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Over the past few years, genome processing has become a widely sought-after task. Both medical
laboratories (from PCR tests to genetic passports) and research teams are engaged in various processing
options. At the same time, both the first and the second process large amounts of data either due to
the number of samples, or due to the length of these samples: from tens of thousands to several billion
nucleotides. Note that a huge part of the calculations is related to the search for individual nucleotides
or their sequences in a larger sequence or in a large number of sequences. So it is advisable to use
associative parallel computing. But associative architectures are not represented on the computer
hardware market, unlike widely available graphics accelerators. The cuSTAR. library was designed
to implement associative computing model STAR-machine on graphics accelerators. In this paper, a
method of organizing data for processing genomes by associative algorithms is proposed.

In this paper, we propose several methods of data organization. Such an organization allows the
use of associative algorithms to solve various tasks related to genome processing. Let’s recall a brief
description of the associative model of the STAR machine, and its cuSTAR implementation. Both the
castor library and its STAR machine model use three types of data for associative processing. The
Table type stores data as a binary table. The Slice type is used to access the bit column, and the word
type is used to access the bit string. It should be noted that data processing is performed mainly using
bit columns. Therefore, the presentation of data in the cuSTAR system is fundamentally different.
Usually, a sequence of nucleotides is represented by a array of characters. It can be considered as a
binary table in which the rows specify one character. That is, the data is stored line by line. To use
cuSTAR, a variable of type Table is stored by columns.

The alphabet of nucleotides consists of the symbols A (adenine), C (cytosine), G (guanine) and
T (thymine). Also, the “—" symbol is often used in the data to indicate possible gaps in reading,
insertions or deletions in the nucleotide sequence. Thus, four or five characters are used, depending on
the task. We propose two ways to encode a sequence of nucleotides. The first method is optimized for
memory usage. The second method is optimized for the search time of the nucleotide in the sequence.
The memory-optimized method uses the following encoding: “000” for “—” symbol, “001” for adenine,
“011” for cytosine, “101” for guanine, “111” for thymine. The time-optimized method uses the following
encoding: “1000” for adenine, “0100” for cytosine, “0010” for guanine, “0001” for thymine. It uses 4 bits
instead of 3 bits, but allows you to replace the task of searching for a word in the table with a less
time-consuming one. To find all occurrences of a nucleotide in the sequence, one needs to determine the
position “1” in the code of this nucleotide. The proposed data encoding methods are more compact than
the standard representation in the form of an array of characters. The time-optimized method makes it
possible to search for nucleotides in a sequence an order of magnitude faster than the procedure from
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the t memory-optimized method. But the memory-optimized method is preferable if the representation
of the nucleotide sequence in the form of a graph is used. And in this case, the de Bruijn graph is
constructed from the original sequence of nucleotides in a trivial way. Although with symbolic encoding
of nucleotides, this is a time-consuming and memory-consuming task.

When using cuSTAR, it is easy to construct a de Bruijn graph from a sequence of nucleotides of
any parameter k. The graph is given by a list of edges, which is one of the standard representation for
associative processing. Note that by defining the graph as a list of edges, we avoid problems associated
with repeating arcs.

When reading the sequence, a table GEN of size 31 is formed, where 1 is the length of the input
sequence. For a graph given by a list of arcs, we form tables LEFT and RIGHT of size 3k(l — k). The
table LEFT is obtained by copying k times the columns of the GEN into the corresponding columns
with an upward shift. In turn, the table RIGHT is obtained by copying with a shift up one row of the
table LEFT. Copying of all tables is performed in parallel.

Since genome processing involves multiple searches over a large amount of data, the development of
associative algorithms for this area is relevant. The applied value of the work consists in the possibility of
executing these algorithms on graphics accelerators — widespread equipment from personal computers
to cluster systems.

Key words: associative parallel algorithms, bioinformatics, GPU, CUDA.

References

1. Snytnikova T. V., Nepomniaschaya A. Sh. Reshenie zadach na grafah s pomoshch’yu STAR-
mashiny, realizuemoj na graficheskih uskoritelyah // Prikladnaya diskretnaya matematika. 2016. Vol.
3 (33). P. 98-115.

2. Snytnikova T. V. Realizaciya modeli associativnyh vychislenij na gpu: biblioteka bazovyh
procedur yazyka star. // Vychislitel’nye metody i programmirovanie. Novye vychislitel'nye tekhnologii.
2018. Vol. 19. P. 85-95.

3. Compeau Ph., Pevzner P. A., Tesler G. How to apply de Bruijn graphs to genome assembly. //
Nature Biotechnology. 2011. Vol. 29(11). P. 987-991.



% IIpobaemor undopmamuru. 2023. N 1

BUBJIMOTEKA PEAJIM3AIINU ACCOITMATUBHBIX
BBIYUCJIEHUN HA TPAOMYECKNX YCKOPUTEJIIAX
CUSTAR: IIPE/ICTABJIEHUE JAHHBIX JIJId 3AJTAY

BUOMH®OPMATUKU

T. B. CHbITHUKOBA,

VHCTUTYT BHIYUCIUTEIBHON MaTeMaTHKH 1 MaTeMarndeckoii reopmsunkun CO PAH,
630090, Hosocubupck, Poccus

VIIK 591.684
DOL 10.24412/2073-0667-2023-1-60-68
EDN: QWFFMA

Cucrema cuSTAR paspaborana jjs peajsus3anuy acconraruBubix aaroputMmos na GPU. M3secrHo,
YTO ACCOLMATUBHLIE BLIYHC/IEHHUS JAIOT MIPEAMYIIECTBO B PEIIEHHH IIPOobJeM, NI KOTOPBIX XapakK-
TEPHBI TTOMCKOBBIE 3AITPOCHI 110 OOJIBITIOMY 00beMy HECTPYKTYPHPOBAHHBIX JanHbix. K Takoi mpo-
Huieme orHOCUTCH U 00paborka reHoMoB. C ONHON CTOPOHBI, HEOOXOIUMO 0OpabaTHIBATL OOIBIIHE
obbembl gaHHbIX. C Apyroit CTOPOHBI, pazaudHbie 3agaun obpaboTku nociemosarenbuocreit JTHK
CBOIATCA K CPAaBHEHMIO JBYX IOCJIEI0BATEILHOCTEH HyKJIeoTHI0B. B aToil pabore MBI paccMOTpHUM
WCIIOTB3YEMBIE TTPEJICTABACHIS TOCIE0BATENEHOCTEN HYKIEOTHIOB U WX KOJUPOBKY JIJIsT UCIIOIB30-
Bauug cucremoii cuSTAR.

KuroueBbie cJjioBa: acconuaTuBHBIE [MapaJuiesibHble aaropuTMmbl, Oowomudopmaruka, GPU,

CUDA.

BBegenue. 3a mocieanne HECKOJIBKO JieT 0OpabOTKa TeHOMa cTajia ITHPOKO BOCTPEDO-
BaHHOi 3a1a4eii. PaziudnpiMu BapuanTaMu 06pabOTKH 3aHUMAIOTCA KaK YacTHBIE JIa00paTOPUH
(or BeimostHerust JJTHK-TecToB 10 cO37aHUsT PeHETHIECKUX TACIOPTOB), TAK U HAYYHBIE KOJLIEK-
tuBbl. lIpu 310M 1 1EepBbIE, U BTOPbLIE 00pabaThHIBAIOT DOJIbINNE OOBEMbBI JIAHHBIX KaK 33 CYeT
KOJINYIeCTBa 00PA3I0B, TAK U 32 CUET JJIMHBI 3THX 00PA3MOB: OT JECSITKOB THICST 10 HECKOJIbKUX
MUJLIAAPIOB HYKJIEOTHI0B. Kpome 3Toro, pacimupsiercss u 00J1aCTh MTPUMEHEHUsT MOJIEK Y ISIPHO-
PeHEeTHYeCKUX UCcyeioBanuii (6noMenumuaa, (hbapMakogaorusi, HAHOOUMOWHIKEHEPHsI U T. 11.). 3a-
MEeTHM, 9TO OTPOMHAs YacTh BRIYUCICHUN CBA3aHA C TIOUCKOM OTIEIBHBIX HYK/JICOTHIOB UIN HX
HOC/IEIOBATE/ILHOCTEH KAaK B OOJIbIIEH MOC/Ie0BATEILHOCTH, TAK U B OOJILIIOM YUCJIE HOCJIE10-
BaTEJbHOCTEH.

JIst TakuX BBIYUCIEHUIN 1eecO00Pa3HO UCIOIH30BATH ACCOMMATUBHBIE MaPa/IIeTbHBIE ap-
XUTEKTYPbI, IOCKOJIBKY OHHU CIENUAIU3UPYIOTCS Ha ObicTpoM noucke. Ho Takue cucremsl ciabo
HIpEeJCTaBJICHbl Ha PBIHKE KOMIBIOTEPHONH TEXHHUKH, B OTJHYHE OT HIHPOKOJOCTYIHBLIX I'padpu-
JecKux yckoputreseil. bubmmoreka cuSTAR Obina paspaborana ajs peaausanun abCTPaKTHOR
mozesn accoraruBabix Bhrancaennii (STAR-mamunbr) #va rpaduaeckux yekopuressx [1, 2.

Vccnenosanue BBIMOJHEHO B paMKax rocyaapcrsentoro 3aganus UBMu MI' COPAH 0251-2021-0005. Pa-
6oTa ObLIa MpenCTaBIeHA HA MEXKIyHAPOMHON KoHDepennn «MapuykoBckue Hay4dHbie arerns—2022y.
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B nannoit pabore mpesaraeTcs HECKOJIBKO METOMO0B OPTaHU3AINN JAHHBIX, TO3BOJISIONHX
UCIIOJIb30BATh aCCONUATUBHBIE AJITOPUTMBI JIjId PEIIeHus Pa3IudHbIX 3aJa4, CBI3aHHBIX C 00-
paboTKOI reHoMa.

B mepBoM pasmese Mbl HAIIOMHHM KpaTKOe OMHCaHHe accommaruBHoi Momenn STAR-
MarmrrHbl 1 ee peasu3annu cuSTAR. Bo Bropom pasmesie mpemaraiorcs CcrocoObl KOIHPOBAHMS
OC/IeIOBATEILHOCTEH HYKJIEOTHI0B, KOTOPble MHHUMHU3UDYIOT I 00beM TpebyeMoil mams-
TH, WX BPEMs TIONCKa HYKJIEOTHIOB B TOCIEI0BATEIFHOCTH. B TperbeMm pasjiesie mpeacTaBieH
crocob mocrpoenus rpada Je bpeiina 1o HCXOIHOM MOCIeI0BATEIHHOCTH HYKJICOTHIOB.

1. Kparkoe onmucanme 6mbamorekn cuSTAR, peanusyroireit abcTpakTHYIO ac-
COIMATUBHYIO MOJEJIb BBIYUCJIEHUI. AOCTPAKTHAsI ACCOIMUATHBHAS MOJE/b BBIYUCICHUN
STAR-mammmnaa, xkoTopas peanusdyercs Ombamorexoit cuSTAR, mist accormarmBHO 00pabOT-
KN MCMOJIB3YeT cieayiomue Tusl ganubix: Table (6unapmas tabuuma), Slice/craiic (GnroBbiit
cronben) u word/cioBo (6uroBas cTpoka). Haji 9TUMU THIIAMEU ONPEIeIeHbI OMePATIUI: YTeHHe
U 3aIUCh CTOJIOIOB U CTPOK TAOJIUIIBI, TOOUTOBBIE JIOTHIECKHE OIIEPAIUH U CABHI I IIepeMeH-
upix Tunos Slice miim Word. Kpowme sroro, s nepemennoit X tuna Slice omnpeeiena onepanust
FND(X), Bo3Bparmaorniasi HO3UIMIO CTaPIeii e MHAIBI B caaiice. DTa omepanust mo3BOJsSeT 0p-
raHU30BBIBATH HEPABHOMEDHBINH MUK/ U MIHPOKO UCIOJb3YETCA B MOCTPOEHUN ACCOMMATHBHBIX
AJITOPUTMOB.

Bubuoreka cuSTAR 1mo3BoJisieT BBIMTOMHATH ACCOMUATHBHBIE AJITOPUTMbBI HA HEACCOIHA-
TUBHON apxXuTeKType (TpaduuecKux YCKOPUTESIX ), COXPAHST aCCONMUATHBHBIE TPEUMYIIECTBA.
DakTHIeCKH BBIYUC/IEHUS MPOU3BOASATCS NAPAIIEILHO HaJl OMTOBBIMU BeKTOpamu. B ompese-
JIHHBIX CJIy4asXx nepeMentas Turma Table moxker ObITH 0OpaboTanHa mapaJiiebHO HE TOJHKO
0 CTOJIOIAaM, HO U BCe CTOJIOIBI 00pabaThiBAIOTCA TaK:Ke IMapaJuiebHo. K jgocTomHCcTBaM cH-
crembl cuSTAR oTHOCSATCS BO3MOXKHOCTD 33/IaTh TPOU3BOJILHBI pa3Mep BEKTOPOB, paboTa Ha
sI3bIKE BBICOKOT'O YPOBHSI M pa3pabOTaHHbIe PEKOMEHIAINU /I ONTHMUBAINN ACCOIUATHBHBIX
aJropuTMoB s ucnosaerus va GPU.

Xorsg cuSTAR, kax u Moe/Ib, KOTOPYIO OHA PEAJTH3YeT, yHUBEPCAIbHA, I/ PEIeHns 33,134
O6ronH(MOPMATUKHA UMEET CMBICJ BbIJICJUTDh B OTJE/JIbHBIE MOJIYJIH CIIOCOOBI XPAHEHUS JTAHHBIX W
AJITOPUTMBI UX 0OPAOOTKH, YUUTHIBAIOIIHE ClIeNHMUKY 00JIaCTH.

2. /IBa BO3MO>KHBIX IPEJACTABJIEHNS HYKJIEOTUTHOMN MOCJIeI0BATEILHOCTH OJI5 acC-
comuaTuBHOM 00paboTku. Mogeabr STAR-mammuubl mpegnosaraer npeacrapBjieHue JaHHbIX B
TabJIMIHOM BUJIE, IPU 3TOM CYIIIECTBEHHBI CJIe/YIONIHe IBa (pakTa: CTpoKM Ounapubl, 06paboTKa
JIAHHBIX BBITTOJTHSETCS TPEUMYIIECTBEHHO ¢ MOMOIIBI0 OUTOBBIX ¢TO/1010B. [TosToMy mpeacran-
Jerue JanupixX B cucreme cuSTAR npunnunuansbao apyroe. Ha puc. 1 mokasanbl obIienpunsToe
IpeJICTaBJIeHne OCIeI0BATEIbHOCTH HYKJIEOTHIOB (CTpoKa Tuma char) u crmocob npejcraniie-
uust B cucreme cuSTAR (o6bekr tuna Table — aBymeprbiit MaccuB 31eMeHTOB THIIA unsigned
long long int).

B nanHoOit cTaThe MBI COCPEIOTOUNMCS TOJTHKO HA MPEICTABICHUN TIOCIe0BATEITLHOCTH HY K-
JIEOTHU/IOB.

2.1. Ilpedcmasaenue, onmumasvHoe no saHumaemoti namamu. AndaBAT HYKICOTHIOB CO-
crout 3 cuMBosioB A (agennn), C (nurosun), G (ryauuun) u T (tumun). Tak:ke 4acTo B JaHHBIX
UCIIO/Ib3YETCS CUMBOJI «—» JIji 0003HAYEHU ST BO3MOZKHBIX TPOOE/IOB B YTEHUH, BCTABOK WLJIH YA~
JIEHU#l B TIOCJI€/I0BATEIBHOCTH HYKIEOTHIOB. TakuM 00pa30M HCIOJIB3YETCS YeThipe WIH IIATh
CHMBOJIOB B 3aBHCHUMOCTH OT IIOCTABJIEHHON 3a/1a4H.
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CTpoOKa
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Puc. 1. CrangaprHoe mnpeacTaBieHne MacCHBa HYyKJIEOTHIOB U [IPEACTABIEHUE [IJIsi AaCCOIUATUBHOIO aJrOPUTMA,

Tabauua 1
KonupoBanue HyK/I€OTHIOB.
OnrumaJsibHbIf METO/T 110
MUHUMU3AIUU 00beMa aMsITh

CUMBOJIbI — A C G T
bunapubiit kox | 000 | 001 | 011 | 101 | 111

Tabauuya 2
KonupoBanue HyK/I€0OTUIOB.
OnTuMaJIbHBIA METOJT TTO
BpeMeHn 00pabOTKH TAHHBIX

CHMBOJIBI — A C G T
6unapubiit kKox | 0000 | 1000 | 0100 | 0010 | 0001

[ToaTomy OymeM OpHEHTHPOBATHCS HA MATHCHMBOJIBHBIN aadaBuT. 3aMeTHM, YTO IPU KO/IU-
poBannu aJihpaBuTa HpHUBEIEHHBIM B Tab/. 1 crmocoboM mocjie Huii cToa0eI, COCTOUT TOJIbKO U3
«1», eciiu B JIAaHHBIX HE IIPUCYTCTBYET CUMBOJI «—». B 9TOM cJjiydae ero MOzKHO He 00padarbiBaTh.

2.2. Ilpedcmasaerue, onmumanrvroe daa obpabomku dannvix. Muorne 3amadau 6uomHdpOpP-
MaTHKH [IPEJII0JIaraloT MOUCK MO3UIUH HYKJICOTHI0B B TIOCJIEI0BATETLHOCTHA. TakuM 00pa3oM,
IPOUCXOIUT MHOIOKPATHBII IMOMCK OJHUX U TeX Ke CHMBOJIOB B Ioc/IeoBaTesbHOoCTH. Ho ecin
ONTUMU3UPOBATH IIPEICTABICHNE JAHHBIX HE 110 00beMY IIPeIIoIaraeMoil maMsaTh, a HCXOIUTh
OT HEOOXOIUMOCTH MHHUMH3HPOBATL BpeMs MOWCKA, TO MPEANOYTHTENbHEHl Ipyroe mpeacTaB-
JIEHUE HYKJIEOTHIOB.

C onHoit cToponbl, faHHbI c1oco6 (Tabur. 2) TpebyeT Juisl 3aIiCH HyKIe0TH0B 4 6ura BMe-
cTo 3-X, 4TO yBeaumuuBaer oobem namatu Ha 22 % na CPU u na 33 % ma GPU. C apyroi
CTOPOHBI, KayKIOMY HYKJIEOTHIY COOTBETCTBYET OLpeIeeHHBINH CToJIOeln TabIUIbl, a IMO3UIIIN
CHMBOJIA «—» JIETKO onpesensiores 1o dpopmyne NA = —(Vi_ col(k,GEN)), rne GEN — ta6-
auna JaHabix, a col(k,GEN) — k-ii cron6en s1oit Tabsmiet. U ajis onpeaesiennst Bcex no3unuii
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Tabavua 3
CpaBHeHne IpeiCcTaB/IeHnil 10 00beMy 3aHIMAEMO ITaMITH
MeTO CPU(B) GPU(KB)
100 | 1000 | 10000 | 100000 | 1000000 | 10000000
Mem _opt 72 0.05 | 0.38 3.68 36.63 366.21 3662.11
Time opt 88 0.06 | 0.50 4.91 48.84 488.28 4882.81
char|] 8 0.10 | 0.98 9.77 97.66 976.56 9765.63
100.00
19,64
]
10.00
126 1.28
1.00 037 Y
Ty 0.23 0.28 - * W row+match_kernel
s " " mms 0$2 0.47  wmatch t
- %.02 0.02 003 * @ row+match_w
¢ o ovee ¢ 0.06
0.0y —y ¥¥¥ 002
0.010.01 %-01
0.00
1000 10000 N 100000 1000000

Puc. 2. CpaBuenune BpeMeHr MOMCKA HYKJIEOTH/IA B MOCJIEI0BATETHHOCTH

3aJaHHOr0 HyKJaeoTuaa B Tabaune GFEN BMecTO IOHCKA CJI0BAa B TadJUIe TpeOyeTcs: ompee-
JINTH HOMED CTOJI0Ia, KOTOPBIIl €My COOTBETCTBYET, UYTO CYIIECTBEHHO COKPAIIAET BPEMs ITOM
onepanuu. [Ipm 3TOM CTOUT OTMETHTBH, 4TO CTAaHIAPTHOE IPECTABICHHE TOC/IEI0BATEIbHOCTH
HYKJIEOTH/IOB KaK CHMBOJIbHBIN MacCHB 3aHHMaeT B 2 pa3a Oosbire namsta Ha GPU mo cpas-
HEHHUIO ¢ YeTHIPEXOUTOBBIM IIPEICTABICHUEM.

Ha puc. 2 mokazano BpeMs MOUCKa HYKJIEOTH 1A B MOCJAEI0BATEILHOCTH 11 0OOUX IPeICTaB-
JIEeHU1A. HpI/I HCIIOJIb30BaHUU IPEACTABJICHNA, OITUMU3UPOBAHHOI'O 110 HaMATH, IIOUCK BbIITIOJIHS-
eTcd nponeaypoit match _kernel nz bubsmnorexku crangapTHbIX nporeayp. [Ipu ucrnonb3oBannu
npeacraBjaeHud, OIITUMU3NPOBAHHOTO JIJIA O6pa6OTKI/I JaHHBIX, TTOUCK MOXKeT 6bITb BBITIOJIHEH
JByMs criocobamu: match t — mouck no3uiuil crpok B Tabsmie G, COBIAIAIONIUX € J — CTPO-
Kot B Tabune P; match w — NMOUCK TMO3HMIMI ¢TpoK B Tabjuie (G, COBHAJAIONNX CO CJOBOM
w = row(P,j). Ormerum, uro upu Boinojuenuu match _kernel u match _w y4ursiBajgioch Bpe-
M U3BJIEUeHHSsI CJI0Ba w u3 Tabumuiel P. Pacuersl npooguanch Ha Kapre GeForce 920M. Buno,
9TO BTOpOE npeacTaBJIeHUEe ,ZLefICTBI/ITe.HbHO JdaeT BO3MO2KHOCTDH BBITTOJIHATH IMOUCK HYKJICOTHIa
cytecTBeHHO ObicTpee (= B 10 pas u Gostee). Jluneitnbiii poct Bpemenu ot N = 10000 cBsizan
C HEXBATKOH pecypcoB BHICOKAPTHI JIJIsI BHIIOJHEHHS OJHOBPEMEHHO BCeX sdjiep Hmpoieayp. Tem
He MeHee, TIONCK BCeX MO3UIHI HYKJIEOTHIa B TMOCJIeI0BATETHHOCTH 1 MJIH BBIIOTHSIETCS 3a 19,
1,3 m 0,5 MumcekyH 1 coorBeTcTBeHHO. Takke HEOOXOMMO OTMETUTH, YTO 60Jiee COBpeMeH-
Hble TpadUYecKne YCKOPUTE/JH UMEIOT Iopa3/io OOJIbIINe Pecypchl KaK IO MaMATH, TaK U MO
KOJIMYECTBY sJIep.

Tem He Mmenee, oba mpejcrapienus nosesnsl. [Ipencrapiaenue time opt mnpemgnodTuTe/ b
Heil /171 UCIOJIb30BaHUs B TeX aJITOPHTMaxX, Ie MPOU3BOIUTCI HEIOCPEICTBEHHOE CpaBHEHHE
OCJIeI0BATELHOCTEH HYKIeoTH10B. HO B DOJIBIIIOM YHC/Ie aJTOPUTMOB BBIIIOJHAECTCS 00padoT-
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atcaatgatcaagcttctaagcatg

5-Mepbl

left right

4-Mepbl (ayrv) left right (ayrv)
at ca [oof1mow 11 o1 oo1] @t caa (ool 11l 011001||111 011001001
t c aa 111 011 001 011 001 001 tcaat |111 011 001001| 011 001 001 111
caat 011 001 001 001 001 111 caat g 011001001 111|(001001 111 101
aatg 001 001 111 001 111 101| aat ga (001001 111 101|001 111101001
atga |o01111101 111 101 001| @atgat (001111101001 (111101001 111
t gat 111 101 001 101 001 11| tgat ¢ (111101001 111101001 111 011
gatec 101 001 111 001 11 01| gatca (101001 111 011|001 111 011001
atca (0011101 11 011 001| 5t caa |00l 111 011 001||111 011 001001
t caa 1110100 OLL 001 001} & 5 3 g |111 011 001001| 011 001 001 101
caag |011o00lo001 001 001 101 caagc (011001001 101] 001001101 011
aage¢c 001 001 101 001 101 011

aagct (001001101011 (001101011 111
agct 001 101 011 101 011 111

agctt (001101011 111|101 011 111 111
gctt 101 011 111 011 111 111
et t oo o1l 111 111 11 111 oyp| 9¢€ttc (101011111 111)|011 111 111 011
ttoc ot 11 111 on 111 o11 171| Cttct|o1l111 111011111 111 011 111
tcta 11 ol 111 o011 111 op1| ttcta]1lli1lo11 111|111 011 111001
ctaa 011 111 001 111 001 001 tctaa |111 011 111 001| |011 111 001001
t aa g 111 001 001 001 001 101 ct aag 011 111 001001| (111 001001101
aagec 001 001 101 001 101 011| taagc |111001001101(|001001101 011
ag ca |001101 01 101 011 001| aagca |001001101011||001101 011001
gcat 101 011 001 011 001 111| agcat |001101011001||101 011001 111
catg [011001 111 001 11 01| ggat g |101 011001 111||011001 111 101

Puc. 3. IIpexncrasienue rpacda ne Bpeiina qius k=3 u qna k =4

Ka rpadoB, MOCTPOEHHBIX U3 IePBOHAYAIBHBIX MOCIea0BaTeIbHOCTEH. V1 B 9TOM caydae Oymer
IPEJIIOUYTUTEIbHEH UCIIOJAB30BAHNAE TIPEJICTaBIeHns mem opt.

3. IlocTpoenne rpacda ne BpeitHa. Kak yke ynmoMuHAJIOCh, B HEKOTOPBLIX 3a/1a9ax 00-
pabaThIBAIOTCA HE CAMHU II0CJI€I0BATEIbHOCTH HYKJI€OTH/IOB, & MOCTPOEHHBIE 110 HUM I'padOBbIe
cTpyKTyphl. OJiHa U3 TaKuX CTPYKTYp — rpad e Bpeitna. B wactnoctu, rpad me bpeitna mm-
POKO UCIIOJIB3YeTCs B HHCTPYMeHTaX cOOpKH mocaeoBaTesibHocTeil (coopmuku renoma Velvet,
ALLPATHS, Abyss, JR-Assembler, EPGA u apyrue) [3].

Onpepenenne 1. I'pacdom je Bpeitna ajig HaTypa bHBIX MapaMeTpoB K W N Ha3bIBAETCH
OPUEHTUPOBAHHKIN T'pad, BepImHaM KOTOPOT'O0 COOTBETCTBYIOT BCe BO3MOYKHbBIE N-3HAYHBIE K-
UYHBIE TIOCJIEIOBATEILHOCTH, a pebpa COeTUHSIOT T€ W TOJbKO Te Mapbl BEPIIUH, JIJId KOTOPBIX
nocjiegare n-1 mudp mepBoro Yucaa COBHATAIOT ¢ IMePBLIME N-1 nudpamMu BTOPOro YHCIA.

Ormerum, 910 1pu 00pabOTKE HOC/AEI0BATE/ILHOCTEH HYKJICOTHIOB napamerp n hukcupy-
ercd Kak n = k + 1.

Omnpenenenue 2. k-mep — M0CJIe10BaTe/ILHOCTh U3 k cuMBoJIOB. Beprmuuamu rpada e
Bpeiina ciayxkar Bce k-mepsnl, a ayramu Bce k + 1-mepol. Hanpumep, npu k& = 3 4-mep atca
COOTBeTCTBYeT jyre atc— > tca.

[Ipu ucnonszoBanun cuSTAR mocTponts rpad me Bpeiina mo mocsaemoBaTeIbHOCTH HYKIEO-
THJIO0B J1100oro napamerpa k npocro. I'pad npu srom 3ajaercs cinuckoM pedep. Takoit criocod
SIBJISIETCS] HAPSLYy ¢ MaTpureil BecoB (Winm MaTpuieii CMe:KHOCTH) CTaHIAPTHBIM MpeJICTaBIe-
HUEM JIJId accolMaTuBHOl 00paboTrku. OTMeTHM, 4TO, 3a/1aBad I'pad B BUJIe CIUCKA pedep, Mbl
uzberaeM MmpoodJIeM, CBA3AHHBIX C MIOBTOPOM JIyT.

1) pu garenun nociaepoBarebuoctu dhopmupyercsa tTabauna GEN pasmepa 3 X length, rue
length — pjmna 1ocje0BaTe IbHOCTH.
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Puc. 4. I'padwr ne Bpetina qns k=3 u qna k=4

2) mas rpada, 3aJaHHOrO CIUCKOM JyT, dopmupyeM Tabsuis left u right pazmepa 3k x
(length — k):

— rabumna le ft moaydaercs KounpoBanueM cTosionos Marpuiibki GEN B cooTrBeTcrBytomme
CTOJOIBI CO CBUT'OM BBEPX.

— B CBOIO O4epesh, Tabsuma right mosydaercs KOMMPOBAHUEM CO CIBUTOM BBEPX HA OJIHY
CTpOKY Tabaunsl left.

Ha puc. 3 nmpencrasiensl npeacrapienus IByX rpados je bpeitna ogHo# u TOI Ke mocaea0-
BaTEJIbHOCTH HYKJICOTUIOB it k = 3 u k = 4 coorBercrBenno. Ha puc. 4 mpejcrasiens camu
rpadbl 711 3TOH Tocaea0BaTeibHOCTH. VI TYyT HEOOXOIMMO OTMETUTH CJIEIYIOIIIe MOMEHTHI.

C onHoit cTOpOHBI, ueM OoJibilie 3HaUeHne k, TeM JynHEee OGuHApHBIT Ko 11 BeprinH (3k).
D10 BJIeUeT 3a coOOH yBe/IMUeHe BpeMeHH IIOMCKa BepIIUHBI Tpu 006paboTKe rpada, HoCKOJIbKY
AJITOPUTM TIOUCKA CTPOKH B TabOJINIE 3aBUCHT OT ee TITUPUHBI.

Ho, ¢ apyroit croponbl, crpyKTypa camoro rpada 1npu 3rom yupoiaercs. B nem obpasyercsi
MEHBIIIE IMUKJIOB, 4TO OYJeT yMeHbIIATh ob0iiee Bpems 00paboTku. Tak Nnpu BOCCTAHOB/JICHUH
HYKJIEOTHTHON TOCIe0BaTesbHOCTH TT0 Tpadam Jie Bpeiina (mouck Diineposa nyTtu) s k = 3
Oy/IyT BOCCTAHOBJIEHBI CJIEIYIONIEe BOSMOYKHBIE BADUAHTHI:

atcaatgatcaagcttictaageatg, atcaagctictaageatgatcaatyg.
Hnsa k = 4 nocienoBaTelbHOCTH BOCCTAHABIWBAETCS OJHOZHATHO
atcaatgatcaagctictaageaty.

OrmernM, 9TO OCOOEHHOCTH perneHust 3a1ad 6HONH(OPMATHKI B TOM, 9TO BBIYUCIEHUS MPU-
3BaHBI HE HAWTU TOYHOE PeIreHne, a COKPATUTH KOJNIECTBO BO3MOKHBIX BAPUAHTOB, KOTOPHIE
HOTOM TpOBepstoTcd 6uosoraMu. [Ipw 3TOM mpu peleHNE peandbHBIX 33/1a9 KOJUIEeCTBO BO3-
MOYKHBIX BAPHAHTOB MOYKET JOXOJHUTH 70 COTEH U ThICAY.

3akaogyeHme. /lannas padora upejcraB/isder BO3MOXKHBIE CIIOCOObI OpraHu3anuu JaHHbIX
ouomrdopmaTuku Ayia obpadborku cucremoit cuSTAR. D1o mepsas pabora u3 mpeamnoaaraeMoro
K1, MOCBSIIIIEHHOTO Pa3paboTKe acCOMMATHBHBIX AJTOPUTMOB JIJI PEIeHus 3a71ad OnowH-
dopmaTukm.

[IpenoxkeHHBIE CTIOCOOBI KOJUPOBAHUS JTAHHBIX KOMITAKTHEE CTAHJIAPTHOTO MPeICTABIeHUS
B BUJE MaccuUBa cUMBOJIOB. KoampoBanue, onTuMaabHOe i 0OpabOTKHU, MO3BOJISET MTPOU3BO-
JINTH ITOUCK HYKJIEOTH/IOB B IOC/Ie0BATEIbHOCTH HA MOPsJIOK ObIcTpee, 4eM Iporie/ypa u3 6ub-
JINOTEKH CTAHIAPTHBIX ACCOMMATUBHBIX aaropuTMoB. KogupoBanue, ONTHMAJIBHOE [0 3aHUMaE-
MOI MaMsTH, IPeINOYTUTENbHEH B cydae, ecIu UCIOIb3yeTcsd IpeCcTaBIeHrne HyKJIeOTH THON
HOCJIeIOBATEIHPHOCTH B BUe Ipada.

Tax Kak oOpaboTKa reHOMa IMpealoJaraeT MHOKECTBEHHBIH MOMCK IO OOJBIIOMY 00beMy
JIAHHBIX, PA3pabOTKa ACCOMUATUBHBIX a/JITOPUTMOB st 3TON obsiacTu akTyasbHa. [[pukianas
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IEHHOCTh PabOThl COCTOUT B BO3MOYKHOCTH BBHITTOJIHEHUsI JAHHBIX aJITOPUTMOB Ha I'padpuIecKux
YCKOPUTEIAX — IMHPOKO PACIPOCTPAHEHHOM ODOPY/IOBAHUU OT IEPCOHAJIBHBIX KOMIIBIOTEPOB
JIO KJIACTEPHBIX CUCTEM.
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