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Abstract

Multi-spectralsatelliteimagesetspresenta storageandtransmissionproblem.Theseimagesets
canalsocontainline featuresthat typical detectionmethodsdo not resolve sharplyenoughfor
somepurposes.The Karhunen-Lo�eve transform(KLT) presentsa solutionto both theseprob-
lems.Firstly, theKLT canbeusedasaform of lossydatacompression,only retainingthehigher-
orderimagesin the transformedset,asthesecontainthesigni�cant features.TheKLT canalso
substituteasa coderof wavelet transformcoef�cients, equallyfor thepurposesof compression.
Secondly, whenanimagecontainsbuildingsthenonetechniqueis to usea KLT in orderto high-
light thesefeatures.The KLT canalsoprovide a characteristicsignatureof differing regionsin
multi-spectralimageryandunlike2D methodsprior imagefusionis not required.

However, theKLT's kernelis data-dependentunlike relatedorthogonaltransforms.In other
words, it hasto be re-calculatedfor eachimageset to which it is applied. This causesa com-
putationalbottleneckwhenbatchesof satelliteimagesareprocessed.Neitherconventionaluni-
processorsor medium-grainedparallelmachinesarewell-matchedto KLT processing,eithercal-
culationof the kernelor subsequentapplicationof the transformto the imagesetdata. This is
becausetheKLT exhibits �ne-grainedparallelismin two of its threeprocessingstages.An inter-
mediatethird stageof theKLT canbemappedto aRISCprocessoror anASIC. In contrastto other
architectures,aplatformFPGAmaybeviewedasa �ne-grainedparallel-processingarchitecture.
Pipeliningof theimagesetsis thenrequiredto overlapdatastreamingwith computation.

Basedon a prototypeKLT engine,this paperdemonstratesthat theprototypedesigncanbe
incrementallyscaledto providereal-timeprocessingof satelliteimagesets,eitherfor thepurposes
of compressionor featureextraction.Furtherreplicationof FPGAsto form a KLT engineallows
single-passprocessingfor medium-sizedimagesetswithout theneedfor repeateddatastreaming.
EachFPGA-basedKLT could form a 'System-on-Chip'.The resultis incrementallyscalableto
a desiredperformance.The designhasbeentargetedat Xilinx Virtex seriesFPGAs,and the
prototypeproducedthroughCeloxica'sDK environmentandHandel-Chardwarecompiler.

1 Intr oduction

In multi-spectralsatelliteimagery, large data-banksof imagesareusuallycreated.For example,the
Landsatsatellitewas capableof producinghundredsof imageensemblesper day, eachensemble
consistingof seven thematicspectralchannelsat 512� 512resolution.In [8], thereis a setof such



imagesfor theWashingtonD.C. area.TheKarhunen-Lo�eve transform(KLT)1 canactaslossydata
compressor[13], only retainingthehigher-order imagesin the transformedset,asthesecontainthe
signi�cant features.In anexamplefrom [8], only two of asetof six imagesfrom anairbornescanner
wereretained.Alternatively, whencompressingimagesthrougha wavelettransform,a codersuchas
SPIHT[16] suppresseshigh-frequency coef�cients to gain its effect. Unfortunately, satelliteimages
of interestcontainline featureswhichthis form of compressionwill blur. In [22], theKLT is proposed
asa simplealternative to vectorquantizationof waveletcoef�cients. In addition,conventionaledge-
detectionmethodsdonotresolvesharplyenoughfor somepurposes.Besides2Dmethodsareunsuited
to multi-spectralimagesets,whereasthe KLT is normally applied[5] to an imagesetor ensemble.
Whenan imagecontainsbuildings then one techniqueis to usea KLT in order to highlight these
features. Alternatively, a Gaussian�lter or similar low-pass�lter precedesan edgedetector, for
exampleSobelor Canny, in orderto reduceringing [8]. Thelow-pass�lter blurs lines,which is not
a problemfor naturalscenes(onesforming a Markov orderone�eld) but becomesa problemwhen
thepreciselocationor con�gurationof thelinesis vital. In contrast,theKLT notonly preservessuch
featuresbut canalsoprovide a characteristicsignatureof differing regionsin multi-spectralimagery
[15].

TheKLT'skernelis data-dependentunlike relatedorthogonaltransformssuchasthediscreteco-
sinetransform.In otherwords,it hasto bere-calculatedfor eachimagesetto whichit is applied.This
causesa computationalbottleneckwhenbatchesof satelliteimagesareprocessed.A platformField-
ProgrammableGateArray (FPGA)maybeviewedasa �ne-grainedparallel-processingarchitecture.
TheKLT hasa matching�ne-grainedstructurein two of its threephases.An intermediatephaseof
the KLT canbe mappedto a RISC or a customApplication Speci�c IntegratedCircuit (ASIC) to
exploit pipelinedparallelism,which is alsorequiredfor datastreamingof the imageset. Basedon a
prototypeKLT engine,this paperdemonstratesthattheprototypedesigncanbeincrementallyscaled
to provide real-timepre-processingof satelliteimagesets. A single Virtex-I Field-programmable
GateArray (FPGA)canoutperforma high-performancemicroprocessorby a factorof � ve [7], when
processingimagesetsof size6 � 512� 512 gray-scalepixels. Basedon a prototypeKLT engine,
thispaperdemonstratesthattheprototypedesigncanbeincrementallyscaledup to provide real-time
identi�cation of signi�cant featuresin animageset.

2 Background

2.1 KLT pipeline

Figure1 shows theKLT equationsrepresentedasa pipeline. TheKLT pipelinecomprisesthreedis-
tinctprocessingstages:covariancematrixformation,covarianceeigenvectorcalculation,andeigenspace
transform.Sincethecovariancematrix is generallytoosmallto justify paralleldecompositionin gen-
eral or hardware implementationon an FPGA in particular, this intermediatestageis mappedto a
coprocessor. Thepipelinecanbefully synchronous,correspondingto thesystolicmodelof process-
ing wherebydataare`pumped'acrossaprocessingarray.

Parallelismarisesin variousways. First andobviously, the stagesof the KLT pipelinecanbe
partially overlappedin time. For example,thesecondstagecouldbe elidedwith the third and�nal
stageasit consumesrelatively little time,makingfor a reasonablybalancedpipeline.Secondlythere
is internalparallelismin the �rst stagebetweenthecovarianceandmean-vectorsub-stages.Thirdly
andmostimportantly, thereis dataparallelismacrosstheimages'width.

1TheKLT is known astheHotellingTransformandthetransformedoutputastheprincipalcomponentsin sometexts.
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Figure1: MappingtheKLT algorithmto apipeline

The KLT algorithmeasilymapsto a pipelinebut to seethis requiresanalysisof the algorithm.
Considerasamplesetof real-valuedimagestakenfrom asetof multi-spectralimages:

� Createvectorswith the equivalent pixel taken from eachof the images. If thereare D im-
ageseachof size N � M , then form the column vectorsx k = (x0

ij ; x1
ij ; : : : ; xD � 1

ij )T for
k = 0; 1; : : : ; M N � 1; i = 0; 1; : : : ; M � 1 andj = 0; 1; 2; : : : ; N � 1.

� Calculatethesamplemeanvector:

m0
x =

1
M N

M N � 1X

k=0

xk

� Useacomputationalformulato createthesamplecovariancematrixby:

Cx =
M N � 1X

k=0

xkxT
k ;

C0
x =

1
M N

Cx � m0
xm0T

x :

It is importantto notethatC0
x hasrankD , which beingthenumberof imagesin anensemble

is, in practice,usuallybelow ten.

� Formtheeigenvectorset:

C0
xuk = � kuk ; k = 0; 1; : : : ; D � 1;

whereuk aretheeigenvectorswith associatedeigenvalueset� k .
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� Finally, theKLT kernelis aunitarymatrix,V , whosecolumns,vectorsuk (arrangedin descend-
ing orderof eigenvalueamplitude),areusedto transformeachzero-meanedvector:

yk = V T (xk � mx )

2.2 FPGAsand developmentenvir onment

The presentattractionof platform FPGAsis their scaleof integrationwhich hasrisen from about
1 M equivalentsystemgates[24] in the Virtex-I from Xilinx to about10 M gatesin the Virtex-II,
with potentialfor further integration in line with Moore's law for at leastthe presentdecade.The
Virtex seriesarerecon�gurablevia an(encrypted)bitstreamwhich setsswitcheson interconnectand
look-uptablesontheCon�gurableLogic Blocks(CLBs)arrangedasslices(two CLBsperslicein the
Virtex family) in a meshgeometry. The featuresizeis similar to anApplicationSpeci�c Integrated
Circuits(ASIC), now approaching0.11� m. Onthesedevices,theI/O bandwidthis alsoanimportant
feature,makingthemsuitablefor dataintensive applications.In theVirtex-I , thereare512I/O pads,
and in the later Virtex-II thereare1,108buffered I/O pins on the largestmemberof the family of
ICs. Additionally, on theVirtex-II Probetweenzeroandtwenty-fourRocket serialtransceiverswith
individual dataratesof 3.125Gbpscanbe addedasembeddedcores. Selectableblock RAM acts
as buffering. While add/subtractis chained,embeddedmultipliers have eliminatedone weakness
of earliermembersof the family andmorespecialized,application-oriented familiesarenow being
introducedsuchasthe Virtex-4 series,which, for instance,allows a specializationto digital signal
processing.ThoughsmallerFPGAshave beenplacedin satellitesas recon�gurableelements,for
examplein [11], even the lower-poweredVirtex 'e' members,arein practicebetterco-locatedwith
thebasestation.

FPGAshave startedto be usedasSIMD arrayelements,taking advantageof their recon�gura-
bility, which allows optimalparallelcon�gurationsto meetvaryingcomputationalneeds.TheGarp
project[9] employs anFPGAasa coprocessor, selectingandextractingsuitablecomputationallyin-
tensive partsof analgorithm,for exampleinnerloops,to betargetedontotheFPGA.Alternatively, a
two-level multicomputermodelhasbeenproposed[19] thatwill consistof aninvariantnetwork-level
structureandavariantnode-level structure.In oneembodimentof thisarchitecture,the�rst level con-
sistsof a Sparchostwith a Myrinet NIC (Network InterfaceCard)[2], itself controlledby a LANai
communicationcoprocessor. The host is responsiblefor initialization of its computationcoproces-
sorandsubsequentmessagehandling.Thecomputationcoprocessorwasactuallycomposedof four
interconnectedFPGAswith on-boardNIC.

In somecases,theFPGAis dominant,andit maybepossibleto regardtheconventionalhostas
a co-processor. Certainlyfor thepipelinethatwe have designedtwo of thestagesareperformedby
FPGAsandaremassively parallel,with thebrief interveningstageperformedonaconventionalRISC.
The interveningstageis iterative and(becauseof the sizeof the matrix involved) doesnot warrant
paralleldecomposition.A pipelineddesignallows datatransferto beoverlappedwith computation.
Sucha designassumesa continuous�o w of imagesetsto be processed.In our prototypedesign,
the microprocessoris a conventionalgeneral-purposemicroprocessor, but the Virtex-II supportsan
on-FPGAMicroBlaze 32-bit soft-coreRISC processor(running at up to 150 MHz) [25], and the
morerecentVirtex-II ProSystem-on-Chipsupportsup to four on-FPGA32-bit PowerPC405x3hard
cores(at 400MHz). Both of theseRISCsoperatein �x ed-pointformat,asis normalfor embedded
microprocessors,with the PowerPChaving fusedmultiply-accumulate(MAC) hardware, which is
particularly appropriateto the designconsideredin this paper. Clock speedsare limited to those
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supportedby theFPGAdesign.Theadvantageof anembeddedcoreis theanticipatedconsiderable
reductionin datatransferlatency.

PlatformFPGAs,becauseof thenumberof equivalentsystemgatesavailablecanberegardedasa
new form of computerarchitecture[6], especiallyif they areprogrammedusingahardware compiler
suchasHandel-C[3]. The hardwarecompilerrunswithin Celoxica's DK environment[20], which
hasthe ' look-and-feel'of MS Visual Studio. Comparedto silicon compilers[4], which arisefrom
hardwaredescriptionlanguagesandthusprovide a high-level way of modellingcircuits,a hardware
compilermapsa softwareprogramontoanFPGA,providing a high-level way of modellingprogram
constructsdirectly in hardware.

Theconstructsof theprogram,suchasloops,if : : : thenstatements,expressionsandassignments
arerepresentedby parameterizablelogic templates.Handel-Cemploys (nested)barrierparallelism,
which whenreplicatedin hardwareachievesthe reportedgainsin performance.Handel-C's seman-
tics are basedon the 'simplicity principle' embodiedin Tony Hoare's CommunicatingSequential
Processes(CSP)[10]. Automaticsynthesistakesplacethroughtheagency of theXilinx Foundation
Seriestools. In fact, the outputof Handel-Cis eithera netlist, which canbe in the industrystan-
dardEDIF (ElectronicDataInterchangeFormat),or in RTL (RegisterTransferLevel) VHDL. The
Virtex-II MicroBlazecore,for which datawidthsareparameterizable,is currentlyprogrammedand
interfacedto the recon�gurablelogic througha customizedtool chain. However, the Virtex-II Pro
PowerPChoststheUnix-like VxWorksreal-timeoperatingsystemfrom Wind River Inc. , and,hence,
is a �e xible developmentenvironment.

3 Designprototype

TheKLT algorithmis deterministicin natureexceptthanfor theeigenvectorcalculation,if performed
iteratively by Jacobirotation. This implies that a small scaledesigncanbe extrapolatedto a larger
implementation.

3.1 Developmentboard

An economicalway to prototypethepipelineis to usea PC-baseddevelopmentboard.TheRC1000-
PPboard,Figure2, hasfour banksof 2 MB SRAM (StaticRAM) memories,which areaccessible
four bytesindividually (or oneword)ata time. `Fast' switchisolationavoidsaccesscontentionto the
memorybanks.

The critical part of theKLT algorithmis theeigenvectorextractionpipelinestage,asit forms a
bottleneckin apipelinebecauseof theneedto performI/O betweenstages.In theprototype,theeigen-
vectorcalculationswereperformedonaPentiumhostconnectedthroughaPCIbusto theRC1000-PP
systemdevelopmentboardfrom CeloxicaInc. [21]. This createsa potentialI/O bottleneck.In [23],
thebandwidthbottleneckon this andsimilar boardsis essentiallyrecognized,asa task-parallelpro-
cessingmodelis implementedfor theRC1000-PP.

A realisticpossibility is to includea specialisteigenvector engine,and indeedsystolicdesigns
have long existed for symmetricmatrices,for example[18]. Naturally, this latter proposalwould
resultin a customizedboard,andnot a developmentboard. A morelikely solutionis anupgradeto
eitheraVirtex-II or aVirtex-II Pro,ason-chipRISCcoresavoid theneedfor intermediatedatato pass
overaPCIbus.Theissueof streamingdataonandoff thecustomboardstill remainsandthis issueis
returnedto in Section4.2.

5



PCI-PCI
Bridge

PLX PC19080
PCI Bridge

Clocks &
control

SRAM Bank
512K x 32

SRAM Bank
512K x 32

SRAM Bank
512K x 32

SRAM Bank
512K x 32

Secondary PCI bus

PMC #1

PMC #2

Isolation Isolation

Linear
voltage

regulator

+3v3/
+2v5

Xilinx
Virtex

XV1000

Auxiliary I/O

PMC = PCI
mezzanine

card (for 3rd party
I/O)

Figure2: RC1000-PPboard

3.2 Data modelling

A pilot implementationof thedesignwasmadebeforeperformingscalingexperiments.In fact,six
imageswith just 20 dataitemsin eachwereemployed. Oneof the reasonsfor thesmall sizeof the
pilot implementationwasthe I/O bottleneckon theRC1000-PPdevelopmentboardalreadyreferred
to. Anotherreasonwasthatperformingplace-and-routeof FPGAcomponentson a full-scaledesign,
evenwith ahigh-performancehostcanbea time-consumingactivity.

Apart from feasibleclock speed,assumingfor the momenta single clock domaindesign,the
othermain purposeof the pilot implementationis to establishdatawidths, which in turn indicates
areausage.Fixed-pointmodellingof �oating point numberswasapplied.Otherpossibilitiesinclude
logarithmicarithmetic[17] anddistributedarithmetic[1]. Thedynamic�x ed-pointrangefor a given
accuracy wasestablishedthroughmodellingwith FrontierDesign's C++classlibrary, availableaspart
of theSystemCrelease[12]. Theinput testdatawereintegersin therange0 � 100.

A �x ed-pointimplementationof thestageonecovariancecalculationwasfoundto requirea 22-
bit datawidth, whereasinteger (direct)calculationrequiredonly 17-bits. This impactson multiplier
size.Speci�cally, a17-bitVirtex-I multiplier occupies17slicesandrunsat39MHz, whereasa22-bit
multiplier consumes113slices,andrunsat28 MHz. Moresigni�cantly for otherdesigns,theVirtex-
II family of FPGAsis equipped,for high-speedoperation,with 18-bit twos complementhardware
multipliers,maximally192multipliersin all. Therefore,direct implementationwaschosenfor stage
oneof theKLT pipeline.

Figure3 shows thedatawidthsfoundfor stagethreeof theKLT pipelineto avoid over�ow errors,
andto avoid quantizationerrorsexceeding0.5%for thetestdataset.Therefore,theresultsin Figure3
aredata-dependent.Referforwardto Section4.1 for scaleddatawidthsreplicatedto a realisticsized
imageset.Thetestsin Section4.1arealsogeneralfor all 7-bit data(dynamicrange0-127).
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The datawidth notationappearingin Figure3 takes the form: t(i; u), wheret is the datatype,
either unsigned (u), or signed (s), and i and u correspondto the width speci�cationsof the
integer anddecimalelementsof the datatypesconcerned.The notationcvt refersto the taskof
convertingdissimilardatatypes,which is necessaryin orderto align decimalpointsprior to addand
subtractcalculations.

3.3 Prototype results

Stagesoneandthree,consistingof 953slicesoccupiedapproximately10% of theVirtex-I capacity
for thesmall implementation.Thefeasibleclock speedwas35.418MHz, basedon thevery reliable
estimatesoriginatingfrom Xilinx' s place-and-routetool. The sub-stagesof the pipelinewerefully
decoupledto increasethe clock speed. In addition, the CoreGensoft coremultiplier was usedto
optimizethedesign.

4 Dimensioningthe design

Theprototypedesignwasnow scaledto take accountof parallelism.

4.1 Scalingto full size: Virtex-I Solution

Thepilot KLT pipeline,consistingof �rst andthird stages,wasreplicatedn times. Whenthemean
vectorandcovariancetotalsareaccumulatedon theFPGA,thenthedatawidth will belarger, respec-
tively increasingfrom 11 to 26 bits and17 to 34 bits for a 6 � 512� 512dataset.Thesedatawidths
arefor all 7-bit dataconsistingof integersin therange0–127.2

Table1 recordstheresultsof accountingfor theincreasein dynamicrange,establishingthenum-
berof replicationsthatcanbesupported.In thesemeasurements,no accountis takenof coordination
of dataI/O, asonly the�rst pipelinein every replicationsetis properlyconnectedto memorybanks.
For thesamereason,theclock frequency shouldonly betakento indicateanapproximatespeed.

What theresultsshow is that thenumberof replicationsis limited to twelve. This representsan
imageof just 240bytes,whereasa representative imageis obviously either128� 128or 512� 512
pixels. To accommodateimagesof thesedimensions,many timeswhatcanbeaccommodatedin one

2As anindication,thedatawidthsfor un-accumulated8-bit datafor themeanvectorandcovariancetotalsrespectively
increasefrom 11 to 13bits andfrom 17 to 21 bits.

7



Replic- Gate Number Capacity Clock
ations count of slices (%) speed
(n) (MHz)

1 39,705 1,077 9 25.295
8 270,126 8,065 66 22.444
10 334,306 9,920 80 22.077
12 400,334 11,921 97 20.115

Table1: FPGAusagewith scaleddatawidthsof 26 bits for meanvectorand34 bits for covariance
totals

passontheVirtex, it is necessaryto passrepeatedstreamsof datamany timesthroughtheKLT engine,
accumulatingresultseitheron thehostprocessoror on theFPGA,beforetheeigenvectorcalculation
is performed.

Timings for a realistically-sizedimageensembleareshown in Table2. Takingabsolutetimings
for the�rst stagefor 12 iterationsof thepilot designresultedin a timeof 54 � sandfor thethird stage
38 � s. The �rst stageis now dominant,andscalingthis resultto the full imageensemble,requiring
1,093passesof data((512 � 512)=240), givesthe result in Table2. The result in Table2 assumes
that the stagesarepipelinedandneglectsthe costof stagetwo on a high-endmicroprocessor, (less
than50 � s on a PentiumIV at 1.7 GHz). To make the timings, the MS Windows High-Resolution
TimerAPI onthemicroprocessorusedIntel'shigh-resolution64-bit timersandtheprivilegedrtdsc
instruction,which in turn examinesa hardwareregisteron thePentium.Theaccuracy of thetimings
wasfurtherestablishedby averagingovermany thousandsof tests.

Description Timing (ms)

PentiumIV (1.7GHz) 301.0
Virtex-I(20 MHz) 59.0

Table2: KLT executiontimesfor a6 � 512� 512pixel imageensemble

4.2 A Virtex-II Solution

The scaledtiming for the FPGA is � ve timesfasterthanthe PentiumIV, but this pre-supposesthat
thereis astreamingI/O sub-systemto sustaintheVirtex datarequirements.

In thecaseof theKLT, theVirtex-I designoperatedat20MHz allowing six updatesfor reasonable
DRAM accessspeedsof 120MHz. In fact,thereis a greaterlatency becausetheKLT pipelinetakes
aboutsixty 20 MHz clock cyclesperstage,allowing about360DRAM accessesbeforea new setof
datais required.The datawidth for onestageof theKLT is 6 � 12 bytes. Eachof the twelve data
streamsrequiresa 48-bit width, typically formedfrom three16-bit wide DRAM memorymodules.
A write of theoriginal imagesfrom an externalsourceandtwo readsfor eachof the KLT stagesis
requiredfor eachof thetwelvedatastreams,making36accessesin all, certainlyallowing afurtherset
of writes if theprocessedimageensemblewereto bewritten to suf�ciently large memorymodules.
In fact,astreamingsub-systemhasbeenconstructedfor adifferentpurpose[14] with four 8 Mb � 16
bitsaccesswidth for Virtex-I modules.

On theRC1000-PPboard,accessto memoryis limited by theclock speedof theFPGA,whereas
a streamsub-systemcanindependentlycontrolmemoryaccess.In general,dual-portedselectRAM
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blockscanactasa buffer, sothatdatacanbeaccumulatedbeforebeingread-outfor consumptionby
theFPGAengine.Thoughthis requirestwo clock domains,Virtex-II family FPGAsalreadyhave up
to 12parameterizabledigital clockmanagers,eachwith amaximumfrequency of 400MHz. Multiple
clock domainsarenecessary, as otherwisethereis insuf�cient time for a streamingI/O systemto
updateall KLT pipelinestagedatabuffers beforethe next row hasto be processed,some50 clock
cycleslater. This 50 cycle time frameapproximatelyequatesto a four cycle updatewindow perKLT
pipeline.IncreasingtheDRAM controllerclock speedto (say)120MHz extendstheupdatewindow
to 24 clock cycles,which is suf�cient to allow onewrite to DRAM memoryfrom anexternalsource
inputting thenext imageset,andonereadto eachpipelinestage.This updateprocedureis repeated
for eachof thesix row dataelementsgiving a totalupdatetimeof 18cycles,well within the24 clock
cyclebudgetallowed.

Figure4 shows asystemarchitecturefor suchadesignonaVirtex-II Pro.Noticethatstagetwo is
now performedon-FPGAby meansof a RISCcore,asmentionedin Section2. Thesystemconsists
of thestreamingI/O andtheKLT pipelinesub-system,respectively runningat120MHz and20MHz.
TheI/O controllercoordinatesDRAM read/writeactivity androw datatransfersfrom DRAM to KLT
pipelinebuffers. The summationunit accumulatesthe samplemeanandcovariancepartial results
generatedby eachof the twelve KLT pipelineunits, and interruptsthe microprocessorto start the
eigencalculatoronthehost.Additionalsystemcontrollerlogic andfurtherDRAM memorywouldbe
neededto storethetransformeddataoutput. In practice,carefulchoiceof FPGAdevice is necessary
to ensurethatsuf�cient selectRAMis available.Anotherissueto bearin mind is thatit is notusualto
designaboardwith ahigherclockspeedthantheprocessingdevice,andtheboarddesignis, therefore,
morecritical thanit otherwisewould be.

µP
stage two

KLT pipeline 0

stage threebuffer

sum

KLT pipeline 1

stage onebuffer

stage onebuffer

sm

mv & ev
results

cvVirtex-Pro FPGAoff-chip
system logic

20MHz
domain

120MHz
domain

clock domain
boundary

I/O
controller

output

DRAM
memory

Figure4: Virtex-II Prodesign

Furtherspeed-upof thepipelinein Figure4 is accomplishedby replicatingfurther `stageone&
three'unitsonVirtex-IIs. OneVirtex-II Prohostingasinglestagetwounit is required,with anexternal
bus to communicateintermediateresults,Figure 5. Table3 comparesthe featuresof the Virtex-I
family XCV1000usedontheRC-1000board,two alternative Virtex-II Prodeviceseachwith justone
PowerPC(PPC)450coreonchip,theXC2VP4andXCVP7(asfoundontheML300Evaluationboard
from Xilinx), andseveralVirtex-II devices.Apartfrom recon�gurablelogiccapacity, theVirtex-II Pro
devicesdiffer in thenumberof high-bandwidth(3.25Gbps)Rocket I/O serialbustransceiver blocks
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present,4 and8 respectively for theXC2VP4andXCVP7. Assuminguseof conventionalI/O blocks
(IOBs),thisarguesfor useof thesmallerof thetwo devices.Of thetwo Virtex-II devices,thesmaller
is approximatelyequivalentto theRC-1000boarddevice,while thesecondis thelargestof thefamily
andfor economiesof scaleandI/O ef�ciency is thepreferredchoicefor thedesignin Figure5.
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Figure5: Virtex-II-basedsingle-passKLT Engine

In Figure5, thenumberof pipelinespossibleonthelargestVirtex-II device, theXC2V10000,has
beenconservatively estimatedby extrapolationof sliceusage,basedon the�gures in Table3. There
is a scalingof approximately� ve times.This impliesthatabout1093=5 = 219datapasseswould be
needed,andthatequivalently, to achieveasinglepasscomputationof a6� 512� 512imageensemble,
would require219Virtex-II units.Thethroughputwould thenbeapproximatelyoneimageensemble
per54 � sor no lessthan18,519ensemble/s,with a latency of approximately3 � 54 = 162� s. These
�gures assumethat the clock speedis unalteredin the Virtex-II pipelineover the Virtex-I pipeline,
whereasthe reductionin featuresizefrom 5-layer0:22 � m to 8-layer0:13 � m CMOS will leadto
reducedtimings.

5 Conclusions

The Karhunen-Lo�eve transform(KLT) is applicableto real-timeprocessingof multi-spectralsatel-
lite imagesetsfor compressionor to isolate target features. The architectureof general-purpose
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Family Device CLBs Slices IOBs Multipliers PPCs Max. Clock (MHz)

Virtex-I XCV1000 6,144 12,288 512 0 0 200
Virtex-II XC2V1000 1,280 5,120 432 40 0 450

XC2V10000 15,360 61,440 1,108 192 0 450
Virtex-II Pro XC2VP4 752 3,008 348 28 1 420

XC2VP7 1,232 4,928 396 44 1 420

Table3: Virtex-I, Virtex-II, andVirtex-II Prowith embeddedPowerPCdevicestatistics

uni-processorsor medium-grainedparallelprocessorsis not ideallysuitedto this task.Instead,a �ne-
grainedparallelarchitecture,ascurrentlyexempli�ed by platform FPGAs,matchesthe algorithm's
structure. Virtex-I platform FPGAs,running at far lower clock speeds,competefavorably with a
high-endgeneral-purposemicroprocessor, if suf�cient dataparallelismcanbeexploited.However, as
asingleVirtex-I device is insuf�cient to allow single-passprocessing,in practice,it is necessaryto re-
peatedlystreamdataacrosstheinternalreplicatedpipelinesformedby theFPGA.In aprototypeKLT
pipeline,estimatessuggestamaximumspeed-upof � veover aPentiumIV processorwith thelargest
Virtex-I device for a multi-spectralimagesetof 6 � 512� 512pixels. This prototypedesignallows
anestimateof thespeed-upfrom transferof thetaskto Virtex-II devices.ThecurrentlargestVirtex-II
deviceis approximately� vetimesasbig. In partdueto areductionin featuresize(0:13� m),aVirtex-
II hasapproximatelydoubledtheachievableclock speed.Moreover, it is found that thepipelinesin
thecasestudyscalelinearly in sliceusage,suggestinga furtherincreasein performanceof aboutten
times.Finally, aKLT engineis possibleexploiting theembeddedRISCprocessorontheVirtex-II Pro
device to performsecondstageprocessing.In this design,devicesarereplicatedto allow single-pass
processingwithout repeatedstreamingof data.In fact,thedesignis incrementallyscalableto give a
rangeof performancesdependingon thenumberof FPGAdeployed.
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