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Abstract: As the processor’s power consumption continually increases, power has become the most critical
problems during the design and implementation of high performance computer (HPC) system. Nowadays, the
heterogeneous system has been one important trend for HPC system. Compared with the traditional homogeneous
system, the heterogeneous system has a higher theoretical performance and energy efficiency. However, explointing
the potential advantage under the performance constraint is still a challenging problem. This work first establishs
the energy optimization model for heterogeneous parallel system via abstracting common applications into the
general program model which consists of sequential section and parallel section. Through theoretical analysis, the
study conclude the relationship among heterogeneous processors for the minimum energy consumption during the
single parallel section and full application (including multiple sections) and provide the corresponding algorithms to
decide the operating frequencies under the given performance constraint. Finally, the study evaluates of the
proposed model with eight typical applications on a CPU-GPU heterogeneous system.
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Algorithm EoPT. Energy-Optimal Parallel Task Scheduler for Heterogeneous Multiprocessors.
Input: Execution Time t;, Task Requirement s;, Processor List Ri={r}, rj=(P;,V;,N;);

Output: Work distribution {sij} and operating frequency {flj} for each processor r;.

Set y=max{Vj/PirieR}and , - SN while 8, = (P, /Vj“)”(”‘l)

rjeR;
While = S ptled
P

find the k processor achieving Vi/Py=max{V;/Pj|rjeRi}
set f=1 s =V,Nyt;, 5,=5 -5
remove processor k from R;, re-compute p and .

end
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for each rjeR;, set i = S §io N;B; S

paY, T p

Fig.2 Performance constrained energy-optimal frequency scaling algorithm
Bl 2 I TR 20 54T B REFE SR DG I A B 85 A A0 0k PR 504

EER 1 AT S5 i nT LASE A RAT, I A5 R PP HFAT A0 R I A o, A TGk S 2 H BN 3 2 e A B 4 A £
E A — B o8 S i 0 R A 6 20 5 A e S DX

TR ATl S DX TR DGO (K 5 0, AL AT B i mH e S D3R A 19 LR A5 D o AT IR 3 # B F SCRR 7]+
X IR 5 XA B, BB 0 S Rt P W 7 DX £ SRR IR M35 2 93 s AN [ e e T s X0 HH EME R 58 4= AT, HL
ANE RS 1) PR 3 45l 7 DX 10 ke R i AR — 350 2 A

EH 2 57 X3 R GEREFEAR M RO RIMM). AEPAT I ()2 A4 PF R, 55 JE i 0 DX 1R A7 DUAH B i 5 X B A A

2 U REAE B DL AT 5530 2 5 58 AF 4 K AR B % )38 AT A 3 70 399 K5 BEAE T, i DX B8R 1 A A B 20
ITHRAEEIN T ofen 4 B £ = S'pt (A+o7en) (reR), el FX P4, n = D N,
iViFh rieR;

LA G2 A SRAT 5 B¢ DA T 0 DX M, BN [ s 57 DX 558 4 ) — AN BB R 3 RO AT B Ty
I F XA — AN, ) ¢i=1.

AR SCHR 758 7R W 57 DX b SRR TR, b B 5% 1 W % DX AR AT BT T b A e 57 DX BACET I R X 45
1L, T 2555 B 1) 5 A A B 25 A 6 S DX AT RT3 L 7 DX A AR 36 R e S 6 J 1 b 6 3R .

5 ) FEREFLLS A S XTI 18] DY

- s o.s) sk
tei=—% (N -1 Ty Ny~ |G,
i fijvij (( J ) fIJVN rke;{rj} k fikaNkJ i

1]
Forp 2R 2 TERZRH J FALBE RS 117 B S5 A5 I 1)

. slo’c N g sk
%k f'f" L0 te) 1 E B, B b AL T 78, te) = fKI/IN + ¥ ol
P70 meeR T Tk
E%[Ellmﬂliﬂ%ﬁ RSO T 565 § 28 A HE 3% X PR T I )
i ' i (1-0)s o) St s/ st
e ARV VP I VAL B S AR IR vaces
iVl i Vi oneR T Vi P keRi T Tk
) gl f; V N fIV.N.
T VrneR, =t =t 17 == Lo > s) =5 i s) ==L s ity
pTkER = Sik ka N r; & z fikVKNk
Ry
k
S S' 1+o7cn,
t =i + i 26— it g
TRV N, ZR VAR XV
neR

© hEE

SBCRAERESERT  hup:/ www. jos. org. cn




1388 Journal of Software kfF24% \Vol.23, No.6, June 2012

2
b = SN, .iﬂK:“ot—Jsi,Eﬂ > VN, =K .

i eR; i neR;
B 2E 7 22 4 i i 2 DX Js v 1) 2 S S 3, L S BRI o 55 A i X R AR IR 2 R B T Rl RS B &
WA AR ST I 1 S DX PAAT 3% 77 3R i 2 Ak T i 1 DX 48 AR DR 2 1) e i ) Ak B 85 B8 050 1 5 4 2
T A SR B S R R T N AE D A TR, 5 SCER 4.3 TN SEIGIGUE T X FE IR B LB AT B B A RERE N

g =ﬁ§i NP (f,)t] :% N, fij\s/i:Nj P, ()" =r§i Pij(fij)“%.
52 1 HUE W R B AR, RS A R A A F Z; f0VN, =K, Bk W) 1 ey VL 44
ﬁ;:ZE(VWmeRQ
A LU H AR A W 5 X SR AT B v A B 485 190 4K A% il A2 E R i i BEL HE T SRAS 5 | SR AL BEAS HIB AT MR
£ =ﬁijvj(1+ olkn).

R EG S B LR v L7 I A DA (K AT B B R REAE R AR (K B i 5 ofon, RERTER R
fV.N. .. N,B;*

B BN j RIS RIL R g, ) = z' f':VJN i pj s, XTECE B 1 P AT 55 R 4 4
i kK
eR
SR TS F DR H AN 2 S S AT 55 Ja) 20 & AL O

T 0 2 T 01, 5 96 s B 6 A 2 F BT B T 24 R A B 32 AT 45 S JEK 1 1+ o, 5
T Eh A 2 GROHE e 01 MR 300 e T (R 1 P 25 4 e ) 4 S5k 1 1/ L+ or2cmy) 8 b B 3
RAREREE KN BRI (L aeun, )™ A2 1T I R 05 A o 7T LA A5 MR ARG R RE T 4. IR e P 40 3 B BL), 26 R 5

ARRE PP U OU T A i X A7 20 A A [ B3 B A 7 10 22 A i 5 DX, 0 B AR BEAE (1 47 80735
3 ZREFREFRMES

92T T A 2 AL B AR AT IEAT BN SRR HE & AT I I) t 1R OC 3R 1T (R4 22 Ak BELERAT OTAT BRI
56 TT DU RO B R 81 R 0, BT PT DAAS H A T R B R G 5 AT T T ) 0% 2R R B R T R ARV T T
5 8 ST IS [ 0 2% 1 o] 4 T 5 2 B PR PAE T BT D ;.

AR 11T A 2 AT T, SR B A R T B UK R DG T BAAT IR 1) 1) bR 80 N 23 2 (3), 1T DK AR R R B 1 I
TF1) 43 B i 805 A8 22 R AR ) A, 2% o 0 A % R o R 38 25 98 K T 98 KAy T A ) A0SR A, A1 13 PR o A7 4
1 P S AR Ak B 5 P TR B 1 BT T G T o) 805 5 DA — A ol R [ AL R B A TR R R B v 5 R T
Bl I by s 2 R (1 A % 56 T AN T 0 R BB T LA b S T 288 8 £ A 3 % 5

SEH 3 AT T TRIAA R B B AR I 21 5 P P Add 38 1R 596 A2 1) 06 2R AC R A AR 3 B Seyn, SLIAT IR 1] 1 Ty

EE I(RMEFENFETEEIR). M SPAT I Toyn IR/, 1 R G0k B REFE AL T, b H125% 173 A2
TRF:

Lo W, = TR BT A B 28 5 S KA 2, B35 A2 Vs, Suce Ssyns Nip=NipiG
V4

2. WY ST, < A A B B (0 b H R AT 7 S R, LG R B b
Si€Seqyn ViV &
R B DD REAN 2,
1
Horp, z=min{PiNjlsieSyn} 7= Y s /@p,0, = (N, /)™, g = (P, IV )=

s; ESSyn

© PEBEBSAITT  hip:/ www. jos. org. cn



IHM FRMIAT R GRS ATAER 1389

IE 9 - by SCRR[6] 7T &0, 5 [7] ) 22 A0 B8 2R G0, 24 Sk REFEIE B S AL I, I A Ak PR — 52 I AT AE AR IR B % 1 [
HATARIR A D FE. DR T pi 7R 58 1 AN RE P BEvh Ak B 285 DRG0 D FE
s

a a-1

) s”p.
 =P.f%=P. i =—
Pi=Fih ’[vajti] t*NY

1
;/H\;Epyﬂj = (PJ /Vja)mi1 .W\Uﬁ%ﬁﬂj

_ v SA
Egn = Sigzssy" N;pt = Sigzssy" N ;171-
EE Tsyn = z ti ﬂ?%‘é@ﬁk%ﬁ: F: z ti —Tsyn =0.
Si €Ssyn S €Sy
MO 9 1R TR AR ﬁﬁ«%?q%;wﬁh%%D%¥pwa;@11T7WF$&&¢
Wﬁkﬁ%mdmﬁan—ﬁél—igiﬂﬁﬁﬁ%%%%ﬁFﬁ?Wﬁﬁ%ﬁmqMWMWWK@

ﬁﬁﬁmm@%ﬁ*wﬁﬁﬁﬂ£
R0 A2, 13T 026 P R AT A B 3 A 0% I T S, 1) £, <L TSIt b 20k,
1la
ﬁﬁﬁ%%ﬂ%?@ﬂﬁm=pﬂq 5 :Fﬂq S, g (NyB)

(a-D/a -
A (Nj /,Hj) A o;

BT, = St AT =T T o= S sTen W AR BT A 5 IS AT R

S; ESsyn j s; Essyn
S. CU ;T b
fo=— <1BT, =>=— = Vs €Ssyn). 1 7=Min{P;N;Is; & Seyn}, WIHAAT B 0] Tgyn 75 785 2 LA
i t-N -V NJV]Tsyn syn vaj (N P )1/,1 ( syn) { I syn} syn

PAERT,

lla .

%Lﬁﬁé&ﬁwmTmﬁaggaégW%mxﬁﬁ%m¢ﬁﬁﬁﬁwﬁaﬁmg

RAEE AT II Ton 0 F IR Y S RS T4 Y

Si€Sqyn Vv j Si€Seqn ViV

DIFER R ACE S IFER N At LT BUE & SG) ={s, PN, = 7,5 € S, }.id

S.
@ =r— % 2@ =min{PN, |5 eS,, -S{}.
Es(n @;
@
(”(2))1/‘1

ﬁﬁﬁ%ﬁ%ﬁ*k@%zﬁ&ﬁ@ﬁﬁﬁ%ﬁ%mT%ﬁE%%?n%&&ﬁﬂ%muﬁﬁiﬁ%%m
PR T < Do I SRR Bt e S, e T AT A2 RS 17 1 J o A
ﬁm&MTu@rw%Eﬁ%%mm@mmﬂ%J4%m%mwxmmﬂ%mﬁmﬁ

<T, "<t — I P B4R SS) BT AL BB ARHEAT A £ KT LB A N0 R RS

® _ S
Tsyn _Tsyn - N N V

S essyn

T

HTO = (mw*ﬁﬁ A FES DR O 00 F B4R 109 mOD26S b B0 58 (0 0 R A0 R A 5. LR B 0777 L9

© HEBEERAET hipd/ www, jos. org. cn



1390 Journal of Software kfF24% \Vol.23, No.6, June 2012

PAT I T (0K AN 93 2 B AEREAN IR 1) By, RIS AT A8 B g A0 (10 b B 2 4 £ 1) DI FEAT 25 O

HE B 3 vl 0, I () 249 5RT BERE S D0 () A BELAS A4 R 6 i) LR L5 5 g A 40 10 A PR s SR TR A o i 5 7
B8R To 5% DR 0 1 ph m SR A B % A S ) S R 2 8 AR HAT IR T8 Ty B DR/, T LICHKE Ak 2 88 431 4 308 % I
A m oAR B DUAL a8 S SN E B 3 1K) 4 10 B AT SR 2 ) L 1T 3 4 R AL) R B R e (e AR ik %
(A7

Algorithm EoMT. Energy-Optimal Multi-task Scheduler for Heterogeneous Multiprocessors.
Input: Scheduling Length Tgy,, Homogeneous Task Set Sy,
Task Mapping Relationship F: si—Ri, rj=(P;,V;,N;), {rj}=Ri;
Output: Operating frequency for each processor ;.
iy
Set 7=min{P;Nj|sieSsn} and , — > sl o , while a=(N;/g)* ', B, = (P, INf)«T
Si €Sqyn

While T

T
syn > ﬂllar
find the subset of the task Sq,={ri|P;Nj=7}
for all the task s;eSqy, set fj=1, Tg/n =-|-Syn _ Z V.rl\l.

Si€Rap VY]

S

et Sgyn=Ssyn—Ssub, re-compute zand 7.
end

;T
N.VT,

171 syn

for all the task s;eSsyn, set fj —

Fig.3 Energy-Optimal frequency scaling algorithm for homogeneous program sections

3 fEABIR LI R R R P BOUCR JE 1k

S5 EOMT 44 K25 R Fy B Ak PR 5% S8 T G 328 394 R0 P, A0 R Ak B BB 240 SRR 23 B 465 8 [ IR 38 A 31 o
IS AT A A A BE A T A R AR R B A (R R AT IR ) 996 A2 I T 40 R A 2 1 21 42 SRR B v A BRI D AR ik
AT HEF W 2% B2 O(mlogm). 6 T-553% EoMT, ] UAT Y [ A FE e B d AL BEFE L5 AT I 8] B9 9% 3R Egyn(Teyn)-

ST 1~ B 3, 3A1 73 el S AT B LK TR T P B BEFE 5 I ) 7R 9% 2R, DAL 0 1 A 98 2 ) T AL A2 2
AT X P SR P B8] 7 IC 20 SR T B ATTHS 12 10 8 U 98 O — JBE 20 T i) 7, 8 8, TR A R P B O B8 . 1 ad
RIFATBARIBCR N h, PR 22 X (B) P DAL il 8 AT BLE — 2D i

h
min. E =Y e (t)
i=0
h
st. Y4 <T
i=0
, 4
t= > S  ifs; eS,,,n; =1orN; @
Si €Ssyn nj j
S; :
t = ! , otherwise
2 NV,
rieR;

S E AT B LA A 82K B 5 e, DR A U9y R R R I Bt 1 3 (4) 9T 7%, B B P B R AT g
ATBUK 1 8 N,

4 KU 5N

ARSI R RS & AR ), R 45 H T S a5 RN 4 A
41 JKFEE
A3 LA Intel Core 17 920 Quad-Core CPU F1 AMD 4870x2 GPU 4 Rl I 544 2 48 Ky S8V & A5 % M R 48
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o1,CPU F1 GPU 43 il LA B ST (R 774t 2% 1), HL3T ik PCI-E i 45 40 74 52 IR BCH 300 135 4. R 2R A il PCI-E16, 82 K
B[S AS 5 95 A 8GBYs, B AR S BN 1.

Table 1 Experimental testbed

£1 WAL AN
Processor Core 17 920 CPU 4870x2 GPU
Core frequency (GHz) 2.67,2.4,2.0,1.6 (0~3) 0.75, 0.65, 0.55 (0~2)
Memory frequency (GHz) 1.33 (DDR3) 0.9 (GDDR5)
Cache L1 132KB, D32KB, L2 256KB, L3 8MB —
Memory space 8 GB 1GB
Compiler ifort/icc v11.1, gcc v4.2.1 AMD stream/APP SDK
Operating system OpenSUSE v10.3 x86_64, ACPI enabled
System bus PCI-E16, peak bandwidth 8GB/s per direction

H A, 32 A0 A A 2128 #8SC FE SN A W AE AR, 4 Intel 1) SpeedStep 1 AMD (1) PowerNow! %5 D FEH #LH K
7 L, 7R 45V R 8 Hh 0 F AT A X6 5 a2 b B 388 1) D FE 45 BB b AR S0 3T OpenSUSE R4 4L 1K) ACPI 2 11, 7]
PABNZS Vi [0 AR CPU IS AT M B GPU I A ) 3 FH 7155, GPU (¥ T 44 il )5 25 th 2 7 56 3 AR S0l ik
AMD 72 w32 4L1¥ ADL J%(AMD Display Library)3kH GPU it H SCFEIIIE AT 200, I 56 i DVFS #:1E.
A I A4 HIOKI 3334 TE IS I i JR e e, I Hoal i RS-232 #3 L 352 I D RE AR A SCAR E Ak
FUASAEA R T A THFEARTE, DL R SIS AT UFE L R AL FE IR 25 (ELAF 9 A PR RS IS AT BT 1 B A Th#E.

4.2 sk A Y

KSR T 8 AN AVRLE T RN R 7, LK 2.3 TP RT 6 AN MY HTIE B ATI Stream SDK2.2, H 3@ i OpenCL
S WIL.OpenCL 155 MR SCRE CPU Al GPU ~F- &, Rk ] LA 28 ~F- b B3R AS [ & IR AT 200 H A, ATI
Stream SDK 1 B R P AR AEA A & — A Kernel 2%, 24 T MAAS SCEE H AR AL FIETE 2 Kernel #2575 P 4
R, B AT Swim A1 Mgrid B4R 2. Swim AT Mgrid B H EH SPECOMP2001 4R, 3% Cill i
Brook+if 5 B At | GPU T~ &5.Swim N SEIL — 4E VKB 5 SR Al %R 7 th 3 MZ L B R — AN AT
TN L5 R A 1, A SR 3 A% T BRI R LR E GPU AT L I F th CPU 58 /. Mgrid B FH SR X 22 38 I o 7 vk
SLIL=4E Possion J7 FRSREAS IZFRT BT 4 A0 vh BOSFR A R AR SCKE VB i I OK IR T B 7E GPU |58
J8 T A/ AR e B LS 7R CPU |58 k.

Table 2 Experimental applications

Fz2 MR HHINA
Benchmark [abbr.] Description Language  Problem size
BinomialOption [BO] Binomial option pricing model 262 144
BlackScholes [BS] Black-Scholes model for European options 1048576
DCT Discrete cosine transform OpenCL 4096x4096
MatrixMultiplication [MM] Matrix multiplication 4096x4096
NBody [NB] Particles simulation 40 960
MonteCarloAsian [MCA] Monte Carlo analysis 4096
SWIM Shallow water equation solver Fortran & 2048x2048
Mgrid [MG] 3D Possion equation solver Brook+ 256x256x256

4.3 KGN

445 T CPU 5 GPU 1E$AT IR IE AN BEFETTAY b 1ot LI, L rb I 45 SR8 2 LU CPU Sy JEufk (15— 1k,
. NE T U BT N AR GPU 3l mT LASRAS 8 4 1A vk B4R T, R S s S B s i S - BO,
BS,DCT Al MM. 5 1k e $2 74 Lk, GPU £E REFE L AR AR AR S 488 /N, 20 A 6 1) 53%. ] LLE H,GPU 7E B stk
B 14 1) BT T8 T 5 A AR A2 K TR I R T Ak R 450 A7 AR 1K 22 57, CPU R GPU. 7E AN [) . FH R vh A4 R 1
N T) B B 280 FIE, DR 0k, 7 MR A 8 28 7 L 4 I P v 1) 5 o BB 1 2R G 3 Ak T
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Benchmarks

=Execution time * Energy consumption

o

Speedup of GPU over CPU

Fig.4 Execution time and energy consumption comparison between CPU and GPU
Kl 4 CPU-GPU HhAT I ] 55 g FE T4 X LL P&l

FF OpenCL &5 SEHLH 6 AN AR FF A i — 4 Kernel F2 7 240 1, o HL IR SZ£F CPU F1 GPU 7 4. 1A
BEARATLAIX 6 AR R 7 A6 56 AT B Ae FE AR08 BAT Tl 3o 43 A A0 S 36 0 43 F2 5 7 e i R 48 B IR B R AT
A1), 38 S T 3 JBORA B 1) 29 3R D1 Ak 28 ST I TR AS B T(1+B) (BFR IERA I F) I 4 1F T RS e it Ag ke 1 5 48
W T S D B B T O R 7 1) AR AR mT DU H s B J8ORA TR T 1 38 K, R 4 BB FE W B BRI S R e RE AR AL
BORHBLE SN T 20000, 24 BT 30%)i5, BEREL AL 28 I ARG 458 /N 8 3k 23 7 B AT % B, 3 B SR IR A 2 B A
THI (L) il o Ak 3 A0 2R (1 B ARG, U5 77 88 7 R 22 5 )k R0, K1 e, Ak 3 2 ke O o e 4 14 7 XA 408 P s
PRI TR 20 55 (2) AL 2% W] 356 (R IB AT 0R 0 59) 85 A (A GPU AN A5y 3 AR A R), 4 /N T 4l ks BE REFE A Ak 2 1.

110 110

--BO - MCA -=BS -+DCT-=NB -= MM

P o) P o)

S 90—\ S 90—\

S < \ = AN

g g 0 \\. g g 70 A\

£ ® = = - —

238 —— 28
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Fig.5 Energy consumption under different performance constraints for single Kernel
KI5 Kernel F2J7 e FE R £ AN ) (142 4k,

6 MIEL 7 235304t T Mgrid A1 Swim N rF 5 O BEFE Bt 240 SIS T8] 10 A2 AR, 1T R 23 45 T AEAS
[ ICRA DR - IO 29 SR T AT R B v Ak B85 PR AT AR08y 1 Ak B8 85 A3 A 1 die/DME, DRT I, 24 Ak L 58 93 4 [ 1K
B e /MELG BTN B 7 AN 23l SR BERB I 15 48, S B R ANBI 17 22 A PGS IR /N 1 88 T B /MELIN R L.

=
=
o

—# Energy GPU CPU

AN Re.Factor  Resid | Rprj3 | Interp | Psinv | Other
\ 0% 0 0 0 0 0

10% 1 1 1 1 0
~=-— —_— 20% 2 1 1 2 0
‘ , L 30% 2 2 2 2 3
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Relaxed factor (%)
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o
o
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Fig.6 Energy consumption under different performance constraints for multi-kernel program (Mgrid)
K 6 2% Kernel 27 HEFERE £ I 18] 1148 4k (Mgrid)
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3,‘\:\ 100 - Energy GPU CPU
% i’ Re.Factor = calc1l  calc2 |calc3 |Reduction
g.g 90 0% 0 0 0 0
N =%
= E 80 5% 1 1 0 0
© >
£ e 10% 2 1 1 1
[=]
z° 15% 2 2 2 3
60 ~
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Relaxed factor (%)
Fig.7 Energy consumption under different performance constraints for multi-kernel program (Swim)

7 % Kernel F& /7 REFE B 2 5N [R] (142 44, (Swim)

11 Mgrid ] 1, CPU 58 v 550 8 55/ (0 o S50 i, TR AT I TR Sl R T8 8 AH R 52 /08 T GPU A 58 J K RE
JE VSR R THRETF A B R BT 6 13 rhn] LU 7R 45 52 20 R TR (1 4% 1R ,GPU 52 i) Kernel 50 #2119
BATIR AR S Wl AR AE Swim B A1, GPU 5E i cale 1,calc 2 F1 cale 3 TH 5L Fe #8577 B 4L M e U L 2
calc 3 F2J%; 5 L AH R cale 3 F2)7 1N A DA€/, BRIk, 55 53 SN PIAN T2 7 AH L 2 7 (0 B s VR HE e B 5 . S
H Kernel T8 /7 B D0 AR R AR, 71 4 FTL 85 002 ZRBUR /D I AR 0T b PR 28 BE B D0 AL 25 TR AR R B0/ an 18] 6 gl 7
7R, A PAT IR T 43 3080 30961 15% i, %% F5 7> B Hh Ak P 23 A3 38 B iz /M, oVl ik DVFS T ik BRI Bh 78
DIRE ™ A= 1 e F T4,
I FRA A AL S SR PP AG A 7 BT W B DX ER A0 R ST RERE T A (1 2 i X T 3 5 OpenMP JFAT
G PR AL S, I 1B 8 Fr s, HL AT Bl — ANl 58 A IR AT BOM — AN i F DX B4 . OZ R e o4 ik, 34 T r] BLZEAS
SR AT B n) RS AR 2 2R, T 5 I 7 DX BEAE JFAT Be b 1 EE A9 (1 F X 45 AF EL A9 o) SR PP A I 5 DX 48 00 4T
BEREFEALAL 5 A% 5256 5 2R 1 PPy Y Intel Core 17 920 Quad-Core CPU, 4 1% #% 4 gfortran.
Initialize input array A
1$omp parallel
doi=1,n
/lfull parallel code
update A
/lcritical section
1$omp critical
update A
1$omp end critical
enddo
1$omp end parallel
Fig.8 An example application with critical section

K8 il 7 DXk 451

T, ARS8 Ak T I T X A AR AR IR A B2 DO FE T8 4 T 3k G FL A B A 5 N IR TR, AT R AT BLod 42
FH 11 57 DX A AR 4 (R o=1), 5] 86 A — I 2047 HACE — AN A B35 BAT A7 R0vt S5 3 e 48 O 56 4% # (OMP_NUM_
THREADS) T LU 15 3 R AT &R E i 3R 3 45 T AL B3R 3 A8 ThFE T84 b e PR £ i 1) B4 1 0, T LUR H
B R At (0 885 T, A T I S XA A RS 10 e P 50t B 2 388 o SR 7, Ak 3R 8 B sh A DR O R W R AR b AT
DU AL TS5 RpIRZS 1 A BE 2% 0 AR B 8 7= AR A A ThFE TT4.
Table 3 Dynamic power consumption with different thread numbers
%3 BNATIFEITHEBE SRR 2 AR AL 1 L

Number of threads 1 2 3 4
Power consumption (w) 18.7 18.2 18.3 18.2

SERL 2 SR W TR R ILAE I TR 20 3R 52 R 4 AR TR A PR 5 dme DU A7 90 4 4 B 6 s 7 DX A P 38K T 3
R FRATT A 1oL 9 5 2 0K 48] s S DX 5 A 1 BT A 36 b PR 8 0 ) AR AR 0, 11 9 B s i K DA Ak B 85
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To i Ft DX A (0=0) HL Ak T foe 32 A7 W (1.6 GH2Z) IR (13 PAAT I 18] DAy I 1) 24 A DA X L, B R 4 iy T 3 2 Hcfed,
B E AR B 2 P R AC B RS ARy AR B SRR AT PR 1 SR R A DR 0 S B A g K B iR
KR () de /N ) B AL, 30 D W B doe AR (00 7 555 302 MR 188 SO B (10 A I ) B0 e A0 5 I ) 19 %
FRARAT IO PSR A2 A AT RN S B iy P 9 AT & B B DX B £ K, Ak TR 5% e DI R K A N B v T LA
SO IR AR BE A G 7 vk T LAAT 280 N e 5 DX PR AR A, P o Y B 2 BT 7 24 1 DX LR A 31 50% I, BELE A
CL 28 2 A B 5% S (10 B v AR A I P BRAEL R B 1
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Fig.9 Operating frequency with different critical ratios under a fixed performance constraint
K19 IS IR 2T A AR AB AT SR B I S X L (R AR A 1 20

AR 2 19 T R DL AESAAT I 18] 52 (0 45 P AP 400k 3 B AIR s 7 DX o SR ] AR AIR AR B 202
AT JE T 5 45 2R S REMETT 4. 5L bk, FRATTRE T 8 7 (9 A% 7 AR Wi S DX 4 3 DA P AN i 5 DX, 5 23 3l 435 52 AN 7] A W
F DAL R, DRI 3% 23 B A D AN [ PR A PR bR DA R RAT BRI I 0 DX b S < B ARl 509%. 181 10 &3 i
T AT F D LR ) REFEAIL AL 3R, T A 45 R0 AN s BEFGAE A0 — AR 45 R B AR I B D7 45 T AN
I 7 DX LEAT T (¥ AR B S5 AT B G P 9 v PR AU AE mT LA HY, B AR T S DX b SRR D o A1 Ak B i R i {1
T A ] B AR T AR SERERETT A, Wi &l 10 P,

12
10

3 1.6GHz 2.0GHz
6
4
5] 1.6GHz
of R __ , ,
10 20 30 40
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B Enpergy reduction 2.0GHz
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Fig.10 Energy reduction with fine-grained locking
10 3 I 4k B B R AIS R 4 REFE T

5 MXIE

SCHR[312E T Amdahl & HEEESL T AL GE 2 A% < (Al K AR R S ) AR Ak 28 5 40 F P REASE Y, 30 3o % L 23 A
NN AT — A R P RE T ST A% L R DR 45 ) 10 B0 P oy BE A A 400 1O S KD A 2R 45 0, T LAAE DRAIE HR AT AT 2K
[ [ I AT R e AT AR B RE T AHE, SR RS K A 22 A TS (0 RERE 1n) L B AT 2 A% A0 TR % 19 K e DI E
) 7506 9 2 0 240 A PR 5 1 B B T 1) R SCRR[A1/E STIR[BT R L o3 HT T 3 Fh 2 A% AR R G AL g 22
S AR R 2 AL TR AR 5 K AR A 28 K B IE 17 5 K A 2R 5 R 5 [ ) 2R e A B v ) RE 2
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B A, SCHR[3, 410 2 70 1B 1 A FI 2% LA [ 5 10 30 5 R Sl 6 (R lt b 8 TP WIF 5T, 3 2 5 8 AL B 28 3 2 PR AT <540
A A5 A 1) 5 W) SR [STTHT i 5] 4) 2 A% A 28 45 WA R L T 2 7 1 BB 5 REFE 1 DG 2R e Sl b, 3 B 77 70 45 72 I L 29 31
(0185 25 e 8 1 Ak B A AT R Lk ) REFE S AL IR BV 2 40 AT T A0 B A O PR AR ThRE A A4 1 28 SR ST ik
(7175 SCHR[3] (0 S it b 2% 18 T AT B b Il 3 DO 1 8 (19 5 ), 1 38 18 HY 70 2% I8 I T IX B4 I R2 i R e A 44 &
S5 RN TE LA T SCHR[3] 7 &5t B AR 25 L [F) ISP HY e R 4 R 5 ) vl 268 PR 2 Ot v 1) AT AR B 0, AR 5 1
FEX AT R ARSCAE FIRBTTL B350 1 8 T R R R R BT RS REFE SR, A TR AR
SR AT R FR G5 KI5 B R S R 10 4 28, 145 1 T AH BV 1) R 5 B0 R SCRIR [7 148 H 1 1k e A 8 AR S o BT T 1
TSN W FRAT 1 2R 45 W BEARE AL AL 1R 5.

1) P Ak B 2 PR R 39, 30 T 250 2 o R 1 R AR S DR, 2 AR S RE AL M R 2k 12 2 — BB ThE
e R (78 I 7 0y T R, Y 9 ] 420 3 9T M 52 B 7 P A ™ K 0 P V8, 70 2 v P e v B AUk SR [8 £ HE —
BT RSB 4 22 Ze PR B, £l [R50 52 PR sl vy A7 5 58 52 BRS R e 3 0o O PH G 4% A B0 88 4200 FEAS 5 )
P BE IR 1% DL T A R BTG REFFE T4 . 92 303 W 12 7 425 T LA Ay A 1 2 58 )20 52 BB U7 A7 98 52 BRFE 7, Pk %
B LR R AR SCHRO] B IR H T 4545 3l A v Hs 1 7 RN Bl 25 200 SR PR 1) — 4EAR TR AR AL J7 25,0 & — Pt
T B 4 2R R E A% O AR R R A ) P R L B R AR EE RS BTN AN IER AL O IR SRR L ANIEAT
AR 3% FAR IR B LN AR 45 IR B R I R EVE R AN algN(FE a<L). SCHR[10]4% H T 3 T
TR A1 - s (0% i e TR S 2, 7R B R (R 48 5 SR AR 1k R O 11 AL B 38 A% 0 B i LIS AT AR A i AR
R BE 1A [ IS BEAEGUS Jr TORE. 3 3 by i S 2 T 40 R B B I B 26 5 1, AR SOt ol o B8 40 BT D7 V0T 1 e
AT RGN BEREARAL ) B

Bt LA GPU 2 X35 A I o 3 N 38 FH V15040088, T 1) CPU-GPU 5744 22 48 M AT 45 1R B 5 SRE AL A 1) 50K 3
FSA T2 AU (R BT 5 B SR [AL]4R T — P32 10 e M R G AT 45 K 4y )5 v, 8 1 Bh &S R AR P AR AN [F v i
I E IR AT T 18] AR H5 AT 3 5 R 23 HAT v AT 55, LAk B4 RS0 R e b, SE 6 45 IR W 1% 5 vk mT LA 25048
1o A R IR FRAT VA8 0, BB A e kb R A R G M R B S TR SR AN R AR P SC R (12048 — b
% GPU [ 1&E M £ 8P Bl i 75 CPU A GPU (RIS 37 AT 25 BA S 8 GPU W ARR A A Hu T~ PR ZS 19 38 B b
B AT 55 PAT SCHR [13]4E H — b 45 A4 45 %1 43 AT 45 55 B 60 38 ST~ 10 S MG 70 5 B 26 FEAT 45 5% AN PR 0 A B
ZES PR I H5 S CPU-GPU [AMT45 M BE. H T, 25 T CPU-GPU 784 2 4 FIIE 97 3 3 R S Mk R AL AL 7 1T,
P FAT ZR G0 (M BEAE DL AL T i 4k T2 25 45 R, AR S R 0% ) 7 e P 9T

6 HRIE

T 17 5 A4 JFAT 2R GE I AR DA 1) R, 2 1R BT e S K 2 8 RE DL 3 10 S B 1) R -2 — AR S ) et e AT B A
TFAT B I — SRR PP R ST T S IR AT R S8 REAE DU AL AL 6100 I AT BUREFF, 70 W 45t REFEfoe DL 1N A0 P 5%
(A)J06 AL () 5% 2R, P T2 M 17 RE e D10 1) Ak B 5 04 0 % 06 A (R P B A RE PG e DG ) R i, A5
K I TB) 290K 42 R REE S U0 1) VA 0 O — JBE 22 SO AR AL 1R e O Al oF S S A B2 20 A 17 IR) A R B REAE
DUA ) L, 5 7 I () 240 5 TR T P B B RE AR SR U0 10 45 1 DF R T e 4yt 17 IR0 A 2 e B o Ak B85 £ R 3k
PEELE B A SCEL CPU-GPU SR JFAT R GUN-1 6 B R Tz L AR (A7 Rk
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