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Abstract

Multi-spectralsatelliteimagesetspresent storageandtransmissiorproblem. Theseimagesets
canalsocontainline featuresthat typical detectionmethodsdo not resolhe sharplyenoughfor
somepurposes.The Karhunen-Lewe transform(KLT) presentsa solutionto both theseprob-
lems.Firstly, the KLT canbeusedasaform of lossydatacompressiongnly retainingthe higher
orderimagesin the transformedset,asthesecontainthe signi cant features.The KLT canalso
substituteasa coderof wavelettransformcoefcients, equallyfor the purposef compression.
Secondlywhenanimagecontainsbuildingsthenonetechniquds to usea KLT in orderto high-
light thesefeatures. The KLT canalsoprovide a characteristisignatureof differing regionsin
multi-spectraimageryandunlike 2D methodsprior imagefusionis notrequired.

However, the KLT's kernelis data-dependentnlike relatedorthogonalransforms.In other
words, it hasto be re-calculatedor eachimagesetto which it is applied. This causesa com-
putationalbottleneckwhenbatchewf satelliteimagesare processedNeithercorventionaluni-
processorsr medium-grainegbarallelmachinesarewell-matchedo KLT processingeithercal-
culationof the kernelor subsequenapplicationof the transformto the imagesetdata. This is
becauseheKLT exhibits ne-grainedparallelismin two of its threeprocessingtagesAn inter-
mediatethird stageof theKLT canbemappedo aRISCprocessoor anASIC. In contrasto other
architecturesa platform FPGAmaybeviewedasa ne-grainedparallel-processingrchitecture.
Pipeliningof theimagesetsis thenrequiredto overlapdatastreamingwith computation.

Basedon a prototypeKLT engine,this paperdemonstratethat the prototypedesigncanbe
incrementallyscaledo providereal-timeprocessingf satelliteimagesets githerfor thepurposes
of compressiomr featureextraction. Furtherreplicationof FPGAsto form aKLT engineallows
single-pasprocessindor medium-sizedmagesetswithoutthe needfor repeatediatastreaming.
EachFPGA-baseXLT couldform a'System-on-Chip'. Theresultis incrementallyscalableto
a desiredperformance. The designhasbeentargetedat Xilinx Virtex seriesFPGAs, and the
prototypeproducedhroughCeloxicas DK ervironmentandHandel-Chardwarecompiler

1 Intr oduction

In multi-spectralsatelliteimagery large data-bank®f imagesareusually created.For example,the
Landsatsatellite was capableof producinghundredsof image ensembleger day eachensemble
consistingof seventhematicspectraichannelsat 512 512resolution.In [8], thereis a setof such



imagesfor the WashingtorD.C. area. The Karhunen-Lewe transform(KLT)! canactaslossydata
compressofl13], only retainingthe higherorderimagesin the transformedset, asthesecontainthe
signi cant featuresln anexamplefrom [8], only two of a setof siximagesfrom anairbornescanner
wereretained.Alternatively, whencompressingmagesthrougha wavelettransform,a codersuchas
SPIHT[16] suppressekigh-frequeng coefcients to gainits effect. Unfortunately satelliteimages
of interestcontainline featuresvhichthisform of compressiomvill blur. In [22], theKLT is proposed
asasimplealternatve to vectorquantizatiorof waveletcoefcients. In addition,corventionaledge-
detectiommethodslonotresole sharplyenoughfor somepurposesBeside2D methodsareunsuited
to multi-spectralimagesets,whereaghe KLT is normally applied[5] to animagesetor ensemble.
When an image containshuildings then one techniqueis to usea KLT in orderto highlight these
features. Alternatively, a Gaussianlter or similar low-pass Iter precedesan edgedetectoy for
exampleSobelor Cantry, in orderto reduceringing [8]. Thelow-passlter blurslines,whichis not
a problemfor naturalscenegonesforming a Markov orderone eld) but becomesa problemwhen
the precisdocationor con gurationof thelinesis vital. In contrastthe KLT notonly preseressuch
featuresbut canalsoprovide a characteristisignatureof differing regionsin multi-spectraimagery
[15].

The KLT'skernelis data-dependeninlike relatedorthogonakransformssuchasthe discreteco-
sinetransform.In otherwords, it hasto bere-calculatedor eachimagesetto whichit is applied.This
causes computationabottleneckwhenbatcheof satelliteimagesareprocessedA platformField-
Programmabl&ateArray (FPGA) maybeviewedasa ne-grainedparallel-processingrchitecture.
TheKLT hasa matching ne-grained structurein two of its threephases An intermediatgphaseof
the KLT canbe mappedto a RISC or a customApplication Speci ¢ IntegratedCircuit (ASIC) to
exploit pipelinedparallelism,which is alsorequiredfor datastreamingof theimageset. Basedon a
prototypeKLT engine this paperdemonstratethatthe prototypedesigncanbeincrementallyscaled
to provide real-time pre-processin@f satelliteimage sets. A single Virtex-I Field-programmable
GateArray (FPGA) canoutperforma high-performancenicroprocessoby afactorof ve[7], when
processingmagesetsof size6 512 512 gray-scalepixels. Basedon a prototypeKLT engine,
this paperdemonstratethatthe prototypedesigncanbeincrementallyscaledup to provide real-time
identi cation of signi cant featuresn animageset.

2 Background
2.1 KLT pipeline

Figurel shavs the KLT equationgepresentedsa pipeline. The KLT pipelinecompriseghreedis-
tinct processingtagescovariancematrixformation,covarianceeigervectorcalculation andeigenspace
transform.Sincethe covariancematrixis generallytoo smallto justify paralleldecompositiorin gen-
eral or hardware implementatioron an FPGA in particular this intermediatestageis mappedto a
coprocessorThe pipelinecanbefully synchronousgorrespondindo the systolicmodelof process-
ing wherebydataare pumped'acrossa processingirray

Parallelismarisesin variousways. First andobviously, the stagesof the KLT pipelinecanbe
partially overlappedn time. For example,the secondstagecould be elidedwith the third and nal
stageasit consumeselatively little time, makingfor areasonablyalancedipeline. Secondlythere
is internalparallelismin the rst stagebetweerthe covarianceand mean-ectorsub-stagesThirdly
andmostimportantly thereis dataparallelismacrosgheimages'width.

1TheKLT is known asthe Hotelling Transformandthe transformedutputasthe principal componentin sometexts.
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Figurel: Mappingthe KLT algorithmto a pipeline

The KLT algorithmeasilymapsto a pipelinebut to seethis requiresanalysisof the algorithm.
Considera samplesetof real-\aluedimagestakenfrom a setof multi-spectraimages:

Createvectorswith the equivalent pixel taken from eachof the images. If thereareD im-
ageseachof sizeN M, thenform the columnvectorsxy = (xi‘f ;xﬁ vl ;xi'j3 HT for
k=01:::;MN 1i=0;1;:::;M 1landj =0;12:::;N L1

Usea computationaformulato createthe samplecaovariancematrix by:

My 1
Cy = XKXp ;

k=0
CO_ 1 C 0,,0r.
VIV

It is importantto notethat CQ hasrank D, which beingthe numberof imagesin anensemble
is, in practiceusuallybelow ten.

Formtheeigervectorset:
Clug = ug; k=0;1:::;D 1
whereuy aretheeigemwectorswith associate@igervalueset .
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Finally, theKLT kernelis aunitarymatrix,V , whosecolumnsyectorsuy (arrangedn descend-
ing orderof eigervalueamplitude) areusedto transformeachzero-meanesector:

Yk = VT(Xk My)

2.2 FPGAsand developmenternvironment

The presentattractionof platform FPGAsis their scaleof integrationwhich hasrisenfrom about
1 M equivalentsystemgates[24] in the Virtex-lI from Xilinx to about10 M gatesin the Virtex-Il,
with potentialfor furtherintegrationin line with Moore's law for at leastthe presentdecade.The
Virtex seriesarerecon gurablevia an (encryptedpitstreanmwhich setsswitcheson interconnecand
look-uptablesontheCon gurableLogic Blocks(CLBs) arrangedsslices(two CLBs perslicein the
Virtex family) in a meshgeometry The featuresizeis similar to an Application Speci ¢ Integrated
Circuits(ASIC), now approachin@.11 m. Onthesedevices,thel/O bandwidthis alsoanimportant
feature,makingthemsuitablefor dataintensve applicationslin the Virtex-1 , thereare5121/0O pads,
andin the later Virtex-11 thereare 1,108 buffered /O pins on the largestmemberof the family of
ICs. Additionally, onthe Virtex-1l Probetweerzeroandtwenty-fourRocket serialtranscarerswith
individual dataratesof 3.125Gbpscanbe addedas embeddedtores. Selectableblock RAM acts
as buffering. While add/subtracts chained,embeddednultipliers have eliminatedone weakness
of earliermembersof the family and more specializedapplication-orienta familiesarenow being
introducedsuchasthe Virtex-4 series,which, for instance allows a specializatiorto digital signal
processing. ThoughsmallerFPGAshave beenplacedin satellitesasrecon gurableelementsfor
examplein [11], eventhe lower-powveredVirtex 'e' membersarein practicebetterco-locatedwith
thebasestation.

FPGAshave startedto be usedasSIMD array elementstaking adwvantageof their recon gura-
bility, which allows optimal parallelcon gurationsto meetvarying computationaheeds.The Garp
project[9] emplg/s an FPGA asa coprocessoiselectingandextracting suitablecomputationallyin-
tensve partsof analgorithm,for exampleinnerloops,to betamgetedontothe FPGA. Alternatively, a
two-level multicomputemodelhasbeenproposed19] thatwill consistof aninvariantnetwork-level
structureandavariantnode-leel structure In oneembodimenbf thisarchitecturethe rst level con-
sistsof a Sparchostwith a Myrinet NIC (Network InterfaceCard)[2], itself controlledby a LANai
communicatiorcoprocessor The hostis responsibldor initialization of its computationcoproces-
sorandsubsequenmnessagdandling. The computatiorncoprocessowasactuallycomposedf four
interconnectedPGAswith on-boardNIC.

In somecasesthe FPGAis dominant,andit may be possibleto regardthe conventionalhostas
a co-processorCertainlyfor the pipelinethatwe have designedwo of the stagesare performedby
FPGAsandaremassvely parallel,with thebriefinterveningstageperformednacornventionalRISC.
The intervening stageis iterative and (becausef the size of the matrix involved) doesnot warrant
paralleldecomposition A pipelineddesignallows datatransferto be overlappedwith computation.
Sucha designassumes continuous o w of imagesetsto be processed.In our prototypedesign,
the microprocessois a corventionalgeneral-purposenicroprocessorbut the Virtex-11 supportsan
on-FPGAMicroBlaze 32-bit soft-coreRISC processor(running at up to 150 MHz) [25], andthe
morerecentVirtex-11 ProSystem-on-Chigupportaup to four on-FPGA32-bit PoverPC405x3hard
cores(at400 MHz). Both of theseRISCsoperaten x ed-pointformat, asis normalfor embedded
microprocessorsyith the PoverPChaving fused multiply-accumulatg MAC) hardware, which is
particularly appropriateto the designconsideredn this paper Clock speedsare limited to those



supportedby the FPGA design. The advantageof anembeddedoreis the anticipatedconsiderable
reductionin datatransferateng.

PlatformFPGAs becaus®f thenumberof equivalentsystemgatesavailablecanberegardedasa
new form of computerarchitecturd6], especiallyif they areprogrammedisinga hardware compiler
suchasHandel-C[3]. The hardware compilerrunswithin Celoxicas DK ernvironment[20], which
hasthe 'look-and-feel'of MS Visual Studio. Comparedo silicon compilers[4], which arisefrom
hardware descriptionlanguagesndthusprovide a high-level way of modellingcircuits, a hardware
compilermapsa softwareprogramontoan FPGA, providing a high-level way of modellingprogram
constructglirectly in hardware.

Theconstructof the program suchasloops,if ::: thenstatementsxpressionandassignments
arerepresentethy parameterizabléogic templates.Handel-Cemplagys (nested)oarrierparallelism,
which whenreplicatedin hardware achieresthe reportedgainsin performance Handel-Cs seman-
tics are basedon the 'simplicity principle’ embodiedin Tony Hoares CommunicatingSequential
ProcessefCSP)[10]. Automaticsynthesigakesplacethroughthe ageng of the Xilinx Foundation
Seriestools. In fact, the outputof Handel-Cis eithera netlist, which canbe in the industry stan-
dard EDIF (ElectronicDatalInterchangd-ormat),or in RTL (Register TransferLevel) VHDL. The
Virtex-1l MicroBlazecore,for which datawidths are parameterizablds currentlyprogrammedand
interfacedto the recon gurablelogic througha customizedool chain. However, the Virtex-11 Pro
PawverPChoststhe Unix-like VxWorksreal-timeoperatingsystemfrom Wind RiverInc., and,hence,
isa e xible developmentenvironment.

3 Designprototype

TheKLT algorithmis deterministidn natureexceptthanfor theeigemwectorcalculationjf performed
iteratively by Jacobirotation. This impliesthata small scaledesigncanbe extrapolatedto a larger
implementation.

3.1 Developmentboard

An economicalvay to prototypethe pipelineis to usea PC-basedlevelopmentoard. The RC1000-
PPboard,Figure 2, hasfour banksof 2 MB SRAM (StaticRAM) memorieswhich areaccessible
four bytesindividually (or oneword) atatime. “Fast' switchisolationavoids accessontentionto the
memorybanks.

The critical partof the KLT algorithmis the eigewector extractionpipeline stage asit formsa
bottleneckn apipelinebecausef theneedo performl/O betweerstagesin theprototype theeigen-
vectorcalculationsvereperformedna Pentiumhostconnectedhrougha PCl busto the RC1000-PP
systemdevelopmentboardfrom Celoxicalnc. [21]. This createsa potentiall/O bottleneck.In [23],
the bandwidthbottleneckon this andsimilar boardsis essentiallyrecognizedasa task-parallepro-
cessingnodelis implementedor the RC1000-PP

A realistic possibility is to include a specialisteigevector engine,and indeedsystolic designs
have long existed for symmetricmatrices,for example[18]. Naturally this latter proposalwould
resultin a customizedoard,andnot a developmentboard. A morelikely solutionis anupgradeo
eithera Virtex-Il or aVirtex-1l Pro,ason-chipRISCcoresavoid theneedfor intermediatalatato pass
overaPClbus. Theissueof streamingdataon andoff the customboardstill remainsandthisissueis
returnedo in Sectior4.2.
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Figure2: RC1000-PRoard

3.2 Datamodelling

A pilot implementatiorof the designwas madebeforeperformingscalingexperiments.in fact, six
imageswith just 20 dataitemsin eachwereemplo/ed. One of the reasondor the small size of the
pilot implementatiorwasthe I/O bottleneckon the RC1000-PRlevelopmentboardalreadyreferred
to. Anotherreasorwasthatperformingplace-and-routef FPGA component®n a full-scaledesign,
evenwith a high-performancéostcanbeatime-consumingctvity.

Apart from feasibleclock speed,assumingfor the momenta single clock domaindesign,the
othermain purposeof the pilot implementations to establishdatawidths, which in turn indicates
areausage Fixed-pointmodellingof oating pointnumbersvasapplied.Otherpossibilitiesinclude
logarithmicarithmetic[17] anddistributedarithmetic[1]. Thedynamic x ed-pointrangefor a given
accurayg wasestablishedhroughmodellingwith FrontierDesigrs C++ clasdlibrary, availableaspart
of the SystemQeleasd12]. Theinputtestdatawereintegersin therange0 100

A x ed-pointimplementatiorof the stageone covariancecalculationwasfoundto requirea 22-
bit datawidth, whereasnteger (direct) calculationrequiredonly 17-bits. This impactson multiplier
size.Speci cally, a17-bitVirtex-I multiplier occupiesl?7 slicesandrunsat 39 MHz, whereasa 22-bit
multiplier consumed.13slices,andrunsat 28 MHz. More signi cantly for otherdesignstheVirtex-
II family of FPGAsis equipped for high-speedperation,with 18-bit twos complementardware
multipliers,maximally 192 multipliersin all. Thereforedirectimplementatiorwaschoserfor stage
oneof theKLT pipeline.

Figure3 shavs thedatawidthsfoundfor stagethreeof the KLT pipelineto avoid over ow errors,
andto avoid quantizatiorerrorsexceedingd.5%for thetestdataset. Thereforetheresultsin Figure3
aredata-dependenReferforwardto Section4.1for scaleddatawidthsreplicatedto arealisticsized
imageset. Thetestsin Section4.1arealsogeneralor all 7-bit data(dynamicrange0-127).



[}
di ! do
[}
3 =
u{8.0} s{15.16}

é 7.9 s{?_g} s{7.16} (7.9}

: Normalisation i Eigen Mapper !

Figure3: Fixed-pointdatawidths

The datawidth notationappearingn Figure 3 takesthe form: t(i; u), wheret is the datatype,
eitherunsigned (u), or signed (s), andi andu correspondo the width speci cationsof the
integer and decimalelementsof the datatypesconcerned.The notationcvt refersto the task of
corverting dissimilardatatypes,whichis necessaryn orderto align decimalpointsprior to addand
subtracicalculations.

3.3 Prototyperesults

Stagesneandthree,consistingof 953 slicesoccupiedapproximatelyl0% of the Virtex-1 capacity
for the smallimplementation.The feasibleclock speedvas35.418MHz, basedon the very reliable
estimatesriginatingfrom Xilinx' s place-and-routéool. The sub-stagesf the pipelinewere fully

decoupledo increasethe clock speed. In addition, the CoreGensoft core multiplier was usedto

optimizethedesign.

4 Dimensioningthe design

Theprototypedesignwasnow scaledo take accountof parallelism.

4.1 Scalingto full size: Virtex-l Solution

Thepilot KLT pipeline,consistingof rst andthird stageswasreplicatedn times. Whenthe mean
vectorandcovariancetotalsareaccumulateen the FPGA, thenthe datawidth will belarger, respec-
tively increasingrom 11to 26 bitsand17to 34 bitsfora6 512 512datasetThesedatawidths
arefor all 7-bit dataconsistingof integersin therange0—1272

Tablel recordgheresultsof accountingor theincreasen dynamicrange establishinghe num-
berof replicationghatcanbe supportedin thesemeasurements,0 accounts taken of coordination
of datal/O, asonly the rst pipelinein every replicationsetis properlyconnectedo memorybanks.
For thesamereasonthe clock frequeng shouldonly betakento indicateanapproximatespeed.

Whattheresultsshaw is thatthe numberof replicationsis limited to twelve. This representsin
imageof just 240 bytes,whereasa representate imageis obviously either128 128or512 512
pixels. To accommodaténagesof thesedimensionsmary timeswhatcanbe accommodateth one

2As anindication, the datawidths for un-accumulate®-bit datafor the meanvectorandcovariancetotalsrespectiely
increasdrom 11to 13 bitsandfrom 17 to 21 bits.



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

Tablel: FPGA usagewith scaleddatawidths of 26 bits for meanvectorand 34 bits for covariance
totals

pasontheVirtex, it is necessarjo passepeatedgtream®»f datamary timesthroughtheKLT engine,
accumulatingesultseitheron the hostprocessopr onthe FPGA, beforethe eigemvectorcalculation
is performed.

Timingsfor arealistically-sizedmageensemblereshavn in Table2. Taking absolutetimings
for the rst stagefor 12 iterationsof the pilot designresultedn atime of 54 sandfor thethird stage
38 s. The rst stageis now dominant,andscalingthis resultto the full imageensemblerequiring
1,093passe®f data((512 512240, givestheresultin Table2. Theresultin Table2 assumes
that the stagesare pipelinedand negglectsthe costof stagetwo on a high-endmicroprocessor(less
than50 sonaPentiumlV at1.7 GHz). To make the timings, the MS Windows High-Resolution
Timer API onthemicroprocessousedintel's high-resolutiorb4-bittimersandthe privilegedrtdsc
instruction,which in turn examinesa hardwareregisteron the Pentium.Theaccurag of thetimings
wasfurtherestablishedby averagingover mary thousandsf tests.

| Description Timing (ms) |
PentiumlV (1.7 GHz) 301.0
Virtex-1(20 MHz) 59.0

Table2: KLT executiontimesfora6 512 512pixelimageensemble

4.2 A Virtex-1l Solution

The scaledtiming for the FPGAis ve timesfasterthanthe PentiumlV, but this pre-supposethat
thereis a streaming/O sub-systento sustaintheVirtex datarequirements.

In thecaseof theKLT, theVirtex-I designoperatedat20 MHz allowing six updatedor reasonable
DRAM accesspeedof 120MHz. In fact,thereis a greatedlateny becausehe KL T pipelinetakes
aboutsixty 20 MHz clock cyclesper stage allowing about360 DRAM accessebeforea new setof
datais required. The datawidth for onestageof theKLT is6 12 bytes. Eachof the twelve data
streamsequiresa 48-bit width, typically formedfrom three 16-bit wide DRAM memorymodules.
A write of the original imagesfrom an external sourceandtwo readsfor eachof the KLT stageds
requiredfor eachof thetwelve datastreamsinaking36 accessem all, certainlyallowing afurtherset
of writesif the processedmageensemblevereto bewritten to sufciently large memorymodules.
In fact,a streamingsub-systenmasbeenconstructedor a differentpurposq14] with four8 Mb 16
bits accessvidth for Virtex-1 modules.

Onthe RC1000-PMoard,accesso memoryis limited by the clock speedf the FPGA,whereas
a streamsub-systentanindependenthycontrol memoryaccess.In general,dual-portedselectRAM



blockscanactasa buffer, sothatdatacanbe accumulatedbeforebeingread-ouffor consumptiorby
the FPGA engine.Thoughthis requirestwo clock domainsVirtex-1l family FPGAsalreadyhave up
to 12 parameterizabldigital clock managerseachwith amaximumfrequeng of 400MHz. Multiple
clock domainsare necessaryas otherwisethereis insufcient time for a streamingl/O systemto
updateall KLT pipeline stagedatabuffers beforethe next row hasto be processedsome50 clock
cycleslater This 50 cycletime frameapproximatelyequatego afour cycle updatewindow perKLT
pipeline. Increasinghe DRAM controllerclock speedo (say)120 MHz extendsthe updatewindow
to 24 clock cycles,whichis sufcient to allow onewrite to DRAM memoryfrom anexternalsource
inputtingthe next imageset,andonereadto eachpipelinestage.This updateprocedurds repeated
for eachof the six row dataelementgiving atotal updatetime of 18 cycles,well within the 24 clock
cycle budgetallowed.

Figure4 shaws a systemarchitecturdor suchadesignona Virtex-1l Pro. Noticethatstagewo is
now performedon-FPGAby meansof a RISC core,asmentionedn Section2. The systemconsists
of thestreamind/O andtheKLT pipelinesub-systenrespectiely runningat120MHz and20 MHz.
Thel/O controllercoordinateRAM read/writeactivity androw datatransferdrom DRAM to KLT
pipeline buffers. The summationunit accumulateshe samplemeanand covariancepartial results
generatedby eachof the twelve KLT pipeline units, and interruptsthe microprocessoto startthe
eigencalculatoronthehost. Additional systencontrollerlogic andfurtherDRAM memorywould be
neededo storethetransformediataoutput. In practice carefulchoiceof FPGAdevice is hecessary
to ensurehatsufcient selectRAMis available. Anotherissueto bearin mindis thatit is not usualto
designaboardwith ahigherclock speedhantheprocessinglevice,andtheboarddesignis, therefore,
morecritical thanit otherwisewould be.
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Figure4: Virtex-1l Prodesign

Furtherspeed-umf the pipelinein Figure4 is accomplishedby replicatingfurther “stageone &
three'unitsonVirtex-1ls. OneVirtex-1l Prohostingasinglestageiwo unitis requiredwith anexternal
bus to communicatantermediateresults,Figure5. Table 3 compareghe featuresof the Virtex-I
family XCV1000usedonthe RC-1000board,two alternatve Virtex-1l Prodeviceseachwith justone
PoverPC(PPC)450coreonchip,theXC2VP4andXCVP7 (asfoundontheML300 Evaluationboard
from Xilinx), andseveralVirtex-1l devices.Apartfromrecon gurablelogic capacitytheVirtex-11 Pro
devicesdiffer in the numberof high-bandwidth(3.25Gbps)Roclket I/O serialbustranscerer blocks



present4 and8 respectrely for the XC2VP4andXCVP7. Assuminguseof corventionall/O blocks
(10Bs), this amguesfor useof the smallerof thetwo devices. Of thetwo Virtex-Il devices,thesmaller
is approximatehequvalentto the RC-1000boarddevice, while the seconds thelargestof thefamily
andfor economie®f scaleandl/O ef ciency is the preferredchoicefor the designin Figure5.

Virtex-1 Pro
Stage 1&3 |- Output
unit 0
DRAM o mv & ev
bank 0 7
Stage 1 & 3
unit n
sm & cv
Stage 1 & 3 Stage 1 & 3 Ouiput
unit 0 unit 1 >
Stage 1& 3 ‘ ‘ Stage 1 & 3
DRAM unit 2 unit 3
bank 1 > ‘ —
Stage 1&3 Stage 1&3
unit 58 unit 59
Virtex-1l FPGAs
(XC2Vv10000)
Stage 1&3 |[Stage 1&3 Output
unit 0 unit 1 -
DRAM Stage 1 & 3 ‘ Stage 1 & 3 ‘ R
bank - unit 2 unit 3
219 | ‘ ‘ ‘
Stage 1 & 3 Stage 1& 3
unit 58 unit 59

PPC = PowerPC 450x3

Figureb: Virtex-lI-basedsingle-pasKLT Engine

In Figure5, thenumberof pipelinespossibleonthelargestVirtex-1l device,the XC2V10000,has
beenconseratively estimatedy extrapolationof slice usagebasedon the gures in Table3. There
is a scalingof approximately vetimes. Thisimpliesthatabout1093-5 = 219datapassesvould be
neededandthatequvalently to achieve asinglepasscomputatiorofa6é 512 512imageensemble,
would require219 Virtex-1l units. Thethroughputvould thenbe approximatelyoneimageensemble
per54 sornolessthan18,519ensemble/syith alateny of approximatel\3 54= 162 s.These
gures assumehat the clock speedis unalteredin the Virtex-1l pipeline over the Virtex-I pipeline,
whereaghe reductionin featuresizefrom 5-layer0:22 mto 8-layer0:13 m CMOSwill leadto
reducedimings.

5 Conclusions

The Karhunen-Lewe transform(KLT) is applicableto real-timeprocessingpf multi-spectralsatel-
lite image setsfor compressioror to isolatetamget features. The architectureof general-purpose
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| Family | Device | CLBs | Slices | 10Bs | Multipliers | PPCs| Max. Clock (MHz) |

Virtex-1 XCV1000 6,144 | 12,288 | 512 0 0 200
Virtex-1 XC2Vv1000 | 1,280 | 5,120 | 432 40 0 450
XC2Vv10000| 15,360 61,440| 1,108 192 0 450
Virtex-1l Pro | XC2VP4 752 | 3,008 | 348 28 1 420
XC2VP7 1,232 | 4,928 | 396 44 1 420

Table3: Virtex-1, Virtex-1l, andVirtex-1l Prowith embeddedPoverPCdevice statistics

uni-processorsr medium-grainegbarallelprocessorss notideally suitedto thistask.Insteada ne-
grainedparallelarchitectureascurrentlyexempli ed by platform FPGAs,matcheghe algorithms
structure. Virtex-1 platform FPGAs,running at far lower clock speedscompetefavorably with a
high-endgeneral-purposmicroprocessoif sufcient dataparallelismcanbeexploited. However, as
asingleVirtex-l deviceis insufcient to allow single-pasgrocessingin practice|t is necessario re-
peatedlystreandataacrosgheinternalreplicatedpipelinesformedby the FPGA.In a prototypeKLT
pipeline,estimatesuggesa maximumspeed-umf ve overaPentiumlV processowith thelargest
Virtex-1 device for amulti-spectraimagesetof 6 512 512 pixels. This prototypedesignallows
anestimateof the speed-ugrom transferof thetaskto Virtex-11 devices. ThecurrentlargestVirtex-|
deviceis approximately vetimesasbig. In partdueto areductionin featuresize(0:13 m), aVirtex-
Il hasapproximatelydoubledtheachigable clock speed.Moreover, it is foundthatthe pipelinesin
the casestudyscalelinearly in slice usage suggesting furtherincreasan performancef aboutten
times.Finally, aKLT engineis possiblesxploiting theembeddedRISC processoontheVirtex-1l Pro
device to performsecondstageprocessingln this design,devicesarereplicatedo allow single-pass
processingvithout repeatedstreamingof data. In fact, the designis incrementallyscalableto give a
rangeof performanceslependingn the numberof FPGAdeplo/ed.
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