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Abstract

Wepresentanareaanddelayestimatorin thecontext of acom-
piler that takesin high level signalandimageprocessingapplica-
tionsdescribedin MATLAB andperformsautomaticdesignspace
explorationto synthesizehardwarefor aFieldProgrammableGate
Array (FPGA) which meetsthe userareaandfrequency specifi-
cations. We presentan areaestimatorwhich is usedto estimate
themaximumnumberof ConfigurableLogic Blocks(CLBs) con-
sumedby the hardwaresynthesizedfor the Xilinx XC4010from
the input MATLAB algorithm. We alsopresenta delayestima-
tor which finds out the delayin the logic elementsin the critical
pathandthedelayin theinterconnects.Thetotalnumberof CLBs
predictedby usis within 16%of theactualCLB consumptionand
the synthesizedfrequency estimatedby us is within an error of
13%of theactualfrequency aftersynthesisthroughSynplifylogic
synthesistoolsandafterplacementandroutingthroughtheXACT
tools from Xilinx. Sincethe estimatorsproposedby us are fast
andaccurateenough,they canbe usedin a high level synthesis
framework like oursto performrapiddesignspaceexploration.

1 Introduction

Field-ProgrammableGate Arrays (FPGAs) have be-
comeincreasinglypopularbecauserecenttrendsindicatea
fastergrowth of transistordensity than even generalpur-
poseprocessors. This high logic density plus the field-
programmabilityoffers an inexpensive customizedVLSI
implementationof circuitswith fastturnaroundtime, mak-
ing FPGAsvery lucrative asa designplatform. The prob-
lemwith designingfor FPGAsis thatthey haverigid routing
andlogic resources.Hence,it is possiblethatdesignsdonot
fit insideFPGAsor donotmeettheperformancefiguresre-
quiredby thedesigner, sothatthehardwaredesignerhasto
iterateoverhisdesignsto meetareaandtiming closure.The
problemis aggravatedsincemosthardwaredesignerstoday
usehardwaredescriptionlanguageslike VHDL/Verilog as
a designentrypoint to implementdesignson FPGAs.This
involvesdirectlydealingwith thecomplexitiesof theFPGA
hardwareanddebugginginvolvesunderstandingthecycle-
by-cycle behavior of millions of gates,which canbe very
tediousand time consuming. SinceFPGAsare normally

usedfor applicationswith tremendoustime to market con-
straints,thereis a needfor morematuredesigntools. Al-
thoughdesigntoolsexist which take theVHDL description
of thehardwareandgeneratebitstreams,acurrentchallenge
in this field is to designa High Level Synthesis(HLS) tool
which would allow designersto enterdesignsat a much
higherlevel of abstraction.TheseHLS toolswould takethe
algorithmic descriptionof the requiredhardware together
with certainareaandperformancerequirementsof the de-
signer, andperforman explorationof the designspaceto
output the hardwarewhich meetsthe designersspecifica-
tions.

Many researchershavefocusedontheuseof generalpur-
poselanguagesasatargetfor hardwaresynthesis.C/C++is
the mostpopulartarget language [1, 2, 3, 4, 5, 6]. Some
other researchershave attemptedto useJava as the target
languagetoo [7, 8, 9]. We proposeMATLAB
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to be a

suitabledesignentrypointbecause: (1) FPGAaccelerators
arevery popularwith thesignal/imageprocessingcommu-
nity andMATLAB is very popularwith this communityas
it is easierandmoreintuitive to usethanC/C++ (2) MAT-
LAB hasa rich setof librariesfor signal/imageprocessing
functionswhichcanbedirectlymappedtoefficientIP cores,
thusmakingMATLAB very conducive to designreuse(3)
Largeamountsof parallelismcanbe extractedfrom MAT-
LAB programswith little or no dependency analysisasre-
quiredby languageslike C/C++(4) MathworksInc., which
hasdevelopedthe MATLAB languagehasprovideda fea-
turerich simulationenvironmentwhichcanbeusedto sim-
ulatehigh level algorithmsin a bit-truemanner. Unlike the
other tool flows, we have implementedan automatedde-
sign spaceexplorationpasswhich finds the effectsof var-
ious compiler optimizationson the areaand frequency of
thesynthesizedhardware,sothatthesynthesizedhardware
meetstheusersspecifications.Suchapassneedsearlyesti-
matorswhichcanbeusedto narrow down thedesignspace.
Themostcritical estimatorsarethosefor predictingthearea
in termsof numberof ConfigurableLogic Blocks (CLBs)
usedby the circuit andthe delayin the critical pathwhich
effectsthefrequency of thesynthesizedhardware.

Vootukuruet. al. [10] have presenteda methodfor cal-
culating FPGA CLB resourcesfor all possiblefunctional
componentsand for all possiblebitwidths, and maintain-
ing a database.Suchan approachwould result in a huge



databaseandis hencenot usefulfor usewith a HLS frame-
work. Someotherresearches[11] haveproposedfastmap-
ping heuristics.Our methodhasa singleestimationfunc-
tion perfunctionalcomponentandis henceveryusefulasa
fastareapredictor. A lot of work hasalsobeendonein es-
timating the frequency from a high level description.Dutt
et. al. [12] have proposedcomputingthe area-delayat-
tributesfor all the componentinstantiationsandstoringin
a databaseto be usedfor componentselectionand bind-
ing. Sincethis is very storageinefficient, they againpro-
pose [13] a constructive approachin which the compo-
nent instantiationsaregeneratedon demandandthe area-
delaymetricscalculated.The advantageof sucha system
is that unlike most HLS solutionswhich are technology-
independent,and henceinaccurate,a solution tweaked to
a particulartechnologycan be estimated.Timmer et. al.
[14] proposea techniquein which they startwith a worst
caseimplementationof thedesignwith maximumareacost
andprogressively try to improve uponthe areacostof the
designby differentschedulingtechniques.The output of
eachschedulingtechniqueis a designimplementationwith
a differentareacost. The delayof eachimplementationis
found by maintaininga databaseof RT components.This
givesdifferentdesignpointson the area-delaycurve. Ne-
maniet. al. [15] proposeasimpletechnology-independent
model for predictingthe delayof control logic, given the
Booleanequationsfor the logic. The major disadvantages
of all thesetechniquesis thatthey arenot fastestimatorsso
that they cannotbe usedwith a high level synthesiscom-
piler. JhaandDutt havealsoproposeda framework [16] in
which they develop a setof estimationfunctionsthat gen-
eratearea-delaymetricson-line. The advantageof sucha
techniqueis that the sizeof the databaseis now manage-
able,but thedisadvantageis that they assumethe intercon-
nectdelayto bezero. Sinceroutingdelayin theFPGAsis
veryprominent,ourapproachestimatestheinterconnection
delayin additionto thedelayin thedatapath.

Thecontributionof thepapercanbesummarizedasfol-
lows:

� We presenta techniqueto estimatethe number of
CLBsconsumedby analgorithmwritten in MATLAB.

� We presenta techniqueto estimatethe frequency of
the synthesizedhardware for an algorithm written in
MATLAB.

This work presentsanautomatedway of improving the
hardwaregeneratedby theMATCH compiler [20]. Therest
of thepaperis organizedasfollows. Section2 presentsan
overview of our compiler. Section3 outlinesour areaesti-
mationframework while section4 presentsour delayesti-
mator. We presentsomeexperimentalresultsin Section5
andconcludein Section6.

2 Overview of the MATCH Compiler
TheMATCHcompiler [24] takesin thedescriptionof an

applicationin MATLAB andpartitionsit into softwareto be
executedon generalpurposeandembeddedprocessorsand
hardwareto bemappedto FPGAs.Thehardwaregenerated
are targetedfor the Xilinx FPGAson the
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boardfrom AnnapolisMicro Systems. In this paper, we
addressthe issuesinvolvedin generatinganefficient hard-
wareoncethe frontendof the compilerhaspartitionedthe
systeminto hardwareandsoftware. In particular, we focus
ondevelopingcertainearlyestimatorsto beusedwithin our
framework to choosethe properoptimizationsso that the
synthesizedhardware meetsthe userspecifications. Fig-
ure 1 showsanoverview of our compiler. Theinput MAT-
LAB codeis parsedin to developa MATLAB AST based
on a grammardevelopedby us [20]. SinceMATLAB is
a dynamically typed language,the type and shapeof the
variablesareunknown at compiletime. Hence,a compiler
phaseinfersthetypeof thevariablesanddimensionsof the
matricesand usesthis information to scalarizethe MAT-
LAB AST. TheAST is thenlevelizedwhereincomplex ex-
pressionsarebrokendown into simpleexpressionswith at
most threeoperands.A dependency analysisphaseinfers
the control and datadependenciespresentin the AST. A
precisionanderroranalysisphase[21] inferstheoptimum
numberof bits requiredfor representingthevariablesin the
MATLAB AST andgeneratesa resourceoptimizedVHDL
AST. A memorypackingphase [21] packsmorethanone
arrayelementinto a singlememorylocationdependingon
thearrayprecisionandoptimizesonthenumberof memory
accesses.Theparallelizationphase[25] extractsfine grain
parallelismwithin a singleFPGA basedon a predictionof
theavailableFPGAresources.A coarsegrainparallelizing
phasefinds out the optimal alignmentand distribution of
dataandloopcomputationsacrossmultipleFPGAs.TheIP
core integrationpass [27] automaticallyinstantiatesopti-
mizedIntellectualPropertycoresfor thetargetarchitecture
followedby the pipelining [22] andschedulingpass [26]
to generatepipelinedhardware. The area/delayestimation
passsitson top of mostof theoptimizationpasses.For ex-
ample,theparallelizationpassusestheseestimatorsto find
out themaximumfactorby which theMATLAB loopscan
beunrolledasunrollingwould leadto instantiationof more
resources.The outputVHDL codeis thenpassedthrough
commercialsynthesisandplaceandroutetoolsto generate
a netlist andbit-streamfor the FPGAs. In this paper, we
describein detail, the areaanddelayestimatorswhich are
usedby theotheroptimizationpasses.

3 Area Estimation

One of the most important constraintsrequired by a
FPGA hardware designeris that a designfits inside the



Figure 1. Overview of the Synthesis Frame-
work

specifiedFPGA.This requiresanestimateof thenumberof
CLBs (ConfigurableLogic Blocks) requiredby thedesign.
Thisis becauseaFPGAhasfixedlogic aswell asfixedrout-
ing resources.A simpleestimationof theFPGACLB area
from an Register TransferLevel (RTL) descriptionof the
hardwarebasedupon the numberof lines of VHDL code
would be grosslyinaccurate,becausea singleline of RTL
codecan createa wide complex multiplier while another
line might requirejust a registerto hold the result. Since,
both theControl Logic andtheDatapathof any designare
implementedaslookuptablesinsidetheCLBs,anaccurate
predictionof the numberof CLBs requiredwould needa
count of the total numberof hardware resourcesrequired
by thedesignfor thecontrollogic andthedatapath.

ThetotalCLBsconsumedby thedatapathwoulddepend
on :

� thetotalnumberof differentoperators

� thenumberof operatorsof eachtypeinstantiated

� thebitwidth of eachoperator

� thetotalnumberof registers

Theoperatorconcurrency or the total numberof opera-
torsis ameasureof thetotalnumberof operationsthatmust
besimultaneouslyexecuted.This informationis calculated
after the schedulingstep. Paulin et. al. have proposeda
force directedschedulingalgorithm wherethe probability
thatanoperationis executedin aparticulartimestepis cal-
culated [17]. They proposethat it is equally likely for an
operationto be executedin any of the time slotsbetween
its as-soon-as-possible(ASAP) and its as-late-as-possible
(ALAP) times. Sucha schedulinggivesus the probability
thataparticularresourcewill beusedin acertainscheduling
time step.We thenusetheseprobabilityfiguresto estimate
thetotalnumberof operatorsin any executiontimestep.An

initial binding gives us the information on the maximum
numberof operatorsof eachtype that needto be instanti-
ated.Hence,we getthetotal numberof differentoperators
thatneedto beinstantiated.Sincethetotalnumberof CLBs
consumedby eachof theseoperatorswill dependon the
inputoperandbitwidths,thereis a needfor a bitwidth anal-
ysispass.We havedevelopeda PrecisionandError Analy-
sisalgorithmto accuratelydeterminetheminimumnumber
of bits requiredto representboth integerandfloatingpoint
variables [21]. This bitwidth informationof the variables
inputto theseoperatorsis usedto determinethesizeof these
operators,in termsof thenumberof CLBs. Figure 2 shows
thenumberof CLBsconsumedby thedifferentoperatorsin-
stantiatedby theSynplifytool from Synplicityfor theXilinx
XC4010FPGA.Hence,if wehaveanaccurateestimationof
thetotal numberof differentoperatorsof eachtypeandthe
bitwidth of the input variables,thenwe candeterminethe
total numberof CLBs consumedby thesehardwarecom-
ponents.Sinceall of theseoperatorsareinstantiatedasIP
Cores from certainlibraries,informationsimilar to that in
Figure 2 is availablefrom thevendorsof theselibraries.

TheCLBsalsohavecertainFlip-Flopsin additionto the
lookup tables.Hence,all registersusedin the designsuse
up CLB resources.Sincethe registersareusedup by the
VHDL variablesdeclared,we needto determinethe total
numberof variablesthataresimultaneouslymappedto reg-
isters.In theVHDL representationof thehardware,all sig-
nals are mappedonto registers,while variablesthat cross
clock boundariesor stateboundariesin a statemachineap-
proachasoursaremappedonto registers. But, mosthigh
level synthesistools might reuseregistersacrossdifferent
variables.Hence,an estimateof the total numberof vari-
ablesthat are simultaneouslylive would give us the total
numberof registersneeded.The operatorexecutiontime
definedby its ASAP andALAP timesdefinesthe lifetime
of anoperation.Thelifetime of a variableis approximated
from the expectationof the executiontimesof its produc-
tion andconsumptionnodes.Sincethelifetime of thevari-
ablesis known approximately, we applythe left edge algo-
rithm [19] to determinethemaximumnumberof variables
thatwouldbesimultaneouslylive,andhencethenumberof
registersrequired.

The total numberof CLBs usedby the Control Logic
dependson:

� the total numberof function generatorsusedby the
control

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

We have determinedexperimentally that the number of
function generatorsusedby eachnestedcasestatementis
three while that for eachnestedif-then-elsestatementis



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

We determinethe total numberof CLBs consumedby
boththecontrolandthedatapathusingtheformula:

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

wherewe divide the numberof function generatorsby
two sinceeachCLB has2 lookup tables. The factor of
1.15 was experimentallydeterminedand is introducedto
takeinto accountall globaloptimizationsdoneby theXACT
placeandroutetool from Xilinx andCLBsusedupfor rout-
ing purposes.

Hence,we make a roughestimateof thetotalnumberof
CLBs consumedby a designbasedon the resourcescon-
sumedby theoperatorsandby theregisters.This informa-
tion canthenbeusedto estimatethemaximumnumberof
adders or otheroperatorsthat canbe instantiatedandcan
hencebeusedwith theparallelizationpassto determinethe
maximumnumberof loopiterationsthatcanbedonein par-
allel within a singleFPGA.

if(m == 1)
  #fgs = n;
else if(n == 1)
  #fgs = m;
elseif (m == n)
   #fgs = database1(m);
elseif(|m - n| == 1)
   #fgs = database2(m);
elseif( m > n)
   swap(m,n);
else
  #fgs = database2(m) + (n-m-1)*(2*m -1);

Operator # of Function Generators

Adder
Subtractor
Comparator
AND
OR
XOR
NOR
XNOR
NOT

maximum bitwidth of input variable
maximum bitwidth of input variable

maximum bitwidth of input variable
maximum bitwidth of input variable
maximum bitwidth of input variable
maximum bitwidth of input variable
maximum bitwidth of input variable

1

0

Multiply
(m * n)

database1(m)
m

val
1       2        3         4        5        6       7        8
1       2        14      25      42      58      84      106

database2(m)

ue

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

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

4 Delay Estimation

Mosthigh-level synthesistoolsperformrapiddesignex-
plorationandoutputadesignwhichmeetstheuserspecified

attributeswhich normally includecertainareaandperfor-
manceconstraints.To achieve rapid designclosure,such
toolsshouldnot only haverapidareaestimatorsasoutlined
in the previoussection,but also,delayestimatorsto deter-
mine whetherthe synthesizeddesignwould meetthe fre-
quency constraints.

Sinceall functionalRT level componentsaremappedto
parameterizedIntellectualProperty(IP) cores,an estimate
of delayfeaturesof thesecoresis essential.Oneeasyway
out would be to maintaina databaseof delay figures for
every possibleIP core for every possibleparameterlike
numberof inputsand input bitwidth. Sincethis approach
is not practicaldue to the large numberof combinations
possible, we proposea modified approachwherein the
storagerequiredwould beminimal. An importantpoint to
note is that most of theseIP coresare parameterizedand
hence,critical path of theseIP coresactually consistsof
a repeatablepart which canbe easilydetermined.Hence,
the delayof any IP corecanbe formulatedasan equation
basedon the delayof a repeatablepart of the critical path
andthenumberof timesit is repeatedwhichdependsonthe
variousparameterslike inputbitwidth andfanout.Figure 3
shows theresultof anexperimentin which we characterize
the delayof a 2-input adderasa function of the precision
of the input operands.We canseethat two input buffers,
a lookuptable(LUTs) anda XOR gateareinstantiatedfor
all theadders.Thevaryingpartof thehardwareis a setof
repeatablemultiplexors, which dependson the precision
of the input operand.Hence,if we know the delayof the
multiplexors, then we can formulatea delay equationfor
the2-inputadderbasedon theinputbitwidths.

delay = 5.6 + 0.1 * (bitwidth -3 + floor(bits /4 ))
(2)

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 respectively,
wherebitwidth is the maximumbitwidth of the two input
operands.

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

Equation5 combinesthe above threeequationsto have
a delay equationfor an adderas a function of the input
operandbitwidths andthe numberof input fanins. Hence,
thedelayof any functionalcomponentwould be:

delay= a+ b * num fanin+ � ���
* bit � ��	���
��



wherethe summationis on the differentinput operands
and a, b and c are constantsto be experimentallydeter-
mined. Suchdelayequationscanbe experimentallydeter-
minedfor variousotherbasicoperators.Complex functions
cannow bebrokendown into thesebasicoperationsto cal-
culatethe delay. Thesedelayequationscannow be used
to calculatethe delay in the critical pathof the hardware.
Our compiler generatesa hardware representedas a state
machine.In our approach,we assumea stateboundaryto
bea clock boundarysothatall computationswithin a state
areperformedconcurrently. Hence,thecomputationwhich
takesthe maximumtime acrossall stateswould determine
thecritical pathof thecircuit. Sincewe know thehardware
requiredfor eachcomputationwhich is implementedasan
IP core,thetime takenfor every computationcanbeeasily
obtainedfrom the delayequations. Hence,we can accu-
ratelydeterminethedelayin thecritical pathof thecircuit
basedonly on logic components.

LUT to 
   calculate 1st sum :  1.7 ns 

1st   mux             :   0.9 ns

I/P buffer             :  1.3 ns

2nd mux             :    0.2 ns
XOR gate          :  0.5 ns

5.8 ns

LUT to 
   calculate 1st sum :  1.7 ns 

1st   mux             :   0.9 ns

I/P buffer             :  1.3 ns

2nd mux             :    0.2 ns
# of muxes with
delay as 0.2        : 4
# of muxes with 
delay as 0.1 ns    : 9

7.3 ns 

16 bit 2 input adder

LUT to 
   calculate 1st sum :  1.7 ns 

1st   mux             :   0.9 ns

I/P buffer             :  1.3 ns

2nd mux             :   
3rd mux              :

 0.2 ns
0.1 ns

4th mux              :   0.1ns
5th mux              :   0.1 ns
6th mux              :  0.2 ns
XORgate            :  0.5 ns

6.3 ns

4 bit 2 input adder                                                       8 bit 2 input adder

LUT to 
   calculate 1st sum :  1.7 ns 

1st   mux             :   0.9 ns

I/P buffer             :  1.3 ns

2nd mux             :    0.2 ns
# of muxes with

# of muxes with 
delay as 0.1 ns    : 21

9.3 ns

32 bit 2 input adder

delay as 0.2        : 8

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

Eventhoughwecanestimatethecritical pathdelayin the
datapathbasedon thedelayequations,this estimateof the
critical pathdelaywouldbeinaccurateasweneglectthede-
lay in theinterconnections.Hence,we proposea technique
to find out the lower andthe upperboundinterconnection
delay. Thisassumesthattheplacementtool providesagood
partitioningof thenetlistsothatcloselyconnectedcompo-
nentsareplacedtogether. Sincethe interconnectiondelay
is directlydependenton thelengthof theinterconnection,a
gooddelayestimatorneedsto accuratelyestimatetheaver-
ageinterconnectionlengthof a routedcircuit. Theaverage
interconnectionlengthcanbedeterminedby takingauseful
resultfrom [18]. Thereis anempiricalrelationshipknown
asRent’srulewhichis usedfor predictingthenumberof ex-

ternalconnectionsfrom a given numberof componentsin
well-partitionedcomputerlogic. If we assumethata good
FPGA placementtool providesa goodpartitioning of the
nodes,theaveragenumberof externalconnectionswill fol-
low Rent’s rule. Feueret. al . [18] have deriveda formula
for theaveragewirelengthdistribution in termsof theRent
parameterfor randomcomputerlogic to be:
L = � ��������� �!��"���� ���#���� �!�%$&��� �

')(�*,+.- /0�1 ' (�*�2 (6)3 = 2(1 - p) (7)
whereC is the numberof CLBs andp is the Rentparam-
eter. The numberof CLBs can be accuratelydetermined
from theprevioussectionfor areaestimationandtheRent’s
parameteris experimentallydeterminedto be0.72.

Equation6 and7 can be usedto calculatethe average
interconnectionlength of a designwhile the length of a
wire segmentbetweenProgrammableInterconnectPoints
(PIPs),which markthebeginningof new wire segmentsin
FPGAs,is providedby theFPGAmanufacturer. Hence,we
canusethis to find out the maximumnumberof PIPsthat
areusedby a two-point connection.Sincethe routing de-
lay would be thedelayof thewire segmentsbetweenPIPs
(which is providedby theFPGAmanufacturer)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 canassumeall connections
to beroutedusingthesedoublelinesso that thenumberof
PIPsandwire segmentswouldbehalved.Sincewecanalso
getthedelayin adoubleline from theFPGAmanufacturer,
wecannow getalowerboundfor theinterconnectiondelay.
Thecombinationof thelogic andtheinterconnectiondelay
would hencegive usa lower boundandanupperboundon
thesynthesizedcircuit frequency.

5 Experimental Results

We carried out some experimentalresults to validate
our strategy for the estimationof the number of CLBs
consumed.We took someimageprocessingbenchmarks
written in MATLAB, usedour compiler to generatethe
correspondingVHDL andthenusedSynplifyfrom Synplic-
ity to generatethenetlist. We input this netlistto theXACT
placeandroutetools from Xilinx to get theactualnumber
of CLBs consumed. We then usedour areaestimatorto
estimatethe numberof CLBs consumed.Table 1 shows
the estimatedCLB consumptionandthe actualnumberof
CLBs consumedfor certainbenchmarkcircuits. We get a
worst caseerror of 16%. This is in fact not so inaccurate
becausewe are dealing with two levels of commercial
tools. There is a definite uncertainityon how the logic
synthesistools like Synplifyshareresourcesacrossclock
cycles, which will affect the total number of resources
instantiated. Further, the placementtools might perform



Table 1. Experimental Results sho wing the percenta ge error in area estimation
Benchmarks EstimatedCLBs ActualCLBs % Error in 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 sho wing the accurac y of our area estimator in predicting the maxim um
loop unr olling factor , 4 : Results extracted by sim ulation as design did not fit on the Xilinx 4010

SingleFPGAs multipleFPGAs multiple FPGASplus
loopunrolling

Benchmarks CLBs Time CLBs Time Speedup CLBs Time Speedup
Sobel 496 0.410 696 0.065 6.8 696 0.065 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 2.185 5.83 425 2.185 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
throughanexperimentallydeterminedfactor. To provethat
eventhismuchinaccuracy is sufficient to usethisestimator
with someof theoptimizationpasses,weusethisestimator
alongwith theparallelizationpassto find out themaximum
unroll factor for a MATLAB loop. We againtook some
image processingbenchmarksand usedour compiler to
synthesizehardwarefor the multi-FPGA WildChild board.
The WildChild board has 8 FPGAs so that partitioning
loop computationsacrossthe FPGAsleadsto reductionin
the executiontime. The third columnin Table 2 shows a
speedupof around6-7 on 8 FPGAs [25], wherespeedup
is definedas the executiontime on a singleFPGA to the
executiontime on 8 FPGAs.Sincemostimageprocessing
applicationshave parallel nestedloops, a much higher
speedupcan be achieved by unrolling the loops within a
FPGA.Hence,wehandunroll theinnermostfor loop in the
benchmarksprogressively, until the designwould not fit
insidethe Xilinx 4010FPGA.Thus,we got the maximum
unroll factor for a particularbenchmark. Then, we used
our estimationstrategy to verify that we could predict the
maximumunroll factorwhich is dependenton the number
of CLBs available. The last columnof Table 2 shows the
speedupattainedby extractingparallelismwithin a single
FPGAin additionto partitioningloop computationsacross
the multiple FPGAs. For the Image Thresholdingbench-
mark,we geta speedupof around28 on eightFPGAs.The

computationinside the Image Thresholdingcodeconsists
of a if-then-elsestatementinsidea doublynestedfor loop.
Our parallelizationphasepredictsa requirementof four
CLBs for the if-then-elsestatementanda singleCLB for
thecomparison.Hence,unrollingeachloopiterationwould
result in the usageof five extra CLBs. Using Equation1,
we seethat themaximumunroll factorcanbepredictedto
be:

(5 * Unroll Factor)* 1.15+ 372 6 400

where,we require5 extra CLBs for unrolling the loop
once,1.15is thefactorusedto accountfor theextra CLBs
requiredafter theplaceandroutestage,372 is thenumber
of CLBs alreadyusedup by thedesignand400is themax-
imum numberof CLBs in a Xilinx 4010FPGA.Themaxi-
mumunroll factorcanhencebepredictedto be4. Sincethe
unrolledloop iterationswould be donein parallelwith the
instantiationof extrahardware,thetotalspeedupof thefinal
designwould be 4 timesthe speedupachievedby a multi-
FPGApartitioning.It canbeseenfrom Table 2 thattheac-
tual speedupattainedafter loop unrolling is 28 for a design
that fits insidethe FPGA andusesalmostall the available
CLBs,whichprovesthatourpredictionbasedmechanismis
accurate.For mostof theotherdesigns,wecouldnotextract
parallelismwithin theFPGAasalmostall of theCLBswere
usedup by thedesign.This experimentvalidatesthe need
of suchan estimationtechniqueto generateefficient hard-
wareandalsothatour areaestimatoris accurateenoughto



Table 3. Experimental Results sho wing the Routing Delay Estimation. Benc hmarks whic h end with a
numeric are diff erent hardware implementations of the same benc hmark

Benchmarks CLBs Logic Delay Estimated EstimatedCritical ActualCritical % Error
RoutingDelay(d) PathDelay(p) PathDelay in Estimation

(in ns) (in ns) (in ns) (in ns)
Sobel 194 33.9 2.46 7 d 7 9.26 36.36 7 p 7 43.16 42.64 1.2

VectorSum1 99 26.1 1.66 7 d 7 7.32 27.76 7 p 7 33.42 32.75 2.05
VectorSum2 174 29.1 2.32 7 d 7 8.93 31.42 7 p 7 38.03 37.3 1.95
VectorSum3 168 34.5 2.29 7 d 7 8.89 36.79 7 p 7 43.34 40.03 8.26
MotionEst. 147 40.3 2.12 7 d 7 8.44 42.42 7 p 7 48.74 48.08 1.37

ImageThresh1 227 42.9 2.68 7 d 7 9.79 45.58 7 p 7 52.69 48.3 9.09
ImageThresh2 199 34.4 2.50 7 d 7 9.38 36.9 7 p 7 43.78 42.05 4.11

Filter 134 38.7 1.99 7 d 7 8.16 40.69 7 p 7 46.86 41.372 13.3

beusedwith someof theoptimizationpasses.

To validateourroutingestimations,weperformedanex-
perimenton five benchmarkcircuits. First, we usedour
compilerto generatetheVHDL representationof thehard-
ware.For someof thebenchmarkslike theVectorSum, we
usedvariousoptimizationsto generatedifferenthardware
implementationswith thesamefunctionality. Thenweused
commercialsynthesistools from Synplicityandplaceand
routetools from Xilinx to extract the final synthesizedfre-
quency. Sinceour compiler outputsa statemachinerep-
resentationof the hardware,we traversethe variousstates
to find out the total CLB utilization basedon theestimates
outlinedin the earliersection.We thenuseour estimation
techniquesto predictthedelayin thedatapath.Again,since
the delayequationswerederived after several runsof the
Synplicitysynthesistool, this matchesthe delay from the
Synplicitytool exactly. We thenusedEquation6 and7 to
estimatethe averageinterconnectionlength for the routed
benchmark.The Xilinx 4010databookprovides informa-
tion on thedelayin thevariousroutingchannels.Thedelay
of a single line in the Xilinx 4010 is 0.3 nanoseconds,of
a doubleline is 0.18nanosecondswhile that insidea pro-
grammableswitchmatrix is 0.4 nanoseconds.We usethis
informationalongwith the averageinterconnectionlength
to calculatethe lower boundand the upperboundof the
routingdelay. Table 3 shows theresultsof our routinges-
timationon variousbenchmarks.It canbeseenthat for all
thebenchmarks,thefinal critical pathdelay(andhencethe
frequency) is within the lower andupperbounddelayesti-
matedby us. Further, the last columnshows a worst case
errorin estimationto bearound13 %. Sincetheestimation
techniquepresentedis fastandfairly accurate,this canbe
usedwith a high level synthesistool like our compiler for
rapiddesignspaceexploration.Themainadvantagewill be
in pruningoff designs,which will nevermeettheuserpro-
videdareaandfrequency constraints,duringexplorationof
hardwareimplementations.

6 Conclusion

We have presentedan estimatorfor finding out thearea
of a designin termsof the numberof CLBs consumedby
thedesignin a FPGA,andanestimatorfor finding out the
frequency of a designafterplaceandroutefrom a descrip-
tion of the designasan algorithmin MATLAB. We have
shownthattheseestimationscannotonly bemadeveryfast,
but theareaestimationsarewithin 16%of theactualnum-
berof CLBsconsumed,while thefrequency estimationsare
within 13%of theactualsynthesizedfrequency. Hence,our
estimatorsare fastandaccurateenoughto be usedwith a
high-level synthesiscompiler like our compiler for design
spaceexplorations.
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