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Theaim of thepresentwork is thedevelopmentof efficient andself-adaptive ring algorithms on
heterogenousWindows-basedclusters.We show thata virtual ring of processes,with a numberof
processesoneachnodeproportionalto its relativespeed,greatlyreducesloadimbalanceandallows
to achievegoodperformanceevenonhighly heterogeneoussystems.

As testapplicationweconsiderthecomputationof long-andshort-rangeinteractions.
Two differentimplementationsof MPI for Windows areconsidered(MPICH andMPICH2) and

somecomparisonswith PVM arealsoperformed.Theanalysisis quitegeneralandcanbeapplied
to similar problems.Fromthealgorithmanalysiswe obtainbotha full computersimulator of ring
applicationsandsomesimplified indicesof performance,usefulto quickly adapttheapplicationto
agivenplatform.

1. Introduction

In recentyearsclustersof PCsfor parallelcomputinghavebecomeverypopularowing to several
favourablecharacteristics,namelygoodcostto performanceratio,availability, flexibili ty.

The increasingpower of nodesand speedof interconnectingnetwork [1] allow to build very
powerful machines,able to competewith traditional high performancecomputers.Recently, PC
clustersand/ornetworksof PCsareevolving towardstheemerging Grid architecture(desktopand
globalgrids)or they canbeviewedascomponentsof a largergrid. Althoughmostof network-based
parallelcomputing systemsrunsomeUnix O.S.(in particularLinux), thesystemsbasedonWindows
O.S.arealso interesting, sincethey allow to exploit for parallelapplicationsthe greatnumberof
Windowsmachinesavailablein variousorganizations, bothscientific,businessandindustrial.

In this work we considerthedevelopmentandtheanalysisof efficient andself-adaptive ring al-
gorithmsonheterogeneousclusters(i.e. with nodesof differentspeed).It is well know thatstandard
ring algorithms, with oneprocesspernode,areperfectlybalancedon homogeneousanddedicated
parallelsystems[2], but they give poorperformanceon heterogeneous,possiblynondedicated,re-
sources.In particular, we show asa virtual ring of processes,with dataevenly partitioned among
processes,allowsto obtainverygoodperformancealsoonhighly heterogeneousplatforms.

As testapplicationwe considerthecomputationof long- andshort-rangeinteractions.In partic-
ular, we dealwith thecomputation andhistogramof distances(all distancesor just thoseinvolving
neighbouringpairs)in a largesetof pointsin

���
. Suchtestproblemis interesting,sincevaryingthe

neighboursizeweareableto vary thecomputation to communication ratio.
After thecomputational analysisof this approach,which gives usbotha full computersimulator

and somesimplified indicesof performance,we presentand comparesomeexperimentalresults
collectedonaheterogeneousplatform,namelyaclusterof PCswith WindowsO.S.

To implementtheapplication, weconsidertwo freelyavailableimplementationsof MPI for Win-
dows: MPICH NT 1.2.5 and MPICH2 1.0-1. As comparison,we also considerthe versionfor
Windowsof theolderbut still popularPVM library (PVM v. 3.4.5).
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2. The heterogeneous computing system

Let usconsidera heterogeneousparallelsystemconsisting of � nodes,connectedby a switched
communication network (e.g. FastEthernet,Gigabit Ethernet).Our analysisalsoappliesto mixed
networks.

Let be ��� the relative speedof node 	 with respectto a referencemachine[3], e.g. the lowest
machinein theset. �
� dependsbothon theprocessorfeaturesandon theapplication underconsider-
ation,andcanonly beestimatedin anapproximateway. In particular, it candependon theamount
of localdata.

We supposethat the systemis dedicatedor that the load of eachnoderemainsnearlyconstant
duringthewholecomputation. So,timevariationof speedsduringcomputationis negligible.

Thetotal relativespeedof thesystemis �
��� � ��� andit is alsotheidealspeed-up.
Thespeed-upandtheglobalefficiency are[3]:

����� ������������ ���"! � ���$#%�'& #(� ���� � � � ���)#*�� (1)

where:
� �+�+�

and
� ��� �

aretheexecutiontime on thereferencenodeandtheparallelexecution time
on theheterogeneoussystem, respectively; #,�'&-	.�0/1&�2�2�2�&�� arethenodeefficiencies.

Thedegreeof heterogeneitycanbeexpressedin variousways;for ring applicationswefind useful
theindex 34�5/764�
8:9 � , where� is theaveragerelativespeedand �
8 denotesthelowestrelativespeed
in thesystem;�<>=?3A@"/CB .
3. The computational problem

To testthe proposedmethodwe employ an applicationthat we originally developedfor homo-
geneoussystems[4], andthat we subsequently usedwith variouscomputing platforms. It canbe
consideredakind of high level benchmark.

Given a set D of E pointsin
�F�

, the algorithmcarriesout the computation andhistogramof
distancesbetweenneighbouring pairs[2,4], i.e. pairswhosedistanceis lessthana predetermined
thresholdG , expressedasa fractionof thediameterof thepointset.As aparticularcase,if GH�I/ , all
distancesarecomputed.For thefastsearchof neighbouring pairswe usethebox-assistedapproach
describedin [4], in which an auxiliary JLK -dimensional meshof boxes,with /
9MG boxesalongeach
dimension, is usedto build linkedlistsof pointsfalling into thesameJNK -dim box.

Thesequentialexecutiontimeon thereferencenodeis

� �+�+� � O EQPR;+ES6T/CBU P
VW;+GXB'YZP�[]\C;�JLB (2)

where[]\�;�JLB is theCPUtimeto processapairon thereferencenode,and V.;+GXB^=_/ is thefractionof
thetotalpairsprocessed.

Our applicationis split into a virtual ring of `bac� processes,with `M� (logically neighbouring)
processeson the 	 -th node(Fig. 1).

The set of points is evenly partitionedinto ` subsetsD4d , of size ELK�� e � and eachsubsetis
assignedto aprocess.Thetotalnumberof distinctpairsis decomposedin thefollowing way

EQPR;+ES6T/
BU ��` O ELKRPR;�ELK,6T/CBU f `g6h/U PCE Kji Y 2 (3)
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Figure1. A virtual ring of 12processesmappedon4 nodesconnectedby a switchednetwork.

Thecomputation comprisestwo phases(Fig. 2): in phaseone,which doesnotneedcommunica-
tions,localpairsareprocessed;in thesecondphase,whichconsistsof kN� �mloni steps,localpointsof
thegenericprocessaremoved forwardalongthering in orderto processpairsformedby local and
visiting points.

Procd :
computedistances=pG in ( D>d )
for q7�5/1&Xk

senddatato next process
receivedata( D � ) from previousprocess
computedistances=pG in ( D � &rD�d )

endfor

Figure2. Processstructure( /F=bst=T` ).

For eachprocess,theCPUtimes(onthereferencenode)spentin phase1 andin eachstepof phase
2 are:

u v �n � ELKw;+ELKR6h/
BU P*VW;+GXB.P�[]\�& u v �i �xE Kji P*VW;+GXB.P�[]\�2 (4)

If ` is odd the computation is terminated;if ` is even a further phaseis neededin which `M9 U
processesreceive pointsfrom their opposite. In theendall thepartialhistogramsaresummed.The
fractionof total computationcarriedout in phase1 ( /C9%` ) becomesnegligibleas ` increases.

As G decreasesVW;�GXB decreases,andthecomputation to communicationratioworsens.
Weassumethatthevarioussubsetsarestatistically equivalent, i.e. VW;+GyB is thesamefor all subsets,

resultingin aconstanttime to processany pair of subsets.

4. Performance analysis and modeling

The elapsedtime on eachnodeis the sum of computationtime, context switching overhead,
time neededfor local activities involved with communications,and idle time (in generaldue to
transmission timeandimbalance).
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Weassumethat,for eachstepin phase2, thetransmissiontimeover thenetwork betweennodes	
and s canbemodeledas:u'z ��${ d �x|}� f�~ ��{ d�P*��	��1�,;�E K JLB (5)

where |}� is the latency, ~ �${ d is the communication time per byte, and ��	��1�,;+E�K�JLB is the number
of bytesto be moved. Similarly, usingsuitableparameters|�8�& ~ 8�&X| �:� and ~ ��� , we canmodelthe
intra-processorcommunicationtime

u z �8 , andthetime for packing/unpacking
u �:� � u'� ���

.u z �8 ,
u ���

and
u � ���

referto thereferencenode,andareassumedto varyamongnodesas /C91��� .
If E K is largeit canbeconvenientto split datainto stripsof suitable size.
Thecumulativeelapsedtime

� ��{ � on the 	 -th nodeat theendof the q -th stepis:� �${ 8�� u n� (6)� �${ ��� � ��{ � lon f u ��{ ��&Sq}�5/1&�2�2�2�&yku n� is theelapsedtime on the 	 -th nodeat theendof thelocalphaseand
u ��{ � is theelapsedtimeon the	 -th nodefor the q -th step:u n� � `]� u v �n��� f u v �'n� (7)u �${ �c� `]���� ; u v �i f u ��� f u � ��� B f u v � i� f ;�`]��6T/CB��� u'z �8 f u ����� ���{ �u v � n� and

u v � i� denotethetime lost dueto context switchingon the 	 -th nodein thelocal phaseandin
onesteprespectively.u ��� � ��${ � is relatedto imbalance,andis computedat eachstepin thefollowingway:u ��� � ��${ � � ���*�7; � � lon { � lon f `:� lon��� lon ; u v �i f u ��� B f ;�`:� lon 6�/CB��� lon ; u z �8 f u � ��� B f u v � i� lon f u z ��${ d (8)

6 � �${ � lon 6 `]���� ; u v �i f u �:� B.6 ;�`:��6T/CB��� ; u'z �8 f u � ��� B.6 u v � i� &�<gB:2
Theparallelexecutiontime is therefore

� ��� � �?���*�R� � �${ � .
This formulation allows us to implementa computersimulator, whoseaccuracy dependson the

numberof overheadsourcesweconsider.
Consideringthe CPU timesat the threelevels (step q on node 	 , node 	 , whole system) andthe

correspondingelapsedtimes, we can obtain [3] the efficiencies #���{ ��&r#%� and # . The systemwide
efficiency is relatedto thenode-level quantitiesby eq.(1).

Theimbalanceat thesteplevel for the 	 -th nodecanbedefinedas

� � { ��� u v �i ;�`]���]91������6N`]��91���wB (9)

where	+\ denotesthenodewith thehighestCPUtime( `C� � 91��� � �����*�,� ;w`]��9M����B ).
Sinceimbalanceis themainfactorthatlimitsperformancefor ring applicationsonheterogeneous

systems,it is interestingto obtainin a approximateway theefficiency lossat thenodelevel dueto
imbalanceas� ��� � � { �u v �i ;�`:�w91����B f � � { � ��/ 6 ��� �`:� � `:���� 2 (10)
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Usingeq. (1) weobtainthesystemwidequantity

� ��/¡6 �����`]��� `� 2 (11)

Following thisapproach,givenanheterogeneoussystemandgiven thetotalnumberof processes` ,
theoptimalallocationof processesis theonethatminimizes � � { � . Thisallocationcanbefoundusing
dynamicprogramming[5], or, in asimplerbut sub-optimal way, setting̀���¢ �+£¤ `R&�	¥��/1&�2�2�2:&�� , and
approximatingfractionalresultsto thenearestinteger.

5. Experimental and simulated results

5.1. The PC cluster and the message passing environments
Theapplication is testedon5 differentconfigurationsselectedin aclustercomposedof 7 PCs(see

Table1) with Windows 2000O.S.,connectedby switchedFast-Ethernet.Therelative speeds�M� are
averagevaluessincethey presentsomefluctuationsbothwith E¦K andwith G .
Table1
Descriptionof thevariousnodesin thecluster;a is thereferencenode

NodeId. Type MemorySize(MB) ���
a PIII 600MHz 128 1.00
b PIII 800MHz 128 1.20
c PIII 866MHz 256 1.30
d PIII 1.3GHz 256 1.80
e PIV 1.8GHz 256 2.07
f PIV 2.4GHz 256 3.28
g PIV 2.8GHz 512 3.59

To implementtheapplication,weconsidertwo messagepassingenvironments:MPICH NT 1.2.5
andMPICH2 1.0-1. They aretheversionsfor Windows of thefreely available andportableimple-
mentationsof MPI (MPICH [6]) andMPI-2 (MPICH2 [7]). As comparison,we alsoconsiderthe
versionfor Windowsof thepopularPVM library (PVM v. 3.4.5)[8,9], olderbut still largelyusedfor
its simplicity andeffectiveness.We usetheCompaqVisualFortrancompilerv.6.6. We performed
somepreliminary point-to-point communication trials with the threeenvironments, whoseresults
aresummarizedin Table2.

Table2
Comparisonof point-to-point communicationspeedsfor thethreemessagepassingenvironments

Environment |H;�§}�*B ~ ;�¨7�C9M©Xª u �CB |.\C;w§«�CB ~ \�;�¨7�*9%©�ª u �CB
MPICH2 30-120 90 10-45 11-43
MPICH 38-130 90 4-12 1-6
PVM 5000 300 5000 40-300
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It resultsthatcommunicationsin PVM arequitepoor, sincecommunication speedis limitedby the
varioussoftwareoverheadsat theO.S.andPVM levels,resulting in ahighlatency andin asustained
ratewell below the physicallimit ; moreover, intra-processorcommunicationsarenot muchfaster
thaninter-processorcommunications[1].

Communicationsin MPICH andMPICH2 are significantly more efficient; moreover MPICH2
yields slightly fasterinter-processorcommunicationsbut slower intra-processorcommunications.
IndeedMPICH usessockets for inter-processorcommunicationsand sharedmemory for intra-
processorcommunications,whereasour implementationof MPICH2 alwaysusessockets. In order
to assurethe maximum speedwe implementring communications in MPICH andMPICH2 using
thebufferedsend(BSEND).

5.2. The procedure
We considerdifferentproblemsizesandvarious G values. Pointsin

���
areobtainedfrom the

Henontimeseries[4] andnormalizedto theunitaryhypercube;wechooseJS��/
< , J�K¬� U
anduse

theeuclideannorm.Thetimeperpairmeasuredonthereferencenode(PIII 600MHz) is [
\��x<¬2�­1®%§«�
andthe VW;+GXB valuesfor ourdatasetare: VW; /CB¯�5/ , VW; U lR° B��?<¬2 U%± , VW; U lR² B���<¬2³< UM± , VW; U lR´ B¯��<¬2�<M<�­µ/ .

Thetrialsareexecutedondedicatednodesandwith a low traffic on thenetwork.
Sinceouraimis thedevelopmentof selfadaptiveapplications[10], ableto maximizeperformance

for agivenhardwareconfiguration,weemploy thefollowing procedure.
1) At thebeginning we executeon the targetsystema small instanceof thecomputation, with one
processpernode,just to evaluate theactualnodespeeds.
2) Dependingon themeasured�
� , a suitablenumber̀ of ring processesis selected,usingeq. (11)
andfixing themaximum allowedefficiency loss;for our clusterconfigurations,35 processesallow
in mostcaseto have � =x<¬2¶/ ; thentheoptimalmappingof ring processesto nodesis found[5] and
processesarelaunched.
3) Thespawn of therequestednumberof processesis carriedout in PVM usingthepvm spawn rou-
tine. In MPICH2similar routinesareavailable(MPI commspawnandMPI commspawn multiple),
but unfortunatelythey do not work well with our currentreleaseof MPICH2 for Windows. So,for
bothMPICH andMPICH2 environments,we usea procedurewhich spawnstheoptimalnumberof
ring processesby meansof J·�o	+¸%¹�¨ (MPICH) and J·�o	���º��
» (MPICH2) commands.

This approachassuresus that themappingis optimal, providedthe loadcharacteristicsof nodes
remainnearlyconstantduringcomputation.

5.3. Analysis of results
Theresultsof thetrialsarereportedin Tables3,4,5.
An accurateanalysisof performanceis difficult sincevariouseffects interact: for examplethe

variationof processorspeedswith theamountof local data,thetime spentby thevariousprocesses
in paging(this time varieswith theamountof dataof processes),the time for context switching of
processes,the actualimplementation of inter- and intra-nodecommunications, etc. Theseeffects
give in somecasesasuperlinearspeed-up.

However themainresultscanbesummarizedasfollows:
a) the naive porting (oneprocessper node)givespoor efficiencieswhereasthe virtual processes
approachperformsverywell (Table3);
b) asthe degreeof heterogeneityincreasesa higher ` valueis needed,on average,to achieve the
samebalancing(expressedby /¼6 � in Table4);
c) all threemessagepassingenvironmentsareableto givegoodperformance;differencesareappre-
ciableonly whenthecomputationto communication ratio is smallandin suchsituations MPI (both
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Table3
Executiontime (in seconds)andmeasured( # ) andsimulated( # � ) efficienciesobtainedon configu-
ration(a-g) ( �½�5/�¾¿2 U ¾ , 34�x<¬2�­µ/ ) usingMPICH2E 	W;+G�� U l � B � �+�+� ` � # # �
42000 0 596.8 7 100.8 0.42 0.46

” ” ” 35 49.1 0.85 0.84
210000 3 2614 7 316.2 0.58 0.53

” ” ” 35 158.2 1.16 0.96
420000 3 9554 7 1366 0.49 0.48

” ” ” 35 636.5 1.05 0.88
420000 6 975.5 7 139.7 0.49 0.49

” ” ” 35 61.2 1.12 0.89
420000 9 191.9 7 29.5 0.46 0.44

” ” ” 35 17.7 0.76 0.77
840000 9 751.7 7 117.8 0.45 0.46

” ” ” 35 62.8 0.84 0.82

Table4
Comparisonof threedifferentconfigurationsof 4 nodeswith MPICH2 ( E � /
<1­�<M<1< , GÀ� U lR°

,� �+�+� �x­MÁ1<µ2�Á )

config � 3 ` / 6 � � # # �
a,b,c,d 5.30 0.25 15 0.92 112.1 0.94 0.92
a,c,e,g 7.96 0.49 25 0.94 66.3 1.06 0.94
a,e,f,g 9.94 0.60 35 0.96 57.3 0.99 0.96

implementations)outperformsPVM, owing to fastercommunications(Table5);
d) MPICH2 is quite slower in the start-upphase(spawn of processesandsendingof portionsof
pointsto processes);
e) thecontext switchingoverheadis alwaysnegligible for thetypical numberof processespernode
weconsider;
f) experimentalandsimulatedresultsarein mostcasesin very goodagreement(Tables3,4,5);the
mostrelevantsourceof erroris probablythefluctuationof speedswith thesizeof localdata.

6. Conclusions

Weanalyzeandmodelperformanceof ring algorithmsonheterogeneousWindows-basedclusters
with variousmessagepassingenvironments,with theaim of developing efficient andauto-adaptive
applications.The generalproblemis exemplified consideringthe computation of long- andshort-
rangeinteractions.

The algorithmanalysisandthe experimental resultsshow that the virtual ring approach,with a
numberof processesmuchgreaterthanthenumberof nodes,andwith anumberof processesin each
nodematchingthenodespeed,is a feasibletechniqueto exploit averyhigh fractionof theavailable
power, evenfor platformswith a high heterogeneity. Dependingon G , we areableto processup to
millionsof highdimensionalpoints( JQ�5/
< or greater).

The algorithm is testedon a clusterof PCsconnectedby switchedFast-Ethernetwith Windows
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Table5
Comparisonof the threemessagepassingenvironments(conf=(a,b,e,f,g),�Â� /M/12�/�¾ , 3��Ã<¬2�­1­ ,EÄ�xÅM¾1<�<M<1< , G^� U lR´

,
� ����� �x®M­µ/12�® )

MPICH2 MPICH PVM` � # # � � # # � � # # �
5 168.0 0.40 0.38 169.1 0.40 0.38 203.4 0.33 0.38

15 97.2 0.69 0.75 97.3 0.69 0.75 126.5 0.53 0.72
21 86.4 0.78 0.80 83.9 0.80 0.80 108.7 0.62 0.75
25 84.0 0.80 0.78 83.8 0.81 0.78 106.4 0.63 0.71
35 94.9 0.71 0.79 78.2 0.86 0.80 106.3 0.63 0.69

O.S.,usingthreemessagepassinglibraries:MPICH2,MPICH andPVM. Whereassomedifferences
in performancedependon thedetailsof theimplementation of themessagepassinglibrary, it turns
out thatvirtual ring algorithms for heterogeneousWindows-basedclustersperformin all situations
in averysatisfactoryway.

Theproposedanalysisandprocedurearequitegeneral,andapply to any ring algorithmon het-
erogeneousplatforms. Detailedmodels,astheonepresentedin Sect.4, whichcanbeveryaccurate,
but rely on parameterswhich areoftenknown in anapproximateway, canbeusefulto understand
in depththebehaviour of theapplication.However, in practicalsituations we needrobustandauto-
adaptiveprocedures,ableto graspthebasicaspectsof thecomputingplatform/application.

As futurework we will considertheproblemsarisingwhentheloadof nodesvariesduringcom-
putation[11,12]. In thiscaseweneedthedynamicmigration of processesamongthevariousnodes,
accordingto nodeload.Anotherpossibleapproachis to usethreadsinsteadof processes.
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