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Abstract: With the prevalence of general purpose computation, GPUs (graphics processing units) are becoming extremely important to
significantly improve system performances for many computing systems, including embedded systems. Running massively parallel
kernels on GPUs is challenging for system’s overall performance especially when large amount of workloads (kernels) are running
together. This paper investigates how to schedule large amount of workloads that have to be executed on GPUs to minimize the makespan
of all workloads to improve the system overall performance. By considering the transfer time and execution time together, the study
makes an abstraction for each workload and formulate the scheduling problem on GPUs into a 2D rectangular strip-packing model. A
polynomial 3-approxiamation algorithm is proposed to solve the strip-packing problem. The approximation results exhibit an effective

approach for workload sequencing during the data offloading on GPUs. It also implies that the scheduling jointed by workload sequencing
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for GPUs data offloading and first-come-first-serve (FCFS) scheduling inside GPUs with workload conserving can improve the system
performance optimally or near-optimally.

Key words: GPU (graphics processing unit); data transfer; workload sequencing; strip-packing; approximation algorithm
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B AT 25 1T DAAESAAT b 2 o AT 28 A D47 BE P 4 AR (2) o B T s o 1 24 BT AT 45 AT S o A Vv T 2 il
SEAT 25 T 2R P R0 AT 488 o8 4% A4 V0 O B AT O AT 55 AN T 28 HS W 4 o5 g .
TN EAFG)EE F2(1,P,)|size;| Conax W RIS R F0 1T 471 B $HAT 38 V8 0 ESCHE A% S 8 A8 1R) I IR AT PAT 42 11 1%
RN T J7 {58 T 55 1) LR 1) R 5
ok BRI 2 LA 3 AMBOR SR AT R AR A2 Strip-Packing i) B R A3 T K, E 3.2 5K Strip-Packing
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n HZI ki //A i '
, | Awl( A7 ~|AR]) , W
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= A hiy
Vi
w, Aw Wi w;
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Fig.6 Moldable assumptions
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3.2 Strip-PackingA] {THE 2| A] 2B fZ RO 45 RT3 12

45 5T Strip-Packing il UE— T ATfif [ = (<x[1]’(y[l]’y{l]))""’<x[n]’(y[n]’y[,n])>) AL, <x[i]’(Y[i]’YE[])> NN FEE
5 HE DIR[0, 1]x[0,+o0] IR AR AR, AN G5 ¥ f P T 4225 1 3 SRt 388 e HE 51, B yp v <. . <y L 2 45 T HR
AT HR £ 54k N Strip-Packing 1 B f,, 115 B,

H% 2. Strip-Packing FIAT il 2 1T W ff (1) A0 HVE.

% N\:Strip-Packing W 1T £

%t - Strip-Packing 1] %2 f,,.

BEGIN

1. REPEAT 1<i<n:

2. A Sy IR0, 11% [y, diy + Ay ] TR BR 46 SO (1090 4% 1HT B

3. IF Sy =wyx &, THEN

4, SR BRI 12k SOR I TEAR A5 207 4 80 By

5. B By EENL0,11% [y, v + A1 s

6. ELSE

7. I 1 2 SOR L2 B Legongwilx [ 0+ Sy /W i+
8. T AR DA TR AR, 759 B BT 4 B0k By Bk BP9 5

END

VERELE 3.1 WRMR LA Q) RVFRIE 48080 5 2% A U L3 5, RIE 55000 2 1 F bR S B ik AR
F14) 2% SCIER B SR AR . PR 2 e, AR ey — R DX v 2 03 % T2 SRV KT B B IR R B 5 A O 46
FH, E SE RIS BT AE B 4R P AN 2 S0 2 1 DX (R 2 A7), 885 5 A I 4% SO (8 73 BN 21 1%
AN AR 3 A7~3 8 A7) a5 3.1 1 BB AC () R4 A1(2), 4% SU T A T T 280 5 P2 A g B2, O 7T AR
TN ) DR R AE B8 B R SR R B 1 X TR A min{ Sy, wipx Ay § SRR 2 AR E B 1

R 1. AL PR (1)~G) I B L AR{E 2 Strip-Packing i B 4.

WE B X T Strip-Packing [T RE A AT AT R £ #8000 NI STE 2 s SUEE AL D 0 A2 i e 2 AR (1)~(3) ) ] 2
i S PTAT A S P AT — TG 1y PR 25 BOF g gy twpg ] [0 3 + Ay 1 38000 A3 8 43 Il P80 LG BB 11 2 1 X Sy,
W 7 FEoR AR 1 <i<<n, {545 S};>0, W B 23 S RS B0: (1) 4 45 SO AN T45 T S, WA 4 4L
BRRT AR Sy b (IEE 2 55 44T 5 5 47)5(2) L AR SUR A B B RTECE) Sy (I SHE 2 58 T AT S8
7). LL L PR DU AR T HITE oy 25 SOB LAl 5 B SCARETE (i< << ) BRIV AT A I £ 407 5 98 8, I3
r A SUR D (KT B 2 A 2 SRAG K £, e mi BE A SE /N T f R S A A TR S8 T 0 5k 2
SRAFI £, 55 5 FARTRLf,, 1O BEIR S f AH R 25 B I idk AT 38 Strip-Packing W AT £ 14 e J3E 389 KT8 - AR 1 T 9

© HEBEERAET hipd/ www, jos. org. cn



306

Journal of Software #AF3¥ Vol.25, No.2, February 2014

i, BR) v BRIk 35 A T PR AR AF A Strip-Packing ) 1) R St

’ 2
Yot hy
an =20
Wi
' 2 [i1
Vi +hiy —
]
S
0] y
il
’ 2 [i]
Yin
Wi
1
// "

K7

Fig.7 Heights of the striped regions decrease after backfilling
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HN,0pt(L,,) < Opt(L).3% T K, FE5H 3.3 15Kt £ 975K Iy i Strip-Packing i @5 {7 47 fi#, 345 HY Strip-Packing i1 5 {1

L5
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I 2. HESIK L L Strip-packing [RE 1) LS Opt,(L)=0pt(L,,)+2 z::l W,

I A T UE T E BE 2,Strip-Packing St ] WA £ F B 3 4 KD IR Ik b v AT £,
&% 3. Strip-Packing TJ ¥ i £ AT 47 A 1R % AL SV

%1 \:Strip-Packing A W £
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1. SET j:=1;C;:=J;

2. REPEAT 1<i<n:

3. IF X . w+w, <I1THEN

4 SET rj:—Cj;

5. ELSE

6 SET Ajpr =iyt By sy =y

7. TELE higy K1 Ry 1] 0] 8GN 25 1[0, 1]% [Py, 1];

8 B 1A G AETERI A A3 7N v();

9. FE25 E X0, 11X (), Aot 1T TBCE. C; IR (A 8 JT7R);

10. SET j:=j+1;C;:=J;

END

EEIES N 3 AW Be() R ATEAE £ AR A R AT SRS L R N T AR
fIFAR{Cy,.. L G T 8() TR (A IS 34T 35 4 47);(2) R 4R C 0 R B g I B A o Tl
A EAERR BRI 1AL X [0,1]x[0,1], 40 & 8(b)FT (A 6 17 3 7 4T):3) K G E
Y 5K 5 1025 R, a0 B 8(e) BT (RIA AR 8 AT 2R 9 4T).

TEBTBL (D) BEI A 3 ATORIE T A T4 G P HiB ISR EEZ AVN T35 T LIX WS G IMALE — & Be
I A 5[0, 1]BR 1) P, AN 25 et A PR 4 X B i At h 1 L P AN 7 S80I R 1 < LI B (2)
A I F LA AL L, G T A HITE I 4 808 W 2 B R L A3 b, B FEEASE I Ayt 1, 01 ]
8 FiR.

T

T

C Cy G

(a) L PRI 58 FERI 4 14 (b) RS TARIEATY 57 (c) LEBAN THRMHITEE

Fig.8 Transform from strip-packing moldable solution to the feasible one
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n

H Opt, (L) OpH(L,)+2) " w,. AT E 2 2 f3E. O
34 EUEEREIRSH

WA WA B 1 20, 35 T 0038 SR SR 1Y Strip-Packing 1) UL T S0 £ ARG B A0 3
Xt £ BEATY A BIOTATAR £, A B B0 A4S R SV AR R

B % 4. Strip-Packing i #5115 V.

HNFETEAIR L.

% i :Strip-Packing W 1T f,.

BEGIN
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B L PR wix i/l BB HES: (s
REPEAT 1<i<n:
B A S=[0,11x[0, Ay CEAE S Z F.(2 Sy=[0,1]x[0,0]);
IF wyx by <S; THEN
VARG r 20 SO A3 B A5 AR S 208 Byi=[0,1]x[wix b7 ];
K By JUCEAL S; [
ELSE
REUHELTY 71 2 S0 B IR0, wlx [ Ay = Sy /Wi I |5
R A DX I T AR A9 BT 4 803 B Bk B0 % 6
10. 2 rp R BUEFIRE 0 Ry
VL K JITAT Ry VR 1) A8 0 21072 141 X J 4% 1) Thi AR e 15 2810 ) 3147 5
12, %F £, N &R 3,6 HM 4 )y Strip-Packing FI1T#i# £,
END

EIE 3. 53% 4 figs K15 Strip-Packing i 51 ) & UL 7T 48 .
E B ST A 4 SRAT T R AR I AL AR SV 4 (M2 24T VBB 3 AT L BT R NI A A XS,
S, JECEAE AT FUAZ[0,1]x[0,+o0] T FTA 2 X K R BEZ RN Y7 Ay 5% 4 (K58 4 47~58 11 AT/ f A8 4 8udn]
(1 g R TR 4 A7 4
(1) BAFIE 1 0 4RI /N5 R 2 A XN S(BLVR ISR 4 4T), 48 X B ol LT 4%
U [R5 B 0073 DX, (B S 1F AS 52 i vy 98 At 1) s B2 S B 9(a) BT 7w

$ 00N AW =
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Fig.9 Backfilling with striped blocks
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T 23 11 3038 22 BAE AT PRS0, 11 [0, +oo | R JZ #8730, 4 B 9(a) BT s AN B I 8 0 JE T (-
Fua), SE ST R T 4% 4 BB FIE NS 10 A7) M Ry, - o Ryg) AR IE SRS 11 AT LS 3.1 S5 0%
FAEQOFIAEQ), AT Ry (TR AR RO DI B4 IS X S8, BRI
A TR 4% 2% SO SO BT A 2 1 X, e &Eﬁk%ﬁiwlﬁiﬁmfﬁﬁm%hZ"M%I
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Sy SRR (L), T AR I S B B 7l 0k T4 0 2), WM R B G R P 0 0wy . TR 5
4 SRAB TR max {37 AL DT wx 2.

i=1"12
R R G HY ) AU AL T SR (T
VE B B, AEAT BRIF[0, 11 [0, +o0] o, 45 AKF- Ze AN RE L 1 AN H I 1072 10 38 ) B A A2, DAL P A2 1 DX 1) e JBE
RN Rt ) R AR R S DR Dk 7 FRACUE DL T A R 4 SR 2R T A A (D) R A R (2) 8 A U
I 2 B A FRRT0, 11X [0, +o0] LI, T AR 53— F 500y 7wy w2 OO MARERY A 25

Fmax {27 BT B CLEWISEN 4 R0 TTIRARA S T max (3 B3 w2 | 55 BT, 51 4 fe

ok
K43 Strip-Packing [n) 8 ¥ e L T 2B 1. 0
FRAEE B 1 R B 3,15 40 T
#3682, Strip-Packing Y F 9t Optig,(L)=max {3} W3 w42,
HREHEYS 2 LA K 58 B 2,745 Strip-Packing o) S AR 1K) b Sl R
T 4. Strip-Packing [ 81 BS54 3" w, 47 Oplin ()= w; xh}.

i=1i?
EH T Optind L= wx P R 2 743 3" B <" wxh’;
MR O B <1LHR Y w, =" woxht KLY w, = O0plig,(L).
LA 7 B 2, i U A% Opr(L)Ws AN Opt(L) < Optip(L)+2 Y wy, BLOpu(L)<3 " w,. O

HIGE #E 4 50,24 Optip(L)=. " w, x b} N Strip-Packing 1] BA77E D 2 T ) L5 0T Optio (L= bl
P BELE 1 O, B B S 45 T Bk 4 AT R AR U 10 B 2 AT

EIR 5. H 4 BRSO 3,45 ming-,-,| tran; | =max, ;<] exec; |.

WA ming<;<,] tran; 1= max, << | exec; |A J1:VreL, Bl =1= k2. 5 41, Z;h} = Z?ZIW; x b = Zleww H
Optio(L)="" b A,0ptip, (L) = """ w,.

WA 2 B 2 W43, 0pt(L) < Oplio,(L)+2 )" w,. PRI, Opt(L) <3 O0pty,(L). O

SEHL S (T80 4 2 B AR I TRD DK S AN A BB T (9 57 AT IR ) A SCORFF 0 1) B A DK RIS 4T £ 4%
B INZ% 20 GPU b 14 ) 780, 5045 A% i AF () A A AN ] 200K ) R 2 8 5 B0 5 %0 1 803 A% B e 1] KT 47 g,
AT I T (R 15 0, PR X RIS 00 B 3500 4 RAT W A ABLBE 5 A A0 SR 3R T I i) AT 50 A2 A Ik ) ) 67 28 S 491, 5002 4
SRAF AR W AT D 22 WXL 5 g B 4 k.

HRHLE 4 ST 3 RN IR 4% U8 B I00CE 0 02 3B 06 B 47 3 B0 A i 5T AR
Je S RIFRAT IS 00, 7 & GPU PRI FCFS W FE 3RS IE T 0k, 1T 25 U AE F2(1,P,,)|size;| Conay 1188 1A PR A B 1 55 3R
W BV S TR Se 05 1 M BOARE S0 4 0 SUBHE Y b RO R AT BOHE A i (B S IRER 1 AT A3 3 4T);
SRJGAESS 2 M BN FCES SEms R B 30 7E GPU 2 A0 BRES HUAT (B0 5 B3 4 474 55 5 47).

HIE 5. F2(1,P,,)|size;| Coax 10 WS I B 570325

BN IAT 55RO TR AT I BE 2R AN E m.

A G PR B A i B AT IRUT

BEGIN

1. B b % (sizexexec;)/ (mxtran) AE 3 P HES (113, ., 7).

2. REPEAT I<i<n:

3 ¥ 1 BRI B #F PCI-E M2k FEAT 464,

4. REPEAT I<i<n:

5 28 FCFS SR I 0 58 UL i i St A7 I %
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END

4 REER

H T B AR A SRR AT A AT B 4 2R AR i) M AR BEAT SIS I 4 RN A FR A A
vectorAdd,incrementKernel,BlackScholesGPU 1 pad-DataClampToBorder. %} 1427138, X% FE W H AR K15
B0 LR, AT 16 20 S AR A T DA A 4 40 B804 6V A1 1 2 BOTUA SRRV L SCHR[9].

Table 1 Characteristics of workloads!”!

£ GRS E

. s BPH BpE . fRamEds  BPE BRrik
LG HEMB) Kb 4K LG JohMB) S A
vectorAdd' 152.588 1024x1 19 542 vectorAdd® 133.514 896x1 19 542
incrementKernel' 91.544 256x1 61 440 incrementKernel® 91.544 512x1 61440
BlackScholesGPU" 46.73 16x8 100 352 BlackScholesGPU? 46.73 16x4 200 704
padDataClampToBorder' 96 512x1 49152 | padDataClampToBorder” 16 1024x1 4096

Bl 10 45 i T ACSCE . BEALHE R S5 UL T 95 2Rk (e AR ) < 1A £ B 45 2R
16 21 S 56 204l 2 WA SCEE W1 B A0 T BEHLHE 3 53, O F 0 B0 e U Gap {8V 340 1.34%. 53 4h A DA

AT 6 AL RAEF T AL,

180 O sl s 4
160 H | ENYECRIRAEN
O kAL 45 1

140

AT I} 8] (ms)

120

12 13 14 15 16

Lillal

100
1 2 3 4 5 6 7 8 9

plRE RN

Fig.10 Makespans obtained by our algorithm, ramdom and emuneration strategies

10 ASCHE L BEHLEVE KM S 1) SR Ag 45 2R

5 HXIE
AT A G AR DG 1) R AT ARL R 5 A B B A SO S GPU B AR Hi- AT Z B B 8 (] T 38 55 2 A
JE T 2 B B 22 Ab B 28 0 /K 40 1) 8 B2 (1 e 38 % B 4 flexible flow shop Y hybrid flow shop, & #% HFS)FI3-4T4T:
5518 BEAT X A0 25 (10 JL A (8], 2 B B R AT AE 453X P 2RRe IR AR D J8OCFE — > [l i b A 50, HFS. T MTS
XA I {53 A % B AT ST B T Ak 2 & MUK L BV E B 2 .
HFS [ 1 {05 Bl 45 546 T 20 T4l 70 44X, Sahni® Dy HL38 30 52 19 HFS W) 8gs 7 BAT th 2 X LA
5% 40 % T R ALL M (fully polynomial time approximation strategy, 4 #% FPTAS).Hochbaum #! ShmoysPWF 57 T
W% B S 75 2 (1) 1) 0S4, 5 2% vl R4 1 T H RT3 4 1Y) PTASS S35 Hall? W 5T 1 B B EORIAIL 38 208 b o i
f¥) il 0B HH T — L 5% 1) PTAS 53725, B8 45 th il 1Y) 2 59501 5, 80k 7 Sahni > 45 8 Williamson* i 53 T
B B A A 78 (1 ) R UE W T 12 ) AN A AR ABURE /N T 5/4 1) PTAS $9% Jansen Hl Sviridenko ™ 7T 1 4145 41
S ) HFS o) 8, N H S A BRI B AR 45 th T U85 0 3/2 (1) PTAS HE 0T ZFr BL i) HFS 1) 8L A 2 22 4
TAR L 3 S B0 G B Ak (A BB K 45T 3/2.Schuurman F1 WoegingerP2%E T2 ME MR BARE I T
BBt HFS i) {8 B A VT ALRE A (1+8) ¥ PTAS $H3%,3% i HFS S AU SRR T r HLRR R X 1 il R 30 40, LA R Ik
LU AT HES ol BURF 1459 2R 7E. Xie 4 NP T3 2 W) 3k M (availability) 29 5 - Bt HFS, 25 T 1B
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N3 IR BT SevastyanovP T 5Y T 2 B BEILH — ML A A A B L, R HE— D Bl T HallP i bl gt .
Choi 25 APUBFGT T 28 1 BYBESHL. 28 2 BYBEAT m & L3S, FLAREAN B BOAT 25 A PAAT I TR0 350 A1 TR (00 195 00, 3 45 T
PTAS 55 AZSHIEAE m=2 W BA HHOR S S/44E m=2 B ST A2 0 (1+m?) 2 +m+1)/2m. HFS 5 1 iF
FLET R W STHR[35-37].

MTS i) 85 (10 AL SV APF 9, o A7) 52 1) 9 95 240 SR 1) I DL 45 R 9 i3 %1975 4 Garey 45 N4 95 2 3
W RS T AR 2 (0 2 I N ) 4k Ludwig %5 NSV I MTS Fb i A 38 28 7T i Fh iR 3 %8 8. T
&[5 2% Garey Al Granham [ S5 %, 3iF 8] T MTS ) £ 22 250 2 I 5] 0 AL 420355 ¥ £2 72 1 Jansen 25 AT K2 Amoura
28 NIV G5 3 ok L e 5 1 5 9 vl S0 AT T R 5T 3 T 45T PTAS S8 % T B2 304 28 ) 17 /8, Scharbrodt
A KU T3 ABLRE Sy 3 F(2+6) 19 PTAS 3% JFUE W1 17 f F I8 5 WL B 1) J0AS 47 1 3 AL FEAK T 3/2 1) PTAS
B35 Diedrich 25 ANUOVER X6 B33 H0 ] i FA ] 9 Bt 00, 38 T R ADLRE 4 (3/2+9)IF) PTAS Sk AH 2 1% 57 Y
T R M S Jansen 256 N\ POSGEE T SCHR[ 19110 A K B0 BRAR R 3/2,9F Hag b T & 28 I Moas 1.
53 4b Jansen W 5¢ A BAERF ST T S AIHLAE MTS o S0 2 ALV 4 tH T AP AR I DA TAT 45 100 (3/2+ &) I AhFE 51
A ST MTS i 8 S5 (09 90 0L SC k23]

B BEIATAT 45 T E 1n) R 0 5T — B R e SRR R A NEARSL H AL A 1 TS T IE U
IRHIESE.2011 4, UTUC K% ff) Moseley Al Yahoo #f 5% [5¢ ) Dasgupta 25 ALK Map-Reduce i) 1 45 2 — 28—
B B AT AT 55 R 5 e 0, 0 20t T AR N 12 IRVE AR SO GPU b S s I 5 1) /A 45 D 28 1 B B L 36
2 M BER m G LA B Y B ATAT 55 T B ) 45t T R 3 (9 22 T i I B9k

6 ZERIE

ARICEH T GPU KRR AT S5 8 8 J ) R PR AL B S v 545 2% R B A A R 47 AT I 1], ¥ GPU
A A S5 — R BT AES TIE RS F2(1,P,,)|size] Coax- 2R 5 ¥ S BAT 45 IR I (845 B ARFAT
PUE S TGSl A 2% R R AR ok, A M 1) BUEE AL T 2D WUZAHJE Strip-Packing #5288, HE 1M # F2(1,P,,)|size,]
Cinax 1" makespan #5z /M i) UG AY 4 5119 L rb i T AT A BRI S5 £ 2 5 1n) R T v BB v, AR SCHR 8 T —
% 103 B A) BRI A YR T SR AR FE AT O(nlogn). % 515K I B B SR mes B, 2hc o 25040 A% v B B b AT 47 48
7, FFAE GPU A% 3 T~ FCFS SEmE I S, TR 5 T 7R3 A R 48 b S 5 A, S AH G 1R BIIE 20 A RS2 25 LAl
UE B 7 33 v 9 B i 2 SR e % AR B GPU M B 4 )= et sl air (Bl e .

BUsH BE NASAC 2013 23l b, MRS B AR EIR . ARAEKSA T HIRAE W T A ST S JF il T %
TR L B 4 R SR [ A O
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