
PC CLUSTERS FOR SIGNAL PROCESSING: AN EARLY PROTOTYPE

John Chapin

MIT Laboratoryfor ComputerScience
545TechnologySquare
Cambridge,MA 02139

jchapin@lcs.mit.edu

Andrew Chiu and Roger Hu

Vanu,Inc.
15 WardStreet

Somerville,MA 02145
agchiu@vanu.com, rhu@vanu.com

1. ABSTRACT

A clusterof commoditypersonalcomputers(PCs)is anat-
tractiveplatformfor signalprocessing,especiallyfor appli-
cationslike sensorarrayswherethereis significantparal-
lelism in thecomputation.This paperreportstheresultsof
experimentswith severalsmallclusterconfigurationsto ex-
ploretheopportunitiesandlimitationsof thisapproach.Ex-
perimentsincludeduniprocessorand multiprocessorPCs,
100MBit/secand1 Gbit/secethernet.All experimentswere
receive-only, startingfrom raw spectrumsamplesprovided
by a widebandA/D card,andall signalprocessingcoderan
asapplicationprocesseson top of standardLinux. Theap-
plicationsusedto drivetheexperimentsweredelayandsum
beamformingand the simultaneousreceptionof multiple
AMPS cellular channels.The currently standardPCI I/O
bus(32bitsat 33MHz) wasthemostsignificantbottleneck
in theexperiments.Thissuggeststhatthearrival of thenext
generationof commodityPCs,with fasterI/O busses(such
as64-bitPCIat66MHz), mayopenthedoorto theiruseas
a low-costplatformfor a varietyof low-endrealtimesignal
processingapplications.

2. INTRODUCTION

CommodityPCscontinueto improve rapidly in processor
speedandmemorysizewhilemaintainingoutstandingprice/
performance.Severalyearsagoit becamepossibleto imple-
mentanFM radioreceiver in softwareonageneral-purpose
PC,with all processingstagesin softwareexceptfor initial
amplificationanddownconversionto baseband[1]. Subse-
quentwork hasresultedin software implementationsof a
variety of RF protocols. The commoditymarketplacehas
alsoseentherecentintroductionof low-costproductswith
significantbandwidthimprovementscomparedto previous
PCstandards:RAMBUSmemorysystems(2xmemoryband-
width), 64-bit 66-MHz PCI buses(4x I/O bandwidth),and
gigabitethernetoverstandardcopperwiring (10x network-
ing bandwidth).

We believe thatthecommoditymarket is aboutto reach
the point whereclustersof standardPCsarea compelling
platformfor many large-scalesignalprocessingapplications.
Applicationsfor which clustersof PCswill be compelling
in the nearfuture are thosewith the following properties.
Thecomputationmustbeparallelizableor pipelineablewith
pairwiseconnectionbandwidthlessthan1000Mbit/sec(bi-
sectionbandwidthcan be significantly higher). The ap-
plication cannotrequiresmall size, low power, or physi-
cal ruggednessfrom its computationalplatform. The ap-
plicationmusttoleratemulti-millisecondlatency from input
signalto outputsignalor responseaction. For applications
with thesecharacteristics,which includemany sensorarray
processingproblems,thedevelopmenttimeanddeployment
costfor implementationsusingPC clustersarelikely to be
far lessthanfor implementationsusingtraditionalDSPap-
proaches.

Therearetwo majorchallengesin workingwith PCclus-
ters.First,whencomparedto dedicatedDSPsystems,com-
modityPCsarestarvedfor memorybandwidthandI/O band-
width, a situationexacerbatedby a cacheandmemorysys-
tem designnot tunedfor datastreaming.Second,individ-
ual PCsarenot reliableenoughfor mostsignalprocessing
applications,sotheclustermustbedesignedto movecom-
putationto a backupmachinewhena failure occurs. We
havebegunaresearchprojectto characterizethelimitations
andopportunitiesof PCclustersmoreprecisely, andto de-
velopasoftwaresystemwith thefeaturesneededto support
high-performance,reliablesignalprocessingapplications.

Thispaperdescribesexperimentson thefirst prototypes
built in this project. We describethe questionsthat moti-
vatedtheexperiments(section3), theprototypes(section4),
presentlatency andjitter measurements(section5), perfor-
mancemeasurements(section6),andconcludewith lessons
thatshapefurtherwork in this area(section7).



3. QUESTIONS

Thisearlyprototypeexperimentwasdesignedto answerthe
following questionsrelevant to all usesof PC clustersas
signal processingplatforms. In this discussion,the term
“sample-rate”refersto the high dataratecharacteristicof
DSPsamplestreams,anywherebetween20 and1000Mbit
persecond.

Can TCP be used as the networking protocol?
TCPis thestandardreliablestreamprotocolusedin in-

ternetapplications[2]. It is attractive for DSPclusterappli-
cationsfor several reasons.It is providedwith every oper-
atingsystem,andvendorsspendconsiderableeffort on im-
proving TCP performance.Commoditynetwork interface
cardsprovideon-boardsupportfor TCP, reducinghostpro-
cessorCPUload[3]. BecauseTCPprovidesend-to-endre-
liability, it enablesthesystemdesignerto choosecommod-
ity networking componentsthatoccasionallydroppackets.

However, there are potential problemswith TCP be-
causeit wasinitially developedfor wide-areanetworkswith
lower bandwidths,higher delays,and greaterpacket loss
ratesthantheinterconnectusedin acluster. Issuesto inves-
tigateincludetheCPUworkloadinducedby generatingand
receiving sample-ratestreams,thejitter inducedby TCPre-
transmissionsandreceiverwindow management,andthela-
tency inducedby thebuffersizesrequiredto achievesample-
ratethroughput.If any of theseattributesareunacceptable,
a networking protocoltunedfor thecharacteristicsof clus-
terswill needto beadopted.Thereis anemergingstandard
in this area,M-VIA, but TCPis substantiallymoremature.

What is the latency and jitter added to a data stream
when it passes through a PC?

The limited processingpower of individual PCsmeans
that the systemis likely to contain pipelinesof multiple
PCs. EachPC in the pipeline will add additionallatency
and jitter due to networking and OS characteristics,irre-
spectiveof theactualcomputationbeingperformed.Know-
ing theseoverheadvalueswill enablepredictingwhether
specificapplications,with known latency and jitter toler-
anceandknown computationalrequirements,canbeimple-
mentedon PCclustersor not.

4. PROTOTYPE

Thehardwarecomponentsusedin thevariousexperiments
aredetailedin table1.

All applicationsoftwarerunsasnormalLinux processes
at userlevel, with the exceptionof the Gagedriver whose
only functionis to transferdatafrom theGagecardto user-
level buffers.

The applicationsoftware is structuredas a library of
C++ objects,eachof which performsa dedicatedfunction
suchasfiltering or demodulation.Theobjectsareinstanti-

atedatruntimeandconnectedtogetherinto data-processing
pipelines,in which datais pulled by the sinksratherthan
pushedby thesources.See[1] for a descriptionof an ear-
lier systemthatinspiredthecurrentsoftwarearchitecture.

The library containsobjectswhich applicationwriters
can useto splice togetherpipelineson separatemachines
into a singledistributedpipeline. Datais sentover thenet-
work asa TCPstream.In the100MBit/secnetwork, TCP
achieves 90 MBit/sec with 4 kbyte buffers when the ma-
chinesareotherwiseidle. In the 1 GBit/secnetwork, TCP
achieves407MBit/secwith 64kbytebuffers.

Thecurrentprototypedoesnot toleratefailureof a ma-
chine.

5. LATENCY AND JITTER

Latency andjitter weremeasuredin thefollowing way. The
two XPS machineswereconnectedby 100 MBit ethernet,
with machineA generatinga continuousstreamof incre-
mentingintegersandmachineB reflectingthestreamback
to A. MachineA notedthe timestampsat which particular
valuesin thedatastreamweresentandreceived(timestamps
on thesemachinesare accurateto less than 5 microsec).
Subsequently, a third machinewas addedto the loop, so
the datawassentfrom A, to B, to C, andthenreturnedto
A. 50,000sampleswerecollected;thedatastreamflowedat
70 Mbit/sec.

In thetwo-machinecase,averagelatency was4.3 msec
andjitter (stddev of thelatency distribution)was0.434msec.
In thethree-machinecase,averagelatency was6.5msecand
jitter was0.625msec.Thereforetheadditionof machineC
added2.2 msecof latency and
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msecof jitter.
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Figure1: Latency perpacket for 2-machineloop.

Figures1 and2 plot the latency perpacket for thetwo-
machineand three-machinecases. It is interestingto ob-
serve the sawtooth patternin figure2 (which is evenmore
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Figure2: Latency perpacket for 3-machineloop.

pronouncedin a four-machineloop test,not shown here).
We hypothesizethis patternis dueto TCP rateadaptation
mechanisms[2] andplanto investigatefurther.

The measuredjitter valuesarestandarddeviations,not
maxima.Figure2showsthatoccasionalpacketsin thethree-
machinetesthave8 mseclatency. Wererantheexperiments
in OS maintenancemodewhereno otherprocessesareal-
lowedto run on themachines;therewasno significantdif-
ference.This fact,plus theobservationthat thehigh laten-
ciesoccur irregularly at the peakof the sawtooth pattern,
suggeststhat thehigh latency is dueto TCPretransmission
afterpacket loss.

6. PERFORMANCE MEASUREMENTS

6.1. Delay and sum beamforming

Figure 3 shows a small clusterof two machinesthat was
configuredto performdelayandsumbeamformingfor one
output from four antennainputs. MachineA computeda
partialsumonits two antennainputsandforwardedthesum
to machineB. MachineB computedthefinal resultfrom its
two antennainputs.

In this configuration,theperformanceis limited by ma-
chineB, sinceit performsall of thefunctionalityof machine
A with theaddedloadof computingthefinal sum.Whenthe
antennainputssupply450 kSample/sec,with eachsample
representedasa 64 bit complex float, machineB is at 97%
utilizationandmachineA is at 40%utilization.

When the antennainputs are replacedwith simulated
samplesources,theclusterisabletoprocess1Msample/sec.
Thus,theuseof theGageA/D cardaddsconsiderableover-
headto the system. During its operation,the Gagecard
causesahighnumberof processorinterruptsto occurwhen
it transferssamplesfrom theA/D converterto systemmem-
ory. Theseinterruptsreducetheefficiency of theprocessor
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Figure3: Clusterconfiguration:four antennadelayandsum
beamforming.

by forcing theprocessorto pauseits currentcomputationto
servicethe interrupt. We hypothesizethis is the dominant
causeof thereducedperformance.

6.2. Multiuser beamforming

Figure4 showsamultiuserbeamformingantennaarraywith
six antennasthatwasconstructedwith five machinesanda
gigabitethernetswitch.Two outputsrepresentingtwodirec-
tionswerecomputed.In this configuration,threemachines
(A, B, and C) eachhad two input antennas.Thesethree
machinescomputedpartialsumsfor thetwo directionsand
senteachsumto two othermachines(D andE). Machines
D andE eachtook in threedatastreams(onefrom eachof
machinesA, B, andC) andcomputedthefinal sum.

Machine B

Machine C

Machine E

Machine A

Machine D

total input: 192 Mbps

     = 64 Mbps per antenna
antenna input: 1MSPS @64 bits

output: 64 Mbps

Figure4: Clusterconfiguration:multiuserbeamforming.



400MHz PentiumII or 450MHz PentiumIII
128MB RAM, 512Kb cache

Dell DimensionXPS 4 PCI I/O bus(32bits @ 33 MHz)
3Com3C905B100Mbit/secethernetinterface
NetGearGA6201 Gbit/secethernetinterface
Linux 2.2
800MHz PentiumIII
128MB RAMBUS RAM, 256Kb cache

Dell DimensionXPSr 2 PCI I/O bus(32bits @ 33 MHz)
3Com3C905B100Mbit/secethernetinterface
3Com3C985B1 Gbit/secethernetinterface
Linux 2.2
four 500MHz PentiumIII, each512Kb cache
784MB RAM

Dell 6300 1 PCI I/O bus(32bits @ 33 MHz)
3Com3C905B100Mbit/secethernetinterface
3Com3C985B1 Gbit/secethernetinterface
Linux 2.2
1.2gbit/secbackplane

NetgearFS524switchedethernethub 1 148,000packets/sec(64 bytepackets)
60 microsecmaxlatency
17.5Gbpsnon-blockingswitchfabric

ExtremeSummit1gigabitswitch 1 11.9M packetspersecond
10 MHz bandwidth
20 Msamples/sec

GageCompuScope1250A/D 2 12 bits/sample(paddedto 16 bit datavalue)
installedin thePCI bus
receivesbasebandsignalfrom customdownconversionboard

Table1: Hardwarecomponentsusedin experiments.

Thisconfigurationwastestedbyusingsimulatedsources
for eachof the antennas.The maximumdataratethat this
clustercouldsupportwas1 Msamples/sec,with eachsam-
ple representedasa64bit complex float. Table2 shows the
CPUutilizationsof thefivemachineswhenoperatingat this
datarate.

Machine CPUload
A (PentiumII 400) 90%
B (PentiumIII 800) 16%
C (PentiumIII 800) 24%
D (PentiumIII 500) 50-90%
E (PentiumIII 450) 45-90%

Table2: CPUutilization for multiuserbeamforming.

The limiting factorin this applicationwasthe memory
system. The TCP protocolmakesa copy of every packet
thatis sent.Whenweattemptto increasetheinputandpro-
cessingdatarateonmachineA, theoutputdataratetopsout
at about128Mbps(two streams,each64 Mbps). TheCPU

loadalsotopsout at 90%. If themachinewasprocessoror
I/O limited, theloadwould have increasedto 100%. How-
ever, whenthe machineis memorylimited, the CPU stalls
while it attemptsto accessthememorybus.

6.3. AMPS multichannel reception

A clusterof 450MHz machinesconnectedby 100MBit/sec
ethernetwas configuredto perform channelselectionand
decodingin theAMPS cellularbandfrom 870MHz to 880
MHz. Eachof thefourmachinesperformedadifferentfunc-
tion (seefigure 5). Samplesfrom the antennawere col-
lectedon thebandselectionmachine,which extractedtwo
200kHz sectionsof the10MHz cellularband(machineA).
Eachof these200kHz sectionswassentto achannelselec-
tion machine(machinesB andC). Eachchannelselection
machineextractedsix 30 kHz AMPS channelsfrom its in-
putsectionandsentthosechannelsto thedemodulator(ma-
chine D). This machineperformedFM demodulationand
audiofiltering oneachof thevoicechannelsandsavedeach
audiostreamto disk. In total,twelvevoicechannelsweresi-



multaneouslyproducedonthedemodulationmachine.Con-
nectingeachvoiceoutputchannelin turn to a speaker con-
firmsthatthesystemproducescomprehensiblevoiceoutput
for all channels.

Machine A

Band select

Machine B

Channel select Channel select

Machine C

200 kHz channels
200 kSamples @ 64 bits = 12.8 Mb/sec

total output: 25.6 Mb/sec

40 kSamples @ 64 bits = 2.6 Mb/sec
30 kHz channels

Machine D

Demodulate total input: 30.8 Mb/sec

A/D: 10 MHz band
20 Msamples @ 16 bits = 320 Mb/sec

total I/O: 28.4 Mb/sec
                (each machine)

Figure5: Clusterconfiguration:multichannelAMPS pro-
cessing.

Thesystem’s capabilityis limited by thebandselection
machine,andwithin thatmachineeitherby thePCI busor
by memorybandwidth,notby processorcapability. Thefol-
lowingconfigurationwasusedto verify thisfact.A machine
takes,asits input, a 20 Msample/secsamplestreamrepre-
senting10 Mhz of spectrum.A FIR filter with 256 tapsis
usedto selecta 200 kHz bandandproducea 200 kSam-
ple/seccomplex samplestream. This operationrequires
51.2 million filter operationsper second(
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and when this output data is discarded,the CPU utiliza-
tion is at 60%. Adding network transmissionof theoutput
dataincreasesthe processorload to 65%. When the out-
put bandwidthis increasedto 400 kHz andthe numberof
tapsreducedto 128 (thuskeepingthe computationalload
constantat 51.2million filter operationspersecond),CPU
utilization jumps to 100% and the systembegins to drop
data. The most likely limitation is the PCI bus, sinceat
200kHz sectionsit is beingdrivenatabout50%of its max-
imum throughputby two competingstreams,incurring re-
peatedturnaroundandarbitrationpenalties.Futureexper-
imentswith a higher-speedI/O buswill enabletestingthis
hypothesis.

Eachchannelselectmachineexecutessix channelse-
lection filters on its input section,producingsix 30 kHz
streams(oversampledat40kSample/sec).Eachchannelse-
lection filter is implementedasa polyphaseFIR filter that
performsfrequency translationto basebandandbandwidth
reduction[1]. This work plus the networking computation
requiredto receive and transmit the samplestreamsonly
consumes41%of theprocessor. If thebandselectmachine
wereableto deliver a wider band,eachchannelselectma-
chinewouldbeableto selectat least12 channels.

Thedemodulationmachineexecutestwelve processing
pipelines,eachof which performsFM demodulationand
filtering (usingan FIR filter) andsaveseachaudiostream
to disk. Its total processorutilization for all 12 channels,
includingnetworking, is 50%.

Whenlisteningtoanoutputchannelonthespeaker, there
is asmallbut noticeabledelaycomparedtoamobilehandset
receiving the samesignal. We areinvestigatingthe source
andexactamountof thecluster’s latency moreclosely.

7. CONCLUSION

Theexperimentsdescribedhereverify theintuition thatPC
clustersarecurrentlyviable for low-bandwidthsignalpro-
cessingtasks,up to around10 MHz for simple taskslike
bandselection.Theprimary limitation is the I/O bus. The
secondarylimitation appearsto betheinterruptloadplaced
on theprocessorwhentoo many small I/O transactionsoc-
cur, but wehavenot verifiedthis observationyet.

The former limitation will be addressedin the course
of time asthecommercialmarketplacedrivesPCstowards
ever-higherperformance.If thelatterlimitation isconfirmed,
targeteddevelopmentefforts may be requiredto support
high-bandwidthsignal processing,suchas widebandA/D
andD/A cardsdesignedto minimizeprocessorinterrupts.

We areencouragedthat themeasuredlatency andjitter
arelow enoughto supporta rangeof importantsignalpro-
cessingtasks,evenwithoutusinganoperatingsystemtuned
for tight real-timebehavior. ThePCclusterapproachto sig-
nal processingappearspromising.
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