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Abstract: Based on the OpenMP-like parallel program, a loop scheduling and dynamic voltage scaling technology
is coordinated to optimize system power consumption under the given performance constraint. First, the basic
model for power-aware loop scheduling on the heterogeneous system is presented. After that, through theoretical
analysis, it has been concluded that the lower bound of energy consumption for parallel loop scheduling on
heterogeneous systems, can be used as a baseline to evaluate the efficiency of optimization technology. Furthermore,
this paper induces the scheduling problem as a typical integer programming problem and proposes inner-processor
loop re-scheduling method to further reduce power consumption. Finally, 10 typical kernel programs on a
CPU-GPU heterogeneous system are created. The experimental results demonstrate that the proposed method can
effectively reduce the total energy consumption of the whole system and improve the system energy efficiency.
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Extended OpenMP code

\
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Variable/Reference/Argument list
conversions

\|/ This paper
Power-Aware Insert training &
loop scheduling Freq. scaling code
Code
\l/ generation
OpenMP code Brook+Code
generation generation

OpenMP code Brook+Code

Fig.2 MPtoStream compilation framework
5 2 MPtoStream 2 ¥ HE 42

N 1 CPU code

| //Extended OpenMP |

| Directives | /IProfiling partial sample executions.

| Do I=1, 1024 | /[Calculate Ngpu according to Eq.(8).
I DoJ=1,1024 'Transformed /lInsert Freq. scaling Inst.

I B(J,1)=A(,1) I /ILoad input data to GPU space

' Enddo : Astream.Read(A);

I End Do | /ISet kernel execution domain

!_ ________ a KerName.domainSize(uint2(0, Ngpu));

/I Call GPU kernel
KerName(Astream,Bstream);

«—Ngpu— /I CPU execution
(0,0 IOMP PARALLEL DO
Do 1=Ngpu, 1024
Do J=1, 1024
GPU CPU B(J,1)=A@J,1)
End do
End Do
/I\Write output data computed by GPU to CPU space
Loop schedule on CPU and GPU Bstream.domain(int2(0,0), int2(0, Ngpu)).write(B);

Fig.3 CPU-GPU task scheduling code after compilation
3 G CPU-GPU fE45H B AL S
32 MiXFEAR

AT 5296 4 2 FE T Intel Core 17 920 Quad-Core CPU F1 AMD 4870x2 GPU 4 R [K) S48 R 4800 T i i
RN A R G R, FRAT TR R 5T I b — A GPU A% L (W A7 75 26 B 4870x2 GPU Hh AN REAT ] 1) %
o TC R P BB R AZ O 0 b M R R O id o GPU-High AN S8 LR 1R M EEA LR P i
AHOG ] .

(1) SRE AL P28 3 AIB AT HE R A5 82410, B0 CPU #B S sl AP E A, Intel 1) SpeedStep Al
AMD ) PowerNow! 45 Tiy ¥  BLEE AR, T H AR 454 28 48 0 B8 8 AT B ORHRR g A 3245 1Y) DG SRS e A ST 1) S B
7 & 7 OpenSUSE v10.3 64 A7 #:1F R 48, i R HE Y ACPI 2 0] L3RS CPU SCHFF IS ATIUR AT B, JF Honl
LA CPU AT 812 B GPU & Wi & il I vF 8, GPU W Zh FE4 il 7 ik g i 56 35, i1 AMD 24 T
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BTS2 X D R, 12 150 7% AR 000 2 358 2 76 S U F) Ldgit S L P AR SO A BB AE AN R AR 1 (0 S Th REAS AR LA
RAIZAT INFE S FENLINFE N ZEE1E 9 AL B ARISAT I 1R BN A5 D HE .4 1, B8 Bl Ak P 38 K A8 8 BL A (0 T FE 11 4%
S B A A EE B DI AR AR W 5E 3, B CPU AT GPU 7F A& K HA nT AEHE AL 0 Hr Th G 1 45 3 o X BE AN 19
16T DAER AL, 1 B T ORFEAS

Table 1 Testbed description
Fz1 MRTFENHE

Processor Core 17 920 CPU 4870 GPU-high | 4870 GPU-low
Core frequency (GHz) 1.6,2.0,2.4,2.67 0.75, 0.65, 0.55 | 0.75, 0.65, 0.55
Memory frequency (GHz) 1.33 (DDR3) 0.9 (GDDR5) 0.6 (GDDR5)
\Voltage (volt) 1.064~1.248 1.1~1.3
Cache L1 132KB, D32KB, L2 256KB, L3 8MB —

Memory space 8 GB 1GB

Compiler Intel ifort/icc v11.1-openmp -fast Brook+Brcc v1.4

Operating system OpenSUSE v10.3 64Bit, ACPI enabled

3.3 MK A
FRATEI 10 A HLAY R RR 20k S I RE e IR D B, L6 2.30rh,314.Mgrrid T 312.Swim #JIXH SPEC
OMP2001 FEMEFE 745, Mgrid F2 /7 s = 4E Poisson J7 F 3K fif 2%, DU H 1] Fh 2 2 Mgrid N 4 Mzt B
FE.Swim B2 7 S B 4 R /K O R SR A A FRATIAR % S 3 A0 S5 B2 FDTDMSRR ¥ 5 il = 4
Maxwell 77 F5 K i id 72 Bk FDTD SR HI RS BERRCAS A1, FLA AR P 259 SR FHBORS 2 FRUAS.
Table 2 Experimental kernel description
F2 M HEIN A

Benchmarks Prob. size Origin Benchmarks Prob. size Origin
RESID CALC1
PSINV . CALC2 2048x2048 312.Swim
T RPRIZ | 256x256x256 | 314.Mgrid CALC3
INTERP FDTD 2048x128x128 Ref.[13]
GEMM 1024x1024 BLAS LAPLACE 4096x4096 NCSA

34 ZERHH

Bl 4 45 H AT Kernel B2 4> %I4E GPU-High 1 GPU-Low b 40T I 1) I i 8 44 T A 45 S #8 42& LL CPU
hBEAEI H — AL 7T AR O BT E GPU BB T LASRAF 8 i (M in i Lk, U F RPRI3 F2/77E GPU LK fig
IRAFINE. = BRF S RPRI3 F&)7 1T 815 A7 LU IRAK, BAFAEES 20 U 19 77 3,110 GPU A7 8% % 1% S i L v 1) 7
SRR BAG T LUK IR, AR GPU 32T 7 727 M g, (12 76 BEFE MK 5 24 B AHXT /M. LU INTERP 72)% 4 i, i
SR GPU [N L KT 2,(F 2 HREFE 252 CPU (1) 80%; 3 1, RPRJI3 F2 7 ¥ G & JT 41 24 /& CPU 1) 1.7 fi. 7] W,,CPU
5 GPU ZEARR IR P R B T AN (0 280 A, DR M 7 122 MR 4 R I 11 502 o 20 3 8 88 A0 1 B e U
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80f OEnergy for GPU-high B Energy for GPU-low

60+
401
20}

Normalized to CPU (%)

RESID PSINV ~ RPRJ3 INTERP CALCl1 CALC2 CALC3 LAPLACE FDTD GEMM Average

Benchmarks
Fig.4 Comparison of execution time and energy consumption between CPU and GPU

94 CPU 55 GPU AT I T B A HE T4 L

AT LA PR g A Y UL T B B 1 1) GPU-High S 2 2%, LUZ AL BIEES IO PAAT B TR] D 200 46 3 /N Ab P38 FEAT
AT T B BEFERN AEFEIT IR B (energy-delay product)5 GPU-High ¥4 3 45 34T 5 bl S 06 45 R &l 5 fros. It
ATPAT T REFEM LAV (29 02 S AR T3S TR 11 84%, g AL I8/ LUAZ AN K AR 8 i 20 A AR B, I 40 e AE AL Ak
SRR R A (1) M PEARE AT AR AR B, B A% D AR B 2 B A, R 1T 4 Th 6 A AL B8 S DB 1) Ll i) 5%
TR O, R T DR D0 Ak ) A A TR (2) DA P A 4D Ack T AT R TR R /N BIE 3 AN Kb RS HIS AT 7 B AR A
Tt A] PR 2 oI TR 5 1 v B, DR b e A S SR AR ) AR ROR B 2 e RE AR AL RCR B O I i AR X AR B
ATHEIR & 708U
120

100} B Energy BEEnergy-Delay product 84
80+

60
40+
20+

0

Normalized to GPU1 (%)

RESID  PSINV  RPRJ3 INTERP CALC1 CALC2 CALC3 LAPLACE FDTD GEMM Average
Benchmarks
Fig.5 Energy comparison between multi-processors and single processor GPU-High
K5 ZAEEARIHT IS S B AL HEAT GPU-High M REFEXT HL &

BATLL 3 AKLPLAFH B 548 RGNV & B AR 7 22307 v b AR P28 (R EAT AN [ (9 9 #4143
75 3, A5 P 1 B AR AT BN ), 30 A T3 5 TR B ) 24 5 BB AT B ) AS R T(L+8) (B A TR IR ) T (1
FEOLAL L. B 6 45 tH T 41 f=0%,10%,20%,30% I 11 e FEAZ 4k [&]. 2L v, p=0%R[ 2 & DVFS IR 4k 7T LUE H, A SC I
DAL W] LA 0 Hh B A BB FE, 24 S=1000 8, T A7 MR 7 REFE (0 JLART P38 {E 0 Ak T B 87%. [ B B AT ] LA
T H I AT 1) 24 SRPK TOAR 6 G 92 1 T B2 A I R 446 /N 5 30X — IR B 1) 2 B T PR 2 o A Ak T 0 2R (1 %
T B A, 7 S TR S Th R 10 LA 28 3 8K 1R 240 T AT AR e AR DA% 1R VE P B %o AN [T PR AR A WAL
af LLE P Ui AN ). CALC1.CALC2.CALC3.FDTD %, H it kEid b & W] i T 5 a5 4L 2 v
W1 INTERP,GEMM. 3= 22 5 [R . Uy A7 %5 52 8 13 1) 3 B S0 A0 J2 U, R I A — 2 3 B P e Ak L35 1R S 30
o} TR 1 B S A A /S

5F5 2.3.2 TTTEL ST A B A AR B HO R VA (G IUIR G5 T AR B A 0GP R B VA DL — DAL R AR T 45 i
T IR PR B=10% 5, 1% 5 vE AT F TS 1) BEFE XS L 1], 3 b BT 41 45 UL S bR REFE S BRAFE R AL B 3) I LU
AN B AN e AT B T 1 B D7 3k T DU 2k BRI BE G, {68 52 B B T I 422 0 RS R L. [ IS JRAT T Y 19 R, S
B AEFE S5 BEFE T S AR A7 £F 22 B, 3L 32 B J TR S AR BB AT R b S 240 T3 1l S I 4 P 46 SR O 25 B8 B P 20 B &5
L S R WAL LU R R R,
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Fig.6  Energy consumption with variable performance constraint
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Fig.7 Energy consumption with loop re-scheduling method when £=10%
B 7 p=10% AR 2 75 32458 F RS R REAEXS EL &

JE B 2 54 b R] 0, AR B A 1) GRS AT SRR AR S R A REAE. FRATLL RESID R4 A ), W 4% B A 5
ATARERUR LN A FIAS 0] (1) $ RN A R3S 9 AN RS AT 44 1) 5728 B F 1) 249 SROIK A0 1% . 16 8 s, Bl bk
& CPU,GPU-H(GPU-high %i5)H1 GPU-L(GPU-low 45 ) 4 5l 45 i T AL B8R AE AN R IZ4T 2% i Bk L il i
Aab T3S 44 R IO BT R R JLIB AT 0. T LLF 24 A=100610,3 A Ak BE 2% 18] 1) 4 2% L 91 15 B=000 F F) 470 28 B 1 S
I L 2 ek 45 48 I, A L 8 T ) 97 8% b A1) S P A A = 8 i R - 2 2 (8) 7 14 T Ak L 88 2 5 o a8k 1K) K B e A
FIES 8 0 E B SR 1 58 AT 45 0 1 RESID £ 7, 4 f=10%5 , [T 17 A 145 40 ] LALE 29 SR 7] P9 58 i vF 34T
25 IR 1 A B8 1) ) 6 2 b A9 AN 1 2 AR AR Ak 5 2 AT B A BB Y R TR IZ AT 40T 70 3% s /0 AR 4k 2 WA S8, 7T AL
Aab TS AT ER 20 ) T BEFEAL X 1SR R, P IR B T 0E A R R VR AE
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Fig.8 Work ratio allocated for each processor with variable performance constraint
Kl 8 Kb 2% 47 25 LG ] BE 24 R ] 1) AR 44 1]
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4 MxIE

AR ST FRITIE 5 A2 T 17 S A4 2R 8 R S RE AL AN T 425, T 4 48 RD AR R 4 D SRR AR IR 9T B SCIBR[3] 0 R 44 2R
GE K REALAL 7 VL HE ST T SRR E R A IR IR B VA T AN [RIAT 45 W FE T VA R G RE I s i AR A
(RAIE S LR X (R R AT R GG, I AR SCKs AR Ji2 21 5 M AT R 40, JF HAEN 626 OpenMP JHATREF 45 i T 57
P R G REFE S DL O AT 08 21 U8 J3E 7 925 A6 B AR 2 1T, SRR [S137 H 5% P 4% TR A B 28 4% 1) 5 10 DA BB AR BRAT i 25 105 20
F10) F1E 8 4 R A0 A 2 PR D AR 5 1O R 3 3o 30 2 et U4 0 9 R A A0 07 A Ak TR A 1) L, DA IO 3
FE 7 B GO ANV ST R B, R B 15 48 i S5 1 R SCIRR [T HE 7E 22 Ab B 2% 5 4 1 I 45 4 Ach T 98 5 0 1 1 AR B 2% v
FE VT P 7 2Ok R R G e,

b ox Ak B AR AR AT 55 U 55 7 ¥k, R W R e A e AR A A RO A% SCRR[8THR B B2 72 CPU R GPU
PR BRAT I T) R0 THFE 7K ST, 2 75 3 6 6 FE AR 1T F G, A0 3R G0 1 B R R (B, S b Al R Ak % 1) T AE
SRR, 56 A e R A s DRI bk e A o L AR P (0 S8R AT T S AT 1R ARG A A, BR ) 1 9 140 8 FH 450
IS B R0 SCRR[OT 4 H — ol 151385 82 P 4T 45 11 5 SR s 38k SR 1 FH RS PP 6 CPU R GPU b (1 AT I 1], 43 31 4t
SEANAT IR G 1 5 RIARE (%) [0V 7 R, 4 T AR R AT T80 P38 3 B AN IR PAAT 4 7 AT 55 LU A A 2 F 1D 2 0t S5
Fe) R G5 (1 P fi o DA ) L, T AR SCATE 5 10 2 B 170 249 R 1140 A e B ) R

Bt GPU 3E I8 P TS A0UK, 7 42 P g T S ATUR, 7T 1) GPU ) Th FE AL B AR T 4 4% K s RIAH S 5%
R AE A, NVIDIA A F 32 H T PowerMizer BFEE B 7 7%, PowerMizer AT LU 5 2 A S5 UL Bh &
VR HEAZ AT A0 A TSR GT 3 B 10 /5 S SR s, ¥ AR 0 S FH () 95 SR AT A 6 1 1 A . AMD 24 w1 1)
FAN T REAF 5 IR PowerPlay. 78 24 AR AU, — 221 7] GPU 3K AF W RE A6 5 1 th 138 3 H B STk [10] L —
AN UL IR (R A SR O 250, BE AT B T CPU T GPU FRIFRAT Itk BE AN RSB IH KE; IR I 45t GPU i 2 s 10 K 4%
5 R AE R AL SR 25 1) 06 22 SCBR[LL]SEIN T GPU 7 — 26 i 20 13 F v () D)8 14, T 40 4547 22 A 3L 8 0
TEAE 5 R S5 S 0 43 o) DR ) 5% 000 AL 2 75 O 16 GPU ThEEARAL 75 o i oA tH IR AL T DVIFS I 2 3 20 DI AEAR
775 AR SO RS %07 15N GPU InE B

5 & &

B CELL,GPU %% Jinidt 5% 32 it A vy Pk B 1 S A0, 1T 17 S A4 2R 8 1) D RE AT 9 0 K5 2k 2% A3 A T 5 4
M R G AT 2 PR RV RE IGO0 R BT YRR, b B R 48 ThRE4R L 5K 1 Ak 23 1) 5 o
IFi o, 3 8, 5T 1) 57 440 3R 9 1) SHRE A AR 7 VA O3 1A% 4 [l K R G vh IR AR T 7 IR b, AR SCEF %28 OpenMIP
ATREIP BE T 5746 2R G T RE I AN IR AT 1 R U8 5 5 7%

ARSI CPU-GPU 784 AR 48, VEAN PFIN T D RE AN ¥ 47405 PR R B 7 VA5 10 AN S0 i 2 e 1R AR 4k 2%
F g5 FR I %7V DT R RS REAE, T AU TIE R T 5 R SRR RO B A AR KR 1 T AR 3R
BT RERE L AN B B AT AR AR 52, LA R T ) GPU S5 2 T 25 1) ShREA Ak 5 1.
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