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An Efficient Dynamic Workload Balancing Strategy for
High-Performance Computing System
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Abstract

In this paper, we propose an efficient dynamic workload balancing strategy which improves the
performance of high-performance computing system. The key idea of this dynamic workload
balancing strategy is to minimize execution time of each job and to maximize the system
throughput by effectively using system resource such as CPU, memory. Also, this strategy
dynamically allocates job by considering demanded memory size of executing job and workload
status of each node. If an overload node occurs due to allocated job, the proposed scheme migrates
job, executing in overload nodes, to another free nodes and reduces the waiting time and execution
time of job by balancing workload of each node. Through simulation, we show that the proposed
dynamic workload balancing strategy based on CPU, memory improves the performance of
high-performance computing system compared to previous strategies.
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Fig. 1. Cluster computing system.

I8 19 Z2E FARE A2EdA mtaE 2=
Nmastere #2] == 7155 3t} ] k=& 974 43,
DHCP, st=4o] #elE T3t Selxy fel, Az &
2], Mg 5o AH|AE ATt Lol xE Nslave:
A w=gt 2EA] 71%S gt AN xse das e
Hohs kto|i, 2EAE oy AY MulAg AFH
o} AClEgole B k& Aol EA, R UEHYA9}
dAshe Mul2E APt

gk S8 AR A2 A% 7 x5 dEske
ESZ A% A A AZEYod wa} gzl A
2 AZEOlE 22 A2 94 A2 ey 2 @
2], M EHIS} 7 o] FEE Adshe 7]%52 AT
3 O AT EMOZE 7} kT 2FAHAE AR &
ZEIQ] A2E fEelE]e) 7|& o ZelFAle)dg At A
Alolet 2] oA E ARl WEs AFle 7)5E AT
she WHE ZeaHw 3 5ol glvth aEln BE =z o)
W 2B AMSSl WAl By WRleg B4 vt
ZA Ay ¥ oZeAoliS AEEe RS g




=)
ox
off

AHFE A2RE A% 1649 B4 AYgwet 458 A 47

22 2 AE HFY AMrdHe 2R

ZE A8 AFE A2Ee CPU, W2, 428 59 4
28 A gaeh Fej2E PHY Alled AXE £G4
o] 244 o3| wle}l % (homogeneous)d Fe o3
(heterogeneous) & E8{2E] ZAFE Aladlos ¥7E
ok

Zeja 7FE Al2de] 2R/ VRS A VKB Vs S
sk A wiAe CPU §xv W28 27], A% Ax 2]
o] AlzE] 74 847t BUdR Y oyl el Helzcl
% HAE Alay 74 840 oJd FRE o]R0A] deA
ol o] me} PRz Zolt), plR|Ehe B Alawld] Ax)E
LAAA ] wheh FRY 4 Ytk

23 A gst dest FH

AR #5353 load balancing) AYL 4 =29
CPU$ H|2g, T v AUES 452 seisld 2l

e gshs Relrt. AP} 53 FH& CPU V)
v gz vime] o gAog BE € 4 ok

CPU 713 AA4)(5)(6)(7)(8)& vixe] 7|7} $¥st
the 7H slel CPU Ag4= CPU &Y 79 Zol& 7]
£ RS gttt o] FHL Q) AV APAE
o) d&s)o} gk ofelgol gidt

w2 7 AY(93(10)& CPU ANel&xe o7t ¢
thz 7Hg Bt 71 siReElY 271E JiEeE AYE @‘*
gt vlEd Alyst TEe Fde 8 vy &
CPU Aul&=rt FE3 Alagdol Hedolt £& *é‘ag
L& ¢ drhe EAHe] gich

B =RoME o2l BAE S syl H8 CPU Mal&
o} viRe] Azld) sk AdRst 353} HRE Alck)

. 8 xgFst 7253 24

& oA Agkshe T4 AR 158 B L o
A e AFY Az=eA CPUS vlwe] AdE 1
slal Ae et o] AL FelaE HFE Alagle
o FE Ad) Bt e=e AL AF RSB o)A
# Tﬁﬁ?&_i’*% A319] t7IAE 290nt. =3 A}l W)
Re] 87%E sl $4 22 AYE AU FF =
B o|FAA FYgoed vRe $502 g Holx] &
E 24E U0

31 80l He
& =4 Adeke 4 ARAFS dost FAAM A
&3k 80l A Helgn

Me| 1. CPU 8PIE(CPU Threshold)® CPU7} X{2lgt
o Qe Fof FHYo s~o|ct.

Aol 2. w2l st (Memory Threshold)® A o
H2lolM AjAH miolo] XX[ske b|22}E Miefst
78 o=22|ojct,

CPU @A4d3 vxe] dA48E 47 CTigk MTIiE ¥4
g}, CPU9| H2ldse MIPS (Millions of Instructions
Per Second) & Yehdth

ol 3. CPU #st 2lEA(CPU Load Index)= CPUO
A YD Qe Aelel foich

Mol 4. vza| ¥3} oA (Memory Load Index)& &
el Aol HEE di2|e| SHolct

7k e20] CPU 34 el 7], 4, A%, so)x &
E ee] AgjEe] A% ol E 35le) 48 CPU &
ah s} sio} Q& @ vl $o Ydae ML
= Zdsin], MLol MTEG aob v2e] 35az s
Holz| EE7} B4}

Ho| b, 718 EZHFree Space)2 XS &gt &
= B7iol)

2t =] M8 e CPU M 309 ving 718 #
oz Bf ¥ 4 999 27 Free(C):9 Free(M)iE ¥
APt} Free(C)i%t Free(M)i= 22 4] (1)# (2)2 78
% 9},

Free(Ch = CTi - Q- DT (1)
Free(M): = MT. - ML G (2)
2t x=e) 714 B2 RRE 718 B2 AR Yol B (Free

Space Information Table)dll A4dT}. 7H4 37 HH €
o|&2 FSl_table 2 ¥¥3r} FSI_tabled] Z dlz=e
(i, Free(C);, Free(M)p2E T35 Free(C)it Free(M);
g 7IEcR ydrke o FEH) o7 i & xE W3



48  WE AT FEREE HLEE(2008. 9.)

£ omlgie

32 X EgFet #ast 22|
4 ARt 758 ¢nglEe a8 29 o] nkaH
2 758 (Master_LoadBalance)$} £#jol8 A3 &5
3}(Slave_LoadBalance) &2 FAdc}
Master_LoadBalance() 2E2 239 27 &3S &
B} o] REME A WiRe] 2FF (MRS vlE)
d38 4 gVl W& FSLtabledld AR WA 24
(Free(C)20 AND Free(M)»0)< T3 FSI table &
Az E¥lolH = 2] I}, wek A WA 24
& WEEe g3 A RIW, F OdAd 27
(Free(C)i{=0 OR Free(M)0)< T3l dolH k=
o A& FFeTt o] = CPUZ BR3t Aejolr] o
®ell CPUZL 57 A7t 8 wzix] dizislolst @t} ghek
FUlA 248 9Ese gt glod gL upaH w
=9 Y] F2 BAF
SHlo|d =of EFd AL 3l s vielE g
T3k Slave LoadBalance() EEMe ZAML; +
MR; )= MTI) < 9581 Al2¢ 2Qjo] £allo|H o) &
BEE 2€ %1, FSI tabled] ARE 48t J2la A
£ o|Fg AR A (bestfit) LHoIH =2 HHFc)
el HA i Lol w27t EAEtE dA) 532
AL o|FANG. a8y A &7 EHloln =T} E4)
3] god fErt fF JEE 2 Wrix dir)gic &9
olH o] A #5535 AL ojn| diSH wxe 87F
< 72 F9] o A9]S EFsp] wEol I 2t
4 o)FE Y & Aot =3 vz IANE 29A) &
7] W&o #lo]x] ZE HAYEE Y 4 Uk

oM

fob

Master_LoadBalance() /Master ‘== A7 E

t
while (Nmaser_Queue Z0| > 0)

if ( Free(C)i > 0 ANDFree(M) > 0 ) {
i ith £80l8 =20l HJn) B
Allocation_Ngiave(Jm);
HHEe 7F 2%, MR M 22| 273
if (Free(M)i > MR)}{
Execution( Jn);
Receive(Jm+1);
lelsef
/fin slave node, load balancing
Slave_LoadBalance(Jm);

-

=

}

} esle if ( Free(C) <= 0 OR; > 0 ) {
Allocation_Ngave(dm);
i dn2 CPUZE % SElE E MuX| 47|
Waiting(Jm);
if (Free(M) > MR; }{/MR: 22l 2372
Executing( Jm);
Receive(Jms1);
Jelse{
//in slave node, load balancing
Slave_LoadBalance(Jm) ;

} else {
!Npaster_Queue® Jn E
Return Nmaster_Queue(Jn);
}
}
}

Slave_LoadBalance(Jn) //Slave == XU A EE;

if ( ML + MR >= MT, )

{
Block_New_Job(); /A 2 =t && XX
Update_FSI_table(); /FSi_table®] 32 +H
//Best-fit £allojE = MEM
Best-fit_Nsave = Select_Best-fit_ Node();
If ( Best-fit_Neave = X
ARz R8 Alelz B oiabx i)
waiting();
Jelse{
// migrate Jn, to Best-fit Ngave
Job_Migration(Jm);
} else {
1 Nmaster__QueUe:% I ‘?f:llf
Return Npaster_Queue(Jn) ;
}
}

O3 2. ZiTet 758 Yl
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Table 1. Cluster computing system.

vj22l 2| (VB)

Nagt b ]

1100} 200 64 1:128| 266
1 21 2| 2| 13] 13} 4| 4 12| 12
2 20 2 2} 3] 13| 12 121 4| 4

3 131 131 2 2( 2| 4| 4| 12} 12

4 131 13 2 2 21 12| 12y 4] 4

5 6y 6| 8 6f 6{ 8| 8] 8| 8

F 1904 Al=" 12 CPU #&] &=/t ¥iL, W2 &
go] Z wuEo] %e Azslojti(HE CPU AH&x
=403, H# W2 Z71=156). Al=" 2& CPU A& &
It g1, vza 3] e sl B Alagoch(H
I CPU Mal&%E=403, B# vlZg Z7]=84). Al&H 3
< CPU Ael&%rt stn, WRe &3] & =280 ¥
ANzdolth(# g CPU 2&E=196, 3¢ w=a 27
=156). Al="l 4%& CPU AHj&r} v, wze] &3]
e wego] B Alzglo|tk¥ CPU A2l4:==196.
B wWi2g 271=84). A28 55 CPU A £&9 v=
2 4o B Alx"olth(H T CPU AH&E=300, ¥
T W= Z7]=120).

EQ oleid 2228 AFY A2E TS 4 k=
o AlgdEold &7 E 29 itk

H 2.z -E9] Algeold #d
Table 2. Simulation environment of each node.

W
CPU 2| & 100 ~ 500 MIPS
gi2z| 27| 32 ~ 256 MB
Al~d il 27{(Usys) 16 MB
5 o22| =27 [(RAMD oiz2| 27| - Usys
22| soix| 2| 4KB
HEQZ £ 100 Mbps
wolx| EE SUARE 10 ms
ol CPU 2] ARzt 10 ms
SOURHAR} 0.1 ms

I 2014 ZF === 100-500MIPS #$le] CPU AHEls
=9} 32-256MB ¥ 9] vine] 27| 7M. Eg HolA]
ZE A2lA7H10ms), A FHAH10ms), WIEHZ &
% (100Mbps), W%e #Ho)x] 271(4 KB), EHugAT
(0.1ms) £9 &5 139 o= At

Aol e AR &(10)0] wha} YA AR HE R A
ao] 2 E A =3ZE CPU F3JAIT 59 45
7¥aet 2] =3 A7k glo] nlaE mEo) AY Hll =
gale AIZHE vt ol wudld 351 Akl
vj2g] @ 7eke Pareto #E(6](10)8 Wah 9] 44
uizel Hyt vl2e] QF%el Wl Trace 1, Trace 2,
Trace 382 FE3T} Trace 1& 1,365% E<F 503749 &
A& PME A BEE 7RI Trace 28 2,503%
Bk 420709 AL WAAIE FHY] S /R
Trace 3€ 3.634% £< 359719 A& AN A
WAe-g 7Ptk =%, Trace 13 Trace 2, Trace 39 &
3 B o2y 87 74z IMB, 2MB, 4MB °lth

YY) €% == Ee A2y 87FS A 2 5 9
o} e 7hg Bzt AR HolBe] HRE sl 218
BEEHE B4 oo WA A3E Fof o|FE L= w4
g,

42 Hn 24
e} #3531 A9 A% HrE A8 B =EdA AMgst
£ JEE slowdown(5)o]9, o} 4(3)o& F4ict.

slowdown =

2](3)ellM o] & YA CPU 3t FollA
o] WAL, olFAIZE, HolAl EE AAte] Folot
slowdown& 7zt Traceo] Sl & 2l9 slowdown?] 3
Zatolth. slowdownd} 2Rle] CPU 434|742 whujejsly]
o #oll CPU F3A13ke] ¥ 3iAizte] i i-3-8 Aot
A e FPshe B Y ol ut FolAe ti7jAzE, Hol
2 EE APAZEE 4% a8 22 slowdownol &5
& Alzdle] AAelEe 7M.

A WA Algeolde 327 x=2 FAE S AF
B Alzwle] B Helges HE vEey §38 /HEE
= $E T5e 43T F 19 Alzd 58 ez
slowdown® 3@t} &3 ¥+ 19 37 Zo}



50  #E HFEEREE RmICE(2008. 9)

[Jcpu_pesed
lcrPu_MEM_Based

& & 8 8 8

4354

slowdown
&

8 3. AlAE 5ol AlZelokd 2o}
Fig. 3. Simutation result of system b.

7% 3904 CPU_Based® 71&9 CPU 7]8kKiR3L &
53} 3 #o)1, CPU_MEM_Baseds & =EdllA Ak 5
A st 53 FAeltt. 18 38 AHEH Trace 1,
Trace 2, Trace 3914 CPU_MEM Based”} CPU_Based
o vigl S+ & 4 vk, CPUMEM Basede #2&]
e nHd dold EE WS Foy] widl
CPU_Basedel ®|8] 22 slowdowns L&t} shA|gt
CPU_Based& "2 2718 uejakA] 87] W&ol 25j9)
vxe] g7go] ZyRPEA Heolx] ZE dAo| FlR
webA #HolA] ZE HelAzte] 7IHA slowdown: ¥
7 F7kit

T A Al B0l AL A28 1~48 tdeE CPU_MEM
_Based A#& 83l slowdown &A%t} AEH oA
Avs a9 49 ok

Dsystem 1 [Jsysems
Bsystem2  [Bsystem ¢

slowdown

T8 4. AIAE 1~49] AlgeijojM Znt
Fig. 4. Simulation result of system 1~4.

39 48 A9 EY CPU ANE&Ert W& Alxw] 33 A
2d 49 Aol o ge B o+ o uEA
CPU_MEM Based &2 CPU #g)&5rt Y xogad
TAE 228 AFY AzdloME 2 e s d
F st

A AR AlEelo| e AlaEl 1~45 dite 2 CPU_MEM
_Based B3& A-83] vlma) AM 60%. 80%, 100%el
A slowdowng 33 AlEgold Zdul= a9 59 2}

tlo

[lsystem1 [ ]system3
.System 2 <>: System 4

slowdown

T W

33 5. oij=2| s M2 slowdown
Fig. 5. Memory Threshold vs. Slowdown.

I8 58 A9 Ed v2e] AP BE slowdowns] ¥
e FRA GLS & 5 Sk W= 3AHC) 80%, 100%
4 7Apole 2 e Zo] A}, AxRle] % S 4
e W2 FAYE 60% olstE ARk Aol faF
< ¢ F Ut

T 3. Al 49f e =
Table 3. Number of system 4 node.

Le | CPURRISE (MPS) | di22l =) (MB)

* | 100, 200 300 400 500| 32| 64| 128 256
6 2| 1l | 1] 1| 2] 2| 1| 1
8 | 6| 6| 2| 2| 2| 7| 7| 2| 2
u | o 9| 2| 2| 2| o 9| 3| 3
32 | 13| 13| 2| 2| 2| 12| 12| 4| 4

W AR AEYelAE E 19 A2H 48 e k=
ol e slowdown®] ¥sHE FAATH R 39 & £



Nzde 9% &eAQ 54 A% 258 94 51

g AlEdold drks 1% 63 2t

2% 63 A9 EY Trace 1, 2, 39 A% E5% == 7}
Z71848 slowdownol Zadke AL ¢ & Ut FU3
AL o] oA HeslH Alzgle] dge] Pt
A& ¢ & 9tk Trace 19 2 slowdowno] 7F¢ & A
€ Trace 2, 3ol wig} 2] =7} B, A} o|FARF 7]
Alzko] A7) wielot,

i Trace 1
il TFACE 2
P 51

stowdown
!
/

28l 6. = of i slowdown
Fig. 6. The number of nodes vs. Slowdown.

V. 28

B =Roxe o]zl x=2 FAY Felay #HiE
ANzdedld CPUst viRe Halg meldt AYRst 253
HAL AP o] AL vprE] xTo} Fo|H k&
oA zhzh ZAYHel FEEE TAUCE vlaE kSoAE
2tqde) vizE] a7 (MRS "|E] 43 4 ¢l7] W
FSI _tableslM 9] vlza] 7He F31E 71 =28 A
slo] 29]& P} SylolE mrolME FaEF 2gle]
v 2a g7o] Zlslel Holx] EE7L A OE £
olH == Q& o) A7 o8N MR TR UE 5
o] ZE AL Folm, e tIANIFH AR @
23},

£ =ForMe AEgold g 3o AU Ayet €5
3} Ago] 7]2¢) CPU 7|4t AHo) v)s] AlzEle] 45 &
gl fe1EE Asatth o2 AFE Alagde 4
w9 CPUTHS: n#ishe ARG viRe 27747 1eisld
g #Feehd wse] IEsle] e Holx] EE HA&
Fol31, Al2El9] A EE FNE F IS L+ A

Ak,

1%

rok

1Az

(1) Q. Zhang, A. riska, W. Sun, E. Smirni, and G.
Ciardo, “Workload-Aware Load Balancing for
Cluster Web Servers,” IEEE Trans. on Parallel
and Distributed Systems, Vol. 16, No. 3, pp.
219-232, March 2005.

(2) J. Guo and L. N. Bhuyan, “Load Balancing in a
Cluster-Based Web Server for Multimedia
Applications,” IEEE Trans. on Parallel and
Distributed Systems, Vol. 17, No. 11, pp.
1321-1334. Nov., 2006.

(3] E. Frachtenberg, D. G. Feitelson, F. Petrini, and
J. Fernandez, "Adaptive Parallel Job Scheduling
with Flexible Coscheduling,” IEEE Trans. on
Parallel and Distributed Systems, Vol. 16, No.
11, pp. 1066-1077, Nov., 2005.

(4) Karatza H. and Hilzer R.C. "Epoch Load Sharing

in a Network of Workstations,” Proceedings of

the 34th Annual Simulation Symposium, IEEE

Computer  Society Press, SCS, Seattle,

Washington, pp. 36-42, Apr. 22-26, 2001.

Wentong Cai, Francis Lee Bu-Sung, and Alfred

&

Heng. "A Simulation Study of Dynamic Load

Balancing for Network-based Parallel

Processing,” in  Proceedings of 1997
International Sympositim on Parallel
Architectures  Algorithms and  Networks

(I-SPAN'97), pp. 383-389, IEEE Computer
Society Press, Taipei, 14-16 Dec. 1997.

(6) C. -C. Hui and S.T. Chanson, “Improved Strategies
for Dynamic Load Sharing,” IEEE Concurrency,
Vol. 7, No. 3, pp. 5867, 1999.

{7) M. Harchol-Balter and A. B. Downey, "Exploiting
Process Lifetime Distributions for Dynamic Load
Balancing,” ACM Trans. on Computer Systems,
Vol. 15, No. 3, pp. 253-285, March, 1997.

[8) o]AFE, §rE], "o|AE B ARloA Y] FA oA
EAE A% AE HEW,) $EFEALEE] =F
A, A 119, A 13, pp. 1-10, Mar. 2006.



52 Bl ZFEEHEE WOCEE(2008. 9.)

(9) A. Barak and A. Braverman, "Memory Ushering
in a Scalable Computing Cluster,” Journal of
Microprocessors and Microsystems, Vol. 22, No.
3-4, pp. 175-182, Aug. 1998.

(10 A. Acharya and S. Setia, "Availability and Utility
of Idle Memory in Workstation Clusters’, Proc.
ACM SIGMETRICS Conf. Measuring and Modeling
of Computer Systems, pp. 35-46, May, 1999.

(11) L. Xiao, S. Chen, and X. Zhang, “Dynamic Cluster
Resource Allocations for Jobs with Known and
Unknown Memory Demands,” IEEE Trans. on
Parallel and Distributed Systems, Vol. 13, No. 3,
pp. 223-240, March, 2002.

ol 8 F

1989: skiigly A=A 3
AL

1991: 3RRpstw ATk #
LRSS

2004: kst AFETHY T
ghatal

A QlshEiHEde FFEFR
3 Fuy

THEE ARy, AMdEAZ
X B et S
8. 22= AF%,

=13
=

2001 Agvistkz ARSI
F}

2003 Berietm AREITE
S}

Bl A5EH, WA=

B TR,

£
H>




