Cankr-Tlerepbyprekuii TOCyIapCTBEHHBIN YHUBEPCUTET
nHGOPMAIMOHHBIX TEXHOJOTUN, MEXAHUKH U ONTUKH

QakynbreT HHOOPMAIMOHHBIX TEXHOJIOIUI U ITPOrPAMMHUPOBAHUSA
Kadenpa xkoMIbIOTEPHBIX TEXHOJIOTHUL

A. A. Ceprymuuen

Pa3paborka meToaa BoccTaHOBJIeHUSA (pparMeHTOB
HYKJIEOTHU/THOI I10CJIeIOBATEJIbHOCTH 10 MAPHBIM UYTE€HUSIM

Hunnomuaas pabora

Hayuanwrit pykosogurens: @. H. [Hapes

Cankr-Ilerepbypr
2011



Copep>xaHue

COMEPKAHME . . . . . . . o o vt
BBenenue . . . . . . ..
I'maBa 1. 3agaga cekBenmpoBanug JITHK . . . . . .. ... ... ..
1.1 TemoMm . . . . . . o

1.2 CyI1ecTBiomnye MeTOAbl CEKBEHUPOBAHUS . . . . . . . . . . . .
1.2.1  Metrox obpbiBa e . . . ... .

1.2.2  Metoxm IpoOOBHKA . . . . . . . . ..o

1.2.3  BricokonponsBoguTebHbIE METOIbI CEKBEHUPOBAHUS . .

1.3 CymiecTByionme MeTOAbI COOPKA . . . . . . . . o oo o .
1.3.1 ABySS . . . . ..

1.3.2 ALLPATHS . ... ... ... ... ... .. ......

1.3.3 Velvet . . . . . ..

1.3.4 SOAPdenovo . . .. . .. ... ... ... ...

1.3.5 EULER-USR . .. ... ... . ... ..........

1.4

1.3.6 [docTomHcTBa M HEJOCTATKU MPUBEJIEHHLIX METOIOB . . .
[TocranoBka 38189 . . . . . . . . . . .. ...

I'maBa 2. IlpeajiaraemMplit METOM, . . . . . . . . . . « o v v v v v v ..
2.1 O061ee OMCaHIE . . . . . . . ...

2.2 Hcmonb3yeMble aTOPUTMBL . . . . v oo v v v o o e e e
2.2.1 OrmeHka «IIpaBJONOJOOHOCTUY IIYTH . . . . . . . . . . .

2.2.2 Tlomck myreit . . . . ..

2.2.3 O6paborka myTeit . . . . . .. ...

2.2.4  OOMUMI QJITOPUTM . . . . « v v v v e e e e e e e

2.3 Ucnoab3zyeMbie CTPYKTYPBL . . .« o o o v v i et
2.3.1 Xpanenue rpada . . . . ...

2.3.2  XpaHeHume MyTel . . . . . . . . .o

© 00 Co 00 =



I'maBa 3. 9KcnepuMeHTaJbHBIE PE3YJABTATHL . . . . . . . . . . . .. 27

3.1 Mcxomubie JJAHHDBIE . . . . . . . . . oo 27
3.2 PegymbpraThl . . . . ... 28
BaKIIIOUEHME . . . . . . . o v v it e e e e e 30
HcrouBuMKM . . . . . . . ... 31



BBepgeHne

B nacrosiiee Bpemsi Bce OoJibiliee 3HAUYEHUE B OMOJIOTHH U MEJIHUIMHE
npuobperaer anaau3 JJHK u pacmmdpoBka reHOMOB pa3/InIHBIX KUBBIX Opra-
HU3MOB.

Bo-1epBbIX, 0UeHb BayKHO 00/1aCThIO IPUMEHEHHsI aHaJIM3a TeHOMa, siB-
JISIeTCsT MeInInHa. Tak, HanpuMep, 3HaHHe TeHOMa KOHKPETHOTO 9eJI0BEKa, T0-
MOTaeT IIPOrHO3MPOBATH IIPEAPACION0KEHHOCTH K OOJIe3HSIM, UTO IIO3BOJIAET
3 dEeKTUBHO MTPOBOAUTH MPOPUIAKTUKY. SHAHWE TEHOMa PAKOBO Oy X0JIN WIN
OPTaHU3MOB-TIAPA3UTOB MMO3BOJIIET S(PMEKTUBHO C HUMH DOPOTHCS.

Bo-BTOPBIX, TEPCIEKTUBHBIM HAIIPABJICHUEM SIBJISETCSI TEHETHIECKAsT MH-
YKEeHepHsi, MeTOJIaMU KOTOPOil MOXKHO U3MEHAThH 'eHOTUII OPTaHU3MOB, CO3/IaBasi
TEM CaMbIM OPraHW3Mbl ¢ OOJiee MPUBJIEKATE/IbHBIME XapakTepucTukamu. s
9TOI'0 BayKHO MUMETb pacIim(poBaHHbIE T€HOMbI OPTAaHU3MOB, C KOTOPBIMU IIPO-
BOJUTCs pabora.

B-rperbux, aHaJu3 I'€HOMOB Pa3JIMYHBIX BUJIOB II03BOJIAET YJIYUIIUTDH
HO3HAHWS B 00JIACTH DBOJIOIUN ¥ NUCTOPHUHU.

XOTsI F€HOM 4eJIOBEeKa y2Ke ObLI IIOYTHU IIOJIHOCTHIO BOCCTaHOBJIEH B XO/I€
npoekra «lenom uesioBekay [1| u renepn, 3uasi 0Opasell, HOJLYyUUTh PEHOM JIFO-
60ro JIpyroro 3JI0pOBOTO YEJOBEKa CTAJIO TTPOIIE, OCTABIITUECH 3aJaui BCE elle
TPEOYIOT CBEI'O PELICHMUSI.

B xojie puzuueckoro caurhiBanus moseky JJHK BozHukaooT orpomubie
00BbeMBI JJAHHBIX — COTHH M'MrabaiiT, KOTopble 3aTeM HeoOXOAUMO 00paboTaTh u
MOJIYIUTh HECKOJBKO CTPOUEK CYMMapPHBIM Pa3MepPOM B HECKOJIHKO rurabaiT —
BOCCTAaHOBJICHHBII TeHOM. K coxKajieHnio, CyIecTByiolee nporpaMMHOe obec-
nedenre He CIPaBJISeTCs ¢ 9TOH 3a/1adeil TTOJHOCTHIO, TIOITOMY CJIEyeT NCKAThH
HOBBIE IIYTU K PEIIEHUIO ITOI MPOOJIEMBI.

[enbio paHHON pabOTHI SIBISIETCS PA3BUTHE METOJIa BOCCTAHOBJICHUSI

(bparMenToB, MpeJIoKEeHHOro B pabore |2|, arobbl oH MOr paboTarh ¢ 60JIb-
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IIMMHK 'éeHOMaMM B HECKOJIBKO MUJIJIMAPJ0B HYKJIEOTHU OB, UCIIOJIb3Y4d IIPHU 3TOM
OTHOCUTEJILHO HEOOJIBITION 00 hbeM TaMsATH 1 TPpaTsd Ha 9TO OTHOCUTEJILHO 1He00JIb-

11oe BpeMs.



[naBa 1. 3apayva cekBeHMpOBaHUSA
NHK

B nanmoii riaBe npuBejeHo omucanue npeaMerHoil obsactu. Ilpusee-
HbI OCHOBHBIE [OHSITHSI, KCIIOJIb3yEeMble TEXHOJIOI'MU. B KOHIIE IJ1aBbl HAXO/UTCs

¢dopMasibHas IOCTAHOBKA 3aIa4H.

1.1. T'EHOM

B Xojie pa3IumdIHbIX 9KCIIEPUMEHTOB K CepeJinHe JIBaJIATOro BeKa OBbLIO
YCTaHOBJIEHO, 9TO BCSI HACJIEICTBeHHAsT nH(MOpMalus 00 OpraHu3Me HaxXO[AuTCs B
MoJIeKyTax Jie3okcupubonykennoBoit kucaors (JJHK). B 1953 romy Yorconom
u Kpukom Obliia npejioxkena MoJielib JByXIEHOUedHOil ciiupasiu [3], 4ro 3arem
HAIILJIO MOJITBEPXK ICHIE.

MouJiekysia JIHK cocrout uz jiByx 1enouek, siBJISIIONIUXCH 110CJIE[0Ba~
TeJSBHOCTSMU HYKIeoTHI0B: ajennna (A), ruvuna (1), ryanuna (G) u nurosu-
na (C). Hykueoruupbt B napax A-T u G-C komiuieMeHTapHbl JIPYr JPYry U B
9TUX IEMOYKAX Ha OJMHAKOBBIX MO3UIUSX HAXOMASATCS KOMILIEMEHTapHbIe HYK-
neotnanl. Ba Komma i000i nenoukn JIHK oTanuaioTes ¢ XuMudueckoil Toukn
3peHus, OIMH U3 HMX HaszbiBaerca 5, apyrii — 3. Takum obpasom, y m060ii
METTOYKN MOXKHO OIPEJIE/IUTH HAIIPABJICHUsT, OOBITHO MPSIMbI CIUTACTCST HATTPAB-
aenue ot 5’k 3', 4T0 00yCHOBICHO TEM, UTO GOIBITNHCTBO OUOJOIMIECKUX MTPO-
1eccoB 1o obpaborke renouku JJHK mporekaior nuMeHHO B 9TOM HallpaBJICHUU.
JIBe 1enovku B OJIHON CrivpaJiu MPOTHBOHATIPABIICHBI.

HacyieicrBennass wH@OpPMaIusa pacrojioykeHa He B OJIHON MOJIeKyJIe
HIHK, a, Boobiiie roBopsi, B HECKOJILKUX, OOBIYHO PACIIOJIOXKEHHBIX B XPOMOCO-
Max. Kpome Toro, y HEKOTOPBIX OPraHu3MOB, K KOTOPBIM, HallpUMep, OTHOCHUT-
Cs1 OOJIBITMHCTBO MJIEKOTTMTAIONINX, HADOP XPOMOCOM YJIBOEH, TAKHE OPraHU3Mbl
HA3bIBAIOTCS JUTIONTHBIMU. B KaXK 10l mape HaXOJUTCA MO OJTHON XPOMOCOME
OT KaXKJIOI'O POJUTEIsI, IIPUIEM 9TH XPOMOCOMBI, 38 MCKJIIOUEHUEM TTapbl T10JI0-

BBIX XpOMOCOM, OTJNYalOTCA B OTHOCHUTEJILHO HEOOIBIIIOM YHCJIe HYKJIEOTH OB,
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TaKoe OTJIMYHWE B OJIHOM HYKJICOTHJE HAa3bIBACTCA OTHOHYKJICOTHTHBIM TOJIN-
mMopdusmom (anea. single nucleotide polymorphism), B gasbreiinem Oyaem ux

Ha3biBaTh SNP .

1.2. CVYIIECTBIOIIUE METOJ/Ibl CEKBEHUPOBAHUSI

B nanHOM pasjese KpaTKo OIMUCAHBI CYIECTBYOIINE METO/ bl CEKBEHUPO-
BaHus. B ocHOBe 1100010 METO/a JIEXKUT TEXHOJIOTHSI, T030JIsI0Iast (PU3MIECKN
y3HaBaTh, B KaKOil I10C/IEI0BATEILHOCTA HAXOJSATCSI HYKJICOTUJIbI B KaKOW-TO
yacTu reoma. C pasBUTHEM 9TUX TEXHOJIOTHUH U3MEHSIJINCh U METOJIbI CEKBEHNU-

poOBaHusA reHOMOB.

1.2.1. Metop obGpbiBa uenn

Opejgepukom Cernrepom K 1977 rojy ObL1 pazpaboTan MeTo 00PbIBa 11e-
i [4]. O6pazer nenouku JTHK, kotopyro Heob6xonMO ceKBEHUPOBATD, JICIUTCS
Ha YeThIPEe IPYIIIbI, 110 OJIHON Ha KaXKJIblii HYKJICOTH/[. 3aTeM B KaXKJIOH I'pyIiie
IPOKUCXOUT de Novo CHHTE3 MOJIEKYJIbl HYKJCMHOBOM KUCJIOTHI U3, HAIIpUMED,
PaJIMOAKTUBHO MEUEHHBIX HYKJICOTHIOB, IPUIEM 3TOT CUHTE3 MOYKET 3aBePIITUT-
cs1 TOJIBKO B HYKJIEOTHJIe, cOOTBeTCTBYyIomeM rpymie. [locie aToit oneparum B
KayKJIOi IpyIIIe MOIyIaloTCs MOJIEKYJIbI PA3HBIX BECOB, B 3aBUCUMOCTH OT TOTO,
B KaKMX TO3UIMIX HAXOJUTCS COOTBETCTBYIOIIMI IPYIIe HYKJIEOTU] B KCXO/I-
HOII 1erouke. Jlajee B KaxK 10l IpyIIIe ¢ IOMOIILIO 3JIEKTPO(Ope3a MPOUCXO AT
pasjiesieHrie MOJIEKYJI 110 BeCaM C TOYHOCTHIO JI0 OJHOTO HYKJICOTHJIA, YTO T03-
BOJISIET y3HATh B KAKUX MO3UIMSAX ITOT HYKJIEOTHJ BCTPEUYAETCS B HCXOIHOM
I[EIIOYKE.

B nacrosiiee BpeMst 3TOT METOJI, I03BOJIET HAIPSIMYIO CEeKBEHHPOBATDH

nocsiesjopaTeabHocTu nopsjaka 800-1000 nykieoTnaos.

1.2.2. Mertoa apobosuka

,ZLHH TOTO YTOODI CEKBEHUPOBATb I'€EHOMbBI OOJIBIIIE THLICAYN HYKJIEOTH-

JIOB, KOTOPbIE 1IO3BOJISIET CAEJAATh METOJ[ OOpPbIBa Ielu, ObLIO PEJJIOXKEHO JIBa



MeToJa: MeTol 00xoj1a XpoMocombl (anea. chromosome walking) [5] u merog
napobosuka (amneza. shotgun sequencing) |6).

Meros, 00x0/1a XPOMOCOMBI 3aKJIFOYAECTCsS B TOM, 4TODbI CHAUYAJIa CEKBe-
HUPOBATH TEPBYIO THICAUY HYKJEOTHJIOB, 3aTe€M, 3Hasl MOCJIETHIEe HYKICOTH b
IIEPBOI0 MPOYUTAHHOTO (PparMeHTa 1 3alleNUBIINCDH 38 €r0 KOHEIl, CeKBeHHPOBTD
O0YePeJIHYIO ThICSIUy HYKJIEOTHIOB U T.J. TaKOil MeToJI OKa3bIBAIOTCsi HEIheK-
TUBHBIM JIJI XOTh CKOJBKO-HHOY/IH OOJBIINX TeHOMB.

BoJiee ynobHbIM Jij1si TTpUMeHEHNsT K OOJIBIITMM TeHOMAaM OKa3bIBAETCsI
MeTOJ IpoOOBHKa, B KOTOpoM cHaudaja Mojekysabl JJHK cioydaitabiM obpazom
pazestioTest Ha HebosbIne (hbparMeHThl, KOTOPhIE 3aTeM CEeKBEHUPYIOTCS C
IIOMOIIIBIO, HAIIPUMEp, MeTo/a OOpbIBa IelH. 3a cueT OOJIBIIOro YKCja UTepa-
Ui TTOJTy 9aeTCst MHOXKECTBO MOCJIEI0BATEILHOCTEH, MOKPHIBAIOIINX BECh TEHOM,
IIpUUeM Ha OCHOBE aHAJIM3a, MX HAJOXKEHHUI JAPYT Ha JIPYyra MOXKHO IOIIBITATHCS
BOCCTaAHOBHUTH Bech reHOM. TakuMm 0bOpa3oM, 3aja19a CeKBEHUPOBAHUST CTAHOBUT-

Cd HE TOJIBKO 6HOXHMH‘I€CKOﬁ, HO W BbIYUCJIUTEJILHOM.

1.2.3. BbicokonpousBognTesibHble METOAbl CEKBEHNPOBAHUSA

B cBsizu ¢ pocTOM IIPOU3BOUTEIBHOCTH BbIUYNCJIUTEILHON TEXHUKU 110~
SIBUJIACH BO3MOXKHOCTD HCIOJb30BAaTh METO/IbI, KOTOPBIE JIAl0T MeHee KaueCTBEeH-
HbIE PE3yJIbTAThI, 3aT0 OOJIbIIIE U JICIIeBJIe.

Hanpumep, nepcrneKTuBHO# sABJIsI€TCA CAEyIONasl JOCTATOTHO JelIeBast
1 3P PeKTUBHAS TEXHOJIOIUS: CHAYAJIA, BbIUJICHSIETCs C1yYailHO PACIIOIOXKEHHbII
B reHome ¢pparMeHT JInHOI 0K0J10 500 HYKJIEOTHJIOB, 8 3aTEM MTPOUCXOJIUT CUN-
TBIBAHUE JIBYX MOCJEIOBATEILHOCTEl ¢ ero KOHIOB (JnHO# mpuMepHo mo 100
HYKJICOTHJIOB KayKJiast). DTH MOCJAE0BATEIHHOCTH HA3BIBAIOTCS MAPHBIMU UTe-
Husimu. IIporiecc moBTopsieTcst Takoe YnCJIo pas3, 9ToOb 00ECIeYUTh JOCTATOUHO
0O0JIBITIOE TOKPBITHE F'eHOMa, YTEHUSIMIA. TaKast TeXHOJIOI WS PeaJIn3yeTcs, Hallpr-
Mep, B cekBeHaTopax kommauud [llumina [7]. 3amerum, aro npu dbusudeckom
YTEHUN MOTI'YT BO3HUKATH ONMIMOKM, HO JIJIS KayKJIOr0 IMPOIUTAHHOIO HYKJIEOTH-

Jda U3BECTHO €ro Ka4deCTBO — BE€M4YMHa, Ha OCHOBE KOTOpOfI MO2KHO BbBIYHUCJIUTD



BEPOSATHOCTb TOI'O, UTO OH OBLJ IPOUYUTAH HEIPABUILHO.

1.3. CVYIIECTBYIOIINUE METOIBI CBOPKU

Tak kak mocye cekBenupoBanusi ¢pparmenToB JIHK mosyaaercs muo-
YKECTBO OTJICJIBHBIX YaCTeil PeHOMa, MPOIECC BOCCTAHOBJICHWS N€HOMA, M3 STUX
JIAaHHBIX Ha3blBaeTcs: cOOpKoii renoMa. CylrecTByomiye NporpaMMHbIE CPEJICTBA
JUIst COOPKH HE MO3BOJISIIOT BOCCTAHOBATH T'€HOM IIEJIMKOM, TOITOMY DPe3yJIbTa-
TOM paboThI COOPIIUKOB SABJISIETCS HAOOP KOHTUIOB, 00bEeIMHEHHBIX B CKI(D@OJI-
Jibl. KoHTHraMu Ha3bIBAIOTCsT MAKCUMAJIbHBIE TOJIITOCIE0BATEIBHOCTH IeHOMA,
KOTOpBIE yJIaJI0Ch BoccTaHOBUTHL. CKaI(M (O IaMu Ha3bIBAIOTCS TaKue MOCTIe0-
BaTEJIbHOCTU KOHTUI'OB C OLIEHKAMHU Ha, PACCTOSHMS MEXKJIy HUMU, IIPO KOTOPbHIE
IIPEJIIIoaraeTcs, 9TO OHU B TOM »Ke II0CJIeI0BATeJIbHOCTHA U Ha TaKUX K€ Pac-
CTOSTHUSIX HAXOJATCS B EHOME.

Ha jaHHBI MOMEHT CyIIECTBYET MHOXKECTBO COOPINHMKOB I'€HOM M3 Iap-
HBIX YTEHUi, OOJIbIIMHCTBO U3 KOTOPBIX IOJHOCTHIO OCHOBAHBI HA, UCIIOJIH30Ba-
nuu rpada je Bprouna. I'pad e Bpronna pasmepnoctu k vaji ajadaburom > —
910 rpad, BepLIMHAMKU KOTOPOI'O SIBJISIIOTCS BCE CTPOKU HaJl aJi(paBUTOM 5 JIJIM-
Hbl k (OHM Ha3bIBAIOTCs k-MepaMi), a pebpa COeJIMHSIOT Maphl TaKUX BEPIIWH,
10 cyhduKe IIHLI kK — 1 IepBoii BEPIIUHDI SIBJISETCS IPeQUKCOM BTOPOI Bep-
muHbL. MOYKHO 3aMETHTh, 9TO €CTh OJJHO3HATHOE COOTBETCTBIE MEXK Iy pedpaMu
u (k+ 1)-mepamn — kaxkjgoMmy pebpy coorsercryer (k + 1)-Mep, mojyueHHbIi
KOHKaTeHaleil k-Mepa HauaJbHON BepHIMHBI pedpa ¥ TOCIeIHEer0 CHMBOJIA K-
Mepa KOHEUHOI BepInnHbl pedpa. Bynem B jgajbHeilllieM TOBOPUTD, UTO Ha Ped-
pe, BXOJSIIEM B HEKOTOPbIH k-Mep, CTOUT MOCIeIHIH CUMBOJ 3TOr0 k-Mmepa. B
rpade sie Bpronna nay andasurom {A, T, G, C} renom npejcrapiser u3 cedst
Habop 1yTeil (BO3MOXKHO He MPOCTHIX ), COOTBETCTBYIOMINX XPOMOCOMAM.

B sToMm pasjiesie IpuBeieHO OIUCAHKE TOJIX0/0B, IPUMEHSIMbIX B PaJId-
HBIX CYIIECTBYIONINX COOpIIMKAX JiIsi COOPKM KOHTUIOB. Bee onmucanubie MmeTo-
JIbl B Ha4aJie cBoeil paboThl BLIOJHSIIOT UCIIpaBieHre omuOoK. Tak Kak 3To He

OTHOCHUTCs HalIPAMYIO K IIPEJIMETY UCCJIICJOBaHWA, 9TOT IIar 6Y,[L€T OIIyIICH.
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1.3.1. ABySS

B crarbe [8] usmoxken moaxos K ¢c60OpKe KOHTUTOB B IPOIPAMMHOM CPE/I-

crBe ABySS. DToT moaxos cocTouT U3 JIBYX TAIOB:
e cOOpKa KOHTUTOB O€3 yuera MapHOi nH(MOPMAaINNT;

® paspellleHre HeOIHO3HAYHOCTE ¢ IIOMOIIbIO IIapHON MH(OPMAIUN 1 Ha-

pamuBaHue KOHTUT'OB.

B ocHoBe Bcero 110j1xo/ia JIexKUT paclipejiesientbiit rpad jie bprouna.

st Toro, 4Tobbl cOOpaTh IepBOHAYAJIbHBIE BEPCUH KOHTUIOB IIPOUCXO-
JIAT 00bEJIMHEHUE TIOCJIEJI0BATE/ILHOCTER CMEXKHbBIX OJITHO3HAYHBIX pedep — pebd-
PO HA3LIBAETCSI OJHO3HATHBLIM, €CJIM KMCXOJIAINasl CTEeIleHb ero HadaJbHOI Bep-
IITUHBI U BXOJSINAs CTeeHh KOHEUHON BePINUHLI PaBHBLI €IUHUTIE.

Ha BTOpoMm 3Tame mMexxy KOHTUIaM#u YCTaHABIMBAIOTCS CBA3K, MCIIOJIh-
3yq napuyio undopmaiuno. Ilapa urennit HazbIBaeTCs CBA3LIBAIONIEH /1B, KOH-
THIa, €CJIU [epPBOe YTeHHe KAPTUPYeTCs Ha IePBbIi KOHTHUT, a BTOpOe — Ha
BTOPOI. Mexk Ty MByMs KOHTHTAMU YCTaHABIMBACTCS CBS3b, €CJIN YUCIO CBAZDI-
BAIOIINX UX ITeHUil OOJIbIe HEKOTOPOH KOHCTAHTHI P (MO YMOJTYAHUIO UCTOJb-
syercst p = 5). Hdyst kaxjgoro koarura C; CTPOUTCST MHOMKECTBO CBSI3AHHBIX C
HUM KOHTHTOB F;. 3arem B rpade cBsi3eil KOHTUIOB MINETCs] YHUKAJIbLHBIA My Th,
IPOXOIAIIHNIl Uepe3 Bce KOHTUIM u3 F;. B kauecTBe orpanmdenunii mpu Mouc-
Ke BBICTYIIAIOT OLIEHKA Ha PACCTOsIHUSI MEXKJly KOHTUI'aMHU Ha OCHOBE HPUHIU-
18 MaKCHMAJILHOIO MIPABJOIOI00MSI 1 9BPUCTUUECKAsT OIeHKA Ha YUCJIO II0Ce-
HmeHHbIX BepiuH. [locje Toro, Kak MoucK Takux IyTei Jijisi KaXKJI0I'0 KOHTHUIa,
3aBepimyics (YCIeNmHo WK HeT), COMIACYIOIIUECs TyTH CJIUBAIOTCs, 0bpasys

KOHE€4YHbIC KOHTUI'U.

1.3.2. ALLPATHS

Anropurym, aexarmuit B ocuoBe coopmuka ALLPATHS usnoxen B cra-
rhe [9]. On rakxke ocnoan Ha rpade Jjie Bpronna u cocrouT U3 HECKOJIbKUX
A

ITAalIlOB.
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[lepBbIM 3TanoOM SIBJISETCA CO3/aHNE HAYAJILHOIO MPUOIUKEHUST KOHTH-
ros. [lyst sToro, kak n B ABySS, paccmarpuBaroTest oc/ie10BaTeIbHOCTH CMEXK-
HBIX OJHO3HAYHBLIX pedep, KOTOPbIE W O0bsIBIISIOTC IPUOIMKEHIEM KOHTHIOB.

BropbiM 11arom siBjisiercsi BLIOOp KOHTUI'OB, BOKPYT' KOTOPbBIX OYJIeT 1po-
UCXOJIUTDh JIOKAJIU3AIMSI — IIONbITKA BBIJIEIUTH T€ UTEHHUsI, KOTOPbIe KapTUPY-
IOTCSI Ha PeAJIbHBIH reHOM OJIM3KO K IMOJIOXKEHWIO KOHTHTa. B KadecTBe Takux
KOHTHUI'OB JIy4llle Bcero OpaTh JIIMHHbIE KOHTUIH, YHUKaJbHbIE B reHome. Jljs
IPOBEPKY YHUKAJIBHOCTH MOXKHO HCIOJIB30BATH OXKHUIAEMOE U PEATHHOE TOKPbI-
THE UTCHUSIMU.

3arem JijIsi KaXK/0ro BHIOPAHHOTO KOHTHUIA, — HEHTPA JIOKAJIU3AIUA —
PACCMATPUBACTCS MHOXKECTBO MOCIEIOBATEILHOCTEH (ITEHUHA U KOHTUTOB), Jie-
Kalux B npejesiax, Hainpumep, 10000 HyK€0Tn 108 OT KpaeB 3TOr0 KOHTUTA —
OKPECTHOCTHh KOHTHTA. Ecam mocTponTh MpuOINKeHre 3TOTO MHOXKECTBA, TO
MOXKHO OyieT cobpaTh HEDOJIBIION YIACTOK MeHOMA, TPAKTUIECKH TOJBKO U3 TeX
YTEHNH, KOTOPhIE B HETO KapPTHPYIOTCsI. DTO TO3BOJSIET CYIECTBEHHO yMEHb-
IMUTH 00beM JaHHbIX. [l HadaJia BbIJe/sieTcs HAOOpP MOUTH YHUKAJbLHBIX B
reHoMe TIePBOHAYAJBHBIX KOHTUTOR, JIEXKAIINX B PACCMATPUBAEMOM TTPOMEXK Y T-
Ke. DTO IIPOUCXOIUT C ITOMOIIBLI0 UTEPATUBHOIO J00ABIEHUsI HOBBIX KOHTHUIOB,
CBSI3AHHBIX € y»Ke HaiijieHHbiMU (puc. 1.1), mpu 9TOM It KaXJ0ro KOHTHIa
MOYKHO Y3HATH €r0 CMEIEHuEe OTHOCHTEJIHHO IEeHTpa (¢ KaKOi-TO MOrperntHo-
CTBIO), YTO MO3BOJISIET OTOPOCUTH JIAJEKO OTCTOSIINE KOHTUIH. 3aT€M CTPOSITCSE
JIBa MHOYKECTBa, UTEHHI: MePBUYIHOE, COCTOAIIEE U3 UTCHUI KapTUPYIOIUXC B
paccMaTpuBaeMyio 00J1acTh NeHOMa, HO, BO3MOXKHO, HE BCEX TAKWX UTEHW, U
BTOPUYHOE, KOTOPOE KPOME HHTEpPECYIONINX UTEHHUil, BO3MOXKHO, COJECPXKUT U
HEKOTOpbhIE Jipyrue. B mepButaHOe MHOXKECTBO BXOJAT, BCE NMApPhl ITEHUIN, XOTS
Obl OJIHO U3 KOTOPBLIX KapTHUPYeTCs Ha KaKoi-JInbO u3 BbIOPAHHBIX KOHTUIOB.
Bo BTOpuYHOE MHOXKECTBO UTEHWI BXOJAT T€ NMapPhl UYTEHUH, KOTOPHIE MOIYT
ObITH COOpaHbl U3 YTEHUN U3 IEPBUIHOIO MHOXKECTBA. 3aT€M IIEePEKPbIBAIOIIN-
ecsi TTapbl YTEHUI U3 BTOPUIHOTO MHOXKECTBA CJMBAIOTCS, 00pa3yst napbl bosee

JIJIMHHBIX I10CJIe0BaTeILHOCTE!.
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_/\ /\seed /\ seed

Puc. 1.1. TlocTpoenne oKpecTHOCTH KOHTHUTA,

Jl1st KarKJ10# OKPECTHOCTH KOHTHUTA B MOJIYIEHHBIX Ha TPEbIIYIIEM JTa-
e mapax IMocje0BaTeIbHOCTel HIMYTCA BCE MYTH, COCIUHSIOIINE TEePBYIO I10-
CJIeIOBATEILHOCTH CO BTOPOM, COCTOSIIIE U3 MOCJIEI0BATEIHLHOCTEH U3 TOTO XKe
MHOXKecTBa. [IyTem siBjsieTcst mocieloBaTeIbHOCTD IIOCJIEI0BATEILHOCTEN, I1e-
PEKPBIBAIONINXCS ¢ IPEAbIAYINeil He MeHee 4eM Ha K HyKJIEOTHJIOB.

Ha cienyroriem aTalie NpOUCXOIUT CKJAEMBAHUE IyTeill, HallJIEHHBIX HA
NPEJIbILYIIEM dTalle, ecJii OHM MMEIOT JUIMHHBIA obimit nojnytsh (puc. 1.2).
Takum 0O6pa30M, OCYIIECTBIISIETCs JIOKAJIbHas cOOPKa NeHOMA. 3aTeM pe3yJibTa-
ThI JIOKAJIbHBIX COOPOK CJIMBAIOTCS MEXKJy CO0Oii, 00pa3ysi KOHEIHBIH BapuaHT

cOOpKM TeHoMa.

<><R

SN NN

<

9]

<l>

Puc. 1.2. Cniusinue nyteit

1.3.3. Velvet

Asnroputm paborer Velvet uznoxen B crarne |10].
[Tocsie ucnpassienusi ommboK ocraercs rpady, BepiMHaAMU KOTOPOIO siB-
JISTIOTCST TIOCTIEIOBATEILHOCTH, COOTBETCTRYIOMIME BepinHaM rpada e Bpronna,

00'beIMHEHHDBIM 110 OJIHO3HAYHbIM peOpam. C 9T0ro MOMeHTa HaduuHaeT padoTy
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monysb Breadcrumb, orBercTBenHbBIM 3a paszpelieHue IpoOJEMHBIX YIACTKOB €
MOMOIIbIO TTAPHON UHGOPMaIUH.

3Has pacupejeeHue JJIMH IPOIYCKOB B MapHbIX UTEHUSX, MOXKHO BbI-
JICJIATD JIMHY L TaKylo, 9TO 9KCJIO MapPHBIX YTEHUH, UMEIONINX IPOITYCK JIJIH-
Hee [, HUYTOXKHO MaJio. MOXXHO BBIJICJINTH «JIJINHHBIE» BEPIIMHBI — BEPIIHHBI,
JUIMHBI KOTOPBIX HE MeHbIe deM L. 3aTeM BBbIJEIAI0TCA TapHbIE «JJITMHHBIE>
BEDIIUHBI, CBsI3aHHbIC HECKOJILKUMHU MapHbMU dreHusmu (puc. 1.3). Eciu mo-
CcJie «JIJIMHHOMY BEPIMHDBI MOYKET CJIE/IOBATH HECKOJIBKO «JIJIMHHBIX» BEPIINNH, TO
OHAa, HA3bIBAETCs HEOJIHO3HAUHOI. Bce y3iibl, Ha KOTOpbIe KapTUPYETCs: YTEHUE,
HapHOE K KOTOPOMY KapTHUPYETCs Ha OJIHO3HAYHYIO «JIJIMHHYIO» BEPIIUHY, TOME-
yatorcs. [locse 3Toro yHukKabHbIE y3JIbl IOCIE0BATEIbHO HAPaIIUBaIOTCS, J0-
OaBJIEHUEM [TOMEYEHHBIX Y3JI0B, CBABAHHBIX € TEKYIUM. DTOT IPOIECC TPOJIOJI-
YKAETCsT JI0 TeX, MOP MOKa, He BCTPETALTCsT y3€s, Y KOTOPOTO HET MPOJIOIKEHNsT
UM €CTh HECKOJIbKO BapUaHTOB IMIPOJOJIKEHMS. ECIN HECKONIBKO <«JIJIMHHBIX»
BEPITTUH TOCJIEI0OBATEIHHO COEIUHUINCH TAKUMHU My TSIMUA, OHU O0ObEINHAIOTCS B

KOHTUT.

Puc. 1.3. Ilpouecc paborsr anropurma Breadcrumb

1.3.4. SOAPdenovo

Crioco6 coopku, ucnosbzyembrii B SOAPdenovo, omucan B crarbe [11].
Kak u muorme apyrume coopruku u3 koporkux drennii SOAPdenovo

ucnoyb3yer rpad je Bprouna. [locie ncnpapienust ommubOOK MyTH, HE COJIePKa-
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Imye BEepHinH C BETBJICHUAMU, 00 BABJIIAIOTCS InepBoHa4daJIbHbIM HpI/I6JH/I)KeHI/IeM

KoHTHUTOB (puc. 1.4).

el e2
e5 Break at repeat boundaries

and output contigs

e3 ot

# Scaffold construction
el e2 e3 ed

L ] L]
]

g
— -
o

ey

Puc. 1.4. Cxema mocaenguux 3ranos paborsr SOAPdenovo

Gap closure

3aTeM MPOUCXOIUT KapTUPOBAHUE TAPHBIX UTEHWH Ha KOHTUTU. Mexry
JIByMsl KOHTUTQMU yCTaHABJIMBACTCS MOPsJIOK U OLIEHUBACTCS PACCTOSTHUE MEXK-
Jly HUMHY, €CJTM UX COEJIMHSIOT KaK MUHUMYM TPH Napbl urenunit. Jlasee Habopsw
KOHTUI'OB C COBMECTUMBIMU CBS3sIMU JIMHEAPU3YIOTCsT, 00pasysi cKI(PDOJIJIHI.

Bo BpeMs cJieIyIoIero sTara MPOUCXOAUT 3aTOJHEHUE TPOMEXKYTKOB
MEXK/Jly COCeJHUMU KOHTUraMu B cKapdosiax. s sroro Jiist Kaxkoil naphbl
COCETHUX KOHTHUTOB BBIOMPAETCS MHOMXKECTBO NMapHBIX YTEHUH, U3 KOTPHIX OJI-
HO KapTUpyeTcs Ha OJINH U3 KOHTUTOB. JlaJsiee mpoBojuTCs JioKaJibHas cOOpKa
TOJBLKO W3 9TUX uTeHwit. Ecam oHa 3aBepIaercs ycrenHo, TOT/Ia MOJTydaeTcs

COEJIMHUTD JIBA KOHTHUIA, B OJ1H, OoJiee JIJIMHHBIA.

1.3.5. EULER-USR

B crarbe |12] uznoxenst ocaosnl pabots! cpecrsa EULER-USR u3 na-
oopa EULER.

Coopiuk EULER ucnosb3yer st cOOpKHU CBejieHUE K 3ajiaue O IOUCKe
SitJIepoBa, CynepIy T — IyTH, POXO/SINEeM depe3 Bce pebpa u CojepKalieM B
KavecTRe MOJIyTell Bce My TH 13 Halepe/] 3aJlaHHOoTo MHOXKecTBa P. DTa 3ajja4a,
B CBOIO 04epejib, CBOJUTCH K 3a/a4e 1OUCKa diijiepoBa 1y, Takas 110cTaHoBKa,
3ajiaun Oblia copMyarposana B crarhe [13|. B aroit crarhe npejaraercs B

KauecTBe I'pada MCIoJb30BaTh rpad jge Bprouna, a B KauecTBe MHOXKecTBa, P

15



JUIsT Havaja HCIOJb30BAaTh IIYTH, COOTBETCTBYIOIINE UTEHUSIM. 3aTeM, MOCIe
HEKOTOPBIX MIPE0OPA30BAHU, YIPOIIAIKX I'pad, paccMOTpPETh BCE MapHbIe
arennst (T1,79) U HAUTH BCE IYTH, COEJUHSIONINE T1 M Ty U UMEIONHE JJIUHY
OKOJIO OXKMJIa€MOi, OIPeJIeJICHHOM 13 allpuopHOro paciipejiesienus juint. Ecin
TaKO# MyTh €UHCTBEHHDIN, TO OH J00ABJISETCSI B MHOXKECTBO P. DTOT mporece
HOBTOPSIETCSI JIO TEX 1OP, MOoKa B Ipade MPOUCXOIAT U3MEHEHUS.

B cratbe [12] mpemmaraercs cmocod ydera W TexX MApPHBIX dTe-
HUM, JJIsi KOTOPbIX HAIJIOCh HECKOJIbKO 1yTeit. Ilycrb Jiisi napHbix dreHuit
(readgtart, T€adenq) HAILIOCH HECKONIBKO TyTeit (puc. 1.5). OB03HATUM 38 €g14pt
U €epng PEOPaA, B KOTOPHIX HAYMHAIOTCS U 3aKaHUUBAIOTCA TeAdgtqrt U TEAAep
coOTBEeTCTBEHHO. JIJisi KarkJIOro IIyTH P, COCJIUHSIONIEr0 Te€Gdstqrt U TEGAAend,
PACCMOTPUM BeJIMUUHY SUPPOTL(Estarts €end, P) — UMCIIO TTAPHBIX YTEHUH, HOJI-
JIEPYKUBAIOIIUX ITOT IyTh — TAKUX MAPHBIX 4TeHuit (11, r3), 9T0 OJJHO U3 HUX
KAPTUPYETCS Ha PEOPO Egqrt WU €eng, & JAPYToe Ha NMyTh p. 3 Beex myTeit
BBHIOMPAETCS MYTh ¢ MAKCUMAJILHBIM 3HAUEHUEM Support, eciii OHO HEe MeHBIIe

HEKOTOPOTo moporosoro 3uadenust MinSupport.

readg . readg,q i
,;—""".-_" — .__.-

Puc. 1.5. llytu mexay readsiqrs u readend

1.3.6. [JoctouHcTBa n HepQOCTaTKU NPUBEOEHHbLIX METOA0B

Bce npuBejieHHbIE METOIbI JIOCTATOTHO XOPOILIO paboTaloT Ha TeX pa3-
Mepax reHOMa, Ha KOTOPbIe OHM pacduTaHbl. K coXkaJleHUIO, U3 NMPUBEICHHBIX
BoIIIe mporpaMM TosbKo e — ABySS n SOAPdenovo — cmocobmbr k cbopke
OO0JIbIIINX T€HOMOB, HO OHU TPEOYIOT DOJIBIIIOrO aMsTH — HAlpUMeD, JiJisi cOOp-
KU IeHOMa, 00beMOM OKOJIO JIBYX MUJIJIMAP/IOB HYKJIEOTHIOB MIEPBOMY HEOOXO-

jumo okosio 200 I'B oneparuBHOil namsiTi, BOBMOXKHO B CyMMe Ha KJacrepe,
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BTOpoMy — 0KoJio 130 I'B, HO pusuveckn Ha OJHON MaIlIMHE.

1.4. ITIOCTAHOBKA 3AJIAYU

B pabore [2] Obuta mpemiiokena ujesi ¢ momorisio rpada e Bpownna
BOCCTAHABINBATH (DPArMEHThI, OTBEYAIOIIME TTaPHBIM YTEHUSIM, & 3aTeM HC-
II0JIb30BATH MOJIYUYEHHBIE [OCIE0BATEILHOCTH JIJIst COOPKU TeHOMA, ¢ TIOMOIIILIO
VMEIOIIUXC COOPIMKOB M3 «JJIMHHBIX» YTCHU, OCHOBAHHBIX, HAIPUMED, Ha
asropurme Overlap-Layout-Consensus [14], rakux kak Newbler [15] wan Celera
Assembler [16]. K coxkasenuio, npejiokenblii B 910if pabore ajiropuT™ BOc-
craHoBJieHKsi (PpArMEHTOB OKA3aJICs HEIPUMEHUM JiJist OOJILIIMX MeHOMOB, pas-
MEPOM OT MUJIJIMAP/A HYKJICOTHI0B.

B nannoii pabore jiesiaercs IONBITKA PA3BUTL METOJ[ BOCCTAHOBJICHMUSI
dparmenTos, 4Tobbl OH cTaj FPPEKTUBHBIM 110 UCHOJIL3YEMON 1HaMsATH U Bpe-
MeHH pabOThI U €r0 MOXKHO OBLIO IIPUMEHUTDH K TEHOMAaM Pa3sMEPOM JI0 HECKOJIb-
KUX MUJLJIMAP/IOB HYKJICOTUIOB B YCJIOBUX JIOCTATOYHO OIPAHMYEHHOIO 0Obema,
IaMSATH.

Takum 06pa3oM, CTOSLINA CJICAYIOIIME 3a/A4N:

e Paszpaborka Merojia Jijist BOCCTaHOBJIEHUs (DPAIMEHTOB JIJisi OOJILIITUX T'e-

HOMOB.

e Peajmmzanus 3Toro MeToja Ha KaKOM-JIM0O U3 sI3bIKOB IIPOrpaMMHUPOBa-

HUA.

® TeCTI/IpOBaHI/Ie ITOM pe€am3aln Ha YTEHHUAX, ITOJIYYECHHbBIX N3 OOJIBIIIOrO

regsoMa.
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[ naBa 2. l[lpepnaraembin metop

B 910it riiaBe onmcaH mpejiaraeMbiii MeTO/I.

2.1. OBIIIEE OIIMCAHUE

B npejutaraemom Meroje ucnosib3dyercs nojarpad rpada e bpronna, B
KOTOPOM MHOXKECTBO pebep COCTOUT TOJBKO M3 «HaJlexKHbIX» (k + 1)-MepoB —
TeX, KOTOpPbIe BCTPEYAIOTCS B UTEHUSX JIOCTATOYHO OOJIBIIIOE YUCIO pa3, He
MeHbIIIee HEKOTOPOTO MOPOrOBOI0 3HAYEHUS, YTOOBI UX MOXKHO OBIJIO C OYEHb
OO0JIBIIION BEPOSITHOCTHIO CUYUTATH BXOJAIIMMU B reHoM. MHOXKeCTBO BepIuH
COCTOMT W3 TeX BepIuH rpada jie BpionHa, KOTOPbIM HHIMIEHTHO XOTsT ObI 0JI-
HO U3 BblOpaHHbIX pedep. Kciu ydyacTok HyKJIEOTHJIHOH 110C/IE[0BATE/IbHOCTH
IIOKPBLJICA JIOCTATOYHO XOPOIIO, TO €CTh Bee BXojdiue B Hero (k + 1)-mepbl 1o
MHOI'O Pa3 BXOJIST B UCXOJHbIE JIAHHbIE, TO B 9TOM HOJIpade CylIecTByeT 1y Th
MEXKJTY MEPBBIM U MOCIEHUM Kk-MepaMu yJIacTKa

[TpejiaraeMblii MeTOJI OCHOBAH Ha IIOUCKE TAKOI'O IIyTH JIJisi (PparMeHTa,
COOTBETCTBYIOIIETO MapHbIM YTeHUsIM. V3 Beex 1myTeil HaC MHTEPECYIOT TOJIHKO
Te, KOTOPbIE YKJIAJILIBAIOTCA B allpUOPHBIE TPAHUIILI JITMH (DParMeHToOB, TO-
9TOMY CJIMITTKOM KOPOTKHE W CJIMIIKOM JIJIMHHBIC MYyTH MOYXXHO OTOpOoCcuTh. U3
OCTaBINUXCA TyTeil ceyeT BbIOpATb Te, U3 KOTOPBIX JIEHCTBUTEILHO MOTJIN
MOJIYUUTCS WMEIOIIUECs MapHble dTeHus. Takue myTu — XOpoline KaH UJIaThl
Ha POJIb MYTHU, COOTBETCTBYIONIETO (pparMenTy B JeiicTBuTebHOCTH. Ecan Ha-
I11eJICs €JIMHCTBEHHBIN TaKOH 1TyTh, TO MOXKHO C O4Y€Hb OOJIBINION YBEPEHHOCTHIO
CKa3aTh, UTO OH OTBEYAET peajbHOMY MYyTH B F€HOME, TIO9TOMY 9TOT (pparMeHT
CYUTAETCS BOCCTAHOBJIEHHDBIM, a HaWJICHHBIN 1TyTh BbIBOJAUTCS. Kcinm Takux iy-
Tell HeCKOJIbKO, TO He sICHO KaKOi M3 HUX Ha CaMOM JieJie COOTBETCTBYET (bpar-
MEHTY, TIO9TOMY 3TOT (pparMeHT He BOCCTaHABJIMBAETCs. Fcju He HAILIOCh HU
OJTHOT'O TAKOTO MyTH, TO HaHublil (pparmenT JJHK ObLT M10X0 MOKPBHIT YTEHUSIMI

n €ero BOCCTaHOBJICHUE HEBO3MO2KHO.
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2.2. HCHOJIb3YEMBIE AJITOPUTMBEI

B sroMm pasjiesie nmpUBOJAUTCH OlUCAHUE AJIIOPUTMOB, MCIIOJIB3YEMbIX B

pejijlaraeMoM MeTOJIE.

2.2.1. OueHka «NpaBgoONOa00HOCTU» NYyTU

[Tyctb s — crpoka u3z HykJeoTHJI0B. DByjem obo3nadarb CTPOKY,
00PaTHO-KOMITJIEMEHTAPHYIO § KaK 5.

PaccMoTpuM mapHble YTEHUs] 71 U Ty JUIMHBL ., S| U So — CTPOKH HX
HYKJICOTHJIOB (S;; — j-#l HYKJICOTH]] i-TO YTEHWUS), ¢1 W ¢2 — BEKTOPHI BEPOSIT-
HOCTEH OMHUOOK (¢ j — BEPOSATHOCTH HENPABUIILHOTO TIPOUTEHNS B j-ii MO3UINN
t-ro urenusi. Ilyctb a1 m as — ux nepsble k-Mepbl, a P — NyTh JUIMHBL [ — K,
COEJINHAONINI B paccMaTpuBaeMoM rpade a, u . DTOMY IIyTH €CTeCTBEHHBIM
00pa3oM COOTBETCTBYET CTPOKa S JIIMHBI [, TIOJIydeHHasl KOHKaTeHalneih a; n
[ — k cuMBOJIOB, TI0CJI€IOBATEJILHO CTOANINX Ha pebpax 3Toro nyTu. B gaabHeii-
em, Gyjiem 910 1npeobpaszoBanue Oyjer obozHauaTh S(p).

HeobxomuMo O1eHUTh «IIPaBoNnoA00HOCTbY YTBEPXKJACHUSI, ITO S sIBJISI-
eTCsT TTOCJIeI0BATE/IbHOCTHIO HYKJIEOTHIOB B TOM (parMeHTe, KOTOPhIi TOpo-
JIAJT 9TeHus 71 U ro. Jist 3TOro comysnupyeMm 0e30I1uO0UHbIe UTCHUS S1 U So —
B KadecTBe §1 BO3bMEM IepBble [, CHMBOJIOB S, a B KadecrBe So — OOpaTHO-
KOMILJIEMEHTHPOBaHHbIE TIOC/IeIHIE [, cuMBOJIOB. [locunTaeM BepOsSITHOCTH TOTO,
YTO HPU YTEHUU OIMMOKM OBLIM JIOIYINEHbl UMEHHO B TeX MO3UIUSIX, I/l S He
COBIIQJIAET C 51 U S He COBIAJIACT C S, 0003HAUNUM 3TO COOBITUE KaK [5, 55, 5,55,
CobbITre, pousoIe/iee B OTJACAbHON MO3UIMK J 9TeHUs 1, 0003HATUM Rg’j.
Ec/ii ucxXouTh U3 TOro, 4To OMIMOKM B KaXK/0 IIO3UIINKA BOSHUKAIOT HE3aBUCH-
MO (4TO B JIEHCTBUTEIBHOCTH HE COBCEM TaK, HO JIJist OIIEHKH 9TOrO JIOCTATOYHO),
TO BepoATHOCTH P (R3 s, 5,—55,) OysieT Haxomurest mo dopmyiie:

2 |5

P(R§1—>817§2—>82) - HHP(R;,]) (21)

i=1 j=1
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rje

qij, €CJIN S; 5 7’é Si g,

P(R;;) = (2.2)

1 —gq;j, wunnaue.
Tenepb paccMOTpUM MaTeMaTHIECKOE OXKHUTAHKE 3TOM BEPOSITHOCTHU U €e
JIUCIIEPCHUIO, YTOOBI OLIEHUTH, HACKOJILKO 11POU30ILe/iee coobiTre 00bIuHo. s

HaTaJa 3aMETHM, 9TO U3 (2.2) CJIe[yIOT PAaBEeHCTBA!

E(P(R))) = q;; + (1 — 4:)* (2:3)

/2 3 3
E(P(R;;)°) =q;+ (1 —q;)" (2.4)
I3 Toro, uro B HaIel MOJEIH TPOUCXOXK JICHHE ONMMOOK B PA3HBIX O3V~
MuAX He3aBucnMo, 1 n3 (opmya (2.1) u (2.3) 1715 MaTeMaTHIECKOTO OXKUTAHNST

E(P(Rs, s, 5y-s,)) MOXHO MOJYIUTh CJEYIONLYIO (bOPMYITY:

2 |5 2 15
E(P(Rs,os555)) = EJ [ P@®E) = ][] EP -
1=1 j=1 =1 j=1
2 18]
= 111G+ =) (25)
i=1 j=1

Dopwmyita gt Beraucaennst guctepen D(P(Rs s, 5,-5s,)) TOTyIaeTCs

n3 dopmya (2.4) u (2.5):

D(P(Rglﬁsl,gzﬁsz)) - E(P(R§1%81,§2%82)2> - E<P(R§1%81,§2%82))2 -

— H [ E(P(R,)%) — E(P(Rs,5s,.505,)) =

|3:] 2 |3

=TIT1e@ + (= a)®) — TTTI(@ + @ —a)®? (2:6)

i=1 j=1 i=1 j=1

,ZLJIH OII€HKU <<HpaB,ZI;OHO,Z[O6HOCTI/I>> MO2KHO HCIIOJIB30BaTb OTHOIIICHUE:

L (51 52) = |P(R§1—>sl,§2—>82) _ E(P(R§1_>817§2_>82))|- (2'7)
51,82 ) \/D(P(R§1—>S1,§2—>52))

Econ jyist nytu p Besimanna L, 5, (81, S2) MeHbIIIE HEKOTOPOI'O 33/[aHHOIO
nopora Ly,q,, TO €CTh

LS1,82(§17 §2) < Lmaxa (28)
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TO OyJIeM CUMTATh €ro «IIPaBJoNod00HbIM». B yacTHOCTH, U3 HepaBeHCTBa He-
ObIIIIeBa, CJIEYET, UTO €CJIN PeajibHbIMUA I0C/Ie/I0BATEIbHOCTSIMIA HYKJIEOTH/IOB
SIBJIAIOTCS §1 U S, TO BEPOATHOCTb TOT'O, UTO OYJIyT IIPOUYUTAHBLI IIOCJEI0BA-
TEJBHOCTH S1 U Sg, JUIs KOTOPBIX Lz, 5,(51, §2) He MeHbIe YeM Lyyq,, HE GosibIie
1
JeM 5 —.
L/I27L(1.’.l)

Ormerum, 410 cooTHOIeHHe (2.7) ONpeseJIeHO U JIJIsi CTPOK, KOTOPbIE

Kopoue, UeM S| U So.

2.2.2. Tlounck nyten

st HagaJia BBEJIEM HEKOTOpPbIe 0003HavdeHust. [Iycrs myTh py JUinHbL [q
BeJIeT U3 BEPILIMHBI U] B BEPLIMHY Vo9, & IIYTh Po JJHUHBLI lo BeJeT U3 BepIlu-
Hbl VU9 B BepIIMHY v3. Byjem 0003HaYaTh KOHKATEHAIMIO 9TUX IIyTel, TO eCTh
MyTh JJAUHBL 1 + 9, COEIMHSIONMI BEPIUHBI U1 U VU3, TPOXOISIIUI CHAYAIA
o IMyTHU P1, & 3aTeM — IO Py, KakK pi - po. PaccMoTpmMm MHOXKecTBa myTeit Py
n Py. C nomompio Pp - Py Oyjiem 0003HAYATh BCE MYTH, KOTOPbIE MOXKHO TIO-
JYINTh KOHKaTeHaluei nyreit pl u py u3 P, u P» cOOTBETCTBEHHO, TO €CTh
P -P={p1-p2|p1 € P1,p2 € P}

Tenepnb paccMOTPHUM 33,121y IOKCKA [Ty Tei, COeTUHSIONINX JIBE 3a,JaHHbIe
BEPIUHbL U] U Vg, JUIMHBI KOTOPHIX JIEXKAT B IPOMENKYTKE [lini lmaz|. Byjem
0603HAYATL MHOXKECTBO BCEX IyTell U3 U; B Uy JuHHb | Kak P!, Tormaa uckomoe

MHOXKECTBO BCEX IyTeil U3 U1 B U9 OyJIeT 10JIy4aThCsl 00beJIMHEHUEM MHOXKECTR

Pl

lmaw

P = U P

st moucka, myreit Oyjem nmpuMeHsiTh MeTojnKy meet-in-the-middle, B
KOTOPO#l TTPOUCKXOUT OJHOBPEMEHHLIA MOUCK TYTEl, BEAYIUX U3 MEePBOil Bep-
IWHBI, ¥ MyTei, BeJAyIKUX BO BTOPYIO Bepinny. O003HaATMM MHOXKECTBO BCEX
myTeil JJIUHDI [1, BeAYIIUX U3 IIePBOil BEPIITUHBI, 3, Plll, a MHOZKECTBO BCEX My Tel
JUIMHBI [9, BEJYIIIUX BO BTOPYIO BEPIIUHY 34 Péz. [Tpumenenue janHoit MeTOIM-
KI K pelraeMoil 3aj1a1ue 0O6yCI0BICHO TeM, 4TO BEPHO paBeHCTBO P! = Pll1 : PQZ2

auist Beex [1 € {0,1,...,1} uly =1 — Ly. Jleficruresnbro, 000i myTh p JIIuHbI
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[ u3 v1 B 9 MOXKHO pa30bUTh Ha JiBa 0OOJiee KOPOTKUX IYTU Pi U Po JJIUHOM [ U
[5 cOOTBETCTBEHHO, P = P1 - P2, | = l1 + 12, BepHO U 0OpaTHOE — JITOOBIE JBA Ty TH
p1 U3 Pll1 1 pPo U3 PQZQ, ecJI UX MOXKHO KOHKATEHUPOBATH, [TOCJIE€ KOHKATCHATH
00pasyioT IyTh W3 V1 B Vo JJIUHBI [ = [ + o.

Huist peanmuzaliuu TakKoro mojixo/a, yJ00Ho 3alyCTHTh OJTHOBPEMEHHO JiBa
00Xx0/1a B MIMPUHY: W3 [IEPBOl BEPITUHBI 110 MPsiMbIM pedpaM U U3 BTOPOit — 110
obparnbiM. Torja Ha KaxkKJ0M miare | MOXKHO TIOJIIePXKUBATH CJICIY IO NHBA~
PUAHT: JIJIsi TIEPBO BEPIUHBI OYJIeM XPaHUTh MHOXKECTBO Pll1 BCEX MCXOJIATINX
U3 Hee IyTeil JTUHBL [, a Jijid BTOPOH — MHOXKECTBO PQZ2 BCEX BXOJSAIIAX ITy-
Teit juinHbl lo, npudeMm [} + Iy = [. Takum obpasom, Ha [-OM 1IAre Mbl MOXKEM
HOJIYIUTh BCE NyTH JUIMHBI [ U3 U1 B ¥y IyTeM KOHKATEHAIMEHl MHOXKECTB Pll1
u PQZQ:

p' = ph. pk

HauagbHbIM 1M1ATOM J1JIst 9TOTO aJaroputMma spjsiercs [, [; n ls, paBHBIE
nymo, a PP u PY, comep:kariue 10 0JHOMY IyTH HyJIeBOf JIHHBI, COCTOIINX
W3 BEPINH U] U Uy COOTBETCTBEHHO.

Ecnu E — 310 MHOXKecTBa Bcex pebep rpada, TO Iar B mepBoM 00Xoje

OCYIIECTBJISIETCS 110 (POpPMYyJIe:

P1l1+1 _ P1l1 . E,
a I1ar BO BTOpoM o0xojie 110 popMmy.ie:

Pt =F. Pl

st nepexosia K cjegyomieit urepalu HeoOX0MMO BbIOpaTh, B KAKOM
13 00x0/10B jiesiaTh mar. CaMbIM IPOCTBIM SIBJIAETCS II00UYEPETHOM IIepexot, Ha-
npuMep, KOrjia HOMEp uTepaluu [ 9eTHBIH, jesarh Imar B HepBoM 00Xoje, a
KOI'JIa HeueTHbIE — BO BTOpoM. s GoJiee 3(pHeKTUBHOIO UCIOIL30BAHUS I1a-
MSTH W BPEMEHHU JIydllle MPOU3BOAMTH yBeJWYEeHHE B TOM 00X0ji€, B KOTOPOM
Ha JIAHHBI MOMEHT le B KaKOM-TO CMbICJIe MeHbllie. CpaBHEHHE MOXKET IIPO-
UCXO/IUTH, HAIIPUMED, IO YUCJIY MyTel WJIM, €CJIM UCIOJIb30BATD JIJIsi XPAHEHUSI

nyTeit CTPyKTypy, ONMUCAHHYIO B pas3jl. 2.3.2, 110 YUCIy Pa3/InYHbIX KOHIIEBHIX

BEPIIWH.
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2.2.3. 0O6paboTtka nyTeii

B kouiie paboTbl ajiropurma rpedyercst OCTaBUTh TOJbKO «I1PaB0110/100-
HbIe» MYTH, TO €CTh Te, JJisi KOTOPHIX BBITOJHACTCA HepaBeHCTBO (2.8). Same-
THUM, 9TO «HEIPABIONOMOOHbBIEY TIYTH MOXKHO OTCEKATh y»Ke Ha paHHeil cTauu.
st 3TOTO OYJIEM OIEHUBATH «ITPABJONOA00HOCTLY TTyTEil U3 Pll1 u PQIQ, 1oJICTa-
BB B HEPABEHCTBO (2.8) JJIst yTH Py W3 Pll1 3HaveHus §1 = $(py) u So = €, e
£ — 3TO IyCcTas CTPOKa, U JUIA IIYTH Py U3 Pé2 SHAUEHUsT 51 = € U S9 = S(pa).

BaxkHo oTMeTHTD, uT0 3HAadenne (2.7) ms myreit uz Pl u Pl moxer
ObiTh epecunTano 3a O(1) uz snavenuit js Plll_1 i P2ZQ_1, TaK KaK 9TO Bep-
HO JIJis BXOJANX B Hero 3uavdeHuil P(Rs s 5,5s,) » E(P(Rs s, 50s,)) U
D(P(Rs,-5,.5,s,)) - DTO caefiyer u3 Toro, 9to Bhipaxenust (2.1) u (2.5) s
BBIAnCaeHns 3Hadenust Benuant P(Rs s 5,-s,) 1 E(P(Rs s, 5,5, ) ) ABIAIOT-
Csl IPOU3BEJICHUSIMY 3HAUCHU I (DYHKITUI, 3aBUCIIUX TOJHLKO OT OJIHON TO3UIINH,
a Bbipaxkenue (2.6) mis Borauciaerns D(P(Rg s, 5,—s,)) ABIAETCS PASHOCTHIO
TaKNUX IIPOU3BEICHUA.

3 ocraBIInXCs «IIpaBJONOJ00HBIXY IIyTeil Tpedyercs BbIOpaThb OJIMH,
KOTOpPbIN OyjieT BbIBEJIEH KakK BOCCTaHOBJIEHHbINH (parment. Boobiie rosops,
€CJIM HAIJIOCh HECKOJbKO TAKUX IIYTEH, TO 3TO CJIEJATh CJIOXKHO, HO 3aMETHM,
9YTO B YACTHOM CJIydae, KOrJia HAIJIOCh HEDOJIITIOEe YrCJI0 OJIM3KUX 1Ty TEH, MOXK-
HO B34Tb JIF0OO# 13 HUX. DTO 00yCJIOBJIEHO TeM, 4TO aJropuT™ overlap-layout-
CONSensus 103BOJIeT POBEPATH U HETOUHbIe coBliajieHus. HeobxoaumocTb 00-
pPabOTKHU ITOrO CJydas CjiejlyeT U3 TOro, 4To B reHome Berpedaiorcs SNP, u3-3a
KOTOPBIX COOTBETCTBYIOLIUI 11yTh pa3jBauBaercs. [IoaTroMy, eciim Ha KAKOM-TO
rrare HaIIOCh HECKOJIBLKO TTyTei Pa3Hoil JINHBI NN HECKOJIBKO CUILHO Pa3JIin-
JAIOIIUXCs TTyTel OAMHAKOBOW JTMHBI, TO AJTOPUTM MOYKHO TIpepBaTh He J10-

YKUJTASICE [py,q,-0f UTEpAIUN.

2.2.4. O6Gwwunih anropntm

O0600IIM BBINIECKA3aHHOE B OJUH AJTOPUTM.

! !
B nauasne maunmamausupyeM [; u [y nHysnem, a P' n P’ MHOXKecTBaMu
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COCTOSIIIIIMHU U3 OJHOTO IIYTU HYJIEBOR JIJINHBI.
Sarem st Kayk 1010 [ n3 nmpomexyrka 1,2, ..., [;,4, BBITTOJTHAM CJIEIY-
foree:
e Fcim Pll1 MEHBITe YeM PQZQ, TO TIOCTPOUM P1l1+1 = Pll1 - E' n ypemmauwm [y
Ha eJINHUILY, THAYe TTOCTPOUM PZIQH = E-PQZ2 1 YBEJIUUNM [ Ha eUHUILY.
e Eciu Tpebyercs, nmepecunTaeM «IIpaBJiono00HOCTby IyTeil 13 Pll1 1 PQZ2
1 OTOPOCKUM «HEIPAB/OIOJI00HBIEY IIYTH.
e Ecmu [ jiexkur B OPOMEXRYTKE [lmin, lmaz], TO NOCTPOUM MHOMKECTBO
Pl = Pll1 -PQZQ. Ecsin ono nycro, niepeiiiem K cieayioiieit urepannu. Ecim
JIO ATOTO y2Ke OBbLI HaliJIeH IIyTh-KaHIUIaT, TO 3aBepilaeM aJroOpuTM —
9TOT (PPArMeHT BOCCTAHOBUTE He Viasuoch. Ecim B Muoxecrse Pl ecrn
CUJIBHO Pa3/IMvaloluecs MyTH, TO, OIAThb »Ke, BBIXOJUM. B MHO)KecTBe
P! 0jiH Wl HECKOJIBKO MOXOXKUX 1yTeil — Buibupaem 1000. sr060it u3
HUX ¥ 3aIIOMUHAEM KaK IIyThb-KAHIUAT.
Ecsn nociie Bcex nrepannii ObLT HalieH TOJIBKO OJAUH IIyTh KaHIWIAT,
TO BBIBOJIUM COOTBETCTBYIOIILYIO CTPOKY, KaK BOCCTAHOBJIEHHBIN (DparMeHT.
Tak Kak B HEKOTOPHIX MecTax rpada je bpionna B CBS3M €O CII0XKHO-
CTBIO T€HOMA MOXKET ObITh JIOCTATOYHO BBICOKAS CPEJIHSAS CTEIeHb BEPIIUH, TO
K aJropuTMy J00aBJISIETCsI €Ie OTCeUeHHe 110 Pa3sMepy MHOYKECTB Pll1 u Pgl2 —
ecju XOTs Obl B OJJHOM M3 HUX UKUCJIO KOHEYHBIX BEPIINH OOJIbIE HEKOTOPOI'O

1opora, TO aJITOPUTM TIPEPHIBAETCSI.

2.3. HNCIHOJIb3YEMBIE CTPYKTYPhI

B sToM pazjiesie onucaHbl CTPYKTYPbI, KOTOPbIE O3BOJIAIOT 3D (HEKTUBHO

paboTarh aJropuTMaM, IIPUBEJIEHHBIM BHIIIIE.

2.3.1. XpaHeHue rpadpa

st roro, 4roObl 1orpedjieHue naMsiTi 1pejiaraeMoro Merojia ObLjio
He 0YeHb OOJILINNM, HEOOXOMMO UMETh KOMITAKTHOE TTPEICTaBICHUE UCITOJIb3Y-

emoro nojrpada rpada je Bprouna. s ero xpanenust JOCTATOYHO XPAHUTD
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TOJIbKO MHOXKECTBO €ro pebep, ITo MOXKHO 3 (DPEKTUBHO JeJaTh, UCIOJb3Ysl, Ha-
npuMep, Xer-TabJInily ¢ OTKPBITON ajpecarueii. [IpeumytnecrBamMu Takoro moji-
X0J1a XpaHEHUS IePe/l APYTUMU SBJISIIOTCS €0 IIPOCTOTa, OBICTPOCHCTBIE U BO3-
MOYKHOCTH DaJIAHCUPOBKH MEXKJIy MCIOJb3yEeMOil MaMsIThIO U CKOPOCThIO. BoJiee
3 OEKTUBHBIMEI ¢ TOUKY 3peHuUs MOTpedIsieMoil maMsiTu siByistiorest rank /select
caoBapu [17], KOTOpbIE IO3BOJISIIOT CJIEJIATh €€ UCHOJIb30BAHUE DJIM3KUM K JH-
TPOINK, HO M3-32 9TOI0 YBEJUMUIUBACTCS BpEMs JIOCTYIIA.

BaxkHbiM siBjisiercs u 10, 4To Kaxkjibiii (k+ 1)-mep Bxojur B pebpo BMe-
cre ¢ obparTHO-KOMILIeMeHTapHbiM. Torjga BMecro napbl (k + 1)-mepos s u 5
MOYKHO XPaHHUTh TOJIBKO OJIMH, OIPEJIEISIEMbI# 110 HEKOTOPOMY IPABUJIY — Ha-
IIpUMep, TAKUM IIPABUJIOM MOXKET OBITH BbIOODP JIEKCHKOIPA(PUISCKN MIHUMAJTb-
1oro (k+1)-mepa. B arom ciydaem He0OX0uMblil 00bEM HAMSITH yMEHbIIAETCsE
PUMEPHO B JIBA pasa Jist YeTHBIX k ¥ POBHO B JIBa pa3a — JJist HEYeTHBIX (TOJb-

KO JIJTs1 YeTHBIX k ObIBalOT 06paTHO KoMmIuieMeHTapHbie cebe (k + 1)-mepsi).

2.3.2. XpaHeHue nyTeii

CaMbIM TTPOCTHIM CITOCODOM XPaHEHUsT TyTeil SBIISIETCS MHOXECTBO, CO-
CTOSIIIErO U3 CTPOKHU S(P) JIIsA KaxK0ro myTr p. K coxkaseHuio, 9acTto y OHoro
Iy TH BO3HWKAET HECKOJIBKO TTPOIOJIKEHU, 13-3a 9ero CTPOKN MPUXOIUTCS KO-
nupoBarh, 9ro Tpebyer O(l) Bpemenu, riae | — 5T0 JyinHA CTPOKU (eCJu ObI
POIOJIKEHU T ObLIIO OBbI HE DOJIBIIIE OJHOTO, TO PKU COOTBETCTBYIOIIEH peaJin3a-
UM CTPOK Ha JIoDaBJIEHHE OJHOTO CHMBOJIA TPEOOBAJIOCH ObI AMOPTH3UPOBAHO
O(1) Bpemetn). DTOro MOKHO U30EKATh, €CJIH JIJIsi XPAHEHUsI [y Tel HCII0Ib30-
BaTh rpad.

PaccMmorpum MHOXKECTBO Pll1 BCcex myTeit u3 vy jumHOoi [1. [TocTponm
rpad, B KOTOPOM €CTh BepIluHbI BHja (v,l) TOrja U TOJLKO TOIJA, KOIJa B
ucxojiHoM Tpade jie Bprouna cymiecrByer myTh u3 v1 B v jjuHoi (. Hampapiien-
HBIM pebpoM B 3ToM I'pde Oyjier coeuuensl Bepiuunbl (u,l) u (v, 1+ 1) Torya u
TOJIBKO TOTJIa, KOIJla B UCXOJHOM rpade jie Bprouna ectb pedbpo u — v. Byjiem

Ha3bIBATh MHOXKECTBO BCex BepliuH Buja (v,l) cioem ¢ HomepoMm [. Ormernm,
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qTO JUIs JIFOOOTO Iy TH U3 U1 B U JJIMHBL [] €CTh COOTBeTCTBYIOmuil myTh u3 (v, 0)
B (v, 7). Bepro u obparnoe, jiobomy myru us (vi,0) B (v, 1) ecrecTBeHHBIM 00-
Pa30M COOTBETCTBYET IyTh B UCXOMHOM rpade u3 vq B v jumnbl [1. ObHoBICHKME
sroro rpada Jio rpada myreit jnbl [ + 1 Tpebyer O(n) Bpemenu, rje n —
YUCJIO KOHEYHBIX BEPLIMH, TO €CTh BepluH B [1-oM cjoe. st yuera <ipas-
JonoobHocTry OyjieM it Kaxk a0 seprmunbl (v, 1) xpannTh nHMOPMAIUIO O
sHadeHun Ly, s, (s(p),€) u uHbDOpMAIIO, HEOOXOAUMYO TSI TEpectiera 3TOro
3HAYCHWA JIJIST TyTH Ha eJMHKILy OOJIbINel JUIMHbI, TOJLKO JJIs OJJHOTO MyTH P,
KOTOPBIil OnpeJiesisgeTcs M0 WHAYKINA U3 TPeabAyInX BepmuH. s Bepm-
bl (v1,0) — 310 MyTHh cocTosmMit U3 OO Bepiuubl V1. s Bepumnbl (v, 1)
PacCMOTPUM BCE IMYTH, 3aKaHUMBAIOIINecs B 3TOil Bepmmne. 3 Hux BeiOepeM
TOJLKO Te, NpedpUKC KOTOPBIX XPAHUTCA B OJHON m3 Bepmmn cjos [ — 1. U3
OCTABIIHUXCS TMyTeit BoIOepeM ToT, 3HaveHne Ly, s, (s(p), €) ars KoToporo Girke
K HyJII0, Oyjiem ero obosuadars 3a L(v, (). [Tpu obpasosanuu HOBOIO CJI0si, €CJI
B KakKoil-To Bepimue 3Hadenne L(v,l; + 1) Oymer He Membine deM mopor Lig:,
TO YJAJIMM 3Ty BEPHIMHY. 3aMETUM, YTO TAKOE OTOPACHIBAHNE HE SIBJISCTCA K-
BUBAJCHTHLIM OTOPACBHIBAHUIO TOJBKO <HENPAaBIONOMO0HBIXY IYTEil, ABJIAACDH
HPUOJIUIKEHUEM.

s MHOXKECTBa PQZ2 IIOCTpOEHNEe aHAJOIMIHO. B KavuecTBe BEpIINH HC-
NOJIB3YIOTCs 1apbl Buja (v, 1) Torga u TOJABKO TOrjA, KOrJa €CTh Iy Th JIJTHHDI
[ uz v B vo. Bepumnnl (u,l + 1) u (v,l) coemunennl pebpom, eciu B rpade
ne Bprouna ecrb pedbpo u — v. B kausecrse L(v,l) uctosbdyercs: 3nadenue
Ly, s,(g,5(p)) it HEKOTOPOrO MyTH P OLPEJEIAEMOr0 U3 WHJYKIUU, aHAJO-

I'MYHON IIPEe/bLIYIIEeMYy CJ1y4alo.
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[ naBa 3. DkcneprmMmeHTalbHble pe3yJ/ib-
TaTbl

B »sroii rmaBe mpuBeseHbl Pe3yJbTAaThl YKCIEPUMEHTAJIbHON TPOBEPKU

[POIrPaMMbl, HAIIMCAHHO Ha sA3bIKe Java, peajnu3yoneil pej/IoxKEeHHbI MeTO/I.

3.1. TVICXOJHBIE JTAHHBIE

Hanublii 110j1x0j; ObLI pas3paboraH W MPUMEHEH B paMKaX [POEKTa,
dnGASP [18]. TectupoBanue mpoBOMIOCH HA JAHHBIX ITOTO MPOEKTA.

B sTom 1poekTe 1pejiiarajoch BOCCTAHOBUTH CUHTETUYECKUN JIUTIIION J1-
HBIIl reHOM pa3mMepoM B 1.8 musuapioB Hyk/aeoTu 108, Jacrora SNP — okosio
0JIHOM ThicsdHO#. ['eHoMm cocrosiii u3 14 xpoMmocom, u3 Koropbix 11 ObLIu 1101y-
YeHBI IIyTeM HeOOJIbIINX M3MEHEHMH, He HapyIIalomuX CTPYKTYPY, U3 'eHOMOB
pPa3J/InYHbIX OPI'aHU3MOB, B 4aCTHOCTHU, TPU U3 HUX IIPUHAJJIEKAJIU YEJIOBEKY.
OcraBuinpecs Tpyu XPOMOCOMBI ObLJIM IOJTHOCTHIO UCKYCCTBEHHBIMU, CO3JIaHHbI-
MU JIJisi IPOBEPKU BO3MOXKHOCTH BOCCTAHOBJICHUSsI PA3JIMUHbIX 00pa30BaHUil, Ta-
KuX Kak moBTophl 1 SNP.

[Tomyuenne mapHBIX YTEHWI M3 3TUX JAHHBIX COCTOSIO U3 HECKOJBKUX

STATOR:
e Duuiu camynmpoBanbl 6e301mmnbouHbIe uTeHus JaauHoi 114.

e Jlyis1 KaXKJ10ro 4TeHus ObLIO COMYJIMPOBAHO IIapHOE €My UTEHHE Ha, CJIy-
JaliHOM PaCCTOAHUM, UCXOJIs U3 IMIIMPUUECKOTO paclpejiesienus JJInH
dbparmenTos (puc. 3.1), MOJYIEHHOTO MyTEeM KAPTUPOBAHUS CYIIECTBY-

IOLIMX YTEHUI PEeHOMA, YeJI0BEKa, Ha pedEPEeHCHbBIN I'eHOM.
e C BepositnocTbio 1/2 BbIOMpaoch HalpaBieHue YTeHuit.

® HyKﬂeOTI/IﬂaM YTEeHU I I[IPUIINCBIBAJINCH 3HAYCHHNA Ka4d€CTBa, Ha OCHOBE

IpouJIsi KaUeCcTB peaibHbIX YTEHUI.

e B urenus BHOCHINCH OIMIMOKN B COOTBETCTBUU C BLICTABJICHHDLIM Kade-

CTBOM.
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Puc. 3.1. I'pacduk smnupuvueckoro pacupeaesenns AiauH HGParMeHTOB

Taxum 006pazoM ObLIO 1OJIyYeHO 44-KpaTHOEe MOKPLITUE, YTO COCTABUIO

0K0J10 350 MUJIJTMOHOB TAPHBIX YTEHUIA.

3.2. PE3VJ/IBTATHI

Boccranosiienue pparmeHToB paborasio Ha 24-sjiepHoit Mamunne ¢ 64 I'B
OIePATUBHON maMsiTh. 3HadeHne k ObLI0 BbIOpaHO paBHbIM 30 — B 9TOM CJIy-
qae ogu (k + 1)-Mep MoxKHO XpaHuTh B 64-0utHOM 1esioMm ducite. [locie srarma,
ucIpas/ieHust omuboK ObLIO HoJyueHo 3,3 Mumapia «Hajgexubixy> (k 4+ 1)-
MepoB. «HagexnpiMuy cunrtanuch (k + 1)-Mepbl, BCTpeyaBIinecs He MeHbIIe
Jerbipex pa3. JTo 3HadeHue ObLIO BLIOPAHO Ha OCHOBE YaCTOTHOIO PaCIIpejie-
aenust 30-mepos (puc. 3.2) — 3aBucumoctu ducyaa 30-MepoB OT TOTO, CKOJIBKO
pas3 OHU BCTPEYaloTcs B dTeHusixX. B KauecTse [y, ObL10 BoIOpaHo 3Hauenue 334,
B KQIECTBE [p,q, — H50. MakcnMaJbHBIM UKMCJIOM KOHIIEBBLIX BEPINUH B MHOXKE-
crBax Pll1 u PQZ2 ObL10 BbiOpano 1000. 3a cyrku ObLim obpaboranbl Bce 350 MuJ-
JIMOHOB MapPHBIX YTenuit, 1y 67% KOTOPBHIX yJaJoCh BOCCTAHOBUTEL MCXOJHbIE
dbparmentol. dasg 6% we ynanoch HaiTn qu oguoro nytu, Js 27% dparMenTos

O/ITHOSHAYHO BOCCTAHOBUTH HE TTOJYYINJIOCH U3-3a OOJIBLITIONO YNCJIIa HYTGI/UI.
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Puc. 3.2. HacrorHoe pacrnpenenerne 30-MepoB MOCTE UCTPABICHNUS OIMTHOOK

3amernm, 9TO PpacupejesieHne JJIMH BOCCTAHOBJIEHHBIX (DParMeHTOB
(puc. 3.3) mPaKTUYECKH MOJHOCTBIO COBIIAJIACT € UCXOJHBIM, IIPH 9TOM OT HC-
XOJIHOI'O PACIHPEIEICHUS UCIIOJIB3YIOTCsI TOJbKO I'PaHUYHbIe 3HaYeHus. 3 aTroro
CJIeJIyeT, YTO BOCCTAHOBUTCS (bparMeHT WJIM HET, He 3aBUCUT OT JJIMHBI (bpar-

MeHTa, a, BUJIUMO, 3aBUCUT TOJILKO OT €T'0 ITOJIOZKEHNA B I'€HOME.

0.014 T T T T
: : : BoccTaHoBneHHble
WcxonHble -------

0.012
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0.008

BepoaTHOCTb

0.006
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0 600
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Puc. 3.3. T'pacduku pacupenenenns JjuH BOCCTAHOBIEHHBIX (DPATMEHTOB U MCXOIHBIX
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3akJlro4eHune

B xojie paboTrhl Bce 1OCTaB/IEHHBIE 3a/1a91 ObLIN BbIIIOJHEHBI:

e Duin npeioKen aJirOpuTM U COOTBETCTBYIOIIME CTPYKTYPbI JTAHHBIX,
IIO3BOJIAOIIHE JIOCTATOIHO (PPEKTUBHO BOCCTAHABIUBATHL (DPArMEHThI,

HOJIyUYeHHbIe U3 OOJIbINNUX I'€HOMOB.
e Dnuia co3ana peajusalus MpeJJIodKeHHOro MeTojia Ha, s3bike Java.

e Cosnannast peajusaiusi Obljaa MPOTECTUPOBAHA HA JAHHBIX ITPOEKTA,

dnGASP.

B nanbHeiineM nMeeT CMBICT CIeIaTh PeaTn3aliio MpeIIoKeHHOrO Me-
Toja Ha s3bike C'4 -+, 910 mo3BOUT yBeananTh k 10 60. Takxke ciemyer uccie-
JIOBATh HAJUYIUE APYTUX BO3MOYKHOCTEH JIJIsT TIOBBIIIIEHNST TOJIM BOCCTAHABIIMBA-

eMbIX (pparMeHTOoB.
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