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Abstract [LESAP is a combustion simulation application capable of simulating the chemical reactions
and supersonic flows in the scramjet engines. It can be used to solve practical engineering problems
and involve a large amount of computations. In this paper, we port and optimize LESAP with the
OpenMP 4. 0 accelerator model, targeting the heterogeneous many-core platform composed of general
CPU and Intel Many Integrated Core (MIC). Based on the application characteristics, a series of
techniques are proposed. including OpenMP 4. 0 based task offloading., data movement optimization,
grid-partition based load-balancing and SIMD optimization. The performance evaluation is done for a
real combustion simulation configuration, with 5 320 896 grid cells, on one Tianhe-2 supercomputer
node. The results show that the resulting heterogenous code significantly outperforms the original
CPU only code. When the heterogenous code runs on two Intel Xeon E5-2692 CPUs and three Intel
Xeon Phi 31S1P coprocessors, the runtime per time-steep is reduced from 64. 72 seconds to 21. 06
seconds. The heterogeneous computing achieves a speedup of 3. 07 times over the original code that
only runs on the two Intel Xeon E5-2692 CPUs.

Key words combustion simulation; heterogeneous many-core platform; Intel MIC; OpenMP 4, 0;
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HATT R, AR R L R A F MR AL CPUBRARMAEEI/MA. EXT_SBR T HEeg 1 A
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Ma. M\ k£ AT LA KRS T i AT o 2 BE R ——
A2 P 75 A A 2 P T, AR S . R )
T 1 HRWAE T FHET 1 MEAEER. KT 1
FEH s — BT A SRR T 5 S e A D L 7R
TR B )y AR AT LR TR M (. S
P RAT B OGBS AL B 7S A B v R K B
B CaT BRI b i & Bl ML) 2 i e 7 ol AT 4 B4
HERE B 2 — A o A B BIL N R 4 I 3 5 R B L
il #5225 % R S ILIN e A2 A B IR S U A
TR A PR S 5 FL 03 1) 2 Bt R 2 A4 RN e, H
At b HU b a] 0 D L T R A
3l J12% (computational fluid dynamics, CFD) ${{H
DL 7 1 1A B 5 R o e & Bl ML N R 4 5 0
By ] Y — o B By k.

FE A i IR B AL ECE B SR LESAP (large
eddy simulation for air-breathing propulsion)®
K H CEFD $2 AR BB R vb 1 & sh AL /9 3 3 5 14
e IR PR RS HLIN S AR R R 2 Y
PR 22 RURE (), i U 4 TR S B A b s g A B
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F AL P RE TE AL H 25 Bk Y. AE 2016 AR
TOPS00- d1, i F45 2 9 LA Intel 2 B AR A% Ak 22 £
MIC (many integrated core) £ i il 3 %5 44 1 K 7]
TR YT B ML B A A% S AL R,
EFXF X Fp CPU A+ MIC B 24 I 47 1k R 854, B
AP EEA 5 Mg B CPU JR A . CPU & F
MIC Jy i 2 (L Fk offload #E38) .CPU H1 MIC X}

A U MIC Sy 3 CPU SRS X MIC Ji Az £ 5.
Hrph CPU 23 MIC i =002 MIC Fi 2 v i
R B MIC B offload 544 8% 4 55 31
FREER 2R —FEH Intel FENIEFTY R
LEO (language extensions for offload)M* ; &% — fif
W2 2013 48 7 H 1 OpenMP 224y PF 97 25 01 &%
(OpenMP ARB) % #if) OpenMP 4. 0"%. H §ij & 14
ShEETF CPU+MIC 3R CFD R FHM S R4y =X
#i% H Intel’s LEO.

OpenMP 4. 0 M2 H FIRENFIITREM
BB RO — £ BT B EE 0. AIH
WA ) OpenMP A L . OpenMP 4. 0 7 34 1 X fin 4
#r JSIMD ) 4 255 D) fE. OpenMP 4. 0 JZ b F iy T
bR e, Al ST TR AHE T Intel 48 1 49 Offload
TR AT T R AR R T R L G R R N 5
AR 22K ) CPU g = MIC Sy i =, fdi il MPT-+
OpenMP 4. 0 45 FE#L AL, XF LESAP #4347 1fi 17
CPU+MIC B & 544 °F & 09 9517 F 4l Ak s i Ak

1 REFNBRIEE LR 4 LESAP 5347

1.1 HRHENAE

RRIR i R SIHLAR Be ALK LESAP 2 g A
(R RRE A AL A A 3l 3k 2 B B[R] 43 24 07 v Ak 2 )
V75 37t 3 A5 AL ik #5230 R A e T Bl AL A i I
PRBE I BE R, 7ETH R AL B, R AR &
SEH N-S A48/ K 8 4 L (navier-stokes/large eddy
simulation, RANS/LES)™ K i A% 480 ¢ 1 £ 4 (8
f& 4L (direct numerical simulation, DNS). X} 8% k&
A2 RN R R T 1 40 00 A 27 S AR AL TR T )
SR A I xF JOORs 8 R E R 5 Bt WENO (weighted
essentially non-oscillatory) #% =020, X kG 1 18 £ %
FH 2 B v 22 A% 2. I Ta) RS 2R I XU 1] 25 7
2 HA i AR T B R - B84 R (lower-
upper symmetric Gauss-Seidel, LU-SGS) & 1.
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LESAP # {4 & # #1 iy CFD N FH 814, & &
10000 4247 Fortran-90 RS . i+ AR E % . 15 &
E R FEIRRA S E T 92 8 MPI+ OpenMP 2 2
RAIEAT 2w IRtk ny i H . & & i CPU +
MIC Sy FHE. #A> LESAP $1 14 %5 fH A 01 i 72 &
W1 TR A SO 22 RS S i A A 1
0 2 550 A i A SC A e B DX IR G i i 0 34 5
X 53 W22~ WA DX B B> MIPT 2 38 Ak 31— A4~ ) 4%
X FEIF RIS AE— B B P PE A A B R AR
f27 O 15 (reaction) 1Y 37 38 & 1 5. (march) ,
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Fig. 1 Flowchart of LESAP
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TEIL AL, LESAP 75 2 R HLBTRS 41 1Y 1% 4%
KA PR M A E O, AR E R W,
LESAP {3 F 5 - a5 AR i, 6 Heatb 47 0 A0 A 5 40 75 A
BAHRZEE .
1.2 HEHRESH

ACAEZ R E5-2692 v2 ZhFHZE (E4 2. 20 GH2)
AT I DA A B R A B R L R TR R Y R
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Table 1 The Execution Time Percent of Subroutines in LESAP
®1 ENFEFLSERITHEMNES L

No. Subroutine Execution Time Percent/ %
1 ws 89. 76
2 [_weno 7.71
3 woalue 2.41
4 lusgs 1.43
5 hei 0.93
6 viscid flux 0.72
7 abe 0. 45
8 reaction 0.25
9 Other 0. 80

2 M@ CPUHMIC R EFEERHFITRNL

AH EE 22 A% 1 B R R 2R R AL B2 L B4R /R MIC B2
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fRPERES . MIC g 2 178 2 g A2 A 20, R A S Y
BEUA - D native AR, B RAE MIC | A7
AL 55 . CPU &b F 25 RS 5 2) offload Jn#R =k,
BRI CPU i g 2l 3= R B, B &8 43 3 55 4% 0 38 3
offload 5% =0 i 2 & MIC L $4 17, Intel’s LEO Al
OpenMP 4. 0 #f8] DL 52 % N X 4F %55 3) symmetric
X &R, B CPU F1 MIC £ [ 5 3h £ R 8. & B
PAT B & BT T I EAT 55

AR A CPU K 3 MIC % i hn 2 4 =X, (il
H MPI+ OpenMP 4. 0 4 & & 81 52 3 CPU + MIC
SR U R AT 7843 R MIC AR % 1 P BE A 3.
CPU+MIC 1B A A7 09 ME s 32 2202 AT 55 43 e Al £
A In) L I L 885 U7 2 ] PCle 422 1
FEPIRN I 25 2 A% R A HE, B R E MR
LR R A 43 ] ] OpenMP 4. 0 ST B
CPU+MIC 74 P [/ 3F 47 . SIMD [a] £ 4k .CPU 5
MIC [v] 5080 A% i DAk LA B AT 55 43 T 0 70 8 350 4 ) f.
2.1 OpenMP 4.0 LI CPU+MIC B#thE 4T

TATRH T —Fh by IR L i 2 fr
K. MLLE M BT 24 MPI R, A o AR b P —
A A% DX B, B A #E R ] OpenMP 2 4 2 5 X
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Fig. 2 The parallel model of running configuration
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Table 2 The Input Control Parameters of LESAP
R 2 LESAP E{THBAMESSH

No. Parameter Meaning
1 nstep_max The number of time step
2 substp_max  The number of sub-steps in each time step
3 Nnode The number of total nodes

4 NCoreperNode The number of CPU cores per node

5 NBperNode The number of blocks per node
6 NMIC The number of MICs per node
7 NBperMIC The number of blocks per MIC

8  NTperMICProc The number of threads per MIC MPI process

TEH P E T NS 8E . LESAP B X &
SRARYEAR SCHH AR B e, WK 3. 15 341
N R IR LR 4T E S 80

Table 3 The Variables Needed to Compute When the LESAP Runs
%3 LESAP E{THEBSIHEGHNEE

Variable Value Meaning
myid 0,1,2,- The numbr of MPI processes
myLocal ProcID mod (myid, NProcperNode) The ID of local processes

if (myLocalProcID.1LT. Nb4CPU)
Process_Of fload=. false.
else Process_Of fload=. true.

Process_Of fload

NprocdAMIC NBperMICX NMIC

Nproc4iCPU NProcperNodeNBperMIC X NMIC
NcoreCPUperNode  NCoreperNode N procAMIC

NTperCPUProc NcoreCPUperNode| N procACPU

If Process_Of fload is true.the process will run on CPU
and MIC,else will run on the CPU only.

The number of MPI processes for MIC

The number of MPI processes for CPU

The number of CPU cores per node

The number of CPU threads per node

mod ((myLocalProcID-(NProcperNode-NBperMIC X

MicID
Y NMIC)) . NMIC)

The ID of MIC device needed offloading in this process

NprocdMIC J& & 45 S MIC R /Y o &
B, R MIC R AR BEAYG A% S E NBperMIC 5
il MIC K% NMIC Z . #EfE S 3 4 I
G5 LGS 5 G B N procdMIC A~ BEFR I T 12 1
MIC. iR FERI D P2 ZE R gE A, B offload #ER: , £
PR E —A> CPU AT 42, i F A4 45 5 b
4l CPU 1&gk EL N procd CPU= NProcperNode
— NprocdAMIC. % 25 3k 78 B oy P1 2% Y gF 78, Bl 4l
CPU &, 5 ENLEE NT perCPUProc=
(NCoreperNode— N procAMIC)|N proc4CPU.

TGl PR R SO AT S R T SR L X
G — 1 SEEm AT
mpirun -n{RankNum) -N {(NodeNum) .|
LESAP &.<{nstep_max)<{substp_max){Nnode>
(NCoreperNodey & (NBperNodey{NMIC)
(NBperMIC)X{NT perMICProc>.
R B AR
mpirun -n 8 -N 1 . /LESAP 1 101 24 8 3 2 224.
RRTER LS SNzt 8 JERE, b F A A% Bk 8.
FPIRARC 10 WL LA S A 24 A CPU #%, AR 7E 8 B
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P A% 5 il 3 B MIC L g MIC - 43 5] 4k 3
2R B, A MIC gERRIT R 224 A 2Ae. I8 4
P2 KHFE NprocAMIC= NBperMIC X NMIC=
2X3=6,HT 6 CPU # ¥l offload. P1 2
% NprocACPU= NProcperNode — N procdMIC =
8—6=2.% Pl #F#48E 1) CPU #Z¥Ch
NT perCPUProc= (NCoreperNode— N procAMIC)|/
NprocACPU= (24—6)/2=09.
OpenMP4. 0 4 PE48 T A1 P 3% i 71 $ omp
target, A] LUK CPU I i 8048 FnC a5 in & 2 MIC I
iBA7. WA 3 frzs . OpenMP 4. 0 A] LUK 8 73 i 347
I SEAT 55 28 45 MIC RIF5, Hodn LESAP iy
R R WA B () ws F )T, SEELLL CPU S £
MIC Jy 5 1 S5 49 p ] 3132, H A to, from, tofrom 8§
T CPU 5 MIC 2 Ji 1 B 14 4 77 X A K
A5 44 use coprocessor Fric MPI 3E #2001 B % 27
CPU RiZf1if /2 #E MIC 13847, device Al LL4K &
it F1iy MIC R '5.

! $ omp declare target (listy,lists s lists)
! $ omp declare target(ws)
1 $ omp target if (use_coprocessor) device (MicID) &.
map (to:list;) & [ % Translate list; from CPU to MIC * /
map (from:list;) & [ % Translate list; from MIC to CPU x /
map (tofrom:list3) | * Translate list; between CPU and
MIC = [

call ws () [ * The subroutine runs on MIC * /

!'$ omp end target

Fig. 3 The implementation of offloading to MIC using
OpenMP 4. 0 device constructs
B3 HF MIC 4 i X3t 1Y OpenMP 4. 0 5231

LEASP St 2 22 B C R &
Z SRR O RN AR 2 1 P i R T AT B
[ EE ) L S i 4 7 B () B R AR e EA T RS A
ERS M A ok % TR R B MIC 2 3, 75 % H OpenMP
4.0 M gIFTE 154! $ omp declare target X A8 &
S TR AT A .
2.2 CPU 5 MIC Z @ W EEH LN

CPU 5 MIC Z [a] K & i £ 48 1% iy . 2 CPU+
MIC VB A 54 3547 1 4 BB R 3. AR SCil 2o LR ik
Xof BOHR AL B EAT T AL 1) MIC % 46 F 50 5
FH S ANASCA] LAY/ B8 405 19 A i o T F 85 3 T A sl 2>
MIC kBN FEF 4S5 2) CPU 5 MIC (8] # 7 47 %k
AL 5y 4 e CPU il MIC (8] 34T BUR G it . B
A8 3 FE N B35 v T A B A AR i DL O AR
CPU 5 MIC Z [a] {5040 1% i 4.

OpenMP4. 0 &4t 1 2 Fh g e 45 = 1 1) 7T L 5K
IEARL AL : 1! S omp target data, A] DL gl &
RIY device data Fdli A5, 24 — D8 i e — > E ]
(1) device data EHs PR35 PN B, B 04 B0 806 R 55 1T DL A
XA 5 A PR A A AR L L B A XA AR
T M AN T 20 RO A U AN 5 2300 46 Ak K
{H.2)! $ omp target update, A] DI AF +F MIC ¥ F1
CPU iy (4 725 & [ {5 — 2.

ARICAHE ! $omp target data R F @7 — 4
device data 5%, ¥4 75 2 2 Wk il H 09 25 40 1% i 2
MIC |, 4 75 2 m 2% 2 MIC | 5 A8 A5 Bz i 215X
A device data B4l PG . AR X A BR 8 Y 0] LA iE
i1 S omp target map & B AU L K ACHS N 4R 2
MIC L. G 5 i 80 %84 55087 6, 0 ff A $ omp
target update to/from A% HiEIE . A IFEFUPE ) — 3K
. CPU 5 MIC Z [ %4 1% fi L /L 9 OpenMP 4. 0
SE T AN E 4 s

Host Device Target Device

| !$omp target data device map(Zist;) }

!Somp target device map(/ist,)

!$omp end target

| !$omp target updata device from (Zist3) }

| !$Somp target updata device to(/ist;) I

| '$omp end target data [

Yy v
— Data Transfer [_] Enclosing Device Data Environment

—> Control Flow  [] New Data Environment
=) Code Transfer [J] Compute Kernel

Fig. 4 Optimizing the data movement by OpenMP 4. 0.
the structured-block can be loops and or subroutines

K4 CPU 5 MIC Z [a] # i £ 5 4k 1 OpenMP4. 0 52 3

2.3 CPU/MIC thEitERFHHE LK

T EMSZEMARE.CPU 5 MIC 2 A /Y
WA ST AEAE 2R O T iR BN & 2Z 18] 1 1 2%
P, S EARYE CPU #l MIC W4T 55 kb BREE ) 47
1E45 e ARSCEZM T LT 2 AN 2RI R i .
1 CPU/MIC A3, B4k 5 ) CPU #4555 MIC
W& Z I gk 34 45 2) W46 (CPU g3 MIC) Py
5 LR TR 2 )1 B R A
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2.3.1 CPU/MIC % £ [a] f) £ 4% 2 1
T CPU 5 MIC #it#8 g 1 A, fr L CPU
5 MIC %43 1) 6 BN REAR [R]. sh 28 4 e 1) J7 =X B
SRAE BRI 1R Rl 1 ORAR U AR 25 B & T 4
MPT 3 78 [8] 38 15 1Y F 85 L F % N3 {5 T8 RIR 2.
It H LESAP 34 J& F 5ot % 42 8 0 . A% 25048
43 A8 R FH 8 2 B0 ) 4 i ik O T bl A
TERS S FATTR FH 8 AT 550 43 B A 1R A B — A 4
.
R T F4FIH CPU I MIC (194 55 Ak B 8¢ 77
P& 7 LEASP A4 ) S5 AR B0 B L FATT 1 i T MIC
REC A MIC RIS TS EOR MIC R 14k
FRRCE P S 8. fE18 4T LESAP #ph i, 1% 8 A [
f 35 1 2 800 A MIC F1 CPU BEATAT 55 43 e
5 # AL X SR KA E4) 0 43 1 )
e He 40 B L S N B o 4> P1 2B MPT kR,
BIEE b 4> P2 28Iy MPT #E #2845 09 S i 7
Bl P=a+b. B4 JEFE AL B — A W AE B, ) P =
K. 58 CPU 5 MIC & & [a] (1) £ 2% 34 i 1) 56 5 J2
i 1 Z2 /0 e MIC b B 22 /0 W A% B dls » F i 2 o7
B M 2y CPU i [ k% He £k, 7 Sy 4l I i) MIC
REC N S g MIC R b33 0 A% Hgc, A
a=M, M€ (1,2, ,K—1}, (D
b=iXN, b€ {1,2,,K—1}, (2)
K=M++iXN. (3)
Bk ¢ o MIC B8, T b B2 17 B[], A%
SCHY R VAl Ty R a8 M, . NL i, MIC
KMP_AFFINITY ., 3 — A~ e 0 840 e 7 %
i A5 45 4003 A7 B 18] T fe /b BD R BGR B T 1 3k
flif. ¥ 5 2 8 ML F I AE FL4E i CPU+MIC 544
V5 ERYAT S5 A B R, 8 e R B, 2 B RS
CPU Iihb 3, ) T 65 M4 i 3 P MIC RAab 3,
Be MIC 4b B 2 B jg 4%

Bo|B1|B2|B3|B4|B5|B6 | B7

MICO MIC1 MIC2
3 ] k(] i}

B
)

Fig. 5 8-grid calculation example allocated in a single-
node CPU-+ MIC heterogeneous platforms
5 8 LM HEHIFE L S CPU+MIC 3 & L1
55 43 1L

2.3.2 CPU/MIC % £ WM By 11 3% 3 1y

WA W6 5 2 AR — A e %
A BN LA b 2, o) — A R R 4 e 3] 4t 4
R BRI A WA (CPU s MIO .
it OpenMP S8 T 2 LB IHAT. X T4 1 42
K. OpenMP #2fit T schedule #% & £ 2 7 Bt 77 =,
FEA static FHFA B dynamic &5 H. B F
LESAP 5 5 72 v B A 35 78 B 1+ 58 0% I 4% 5T 4k
[ 22 s H H A GE AT 55 S AR AT EE£E T static
RN LT

YT 2 AN ZE WL AE CPU & N8 T A2k
FRTEAZ b1 2l A5 3F 7% 47 R (0 4 A0 T 4 FR AT R ] —
MR E —1 CPU iy . 78 MIC RN, KA
gt B e MIC KMP _ AFFINITY 3% % %
MIC gkt 5 MIC i3 #0482 X, n] B
MIEA : 1) scatter 43 HORE 2 e 42 B0 26 43 IE 3 171
IR Y PR L b 52) compact B %A L 2k
2 - 43 e 22 32 #8 4% 0 I s 3) balanced Mg =, R
iy Sl e s YL //BLLE PR N IR s
AHRP R AL A BL B W] — N9 BEAZ O B 33 Fp Oy D
SRS 5 0 2 DI T AR AR T i AT Y S B AR 3k
8O0 A BT R PE AT 3 A BRI B A RO

MIC R4 & AR 2 ¥ 8%, &4 % Ll LUIF S
4 AR, AR MIC R B 8% 58 70 R >k A fig
KA MIC W RPERe. (HUn R R R E KL, 4
FEIT S UK A 23 3 30 67 84S 4 4, i LA B8 54
— B IE AR W] DL AR UE AR JF 09 I & B R MIC
AN E S
2.4 ws ik

HE 1.2 7 B A B TR, 5 R bR Ak 2 I
THEMCH F BT ws G T ELIHERE. 1
P ws THE Ry FEE P AE— A 3 HIFH P,
Kl 6(a) iR, H T ws FFEIFAE reaction R 1E
gk 8 A IR ACES S T 4 & OpenMP (1) 317 KL
JE XS reaction W E B ik OpenMP Jf47 1k,
THIF ws B 096 2 AT F-48 OpenMP JE17. H
Kl 6(a) Al LLE ) IF SR8 m Ve 2 AR chem f
Ar g CC A2 5 3+ 5 rp 8] 42 & rPow ., B 48 5
rPow 7E X A~ 3 JZE ¥ Ay 1T 5 it 2 (ns — 1) X
NrecXns . i Chemf(ir,is),CC(is) 5 & ANENE
WIEK a4 i rPow (115 2 SC bR b A7 K&
BI04 XSS Fh i TF-ELSE 43 32 18 4] 5 2 4
Pedn JCVE B B g Al A SO H AT IR SR 4
rPow B F R A5 R AE e — A g Al
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AN 6 (b)) s 35 5 W AR R Nree Xns I, 3
BRI D (ns—2) X Nrec X ns I, T 4% 69 4% 6% 1] 0]
DL $ omp simd private(is) reduction( * ;
pif) G TR il ) S B ) AL ws THRLE R AR AR
BEZEMIE 6 iy rPow Hoa] 28 &, Fo AT %) 3 L&
[i) 72 5 AR HEAT T8 BRI 3 AL L 3 R R B
G, HERERS B ECR Y $E T,

@ do ialpha=1, ns—1
do ir=1, Nrec
do is=1.ns

IF (chem f(ir,is). EQ.0) THEN
rPow=1.0;

ELSE IF (chemf(ir,is). EQ. 1) THEN
rPow=CC(is) ;

ELSE
rPow=CC(is) X CC(is);

ENDIF

pifCir) — pif(ir) XrPow.

enddo
enddo
@ enddo

OO0 60PPOLO® ©O

(a) Before

@O REAL::yPow(Nrec,ns+1)

@ do ir=1,Nrec

do is=1,ns

IF (chem fCirvis). EQ.0) THEN
yPow(ir,is)=1.0;

ELSE IF (chem f(ir.is). EQ.1) THEN
yPow(ir,is) =CC(is) ;

ELSE
yPow(ir,is) =CC(is) XCC(is) ;

ENDIF
enddo

enddo

® do ialpha=1,ns—1

@ doir=1,Nrec

SESNCRCRCRS NGRS RSN ]

® ! $ omp simd private(is) reduction( * : pif)
® do is=1,ns

@ pifCr)=pifCir) X yPow(ir,is);

® enddo

@®  enddo

@) enddo

(b) After

Fig. 6 The optimization for ws
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E5-2692 v2 [ty CPU #1 3 Bt 57 #% i Xeon Phi 31S1P
(MIC) Jin i g8 41 1. CPU N fE2L 128 GB, 51 MIC

H 8GB NTE. 5 T LESAP # 4% H Fortran90 i
Ik i g fdi ] Intel ifort v14, 4% OpenMP
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Table 4 The Test Platform and Environment of One Node

F4 BEINKEESHE

Ttems Values

Intel Xeon CPU E5-2692

2XCPU
v2@2.20 GHz (12 cores)

3 X MIC Intel Xeon Phi 31S1P (57 cores)

Main Memory 128 GB (2 X CPU) +24 GB(3 X MIC)

Operating System Linux 2. 6. 32-279-aftms-TH

Compiler Intel ifort version 14. 0. 2
Optimization Options -02-fno-alias

MPI Version MPICH Version 3. 1.3
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FATH LESAP #4445r J 3 A A : 1) MPI-
OMP F7R% L8 T MPI+ OpenMP W 4% 317 , i8 17
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iz 17 F CPU+ MIC IR & F & M A : 3) HYB-
OPT R/R A b3k S0 AR 47 7 1) 2 Ak AR AR 5 1Y
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Table 5 The Execution Time of HYB-OMP4 on

Different Cases
R S5 AEEET HYB-OMP4 RE 7§ 8 45 3% K HL4T B i)

S

Compact Scatter Balance

iXN

224 112 224 112 224 112

1X1 64.6616 64.3569 64.7184 64.5212 64.2707 64.5683
1X2 43.9139 43.9171 43.748 43.6447 43.7222 43.6589
1X3 43.8959 43.7313 43.8066 43.8648 43.6825 44.0711
1X4 42.0634 36.995 43.4132 37.5462 41.6391 35.896
2X1 43.7558 43.7483 43.8506 43.7417 43.8417 43.8091
2X2 33.1679 33.2572 33.1562 33.2852 33.2208 33.2232
2X3 33.0284 28.3418 33.8156 27.8735 34.4729 28.9617
3X1 43.7297 43.5662 43.6905 43.9566 43.7869 43.7385

3X2 25.1026 23.2847 24.8769 23.3209 24.9329 23.4863
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Fig. 7 The execution time and speed-up of
different LESAP versions
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