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Abstract

Many applicationsfrom scientificcomputingcan bene-
fit from object-orientedprogrammingtecniquesbecause
of their flexible andmodularprogramdevelopmensupport.
Ontheotherhand,acceptablexecutiontimecanoftenonly
be reached by using a parallel madine We investigate
the supportof Javafor parallel execution.By usingJava’s
thread medanismwe studyhow basic numericalmethods
canbe expressedn parallel and which overheadis caused
by thread management.We considerimplementationshat
differ in scheduling syndronization,and the manajement
of threads.We obtain someguidelinesto organizea multi-
threadedJava programto get bestperformance

1 Intr oduction

Many applicationsfrom scientificcomputingcanbenefit
from object-orientedprogrammingtechniquessincethey
allow aflexible andmodularprogramdevelopment.Often,
theseapplicationsarecomputation-intensie, sothesequen-
tial executiontime is quite large. Thereforeit is profitable
to usea parallelmachinefor the execution.But up to now,
no parallelobject-orientegorogrammindanguagehasbeen
establishedsa standard.

Java is a popularlanguageand hassupportfor a paral-
lel executionintegratedinto the language.Hencei,it is in-
terestingto investigatethe usefulnes®f Java for executing
scientificprogramsin parallel. To supportsuchaninvesti-
gation,we have performedseveraltestswith basicnumeri-
cal methodswhich we describen this paper In particular
we addresghe questionshow the numericalcomputations
canbeexpressedn parallelusingthethreadmechanisnof
Java, which overheads causedy the threadmanagement
andwhich possibilitiesthe programmehasto influencethe
parallel execution. We considersereral implementations
of the numericalmethodswhich differ in threadmanage-
ment, thread synchronizationand thread schedulingand
comparetheresultingperformance As platform, we usea
SunE5500anda E10000system.Theinvestigationgesult

in someguidelineshow theprogrammeshouldorganizehis
multi-threadedlava programto getthe bestperformance.

There are mary projectsthat considerthe usefulness
of Java for high-performancescientific computing. Many
of theseactwities are united in the Java GrandeForum
(ww. j avagr ande. or g) which includesprojectsthat
are exploring the useof Java for high-performancescien-
tific and numericalcomputing[1, 4] and groupsthat are
developing suggestiondor future Java extensionslike ex-
tensiongo therepresentationf floating-pointnumbersand
complex numbersand multidimensionalarray representa-
tions. Otheractvities include projectsto extend Java for
high-performancegarallelor distributedcomputinglike the
Titaniumproject[11] or the JavaPRarty project[9]. An MPI-
like API for Java (MPJ)hasbeenproposedn [3].

The rest of the paperis organizedas follows: Section
2 describeseveral aspect®f thread-paralleprogramming
with Java anddiscussefiow the programmercaninfluence
theparallelexecution.Section3 considersheoverheadf a
multi-threadedexecutionof programs.Sectiond describes
experimentswith differentversionsof Jasaprogramsmple-
mentingbasicnumericalalgorithms. Section5 concludes
thepaper

2 Javathreadparallelism and scheduling

Thread creation: In contrastto mostotherprogramming
languagesvherethe operatingsystemanda specificthread
library like Pthreadq2] or C-Threadsare responsiblefor
the threadmanagement)ava hasa direct supportfor mul-
tithreadingintegratedin the language see,e.g.,[8]. The
j ava. | ang packagecontainsa threadAPI consistingof
theclassThr ead andtheinterfaceRunnabl e. Thereare
two basicmethoddo createthreadsn Java.

Threadscan be generatedby specifying a new class
whichinheritsfrom Thr ead andby overridingther un()
methodin the new classwith the codethat shouldbe ex-
ecutedby the new thread. A new threadis then created
by generatingan object of the new classand calling its
start () method.

An alternatve way to generatethreadsis by using



the interfaceRunnabl e which containsonly the abstract
methodr un() . The Thr ead classactuallyimplements
the Runnabl e interfaceand,thus,a classinheriting from
Thr ead alsoimplementsthe Runnabl e interface. The
creationof a threadwithout inheriting from the Thr ead
classconsistsof two steps: At first, a new classis speci-
fied which implementsthe Runnabl e interfaceandover-
ridesther un() methodwith the codethatshouldbe exe-
cutedby the thread. After that, an objectof the new class
is generatecndis passedsanargumentto the constructor
methodof theThr ead class.Thenew threads thenstarted
by calling the st art () methodof the Thr ead object.
A threadis terminatedif the last statemenbf ther un()
methodhasbeenexecuted. An alternatie way is to call
thei nt er r upt () methodof thecorrespondind@hr ead
object. Themethodset Pri ority(int prio) of the
Thr ead classcanbeusedto assigrapriority level between
1 and10to a threadwhere 10 is the highestpriority level.
Thepriority of athreadis usedfor theschedulingf theuser
level thread<by thethreadlibrary, seebelow.

Thread synchronization: The threadsof one program
have a commonaddressspace. Thus, accesgo the same
datastructureshave to be protectedby a synchronization
mechanism. Java supportssynchronizatiorby implicitly
assigninga lock to eachobject. The easiestway to keep
a methodthread-safés to declareit synchr oni zed. A
threadmust obtainthe lock of an objectbeforeit can ex-
ecuteary of its synchroni zed methods. If a thread
haslockedan object,no otherthreadcanexecuteary other
synchr oni zed methodof this objectat the sametime.
An alternatve synchronizatiormechanisms provided
by thewai t () andnoti fy() methodsof the Obj ect
classwhich also supportsa list of waiting threads. Since
every objectin the Jasa systeminherits directly or indi-
rectly from the Qbj ect class,it is alsoan Obj ect and
hencesupportsthis mechanism. When a threadcalls the
wai t () methodof anobject,it is addedto thelist of wait-
ing threaddor thatobjectandstopsrunning. Whenanother
threadcallsthenot i f y() methodof thesameobject,one
of the waiting threadsis woken up andis allowed to con-
tinue running. Thesebasicsynchronizatiorprimitivescan
be usedto realize more complex synchronizatiormecha-
nismslik e barriers,conditionvariables,semaphoresvent
synchronizationandmonitors,seee.g.,[8].

Scheduling of Java threads: Threadcreationand man-
agementreintegratedinto the Java languageandruntime
systemandarethusindependenof aspecificplatform. The
mappingof the threadsthat are generatecby a userpro-
gram (userlevel threads)to the kernelthreadsof the op-
eratingsystemdependson the implementatiorof the Java
Virtual Machine (JVM). The mostflexible multithreading

modelis the mary-to-mary modelwhich is, e.g., realized
in SOLARIS Native Threadsprovided by the SOLARIS 2.x
operatingsystem.This modelallows mary threadsin each
userprocess.The threadsof every processare mappedby
thethreaddibrary to thekernelthreadf the operatingsys-
tem which are then mappedto the different processor®f
the target machineby the schedulerof the operatingsys-
tem. Theintentionof this two-layerthreadmodelis to de-
coupletheschedulingagndmanagemertdf userthreadgrom
thekernel[7]. Userthreadshave their own priority scheme
andarescheduledvith a separateschedulinghreadthatis
automaticallycreatedby thethreaddibrary.

SOLARIS scheduling:  The soLARIS Native Threadsli-
brary useslightweight processe4LWPs) to establishthe
connectiorbetweerthe userthreadsandthe kernelthreads.
Theuserthreadof aproces@remappedo theLWPsby the
SOLARIS threaddibrary. Thereis apool of LWPsavailable
for the mappingof userthreadsto kernelthreads.If there
are more running userthreadsin a processthan available
LWPs, userthreadsmust wait either until new LWPs are
addedo the pool or until oneof the runningLWPsis freed.
Any Java threadmay run on ary LWP. When a threadis
readyto run, the userlevel scheduleassignsan LWP from
thepooltoit. TheLWP will continueto runthethreaduntil
eitherathreadat a higherpriority becomesunnableor the
threadblockson a synchronization.

Each LWP is mappedto a kernel thread which are
mappedy theschedulepf theoperatingsystento thepro-
cessors.The numberof LWPsis controlledby the threads
library of SOLARIS 2.x andis automaticallyadaptedo the
numberof userthreadsgeneratedoy the program. One
way to influencethe numberof LWPsdirectly is by using
thefunctiont hr _set concurrency (int n) toaddn
new LWPsto the pool of availableLWPs. This functionis
provided by the soLARIS threaddibrary which canbe ac-
cessedia the Java Native Interface(JNI). A new LWP will
executea specificfunctionin the threaddibrary thatlooks
for runnablethreadsin the library’s queue. If noneexists,
the LWP blockson a timed conditionvariable. If thetimer
expires(which takesfive minutesby default) andthe LWP
hasnot executeda userthread the LWP will terminate7].
Theschedulingf theuserthreadsy thethreaddibrary can
beinfluencedndirectly by settingthe priorities of the user
threads(seeabove): athreadat a given priority level does
not run unlessthereareno higherpriority threadswaiting
torun.

Solaris usesschedulingclassesand priorities for the
scheduling of the kernel threads (and their associated
LWPs). The following classesare supported:timesharing
(priorities 0-59), interactve (0-59), system(60—99) and
real-time(100-159).Highervaluesmeanhigherpriorities.
Usually, LWPsare generatedvith timesharepriority. The



exact priorities of the LWPsare setby SOLARIS 2.x. The
programmecangive hintsto raiseor lowerthepriority of a
procesdaffectingall its kernelthreadsusingthepri oc-
ntl () commandlt canbeobsenedthatprocessewiith a
large numberof LWPsgeta higherpriority thanotherpro-
cesses.

The difficulty of experimentswith Java threadslies in
the fact that the schedulingis not underthe control of the
programmerWhenstartinga thread-paralleprogramiit is
not clearwhich threadwill be assignedo which LWP and
whichLWPwill beexecuteconwhichprocessarThenum-
berof LWPscanbesetto a specificvalue,but theoperating
systemcan adaptthis numberduring the executionof the
program.The numberof processorsisedfor the execution
of a programis completelyunderthe control of the operat-
ing systemand canvary during the executionof a thread-
parallelJava program.

3 Runtime of multi-thr eadedprograms

For measuringthe runtime of a parallel application,
j ava. | ang. Syst em provides a method current -
TimeM | i s() to obtainthereal time (wall clock time)
of anapplicationin milliseconds sothetime measurement
canbeinfluencedby otherapplicationgunningon the sys-
tem. The userand systemCPU time of an application
can be obtainedby usingthe C functionti mes() from
<sys/ti nes. h> via the JNI. For a parallelapplication,
this providesthe accumulateduserand systemCPU time
UCT, on all processorsi.e., to computethe actualparal-
lel CPUtime, thesevalueshave to be divided by the num-
ber of processoraised. As explainedabove, the number
of processorsisedfor a parallelapplicationcannoteasily
be determinedand can also vary during the execution of
a program. Informationon the numberP4 of processors
usedfor anapplicationcanbe obtainedwith the Unix t op
commandhut this only workswith a significanttime delay
anddoesnot provide reliableinformationfor parallelexe-
cutionswith a small executiontime. Thus, the following
canbeconcluded:

e The sequentialuserandsystemCPU time UCT, can
beobtainedaccuratelywith thet i mes() function.

e Therealtime RT canbeobtainedjuiteaccuratelywith
currentTimeM I 1i s(), thuswe cancomputea
speedupSgr = UCT,/RT which providesgoodre-
sults on an unloadedsystemand can be considered
asa lower boundon the speeduphat hasreally been
achiesed by a specific programrun. We use these
speedupin thefollowing, sinceit is the mostreliable
information, evenif we have not alwaysbeenableto
useanunloadedsystem.

Table 1. Thread overhead in milliseconds.

#LWPs= 10|| #LWPs= 100|| #LWPs= 1000
ULT|lUCT RT |(UCT RT | UCT  RT

ULT ULT |ULT ULT \|ULT ULT
1000} 0.37 0.47] 0.39 0.59 || 0.47 1.00
5000(| 0.30 0.44]/0.35 043 | 0.29 0.82
10000j| 0.30 0.42| 0.32 0.44 || 0.31 0.75

e Using UCT,, a speedupvalue can be computedby
S. = UCT, - P4/UCT,, but this speedupvalue can
be quiteunreliable,if thevalueof P4 is unreliable.In
the following, we give P4 for mostapplications but
we must point out that the value might be too small
becaus®f thetime delayof thet op command.

Overhead of thread execution: Thecreationandmanage-
mentof Java threadss completelyunderthe control of the
threaddlibrary and doesnot involve the operatingsystem.
To getan impressionof the overheadof creating,manag-
ing, anddeletinga thread we have performedruntimetests
onaSUN-Enterpris&5500with 12336 MHz UltraSRARC
processorsTablel shows thetime (userCPU time UCT)
for the executionof a specificnumberof userlevel threads
(ULT) executinganemptyr un() methodwith 10 dummy
parametersThetestshave beenperformedwith JDK 1.2.1
andsOLARIS 2.6 (SunOS5.6).

For the real-timemeasurementsye tried to usean un-
loadedsystento avoid theinfluenceof otherprocessesun-
ning on the system. The following obsenations can be
made:

e TheuserCPUtime UCT for threadoverheadwhich
alsoincludesthe schedulingof the userthreads,usu-
ally lies between0.3 ms and 0.4 ms, independently
from thenumberof userthreadsandLWPs.

e The real time for threadoverhead,which also takes
thetime for the schedulingof the LWPsinto account,
increasesvith the numberof LWPs.

This indicatesthat the schedulingof the userthreadsdoes
not causea significantoverheadvhereaghe schedulingof
the LWPs causeguntime coststhat increaseconsiderably
with the numberof LWPs,sincethe operatingsystemis in-
volved. This suggests$o adjustthe numberof LWPsto the
numberof processorsvailable.

4 Thread-parallel executionof numerical al-
gorithms in Java

In this section,we give a short descriptionof thread-
parallel implementationsof several standard numerical



computationsn Java. The implementationsare basedon
basicclassedike Vect or or Mat ri x containingthe un-
derlying datastructuresandinitializations. The numerical
methodsarerealizedasr un(') -methodof separatelasses
which inherit from the baseclasses. The runtime exper
imentshave beenperformedon a SUN EnterpriseE5500
with 12 336 MHz UltraSFRARC processors)DK 1.2.1and
SOLARIS 2.6(Sun0S5.6). Themachinewasnotunloaded,
sojobsof otheruserswererunningandcouldinfluencethe
time measurements.

4.1 Matrix multiplication

Table 2 shaws the resulting runtime in secondsand
speedupaluesfor themultiplicationof two matricesof size
1000x 1000.ULT denotegshenumberof userlevel threads
usedfor the execution. LWP is the numberof LWPsgen-
eratedby callingt hr _set concurrency() orautomati-
cally assignedy thethreadlibrary. Pr denoteshenumber
of requestegrocessordy the userprocess.Py is the av-
eragenumberof processorassignedo the executinguser
processmeasureddy t op. RT discribesthe real time in
secondsandSgrr denoteshespeedugomputeddy Sgr =
UCT,/RT whereUCT,; is the userCPU time of the corre-
spondingsequentiaprogramin Java without threads.The
executionof the computationds distributedamonga spe-
cific numberof threadsvhereeachthreadis responsibldor
the computationof a row block of the resultmatrix, i.e.,a
row-blockwisedistribution of the computation®f therows
of theresultmatrixamongthethreadds used.

Table 2. Thread-parallel execution of a matrix
multiplication.

ULT [LWP|Pg || Pa| RT | Srr
1 1} 1| 1.0/381 0.9
4 4| 4)3.9] 95/ 3.8
8 8| 8| 6.8/ 54| 6.6
12| 12} 12| 7.8] 42| 8.5
16| 16| 12|/8.5| 38| 94
26| 26| 12|/8.5| 34|10.5

Theresultsin Table2 andfurtherruntimetestsallow the
following obsenations:

e If thenumberof LWPsis notexplicitly setby the Java
programthethreadibrary creategor eachJavathread
anLWR, until afixedupperboundis reached26onthe
SunES5500).

e Thespeedups increasingwith the numberof LWPs.
This effect can be obsened, even if the numberof

LWPsis gettinglargerthanthe numberof processors
of theparallelsystemj.e., evenif thereis anadditional
overheador theschedulingof the LWPsby thesched-
uler of the operatingsystem. This effect can be ex-
plainedby thefactthatprocessewith alargernumber
of LWPsgeta larger priority andcanthereforebene-
fit from the priority-basedschedulingof the operating
system.

e If the number of wuser threads is smaller
than the number of LWPs requested by
t hr set concurrency(), the thread library
only createoneLWP for eachuserthread.

4.2 GaussianElimination

Gaussiareliminationis a popularmethodfor the direct
solutionof linearequationsystemsdz = b [5]. For asys-
tem of sizen, the methodperformsn stepsto corvertthe
systemAxz = b to asystemUz = y with anuppertrian-
gularmatrix U. Eachstepk performsa division operation
which dividesrow & by its diagonalelementfollowed by
n — k elimination operationamodifyingrows & + 1,...n
with row k. The eliminationoperationsanonly be started
afterthe precedingdivision operationhasbeencompleted.
Hence,a synchronizatiorhasto be usedbetweenthe di-
vision operationand the elimination operationsof stepk.
Similarly, stepk + 1 canonly be startedafter the elimina-
tion operationsof the precedingstephave beencompleted,
making anothersynchronizatiomecessaryAfter the gen-
erationof the uppertriangularsystemUz = y, thesolution
vectorz is determinedy a backwardsubstitution.

We have implementedseveral Jasa versionsof this algo-
rithm with pivoting differing in the specificthreadcreation
andthe synchronizatiorof thethreadd6].

Synchronization by thread creation: Stepk,1 <k <n
is parallelizedby generatinga numberof threadsand as-
signingeachthreada contiguousblock of rows of theelim-
ination submatrix.For the division operationa smallnum-
berof threadds usedin a similar way. At theendof the di-
visionoperatiorandtheeliminationphaseof stepk, thecre-
atedthreadsareterminatedandsynchronizedy aj oi n()
operationsothe necessargynchronizationsreperformed
by threadtermination. Thus,it canbe guaranteedhat the
operationsof the previous elimination stepare completed
beforethe next eliminationstepstarts.

Figurel shavsthecorrespondingrogramfragment.Ab
denoteghe Matrix A with theright sidevectorb of thelin-
earsystemto solve. In therun methodof theclassEl i mi -
nat i onThr ead theeliminationstepsarecarriedout. Ta-
ble 3 shavs someresultsof our testswith a linear system
of sizen = 1500. The samenotationasin Table2 is used.



Thread thE[] = new Thread[ne];
// array for threads (elimnation step)
/...
for (int k=0; k<n; k++) {
/1 division step
...

ALk, k] = 1;
for (int i=k+1; i<ne; i++) {
thE[i] = new ElimnationThread(Ab, k,i);

thE[i].setPriority(Thread. MAX_PRI ORI TY);
thE[i].start(); } //starts the run nethod
/1 of the elimnation thread class
for (int i=k+1; i<ne; i++) {
try {thE[i].join();} // synchronization
catch (...) {} }

Figure 1. Gaussian elimination with sync hro-

nization by thread creation (code fragment).

The division stephasnot beenparallelized,sincea paral-
lelizationreduceghe attainedspeedups.

Table 3. Gaussian elimination with sync hro-
nization by thread creation.

ULT |Pgr| Pa| RT|Skrr
1| 1| 1.0/187| 0.7
4 4|3.1| 59| 24
8| 8|44 42| 3.3
12| 12| 4.7| 42| 3.3
16| 12|/5.3| 38| 3.7
20| 12||5.3| 38| 3.7
40| 12| 5.2| 47| 3.0

The executiontimes and speedupshav that synchro-
nizationby threadcreationonly leadsto alimited speedup,
sincethe overheadfor threadcreationand waiting time in
eachstepis quitelargecomparedo thecomputationalvork
of eachstep.

Synchronization by active waiting:  For this version,the
threadsare createdat the beginning of the modificationof
Az = b andeachthreadis assignedo a numberof rows
whosecomputationst hasto perform. The assignmenbf
rows to threadscan be performedblockwiseor cyclically.
For n rows and ¢ threads,the blockwise schemeassigns
rowss-n/t,...,(s+1)-n/t—1tothreadnumbers, if we
assumeahatn is amultiple of ¢. For thecyclic schemerow
i is assignedo threadi mod ¢. For the blockwiseassign-
ment,athreadis terminatedassoonastherows assignedo
it aremodified,i.e., thenumberof ULTsis decreasinglur-
ing the computationFor thecyclic assignmenthenumber
of ULTs s constantduring mostof the computation.Only

during the modification of the last ¢ rows the numberof
ULTsis decreasing.

Thesynchronizatiometweerthedivisionoperationsand
theeliminationoperationf a stepk is arrangecdy usinga
bitvectorbv with aflagfor eachrow indicatingwhetherthe
division operationfor this row hasbheencompletedt r ue)
or not (f al se). Thethreadsexecutingthe corresponding
divisionoperatiorsettheflag afterthecompletionof theop-
eration.Beforestartingtheeliminationoperation®f stepk,
all participatingthreadsreadbv|[ k] iteratively until it has
thevaluet r ue. Table4 shavs sometestswith anequation
systemof sizen = 1500 with the samenotationasin Table
3.

Forupto 8 ULTs, acyclic assignmenof rowsto threads
leadsto slightly betterspeedupraluesthanablockwiseas-
signment,mainly becauseof a betterload balance. For
a larger numberof ULTs, a blockwise assignmenbf the
rows to the ULTs leadsto better speedupvalues, mainly
becausef smallerwaiting timesat synchronizatiorpoints:
Thethreadperformingthe division operationof a row also
performsthe division operationsof the following rows and
hasto performlesseliminationoperationghanthe remain-
ing threads. Therefore,this threadwill completethe fol-
lowing division operationusually beforethe otherthreads
have completedtheir elimination operations.In this case,
no waiting time is requiredat the synchronizatiorpoints.
For a cyclic assignmenteachthreadhasto performnearly
the samenumberof elimination operations. The division
stepof neighboringowsareperformedby differentthreads.
Thus, it caneasily happenthat a threadhascompletedits
eliminationoperationseforethe threadthatis responsible
for thedivision operatiorhascompletedhis operation.The
resultingwaiting times may reducethe attainedspeedups
considerably On the other hand, there are more ULTs
than processorsso after the terminationof a ULT T, an-
otherULT canbe assignedo the correspondind- WP and
canthusrun on the processothat hasexecutedI’ before.
Hence loadbalancingdoesnot play adominantrole.

Table 4. Gaussian elimination with sync hro-
nization by active waiting.

cyclic blockwise
ULT | PR B TRT | Spr | Pa| RT| Sar
1| 1)1.0/150| 0.9||1.0/150, 0.9
4\ 4|3.4] 36| 3.9(|2.5] 49| 2.8
8| 8| 54| 24| 5.8//3.6/ 26| 5.3
12| 12| 8.0] 39| 3.6(|4.0] 17| 8.2

16| 12 44| 16| 8.7
20| 12 4.4 14| 9.9
40| 12 5.8]| 16| 8.7




Barrier  synchronization: The synchronization is
achievedwith anobjectbar r of theBarri er class.The
barrierobjectis initialized for the numberof participating
threads At thesynchronizatiompointsrequired eachthread
entersthe barrier by calling bar r . wai t For Rest (i nt
n). The last thread entering causesthe releaseof the
barrier and all waiting threadscan continue execution.
Someruntime resultsare shavn in Table 5 (problemsize
n = 1500). Thesmallspeedupraluescanbe explainedby
the fact that eachthreadhasto wait for all other threads
at the synchronizatiorpoints, not only for the one thread
performingthe division operation. Thus, the delay of one
of thethreadscaneasilycauseall otherthreadso wait.

Table 5. Gaussian elimination with barrier

sync hronization.

cyclic blockwise
ULT| Pr "B TRT [ Spr | Pa| BT | Sar
1| 1)1.0/150] 0.9||1.0|{151 0.9
4\ 4|3.1] 42| 3.3||2.3| 54| 2.6
8| 8| 3.1 40| 3.5||2.8| 42| 3.3
12| 12| 3.4] 36| 3.9(3.1| 37| 3.8
16| 12| 3.6] 33| 4.2(|3.4| 34| 4.1
20| 12|/ 3.6| 34| 4.1||3.4| 33| 4.2
40| 12|/ 4.0| 40| 3.5||3.6| 33| 4.2

Event semaphore: The synchronizationis achieved by
creatinganobjectof theEvent Senaphor e classfor each
row of the equationsystem.Beforestartingan elimination
step, eachthreadwaits for the completionof the preced-
ing division stepby calling amethodWai t For Event () .
Thethreadthatperformsthis division stepsetsthe eventby
callingSet Event () , thuswakingup all waiting threads.

Table 6. Gaussian elimination with sync hro-
nization by event semaphores.

cyclic blockwise

ULT| Pr "B TRT [ Spr || Pa| BT | Sar
1| 1)/1.0|/152] 0.9|]1.0|{152| 0.9
4| 4| 3.0] 40| 3.5(|2.5| 51| 2.7
8| 8||3.5| 33| 4.2||3.4| 25| 5.6
12| 12| 3.8] 26| 5.3(|3.8| 19| 7.3
16| 12|4.2| 24| 5.8(4.2| 17| 8.2
20| 12|/4.2| 23| 6.0||4.3] 15| 9.3
50| 12|/4.1| 30| 4.6//4.7| 12|11.6

A correspondingrogramfragmentis shovn in Figure

Event Semaphore sVec[] =
new Event Senmaphor e[ Ab. row ;
for (int i=0; i<Ab.row, i++)
sVec[i] = new Event Senaphore(fal se);

Thread th[] = new Thread[nth];

CPUsupport . set Concurrency(lwp);

for (int i=0; i<nth; i++) {
th[i] = ElinEvSen(Ab, i, range, sVec);
th[i].setPriority(Thread. MAX PRI ORI TY);
thli].start();

}

for (int i=0; i<nth; i++) {

try {thfi].join();}
catch (...) {}

/1 run method
public void run() {
for (int i=0; i<range[curr_th][1]; i++) {
if (i!'=0) {
if (i<range[curr_th][0]+1)
sVec[i-1].waitForEvent();
/1 performelimnation step

}

}

if (i>range[curr_th][0]-1) {
/1 performdivision step
sVec[i].setEvent();

}
}

Figure 2. Gaussian elimination with sync hro-
nization by event semaphores (code frag-
ment).

2. Theblocksof therows of A areaccessibléy ther ange
arrayusingthecorrespondinghreadwith thecurrentthread
numbercurr _t h.

Table 6 presentssomeruntime resultswith linear sys-
temsof sizen = 1500. The synchronizationby event
semaphorelassimilar propertiesasthesynchronizatiorpy
active waiting. In particulay thethreadsexecutingthe mod-
ification operationare only waiting for the onethreadthat
executeghe division operationandnot for all threadsasit
wasthe casefor barrier synchronization.Synchronization
by eventsemaphorekadsto slightly betterspeedupralues
assynchronizatiorby active waiting especiallyfor a larger
numberof ULTs, sincea waiting threadcanbe suspended
while waiting for theeventto occur

4.3 Jacobiand GauRR-SeidelRelaxation

JacobiandGauR3-Seidetelaxationareiterative methods
for the solution of a linear equationsystemAxz = b. The
solution of this systemcanbe approximatedy iteratively
computingapproximatiorvectorsz(*) accordingto

Mz*+D = Ng*) 4



fork=1,2,.... M andN areappropriatenatriceghatare
computedrom A [5]: Let L bethelowertriangularsubma-
trix of A, U betheuppertriangularsubmatrixof A andD be
the diagonalmatrix thatcontainsthe diagonalentriesof A,
soitis A =U + L + D. JacobiandGaul3-Seidelerations
differ in the definitionof M andN. For Jacobi,M = —D,
N = —(L 4+ U) is used,for GauR3-SeideM = —(D + L)
and N = —U. Thus,Jacobiusesfor the computationof
eachcomponenbf z(k+1) the previousapproximatiorvec-
tor whereasGaul3-Seidelisesthe mostrecentinformation,
i.e., for the computationof «{**") all components:{**")
for j < i, whichhave previouslybeencomputedn thesame
approximatiorstepareused.

For this reason,Jacobirelaxationcan be easily paral-
lelizedfor distributedmemorymachinegDMMs), because
dataexchangeneedgo beperformedonly attheendof each
approximationstep. On the other hand, Gaul3-Seidete-
laxationis consideredo be difficult to be parallelizedfor
DMMs, sincea dataexchangehasto be performedafterthe
computationof eachcomponentf the approximatiorvec-
tor. At theendof eachtime stepof a Jacobior Gaul3-Seidel
iteration,all participatingthreadsneedto be synchronized,
sothatthenext iterationis executedwith thecurrentvalues
of theiterationvector Thus,abarriersynchronizatioris ap-
propriatefor separatinghetime steps.For the Gaul3-Seidel
iteration,additionalsynchronizationgseedto be performed
within thetime stepgo ensurghatalwaysthenewestvalues
of the component®f theiterationvectorsare used. Here,
barriersynchronizationactive waiting or eventsemaphores
canbeused.

Tables7 — 9 shaw the resultingperformancecharacter
istics. As example,a systemof n = 4000 equationshas
beenused. The parallelimplementationgliffer in the syn-
chronizationmechanismsised: synchronizatiorby thread
creationand barrier synchronizatiorfor the synchroniza-
tion betweertime stepsandbarriersynchronizationactive
waiting andeventsemaphoréor thesynchronizatiomwithin
time stepsfor Gaul3-Seideiteration. Not all are shovn in
the Tables.

Table 7. Jacobi iteration with sync hronization
by thread creation and barrier s.

threadcreation barrier

ULT \Pr 5. TRT T Sar | PA BT | Sar
1| 1(1.0{261| 0.9(1.0{236| 1.0
2| 2{1.9|132| 1.8{/1.9/119| 2.0
4| 4|3.4| 75| 3.2(3.2| 76| 3.2
8| 8(4.0/ 72| 3.3||3.1| 85| 2.8
12| 12||4.9| 62| 3.9||2.9|/100| 2.4
16| 12||4.8| 66| 3.7||2.9|/108| 2.2

Table 8. Gaul3-Seidel iteration with sync hro-
nization by thread creation and barrier s, ac-
tive waiting within iteration steps.

threadcreation barrier
ULT | PR\ 5 TRT Snr | Pa | BT | Sar
1| 1/0.9| 58| 0.9]{1.0] 58| 0.9
2| 2|1.6| 30| 1.8|1.6| 31| 1.8
4| 4)25| 20| 2.7||2.5| 21| 2.6
7| 7|4.6| 36| 1.5(/5.2| 70| 0.8

Table 9. GauR3-Seidel iteration with sync hro-
nization by thread creation and barriers,
loose sync hronization within iteration steps

threadcreation barrier

ULT | PR\ B TRT Srr | Pa | BT | Sar
1| 1|1.0| 54| 1.0|{1.0] 54| 1.0
2| 2|2.0| 28| 2.0|/2.0] 27| 2.0
4| 4)3.4| 16| 3.4|/3.8| 14| 3.9
8| 8| 5.7/ 10| 55|/6.3] 9| 6.1
12| 12||6.9] 8| 6.8//6.5| 8| 6.8
16| 12| 7.2 7| 7.8||7.2] 8| 6.8

Tables7 and8 shaw thatfor up to 4 threadsall variants
leadto goodspeedualues.For 4 threadsthespeedupval-
uesfor the Jacobiiterationareslightly higherthanfor the
Gaul3-Seiddteration,mainly becausef theadditionalsyn-
chronizationoperationswithin thetime stepsfor the Gaul3-
Seideliteration.

For a larger number of threads,the speedupvalues
areonly increasingslightly (Jacobi)or are even dropping
(GauR-Seidel)This canbe explainedby thelarge synchro-
nizationoverheadf threadcreationor barriersynchroniza-
tion that hasalreadybeenobsened for Gaussiarelimina-
tion.

Loose synchronization: Moreover, we have implemented
avariantwith aloosesynchronizatiomethodthatsynchro-
nizesthe executingthreadsonly for the corvergencetestof
the iteration, but not for the swappingfrom the old to the
new iterationvector For a Jacobirelaxation,this may re-
sultin athreadaccessing part of theiterationvectorthat
hasalreadybeenupdatedby anotherthreadinsteadof ac-
cessingthe entriesof the previousiteration. This behaior
doesnot affect the correctnessf the resultingapproxima-
tion andmay even leadto a fastercorvergence. Table 10
shaws thatfor a larger numberof threadsthe variantwith
theloosesynchronizatioryields satistctoryspeedups.



Table 10. Jacobi and GauR3-Seidel iteration
with loose sync hronization between and
within iteration steps.

Jacobi Gaul3-Seidel
ULT \Pr 5. TRT [Smr | Pa | BT | Sar
1| 1(1.0] 54| 1.0/1.0] 54| 1.0
2| 2|2.0| 27| 2.0{/2.0 27| 2.0
4| 4| 3.7) 15| 3.7|/3.8] 14| 3.9
8| 8|54 10| 55|59 9| 6.1
16| 12\|7.0, 7| 7.8||6.6| 7| 7.8
40| 12| 7.7 6| 9.1|7.1] 6| 9.1

General observations: Consideringthe relation R =
#ULT /4 LW P betweerthe numberof ULTs andLWPs,
the following can be obsened for all numericalmethods
considered:up to a specificrelation R,,,,, the speedups
areincreasingwith the valueof R, but startingwith R, 4,
increasingvaluesof R leadto decreasingspeedups.The
reasorfor this effectliesin thefactthatupto R,,,., thede-
creasef theexecutiontime becaus®f a betterparalleliza-
tion outperformsthe increasein the overheadfor thread
managementhut startingwith R,,..., this effect reverses.
Thespecificvalueof R, depend®ntheapplicationcon-
sideredandthe specificsynchronizatioomechanisnused.

5 Conclusions

The experimentgdescribedn this article shawv thatboth
the synchronizatiormethodandthe assignmenbf compu-
tationsto threadsplay animportantrole for obtaininggood
speedupdor basicnumericalmethods. Both the mapping
andsynchronizatiomaveto bechosercarefullyandhaveto
fit together Moreover, the experimentswith the Gaussian
eliminationshaw the interestingfact that for thread-based
computationst mightbebeneficialto usea completelydif-
ferent mappingof computationgo threadsthan for other
programmingmodels. For a distributed addressspace,a
double-gclic mappingof rows and columnsto processors
usuallyleadsto thebestspeedup§l 0], whereas blockwise
distributionis notcompetitve becausef abadloadbalanc-
ing. For thethread-parallebxecutionin Java, the opposite
behaior couldbe obsened. Thereasorfor this liesin the
fact that the assignmenbf threadsto processorss more
flexible thanthe executionof message-passimgocessesn
processorandthatthe synchronizatiorof thethreadplays
animportantrole for theresultingexecutiontime.
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