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PE®EPAT

Ortuer 14 c., 8 HCTOYHHUKOB.
CEOPKA I'EHOMOB, TEHOMHGLIV CBOPIIUK SPADES, ITOJJEPXKKA HOBBIX
BBIMUCIUTEJIBHBIX IUTATOOPM, KOMITIOHEHTEI IMPOI'PAMMHOTI'O
OBECITEYEHUMA

Henpio HAaHHOHM paboTHI SBIACTCA paclIMpeRue (QYHKIHMOHAIBPHOCTH ~KOMILICKCA
TIporpamMM reHoMHOro c6opmuka SPAdes.

PasBuTHE COBPEMEHHBIX BBIMHCIHTENBHBIX TEXHOIOTHH TpeGyeT COOTBETCTBYHOILHI
aNANTalMy BHIYMCIMTENBHBIX METONOB M IporpaMM. B pamkax IJaHHOM paboTel OBUIO
OCYIIECTBJICHO ITOPTHPOBAHHE (aanTaiys UCXOAHOrO xoxa) c6opuuka SPAdes jna paGoTs! Ha
apxurekrype AArch64. BrinonHeHa IOAAEPKKa OC Linux 1 Mac OS, paGoTaiomux Ha 3To#
apxutexrype. OTHOEIBHOE BHUMaHHE YIACIAETCA 3G (EKTHBHOCTH pealnu3alii, a TaKkKe
JanpHEHIIeH MOAAEePKKe HCXOIHOTO KOZA.

B pesynsraTe peanu3alid MOQJICPXKH CTaHIapTa GFA v1.2 npencrasnenus rpados
reHOMHBIX COOpPOK B KayecTBe (opMaTa BBIXOAHBIX (aiiioB c6opumka SPAdes peuwena
po6ieMa HeCTAHAAPTHOTO IIPEICTABICHHUs MyTeH ckadgonmos o rpady c6opku U ynpomeHa
peann3alys METOOB aHaIu3a rpados COOPKH.

Jlns YIpOLIEHHs MponeRypsl makeTnposanus SPAdes konopas Gasa cOopiIrKa pas3acicHa
Ha OTHe/JbHbIE KOMIIOHEHTEI, 8 CHCTeMa COOpPKH HMCXOIHBIX TECKCTOB SPAdes mopaboTaHa ¢
BO3MOKHOCTBIO YKa3aHHs cOOPKH TONBKO JIMIIb OTACIBHBIX MPOTPaMM, BXOAAIIMX B KOMIUIEKC
SPAdes. ITomumo 5TOro cucrema cGOpkd nopaborada TakuM 0GpasoM, 4TOOBI YNPOCTHTE
pa3paGOTKy HOBBIX IPOrPAMMHBIX TPOAYKTOB, METONOB M alfOPHTMOB C HCIOIb30BAHHEM

napaborox SPAdes.
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BBEJEHUE

PasBuTue COBPEMEHHBIX BBIYMCIHUTENbLHBIX TexHONOTHH, TpebyeT COOTBETCTBYIOIIHMH
AJANTALMH BHIYMCIUTEIBHBIX METO/IOB, MOAXOAOB u nporpamM. Llenso HaHHOM paboTHI
gBIAETCA paclmperue (QYHKIMOHANEHOCTH KOMIUIEKCA HpOrpaMM TIeHOMHOIO cOopimmKa
SPAdes. Ilpu 3ToM pa3paGoOTKH oKycHpyIOTC He Ha CO3/(@HMH HOBBIX METOJOB AaHaIn3a
FCHOMHBIX JAHHBIX, 4 Ha MOJAMGUKAIMH yXKe CylIeCTBYIOUIEH peanu3aiyy ¢ Nelbo YITyqILEHHS
TeX WM MHBIX aCTIEKTOB paboThL.

B paMkax JaHHOH paboTEI GBUTH pELICHE CIIeAYoHe 3a/au:

1. BbINONHEHO MOPTHPOBAHHUE (afaNTalys HCXOLAHOTO xona) c6opuuka SPAdes mis paboThI
na apxutexrype AArch64 o ypaBIeHHEM OC Linux u Mac OS X.

7. Peanu3oBaHa I[OIEPXKKA CTaHAapTa GFA vl.2 npencraBleHHA rpa¢0oB TEHOMHBIX
cGOpOK B KadecTBe popMaTa BHIXOMHBIX daitios cOopuHKa SPAdes.

3. IlposeneHa paboTa MO PasfCNCHHIO HCXOIHOTO Kojia cOopImvKa SPAdes Ha OTACIBHBIC
KOMIIOHEHTHI ¥ pa3paGoraHa BbIOOpOUHAs MHOFOKOMITOHEHTHas CcHCTeMa COOpKH
ncxonHbIX TekctoB SPAdes.

PemeHre BHIIICOGO3HAYCHHBIX 334 NPU3BAHO YBCIHAMTE 065acTh HCTONIB30BAHKS
SPAdes, ynpoémrb cGOpKy OTACIBHBIX MPOrpaMM KOMILIEKCA SPAdes u3 MCXOQHBIX TEKCTOB, &
TaKKe YIYYIIHTh COBMECTHMOCTD SPAdes ¢ CymecTBYIOIMMH CTaHAApTaMi H dopmaramu

BBIXO/HBIX (aiIoB.




OCHOBHASI YACTH OTYETA O HHAP

1. AjanTauus KoaoBoii 6a3b coopuuKa SPAdes K npoueccopHoii apxuTeKType AArch64

PasBuTHE COBPEMCHHBIX BBIYMCIHTEIBHBIX TeXHONMOrMit TpedyeT COOTBETCTBYIOIHUH
alaNTalUH BHIYHCIHUTEIBHBIX METOLOB nporpamM. Takyro ajanTaluio MOXHO paseNuTh Ha
7B JTala.

1. 3amyck ¥ MOLASPHKKa PaGOTEI € y4eTOM HOBBIX BBIMMC/IATEIBHBIX TEXHOJIOTH.
2. DddexTUBHOE HCIIONE30BAHHE HOBBIX BBIMHCITATENBHBIX TEXHOMOTHHL.

Komruieke mporpamm cOOpkM ¥ aHalu3a reqoMoB SPAdes HCTOpHYECKH BCETIA
paspabaThIBalCs C yYETOM 3armycka Ha BEICOKOIIPOM3BOMTEIBHBIX BEIMHCIUTEIBHBIX cepBepax,
paboTaomux 0] YNpPaBliCHAEM OC Linux Ha 64-OMTHO# apXHUTEKTYpE x86-64. Crout
OTMETHTB, 4TO J00aBIeHHE TONACPKKH OC MacOS notpeboBajo He3HaYUTEIbHBIX yCHIMi 32
cyeT MCIOJB30BaHUA CTAaHAAPTHBIX POSIX wunrepdercoB M IOAXONO0B (SPAdes sBsieTCA
KOHCONBHBEIM TIPHJIOKEHHEM, ONEpUpYOIUM O GONBIIOMY CYETy AAHHBIMH H3 daitnos, a
YIO/UIEpKKa MHOTOIPONECCOPHOCTH peann3oBaHa 3a C4eT CTaH/IapTHOM TEXHONOTUH OpenMP).
IIpu stom SPAdes BecbMa aKTHBHO HCIIONB3YET BOSMOXXHOCTH apXHTCKTYPbI x86-64 B nnaHe
BCEBO3MOKHBIX SIMD paciiupeHui 11l yCKOpeHHA OTIEBHBIX ITAIOB K aJITOPUTMOB. ITomMumo
TOTO HCIIONB3YIOTCS HEKOTOPBIC ACTANM pean3alii x86-64 ABI (application binary interface)
JUI  peaTu3aldy HEKOTOPBIX CTPYKTYp JIQHHBIX (HampuMep, MOMEYCHHBIX yKasareJen,
MKO-MBIOTEKCOB M T.IL.) B CIIy4asx, KOria BaxHO MHHAMA3HPOBATH TIOTPEOACHHUE AMATH.

ToptuposaHue SPAdes Ha Kakywo-nmubo [pYTyio  apXUTCKTypy HHKOTZa HE
paccMaTpyBanoch B KaeCTBE 3a1atH BBUIly OTCYTCTBHA KPUTHUECKOH MacChl HONB30BaTENeH, a
TaKyKe HENPUTOAHOCTH JPYTHX apXUTEKTYP K 3allycKy BBICOKOHATPYXKEHHBIX IIPUIOKECHAN THIIA
¢BOpKH F'€HOMOB.

Curyanust KapAUHAJIBHO MOMCHAIACH CO B3PBIBHEIM POCTOM apXHTEKTYpbI AArch64: na
PHIHKC TIOSBHINCH B IIMPOKOM JAOCTYIE KAaK cepBepHBIE IUIATGOPMBI C COOTBETCTBYIOLMH
npoleccopaMu, Tak ¥ J0CTaTOIHO BHICOKOTIPOH3BOJIUTENbHEIE HOYTOYKH M paboune CTaHLMH
Mac u IpoueccopaMu Apple cepuit M1 1 M2. 3aMeTuM, YTO IPOH3BOAUTEIBLHOCTH HOyTOyKa
MacBook Pro ¢ mpomeccopomM M1, 16-32 I'6 mamsTé u SSD Hakormrenem OGonee deM
JOCTAaTO4HO  JUIs  KoM(OPTHOH pyTHHHOM paboTBl  Hak GakTepHalbHBEIMH TEHOMAaMH,
BTIOYAIOLIYIO B TOM duCIe U COOpKY de novo. TIpOM3BOAUTENBHOCTE TaKHUX HOYTOYKOB B
HACTOSAIIEe BPeMs NPEBHIIIAET [POU3BOMUTEILHOCTD MHOTHX CepBEPHBIX IIaT(GopM (ocobenno
3aITylIeHHBIX HEKOTOPOE BPeMsi Hasall, Tak HANPHMep B NepPEeceTe Ha OTHO NPOLECCOPHOE AAPO
[IPOM3BOAUTENBHOCTh MPOLECCOp Apple M1 npeBrImIacT B HECKOIBKO pas HPOM3BOAUTENBHOCTD

nporLeccopa Xeon(R) CPU E7-4830 v2, Ha OCHOBE KoToporo cobpaH pabounii cepBep
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naboparopuy «IleHTp BuonHbOopMaTHKH ¥ Brruucianrensaoiit buonoruu CIIOIY». Ilo cytu
[JIABHBIM TIPEMMYIIECTBOM IOCHCIHETO SBIACTCA JIHIIb panpyhe 128 BEIYUCIUTENBHBIX AACP IO
cpasuermo ¢ 10y Apple M1, u 2 Tb RAM Bmecto 32 I'6, mo BBIUMCIMTENBHOM Ke
IIPOM3BOAUTENBHOCTH, a TaKKe IO CKOPOCTH OTIepallHii BBOJA-BBIBOMA [POUTPHII BECbMa
3aMeTeH).

CepBepHBIE XK€ nnaropMBl  AOCTYNHBL Kak B o6iayHBIX CepBHCAX THIIA AWS (8
nocneqnem ucronszyercss CPU Graviton), Tak W TIPEACTABIECHBl HA PBIHKE BBIYHCIHTEIBHBIX
CHCTEM.

Taxum oOpaszoM, Haspeia HeOBXOMMMOCTh TIOPTHPOBAHMS HA APXUTCKTYPY AArch64
(xOHE4HO, 3aITyCK Ha nargopmax Apple GBLT BOSMOKCH HEpe3 cucTeMy TpaHcnAnuu Rosetta 2,
[IpH JTOM HAKIAJHbIC PACXOMbl HA TAKyI0 TPAHC/ISALMIO COCTaBIAIH nopsaka 30%), Tem He
MeHee, Pe3yTIBTaT TaKoTo [OPTHPOBAHHA HOIDKCH 6Bl YAOBJIETBOPATD PARY YCIOBHH:

1. MUHMMH3HPOBATh HATMCAHME KOJ@ TOM /1BE rraTopMbl OXHOBPEMEHHO: HE BCETNA ¥
pa3paboTUMKOB | nons3osareneir  SPAdes ecTh BOSMOKHOCTH paspabaTbiBarh 1
OT/IAXUBAThH KOJl OHOBPEMCHHO IO/ x86-64 u AArch64.

2. Cnopruposarb 3aBUCHMOCTH (SPAdes ucmonmb3yeT B cBoeil pabore psii GMOMMOTEK €
OTKPBITBIM  MCXOIHBIM xofoM) Tak, 4To0bl MHHHUMH3HPOBATR TpYyO3aTparhl Ha
JaNbHERIIYI0 IOIEPIKKY U BOSMOKHOE OGHOBIIEHUE KOJIa 3aBUCHMOCTEH.

3. OGecneanTs pabory Kax ma OC Linux, Tak u Mac OS.

B mpouecce aHalu3a xomosoii 6a3sl SPAdes ObUIH BBISBICHEI CleIyomue NCTOYHUKH
HOTEHIWABHOH HEeCOBMECTUMOCTH C APXUTEKTYpOH AArch64:

|, Peanusauus [OMEUEHHBIX yKasaTeled M MUHHATIOPHBIX MBIOTEKCOB, OIUparomeecs Ha
cienduky x86-64 ABL

7 Bubmmorexa HMMER [1], ncrions3yromascs 1l paboTbl ¢ NPOPHITBHBIMH MapKOBCKHMH

MOJCIAMU HMECT peanmaupm ANrOprUTMOB, HCIIONB3YIOIHE BEKTOPHBIC HHCTPYKIIHH

MpOLECCOPOB H SIMD-poiuncricans. IIpu aToM B GubmMoTeke peatu3oBaH CBO# CIOM
abcTpakuyy s SIMD-BLIMHC/ICHHN, ¥ XOTA OH U NOANCPKUBACT apXUTEKTypHI X86-64
(SSE u AVX) u PowerPC (Altivec), mopacpKka yrcTpyknuit  AArch64 NEON
OTCYTCTBYET.

3 PBubmmorexa bwa [2] 1 BHIpaBHMBAHMA HOCIIEIOBATENBHOCTEN  MCIONB3YCT
ONTHMH3UPOBAHHBIA AITOPUTM Cmura-BarepMana, peaqn30BaHHBIA C MCTIONB30BAHUCM
urcTpykuwit SSE.

4. OTCYTCTBYET NOICPXKKA APXUTCKTYPBI AArch64 B MeHeKEpe MaMATH mimalloc.

5. Hcnonp3oBaHue APXUTEKTYPHO-CIICIPUIHBIX ocobennocreit spixa C / C++ (HampuMep,

TIPEATIOIOKEHHUE, YTO THIT ‘char’ SBIIAETCS 3HAKOBBIM THIIOM).
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6. Wcnonp3oBaune x86-64 SIMD HHCTPYKIHMi B IPOYHX MECTAX cOopimKa.

B pamkax 3a71adM 10 IopTupoBanmio SPAdes BbIIEYNOMAHYTEIE npoGieMsl  OBLIH

penIeHsl CeAyIomuM o6pasoM:

1.

BLIIOHEHO MOPTHUPOBAHNE pPealv3alui TErMpOBaHHbBIX yKazarelqell W MUHHMATIOPHBIX
MBIOTEKCOB C YHETOM CICHU(QUKH apXUTECKTYpPBI AArch64. JlaHHOE M3MEHCHHE I10 CYTH
noTpe6OBaN0 OTACHBHYIO PEANM3ALMIO O] HOBYIO apXMTCKTypy, HO Tak KaKk OHO
paxomurcs B obmeM kome SPAdes mpobmem c yOnMpoOBaHMEM KOZAa HE JOJDKHO
BO3HHKHYTb.

Cnoit aberpakuuu B Oubmmoreke  HMMER 6o criopTupoBaHa Ha AArch64 ¢
HCTIONB30BaHHEM — OHONMOTEKM — sse2neon (https://github.com/DLTcollab/sse2neon).
BriocneacTBMH peanuzanus Opuia 3aMEHEHa Ha HMMER Bepcun 3.4, koTOpas yxe
BKITIOUANIA ToaAepXkKy AArch64 B cinoe abCTpakuuH.

BubmuoTeka bwa 6pu1 cmopTupoBaHa Ha AArch64 ¢ HCIOIB30BaHHEM 6ubnuoTEKN
sse2neon.

JloGaBieHa MHOAJAEP)KKA  ApXUTEKTYpHI AArch64, a Takke WHCIPaBlIeH CIIOH
cormectumocT ¢ Mac OS B menemkepe nmamsta mimalloc. HaGop n3MeHeHuH 301
OTIIpaBlieHbl aBTopy mimalloc i BKIIOYEH B KOJOBYIO Ga3y MeHe/DKepa NaMATH.
ApPXUTEKTyPHO-3aBHCHMBIE OCOOCHHOCTH A3BIKOB C/C++ 6puii 3aMEHEHBl B MCXOJAHOM
KOJIe Ha APXUTEKTYPHO-HEHTpaJIbHBIC.

Vicrons3opanne x86-64 SIMD mHCTpyKImit cnopTipoBaHO Ha AATch64 mocpencTBoM
sse2neon.

Ionyuennsie MoauduKauuu cOOpIHKa SPAdes GBUIM IPOTECTHPOBAHBI Ha IUIaTdopMax

Mac OS (co cGopxoil KomimIATOpamH clang u gec, 3allyCK Ha peabHOM obopynoBaHuM), a

take Ha OC Linux (3amyck Ha AArch64 mox SMmy/ilMi TIOCPEACTBOM QEMU) m

MHTErpUpOBaHEI B KogoByio 6asy SPAdes.




2. Peanuzauus noaepxku popmara GFA v1.2 rpadoB reHOMHO¥ COOPKH B chopmuke
SPAdes

®opmar GFA (Graphical Assembly Format) [3] sBnsercs ycTOSBIIMMCS CTaHAAPTHBIM
dopMaTOM, HCTIONB3YEMBIM JUIA IPEACTABICHUA rpadoB cOOPKH T€HOMOB. Cremuduxanus GFA
TIOJUICPXKUBAETCA  COOOIIECTBOM, M TIO3BOMCT  JI0CTATOMHO TOYHO TIPESACTAaBHTh Kak
HeMoCpeACTBeHHO rpad) cOOPKH, Tak ¥ JONOIHUTEIBHBIC BAKHBIC aCIIEKThI:

1. IToKpBITHE OTACTBHBIX pebep-CEerMEHTOB rpada.
2. JIOmONHMTENBHYIO AHHOTALNIO KaK BEPUIKH, TaK H pebep rpada.
3. BO3MOXHOCTh AHHOTHPOBATH TPad ITyTAMH, COCTOAIMUMH U3 HECKOJIBKHX pebep.

Tu6KxocTh (OpMaTa MO3BONMIA HCIIONB30BATE NPE/CTABNCHAE KaK B BHAC BBIXOHOTO
dopmara (Ans TeHOMHBIX cOOPIUMKOB), TaK W AJ1 BXOAHOTO dopmara pasIMYHBIX YTHIIHT,
OPVIEHTHPOBAHHEIX Ha UCIIOIB30BaHHE HETIOCPEACTBEHHO rpada cOOpKH.

Bornee TOro, UMEHHO rpad cOOpKH SBISCTCS PE3YILTATOM paboTh c60pIIKKa, a HE HAabOp
KOHTHTOB (MTM CKaQQOIIOB), TaK KaKk IOCTEIHHE TPECTABISIOT coboi nuup Habop
HeCBS3AHHEIX TIOCIEeNoBaTelbHOCTel, a rpad cOOpKH IO3BOIAET OTPasHTH MOTHOLCHHO
JOTIONHATENBHYIO BXHYIO HH(POPMAIHIO O CBA3HOCTH.

Kax 6UI0 OTMEUEHO BEILIE, BaKHBIM acriekroM opmara GFA fBiseTCs BOMOXKHOCTD
3aKOJMPOBATH W HPEICTABATH ITYTH U3 HECKONBKUX pebep rpada. Takum o6pa3oM CTAHOBATCA
BO3MOXHBIM PEari30BaTh CBS3b MEXIY OTIETBHBIMH COOpaHHBIMH TIOCNIEIOBATENBHOCTAMHI
(xoRTHraMy ¥ cKaddonaamu) 1 rpaom cGopku. Boree Toro, HEKOTOPIE HHCTPYMEHTEI aHAIIN3a
rpada cOOpKHM, TaKue KaKk WHCTPYMEHT Pathracer [4], IO3BOJAIOT CTPONTE HOBBIC ITyTH IO rpady
(B crmydae TNOCTEITHET0 — HYTH MPHKIA/BIBAHNA npodHILHON CKPHITOH MApKOBCKOH MOAEIH
ceMeiicTBa 6es1KkoB 110 Tpady).

B ¢opmare GFA 3a KOTUPOBKY IyTEH 11O rpady OTBE4arOT 3aIHCH THIIA ‘P’, comepxamue
CITMCOK CErMEHTOB (3ammcei Tuma ‘S’ COOTBETCTBYIOMMX MOCICNOBATEILHOCTAM pebep rpada),
U3 KOTOPBIX M COCTOWT IyTh. OIHAKO, MPETIONAraeTCs, YTO JaHHBIC CETMCHTEL ABNAIOTCs COOOH
ociIenoBaTenbHble pedpa rpada, coenuHennble obmei BepumHoH (zanucy THna ‘L). JlaHHBIH
dakT He NpeACTABIACT UPOONEM MpPU 3ANUCH KOHTUIOB, HO [enaeT HEBO3MOXKHOH ABHOC
npencTaenenue myTel ckaddonios no rpady, Tak KaK MOCHeIHAe BKIIOIAIOT Habop KOHTUIOB C
BO3MOXKHBIMH MIPOMEXKYTKaMH MEKAY HUMH.

OTMETHM, YTO MPH 3alNCH HOCICAOBATCIBHOCTI ckapdonna B FASTA-daiin nanHbii
akT OOBIMHO KOMMPYETCS YHAaCTKOM M3 HECKOTBKHX nocnenosarensHbx cumsono N. Ilpu
3TOM, eClii COOpHIMK CIIOCOOEH OLEHUTh TEHOMHOC PacCTOSHUE MEXTY OTACIBHBIMM KOHTHIAMH
B eHOME, TO BCT@BIEMOE KOMMYECTBO CHMBONOB N COOTBETCTBYCT STOMY PACCTOAHMIO. B

IIPOTHBHOM CJIyda€ MO-YMOT4YaHHIO BCTABIACTCA IOC/IEI0BaTeNbHOCTD 13 50 ciMBONIOB N.
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Jlns 3anucn myted ckaddonnos B GFA ¢opmare SPAdes ucrmonp30Ban A0CTATOIHO
HeCTAaHIApTHBL mpueM: ckadomy ¢ UMEHEM NAME npencrasisuics B Bujie Habopa KOHTHIOB
(HETpepHIBHBIX CEIMEHTOB) C HMEHAMH BHJA NAME 1, ..., NAME N, rae N - ofmee 9ucio
KOHTHTOB, W3 KOTOPBIX COCTOUT cKaddona. KaxsiH TaKoil KOHTHT MPEACTABISUICS B BUJE OHOH
sammcn Tuma ‘P’ B GFA (aitne, Taxum o0pasoM, OXHOMY ckaddongy COOTBETCTBOBAIIO
HeCKOJIBKO 3amnuceil tuna ‘P’, 06beAMHEHHBIX 061mei CcXeMOU MMEHOBaHMUAL.

Jannsiit dakt TpeboBa JIOTIONHUTENBHOM Toruky o6paboTKK MMEH rpadoBBIX IIyTEeH B
yruimTax aHanusa rpada u, BooOule TOBOPS, HE ABIANCA crangaprapiM. TakuM 00pasoM,
YTHIMTBL aHaH3a Tpad)oB JOKHBI ObIIM B KaKOM-TO CTEIEHH SBHO MONICPKHUBATh «IHATICKT
dopmara GFA, peanu3oBaHHBIX B SPAdes.

Jlna WCTIpaBIeHHs 3TOTO HEOCTAaTKa Mbl COBMECTHO C cOOOIECTBOM HMHULIMMPOBAIN
pacumpenue opmara GFA, HallCTEHHOr0 Ha BOSMOXHOCTH IPEICTABNEHNS Pa3PHIBHBIX IyTCH.
10 pacmIMpeHHe OBUIO peani30BaHO Kak HOBAfg BEPCHA dopmara GFA v.1.2 1 BKIIOYaeT /Ba
OCHOBHBIX KOMIIOHEHTA:

1. 3amucu Tama ‘)’ (jump links) MOKA3BIBAIOT CBA3b MEXAY OTACIHHBIMU CerMEHTaMH
rpada, Iy ITOM, B OTIMYHHU OT 3aMKCH THIA ‘L’ (links) HeT NPEATONOKEHHSA O TOM, TO
JAHHBIE CErMEHTEl PAacllONOXKeHE! B rpade Apyr 32 ApyroM. TakuM 06pa3zoM, 3amuch ‘J°
MOKET GBITH HCIONB30BaHA A OTPAXKEHHs B3AHMHOIO TIOPA/IKA CIEAOBAHHSA OTAEIBHBIX
cerMeHTOB B reHome (ctporo rosops, u jo GFA v.1.2 OBI1a BO3MOXHOCTE 3aKOIUPOBATH
raKoe OTHOIIGHHE 33 C4eT BBEJCHHWS (QUKTHBHBIX CETMEHTOB, OTPAXKAIOIUIMX
IIPOTYIIEHHBIC TOCIEIOBATENLHOCTHY, O/IHAKO B TAKOM CIydac HAPYLWIAJCS BaXHBIH
HHBAPHAHT, 4TO HOCIEAOBATENBbHOCTh BCCX rpaOBBIX CETMEHTOB MPHCYTCTBYIOT BO
BXOIHBIX JAHHBIX, a TAKKe TPeGOBANO CrelHMaNbHOMH 06paboTKM B YTHIMTaX aHAIIHM32
rpadoB COOPKH).

2. 3ammen THTma ‘P’ Temeph MOTYT CONEPXAaTh IIOCICHOBATENLHOCTH CEIMCHTOB,
COCIMHEHHBIX KaK OOBIYHBIMH CBA3AMH (3alMCAMH ‘L), Tak M NpPLDKKOBBIMHU CBA3AMU
(3arcu tana ‘J7). Ilpu oTOM, €cnu nBa pebpa-cerMeHTa HAyT B rpade ApYT 32 APYToM,
cozepar OOyl BepulHy (TO CCTb CBA3AHBI HEpE3 CBAb ‘L’), To B Ka4yecrBe
pasfenuTeNst CIMCKA HMMEH HCIONB3yeTCs CHMBON 3arlirad ‘’, a B ciIy4ae Xxe
ckadOoA-0M0OHOH CBA3H MEXIy CErMCHTaMH (cBsizp TMna ‘J) B KauecTBe
pasaeuTessi HMEH HCTIONb3YETCs CUMBOJI TOUKa € 3ansaToH ;.

B oruetHoM mepuone B cbopumke SPAdes Oplna peanu3oBaHa IOMIEPKKa CTanaapTa
GFA v1.2, u rpad cGOpku Temepb PORYHUPYETCS UMCHHO B TakOM ¢opmare. OTO MO3BOIIIIO
cenaTh BHIBOZ COOpIIMKA MOJHOCTBIO CTaHJAPTHBIM, u3basuThesa oT auanekra GFA, a Taxxke

IOTEHIHAIBHO YIPOCTHTS IPOTPaMMHbIC IIPOAYKTEL aHATH32 rpada c6opku. [Ipu sTOM OCTANACH
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BO3MOKHOCTh TeHepupoBarb Gaitn cOopkd B NPSABIIYIICM dopmare GFA v.1.1 (c
HECTaHIAPTHHIMH PACIIAPCHUAMH UL nyTeit ckahdonos).
Kparko, peannsanus MoIepKKa dopMara BKIFO9AET HECKONBKO IIaroB:

1. BmsoanTcs rpad cOOpKH LETHKOM, T.C. HaGopBI CeTMeHTOB (pebpa rpacda, 3amUcCH THIA
‘S’) 1 cBs3eH (BEPILMHBI rpada, sanucu Tuna ‘L’).

2. CoOpanHble nocaenoBarenpbHOCTA  cKaddoaaoB AHAJIH3UPYIOTCS, Kax/jas
nociegoBaTenpHas mapa pebep ckaddonia, He HMEIOMHX o6HIy0 BepIIMHY IOPOXKIAAET
TIPBIKKOBYIO CBA3D (3ITMCh THIA ‘).

3. Bce yHUKAIbHBIC IPBDKKOBBIC CBA3H BRIBOIATCA B ¢paiin rpadpa cOOPKH.

4. Jlanee, myTH cxkapoaaoB 10 rpadyy BHIBOAATCS B 3aIIMCH THIIA ‘P’ ¢ y4€TOM TOr0, KAKUM
06pa3oM JBa TOCACHOBATEBHBIX pebpa ckadonia COSAUHAIOTCA APYT ¢ APYTOM: yepes

BEPIIUHY, HIH XKe 4epes3 NPBLKKOBYIO CBA3b.
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3. Monaepxka BLIGOPOIHOH MHOFOKOMITOHEHTHOI c6OpKH KO10BOi 6a3bl cOopLmMKa
SPAdes

Kommiexkc mporpamM SPAdes BkmodaeT B cebs He TOIbKO YTWIMTHI, SABIAIOMMCECT
qacThI0 HEMOCPEACTBEHHO COOpIIMKA TEHOMOB SPAdes (Takde Kak, HampuMep, YTHIMTHI
KOPPEKUMH TIPOITEHHH BayesHammer [5] wm lonHammer), HO ¥ Apyrue HHCTPYMCHTEI,
MEePEUCIIONb3YIouine JacThb xonoBoi 0Ga3sl c6opumxa SPAdes. K HMM OTHOCATCA TaKHe
IIPOrpaMMHBIE IIPOAYKTHI Kak:

1. SPAligner [6]
2. PathRacer [4]
3. BinSPreader [7]

IToMHMO TIOJHOIGHHBIX MPOTPAMMHBIX MPOAYKTOB KOMILICKC SPAdes Takxe BKIIOYACT
pan HeOONBIUKX YTHIMT, MPeIOCTaBIAIOIINX BO3MOJKHOCTb 3aIlyCTHTh OTACNbHBIE MOAYIH
SPAdes IIPH HCTIONB30BAHHH B COCTABE CTIEIMAIN3HPOBAHHBIX BBIYKMCIIUTEIBHBIX IENOYEK:

1. Vrunra spades-kmercount JUIs IOJICYETa CIIEKTPA k-MepoB.

2. Vrunura spades-gbuilder 17s HOCTPOCHUA rpada e bproisa.

3. Vrwmta spades-gsimplifier s ynmpoueHus rpaa ne bproina.

4. Vrtumura spades-read-filter anst QunpTpanun HPOYTEHHUH IO IIOKPHITHIO.

A TaroKe pAj APYTHX YTHIIHT, yIOMAHYTBIX B HHCTPYKIHAH K nakery SPAdes [8].

IIpy 5TOM OTACIBHBIE YTHINTEl MOTYT UCIONB30BATLC COBEpIIEHHO 10 OTACNBHOCTU: ¥
rmonbsoparens BinSPreader Moxer BIIOJHE He OBITE HEoOXOMMMOCTH 3aIyCKaTh APYT'HE YTHIATEL
w3 kommuiekca SPAdes. JlaHHOE 0GCTOATENBCTBO YCIOKHSET MAKETHPOBAHNC OT/JIENBHBIX YTHIIUT
B CHCTeMBl BOCIPOM3BOMMBIX HCCIENOBAHMA M MEHEUKEPOB IIAKCTOB Tuna conda ¥ Ip.:
(akTuuecKn COOMpPAETCs BECH KOMILICKC IPOTpamMu, a [IOTOM U3 y)Ke COOpaHHOI0 KOMILICKTa
BBIOHPAIOTCS OTHENbHBIC HCIOJHACMBIC baiiner (a TaKke 3aBHCHMOCTH, TaKHC Kak Gaiinsl
KOH(HTypauyy, WabnoHsl, (aiiIsl CHPaBKH H T.IL.), KOTOpbl€ M BKJIIOYAIOTCH B (duHATHHELA
TMMaKeT.

Bolnee TOro, YacTo OTAENbHEIE IPOrpaMMHBIC POAYKTHI, ocroBbiBaromuecs Ha SPAdes,
CO3AIOT OTIENBHYIO KOTHIO HCXOIHOTO Koja (TH. opK) Kak pa3s [ TOTO, YTOOBI OTKIFOIUTE
cOOpKy HEHYXHBIX KOMIIOHEHTOB. Bce 3TO YCTOKHACT HOIIEPXKKY KaK CaMoro KOMILIEKCa
SPAdes, Tak W WHCTPYMEHTOB Ha OCHOBC €IO KomoBOM Oaspl, a Takke HX [ajbHeee
PACIIPOCTPAHEHHE KOHCYHBIM TIO/I30BATCILAM.

BrlieynoMsHyTsIe 00CTOATEIBCTBA moTpeboBanu JopabOTKH CHCTEMBL c6opku SPAdes.
B 3a/1a4y CTABIIIOCH OBECTIEICHUE ClIERYIOMmeH QYHKIMOHAIBHOCTH:

1. Bo3MOXHOCTb KOHGUIypauuu COOpKH KOMILICKCA SPAdes TomBKO JUIA COOpKH

BHIOpAHHBIX KOMIIOHCHTOB.
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Pas6uBka komoBOoi ©Gasel SPAdes Ha OTACNBHBIC JIOTHICCKHC KOMITOHEHTBI,
COOTBETCTBYIONINE BEIIEICHHEIM HHCTPYMEHTAM M IPOrPAMMHBIM IPO/(yKTaM.
Ipo3paunas MOAIEPXKKa pa3paboTKi HOBBIX HHCTPYMCHTOB Ha KOJI0BO# Ga3e cOOpIIHKa
SPAdes Ge3 HEOOXOAMMOCTH CO3IAHHS OTBETBIIEHUH-(POPKOB.

B paMkax JaHHOIO MPOEKTa CHCTeMa cGopxu komiutexca SPAdes onuta gopaboTaHa ¢

LeJbI0 peau3aLiy 0003HaUEHHOM QYHKIIMOHATILHOCTH:

1.

Kommexc SPAdes GbII pasnerneH Ha OTAENBHBIC KOMIIOHEHTHI, BKIIOUAIONIAC B cebs
JOTHYECKH CBA3aHHBIE IporpaMMsl. lIpy 3TOM, HallpuMep, YTHIHTHI spades-kmercount,
spades-gbuilder u T.O. OBUIM JIOTHYECKH 0oObEAMHEHE B COUHYIO KOMIIOHEHTY
spades_tools. Ha MOMEHT Han¥CaHUs JIAHHOTO OTHETa CIIHCOX BCTPOEHHBIX KOMIIOHEHTOB
piouaer B ceOs spades, hammer, ionhammer, COITECOL, spaligner, binspreader,
spades_tools, pathracer.

Jlo6aBieHo pasfeneHre Ha «KOMIIOHCHTBI» SPAdes 1 «BHEIIHNE MPOCKTEHI».

Kaxgomy kommoHeHTy SPAdes COOTBETCTBYET CBOM OTAENBHBIA MOAKATANIOT BHYTPH
KaTanora src/projects HCxonHbIx koo SPAdes.

Hosyio nporpaMmy, HCIOIb3YIONIYIO KOIOBYIO Gasy SPAdes, HO npH I3TOM HC
SBJISIONIYIOCH BCTPOSHHBIM KoMmoHeHToM SPAdes, MOXHO MOAKIIOYUTE B CHCTEMY
cGopku SPAdes nByms crocobamu:

a. JIoGaBHB KaTaor HCXOIHBIX TEKCTOB 9TOH MPOrpaMMsl B src/projects.

b. Tlepemas myTh K KaTagoTy HCXO/HBIX TEKCTOB POrpaMMBbl 1€pe3 cmake napameTp
SPADES EXTERNAL_PROJECTS (mpu 3TOM c6opxa mnporpammel Oymer
IPOM3BOIMTBCS KaK OYATO MCXOAHBIC TEKCTBI HAXOMWINCH B IOAKATAIore
src/projects).

Kou¢urypauus coGHpaeMbIX KOMIIOHCHTOB OCYIIECTBIACTCA HCpes cmake mapaMeTp
SPADES_ENABLE_PROJECTS, e 3Ha4eHUuEeM SBILICTCA CHHCOK (uepe3 “™
cobupaeMBIX KOMIIOHEHTOB. Tak, HampuMmep, c6opka Tompko yTunuThl BinSPreader
OCYILECTBISAETCA HOCPEICTBOM 3aIycKa
cmake —DSPADES_ENABLE_PROJECTS=binspreader, a 3amyckK cmake Oe3 mapaMmeTpoB
3KBUBAJICHTEH 3aIllyCKy cmake —DSPADES_ENABLE_PROJECTS=spades;spades_tools.
IIpy 5ToM B KadeCTBE 3HAYCHHs IIapaMeTpa MOXHO NeEpeNarb TioueBoe CciioBo all,
BKJTIOUAIOLIEE COOPKY BCEX 3aPErMCTPUPOBAHHBIX KOMIIOHCHT.

Takum 06pa3oM, peanu3oBaHHas (YHKUMOHANBHOCTH IIO3BOIAET Kak ruOKO YIIPaBlIATh

cOGOpKOM OT/ENBHBIX KOMIIOHCHT KOMILIEKCa SPAdes, pemmas npo6neMbl [IAKETHPOBAHUA, TaK U
3aMETHO YIIPOCTUTH Pa3paGoTKy IMPOM3BOIHBIX (B CMBICIE NEPEHCIIONLIOBAHMA KOOBO# 6a3bl

SPAdes) MHCTPYMEHTOB.
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3AKJIIOYEHHUE

ViToroM IIpOBENEHHOM PaboThl CTANIO PaCIIHPERHEe BOSMOKHOCTEH KOMIUIEKCa IIPOTPpaMM
renomuoro coopmuka SPAdes. Bpuia BEIIOTHEHa afaNTallks UCXOAHBIX TEKCTOB AIA 3allyCka Ha
rnepcnekTuBHOM mnatdopme AArch64. PeamusosanHas MOANCPAKKA CTaHIApTa GFA v1.2 pns
pencTaBIeHus TIpadoB TEHOMHEIX COOPOK  IIO3BONANIA u36aBUTLCS OT HE0OXOIMMOCTH
npejcTaBienus myTed ckapdonnos mo rpady cOOPKH HECTaHAAPTHBIM 06pa3oM, TEM CaMbIM
YIIPOCTHE PEATH3AIMIO METOZIOB aHaNH3a rpadoB COOPKH. Pas6uenue konoBo# 6assl SPAdes Ha
OTIeNbHbIE KOMIOHEHTDI i HOBAsA CHCTEMA BHIGOPOYHOH MHOTOKOMIIOHEHTHOH CcOOpPKHM HCXOTHBIX
rexcToB SPAdes YIPOCTHIIO TAKETHPOBAHHE OTAENBHBIX HPOrpaMM cOOPIIHKa, a TAKKE CALNAN0
BO3MOXKHBIM IIPOCTYIO MHTETpaLuio ¢ HapaGoTkamu SPAdes mporpamMm, METOLOB 1 aITOPUTMOB,

He gimomuxcsd yacTeio SPAdes.
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