Estimation of Speed, Area, and Power of Parameterizable,
Soft IP

Jagesh Sanghavi
Tensilica, Inc.

sanghavi@tensilica.com

ABSTRACT

We presenta new approacho estimatespeedarea,andpower of a
parameterizablesoft IP. By runningthe ASIC implementatiorflow
only on selectecconfigurationsyve predictthe performancédor ary
arbitraryconfiguration. We exploit performancdunctiondecompos-
ability to addresshecombinatoriakxplosionchallenge Theestima-
tor hasbeenusedsuccessfullyto configureXtensaprocessorcores
for numerousembedde&OCdesigns.

1. INTRODUCTION

IP coresarekey to exploiting theincreasingvLSlI integrationca-
pability. A parameterizedP canbe customizedor a specificappli-
cation. Theparameterizatioteadsto theestimationchallengedueto
combinatoriakexplosionin the numberof configurations For exam-
ple, if anIP has10 parameterseachof which cantake oneof four
values,thenthe numberof configurationss over onemillion. Fur
thermorethe procesof characterizing non-trivial parameterizable
coreusinga state-of-the-arASIC flow, evenfor oneconfiguration,
is atime consumingandresourcantensve processlt cantake ary-
wherefrom severalhoursto afew daysto obtainthe characterization
dataon speed,area,and pawer by running synthesis layout, and
power analysigtools. In this paper we addresshe combinatoriakex-
plosion problemby exploiting the decomposabilityof performance
metricfunctions.

Therestof thepaperis organizedasfollows. In Section2, we be-
gin with a brief overview of Xtensaparameterizabl&. In Section3,
we develop the decompositiortheory In Section4, we presenthe
estimationalgorithms.Next, we presenexperimentakresultsin Sec-
tion 5. Finally, we presentonclusionsn Section6.

2. XTENSA PARAMETERIZABLE IP

Althoughtheconceptpresentedh this paperareapplicableto ary
parameterizabléP, we focusour discussioron Xtensaconfigurable
processorcores[1] from Tensilica[4]. The presentgenerationof
Xtensalll coresrangein complity from baseconfigurationwith
approximately25000 gatesto configurationswith several hundred
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thousandgatesthat include extensionslike a VectraSIMD DSP a
floating point unit, anda 32-bit multiplier.

The what-if analysisto customizea parameterizabléP requires
interactve andreasonablyaccuratefeedback. The interactvity im-
pliesthatwe estimatethe costand performancempactof afeature.
The accurag impliesthatwe rely on actualdataobtainedby using
the ASIC implementatiorflow. In constrasto previous estimation
approachef?, 5, 3], we exploit underlyingmathmaticaktructureof
the problemto copewith the combinatorialcompleity. In the next
sectionwe presenthedecompositiontheorythatdrasticallyreduces
thenumberof configurationon whichto runthe ASIC implementa-
tion flow.

3. DECOMPOSITION

A configurationvariableis a discretevariablethat takes a value
from an ordered finite set. A configurationspaceis a multidimen-
sional discretespace whereeachdimensioncorrespondgo a con-
figurationvariableandeachpoint corresponds$o a configuration.A
metric function over a configurationspaceis a function that maps
eachconfigurationpointto a uniquerealvalue. Eachof speedarea,
andpawer is ametricfunction.

ThecharacterizatioproblemoveraconfiguratiorspaceS(X) spa-
nnedby variablesX is definedasknowing themetricfunction f (X) at
the minimum numberof configurationpointssothatit is possibleto
determinghe metricfunctionatary arbitrarypointin the configura-
tion spaceS(X). A characterizatiosetCS( f,X) for f(X) over S(X)
is the minimum setof configurationpointsat which metricfunction
shouldbe known to determinethe metric function f(X) atary arbi-
trary pointin the configuratiorspaceS(X).

In the following discussion|et x; be a configurationvariablethat
takesvaluefrom anorderedfinite setC;. X is ak tuple of configura-
tion variablesX = {X1,X2,...,Xj,Xj4+1,-.. ,%J}. Let X; bea ] tuple
{x1,%2,...,X;} and Xz be a k— j tuple {Xj41,...,%} suchthatk
tuple X canbeexpresseds{Xy, Xz}

A metric function f(Xy,Xp) is independendf Xy if f(Xg,X2) =
f1(X1). If ametricfunction f is independenbf variablex;, we can
fix its valueto oneof the valuesfrom setC;, while determiningthe
characterizatiosetof f.

Let X[p] be a point in the configurationspaceS(X). Let X;[p]|
and X[ p] referto pointsin S(X;) and S(X;) respectiely suchthat
eachconfigurationvariableis setto the value of the corresponding
configurationvariablefor the point X[ p).

THEOREM 3.1. If f(X1,X2) = f1(X1) + f2(X2) thenfor a config-
uration point X[p],

f (X, X2) = f (X, X2[p]) + f (Xa[p], X2) — F(X[p])



THEOREM 3.2. If f(Xy,X2) = f1(X1) * f2(X2) thenfor a config-
uration point X[p] sud that f(X[p]) # 0,

f (X1, X2) = F(X1, X[ p]) * F(Xa[p], X2)/ £ (X[p))

THEOREM 3.3. If f(X1,X2) = Max (f1(Xy1), f2(X2)), whee Max
is maximumopeiator thenfor a configuation point X[p] suc that
f(X[p]) < f(X)¥X,

(X1, X2) = Max(f(Xg, X2[p]), f(X1[p], X2))

Thedecompositiorof f(X) usingoperator® with respecto X; and
Xy is definedas f(X) = f1(X1) ® f2(X2). Fromtheoremsabove, if
a metric function is decomposeds a setof componentunctions,
eachof which dependonly on disjoint subsebf variables thenit is
possibleto determinethe metric functioncompletelyonly by know-
ing its valuefor eachsubsebf configuratiorvariableswhile keeping
the remainingvariablesconstant. The implication for parameteriz-
ablelP is thatwe canperformblackbox characterizatiomndexploit
decomposability

An augmentectharacterizatioset ACS( f1,{ X1, X2[p]}) refersto
a setof configurationpoints obtainedby augmentingeachelement
of CS(fy,X1) with X3[p]. Eachelementof CS(f1,X;) is a j tuple
{x1,%2,...,Xj}. Xo[p] is k— j tuple evaluatedat point p. Each |
tupleelementX; is augmentedby k— j tuple X, evaluatedat point p.
After augmentatiotheelements {x1, X, ..., Xj, Xj+1[P],... , Xk[P]}.
The augmentatiorcan be postfix resultingin {Xg, Xa[p]} or prefix
{Xa[p], X2}

THEOREM 3.4. If f(X1,X2) = f1(X1) ® f2(X2) andif X[p] is an
arbitrary configuation point sud that any one of the following is

true:
e ® equalto +
¢ ® equaltox and f(X[p]) #0
e ® equalto Maxand fFX[p]) < f(X)VX
en

CS(f, {X1,X2}) = ACS(f1, {X1, X2[p]}) UACS( f2, {X1[p], X2})

THEOREM 3.5. If f(xl,XZ,Xg) = fl(xl) *(fg(Xz)@ f3(X3)) and
if X[p] is anarbitrary configuation pointsuc that f (X[p]) # 0 and

eitheroneof thefollowingis true:

e ® equalto+ or
ther ® equalto Maxand0 < f(X[p]) < f(X)VX
en

Cs(f’{xlax25X3}) = ACS( f]_,{XJ_,XQ[pLXE,[p}})
UACS(fZa{Xl[p])XZaX:S[p}})UACS(f?n {Xl[p]aXZ[pLx?:})
THEOREM 3.6 (DECOMPOSITION). If

£(X01y- -+ » Xy, X2y -+ » Xongy -+ > Xen - Xy
m

= _r!( fi1(Xi1) ®i fi2(Xi2) ®i ... fin, (Xin;))
=

andif X[p] is anarbitrary configuation pointsud that f (X[p]) # 0

andeitheroneof thefollowingis true:

e ®; equalto + or x
ther ®j equalto Maxand0 < f(X[p]) < f(X)¥X
en

Cs(f7{><|17| = 11 am7j = 15 7nm})
m Nm
=J UACS(fij,X = X[p] except X;j)
i=1j=1
The last theoremis the key to combatcombinatorialcomplex-

ity. By decomposing into disjoint setof variables,we canreplace
a large characterizatiomproblemwith mary small characterization
problems.

4. ESTIMATION

In this section, we apply decompositiontheory to characterize
eachof speed,area,and power metric function. The underlying
assumptionis that variablescan be partitionedinto disjoint subsets
suchthatsecondrderinteractionbetweervariablesn differentsub-
setsis very small. Eachof speed,area,and power metric function
is decomposedsingoperatorx into technologydependenandtech-
nologyindependentariables.

f(T,M) = f1(T) * fu(M)

The technologydependenvariables(T) aretargetimplementation
geometry processcorner andoperatingcondition. The technology
independenwariables(M) are architecturaland microarchitectural
variables. From Theorem3.2 and Theorem3.4, we cannow solve
two smallercharacterizatioproblems. First, we characterizeeach
metric function with respectto differenttechnologiedor a single
configurationof architecturallndmicroarchitecturavariables.Sec-
ond,we characterizeachmetricfunctionwith respecto differentar
chitecturalandmicroarchitecturavariablesfor a specifictargettech-
nology

4.1 Characterizing Speed

The speedmetricfunctionis representethy the clock period. For
atargettechnologythe clock periodis determinedyy the maximum
lengthtiming paththatdepend®nly onarchitecturandmicroarchi-
tecturalvariables. Assumethat the architecturabnd microarchitec-
turalvariablesM canbegroupednto disjointsubsetdv,i =1,... .k
suchthatthelengthof eachtiming pathdepend®nly onvariablesn
ary onesubset.The subsetdVi;,i = 1,... ,k imposesa partition on
the setof timing paths. The maximumlengthof pathin partitioni is
afunctionof variablesM;. Therefore the maximumlengthfunction
over the setof timing pathsis equalto the maximumlengthfunction
overthesubsetdv,i=1,... ,k.

t(M1,...,My) = MaXe(1, .. kytm, (Mi)

wherety, is themaximumlengthfunctionthatdependsnly onvari-
ablesM;.

Theclockperiodis smallesfor theminimumconfiguration Hence,
we have a configurationpoint p for which t(M[p]) < t(M). From
Theorem3.3 and Theorem3.4, we cannow characterizehe speed
metricfunctiononly with respecto eachsubsebf variablesM;.
Example: Considera processotP with datapattthatincludesa pa-
rameterizableALU anda parameterizablMAC. Dependingon the
choiceof parameterghecritical pathcanbefrom readport of areg-
isterfile througheither ALU or MAC. For a tagettechnology we
characterizehe clock periodfor the IP by computingclock period
valuesfor configurationsobtainedasfollows. First, vary parameters
relatedto ALU with minimum parameteraluesfor MAC. Second,
vary parameterselatedto MA C with minimumparametewvaluesfor
ALU. n

In summarythe speedmetricfunctionis decomposedsingoper
ator x into componenfunctionsthat dependon technologydepen-
dentvariablesandtechnologyindependenvariables. The technol-
ogy independentomponentunction is further decomposedising
Max operatorinto disjoint subsetof architecturaland microarchi-
tecturalvariables.From Theorem3.6, we determinea characteriza-
tion setthatis very small comparedo the numberof pointsin the
configuratiorspace.

For eachconfigurationin the characterizatiorset, the speedis
computedby runninga state-of-the-arstandarctell implementation
flow. We male useof industrystandardools suchasDesignCom-
piler from SynopsysandSilicon Ensembldrom Cadence.



4.2 Characterizing Area

Theareametricfunctionis decomposedsingoperators with re-
spectto technologydependentariablesandtechnologyindependent
variables. Furthermore the componenfunction that dependsonly
on technologydependenvariablesis decomposedising operators
into a setof functions,eachof which dependonly on onevariable.
The componenfunction that dependonly on the technologyinde-
pendenvariabless decomposedsingoperator+ into asetof func-
tions, eachof which dependon a disjoint subset®f relatedarchitec-
tural andmicroarchitecturabariables.

If we represenimplementatiorvariablesby x1,Xo, ... ,Xx anddis-
joint subset®f architecturahndmicroarchitecturavariablesoy AjVj €
{1,2,... ,m} thentheareametricfunctionis decomposedsfollows:

k m
f(x1,.- XA -, Am) = |'!fi(><i)* > 9i(A)
i= =1

The Theorem3.6is appliedto characterizereaonly with respecto
variablesxy, ... ,xc andsubset#\;Vj € {1,... ,m}.
Example: Consideronceagaina processofP with datapattthatin-
cludesaparameterizabl&LU andaparameterizablMAC. Thearea
dueto ALU andMAC contrituteadditively to theareaof thelP. The
areacontritutiondueto ALU andMAC depend®nthechoiceof pa-
rameters.We cancharacterizehe areaof the IP by computingarea
for configuration®btainedasfollows. First, vary parameterselated
to ALU while choosingfixed parametevaluesfor MAC. Second,
vary parametergelatedto MAC while choosindfixed parametewal-
uesfor ALU. [

For Xtensaconfigurableprocessothe areaestimationalgorithm
startswith the areaof the baseXtensaprocessorNext, theareadue
to eachof thefollowing architecturabndmicroarchitecturaleatures
is added:

1. optionalVectraSIMD DSP;
. optionalfloating point unit;
. optional32-bitmultiplier;
. optionalinstructions;
. numberandtypesof interrupts;
. numberof timers;
. registerfile entriesandregisterfile building block;
. write buffer entriesandwrite buffer building block;
. width of processomterface;
10. dehug support(traceport, on-chipdetug module);and
11. cachecontrollogic.

Coo~NoOU~,WN

Oncethe areaestimates obtainedby addingup contritutionsfrom
architecturandmicroarchitecturalariablesfor the specificvalues
of implementatiorvariablestheimpactof changingmplementation
variabless accountedor by appropriatescalingfactors.Thescaling
factorsareprovidedfor eachof thefollowing:

e technology:0.18micron,0.25micron,and0.35micron;

e procesgorner;and

e operatingcondition

Notethattheareacalculationabove reliesongeneralizatiorof the
following identities:

f (X1, Xa[p]) + f(Xa[pl, X2) — f(X[pI)
= F(X[P]) + (F (X2, X2[p]) — F(X[P])) + (f (Xa[pl, X2) — F(X[P]))

f (X1, Xa[p]) * F(Xa[p], X2) / £ (X[p])
= F(X[p]) * (f (X0, X2[p])/ f(X[p]) * (F(Xa[ ], X2) / £ (X[P]))

4.3 Characterizing Power

Characterizingooweris difficult, sinceit dependsiotonly oncon-
figurationvariablesput alsoon dynamicbehaior of thecircuit. The
switchingactvity canvary widely for a processobetweenrunning
“wait” instructionsin power-dovn modeto running arithmeticin-
structions.

Besidesimplementationtechnology voltage, and operatingcon-
ditions, the implementationfeaturethat has significantimpact on
power dissipationis the clock gatingbasedbower managemertech-
nique.

The power metric function is decomposedising operatorx with
respectto technologydependentariables,presenceor absenceof
clock gating,andarchitecturalconfigurationvariables. The impact
of architecturalconfigurationvariablesis accountedor by making
power dissipationproportionalto thearea.

4.4 Error Mitigation

Thetwo sourcef estimationerrorsareinteractionbetweervari-
ablesn disjointsubsetsindreducedrdermodelingof ametricfunc-
tion. To mitigate errors,we rely on redundang. For example,we
characterizeechnologywith respectto multiple configurationsof
architecturaland microarchitecturalariables. The geometricmean
is usedto determinetechnologyrelatedscalefactors.For afunction
in onevariable,only two datapointsaresuficient for alinearmodel.
However, the error due to reducedorder modelingis mitigatedby
linearfit for a setof datapointsThetheoreticalkerroranalysiswhich
might provide a betterinsight into improving the estimation,is a
topic of futureresearch.

5. EXPERIMENTAL RESULTS

The algorithmsare implementedas a part of the Xtensaestima-
tor tool. The Xtensaestimatortool is very easyto use. The user
canchangethe configurationvariablesusingpull dovn menusfrom
awebbrowserGUI. In responsdo thechangesn configuratiorvari-
ables, the estimationbarsfor speed,area,and power are updated
interactiely.

We synthesizedl18 different configurationsusing DesignCom-
piler. Dueto resourcdimitation, the layoutwascompletedon 39 of
themusing Silicon Ensemble. The speedis determinedusing post
layoutclock period. Sincepostlayoutareais relatedto postsynthe-
sisareaby a utilization factor theareametricfunctionis represented
by the post synthesisarea. For eachconfiguration,the percentage
errorin eitherareaor speeds computedas100* (estimated actual)
/ actual.

For areaestimationon 118 configurationsthe statisticaimeasures
of percentagerror areasfollows: the arithmeticmeanis -0.9419;
the standarddeviation is 2.3277;and the rangeis (-10.97,10.90).
The geometricmeanof ratio of estimatedo actualareais 0.9903.
The histogramof numberof configurationsvs. percentagesrrorin
areais shavn in Figurel.

For speecestimationon 39 configurationsthe statisticaimeasures
of percentagerror are asfollows: the arithmeticmeanis -0.2741;
thestandardleviationis 3.2573;andtherangeis (-10.42,7.84). The
geometricmeanof ratio of estimatedo actualspeeds 0.9967.The
histogramof numberof configurationss. percentagerrorfor speed
is shavn in Figure2.

The statisticalmeasuresndhistogram9rovide a gooddegreeof
confidencen speedandareaestimatiomalgorithms.To provide abet-
terunderstandingf estimatecgndactualmetricsfor differentXtensa
configurationsarepresentate setof samplepointsis shavn in Fig-
ure 3. Thefirst columnis the nameof a configuration.The second



. [ Cfg | Al EsA| ErA| S| EsS| ErS]
XFS 683279| 672114| -1.6| 200| 192 | -4.0

0 XS 625017| 609220 -2.5|202| 202| 0.0
XT 537244| 548514 21|29 | 310| 4.7

o Xm25 | 1284870| 1290070 0.4 | 147 | 150| 2.0
i Mx 1573318| 1492685 -5.1| 169 | 171| 1.2
s MxS | 1612216| 1560321| -3.2 | 153| 165| 7.8
3 ” MxT 1493620| 1404844 -5.9 | 237 | 254 | 7.2
g Mx25 | 3504281| 3336404| -4.8| 125| 129 | 3.2
s ML32 | 836836| 836729| -0.0| 195| 194 | -0.5
PID4 825679| 827405 0.2 195| 194 | -0.5

0 DbTr 694077 686412 -1.1|199| 199 | 0.00
Roam | 670795 647551| -3.5| 187 | 186 | -0.5

04 - - - Intr 671687| 668111 -0.5|204| 201 | -15
fia-@,«@?’i@?’ify@?’@gﬁ?@wﬁ?@>ﬁ?@@%9@@%f@\»"@ P IsOp 717514| 699143| -2.6 | 201 )| 198 | -1.5
ST T T T T T T e P 838868| 837116| -0.2| 197 194| -1.5
Pm25 | 2101837| 1871096| -11.0| 152 | 147 | -3.3

Figure 1: Number of Configurations vs. % Error in Area )'\él'l\'/?le 122232% 12232?2) 8% 138 i?é ‘218

Number of Configurations
@

% Ervor in Spoed

Figure 2: Number of Configurations vs. % Error in Speed

andthird columnsare actualareaand estimatedareain squaremi-
crons. The fourth columnis the percentagerrorin area. Thefifth
andsixth columnsareactualspeedandestimatedspeedn MHz. The
final columnis the percentagerrorin speed.

A representate setof resultsfor power estimationare shavn in
Figure4. Thefirst columnis the nameof a configuration.The sec-
ond columnis the postlayout clock frequeng in MHz. The third
andfourth columnsareactualpower and estimatedoower in milli-
watts. The power is computedusing Synopsy<DesignPaver on the
postlayout netlisttaking into accountnet parasitics.The switching
actiity datais obtainedoy simulatingarepresentatie setof architec-
tural andmicroarchitecturaVerificationprogramson the postlayout
netlist. Thefifth columnis the percentagesrrorin pover. There-
sultspointto theweaknes®f areabasedscalingalgorithmfor pover
estimation. We are experimentingto identify architecturaland mi-
croarchitecturaparameterghat can have significantimpacton the
dissipatedower.

6. CONCLUSIONS AND FUTURE WORK

We addresshe combinatoriakxplosionproblemin characterizing

Figure 3: Areaand 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

Figure 4: Power Data for Xtensaconfigurations

parameterizabl&P. We outline algorithmsbasedon functiondecom-
positiontheoryto estimatespeedarea,andpower for a parameteri-
zablelP. The experimentalresultsshav a closecorrelationbetween
actualandestimatedsaluesof speedandareafor a setof configura-
tions. In future, we planto improve estimationaccurag for power

andestimationaccurag acrosdifferentvendorlibraries.

7. ACKNOWLEDGEMENTS

Thanksto KaushikShethandChrisRowenfor their inspirationto
write this paper

8. REFERENCES

[1] R.GonzalezXtensa:A configurableandextensibleprocessor
IEEE Micro, March 2000.

[2] FaridN. Najm.A suney of power estimatiorntechniquesn visi
circuits.In DesignAutomationConfeence 1994.

[3] S.NarayanandD. Gajski.Areaandperformancestimation
from system-lgel specificationsTechnicalreport,Deptof
InformationandComputerScienceJC Irvine, 1992.

[4] Tensilicawww.tensilica.com.

[5] V. Tiwari, S.Malik, andA. Wolfe. Paver analysisof embedded
software: A first steptowardssoftwarepower minimization.
Technicalreport,Deptof Elect. Engg,PrincetonUniversity,
April 1994.



	Main
	DAC01
	Front Matter
	Table of Contents
	Session Index
	Author Index


