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ABSTRACT
We presenta new approachto estimatespeed,area,andpower of a
parameterizable,soft IP. By runningtheASIC implementationflow
only on selectedconfigurations,we predicttheperformancefor any
arbitraryconfiguration.Weexploit performancefunctiondecompos-
ability to addressthecombinatorialexplosionchallenge.Theestima-
tor hasbeenusedsuccessfullyto configureXtensaprocessorcores
for numerousembeddedSOCdesigns.

1. INTRODUCTION
IP coresarekey to exploiting theincreasingVLSI integrationca-

pability. A parameterizedIP canbecustomizedfor a specificappli-
cation.Theparameterizationleadsto theestimationchallengedueto
combinatorialexplosionin thenumberof configurations.For exam-
ple, if an IP has10 parameters,eachof which cantake oneof four
values,thenthe numberof configurationsis over onemillion. Fur-
thermore,theprocessof characterizinganon-trivial parameterizable
coreusinga state-of-the-artASIC flow, even for oneconfiguration,
is a time consumingandresourceintensive process.It cantake any-
wherefrom severalhoursto afew daysto obtainthecharacterization
dataon speed,area,and power by running synthesis,layout, and
power analysistools. In thispaper, weaddressthecombinatorialex-
plosionproblemby exploiting the decomposabilityof performance
metricfunctions.

Therestof thepaperis organizedasfollows. In Section2, we be-
gin with a brief overview of XtensaparameterizableIP. In Section3,
we develop the decompositiontheory. In Section4, we presentthe
estimationalgorithms.Next, we presentexperimentalresultsin Sec-
tion 5. Finally, we presentconclusionsin Section6.

2. XTENSA PARAMETERIZABLE IP
Althoughtheconceptspresentedin thispaperareapplicableto any

parameterizableIP, we focusour discussionon Xtensaconfigurable
processorcores[1] from Tensilica[4]. The presentgenerationof
XtensaIII coresrangein complexity from baseconfigurationwith
approximately25000gatesto configurationswith several hundred
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thousandgatesthat includeextensionslike a VectraSIMD DSP, a
floatingpointunit, anda 32-bitmultiplier.

The what-if analysisto customizea parameterizableIP requires
interactive andreasonablyaccuratefeedback.The interactivity im-
plies thatwe estimatethecostandperformanceimpactof a feature.
Theaccuracy implies thatwe rely on actualdataobtainedby using
the ASIC implementationflow. In constrastto previous estimation
approaches[2, 5, 3], we exploit underlyingmathmaticalstructureof
theproblemto copewith thecombinatorialcomplexity. In thenext
section,wepresentthedecompositiontheorythatdrasticallyreduces
thenumberof configurationsonwhich to run theASIC implementa-
tion flow.

3. DECOMPOSITION
A configurationvariableis a discretevariablethat takesa value

from an ordered,finite set. A configurationspaceis a multidimen-
sionaldiscretespace,whereeachdimensioncorrespondsto a con-
figurationvariableandeachpoint correspondsto a configuration.A
metric function over a configurationspaceis a function that maps
eachconfigurationpoint to a uniquerealvalue.Eachof speed,area,
andpower is a metricfunction.

ThecharacterizationproblemoveraconfigurationspaceS
�
X � spa-

nnedbyvariablesX isdefinedasknowing themetricfunction f
�
X � at

theminimumnumberof configurationpointssothatit is possibleto
determinethemetricfunctionatany arbitrarypoint in theconfigura-
tion spaceS

�
X � . A characterizationsetCS

�
f � X � for f

�
X � over S

�
X �

is theminimumsetof configurationpointsat which metric function
shouldbeknown to determinethemetric function f

�
X � at any arbi-

trarypoint in theconfigurationspaceS
�
X � .

In the following discussion,let xi bea configurationvariablethat
takesvaluefrom anordered,finite setCi . X is ak tupleof configura-
tion variablesX ��� x1 � x2 ��������� x j � x j 	 1 �����
��� xk � . Let X1 bea j tuple
� x1 � x2 ���
����� x j � and X2 be a k 
 j tuple � x j 	 1 �����
��� xk � suchthat k
tupleX canbeexpressedas � X1 � X2 � .

A metric function f
�
X1 � X2 � is independentof X2 if f

�
X1 � X2 ���

f1
�
X1 � . If a metric function f is independentof variablexi , we can

fix its valueto oneof thevaluesfrom setCi , while determiningthe
characterizationsetof f .

Let X � p� be a point in the configurationspaceS
�
X � . Let X1 � p�

andX2 � p� refer to points in S
�
X1 � andS

�
X2 � respectively suchthat

eachconfigurationvariableis set to the valueof the corresponding
configurationvariablefor thepointX � p� .

THEOREM 3.1. If f
�
X1 � X2 ��� f1

�
X1 ��� f2

�
X2 � thenfor a config-

urationpoint X � p� ,
f
�
X1 � X2 ��� f

�
X1 � X2 � p����� f

�
X1 � p��� X2 ��
 f

�
X � p���



THEOREM 3.2. If f
�
X1 � X2 ��� f1

�
X1 ��� f2

�
X2 � thenfor a config-

uration pointX � p� such that f
�
X � p������ 0,

f
�
X1 � X2 ��� f

�
X1 � X2 � p����� f

�
X1 � p��� X2 �
� f

�
X � p���

THEOREM 3.3. If f
�
X1 � X2 � = Max

�
f1

�
X1 � � f2 � X2 ��� , where Max

is maximumoperator thenfor a configuration point X � p� such that
f
�
X � p���"! f

�
X ��# X,

f
�
X1 � X2 ��� Max

�
f
�
X1 � X2 � p���$� f

�
X1 � p��� X2 ���

Thedecompositionof f
�
X � usingoperator% with respectto X1 and

X2 is definedas f
�
X �&� f1

�
X1 ��% f2

�
X2 � . From theoremsabove, if

a metric function is decomposedas a set of componentfunctions,
eachof which dependonly on disjoint subsetof variables,thenit is
possibleto determinethemetricfunctioncompletelyonly by know-
ing its valuefor eachsubsetof configurationvariableswhile keeping
the remainingvariablesconstant.The implication for parameteriz-
ableIP is thatwecanperformblackboxcharacterizationandexploit
decomposability.

An augmentedcharacterizationsetACS
�
f1 ��� X1 � X2 � p� � � refersto

a setof configurationpointsobtainedby augmentingeachelement
of CS

�
f1 � X1 � with X2 � p� . Eachelementof CS

�
f1 � X1 � is a j tuple

� x1 � x2 ��������� x j � . X2 � p� is k 
 j tuple evaluatedat point p. Each j
tupleelementX1 is augmentedby k 
 j tupleX2 evaluatedatpoint p.
After augmentationtheelementis � x1 � x2 ��������� x j � x j 	 1 � p�����
����� xk � p� � .
The augmentationcanbe postfix resultingin � X1 � X2 � p� � or prefix
� X1 � p��� X2 � .

THEOREM 3.4. If f
�
X1 � X2 �&� f1

�
X1 ��% f2

�
X2 � andif X � p� is an

arbitrary configuration point such that any oneof the following is
true:' % equalto �' % equalto � and f

�
X � p������ 0' % equalto Max and f

�
X � p����! f

�
X ��# X

then

CS
�
f �(� X1 � X2 � �)� ACS

�
f1 �(� X1 � X2 � p� � ��* ACS

�
f2 �(� X1 � p��� X2 � �

THEOREM 3.5. If f
�
X1 � X2 � X3 �+� f1

�
X1 �,� � f2 � X2 �-% f3

�
X3 ��� and

if X � p� is anarbitrary configuration point such that f
�
X � p���.�� 0 and

eitheroneof thefollowing is true:' % equalto � or �' % equalto Max and0 / f
�
X � p���"! f

�
X �0# X

then

CS
�
f �(� X1 � X2 � X3 � �)� ACS

�
f1 �(� X1 � X2 � p��� X3 � p� � �

* ACS
�
f2 �(� X1 � p��� X2 � X3 � p� � �1* ACS

�
f3 �(� X1 � p��� X2 � p��� X3 � �

THEOREM 3.6 (DECOMPOSITION). If

f
�
X11 ���
����� X1n1 � X21 �
������� X2n2 ��������� Xm1 ���
����� Xmnm �

� m

∏
i 2 1

�
fi1

�
Xi1 �1% i fi2

�
Xi2 �1% i �
��� fini

�
Xini ���

andif X � p� is anarbitrary configuration pointsuch that f
�
X � p���.�� 0

andeitheroneof thefollowing is true:' % i equalto � or �' % i equalto Maxand0 / f
�
X � p����! f

�
X ��# X

then

CS
�
f �(� Xi j � i � 1 ��������� m� j � 1 �����
��� nm � �
�

m3
i 2 1

nm3
j 2 1

ACS
�
fi j � X � X � p� except Xi j �

The last theoremis the key to combatcombinatorialcomplex-
ity. By decomposingf into disjoint setof variables,we canreplace
a large characterizationproblemwith many small characterization
problems.

4. ESTIMATION
In this section,we apply decompositiontheory to characterize

eachof speed,area,and power metric function. The underlying
assumptionis that variablescanbe partitionedinto disjoint subsets
suchthatsecondorderinteractionbetweenvariablesin differentsub-
setsis very small. Eachof speed,area,andpower metric function
is decomposedusingoperator� into technologydependentandtech-
nologyindependentvariables.

f
�
T � M ��� fT

�
T ��� fM

�
M �

The technologydependentvariables(T) are target implementation
geometry, processcorner, andoperatingcondition. The technology
independentvariables(M) are architecturaland microarchitectural
variables. From Theorem3.2 andTheorem3.4, we cannow solve
two smallercharacterizationproblems. First, we characterizeeach
metric function with respectto different technologiesfor a single
configurationof architecturalandmicroarchitecturalvariables.Sec-
ond,wecharacterizeeachmetricfunctionwith respecttodifferentar-
chitecturalandmicroarchitecturalvariablesfor aspecifictargettech-
nology.

4.1 Characterizing Speed
Thespeedmetricfunctionis representedby theclock period.For

a targettechnology, theclock periodis determinedby themaximum
lengthtiming paththatdependsonly onarchitecturalandmicroarchi-
tecturalvariables.Assumethat thearchitecturalandmicroarchitec-
turalvariablesM canbegroupedinto disjointsubsetsMi � i � 1 �����
��� k
suchthatthelengthof eachtiming pathdependsonly onvariablesin
any onesubset.The subsetsMi � i � 1 �
������� k imposesa partition on
thesetof timing paths.Themaximumlengthof pathin partition i is
a functionof variablesMi . Therefore,themaximumlengthfunction
over thesetof timing pathsis equalto themaximumlengthfunction
over thesubsetsMi � i � 1 ���
����� k.

t
�
M1 ��������� Mk ��� Maxi 4�5 1 6 7 7 7�6 k 8 tMi

�
Mi �

wheretMi is themaximumlengthfunctionthatdependsonly onvari-
ablesMi .

Theclockperiodissmallestfor theminimumconfiguration.Hence,
we have a configurationpoint p for which t

�
M � p���9! t

�
M � . From

Theorem3.3 andTheorem3.4, we cannow characterizethe speed
metricfunctiononly with respectto eachsubsetof variablesMi .
Example: Considera processorIP with datapaththat includesa pa-
rameterizableALU anda parameterizableMAC. Dependingon the
choiceof parameters,thecritical pathcanbefrom readportof a reg-
ister file througheitherALU or MAC. For a target technology, we
characterizethe clock periodfor the IP by computingclock period
valuesfor configurationsobtainedasfollows. First, vary parameters
relatedto ALU with minimumparametervaluesfor MAC. Second,
varyparametersrelatedto MAC with minimumparametervaluesfor
ALU.

In summary, thespeedmetricfunctionis decomposedusingoper-
ator � into componentfunctionsthat dependon technologydepen-
dentvariablesandtechnologyindependentvariables. The technol-
ogy independentcomponentfunction is further decomposedusing
Max operatorinto disjoint subsetsof architecturalandmicroarchi-
tecturalvariables.FromTheorem3.6,we determinea characteriza-
tion set that is very small comparedto the numberof points in the
configurationspace.

For eachconfigurationin the characterizationset, the speedis
computedby runninga state-of-the-artstandardcell implementation
flow. We make useof industrystandardtoolssuchasDesignCom-
piler from SynopsysandSiliconEnsemblefrom Cadence.



4.2 Characterizing Ar ea
Theareametricfunctionis decomposedusingoperator� with re-

spectto technologydependentvariablesandtechnologyindependent
variables. Furthermore,the componentfunction that dependsonly
on technologydependentvariablesis decomposedusingoperator�
into a setof functions,eachof which dependsonly on onevariable.
Thecomponentfunction thatdependsonly on the technologyinde-
pendentvariablesis decomposedusingoperator� into asetof func-
tions,eachof whichdependona disjoint subsetsof relatedarchitec-
tural andmicroarchitecturalvariables.

If we representimplementationvariablesby x1 � x2 ��������� xk anddis-
joint subsetsof architecturalandmicroarchitecturalvariablesbyA j # j :
� 1 � 2 �
�����1� m� thentheareametricfunctionis decomposedasfollows:

f
�
x1 ��������� xk � A1 ��������� Am ��� k

∏
i 2 1

fi
�
xi �1�

m

∑
j 2 1

g j
�
A j �

TheTheorem3.6 is appliedto characterizeareaonly with respectto
variablesx1 ��������� xk andsubsetsA j # j :;� 1 ��������� m� .
Example: Consideronceagaina processorIP with datapaththat in-
cludesaparameterizableALU andaparameterizableMAC.Thearea
dueto ALU andMAC contributeadditively to theareaof theIP. The
areacontributiondueto ALU andMAC dependsonthechoiceof pa-
rameters.We cancharacterizetheareaof the IP by computingarea
for configurationsobtainedasfollows. First,varyparametersrelated
to ALU while choosingfixed parametervaluesfor MAC. Second,
varyparametersrelatedto MAC while choosingfixedparameterval-
uesfor ALU.

For Xtensaconfigurableprocessorthe areaestimationalgorithm
startswith theareaof thebaseXtensaprocessor. Next, theareadue
to eachof thefollowing architecturalandmicroarchitecturalfeatures
is added:

1. optionalVectraSIMD DSP;
2. optionalfloatingpointunit;
3. optional32-bitmultiplier;
4. optionalinstructions;
5. numberandtypesof interrupts;
6. numberof timers;
7. registerfile entriesandregisterfile building block;
8. write buffer entriesandwrite buffer building block;
9. width of processorinterface;

10. debug support(traceport,on-chipdebug module);and
11. cachecontrollogic.

Oncetheareaestimateis obtainedby addingup contributionsfrom
architecturalandmicroarchitecturalvariablesfor thespecificvalues
of implementationvariables,theimpactof changingimplementation
variablesis accountedfor by appropriatescalingfactors.Thescaling
factorsareprovidedfor eachof thefollowing:'

technology:0.18micron,0.25micron,and0.35micron;'
processcorner;and'
operatingcondition

Notethattheareacalculationabove reliesongeneralizationof the
following identities:

f
�
X1 � X2 � p����� f

�
X1 � p��� X2 ��
 f

�
X � p���

� f
�
X � p����� �

f
�
X1 � X2 � p����
 f

�
X � p�����1� �

f
�
X1 � p��� X2 ��
 f

�
X � p�����

f
�
X1 � X2 � p����� f

�
X1 � p��� X2 ��� f

�
X � p���

� f
�
X � p����� �

f
�
X1 � X2 � p����� f

�
X � p������� �

f
�
X1 � p��� X2 �
� f

�
X � p�����

4.3 Characterizing Power
Characterizingpower is difficult, sinceit dependsnotonly oncon-

figurationvariables,but alsoondynamicbehavior of thecircuit. The
switchingactivity canvary widely for a processorbetweenrunning
“wait” instructionsin power-down modeto running arithmeticin-
structions.

Besidesimplementationtechnology, voltage,andoperatingcon-
ditions, the implementationfeaturethat hassignificant impact on
powerdissipationis theclockgatingbasedpowermanagementtech-
nique.

The power metric function is decomposedusingoperator � with
respectto technologydependentvariables,presenceor absenceof
clock gating,andarchitecturalconfigurationvariables. The impact
of architecturalconfigurationvariablesis accountedfor by making
power dissipationproportionalto thearea.

4.4 Err or Mitigation
Thetwo sourcesof estimationerrorsareinteractionbetweenvari-

ablesin disjointsubsetsandreducedordermodelingof ametricfunc-
tion. To mitigateerrors,we rely on redundancy. For example,we
characterizetechnologywith respectto multiple configurationsof
architecturalandmicroarchitecturalvariables.Thegeometricmean
is usedto determinetechnologyrelatedscalefactors.For a function
in onevariable,only two datapointsaresufficient for a linearmodel.
However, the error due to reducedorder modelingis mitigatedby
linearfit for asetof datapoints.Thetheoreticalerroranalysis,which
might provide a better insight into improving the estimation,is a
topicof futureresearch.

5. EXPERIMENT AL RESULTS
The algorithmsare implementedasa part of the Xtensaestima-

tor tool. The Xtensaestimatortool is very easyto use. The user
canchangetheconfigurationvariablesusingpull down menusfrom
awebbrowserGUI. In responseto thechangesin configurationvari-
ables,the estimationbars for speed,area,and power are updated
interactively.

We synthesized118 differentconfigurationsusingDesignCom-
piler. Dueto resourcelimitation, the layoutwascompletedon 39 of
themusingSilicon Ensemble.The speedis determinedusingpost
layoutclock period.Sincepostlayoutareais relatedto postsynthe-
sisareaby autilizationfactor, theareametricfunctionis represented
by the post synthesisarea. For eachconfiguration,the percentage
errorin eitherareaor speedis computedas100* (estimated- actual)
/ actual.

For areaestimationon118configurations,thestatisticalmeasures
of percentageerror areasfollows: the arithmeticmeanis -0.9419;
the standarddeviation is 2.3277;and the rangeis (-10.97,10.90).
The geometricmeanof ratio of estimatedto actualareais 0.9903.
The histogramof numberof configurationsvs. percentageerror in
areais shown in Figure1.

For speedestimationon39configurations,thestatisticalmeasures
of percentageerror areasfollows: the arithmeticmeanis -0.2741;
thestandarddeviation is 3.2573;andtherangeis (-10.42,7.84).The
geometricmeanof ratio of estimatedto actualspeedis 0.9967.The
histogramof numberof configurationsvs. percentageerrorfor speed
is shown in Figure2.

Thestatisticalmeasuresandhistogramsprovide a gooddegreeof
confidencein speedandareaestimationalgorithms.To provideabet-
terunderstandingof estimatedandactualmetricsfor differentXtensa
configurations,a representative setof samplepointsis shown in Fig-
ure3. Thefirst columnis thenameof a configuration.Thesecond



Figure1: Number of Configurations vs. % Err or in Ar ea

Figure2: Number of Configurations vs. % Err or in Speed

andthird columnsareactualareaandestimatedareain squaremi-
crons. The fourth columnis the percentageerror in area. The fifth
andsixthcolumnsareactualspeedandestimatedspeedin MHz. The
final columnis thepercentageerrorin speed.

A representative setof resultsfor power estimationareshown in
Figure4. Thefirst columnis thenameof a configuration.Thesec-
ond columnis the post layout clock frequency in MHz. The third
andfourth columnsareactualpower andestimatedpower in milli-
watts. Thepower is computedusingSynopsysDesignPower on the
postlayout netlist taking into accountnetparasitics.Theswitching
activity dataisobtainedbysimulatingarepresentativesetof architec-
tural andmicroarchitecturalverificationprogramson thepostlayout
netlist. The fifth columnis the percentageerror in power. The re-
sultspoint to theweaknessof areabasedscalingalgorithmfor power
estimation. We areexperimentingto identify architecturalandmi-
croarchitecturalparametersthat can have significantimpacton the
dissipatedpower.

6. CONCLUSIONS AND FUTURE WORK
Weaddressthecombinatorialexplosionproblemin characterizing

Cfg A EsA ErA S EsS ErS

XFS 683279 672114 -1.6 200 192 -4.0
XS 625017 609220 -2.5 202 202 0.0
XT 537244 548514 2.1 296 310 4.7
Xm25 1284870 1290070 0.4 147 150 2.0
Mx 1573318 1492685 -5.1 169 171 1.2
MxS 1612216 1560321 -3.2 153 165 7.8
MxT 1493620 1404844 -5.9 237 254 7.2
Mx25 3504281 3336404 -4.8 125 129 3.2
ML32 836836 836729 -0.0 195 194 -0.5
PID4 825679 827405 0.2 195 194 -0.5
DbTr 694077 686412 -1.1 199 199 0.00
Roam 670795 647551 -3.5 187 186 -0.5
Intr 671687 668111 -0.5 204 201 -1.5
IsOp 717514 699143 -2.6 201 198 -1.5
P 838868 837116 -0.2 197 194 -1.5
Pm25 2101837 1871096 -11.0 152 147 -3.3
MW 905682 903523 -0.2 199 191 -4.0
XTie 1328737 1330322 0.1 170 175 2.9

Figure3: Ar eaand SpeedData for Xtensaconfigurations

Cfg S P EsP ErP

X 209 87.78 92 4.81
XLCG 207 91.08 96 5.40
XT 296 142.08 165 16.13
DbTr 199 103.48 93 -10.13
Roam 187 91.63 85 -7.24
Intr 204 108.12 93 -13.98
P 197 106.38 98 -7.88
MW 199 101.49 99 -2.45

Figure4: Power Data for Xtensaconfigurations

parameterizableIP. Weoutlinealgorithmsbasedon functiondecom-
positiontheoryto estimatespeed,area,andpower for a parameteri-
zableIP. Theexperimentalresultsshow a closecorrelationbetween
actualandestimatedvaluesof speedandareafor a setof configura-
tions. In future,we plan to improve estimationaccuracy for power
andestimationaccuracy acrossdifferentvendorlibraries.
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