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Abstract

Usingworkstationona LAN asa parallel computelis becom-
ing increasinglycommon At the sametime, parallelizing compil-
ers are makingsud systemsasierto program. Undeistanding
thetraffic of compiler-parallelizedprogramsrunningon networks
is vital for networkplanningand designingquality of servicesys-
tems.To provide a basisfor sud undestanding we measuedthe
traffic of sixdense-matriapplicationswrittenin a dialectof High
Performancérortran, compiledwith theFx parallelizing compiler
andrun on an EthernetLAN. Thetraffic of theseprogramsis pro-
foundly different from typical networktraffic. In particular, the
programsexhibit global collectivecommunicatiompatterns corre-
latedtraffic alongmanyconnectionsgonstantourst sizesand pe-
riodic burstinesswith bandwidthdependenperiodicity. Thetraf-
fic of theseprogramscanbecharacterizedby thepowerspecta of
their instantaneouaverage bandwidth.

1. Intr oduction

Astheperformancef localareanetworksgrows, it isin-
creasinglytemptingto useaclusterof workstationsasapar
allel computer At the sametime, presentatiofayer APIs
suchas PVM [12] and MPI [19], and parallel languages
suchas High Performancd-ortran[10] (HPF) have been,
greatly enhancingthe portability of parallel programsto
workstationclusters. Further the parallelcomputingcom-
munity hasdevelopedextremely efficient implementations
of theseAPIsandlanguage$17, 1, 4].

As implementationsontinueto becomemore efficient,
the performancef the network will beincreasinglyimpor-
tant. In additionto significantlyincreasedconnectionand
aggregatebandwidthsnext generatiometworkswill supply
quality of service(QoS)guaranteeor connectiong2, 3].
Parallelprogramsmnaybe ableto benefitfrom suchguaran-
tees.However, to extracta QoSguarantedrom a network,
an applicationmust supply a characterizatiorof its traf-
fic [8]. Much of thework in traffic characterizatiohascon-
centratecbn mediastreamg9, 11], althoughsomework on
ATM call admissionfor parallelapplicationshasassumed
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correlatedoursty traffic [7]. In this paper we detail mea-
surementf the traffic of densematrix parallel programs
written in a dialect of HPF and compiledwith Carngie
Mellon University’s Fx parallelizingcompiler[13].

In all, we measuredhe network behavior of six Fx par
allel programson a sharedl0 mbpsEthernet.Five of these
programsare kernelswhich exhibit global communication
patterncommonto Fx programsFx parallelizeslensema-
trix codeswritten in a dialectof HPFE Fx targetsthe SPMD
machinemodel,asdo mary otherparallelizingcompilers.
We alsolook at a large scaleexampleof an Fx application,
an air quality modelingapplicationwhich is being paral-
lelizedat CMU in aprojectrelatedto Fx [14].

Theoutgronth of thesemeasurements the obsenation
thatthetraffic of Fx parallelprogramss fundamentally
differentfrom thoseof mediastreams Specifically parallel
programsexhibit
Global collective communicatiorpatterns
Correlatedraffic alongmary connections
Constanburstsizes
Periodicburstiness
Bandwidthdependenperiodicity

We characterizehe programs’bandwidthdemandsby
the power spectraof their instantaneousaverage band-
widths. Thesespectradirectly correspondo the Fourier
seriescoeficients neededo reconstructhe instantaneous
averagebandwidthat any pointin time. Interestinglythese
spectraare rather sparseand “spiky”, which meansthe
Fourierexpansioncanbelimited to importantspikes,form-
ing a simpleanalyticmodelthatapproximateshe instanta-
neousaveragebandwidth.

2. Communication patterns

The Fx compiler parallelizesdensematrix codesbased
on parallel array assignmentstatementsand targets dis-
tributed memoryparallel computersusing the Single Pro-
gram,Multiple Data(SPMD)model. This modelis the ul-
timatetarget of mary paralleland parallelizingcompilers.
In the SPMD model,eachprocessoexecuteshe samepro-
gram,whichworkson processotocal data.Frequentlythe
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Figure 1. Fx Communication patterns

processorgxchangedataby messaggpassingwhich also
synchronizeshe processorsThis messagexchanges re-
ferredto asa communicatiorphase The parallelprogram
executesasinterleaved communicatiorandlocal computa-
tion phases

A communicationphasecan be classifiedaccordingto
the patternof messagexchangeamongthe processorsin
generalthis patterncanbe many-to-manywhereeachpro-
cessorsendsto ary arbitrary group of the remainingpro-
cessorsHowever, certainpatternsaremuchmorecommon
than others,especiallyin densematrix computationssuch
asthosetypically codedin HPFandFx. For example,the
neighborpattern,whereeachprocessop; sendgo proces-
sorsp;—1 andp;11 is common. Another commonpattern
is all-to-all, whereeachprocessosendgo every otherpro-
cessorA third patternis partition, wherethe processorare
partitionedinto two or moresetsandeachmemberof a set
sendgo every memberof anotherset. Fourth,a singlepro-
cessomay broadcasta messageo every otherprocessar
Finally, the patterncanbe a treg whereevery secondpro-
cessoisenddo its left neighborandthendropsout. This is
repeatedintil oneprocessoremains.Sometimeshisis fol-
lowed with a “down-sweep” reversingthe process.These
communicatiorpatternsaaresummarizedn Figurel.

3. Program descriptions

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

3.1 Fx kernels

Five of the Fx programs SOR,2DFFT, T2DFFT, SEQ,
andHIST, were chosento exhibit communicatiorpatterns
commonto SPMD parallelprogramdiscussedh section2.
Thesekernelsare summarizedn figure 2. For eachpro-
gram,we discusghedistribution of its data(an V. x N ma-
trix) over its P processorsthe local computationon each
processarandthe globalcommunicatiorit exhibits.

Pattern Kernel Description

Neighbor | SOR 2D Successie overrelaxation
All-to-all | 2DFFT | 2D DataparallelFFT
Partition | T2DFFT | 2D TaskparallelFFT
Broadcast| SEQ Sequential/O

Tree HIST 2D Imagehistogram

Figure 2. Fx kernels

SORis a successie overrelaxatiorkernel. In eachstep,
eachelementof an N x N matrix computests next value
asa functionof its neighboringelements.In the Fx imple-
mentation the rows of the matrix are distributedacrossP
processordy blocks: processof owns the first % rows,
processod the next % rows, etc. Becauseof this distribu-
tion, ateachstep,every processop exceptfor processor§
andP — 1 mustexchangearow of datawith processop—1
andprocessop+ 1 beforecomputingthenext valueof each
of the elementst owns. In every step,eachprocessoper
formsO(NTf) local work andsendsan O (V) sizemessage
to processorg — 1 andp + 1. SORis our exampleof such
aneighborcommunicatiorpattern.

2DFFT is a two-dimensionalFast Fourier Transform.
Likein SOR,the N x N input matrix hasits rows block-
distributedover the processorsin the first step,local one-
dimensionaFFTsarerun over eachrow a processoowns.
Next, the matrix is redistributed so that its columnsare
block-distrituted over the processors.Finally, local one-
dimensionalFFTs are run over eachcolumn a processor

owns. EachprocessoperformsO(NZlPM) work andgen-

eratesa O((%)z) sizemessagdor every otherprocessar
2DFFT is our exampleof a all-to-all communicationpat-

tern.

T2DFFTis apipelined,taskparallel2DFFT. Half of the
processorgerform 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 transposeso eachsendingprocessosendsan

O((%)Q) sizemessageo eachof thereceving processors.

Noticethateachmessagés twice aslargeasfor 2DFFT for
the samenumberof processors.Eachprocessoperforms
O(NQI%N) work. This is our exampleof a partition com-
municationpattern.

SEQis anexampleof thekind of broadcastommunica-
tion patternthatresultsfrom sequential/O in Fx programs.
An N x N matrix distributedoverthe processorss initial-
izedelement-wisdy dataproducedn processof. Thisis
implementedy having processof broadcaseachelement
to eachof the otherprocessorswhich collectthe elements
they need.This programperformsno computationbut pro-
cessol0 sendsN? O(1) sizemessageto every otherpro-
cessor This is our exampleof a broadcastcommunication
pattern.



HIST computeghe histogramof elementofa N x N
input matrix. Theinput matrix hasits rows distributedover
the processorsEachprocessocomputesa local histogram
vectorfor therowsit owns. After this, therearelog P steps,
whereat stepi, processorsvhosenumbersare odd multi-
plesof 2¢ sendtheir histogramvectorto the processorshat
are even multiples of 2¢. Theseprocessorsnemge the in-
cominghistogramvectorwith their local histogramvectot
Ultimately, processof hasthe completehistogramwhich
it broadcast$o all the otherprocessorsThisis anexample
of atreecommunicatiorpattern.

3.2 AIRSHED Simulation

ThemultiscaleAIRSHED modelcapturesheformation,
reactionandtransporof atmospheripollutantsandrelated
chemicakpecieg15]. Thegoalof arelatedresearclproject
wasto corvertthis massve applicationinto a portableand
scalableparallelprogram[14]. As apartof thiswork, AIR-
SHED was portedto Fx. However, at the time of our re-
searchthis port hadnotbeencompleted.Instead we mea-
suredan Fx skeletonof the applicationwhich wasprepared
by the portinggroup. The skeletonmodelsboththecompu-
tationandcommunicatiorof the actualapplication.

AIRSHED simulatesthe movementand reactionof s
chemical species,distributed over domainscontaining p
grid pointsin eachof [ atmospheridayers[16]. Inputis an
I x s x p concentratiorarrayC, whichis transformednto
anoutputconcentratiorarray C' via a pre-processingtep
followedby a sequencef k simulationstepseachconsist-
ing of ahorizontaltransporphaseanda chemistry/ertical
transportphase.Eachhorizontaltransportphaseperforms
I x s independentomputations,one for eachlayer and
species. The chemistry/ertical transportphaseperforms
an independentomputationfor eachof the p grid points.
TheC — C' transformatiorformsa simulation-hourndis
repeated: times.

In the implementationfo computethe horizontaltrans-
port phasethe arrayis block-distributedacrossP proces-
sorsby layer: processof ownsthefirst % layers,processor
1 ownsthenext % layers,andsoon. Thechemistry/ertical
transporphaseas computedvith thearrayblock-distrituted
by the grid dimension. Thus, after the horizontaltransport
phasea distribution transposés performed requiringthat
eachprocessosenda messagef size O(%@X’) to every
otherprocessarOncethe chemistry/erticaltransporicom-
putationis finished, anotherdistribution transposéds per
formedin which eachprocessoisendsa messagef size
0(%32”) to eachof the otherprocessors.

4. Methodology

Nine DEC 3000/400Alpha (21064at 133MHz with 64
MB RAM) workstationg6] running OSF/12.0 wereused
asourtestbed.Thebuilt-in Ethernetadaptorsveremarried
to a multi-segmentbridgedEthernetL AN, soall machines
shareda commoncollision domainandan aggrejate1.25
MB/s of bandwidth.Sincethesemachinesare office work-
stationsand other machinessharethe LAN, all measure-
mentswereperformedn the earlymorninghours(4-5 am)
to avoid othertraffic, andwererepeatedereraltimes.

We usedPVM [12] for communication,configuringit
usedirect TCP connectiondor all intermachinecommuni-
cationinsteadof routing messageshroughthe PVM dae-
mons. While datais “packed” into a PVYM messageising
avariety of API calls, the datais not necessarilyappended
into a contiguousmemorybuffer. Instead,it is storedasa
list of fragmentswhich aresentindependentlyThis means
that programsthat make multiple pack calls per message
will have differentnetwork characteristicshan thosethat
male asinglepackecall.

Eachof the six Fx programscanbe compiledfor anar
bitrary numberof processorsDue to the stressthesepro-
gramsplaceon machinesand networks, it was decidedto
compilethemfor four processorsThe programsverecom-
piledwith version2.2 of Fx compilerandversion3.3 of the
DEC Fortran compiler The basiclevel of optimization(-
O) wasusedwith thelattercompiler The objectfiles were
linked with version3.3.3of PVYM andwith version2.2 of
the FX/PVM run-time.

To measurethe network traffic, one of the worksta-
tions was configuredwith the DEC paclet filter software,
which allows privilegedusersto usethe network adaptorin
promiscuousnode. The measurementorkstationwasnot
usedto run ary Fx program.Instead,t ranthe TCPDUMP
programincludedwith OSF/1and collecteda traceof all
the paclets on the LAN generatedy eachtest program.
For the Fx programsjncluding AIRSHED, eachouterloop
asiterated100 times, exceptfor SEQ, which wasiterated
fivetimes.

Eachof our tracescapturedall the paclketson the net-
work, providing a time stamp,size, protocol, sourceand
destinationfor eachpacket. We consideredhe size of the
pacletto includethe dataportion, TCP or UDP headeyIP
headerandEthernetheademndtrailer. Wheresensiblewe
produceda tracefor a single connectionby extracting all
pacletssentfrom onehostto another

5. Results

In this section,we describethe traffic characteristic$or
eachof the six Fx programausingacommonformat.



5.1 Fx kernels

For eachof the kernels,we examinedits aggrejatetraf-
fic and the traffic of a representatie connection,if there
wasone. We definea connectionto be a kernel-specific
simplex channebetweera sourcemachinein a destination
machine.Thusfor P = 4, eachof the kernelsexhibits 12
connections.Notice that by consideringa connectionbe-
tweenmadinesasopposedo betweermachine-porpairs,
we captureall kernel-specifidraffic betweena sourceand
destinatiormachine.ThisincludesTCPtraffic for message
passing UDP traffic betweernthe PVM daemonsand TCP
ACKsfor the symmetricchannel.The communicatiorpat-
ternof HIST andSEQarenotsymmetric,sowe only exam-
ine theaggreyatetraffic of thesekernels. T2DFFT's pattern
is symmetricaboutthe partition, so we considera connec-
tion from amachinein the sendinghalf to a machinein the
receving half. The otherkernelshave symmetriccommu-
nicationpatternssowe chooseheconnectiorbetweertwo
arbitrarymachines.

The traffic of eachof the kernelsis characterizedy its
pacletsizes,interarrival timesfor paclets,andbandwidth,
both for the aggreyatetraffic andthetraffic overtherepre-
sentatve connection.We concentraten characterizinghe
bandwidth sincethis appearshe mostinteresting.

Figure 3 shaws the minimum, maximum, averageand
standardieviation of paclet sizesfor eachof thefive appli-
cations. Althoughwe do not presenthistogramshere,it is
importantto remarkthatfor several of the kernels(2DFFT,
HIST, SOR), the distribution of paclet sizesis trimodal.
This is becausdheseprogramssendmessagearge mes-
sagesvhich aresplit over severalmaximalsizepacletsand
asinglesmallerpaclet for theremainder Further because
TCPis usedfor thedatatransferthereareasignificantnum-
ber of ACK paclets. Onewould expect T2DFFT to also
sendlarge messageandthereforeexhibit a trimodal distri-
bution of paclet sizes. However, with T2DFFT, multiple
PVM packcalls are madeper message As describedear
lier, mary fragmentsesult,explainingthevariety of paclet
sizes.

Figure 4 shavs the minimum, maximum, average,and
standarddeviation of the paclet interarrival timesfor each
of the five programs.Notice thatratio of maximumto av-
erageinterarrival time for eachprogramis quite high. This
is dueto the aggregyatebursty natureof the traffic, aswe
discusshelow.

Figure5 shavstheaveragebandwidthusedoverthelife-
time of eachof the five programs.It is somevhat counter
intuitive (and quite promising!) that even the most com-
municationintensve Fx programssuchas 2DFFT do not
consumaeall the available bandwidth. However, recall that
Fx programssynchronizevia their global communication
phasesso thereare stretchesof 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
(aggreate)
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 | 2186 | 1.3 8.6
HIST 0.0 | 4499 | 16.5| 455

(aggreate)

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 | 1205
T2DFFT | 0.0 | 4216.7| 9.5 | 127.3
SEQ - - - -
HIST - - - -

(connection)

Figure 4. Interarriv al time statistics: Fx ker-

nels

soris computing. Eachof theseperiodsis followed by an
intenseburst of traffic, asevery processotries to commu-
nicate.

It is importantto notethatthis synchronizations inher
entin theFx modelandis notmerelyaresultof serialization
dueto the EthernetMAC protocol. In fact,in severalnew
communicatiorstratgyiesoptimizedfor compilergenerated
SPMD programsthe global synchronizations enfoicedby
aseparatdarriersynchronizatiorbeforeeachcommunica-
tion phasd18].

Theeffect of thisinherentsynchronizatioris madeclear
by examiningfigure 6, which plotstheinstantaneouband-
width averagedover a 10 ms window for the eachof the
kernel. Thiswascomputedusingasliding 10 msaveraging



Program | KB/s Program | KB/s
SOR 5.6 SOR 0.9
2DFFT 754.8 2DFFT 63.2
T2DFFT | 607.1 T2DFFT | 148.6
SEQ 58.3 SEQ -
HIST 29.6 HIST -
(aggreate) (connection)

Figure 5. Average bandwidth: Fx kernels

window which movesa singlepacletatatime. SinceHIST
and SEQhave no representatie connectionpnly their ag-
gregatebandwidthsareplotted.In eachcasewe show aten
secondspanof time, enoughto includeseveraliterationsof
thekernel.

The mostremarkableattribute of eachof the kernelsis
that the bandwidthdemandis highly periodic. Consider
the 2DFFT. Both plots shav aboutfive iterationsof the
kernel. Notice that there are substantialportions of time
where virtually no bandwidthis used(all the processors
arein a computephase). The reasonthe third andfourth
burst are shortis becausehey are,in fact, a single com-
municationphasewhere someprocessordescheduledhe
program. Becausethe all-to-all communicationschedule
is fixed andsynchronousthe communicatiorphasestalled
until thatprocessowasableto sendagain.

Figure 7 shavs the correspondingpower spectra(peri-
odograms)of the instantaneousveragebandwidth. The
power spectrashowv the frequeng-domainbehaior of the
bandwidth,andarevery usefulfor characterizingt, aswe
will explorein Section6. It is importantto note that the
power spectracapturethe periodicity of the bandwidthde-
mandsheseapplicationglaceon the network.

For thesecalculationstheentiretraceof eachkernelwas
usedhotjustthefirst 10 secondslisplayedn figure 6. Be-
causeapowerspectrunrcomputatiorrequiresevenlyspaced
inputdata,theinputbandwidthwasa computedalongstatic
10 msintervalsby includingall pacletsthatarrived during
the interval. This is a close approximationto the sliding
window bandwidth,and morefeasiblethancorrectlysam-
pling the sliding window bandwidthdata,which would re-
quireacurvefit overamassve amountof data.

Not surprisingly SEQ,in which processob repeatedly
broadcasts single word, is extremely periodic, with the
four Hz harmonicbeing the mostimportant. HIST hasa
5 Hz fundamentatvith linearly decliningharmonicsat 10,
15,etc. Hz.

SORand2DFFTdisplayoppositerelationshipsetween
the connectiorandaggreyatepower spectra.For SOR,the
connectionpower spectrumshavs great periodicity, with
a fundamentalof about5 Hz andinterestinglymodulated
harmonicshut theaggreyatepower spectrunshovsfarless
clearperiodicity. For 2DFFT, therelationships thereverse,

Packet Size(Bytes)
Program Min | Max | Avg | SD

AIRSHED | 58 | 1518 | 899 | 693
(aggreyate)
Packet Size(Bytes)

Program Min | Max | Avg | SD
AIRSHED | 58 | 1518 | 889 | 688
(connection)

Figure 8. Packet size statistics: AIRSHED

althoughlessstrong, with a clearfundamentalof 1/2 Hz
andexponentiallydecliningharmonics. Therearetwo ex-
planationsfor this. First, 2DFFT transfersmore dataper
messagehan SOR (O((%)Q) versusO(N), N = 512,
P = 4), sohasa betterchanceof being descheduledas
discusse@bore). Second2DFFT’'scommunicatiorpattern
more closely synchronizesll the processorghan SORS.
Thus a single SOR connectionhasa betterchanceof be-
ing periodicbecauséahe sendingprocessois lesslikely to
be descheduledOntheotherhand,SORS aggrayatetraffic
will belessperiodicbecausehe processorsrelesstightly
synchronized Notice, however, thatin both casestherep-
resentatie connections power spectrundoesshov consid-
erableperiodicity.

T2DFFT's power spectrahave the leastclear periodic-
ity of all the Fx kernels.However, the aggrejatespectrum
seemsslightly cleanerthanthe spectrunof therepresenta-
tive connectionThefactthatneitherspectrumis veryclean
is surprisinggiventhe synchronizingnatureof this pattern,
thebalancednessagsizes,andthe communicatiorsched-
ule (shift) usedfor it. We believe the problemarisesfrom
fragmentation.

5.2 AIRSHED Simulation

Figure 8 shavs the minimum, maximum, average,and
standarddeviation of paclet sizesfor the AIRSHED appli-
cation. We obsene thatthe paclet sizedistribution for the
singleconnectioris verysimilarto theaggrejatepacletdis-
tribution, which supportghe argumentthatthe traffic from
thesingleconnectioris representatie of theaggrejatetraf-
fic.

Figure 9 shavs the minimum, maximum, average,and
thestandardieviation of pacletinterarrival times.Notethat
boththe maximumandaverageinterarrival timesareof an
orderof magnitudegreaterthanthat of the kernelapplica-
tions. As in the caseof the kernelapplicationstheratio of
maximumto averageinterarrival time is quite high, which
is characteristiof burstytraffic.

The averageaggreyateand perconnectionbandwidths
for the AIRSHED applicationare32.7 KB/s and2.7 KB/s,
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Figure 6. Instantaneous bandwidth 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

(aggreyate)

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

respectiely. Figure10 shows the instantaneoubandwidth
averagedveral0Omswindow (overa500secinterval, and
a 60 secinterval). It is clearthat the bandwidthdemand
is highly periodic,andis periodicover threedifferenttime
scalescorrespondindo the h = 100 simulation-hoursthe
k = 5 simulationstepsin anhour, andthe two phasesand
distribution transposewithin a simulationstep.

Such periodicity becomesvery clearwhenwe obsene
the power spectra(figure 11). Therearethreepeaks(plus
their harmonics)in the power spectrumat approximately
0.015 Hz (66 sec, correspondingo a simulation hour),
0.2 Hz (5 sec, correspondingo the length of the chemi-
cal/verticaltransporphase)and5 Hz (200ms,correspond-
ing to thatof the horizontaltransporfphase)respectiely.

6. Discussion

The measuremerdandanalysisof the Fx kernelsandthe
AIRSHED programpoint to severalimportantcharacteris-
tics of thenetwork traffic of Fx parallelprograms Themost
importantof theses thattheir periodicityis well character
ized by their pawer spectra,and canbe emulatedby sim-
plifying the Fourier seriesimplied by the spectra.Finally,
we suggest negotiationmodelfor QoS which would al-
low both the network and the programto co-optimizefor
performance.

Elementary characteristics: Fx programsexhibit some
global, collective communicationpatternswhich may not
necessarilpe characterizedby the behavior of singlecon-
nection. For example, the SEQ (broadcastpattern)and
HIST (tree pattern)kernelsare not symmetric— in SEQ
only theconnectiorfrom processo® to the every otherpro-
cessollandthesymmetricconnectiondackto processob)

seetraffic. Furthermorecharacterizinghe symmetricpat-
ternssuchasneighbor all-to-all, and partition by a single
connectiornignoresthe factthatthesepatternsarevery dif-

ferentin the numberof connectionghatare used. For ex-

ample eachof the patterngnaycommunicateéhe samesize

messag@longa connectionput while all-to-all sendssuch
amessagalongall P(P — 1) connectionspeighborsends
amessagalongonly atmost2P connections.
Anotherimportantcharacteristiof Fx programsis that
their communicationphasesare synchronized either ex-
plicitly or implicitly. This meansthatthe traffic alongthe
active connectionis correlatedandary traffic modelmust
capturethis. Further the strongerthe synchronizationthe
morelikely it is thatthe connectiongrein phase

Characterizing periodicity: As statedabove, the syn-
chronizedcommunicationphasesof a Fx programimply
thatits connectionsctin phase Thus,the power spectreof
Figures7 and11 fully characterizéhe bandwidthdemands
of the applicationsdiscussedn this paper Furthermorejt
shouldberealizedthatthe power spectrums the squareof
the Fouriertransformof the time-domaininstantaneouav-
eragebandwidth. Sincethis underlyingsignalis periodic,
the transformis a Fourier series. We canapproximatethe
signalby choosingsomenumberof the mostsignificantco-
efficients (the “spikes”). As the numberof spikeschosen
increasesheapproximatiorwill corvergeto theactualsig-
nal.

QoS negotiation model: Fromthe perspectie of a QoS
systemthe communicatiorpatternof an Fx programis vi-

tal information, asis the numberof processors.The pat-
ternshavs how traffic will be correlatedandthenumberof

processorsletermineshe pacingof thetraffic. The Fx pro-
gram,ontheotherhandwantsto choosehenumberof pro-
cessorghatwill letit minimizeits runningtime, or, equiva-
lently, it' sinter-burstinterval, tp;. We suggesthereforethat
theprogramshouldcharacterizés traffic with threeparam-
etersl(), b(), c], wherec is the communicatiorpattern] is

a function from the numberof processorsP to the local

computatiortime ¢;,.,; On eachprocessarandb is afunc-
tion from P to theburstsize N, alongeachconnection.To

meetthe“guarantee’of minimizing ¢;;, the network would

returnthe numberof processors” the programshouldrun

on.

7. Conclusionsand futur e work

We measuredhe traffic characteristicof six parallel
programson a shared10 mbpsEthernet. The conclusion
to bedrawvn from the measurements thatthetraffic of par
allel programsis fundamentallydifferent from the media
traffic thatis thecurrentfocusof QoSresearchUnlike me-
dia traffic, thereis no intrinsic periodicity dueto a frame
rate. Instead,the periodicity is determinedby application
parameterandthe network itself. We suggestedh traffic
characterizatiorand servicenggotiationmodel that allows
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Figure 10. Instantaneous bandwidth of AIRSHED (10ms averaging inter val)

the network to modulateapplicationparameterin aneffort

to achieve the bestperformancepossiblegiven the current

network state.

Repeatingthis study on a more modernswitchednet-
work would beenlighteningalthoughevenonourslow net-

work the programswerefor the mostpart compute-bound.

However, in our studytheinjectedtraffic couldbecomese-
rialized throughthe sharedmedia. We don't believe that
happenedften, but the chancesvould be evenlower in a
modernswitchednetwork. We are also consideringwhat
meaningour resultshave for currentefforts to predictre-
sourceavailability in networks[5, 20].
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