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Abstract : Large-scale gene sequence alignment is the most important fundamental problem in bioinformatics. Based on
the mainstream research of BWT index technology, the paper proposes a new multi-order mixed BWT index method,
which dynamically selects the appropiate multi-bit indexing according to the length of the sequence to be compared. The
experimental results show that the improved method can effectively reduce the number of comparison and calculation
times , reduce the time complexity of the index algorithm,and significantly improve the efficiency of sequence comparison.
In the process of constructing BWT( S) string, this paper uses DC3 ( difference cover mod 3) algorithm to construct the
suffix array. Experiments show that DC3 algorithm has better time performance compared to Binary Lifting.
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T RNA JEHI R LEXT, F T A 28 51 FI0RS B DT TG 5K W%, BB 6% o o R 00 RNA T3 90 (] 0 R R4 0 45 4 4
fIE. MAQ Bt —FhZE S MR 4L F 9 Ho X T 5 854 T M RS R A F1F 91 DR 4 Th B fEfg
Ao B A% A 2A IR0 ) RO O B A v R 0 L X5 . SHRIMP Bk J2 % T 1A X U 2 A0 Le o T L 38
I F RGBSR SEBL TAS B9 e X, BT RS A8 F R R & 0, 38 F T3
BRI A 551 B XA 55

Bl DU P A R R, T AL FR ) A Bl ok B, — R AT BWT R G H AR 751 L5
ERGETTAEL . LT BWT A9 X BEH T 245 Bowtie! ™™ BWAM ™) By BWT'' SBWT'! LCP-
BWT!'™® 4%, Bowtie &I | A b IR AY Sl 51 HE T, SR B BWT il FM Index 25441 | g%
R AD ARSI R 585 Bowtie2 Jf& Bowtie FHMIAS , ELAT B = 4 LU X 3ok B TR 41y R T, S s
BRI R L R 18t BWA J&—F) 2 R R AR5 Feoxt T2 A ds 2R 38 AN R 287
AN P RICE AT X SR, e LT BWT R Smith-Waterman 35322 19 Ho 6 T2 328 F T EBUF 51 14 He o
1155, RENE AL B 51 6] () SR AR AL PR RNZE A ARAE. — B BWT 38 W RS | A B4R 1 HEXTROR (AR R
WIELXT. SBWT SR HHIRIRG 5 4%, 25 5 A SR ER AN oA $R ST R G Nk F X 88 | SCRp Bl 42 e () 4580
oot JEAS S F50f A BBk gk O L X 1) . LCP-BWT 3 i 4 18 i KA JE TR A A, v/ e KR A2 3
T BRI N A ARAR A M 7 B BWT R BB VZ T J5 84kl ey it A%, i 39
U AR RO A (F L 5 R T B AR 2 R R IR, el BWT &R 5 [ H AR ke iy 2
Ti] [0 RIS B8 TR B, B R AL T BWT R 13 AR B 41 HO R A% O ) 21220

ASCH N — AR Z IR S BWT &5 1757 MD-BWT, 32 M F 7 1 4 3T BWT 51 89 H i Bk k47
PEREILAL. — 7T AL G —B BWT kil B0 25 R SEHA R, B BWT J5 il By &5 | e Ar 38,
AR AT BWT BIZ RS RS 771 MD-BWT ARAETE L 51 9K 2 sh A BUE & i 2R 5 | #F
o, T I SEAR T 91 EL X D A7 B, B BRI 91 L XS AR 52 488 55— T AR 829 BWT(S) #4F
FRIE N S RSB TR AL, Pl P HE PR L ) BWT(S) A e . A5 Sk n] H T i 5 4%
B, B WX AT R HE R AR, R R SR, vl Rt BWT(S) F4F Hi. ASCR A DC3 5k Fy i
Je BB VA AR AR 1 T AL Y Bt TR PR R R TSI A

1 —Fy BWT &3

— B BWT 95 i B AS AR I s S A B A 4ot oA L A e 2 4% H8 R I PRI | SR 5 DR R )
i —HIkEE BWT Fedfe. 120580k 0 2 B0 U2 T AP A 3R RV 45, HLAE R Z 400 O T AT S sl

— B BWT 372 0] LAfRT SMERE o BWT A 1S i B2 A1 BWT A f# AL 2 2. BWT #4 i 2 S B2 X R i
TP S HEATIALEE A5 BWT(S) P45 H AR i 75 2 R 5 1 4 B B4, BWT (948 1 o B2 0] LA 43 i 7 346
FALHEF A BWT(S). TR AHET BB i 47 8 S KEM E— DRk FAF $ (XD FAF— &
INFA,C,G,T) XA T $ FRFHR S X S HATIEA RS (F0 R 1A A B B e ig R A ) |
JEEE XA, BRSNS AR 1 IRTEFRFEAL, A2 — M M.

PEEL BWT(S) T BN M AR+ B 5 A T HE R IS 8 — AN 8T R I M, M1 e Je— BB A
P FAF B BWT(S) A7 B 1 A 2 JBR TR FERFR S, M R BWT(S) i .

BWT it fe SR ARYE C A 1 BWT (S) 4 £ AR 51 B B2 38 I 10 UG # 45 # S. FE b AT
BWT #43i& ik F v, il DS 3 A4 B & 5 1 54 . SA (suffix array ) J5 28404 . OCC 204 A1 BWT(S) F 45 H
Bl Horb  SA fRAF T BWT FEFED $ AT Z B &S5 8RR 4 H S vp H BRI (92 4 AL i o7 28

WM RIS — B AR B ARG — BN AR N F A B A L 2R e Tk A 4 LA — 1
JB L F G L Gt e As e P, RP 45 5 b i) B8 25 H BRAR 2 40 [ 2457, (HGX B2 55 7E F AR L 5106 1)
DB RAARR RN L 5 A AR R A B A AR B AE F 3 A AR BN, 76 F 51 es 2 YO B 74T C
5 LA PHEES MU E T C 2 R— D75 0CC 3tdirh OCC[ i 04 i 1789 BWT(S) FAEA
BWT(S) FAH L BLATEL. F FAF R L A b — BT 5 TR E T AR F 45 3 745 FLLi
B LFAFPRPER LMW T —1 RIEFEGFAH S=ACCCATG, S’ = ACCGATG $ , F=$AACCGGT,
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L=G $GACTCA , X} Flal—4 T i=5 B, F[5]=G,L[ 5] =T, FEFEFE S d, F[ 5] R F45 2 L[5 ]
S} IO R A O R — A4 e 3 — P 3 RN Bh AR 4H SA L OCC, il LIKR A F &A1 L 513k 30 Ji M S 0 7455
HS, ITREAR 4l 1 B S5 RN BB A TR A EE . IR 3 R T X — R A E X AR
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e} iaccaaras] | ACCGATGS | {TGSACCGAL | T | Al
B 1 #iEBWI(S)$EB1 B2 #i&EBWI(S)$E2
Fig. 1 Step 1 of constructing BWT(S) Fig.2 Step 2 of constructing BWT(S)
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Fig. 3 Sequence alignment process based on the index array
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2.1 EEBANKLL

THE BWT(S) T4 £ B SCHE AP BRUE AR B JSUHR 74 £ Y S5 SR8 SA. R FAeR S KN N, T
PAE BWT JEFRAR G R BWT(S) 5245 8 Il A FE 2 O(Nlog"). DC3 FERE— B A M 16545
RS BB RS I B UR AT E S AR — S —JedUF 8 T, I lid 2 UCHE 19 21 5 2804
SA, AT LA 3 I SRR PO INF [ 52 24 B R 25 0] S 2R BE AR AR O (V). 3 1 BizR 9 A DC3 33k s Bl
HR P Al P e 2 5 7
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®1 DC3HEHRIGREA
Table 1 Temporary array of the DC 3 algorithm

5 Y

T, T FITA R A5 mod3 F k MIRLE T, [i [fCRMELLZ G4 T[T, [i]-]
STy, T, +T,

SAg T, F IR FTICR MG BHEF (Step2) 5 O45R:
SAy, T, R ER M F BT (Stepl) 7 IR

R, R 30 F T, thIE R AYHES B 76 SA , PR S (HEZ N 1 TTHR 0 /T )
SA T W JE 44

R IR 05 T WEEAE S T 1 (0<<i<m YHES)

DC3 FIEMHE IR T , i fE s A LR 3 40K

Stepl #43& T,,, JFHEFAE M SA L, MR, , 4 R, A EE TR (HEA B A RERI ) WEB A SA |, =
DC3(R,,).

s T, VUG, VA T, P EE—A T hr I E Sk 8 = e 45 f T e K B R 3 24T 8 AR 4% HR
J& S E A REME X S Ay HUE AT BT . AR ST 3 AT EAAE] AR B R, R E R B AN
], FURAERT 3 A4 AT E G HE A5 2 SA . 115 R EEECHE P 45 IR (B 25 R, , 45 R, T AO(EA AR R
a3, WA R, W E AT 0 B, AR AT SRy, R R, EEAHE. 24 R, B EHERAS AH [F]
i, B4R Step2.

Step2 HR¥E SA , #4iE SA,.

283 Stepl LUG , 4IEEHET 2] R, PO EERAHIE I, BIFF 2] SA ,f R . LB, T[T, [i] ] MRFE
SAEAET Ry, RIAEXT T, IrACER A 5 S AT HE P i, RS AP XS (T T, [i] ], R, [i]), s AT 1%
#| SA,.

Step3 ff SA,FI SA, & A UG ZEA SA, JFIR ] SA H4.

32T SA, FSA L LUG , P RG24 A A TF il — A IFHE P A i SA BRI T S
ZR4 SA.

k1 DC3IEE

B KT N PR S
B S YR BB SA
(1) #h4E:S[N]=S[N-1]=S[N-2]=0
(2)if(N%3==1)then S[N]=S[N-1]=0
(3)if(N%3==2)then S{N] =0
(4 WK E K 3 BT T
() ¥ S AT KIE R 3 1T R IER TRMKIKIEA T
(6) 3 T P HEF
(WA B 3 HER B P, A PIT1]] =1, HARITTE AHEZ ARG | AH W] 04 HE 4 40 55
()W KN 3 IHEZ B P Y REIKE A N IHEZ S P, H PRI BA TARIHER B E N 0
() WIhHtL k=3
(10) while k<=N
OH P1 AR FE N 2k BT B4 T1
O T1 $e 7 HE R
QWAL K BE R 2k IHEZ B P2, 4 P2[T1[1]] =1, AT E MHER Ry st | AR ] i HE4 FH 2
@FKFE N 2k BOHER B P2 PR BIKEE N N B9HEA B4 P3
&% k=2k
(11) end while
(12)SA[1] =N
(13)fori=1 5| N
if SA[i+1]=T[SA[i] Jthen SA[i+1]%3! =0
(14) end for
(15)for i=0 F| N
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Dif SA[i]<N-2
if(SA[i]%3)= =1 then Tmp[j++] =SA[i]+1
@end if
(16) end for
(17) radix_sort( Tmp,j,S,0,N) ;//FEHE T
(18)for i B j SA[k+i]=Tmp[i]
=kt
@k=0
(19)for i B N if(SA[i]<N-2)if(SA[i]%3)= =0 then Tmp[ k++] =SA[i]
(20)for(i=0,/=0;i<k&&<j;i++)
Dif(S[ Tmp[i]]1<S[SA[j1]11(S[Tmp[i]]==S[SA[;]]&&P1[ Tmp[i]+1]<P1[SA[j]+1]))SA[ k++]=Tmp[ i++]
else SA[ k++]=SA[j++]
(21)end for
(22) while(i<k) SA[ k++] =Tmp[ i++]
(23) while(j<N) SA[ k++] =SA[ j++]
(24)return SA

2.2 FHEIEE MD-BWT

—B BWT A7 51 XTI 245 7k M reads ( DNA B8 RNA J541 sz U9 48 5 971 ) Hh DA 732 BTG 37 25
o, FRR U — P45, 44 KAE reads 75 BT HUXT AT, 81 U 25 T RE A it [ AT A7 AR SO MD-
BWT J5 ik e AT e 8 LU X, shAS B4 18 B 74 EE XS B, AN R BRI HE T — A7 45, DR T e 51 HE X )
PRI 2 KA T, MD-BWT J5 ¥R FH il Rl o0k e 438 38 PP A B 2 2 Rl 40 T AR Al 75 EL Xt e
5 veads MY RE , FEA BERESS R — 1, ARl kil v 1 A8 A R A ELAR B e A EE X L il
B LE XS reads AU EE N 13, 40y — RS2 (001101) , , WA 7 40 LU XTI o] LAY 9 {8,411 U1K
JEE SR FE X, 12800 40 vk REAE ROk A P 47 H G A OB 24 MD-BWT Jy ik il M AR IS, A i R 1h
FFER S MY JE B8 kT LA th MR RREI Z 5 8. — B BWT 25 | BARBEBUE M5 — 5 Bl s — 51
KA T BN ECAL. ARG BWT R G HOR MR E M, 2 2 M1 B BWT R 9|, M MRS | L BRI
JEL R A I PR A R e J P A sk 3 AT AR S HE BT B2 . DL R SRR AP RS AT R S 1Y
JE BB T LA TS MR Z RS 15 8. IR R S 5 BAREAE Tk, BWT[ ][ S] KR KEN i
) BWT(S) FAFER ,OCCLi] [ TR, SR 2577 A8 R i 245 B 5 8., T LA FH 205 75 Bl 5 5 1o
XA LS A Ik —TJE BT, DME T AAAG L SR A7 Ep AR LA S AT PV R 51 & 48, T LU R 2
AEREAE. MD-BWT J7 B E AR I .

k2 MD-BWT At

Bl AT B sub 7ES 75 741 h il BN AL
(1) VAJHSE: 1S S8 SA
(2)38 3 sub FAF R A BE | FEPEE I8 197 9 FAF HERHC BE (BB R 07 91 EE XS BE R
(3) sub_x =L sub BIJ5 » MF4F
(4) T3 sub_x 7€ M HEFEPAT « 505 — R AL & (B T8t T A 47 83 i SRR, TRt 47— 17 28 R 7T
VMR 5 B bR B L AL &) | IRAE R sp
(5) 3455 sub_x 78 M FERGE AT x 5155 — OO BRAYALEE (sp+sub_x H B SR Im — I BLAG AL ) L IRIER ep
(6)i=sub_len—x
(7)while sp<ep and i>=1
OMRYEIA 1 sp, ep FIF G IEEHAR B RIS Z8AL SA, THEAE BWT [ ] [ ] Hhoxsh 1oz it 34
@bwt_sp=U\ sp PE AT, 33 sub_x 7E BWT [ x] [ ] & — W BB L B
@bwtiep=y\ ep i E W F 485 sub_x 7 BWT[ 2] [ ] ESF— BN B
@RS F FAFERR L A7 R AR, 83N —A> sp il ep 18
@sp =bwt_sp+count_num[ x ] [ bwt_sp ] [ map ]//map A sub_x AT H B B
©ep=bwt_ep+count_num[ x] [ bwt_ep ][ map]
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OMAERIA sub RICHCHYFAF I HEFTR— 48 AL P50, AT 5 08 LAY P 91 LU, B BBy oy, AT
(e

(8)end while
(9)if sp<ep
Dfor i=sp F ep
i SA[E]
@end for
(10)end if
LWRAETNT O R 4 FiR. N 47 AT g A
1, —Br BWT &0 BWT(S) fl By BWT &3k 1 (T; gg ¥ g
BWT(S) X N i FA4F Ef 02 de Ji — %1 sl die S A1), Xt T cG T C
AT S IR G o 1 e B @ k2 —. €G CT UHEBWT (S) G C
TC G$ C G
S BWT 31454 — 4 B ZH BWT Z 10 oc T ¢ G
SIHBALRETT A9 O, i T4 (o fes 10 e T ;
SUB, B 4 SUB_LEN SR ik fill kit b s co TC G T
A BWT(S) T4 LDk B i 4 R A T 9 LS . re—
EEXT, B 4n, S 500 v By R 51 4548, 5 L@ #E47 SUB_ - sa TT <= A T<=
LEN/V K5 T, M 5 Bl TR K ERE V ATTCG ATTCG
B, s 2L Bh A I 2R 5 | G54 o 3k B/ 3 4] L X B B4 BWT SHEAZR3IF5ILTE

E/‘J H E/‘J ﬁ# E‘J?ﬁM’Eé\ﬁﬁﬁﬁﬁf?ﬁﬂ ttxﬂ- E{J EH‘IETJ /E%rg Fig.4 BWT multi-order mixed index sequence alignment
FRAE BWT RE R M T AT J1, D046 BWT(S) I A2 35 it (8] 52 2% B2, HLXF I AY sp Fl ep o2 5Ok R 5
(1) sp Fl ep, AT ARHE SUB Y K/ MR IEFEGIE 1) BWT(S) FAF e | SR/ NICE 7 91 e X 3 .
1E BWT S5 Z RGP a b, RE AR i A, T e S B8 Z 8 BWT(S) T 455, T LU
FHEE Z i 25 AR Ut 8] g pefl. o T 2E ) 91 e PR 3 A 23 9872 T A IL L) 37 reads A P RE 2 LT
TEZJUATT, B LAEdr 8 22205 |5 B K (1923 8] 46 SO [R] 2 A 7 SCRY. BBoxt A= 1y 31 L DR i 2R 5 |
FRLEE T kB, P5UERUT I read BRI m, WUPCRE— A5 H O LS ARIER O (h/m).
3 SUREER G b
N TR AS SRR Z B IR A 51 LA B S MD-BWT BYPEBE , A SCHEFT LA R I 5 2R A4 i 1k R b
Xt Z AR 5155 — B BWT R51HHRE L XS ; MD-BWT 5 oAb [R] 28 54 A HE 8 X
B S A N AUIR e NRFEN 2] GRCH37 ; KA reads B UK (A 275 BN AL, (B2 36bp ; FL5K
reads (4 SRX000600, 1 5 A 36bp. AJSHEH A FIELSE reads HdiE 1 NCBI'™! A% K fasta.
SCEGERIEE : INAF :8GB B2 : 256 GB 5 TF R PRI : Dev—Cot+; I8 AT HAF BRI : Windows 10 #8455
MR H B LEXTER A 3224 Bowtie2 FlI BWA , LR 38 3 LK% LUIHIE BWT Z B AR 5| Xt ik
MD-BWT B4 %M. T Bowtie2 Fl BWA HAETE Linux Ml Mac 48 F #4712 4T, #0A SCi# 1 WSL S2 3
Windows T Linux R84 #1752 50 i
3.1 MD-BWT & X IEREIHE
ARSI S8 R P A R 4 AR R 4 GRCH3T 54D reads B U A 25 2L W 91, 64T 5 9] L X

IFPCRC A 100%. 38 8 77 A 43 5 BB B2 %2 MD-BWT #5 b3t it

100 ~ 500bp M) reads, 520 R A 20 J7HEHE , IF Table 2 Precision comparison test of MD-BWT

5 [R) 2 FE X B4 T HE X, SR 25 SR AN 2 Pk, reads ¥t reads K Ji/bp KW LA 2%
Yk 238 1 TR P BBl — 2 reads £ A B0IE EL 200 000 100 100

SR HE A2 UM, BEHLAE B JE 4100~ 500 bp oo oo -~ o

1 reads , B3 2H B0 K208 200 T ~500 J3 4, 3 i 200 000 400 100

5 BWA 1 Bowtie #17 HLA, K 56 TE S 75 55 A2 Lo xit 200 000 200 100
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TN R — B SEIR AR ANER 3 HISR 4 .
%3 MD-BWT 5 BWA tbxiillist
Table 3 Comparison between MD-BWT and BWA

MD-BWT ik BWA i fFJr ik
reads Z(H reads J&E/bp K X R/ % reads $i reads ﬁfg/bp K LR R/ %
2 000 000 100 73.6 2 000 000 100 73.6
2 000 000 200 42.3 2 000 000 200 42.3
2 000 000 300 11.2 2 000 000 300 11.2
2 000 000 400 12.6 2 000 000 400 12.6
2 000 000 500 13.7 2 000 000 500 13.7
3472 910 100 42.7 3472 910 100 42.7
5481 240 200 15.4 5481 240 200 154
1212 200 300 12.1 1212 200 300 12.1
3201 100 400 5.6 3201 100 400 5.6
5 000 000 500 4.3 5 000 000 500 4.3

£4 MD-BWT 5 Bowtie 245 bb X4 llik
Table 4 Comparison between MD-BWT and Bowtie

MD-BWT J5i% Bowtie #f4:
reads Z{ reads £ J#/bp A LA % reads % reads £ J%/bp K L X%/ %
2 000 000 100 53.6 2 000 000 100 53.6
2 000 000 200 47.2 2 000 000 200 47.2
2 000 000 300 41.2 2 000 000 300 41.2
2 000 000 400 33.6 2 000 000 400 33.6
2 000 000 500 15.7 2 000 000 500 15.7
3782 110 100 44.7 3472910 100 44.7
5592 143 200 18.7 5 481 240 200 18.7
2 413 220 300 12.1 1212 200 300 12.1
3 000 000 400 7.8 3201 100 400 7.8
5 000 000 500 9.85 5 000 000 500 9.85

Wit 5 BWA F1 Bowtie MR 45 509 b X AT %0, MD-BWT 4% AR 0] LAk B U SCR | A DL SZ 3% 51 L 1)
ROR WA EE 5 A A58 2 — B0 S PERL RS A L S8 1 A bXT S 90 AT DA B, AR SCHR Y
MD-BWT J5 % 1] LASE BT 31 HE XA 55
3.2 DC3 EEBMMHWIE

Ji SR B[] P B T T 4 G R B A 1 2R 5 | 5 A vy e 00 O pes -
JE. A3 BRI ARG TR DC3 SEvA AL £ 5 S 441 SA il 2 B w0l O fiE
()N BT EA T PERE 30T, AR 20 IR AE B, 454~ Il R

2300 -
B LGE 200 75 ~800 77, MAREUERIR B T2 A KO8R B |
USSRt R 5 B, .| EH
HAR S R T L X TRy BRI A SR 4 N s
DC3 Sk 1 5 SR A I [] B S (LA 3 50k, LR 5 20007 4007 600J7  800JF
B OB, 50 S0 BT 3 B, DC3 53 e TR

(3 R R X VERE S 5 B TR g B S DC3 SRS IS R ] e Y
(642 2 87 R [ - DIC3 0 14 e I 458 5020 1 ) B 2 3 K 24 2 F‘g;)jtwj;‘“}')’;i:‘;‘“}:jﬁj;‘ﬁ‘c;’;:::j;‘f;h:”y
O(N) | TR B L IR 7] 5 2 IR O( Nlog ).
3.3 MD-BWT & EREIE

et A ) B B 1 91 L X T80 | AR S Lo e — B D91 L Xt BWT B8 I Z B 4R 5 7 MD-
BWT A IPEAE. MBI E NCBI, 5 RS M 2 A T e ARIBUAY K2 43 3114 100 ~ 400Dy, 45
SRR A AT 10 J7 4% reads BT, S2H02s SLUNIE 6 Fiom , 2015 — B BWT SR MILL, B2 T H I BE
A, B0 MD-BWT AR ] M Bl e 48 ) .



P UM R A2 2R (TR R ) 55 24 5 4 11(2024 4F)

FT BWT FoAR MR T I B 0T LA R 51 50 - 7 WK B TR 4a A0 20 Fe Selp b FHEAE v R 5 1 5
HATRRAT 64 TTAEAE— IR, I8/ 05 B R AH 1025 ) YR 2% | AR [R) 52 B0 85 i 1 A ARSI 4 7 PR S 6, SIC 56 245 SR 4
Bl 7 i, 22 TR TR A s L T, 5 — By BWT B4 L, 3% MD-BWT [alREEAG 1] PERE L 3.

60 70
30 60
40 20
£ 3 g 4
B Z 30
20 20
10 10
0 : : : 0 ‘ ! :
100 200 300 400 100 200 300 400
55 /bp JFHIH & bp
E 6 —B BWT 5 MD-BWT RRd & % bt 7 —K BWT 5 MD-BWT KT B3 bk (G768 )
Fig. 6 Temporal comparison between the first-order Fig.7 Temporal comparison between the first-order
BWT and MD-BWT BWT and MD-BWT ( compression storage )

4 ghie

ARSAELEW P F HEX 2 l— Bk 5| BWT J7ikpydEal b 481 T 2 Brii& MD-BWT S0k, i385 w] L
ARPEE LU P31 R reads (KB A ANRIREEFE B3l A 547 LU I BE | T L 25/ 1) e Xt PR i 2R A58 ek
B, WE S RIL RO T PERE. LAY SEER K hn] RLUZ I, MD-BWT J7 ik AE R UEFF 81 LU XSRS BE A i3 T
ARAETE TP HEXTRCR. A6 MD-BWT J595 BRI i O AR Bk A I Tl PR RERZ AR K, Bl R —
A TAR BRI LA P S BERE PRI, i — DR TH 51 LU XL OR8CR D A7 6k 2 [ R 5 15
B BARF I O L i s ) S 2R

[ &% 3k | ( References)

[1] SARKAR A,GHOSH S,RAY S S. A hardware-based memory-efficient solution for pair-wise compact sequence alignment[ J].
IETE Journal of Research,2023,69(6) :3638—-3649.

[2] XU, =4 RNA U P40 B LU X R A TR D] MRV - M AR IE Lol K %% ,2018.

[3] LIRQ,LI'Y R,KRISTIANSEN K, et al. SOAP :short oligonucleotide alignment program[ J]. Bioinformatics,2008,24(5) :713—
714.

[4] CAMPAGNA D,ALBIERO A ,BILARDI A et al. PASS:a program to align short sequences[ J]. Bioinformatics,2009,25(7) .
967-968.

[5] SMITH A D,XUAN Z Y,ZHANG M Q. Using quality scores and longer reads improves accuracy of Solexa read mapping[J].
BMC Bioinformatics,2008,9( 1) :128.

[6] SSERWADDA I, MBOOWA G. rMAP: The rapid microbial analysis pipeline for ESKAPE bacterial group whole-genome
sequence data[ J]. Microbial Genomics,2021,7(6) :000583.

[7] LI H,RUAN J,DURBIN R. Mapping short DNA sequencing reads and calling variants using mapping quality scores[J].
Genome Research,2008,18(11) ;1851-1858.

[8] RUMBLE S M, LACROUTE P, DALCA A V,et al. SHRiIMP: accurate mapping of short color-space reads[J]. PLoS
Computational Biology,2009,5(5) :e1000386.

[9] BURROWS M J, WHEELER D. A block-sorting lossless data compression algorithm; SRC Research Report 124[ R]. Palo
Alto,CA, USA ; Digital Systems Research Center,1994.

[10] FUENTES-SEPMLVEDA ] ,NAVARRO G,NEKRICH Y. Parallel computation of the Burrows Wheeler Transform in compact
space[ J]. Theoretical Computer Science,2020,812;123-136.

[11] GAGIE T,MANZINI G, SIREN J. Wheeler graphs: A framework for BWT-based data structures[J]. Theoretical Computer
Science ,2017,698 :67-78.

[12] LANGMEAD B,TRAPNELL C,POP M et al. Ultrafast and memory-efficient alignment of short DNA sequences to the human



ARFS A5 T BWT KRG AR P X RIENT TS

[13]
[14]

[15]

[16]
[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

genome[ J ]. Genome Biology,2009,10(3) :R25.

LANGMEAD B,SALZBERG S L. Fast gapped-read alignment with Bowtie 2[ J]. Nature Methods,2012,9(4) :357-359.

LI H,DURBIN R. Fast and accurate long-read alignment with Burrows-Wheeler transform[ J]. Bioinformatics,2010,26(5) :
589-595.

KEEL B N,SNELLING W M. Comparison of burrows-wheeler transform-based mapping algorithms used in high-throughput
whole-genome sequencing: application to illumina data for livestock genomes[J]. Frontiers in Genetics,2018(9) :35.
BHES Rz R T AN O PRy BW AR SR 5 [ HOR BT MG [ T]. AL T AR, 2016,42(1) :282-286.
CHANG C H,CHOU M T,WU Y C,et al. sBWT: Memory efficient implementation of the hardware-acceleration-friendly
Schindler transform for the fast biological sequence mapping[ J]. Bioinformatics,2016,32(22) :3498-3500.

EGIDI L, LOUZA F A, MANZINI G, et al. External memory BWT and LCP computation for sequence collections with
applications[ J]. Algorithms for Molecular Biology,2019,14 6.

LIU Y C,SCHMIDT B, MASKELL D. CUSHAW:a CUDA compatible short read aligner to large genomes based on the
Burrows-Wheeler transform| J ]. Bioinformatics,2012,28(14) :1830-1837.

KUMAR S,AGARWAL S,RANVIJAY. Burrows wheeler transform and wavelet tree based retrieval of genome sequence in an
indexed genome database[ J]. Recent Advances in Computer Science and Communications,2020,13(6) :1213-1220.
SILVA M,PRATAS D,PINHO A J. AC2:an efficient protein sequence compression tool using artificial neural networks and
cache-hash models[ J]. Entropy( Basel) ,2021,23(5) :530.

CHEN Y,YOU D L,ZHANG T J,et al. SLDMS:a tool for calculating the overlapping regions of sequences[ J]. Frontiers in
Plant Science,2022,12:813036.

BINGMANN T. Scalable string and suffix sorting :algorithms ,techniques,and tools[ EB/OL]. (2018-08-02) [ 2024-05-12].
https :// doi.org/10.48550/ arXiv.1808.00963.

ZHENG W B,CHEN J,DOAK T G, et al. ADFinder: accurate detection of programmed DNA elimination using NGS high-
throughput sequencing data[ J]. Bioinformatics,2020,36(12) :3632-3636.

KIM Y,CHOI S,JEONG J,et al. Data dependency reduction for high-performance FPGA implementation of DEFLATE compression
algorithm[ J ]. Journal of Systems Architecture,2019,98.41-52.

GRIEBLER D,HOFFMANN R B,DANELUTTO M, et al. High-level and productive stream parallelism for Dedup, Ferret,and
Bzip2[J]. International Journal of Parallel Programming,2019,47(2) :253-271.

[ AL 2R 4. = Ak ]



