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OBIIASA XAPAKTEPUCTHUKA PABOTBI

AKTYyaJIbHOCTH TeMbl MU cTemeHb e¢ mpopadoranHoctu. B 1993 rony @. Xapapu u
JUk. Xell3 npeasio)KuiId OCHOBAaHHYIO Ha rpadax MOJenb Uil HCCIeIOBaHMs OTKa30B CBs3€il B
TEXHUYECKOH cucTeme. DTa MoJelb Obljla JaIbHEHIINM pa3BUTHEM MOJIENN, KOTOPYIO MPEATIOKHUII
Jx. Xes B 1976 rogy 1u1st ucciaeoBaHUsl OTKA30B 3JIEMEHTOB TEXHUYECKOU cucTeMbl. CucTeMe X
comocrapisiercss moMmedeHHbld rpad G(X), BepuUIMHBI KOTOPOrO COOTBETCTBYIOT JJIEMEHTaM
CHCTEMBI 2, pEOpa — CBA3IM MEXIY IeMeHTaMu. Ecii CBsI3U SBISIFOTCS CHMMETPHYHBIMU, TO Tpad
Oyzner HeopHeHTHpOBaHHBIM TpadoMm. Ecim Bce 51€MEHTBI CHUCTEMBI W CBS3HM  SIBISIOTCS
OJIHOTUITHBIMH, TO Tpad Oymer 0Oe3 meTok. Mozenp okaszajach YI0OHOW miig pa3paboTKu
OTKa30yCTOMYMBBIX BBIYMCIUTEIBHBIX CUCTEM, TJ€ 3JICMEHTAMH SBJISIOTCS BBIYUCIUTEIBHbIC Y3IIbI,
a CBA3AMHU MEXJYy dJIEMEHTaMu — MH(GOpPMAllMOHHbIE KaHaJIbl. BeIUMCANTENbHBIMU y3]1aMH MOT'YT
OBITH siIpa, TMPOLECCOPBl MM KOMIBIOTEPHl. B Takoi cucTeme 3JeMEHTHI M CBS3HM, KaK IMPaBHIIO,
ABIIIOTCS  ofHOTUNHBIMHU. Iloj omkazom »snemeHTa cucTteMbl X IOHMMAeTCs yIalleHHe
COOTBETCTBYIOIICH eMy BepiiuHbl u3 rpada cucrembsl G(X) u Bcex cBsizaHHBIX ¢ Hell peéoep. [Ton
OTKa30M CBS3M B CHUCTEME X IIOHHUMAETCS yIaJeHHE COOTBETCTBYIOIIErO pedpa (Wiu Iyru s
OpHEHTHUPOBAaHHOIO rpada) u3 rpada cucremsl G(X). MHOro paboT MOCBSIIECHO HCCIEAOBAHUIO
OTKa30B 3JIEMEHTOB U HECKOJIbKO MEHbIIE paboT, B KOTOPBIX MCCIEIYIOTCA OTKasbl CBs3el. B
JTAHHOM paboTe MBI OyJeT paccMaTpUBATh TOJIBKO OTKa3bl CBS3CH.

Cuctema X~ wHasbiBaetcs pébeproii K-omkasoycmoiiuueoii peanuzayueti (edge fault
tolerance) cuctemsr ¥, ecnu oTka3s mo0bIX K cBsseil cuctemsl X mpuBomuT K rpady, B KOTOpHIIA
MOXHO BJIOXHUTh rpad cucrembl X. [loctpoenue péOepHoii K-0TKa30ycTOHUMBOM peanu3anuu
CHCTEMBbl X MOXXHO IPEJICTaBUTh ceOe Kak BBEICHHE B HEE ONpPENENeHHOro 4uciaa U30bITOUHBIX
3JIeMEeHTOB U cBs3eil. [Ipu aToM mpeanonaraercs, 4To B HOPMaIbHOM peXUMe PabOThl H30BITOUHBIE
AJIEMEHTHI M CBSI3U MACKUPYIOMCA, a B CITydae OTKa3a MPOUCXOAUT peKoHpueypayus CUCTEMBI 110
UCXOMHON CTpYKTypbl. Ha si3bike Teopun rpadoB péOepHYHO K-O0TKAa30yCTOWYMBYIO peaH3alldio
cHCTeMbl X MbI OyJeM Ha3biBaTh péOoepHbIM K-pacimupenuem (P-kP) eé rpada G(X). ABTop paboTsl
ABJISICTCA COTPYAHUKOM MUHHUCTEpPCTBA HAyKU U TexHOoruil Mpaka, rae 3aHuMaercsi BOIPOCaMH,
CBSI3aHHBIMHU C OOJIAYHBIMU BBIYUCIICHHSIMA U TEXHOJOTHSIMHU CBSI3U. Tema OTKa30yCTOMYMBOCTH B
THX 00JacTAX SBJSETCA 4Ype3BbIYAWHO BakHOH. McTropmyeckn BONPOCH OTKa30yCTONYMBOCTHU
BBIIIUTA HA TIEPETHUH TIJIaH C TIOSBICHUEM CJIOKHBIX BBIYHCIUTEIBHBIX YCTPOMCTB, U MEPBHIC AU
ObUIN peann30BaHbl yxke B nepBoM nokosiennu OBM. Hanpumep, 8 9BM EDVAC (1949 ron) Gbio
peain30BaHoO JBa apu(PMETUKO-JIOTMUECKUX YCTPONCTBA, pe3yabTaThl KOTOPBIX CpaBHUBAIUCH. [1o
Mepe YCI0)KHEHUS BBIYMCIUTEIbHON TEXHUKH MOSABISUIUCEH 00JIee CII0XKHBIE METOIBI.

B 1956 rogy Jlon ¢on Heiiman paccmarpuBall, Kak MOCTPOUTh HAIEKHYIO CUCTEMY W3
HEHaJI&XHBIX 37eMeHToB. [lponuto Gonbme 60 jer, U 3a 3T0 BpeMs HaJEKHOCTb JJIEMEHTOB U
CBSi3ed MEXJy HHUMHU OueHb BbIpocia. Hampumep, cpenHee Bpemsi HapaOOTKHM Ha OTKa3
COBPEMEHHBIX MpoleccopoB cocrapiser Oonee 100 Thicsy 4acoB, OOBIYHOIO KECTKOTO IHMCKa
Seagate Barracuda npubnmkaeTcss K MUJUIMOHY 4acoB, a s cepun Constellation coctasnsier 1.4
MuuimoHa 4acos. IlepBoe BerumcnurensHoe ycrpoiictBo ENIAC wmcnonb3oBano okxono 18000
BaKyyMHBIX JIaMII, U 3TO OBUIO CaMO€ CJIOXHOE YCTPOHCTBO CBOETO BPEMEHHU, KOTOpOE OBLIO
4ype3BblUaiiHO HEeHaASKHBIM. Ceifyac, MO-BHAWMOMY, CAMBIMH CIIO)KHBIMH BBIYHCIUATEIbHBIMA
yCcTpoHCcTBaMu sIBISIFOTCS cymnepkoMibiotepbl. C 1993 roma nawan paGorars mpoekt TOPS00,
KOTOPBIN cocTaBiisgeT peUTUHT 500 caMbIX MOIIHBIX OOIIECTBEHHO W3BECTHBIX BBIYMCIIMTEIIBHBIX
cucreM mupa. Cynepkomnbiorep Nel B camom nepBoM peiftunre ot utoHs 1993 rona — CM-5/1024
—umen 1024 sapa. B utone 2020 roga caMbIM MOIIHBIM CTal SITOHCKUU cynepkoMnbroTep dyraky ¢
guciaoM siaep 7299 072. Takoe yClIOXXKHEHHE CHUCTeM TpeOyeT MpH pa3paboTKe Y4YUTHIBAaTh
OTKa30yCTOMYHUBOCTb.

JI. baytucra-T'ome3 ¢ coaBTopaMH IPOAHAJIM3UPOBAIM OTYETBHI O paboTe psna
CYIEPKOMIIBIOTEPOB. AHAIM3UPOBAIUCH OLIMOKM BCEX KOMIIOHEHT CHUCTEMBl: 00OpyAOBaHUS,
IPOrpaMMHOI0 OOECredYeHus:, ceTd M cpeabl. VHTepecHO, uyTo Oojiee MOJOBHHBI OIIMOOK



MPUXOAWJIOCH Ha ammaparHoe oOecredeHue, MpUYEéM cpelHee BpeMs HapaOOTKM Ha OTKa3
coctanisuio oT 10 1o 23 gacoB. B paboTe aBTOpHI yKa3bIBAIOT, UTO, €Cu B3sATh cuctemy u3 100 000
COBPEMEHHBIX MPOIIECCOPOB CO CPEAHUM BpEeMEHEM HapaOOTKH Ha OTKa3 HECKOJIbKO JIET, TO AJIs
TaKOM CHUCTEMBI Cpe/lHEe BpeMsl HapaOOTKU Ha OTKa3 ¢ Y4ETOM TOJIBKO MPOLIECCOPOB cOCcTaBUT 17.3
nHs. O4eBHUIHO, YTO HYXKHO MPEAYCMOTPETh BO3MOXKHOCTH JUISI CUCTEMBI MPOJOHKATh padoTy B
IIPUCYTCTBUH OTKAa3a AIEMEHTA WIN CBA3H MEXKIY DJIEMEHTaMH.

B 1971 romy A. ABWwXeHUC NpEIOKWI JBa MOAXOJA JUIsl MOBBIIMICHUS HAJIEKHOCTU
BBIUYHCIIUTEIbHBIX CUCTEM:

1) npenoTBpalieHHe OMIKOOK;

2) OTKa30yCTOMYHBOCTb.

[lepBoe HampaBiieHHE CBS3aHO C YMEHBIICHUEM BEPOSTHOCTH BO3HUKHOBEHHS OLIUMOKH, TO
€CThb B IOBBIIIEHUN HAJAEXHOCTU KOMIIOHEHTOB CHUCTEMbl. BO BTOpOM HallpaBlI€HUH HCIHOJIB3YETCS
BBEJICHUE B CHCTEMY M30BITOUHBIX CTPYKTYp AJIsl NPUJAHUS €l CBONCTB OTKAa30yCTOWYHBOCTH.
[To3nHee 0TKa30yCTOMYMBOCTD CTalla PACCMATPUBATHCA KaK OJIHA U3 COCTABIISAIOMIKX Oosiee 00mIero
CBOMCTBA — rapaHTOCIIOCOOHOCTH CHCTEMBI.

A. ABIXKEHHC  OMNpENeNsieT  OMmKA30yCMou4ugocms  Kak  OOECIEYeHHE  CHCTEMBI
CTIIOCOOHOCTBIO MPOTHBOCTOATH OIMIMOKE W BO3MOXKHOCTBIO TPOJOIDKATH pabOTy B MPUCYTCTBHH
3TOU OMMOKHU. BBIIENSAIOT 1Ba YPOBHS OTKa30yCTOMUHNBOCTH:

1) noanas omkazoycmoiiuugocms — CUCTEMA MPOJI0JHKAET pabOTaTh B MPUCYTCTBUU OLMIHOOK
0e3 CcylIecTBeHHOH noTepu (PyHKIIMOHAIBHBIX CBOMCTB;

2) amopmusayusi OMKA306 — CUCTEMa TPOJOJDKaeT paboTaTh B NMPHCYTCTBHH OHIMOOK C
YacTUYHOM Jerpaaanueil GQyHKIIMOHAIbHBIX BO3MOXKHOCTEH.

B nannoii pabote OyaeT paccMaTpuBaThCs TOJIBKO MOJTHAS OTKA30yCTOMYUBOCTh. MBI OyieM
paccMaTtpuBaTh TOJIBKO OTKa3bl CBsized M HM3ydyaTh péOepHble pacumupenust rpados. Mogenb, B
KOTOpPOM HCCIENYIOTCS OTKa3bl 3JEMEHTOB, 3aHMMAETCSl BEPIIMHHBIMU PAaCIIUPEHUSIMH T'padoB.
[TocTpouth pebepHyIo K-0TKa30yCTONYMBYIO pean3aliio 03HaYaeT J00aBUTh K HCXOIHON CHCTEME
OIpeIeIEHHOE KOJIMYECTBO 3JIEMEHTOB M CBs3eil. CTOMMOCTH 3JIEMEHTOB CYHIECTBEHHO BBILIE
CBA3€H, MOATOMY HAKJIAJbIBAETCS OTPAHUUYEHUE, YTO JOMOIHUTENIbHBIE 3JIEMEHTHI BBOJUTHCS HE
MOTYT, T00aBIISIOTCS TOJBKO JOMOJIHUTEIbHBIE CBsI3U. Ha s3bIke Teopuu rpad)oB 3TO O3HAYAET, YTO
Opu  NOCTpoeHUH pEOepHBIX K-pacimpeHuil HOBbIe BeplIMHBI K Tpady He J00aBISIOTCS,
n00aBIsAIOTCS TONbKO pEOpa. Jpyroe orpanuueHue, KOTOPOE MOKHO PacCMOTPETh, — OTCYTCTBHE
KpaTHbIX pédep, TO ecTb OYAYT paccMaTpUBATHCS TOJIBKO MPOCThIe HEOPUEHTUPOBAaHHBIE rpadbl. B
ITOM cllydae He Uil KaKIOW CHCTEeMbl MOXET OBITh MOCTPOeHO p&OepHoe K-pacuimpenue.
Hanpumep, a1 IOJHOCBA3HOM CHUCTEMBI, B KOTOPOH BCE DJIEMEHTHI IIONAPHO COEIUHEHBI,
MOJIETTUPYEMON TOJIHBIM TpadoM, HET BO3MOXKHOCTU J0OAaBUTh HOBBIE pPEOpa, MOAITOMY y TaKOH
cucTeMbl He OyJer pédepHoro K-pacuimpeHus HE MpU KakoM HaTypaibHoM K. 3amava onpenencHus,
kakue Tpadel uMeroT pédepHoe K-paciupeHue mpu 3aJaHHOM K, TIPENCTaBISIET OTICIbHBIMN
untepec. Ecnu ke péOepHoe K-pacuiMpeHue CyIIECTBYeT, TO MPEACTABISET WHTEpeC HailTh
paciiipeHre ¢ MUHUMAJIbHBIM YHCJIOM JOIOJIHUTENIbHBIX CBSI3€Hl.

Pé6epHas k-oTkazoycToitunBas peanusanus ¥ CHCTEMBI X HA3BIBACTCS ONMUMALbHOLL, ECIIA
cucteMa X CONEPKHT CTONBKO K€ SJIEMEHTOB, CKONBKO M CHCTEMA X, a CPEIH BCeX PEGEpHBIX
K-0TKa30yCTOHYMBBIX peaqn3aliii C TeM ke YHCIOM SIEeMEHTOB CHCTEMAa ¥ HMeeT HaHMEHbIIee
yucino cBsizeil. Ha s3pike Teopum rpadoB pEOEpHYIO ONTHMAIBHYIO K-0TKa30yCTOHYMBYIO
pean3aIio CUCTEMbI £ MbI Oy/ieM Ha3bIBaTh MUHHUMAIbHBIM pEOepHbIM K-pactmpenuem (MP-KP)
eé rpapa G(X). BmecTo MHUHMMAIBHOCTH 4YHCJIAa CBSI3€H MOTYT pPacCMaTpuBaThCs W JAPYrue
OTpaHMUYEHUS, KOTOpbIE 1O TOW WM HMHOM NPUYMHE IPEANOYTUTEIbHBI, HApUMEpP, HAIUUUe
onpeeaEHHON TPYIITBl aBTOMOP(PHU3MOB.

B cBoeit mepBoit pabGore JIk. Xei3 NpemIoKHI CXeMbl MOCTPOSHHS MHHHMMAJIbHBIX
BEPUIMHHBIX 1-pacmimpeHuil Uil Hened M LOUKIOB, a TaKKe Ui YaCTHOTO CIlydas MOMEYEHHOTO
nepeBa. B cienyromeld pabote ObLIM MOJY4YEHbl aHAJIOTWYHBIC PE3YNbTaThl i MHUHHUMAJbHBIX
p€6epubix 1-pacmmpenuii. bombpmioir 0030p aHATUTHYECKUX PE3YJAbTAaTOB MOXHO HAWTH B



moHorpadun M.b. A6pocumoBa «I'padoBbie MO OTKA30yCTOMYMBOCTHY». B 4acTHOCTH, MOKHO
OTMETHUTH PE3YAbTATHl M0 AHAIMTHYECKOMY MOCTPOCHHUIO BEPIIMHHBIX U PEOCPHBIX k-pacHInpeHui
JUTsl pa3JIMYHBIX Ki1accoB rpados, nonydeHasle M.@. KapaBaem, A.B. Kupeepoii, M.A. KabaHOBbIM,
A.A. lonroBev, O.B. Monenosoii, M.b. AOpocumoBbim, @. Xapapu, [x. Xeii3 u B pane Apyrux
pabor.

M.B. AGpocuMOB J0Ka3all, 4TO 3aja4da MPOBEPKH TOTO, 4TO Trpad sBisieTcss pEOEpHBIM k-
pacmmpenreM 3ajanHoro rpada, seiusercs NP-nomHo#l. D10 o3Hauaet, 4To 3()PEKTUBHBIA TMOUCK
MUHHUMAaJBHBIX PEOCPHBIX k-pacIMpeHUil A MPOM3BOJILHBIX TpadoB peann30BaTh, BHIUMO,
HEBO3MOXHO. B pabore mnpesiaraercss airopuTM MOCTPOCHUS MHUHUMAIbHBIX pPEOEPHBIX k-
pacumpenuii rpadoB, OCHOBAaHHBIN Ha mepedope BCeX MOIXOAAMMX KaHAunaToB. C IOMOIIBIO
MPOrpaMMbl, PEATM30BAaHHOM HA €ro OCHOBE, OBbLIM IOJIy4eHbl MHUHUMAalbHbIE pEOEpHBbIC 1-
pacupeHusi BceX HEOPUEHTHPOBAHHBIX IpadoB ¢ YHCIOM BepiiuH 10 7. ONHCaHHBIN adropuT™M
CIIOXKEH ISl pacrapajieMBaHus, TaKk KaK BO BpeMs MOHMCKa HEOOXOIUMO MOAAEPKUBATH CIIHCOK
BCEX HaWJCHHBIX PEOCPHBIX PACHIMPEHHUN. AJNTOPUTM MO3BOJSET CTPOUTH pEOEPHBIC PACIIMPEHHUS
s HeOonmpmux rpadoB. Ilporpammuas peanusanuss Ha OCHOBE 3TOT0 airopurma Oblia
MCITIOJIB30BaHa /ISl TOCTPOCHUSI BCEX MHHHUMAIIBHBIX PEOEpHBIX 1-pacmmpeHuil TpadoB ¢ YUCIOM
BEpIIMH [0 7, a TaKXKe JUIsl HEKOTOPBIX OTHENbHBIX TI'padoB C OOJBIIMM YHCIOM BEpPIIUH.
CymiecTByIOT METO/bI MOCTPOEHHS pPAa3JIMYHbIX IpaoB O€3 HEMOCPEICTBEHHOW IPOBEPKH Ha
n30Mop(hu3M, U B 3TOM CiIydae MOXHO HE XPaHUTh BCE HaliIeHHBIC pe3yJbTaThl. B OCHOBE Takmx
METOZIOB JISKUT HJES OCTAaBIATH OYEPEIHOrO KaHAMAaTa TOJIBLKO B TOM cllydae, eciiu ero ¢opma
ABIsieTCS KaHOHMYECKOH. CyIIecTBYIOT pa3iMYHbIE TEXHHKH COKPAICHHS IIOJHOTO mepedopa
KaHJUJAaTOB, KOTOpble B HHOCTPAHHON JMTepaTrype Ha3bIBalOT MeToaamu Puna-®PapamkeBa u
MakKesi. Xopommii 0630p COBPEMEHHOTO COCTOSIHHS [0 3TOMY BOIPOCY MOXHO HaWTH B paloTe
I'. BpuHkMaHa, KOTOPBIN TAaKXKe SBISIETCS aBTOPOM HECKOJIBKMX M3BECTHBIX T€HEPATOPOB, B KOTOPBIX
peanu30BaHbl METONBI TOCTpOeHHsI TpadoB Oe3 MpoBepKH Ha H30MOpPPHU3M. B aHMIOA3BIYHON
JTUTepaType 3Ta TEXHUKA Ha3bIBaeTCs isomorphism rejection. AITOPUTMBI TeHEpaluu 0€3 MPOBEPKU
Ha U30MOP(H3M XOPOIIO MOIXOAT IJIs pacrapasieTnBaHHsL.

Haubonpiiee BHUMaHUE B MCCIEAOBAHUAX MO OTKA30yCTOMYMBOCTH YAENSETCS H3YyYEHUIO
OTKAa30B 3JIEMEHTOB, IPUYEM B OCHOBHOM PacCMaTPHUBAETCs 3aJlauya OMMCaHUs BUJIAa MUHUMAJIbHOTO
pacimipeHust Ais  omnpeneneHHbIXx rpadoB. [lng aHanM3a OTKa30yCTOMUYMBBIX —peaju3anui
COBPEMEHHBIX BBIUHUCIUTEIBHBIX CUCTEM HEOOXOIMMO YMETh HAXOUTh MUHUMAJIbHbIE PACIIUPEHUS
s rpagoB ¢ yuciaoM BepwMH 12—16. I3BecTHble aNropuTMbl IUIOXO MOAXOAAT IS
pacnapasieIMBaHus U HE CIIPABIISIOTCS C TAKMM YKCIOM BepIIMH. HeoO6xonnMbl HOBBIE MTOXO/bI K
pa3paboTKe aNrOpUTMOB TMOCTPOCHHMS] MUHUMAJIbHBIX PEOCPHBIX pacIIUpeHUil, KOTopble OyayT
XOpoHIO pacnapaiienuBarbes. s 3TUX 1ened moaxoauT TeXHHKa reHepaluu 0e3 MpOoBEpKU Ha
n30Mop(hU3M, OAHAKO JUIA 334l MOCTPOCHUS MUHUMAIBHBIX pEOEPHBIX k-paciiupeHuil e€ paHee
He yJlaBajoch NPUMEHUTh. B 1aHHOM padoTe 3TO ynanoch clienarb BlEpBBIE.

Bcé Bhllecka3zaHHOe onpeessieT akTyallbHOCTh JaHHOM paOoThl, a Takoke €€ 1eNu U 3aJa4H.

Hemn wu 3agaum. llenu npaHHON paboThl COCTOAT B pPa3pabOTKE W HUCCIEIOBAHUU
MareMaTu4yeckoil mMozaenu pEOepHO-0TKa30yCTONYMBOM BBIYUCIUTENBHOW CHUCTEMBI JUIS pPELICHUs
ONTHMHU3AIIMOHHON 3a/1a4i ONPEeIeHNs MUHUMAJIbHOTO YHCIIa JJOTIOJIHUTENbHBIX CBSI3€H CUCTEMBI,
YCTOMYMBOM K 3aJaHHOMY YHCIIy OTKAa30B CBSI3€H MEXIY DJIEMEHTaMH, a TaKXKe MOCTPOECHHUs BCEX
HEU30MOPGHBIX MHHHUMAJbHBIX pEOEPHBIX k-pacliupeHHi 3agaHHOrO rpada 0e3 MpoBEpKH Ha
M30MOp(HU3M U ¢ BO3SMOKHOCTBIO pacrapauleIMBaHusl.

3amaqyn paboOTHI:

1. Pa3zpaborarh MaTeMaTHUYECKyl0 MOjeidb PEOEPHO-O0TKA30yCTOMUMBONW CHUCTEMBI C IEINBIO
pelieHns 3ajadd  ONpeAeNieHUs MHMHHUMAJIbHOTO YHWCIa JOMOJHUTENIbHBIX CBSI3ed CHCTEMBI,
YCTOMUYMBOM K 3aJaHHOMY UMCIIY OTKAa30B CBA3EH MEXKIY JEMEHTaMU CUCTEMBI, M IIOCTPOEHUS BCEX
MUHUMAaJbHBIX PEOEPHBIX k-pacIIMpeHH ISl COOTBETCTBYIOIIETO Tpada CUCTEMBI.

2. Pazpa0oTtarh ajaropuTMbl ONpeieieHNss MUHUMAJIBHOTO YHCIA JOMOJHUTENbHBIX CBS3€H
CUCTEMBbI, YCTOMYMBOM K 3a/JlaHHOMY YHCIIy OTKa30B CBSA3€Hl MeXAy d3J€MEHTaMU CHCTEMBI, U



MMOCTPOCHUST BCEX MHHUMAJIBHBIX PEOCPHBIX KA-pacHIMPEHH JJIi COOTBETCTBYIOIIEro Tpada
CUCTEMBI.

3. [IpoBecTn wuccienoBaHue pa3pabOTAHHBIX AJITOPUTMOB, OLEHUTh BO3MOXHOCTh MX
pacnapauienuBanus 1 3p¢GeKTUBHOCTE. [IpoBepUTH KOPPEKTHOCTH pabOTH HA U3BECTHBIX JTAHHBIX.

4. Pa3pabotath NIpPOrpaMMHBIA  KOMIUJIEKC, PEATU3YIOLUIMH  aJrOpUTMbl  OINpeesICHUs
MUHHMMAJIBHOTO YHCJIA CBSI3€H CUCTEMBI, YCTOMYMBOM K 33JJaHHOMY YMCIIy OTKa30B CBS3EH MEKIY
3JIEMEHTaMH CUCTEMBbI, ¥ IOCTPOEHUS BceX €€ MUHUMAJIbHBIX pEOEPHBIX A-pacIiupeHuil.

5. [IpoBecTH BBIYMCIUTENBHBIE SKCIIEPUMEHTHI 110 TOCTPOEHUIO0 MUHUMAJIBHBIX PEOEPHBIX k-
paclIMpeHuil BceX HEOPUEHTUPOBAaHHBIX IpadoB C uucioM BepwnH 10 10 U1l HECKOJIBKUX
3HAYEHUN k ¥ IPOAHAIN3UPOBATH NIOJIYyUEHHbIE PE3YIIbTAThI.

6. [IpoBecTH BBIUMCIUTENBHBIE 3KCIIEPUMEHTHI 110 MOCTPOCHUI0 MUHHMMAJbHBIX PEOEPHBIX
I-pacumpenuii UIsi OTAENBHBIX HamOoJiee MHTEPECHBIX C MPAKTHUYECKOW TOYKH 3peHus rpados:
pEMETOK, TOPOB.

O0beKTOM HcCIe0BaHUs SBISETCA Tpad, MPEACTABISAIONIMKA MOAETh BBIYMCIUTEIHHON
CUCTEMBI.

IIpenmerom mccieqoBaHMs  SIBISIOTCS  MareéMaTHYECKHME MOJEIM UM aJTOPUTMBI,
MO3BOJISIFOIME CTPOMUTH ISl 33JaHHOTO Tpada Bce HeM30MOpQHBIE MUHHMAaJbHBIE pEOEpHBIC K-
pacIIupeHHsL.

Hayunasi HOBHU3Ha pa0OTHI 3aKIIIOYACTCS B CIIEAYIOMIEM:

1. IlpennoxkeH THOAXOA K  HCCIEAOBAaHMIO  MaTeMaTH4Yeckod  mopenu  péOepHo-
OTKa30yCTOMYMBOM CHUCTEMBI JUIsl PEIIECHUs 3a7add ONpEAESICHUS MHUHHUMAJIbHOIO KOJIMYECTBA
JIOTIOJIHUTENBHBIX CBA3EM CUCTEMBI, YCTOMYMBOM K 3aJaHHOMY 4YMCIy OTKAa30B CBA3CH MEXAy
JJIEMEHTAaMH  CUCTEMbl, U IOCTPOCHUS MUHUMAJIbHBIX pEOEPHBIX  A-pacHIMpEeHUN  JyIs
COOTBETCTBYIOIIEr0 Ipada CUCTEMBL. DTOT MOAXOJ IMO3BOJISET pa3padaTbiBaTh METOIbl PEIICHUS
ATHX 3aJ1au C CYIIECTBEHHBIM COKpAIlleHHEM 00J1acTH OMCKA PEIIEHU.

2. PazpaOoTaHbl HOBbIE YHMCIIEHHbIE METOJIbl PELICHUS 3a7a4M ONpeIeIeHUs] MUHUMAILHOTO
YUCJIA JONOJHUTENIBHBIX CBA3EH CUCTEMBI, YCTOWYMBOM K 3aJaHHOMY YMCIIy OTKa30B CBS3EU MEXIY
3JIEMEHTaMH CUCTEMBbI, KOTOPbIE TIO3BOJISIOT CYIIECTBEHHO COKpaIlaTh 00JIacTh MOMCKA PELICHUH.

3. PazpaboTaHbl alrOpUTMBI TOCTPOCHHUS BCEX HEM3OMOP(PHBIX MUHUMAIBHBIX pEOCPHBIX k-
pacimpeHuii rpada 3aJaHHOM CHUCTEMbI, OTIMYAIOIIMECS OT M3BECTHBIX paHee allfOPUTMOB
MPUMEHEHUEM TEXHUKH HCKIIOYEHHUS] HM30MOP(QHBIX KOMUH, 4YTO OOECIEeYMBAeT BO3MOXKHOCTh
pa3paboTku Oosee 3(PPEeKTUBHBIX MapayIeNbHBIX aJrOPUTMOB M JIydlllee HCIOJIb30BaHHUE
ONEpPaTuBHOM MAMSITH.

4. Peanu30BaHbl M HCCIIEAOBaHbI MapajUleIbHbIe BEPCUM Pa3pabOTaHHBIX aJTOPUTMOB IS
MOCTPOEHUSI MUHUMAJIbHBIX PEOEPHBIX A-paciiupeHuii 3aiaHHoro rpada. CpaBHEHHE C U3BECTHBIMU
aHaJIoraMHM MOKa3aJlo yBeJIM4eHue ckopocTu padbotsl B 10 u 6onee pas.

5. Co3llaH MpOrpaMMHBIN KOMILJIEKC Ul TIOCTPOEHUS BCEX HEM3OMOP(HBIX MUHHUMAJIbHBIX
pEOEpHBIX k-paciiupeHuil A 3aJaHHOro rpada MM crnMcka rpadoB Ha OCHOBE alrOpPUTMOB
JaHHOW paboThl M BBIYHUCICHUS MHUHUMAJIbHOTO 4YHUCJA JIONOJHUTENIBHBIX CBSI3€H CHUCTEMBI,
YCTOMYMBOH K 33JaHHOMY YHMCIIy OTKA30B CBA3EM MEXAY JIEMEHTAMH CUCTEMBI.

6. [ToctpoeHsl MUHHMaIBbHBIE pEOEpHBIE |-pacmMpeHns BCeX HEOPUEHTHPOBAHHBIX IpadoB
¢ uucioM BepiinH A0 10, a Takke MMHHMManbHble péOepHble 2-, 3- U 4-pacIIUpeHus A BceX
HEOPUEHTUPOBAHHBIX IPadOB C YHCIOM BEPILIUH 10 9.

7. IToctpoensl MUHUMAaJIbHBIE pEOEpHBIE |-paciiMpeHus Ui HEKOTOPIX PEHIETOK, TOPOB U
TUNEepKyOOB C YMCIIOM BepiuH 10 20.

MeTonoJiorust ¥ MeToAbI HccaeoBaHusl. B paboTe MCHONB3yIOTCS METONBI JUCKPETHOM
MaTeMaTHK{, TEOpUH rpadoB, TEOPUU AITOPUTMOB U KOMOMHATOPHON ONTHMHU3ALMU, B YACTHOCTH
CrelMalbHbIle METOAbl Pa3pabOTKH aJTOPUTMOB TE€HEpallMu CTPYKTyp ©0e3 TpoBepKH Ha
nzomoppusM. OleHKa KauecTBa MPEIJIOKEHHBIX aJTOPUTMOB TPOBOAMUTCS C  IOMOUIBIO
KOMITBIOTEPHBIX 3KCIIEPUMEHTOB.



IToJ10:keHust U pe3yIbTaThl, BBIHOCHMbIE HA 3aLUTY.

1. [IpennoxkeH MOAXOX K HCCIENOBAaHUID MaTreMaTHYeCKON MOZAENN OTKa30yCTOMUMBOI
CUCTEMBI Ul PELIEHUS 3a/1a4d ONPEIEICHUs MUHUMAJIBHOTO KOJIMYECTBA JTOIOJHUTEIBHBIX CBA3EH
CUCTEMBI, YCTOMYMBOM K 3a/JlaHHOMY YHUCIIy OTKAa30B CBA3€H MEXAy d3J€MEHTaMU CHCTEMBI, U
HaXOXJEHUsI  BCEX  HEM30MOpP(QHBIX MHMHUMAJIbHBIX  pEOEpHBIX  k-pacimmpeHuil  rpada
COOTBETCTBYIOIIEH CHCTEMBI O€3 MPOBEPKH HAa U30MOPHU3M.

2. PazpaGoTaHbl alropuTMbl ONPEAETICHUS MUHMMAIbHOIO KOJMYECTBA JIONOJIHUTEIbHBIX
CBSA3€H CUCTEMBI, yCTOMYMBOM K 3aJJaHHOMY YHMCILy OTKa30B CBSI3€M MEXKIY 2JIEMEHTaMU CUCTEMBI, U
HaXOXJEHUs  BCeX  HEM30MOpPQHBIX MHMHUMAIbHBIX  pEOEpHBIX  k-pacmmpeHuil  rpada
COOTBETCTBYIOIIEH CHCTEMBI O€3 MPOBEPKH HAa N30MOPHU3M.

3. Peanu3oBanbl napauienbHblE AJTOPUTMBbl ONPEAEICHHUS MHUHUMAJIBHOIO KOJMYECTBA
JOTIOJIHUTENBHBIX CBA3€M CHCTEMBI, YCTOMYMBOM K 3aJaHHOMY YHCIYy OTKAa30B CBS3€U MEXKIY
SNIEMEHTaMHU CHCTEMBbl, M HAXOXICHHS BCEX HEU30MOP(HBIX MHHHUMAIbHbIX pPEOEPHBIX A-
pacupenuii rpaga COOTBETCTBYIOIIEH CUCTEMBI 0€3 TPOBEPKH HA H30MOP(H3M.

4. Pa3paboTaH IpOrpaMMHBIM  KOMILJIEKC Ha OCHOBE IPEUIOKEHHBIX  METO/OB,
MO3BOJISIIOINMI  JUIT  TIOAAHHBIX Ha BXoA TrpadoB ompeneniath MHUHHUMAJIbHOE KOJIHYECTBO
JOTIOJIHUTENBHBIX CBSA3€M CHCTEMBI, YCTOMYMBOM K 33JaHHOMY YHCIy OTKa30B CBS3E€H MEXAY
SNIEMEHTaMU CHCTEMbl, M HAaXOKJICHHS BCEX HEU30MOP(HBIX MHHHUMAIbHBIX pPEOEPHBIX A-
pacimupenuii rpada coOTBETCTBYIOIIEH CHCTEMBI 0€3 MPOBEPKH HA N30MOPHHU3M.

5. [loctpoenbsl MuHMMasbHbIE pEOEpHBIE 1-pacuiMpeHust BceX HEOPHUEHTUPOBAHHBIX IrpadoB
¢ uucioMm BepuMH J0 10, muHuManbHble pEOepHble 2-, 3- U 4-pacmMpeHust I BCeX
HEOPHEHTUPOBAHHBIX I'padOoB C 4YMUCIOM BEpUIMH 10 9, a Takke MHHHUMalbHble pédepHble 1-
paciipeHust 111 HEKOTOPbIX PEeIIETOK, TOPOB U TUIIEPKYOOB ¢ yKcioM BepiiuH 10 20.

Teopernyeckasi 3HAaYUMOCTb PadoThl. [IpennoxkeH HOBBIM MOAXOA K HCCIEAOBAHUIO
MaTeMaTH4eCKOU MOAENIN pEOEPHO-0TKA30yCTOMYMBOM CUCTEMBI JIJISl PEIICHUS 3a/1a4M ONPEACIICHUS
MUHUMAaJIbHOTO KOJIMYECTBA JOIOJHUTEIIBHBIX CBS3€H CHCTEMBI, YCTOWYMBOM K 3aJaHHOMY YHUCILY
OTKa30B CBSI3€H MEX]y 2JIEMEHTAMH CHCTEMBI, U HaXOXKICHUS BCEX HEM30MOP(HBIX MUHUMAIIbHBIX
pEOepHBIX k-pacmupeHuid rpada COOTBETCTBYIOIIEH CHCTEMbI 0€3 MPOBEPKH Ha HU30MOP(U3M.
Pazpa®otanbsl anropuTMbl Ui TOCTPOSHHSI BCEX HEW30MOP(HBIX MHUHUMAIBHBIX PEOCPHBIX A-
pacupeHuii rpada ¢ HMCIOIB30BAHUEM TEXHHKH HCKIIIOYEHUS H30MOP(HBIX KOMUH M MeTona
KaHOHUYECKUX MPEJACTABUTEIICH.

IIpakTHyeckasi 3HAYMMOCTHb PpadoThl. [IpakTHyeckas 3HaYUMOCTb PAaOOTHI COCTOUT B
pa3paboTaHHOM MPOrPaMMHOM KOMIUIEKCE JUIsl TOCTPOCHHS MUHUMAIbHBIX pEOEpPHBIX k-
paciMpeHuil 3aJaHHOTro rpada Ha OCHOBE aJrOPUTMOB, MPEIJIOKEHHBIX B paboTe. B pesynbrare
MPOBEAEHHBIX JKCIIEPUMEHTOB YJAJIOCh MOCTPOUTh MHUHUMAalbHbIE PEOEPHBIE PACIIUPEHUS IS
HEKOTOPBIX PEIETOK U TOPOB ¢ uuciaoM BepmnH 10 20. J[ns 16-BepminHHOrO runepkyda ynaaoch
YCTaHOBUTb, UTO M3BECTHOE paHee MHHHMalbHOe pEOepHOe 1-pacuiupeHue sBIsieTCS
€IMHCTBEHHBIM C TOYHOCTHIO 10 M3oMopdu3ma. C moMOUIbI0 Pa3pabOTaHHOTO MPOrPaMMHOIO
KOMIUIEKCa OBLITM MOCTPOCHBI BCE MUHUMAaJIbHBIE pEOEpHBIEC |-paciuperus st TpadoB ¢ YUCIOM
BEepUIMH 70 9 W BBUIOKEHBI B OTKPBITBIM JOCTYN B OHJaHH-3HUMKIONeanu «Mup rpadosy.
Peanu3oBaHHBI MPOrpaMMHBIM KOMIUIEKC MOXKET OBITh MCIOJNb30BAaH Ha JTale aHajau3a u
pa3pabOTKM  BBIYMCIMTENBHBIX  APXUTEKTYp, [UIS KOTOPBIX HEOOXOJMMO IpPeryCMOTPETh
OTKa30yCTOMYMBOCTh CBSI3€M MEK]y SJIEMEHTAMH.

JInunblii BKkJIag aBTopa. Bce OCHOBHBIE pe3ynbTaTbl, BBIHOCUMBIE Ha 3aIUTY, IOJy4YEHBI
aBTOPOM JIMYHO. ABTOp y4acTBOBajJ B OIpENElIeHHM Leu paboThl U MOCTAHOBKE 3agad. ABTOp
CaMOCTOSITENILHO pa3palaTbIBall BCe MPOrpaMMHBIE YaCTH COBMECTHOTO MPOTrPAMMHOTO KOMILJIEKCa,
KOTOpbIE OTHOCSATCS K 3ajiade MOCTPOeHUs pEOEpHBIX pacliupeHuidl. Bce 0CHOBHBIE aITOPUTMBI U3
paboThl ObUTM peajn30BaHbl KaK OTAEIbHOE NPUIOKEHHE, a TakXKe KaK 4acTh MpPOrpaMMHOTIO
komiiekca FTConstructor, KOTOpHIi MO3BOJISET AJIs 3aJaHHOTO Tpada CTPOUTH Kak pEOEpHbIE, TaK U
BeplIMHHbIE pacmupenus. Bkiang asropa B FTConstructor — Bce mporpaMMHbIE MOIYIHM JUIS
MOCTpOeHUsT PEOEPHBIX pacliupeHuil. B oCTanbHBIX COBMECTHBIX paboTax aBTOPY TakKke



NPUHAJICKUT BEAyIlas pojib B BONPOCAX, CBS3aHHBIX C PEOEPHBIMHM PACIIUPEHUSMHU IpadoB.
Pesynbrarel JaHHO#N pabOThI JOKIIAABIBAIMCH ABTOPOM HA PA3IMYHBIX KOH(PEPEHIHIX U CEMUHapaXx.

JlocTOBepHOCTL pe3yJbTaToB. Bce MOJOXKEHUs, MpeICcTaBleHHbIE B JUCCEPTalMH,
MOJYyYeHbl C UCIOJBb30BAaHMEM almapara JWCKPETHOM MaTreMaTHKd W TEOpHH Tpados.
D¢ pexkTuBHOCTD MPEIOKEHHBIX aJITOPUTMOB HOATBEP)KIAeTCA KOMIIbIOTEPHBIMHU
skcnepuMeHTaMu. [lonydeHHble pe3yabTaThl COMIACYIOTCS ¢ M3BECTHBIMU SKCIIEPUMEHTAIBHBIMU U
AHAJIUTUYECKUMHU pe3ylIbTaTaMH.

Anpodauusi pe3yabTaToB ucciaeaoBanus. OCHOBHBIC pe3yNbTaThl padOTHl JOKIIAABIBAINCH
1 00CYKIAIUCh Ha CIEAYIOIIUX CEMUHApax U KOH(QEPEeHIHIX:

® HayyHBI ceMuHAp KageApbl TEOPETHYECKHX OCHOB KOMITBIOTEPHOH O€30MacHOCTH U
kpunrorpaguu  CapaToBCKOTO  HAIMOHAIBHOTO  HMCCIENOBATENBCKOIO  TOCYIapCTBEHHOTO
yauBepcuteta umenu H.I. Uepnsimesckoro (Caparos, 2017, 2018, 2019, 2020);

e MeXIyHaponHass HaydyHas koHpepeHmus «International Conference on Computing,
Communication, Control and Automation» (ICCUBEA-2017) (ITyna, Pecrry6nuka Uamaus, 2017);

e VIII Mexnynaponnass  HayuHas  koHpepeHmumss  «KommbploTepHble  HayKd U
uHpopMaImoHHble TexHonoruny namsata A.M. boromonosa (Caparos, 2018);

e Bcepoccuiickass koHdpepeHmms «XVIII Cubupckas HayyHas IIKOJA-CEMUHAp C
MeXTyHaponHbIM ydacTreM «KommbroTepHast 6e3omacHocts u kpuntorpadus» — SIBECRYPT 19y
(Tomck, 2019);

e XV, XVI, XVII, XVIII Bbenopyccko-poccuiickasi HayqHO-TEXHHUYECKast KOH(EPEHIHs
«Texauueckue cpencrBa 3amuTel uHpopmanum» (MuHck, Pecryonmka bemapycs, 2017, 2018,
2019, 2020);

e XXVII MexnyHaponHas KOH(EpPEHLUs CTYIEHTOB, ACUPAaHTOB M MOJIOJIBIX YUEHBIX
«JlomonocoB» (Mockaa, 2020).

CooTBeTcTBHE TeMbI JUCCEPTALUM TPeOOBAHMAM MACHOPTA CHENUATBHOCTEH HAyYHbIX
PadOTHHUKOB.

Pesynpratel  paboThl CcOOTBETCTBYIOT creuuansHocT 05.13.18 — Maremaruyeckoe
MOJIEIUPOBAHME, YUCIICHHBIE METO/IbI U KOMILJIEKCHI POrpamMM (TEXHUUYECKHE HAyKH) 10 00JIacTsIM
uccnenoBanus «Pa3paboTka HOBBIX MAaTeMaTHUYECKUX METOIOB MOJAEIMPOBAHUS OOBEKTOB U
apreHui» (. 1 macmopra cnenuanbHOCTH), «Pa3paboTka, 000CHOBaHME U TECTHUPOBAHHE
3(QQEKTUBHBIX BBIUUCIUTEIBHBIX METOJOB C NPHUMEHEHHEM COBPEMEHHBIX KOMIIBIOTEPHBIX
TeXHOJIOTrui» (1. 3 macnopTa cnenuaibHoCcTH), «Peannzanus 3 QeKTUBHBIX YUCICHHBIX METO/I0B U
QITOPUTMOB B BHJIE KOMIUIEKCOB IPOOJIEMHO-OPUEHTHPOBAHHBIX MPOrpaMM JJisl MpPOBEIEHUS
BBIUHCIIUTENBHOTO 3KCIIEpUMEHTay (1. 4 macnopTa CHeluaabHOCTH), «KOMIIIEKCHBIE NCCIIEJOBAHUS
HAyYHBIX U TEXHHYECKHUX MPOOJIEeM C MPUMEHEHHEM COBPEMEHHOH TEXHOJOTMHM MaTeMaTHYeCKOIro
MOJIEIIMPOBAHMSI U BBIYUCIUTENBHOTO SKCIIEPUMEHTay (I1. 5 MacnopTa CleluaJIbHOCTH).

IMy6aukanun. ITo Teme nuccepranuu omybOnukoBaHo 15 pabot, B Tom uucie 6 crareil B
KypHaJlax, BKIIOUEHHBIX B [lepedueHpb perieH3upyeMbIXx HayqHbIX U3AaHUN, B KOTOPBIX JOJKHBI ObITH
OIyOJINKOBaHbl OCHOBHBbIE HAy4yHbIE Ppe3yIbTaThl JUCCEpTallMi Ha COMCKAHWE YYEHOH CTerneHu
KaHJU/JaTa HayK, Ha COMCKaHHE yYEHOM CTEeNeHM JOKTOpa HayK (M3 HUX 2 CTarbU B POCCHMCKHUX
HayuyHbIX >KypHanmax, Bxofsamux B Web of Science), 1 crares B cOOpHHKE MarepHasoB
KoH(epeHInH, peacTaBiecHHOM B u3manuu, B Web of Science, 1 crarest B mpuiokeHun K
POCCHIICKOMY HAydHOMY KypHaiy, 6 myOnukauuii B cOOpHMKax MaTepHajioB MEKIyHapOIHOMN
HaydyHOH U  OEIopyCCKO-POCCHUMCKMX  HAayYHO-TEXHHYECKHMX KOoH(pepeHlMit; momydeHo 1
CBUJETEIBCTBO O TOCYJaPCTBEHHOM perucTpanuy nporpammsl 1yt OBM.

Crpykrypa padotsbl. [luccepraiiiontas padoTa COCTOUT U3 BBEIEHUS, 4 IV1aB, 3aKJIIOUYEHUS,
CIHMCKAa COKpAIIeHWH M YCIOBHBIX OOO3HAau€HHWH, CHHCKa WCIOJIb30BAHHOW JIMTEPaTypbl H
npunoxeHuii. Pabora comepxut 149 crpanurn, 29 pucynkos, 20 TaGmuil, CIUCOK JUTEPATYpPHI U3
109 HanMeHOBaHM U 4 IPUIIOKEHUS.



Conepixanue padoTbl

Bo BBemeHMH = OOOCHOBBIBACTCS  AKTyaJbHOCTh  JUCCEPTAIIMOHHONW  paboTHI,
apryMeHTUpYeTCsl HayyHasi HOBH3HA HCCIIEOBAaHUM, OMPENEeNSIIOTCS 1eJId U 3a7a4H, MOKa3bIBaeTCs
MPaKTUYeCKas 3HAYMMOCTh MOJTYYEHHBIX PE3YJAbTaTOB, MPEACTABISIOTCS BBIHOCHMBIC Ha 3aIIUTY
HAy4HBIE MTOJIOKEHUS.

B mnepBoii raBe NpPUBOIATCS OCHOBHBIE TOHSATHS Teopuu TrpadoB. Paccmarpuaercs
MOJIENIb OTKa30yCTOMYMBOCTU CBsSI3ed B BBIYUCIHMTEIBHOM CHUCTEME, KOTOpas Obula MpejioKeHa B
1993 romy F. Harary u J. Hayes. IlpuBomuTcsi 0a30BBI anrOpUTM MOCTPOCHHS MHHHMAIbHBIX
pEOEPHBIX k-pacIIMpEeHUA.

I'pad H wmaswiBaercs pébepnvim k-pacuupenuem (P-kP) rpada G, ecnu G BkiaapiBaeTcs B
KaXJ1plid Tpad, nmonyuyeHHbIi u3 H ynanenuem npousBosibHBIX k péoep. P-kP H rpada G Ha3piBaercs
munumanvroim (MP-kP), ecriu BBINOTHSIIOTCS CIEAYIONINE YCIOBHUS:

1. n(H) =n(G).
2. Cpenu Bcex MP-kP rpada G ¢ Tem ke unciom BepmmH H mMeeT MUHUMAIbHOE YUCIIO
peodep.

VY rpada Moxer OBITh KaK HECKOJIBKO PACIIMPEHUH, TaK U MOXET He OBITh HU OTHOTO.
Hanpumep, nonnsiii rpadp K, He umeer MP-AP HM npu Kakux HaTypalbHBIX 3HAUEHUSIX 7 U k.
Pacimmpenust rpadoB SBISIOTCS TEPMHUHOJOTUYCCKUMHU SKBUBAJICHTAMHU JUJIsi BBEACHHBIX DPaHEe
MOHATHM, CBS3aHHBIX C OTKAa30yCTOWYMBBIMU peaju3alusMu: MHHUMajdbHOEe pébepHoe k-
pacmmpenne (MP-kP) — ontumanbsHas péoepHas k-oTkazoycToiumBas peanu3arus (optimal k-edge
fault-tolerant);

M3BecTHO, 4TO 3a7a4ya MpOBEpKH TOro, uro rpad H smisercs p&€OepHbiM K-pacumpeHunem
rpada G, otHocutcsa k kiaccy NP-momsbix. 9To o3Hayaer, yTo 3(PQPEKTUBHOTO ANTrOpUTMA IS
norcka Bcex MP-KP, Buaumo, ObiTh He MokeT. OCHOBHAs 3a/ia4a JaHHOW JHUCCEPTAIlMUA COCTOUT B
pa3paboTKe aJropuTMOB TMOCTpoeHHs nis 3amgaHHoro rpadga G Bcex ero HeU3oMOpP(PHBIX
MHUHAMAIIBHBIX PEOEpHBIX K-pacimpenuii. 3a 0CHOBY ObUT B3ST 0a30BBIH aJTOPUTM MOCTPOCHHUS
MP-KP, onucannslii B MoHorpaguu M.b. AGpocumMoBa.

Anroputm 1 — IToctpoenue Bcex MP-kP nns 3apannoro rpada G

1.m:=-1.
2.m:=m-+ 1.
3. Ctpoum Bce rpadsl, momydarommuecs u3 rpaga G moOaBlieHHEM M JOMOJHUTEIbHBIX

4. BeibupaeM cpeu MOCTPOEHHBIX Ha miare 3 rpadoB pédepHblie k-pacmmpenus rpada G.

5. Ecnu Ha miare 4 O6butn HaliZieHs! Tpadbl, TO MEPEXOAUM Ha mar 8.

6. Ecmu nHa mare 4 ObuT mocTpoeH moyHBIA Tpad, To Tpad G HE UMEET MHUHHUMAIIbHBIX
pEOEPHBIX k-paclIMpeHMid, U aJITOPUTM 3aBepuiaeT padoTy.

7. Ilepexox Ha mar 2.

8. Cpenu rpadoB, BHIOpaHHBIX Ha ImIare 4, OCTaBISEM IO OJHOMY TMPEACTABUTENIO OT
nzoMopdHbeix rpagos. IlomyueHHsle rpadsl OyayT SBIATHCS MHHHUMAIbHBIMU pEOEPHBIMHU k-
pacumpenusiMu rpada G.

Bo BTOpOIi r1aBe paccMaTpUBAIOTCS BCE BBIYUCIUTEIBHO CIOXKHBIE MOA33Aa4u 0a30BOTO
aNIropuT™Ma M OIPENENSIIOTCS INMYTH €ro onTumusauuu. llpeamararorcst anropuTmel A BCEX
OCHOBHBIX (pyHKIHMI 0a30BOTO ajaropuTMa, KOTOphIe 3areM OyayT yaydmarhcs. PaccmarpuBaercs
METOJ] KAHOHMUYECKHX IPEICTAaBUTENEH M aHAJIU3UPYETCS BO3MOXKHOCTH €r0 HCIOJb30BAaHUS IJIf
MOCTPOEHUSI MUHUMAJIbHBIX PEOEPHBIX A-paCUIMpPEHUN.

QOyukuusa FIRST SUPERGRAPH (G, &H, m) nomkHa Bo3pamars 3Hadenue TRUE npu
CYIIIECTBOBAaHMHM KaK MUHUMYM ojmHoro cyneprpada H rpada G, B koTopom Ha m pebdep Ooblie,
yeM B G.



Oyukuus NEXT SUPERGRAPH (G, &H, m) nosokHa Bo3Bpamarh 3Hadenue TRUE npu
cyliecTBoBaHMU cienyromniero 3a H rpada. Eciu Bece rpadsl nepeOpanbl, TO pe3yIbTaToM JI0JDKEH
obiTh FALSE.

Onwucannelie (YHKINUU YCTAaHABIMBAIOT JIMHEHHBIN MOPSIOK HA MHOXKECTBE cyneprpados ¢ m
JIOTIOJIHUTEIbHBIMU pEOpaMu U niepeduparoT rpadbl B COOTBETCTBUU C ATUM MOPSTKOM.

@ynkuys EDGE_EXTENSION — 5TO NpOBEpPKa Ha PacIIMPEHHE IO onpeneneHuro. Jls
MIPOBEPKHU Ha PACUIMPEHHUE IO ONPEIEIICHNI0 HEOOX0IUMO YMETh MPOBEPATH BiIoxeHue rpados. s
TOTO, YTOOBI IPOBEPUTH I'pad) Ha BIOKEHUE, HEOOXOJMMO HAWTH OTOOpaKEHUE, KOTOPOE SIBISETCS
BJIOXKCHHEM. OJTO MOXKHO cJienaTh nyTéM mnepebopa OTOOpakeHUH U TMPOBEPKH, SBISETCS JIU
oroOpaxenue BioxeHueMm. OToOpakeHHsI B JaHHOM CJIy4ae MOXKHO OTOXJIECTBUTh C
MepecTaHOBKaMU Ha MHOXecTBe BepiInH rpada. KomudyecTBo oroOpakeHuit JOCTaTOYHO BEIUKO U
pacTéT HKCMOHEHIMAJIbHO C POCTOM KOJIMYECTBA BEPIIMH B rpade, MO3TOMY HEOOXOIUMO
MCIIONIb30BaTh CHOCOOBI onTUMHU3aIMKU Tnepedopa. B nmanHoil paboTe OyaeT HMCMONb30BaH METOJ
mowicka ¢ Bo3BparoMm (O3kTpekuHr, backtracking). 3akmiodaercs NaHHBIA METOA B TOM, HTO
MIOCTPOEHUE HCKOMOTO OOBEKTa MPOMCXOAUT MOCTENeHHO. Ha KaxaoMm miare HyXHO MpPOBEPSTH
MIOCTPOEHHYIO YaCTh, MOXKET JIU U3 JAaHHOW YacTU OBITh OJYyYEH XOTh OJJMH HEOOXOIUMBIN OOBEKT.

[IpoBepka Ha pacliupeHue SIBISIETCS OAHUM M3 CaMblX 4acThIX naeucTBuil. [IpoBepka mno
OTIPE/IETICHUIO SIBJISIETCSI BBIYMCIUTENBHO CIOKHOM, TaK KaK COCTOUT U3 psAJia MPOBEPOK BIOKEHUM —
BBIYMCIIUTENIBHO CIIOKHOM 337aud. YMEHBIIUTh KOJMYECTBO MPOBEPOK HA PACIIMPEHUE MOXKHO 3a
CU€T UCIOJIb30BaHMsI JIEMMBI, JoKa3aHHONH M.b. AGpocuMoBbIM:

Jlemma 1. Ecniu MunuManbHast crenens BepunHel rpada G ects d > 0, TO €ro MUHUMAaIbHOE
p€depHoe k-pacipeHne He CONEPIKUT BEPIIUH CTETICHH HUXe d + k.

JlanHast jeMMa TMO3BOJISIET COKPATUTh KOJIMYECTBO MPOBEPOK Ha pacimpeHue. OcoOeHHO
XOpOoIIo OHa paboTaeT Ha pErysipHbIX rpadax, a Takke Ha rpadax, B KOTOPHIX OOJbIIOE
KOJINYECTBO BEPIIMH MUHUMAIbHON HEHYJIEBOU CTEIICHH.

@Oynkuus CONTAINS ISOMORPH COPY OTBEYacT 3a IPOBEPKY HAIUYUS B CIIMCKE
n3oMop(dHBIX rpadoB. BeraucIuTeNbHAs CIOKHOCTH 33/1a4d ONpEACTICHHUS H30MOppu3Ma IBYX
rpadoB ocTaéTcs OAHOW M3 HEPEIIEHHBIX COBPEMEHHBIX MPOOJeM: sBISeTCS Ju oHa NP-momHo#
WM HET, /10 CUX IOpP HEU3BECTHO.

OyHKIUSA MOXKET ObITh peaTn30BaHa HECKOJIbKUMH CIIOCOOaMHU.

1. IIpsmas npoBepka Ha U3OMOPPU3M.

2. CpaBHeHHE TOJHBIX NHBAPHAHTOB.

3. MeTon KaHOHUYECKHX TPEICTABUTEICH.

B pabote paccmarpuBaroTcs Bce 3TH COCOOBI M OOOCHOBBIBAETCS MPEUMYILECTBO METOA
KaHOHUYECKUX MPEJICTABUTEIICH.

Mampuunvim koOom epagha Ha3bIBaeTCs MOCIEI0BATEILHOCTD, BBIMMCAHHAS U3 AJIEMEHTOB
MaTpHIbl CMEKHOCTH Tpada B onpeAenéHHOM Hopsiike. ECTh HECKONbKO BapuaHTOB MOCTPOCHUS
Takoro kona. B pabore paccmarpuBaroTcs Tpu koja. Makcumanvuvim mampuunvim kooom (MMK)
Ha3bIBAE€TCSl HAMOONBIIMM MaTpUYHBIM KOJ Cpead BCEeX KOIOB M30MOPQHBIX TIpados.
MaxkcuManbHbI MaTPUYHBINA KOJ MOJKHO YIYYIIUTh C TOYKU 3PEHUSI CKOPOCTH €ro MOCTPOCHUS IS
rpadoB, KOTOpbIe HE SBISIOTCS OAHOPOIHBIMHU: €CIM 33/1aTh OINpPENe]EHHBIN MOPAIAOK CTEreHen
BEpIIMH (HampuMmep, MO BO3PACTaHMIO), TO YMEHBIIUTCA KOJIMYECTBO H30MOP(HBIX Ipados,
KOTOpBIE HYXHO nepeduparh. Takol kox OyaeM Ha3blBaTh CTENIEHHBIM MaKCHMaJIbHBIM MaTpHYHBIM
kogqoM — CMMK. Tpetuii Bua Kozma, KOTOPbIN MOAPOOHO paccMmarpuBaeTcsl B paboTe, Ha3bIBaeTCA
8epPXHUM KOOOM: HEOOXOANMO Cpellu BceX M30MOPQHBIX rpadoB HAliTH MakCUMabHYIO mapy (w, c),
IJie W — 3TO MOCJIEA0BATEIbHOCTh YUCEI, KaXK/10€ U3 KOTOPhIX PABHO KOJIMYECTBY AJIEMEHTOB HUXKE
IJIJaBHOW JMAaroHajdul B JAQHHOW CTPOKE MAarpHilbl, a ¢ — 3TO KOJ W3 JJIEMEHTOB HUXKE IJIaBHOU
JIMaroHald MaTpULlbl CMEXHOCTHM rpada, BBINMCAHHBIE 1O cTpokaM. bbul  mpoBeaéH
BBIYHCIIUTENBHBIN 3KCIIEPUMEHT C LENbI0 CPAaBHEHMS CKOPOCTH IOCTPOEHHUs kozxa. B cpennem
OBICTpEE BCETO CTPOUTCS CTENIEHHON MaKCHMaIbHBI MaTPUYHBIN KOJ.
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MeTon KaHOHMYECKUX MpPEICTAaBUTENICH SBISIETCS TEXHUKOM HCKIIIOUeHus u3oMopduzma
(isomorphism rejection), He OCHOBaHHOU Ha HEMOCPEIACTBCHHOH MpoBepke m3oMopdusma. OauH u3
OCHOBOIIOJIOXKHUKOB 3TO0ro merona — WM.A. @apamxkes. J[aHHBI METOI XOpOIIO ONUCAH B KHUIE
«ANTOPUTMUYECKHE MCCIEIOBAHUS B KOMOMHATOpUKE» IIOA €ro peAaknueld, a COBPEMEHHOE
coctosinue — B ctarbe G. Brinkmann «Isomorphism rejection in structure generation programsy.

Merton COCTOUT B TOM, YTO B KaKIOM Kjacce M30MOp(HBIX rpadoB HEOOXOIUMO BHIOpATh
OIHOTO TMPEJCTAaBUTENsI, KOTOPbI Ha3bIBaeTcs KaHouuueckum. HeoOxomgumo wumerh crnocod
MPOBEPKH KaHOHMYHOCTHU Tpada. Taxxke mis Toro, 4yroObl MeToa paboTal Ha MHOXKECTBE Tpados,
He0o0X0UMO, YTOOBI ISl KaXJIO0To Kiacca m3omMopdusMa, MPeACTaBUTENN KOTOPOTO HAaXOAATCS B
MHO’KECTBE, KAHOHUYECKUI IIPEACTaBUTEIb JAHHOTO KJlacca TaKyKe HAXOAMJICSA B ’TOM MHOXKECTBE.

B kauecTBe KaHOHHUYECKOTO MPEACTABUTENS MOXHO BbIOpaTh rpad ¢ MaKkcHUMaIbHBIM
MaTpu4HbIM KoZioM. B pabore moxa3piBaeTcs, 4YTO OOBIYHBIE MaTpUYHbIE KOABI HE MOAXOAST JUIS
Hamie 3anadn. [ToaTomy Ui MCIIONB30BaHUS METOAA KAHOHUYECKUX IMpeICcTaBUTEIe HE0OX0nuM
VHOM IIOJIHBIM NMHBAapHUAHT.

B Tpertbeii r1aBe paccMarpuBaeTcs MaplIPYTHBIM koA (uiu M-Kofa), Ha OCHOBE KOTOpPOTO
MOXKHO peajM30BaTh METOJ KaHOHWYECKMX mnpeacraBureneci. Ilpemmararorcs 7 pasnuyHbIX
QITOPUTMOB JUISI pEIICHUS 33a49i MOCTPOCHUSI BCEX HEM3OMOP(HBIX MUHUMAIBHBIX pPEOCPHBIX k-
pacmupenuii. PaccmarpuBaeTcsi 3aBUCHMOCTh CKOPOCTH BBITIOJIHEHUSI OT NpEACTaBlieHUs rpada,
CTIOCOOBI pacrapajuIeIMBaHus, UX MOJIOKUTEIbHBIE U OTPHUIIATEIILHBIE CTOPOHBI.

Jns ynydmieHu# aiaroputMa HEOOXOIMMO 3HaTh, HAa KaKUe MOJ33Jaud 3aTpayuBacTCs
Oonpllle BpeMEHH B airoputMe moctpoenus MP-kP. Jlns a3toro ObuT TpOBenEH psia
BBIYHUCIUTENBHBIX JKCIIEPUMEHTOB. OKa3alloch, YTO CYIECTBEHHBIM MOMEHTOM sBIsieTcs (opma
ucxomHoro rpada. Hambonee pacmpocTpan€HHBIM CIOCOOOM MOJMY4YEeHHUsT TpagoB ONMPENEITCHHOTO
BUJIA ABIISIETCS MCIIOJIb30BaHUE reHepaTopoB. Hampumep, 4ToObl MOMyduTh Bee Tpadbl ¢ 3aaHHBIM
YKCJIOM BEpIIMH, MOKHO BOCIIOJIb30BaThCsA FEHEPATOPOM geng U3 nakera nauty and Traces. bbino
PaccMOTPEHO BIUSHUE Pa3NUYHbIX (OpM rpada Ha CKOPOCTh BBIIOJHEHHUS ATOPUTMOB, a TaKkKe
UCIIOJIb30BaHUE JIEMMBI 1.

Hcnonb3oBanHbie GopMbI rpad)oB:

1. GENG — rpadpl, nosrydeHHbIE KOMaHION «gengy.

2. GENG-L — rpadpl, nomydeHHble KOMaHI0H «geng -1».

3. CMMKI — creneHHON MaKCUMaJIbHBIA MaTPHYHBIN KO/ C YIOPSIOYMBAHHEM CTETICHEH 110
BO3PacTaHHUIO.

4. CMMK?2 — cTeneHHON MakCUMaJIbHBIM MaTpUYHBINA KOJI C YHOPSJOYMBAHUEM CTENEHEH 1Mo
yOBIBaHUIO.

5. MMK — MakcuMasbHbIA MaTpUYHbBIN KOJI.

6. BK — BepxHuii xof.

beutn moctpoenst MP-1P u MP-2P Bcex 7-BepmmnHBIX Tpados. [lo pesynbraram
MONyYUJIOCh, YTO CpEAHEe BpeMsi, 3aTpaueHHOE Ha OIWH rpad, OKa3aioch HAMMEHBIIUM MpHU
ucnonb3zoBanuu CMMK2, MMK u BK. JlemMa 3Ha4MTENHHO COKpaTHIIa KOJIMYECTBO MTPOBEPOK HA
paciipeHue — NpuOIU3UTEIHHO HA YeTBEPTh.

B anroputme KakIplii U3 MOCTPOEHHBIX I'paOB MPOBEPSETCS HA pacIIUpPEHHE, MOITOMY
KOJIMUECTBO MPOBEPOK Ha paciiupeHue Oyner Oosiblie, 4eM KOJUYECTBO IPOBEPOK CIHMCKAa Ha
Hamu4gre n30Mop(hHBIX Konuid. [10 momydeHHBIM CTaTUCTHYECKUM JaHHBIM U it MP-1P, u myist MP-
2P uX KOJIMYECTBO COOTHOCUTCS MpUMEPHO 19 k 1, ecinu npUMeHSTh IeMMYy.

Cpennee Bpems pelIeHHUS 3aJa4dl UCKIIOUEHUS U30MOPQHBIX KOMUN MEHbBIIE, YeM CpelHee
BpEMs NPOBEPKHU Ha pacmmpenue. OTcroa CIeAyeT, YTO BE AAHHBIE MPOBEPKU MOKHO IOMEHSATH
MecTaMu. DTO MPUBEAET K YBEIMYEHHUIO NMPOU3BOJUTEIILHOCTH, OJHAKO MPU MOCTPOCHUHU rpados
OyleT pacxoloBaThCs MaMSITh Ha XpaHEHUE MAKCHMAalbHBIX MaTPUYHBIX KOJOB BCEX Cyreprpados,
YTO 17151 O0NBIINX IPadoOB HEBO3MOXKHO.

K tomy ke, pacmupeHus NMpH TMOUCKE BCTpEYaeTcs HAMHOTO peke, YeM HEeH30MOpQHbIE
cyneprpadsl. OTO CBSI3aHO C TEM, YTO HAaXOXJEHHUE MEPBOTO PACIIUPEHHs] O3HA4YaeT, YTO IMOHUCK
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3aBEpIIUTCS HA TEKYIIEM KOJIMYECTBE AOMOJHUTENbHBIX pEdep. M3 aToro cieayer, 4To MpoBEpoOK Ha
CYIIECTBOBaHHE M30MOP(HBIX KOMUN MPH MEPBHYHON MPOBEPKE HA paciiMpeHue OyaeT MeHbIIE,
4YeM MPOBEPOK Ha paclIMpeHHe MpU MEPBUYHOI MpPOBEpKE Ha CYIIECTBOBAHHE HEU30MOPQHOM
koruu. [ToaTOMy onrcaHHbIe H3MEHEHUS AITOPUTMA HEOOXOIMMO IPOBEPATH HA MIPAKTUKE.

PaccMoTpuM HOBBIN BHJT KOJIa, KOTOPBIN OylneM Ha3bIBaTh Mapupymusvim Wik M-kooom. M-
KOJI TIPE/ICTABIIACT COOOW CIIEIMaNbHBIA BUJ] MATPUYHOTO KOAA: JUIS 1-BEpIIMHHOTO rpada 3amaéres
MOPSIIOK BBIMKMCBIBAHMS 3JIEMEHTOB €r0 MaTpulibl CMEXHOCTH. MakcuManbHbli M-Koz cpeau Beex
n30MophHBIX TpadoB OyJeM Ha3bIBaTh KAHOHUYeCKUM mapuipymuvim kooom (KM-kooom), a rpad,
COOTBETCTBYIOIIMI JaHHOMY KONy, — KaHOHudeckum npeocmasumeinem (KII) wnau mpocto
KAHOHUYECKUM.

3amanum crioco6 noctpoerus M-kona Co(H) n-BepumnaHoro rpada H, KOTopblii OCHOBaH Ha
MaTpHIle CMEXHOCTHU n-BEPIIMHHOTO rpada G:

1. BeinucsiBaHue 37IEMEHTOB MPOUCXOAUT B COOTBETCTBUU C MOPSAIKOM 00X0fa 3J€MEHTOB:
[0 CTPOKaM CBEpXy BHM3, OOXOJ CTPOKM IPOUCXOAWUT B IMOPSIKE ClIeBa HalpaBo, B 00Xxoxe
Y4aCTBYIOT TOJIBKO JIEMEHTBI, HAXOASIINECS HUKE [NIABHOW JUArOHaIM.

2. BeimuceiBaHue 371€MEHTOB IIPOMCXOIUT B J[BA dTAra.

3. Ha mepBoM »sTame BBIIHCHIBAIOTCA T€ AJIEMEHTHI MaTpUIBl CMEXHOCTH rpada H, Ha
COOTBETCTBYIOIIMX MO3UIUSAX KOTOPBIM B MaTpHIle CMeXHOCTU rpada G CTOAT €AUHUIIBI.

4. Ha BTOpOM 5Tame BBIMMCBHIBAIOTCS T€ 3JIEMEHTHl MaTpHUIBl CMEeXHOCTH rpada H, Ha
COOTBETCTBYIOIIMX MO3UIUSAX KOTOPHIM B MaTpHIIE CMEXHOCTU rpada G CTOAT HYIH.

B 3aBucuMocTH OT TOrO, B KaKOM IOPSKE BBINOJHSIOTCS AEUCTBUA, ObLUIO peaanu30BaHO 7
anroputMoB. Ha3zBaHus anropuTMoB sIBISItOTCA aOOpeBHAaTypoil OT MOpsIKa OCHOBHBIX JCUCTBUN B
aJrOpUTMeE:

» JIPM — peanuzanus ajropuTma, HpuU KOTOpOW cymeprpadbl CTPOSTCS € MOMOIIBIO
nepedopa CoueTaHWi, CIIEOM BBIMOJHACTCS TPOBEPKA JEMMBI, IMOCIE TNpoBepka rpada Ha k-
paciidpenue, Aajiee MPOUCXOAUT UCKIIIOUEeHHE M30MOP(HBIX KOMHUI MOCTPOCHHEM U CpaBHEHHEM
CMMK;

» JIPK — peanuzauus anroputMa, Npu KOTOpPOW cymeprpadpl CTPOSATCS C IOMOIIBIO
nepebopa coueTaHuil, CIe0M MPOBEPKa JIEMMEI, ITOCIIe poBepKa rpada Ha k-pacimmpeHwue, aajiee
IIPOUCXOIUT MPOBEPKA KAHOHUYHOCTH M-KOZ1a;

» JIKP — peanuzauus anroputMa, NpU KOTOpPOW cymneprpagpl CTPOSATCA C IOMOILBIO
nepebopa coueTaHMil, ClIeZIOM BBINOJIHACTCS MTPOBEPKA JIEMMBI, OCIE MPOBEPSETCS KAHOHUYHOCTh
M-koza, a nanee NpoUCXOANUT IPOBEpKa rpada Ha k-paclIupeHue;

* [IPM — peanuzanusi aiaropurMa, Hpu KOTOpOW cymeprpadsl CTPOSATCS C HOMOIIbIO
ONTHUMU3UPOBAHHOTO Tepedopa codyeTaHui 2, Mocie TMpoBepka rpada Ha k-pacHIMpeHue, aajiee
MIPOUCXOIUT UCKITIOUEeHNE N30MOP(HBIX Konuii moctpoenueM u cpaBieHneM CMMK;

» [IPK — peanuzamms anroputMa, TpH KOTOpOM cymeprpadsl CTpPOATCS C TOMOIIBIO
ONITUMHU3UPOBAHHOIO mepebopa codeTaHHif, mocie MpoBepka rpada Ha k-paciiupeHue, anee
IIpOBEpKa KAaHOHUYHOCTU M-KoAa;

» [IKP — peanuzaiusi anropuTma, NpU KOTOpOH cymeprpadsl CTPOATCS C IHOMOIIbIO
ONTHMHU3UPOBAHHOTO Tiepedopa coueTaHUi, CIeOM IpoBepKa KaHOHWYHOCTH M-Kkoia, a jdaiee
poBepKa rpada Ha k-paciupeHue;

» JIJIP — peanuzanmsi anroputMa, MPU KOTOPOHM MPOUCXOTUT TOCTpPOCHHE TpadoB ¢
IIOMOIIbIO JE€peBAa KAHOHMYECKHMX IPEIACTaBUTENICH, Jajiee NpPOBEpseTCd JIeMMa, CIEI0M
MIPOMCXOUT MPOBEPKA Ha k-pacIIupeHHe.

Jlnis vccnenoBaHus 3aTpaT BPEMEHHU Ha NMPOBEPKY KAHOHUYHOCTHU rpada v BIUSHUS 3aMEHBI
MOCTPOEHHUSI TOJHOTO WHBAapHaHTa Ha KAaHOHWYHOCTb OBLIM TPOBENEHBl BBIUMCIUTEIbHBIE
SKCriepUMeHTHl. B BepxHeM kone Obuin mocuutansl MP-1P u MP-2P Bcex 7- u §-BepLIMHHBIX
rpadoB € HCIOJNIb30BaHUEM KaHOHHYecKoro koaa. CoOpaHHas CTAaTUCTHKA IIOKAa3bIBAET, YTO
11eJ1IecO00pa3HO  MCIMOIBb30BaTh TOAXON C MPOBEpKOW KAaHOHWYHOCTH TIepe]l MNpOBEepKOW Ha
pacmmpenne. Takxke ObUT0 oOHapyxkeHo, uTo it MP-1P Bcex 7-BepmmHHBIX TpadoB iemme 1 He
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yaoBneTBopsieT okoino 24% rpadoB, yuyacTByomux B nepedope. s MP-2P 7-sepmnHHbBIX Tpados
— 44%. Jlna 8-BepmIMHHBIX TrpadoB J0JII OTPHULATETBHOTO pe3ylbTara IPOBEPKU JIEMMBI
n3Menunacek 10 22% u 45% cooTBETCTBEHHO.

Jlemma B 0OJIBIION CTENEHH YMEHBIIAET KOJIMYECTBO BBIYMCIUTEIBHO CIOKHBIX IIPOBEPOK Y
TexX rpadoB, KOTOPbIE HE UMEIOT W30JIMPOBAHHBIX BEPIIHH, U JOCTaTOYHO MHOTO BEPILKH B KOTOPHIX
UMEIOT MUHUMaNbHYIO0 cTeneHb. OcobeHHO 3(p¢EKTHBHO 3Ta jeMMa padOoTaeT Ha PEryiaspHBIX
rpadax.

PaccMoTpuM mocTpoeHue nepeBa KaHOHHUECKHX npencrasuteneid. Ilycts gan rpad G, mis
KOTOPOT0 HE0OX0MMO MOCTpoUuTh pédepHoe pacmupenue. Ctpoutcs aepeBo 7(G) 1o clieayromum
IIpaBUJIaM:

1. V3namu nepeBa sBisitorcs M-kozbl Beex cyneprpados rpada G.

2. Kopuem gepesa siBisiercs M-kon Co(G) = 1...10...0.

3. Insa otnmunoro ot kopHs y3na Co(H) = 1...1b1...5]10...0 y3nom-tipenkom siBasieTcs M-
kox Ca(Q) =1...1b1...5/00...0.

Ecmu rpad ¢ xomom Cg(H) 1...1b1...5610...0 xkaHoHnueH, To ero y3en-npenok Cq(Q) =
1...1b1...500...0 Taxke KAHOHUYEH. DTO O3HAYAET, YTO KAHOHUYECKHE KOJIbI 00pa3yroT MOAIEPEBO
Tc(G) nepesa T(G).

OnTuMu3MpoBaHHbIM  mepebop mo3BoisieT Oonee  3GGEKTUBHO CTPOUTH  Tpadbl,
YAOBJIETBOPSIOLIUE JIEMME 1, U MO3BOJIIET YMEHBIUIUTH KOJMYECTBO MOJYyYaeMbIX HEKAHOHUYECKUX
rpadoB. [Ins mepebopa HeoOXomumMo cocTaBUTH HaOOpbl pEOep, M3 KOTOPHIX HYKHO BBIOPATh
HEHYJIEBOE KOJIIMYECTBO 3IeMEHTOB. [Ipu mepebope HY)KHO CHaudana BHIOMpATh JIEMEHTHI U3 3THX
TPYIII, a MOCcJe AOMOIHUTH UX 10 HeoOXoaumoro konuuectBa. Ecnu mocnenoBaTeibHOCTh HYKHOM
JUIMHBI IOCTPOEHA, HO /ISl HEKOTOPbIX HaOOpOB el He HaOpaHO HYXHOE KOJIUYECTBO 3JIEMEHTOB,
TO TakKas MOCIJIEJOBaTEIILHOCTh HE MpHUHUMaeTcs. B pabore paccMarpuBaloTCs ONTHUMU3ALMH IS
HaOOPOB JIBYX TUIIOB — C yY4ETOM Ha JIEMMBI | U IPUHIIMIIA IepeBa KAHOHUYECKHUX Cymeprpados.

B uyerBepTOii mIaBe paccMaTpUBAalOTCA NapaJUIedbHbIE pealM3alydyd  ONHUCAHHBIX
aJITOPUTMOB, IIPOBOJSATCS BBIUMCIUTENbHBIE SKCIIEPUMEHTHI 10 noctpoeHuto MP-AP st pasznbix
rpados.

Jns  peanuzanuu mapajuICNIbHBIX  BBIYMCICHHM Oblla BbIOpaHa TtexHosnorusi MPIL.
Brpruncnenns nposBogunuck Ha knacrepe [loBomkckoro PernonansHoro Ilentpa Hoseix
Nupopmanmonnsix  TexHomoruit  CapaToBCKOrO  TOCYIapCTBEHHOIO  YHHMBEPCUTETa HMMEHHU
H.I". Yepnbiesckoro ¢ ucnonb3zoBanueM 40 saep.

Jlns nmpoBepku pabOThl MapaieNbHbIX aIrOPUTMOB IIpOrpaMMel s k, paBHoro 1, 2, 3 u 4,
obut mocuntanbl MP-AP nns 8- u 9-BepmmHHBIX TpadoB. Bpemss pa®oTbl M 3arparhl MaMsaTh
cpaBHUBAIUCH ¢ asiroputMoM M.b. AbpocumoBsa u J[.A. 3aiinieBa, KOTOPBI HA MOMEHT ITPOBEICHUS
UcCleNoBaHuN cumTancs ayqdmnM. B cpennem anroputmsl JIKP m IIKP nokasanm yBennueHue
ckopocTu pabotel Oonee yeM B 10 pa3. Takxke BceM pa3pabOTaHHBIM ajNropuTMaM He TpeOyercs
JIOTIOJIHUTENbHAS TMaMsITh, B OTIMYMU OT AITOPUTMOB C HENOCPEACTBEHHOM IIPOBEPKOM Ha
HN30MOPU3M.

ITpu noctpoenun MP-kP ¢ poctom k Bo3pacTaeT CIOXKHOCTH MPOBEPKU Ha k-paclIMpeHHe.
Jlonst BpemMeHH, 3aTpauMBaeMas Ha IMPOBEPKY Ha pacllMpeHHe, YBEIMYMBAETCS C POCTOM k BHE
3aBUCUMOCTH OT ajroputMa. Takxke Bo3pacTaeTr BIUsHHUE nepedopa U MpoBepkH JeMMmbl. C pocToM
k BpeMsi MpoBEpKM KaHOHMYHOCTH MaJaeT. DTO CBA3aHO C TEM, YTO MeHseTcs Habop rpados,
KOTOpBIE TIPOBEPSIOTCS Ha KAaHOHUYHOCTh. KoOJIMUecTBO MpPOBEpOK TIpu 00Xone JepeBa
KaHOHMYECKHX [MpeJCTaBUTEeNIed yMEHbIIAeTCsl B pa3bl 110 CPaBHEHHIO C OOBIYHBIM U
YCOBEPIICHCTBOBAHHBIM I1€peOOpPOM, HO KOJMYECTBO YCHELIHBIX MPOBEPOK CTAHOBUTCS OOIIBIIE.
[IpoBepka KaHOHMYHOCTH MPOUCXOAUT JO TPOBEPKH JIEMMBI, YTO YBEJIUYMBAET KOJIMYECTBO
IpOBEPsIEMBIX IpaoB, B TOM YHCIIe KAHOHUYECKHX.

beimn ipoBenens! uccnenoBanus MP-1P nukiioB, Tak kak 3Ta TeMa IpeCTaBIsIeT O0IbIION
unrepec. @. Xapapu u [x. Xei3 npeanoxunu cxeMy s nocrpoenust MP-1P nukiioB, u3BecTHBI U
npyrue cxembl. [IpoBoIHMINCE BBIYMCIUTENBHBIE HKCIIEPUMEHTHI 10 MOCTpOoeHUI0 Bcex MP-1P mis
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nUKIOB. Jlydmuii Ha MOMEHT HamMcaHUs pe3yibTar mpuBeAéH B padore M.b. AGpocumoBa u
C.A. CyxoBa. Anroputmamu [JJIP, IIPM u IIPK Opuiu taxxe nocrpoerst MP-1P nukiios. Jlydmume
pe3ynbrarsl nokasan anroput™ [IKP, ¢ momomnisio kotoporo yaanocsk Hailtu Bce MP-1P miig nukiios
C YMCJIOM BEPIIUH /10 22.

[TpoBenéHHbIE BBIYUCIUTEIbHBIE KCIEPUMEHTHI MoKa3anu 3((EeKTUBHOCTh aJTOPUTMOB B
CpeIHEeM, OJHAKO C POCTOM KOJIMYECTBA BEpIIMH B Tpade BpeMs Ha ero o0padoTKy yBEIHMUMBACTCH.
bruta npeanpuHsATa MONBITKAa HANTH OTBET Ha CIEAYIOUINI BOMPOC: MOYKHO JIM BbIOpaTh KakoH-TO
OJIMH aJITOPUTM, KOTOPBI OBbI B cpeiHeM BEN ceOs Jrydilie OcTanbHbIX? bbutn oTnesHo 00paboTaHb
rpadbl pa3HbIX BUJIOB: CBSI3HBIC U HECBA3HbBIC, IBYAOJIbHbBIC, PETYISPHBIC U IEPEBbA.

Hcxons M3 SKCIEPUMEHTANbHBIX JaHHBIX, HECBS3HBIE TIpadbl o0padarhiBaioTCs OBICTpee
anroputmoM JIJIP, a perymsapubie — IIKP. Jlnst moctpoeHus pacmiMpeHuid AEpEeBbEB MPHU MaJIOM
3HaueHuH k myuqine ucnonb3osars JJJIP, a ¢ pocrom k — nepexoauts Ha anroput™m [IKP. Anroputmsl
JIPK u JIPM MOXHO HCITIOJIb30BaTh TOJBKO s mocTpoeHust MP-1P, Tak kak npu k& > 1 CI0)KHOCTB
IIPOBEPKHU Ha k-paclIipeHHe JOCTATOYHO CHUIIBHO PacTET.

B pa6ore M.b. AGpocumoBa ObUTH MOTy4YEHBI CTaTUCTHYECKUE AaHHbIe 10 MP-1P 4-, 5-, 6
7-BepuiuHHBIX TpadoB. B Hameit pabore ObUM MOMy4YeHBI AaHHBIE MO 8-, 9- u 10-BepIIMHHBIM
rpadam. Jlns npumepa B Tabnuiue | npuBenéM JaHHbIE MO KOJUMYECTBY JONOJIHUTEIBHBIX pEOEp
ec(G).

Tabmuna 1 — KonudecTBo nonosHuTenbHBIX pédep B MP-1P 10-BepmuuHbIX rpadoB

ec(G) MP-1P ec(G) MP-1P

0 1 11 3256
1 63 12 1182
2 799 13 516
3 8630 14 234
4 75526 15 111
5 554875 16 50
6 2995525 17 23
7 7060790 18 9
8 1216416 19 5
9 74068 20 2
10 13085 21 1

Her 1

beun noctpoenst MP-1P HekoTopbIX rpadoB ¢ OOIBIINM KOJTMYECTBOM BEPLINH. DTO TOPHI,
peméTky 1 16-BepuMHHBIA runepky6. HamoMmHuMm, yTo N-MepHON pewémrori Ha3bIBaeTcs rpad,
ABJIIOILNICSA JIE€KapTOBBIM INPOM3BElNeHUEM N 1mened Pmq X ... X Pm,, a N-MepHBIM mopom
HazbIBaeTCsl rpad, SBIAIOMIMNACA JEKapTOBBIM Ipou3BeACHHEM N 1UKIOB (Cmy X .. X Cm,,.
Pemérku 1 TOphl MpENCTaBISIIOT OOJIBIION MHTEPEC C TOYKM 3PEHUSI apXUTEKTYPbl KOMIbIOTEPA.
Pa3zpa®oTunky M MHKEHEpHl NMPH 0003HAYEHUH TaKUX apXUTEKTyp 4acTo MojararoT, yTo nuki Co
nzomopgen nemnu P2. Tak y3en coBpeMeHHOro cynepkoMibiorepa @yraxky, KOTOpblil cOCTOUT U3 12
a1ep, pa3paboTYMKHU XapaKTePU3YIOT KaK TPEXMEPHBII Top 2x2x3.

3ameTuM, uTO 16-BEepIIMHHBINA TUIIEPKYO MOXKHO paccMarpuBaTh Kak TOp 4x4 Win pemeTKy
2x2x2x2. B pabore Xapapu u Xeisza mnpuBogutrcs MP-1P 16-BepmunHOro rumnepkyba. B
pe3ynbTaTte HAaIIero BBIYHUCIMTEIBHOTO HKCIIEPUMEHTa 3TO pacIIupeHue ObUIO HaiaeHo (cM.
pucyHok 1), mnpuyéM OHO SABISETCS E€IUHCTBEHHBIM C TOYHOCTBIO JO H30MOpdu3Ma.
AHaIUTUYECKOTO JIOKa3aTeNbCTBA 3TOTO YTBEP)KICHMS IOKa HEW3BeCTHO. JlaHHBIE O Tpadawm,
BpEeMEHHU TOCTpoeHus U konndecTBy MP-1P nipencrasnensr B Tabnuie 2. HTepeCHBIMU SIBISIOTCS
ciydan pem€rok 3x4 um 2x2x3. Xapapu u Xel3 BbICKa3aJlM THUIIOTE3Y, YTO MHUHUMAaJIbHBIM
p€bepHBIM 1-pacmmpeHuemM n-MepHoOW pemetku Pmy X ...Pm, sBusercs n-MepHbli Top Cmy X
..Cmy,. Yoy u Xcy 3Ty THIIOTE3Y ONPOBEPINIM M MPEUIOKMIN CXeMy HocTpoeHus: pédepHoro 1-
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paciidpeHus Ui peméToK, OAHAKO T0Ka3aTebCTBA MUHHUMAIBHOCTU ISl OOIIEro ciydas 3TOH
CXeMbl MpenocTaBieHO He Obuto. [lomydeHHbIE HaMHU AKCIIEPUMEHTAJBHBIE  PE3YJbTaThl
comacyrores ¢ pesyapratamu Yoy n Xcy. Tak mis pemérok 2x5, 4x4 u 2x2x4 MP-1P enuHCTBEHHO
C TOYHOCTHIO J0 HM30MOp(dH3Ma M COOTBETCTBYET CXE€ME€ IOCTPOEHUs M3 HX padorel. OpHAKO
pemétku 3x4 u 2x2x3 umerr emie Hemzomoppueie MP-1P. Bce MP-1P mia pemérku 3x4
MPEJCTaBICHbl Ha PUCYHKE 2. Y TOopa 2x2x3, uad 4to TO ke camoe 3x4, 21 MP-1P c¢ 12
nonoaHuTeNbHbIME pEOpamMu. OnmHo n3 MP-1P u3o0pakeHo Ha pucyHke 3. DTOT TOp SBISETCS
MOJICJIBI0 CXEMBI COCTUHEHUS 70fu BBIUMCIMTENBHBIX SACp B CynepkommbioTepax @yeaxy u K
computer.

Tabnuma 2 — Bpemst 00paboTKu HEKOTOPBIX rpadoB

I'pad Kon-Bo Bpemst | Kon-Bo gononauTenpabix pédep | Kon-Bo MP-1P
BEPIIVH

Pemérka 2x5 10 0.1 3 1
Pemérka 3x4 12 0.7 5 2
Pemérka 4x4 16 3:40.0 6 1
Pemérka 2x2x3 12 0.4 6 3
Pemérka 2x2x4 16 0.1 4 1
Top 2x7 14 0.1 7 1
Top 2x8 16 1.5 8 7
Top 2x9 18 443 9 1
Top 2x10 20 33:45.2 10 9
Top 3x4 12 2:18:25.0 12 21
I'unepky6 16 0.4 8 1

Pucynok 1 — Enuncrsennoe MP-1P 16-BepiminHHOro runepkyba
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Pucynox 3 — Oxgno u3 27 MP-1P Topa 2x2x3

B 3akiIl04eHHMM TIPUBEICHBI OCHOBHBIC pE3yIbTaThbl JAMCCEPTAMOHHOW paboThl U
00CYXJJaI0TCsl IEPCIEKTUBBI AATbHEHILETro pa3BUTHS TEMbI IUCCEPTALIMOHHOTO UCCIIEA0BAHMS.

PABOTBI, OITYBJIMKOBAHHBIE 110 TEME JUCCEPTALIUN
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