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Abstract: Approximate string matching technique has been widely applied to many fields such as network
information retrieval, digital library, pattern recognition, text mining, IP routing searching, network intrusion
detection, bioinformatics, and computing in musicology. The two concise parallel dynamic programming algorithms
for approximate string matching with k-differences on CREW-PRAM (parallel random access machine with
concurrent read and exclusive write) are presented by parallel computing the edition distance matrix D in the
wave-front approach and by parallel computing the edition distance matrix D along the diagonal and horizontal

directions, respectively. The first algorithm requires O(n) time and obtains a linear speedup by (m+1) processors.

The second algorithm needs O(n/a+m) time in use of a(m+1) processors, where 1<a£{ —‘ The simulation

m+1
experiment shows that both of the algorithms achieve a good speedup. Based on the divide-and-conquer strategy
and split-merge approach, the two communication-efficient and scalable parallel algorithms for approximate string
matching with A-mismatches on linear arrays with reconfigurable pipelined bus system (LARPBS) are presented by
reconfiguring dynamically the optical bus system, applying neatly the optical message-passing technique, and
computing in parallel the prefix sums. The first algorithm requires O(m) time by n processors and the second one
has O(1) time in use of nm processors.
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concurrent read and exclusive write); reconfigurable optical bus system; edition distance; Hamming

distance
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Fig.1 Implementing the approximate string matching with k-differences by parallel computing the
edition distance matrix D in wave-front approach
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Fig.3 Parallel computing edition distance matrix D along the diagonal and horizontal directions
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(a) The vertical coordinate denotes the execution time (ms), the horizontal coordinate denotes length n of text, m=5,
the number of processors is 6, k=1
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(b) The vertical coordinate denotes the speedup, the horizontal coordinate denotes length n of text, m=5,

the number of processors is 6, k=1
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(c) The vertical coordinate denotes the execution time (ms), the horizontal coordinate denotes the length of pattern, n=1MB, k=1
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(d) The vertical coordinate denotes the speedup, the horizontal coordinate denotes length m of pattern, n=1MB, k=1
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(e) The vertical coordinate denotes the execution time (ms), the horizontal coordinate denotes the value of k, n=1MB, m=15,
the number of processors is 16
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(f) The vertical coordinate denotes the speedup, the horizontal coordinate denotes the value of k£, n=1MB, m=15, the number of
processors is 16
() MR I L Bl & {ELn=1MB,m=15 AL 3L 25500 16
Fig.4 The result of the simulation experiment for parallel approximate string matching algorithm with
k-differences by parallel computing edition distance matrix D in wave-front approach
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(a) The vertical coordinate denotes the execution time (ms), the horizontal coordinate denotes
the number of processors, n=2MB, m=11, k=1
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(b) The vertical coordinate denotes the speedup, the horizontal coordinate denotes the number of processors, n=2MB, m=11, k=1
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Fig.5 The result of the simulation experiment for parallel approximate string matching algorithm with
k-differences by parallel computing edition distance matrix D along
the diagonal and horizontal directions
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I, 23 TC &5 AH 2 A FER 45 JIT A 3R FR) 1 S B 1) % 4% 0 I Bl 2 T S WY 3R G v D ) AL 3R 4 B BB 220 TS 45 A
A B JIT AL SRV LE SC B BRI T A4S AT SRR A A R A Ak B A A P D B T B R DR e, > E S
AR A 82 ] 5 I, — 7 1, 300 2% 49w FH) A B2 50 T DA 35 9D AT S0 I AT I Tl s 53— T T, 24 Ak 2
A HCE G0 F — 5 LI, FEAT SR AT I [R) T B f o R
Bl 5(b)2 W, 24 1F SCRRASRTASE 2 82 2] 5 11 A P88 50 B0 IS, AT S50 8 008 DR 4R IV 5% 1P o 3 11 i 35

2 LARPBS 2% ERIR1F k-iRECHYIE N B ITE HITE %

2.1 ftifFk-iREC B9 {EL 88 P fg o) 3%
EX 4. TR 5 (71 a,be 2w XAT/RERE fbUT:

1, Ha=#b
i ={5,
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B X=XT1,...,n],Y=Y[1,...,n]e X" ) X FI ¥ 2 [ )5 W § 25 (Hamming distance) & Xk
ham(X,9)= Y fo(X[iL.Y[i]).
i-1

EX S, WK P=P[1,...,m],IEC T=TT1,...,n]€ & m<n AT 545 & 50 k,0<k<m, T i FCVF k-1 IC (30 0L e T
Pc e R i, SR A L A ham(P,T)<k WREAEE SO IR IR A LI I<isn—m+ 1, T B T=
i,...,i+m—1].
POV k=17 0 9 305 ABL AR TG P ) R0 1 SR i T 2 A% Jld oK A dn 1 R 4
fo:Z" < X" xk — {0,177
Hdr (P, T, k)=cc,...c, . ST 1<i<n-m+1,6
1, #FHham(P,T)<k
Cf:{o, wyo
2.2 LARPBSIRE B HERKEBIRIE

A F A UL K 2R A 2R R G (LARPBS) A5 B A T ' J 2 32 427 A T 8 5 A ) Ol e o Ak 30 48 2 i) A i oy R 100 )
FOGBAL R B R st s DGR S A Ay A RS i mT FIO £4 i B 3R, 5 AN R R UE. LARPBS
RYifiett LU /K 2 )y X RP I RAEBOG R . BRI S0 F AR 45 i =0 ) #2368 01,1143 LARPBS i
BB A3 1E A T A5 B VR % AR N ] AL R 26 3R 48 LARPBS 1) 45 14 61 A, 2 WL SCIRR[9,10].

LARPBS R4 Fk T HA M 015 g J) LAAN T BATE 1 AN VR AT R ol — AN K 2R 016 5 2k e 51 Ak 3
MAGHNETMFEM | MM F RS, 1< <n X8+ R G 0] DU #3847 AN W) 19 oF 820 A BA 2 F
W .LARPBS RS th— R 514 R 18 A5 AR SE 50 SR e, Hovt 555 2% B R F s 8 S SR ORI SR $ 4E IR
Bk L.

5138 31 LARPBS Rtk LA MNAERAR 1 AR IR IEL, 59— A RO BE 38 (0 AR R by 00 a1,
BT LATE 1 A2 R I 58 K

5172 41 LARPBS Z 4t f U5 A0 BT g s 1L = 0 25 77 o 0 B0 A1 & 3% B 28 LT m AN A P28 R VEFR A
IR R ERAE T LATE 1 AR B P e R

517 51 LARPBS Z 4t U5 b B o K 1L Joi i 25 77 % (00 B0l A0 R 3% 31 28 1 2 AN A B3 RO 48 A Rl — %)
Z (). A B ERERAE 1N S 2k 8 A P mT DA Ak 38 kR R B

3138 6, (¥ n MBI AAE LARPBS REE ML LK n AN AL IS b AN AL B 3R AE 1 AN St TR %
TR ) (active) B4 TG 35 0 s A, 1 <s<n. T BTG BR 0 35 AR 35 )= 348 52 (9 (SR AR IR 6 K JG 25 R A 38 R b
BRAL F 88 KGR T R IT W B B PR, ~PR, 1 WHRAERR A H 4 (compression), FE 4 45 AFE 7T LATE O(1) &5 2 J#1 31
W 78 k.

5138 71 X on ANEFEEM LARPBS R4S PR AAE 1 A HHRME v, ,0<i<n—1.5k

psum, = v, B TS HEBUEHTAON, 0.<7 < m— | VL A LRI A0R (0 1 P LA O(1) s 26 9 4 S
j=0

2.3 LARPBS#E! I #Y 72 15 k-iR B A9 0 BB T g AT & 5%

BLESL TT0,...,n-1]4#4# /£ LARPBS R L n NAbBEAS op JLP A BRES PR, A7 ik IESCTAT T [1],0<i<n—1.
VRSN AL B S PR, AL AR DO R B 841 e 3% S[ AT /R B IE 3R Bi),0<i<n—1 IR I B PO, ,m—1]
LEAE A B S PRy~PR,, , 11, PR, 76 P[1,0<j<m—1. 4 7 (B8, B ¥ m AEUS #41% n.ft LARPBS #7 |-#Eit
FoVF k-DR T B AL ER UG IC TR AT S0 i SRS 56 T 20 VA SR ST R 70 B AN 5 0F T B B A RO R L R 4,
I 7823 R 6 R R R R I BOR R AT V557 S8R 0 77 025, S B U B 0 1) AT T B3 SRVA AR

Algorithm. Parallel approximate string matching with k-mismatches on LARPBS with n processors.

HN:P[O,...,m—1], T[O,....n—1]F1 k;

i 3B G 4607 L ,0<i<n—m.
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Begin

(1) =040 3228 PRy ¥ k | HB45 B 26 LA IR Ab B 4%

(2) KEEN n IR Z RS LARPBS J R AT 2 3315, b AL BRAE PR B 45 PR IR 45 Ab BE 2%
PRixp+j+1,1<i€(n/m—1),05j<m~1.

(3) ¥ K BN n MBERGEEM YL n/m NKEER m BT D& RS, 55018 4 LARPBS-i, 1<i<n/m.

(4) BT B2 R4 LARPBS-i LT AL B8 3547 b B HL A7 Al 2% v B0 IE S0 748 T LG 1) ety | RBE R 7 75
P[j1,4 T[(~1)xm+j]1=P[ j1,00 & B[(i—1)xm+j]=0,75 W& B[(i—1)xm+j]=1,0<j<m—1,1<i<n/m.

(5) & T AE &% LARPBS-i HATHIsK I b m A Z I B[(i—1)xm]~Blixm—11HI BT ZE AN psum;, 38 )5
AT sk ST HRAE B psum; JRIEBIAEELER PR_1)yxm+r I S[(—1)xm+]H, 1<i<n/m.

(6) =118 ISm=1,J0%% n MBI EM R — N D n FRZR S LARPBS, A5 & 4b B 25 5147 H 4k
AT SO0 SRS AR (T iHi<n—1, M b PR 88 PR, B ILTERE S TL+HKE S PR, (R TTi)

(7) EMIKE R n ML RS LARPBS, ALBRES PR; LW S[I1F & BIK /N, I B S[i<k, A i HH DT A B
1,0<i<n—1.
End.
EI 3. 0T n MEFLEK LARPBS R4, AV k- EC AT, B VUG AT BV K I T 52 2% BE DA O(m), AT
R A O(mn).
UE WA 1 5 R 40, 22 R0 VR T DATE 1A 6 e A 30 P9 50 B, TR o, S0 20 SR (2) JF e 3EAT 22 1 3845 3 75 I 1)
O FEO)N T BERGEEM LAERLIFE 1 AR A 588 AR, 8 SR (4) I FRAT LL B4 15 )i 55 I8 1) 2y
O(). 5 7 Wl 1, 3RATRE n A BB M AT SR T 48 1 AN B2 B P 52 R, 1 H i 513 3 ] S0, ) s J8 A 4
FEH AT BLAE 1 AN R0 T P 5 i, R 0, 22 R (5) IR AT A EAX TR O(1) IR T8 [RI R, 550302 20 BR(6) 1) M 2 R 40 T A
PERIE S 0550 A% R B AR IR 1) O(1). S5 BB (3)~(6) FLIL A m YR EVE S B (T) K 3547 L e Mgy tE R AR 7]
DATE 5 BT ) P 56 K.
DK e 4 T n A AR B35 1F) LARPBS R 46, FuvF k-1 0 (14 10 4B A3 DG 5 A7 55092 1) 6F 18] 52 2% B2 2 O(m), AT ARAY
9 O(mn). O
IUAERF TR V55 T LARPBS £ 58 (10 BT () 52 2% P2 (9 AV k-1 B (9030 4L R DE PC AT 095 R % LARPBS
REILH nxm MK nm — D BLREEH LH B 0 m MK n 0T BE&RFEA NI
AEFRES 53 G 5 A PR, O<i<nm—1 WG B, IE SCAE AR AL BEES PR, (1) TTi],0<i<n—1; B AE G IE AL BEES PR; 11
P[j17,0<7<m—1.8[0,...,nm—11 0 " (0] B0 20, i 340 POIO,...,n— 1100 T 4R 77 7T fit (1) 1F SCUC BC AT 4R A B 5 1 1 e
WTF# e X PR IR AT
Algorithm. Parallel approximate string matching with k-mismatches on LARPBS with nm processors.
HiN:P[O,...,m—1], T10,...,n—1141 k;
ARV R AR A7 §,0<i<n—m.
Begin
(1) KEEHN nm 2R % LARPBS & A3 38 PR, PATHRAE S[i]=—1,0<i<nxm—1.
(2) KN nm ME RS LARPBS BT IEEMER &k 7R IE 45 Frfy )b B 2%
(3) KEN nm MRL RS LARPBS IR HAT Z 1815, H P AL IR EE PR IE SCFAAT TTRRL 45 kb P 2%
PRy i (1] T[jxn+i],0<i<n—1,0<j<m—1.
(4) KBEh nm (1828 RS LARPBS H R BT miob] sUBAS R AE, L P AL BLEE PRy i W5 T4F T x(n+1)+i]
FIE SCE AL E (i) 53 3 R IE LI IL G PRy i 1) T *nti]F1 S[jxn+i],0<i<n——1,0<<m—1.
(5) W KN nm IR RS LARPBS HMN m NMEJE n 1T S 4 R4 LARPBS-,0<<m—1.m A>T &
2 R RPAT 2 W AR JL T A FUES PR, FIWT j A5 KT 0,45 2, PRy, WING IR IR 774 R I 45 Ak
BREAS PRG+1yxns- - - PR 1yny XL TIG+ 1) xn—1,. . TLG+1D)xn—=11515 W, PR, $0AT 25 4 4F,0</<m—1.
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(6) HA—ANKSEX nm MREE RS LARPBS, I R AT 2 B /E L AL BLEE PR A 4F Pk %
Y REFRHE PR, ps; 1) PLixme4j],0<<m—1,1<i<n—1.
(7)) B KRR nm W R RREM R n NN m T RE RS, 7010 8 LARPBS-i, 1<i<n. % T M4 &
4t LARPBS-i b Jr A7 4b 348 JHAT LR HAF Al o 1 IE SCF A5 TIG-1D)<mAj ] R 55 Pl A
TT(i~1)xm+j1=P[j1, & B[(i—1)xm+j]1=0;75 M), & B[(i-1)xm+j]=1,0<j<m—1,1<i<n.
(8) & T ME &% LARPBS-i AT R b m A ZEHIME BI(i—1)xm]~B[ixm—11/I T ps,,ps; (RAFAELL
HLAE PR 1yxm P, 100,
(9) ER—ANKREEN nm B RE R, I RPAT SO SUEAFERAE, LT AR BEDR PR wyein 1 S[jxntixm] R i%
UEMEFREG PR i 1) PO[ jrixm],1<j<m—1,0<i<n/m—1.
(10) MTKLEEHD nm BB RR,IFRKPAT SO SUBAG R AE, AL BRAE PRG_1yxm ¥ ps; RIS MRS
PR\ p_s;1,1<i<n.
A0 BWEE KR nm (RLRG L n ANAEFLE PRy 1<i<m AL BLES PR LR WIERE p_siy A1 K HIMH,
i p s <k, U H ISRCAR IR AL B POLi-1],1<i<n.
End.
EIE 4. KT nm ANAEBEEE ) LARPBS R 48, SCVF k-i58 L (3 LR VG I 54T 55030 vl o % B ) 9 e R
IE WA B IR (DI AT A E B VR BT 75 16 10 2 O(1). HH 5 13 4 v %0 28 BRI 383 AE T 1E 1 AN B2 A I A 5
BRI S WA P BR(3) 1 2 R AR AR T BUTE 1 AN R R P 50 . B 5 1B 3 AT AP R (4) I R AT RN OB A
AR TR RIS [R] 24 O(1). 7R S0 BR(5), 7 26 FR G A AR W 7 5 H0n Ta) N 52 18, T HL IR 2 ARt T
PATE 1/ 502 8 3 P9 9 1. [FTRE 0220 3R (6) ) i 4 R A LM 1A B LI R 22 645 4 R mT BATE O(1) I 18] P9 56 1.
T BT, — 5 LT R R G E A TAE AR 1A R R P 52 B, 53— O T, 3L 3047 B A $84E BT 75 1)
S o). (513 7 AT 50,20 B F sk HEBME AT SN B VR AT AR 1 AN R AN LD BN R & R
S T AR S L s WA B TR O IR Y 58 1. 53200 R (10) 1 R AT A e st 30 A5 )48 /8 AT 76 5 B0 i) 1)
P 5 . S0 BB (1) R AT DL . b 5 R0 g H 456 BT 75 BRI O(1).
DR, 0T nm AN AL FRES 1) LARPBS R 40, VT k-1 e AT BL R DT IE AT R B 5 I 18] oD, AT A0k
O(nm).

3 % &

%7 CREW-PRAM B 15 51 SR FH bl iy s FAT HEZE A U7 vk BT S BB B AR D,BEE T — RV k-2
Sl PR A ALL A DG C ) A BRI S0 I SR AL T (m DA AR PRSI TV SE AR FE 0 O(n), BE 1S 13k 21 T Ze M ik 58 )5 R
ORAP MR SO AT VS g AR R B A B D (0538, ¥eik 7 — AME a(m+ D) AN ZEPEER AT O(n/ aetm) N 18] (¥ R] A 4

ffy SLVF k—%%ﬂﬂ@ﬂi@%@Eﬂﬁ]&%ﬂﬂ#ﬁﬁﬂi,1<as{ . 1,%5&%%&%&@% n IS IR N 8] 52 2% B2 ok

m+1
O(m), BR85S 2 1 Il A7 052 45 R AR W IX AN STVE B3R AT T R A 1R In ot o e vk i SR TR L 5 T 532,
T T I SORRSE A 2 i N B3 B R G TR .

FLT 00 AN 3 I RO S O GO R 2B A TR R 2 R S8 IF 800 B DG S T AR IR HOR
HFEAT VST 28 AN B 7 25, SE DO R 1) AT U B3, e ok T PN AR ALK . Fo k- RRIEC AR B ER DL C IR AT
SE LR AN EEAE ] n AR PEES I R AR BE D O(m), 55— A N U TR S AR mn A AR PR E% 3X AN B
AT A I O(nm). W] FEAE) ' Jeh e ZR 48 W] LAy A b Ay J Auk T 24 P RS A 4 3 5 7 AN () RUASE i) 85 1) 47 24
KA, BRI BT 8 IR 2E T LARPBS BAL (¥ FoVF k-8 IC R AR A DG 0 FRAT B0V 2 vl 9 T80 ).
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