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PaccmatpuBaercs NP-TpynHas 3ajgaua pacueTa HaJe)KHOCTU CETH, 3JIEMEHTHI KOTOPOH MOJBEPKEHBI CITydalfHbIM OT-
KazaM. [lJIf OLleHKM HAaJEeXKHOCTU CETH HcIoib3yercs Metol Monrte-Kapno, yimydileHHBIH IpU MOMOIIM IPOBEPKH
CBSI3HOCTH pealln3aliy Tpada OTHOBPEMEHHO C IeHepamuell 3Toi peanu3anud. MIMHTannmoHHOE MOAENTMPOBAHHE
MO3BOJIMJIO ONTHMAIbHO HACTPOMUTH IapaMeTphl NapauIeIbHOW BEPCHUH alrOpUTMA ISl HOBBILICHUS MacIITabupye-
MOCTH, CIIellaB BO3MOXKHBIM €ro IpUMEHEHHEe ISl MPHOIMKEHHOTO pacdeTa HaJeKHOCTH ceTedl Ha cynepdBM
0O0JIBIION TPOM3BOAUTENFHOCTH (TI€Ta- U AK3A(IIOTICHEIE).

KnroueBbie c10Ba: HaJeKHOCTh CETH; CIIy4aliHBIN rpad; CBSI3HOCTH; 00X0J B IIMPHHY; NMApaJUICIBHBIN alrOpUTM;
MeTo 16l MonTe-Kapio; uMUTalnoHHOE MOAETMPOBaHHE.

VYHHUBepCaIbHBIM METOIOM ISl OLIEHKH Pa3JIMYHBIX MOKa3aTesel HaJAeKHOCTU CETEeH SIBIISETCS METO.
Mounte-Kapro [1-4], B ToM uncie u B mapauiedbHON peanu3anmu [5-7]. HecMoTpst Ha pyuHAUTEKHOCTD 3312~
YH TOYHOTO pacdera HaJAeKHOCTH ceTH K Kiaccy NP-tpynusix [8], mms cereit HeOobImol pasMepHOCTH (110
COTHHU pe0ep) BO3MOXKHO, KaK MPABHUJIO, OCYLLECTBIISITh TOYHBINA pacyeT HaAeKHOCTH. J{JIs 3TOro HCHONB3YIOTCS
MeTox (akropuzaunu (BeriueHus, Mypa—llleHHOHa) U pa3aMyYHbIE METOABI YCKOPEHUs, B MEPBYIO OUYEpEIb
METOABI PEAYKIHH, IEKOMIIO3UIINH, CTPATETUs BBIOOPA 3JIeMeHTa I (haKTOPU3aLnH, TOUHbIE (GOPMYJIIBI AJIs
rpadoB Masoi pazmepHocTH U J1p. OHaKO MOA0OHBIE TEXHUKU pa3paboTaHbl JajleKo He JUI BCeX MOoKasaTesnei
CEeTEeBOM HAAEKHOCTU. boble Bcero Takux mpueMoB CYLIECTBYET AJISI KIACCHUYECKOTrO IMOKa3aTelsl HaJex-
HOCTH — BEPOSITHOCTH CBA3HOCTH Clly4aiiHoro rpaga. Hekoropsle MeToIbl yCKOpEHHS pacdeTa U3BECTHBI IS
HaJACKHOCTH C OTPaHUYCHHUEM Ha TUAMETP U I MATEMATUYCCKOTO OKHIaHUA YHCJia CBA3SHBIX Map y3JI0OB CETH.
OtcyTtcTBHE MOAOOHBIX METOJIOB CHIIBHO 3aTpPYyJHSIET pacdeT MCCIEAyeMOTo MOoKa3aTels, Jieyas ero Cloxk-
HOCTB OJIM3KOM K 9KCITOHEHIIHAIBLHOM TI0 YHCITY HEHACKHBIX DJIEMEHTOB (KaHAJIOB CBSI3HM U / WJTH Y3IIOB).

Jiist aHanmM3a HaJIe)KHOCTH CeTel cpeiHell U OOIbIION pa3MepHOCTH (COTHH, THICSYH 3JIEMEHTOB) TOY-
HBIC METOJIbI HETIPUMCHHMBI, BCIICACTBUEC YCTr0 HCIIOJL3YIOTCA pa3jIn4YHbIC HpI/I6J'II/I)KeHHBIe METOABI. bonb-
LIMHCTBO METOJIOB OCHOBBIBAETCS Ha CTPYKTYPHBIX M IPYTHX OCOOEHHOCTSX CETEH, YTO JIeNaeT 3TH METObI
3¢ (HEeKTUBHBIME IS ONIPEIICIICHHBIX TUIOB ceredl. Hanboee M3BeCTHRI METOJIBI HA OCHOBE PacCMOTPEHUS
LIMKJIOB, pa3pe30B, OCTOBHBIX JepeBbeB. MeTon Monrte-Kapno sBrsercss cpeau NMpUOIIKEHHBIX METOAOB
Haunboliee YHUBEpCALHBIM, CIIOCOOHBIM 3a TIPUEMJIEMOE BpeMsl JaTh OTBET. JIpyruM yHHUBEpCaIbHBIM METO-
JIOM SIBJISIETCSI METOJI, OCHOBAHHBI Ha KyMYJSITHBHOM yTOYHEHHH rpaHuIl Hagexuoctu [9-10].

[Ipu pacuete HamexHOCTH ceTH MeToaoM MonTte-Kapiao HeoOXoauMo CIlydaifHBIM 00pa3oM CreHepH-
pOBaTh OTpeJeNIEHHOE YHCIIO PeaTH3alluii CeTH B YCPEAHUTH TI0 MOyYeHHOW BHIOOPKE MHTEPECYIONIHI HAC
TTOKa3aTelb (CBSI3HOCTH, YUCIIO CBSI3HBIX Map M T.1I.), 9TO U OyAET OIEHKOH MmoKa3arels HaaexHocTH. Vcxoms
u3 Jucriepcun BBI60pKI/I MOXHO CA€JIaTh 3aKJIIFOUYCHUE O MMOTPEINHOCTH IMOJIYUCHHOI'O PCIICHUA. JIJ'ISI HEKOTO-
PBIX MTOKa3aTesel BO3MOXKHO OIIEHUTH JIMCIIEPCUIO B 3aBHCUMOCTH OT pa3Mepa BEIOOPKH ellle Iepe]] HadyaioM
pacueTa u, COOTBETCTBEHHO, OTIPE/ICIUTh HEOOXOIUMOE KOJIMYECTBO UTEpAIM aNTOPUTMA JIJISl JOCTHXCHUS
TpeOdyeMoil OTPEITHOCTH perneHus. s Ipyrux mokaszareneil HeoOX0uMO THHAMWYECKHA BEIYHUCIISATE JVIC-
MEPCUI0 TEKyIIel BRIOOPKU W MMPUHUMATH pellieHre J100 O MPOJOIDKEHUH pacdera, JIM00 0 ero OKOHYaHHH.
s coxpaiieHuss JUCnepcuy IIpU pacdyeTe HaJeKHOCTH ceTh MeTonoM MonTe-Kapiio npuMeHsroTcs pas-
JIMYHBIC TIOIX0/IbI; OTMETHM pacciIoeHHYIO BbIOOpKY Ban Craiika [1] u pexypcusHblii MeTon RVR [2].
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B nmannO#l paboTe B KadecTBe MOKa3aTelsl HaJeKHOCTH PacCMaTPUBACTCA BEPOSTHOCTH CBA3HOCTU
cllyyaifHOro rpada ¢ HeHaJeKHBIMHU peOpamu. J[isg 3Toro mokasaTesnsi Mbl Ipe/jiaraeM MpH TeHepaly pea-
nu3anuu rpada enaTh 3aKIFYeHUE O CBA3HOCTH PealM3alliy 6e3 JIOMOJIHUTENLHOTO 00xoa rpada. Takke 1Is
BEPOSITHOCTU CBSI3HOCTH BO3MOKHO OLIGHUTDH JHCIICPCHIO B 3aBUCHMOCTH OT pa3Mepa BBIOOPKH elle mepen
HA4YaJIoM pacyera U OMpelesInTh He0OX0JMMOe KOJMUECTBO UTEpAli alropuT™Ma IJisl JOCTIKEHHs Tpedye-
MO morpeurHocTy pemeHus. Takol MOAX0A TakKe 3HAUUTENBHO YNPOLIAET MapajuIeIbHYIO peah3alHtlo,
n30aBisisl OT HEOOXOIMMOCTH MEPUOJMUYECKH BCEM MpolleccaM MPUOCTAaHABIUBATH pacdeT W >KAaTh, IMOKa
mpolecc-cOOPIIUK MPOBEAET OLEeHKY aucnepcuu. s uccnenoBanus 3pQeKTHBHOCTH AaHHOTO Mapajlleib-
HOTO aJrOpUTMa MPHU €ro HUCIOJHEHUH Ha BHICOKOIPOU3BOAUTENHFHOM CYNEpKOMITbIOTEpE (B TOM YHCIIE U Ha
MOTCHIIMATBHOM 3K3a(IIONICHOM CYNEPKOMITBIOTEPE) MPUMEHSETCS UMHUTAIIMOHHOE MOJCIMPOBAHUE HA OC-
HOBE MYJBTHAICHTHOTO MoAxona. IIpM MMHTAallMOHHOM MOJAEIMPOBAaHUH C MCIOJIB30BAHHEM ILIAT(OPMBI
MyJbTHAareHTHoro MonenupoBanuss AGNES npeanonaraisoch, 4To apXUTEKTypa 3K3a(IIONCHOTO CyepKOM-
MbIOTEpa He oTiIn4aeTcs oT apxuTekTypsl kinactepa HKC-30T CCKIL CO PAH.

B pesynbpTaTe BBISBICHO, YTO MapaUIeTbHBINA alTOPUTM HAeanbHO Macimtadbupyercs mxo 512 000 BoI-
YHUCIUTENbHBIX SAEP, fanee HabmronaeTcs yMeHblieHue 3gpQexra ycKopeHus: 0T KojaudyecTa saep. Pemenu-
€M B JaHHOM CJIy4ae MOIYT OBbITh YBEJIIMYEHHE KOJIUYECTBA AreHTOB-«COOPLIMKOB» M UX HEpapXHuecKas
opranmzanus. OTMETHM, YTO MpPEUIOKEHHAs MOJENb MO3BOJIAET OCYLIECTBIISATH MOJCIUPOBAHUE pacueTa
MetoaoM MonTe-Kapio u s npyrux nokasarteneil ceTeBol HalIeXKHOCTH, sl KOTOPBIX BO3MOXHO OLICHUTh
JUCIIEPCHUIO Tepe]] Ha4ajIoM pacueTa.

1. Cayuaiinblii rpag Kak MoJeJb CeTH ¢ HEeHAJeKHBIMH YJIeMEeHTaAMH

Jns aHanm3a HaJAEKHOCTH CETEH Pa3lMYHOrO HAa3HAUCHHUS MCIOJNB3YIOT, KaK MPaBHIIO, allapar CIy-
JaiiHbIX rpadoB. PaccMOTpUM Mpou3BOJIbHBIN HeopueHTHpoBaHHbIH Tpad G = (V, E), roe V — 310 MHOXeE-
CTBO BeplIHH, a E — MHOecTBO pedep rpada G. Ilycts s kaxaoro pedpa € 3a1ana BepoOSITHOCTB €ro MpH-
CYTCTBHS B rpade pe, IPH ITOM IPEIIONIATACTCS, YTO BEPIIMUHBI a0COIIOTHO HA/ISKHBI.

Onemenmapnvim codvimuem OyleM Ha3bIBaTh YaCTHYIO peanu3aluio rpada, onpenensieMyro HCIIpaB-
HOCTBIO WJIM OTKa30M KaKAOTO pedpa. DieMeHTapHOe COOBITHE yIO0OHO MPEACTaBIATh KAaK CIUCOK JJTUHBI
|E|, B koTOpOM i-if a1emeHT paBeH 1, eciu i-e peOpo NPHUCYTCTBYET B peanu3anuu, U paBeH 0 B IPOTHBHOM
ciydJae.

Bepoamuocms snemenmapno2o cobbimusi paBHA MPOU3BEICHUIO BEPOSTHOCTEH MPUCYTCTBUS UCTIPAB-
HBIX pedep, YMHOKEHHOMY Ha IPOM3BEICHNE BEPOITHOCTEH OTCYTCTBUS OTKA3aBIIMX pedep.

[IponsBonbHOE COOBITHE (COOBITHE €CTh OOBETUHEHHE HEKOTOPBIX AIIEMEHTAPHBIX COOBITHIA) OymemM
Ha3bIBATh YCHEWHBIM, €CIIA B KaXKJIOM SJIIEMEHTAPHOM COOBITHH, BXOJSIIEM B OTO COOBITHE, BCE BEPIINHBI
MOTYT OBITh CBSI3aHBI HCIIPABHBIMU peOpaMHu.

Beposimnocmu ceasnocmu epagpa G, R(G), ecTb BEpOATHOCTb TOTO, YTO ITH BEPLIMHBI CBS3aHBI UC-
MPaBHBIMU peOpami, T.€. BEpPOSTHOCTh COOBITHS, COCTOSIIETO U3 BCEX YCIIEITHBIX COOBITUI, M TOJIBKO M3 HUX.

2. OueHka HaJae;KHOCTH ceTH MeTonoM MonTe-Kapio

Onwiiem oOmIyro cxeMy npuMeHeHus: meto1oB MonTe-Kapio k paccMatpuBaeMbiM 3aadam. Kak yxe
YIOMUHAIOCh, JJIs1 OLIEHKH HAJEKHOCTH CeTH MeTonoM MonTe-Kapno Ham Hy)XHO Ciy4ailHBIM 00pazom
CTEHEPUPOBAThH OMPE/EIIEHHOE YUCIIO peaii3alnil CeTH, YCPEAHUTh 110 TIOIyYEeHHON BBIOOPKE HHTEpECYIo-
LM HAC TIOKa3aTelb U MOMyYUTh TAKUM 00pa30oM OIIEHKY TOKa3aTelsl HaleXKHOCTH.

st onieHKM BEpOSTHOCTH CBI3HOCTH Tpada mokaszareneM OyneT MHAWKATOpHAas (QYHKIIHS CBSI3HOCTH
x(E), 3amannas kak ciydaitHas BeJMYMHA HA TIPOCTPAHCTBE dJIEMEHTAPHBIX COObITHIL. DTa QyHKIMs paBHa 1,
eciu cobpITHe yenemHo, u 0 B MpoTHBHOM citydae. DakT ycrenrHocTH E onpenenseTcss BO3SMOKHOCTBIO CO-
OTBETCTBYIOIEH CEeTH ycnemHo (QYHKIIMOHUPOBATh, MCXOJS W3 NMPAKTHYECKHX cooOpakeHWil. B manHOM
CIIy4ae 3TO CBSI3HOCTH CETH.

67



J.A. Mueos, /I.B. Bunc

MaTemMaTHuecKoe OXKUJIaHUE CIy4ailHOW BEIMYMHBI U OyJeT TOYHBIM 3HaueHHeM HajaexkHoctu. Cpen-
Hee 3HAYCHHUE 0 BBIOOPKE OyaeT MPUOIMKCHHBIM 3HAYCHUEM HAJICKHOCTH, CXOISIIUMCS K TOYHOMY C PO-
CTOM pa3Mepa BBIOOPKH L 110 3aKOHY OOJIBINX YUCEIT:

R:M(X)z%ZXi:RL' (1)

Cornacno HIIT, ¢ poctom L Berumcnsiemoe npubmimkenne R ctaHOBUTCS Bee OJIrbKe K TOYHOMY 3Hade-
Huto. Takum 00pa3om, Mo MPaBUITy TPEX CUTM TOIyYaeM CIEYIONIYIO OICHKY:

L
P R—%in <36 =0,9973. (2)

i=1
Hucnepcus cirydaiiHON BEIUYKHBI paBHA
2 2 2
D) =M(x")-M"(x) =R-R".
COOTBETCTBEHHO, TUCTICPCHS OLICHKU HAIKHOCTH (CPEAHEro 3HAUCHHUS 110 BBIOOPKE) COCTABUT
L-D R@-R
D(R )= -D0W _RE-R)
L L

a YTPOSHHOE CPEeTHEKBAIPATUIHOE OTKIOHEHHE, KOTOPOE MBI HCIIONIB3YEM JUTSl OIIEHKH MOTPENTHOCTH € (2),

OLICHUBAETCS CBEPXY KaK:
£=30c=3 MS3 i:i (3)
VL \aL 2JL

HepasenctBo B nieHTpe B BEIpaxkeHHH (3) MMeeT MecTo, Tak kak 0 <R < 1.
Taxum 00pazom, A KOJMYECTBA UTEPALUI CTATUCTUIECKOTO MOJICIIMPOBAHHUS
L=2 @)
4e
HepaBeHCTBO (3) BBIMOJIHSACTCS, U MOJTydaeMasi OlleHKa HajiexkHocTH (1) BepHa ¢ MOrpeIIHOCTBIO € C BEPOSIT-
mHocteio 0,9973 (2).

[Tpu mapainensHOM peanzanuu yao0HO pa3ouTh uncio L Ha MakcuManbHO Onm3Kue Apyr K apyry Li,
KOJINYECTBO KOTOPBIX COBIAJaeT C KOJIMYECTBOM JIOCTYIHBIX BBIYHCIUTENBHBIX siyiep mMuHyc 1. [lanee Ha
KaXJIOM sIJIpe 3allycKaeTcs CBOW Ipolecc MOpokIeHHus peanu3anuid rpada. [Ipeamonaraercs, 4To Koimude-
CTBO BBIYHMCIIMTENLHBIX SIZIEP IOCTATOYHO BEIHKO, W JUIS CBSA3M MEXay HuMH ucnonbdyercs MPI. TToatomy
OJTHO SIIPO OCTaeTCsl KaK «COOPIIMK» U HE YYacTBYET B MOPOXKACHUH peanu3anuil rpada. OcranbHble sapa
IO 3aBEPILIEHNUHU pabOThI EPECHUIAIOT YCPEAHEHHbBIE 3HAYEHHUS Ha TIPOLIECC-(COOPILIHK.

3. IlpoBepka cBsi3HOCTU rpada Npu oLeHKe BePOSITHOCTH CBA3HOCTH CETH
meTonom Mounte-Kapio

OneHuBaHUE BEPOSTHOCTH CBA3HOCTH CETH METOAOM CTATHCTHUECKOTO MOJECIMPOBAHUS TPeOYeT MHO-
TOKPaTHOTO MOPOXKAEHUS TpadoB, SBIAIOLIMXCS 3IEMEHTAPHBIMU COOBITHAMH, U TPOBEPKU MX CBA3HOCTH.
Kaxnas u3 3Tux onepaimii HIMeeT JIMHEHHYI0 10 uuciy pedep M tpynoemkocts O(M). Tak, mpoBepKy CBsi3-
HocTH rpada ymoOHo aenats o0xonoM rpada B mupuHy. HecMOTpsi Ha HEBBICOKYIO TPYIOEMKOCTb STHX
OTepaluii, X MHOTOKPaTHOE MCIIOJIb30BaHUE I 00ECTeueH s HYKHOM TOYHOCTH pelieHHs (COTHU ThICAY
U MUJUIMOHOB pa3) U OO0JbIIMEe Pa3MEPHOCTH PEaTbHBIX CETeH (COTHM M THICSAYM 3JIEMEHTOB) JAEIAIOT aKTy-
JIbHOU pa3pabOTKy MAaKCUMaJIbHO OBICTPBIX METOAOB MX OCYIIECTBIICHHS.

MpI npeqiaraeM OCYILECTBIISITh T€HEPaIMI0 YaCTHOM peanu3anuu rpagda 0JHOBPEMEHHO C MPOBEPKOi
€ro cBA3HOCTU. B 3TOM cityyae renepanust pedep MpoxoauT MpH MOMOILIM 00xoaa rpada B MIMPHHY. 3aBO-
JUTCS CIIMCOK Y3J10B, MHUIIMAIIN3UPYETCS KaK COCTOSIIIMN M3 HEKOTOPOro HaudalbHOTO y3na. Omnpenensem,
Kakue U3 pedep, MHUUACHTHBIX y3JlaM U3 CIIUCKa, IPUCYTCTBYIOT B AaHHOU peanu3aunu. Eciau Takux pedep
HEeT — 3aKaHuuBaeM mpouecc. Eciu ectb — GopMupyeM CIIMCOK CMEXKHBIX y3JI0B 4epe3 HPUCYTCTBYIOIIUE
WHIMJCHTHBIE UM pebpa U MpoJobKaeM ero oOHOBIICHHE MO yKa3aHHOW cxeme. Eciu mo 3aBepiieHun mpo-
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LeAyphl KOTUYECTBO MOCEHICHHBIX Y3JIOB OyIeT MeHbIe, 4eM oOliee KOJIMYECTBO Y3JIOB, TO MOJy4YEeHHAas
peanm3anys HeCBsI3HA. Y UeT MOSBICHHUS H30JIMPOBAHHBIX BEPILHH JIOMOTHUTEIBHO COKPALIAET TPYIOEMKOCTb.

B Tabnune npuBeneHsl pe3yabTaThl sl OLSHKH HaJeKHOCTH €BPONEHCKON HAayYHO-00pa30BaTeIbHOM
cern GEANT o6pasiia 2009 r. (390 y31a u 503 pebpa; puc. 1). IIpemnonaranock, 4To HaAEKHOCTH BCEX pe-
Oep coBMaAaroT. belI paccMOTpeHO YeThIpe pa3iIMYHbIX 3HAYCHHUS HAIEKHOCTH, KaK MOKa3aHo B Tabiwie.
Jist 000MX METOMIOB M JUIS Ka)KIOTO U3 pacCMaTpHUBAeMbIX 3HAUCHHUH HaJeKHOCTH pedpa ObLTO MpOBeIeHO
L = 107 urepanmii Mmetona. Pacuer nposoausics na [IDBM Intel Core Duo 2.4 GHz.
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Puc. 1. EBporeiickas HayaHO-00pasoBarensHas ceth GEANT (2009)
Fig. 1. European research and education network GEANT (2009)

Bpems oueHKH Hafe:xkHocTH ceTu GEANT
HapnexuocTts pedpa P =0,75 P=0,9 P =0,99 P =0,999

Bpewms pacuera (c).
HoBelii MeTO 1

45 72 314 402

Bpewms pacuera (c).

. 67 92 421 623
CraHIapTHBIA METOJT

Kak BUJHO, YCKOPCHUC IIPU HUCIIOJIb30BAHUHN MPCAJIOKCHHOIO METOJA MOJY4YacTCA pa3HbIM JId pas-
JINYHBIX 3HAYCHHUH HaaACKHOCTH pe6pa. MaxkcuMaibHO BCI)(I)GKTI/IBGH METOA )i BBICOKOHAOCKHBIX CCTefI,
a UMCHHO TaKHC, KaK MpaBnjio, CYHICCTBYIOT U NPOCKTUPYIOTCA B HACTOAIICC BpCMH. B sToMm cj1ydyac MCTOoA
HacT YCKOPCHUC Ooltee ueM B IoJITOpa pasa.
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4. MoaenupoBaHue OLeHKH HA/IEKHOCTH CETH
metoaom MonTe-Kapio na cynepdBM

st uccnenoBanus 3pPEKTHBHOCTH UCXOAHOTO aJTOPUTMA MPHU €ro MCIIOJHCHUH Ha MOTCHIIMATHLHOM
9K3a(IIOTICHOM CYNEPKOMITBIOTEPE MPUMEHSETCS UMHTAIMOHHOES MOJCIUPOBAHUE HA OCHOBE MYJIBTHATCHT-
HOrO monxoxa. lIpm WMUTAIMOHHOM MOJETHPOBAHHWH C WCIIONB30BaHHWEM IIAT(HOPMBI MyITHHAT€HTHOTO
mozenupoBanusi AGNES [11] mpeamosnaraioch, 4To apXUTEKTypa 3K3adIoNCHOrO CYNEepKOMIBIOTEpa HE
OTIMYaeTCs OT apxuTeKTypsl kiactepa HKC-30T.

Kax m3BecTHO, TeopeTHdeckoe yCKOpeHHe IPH paclapaybielMBaHUH TSI METOJOB CTATHCTUYECKOTO
MOJICTTUPOBAHISI PAKTUIECKH «UIeaTHHOE», T.€. BpeMs pacueTa yMEHBIIAeTCs MPOMOPIIHOHATBHO yBEeITHIe-
HUIO BBIYUCIHTENBHBIX Sfep. DTOT KPUTEPHUHA W HCIIONb3YyeTCs sl nccienoBanus 3¢ (eKTUBHOCTH JaHHBIX
BBIYHCIUTEIHHBIX aJTOPUTMOB.

J1J1g ucciieIoBaHUs TAaKOW CUCTEMBI OyIeM UCXOJIUTh U3 CIASAYIONINX TPETIOI0KCHUM:

1. M — oOuree yucIo snep, 3a7eHCTBOBAaHHBIX B CTATUCTUYCCKOM MO/ICITMPOBAHUY.

2. YpOBEHb JIOMYyCTUMOHN CTATUCTHYECKOH MOTPENIHOCTH, JOCTHKEHHUE KOTOPOTO 03HAYaeT 3aBepliie-
HHUE pacuera:

_9
YN
3. HoctmkeHne ypoBHsI IOMMYCTUMON CTaTHCTUYECKON MOTPEITHOCTH TOCTHTAETCS MPH COBEPIICHHUH
BBIYUCIUTCIIBHBIMUA AApaMU ONIPEACIICHHOI'O YK CJlia I/ITepaLII/Iﬁ BbIUMCIICHUH L:

M
L=>L.
i=1

rae Li— KonudyecTBO uTepanuii MuKiIa BEIYUCICHUIN Ha i-M SIpe-BBIYMCIHTENE.

4, BpeMH MOACIIUPOBAHNA BBIYUCIUTCIBHBIM SJPOM HUTCpAlIUU Tcount OAMHAKOBO JIA OJHOTHITHBIX
BbIYUCIUTCIIBHBIX Y3JI0B.

5. Bpems BbINOJIHEHUST KOMMYHHUKAIMH OyJIeM CUUTATh 10 Cieayroliel hopmyJie:

TOM =T, +A.

re A — TaTeHTHOCTH IpH Niepejave JaHHbIX, |c — CpeiHee BpeMs Niepeadn OJyYeHHBIX Pe3yIbTaToB.

6. OOmee BpeMs BBITIOIHEHHS AITOPUTMA CTATHCTUYECKOTO MOJIENIMPOBaHUS 1O MeToAy MoHTe-
Kapio — T (M).

7. Benn4mHa OTHOCHTENBHO YCKOPEHUS OT pachapaijieIMBaHus ONpeaessieTes cIeIyIonM 00pa3oMm:

SL(M):TL(Mmin) ]
T.(M)

JUis UMUTanMU UCIIONIHUTEIBHOTO AJIFOPUTMA pacyera 1o Merony Monre-Kapno co3naHo zBa kiacca
(YHKIIMOHANBHBIX areHTOB: «BBIYHCIUTENE» U «COOPIIHK». ATEHT-«BBIUYUCIUTEIH UMHTHPYET MIPOBEICHUE
HEOOXOIMMOTO KOJIMYECTBA UTEPALIUI OJTHUM BBIYMCIUTEILHBIM Y3JI0OM, MOCJIE YeTO OTIPABIISIET PEe3yJIbTaThl
areHTy-«COOPIINKY». ATEHT-«COOPIINK» JT0KUAAETCS MPUX0Jia COOOIIEHUI OT BceX BBIYMCIHUTENEH U OCTa-
HaBIIMBAeT MojeIupoBanue [12].

Ucxonnele naHHble A7 MoAenupoBaHusi Obumn monydeHsl Ha kiactepe HKC-30T, a umenHo:
Teount = 1,53-:107%, T¢ = 2:10°5, Jlyst aT0T0 OBLIM OCYIIECTBIIEHBI 3amycku pacuetoB Ha HKC-30T na konmuye-
cTBe sizaep 10 512 ¢ ucnonb30BaHUEM HOBOW TEXHHWKH reHepauuu rpados, MPeACTaBISHHON B MpeAblIyLIeM
pasnene. B kauecTBe TecTHpyeMoOii CTpyKTyphbl Opanack crpykTypa GEANT ¢ HagexnocThIO peGpa 0,999.
Tpebyemas momycTuMas craTMcTHUecKas norpemnocts € = 1078, cooTseTcTBEHHO, 00IIEE UMCIIO HTEpalHii
L = 10%. Bbu1o Mccen0BaHo MOBEIEHHE AITOPUTMA TIPH €0 MCTOMHEHH: Ha oT 8 10 1 536 000 BeIumCIH-
TENBHBIX siziep, nosydeHHbie napamerpsl 11(M) u S (M) cpaBHHBanmuCh ¢ «UACAIBHBIM» TEOPETUUECKUM
ycKopeHueM. Pe3ysbTaTsl uccineqoBaHus MpUBEAEHbI Ha puc. 1, 2.
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Puc. 2. 3aBUCHMMOCTb OTHOCHTEIBHOTO YCKOPEHHUS SL OT 00IIero YKcia MOACIUPpYeMbIX siaep M
(ropu30HTaIBHAS OCh — B JIOrapupMHIECKOM MacuTade)
Fig. 2. Dependence of the relative acceleration S. on the total number of simulated nuclei M
(the horizontal axis is on a logarithmic scale)
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Puc. 3. 3aBucHMOCTD BpeMEHH HCIIOHEHHUSI JITOPHTMA TL OT OOIIEro Yrciia MOASIUPYEMEIX sinep M
(ropu3oHTaNBHAsT OCh — B JIoraprudMIdeckoM Macurrabe)
Fig. 3. Dependence of the execution time of the T. algorithm on the total number of simulated kernels M
(the horizontal axis is on a logarithmic scale)

Kak MoxxHO yBUAETh Ha puc. 2, 3, HCXOAHBIA anropuT™M MacmTadupyercs 10 512 000 BeIYHCIUTEIND-
HBIX sIJIep MPAaKTUYECKH HJlealbHO, OAHAKO Ha OONbLIeM 4yncie HabirogaeTcs yMeHblIeHue 3¢ gexTa yeckope-
HUS OT KOJIMYECTBA BBIYMCIUTENBHBIX SAEP. DTO MOXKHO OOBSICHUTH OTPOMHBIM KOJMYECTBOM COOOIIECHHUH,
KOTOpPbIE JOJDKEH NPUHITH U 00paboTaTh areHT-«COOpIIMK» B KOHILE BBHIYMCICHHH. PemeHneM B JTaHHOM
cllyyae MOTYT OBITh YBEIHYCHUE KOJIMYECTBA ar€HTOB-«COOPIIMKOB» U UX HepapXuiecKas opraHu3anusl.
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3akiaouenne

beul uccnenoBaH Takod IMOKa3aTeNlb HAJEKHOCTH, CETEH KakK BEPOSTHOCTb CBS3HOCTH CIy4allHOTO
rpada ¢ HeHaie)KHBIMU pedpamu. [IpennokeHa HOBasi TEXHUKA TeHepaluy rpadoB ¢ 3aKIIOUYSHUEM O CBSI3-
HOCTH peanu3anuy 0e3 JONOJHUTENBLHOTO 00Xxona rpada. JaHHas TeXHHKa MO3BOJISIET CYIIECTBEHHO YCKO-
puth (Ha 30-50 %) mpubImkeHHBIN pacyeT MeTooM MoHTe-Kapio kak B mociieioBaTeIbHOM, Tak U B Ta-
paJUIeIbHON peann3anusx.

s uccnenoBanus 3¢ ¢GEKTUBHOCTH MAPaUIEIbHOIO aJrOPUTMa OLIEHKU Halle)KHOCTH CETH METOAOM
MomnTe-Kapio mpu ero MCIoJHEHUH Ha BBHICOKONIPOM3BOJUTEIBHOM CYIEPKOMITbIOTEpPE (B TOM YHCIIE U Ha
MOTEHIIMATBHOM 3K3a()IONICHOM CYHNEPKOMIIBIOTEPE) MBI HCIIOJIB30BaIM MMUTALIMOHHOE MOJAEIMPOBAaHUE Ha
OCHOBE MYJIFTHAr€HTHOI'O NOX0Aa. B pe3ynpTare BHISBICHO, YTO HapaluIeibHbIA aJrOpUTM HII€aJbHO Mac-
mradbupyetcs 10 512 000 BEIMMCIUTENBHBIX SEp, Aajee HaOIronaeTcss yMeHbleHne 3 QeKTa yCKOPEHUs OT
Kolyu4ecTBa sAep. PemieHneM B [aHHOM CiIydae MOXET OBbITh YBEJIMYEHHE KOJIMYECTBA MPOLECCOB-
«cOopKoB», Mo ogHoMy Ha 512 000 BbIYMCIHUTENBHBIX MpoleccoB. llpennoxkeHHass MOJENb MO3BOJISIET
OCYLIECTBJISTh MOJEIMpPOBaHUE pacueTa mMeTogoM Monte-Kapino u s Apyrux IokasaTeled ceTeBOi
HA/IKHOCTH, JUII KOTOPHIX BO3MOYKHO OLIEHHUTH JTUCTIEPCHUIO TIepel HaualloM pacyera.
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The paper considers the NP-hard calculation problem of the reliability of a network, which elements are subject to accidental

failures. A universal method for evaluating various indicators of network reliability is the Monte Carlo method, which can be per-
formed in parallel implementation. In spite of the fact that the exact reliability calculation problem is NP-hard), it is usually possible
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to perform an accurate calculation of reliability for networks of small dimension (up to hundreds of edges). To this end, the factoriza-
tion method and various acceleration methods are used, primarily reduction methods, decomposition, the selection strategy for the
factorization element, exact formulas for low-dimensional graphs, and others. However, such techniques are not developed for all
indicators of network reliability. Most of all such techniques exist for the classical reliability index - the probability of the connected-
ness of a random graph. Some methods of speeding up the calculation are known for the reliability with diameter constraint, and the
mathematical expectation of the number of connected pairs of nodes of the network. The absence of such methods greatly compli-
cates the calculation of the investigated indicator, making its complexity close to the exponential in the number of unreliable ele-
ments (communication channels and/or nodes).

When calculating the reliability of a network using the Monte Carlo method, it is necessary to randomly generate a certain num-
ber of implementations of the network and to average values obtained (connectivity function, the number of connected pairs, etc.),
which will be an estimate of the reliability index. Based on the sample variance, one can draw a conclusion about the error of the
solution obtained. For some indicators it is possible to estimate the variance depending on the sample size even before the calculation
begins and, accordingly, to determine the necessary number of algorithm iterations to achieve the required error of the solution. In
this paper, the probability of connectedness of a random graph with unreliable edges is considered as an index of reliability. For this
indicator, we propose to generate an implementation of the graph simultaneously with its connectivity check. In addition, for the
probabilistic connectivity, it is possible to estimate the variance depending on the sample size even before the calculation begins and
determine the necessary number of iterations of the algorithm to achieve the required error in the solution.

This approach also greatly simplifies the parallel implementation, eliminating the need to periodically stop all processes and wait
for evaluation of the variance. In the case of parallel implementation, it is convenient to split the iteration number between all pro-
cesses. Further, on each core, the process of generation of the implementations starts. It is assumed that the number of computing
cores is large enough, and MPI is used for communication between them. Therefore, one core remains as a master and does not
participate in the generation of graph implementations. The rest of the cores send the averaged values to the collector process after
completion.

As a result, it was shown that the parallel algorithm ideally scales up to 512,000 computing cores, then there is a decrease in the
acceleration effect from the number of cores. The solution in this case may be to increase the number of collector agents and their
hierarchical organization. It should be noted that the proposed model allows simulating Monte Carlo calculation for other indicators
of network reliability, if it is possible to estimate the variance before the calculation begins.

Keywords: network reliability; random graph; connectivity; Monte Carlo methods; simulation.

MIGOV Denis Aleksandrovich (Candidate of Physics and Mathematics, senior research fellow, Laboratory of System modeling and
optimization of The Institute of Computational Mathematics and Mathematical Geophysics SB RAS, Novosibirsk, Russian
Federation).

E-mail: mdinka@rav.sscc.ru

WEINS Dmitry Vladimirovich (Candidate of Technical Sciences, research fellow, Laboratory of supercomputer modeling
of The Institute of Computational Mathematics and Mathematical Geophysics SB RAS, Novosibirsk, Russian Federation).
E-mail: vins@sscc.ru

REFERENCES

1. Slyke, R.V & Frank, H. (1972) Network reliability analysis: Part I. Networks. 1. pp. 279-290.

2. Cancela, H. & Urquhart, M.E. (2002) Adapting RVR simulation techniques for residual connectedness network reliability models.
IEEE Trans. Computers. 51(4). pp. 439-443.

3. Botev, Z.I. & Kroese, D.P. (2012) Efficient monte carlo simulation via the generalized splitting method. Statistics and Computing.
22(1). pp. 1-16. DOI: 10.1007/s11009-009-9133-7

4. Cancela, H., Murray, L. & Rubino, G. (2016) Highly reliable stochastic flow network reliability estimation. Proc. XLII IEEE Latin
American Computing Conference. CLEI’'16. |EEE Press.

5. Khadiri, M.E., Marie, R. & Rubino, G. (1991) Parallel estimation of 2-terminal network reliability by a crude Monte Carlo
technique. Proc. 6th International Symposium on Computer and Information Sciences 1991. Elsevier. pp. 559-570.

6. Martinez, S.P., Calvino, B.O. & Rocco, S.C.M. (2012) All-terminal reliability evaluation through a Monte Carlo simulation based
on an MPI implementation. Advances in Safety, Reliability and Risk Management. Proc. European safety and reliability con-
ference. PSAM 2011/ESREL 2012. Helsinki. pp. 1-6.

7. Migov, D.A. (2017) [Parallel methods for network reliability exact calculation and evaluation]. Molodezh'. Nauka. Tekhnologii
(MNTK-2017) [Youth. Science. Technologies]. Proc. of the International Conference. Novosibirsk. pp. 67—69. (In Russian).

8. Colbourn, Ch.J. (1987) The combinatorics of network reliability. New York: Oxford University Press.

9. Won, J.-M. & Karray, F. (2012) Cumulative update of all-terminal reliability for faster feasibility decision. IEEE Transactions on
Reliability. 59(3). pp. 551-562.

10. Rodionov, A.S., Migov, D.A. & Rodionova, O.K. (2012) Improvements in the efficiency of cumulative updating of all-terminal
network reliability. IEEE Transactions on Reliability. 61(2). pp. 460-465.

73



J.A. Mueos, /I.B. Bunc

11. Podkorytov, D., Rodionov, A., & Choo, H. (2012) Agent-based simulation system AGNES for networks modeling: review and
researching. Proc. 6th Int. Conf. on Ubiquitous Information Management and Communication. ACM ICUIMC 2012. ACM New
York. USA. Article No 115.

12. Glinsky, B., Rodionov, A., Marchenko, M., Podkorytov, D. & Weins, D. (2012) Scaling the distributed stochastic simulation to

exaflop supercomputers. Proc. 14th IEEE Int. Conf. on High Performance Computing and Communications. HPCC’2012. IEEE
Press. pp. 1131-1136.

74



