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Abstract: De Bruijn graph is a vastly used technique for developing genome assembly software nowadays. The scale of this kind of
graph can reach billions of vertices and edges, posing great challenges to the genome assembly task. It is of great importance to study
scalable genome assembly algorithms in order to cope with this situation. Despite some recent works and therefore begin to address the
scalability problem with parallel assembly algorithms, massive De Bruijn graph processing is still very time consuming which needs
optimized operations. This paper aims to significantly improve the efficiency of massive De Bruijn graph processing. Specifically, focus is
placed on the time consuming and memory intensive processing in the construction phase and the simplification phase of De Bruijn graph.
The study observes observe that the existing list ranking approach repeatedly performs parallel global sorting over all De Bruijin graph
vertices, which results in a huge amount of communications between computing nodes. It therefore proposes to use depth-first traversal
over the underlying De Bruijn graph once to achieve the same objective as the existing list ranking approach. The new method is fast,
effective and can be executed in parallel. It has a computing complexity of O(g/p) and communication complexity of O(g), where g is the
length of genome reference, p is the number of processors, which is smaller than the existing list ranking approach, Experimental results
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using error-free data show that, when the number of CPUs scales from 8 to 512, our algorithm has a speedup of 13 and 10 times on
processing the data sets of E.coli and Yeast respectively; and when the number of CPUs scales from 32 to 512, the algorithm has a
speedup of 7 and 10 times on processing the data sets of C.elegans and chrl respectively.

Key words: parallelized algorithm; De Brujin graph; assembler; graph traversal; distributed processing

SEDR 00 7 2 BAR AR A2 vh SR I ] B2 — AN 1977 4F Sanger Wl /7 ik BRI IR AE, N2 ©L & 3k 43 2 A
T3 3 AT Py 91 ALK 88 I i A7 0 R e AN 8 — 0 23, KRR B vl A7 i e B B 22 T R W, LT
FITAT (K0 995 #0855 5 DXL AT G 2Rk DXL 0 P 10 45 2R AT Bl T4 s A% 15 720 e 1 b O HLA ) 2 B ) Tk R s L
PIATT 258 BETE AR 40

FE e AT P A BREE 18 SRR 41 read 1Y) R 4145 L. S5 K DNA 23 1 RE4T 4 19 (19 10 65 Bl B
N 6 L), SR JA X 48 DNA 731 B BEHLIT T AR 22 /I A B (CREAS /N Fr BRI R 24 read), P30 3o 00 F (30U E read ()i
PP HI(nE 1 FR). 5 2 20, UL read F 81 D4 B, AT 3 81 64, 3 U SUAR P 81 A B ) AR ABL T S 4R R A A
S A R ) Y,

FfALET W7
4
_— = P S B S—
—fgl = = - o
— o= l P S - S—
S —
— — —

read, NI 0CI &

K1 DNA 5 read K% &

AP S E E AT 1 K22 5T overlap WRIHEVE A overlap 7 & — A 741 read #8457 4 1F
—ANTH S R AN read 22 [ £7 A T B HL T 2 (KK — 5 ML, IS4 AT — 4 T AL AH 2 2L B 3 4
] B 45 A A overlap B HR 4k — 4o 85 B A TS Y Hamilton (442, 3% /2 NP-Hard 1] @225 2 2% /2 55T De Bruijn
K 1) 5530 45 De Bruijn &7 A read #1150 WK A K K178 B Be Bk k-mer A k-mer ST B g 5
1745 read, 73 BN k-mers FH4B H 58 k-1 AN FHF B4 B2 7 4L — 447 012X R A read 4 W s & o
(1) 4% B A X R T 971 28 26 ) AR 1 T 75 De Bruijn 18 G4k — 2 5 T AT read [ 34 42 10300 A 7 0 I 43 5
NGRS — ARl I A SR AR 19 45 A, TR B AR 3 4 PP A7 AR S ) K J8E 1) A2 A BB X A il A 73
B 1) R 2 4.

FLHHIL T Sanger W79k 15 2 10 7 51 7 By, 1 B2 TT BAIE 21 1000bp. 35T overlap B 32 507 L 8 R (H
7 RS Ll vy b i sk B — AR P B AR 58 B N R SE R ALk &I 46 2% T 30 1236 70, #EI 3 4R AR
ROCERA T —ARIFHER) I Solexa. 454, SOLID A H IS5, JE BRI 3 A TF 46 JC1E BN KRR 28 — AR
MFEEARAT 3 AN S 0 o, e . R e 7 7 B vt I R4S — AT A ) IS 2 K B 1 read R, B
KA T I 3 e A 5 P 41, 8 91 K B2 — i fF 25base~500base 2 ). i 78 76, DKk 8 41046, 0 T AR AIE A JE A 58 35k
KR = DNA F)7 3 )% (B coverage)®) {H ifi 45 7 o J3 (1152 5, read S0 R A8 (100 8 0, o SR 4k 8 R T SE T
overlap [ 572, R IRASE R £ Jl £ (0 189 K 4n SRR T 25 T De Bruijn [ R 550925, T8 RO BEAE 15 DNA K88 i 26 12 9
FR N ) — BE DR AT 5, SRS LT AR AR IR b T 6T 65 A Q3 DR AR (¥ S i, De: Bruijn P 366 [R 9 432
AT AR R AR 3 S0 S 1 50747 Euler™ ALLPATHSI Velvet® IDBA®!, SOAPdenovo™®, 43 1ii 2t (1) ABySSHY
A A R YAGARZ, H o1 Euler, ALLPATHS, Velvet, IDBA 57 V= J& 83 47 47 9 1& A T /N 3048 4 1 9t
#%,SOAPdenovo & T SMP KNI 2 £ B2 Hf e 5500k, T 4 2 s 48 A S 6 DRI A (H o DR B 2 1 [ B 75
3240 2 A/ Tl

© PERREERSMROT  httpy/ www. jos. org. cn



142 Journal of Software #k#F%24% Vol.24, Supplement (2), December 2013

£F De Bruijn B EIPHEHVE KBS UL R LA P B:(1) ## De Bruijn FE.(2) #5255+ De Bruijn
rf 3 B 45 4 (Tips,Bubble,Spurious Link)#3E4T %1F%.(3) De Bruijn K44 {774 De Bruijn & /1 (1) 8 5530475 35, 4 Bow)
11 contig 15 KL.(4) A2 hk scaffold. F) FH Ml 7 3k 43 1) pair-end 15 5, & JF L —B A 2119 contig, 4 B 5 K 1
contig(H[! scaffold).(5) f#iit scaffold {5 & Pt B BN FEN A 258 1 20 N TR 89 e K228 2 SDRIEE 3 2D,
P L7 (40 4k De Bruijn BB JLAR B, B4 T 040 A EE 451 46 900 LA 1091,

YAGA SyEPLE — A A s R BHEE ST IR AT R MR B LA SO 5 T YAGA S AR, Se
@A 4i 3 De Bruijn &% De Bruijn B2 fi A7l A0 AN AL LSS - 6473 5 B rb i BT AT B R A T A L 3R
AV BEAL) AT (0 P 20 3o T R 500 ik, T o E 00 0 L2 T A 1D, BT 10 T A = R4 v £ 0k TR 9 AT A T EAT A
A AR S 2 B TR, P R D) O T e A A T (0 7 R R AR YAGA SE R T A T ) A R T list
ranking ) B, — L ZEHEAT 4 UKHESF,— I 22 5038 I B ATT (0 B0 e AN I 1 ot IO 50 HH 7 ) BT A 109 B 1T HL U
I AN T8 — WX HL 22 AR P U RVE I B R 2R 2 O(0), 317 R 4% 2 O(0).

ASCEE 11 44 De Bruijn B SO B R 58 2 WA RT3 3 WA B ECT AR 4
TG HH ST A5 BT SCREAT R

1 De Bruijn E#FITHE

1.1 De BruijnERYE X

s RAR—MKER n FFFH.s FTAKES kK T/ H (s[ils[i+1..s[j+k-1,n-k+1= j=0)FAH s
(1) k-mer.s 1T A KR K BT ER R AE G RRA k-spectrum. b T-—A k-mer a , @ %#75 a MR 1A HAMNFS (L
U1 o= AAGTA 4 a =TACTT )it 1 #8197 4 Sl , 385 560 0F AN 7 285 SR 0, B0 AT 75 31 o 7 4 169 I A0 0
> {A—->T,T— AC—G,G—C}.

—A~ k-molecule f8E—%F k-mers {a, @}, ol @ KA HEANH =R BRWAKEH R Kk TR RRDXR,
i o = a R ot 757 L a KA 5557 K —NFCh positive k-mer, & 78 4 o, U 55 4 — AN K
negative k-mer, R x Ao HIt o = o FATH ™1 A k-molecule {a, a YRR o ={a" o }={a,a} k-mer
FiI k-molecule IR W& 2 frow.

k-molecule]
—
—

Kl 2 k-mer Al k-molecule [f15% 5
1.2 De BruijnE B 443

FATH De Bruijn ETFHITH AR YAGA kb Bidrected DeBruijn B AT 25 45 H)AS [R] TH AAL R — A
k-molecule.$t k-molecule H1 o 1R 5 45F T 51) 42 HE MUV 48t B AH B 1) TG A% 5 48 2R 00 A R i T s 11 1D, 4 813 T 7.
FRPEARNE{A:00, C:01 G:10 T:11}.1D J] 64 £ unsinged long long f74i#, Bl k (1 45z KB A 31,80 A 2k
A, @Az 0 15 75.De Bruijn B (177 4# LA k-molecule Jth ., 3 774 76 T 55 (1 arc J5 .

DNA B ACGT4 FlBg 44 i, T LA — AT flde 2 5 8 45 T ASAH % X Y. 8 45120 AHIE T AL 2 [T k-1 A
FFE S, N — AN FRA L R TR0 F 2 53R BRATH — A 8 f214 char SR A7 6 il BE 1) 8 4 15 ..
WIRAZAL A 1 MR TR IZIDAFAE, W 0 MR TR ANAEAE X R 40 R 65 4 A7% 7 postive k-mer $5 [ [£132,0~3
REXE R ACGT, Jii 4 AR 7w negative k-mer $& [ [1)34,4~7 ALxt . ACGT. I BTS2 FB 40 10 ELAREAL A 1 ARRIZ U A7
5. B, BATT 9 De Bruijn B 9 AT A5 HIAE i — N T0LA

© PERREERSMROT  httpy/ www. jos. org. cn



©3 F4E R oA X De Bruijn B & 7 2k B B AT E AL 143

+TTA | «—| +GTT|e— [+CGT

-TAA -AAC|—, [-ACG

+CCT +TAG ><
X X e i —
\ -TCA
ID:0-+110010
[ 0]
o
l N
/
i
[ 0]

3 BRI S A
1.3 De BruijnE W F1THE
P B AT R 3 1) 32 B JEL 6 - 4T 1R R read, AT V) 43 k-mer A k-mer T3 AR AN AR W T
(1) WA, B AL SRR AT 2 read J5 7571,
FRFE Ab BE 2% 1 G 5 KR HE read SO 1R RIS, 35 A A BT 2% 52 BSOS [R) B AR SO IO K B A Lon AN Ak
PR B2 T AR FR AR I ((I-1)xL)/n B (ixL)/n.
() FEATEI5 k-mer(U1 & 4 ioR).

sliding window

[ m—
k-mer:(CCT) k-mer:(CTA)
edge: CCT-> CTA

— TAG>AGG
read: ACG - GAC

+CCT +TAG

1D:0---010111 1D:0---110010
arc:[ 1] arc:

adjacent k-molecules

M insert the edge into two

+CCT

record the edge
in k-molecule

{——

+TAG

I H
@
®

')
_|
!

ololololololo]x
o[o]ololo]~]o]o

Kl 4 4t read Y143 & k-mer
BEAS L FR 20K 152 N1 read B R k-mer £E V) 53 I S B 1SS 1k-mer 15 3 B B 5 — A k-mer 755 U)o 15
21 k-mer /E 40T Ab
() FECONS 5 T HE S e 1 R 1] B RS k-mer, IXAE3RTS T —A k-molecule {o* = o} MRHE P k-mer (1) 5 BEF
KN K K k-mer 3E47 43,18 4y k-molecule () 1D 1H.
(b) 4RZLV 53 3KAF N — NAHABI k-mer, {5 13k (a) 47 [7] 1 4k #E. AR 4R k-mer A7 7E —ic 3% 306 B 1 7 A~

k-molecule .

© PERREERSMROT  httpy/ www. jos. org. cn



144 Journal of Software #k#F%24% Vol.24, Supplement (2), December 2013

(3) /A k-molecule.
i I — 5 (R 75 9 0] (&b 38 2% 5 =hash(ID)), 3 k-molecule WLf EIAR AL H 2 F X —H % 1 )
All-to-All A5 AEA [ AL RS LY 1 BAT AR IR 1D 1 k-molecule 4 554 7 21 [7] — AN b #E 2% 4%
AT A5 R AT & I %0 58 B AT 0] Kb 325 310 B 1 AR 405 AH ) 0 00) 15 4% 5 A AT A — AN 0 A, 3K
Sk Ji 4z Aab BER v P s T R ) A TR SR IR R

2 ETF 5% DeBruijn BIRRERBRHFITHE FE

2.1 De Bruijn[E & fa] i3] & 89 E X

H T30 51N T 45 5%, De Bruijn 84 £ 58 15 A7 76 K e AR % 42 45 13 3 25:Tip,Bubble F1 Spurious
LinkU 2 5 12 75 0] b 2t 4 10 PR R AT L AR AR, 2285 I T8I T 5 4B 11 error-free S48 K B 1) P 3K I 1) 1] A s
AEAE R B IR BABE (] 5 o) 8L R — 2 BB AT S B0 1 A T IR 4 AT (0 B A S 248 T B
528, error-free A% 42 HE 5 B 4T 4R 7.

~TAA L -AAC , , +CGT « +TCG
+TTA « +GTTX- ACG_, - CG

+CAT ¢ CCA - ACC..+CCT_.-CT[ !G]D O O @A\EGAT_ﬁATT_, +TTC , +TCG

-ATG_, +TGG—»>+GGT «~AGG +TAG

O & O &Miora craimon

-ACT «-CAC «-TCA

O 0O O

Oumid  (Davia @
K| 5 De Bruijn P T s 2

S SOUAS A S, 0] i) R VR R IR. 1 B 0 A0 BE R 1 (9 W00 A B T s P 2, AR I (9 T 25 40 ST
FER T 2 1R T00 s B 82 Ay 2 AFLAS BB et 1) T At P o o 0 T ) S P 98 A7 4 SR i T - B 8 o 1) T e, 0 4
A3 SCTOU R R LS8 TR0 . o T AR e P P 2 A T PR 0 2.

22 EWHITHERE

FRATII 0L T 4 DN s TRt o 3 I3 BB (1) g A0 i, 4K B0 A7 1) T, 0 AT AL 1]

RN FE RS FIBAT AR A LR FE AN B LR FE(WIE 6 FTom).A LR 61 5 U1 5 AT 45, DA Jiu ity T skt HH R 3R AT
I )7, 0 SR TR R AN A A b, DU i T A (0 Kb B3 R A R T SRZ T A B 2R 1 BT 52 At A B A% K0 A M T A
(1135 3K HR 4 endNodelD J& 1, F 72 & 75 4 1% T0 A R a6 45 13 SR (1 AL BEL28.

AR A AT A Map.— AN locationMap, £ fif b {8 jif (1) 10 £ 53 41— A~ & subGraphMap, 7 iff ] 4k i
JE R T5 S BT AR 4 I subGraphMap 24 7% 75 A4 fa] kB v, 25 7 W s A N BB 5 1 U5 2801 19 T4

LT BT A SRR IR AR A R

(1) #14fitk,De Bruijn B4 A7 17 fili ££ 4 A~ AL B 2% 1) locationMap A, [ I 7 @ — 4> subGraphMap.

(2) ) BB BT A AL B 2% ] R AR Hh B locationMap 7 ft it T st HH i g 2 4 SR AN Jom R ), 8- 3 1 o
BERSAEAEAN N 3 Bl ol [F)— 4% 4, A — AN AL BELEE 26 J5 U7 )5 [R]— 4% B, W AN b BIES 58 )5 U 1) 5 [F) — 4% PR A Ak 2
TRV U5 100 T 980D T A5 FR EE T ), T AR 8 i — 4 endNodel D A8 35, 47 U 1038 i Tk (1) 1D 5 AR
XA 3 T5 AT 1D 5 SH A BRI 24 1 3 7 2 7 4k SR B IR

(2) A2 2 A3 TRl A 7 e SR T A, 2 SR A T A 4 B 1 s U el DO E 3 A IR U i) £ 3 AL 1D 5
ST ) T2 B 1) T R O s T 3 5 — A IO AT O B e 5 S K R A LA A PR B (N T TR
K 1. 2).

- ATC ¢ AAT «- GAA(- CGA
e

@ 0 0 O

© PERREERSMROT  httpy/ www. jos. org. cn



©3 F4E R oA X De Bruijn B & 7 2k B B AT E AL 145

(o) G SRAEVT B 1 ANMBETIS I R B ZBE C Ui 7 i (& % endNodel D {5), W [R1E , 4k 22 15 [l T — 4k HL Bk (a0
K 7 TR 3).

(c) S5 il B T (IS 1A S T ) (] IR e 53 b — AN AR PR U5 il U LA A i T 1D 5 L5 06 777 i

0 A5 1D 5 (19 KIS, e 6 4k 85 3 4 B 24 iy 3 T 5 1D 5/, 4k 8235 10), Je 2, WU 4k 4835 i) 1 — 4% Bk (dn
K 7 Fiosif) 4. 5).

(3) iy e HF R Tl 0 DI, T 5 6 5 O 815 T0L e o, O i 10 473 A\ subGraphMap .
(4) BT iy TR AR [0 b B, T 380 Y50 A Vi T 1 o 0 A

MPI_Recv MPI_Recv
MPI1_Send MPI_Send

Thread A

MPI_Recv
MPI_Send

MPI_Recv
MPI_Send

Thread B Thread B

subGrapMap

LocationMap LocationMap subGrapMap

K6 AFIBERE

Vo TTAA S -AAC |, +CGT « +TCG ™~ X
+TTA « +GTTY\- ACG . - CG

[ At
+CAT o -CCA - ACC_,+CCT_,-CT[ /([ID G]D @ G]D +GAT+ATT, +TTC 5 +TCG

-ATG_, +TGG— +GGT «-AGG (+TAG

O & O @$‘+AGT_.+GTG L +TGA

-ACT «-CAC «-TCA #3

——r

7 RIBURBER R

- ATC«- AAT «- GAA - CGA

@ 0 0 O

2.3 BESH

YAGA BV -3 B B% o) L 47 list ranking (o) 8, JE REAT 3 30 4 Jo HE 5, 7 34 UL SR A A5 T 5 oy T
SRR B JJE AT — i A SR HE e XA I R R R I ER RS B, KE T e 3 T 4 U B T RE A TR LA
K4 JEHE T IV 5T % B 2 O((9/p)In(g/p)), 45 52 2% B2 A O(g), 87T J8 VA Jok 5 09 4, DR bt o B 5 20 R R LA 42
A PR e AL TR 42 J5 A8 3 B9 R K, BRI FRAT 125 192D A I B 3 B FRATT IR A AE. De Bruijn BlR
J& R b S 1 e I A B 1 o T HH R 3 T A ) LR — A% SRR LU VA g TR R, T LR T A 2
Y 7] P, ] B B9 8 e i T ) — 4% R 56 i A U7 Il P R 1 00, DRT e A AR D BT i B8 3l 20 Ik, R 43 Tl e
Bl 1 IR A E RS 2 O(g/p), B 15 B A4 & 0(g).

© PERREERSMROT  httpy/ www. jos. org. cn



146 Journal of Software #k#F% 4% Vol.24, Supplement (2), December 2013

3 j] ey Dl ;qu'fﬁ]-

5 B W S0 T FRATT AT T TR] 5 A7 T A 2 R RILE D7) 2 P I g, 3 T e ) T 4 2 s Ay ]
BEAS AL PGS E S T 1 2 R I B TR ) B A B 3 50 AT 55 Rl REIA B A

A1 SLBLG FRATT Yeast B A2 0E AT, 45 2R S 7s b BE 25 (AT 55 et (113247 AR IR T SR A 42 ) A 2 PR AL
KAES BANZE B L T UL S 3 A5 S0 A9 FEME AN G AR TR B R B &5 (E2 T i 45 A AN R), i 10 53
(K Bl WL, DS b A S B 08 AT HP AT 1) A L 25 D7) 20 S 45 1) T A 5 00 B2 2% A0 T I ) A2 A7 110 Ak B8 45 U Ak 77 I )
R

FATR SVEREAT 5, 75 18 R G0 ) AP vt R T Master-Slave #52:0. R G880 77— Master 5 58, BRIA
1 0 5 AbFHLES ) M BERE AR FEL M BERE G 5 440 BT A T (A2 B4 R SR b BT A IO BB REBEAT A 1. 24 S0 A B
(A 55 56 56 1, FRATTAR A PR Ak BELGS JE T DA ) MERE A6 A5 B 6 K MOEREEAT AR 551000 A8 Ja M BEREAR A 2x ik

AT 55 56 Bt DL (D5 B B AR g5 i an 1] 8 fras.
Master% i £r 454
Ab B 0 AT R,
YU A& IAT D) 55

Master
'Y

‘ subGraph ‘ subGraph ‘ subGraph ‘

R Ak L8 [ 0 Ak
PR TR

8 B ST A

SRR R

(1) ¥itstk,De Bruijn B4 Fi 47675 45N A L35 1) locationMap .

(2) 3 b7 BBE T AT AL B 2% ] IR A Hi ) locationMap Hh At it T st L 2 i 7 B 4 SR 475 s A0 T sk AS 7 A S,
Wi Master [ M 3EFRE & 3637 SR A7 B 4 JE.M BERR ISR SR, 2 W T 1 H bR AL B8 K H bR Ab B 38 5 R 3% 451
SRAGFE A% 35 SR AR FE 2% = 3 B AR AL RS T 5, 0] H bR AR ER 2% 1Y) B 2R R SR T TLAUE B B AR FE S B Zi Rl 3
KK TR IR [E], R — D AL BERALSE 2.2 5 AR 2

(3) AH1AT . F % T A S Bk, T p A7 S5 9 380 T '5EP I8 3 0 #5047 A subGraphMap 1.

(4) JEEUF A T i A AT ) A B, T 8 8 oA ) ) o 0o

(5) %3R4S5 T G A b T Ao P 52 B U 1) M MR R 2 17 SR ) 434 45 1031 JEL ML 1 A 34 A5 A A 2
A AT 55 S0 LA 0,k 2 5 T ZEEATAT 55 U1 3 I SRATAE T B0 43 (R0 T AL 48, JUDKE 1% A BT 25 -5 328 45 PR b 3
5 N AL HE BRI BN M S0 JEUR A H bR AR EE R 1Y) B 2R FE R 1% V) 4 1 B B AR A B S B0 B R X A Hh
BUEAT D1 43 15 U0 4 1)1 TR T m R 6 465 PR Ab 128, ) B T i B A L RR 4 M ERE. B P T(2) (3). (4),H.

BT ANBE T REAT U0 40 LTV ssi #8540 ] 58 Be.

4 SKBWERRS

FATH C++ MPISZHL T — A LR B P SE 501 65 (046 T 44 1856 5000 1) 4 BE 715001, H InfiniBand
W 4 HLHC. B 5 MLAS RGN 16 1% 32G L2 A7 SL B0 IR L T E.coli, Yeast,C.elegans FI A2 1 5 4L 44 (chrl)4

© PERREERSMROT  httpy/ www. jos. org. cn



©3 F4E R oA X De Bruijn B & 7 2k B B AT E AL 147

AR 2 A L Eecolil S BCSE IR AR, S % B IR P A K HEY 4,639,221,£4 7 20,816,448 reads,read K J&
36bp.Yeast,C.elegans F1 A 15 G4 4 44 A% T Perl JBIAS 1 3)) AE A 1 ST E0090E 45 read 114 52 M\ 36bp~50bp A4,
FiiRZEN 0.Yeast 275 £ 8 7 H1 K A 0 12,106,139, 42 1 1) 50 15 Yeast WA H4fs €045 17,007,362 reads;C.elegans
22 JL R 7 1 5 Oh 100,258,171, A B ¥ 50 A5 il £ 45 45 140,396,108 reads; A5 15 Qe ik (chrl) 2% )7 4|
KBl 245,522,847, 4= B 19 50 1% 301 B 4E 42 4045 345,970,249 reads. 52 (1) H b5 /& 56 41F De Bruijn &l FH £ 11k
(i SPRINE

IBATIEFR M 5 Ky 3 AW B IEAT SO 11O, K I W R Ak 187, 6 3 ANBY B2y v IE .28 1 B, AN — >0 A X SO
REANC: S 2 BB K — De Bruijn 8155 3 [ BL %5 De Bruijn BI#E4T AL f.

E AT T SR AR E.coli,iZ2 AT IR A 40 1¥] 9 Frow, 24 A B 2% A4 H M 8 390 E 512 I, 8 N [A] B IT 4R
(17 345s Jd/b> >y 258, PRI LL 2k 13 £k SE 40 45 3R 09, VA LU IR G 1R e o AR 2 b PSR M 256
Hn#) 512 W, ILH AN GE 6 T30 110, BFUA SE 5T 6 & 1T IR 1 R B 2h B0, L 98 2 AT BRI, A0 b B
PR IE B B, H SO 11O BRI S T2 B AR [R] U 76 K PR B B e kAT 50 30 A, M A BB BOE B — 5
FHAGE A V] 110 30045 R A 2 AR K 28030 2 AR DR 5T SO R 17O A BB B LA B 0 AR B AE A E X — I B A
Pl AL, T 9 e P Ll A e, 0 G 2 KB 4, o T g A B 1 I

300000

z ——ElLE

5 250000 +— =i
o

2

z jO

£ 200.000 4Ll

2 150.000

E 100000

- ‘4\'11'-

4 50000 7 -.\.\‘_-_.

o

2 0.000 ia= et T —

8 16 32 64 128 256 512

Number of processors

9 E.coli Z¥a4E i ] 49
Yeast FUHE L KIZ AT I A 40 1 10 Bros. 24 AR BRS040 H AN 8 380 31 512 B, & 1 7] M e TR 4 1) 308s 92> 31
29s, ik Eb 4 0 10 £i5.

300.000 -

g —o—E{LE
§250.00() 1A =
=
= ;
& 200.000 2o
=9
=)
% 150.000 -
8
% 100.000
=
=
8 soo00 4
&
B
0.000

—
g 1a 32 &4 128 258 512

MNumber of processors

10 Yeast H4is 4R (K I 7] JT 444
C.elegans %4 5 (1 RIBE Yeast Hdld i 10 15,1247 W [ W1l 11 Pros. 4 AL BEES R 2 H O 32 #4031 512

© PERREERSMROT  httpy/ www. jos. org. cn



148 Journal of Software #k#F% 4% Vol.24, Supplement (2), December 2013

IS, e I 18] B JT 4R ) 701 k2> 24 108s, 1~ 13 sk 24 24 7 i BB A A& BEL & O B8 Jon 38— 5 HEASE, SO 1/0 B2
SR T 4 AR (H AR BT A 97 FRE PR AT SR AR B
500.000

7 -t E L
A450.000

g - 11E

< 400.000 S
B /o
& 350,000 -
EEDU.DDU

!

= 250.000

9

= 200.000

% 150.000

§ 100.000 \.\._.

& 50.000

1

0.000 ——
32 a4 128 256 512

F
- 1

Mumber of processors

Kl 11  C.elegans %4 4 (¥ i ] JF 44
B BATIAR T A 1 5 Y a4k (chrl), i 2 MR 1) B B Hs 48, SLIg AT iy T an &1 12 s 4 ab #8819 %5 B
M 32 B #) 512 I, B A B TF AR ) 6 977s 3/ 3] 713s, XNk Lh 29y 10 13 B kb B g B R hn 21— %
(RS, ST 11O R P 1 280 26 4 PR A R A TRT IR0 e Pk AT 48 Lh 42 4

5 &2 %

ns

TR YAGA S AE A M il R vb, T B8 Sk B 2 38 Ji A5 TF 48 Ao 330 S 2% BECOK )il 388 HH T A
S PR e R S0 T DY A B o0 B3k R AT UK, S 6 45 R AR W S0 FAT LA 97 SR PR AR e Bk T B AL
P P9 A ORI 4 /0 X U 0T B R AL TR AT A R AR A B . — 2 TAE 22 ] pair-end £5 50T A K23
SCRVEE S AT A0 TR JRAT DA AE 45T SR (1 AT o it e JX 28 ) 7.

6000.000 -
3 ——E1{LE
[=]
5 spop.ooo - ==
o o
% 4p00.000
(=
4
® 3000000
g
T 2000000
§ _
% 1000.000 ‘\\1_“
0
[ =
0.000 4 * . 5 *
32 a4 128 256 512

Humber of processors

K12 AR 1 S Y tathk(chrl) SodE 4 i it a) T4y

© PERREERSMROT  httpy/ www. jos. org. cn



©3 F4E R oA X De Bruijn B & 7 2k B B AT E AL 149

References:

[1] Kundeti VK, Rajasekaran S, Dinh H, Vaughn M, Thapar V. Efficient parallel and out of core algorithms for constructing large
bi-directed de Bruijn graphs. BMC Bioinformatics, 2010,11:560.

[2] Kececioglu JD, Myers EW. Combinatorial algorithms for DNA sequence assembly. Algorithmica, 1995,13(1):7-51.

[3] Pevzner PA, Tang HX, Waterman MS. An eulerian path approach to DNA fragment assembly. Proc. of the National Academy of
Sciences of the United States of America, 2001,98(17):9748-9753.

[4] Medvedev P, Georgiou K, Myers G, Brudno M. Computability of models for sequence assembly. Algorithms in Bioinformatics,
2007. 289-301.

[5] Sun HX, Wang XJ. The development and future perspectives of DNA sequencing technology. Technology e-Science, 2009,2(3):
19-29 (in Chinese with English abstract).

[6] Jackson BG, Aluru S. Parallel construction of bidirected string graphs for genome assembly. In: Proc. of the 37th Int’l Conf. on
Parallel Processing (ICPP 2008). IEEE, 2008. 346-353.

[7] Butler J, MacCallum I, Kleber M, Shlyakhter 1A, Belmonte MK, Lander ES, Nusbaum C, Jaffe DB. Allpaths: De novo assembly of
whole-genome shotgun microreads. Genome Research, 2008,18(5):810-820.

[8] Zerbino DR, Birney E. Velvet: Algorithms for de novo short read assembly using de Bruijn graphs. Genome Research, 2008,18(5):
821-829.

[9]1 Peng Y, Leung H, Yiu SM, Chin FYL. IDBA—A practical iterative de Bruijn graph de Novo assembler. In: Bonnie B, ed. Proc. of
the 14th Annual Int'l Conf. on Research in Computational Molecular Biology (RECOMB 2010). Lisbon: Springer-Verlag, 2010.
426-440.

[10] Li RQ, Zhu HM, Ruan J, Qian WB, Fang XD, Shi ZB, Li YR, Li ST, Shan G, Kristiansen K, Li SG, Yang HM, Wang J, Wang J.
De Novo assembly of human genomes with massively parallel short read sequencing. Genome Research, 2010,20(2):265-272.

[11] Simpson JT, Wong K, Jackman SD, Schein JE, Jones SJM, Birol I. ABySS: A parallel assembler for short read sequence data.
Genome Research, 2009,19(6):1117-1123.

[12] Jackson BG, Regennittery M, Yangy X, Schnablez PS, Aluruy S. Parallel de Novo assembly of large genomes from
high-throughput short reads. In: Parallel & Distributed Processing (IPDPS). Atlanta: IEEE, 2010. 1-10.

[13] Idury RM, Waterman MS. A new algorithm for DNA sequence assembly. Journal of Computational Biology, 1995,2(2):291-306.

B 1 325 % STk
[5] INEW, EFHADNA P H A K i J H 2 e-Science £K,2009,2(3):19-29.

72 (1986 —), i, DU I A N A 2
SRR A AT T AR AR 2

AR E (1987 —), W Lk, T B ST AT
A e P E VT, 3 A a5, B A

E-mail: zengli2006a@163.com

RUZRUE (1977 —), 53 1 L I WF 5T 04, £
AU Sy 1 5 4 P A P v ) (g T
AR i 4 P R AT S5,

E-mail: jiefengcheng@gmail.com

& HE(1982—), T, T I, = S T4
NFEAT S AT XS A R
E-mail: jt.meng@siat.ac.cn

© PEEREES AT

E-mail: tuzbing@gmail.com

B (1968 —), I b oY BY, 32 L
AT Ty v Uk R A R T S A A
S-S

E-mail: sz.feng@siat.ac.cn

http:// Www. jos. org. cn



