rpady ce-
T G, CETU C NoMOoLLbIO Ajiropurma 1.

BTan 2. BbIOop anroputma nomcka KpaTdaiiiiero
NyTH MaKCUMAJIbHOM CTOMMOCTU MCXOAH U3 MUHU-
MaJIbHOM ACUMIITOTUYECKOM BBIYMCIUTEIbHOMN
CJIOXHOCTH.

BDran 3. [ToucK KpaTyailiero myTH MakCMManbHOi
CTOMMOCTH C [TOMOLLBLIO BLIOPAHHOTO aJropUTMAa.

OnTuManbHbIE HabOp AIrOPUTMOB MOMCKA KpAT-
YaifllIero Myt MakCHMalbHOW CTOMMOCTH 3aBUCUT OT
pelaeMoi 3aaaydu.

Ausropurm 1: TlpeoOpa3zosanne rpaa GecnpoBoaHoii
cencopnoii cetn G, B rpad cern G

Anroput™ | cnyxuT auist npeoGpasoBaHus 6ecrnpo-
BOMIHOI CeHCOpHOIt cetn B rpad ceTu, omupasich Ha
MH(BOPMALLMIO O CTOKE U UCTOKE CETH, & TAKXKE Ha Ipo-
(uiib 3arUIAHMPOBAHHOIO JUISL OPTaHM3AlMM HAJIO-
JKEHHOro kaHasa. [lonmyuyeHHBI Ha BbIXOJe CETeBOil
rpap MoxeT ObITh 06paboTaH MOGHIM ANTOPUTMOM,
paboTalOLIMM Ha B3BELIEHHBIX HEOPHEHTMPOBAHHBIX
ceTeBbIX rpadax.

B Anropur™e 1 ucnonib3ylores cieayiolme BXoji-

HbIE M BBIXOAHBIC MEPEMEHHDIE:

s G,=(V; E) — BecnpoBoiHasl CeHCOPHAsH CETh,
KOTOPYIO HEODXOAMMO Mpeobpa3oBath B rpad cetu;

e se V, — y3e/l-UCTOK HAJIOKEHHOrO KaHaia (MHU-
LLMATOP COEAMHEHUS);

e [e V, — y3e1-CTOK HaJIOXXEHHOro KaHana (yiajicH-
Has CTOpPOHA);

e p, e P,— npodunb KaHana HAOXEHHO# ceTH (Xa-
pakTepucTUKa TpadMKa B CO31aBAEMOM HAJIOKEH-
HOM KaHase);

e N:Van,en:neV, — BeKTOp XapaKTePUCTHK y3-
J0B (b 1 e, MPUMEHHUTENBHO K MCXOOHOM 3amave,
rae b — TeleKOMMYHUKALIMOHHBII OCTATOK, 4 ¢ —
DHEPTETUUYECKUIA OCTATOK Ha y3iie);

o L:V I(, € e:ee E,— BeKTOp XapaKTepUCTHUK CO-
CAMHEHMI MEXIY y3namu (g u P,y» MTPUMEHUTENILHO
K TEKyLIel 3a1aye, r1e ¢ — KauecTBo CBA3M, a p,, —
npoduib TpabrKa MEXIyY ABYMs y3IaMH);

o Noin=1r s iM} — BEKTOD OrpaHUYCHUIT CHU3Y
Ha XapakTePUCTUKM y3ia. 3HAYECHHME BXOAMT B Or-
PAHMYCHUE BKIIOYUTENBHO (b o M € . NIPUMEHHU-
TEJILHO JUIS TEKYLUCH 3anauu, rae b, — orpa-
HUYEHUE CHU3Y Ha CBODOIAHBII TeJeKOMMYHMKA-
LIMOHHBII pecype, a e .. — OrpaHUYEHHE CHU3Y Ha
CBOOOAHDIH SHEPIeTHUECKUIT OCTATOK Ha y3sie);

o Loii=1w, .., WiLl} — BEKTOP OrPaHWYEHUI CHU3Y
H2 XapaKTepUCTHMKM COCOMHEHMSI MEXIy Yy3IaMu
(¢min ¥ 0, MPUMEHHTENBHO K TeKYLUEH 3amave, rie
Gmin — OTPAHMYECHME CHM3Y HA KAYECTBO CBS3M
MEXIY y3i1amu). 3HaUeHHE BXOAUT B OrpaHUUYEHME
BKJIIOYHUTETBHO;

¢ Now="{zi5 g } — BEKTOp OrpaHHyYeHUit CBEpXY
Ha xapaktepucThky yaia (0 u 0, npUMEHUTENBHO K
TEKYyLIEH 3amaue);

s Dooor= (e xm} — BEKTOp OrpaHHYCeHUIT CBEPXY
Ha XapaKTePUCTUKU COCAMHEHHS MEXIY Yy31aMH
(0 v 5, TPUMEHHTENBHO K TEKYLLEH 3anaue, /e
Onax — MAKCHMAaJIbHBIE MOTEPHU TMAKETOB MPU Ha-
JIOXKEHMH T[OTOKOB COODLUEHMI BecrnpoBoaHOI
CEHCOPHOM CETH M HAJIOKEHHOro KaHaa).
Anroput™ 1 COCTOUT M3 CHEAYIOLIMX LLIATOB:

ITar 1. Cosnate KOMMIO KCXOIHOTO rpada W, c Ho-

BbIM MMeHeM G
MTar 2. l'lposepm'b Bce yaibl v rpada G,

Mlar 3. Iposeputh Bce xapaKTepwcmm py3na v
[TpoBepuTh, YIOBNETBOPSIET M 3HAUCHME XApaKTe-

PUCTUKH p y3/1a V HUKHEMY M BEPXHEMY TpPEIeny:

1) ecnu Her — ynanuTh y3en v u3 rpada G, 1 BCe

CBSI3aHHbIE C HUM KaHaJbl.

Ilar 4. INposeputs Bce ayru / oT y3aa v.
ar 5. TMpoBepuTs Bce XapakTepUCTUKH p AyTH |,

KOTOpas elle He ObLia MpoBepeHa.

[TpoBepuTh, YIOBICTBOPSIET I 3HAYEHHE XapPaKTe-

PUCTUKH p IyTH | HUKHEMY W BEPXHEMY TIpEIey:

1) ecnm Het — ynanuth ayry / us rpada G,
Hlar 6. PaccuntaTs Bec ayru /, ucnonssys gop-

myny (1).

~
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Iar 7. [MpoBepUTh JOCTMXKMMOCTD Y3J1a S U [ B rpa-
(e G, MOGBIM aNropUTMOM, PabOTAIOIIUM HA HEOPU-
CHTHPOBAaHHBIX rpacdax.

Ha ocHoBe onucaHust airopuTMa NpoBejeHa aHa-
JIUTUUECKAs! OLIEHKA CJIIOXKHOCTH AJIropuT™Ma 1:

O(VIFEIN L], ©)

rae ¥ — MHOXeCcTBO y3710B rpada 6ecrnpoBOIHOI CeH-
copHoit cetu; £ — mMHOxecTBO pedep rpada decnpo-
BOJIHOM CEHCOPHOM ceTH; N — MHOXECTBO OrpaHHuYe-
HUI Ha y3en rpada GecnpoBOAHON CEHCOPHOM CETH;
L — MHOXecCTBO OrpaHuueHuit Ha pedpo
0ecrpoBOIHOI CEHCOPHOIA CeTH.

Npogunn kaHanos

Ipad G Ha puc. 3 MosyueH MpH Tex XKe yCI0BHsIX, HO
JUtst pobuIist KaHasia HaJIOXKEHHOI cetu 2 (cM. puc. 1).

B mpouiecce BbiMoaHeHUst AnroputMa | U3 mexon-
Horo rpacda (cMm. puc. 1) ObliM yrajJeHbl CAEnyoLne
2JIEMEHTHI:

1. ¥3en A u3-3a mMaioro cBOOOJHOTO TEIEKOMMY-
HUKALIMOHHOTO pecypca.

2. V3en F u3-3a MaJoro cBODOLHOTO 3HEPreThye-
CKOTO pecypca.

3. KaHan cBsi3u ¢ M3-3a2 HU3KOTO KayecTBa CBA3MU.

Huxe npeacTaBieH npuMep npeobpa- — Secrperoaneh cencopuoicert —_—
30BaHMsI MCXOAHOrO rpacda GecrnpoBOgHON 1 g .
ceHcopHoit cetu (puc. 1) B rpad ceru Tt
(puc. 2) ¢ nomotipio Asropurma I. o saoa

[MpeobpaszopaHne  BBIMOJHEHO VIS Re 04y

npod sl KaHana HaJIOKeHHOM ceTH | (cM.
puc. 1). B npouecce BuinmoaHeHUs ANro-
putMa | u3 ucxomHoro rpada (cM. puc. 1)
ObUIM YIAIEHBI CIEIYIOUIME IEMEHTDI:

1. ¥3en A u3-3a Majoro cBOOOAHOTO Te-
JICKOMMYHHMKALIMOHHOTO pecypca.

2. Vzen F u3-3a Manoro cBODOAHOIO
SHEPreTUUECKOro pecypca.

3. KaHan cBsI3u ¢ M3-32 HU3KOTO Kaue-
CTBA CBSA3U.

4. KaHast cBsI3K [ U3-3a HU3KOIH COBMEC-
TUMOCTH MPOUIS HAMOXKEHHOTO KaHala 1
npouiist GECIPOBOIHON CEHCOPHOM CETH.

5. Kanan cBsi3u n M3-3a HU3KOI COB-
MECTUMOCTHU NMpodusiad HAIOXKEHHOIO Ka-
Hana 4 npodusst 0ecrnpoBOIHON CeHCop-
HOI CeTH.

[1pu BBIMOAHEHUH AITOPUTMA UCTIONb-
30BATUCEH CICAYIOLIME OTPAHUUCHUSI MPH

Nerenpa:

b= 300
=230
B

e=190

Puc. 1. 'pad GecnpoBoaHOi CEHCOPHOM CeTH, COOTBETCTBYIONIMIA TPe/LIOKEeHHON MOoIeTH

BecOBbIX KO3GhMOUIMEHTAX MO YMOMYAHUIO
(ky=1,k,= 1, kq= 100, k. = 100) (dop-
Myna l):

1. CBoOOAHBIN TENEKOMMYHUKALIMOH-

[ ] - xapaxTepucTvKa, He 7
YAOBAETBOPAIWAR TPEBABANHAM
© - MOKMOUEHHBIC YNk U pebpa

3
i 1b=137] i
i e=120

HBII pecypc He MoxeT 6bITh MeHble 200.

2. CBOOOHBIN 3HEPreTHHYECKUid pe-
cypc He MoxkeT ObiTh MeHblie 100.

3. KauecTBO CBI3M MEXKAY y3JaMM 101~
3KHO ObITh OosbLue 0,3 (30 %).

4. TloTepy NMakeToB MpU COBMELLUEHUH
KaHaJoB GECTpOBOIHOM CEHCOPHOI ceTu
1 KAHAJIOB HAJIOKEHHOM CeTHU He JOJXKHbI
npesbiiuats 0,45 (45 %).

[Monyuennsiii rpad G MCTIONIL3YETCS B
AIropuTME MOMCKA KpaTyailliero mMyTu
MaKCUMAaJILHOM CTOMMOCTH, KOTOPBIN 3a-
BepllaeT MpoLeaypy MOMCKA MapuipyTa
JUISl KaHala HAJOXKEHHOI CeTH MoBepx
0eCrnpoOBOIHON CEHCOPHOM CETH.

Huxe nokasaHa curyauusi, KOraa ro-
JydeHHblit rpad G, OKa3bIBACTCS HECBH3-
HBIM (puc. 3).

e=230

Puc. 2. 'pad ceru nosepx rpacda GecnipoBoHOI CEHCOPHOM CETH, COOTBETCTBYIOILErO
NPe/UIOKEHHON MOJeTH
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4. KaHan CBsI3M e M3-3a HM3KOIl COBMECTMMOCTH
npoduisl HaIOKEHHOTO KaHaia u rnpoduist Gecrpo-
BOJHO CEHCOPHOM ceTH.

5. KaHan cBsA3u f M3-3a HU3KOH COBMECTUMOCTH
NPOMUNA HATOXKEHHOTO KaHaia M npoduis decrpo-
BOJIHOI CEHCOPHOM CeTH.

6. Kanan cB3M 0 M3-32 HU3KOH COBMECTMMOCTH
npoduiisi HaloKEHHOTo KaHaia u npoduns Gecrpo-
BO/JIHOI CEHCOPHOM CEeTH.

7. KaHasl CBSI3W p M3-3a HM3KOII COBMECTMMOCTH
Npo(pus HATOKEHHOrO KaHana u npoduss Gecrpo-
BOJHOH CEHCOPHOMH CeTH.

B 3TOM ciiyuae HasOXEHHBIH KaHal MEXILy [ABYMsl
Y3/1aMU MPOJIOKUTE HEBO3MOXKHO.

BKCHBDHMEHTMHHEH 4acTh

CroxHocTb MeTona (hopmyina (4)) 3aBUCHT OT CI10K-
HOCTH alropuT™a npeobpasosanus rpacda 6ecrpoBo-
HOM ceHcopHOit cetu B rpad cetn (AnroputM 1) u ot
BHIOPAHHOTO AIrOpUTMa TMOMCKA KpaTyailllero myTu
MaKCHMaJIbHOTO Beca:

UV, E N, D)= Gypp (W, E N, L) + 5 (V, E, N, L),(4)

rie ¢ — obluast CIOKHOCTL MeTona; & — CJIOKHOCTb

alg
Ajroputma 1 (;Sp — CJIOXHOCTh aJroput™Ma BbIOOpa

KpaTyaillero myTi ¢ MakCMMaJibHOM CJOXKHOCTEIO, V —
YHCIIO Y3710B B Tpate 6ecrpoBOAHON CEHCOPHOI CeTH;
E — uucno pebep B rpace GecrnpoBoaHoit ceHCopHOi
cetn; N — uucio orpaHuueHuii Ha y3en rpaca Gec-
MPOBO/IHOM CEHCOPHOIT ceTH; L — uucio orpaHuye-
HUit Ha pebpo rpacda GecrpoBOJHON CEHCOPHOI CETH.

K cdopmyne (4) ecTh psii orpaHuueHMIL:

1. B paccmarpuBaemMom BapuaHTe METOAA UCHOJb-
3YIOTCS [IBa OTPaHUYEHMs HA y3es BECnpOBOIHOM CeH-

Nerenga.

[ ]- xapaKTepucTiKa, He

YAOBNRTROPAOWIAR TPeBoBaHUAM 1b=137]

COPHOM CeTH, MO3TOMY aprymMeHToM N MOXKHO mnpe-
HeOpeub, a ero BAMSIHME MEepeiiIeT B MYIbTHILTMKA-
TUBHYIO KOHCTAHTY KaXJ0r0 U3 CJIATAEMBbIX.

2. B paccMmaTpuBaeMOM BapMaHTE METOAA MCHOJb-
3yIOTCsl [Ba OrpaHu4YeHUst Ha peGpo GecrnpoBoaHOI
CEHCOPHOI1 CETH, MMOITOMY apPryMEHTOM L MOXHO rpe-
HeOpeub, a ero BAMSHWE MepeiiieT B MYJIbTUILIMKA-
TUBHYIO KOHCTAHTY KaXX[IOTO M3 CIIAracMbiX.

3. Jluist onpeseneHus 3KCNepUMeHTATbHON OLeHKH
CIIOXKHOCTH METOAd HEOOXOAMMO MOCTPOUTHL Gecrpo-
BOJIHYIO CCHCOPHYIO CETh, BBIMOJHUB [POLELYPY pac-
MOJIOXKEHHSI TOUEK HA MIOCKOCTU U 00pa3oBaHusl pe-
Oep Mexay HUMU. BOJBIIMHCTBO CYILIECTBYIOLIMX Me-
TOJIOB HE [MO3BOJISIET YKA3aTh YUCIIO pebep rpada u y3-
JIOB OflHOBpemMeHHO. Ha wvawe apyrux Ha npaxtuke
MPUMEHSIETCSI METOL MOCTPOEHMUS] CETU C MOMOLLBIO
METOJA TPUAHTYJIALNU, TAE YUCIO pebep 3aBUCUT JIU-
HEHHO OT yKcsia y3a0B. Mcnonb3oBanue TaHHOrO Me-
TOIA IMO3BOJAET M30aBUTHCS OT 3aBMCUMMOCTH CIOXK-
HOCTH METOJa OT Yucia pedep B rpade GecripoBogHoM
CEHCOPHOM CeTH, TepeBesist JaHHBIH (DAKTOP B MyJib-
TUIJTMKATUBHYIO KOHCTAHTY.

[pu yuere nanHbIx hakTopos hopmyna (4) npuHm-
MaeT BUI;

LV, B = G (M) + G (Vi B, ®)

B cBA3KM ¢ amanTUBHLIM BLIGOPOM ANTOPUTMA ITO-
MCKa KpaTyaillero Maplipyta MakCMMaslbHOIl CTOM-
MOCTH ero BbIOOp Heu3BecTeH 3apaHee. C TOYKU 3pe-
HUS OLICHKH CIIOXKHOCTH METO/a 0CTATOYHO YCTAHO-
BUTb CJIOXKHOCTL AnroputMa 1.

Panee ananutuyecku ycraHosneHo (popmyia (3)),
4TO AJITOPUTM | JIMHEIHO 3aBUCHMT OT YMCIa Y3JIOB.
B Takom cnyuyae, dopmyna cnoxHoctv Asnropurma |
(hopmyna (5)) BBIMIAZMT ClEayIOIEM 00pa3oM:

cﬂ.ﬂgl n= Aalgl Y+ bafg| > ()

- HCKMOUEHHBIE YN U pebpa

rae Ay, — MYJIbTUIUIMKATHBHAS KOHC-
8

TaHta Anropurma 1, b, — KOHcTaHTa

81

cMmeleHus AsrroputMa 1.
Jnst BoccTaHOBEHMS (DOPMYJIBI CIOXK-

HOCTH aJITOPUTMa [OCTATOYHO OIpeje-

JTUTH Aa!g, u b”’éﬁ . MaTemaruyeckue pac-

YTl MMPOBEIEHBI B MATEMATHYECKOM cpe-
ne Scilab ¢ ucnons3oBaHuem Habopa MH-
CTPYMEHTOB JIJIs1 IPOBEACHMS PACUETOB Ha
rpacbax metanet (cm. puc. 3). B kauecrse
OLICHKH CJIOKHOCTH JITOPUTMA NIPUHHUMA-
€TCH BPEeMSl €r0o BbITOJIHEHMSI.

Ha puc. 4 3aBucumocts Bpemenu uc-
MOJHEHUA aJIrOPUTMA MMEET JIMHEIHbIi
xapaxtep. LLym Ha rpadukax obycnosiaex

Puc. 3. I'pad ceru nosepx rpada Gecnposoanoii cencopuoii cetn, COOTBETCTBYIOIIETO

NPE/LIOKEHHOH MoJe/H (HeCBA3HbIA CIydaii)

ciydaiiHbiM (DAaKTOPOM MPH CO3MaAHHUM UC-
crenyemMbiX  OECIPOBOAHLIX  CEHCOPHBIX
ceTeit.
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[Mo pesynbTataM SKCMEPUMEHTA IO- 18 :

— . T — s

9

CITALTLILIC e (fe)

1
JIYYCHBI CJICAYIOIIHME KOHCTAHTDI: el 2
o Ay =4984-107c =

1.5+

= —8368" 105%c. - wal]—

alg Sa

IS

o b

alg

pt

df ||
schpepe AT MKCNCPHMCITVILHLIX b 2 i{;‘- )

 Chenerme Bpenenn tenasuenit ()
Be . toets ()

o Xg = 2 — Touka, A0 KOTOpOW

algl

=
N

13—

H

-
i
|

CJIOJKHOCTD aJIropyuTMa NpUHATO CHH-

TaTh OECKOHEYHO Majloil (3HaueHHe
YKa3bIBAETCH BKJIIOUMTEILHO).

. Aa’gl ~ 8-107% ¢ — cpennsisi adco-
JIIOTHAS! MOTPELIHOCTbH MEXK/TY BOCCTa-

o
¥
1
|
[

HOBJIGHHOI 3aBMCUMOCTBIO f), 1 9KC-
NEePUMEHTAILHOI £
o 8,, ~1,8% — cpeanas oTHOCHTE/Ib-

o
o

BpemA BeINoAHeHWs (t, ©)
5
|
|

o
=

Hasl NOrpelIHOCTb MEXIY BOCCTAHOB-

JICHHO# 3aBUCMMOCTBIO f, M 3KCTEpH-~ o

0.3 4

MEHTAILHOM f.
0.14

|

JIvHeitHas 3aBUCUMOCTh Aroput™a |

=|

OT yMclia y3JI0B CETU NoATBEpAUIaCh

=

\
IKCMepUMEHTAIbHO (cM. puc. 3). Tlo pe- S =

A

I

R

3yJbTaTaM 2KCIIEPUMEHTA BUIHO, 4YTO 02
B GECMPOBO/IHLIX CEHCOPHBIX CETAX [0
20 y3/10B BKJIIOUUTENbHO BPEMEHHBIE 3a-
Tpatbl Ha ANropuT™ | He3HAYMTETbHbI
(no 100 mc), B cetax ot 20 no 100 Britio-
YUTEJNLHO Y3108 paboTa AsroputMa | BbI3bIBAET MPU-
emJieMble Ul TOCTABJEHHON 3alaud 3aJepxkH (10
500 mc), B ceTax ¢ uuciom y3nos dosee 200 y310B uc-
Monb30Bath ANTOPUTM | HE PEKOMEHIYETCs BBUIY
fonblIoro BpemMeHH BoinoaHeHust (Gonee 1 c¢). Bee
OLIEHKM TMPUBEICHBI C YYETOM OXKHUIAEMOro YBeJnde-
HUSl BPEMEHM BBITIOJIHEHMS 32 CUET BbIOPAHHOrO a-
ropuT™Ma NnoMcKa Kparyaillero mMapiupyTa.

TIpakTnyeckoe NpUMeHeHHe

[MosiyuyeHHbBIC Ppecypchl MOTYT ObITh HarpaBJeHbI Ha
OKa3aHMUE TEIEKOMMYHUKALIMOHHBIX YCIYI BHELIHWUM
KJIMEHTaM OECTTPOBOAHON CEHCOPHOW CETH.

CyLIecTBYET psifi CUTYalMil, KOr/ia NpeToKeHHbIA
METOJ MOXET ObITh 3(h(PEKTUBHO NMPUMEHEH Ha MpaK-
TUKE MPU OPraHU3aLnu:

— CBSI3U TIPH UPE3BbIYAMHBIX CHTYaLIUsAX;

— CBS3M B YCJOBMSIX TEJIEKOMMYHHKALIMOHHOMN
Onokamubl;

— CBA3M B TPY/IHOAOCTYITHBIX MECTAX;

— BBICOKOHAMEKHBIX KAHAOB CBA3M.

[MpemtokeHHbIT METO/, MO3BOJAET HAMTH MapLIPYT
W OPraHM30BaTh CBSA3b MPU UPE3BbIYAHHbBIX CUTYALIUAX
[12], B Tom uucne npu karacrpodax, atst cayxb cna-
CEeHMs TOrAA, KOIJIa MHbIE CPEACTBA TEACCBA3M BbILLIK
13 CTPOsi, 334 cYeT CrOCOOHOCTH BECMPOBOLHbBIX CCH-
COPHBIX CEeTei K CAMOBOCCTAHOBJICHUIO.

Bosbliioe YKMCIO y37I0B B OeCNpPOBOAHBLIX CEHCOP-
HBIX CETAX, B TOM YMUCJIE WU TEJEKOMMYHUKALMOHHBIX
CTOKOB, MTO3BOJISIET OPraHU30BbIBATH CBA3b B CUTYallH-
AX MHGPOPMAIIMOHHON BOHHBI, KOTAa CBsI3b C KIIHCH-

50 80 100 120 140 160 180 200
Yucnos ysnos B ceTu (n)

Puc. 4. Pe3y/bTar 9KCIePHMENTAILHOTO ONpe/IeeHus CIOKHOCTH Anroputva 1

TOM Ha LIpYroii cropoHe 3a610KMPOBAHa M0 OCHOBHBIM
TeJeKOMMYHMKALIMOHHBIM KaHanaM cesi3u [13]. Bos-
MOXHA OpraH13almsi BBICOKOHAICKHbIX KaHAIOB CBA-
34, KOTOPbIE MOTYT ObITh YCTOMUMBBI KAK K €CTECTBEH-
HbIM, TaK W MCKYCCTBEHHbLIM TOMEXaM.

Hcnonp3oBaHue NpeUIOXKeHHOro MeToga B Becnpo-
BOJHBIX CEHCOPHBIX CETSIX MOHWTOPMHIA OKPYXaio-
uieit cpensl [14] no3BosisieT OPraHM30BbIBATL CBA3b B
TeX MECTax, IJe WHbIE CPEACTBA TeeKOMMYHUKALMK
CJIMLIKOM JOPOTH JINGO HEIOCTYMHbI. JLomycTUMO Hc-
MOJbL30BAHUE MPUIOKEHHS KaK CPEACTBA IKCTPEHHOU
CBSI3U B JIecax U WHBLIX TEPPUTOPUSIX, IIe MOXET OKa-
3aTbCsl YEJIOBEK JIMOO rpyrina Jojeil, BLaIM OT Hace-
JIEHHBIX MTYHKTOB.

3akmouenue

CopMHpoBaHa TOCTAHOBKA 3amavyu, paspaboTaH
METOJL BbIOOpa ONTMMAIBHOIO MapuipyTta [Uls Halo-
JKEHHOTO KaHajla B OecnpoOBOJHOI CEHCOPHOM CETH.
IMpopeneHa SKCIEPUMEHTAIbHAs OLEHKA CIOXHOCTH
KJIOUYEBOro IropuTMa MpeUTOXKEHHOro METoJa, KO-
TOpasi MOATBEPAMIIA ETO TMHENHOCTb, BOCCTAHOBICHA
(DYHKLUS CIAOXKHOCTH. YCTaHOB/IEHA 00lacTh NpUMe-
HMMOCTH IPEATOXKEHHOTO METO/A.

[To pesyiabTaTtam padOThl OCTAIOTCA HEPELICHHBIMH
clieaylolme 3a1aum:

e B3aMMOBJIMSIHME W B3aMMOKOOPIAMHALIMS HECKOJIb-

KHX HAJIOXEHHbIX KaHATOB.

o ONpeje/eHNe JOCTHKUMOCTU Y3/10B B HATOXKEHHOM!

CETH Ha paHHeM 3Tarne (110 BbIMOJHEHUS rpeodpa-

30BaHMs rpada ¥ NOMCKa MapLIpyTa).
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A Method for Organization of an Optimal Overlay Channel
in Wireless Sensor Networks

A new method of optimal route search for an overlay channel built on top of a wireless sensor network is proposed. It allows to in-
crease utilization of unused telecommunication and energy resources in wireless sensor networks without loss of their primary functions.

Keywords: telecommunication networks, wireless sensor networks, route search, unused telecommunication resources, unused energy
resources, underloaded network, shortest path with a maximum weight problem, load balancing, overlay networks, overlay channels.
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