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Abstract Nowadays, the costs of genome sequencing are rapidly reduced, with the rapid
development of the next generation sequencing (NGS) technology. This is bringing a bright future
to clinical diagnosis and precision medicine. However, the improvement of genome sequencing
technology is resulting in gene data explosion at the same time. In fact, sequencing is just the
first step in the clinical disease detection process. The sequenced gene data outputted from the
sequencer need to be further processed by several analysis tools. The genetic data analysis tools
are gradually unable to meet such a large-scale data analysis demand. On one hand, most of the
genetic data analysis tools are still executing serially, thus they can not effectively make use of
the multi-core architecture to help improve performance, and this also leads to a serious waste of
computing resources at the same time; On the other hand, due to the limitations of previous
design and development, the interface of the underlying genetic data analysis library used by some
tools is unable to take both high performance and user-friendly interfaces into account. This paper
studied Gene Panel, the most commonly used genetic data analysis process specially designed for
cancer detection. We profiled Gene Panel process running on a multi-core Intel Xeon server and

observed that more than 90% execution time is cost on serial execution of the analysis tools, and
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thus in most of the execution time, only one core of the multi-core server is working. Based on
the Gene Panel process, we designed and implemented a novel Gene Panel data analysis process
with massive data-level and task-level parallelism. The mapping tool is used in the first step of
the data analysis process and it has been written in multithreading model. We performed SIMD
optimizations on it as operations on its elements are easily vectorized. For the tools used in subsequent
steps, we adopted the multitasking way that each software thread running on each core processes
part of the whole task in parallel. To improve the performance and usability of the current underlying
library for genetic analysis, we designed and implemented an interface-friendly library for high-
performance genetic data analysis. Besides, we combined our new Gene Panel process with other
optimization methods, such as load balancing and inter-algorithm overlap. They also effectively
raise the resource utilization rate of the multi-core platform. The new parallel Gene Panel process
proposed in this paper achieves a 4—7 times overall speedup over the original process. In general,
our contributions are as follows: (1) We made a deep investigation on the algorithms of Gene
Panel and found out their potential parallel characteristics; (2) We designed and implemented a
novel Gene Panel process with both parallelizing techniques and other optimization methods; (3)
We modified and implemented the underlying genetic analysis library with both user-friendly interface
and high performance; (4) As most analysis tools used in Gene Panel process are also components
or share similar algorithmic characteristics as the components of other genetic analysis processes,

such as Whole Gene Sequencing (WGS) and Whole Exome Sequencing (WES), the optimization
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methods proposed in this paper are also applicable to other genetic data analysis processes.
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Task,

| Intervals

ey | I

—_— 3 5

%&?)iﬁ?%ﬁ

1 : !

-
oo

3 1 I

5 1

K 6 Jf47 IndelRealigner B %

HAR T 8 2% RealignerTargetCreator =4
interval XFURBEA N 4 interval) A2 45 28 2 5 (R
WA TALEHR 53[0, N/ T 45 14
LA L[2N/T 3N/ T B 2 MRS
2 XA 4y X R S T A X [R] A £ (B
PSR FE A FLAL Y interval) L i) N>> T, & 5 ¥ &1
LA GE RS A IR RS B I K . 2 PR IRAT
WA 11 285 5 5 B AT MUAS (19 45 SR 22 BE AR H /. A, A
A interval B R/NAEZEAN K B T X Fpd] 43 07 L AT
55 S BORH X S A AN A D M A B

4.2.3  Mpileup Bk MME 5 I 47

Mpileup ¥ H . ¥ Mpileup 55 55 4 5L 7
SEREITEE S AT Beftools Call 7E B F. &
R EEAA T R R R TR,
TC A SO 2 83 E S s R, WA 1A A
AT AR A R I B B T2 F A AR
KAEA 30 424 BB A 10 7755 58l s KA
30 GB(30 X 10° X 10/10° =30 GB) By %4 , 45 18125 %1

@ https://www. illumina. com/documents/products/technot-
es/technote_nextera_matepair_data_processing. pdf
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o mE R X IZ S — O T R AR FH B X 4 X
Xt ST 55 AT 5 o — . A IR A TR
DA T AR ) T .

Mpileup B3k LA pileup Jhy Hu 47 47 4 3, H AT
SR AT LAY A I %) 5 T 800 X0 43 AT 55 9047 O Xy
P45 overlap R SEHUAT 55 F-AT. W& 7 s A
LABIEY R LR K JE N CHUNK_SIZE(—4>
SEAE  ZEHR ) 1 X JE] 8K J5 8 DX ) 3 25 i — T
ST HAF A — 2R EEER. T
SIS X [E] 1Y read, R S I overlap 9 77 ok
PRAE 45 B — 3, overlap BRINEUE 2 150 bp (A]FE K
SRR,

Jroeerem e Task, = }- Task, |
CHUN AK _SIZE
[ 1
{ i { ! | ; I } : Reference
[— [R—
overlap overlap

NEW CHUNK_SIZE
B 7 Jf47 Mpileup 3%

4. 2.4 Mutect B WAL 5 AT

Ji it Muteet S35 T GATK HEZE, H el ]
AT SPE IR B & T H N AR AR G T R AR b
FIARZ ITCRHEAE.

AR SCUTEIF S BT A R s M RE R HCC
GFEML 5.3 3, 4R HCC E # Mutect 1Y JiE JZHE
28 [ AGA  FR ERAE

5 IndelRealigner ¥l 43 77 3 25 {8l , Mutect [ {£
55 %73 F T panel SO HA [ 902 - Mutect Jf 4740
ISR panel Z (A& A B0 A7 A R Mutect 9
FAT B 5] AR 2.

5 HWEMRAFEET

5.1 TTH LY Smith-Waterman [6] £ {1,
Smith-Waterman % 3 32 &y PU A4~ o8 E0H4 1L -
ksw_extend?2  ksw_global2  ksw_il6 F ksw_u8, H
F ksw_extend?2 Fl ksw_global2 15 A SE LA A Af
F SIMD {4k s T AE ksw_i16 Fl ksw_ul B FH T
SSEZCR M intrinsic [l L4 %) BEAT SIMD i k.
AR T ksw_u8 Fl ksw_i16, 3 T 5 A 1) &1L &
2 B I AVX2 S2EE

ksw_extend2 F ksw_global2 WA ok B HR 2 3%
T4 (Banding) B LL XS, G033 1 . 216 B0
7 REATERE K L —w, it w], w N5 WG T8
JE ORI 35 %2 . BRIAE R 100D , 8] B A3 R T8 58 — 17

J& o FE S AR E B AT HORE R 1 (R KR IR 3% A 1Y
(130 ] (L2 B2 o WKV SR I I Ak B X T
BN read. BE %5 G AL 4d /N o X 19 78 B AN s 2D 3
N

ik 1. AT Banding 1) Smith-Waterman 557,
. beg<0
. end<0
. FOR i<1 to m

beg < max(i—w,beg)

FOR j<-beg to end
calculate E ,F,H //Matrix operations
ENDFOR
WHILE E[i][beg]! =0 and H[i][beg]!=0
//Update beg

1
2
3
4
5. end < min(i+w,end)
6
7
8
9

10. beg++
11. ENDWHILE

12.  WHILE E[i][end]!'=0 and H[i][end ]!=0
//Update end

13. end — —

14. ENDWHILE

15. ENDFOR

TER 1, Lbeg s end 11 DX T8] K /NAS B 46 /)N
FEOEA A E WS X Tk AR A b A 1)
AR A A SO R A —Fh S I T A 2 A
FRARAS R84 1 1 52 4k Uy s AT UL Ak i k. O AU RS
sk 2 FroR.

ik 2. ETICHN Smith-Waterman 3 3.
. beg<0
. end<0
. FOR i<1 tom

beg < max(i—w,beg)

1

2

3

4

5. end < min(i+w,end)

6 FOR j<1ton

7 calculate E,F,H //Matrix operations
8 ENDFOR

9

//Clear the boundary to zero

10.  E[7][0..beg,end. .n]<0
11.  F[i][0..beg,end. .n]<0
12.  H[i][0. .beg,end. .n]<0

13. ENDFOR

W AR EY RN 2] M TEL— w,
i+ JIX RN Y B P AR G R HE 0, I 8 T
7. X R 6T read, i 1000 bp B E L A fEIT
RITTHEM overhead KT ] SIMD & 7}, {H &
XF T H ETRBECR 2 100 bp Z247) » HAE B8 A &80
TERE.
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Bandwidth=3

FEFI0AAN

B 8 FFIUA Smith-Waterman 5 3% 78 5 &

kA g S5 ATUR TR 20D ) 5
TR £ - AR SCHE ) — Fh s AL e 707 75 i % read
KB LL K band 58 B 5 2 BOR AU ) 82 Ak 7 1k A ok
(P RE $ T LA B TC 4% T 81 5 DA TG R 3R 2 75 07 2R FH )
i k.

BRi% a T m#E ., w F& band 7,
n FER AT AN EE S A W A

L <ow 4)

AEER () e Syl ) AR AR S O
LM 2w Ry G S8 B0 B TR 2O A T
SR H 1 B 40 07 2 W AR R T OC AR TH SR Ok B T B
AHY B 7 3 49 [ Ak S8 B T 5 S )L 2 O A5 U AR
ST N TR I AR AL T B A — M a1 /D
T 1) B AR A A L 5 Y T R A H TR 9 S 5Ok
FE a 1H.

5.2 g

XfF Gene Panel Jiif2, AL PR read 75 Je 0 {4
HEDHEANYSH)  read EZEAE T panel 55
F10 e 60K DX Il 2 36 ok 2 0 e 0 0K DX R R O34T 55
IF A S AT 55 Ak BAY e 68 0 I B4 15 B2 1 panel
DX[B] o 17 A 26 AT: 55 4 T A X AR A panel [X[A]
B XS BN AT 55 A B read 0 H AT E 2200
AR« DT 5 0™ T /9 4T 55 R 23 A ¥ 29 11 52 o 947
b PEPERE. HZFRATT 1B  Gene Panel 3 F2 5§ A 1Y
read H HH i £E panel SCIF B8 o (9 X )L T2 17
K 15 ) LA i 2 5 4 43 panel X ) ok 52 3.

S FATE AT T —Fp AT 55 H ) oy Bk R
AEHRR G GHFREAZ OO BH N n, FR AL B G AKX
L1, r LRI T,

Bk 3. FEIERIRT A,

S1. SgX) panel SCHF#EAT AL B, ¥4 overlap 19 X [
B JEMBR TR X ) | A5 B A BN S 1 Y X[

Lo 1oLl 10l ars oo s [l ora 1
Forp (<<l <o <y <y <ooo <L, <7, <r.

S2. B ik m AR m A % S Y o 1R X I
CLar) s Lrsrm)slrars) sy Lrnar).

S3. i BAI SO (BAM U R 5130 4 S2 15
BN WA KI5 1Y read #H ;

St X m A R H AL &Y read 20 H K ENHEF
BE . a)an o ea,.

S5. T, % kb ¥ 85T P, AT 55 85 8 B KKK a0 s
ay s a, TG T T T Z 5 RSO B R E
4% KRB BT K ST s @uvn s ot T REE
AT 55 1) 2 M AT AT 55 45 ) read RRECR /N A0 3 PR G

S6. AT 45 K 43 52 WU+ 0 A b BB O I AT HAT A B 1Y
B A A B R T AR AT 45 4 N AT 55

ST, AT 45 R 43 0T 45 I 45 SR 3.
5.3 BSRMEBRSHIEEREERIT—HCC

H TR 2 34 ZE v 51 40 o 1T, 373 1 4
GATK, HAR#i i )2 19 HTSIDK L Kz HoAth i 7 )
) JAVA BT T L C HF A& ry HTSLIB FEE
B4 22, (A2 HTSLIB H A B 105 45 44 DL K 45 Ff
APT (1 2% > Ffdt A o i X F — 26 ] C 5%
CH+ 1ERFFRIE S W L& M & &A —1 5 i H
e PERE B 2 P 81 20 B NS J2 . AR SO HTSLIB,
WA IF S T e 5L Y 91 4 A HCC, —J7 Il
X JEA HTSLIB 4544 iE 47 2124, 55 — J7 I e ik — 4k
A B o3 A b T 2 2R

HCC W F 2 H 12k b2 A H o fr TR
RERLTE A S F R PERE Y AP, il 9 i, HCC
ARy Ry WAy AR R I HTSLIB, FE KR
Gy HER 43 B 8 #0 R HE T HTSLIB Ji f 45 #4) 2 37

User interface

GATK
Wapper

htslib

K9 HCC iR
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Wrapper X} HTSLIB f) — 8 J5i 44
b 3% F HTSLIB 42 ff — 28 T B35, i %} baml_t
iy 2 2k SAMBAM-Record % ; GATK )2 & 1F
Wrapper F1 HTSLIB (1) 3£ filf |, #4 8 — 4 GATK
MEZL 5 A5 1 B4 45 49 (GATK S jgk LBl 5
HTSLIB A 2 5, 1 A i 3 5 5 F HTSLIB JF &
BT H A GATK T.H), W GATKPileupTraverse.
AlignmentStateMachine % ; f% I 2 =18 1) i P
APT, J AT LT IX 26 APT ety g 56 DY 43 A T H..
HCC ) T [0 % 2 19 77 35 £ 5 I 4R 9 HTSLIB
ME RBEEH PSR EED B 10 BT

55 K 1 B < T

HCC FEh FEER LR E5H . T A4 L £
BRBIAEM
(1) FastaIndex #t%% faidx_t 5%, 2L 6] g8 |

TN AN B Fasta 251 301F 5 T 6E.

(2) AbstractFastaSequenceFile =— 44 2%,
PRk —BUE Fasta SO A A 5 1.

(3)VCFHeader 2%} bcf_hdr_t
JEHRAE VCF K5 Bk,

(4) VariantContext J&X%F be fI _t B 3 %%, $#2 4t
P VCF i1 fE

(5)VCFReader & VCF TextReader #1VCF Index-
Reader {52 R ML VCF SCPF A REA S 1.

SEAL Y BF e

PileupTrac ke; ’ AlignmentStateMachine

/ GATKPileu pTraver\e PileupTraverse

PileupElement

y A[}sl) actRead BackedPileup

/W\

PileFilter

\Read Backed RawPilew p{ ‘ Read Backed Pileup

‘ IndexedFastaSequenceFile H Fastalndex ‘

L

‘ AbstractFastaSequenceFile % —— ﬁ ReferenceSequence

(6) VariantContextWriter & VCFWriter Fl1 Sorting-
VariantContextWriter 325, H b VCFWriter
PS5 A S AL S0 Sk 1 B AR T RE . Sorting Variant-
ContextWriter #& {3} VCF U 4% JA 0 B A T 5 A
I DIHE.

(7) SAMBAMRecord 2%t bam1_t B E 25, £
THAERA BAM read B H H 75 AR HL read 19
(DA

(8) AbstractSAMBAMReader & SAMBAM-
TextReader ., BAMIndexReader UL}t BAMIndex-
BatchReader 1) 325, ot SAMBAMTextReader
PR LR AT T 33250 BAM/SAM SC4 1) Dy g s BAM-
IndexReader 1 BAMIndexBatchReader 3L #l
P BAM SCHER S e

(9) BAMWriter $2ft 5 A BAM SCHEH) D) fiE

(10) PileupElement J& X} bam _pileupl _t W&t
% .38 Pileup l1—ILRK.

(11) PileupTraverse J&=%f HTSLIBH 3 Pileup
(535 1 2 . GATK Pileup Traverse J&: 4 GATK
HAR I Pileup 95535 1 B3 33 FE AT DLTF] i 52 F7 4K
#iF HTSLIB fil GATK /T H.

(12) Leveling Downsam pler . DiploidGenotye

BAMIndex
WBAM TextReader| |BAMIndexReader| |BAMIndexBatchReader

— ==

SAMBAM Record| <~ AbstractS AMBAM Reade: BAMWriter
¢ ?
CigarElement S AMSequenceDictionary

LevelingDownsampler

‘ VCFTextReader| |VCFIndexReader] VCFWriter SortingVariantContextWriter DiploidGenotype
VCFReader VariantContextWriter BaseUtils || SAMUTils
% ArgsParse
VCFHeade VariantContext > GenomeLoc
eader ariantContex enomelLoc Diploid SNPGenotypeLikelioods

& 10

HCC v EERM KR L5
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BaseUtils . BAMUtils 52 T H2K.

b Tk S A O =R B —Fh & X HTSLIB
14 5 A AR 45 A AT 2 B Rl X GATK i [X
BT i HTSLIB S2 B 505 i S2 BUAN £ 4 L 50 =
Fp g fit—oe T A2k,

—_—
Bwamem)|sort I

Bwamem|sort

...... 2.

MarkDuplicate

5.4 HixmEMRK

T BUA WG T BB B X BN SLE A
FATVIIEAE T 1 5 Bk Z 18] B AT I i e ) 25
b S ) P A A T B A0 O R R R AT R
“EREAE AR N E 11 s,

Bwameml|sort

—_
I Bwameml|sort ]

MarkDuplicate

MarkDuplicate |

—meigmd

-
1
~

RealignerTargetCreator

MarkDuplicate

. i

Realigner TargetCreator T IndelRealigner _:
:_I;d;lRie}dIlg;e;_ %y N9 Normal ST
| IR ] R
L S i % N9 Normal Fl Tumor SC 4
S e BT
——— A 2 e (B4 IFT

i Mpileup|beftools  :
: Mpileup|beftools 3

Mpileup|beftools

Mpileup|beftools

K11 mAREEE AR E R

5.4.1 FEESIAT

TE Sample il &b B i Bz, HH F MarkDuplicate
(10 &R 28153 /4 I A/ s SCPF i &8 4y
10 #8585 R By BAM S, 7™ 8 BH 2E 1 3 72 79 3R
#7353 4b Tumor I Normal % #s 9 A& B H AH A K
g, kAT LA [ B A R A Sample %405 . AT AR GIE
G % 4 ) BWA-MEM) il 10 (10 % 4
MarkDuplicate) #:/E 347 47.
5.4.2 B EUE B AT

WAL o R P, &7 AR 2 e S,
BWA-MEM i 17 £ 48 LX) J5 25 A4 8 BAM SC {4,
MarkDuplicate #1 IndelRealigner 1 2= 4= il &b ¥ J5
9 BAM SCHF 33 & 20 v 8] SCF 52 S 2 6 9% — 5 )
[B]. Tmpfs® /& Linux/Unix &4 E#—F 3T N 7T
A SCE R S8 tmpls AT LU N A7 B swap 73 X R A7
it S o PRLIHG  FE Hpe. AS SO empfs YA SO &
G5 A b BT RO L 0 e D R R R R DT ) L B
el 10 Pk fe.

6 it PR

TE H 1 51 A S04 B X Gene Panel i ## H

FA TR A AL BT AT TR A Y B, A
TR R 3 B I Ak BT D 2 B O R A T A T A B
AT, AT G e 41 95 6 1 G E AR 1)
TEHL, SR J5 % 4 Bl UL Ak T+ B 9 8501 1E 47 52 56 P %
53T
6.1 Mg E

LWFEE. @AFERENR 2 PR, RITK
FFEH 2. 9 GHz p A& Intel Xeon E5-2680 CPU,
B4 CPU A 12 % PR B LRG0T &1 CPU
AliE AT 24 DR WAE R 256 GB 1Y 4 i E
DDR4 A7, B4l 56k 68 GB/s.

k2 THRFEEHRSE
CPU 2X12 Intel Haswell Xeon Cores@2. 5GHz

4 X DDR4-2133
17 GB/s channel (68 GB/s)

DRAM

Gene Panel 32, i & 7 FH 2 09 2% 550 1 52 LAY
WP 3 iR . BWA T HAa 4 T BWA-MEM
ZELE AL ) SE s Samtools T H AL T Mpileup
ST GATK T HA 424t T IndelRealigner
GRS

@ https://wiki. archlinux. org/index. php/tmpfs
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*3 EEmE
At A
BWA 0.7.15-r1142
samtools 1. 3. 1-34-g26eleab
HTSLIB 1.3.1-35-g481752¢
MarkDuplicate 1.119
GATK 3. 3-0-g37228af
Mutect 1.1.7

SRETRFEREE. AKS 75 EF L
PEEINZ 4 Fros Hop KRS 7512k H] 1000
Genome® b37. FEARRINZE 5 /R A SCRE I 3 13
FEARRE , o MG225 Fll MG271 /& Gene Panel %%
i o 75—y WES Bl » & I TR 3 T 2Lk 52 T 42
(PSP EE- S E 7T

T4 HAYEE
FAl 2 B TR HH K
Reference 1000 Genome b37 Homo sapiens 3G
dbsnp dbsnp_137 Homo sapiens 10G
cosmic cosmic_137 Homo sapiens 972K
indel_1000G 1000 G phasel Homo sapiens 227 M
indel_mills Mills&-1000 G Gold standard Homo sapiens 83 M
®5 HAHEE
Kt e MG225 MG271 WES
Tumor 7.4G 18G 25G
Normal 2.4G 2.1G 7.4G
mutect panel  mutect banel SureSelect. Human.
Panel utect_panel utect_panel All. Exon. V5. intervals

372(485K) 372(485K)

(8.5M)

TEMIEIRRAK A E. I AT Gene Panel
TR ST A ) I AT Ak A P Ak B R FRATT DR
(D PEfE; (2) Z24% CPU BEHF A (3) IEH 1 LA
Jo (4) AT Y Rk DU A 46 5. FRATTHE R IR Gene Panel
i AR S BE U R R i B 5 O A S U AR A S
& E R PAT B ) 2Z AR Sy in 3 L DA o 1 e R
Fb+ 8 3CGH 1 7E 5L 567 A 3% nmon® T H IR £
¥ CPU BEil A 2 LA HT G 1E R B8 X T 1E
PE L AT B AL J5 T AR 5 D s Tt e 2 i o 110 72
S “raw variants”, i T HEHE 54 20M
CAR SRR TR 25 R AR IR A 22 8 S A RS T
RN e R Ol R T == Yl ) W C A =R A 1)
TERE s B e s FRATT A gt v & A S IR AT Ak
ZIEEARR A H BB T 0 BT B H) L ok St I
(T R EIE G
6.2 TFMLERRSH
6.2.1 ERER

12 B/ T4 )5 /) Gene Panel Jii FE7E 48 £k
FET BY 3 %% 5. & Y (Baseline) J& i 46 9 Gene

Panel Jii 2 (%) V£ 68, J5 K U2 I B2 45 5k GF
TR0 FRAT RO AR S5 77 o 1) AR I 4 R A i A B ik
SERIATIALZ G Bl B MG225 F1 MG271 73 5
A 5.08 £5F 3. 73 A5 B R 4K 0 s i R BWA g
S EGTHE X ELBWA A T Gene Panel Ji
T B TR R I L AE PR S B8 A b 43 i 4 T )
7.6 fE A 6. 4 A% X T MG271 R 0 b AS &
FEFRF LB T MG271 ) tumor ¥4 8 K . BWA-
MEM #EBf 48 £, 1fii T read K FF 3k £ (1% BR
BWA-MEM M Lt AS i 3 B0 MG271 K % {4
i RE BN A MG225 HAIK.

14} WL

13k B fit b —=BW A+ Sort+MarkDuplicate
312 Otk — =4 At—+ IndelRealigner
;.22 11 et = =44t — +Mutect
Eot et I =44t = +Mpileup
£ gl OFREBWA RS
= st
=
£ 77
i 6r
H 51
' 4t
E 3}

2 L

l L

0

MG271 Q
/112 Gene Panel 4 31 % 19 947 5 { Al e e SR

M 12 /] DL 8 R 3 32 220 1 Mutect
1 Mpileup 588 19 I 47 LAk 27 R 19, X & il T
(1) 3% P A58 1 B 2 22 SRR S B AS A7 7 R 43 4T 55
5 G I SO TF 8 5 (2) 3X P A S8 AT B ) o &)
FEA LR PRE I —2F B b ] 0 8 A g 5 i AR
K AFJE 55 —ASBF ] A R i 5 BWA-MEM
HI TS Br read K BE A BRI L K SIMD I 464 >k (4 i
t5 A B R S TR R R A B T ELATAE
Biti 5 0 7 £ AR 1) A J LA e e ASC 1) a5 read O R
S B A Ak i B ks S B B T, A BT
Mutect I Mpileup. §i Il 9 JLAN 535 t F 947 I 5
JPHE (MB % GB 8 R MWES 05 XA . B
ATT0 P BB 42 T A X I 5t R 4 B
6.2.2 CPU ®FEF R

a4 MG225 4k J5 1 0 B B U8 R JH % 4
K13 fir o A] LA R 43 B[R] B8 36 1) 32 H8 AR
i AH AT DU Y H o A — 3 43 i f] B B R
R 0~55 XA ] B 2/ BWA-MEM #E47
Hoxt, Horfr 38~55 3x B i) [a] 32 22 J& BWA-MEM b
M JG — 3 read, [A] BB HEXTHAF B BAM read 5

@  https://www. genome, gov/27528684/1000-genomes-project/
@  http://nmon. sourceforge. net/pmwiki. php
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ABETE S X EEJE 10 B Ho 37~45 2R
BWA-MEM ¥ 845 A8 18,51 ~55 F 2244
J7 4 B BRSSO TR 46~ 50 B T4 5k
F 4002840 R JE B TEE B AW S ik T
sort 34 AR, B [A] B 150 ~172 F 3 JZ ¥ IndelRealigner

Ja ) BAM SCPF 43 9 81—k X w8 7> 20 10 ##
. A SE B T R T B B2l T HP AT
AR 058 B S8 05 4 B0 5 N S v At e 1) B
(19 B 5 ) T 3 A S A TR 6 T A i AT

[ CPUALL UserX

CPU_ALL SYS” Il CPU_ALL Wait¥

100
80
60 .
40 = |
20

0

I1I I6 lll ll6 2|] 2|6 3|] §6 4|] 46 5|1 5|6 6|1 6|6 7‘] 7I6 él 8|6 9|1 9|6 l(l)l 1(|)61|11]|]61‘21 ]|26 1\‘%1 1;36 14] 1216 1;3] 1!36]%5] 1(‘361|7]1|76]|81 1|861S|)1 ]EIJGZEJI

13 JRATAL AR R CPU B %

6.2.3 IE#fME

FATLAB G S MG225 SRy 1] 4 A ST AL A 1Y
“raw variants” 45 5 G L A2 1Y “raw variants”
HEATHOHC A5 R AN 1 14 .

MG225

JRARRRAS : HIFIS Y PEARA :
198 031 196 906 198 800

K14 IR AL AR R 22

N 14 HRT DUE L b i e 4k i T REAC
198031 78 S i » AL AL AR A3 18] 1 198800 A~
Horb A 196 906 A5 BB I R 4R 10 A A8 e L
EE R 7 I Ve Sl AR O VA <N 7 I = N
Mutect,Mpileup) A B 5 & 3 T 4t i1 % B % 1 5
2 R AR Bl & N A B R 4
XFHERJE A B X OY. K 4 R R, & AT
A B IR AR PR 1 R i s R A ) 1) 45
6.2.4 FRTIAH Smith-Waterman [ 1L

i BWA-MEM tft kernel 4 68, 4~ 3C % F 7Y
S 7 HVEE A N RE IR 4L 8 5 g AR il . A [
KM read B2 Wesim® Az iy,

AR SR = A Ak 5 1 R BOTE AS ) read K
FRINEE B, WAL 15 BN, BREL ksw_align JNGd H &
PACRAS CAVX 2) FH X T J5 46 Wi AS (SSE2) (1 I #
SEIITE LS A5 04T s AVX 2 [l 5K i )y SSE2 (1) 2 £%
RBA TR E) 2 5 b, R R 7E T AVX2 45 4T
it SSE2 84 W IT 44 K. AL G 1Y ksw_extend? b
BOFBIA 1.5 A k. 11X F eREL ksw_global2,
HAF ] SIMD J5 PEREAS Y S B . 322 iy T H: band 78
J&E /)N SIMD 1 padding J5 50 8 18 145 K T Hol
% s Al B LA S G AR 2 A A X g K 1 SIMD 52

2.5
O OSIMDfL
oo
w2
==
3
T
&
o
=10
iy
-
=05
=
O QO] | ey
OO OO OOOO OO OOOOO OO OOOOO
N~ OO O N-OCOoOOoO O NSO
—ANMN OO MNM#‘\DE HNM#‘IQS

ksw_align ksw_extend ksw_global

& 15 Smith-Waterman " 4% pR %0 SIMD £ 1L %5 3R

https://blog. genohub. com/2016/10/24/targeted-gene-
panels-vs-whole-exome-sequencing/

@ https://software. broadinstitute. org/gatk/documentation/
article?id=11036
https://github. com/samtools/samtools
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4 40 . 130 _
) —O— FEifE
MIE 15 & 7] L FE 1, Smith-Waterman & 3 1) 1.25¢ —o—fifkjE
SIMD {46 7E 100~ 1000 bp B %4 SR BA 4, 0t J2: i 1.20}
read K 0 BB 2 1 BE A DU T B2 R 19 Kk R DL 115}
WP ASC A Ak s read K B BROR BR 1, I 0 AR Y %Uo
X%ﬁiﬁf%XﬁvE read Kﬁﬁiﬂﬁﬁﬁfﬁlﬁa *1.05,
PERE TF 4 F B 52 1 F STMD (9 7C 4 TF B9 o R
ﬁj{ 0.95F
AT AL R B AR T
8 451 B RO B R o 0 1 T 6 S Tiby00by 2ty 500y 1000k
ST LB B8 B R T O e 9 »
/n BWA TR J5 ik 52 . bwa_align R 5 IG 5% Lol
WA keco_align BECER] AVXZ 0B,
bwa_extend FER 5 IR LI h B AL AL ksw_extend Eél "
bwa_global 2 7R JF4E SE 3 vp BRI X ksw_global PR E
1.05F
ikt SIMD {4k, o
18000 2
160001 —@— bwa —&— bwa_align 0.951
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4000} 6.2.5 MarkDuplicate 14 5Vl
ZOOO;C A% FH MG225-normal 4 £ 5 M3, Mark-
0
35 70 100 d{é)é% 500 1000 Duplicate iy 1ERE. @ 1& 18 Jf 78 » MarkDuplicate 7£
read K /bp

[ 16  Smith-Waterman "1 45 pf 2050 0 A 16 X
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IR E] 7 LGB R s A LU T &5 Aswo_align i SR W I 2K
RAR . XIEH T ksw_align PREU AL — X4
pair-end MW 4 read HoxH B B 22 B 1 7 % T A
LU X B A 2 9 T 381 177 33K 8 43 AE A AN TR b B ]
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6.2.6 IndelRealigner 1% g ¥F

A SC %k B MG225-narmal 548 4, @ & 19 BF
7~ s IndelRealigner TE 24 2R F& 0 B F AH X F B 2k &
AR 8 A5 I L. [W] #E 1Y, IndelRealigner 5 %2
R 93 AT 55 FF 5 I0 45 R S X TR O3 L AR AT AT L 31X
BB 43 I B T BN B b Tk S 2k
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6.2.7 Mpileup EREFEI

%} T Mpileup 8, CHUNK_SIZE & —/#
SR N R LA 2 KL A R R AT 55 A TR
BI5) 5 B0 40 AT 55 Hi 48 B A~ A B AR 5 i An SR
IR 3 /0 U AT 68 5 B0AE 45 19 6% 5 A T 85 R T 4
FATHEPE RE I 2L 52 5% Z | e xf CHUNK_SIZE 3
ATV o AR SCE 28 SR A 1 7 12 Cln A 45 e (AR B 124
B I3k B, AN B 20 B R PR S B A
CHUNK_SIZE W3 KT B Je BTt B A SOk
CHUNK_SIZE {& 1%~ 500000 bp.
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K 20 Z% CHUNK_SIZE %t Mpileup iz 17 it [8] i) 5% Wi

MR 5. 2 TS AT P AT, read MOURFEAE e
PR 143 A AR 5] T RE S 80K R T 55 i 18 4 ik b
HBR B, AR SOK Mpileup B35 #EAT A 55 947404k L O
54 TARS B MR 4y R gl 21 iR, FRATT0E Bt
Xt Mpileup J5 4 535 A0S 2 18 09 646, 768 A 117
RS TE T CREEFD 3k 18 T 1.3 519 ok L. 2
LR T O AR K A b A hn A R DR R AT 0 £ Bk 8
B S S 6 DX R SR BEAT BAL PR A O S
DX ] - ) 3 G A%k DX ] 335k ek 20 T IS 8 gk D 4% X
] b A7 A5 AR . AR B B IR A AR AR (24T 55
FLAT 55 #4940 78 48 LR FEHCE N M HL R AR AR A 32 fif
TN HE s 7 48 LR B R L AT 45 2 i A e T AOR
FH 2 AE 55 T A HEAT AT 55 M A AR 3R 45 T 1. 6 519
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6.2.8 Mutect HERETEI
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M 22Ca) I 22 (b) AT LU H . & AT 1 %
Mutect J§i 6 52 A0 )2 w1 0 PL Ak 78 A AT
T T CRELRD WARME T 1.4 5090 3 . Mutect
£ MG225 8088 4 T, A8 £ F2 A0 X F 2 28 #2 v 3R
73 16. 8 A I N L 1 72 WES $44fs 28 5 fin ikt L fig
KF) 25. 3 A, X AL BT FRATRY LA T s T
Gene Panel, 7 WES 3t #2 H 1 0] L3 A5 58 45 1) Jin s
HOR.



Kl 22 Mutect 7EARI KRR T BP R

auto&.&. pileup=traverse. Next( );

2444 it =) L 2% i 2019 4E
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i 4000} 2. TraverseData data;
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1) Jm 2.

6.2.11 SEREILALROR

Il 24 JE7s 1 Sk LAk 1 I sE ROR  H rhai g
XFHEIE R & B o e AT Sk AL s . 5B
1145 B S 5 2 (R fe Ak = WA LG AR 15 0 2 L s B
J& — X HEIE 27R Fiv A 53 16 0 S i 5 12k 1) L AL IS L
ANV RH XS B AT R AT B TR O A6 s A i 3 L

BTt % &1 BWA-MEM 5 10 % £ 1
MarkDuplicate ] 8 & 17, BWA-MEM 5 Mark-
Duplicete & 447 &8 70 K44 1 1. 55 4% A9 Jin ik L.



11 # F I % : Gene Panel i I 178115 L5 2445

3
ofitt)s
2 L
e
=

—

1

B.eS.eM. Realigner — Mutect Mpileup Total
& 24 kLAl

78 5 G235 Ll I R TN A7 SCHE R G D T 4
A2 R A SCPF Y 52 I IE] L AR AT T R 1. 95 A5 Y
. B SR LA S AR R AR R T 1. 48 4%
P RE £ 7T

<

R 1IN R A G A g S DR e R A O i —
A REAR I P JAS 32 T 2 DR 4t 4 A U AR 10 1 g
A H %58 V)7 K. A CLL Gene Panel i f2 4 ifF 5%
X4 I LI T —E 2B IF4T Gene Panel %
PRI R A o0 A it A ok B0 O AT R 55 R AT P A
BT B[R] 25 0 B8 A S5 AR e Ak O s L A RO
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Background

Nowadays, the costs of genome sequencing are rapidly
reduced, with the rapid development of the next generation
sequencing (NGS) technology. However, the improvement
of genome sequencing technology is resulting in gene data
explosion at the same time. In fact, sequencing is just the
first step in the clinical disease detection process. The
sequenced gene data outputted from the sequencer need to be
further processed by several analysis tools. The genetic data
analysis tools are gradually unable to meet such a large-scale
data analysis demand. On one hand, most of the genetic data
analysis tools are still executing serially, thus they can not
effectively make use of the multi-core architecture to help
improve performance, and this also leads to a serious waste
of computing resources at the same time; On the other hand,
due to the limitations of previous design and development,
the interface of the underlying genetic data analysis library
used by some tools is unable to take both high performance
and user-friendly interfaces into account.

There are some recent studies relating to optimizing and

accelerating genetic analysis algorithms, including software

high performance computing and distributed OS.

optimizations on CPU and GPU platforms as well as hardware
accelerations with FPGA. However, most of those studies
focused on accelerating a single tool or even a part of a certain
tool, while our work targeted to a whole gene data analysis
process composed of several tools which can be used in practical
clinical detection. *“Churchill” made optimizations on the
whole process, but it targeted at the GATK-based process
while our research object is Gene Panel process whose
function, inputs and component tools are all different from
those of GATK-based processes.

Based on the Gene Panel process, we designed and
implemented a novel Gene Panel data analysis process with
massive data-level and task-level parallelism. The new parallel
Gene Panel process proposed in this paper achieves a 4~7
times overall speedup over the original process.
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