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The new approach of multiple genome sequence parallel matching based on GPU

DING Sha'?, ZHAO Shi-Yuan®, LIN Tao'
(1. College of Computer Science, Sichuan University, Chengdu 610065, China;
2. College of Computer Science, Jinjiang College of Sichuan University, Meishan 620860, China)

Abstract: Suffix trees and suffix arrays have been used widely in bioinformatics applications, especially
for DNA sequence alignments in the initial exact match phase of heuristic algorithms. In this paper, a
new GPU implementation and optimization of the suffix tree and suffix array on both multi-core and
many-core platforms to accelerate multiple genome sequence searching is presented. The comparative
performance evaluation between the suffix tree and suffix array is then carried out. The results showed
that the suffix array needed only 20% —30% of memory space compared with the suffix tree, and that
the mean search time of the suffix array was significantly shorter than the mean search time of the suffix
tree because of the use of a binary search with coalesced memory access and tile optimization under the
GPU architecture. Moreover, the GPU implementation of the suffix array gained a speedup of approxi-
mate 99 times compared with the corresponding CPU serial implementation. This study showed that the
massively parallel sequence matching algorithm based on suffix array was an efficient approach with the
high-performance in the process of multiple DNA sequence matching.
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AR BRARAL I 2 4% AR A% AR R 4540 LU H 5
PERE T R N TSR A L B Ok
1) Ab B A% O B B ICPE B e b TS BB R
B 2tk R G5, 3 F 58— i A R S i 4
CUDA (Compute Unified Device Architecture) fJ
GPUs", LA K H AL LT FPGA F Cell/BE i
AR E AR, 2007 4E5] A CUDA LK. 5012 & i
A GPU ByIHRHLEE AT BAR 0 TR R ] DL &
1o AT R A ik i AR SV 22 B BIE 5 X R R
B MR IFF % . GPU iR et e g
Kl

AWE B 202 GPU 115 19 A 32 25 09 g 4
Bz —. ¥ Ak g B R N T DNA U A AR
FIk 4y Bk AR o, £ 4 AH OC B B 20 3 K. NCBI
GenBank %4 2 DNA 7 41 {5 B 09 35 K DL &
UniProKB/ TrEMBL %4 & b 2 H 57 41 19 38 4K
HOAE R B . e Ah R — A DNA P HOR B T
S 15y 57 PR RS B ] 7 B A Sk A A Bl A S
WO T B M A HLEY T GPU B i i i 1
CPU, A 3 F GPU (#4656 i H 5 S 52 H.

Wl K & BB TARETE 2R W15 B 2= S
TEE A AMEEXT DNA JF 51 AH AL P 4 J7 125t A W i
B AL ST, DA R B SR O 1 A e X B i B
FASTA k2, 15 8 & #1537 BLAST 9
M .2012 4 Treangen £ 7 ¢ T8 & L H F 51 1Y
T Bk R i D 53k 33 6 5 o A Ay o R R TR 31
() L SRS T A A O 3RS B N fE DNA P 4y
B3 [0 e o S S 1IN D OIS A B I €
G HLas > 43 L A5 INRE R 42 th T RBF 128
D) 4 43 23 1k 5 TR DA 3R 174 50 o e 5 ) HE 3 05T )y
k7 Bt DNA JF 5. R AW T 3 F Gauss
EMD ) DNA J5 31 AU 4347

FRF PR SRR T 450 2 DL T s 80
TR A L )T BN AR B
41 MUMmer fl MUMmer GPUR i £ 8 1k
REA% 1 )7 25 B A 4 P A i) k4 o o okt gk
M.bEE 2% 75 3K, 5 %M 2 itk N
(DRAM) JH ¥ (4 i 300, XA 22 47 (9 1 F DA B =5 )
RN G B 2090 ~30% . 5 BBH & W
VB M 5 280 B =R AR 4 . [R) st e 28 0 4t B A i
DC3 FIEAE OGo) I [8) Y A4 3 R AE 2 %
(CPUs) AR ¥ (GPU) By P Fh P 5 A SCH

T

GPU S8 280 15 28 88020 1) 947 DT IS 58095 5k
BRHEAT KL DA R 41 UE . 52 56 i 32 B L A T CPU
BT RSB 3L e AL AR AT TR 99 R
B [ R A 44 R TERESR TT.
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M 2003 45 DA B 44 ) R 32 B R G 2 AR O
W ke BT A B 2% A% TE L U T IRAT R T B AT
Tk, 2, A% RS AE T 4 F p AT R T B RS A
TE 2 A% b 0 PR A T BT A s vl R 1Y o R A%
oA B s I HLAZ O B A A AR — AR A AR 2
f. NIVIDIA GPU 3t j& — 4~ H AU f5i] 7, oA A%
OHERREE T AP I Z LR, 4 A b B A BT 5
Fofl A% 0 Fe P R A B A7, i T XM R 2E A Y
AbBRERAE T R B A X, 1 R T RE R R 22
LK1 iR,

ALU ALV
Control
ALU ALV
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Fig.1 The difference between CPU and GPU

R ] GPU S, B8 g ith 52 2% i e LA A5
)7z N T R S — TR & 2R (CUDA)
JREBRH . CUDA B2 7 R i3 2o B £z 101 1 2 i
b ik R bR B IR AT R P 4 1ok 2 e CUDA 2
J¥. 75 CUDA g B A b, — > R A% 1Y i A7 42 72
A7 R T B A% PR ES. DA o BT A R R L I — 19 A
R EAT X 43 o [k FH T TR 30 AR 0% B4 s 38 43 2R A7 T
FTAb 3. BT AT 0 4 P2 38 5 A b b e — A 8O, — R 4G
3| B 5] (blockldx) fZ 2 & 5] (threadldx).
gridDim ridDim F blockDim 43 5| 32 7 P £% 4k B
PR CBEAS ey 4 FE. AR 8 gridDim 1 blockDim
AT o 2551 & R 98 U 2 18] (9 A B AR D 490 4n
T NI AF A7 e

FEIARERA A N SRR T (0 S AR A A e R
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OpenCL, OpenACC Fil C+-+AMP 921, 0 acggtacgtac 9 ac
1 cggtacgtac 0 acggtacgtac
3 MERZEHA 2 ggtacgtac 5 acgtac
3 gtacgtac 10 c
BANGLE—DSFEIFHNS = 5150005, = 1,2, 4 tacgtac 1 cggtacgtac
o SGam) FR I —A S JF 4. 5 L4l DNA Zigf g;x&m
E@4/I\W%XUL’%(E%”@»%EHQJ@HE%@%’U\&E@ 74 g‘[ac \7 gtac
WEWES D = lavcgar). BRI LR 00 Ak , t%%; glacgtac
ac ac
EX G K 2 fias, S = acggtacgtac,S, = 10 ¢ 4 tacgtac
cggtacgtac ,Ss = gtac. KJE R n IS EZFH S B B3 FTAGESRBERIET RS
G Z s ELA DL Er . Fig. 3 Sorting all the suffix by data dictionary

(D AEE—4 S B 751X B — 2544 11

(3) XTF 1 <i <n,S KR —F MR E -5 45
bR 0 A2

(4) [A]— P B A 4y 302 U [R) 7 45 I
%K.

Pt S R X 2 iR,
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B2 AEZFIAH HERK

Fig. 2 The suffix tree of reference sequence
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SERE 25 NH FEHZ2 B 90 16 2 2% 07 5 K/ 20 £,
IR 5 SRR AL AT L3 Aok A 46 B 5 A R B =X
B, HEEF GPU s FE F VL 2 B Encarnaijao
G ZEF 2012 4F 4 2. B G L A T 5 2R A
J5 SR B >V S — T 48 o AE 25 R B 4
1. J5 S 275 Y 50 B A S S8 4% T R
B R ROCRCA il 3 R 1 .

x1 BEREY S=acggtacgtac WIFE
Tab. 1

Index 0 1 2 3 4 5 6 7 8 9 10

The suffix array of reference sequence

SA 10 1 6 11 2 7 3 8 4 9 5

A 385 F 26 B 4 F T A 1 T O TR B b ) o —
AR I S SR AR IR 2 25 Y A A R HEA T
WRARL » =2 J5 0 T e 38 3 o HF e i 22 5 28 AR SC A
FH DC3 BEAE OGr) W] 1) 4 52 B J5 2080 4.

Lk s H] 1 S5 28 B0 M 1 R DC3, HOR i
2/3 JBVAGMIA KW

(D) FFEA A B L @ mod 3 +# 0 Y5 ZR W k) 1
W5 SR

EX B, = {i € [0,n]]|imod3 =kFk|} XT
k=0,1,2,C =B, UB, B/REEARMEMES. Sc
KANHEARANEHRES N TZHEFH S =
acggtacgtac, # i B, = {1,4,7,10},B, =
{2,5,8)V, #fEH C = {1,4,7,10,2,5,8). 24k =1,
2, Wi F 5 R =[cgglltac ][ gta][c00], R, =
Lggtllacg[tac]R =R, OR, =[cgg [ tac]l gta]
Lc00][ggt]lacgltac]. N 2 Frox , F| F 5L £ HE
P Bk X A 0 A e AT T HES L O B
AFHES rank (S,).

R 2 S=acggtacgtac BERRRHHF

Tab. 2  The sorting table for S=acggtacgtac

i 0 1 2 3 4 5 6 7 8 9 10

Rank(S;) — 3 4 = 7 1 — 5 6 - 2

(2) FIFIEE — 2045 3 10 45 S B i 32 3R 4% Js
2R 5 2R

ARG S, € Sy, il it (S rank(Si 1)) Xt
KR XN T A i.j € B, Si <8, &
(S;,rank(S,1,)) < (S;,rank(S;+,)). [6) £ #Y, K
BeHE TR R, iR S = acggtacgtac,B, =
{093’6’9}- ﬂ‘J (as2) < (a,3) < (¢,5) <
(gs7)S; < Sy < S5 < S;.

(3) fdi FHAR o LU 852 07 35 5k VA 9 845 0 A B 7w
AL T B S, €S 5 S, €5, A
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HRTFEX WA ENR: i €B.,S <S, &
(S, rank(S;: 1)) <(S;.rank(S;;,))i€B,,S, <SS,
& (L st srank(S; 1)) < (¢ 54;41 srank(S;1,) ) .
i iR DC3 5303k IR W AR 25 S Uk W H i i) 52
2R OCn) s [R)I JETF 1035 1 I AT 50 2 A7
AR O 28 7E SOk 14, 25 Jrh 4 ok 1.

4 H5[FITEE

A S S HE R DUS . RE 85 TR R
PCTEAS R 2 %)), IR S %4 S = acggtacgtac , 1
W&k 1 K 3, S = cggtacgtac M S; =
ggtacgtac. W P = c, §0 THEF G 451K M 4
—6 Ry E. R, P =athBAE1-3RIHE,
BPZ2% )75 S ) 10,1,6 K56 &. X R 17X F
M IAES H 7 9 h (AL AL 51 P AR X I T HE
GG | R0 — AR 510 F Lz e LA R
LB M4 A RB kKR MK P =a, 135 LB =
1FMRB =3. N P =c, 4% LB =4 fl RB = 6.
tF P = ggtac. LB = RB = 7. HIt, KA1HIT%
£ T4 %R LB M RB.

BE— MR FS) P, B RE R TR
RN, 7 R g P 5SIR UL S, i—14
J& 2 A AE PR AT e

(1) PR&S, M—A 1%k

(2) PRES, B—1 )5 4%.

WER PIES: B9—Aui8E. LB W Rg & ¢ s
()23, [R B RB AL W B A @ o @ WA, (R i
K S WA AT N R A LB,

WHR P AR S —AHTHIFH P <SRl
P 1i#EF S, LB M1 RB #Rb &S 1E S, M.

WHR P AR S — A% H P >SS, Bl
P 17T S, LB Ml RB #Rb & JE1E S, M4,

WHRPES H—TWHIFAP AZES W
W28 .84 LB =i [ FEHL, Gn 2R 2 S, 09— 2%
JFHPARES W4 RB=i. iR S =
acggtacgtac , ¥ F P =c¢, 5% LB =3 1 RB =5.
®i% P = tac,LB = 9 fI RB = 10. @it —/H8 %
FyLkRENS 13 5] LB A RB.

ST CUDA, AW T 28 7 5 9147
VR Iz FIE R DAL HE A 0k 1 . e, thd 3R
IRCUTTARR R L5 WA B R ARERA A
. A R SRR S g A AR — A R A
patstr 2 AR AN R R 51 LR thd fig % L) 2]
patstr[thd | FHAIRL AL E . A SCH S 5% T3 51 4540 1

JE BB F BN T A GPU gt — o R Ak,
RIS R T SI Re 88 AT AT UL L. 2
RN AT AL left R right W 5E ).
iR BT RS R R BRI R B
FEATVCIE 5 vk
1) //geneSubsequence[ thd] is one of genome

subsequences
2) thd = threadldx. x+ blockDim. x? block-
Idx. x;

3) //assign the boundaries to registers

4) L = left, R = right

5) __ shared __ midSuffix[ seglength], pat-
String[ seglLength|;

6) //an O(m log n) search algorithm to de-
termine LB

7) while(R>L +1)

8) |

9) pivot =(L+R)>>1

10) do {

11) adjust middleSuffixLLength and

patStringlength

12) //update and extract trailing pair bases

13) //send extracted segment to shared

memory

14) midSuffix = extract segment from S[ SA
[pivot]]

15) patString = extract segment from patStr
[ thd]

16) if (midSuffix ! = patString) break

17 > while ( middleSuffixlLength > 0
&.&.patString Length>0)

18) if (midSuffix <patString)

19) then R = pivot

20) else

21) then L = pivot

22) )

23) LB =R

24) L = left, R = right

25) //an O(m log n) search algorithm to de-
termine RB which similar to LB

26) while (R>L+1)

27) {

28) pivot = (L+R)>>1

29) do {
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30) adjust middleSuffixLLength and patStrin-
glength

31) //update and extract trailing pair bases

32 //send

shared memory

extracted  segment  to

33) midSuffix = extract segment from S[SA
[pivot]]

34) patString = extract segment from patStr
[ thd]

35) if (midSuffix | = patString) break

36) }while(middleSuffixLength> 0 &.&. pat-
StringlLength™> 0)

37) if (midSuffix<< patString)

38) then R = pivot

39) else

40) then L = pivot

41) )

42) RB =L

43) __syncthreads()

44) res[thd<<1] = LB

45) res[thd<<<<1 + 1] = RB

WSHTFHKER n, BEAF I EE R m . 1%
BN AE T OGn log n) I A] SR B 5 K 5L 5 31 72 341
LB % 4531 A RB. (LB,RB) X} i 5 %1 ¥ %1
patstr[thd ] WVCHEC 45 8. aifk (LB,RB) h5s, 3%
NCY TR 5 AR R R B DG R Y S 2. AR EE 1
H i (LR SER T 18] pivor WE AR BT
MR AT R R B B pacstr [ ehd A5 i BT
LR 31 SLSA [ pivor 1] v 42 BUEE 23 5 51 v B
BNIZNIE, HB middleSuf fixLength < 0 8(F
patternStringlLength < 0

S[SA[ pivot |] — midSuf fix patstr[thd | —
patString .

1 T4 Ry N A AR A B R ER DT ) A TR
SR T N A B A 25 5 /0N g () 3 B PR A5 R P AR
SCHFASE FH 4 J7 6 TE % — el 8 SRS K s o3 Ak
TG E AR R AR KRS E )
I AE AT AR DG I8 B AER IR R AL I IR AT O
BLRGE & B 2 — Fh T AT A A J SR

5 ZWHER

SLEGFAEE 3.5 GHz Y Intel Core i7 quad-core
b PR S A% 1563 > a4k B 8%, 6008 MHz, 2GB
WAER NIVIDIA GeForce GTX 680 (5 #i i Kep-

ler Z244), 1600 MHz,16 GB A DRAM.
A5 M NCBI Nucleotide 1 #2HL DNA 3k 3F
it MAEEWMER 2 F 5 5 NT
167186. 1Homo sapiens chromosome 1 genomic
contig "PHEIPCAYRET 10" ML IR . FHOR A R 51 4L
It AL —— J5 SR S SRR S v ) i A
RUFP O € o 1024 D ZAT IR . A 51 &5 4k
JE2M NT 167186. 1 Homo sapiens chromosome 1
genomic contig Fll the NT 039173. 8 Mus muscu-

lus strain C57BL6] chromosome 1 genomic contig
FEE) DNA P41, S8 p il i 7 4 & A R 50 /Y
Ry 5 Y B G B4R 5 RO R AL 7 81 H0 i 3 L7
512 &) 2097152 2 [4].

Y3 B P 43 B ok SR AT LS i MR L A BIESY
ST AL TR B AR SR A B £ AR R A O A
VL. 7E R A 9 2 4% CPU i 53 5 F F OpenMP
KSCHF 2.4 DL K 8 AR IFAT AL B[R] i 5 2
CPU S8 f # #4F MUMmer #E47 7 X%F o 40 #1t.
S AR 4 s, BARRERAE S T
OGm) I K AT R VT TE L 17 )5 SR A A2 T
OGm log n) W [H], i T /5 28 £ 20 8 08 52 A0 s 2L 1Y
i % A7 » FLHR UE 10932 47 B () AU 735 1 J5 SR, 5
¥t L T 3T GPU 28 AY I 7 DU e 2 i 2
ik MUMmer.,

102 T T T T T t

® Serial Suffix Tree
=+ Suffix Array 2 threads P
-*-Suffix Tree 2 threads /
10! f[~* Suffix Array 4 threads =
- Suffix Tree 4 threads -
=4 Suffix Array 8 threads P
+-Serial Suffix Array /
v Suffix Tree 8 threads //
ol[EE Bowtie Y
__ 10°F|<-MUMmerGPU 7
z ~o-GPU Suffix Tree /
E ~o-GPU Suffix Array
=

102k ~

104 4 4 A L A 1
512 2048 8192 32768 131072 524288 2097152

Number of query sequencesy (each sequence consisting of 1024 pairs)
B4 ATE8MAegsmerifxis CPU A
GPU -+ & F oM 5k 447
Fig. 4 The performance analysis between CPU and GPU

based on the suffix tree and suffix array

ok — 2, #1714 NIVIDIA GeForce GTX
680 S B A I U A7 UC B 58 1k A0 M e SE 6 45 R ik
WA 4 Fros , 45 5 7R 3047 U fic 53 B B[] 2 435
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() 386 75 BT[] 1A% B8 B SR T I W () . el S
CPU M A5 % 5] GPU B4 o 35 et 2540 45 51
(945 Fe At [ 3] CPU Py A7 oh 3308 S BT 7 B9 3 5 Bt
IF) 1. A% PR BCHUAT BT 1] 2 L T 76 A7 4798 R T
Pic i 5 90 F ) 5 . 388 15 F 1) R DAY A% B BT ] 4
Lo Frn &l 5 s,

uflix Array Output

107.512 2048 8192 32768 131072 524288 2097152

Number of 1024 base pair pattern sequences

B 5 HEIE % NAZIRAT ) Fe B A3 A ]

Fig. 5 The kernel execution time and communica-

tion time of the algorithm

En#EF CPU g MUMmer, MUMmer GPU
JESE AR T GPU finsl 3% P 41 ot iy T2 8
FHE B B2 X He o B B 8 A 51 A CUDASW +,
JERAE T HS % 79 2 45178 64 x 10° B H IR 2
RS =R BT RG] 4 s N CPU
DRAM 55 2] GPU & 48 L . Hi A BT [E) X BT A 5
TR RICECEA 2 B CHE M. bR b,
U HEAT VT FC 55 Y e 0 B30 AR /N I B 1 A
() (55 1 268 R 4 118 B B) S R SR T 4 R AT D HE Y
BERL Y 50 i R o PE RIS B2 T GPU i I 47 i 5
A I A7 DG C S5 2 K 2 o A I T] 19 48 2. SE B
SR FWIEE T GPU 5280y 59 e 30 B N Pk
REFETE AHXS T GPU 47 S B, 2k T 5 S8 4 iy
FRATIC VLS B 14 T 99 4% 19k RE $2 T) . W] B
JE SR ARAG T I 44 A% 090 HE L T A0 B9 6 H 4
Brcds an il 6 k.

102F
—s—Suffix Tree Speedup]
Suffix Tree Speedup]

_
2

_.
<

Speedup (CPU Time/GPU Time)
)

0-2 . L . . . "
512 2048 8192 32768 131072 524288 2097152
Number of 1024 base pair pattern sequences
B 6 EERLXECPUYL GPU X [ 5 I he ik b
Fig. 6 The matching algorithm speedup between
CPU and GPU

LY LE R FK W, T CPU Y J5 %8 W VT it 7 32
FEPAT I 18] _E 3 W A0 T I ZRBC 2L - 2% i e T S W o
PN A 7 (R ASS R0 26 A 3, T 3 GPU A 592 B B8 40 1)
TIR 8. 554 MUMmerGPU # 3 JL it £ J&
DRUFP 91 4 3 A7 T 1) B S 85 T i 200 A I 28 K .
v, TEAEYIE B B P T GPU 5 S8l
I AT VE BL 3035 2 — o e 20 LS 0 B9 7 2k

6 %

ARSCHE N T 5 8 5 )5 242 92 PR AT IR I
SRR DNA FF 51 IC fie i 72 5 % e o 47 5 T
PR AR 4T & : 28 (17 3770K quad— core)
A% (NVIDIA GeForce GTX680 GPU) , %X 4k
KOG AT A0 1 X o B, SRR a5 SRR L TR
ZRAEA T BANEE T IR BB A IR R T B 2
i) OCmlogn) I & T 5 2 1Y 4L 9% i 5] OGn)
(B2 B T m RO R A7 AT T L 02 Y 5 R 2H S B 1 DL
BC A RAULIE W 5 T )5 S8 SR TEARBF B R
TEAE v R S AF AT T L B8 5 3 PR AT AT 5 LA B =5 ]
3l JH B /NS AL TS BB ) I AT DL
i BT S S . AR R S AL o G 2 Tl
A S5 G 11 20 6 ~30%.

£ Lk

[1] NVIDIA. CUDA compute unified device architecture
(2007-09-27). [ 2016~
01-227. http://docs. nvidia. com/cuda/cuda-c-pro-

programming guide[ S/OL].

gramming-guide

[2]  Shendure J, Ji H. Next-generation dna sequencing
[J]. Nat Biotechnol, 2008, 26(10). 1135.

[3] Altschul S F, Gish W, Miller W, Myers E W, et
al. Basic local alignment search tool[ ]J]. J Mol Biol,
1990, 215(3): 403.

[4] Treangen T J, Salzberg S L. Repetitive DNA and
next-generation sequencing: computational challen-
ges and solutions[J]. Nat Rev Genet, 2012, 13(1):
36.

(5]  Fhéfm. BT RBF MM %0 DNA B3 452507
[DJ. ##k: HMARFE, 2009,

(6] SRz, skaker. DhzENr. 2F Gauss EMD fy DNA
Fr AR 3 87 ()], K% 5858 K& % 4. 2013, 34
(1) 98.

(7]  Z=H&. 3+ OPENCL ) DNA J3 5l 3+ 47 b X 55 5 1
WD, MR : BIpIL R, 2015,

[8] Gusfield D. Algorithms on strings, trees, and se-

quences [ M ]. Cambridge: Cambridge University



286

Wl K FROERAFF IR

50 %

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Press, 1997.
Kurtz S, Phillippy A, Delcher A, et al. Versatile
and open software for comparing large genomes[]J].
Genome Biol, 2004, 5(2): 1.

Schatz M, Trapnell C, Delcher A, et al. High-
throughput sequence alignment using graphics pro-
cessing units [J ]. BMC Bioinform 2007, 8 (1):
474

Farach-Colton M, Ferragina P, Muthukrishnan S.
On the sorting-complexity of suffix tree construction
[J]. T ACM, 2000, 47(6): 987.

Ukkonen E. On-line construction of suffix trees[ ] ].
Algorithmica,1995, 14(3): 249.

McCreight E M. A space-economical suffix tree con-
struction algorithm[]J]. J ACM,1976, 23(2) . 262.
Karkkainen J, Sanders P, Burkhardt S.
J ACM,

Linear work
suffix array construction [ ] . 2006, 53
(6): 918.

Puglisi S J, Smyth W F, Turpin A H. A taxonomy
of suffix array construction algorithms[J]. ACM
Comput Surv, 2007, 39(2). 1.

Hwu W. Keutzer K, Mattson T G. The concurren-
cy challenge[ J]. IEEE Des Test Comput, 2008, 25
(4) . 312.

Sanders J, Kandrot E. CUDA by example:an intro-
duction to general-purpose GPU programming[ M ].

(18]

[19]

[20]

(21]

(22]

(23]

[24]

Boston, USA: Addison-Wesley Professional, 2010.
Kirk D, Hwu W. Programming massively parallel
processors-a hands-on approach [ M ]. California,
USA: Morgan Kaufman Publishers, 2010.

Gaster B, Howes L, Kaeli D, et al. Heterogeneous
computing with OpenCL [ M ]. California, USA:
Morgan Kaufmann Publishers Inc, 2012.

Gregory K, Miller A, C++ AMP. accelerated massive
parallelism with Microsoft R Visual C+ +[M]. Red-
mond, United States: Microsoft Press. 2012.
Scarpino M. Open CL in action[ M]. New York,
USA: Manning Publications Company, 2014,
Encarnaijao G. Sebastiao N, Roma N. Advantages
and gpu implementation of high-performance in-
dexed dna search based on suffix arrays[ C]//Pro-
ceedings of the Ninth High Performance Computing
and Simulation. New York, USA: IEEE. 2011.
Cormen T H, Leiserson C E, Rivest R L, et al. In-
algorithms [ M .
USA: MIT Press, 2009.

XUk SRAGEL. T A Y 37 57 00 B A 45 A BIF 5T
LV 10 pu il ok 2% % e A 98 B 2% hR. 2016, 53
(2): 289.

troduction to Massachusetts,

Sintorn E, Assarsson U. Fast pallallel gpu-sorting
using a hybrid algorithm[]J]. J Parall Distrib Com-
put, 2008, 68(10). 1381.



