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Exploiting implicit Parallelism for Single Loops
in Java Programming Language

Deuk-Young Hwang'- Oh-Jin Kwon' - Young Gun Choi't?

ABSTRACT

The loop 1s a fundamental for exploiting parallelism as it has a large portion of execution time for sequential Java
program on the paraliel machine. This paper proposes the method of exploiting the implicit parallelism through the
analysis of data dependence in the existing Java programming language having a single loop structure. The parallel
code generation method through the restructuring eompiler, and the method of translating Java source program into
multithread statement, which is supported in the level of the Java programming language, are proposed here. The
performance test of the program translated into the thread statement is conducted using the trip count of loop and the
thread count as parameters. The restructuring compiler makes it possible for users to reduce overhead and exploit

parallelism efficiently in the Java programming.
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class SingleThread {
public static void main(String args()) {
double(] a b,c = new double(12]:
double(} d.e = new double(100]:
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double initial = b:
FELa/ for Gnt 1=0: 1 ¢ 120 i++3 |

[28%/ ali+7) = 5:
JENT L blij = alii + initial + cli+5):
S/ clit = biiJ + 1t

}
Lot/ for (int j=3: j € 1000 3++) 4
JES dij; = G + 1) / 2z
/*SQ*/ ebl = db} *

JEER S UM T YT auue oG nREN A
A B Dels

(28 4) 7|12 25 oo M8 Ho|2
(Fig. 4) Symbol table of Basic Block
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(Algorithm 1} Data Dependence Test

Input © SET BasicBlock
Ctput @ RelatedStmtNo. Distance, Dependence

procedure DataDependenceTest(SET BasicBlock)
/# 1. True Dependence Test =/
for every sinfor £ BasicBlock begin
for every plnfor exception slnfor € BasicBlock begin
for every dElement € slnfo.Def hegin
for every uElement € plnfo.Use begin
if {interSection{dElement, uElement)) begin

betweenBlockDependency(sInfor. Block) {plnfor RelatedStmtNe Block] = TRUE

sInfor RelatedStmtNoe = U {plnfor. BasicRlock.Stmt}
sInfor.Distance = U [dElement.index - uElement.index!

sinfor Dependence = U {§%
endif
endfor
endfor
endfor
endfor
/# 2. Output Dependence Test =/
a2 BE S5 FF BT dyen 5 Aol HT Alele] $4498 Hapglth «/
/* 3. Anti Dependence Test */
f= BF T4 BN 598 Wos Ho) Fs ALR A Alojo] RAME HALE «/
end /* end DataDependenceTest */
/* Intersection of two set */
procedure interSection{SET a, SET #)
if tle N B} * ¢ ) return TRUE
else FALSE
end /* end interSection procedure */
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{Table 1> Statement Information after Data Dependance

lREY s ﬁiﬁ; Gas 24 74 34 35 5705 24 R SR
{BasicBlock.Stmt) (Reia‘ie;’is‘}tho} (Distance) (Dependence) (sendWaitindex) | {Parallel Loop)
1.0 DOACROSS
1.1 1.2} 173 {8 {0t
{1.3. 1.1, NULL . 18% 8% NULL
9 . , . - SN ,
1.2 1.3} {0, -7, NULL, 5 5% {1}
1.3 11.2. 1.2} -5, O} 1% 84
2.0 DOALL
2.1 2.2) (o 18"
2.2 {INULL, 2.1} {NULL, 0} INULL, &%
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A2 e #F Alololl F&4o] EAst Frig & Jxlax/ DOACROSS (int i=0: 1 ¢ 120 i++) |

SENDS WAITE afglslel DOACROSS Bdos S/ alivTl = B
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{Algorithm 2) Paraliel Code Generation

Input - SKET BasicBlock
Output @ Parallel Code

pracedure GenerateParallelCode(SET BasicBlock)
scount = DistanceElementcount(BasicBlock)
sendWaitlndex = U
for every sinfor = BasicBlock begin
generatelsource(SYMBOLIsInfor. BasicBlock. Stmt)1):
for every sDistance © slinfor Distance begin
if (sDistance = NULL || sDistance = {0} ) count++
else if (sDistance » 0) then
generatelslnfor BasicBlock Stmt+1, "SEND{ +zendWaitlndex +7)"):
sinfor sendWaitIndex =sendWaitlndex:
sendWaitindex + +:
clse if (reference{sInfor.RelatedStmtNo).sendWaitlndex = NULL) then
generatelsInfor. BasicBlock. Stmt-1."Wait("+reference(sInfor. RelatedStmtNoJ.
zendWaitIndex +7. +Tooplndex(sinfor Distance) +™=" +sDistance):
sinfer sendWaitindex = veforencetsInfor RelatedStmtNal sendWaitndex
else
generate(sinfor. BasicBlock. Stmt-1, "Wait("+ sendWaitIndex + "
t+"loopIndex(slnfor. Distance) +™" +sDistance):
sInfor.sendWaitlndex = sendWaitindex:
sendWaitIndex+ +:

endif
endfor
if (scount = count) replace(loepPos. DOALLD
¢lse replace(loopPos. "DOACROSS")
endfor

end /* end GenerateParallelCode #/
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{Algorithm 3) Processor Allocation Ciass

Input © lower-upper, Processor Number. Loop Number
Output © Partition of lower-upper bound

Droce ‘me class Partition(lowhigh, ProcessorN, forCount, Ibub)
/o1, L9 skl Asigke 2718 «/
for every sinfor € BasicBlock begin
for every slnfor.StatementType = {LOOP} begin
lowhigh{i}(j} = reference(sInfor.Def).lower:
lowhigh{i+1}{j) = reference(sInfor Def) upper:
jo= 2
end
end
a2 R AV AE ¢/
for every i = [{. . forCount*2) step 2 begin
templi] = lowhighl{0}{i]:
blocksize(i) = (integer)ceil{(lowhigh(1)(i] - lowhigh(0}{i)) / ProcessorN):
end
S 3 ZRMA ol ule} wbERy| S REale] 2309 df R B 4/
for every 1 = (0. forCount*2) step 2 begin
for every j = (0. ProcessorN] step 1 begin
lowhigh(0]{i) = temp{i):
Ibubl§(31 = lowhighlG3(i):
Ibub[jIli+1} = min{lbab(lli} + blocksizeli). lowhigh{1}(i}):
temp(i) = lbub(ili+13:
end
end
end /* end of Partition procedure class */
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ol 3pahghat Aetgte 249 MY lowhigh ®pel (Z2|F 4) =718 Sl
AAs}, 5 oes 2 2yl 4F dygsnis BE {Algorithm 4) Synchronization Class
A7 (blocksize) & AAsis] &% 7] vhge] 74

Input © Synchronization Variable

B
of ¢oated Ad¥ivt temp Wanc B8 e Yst Output - Lock or Unlock

A %‘?—01‘3?,
procedure class SynelsyncAlloc!

o upper — lower lock = new boolean{SyncAlloc. [SyncAlloe)
blocksize = | = ocessor No | /1 Send Method %
D wis zb i AR mRaA ol whiE ae synchonized send(i. j} begin
A RA s “f A ol e 2 lock(il(j) = TRUE:
ghab Aegts Q4sA Edste] 239 WE thub ¥ notifyAll(}:
ol A#att (YudE el 98l e Java oA end

seoge afel LeANE b BE Alsgel 89 2. Wait Method

= = synchonized wait(i, j) begin
Srhy e Ao agE Aus (3 2) ¢} 2o} while {'lock{i]j)}
wait():
end
(HE 2 He) ZRMMO Rz 28 end /* end Synchronization precedure elass #/

{Table 2> Loop partition with four processor
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(Algorithm 5) Main Program Class

Ouiput -

procedyre

procedure

{nput © Dependence test information
Mzin program code generation

class MainGenerate!)
generate(ProcessorN, forCount = cale Lo i}
generate(lowhigh = new [2}{forCount * 23)
generate(lbub = new [Preces;orN][f&rCoum 2])
generate(declarlation(SYMBOL)) /* 45 Ho|BExT] g4 T2 19e] Moy *ﬁ*é */
generate(call Partition(lowhigh, Processoz?\ forCount Ibub W/ mAER B
generate(Sync P = new Sync{)) /* % 5213 dma] g
genetate(call Syne(syncAlloc)}
JPEE g T Lo o */
if fm(‘ount = 1) begin /* @) forw-gel A%/
generate(call genLoop{lbuid 01, basch ock(01. P i+1)
gorpratefforj = {0. ProcessorN )
generate{call loop+(0)(Ibub(0), decl aration(BasicBlock{0]}), P)
generate(start)
end
for (i =1: 1 ¢ forCount: i++) begin /* 27} old9| for &4 #$ */
f (hetweenBlockDependence(il{i+1] + TRUE) begin /  BasicBlock Abelel wgH */
BasicBlock = BasicBlock U [{BasicBlock{il} U {BasicBlock(i+1)}}
; IhMrg = thMrg U {{ibubli]} U {lbub{i+1]}}
en

else begin /* BasicBlock7lol &do] &4 29 %/
generate(call genLoop(lhMrg, BasicBlock, P, D)
generate(for j = [0..ProcessorN]})
generate(call loop+i{lhMrg, declaration{BasicBlock), P)
generate(start)
generate(Barrier()):
generate(call genLoop(lbubli+1), basicBlockl(i+1], P, i+1)
generate(for j = (0..ProcessorN])
generate(call loop+(i+1){Ibuh(i+1], declaration{BasicBlock(i+1)), P)
generate(start)
1++:
BasicBlock = ¢}
IhMrg = ¢

AN

5 end:

end:

if (BasicBlock = {¢}} begin /* BasicBlock7ll Z&o) S
generate(call genLoop(ihMrg, BasicBlock, P, i}
generate(for j = [0 ProcessorN])
generate(call loopﬂ(lh’\/[rg declaration(BasicBlock), P}

; generate(start)
en

end /* end MainCenerate procedure class */

for every sInfor & BasmBlock begin
for every sInfor.StatementType = {LOOP}
forCount++
generatefreference(sInfor. Def) lower, reference(sinfor.Def).upper)
syncAlloc= max(syncAlloc. reference(sinfor. Def). upper)

caleLoHi()  /* for 2% 7859 57)8 949l 8|2 v]Sg @9s)7) 93t 2718 dexp
begin
endfor

endfor
return forCount

end /* end procedure calcLoHi */
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Java 9 ] =} % main diﬁﬁ% Adepd o
k) d g
class Main |

static loop2() t
public static void main(String args{)) {

A B I R SRR B S
7} ’-Pal—/} =718 5/
CeoAbger RE wjele] Wik &%) o/
S obyelss 3 T %/
for int 1 = 001 ¢ pnosit+) |
ti1) = new loop2Ub_ub(i1L03. b ubfil
(1. Ib ubliJf2]. 1lb_ub{il(3],
a. b, c. d. e, p, initial):

tli) . start(y:

2
loop+i MiAzel wpAwER alde| shdkgia} 4
gk as, A Fe A AREE R
A, —ﬁflﬁ} f; ksl

& ) diojeje] &

(Y025 b) F= BiE S
{Algorithm 6) Loop Replacement Class

Input : merge value of lower-upper bound,
define-use set of loop, synchronization variable
Output  censtruction of concurrent execution part

procedure class genboop(ihMrg, LoopMrg. P. i}
generate(class + className(loop+i) +
extends tooplnfor)
generate(deciaration(LoopMrg})
generate(public + classNamelloop+i) + declaration(
IhMre, declarationLoophMrg), Syne
generate(this.declaration{LoopMrg] <
declaration{LoopMrg)}
generatefpublic + void + run{))
for every BasicBieokéBasicgiock(Lo&erg) begin
generate(for IhMre(3(0): 1 ¢ IAMrgfij(1): i++)
source = geﬂerate((}enel ateParallelCode(
CurrentBasicBlock))
end
replace(source. (DOALL, DOACROSS), for}
end /* end genLoop class */
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class Toop? extends loopInfor {
Jo ool A AR EI ALY o)y o] M
public loop2(int 11, int hl. int 12

int h2.
double’] a. doublel} b, double(] ¢,

doublel? d. double[] ¢. Sync p, double
initial) |
supertil. hi. 12. h2, p):
Jeonf AL 2 ZHS e o] of
e o+
}
public void run() {
for{int i = 1101 Chls i+ +) |
fe T8 FAbe] Abelel S14] e
T =

9 3 WA R

i

i

forGint j = 120 j ( h2: j++) {

/e flA] TR ogeo] N oA Bu BB

| kel Fes S (n)
. A% Fd looplnfors Thread
P Algdty F2 Fxd o g Aol
o} Egfa vifWsn
Shgkakt AHEgrs oA f@n dleje]
gt
ol 28] $l9] Java ofal T:ade]
A;.} *1bﬂ B /\g)\“]}g}ﬁi t}e Gl A S I
class looplnfor extends Thread {

F% run() wlAolA AREE Szel gghghat

ek 718 S AA

public loopinfor(int 11, int hl, int 12.
int h2, Sync p) {
fxow) MR gk ghe W diojEe]

Z o/

(YT2IF 7) R= 7% Fas S~

{Algorithm 7) Abstract Class of Loop Structure

[nput * Argumen: list
Output © member data allocation

procedure class genloopInfor(argument list .}
generatelclass + loopinfor + extends + Thread)
generatefdeclaration(argument list...)
generatetpublic + looplnfor +
(dectaration{argument _list ...))):
generate(this. + subtract(argument list, TYPE]
= subtract{argument_list, TYPE))

end /* end genlooplnfor class */
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(Fig. 6) Example program-1
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(Fig. 8) Performance analysis of Loop! class

gaubley] & = maw dodl
double(] d= naw

3 o
:muble; b= new Aw

(O 9y oM ==2T84-2
{Fig. ) Example program-?

Jass Los! exteees oplotur |
| TR !

pudlle lnwﬁim 11 mhl doubiel; 2. gouble(] b. doublet? <. Svnc pi 4

|
lass Lo MZmea @ inaginter ¢
[
wbthow?;n(m lm nl. double(1 2 double(}  Syncpi ¢
LCEERY

m« i

nutsh vmimm
e - Hwh §~“m

g6 O 99 AdE =20

\—'-!:Z

{Fig. 10} Thread program of figure 9

(1% 1D (a9 9 (2§ ]

Bl MHE) b Nel gt sl me 99 A
S depdick (e 1008 (2" T)
Atelefl 718t Aol FAEtAl 87
el #7271 Wb 8] A7re] MEYo g -



R S

R

vb Java WAl LR oowl
gratol Ash3h 49 LA ?7} %7?‘?—}011 whet 4o
*| 7ko] ﬂ‘&l%‘gi hEuu) 5 o7l Fx alole)
Barrier & I st Byos dF ool ensl=vt ¢l

2.9 of 4 o}

A

[——Trread 1 —s—Thread 2 —— Trread 4 —— Thread 8
1
08
0.6
04
0.2

Execution Time(Sec)

1 3 5 7 ¢ 11 13 1 1719 21 23
fteration No(1/10,0003

(I8 11) Loop? B2 Ms 84
{Fig. 11) Performance analysis of Loop? class

42 DOACRQOSS =% +=x
(74 129 2ol 249l for £3 324 7hw o
3 ESY 240 lstel WRF| Aol Fgo] T4

= Loop3 =7t elvbn 7 akat.

lass 1oon3 4
Publi: static void main{String args
nt 1 = imseger, pmﬂh‘(args?
r, parsebiargs)
I lua-srl TWargs?, e

(221 12) OfH| ZERI-3
(Fig. 12) Example program-3

olof] Z44 o] f’éiHo}“f '371§ ”Zo send® waitZ

% orowviz Fhjel 2AdA Ade 5 )

i ma(Siring ags {1 i
Bwr.nauelm(irgs {05

(T2l 13) T8 129 Age 21
(Fig. 13) Thread program of figure 12

(1% 1239 (2™ 1319 Java ZE

ghEFy] 7 N2 g WEel mE Y A
e JERID, (a9 14w (28 13)9 Wgd ds
2= T2l 149 Fr3 23 sl &
=7 2w (2E 12)8 99 Ads 22
wrl A Ajghe] =EAw Aggt 474 oAy wii=
Aa gle] sdE S o F ol A At 19
ol Zx o Rul WEay ZegddA Ao gy
Ao HEESR7) 27F 100,000004 71%9 dse] &

Execution Time{Sec)

1 3% 5 7T 9 11 t3 16 17 19 21 23
fteration Ne{1/10,0003

(Zai m) Loop3 S0 Me =M
(Fig. 14) Performance analysis of Loop3 class

(19 159} 2ol 209} for B3 25 71X ¢l



f o oy TE o2 1= 1 w1 Yoteal U 2t oo
£ bl el sfeto] wEE L Aol Sel S

&= Loopd #¥l27h ubar Ay sl

. SR - 1w
vadman s
mhl " Foeger par slu(smfmm
e

Znew dmd:ia[h g
= raw Gdubie[ni 1.
= rew Gatile{nf+ 75
= fw oo«hioth X
& = oubialnd]

Tt = {520 € jond
el =k

(22l 15) ofid =272k-4
(Fig. 15) Example program-4

(38! 16) Loopd Befae| 8 24
(Fig. 16) Data dependence information of Loopd class

2 main(Sking args(]) §
I ‘““E«’{‘

(321 17) Loopd BoiAo ¥g ==
(Fig. 17) Paraliel program of Loopd class

(28 169 dold £44 24 Aug A% A
ehob W m2 o sk 4RYZel ool ¥ =

= .1

H

mva TEIINEHNA HH SEa 2Ao) e AE 13

(71l 1A Alokst ok ol o]
98 fEstel Java St EMO¥oR aﬂmom
CrE 18 o B Al for R 9IRS A
| HAdel EAshis Fugt FF send® waitH
[8hedar, 208) for 78 Apo]

"

>
7 erouw ahlel SHelisola] Hadh

%A 4ol

i
v

oy E&4e] E4s

Tl
ol i3l
i

b i vy
L

(M2l 18) 121 159 A Z2T
(Fig. 18) Thread program of figure 15

9y (g 15 gA] gt |

18 Java thEdE ZgadelA glE 7]
'/H—f- ;\f-@l gb dgho] w da A7k bl

g 19oA dEres 2e2de 249 F18 g—oy
A SRS hd g L R
R Aol AstE|a, st 4

Fobaj gt dhEF7] i‘r/} 100,000 4

of Wi 57% Axol Aol sktEe o -

)

e
im

Execution Tim

% 5 T & 1113 1B 17 18 21 23
[teration No(1,/10,000)

(2121 19) Loopd SaH2o] Ms A4
19)

(Fig. Performance analysis of Loopd class



&7k Java J-l-———L‘i—]_'] B‘s%‘ 2 PoR WEkehs
'"T

9l Lg&;gxé 4;—{; }%x}nﬂm a8 Aol 9drh
$334] 2] o bkﬂwQEEER%W}%%@%
ol Bt githe Aol ot

whaba 7)o 222k Java ERIHEE WY Alx
o Al AarEsty] fsiAiz Java ol AAAM A€
e rhExdn ZRador Wk el o744
of, Yridow 8 mEeoges FE 3 HA
F - BEg A e

71&) Y Java ZEE LT

M
3:
i
:..
2
1o,
- o
r&
e
o
e
:‘?:
L
2
_O‘_K,
O
ne
2
S
ol
2

o o

Ur’ Eat lrf 9.8} 3} Eﬁi%‘}% %E-zr‘;ﬂ 7}
fH%“’ﬂ el GA]l Java R Hup Hdal Algtol
50% o] dEHE & 5 At

®oeRolA Akd ATA AL ol olH S
AgAe) WEy AEol i eWHEE Zolw, &%
Java Zzgel d@ A0l 434 9EE hss
A BT oz 0hF 34 T Px o 54

HaAe A&sle ) Fasih

Ho
gk

=

(1] Alfred V. Aho, Ravi Sethi, and Jeffrey D.
Ullman, “Compilers Principles, Techniques
and Tools,” Addison-Wesley, 1986.

[2] Michael J. Wolfe. "Optimizing Supercompilers
for Supercomputers,” MIT Press, 1989.

(3] Hans Zima and Barbara Chapman. "Super-
compiler for Parallel and Vector Computers,”
ACM Press, 1991,

4] Ken Arnold and James Gosling, "The Java
Programming Language.” Addison-Wesley,
Reading, Massachusetts, 1996.

[5] Won Kim, Frederick H. Lochovsky, "Object
Oriented Concepts, Databases, and Applica-
tions,” Addison Wesley. pp.79-124, 487-520,
1989,

6] Doug Lea, “Concurrent Programming in Java.
Addison-Wesley, Reading, Massachusetts,
1997,

[7] Utpal Banerjee, Dependence Analysis for
Supercomputing’, Kluwer. Boston, 1988.

[8) Scott Oaks and Henry wong, “Java Threads.
O'Reily & Associates, Sebastepol, CA, 1997,

[9] Constantine D. Polychronopoulos. "Parallel
Programming and Compilers,” Kluwer, Boston,
1988.

[10] Radenski, A. A, "Object-Oriented Program-
ming and Parallelism : Introduction,” Inf.
Sci(UUSA), Vol.93, No.1-2, pp.1-7, August.
1996.

[11] Michael Morrison, “Java 1.1 Third Editien.’
Sams.net, 1997.

[12] H. M. Deitel and P. J. Deitel, "Java, How
to Program.” Prentice-Hall, 1997.

{13] Cheng-Tien Wu, Chao-Tung Yang, Shian-
Shyong Tseng, PPD: A practical parallel
loop detector for parallelizing compilers,”
Proceedings. 1996 International Conference
on Parallel and Distributed Systems, pp.
274-281, 1996,

[14] Tim Lindholm and Frank Yellin, “The Java
Virtual Machine Specification,” Addison-Wesley,
Reading, Massachusetts, 1996.

{15] James Gosling. Bill Joy. and Guy Steele,
“The Java Language Specification,” Addison-
Wesley, Reading, Massachusetts, 1996.

[16] 59, AA%, A9, "WE z2ade A7)
vl o ol 93 F&A<l dlojg #Heolx HES
WA 2L =Ey, A39, A%,
pp.b4-63, 1992



= P=
et U R (R
{o] &+A})

51

1

1990% ~ 1994d 7idedal Hitn)
& a4
19913 ~ & G sk H=pA ALt RhalabA
mmu~@m&h“wmwvwﬂ“a4ﬂﬂ;ﬁ%:
e B Ay, Wy mEody oo A
227 odo], Azkle], wite

i

4

ot
1 rl

H o2 X

19903 - g-cf ghal d <} A ghé} o}
(o} ghah)

19908 ~ 199213 F1Ebgh 2l
=

1994y F@ isha disted wdx
A8k ( 016 4Ah

1994 ~dA A7z 5g dole v Abd A
i
Tholiok: WE Aahelw] A AT REEH] 7]

3 hmEgol gA AJal Al4dde]

va 2 CIPHBINAY Sre BT 30| sdedAd ZdaEs 1745

5 g 2
s

:
LIRNE R m@ﬁmaq

{o] &F2]A})
1980y A& sty A4HE A eka)
(o] 8} A}

1983~ A oot A ek W

1997 & g agtn A4 ss 2%

dalgorwe Hiulde] WY Ezopy ool i
ek 22 o olo] Max|gk Bl 75t



