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1. ABSTRACT

A clusterof commoditypersonaktomputergPCs)is anat-

tractive platformfor signalprocessingespeciallyfor appli-

cationslike sensorarrayswherethereis significantparal-
lelism in the computation.This paperreportsthe resultsof

experimentswith severalsmallclusterconfigurationgo ex-

plorethe opportunitiesandlimitationsof this approach Ex-

perimentsincluded uniprocessomnd multiprocessorPCs,
100MBit/secandl Ghit/secethernetAll experimentsvere
receve-only, startingfrom raw spectrumsamplesprovided
by awidebandA/D card,andall signalprocessingoderan
asapplicationprocessesn top of standard_inux. Theap-
plicationsusedto drive theexperimentsveredelayandsum
beamformingand the simultaneouseceptionof multiple

AMPS cellular channels. The currently standardPCl I/O

bus (32 bits at 33 MHz) wasthe mostsignificantbottleneck
in theexperimentsThis suggestshatthearrival of the next

generatiorof commodityPCs,with fasterl/O bussegsuch
as64-bitPClat66 MHz), mayopenthedoorto theiruseas
alow-costplatformfor avariety of low-endrealtimesignal
processingpplications.

2. INTRODUCTION

CommodityPCscontinueto improve rapidly in processor
speecandmemorysizewhile maintainingoutstandingprice/
performanceSeveralyearsagoit becamepossibleto imple-
mentanFM radioreceverin softwareonageneral-purpose
PC,with all processingstagesn softwareexceptfor initial
amplificationanddowncorversionto basebandl]. Subse-
guentwork hasresultedin softwareimplementationof a
variety of RF protocols. The commoditymarketplacehas
alsoseenthe recentintroductionof low-costproductswith
significantbandwidthimprovementscomparedo previous
PCstandardsRAMBUS memorysystemg2x memoryband-
width), 64-bit 66-MHz PCI buses(4x I/O bandwidth),and
gigabitethernebver standarccopperwiring (10x network-
ing bandwidth).

Andrew Chiu and Roger Hu

Vanu,lnc.
15 WardStreet
Somerville,MA 02145
agchi u@anu. comr hu@anu. com

We believe thatthe commoditymarketis aboutto reach
the point whereclustersof standardPCsarea compelling
platformfor mary large-scalesignalprocessin@pplications.
Applicationsfor which clustersof PCswill be compelling
in the nearfuture are thosewith the following properties.
Thecomputatiormustbeparallelizableor pipelineablewith
pairwiseconnectiorbandwidthlessthan1000Mbit/sec(bi-
sectionbandwidth can be significantly higher). The ap-
plication cannotrequire small size, low power, or physi-
cal ruggednes$rom its computationalplatform. The ap-
plicationmusttoleratemulti-millisecondlateng from input
signalto outputsignalor responsection. For applications
with thesecharacteristicsywhich includemary sensolarray
processingroblemsthedevelopmentime anddeployment
costfor implementationsising PC clustersarelikely to be
far lessthanfor implementationsisingtraditional DSPap-
proaches.

Therearetwo majorchallengesn workingwith PCclus-
ters.First,whencomparedo dedicatedSPsystemscom-
modity PCsarestanedfor memorybandwidthandl/O band-
width, a situationexacerbatedy a cacheandmemorysys-
tem designnot tunedfor datastreaming.Secondndivid-
ual PCsarenot reliable enoughfor mostsignalprocessing
applicationssothe clustermustbe designedo move com-
putationto a backupmachinewhen a failure occurs. We
have begunaresearctprojectto characteriz¢helimitations
andopportunitiesof PC clustersmore precisely andto de-
velopasoftwaresystemwith thefeaturemeededo support
high-performancereliablesignalprocessingpplications.

This paperdescribegxperimenton thefirst prototypes
built in this project. We describethe questionghat moti-
vatedtheexperimentgsection3), theprototypegsectiord),
presenfateng andjitter measurementsection5s), perfor
mancemeasuremenisection6), andconcludewith lessons
thatshapeurtherwork in this area(section?).



3. QUESTIONS

This earlyprototypeexperimentwasdesignedo answeithe
following questionsrelevant to all usesof PC clustersas
signal processingplatforms. In this discussionthe term
“sample-rate’refersto the high datarate characteristicof
DSPsamplestreamsanywherebetweer20 and 1000 Mbit
persecond.

Can TCP be used as the networking protocol ?

TCPis the standardeliable streamprotocolusedin in-
ternetapplicationd2]. It is attractve for DSPclusterappli-
cationsfor severalreasons.lt is providedwith every oper
ating systemandvendorsspendconsiderableffort onim-
proving TCP performance.Commodity network interface
cardsprovide on-boardsupportfor TCP, reducinghostpro-
cessoiCPUload[3]. Becaus€el CP providesend-to-ende-
liability, it enableghe systemdesignetto choosecommod-
ity networking componentshatoccasionallydrop paclets.

However, there are potential problemswith TCP be-
causadt wasinitially developedfor wide-areanetworkswith
lower bandwidths,higher delays,and greaterpaclet loss
ratesthantheinterconnectisedin a cluster Issuedo inves-
tigateincludethe CPUworkloadinducedby generatingand
receving sample-ratstreamsthejitter inducedby TCPre-
transmissionandrecevverwindow managemengndthela-
teng inducedby thebuffer sizesrequiredto achieve sample-
ratethroughput.If any of theseattributesareunacceptable,
a networking protocoltunedfor the characteristicef clus-
terswill needto beadopted.Thereis anemepging standard
in thisareaM-VIA, but TCPis substantiallymoremature.

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

Thelimited processingpower of individual PCsmeans
that the systemis likely to contain pipelinesof multiple
PCs. EachPCin the pipelinewill add additionallateng
and jitter due to networking and OS characteristicsirre-
spectve of theactualcomputatiorbeingperformed .Know-
ing theseoverheadvalueswill enablepredictingwhether
specificapplications,with known lateng and jitter toler
anceandknown computationatequirementsganbeimple-
mentedon PCclustersor not.

4. PROTOTYPE

The hardwarecomponentsaisedin the variousexperiments
aredetailedin tablel.

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

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

atedatruntime andconnectedogetheiinto data-processing
pipelines,in which datais pulled by the sinks ratherthan
pushedby the sources.See[1] for a descriptionof anear
lier systenmthatinspiredthe currentsoftwarearchitecture.

The library containsobjectswhich applicationwriters
canuseto splice togetherpipelineson separatemachines
into a singledistributedpipeline. Datais sentover the net-
work asa TCP stream.In the 100 MBit/sec network, TCP
achieves 90 MBit/sec with 4 kbyte buffers whenthe ma-
chinesareotherwiseidle. In the 1 GBit/secnetwork, TCP
achieres407 MBit/secwith 64 kbyte buffers.

The currentprototypedoesnot toleratefailure of a ma-
chine.

5. LATENCY ANDJITTER

Lateng andjitter weremeasuredh thefollowing way. The
two XPS machineswvere connectedoy 100 MBit ethernet,
with machineA generatinga continuousstreamof incre-
mentingintegersandmachineB reflectingthe streamback
to A. MachineA notedthe timestampsat which particular
valuesin thedatastreanveresentandreceved(timestamps
on thesemachinesare accurateto lessthan 5 microsec).
Subsequentlya third machinewas addedto the loop, so
the datawassentfrom A, to B, to C, andthenreturnedto
A. 50,000sampleswverecollectedthedatastreanflowedat
70 Mbit/sec.

In thetwo-machinecase averagelatens was4.3 msec
andjitter (stddev of thelateng distribution)was0.434msec.
In thethree-machineaseaveragdateng was6.5msecand
jitter was0.625msec.Thereforethe additionof machineC
added2.2 msecof lateny and+/0.625%2 — 0.4342 = 0.45
msecof jitter.
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Figurel: Lateng perpaclketfor 2-machindoop.

Figuresl and2 plot the lateng perpacket for the two-
machineand three-machineases. It is interestingto ob-
sene the sawtooth patternin figure 2 (which is even more
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Figure2: Lateng perpacketfor 3-machindoop.

pronouncedn a four-machineloop test, not shavn here).
We hypothesizehis patternis dueto TCP rate adaptation
mechanism§2] andplanto investigateurther.

The measureditter valuesare standarddeviations, not
maxima.Figure2 shovsthatoccasionapaclketsin thethree-
machingesthave 8 msedateng. We rerantheexperiments
in OS maintenancenodewhereno otherprocessesareal-
lowedto run on the machinestherewasno significantdif-
ference.This fact, plusthe obsenationthatthe high laten-
ciesoccurirregularly at the peakof the sawtooth pattern,
suggestshatthe high lateng is dueto TCP retransmission
afterpacletloss.

6. PERFORMANCE MEASUREMENTS

6.1. Delay and sum beamforming

Figure 3 shows a small clusterof two machinesthat was
configuredto performdelayandsumbeamformingor one
outputfrom four antennainputs. MachineA computeda
partialsumonits two antennanputsandforwardedthesum
to machineB. MachineB computedhefinal resultfrom its
two antennanputs.

In this configuration the performancas limited by ma-
chineB, sinceit performsall of thefunctionalityof machine
A with theaddedoadof computingthefinal sum.Whenthe
antennanputs supply 450 kSample/secwith eachsample
representedsa 64 bit complex float, machineB is at 97%
utilization andmachineA is at 40%utilization.

When the antennainputs are replacedwith simulated
samplesourcestheclusteris ableto procesd Msample/sec.
Thus,theuseof the GageA/D cardaddsconsiderabl@ver-
headto the system. During its operation,the Gagecard
causes high numberof processomterruptsto occurwhen
it transferssamplegrom the A/D corverterto systenmem-
ory. Theseinterruptsreducethe efficiency of the processor
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Figure3: Clusterconfigurationfour antennalelayandsum
beamforming.

by forcing the processoto pausets currentcomputatiorto
servicethe interrupt. We hypothesizehis is the dominant
causeof thereducedperformance.

6.2. Multiuser beamforming

Figure4 shavs amultiuserbeamformingantennaarraywith
six antennasghatwasconstructedvith five machinesanda
gigabitetherneswitch. Two outputsrepresentingwo direc-
tionswerecomputed.In this configurationthreemachines
(A, B, and C) eachhad two input antennas. Thesethree
machinesomputedpartial sumsfor the two directionsand
senteachsumto two othermachinegD andE). Machines
D andE eachtook in threedatastreamgonefrom eachof
machines, B, andC) andcomputedhefinal sum.

antenna input: IMSPS @64 bits

L: 64 Mbps per antenna

; \ total input: 192 Mbps
Machine A output: 64 Mbps
Machine D
o Machine B
MachineE | —=
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Figure4: Clusterconfiguration:multiuserbeamforming.



Dell DimensionXPS

400MHz Pentiumll or 450MHz Pentiumlll
128MB RAM, 512Kb cache

PCI1/O bus (32 bits @ 33 MHz)
3Com3C905B100Mbit/secetherneinterface
NetGearGA6201 Ghit/secetherneinterface
Linux 2.2

Dell DimensionXPSr

800MHz Pentiumlll

128MB RAMBUS RAM, 256Kb cache
PCI1/O bus (32 bits @ 33 MHz)
3Com3C905B100Mbit/secetherneinterface
3Com3C985B1 Ghit/secetherneinterface
Linux 2.2

Dell 6300

four 500MHz Pentiumlll, each512Kb cache
784MB RAM

PCI1/O bus(32bits @ 33 MHz)
3Com3C905B100Mbit/secetherneinterface
3Com3C985B1 Gbit/secetherneinterface
Linux 2.2

Netgear-S524switchedethernetub | 1

1.2 gbit/sechackplane
148,000paclets/sed64 byte paclets)
60 microseanaxlateny

17.5Gbpsnon-blockingswitchfabric

ExtremeSummitlgigabitswitch 1| 11.9M pacletspersecond
10 MHz bandwidth
20 Msamples/sec
GageCompuScopd 250A/D 2 | 12bits/samplgpaddedo 16 bit datavalue)

installedin the PCl bus
recevesbasebandignalfrom customdowncorversionboard

Tablel: Hardwarecomponentsisedin experiments.

Thisconfigurationwastestedoy usingsimulatedsources
for eachof the antennasThe maximumdataratethatthis
clustercould supportwas1 Msamples/seayith eachsam-
ple representedsa 64 bit comple float. Table2 shavsthe
CPUoutilizationsof thefive machinesvhenoperatingatthis
datarate.

Machine CPUload
A (Pentiumll 400) 90%
B (Pentiumlil 800) 16%
C (Pentiumlll 800) 24%
D (Pentiumlll 500) | 50-90%
E (Pentiumlll 450) | 45-90%

Table2: CPU utilization for multiuserbeamforming.

Thelimiting factorin this applicationwasthe memory
system. The TCP protocol makesa copy of every paclet
thatis sent.Whenwe attemptto increaseheinputandpro-
cessinglatarateonmachineA, theoutputdataratetopsout
atabout128 Mbps (two streamsgach64 Mbps). The CPU

load alsotopsout at 90%. If the machinewasprocessoor
I/O limited, theload would have increasedo 100%. How-
ever, whenthe machineis memorylimited, the CPU stalls
while it attemptgo accesshe memorybus.

6.3. AMPS multichannel reception

A clusterof 450MHz machinesonnectedy 100MBit/sec
ethernetwas configuredto perform channelselectionand
decodingin the AMPS cellularbandfrom 870 MHz to 880
MHz. Eachof thefour machineperformedadifferentfunc-
tion (seefigure 5). Samplesfrom the antennawere col-
lectedon the bandselectionmachine which extractedtwo
200kHz sectionsof the 10 MHz cellularband(machineA).
Eachof these200kHz sectionavassentto achannekelec-
tion machine(machinesB andC). Eachchannelselection
machineextractedsix 30 kHz AMPS channeldrom its in-
putsectionandsentthosechanneldo the demodulatofma-
chine D). This machineperformedFM demodulationand
audiofiltering on eachof thevoicechannelandsaredeach
audiostreanto disk. In total, twelve voicechannelsveresi-



multaneouslyroducednthedemodulatioimachine Con-
nectingeachvoice outputchanneiin turn to a spealer con-
firmsthatthesystemproducesomprehensiblgoice output
for all channels.

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

Machine A
Band select total output: 25.6 Mb/sec
200 kHz channels
200 kSamples @ 64 bits = 12.8 Mb/sec

Machine B Machine C

total 1/0: 28.4 Mb/sec
(each machine)

Machine D
Demodulate

Channel select Channel select

total input: 30.8 Mb/sec

Figure5: Clusterconfiguration: multichannelAMPS pro-
cessing.

The systems capabilityis limited by the bandselection
machine andwithin that machineeitherby the PCI bus or
by memorybandwidth notby processocapability Thefol-
lowing configurationvasusedo verify thisfact. A machine
takes,asits input, a 20 Msample/sesamplestreamrepre-
senting10 Mhz of spectrum.A FIR filter with 256 tapsis
usedto selecta 200 kHz bandand producea 200 kSam-
ple/seccomplex samplestream. This operationrequires
51.2 million filter operationsper second(256 - 200000),
and when this output datais discarded,the CPU utiliza-
tion is at 60%. Adding network transmissiorof the output
dataincreaseghe processotoad to 65%. Whenthe out-
put bandwidthis increasedo 400 kHz andthe numberof
tapsreducedto 128 (thus keepingthe computationaload
constantat 51.2million filter operationsper second) CPU
utilization jumpsto 100% and the systembegins to drop
data. The mostlikely limitation is the PCI bus, since at
200kHz sectionst is beingdrivenatabout50%o0f its max-
imum throughputby two competingstreamsjncurring re-
peatedturnaroundand arbitrationpenalties. Futureexper
imentswith a higherspeed/O buswill enabletestingthis
hypothesis.

Eachchannelselectmachineexecutessix channelse-
lection filters on its input section, producingsix 30 kHz
streamgoversampledt40kSample/sec)Eachchanneke-
lectionfilter is implementedasa polyphaseFIR filter that
performsfrequeng translationto baseban@ndbandwidth
reduction[1]. This work plus the networking computation
requiredto receve and transmitthe samplestreamsonly
consume#1% of the processarlf the bandselectmachine
wereableto deliver a wider band,eachchannelselectma-
chinewould beableto selectatleast12 channels.

The demodulatiormachineexecutestwelve processing
pipelines,eachof which performsFM demodulationand
filtering (usingan FIR filter) and saves eachaudio stream
to disk. Its total processouutilization for all 12 channels,
including networking, is 50%.

Whenlisteningto anoutputchannebnthespealer, there
is asmallbut noticeablalelaycomparedo amobilehandset
receving the samesignal. We areinvestigatingthe source
andexactamountof the clusterslateny moreclosely

7. CONCLUSION

The experimentdescribechereverify theintuition thatPC
clustersare currentlyviable for low-bandwidthsignal pro-
cessingtasks,up to around10 MHz for simple taskslike
bandselection.The primary limitation is the I/O bus. The
secondaryimitation appeardo betheinterruptloadplaced
on the processowhentoo mary smalll/O transaction®c-
cur, but we have notverifiedthis obsenationyet.

The former limitation will be addressedn the course
of time asthe commercialmarketplacedrivesPCstowards
ever-higherperformancelf thelatterlimitationis confirmed,
targeted developmentefforts may be requiredto support
high-bandwidthsignal processingsuchas widebandA/D
andD/A cardsdesignedo minimize processomterrupts.

We areencouragedhatthe measuredateng andjitter
arelow enoughto supporta rangeof importantsignalpro-
cessingasks evenwithoutusinganoperatingsystentuned
for tight real-timebehavior. ThePCclusterapproacho sig-
nal processin@ppearpromising.
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