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Abstract

We presentinareaanddelayestimatorin the context of acom-
piler thattakesin high level signalandimageprocessingpplica-
tionsdescribedn MATLAB andperformsautomatiadesignspace
explorationto synthesizénardwarefor aField Programmabl&ate
Array (FPGA) which meetsthe userareaand frequeng specifi-
cations. We presentan areaestimatorwhich is usedto estimate
themaximumnumberof ConfigurableLogic Blocks (CLBs) con-
sumedby the hardware synthesizedor the Xilinx XC4010from
the input MATLAB algorithm. We also presenta delay estima-
tor which finds out the delayin the logic elementdn the critical
pathandthedelayin theinterconnectsThetotal numberof CLBs
predictedby usis within 16% of theactualCLB consumptiorand
the synthesizedrequeny estimatedby us is within an error of
13%of theactualfrequeny aftersynthesighroughSynplifylogic
synthesigools andafter placemenandroutingthroughthe XACT
tools from Xilinx. Sincethe estimatorgproposedby us are fast
and accurateenough,they canbe usedin a high level synthesis
framework like oursto performrapid designspacesxploration.

1 Introduction

Field-ProgrammableGate Arrays (FPGAS) have be-
comeincreasinglypopularbecauseecenttrendsindicatea
fastergrowth of transistordensitythan even generalpur-
poseprocessors. This high logic density plus the field-
programmabilityoffers an inexpensve customizedVLSI
implementatiorof circuitswith fastturnaroundime, mak-
ing FPGAsvery lucrative asa designplatform. The prob-
lemwith designingor FPGAsis thatthey haverigid routing
andlogic resourcesHencejt is possiblehatdesignslonot
fit insideFPGAsor do not meetthe performancdiguresre-
quiredby the designersothatthe hardwaredesignehasto
iterateover hisdesigndo meetareaandtiming closure.The
problemis aggraratedsincemosthardwaredesignersoday
usehardwaredescriptionlanguagesdik e VHDL/Verilog as
adesignentry point to implementdesignson FPGAs. This
involvesdirectly dealingwith thecompleitiesof the FPGA
hardwareanddehugginginvolvesunderstandinghe cycle-
by-cycle behaior of millions of gates,which canbe very
tediousandtime consuming. Since FPGAsare normally
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usedfor applicationswith tremendougime to market con-
straints,thereis a needfor more maturedesigntools. Al-
thoughdesigntoolsexist which take the VHDL description
of thehardwareandgeneratditstreamsacurrentchallenge
in this field is to designa High Level SynthesiqHLS) tool
which would allow designergo enterdesignsat a much
higherlevel of abstractionTheseHLS toolswould take the
algorithmic descriptionof the requiredhardware together
with certainareaand performanceequirement®f the de-
signer and perform an exploration of the designspaceto
outputthe hardware which meetsthe designersspecifica-
tions.

Many researchersave focusedntheuseof generapur-
poselanguagessatargetfor hardwaresynthesisC/C++is
the mostpopulartargetlanguage[1, 2, 3, 4, 5, 6]. Some
otherresearcherbave attemptedto useJava asthe target
languagetoo [7, 8, 9]. We proposeMATLAB™™ to bea
suitabledesignentry pointbecause (1) FPGAaccelerators
arevery popularwith the signal/imageprocessinggommu-
nity andMATLAB is very popularwith this communityas
it is easierandmoreintuitive to usethanC/C++(2) MAT-
LAB hasarich setof librariesfor signal/imageprocessing
functionswhichcanbedirectlymappedo efficientIP cores,
thusmakingMATLAB very conducve to designreuse(3)
Large amountsof parallelismcanbe extractedfrom MAT-
LAB programswith little or no dependenganalysisasre-
quiredby languagedik e C/C++(4) MathworksInc., which
hasdevelopedthe MATLAB languagehasprovided a fea-
turerich simulationervironmentwhich canbe usedto sim-
ulatehigh level algorithmsin a bit-true manner Unlike the
othertool flows, we have implementedan automatedde-
sign spaceexploration passwhich finds the effects of var-
ious compiler optimizationson the areaand frequeng of
the synthesizedhardware,sothatthe synthesizedhardware
meetsthe usersspecificationsSucha passneedsearly esti-
matorswhich canbeusedto narrov down thedesignspace.
Themostcritical estimatorsarethosefor predictingthearea
in termsof numberof ConfigurableLogic Blocks (CLBS)
usedby the circuit andthe delayin the critical pathwhich
effectsthefrequeng of the synthesizedhardware.

Vootukuruet. al. [10] have presentech methodfor cal-
culating FPGA CLB resourcedor all possiblefunctional
componentsand for all possiblebitwidths, and maintain-
ing a database.Suchan approachwould resultin a huge



databas@ndis hencenot usefulfor usewith aHLS frame-
work. Someotherresearche$11] have proposedastmap-
ping heuristics. Our methodhasa single estimationfunc-
tion perfunctionalcomponenandis hencevery usefulasa
fastareapredictor A lot of work hasalsobeendonein es-
timating the frequeng from a high level description. Dutt
et. al. [12] have proposedcomputingthe area-delayat-
tributesfor all the componeninstantiationsand storingin
a databasdo be usedfor componentselectionand bind-
ing. Sincethis is very storageinefficient, they againpro-
pose [13] a constructve approachin which the compo-
nentinstantiationsare generatedn demandandthe area-
delay metricscalculated. The advantageof sucha system
is that unlike most HLS solutionswhich are technology-
independentand henceinaccurate a solution twealed to
a particulartechnologycan be estimated. Timmer et. al.
[14] proposea techniquein which they startwith a worst
caseimplementatiorof thedesignwith maximumareacost
andprogressiely try to improve uponthe areacostof the
designby differentschedulingtechniques. The output of
eachschedulingechniquds a designimplementatiorwith
a differentareacost. The delayof eachimplementations
found by maintaininga databasef RT components.This
givesdifferentdesignpointson the area-delaycurve. Ne-
maniet. al. [15] proposeasimpletechnology-independén
modelfor predictingthe delay of control logic, given the
Booleanequationgfor the logic. The major disadwantages
of all thesetechniquess thatthey arenotfastestimatorso
thatthey cannotbe usedwith a high level synthesiscom-
piler. JhaandDutt have alsoproposeda frameawork [16] in
which they develop a setof estimationfunctionsthat gen-
eratearea-delaymetricson-line. The advantageof sucha
techniqueis that the size of the databases now manage-
able,but the disadwantagds thatthey assumehe intercon-
nectdelayto be zero. Sincerouting delayin the FPGAsis
very prominent,our approactestimatesheinterconnection
delayin additionto the delayin the datapath.

The contribution of the papercanbe summarizedsfol-
lows:

e We presenta techniqueto estimatethe number of
CLBsconsumedby analgorithmwrittenin MATLAB.

e We presenta techniqueto estimatethe frequeny of
the synthesizechardware for an algorithm written in
MATLAB.

This work presentsan automatedvay of improving the
hardwaregeneratetby theMATCH compiler [20]. Therest
of the paperis organizedasfollows. Section2 presentsan
overview of our compiler Section3 outlinesour areaesti-
mationframework while section4 presentur delay esti-
mator We presentsomeexperimentalresultsin Section5
andconcluden Section6.

2 Overview of the MATCH Compiler

TheMATCH compiler [24] takesin thedescriptiorof an
applicationin MATLAB andpartitionsit into softwareto be
executedon generalpurposeandembeddegrocessorand
hardwareto be mappedo FPGAs.Thehardwaregenerated
are targetedfor the Xilinx FPGAson the Wildchild™™
boardfrom AnnapolisMicro Systems. In this paper we
addresghe issuesnvolvedin generatingan efficient hard-
ware oncethe frontendof the compilerhaspartitionedthe
systeminto hardwareandsoftware. In particulay we focus
ondevelopingcertainearlyestimatorgo beusedwithin our
frameawork to choosethe properoptimizationsso that the
synthesizedchardware meetsthe user specifications. Fig-
ure 1 shavsanoverview of our compiler Theinput MAT-
LAB codeis parsedn to developa MATLAB AST based
on a grammardevelopedby us [20]. SinceMATLAB is
a dynamically typed language the type and shapeof the
variablesareunknovn at compiletime. Hence,a compiler
phasenfersthetype of thevariablesanddimensionf the
matricesand usesthis information to scalarizethe MAT-
LAB AST. The AST is thenlevelizedwhereincomplex ex-
pressionsare broken down into simpleexpressionswith at
mostthreeoperands.A dependeng analysisphaseinfers
the control and datadependenciepresentin the AST. A
precisionanderroranalysisphase[21] infersthe optimum
numberof bits requiredfor representinghevariablesn the
MATLAB AST andgenerates resourceoptimizedVHDL
AST. A memorypackingphase [21] packsmorethanone
arrayelementinto a singlememorylocationdependingn
thearrayprecisionandoptimizesonthe numberof memory
accessesThe parallelizationphase [25] extractsfine grain
parallelismwithin a single FPGA basedon a predictionof
the available FPGAresourcesA coarsegrainparallelizing
phasefinds out the optimal alignmentand distribution of
dataandloop computationscrosanultiple FPGAs.ThelP
coreintegration pass [27] automaticallyinstantiatesopti-
mizedIntellectualPropertycoresfor thetargetarchitecture
followed by the pipelining [22] andschedulingpass [26]
to generatepipelinedhardware. The area/delayestimation
passsits on top of mostof the optimizationpassesFor ex-
ample,the parallelizationpassusestheseestimatordo find
out the maximumfactorby which the MATLAB loopscan
beunrolledasunrolling would leadto instantiationof more
resources.The outputVHDL codeis thenpassedhrough
commerciakynthesisandplaceandroutetoolsto generate
a netlist and bit-streamfor the FPGASs. In this paper we
describein detail, the areaand delay estimatorswvhich are
usedby theotheroptimizationpasses.

3 AreaEstimation

One of the most important constraintsrequired by a
FPGA hardware designeris that a designfits inside the
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Figure 1. Overview of the Synthesis Frame-
work

specified=PGA. This requiresan estimateof the numberof
CLBs (Configurable_ogic Blocks) requiredby the design.
Thisis becausaFPGAhasfixedlogic aswell asfixedrout-
ing resourcesA simpleestimationof the FPGACLB area
from an Register TransferLevel (RTL) descriptionof the
hardware basedupon the numberof lines of VHDL code
would be grosslyinaccuratebecause singleline of RTL
codecan createa wide complex multiplier while another
line might requirejust a registerto hold the result. Since,
boththe Contmwl Logic andthe Datapathof arny designare
implementedaslookuptablesinsidethe CLBs, anaccurate
predictionof the numberof CLBs requiredwould needa
countof the total numberof hardware resourcesequired
by the designfor the controllogic andthe datapath.

Thetotal CLBs consumedy the datapatiwould depend
on:

o thetotal numberof differentoperators

o thenumberof operatorof eachtypeinstantiated
o thebitwidth of eachoperator

o thetotal numberof registers

The operatorconcurrenyg or the total numberof opera-
torsis ameasuref thetotal numberof operationghatmust
be simultaneouslyexecuted.This informationis calculated
after the schedulingstep. Paulin et. al. have proposeda
force directedschedulingalgorithm wherethe probability
thatanoperationis executedn a particulartime stepis cal-
culated [17]. They proposethatit is equallylikely for an
operationto be executedin ary of the time slots between
its as-soon-as-possibIASAP) and its as-late-as-possible
(ALAP) times. Sucha schedulinggivesus the probability
thataparticularresourcewill beusedn acertainscheduling
time step.We thenusetheseprobability figuresto estimate
thetotalnumberof operatorsn arny executiontime step.An

initial binding gives us the information on the maximum
numberof operatorsof eachtype that needto be instanti-
ated.Hence,we getthetotal numberof differentoperators
thatneedto beinstantiatedSincethetotalnumberof CLBs
consumedby eachof theseoperatorswill dependon the
input operandbitwidths, thereis a needfor a bitwidth anal-
ysispass.We have developeda Precisionand Error Analy-
sisalgorithmto accuratelydeterminehe minimumnumber
of bits requiredto represenbothintegerandfloating point
variables [21]. This bitwidth information of the variables
inputto theseoperatorss usedo determinghesizeof these
operatorsin termsof thenumberof CLBs. Figure 2 shavs
thenumberf CLBs consumedby thedifferentoperatorsn-
stantiatedy the Synplifytool from Synplicityfor the Xilinx
XC4010FPGA.Hence|f we have anaccurateestimatiorof
thetotal numberof differentoperatorsof eachtypeandthe
bitwidth of the input variables thenwe candeterminethe
total numberof CLBs consumedy thesehardware com-
ponents.Sinceall of theseoperatorsareinstantiatedas|P
Coresfrom certainlibraries, information similar to thatin
Figure 2 is availablefrom the vendorsof thesdibraries.

The CLBs alsohave certainFlip-Flopsin additionto the
lookuptables. Hence,all registersusedin the designsuse
up CLB resources.Sincethe registersare usedup by the
VHDL variablesdeclared we needto determinethe total
numberof variableghataresimultaneouslynappedo reg-
isters.In the VHDL representationf the hardware,all sig-
nals are mappedonto registers,while variablesthat cross
clock boundarie®r stateboundariesn a statemachineap-
proachasours are mappedonto registers. But, mosthigh
level synthesistools might reuseregistersacrossdifferent
variables. Hence,an estimateof the total numberof vari-
ablesthat are simultaneouslhyive would give us the total
numberof registersneeded. The operatorexecutiontime
definedby its ASAP and ALAP timesdefinesthe lifetime
of anoperation.Thelifetime of avariableis approximated
from the expectationof the executiontimes of its produc-
tion andconsumptiomodes.Sincethe lifetime of the vari-
ablesis known approximatelywe applythe left edge algo-
rithm [19] to determinethe maximumnumberof variables
thatwould be simultaneouslyive, andhencehe numberof
registersrequired.

The total numberof CLBs usedby the Control Logic
dependsn:

o the total numberof function generatorsusedby the
control

o the total numberof registersusedby the Finite State
Machine(FSM)

We have determinedexperimentally that the number of
function generatoraisedby eachnestedcasestatements
three while that for eachnestedif-then-elsestatements



four. Further the numberof registersusedby the FSM de-
pendson the numberof statesin the FSM which can be
easilydetermined.

We determinethe total numberof CLBs consumeday
boththe controlandthe datapathusingtheformula:

Numberof CLBs afterPlaceandRoute=
maximum((#of Function Generators)/2,#f registers)*
1.15 1)

wherewe divide the numberof function generatordy
two sinceeachCLB has2 lookup tables. The factor of
1.15 was experimentallydeterminedand is introducedto
takeinto accountll globaloptimizationsdoneby the XACT
placeandroutetool from Xilinx andCLBsusedup for rout-
ing purposes.

Hence we make aroughestimateof the total numberof
CLBs consumedby a designbasedon the resourceson-
sumedby the operatorsaandby theregisters. This informa-
tion canthenbe usedto estimatethe maximumnumberof
addess or other operatorghat can be instantiatedand can
hencebe usedwith the parallelizationpassto determinehe
maximumnumberof loopiterationsthatcanbedonein par
allel within asingleFPGA.

Operator # of Function Generators
Adder maximum bitwidth of input variable
Subtractor maximum bitwidth of input variable
Comparator 1
AND maximum bitwidth of input variable
OR maximum bitwidth of input variable
XOR maximum bitwidth of input variable
NOR maximum bitwidth of input variable
XNOR maximum bitwidth of input variable
NOT 0

if(m == 1)
#gs=n;
else if(n == 1)
#fgs =m;
. elseif (m ==n)
Multiply #fgs = database1(m);

(m *n) elseif(jm - n| == 1)
#fgs = database2(m);
elseif( m > n)
swap(m,n);
else
#fgs = database2(m) + (n-m-1)*(2*m -1);

databasel(m)
m 1 2 3 4 5 6 7 8
value 1 2 14 25 42 58 84 106
database2(m)

m 1 2 3 4 5 6 7
value 2 7 22 40 61 87 118

Figure 2. Number of Function Generators
consumed by Operator s instantiated by the
Synplifytool from Synplicityfor the Xilinx XC4010
FPGA

4 Delay Estimation

Most high-level synthesigoolsperformrapid designex-
plorationandoutputadesignwhichmeetgheuserspecified

attributeswhich normally include certainareaand perfor
manceconstraints. To achieve rapid designclosure,such
toolsshouldnot only have rapid areaestimatorsasoutlined
in the previous section,but also,delayestimatorgo deter
mine whetherthe synthesizedlesignwould meetthe fre-
gueng constraints.

Sinceall functionalRT level componentg&remappedo
parameterizedntellectualProperty(IP) cores,an estimate
of delayfeaturesof thesecoresis essential.Oneeasyway
out would be to maintaina databaseof delay figuresfor
every possiblelP core for every possibleparameteiike
numberof inputs andinput bitwidth. Sincethis approach
is not practicaldue to the large numberof combinations
possible, we proposea modified approachwherein the
storagerequiredwould be minimal. An importantpoint to
noteis that most of theselP coresare parameterizecénd
hence,critical path of theselP coresactually consistsof
a repeatablgpart which can be easily determined.Hence,
the delayof ary IP core canbe formulatedasan equation
basedon the delay of a repeatableoart of the critical path
andthenumberof timesit is repeatedvhich depend®nthe
variousparametergk e input bitwidth andfanout.Figure 3
shavs theresultof anexperimentin which we characterize
the delay of a 2-inputadderasa function of the precision
of the input operands.We canseethat two input buffers,
alookuptable(LUTs) anda XOR gateareinstantiatedor
all the adders.The varying partof the hardwareis a setof
repeatablemultiplexors, which dependson the precision
of the input operand. Hence,if we know the delay of the
multiplexors, thenwe can formulate a delay equationfor
the 2-inputadderbasedon theinputbitwidths.

delay = 5.6 + 0.1 * (bitwidth -3 + floor(bits /4 ))
)

delay= 8.9+ 0.1* (bitwidth -4 + floor((bits- 1) /4)) (3)

delay=12.2+ 0.1* (bitwidth -5 + floor((bits- 2) /4)) (4)

Equation 2, 3 and 4 give the delay as a function of
the input operand bitwidth for a two input adder a
three input adder and a four input adder respectiely,
wherebitwidth is the maximumbitwidth of the two input
operands.

delay=5.3+ 3.2* (numfanin- 2) + 0.1* (bitwidth +
floor(bitwidth - (numfanin- 2))) (5)

Equation5 combinesthe above threeequationgo have
a delay equationfor an adderas a function of the input
operandbitwidths andthe numberof input fanins. Hence,
thedelayof ary functionalcomponentvould be:

delay=a+ b* numfanin+ > ¢; * bit-width;



wherethe summationis on the differentinput operands
and a, b and ¢ are constantsto be experimentallydeter
mined. Suchdelayequationscanbe experimentallydeter
minedfor variousotherbasicoperatorsComple functions
cannow bebrokendown into thesebasicoperationdo cal-
culatethe delay Thesedelay equationscannow be used
to calculatethe delayin the critical path of the hardware.
Our compiler generates hardware representeds a state
machine.In our approachwe assumea stateboundaryto
be a clock boundarysothatall computationswithin a state
areperformedconcurrently Hence the computatiorwhich
takesthe maximumtime acrossall stateswould determine
thecritical pathof thecircuit. Sincewe know the hardware
requiredfor eachcomputationwhich is implementedasan
IP core,thetime takenfor every computationcanbe easily
obtainedfrom the delay equations. Hence,we can accu-
rately determinethe delayin the critical pathof the circuit
basedonly onlogic components.

I/P buffer : 1.3ns
LUT to

calculate 1st sum: 1.7 ns
Ist mux : 09ns
2nd mux 0.2 ns
3rd mux :0.1ns
4th mux : 0.lns
5th mux : 0lns
6th mux :0.2ns
XORgate : 05ns

I/P buffer : 13ns
LUT to
calculate 1st sum: 1.7 ns

1st mux : 09ns
2nd mux :0.2 ns
XOR gate : 0.5ns

5.8 ns 6.3 ns

4 bit 2 input adder

8 bit 2 input adder

I/P buffer : 13ns
LUT to

calculate 1stsum: 1.7 ns
1st mux : 09ns
2nd mux :0.2ns

# of muxes with

I/P buffer
LUT to
calculate 1stsum: 1.7 ns
1st mux : 09ns
2nd mux :0.2ns

# of muxes with

delay as 0.2 18

# of muxes with

delayas 0.1ns :21

: 1.3ns

delay as 0.2 14

# of muxes with
delayas0.1ns :9

7.3ns 9.3 ns

16 bit 2 input adder

32 bit 2 input adder

Figure 3. The delay of a 2-input adder is de-
pendent on the number of operand bits

Eventhoughwe canestimatehecritical pathdelayin the
datapathbhasedon the delayequationsthis estimateof the
critical pathdelaywould beinaccurateaswe neglectthede-
lay in theinterconnectionsHence we proposea technique
to find out the lower andthe upperboundinterconnection
delay Thisassumethattheplacementool providesagood
partitioningof the netlist sothat closelyconnecteccompo-
nentsare placedtogether Sincethe interconnectiordelay
is directly dependentn thelengthof theinterconnectiona
gooddelayestimatomeeddo accuratelyestimatethe aver-
ageinterconnectiodengthof a routedcircuit. The average
interconnectiotengthcanbe determinedy takinga useful
resultfrom [18]. Thereis anempiricalrelationshipknown
asRentsrulewhichis usedfor predictingthenumberof ex-

ternalconnectiondrom a given numberof componentsn

well-partitionedcomputeriogic. If we assumehata good
FPGA placementool providesa good partitioning of the
nodesthe averagenumberof externalconnectionswill fol-

low Rentsrule. Feueret. al . [18] have derivedaformula
for the averagewirelengthdistribution in termsof the Rent
parametefor randomcomputerogic to be:

_ 2—a)(5—a p—0.5
L= \/523—01324—03 12—01’—1 (6)
a=2(1-p) (7

whereC is the numberof CLBs andp is the Rentparam-
eter The numberof CLBs can be accuratelydetermined
from the previoussectionfor areaestimatiorandthe Rent’s
parameters experimentallydeterminedo be0.72.

Equation6 and 7 can be usedto calculatethe average
interconnectionength of a designwhile the length of a
wire sggmentbetweenProgrammablelnterconnectPoints
(PIPs),which markthe beginning of new wire sggmentsin
FPGAs,is providedby the FPGAmanuficturer Hence we
canusethis to find out the maximumnumberof PIPsthat
areusedby a two-pointconnection. Sincethe routing de-
lay would be the delay of the wire sggmentsbetweenPIPs
(whichis providedby the FPGAmanufcturer)plusthede-
lay inside the PIPs(which is also provided by the manu-
facturer),we can get an upperboundof the interconnec-
tion delay Further sincemostcommercialFPGAslike the
XC4010have doublelines, we canassumaeall connections
to beroutedusingthesedoublelines so thatthe numberof
PIPsandwire sgmentswouldbehalved. Sincewe canalso
getthedelayin adoubleline from the FPGAmanufcturer
we cannow getalowerboundfor theinterconnectiorelay
The combinationof thelogic andtheinterconnectiordelay
would hencegive usalower boundandanupperboundon
thesynthesizedircuit frequeng.

5 Experimental Results

We carried out some experimentalresultsto validate
our stratgyy for the estimationof the numberof CLBs
consumed. We took someimage processingobenchmarks
written in MATLAB, usedour compiler to generatethe
correspondingyHDL andthenusedSynplifyfrom Synplic-
ity to generatehe netlist. We input this netlistto the XACT
placeandroutetools from Xilinx to getthe actualnumber
of CLBs consumed. We then usedour areaestimatorto
estimatethe numberof CLBs consumed.Table 1 shavs
the estimatedCLB consumptiorandthe actualnumberof
CLBs consumedor certainbenchmarkcircuits. We geta
worst caseerror of 16%. Thisis in fact not soinaccurate
becausewe are dealing with two levels of commercial
tools. Thereis a definite uncertainityon how the logic
synthesistools like Synplify shareresourcesacrossclock
cycles, which will affect the total number of resources
instantiated. Further the placementtools might perform



Table 1. Experimental Results showing the percentage error in area estimation

Benchmarks | EstimatedCLBs | ActualCLBs | % Errorin Estimation
Avg. Filter 120 135 11.1
Homogeneous 42 48 12.5
Sobel 228 271 15.8
ImageThresh. 52 60 13.3
Motion Est. 478 502 4.7
Matrix Mult. 165 160 3
VectorSum 53 62 14.5

Table 2. Experimental Results showing the accurac y of our area estimator in predicting the maximum
loop unrolling factor, * : Results extracted by simulation as design did not fit on the Xilinx 4010

SingleFPGAs multiple FPGAs multiple FPGASplus
loop unrolling
Benchmarks CLBs | Time | CLBs | Time | Speedup| CLBs | Time | Speedup
Sobel 496 | 0.410| 696 | 0.06 6.8 696 | 0.06 6.8
ImageThresholding 73 0.28 | 372 0.04 7.0 395 0.01 28
Homogeneous 93 0.32 378 | 0.042 7.5 398 0.02 16
Matrix Multiplication | 133 | 12.61| 375 | 2.06 6.1 375 | 2.06 6.1
Closure 164 | 12.71| 425 | 2.18 5.83 425 | 2.18 5.83

some global optimizations during technology mapping.
Also, the routing tool might use some of the CLBs as
feed-through.Equation(1) doesaccountfor someof these
throughanexperimentallydeterminedactor To prove that
eventhis muchinaccuray is sufiicientto usethis estimator
with someof the optimizationpassesye usethis estimator
alongwith theparallelizationpassto find outthe maximum
unroll factorfor a MATLAB loop. We againtook some
image processingbenchmarksand used our compiler to
synthesizeéhardwarefor the multi-FPGA WIdChild board.
The WIAChild board has 8 FPGASs so that partitioning
loop computationsacrossthe FPGAsleadsto reductionin
the executiontime. Thethird columnin Table 2 showvs a
speedumf around6-7 on 8 FPGAs [25], wherespeedup
is definedasthe executiontime on a single FPGA to the
executiontime on 8 FPGAs. Sincemostimageprocessing
applicationshave parallel nestedloops, a much higher
speedupcan be achieved by unrolling the loops within a
FPGA.Hence we handunroll theinnermostfor loopin the
benchmarksprogressiely, until the designwould not fit
insidethe Xilinx 4010FPGA. Thus,we got the maximum
unroll factor for a particularbenchmark. Then, we used
our estimationstrateyy to verify thatwe could predictthe
maximumunroll factorwhich is dependenbn the number
of CLBs available. Thelast columnof Table 2 shavsthe
speedumttainedby extracting parallelismwithin a single
FPGAIn additionto partitioningloop computationsicross
the multiple FPGAs. For the Image Thresholdingbench-
mark,we geta speedumf around28 on eightFPGAs.The

computationinside the Image Thresholdingcode consists
of aif-then-elsestatementnside a doubly nestedfor loop.
Our parallelizationphasepredictsa requirementof four
CLBs for the if-then-elsestatementind a single CLB for
thecomparisonHence,unrolling eachloopiterationwould
resultin the usageof five extra CLBs. Using Equationl,
we seethatthe maximumunroll factorcanbe predictedto
be:

(5* Unroll_Factor)* 1.15+ 372< 400

where,we require5 extra CLBs for unrolling the loop
once,1.15is thefactorusedto accountfor the extra CLBs
requiredafterthe placeandroutestage,372is the number
of CLBs alreadyusedup by thedesignand400is the max-
imum numberof CLBsin a Xilinx 4010FPGA. The maxi-
mumunroll factorcanhencebepredictedo be4. Sincethe
unrolledloop iterationswould be donein parallelwith the
instantiatiorof extrahardware thetotal speedumf thefinal
designwould be 4 timesthe speedupachieved by a multi-
FPGApartitioning. It canbe seenfrom Table 2 thattheac-
tual speedupttainedafterloop unrolling is 28 for adesign
thatfits insidethe FPGA andusesalmostall the available
CLBs,whichprovesthatour predictionbasednechanisnis
accurate For mostof theotherdesignswe couldnotextract
parallelismwithin theFPGAasalmostall of theCLBswere
usedup by the design. This experimentvalidatesthe need
of suchan estimationtechniqueto generateefficient hard-
wareandalsothatour areaestimatoris accurateenoughto



Table 3. Experimental Results showing the Routing Delay Estimation.
numeric are diff erent hardware implementations of the same benchmark

Benchmarks whic h end with a

Benchmarks | CLBs | Logic Delay Estimated EstimatedCritical | Actual Critical % Error
RoutingDelay(d) PathDelay(p) PathDelay in Estimation
(in ns) (in ns) (in ns) (in ns)

Sobel 194 33.9 2.46<d<9.26 | 36.36<p<43.16 42.64 1.2
VectorSum1 99 26.1 1.66<d<7.32 | 27.76< p<33.42 32.75 2.05
VectorSum2 174 29.1 2.32<d<8.93 | 31.42<p<38.03 37.3 1.95
VectorSum3 | 168 34.5 2.29<d<8.89 | 36.79< p<43.34 40.03 8.26

MotionEst. 147 40.3 2.12<d<8.44 | 42.42<p<48.74 48.08 1.37
ImageThreshl| 227 42.9 2.68<d<9.79 | 45.58< p<52.69 48.3 9.09
ImageThresh2] 199 34.4 250<d<9.38 | 36.9<p<43.78 42.05 411

Filter 134 38.7 1.99<d<8.16 | 40.69< p < 46.86 41.372 13.3

be usedwith someof the optimizationpasses.

To validateourroutingestimationsywe performedanex-
perimenton five benchmarkcircuits. First, we usedour
compilerto generatehe VHDL representationf the hard-
ware. For someof the benchmarkdik e the Vector Sum we
usedvariousoptimizationsto generatedifferenthardware
implementationsvith the samefunctionality. Thenwe used
commercialsynthesigools from Synplicityand placeand
routetools from Xilinx to extractthe final synthesizedre-
gueng. Sinceour compiler outputsa statemachinerep-
resentatiorof the hardware, we traversethe variousstates
to find out the total CLB utilization basedon the estimates
outlinedin the earliersection. We thenuseour estimation
techniqueso predictthedelayin thedatapathAgain, since
the delay equationswere derived after several runs of the
Synplicity synthesistool, this matchesthe delay from the
Synplicitytool exactly. We thenusedEquation6 and7 to
estimatethe averageinterconnectiorlength for the routed
benchmark. The Xilinx 4010 databookprovidesinforma-
tion onthedelayin thevariousroutingchannelsThedelay
of a singleline in the Xilinx 4010is 0.3 nanosecondsof
a doubleline is 0.18 nanosecondwhile thatinside a pro-
grammableswitch matrix is 0.4 nanosecondsWe usethis
informationalongwith the averageinterconnectiorlength
to calculatethe lower bound and the upperboundof the
routingdelay Table 3 shavs theresultsof our routing es-
timationon variousbenchmarkslt canbe seenthatfor all
thebenchmarksthefinal critical pathdelay(andhencethe
frequeng) is within the lower andupperbounddelayesti-
matedby us. Further the last columnshaws a worst case
errorin estimationto bearound13 %. Sincethe estimation
techniquepresenteds fastandfairly accuratethis canbe
usedwith a high level synthesigool like our compilerfor
rapiddesignspace=xploration. The mainadvantagewill be
in pruningoff designswhich will never meetthe userpro-
videdareaandfrequeng constraintsduring explorationof
hardwareimplementations.

6 Conclusion

We have presentedn estimatorfor finding out the area
of a designin termsof the numberof CLBs consumedy
the designin a FPGA, andan estimatorfor finding out the
frequeng of a designafterplaceandroutefrom a descrip-
tion of the designasan algorithmin MATLAB. We have
shavn thattheseestimationgannotonly bemadeveryfast,
but the areaestimationsarewithin 16% of the actualnum-
berof CLBs consumedwhile thefrequeng estimationsre
within 13%of theactualsynthesizedrequeng. Hence our
estimatorsare fastand accurateenoughto be usedwith a
high-level synthesiscompilerlike our compilerfor design
spaceexplorations.
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