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Abstract

Usingworkstationsona LANasa parallel computeris becom-
ing increasinglycommon.At thesametime, parallelizing compil-
ers are makingsuch systemseasierto program. Understanding
thetraffic of compiler–parallelizedprogramsrunningonnetworks
is vital for networkplanninganddesigningquality of servicesys-
tems.To providea basisfor such understanding, wemeasuredthe
traffic of sixdense-matrixapplicationswritten in a dialectof High
PerformanceFortran,compiledwith theFx parallelizingcompiler,
andrun on an EthernetLAN.Thetraffic of theseprogramsis pro-
foundly different from typical networktraffic. In particular, the
programsexhibit globalcollectivecommunicationpatterns,corre-
latedtraffic alongmanyconnections,constantburst sizes,andpe-
riodic burstinesswith bandwidthdependentperiodicity. Thetraf-
fic of theseprogramscanbecharacterizedby thepowerspectra of
their instantaneousaverage bandwidth.

1. Intr oduction

As theperformanceof localareanetworksgrows,it is in-
creasinglytemptingto useaclusterof workstationsasapar-
allel computer. At the sametime, presentationlayer APIs
suchas PVM [12] and MPI [19], and parallel languages
suchasHigh PerformanceFortran [10] (HPF) have been,
greatly enhancingthe portability of parallel programsto
workstationclusters.Further, theparallelcomputingcom-
munity hasdevelopedextremelyefficient implementations
of theseAPIs andlanguages[17, 1, 4].

As implementationscontinueto becomemoreefficient,
theperformanceof thenetwork will beincreasinglyimpor-
tant. In additionto significantly increasedconnectionand
aggregatebandwidths,next generationnetworkswill supply
quality of service(QoS)guaranteesfor connections[2, 3].
Parallelprogramsmaybeableto benefitfrom suchguaran-
tees.However, to extracta QoSguaranteefrom a network,
an applicationmust supply a characterizationof its traf-
fic [8]. Muchof thework in traffic characterizationhascon-
centratedon mediastreams[9, 11], althoughsomework on
ATM call admissionfor parallelapplicationshasassumed

correlatedbursty traffic [7]. In this paper, we detail mea-
surementsof the traffic of densematrix parallelprograms
written in a dialect of HPF and compiled with Carnegie
Mellon University’sFx parallelizingcompiler[13].

In all, we measuredthenetwork behavior of six Fx par-
allel programson a shared10 mbpsEthernet.Five of these
programsarekernelswhich exhibit global communication
patternscommonto Fx programs.Fx parallelizesdensema-
trix codeswritten in a dialectof HPF. Fx targetstheSPMD
machinemodel,asdo many otherparallelizingcompilers.
We alsolook at a largescaleexampleof anFx application,
an air quality modelingapplicationwhich is being paral-
lelizedat CMU in aprojectrelatedto Fx [14].

Theoutgrowth of thesemeasurementsis theobservation
thatthetraffic of Fx parallelprogramsis fundamentally
differentfrom thoseof mediastreams.Specifically, parallel
programsexhibit� Globalcollectivecommunicationpatterns� Correlatedtraffic alongmany connections� Constantburstsizes� Periodicburstiness� Bandwidthdependentperiodicity

We characterizethe programs’bandwidthdemandsby
the power spectraof their instantaneousaverage band-
widths. Thesespectradirectly correspondto the Fourier
seriescoefficientsneededto reconstructthe instantaneous
averagebandwidthat any point in time. Interestingly, these
spectraare rather sparseand “spiky”, which meansthe
Fourierexpansioncanbelimited to importantspikes,form-
ing a simpleanalyticmodelthatapproximatestheinstanta-
neousaveragebandwidth.

2. Communication patterns

The Fx compilerparallelizesdensematrix codesbased
on parallel array assignmentstatementsand targets dis-
tributedmemoryparallel computersusing the SinglePro-
gram,Multiple Data(SPMD)model. This modelis theul-
timatetarget of many parallelandparallelizingcompilers.
In theSPMDmodel,eachprocessorexecutesthesamepro-
gram,whichworksonprocessor-localdata.Frequently, the
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Figure 1. Fx Comm unication patterns

processorsexchangedataby messagepassing,which also
synchronizestheprocessors.This messageexchangeis re-
ferredto asa communicationphase. Theparallelprogram
executesasinterleavedcommunicationandlocal computa-
tion phases.

A communicationphasecanbe classifiedaccordingto
thepatternof messageexchangeamongtheprocessors.In
general,this patterncanbemany-to-many, whereeachpro-
cessorsendsto any arbitrarygroupof the remainingpro-
cessors.However, certainpatternsaremuchmorecommon
thanothers,especiallyin densematrix computationssuch
asthosetypically codedin HPF andFx. For example,the
neighborpattern,whereeachprocessor��� sendsto proces-
sors ������� and ���
	�� is common. Anothercommonpattern
is all-to-all, whereeachprocessorsendsto everyotherpro-
cessor. A third patternis partition, wheretheprocessorsare
partitionedinto two or moresetsandeachmemberof a set
sendsto everymemberof anotherset.Fourth,a singlepro-
cessormay broadcasta messageto every otherprocessor.
Finally, the patterncanbe a tree, whereevery secondpro-
cessorsendsto its left neighborandthendropsout. This is
repeateduntil oneprocessorremains.Sometimesthisis fol-
lowedwith a “down-sweep”,reversingthe process.These
communicationpatternsaresummarizedin Figure1.

3. Program descriptions

The six Fx programschosenfor investigationfall into
two classes.Five of the programs,SOR,2DFFT, TDFFT,
SEQ,andHIST, arekernelsthatexhibit thecommunication
patternsdiscussedin section2. Thesekernelsarepartof the
Fx testsuite. AIRSHED [16, 14], an air quality modeling
application,representsa “real” scientificapplication.

3.1. Fx kernels

Five of the Fx programs,SOR,2DFFT, T2DFFT, SEQ,
andHIST, werechosento exhibit communicationpatterns
commonto SPMDparallelprogramsdiscussedin section2.
Thesekernelsare summarizedin figure 2. For eachpro-
gram,wediscussthedistributionof its data(an ��
�� ma-
trix) over its � processors,the local computationon each
processor, andtheglobalcommunicationit exhibits.

Pattern Kernel Description
Neighbor SOR 2D Successive overrelaxation
All-to-all 2DFFT 2D DataparallelFFT
Partition T2DFFT 2D TaskparallelFFT
Broadcast SEQ SequentialI/O
Tree HIST 2D Imagehistogram

Figure 2. Fx kernels

SORis a successive overrelaxationkernel. In eachstep,
eachelementof an ��
�� matrix computesits next value
asa functionof its neighboringelements.In theFx imple-
mentation,the rows of the matrix aredistributedacross�
processorsby blocks: processor0 owns the first

� �
rows,

processor1 thenext
� �

rows,etc. Becauseof this distribu-
tion, ateachstep,everyprocessor� exceptfor processors�
and ����� mustexchangearow of datawith processor�����
andprocessor����� beforecomputingthenext valueof each
of theelementsit owns. In every step,eachprocessorper-
forms � � �"!�$# local work andsendsan � �%� # sizemessage
to processors�&�'� and� �(� . SORis ourexampleof such
aneighborcommunicationpattern.

2DFFT is a two-dimensionalFast Fourier Transform.
Like in SOR,the ��
�� input matrix hasits rows block-
distributedover theprocessors.In thefirst step,local one-
dimensionalFFTsarerun over eachrow a processorowns.
Next, the matrix is redistributed so that its columnsare
block-distributedover the processors.Finally, local one-
dimensionalFFTs are run over eachcolumn a processor
owns.Eachprocessorperforms� � �"!*) +-,.�� #

work andgen-

eratesa � �0/ � �21434# sizemessagefor every otherprocessor.
2DFFT is our exampleof a all-to-all communicationpat-
tern.

T2DFFTis a pipelined,taskparallel2DFFT. Half of the
processorsperform the local row FFTs and sendthe re-
sulting matrix to the other half, which perform the local
columnFFTs. A side effect of the communicationis the
distribution transpose,so eachsendingprocessorsendsan� � / � � 103 # sizemessageto eachof thereceiving processors.
Noticethateachmessageis twiceaslargeasfor 2DFFTfor
the samenumberof processors.Eachprocessorperforms� � �"!65
798:�� #

work. This is our exampleof a partition com-
municationpattern.

SEQis anexampleof thekind of broadcastcommunica-
tion patternthatresultsfrom sequentialI/O in Fx programs.
An �;
�� matrix distributedover theprocessorsis initial-
izedelement-wiseby dataproducedon processor0. This is
implementedby having processor0 broadcasteachelement
to eachof theotherprocessors,which collect theelements
they need.Thisprogramperformsnocomputation,but pro-
cessor0 sends� 3 � �<� # sizemessagesto every otherpro-
cessor. This is our exampleof a broadcastcommunication
pattern.
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HIST computesthehistogramof elementsof a ��
=�
input matrix. Theinputmatrix hasits rowsdistributedover
theprocessors.Eachprocessorcomputesa local histogram
vectorfor therowsit owns.After this,thereare >@?BA�� steps,
whereat step C , processorswhosenumbersareodd multi-
plesof D � sendtheir histogramvectorto theprocessorsthat
areeven multiples of D � . Theseprocessorsmerge the in-
cominghistogramvectorwith their local histogramvector.
Ultimately, processor0 hasthecompletehistogram,which
it broadcaststo all theotherprocessors.This is anexample
of a treecommunicationpattern.

3.2. AIRSHED Simulation

ThemultiscaleAIRSHEDmodelcapturestheformation,
reaction,andtransportof atmosphericpollutantsandrelated
chemicalspecies[15]. Thegoalof arelatedresearchproject
wasto convert this massive applicationinto a portableand
scalableparallelprogram[14]. As apartof thiswork, AIR-
SHED wasportedto Fx. However, at the time of our re-
search,this port hadnot beencompleted.Instead,we mea-
suredanFx skeletonof theapplicationwhich wasprepared
by theportinggroup.Theskeletonmodelsboththecompu-
tationandcommunicationof theactualapplication.

AIRSHED simulatesthe movementand reactionof E
chemicalspecies,distributed over domainscontaining �
grid pointsin eachof F atmosphericlayers[16]. Input is anFG
�E2
&� concentrationarray H , which is transformedinto
an outputconcentrationarray HJI via a pre-processingstep
followedby asequenceof K simulationsteps,eachconsist-
ing of ahorizontaltransportphase,andachemistry/vertical
transportphase.EachhorizontaltransportphaseperformsFJ
(E independentcomputations,one for eachlayer and
species. The chemistry/vertical transportphaseperforms
an independentcomputationfor eachof the � grid points.
The HMLNHJI transformationformsasimulation-hourandis
repeatedO times.

In the implementation,to computethe horizontaltrans-
port phase,the array is block-distributedacross� proces-
sorsby layer:processor0 ownsthefirst

5�
layers,processor

1 ownsthenext
5�

layers,andsoon. Thechemistry/vertical
transportphaseis computedwith thearrayblock-distributed
by the grid dimension.Thus,after thehorizontaltransport
phase,a distribution transposeis performed,requiringthat
eachprocessorsenda messageof size � �:P*Q.R0Q 5� ! # to every
otherprocessor. Oncethechemistry/verticaltransportcom-
putationis finished,anotherdistribution transposeis per-
formed in which eachprocessorsendsa messageof size� �SPTQUR0Q 5� ! # to eachof theotherprocessors.

4. Methodology

Nine DEC 3000/400Alpha (21064at 133MHz with 64
MB RAM) workstations[6] runningOSF/12.0 wereused
asour testbed.Thebuilt-in Ethernetadaptorsweremarried
to a multi-segmentbridgedEthernetLAN, soall machines
shareda commoncollision domainandan aggregate1.25
MB/s of bandwidth.Sincethesemachinesareoffice work-
stationsand other machinessharethe LAN, all measure-
mentswereperformedin theearlymorninghours(4-5 am)
to avoid othertraffic, andwererepeatedseveraltimes.

We usedPVM [12] for communication,configuringit
usedirectTCPconnectionsfor all intermachinecommuni-
cation insteadof routing messagesthroughthe PVM dae-
mons. While datais “packed” into a PVM messageusing
a varietyof API calls, thedatais not necessarilyappended
into a contiguousmemorybuffer. Instead,it is storedasa
list of fragmentswhich aresentindependently. This means
that programsthat make multiple pack calls per message
will have differentnetwork characteristicsthan thosethat
makeasinglepackcall.

Eachof thesix Fx programscanbecompiledfor anar-
bitrary numberof processors.Due to the stressthesepro-
gramsplaceon machinesandnetworks, it wasdecidedto
compilethemfor four processors.Theprogramswerecom-
piledwith version2.2of Fx compilerandversion3.3of the
DEC Fortrancompiler. The basiclevel of optimization(-
O) wasusedwith thelattercompiler. Theobjectfiles were
linked with version3.3.3of PVM andwith version2.2 of
theFx/PVM run-time.

To measurethe network traffic, one of the worksta-
tions wasconfiguredwith the DEC packet filter software,
whichallowsprivilegedusersto usethenetwork adaptorin
promiscuousmode.Themeasurementworkstationwasnot
usedto run any Fx program.Instead,it rantheTCPDUMP
programincludedwith OSF/1andcollecteda traceof all
the packets on the LAN generatedby eachtest program.
For theFx programs,includingAIRSHED,eachouterloop
as iterated100 times,except for SEQ,which was iterated
five times.

Eachof our tracescapturedall the packetson the net-
work, providing a time stamp,size, protocol, sourceand
destinationfor eachpacket. We consideredthe sizeof the
packet to includethedataportion,TCPor UDP header, IP
header, andEthernetheaderandtrailer. Wheresensible,we
produceda tracefor a singleconnectionby extractingall
packetssentfrom onehostto another.

5. Results

In this section,we describethetraffic characteristicsfor
eachof thesix Fx programsusingacommonformat.
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5.1. Fx kernels

For eachof thekernels,we examinedits aggregatetraf-
fic and the traffic of a representative connection,if there
was one. We definea connectionto be a kernel-specific
simplex channelbetweena sourcemachinein a destination
machine.Thusfor �WVYX , eachof the kernelsexhibits 12
connections.Notice that by consideringa connectionbe-
tweenmachinesasopposedto betweenmachine-portpairs,
we captureall kernel-specifictraffic betweena sourceand
destinationmachine.This includesTCPtraffic for message
passing,UDP traffic betweenthePVM daemons,andTCP
ACKs for thesymmetricchannel.Thecommunicationpat-
ternof HIST andSEQarenotsymmetric,soweonly exam-
ine theaggregatetraffic of thesekernels.T2DFFT’spattern
is symmetricaboutthepartition,sowe considera connec-
tion from a machinein thesendinghalf to a machinein the
receiving half. The otherkernelshave symmetriccommu-
nicationpatterns,sowechoosetheconnectionbetweentwo
arbitrarymachines.

The traffic of eachof the kernelsis characterizedby its
packet sizes,interarrival timesfor packets,andbandwidth,
both for theaggregatetraffic andthetraffic over the repre-
sentative connection.We concentrateon characterizingthe
bandwidth,sincethis appearsthemostinteresting.

Figure 3 shows the minimum, maximum,averageand
standarddeviationof packetsizesfor eachof thefiveappli-
cations.Althoughwe do not presenthistogramshere,it is
importantto remarkthatfor severalof thekernels(2DFFT,
HIST, SOR), the distribution of packet sizesis trimodal.
This is becausetheseprogramssendmessageslarge mes-
sageswhicharesplit overseveralmaximalsizepacketsand
a singlesmallerpacket for theremainder. Further, because
TCPisusedfor thedatatransfer, thereareasignificantnum-
ber of ACK packets. One would expect T2DFFT to also
sendlargemessagesandthereforeexhibit a trimodaldistri-
bution of packet sizes. However, with T2DFFT, multiple
PVM packcalls aremadeper message.As describedear-
lier, many fragmentsresult,explainingthevarietyof packet
sizes.

Figure4 shows the minimum, maximum,average,and
standarddeviation of the packet interarrival timesfor each
of the five programs.Notice that ratio of maximumto av-
erageinterarrival time for eachprogramis quitehigh. This
is due to the aggregatebursty natureof the traffic, as we
discussbelow.

Figure5 showstheaveragebandwidthusedoverthelife-
time of eachof thefive programs.It is somewhatcounter-
intuitive (and quite promising!) that even the most com-
municationintensive Fx programssuchas2DFFT do not
consumeall the availablebandwidth.However, recall that
Fx programssynchronizevia their global communication
phases,so therearestretchesof time whereevery proces-

Packet Size(Bytes)
Program Min Max Avg SD
SOR 58 1518 473 568
2DFFT 58 1518 969 678
T2DFFT 58 1518 912 663
SEQ 58 90 75 14
HIST 58 1518 499 575

(aggregate)

Packet Size(Bytes)
Program Min Max Avg SD
SOR 58 1518 577 591
2DFFT 58 1518 977 667
T2DFFT 134 1518 1442 158
SEQ - - - -
HIST - - - -

(connection)

Figure 3. Packet size statistics: Fx kernels

Interarri val Time (ms)
Program Min Max Avg SD
SOR 0.0 1728.7 82.1 234.9
2DFFT 0.0 1395.8 1.3 10.8
T2DFFT 0.0 1301.6 1.5 14.3
SEQ 0.0 218.6 1.3 8.6
HIST 0.0 449.9 16.5 45.5

(aggregate)

Interarri val Time (ms)
Program Min Max Avg SD
SOR 0.0 1797.0 614.2 590.8
2DFFT 0.0 2732.6 15.1 120.5
T2DFFT 0.0 4216.7 9.5 127.3
SEQ - - - -
HIST - - - -

(connection)

Figure 4. Interarriv al time statistics: Fx ker-
nels

sor is computing.Eachof theseperiodsis followedby an
intenseburstof traffic, asevery processortries to commu-
nicate.

It is importantto notethat this synchronizationis inher-
entin theFx modelandis notmerelyaresultof serialization
dueto the EthernetMAC protocol. In fact, in severalnew
communicationstrategiesoptimizedfor compiler-generated
SPMDprogramstheglobalsynchronizationis enforcedby
a separatebarriersynchronizationbeforeeachcommunica-
tion phase[18].

Theeffectof this inherentsynchronizationis madeclear
by examiningfigure6, which plotstheinstantaneousband-
width averagedover a 10 ms window for the eachof the
kernel.Thiswascomputedusingasliding 10 msaveraging
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Program KB/s
SOR 5.6
2DFFT 754.8
T2DFFT 607.1
SEQ 58.3
HIST 29.6

Program KB/s
SOR 0.9
2DFFT 63.2
T2DFFT 148.6
SEQ -
HIST -

(aggregate) (connection)

Figure 5. Average band width: Fx kernels

window whichmovesasinglepacketata time. SinceHIST
andSEQhave no representative connection,only their ag-
gregatebandwidthsareplotted.In eachcase,weshow aten
secondspanof time,enoughto includeseveraliterationsof
thekernel.

The mostremarkableattribute of eachof the kernelsis
that the bandwidthdemandis highly periodic. Consider
the 2DFFT. Both plots show about five iterationsof the
kernel. Notice that thereare substantialportionsof time
where virtually no bandwidthis used(all the processors
are in a computephase). The reasonthe third and fourth
burst are short is becausethey are, in fact, a single com-
municationphasewheresomeprocessordescheduledthe
program. Becausethe all-to-all communicationschedule
is fixedandsynchronous,thecommunicationphasestalled
until thatprocessorwasableto sendagain.

Figure7 shows the correspondingpower spectra(peri-
odograms)of the instantaneousaveragebandwidth. The
power spectrashow the frequency-domainbehavior of the
bandwidth,andarevery usefulfor characterizingit, aswe
will explore in Section6. It is importantto note that the
power spectracapturetheperiodicityof thebandwidthde-
mandstheseapplicationsplaceon thenetwork.

For thesecalculations,theentiretraceof eachkernelwas
used,not just thefirst 10secondsdisplayedin figure6. Be-
causeapowerspectrumcomputationrequiresevenlyspaced
inputdata,theinputbandwidthwasacomputedalongstatic
10 msintervalsby includingall packetsthatarrivedduring
the interval. This is a closeapproximationto the sliding
window bandwidth,andmorefeasiblethancorrectlysam-
pling thesliding window bandwidthdata,which would re-
quirea curvefit overa massiveamountof data.

Not surprisingly, SEQ,in which processor0 repeatedly
broadcastsa single word, is extremely periodic, with the
four Hz harmonicbeing the most important. HIST hasa
5 Hz fundamentalwith linearly decliningharmonicsat 10,
15,etc.Hz.

SORand2DFFTdisplayoppositerelationshipsbetween
theconnectionandaggregatepower spectra.For SOR,the
connectionpower spectrumshows greatperiodicity, with
a fundamentalof about5 Hz and interestinglymodulated
harmonics,but theaggregatepowerspectrumshowsfar less
clearperiodicity. For 2DFFT, therelationshipis thereverse,

Packet Size(Bytes)
Program Min Max Avg SD
AIRSHED 58 1518 899 693

(aggregate)

Packet Size(Bytes)
Program Min Max Avg SD
AIRSHED 58 1518 889 688

(connection)

Figure 8. Packet size statistics: AIRSHED

althoughlessstrong,with a clear fundamentalof �[Z\D Hz
andexponentiallydecliningharmonics.Therearetwo ex-
planationsfor this. First, 2DFFT transfersmore dataper
messagethan SOR ( � � / � � 143 # versus � ��� # , � V^]U�_D ,�`VaX ), so hasa betterchanceof beingdescheduled(as
discussedabove).Second,2DFFT’scommunicationpattern
more closely synchronizesall the processorsthan SOR’s.
Thusa singleSORconnectionhasa betterchanceof be-
ing periodicbecausethesendingprocessoris lesslikely to
bedescheduled.On theotherhand,SOR’s aggregatetraffic
will belessperiodicbecausetheprocessorsarelesstightly
synchronized.Notice,however, that in bothcases,therep-
resentativeconnection’spowerspectrumdoesshow consid-
erableperiodicity.

T2DFFT’s power spectrahave the leastclearperiodic-
ity of all theFx kernels.However, theaggregatespectrum
seemsslightly cleanerthanthespectrumof therepresenta-
tiveconnection.Thefactthatneitherspectrumis veryclean
is surprisinggiventhesynchronizingnatureof this pattern,
thebalancedmessagesizes,andthecommunicationsched-
ule (shift) usedfor it. We believe the problemarisesfrom
fragmentation.

5.2. AIRSHED Simulation

Figure8 shows the minimum, maximum,average,and
standarddeviation of packet sizesfor theAIRSHED appli-
cation. We observe that thepacket sizedistribution for the
singleconnectionis verysimilarto theaggregatepacketdis-
tribution,which supportstheargumentthat thetraffic from
thesingleconnectionis representativeof theaggregatetraf-
fic.

Figure9 shows the minimum, maximum,average,and
thestandarddeviationof packetinterarrival times.Notethat
both themaximumandaverageinterarrival timesareof an
orderof magnitudegreaterthanthatof the kernelapplica-
tions. As in thecaseof thekernelapplications,theratio of
maximumto averageinterarrival time is quitehigh, which
is characteristicof burstytraffic.

The averageaggregateand per-connectionbandwidths
for theAIRSHED applicationare32.7KB/s and2.7 KB/s,
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Figure 7. Power spectrum of band width of Fx kernels (10ms averaging inter val)
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Interarri val Time (ms)
Program Min Max Avg SD
AIRSHED 0.0 23448.6 26.8 513.3

(aggregate)

Interarri val Time (ms)
Program Min Max Avg SD
AIRSHED 0.0 37018.5 317.4 2353.6

(connection)

Figure 9. Interarriv al time statistics: AIR-
SHED

respectively. Figure10 shows theinstantaneousbandwidth
averagedovera10mswindow (overa500secinterval,and
a 60 secinterval). It is clear that the bandwidthdemand
is highly periodic,andis periodicover threedifferenttime
scales,correspondingto the O�VY�_�B� simulation-hours,theK�Vc] simulationstepsin anhour, andthe two phasesand
distribution transposeswithin a simulationstep.

Suchperiodicity becomesvery clearwhenwe observe
the power spectra(figure 11). Therearethreepeaks(plus
their harmonics)in the power spectrumat approximately
0.015 Hz (66 sec, correspondingto a simulation hour),
0.2 Hz (5 sec,correspondingto the length of the chemi-
cal/verticaltransportphase),and5 Hz (200ms,correspond-
ing to thatof thehorizontaltransportphase),respectively.

6. Discussion

Themeasurementandanalysisof theFx kernelsandthe
AIRSHED programpoint to several importantcharacteris-
ticsof thenetwork traffic of Fx parallelprograms.Themost
importantof theseis thattheir periodicityis well character-
ized by their power spectra,andcanbe emulatedby sim-
plifying the Fourier seriesimplied by the spectra.Finally,
we suggesta negotiationmodel for QoSwhich would al-
low both the network and the programto co-optimizefor
performance.

Elementary characteristics: Fx programsexhibit some
global, collective communicationpatternswhich may not
necessarilybecharacterizedby thebehavior of singlecon-
nection. For example, the SEQ (broadcastpattern)and
HIST (tree pattern)kernelsare not symmetric— in SEQ
only theconnectionfrom processor0 to theeveryotherpro-
cessor(andthesymmetricconnectionsbackto processor0)
seetraffic. Furthermore,characterizingthesymmetricpat-
ternssuchasneighbor, all-to-all, andpartition by a single
connectionignoresthefact that thesepatternsarevery dif-
ferentin the numberof connectionsthatareused.For ex-
ample,eachof thepatternsmaycommunicatethesamesize

messagealonga connection,but while all-to-all sendssuch
amessagealongall �&�%�d�'� # connections,neighborsends
amessagealongonly at most D\� connections.

Anotherimportantcharacteristicof Fx programsis that
their communicationphasesare synchronized,either ex-
plicitly or implicitly. This meansthat the traffic alongthe
active connectionis correlatedandany traffic modelmust
capturethis. Further, the strongerthesynchronization,the
morelikely it is thattheconnectionsarein phase.

Characterizing periodicity: As statedabove, the syn-
chronizedcommunicationphasesof a Fx programimply
thatits connectionsactin phase.Thus,thepowerspectraof
Figures7 and11 fully characterizethebandwidthdemands
of theapplicationsdiscussedin this paper. Furthermore,it
shouldberealizedthat thepower spectrumis thesquareof
theFouriertransformof thetime-domaininstantaneousav-
eragebandwidth. Sincethis underlyingsignal is periodic,
the transformis a Fourier series.We canapproximatethe
signalby choosingsomenumberof themostsignificantco-
efficients(the “spikes”). As the numberof spikeschosen
increases,theapproximationwill convergeto theactualsig-
nal.

QoS negotiation model: From the perspective of a QoS
system,thecommunicationpatternof anFx programis vi-
tal information,as is the numberof processors.The pat-
ternshowshow traffic will becorrelated,andthenumberof
processorsdeterminesthepacingof thetraffic. TheFx pro-
gram,ontheotherhand,wantsto choosethenumberof pro-
cessorsthatwill let it minimizeits runningtime,or, equiva-
lently, it’s inter-burstinterval, e<fg� . Wesuggestthereforethat
theprogramshouldcharacterizeits traffic with threeparam-
eters,h F<� #:i-j � #:i-kSl , where

k
is thecommunicationpattern,F is

a function from the numberof processors� to the local
computationtime e 5
7-monS5 on eachprocessor, and

j
is a func-

tion from � to theburstsize � , alongeachconnection.To
meetthe“guarantee”of minimizing e<fg� , thenetwork would
returnthenumberof processors� theprogramshouldrun
on.

7. Conclusionsand futur e work

We measuredthe traffic characteristicsof six parallel
programson a shared10 mbpsEthernet. The conclusion
to bedrawn from themeasurementsis thatthetraffic of par-
allel programsis fundamentallydifferent from the media
traffic thatis thecurrentfocusof QoSresearch.Unlikeme-
dia traffic, thereis no intrinsic periodicity due to a frame
rate. Instead,the periodicity is determinedby application
parametersand the network itself. We suggesteda traffic
characterizationandservicenegotiationmodel that allows
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Figure 10. Instantaneous band width of AIRSHED (10ms averaging inter val)

thenetwork to modulateapplicationparametersin aneffort
to achieve the bestperformancepossiblegiven the current
network state.

Repeatingthis study on a more modernswitchednet-
work wouldbeenlightening,althoughevenonourslow net-
work theprogramswerefor themostpartcompute-bound.
However, in our studytheinjectedtraffic couldbecomese-
rialized throughthe sharedmedia. We don’t believe that
happenedoften,but the chanceswould be even lower in a
modernswitchednetwork. We arealso consideringwhat
meaningour resultshave for currentefforts to predict re-
sourceavailability in networks[5, 20].
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