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ABSTRACT

In this paper a new type of Petrinet calledHierarchicalColored
HardwarePetrinet,to modelreal-delayswitchingactivity for power
estimations proposedThelogic circuitis convertedintoaHCHPN
andsimulatedasa Petri netto get the switchingactvity estimate
andthusthe power values. The methodis accurateandis signif-
icantly fasterthan other simulative methods. The HCHPN yields
anaverageerrorof 4.9%with respecto Hspicefor theISCAS’'85
benchmarkcircuits. The perpatternsimulationtime is about46
timeslesserthanPowerMill.

1. INTRODUCTION

Astheintegratedcircuit designmovesinto deepsub-micrortech-
nology it is possibleto packseveral million transistordn a small
die area.Besideshetraditionalgoalsof areaandtime, power has
becomean importantand critical parameteiin the designof cir-
cuits and systems. Paver estimationtechniquesjn general,rep-
resenta trade-of betweenaccurag and speed. With the adwent
of wirelessandmobile high performanceomputingplatformsand
thelimited operationalifetime of a battery low power designsare
required. With higher powver consumption,packagingand cool-
ing costsincreaseand theseissuesneedto be addressed.Thus,
it is obvious that with increasedtircuit integration, power dissi-
pation assumegreaterimportance. An importantopenproblem
in the areaof power estimationat the gatelevel, is the modeling
of real delays(both intrinsic gateand interconnectdelays). Un-
til, theadwentof deepsub-micron(DSM) technologiesthe overall
path delay betweengateswas dominatedby gatedelays,andthe
bus/interconneatielayscouldbeignored.In deepsub-microniC's
theinterconnectintroducecritical problemson the signalintegrity
andthe interconnectdelaysdominateover the gatedelaysand so
cannotbe ignored. It hasbeenobsered that the existing power
estimationmethodsarefastandaccuratebut, do not considereal
delaymodelsthatincludeinterconneceffects|[3].

Numerousvorkshave appearedh theliteratureon averagepower
estimationat the gatelevel undera zerodelaymodel[9, 1]. The
zero delay modelsignore glitchescompletely and canthuslead
to underestimatiorof power. In [4, 12], techniquedor real delay
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power estimationconsideringonly the gatedelayshasbeenpro-
posed.In deepsub-microniC’stheinterconnecténtroducecritical
problemson the signalintegrity andthe interconnectelaysdom-
inate over the gatedelaysand so cannotbe ignored. It hasbeen
obsered that the existing power estimationmethodsare fastand
accurateput, do not considemreal delaymodelsthatincludeinter-
connecteffects[3].

In [11], a fastsimulationalgorithm basedon a standardogic
simulatorto estimatethe gate-level power hasbeenpresented.n
[2], a newv accurateand efficient methodto estimatethe switch-
ing activity of acircuit hasbeenproposed.The methodinvolvesa
novel eventdrivendelaysimulationusingatime parallelsimulator
A fastandaccurateglitch modelingand estimationtechniquehas
beenproposedn [6], theaveragepower estimationof thecircuit is
basednatogglecountmechanisnhasbeenpresentedThetoggle
informationobtaineds not exactfor circuitswith high depth.This
leadsto discrepanciesn the power estimate. The methodology
hasbeenshavn to be fasterthanHspicebut with the lossof accu-
rag). The methodologyhasalsobeencomparedwith PaverMill.
Thefirst RT-Level powver estimationtechniquehatincludesthein-
terconneceffectswaspresentedn [3]. The modelfor switching
actiity estimationis basedon the relationshipbetweenswitching
activity andentropy. The RT-level techniquehasan estimationer-
ror of about25.8%.

In this paper a new techniquebasedon simulationis presented
that modelsswitching activity basedon a completedelay model
(consideringboth gateandinterconnectielays).ln orderto model
switching activity, we proposea new type of Petri net calledthe
HierarchicalColored Hardware Petri net (HCHPN) which incor
poratesaccuratelythe spatialand temporalcorrelationswith real
delays.Thelogic circuit is first modeledasa GateSignalDirected
Acyclic Graph(GSDAG), which is thencorvertedinto the corre-
spondingHierarchicalColoredHardware Petrinet (HCHPN) and
simulatedasa Petrinetto get power values. While providing the
sameaccuray levelscomparedo existing simulatorstheproposed
strat@y requiressignificantlylessperpatternsimulationtime.

2. PRELIMIN ARIES

In this sectionwe provide somedefinitionsandterminologyre-
latedto Petrinets,requiredfor describingthe proposedapproach.
A Petrinetmodelconsistsof a setof places(P) anda setof tran-
sitions(T) [5], in which the placescorrespondo the statesof the
modelandthetransitionsrepresenthe actionsrelatedto the states
of the model. The placesand transitionsare connectedby a set
of directedarcs (A). An arc canonly connecta transitionwith a
placeor vice-versa.An arcdirectedfrom a placeto atransitionis
calledaninput-arcandanarcfrom atransitionto a placeis called
an output-arcof the transition. A transitionis saidto be enabled



if thereareenoughtokensin eachof theinput placesasspecified
by the arcsconnectingthe input placesto the transition. An en-
abledtransitioncanfire if the otherconditionsassociatedvith the
transitionaresatisfied.Theinitial stateof the Petrinetis calledits
initial-marking. The currentstateof a Petrinetis the distribution
of tokensto the placesin the Petrinet.

The three basic elementsof CPNs are places,transitionsand
arcs. The color set(X) determineghetypes,operationsandfunc-
tions that canbe usedin the net. It is assumedhatthe color sets
have atleastoneelementeach.Thearcshave expressionattached
to themcalledarc-expressiongE). A transitionin aCPNis enabled
if it is possibleto bind the variablesin sucha way that the arc-
expressionf all theinput arcsevaluatewhentokensare present
at the correspondingnput places.The transitioncan,in addition,
have Booleanexpressionsalled Guard-expressions(G), that are
neededo evaluateto "true” in-orderthatthe transitionfires. The
nodefunctionN mapseacharcinto atuple wherethefirst element
is the sourcenodeandthe secondelements the destinatiomode,
thecolor functionC mapstheplacep to acolor set,theguard func-
tion (G) mapsthe transitiont to the booleanfunction andthe arc
expressionfunction(E) mapsthe arc, a to an expression.The ini-
tialization function (I) specifiegheinitial stateof the Petrinet. A
CPN, canbedefinedmathematicallyasin [5],

CPN=(Z,R,T,AN,C,G,E,I) 1)

where, (i) X is the color set, (i) P is afinite setof places,(iii) T
is a finite setof transitions,(iv) A is a finite setof arcssuchthat,
PNT=PNA=TNA=Q, (v) Nisanodefunction,definedfrom
A into PXT U TxP, (vi) C is the color function definedfrom P into
Z, (vii) G theguardfunction, (viii) E is anarcexpressiorfunction,
(ix) 1 is theinitialization function.

It is difficult to modellargesystemsasasinglelarge CPN.To al-

leviate this problemthe conceptof HierarchicalColoredPetrinets
[5] is used.Thefollowing definitionsandterminologyfrom [5], are
requiredfor definingthe HCHPN.
Definition 1 [5]: A multi-sets, over a setS, is a functionfrom S
to N, whereN is the setof Naturalnumbers.If a € Sthens(a) is
the numberof appearancesf elementain S. Ays is the setof all
multi-setsover S, definedas,

ZSS( a)a @)
ac

Definition 2 [5]: A Time set(TS) is definedasthe setof all non-
negative real numbers, TS = x € R, wherex representghe time
instantandR is the setof all realnumbers.

Basedntheabore, we proposeanew typeof Petrinetcalledthe
HCHPNanddevelopsomedefinitionsandterminologyrequiredfor
modelingswitchingactiity.

3. HCHPN BASICS

The conceptof the Hardware Petrinet (HPN) [10] andHierar
chical ColoredPetri net (HCPN) [5] canbe modifiedto definea
new kind of Petri net which we call asthe HierarchicalColored
HardwarePetrinet(HCHPN).In orderto obtainthe switchingac-
tivity of a circuit undera real delay model, we needto add the
factorof time into the Petrinet. The featuresof HCHPNsare: (i)
certainrestrictedplacescan storeonly onetoken at ary time and
a newly arriving token always overwritesthe existing token, (ii)
when a transitionfires, the associatedjatefunction is evaluated,
(i) besidegheweightsonthearcs functionscanbedefinedonthe
arcsasadditionalfiring conditions;delaysfor the gatesandthein-
terconnectganbe specifiedon thetransitionsasfiring conditions,

(iv) eachtokenhasatime stampandis calledatimedtoken,which
is availableonly aftertheclock time of thesimulatoris greateithan
or equalto thetime stampon thetoken.

The HCHPN hasa setof substitutiontransitions The substi-
tution transitionallows the embeddingof a small or sub-Petrinet
within alargerPetrinetfor higherlevel modeling.Whenthesubsti-
tution transitionneeddo befired, the underlyingPetrinetneedgo
be evaluatedin orderto determinethe outcomeof the substitution
transition.Werelatetheindividual CPNto a substitutiortransition,
theindividual non-hierarchicaCPNin aHCHPNis calleda page.
Theinputandoutputplacesof the pagearecalledport nodes The
portnodesspecifythetypeandnumberof tokensthatcanbeintro-
ducedinto the page.Eachof the substitutiontransitionsis calleda
supernodeandthe pagethatcontainsthesesupemodesarecalled
asuperpage. In asuperpage the placesthatareconnectedo the
supernodes(substitutiontransitions)arecalledsodet nodes The
soclet nodesof a supemode(substitutiontransition)arerelatedto
the port nodesof the pagethroughthe port assignmenfunction.
The HCHPN hasin additionto the substitutiontransitions a setof
transitionscalledgatetransitions The gatetransitionsarepresent
only in the sub-nets/pagesf the HCHPN. An importantfunction
addedo theHCHPNSsis time. With theintroductionof timeto each
of thetokenswe canmodelhighly comple realtime systemsThe
tokenin aHCHPN s calleda coloredtoken. The coloredtokenis
a3-tuple(p,d,t)wherep is thecurrentposition(place)of thetoken
p € P, d isthecolor setof thetokenandt is thetime of thefiring of
thetoken. The HCHPN consistsf a setof placescalledrestricted
places thancanhold only afinite numberof tokens.To impartad-
ditional conditionsduringthefiring of atransition functionscanbe
addedto the transitions,which are called codesegmentfunctions
TheHCHPN canbedefinedmathematicallyasfollows,

Definition 3: A HCHPNis definedasa 10-tuple,

HCHPN = (PG, S GT,PO,PA,PR TI, TO, TC,RP) ?3)
where,

(i) PGis afinite setof pagessuchthat(a) eachpagepge PGis
anon-hierarchicaCPN and, (b) noneof the pageshave ary
netelementn common,

(i) SC T whereSis asetof substitutiortransitiongsupemodes),

(i) (GT C T andGT N S= 0), whereGT is the setof gatetran-
sitions,

(iv) POC P is the setof port nodesthe port nodesaretheinput
andoutputplacesof apage,

(v) PA is aportassignmenfunction, which definestherelation
betweenthe soclet nodesof the substitutiontransitionand
theportnodesof thepage,

(vi) PRe PGys is amulti-setof prime pages;it determineghe
numberof instancegachindividual pageshas,

(vii) TI is thetime setdefinedin Definition 2,

(viii) TO s thesetof all possiblecoloredtokens,i.e., all 3-tuples
(p,d,t),wherep € P, d is thevalueof thetokenandt € T1,

(ix) TC is the codesggmentfunction. It is definedfrom T into
thesetof functions,

(x) RPC P is asetof restrictedplaces,which canhold only a
finite numberof tokensin them.



The10-tuple(PG,S, GT, PO,PA, PR, TI, TO, TC, RP) specifies
the structureof the HCHPN. The following definitionsrepresent
thevariouscharacteristicef the HCHPN.

Definition 4: A binding B(t) of atransitiont is a functiondefined
onVar(t)as,(i)vve Var(t) : s(v) € Typgv), (ii)G(t) < s>, where,
B(t) denoteshe setof all bindingsfor t asdefinedby the function
s. G(t) < s> denoteghe evaluationof the guardexpressionG(t)

in thebindingb.

Definition 5: A tokenelemenis atuple (p,c,t)wherepe P, c ¢

C(p) andt € T1, while abindingelemenis apair (t,b), wheret € T

andb € B(t). Thesetof all tokenelementss denotedby TE while
thesetof all bindingelementds denotecby BE.

Definition 6: A stateis definedasa multi-setof coloredtokens
with atime-stamp.Sis the setof all possiblestates. A marking
is amulti-setover TE without thetime-stamp.Theinitial marking
Mg is themarkingwhichis obtainecby evaluatingtheinitialization
expressions:

v(p,c,t) € TE: Mo(p,c,t) = (I(p)(c)(t) 4)

Thesetof all markingsis denotechy M.

Definition 7: Event(t,a,b) specifiesthe possibility of the firing
of a transitiont by removing tokensfrom the input placesa and
addingtokensto the outputplacesb. The setof all eventsis the
EventsetES

Definition 8: A stepSis enabledn amarkingM iff

VpeP: 5 E(pt) <b><M(p) (5)

(t,b)ey

Let the stepS be enabledin the markingM. When (t,b) € S, we
saythatt is enabledn M for bindingb. When(ty, by, ), (t2,b2) €
Y and (t1,b1) # (tp,bp) we thensaythat (t1,b1) and (tz,by) are
concurrentlyenabled.

After the transitionis enabledjt is not necessarghatthe tran-
sition mustfire, this is becausef the time factorinvolved, which
leadsto the definitionof enablingtime.

Definition 9: Theenablingtime E of anevent(t, a, b) is themax-
imum of the time-stampf the tokensconsumeddy transitiont
from theinput placeseta.

E(t,a,b) = maxp g1)etoX (6)

Definition 10: If atransitiont is enabledandthe global clock is
pastthe enablingtime, it canfire. If morethanonetransitioncan
fire at the sametime, the priority of the transitionfiring is given
suchthatthetransitionthatwasenabledfirst getsto fire first. The
firing of transitiont changeghe markingM to markingM’ such
that,

' M(p) £+ if(p,t) €A
wi(p)={ B = B

whereM(p) andM* (p) arethemarkingof placep beforeandafter
thefiring of transitiont. Thevalueaw is theweightof thearcfrom
placep to transitiont.

Definition 11: Thefiring delayis definedasthe differencebe-
tweenthe firing time andthe time-stampof the token being pro-
ducedasanoutputfrom atransition.

4. REAL DELAY MODELING

To modelswitchingactivity estimationusingPetrinets,we first
transformthe gate-lerel combinationakircuit into a GSDAG. We
illustratethis usingthe examplecircuit c17,anSCAS circuit with
6 NAND gatesshowvn in Figurel.
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Figure 1: c17ISCAS Combinational Cir cuit

The circuit has6 gatesmarled {G1, G2, ..., G6} andwe are
interestedn capturingthe switchingactivity at the outputsof the
gatesmarkedas{ S1,S2,..., S6}. We needto determinethe num-
berof timestheoutputof agateswitchesrom eitherOto 1 or 1to O.
First, we representhe circuit asa DAG whereeachgatein thecir-
cuitis representedsanodeandeachsignalin thecircuit asanarc.
The DAG thusobtainedis convertedinto a GSDAG structure by
introducingadditionalnodescorrespondingo thesignals {S1,S2,

., S6} while maintainingconnectiity by introducingarcs. The
GSDAG for the circuit shavn in Figurel is givenin Figure2. To
represenmultiple fan-outs,we introducea nodefor eachoutput
fanningout from the gate.For instancethe output{S2} from gate
{G2} is representethy two fan-outnodes{S21} and{S22} in the
GSDAG. The GSDAG thusobtainedcanbe representedsa Petri
netby replacingthegatesn the GSDAG by transitionsandthe sig-
nalsby places.ThisPetrinetdoesnotcontainthedelayinformation
of thecircuit. The Petrinetequialentfor thecl17circuitin Figure

lis givenin Figure3.
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Figure 2: GSDAG structur e of the c17circuit
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The importantchallengein representinga synchronousystem
asa Petrinetis in obtainingan exact correspondencketweerthe
propagatiornof signalsin the circuit andthe shifting of tokensin
the Petrinet. In a Petrinet, whena transitionfires, a token from
eachinput placeto thetransitionis consumedandatokenis intro-
ducedinto eachplaceoriginatingfrom thattransition.However, in
a logic circuit, the logic signalchanges/alue anddoesnot disap-
pear The propagatiorof signalsin the circuit canbe modeledby
usinga ColoredPetrinet (CPN) anddefiningtwo differenttokens
labeled{one} and{zerd}, to specifythe two differentstatesof a
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Q : place

D : transition

Figure 3: Petri net structur e of the c17 circuit

logic signal. However, the CPNsdo notallow themodelingof iner
tial gatedelaysandinterconnectlelaysin acircuit. It will beseen
thatthe HCHPNintroducedn thelastsectionenablegheaccurate
modelingof thevariousaspect®f adigital circuit.

The Petri net obtainedfrom the GSDAG is transformednto a
HCHPN by addingtype, color, hierarchyanddelayinformation. A
placein a HCHPN hasa type function specifyingthe type of to-
kensthe placeis associateavith. While in a Petrinet, all places
are of the sametype which canstoreary numberof tokens,in a
HCHPN therearetwo kinds of places:(i) unrestrictecplacesand
(i) restrictedplaces. The restrictedplacescan storeonly oneto-

kenatary pointin time, whichis usefulin modelinginterconnects.

Fanningoutinputsarereplacedby aninput placeanda transition,
to getthe requirednumberof tokens. Eachtransitionin the Petri

net structureis replacedwith a substitutiontransitionto perform
the actioncorrespondindo the gatethatis modeledby the transi-
tion. The placesin the Petrinetrepresentingignalsarereplaced
by restrictedplacesin the HCHPN. The outputplacesof the Petri

netarenot corvertedinto restrictedplaces.Theinterconnectielay
valuesareaddedo thearcsof theHCHPNto incorporatehedelay
valuesinto thenet. Figure4 correspondso theHCHPNequialent
of thecircuitin Figurel. If thePetrinetobtainedrom the GSDAG

is large,it needso be sgmented.

d: delay

. unrestricted . simple . substitution
* place * transition * transition

. restricted

" place

ol

Figure4: HCHPN structur e of the c17circuit

To modelthe gateof a circuit accuratelywe needto (i) capture
ary glitchesin the inputs, (i) modelthe working of the gate, (iii)

capturethe switchingactiity of the gateand(iv) handletemporal
andspatialcorrelations.The modelingof a 2-inputNAND gateis

shavn in Figure5. Onecanusethis exampleto similarly model
othertypesof gates.Theinputsandoutputsof a HCHPN mustbe
places.In Figure5, places{PI1, P12} aretheinput placesandthe
place {PO} is the output place of the NAND gate. Glitchesare
of two types: (a) generatedylitches, (b) propagatedlitches. The
generatedlitchesaredueto the differentarrival timesof theinput
signals.Theglitchesalreadypresentin theinputsignalsarefurther
propagateddy the gate and theseare called propagatedylitches.
The input glitchesare accuratelycapturedn our model, by using
the structureconsistingof the setof places{P0, P1, P2} andthe
transitions{TO, T1}. Theplaces{P0,P1,P2} arerestrictedplaces
that can storeonly onetoken at ary time. A newly arriving to-

ken always overwritesthe existing token. The gatetransition T2
modelsthe gatefunction. The delayassociatedvith the gateis in-

corporatedn the form of a specialdatastructureassociatedvith

thetransition{T2}. An assumptiommadein this modelis thatthe
delayof the gateis independenof the input patternandis always
a constant. The gatefunction is given asa logical expressionat-
tachedto the transition{T2}, asa function of the input tokensto

thetransition.Thelogicalfunctionis acodesegmentfunction(TC)

definedin Definition 3 in Section2.

. restricted

¢ place w : (# of tokens, type of token = 0 or 1)

D : place

D * transition

Figure5: HCHPN structur e of the NAND gate

woO : (# of tokens, type of token = 0 only)

gate w1 : (# of tokens, type of token = 1 only)
* transition

10

Theswitchingactivity canbecaptureasednthepreviousand
the currentstatesof the gate. The currentstateof the gateis spec-
ified by the outputtoken from the transition{T2}, storedin place
{P3}. The previous stateof the gateis the token storedin place
{P5}, this token s initialized to "zero’ at the startof the simula-
tion. Thetransitions{T3, T4, T5, T6} areusedto distinguishthe
power consuming/dissipatinggansitionsrom the othertransitions:
(i) transition{T3} firesif the outputof the gateremainsat O; (ii)
transition{ T4} firesif thereis aswitchfromalto a0 (power dissi-
patingtransition);(iii) transition{T5} firesif thereis aswitchfrom
a0to al (power consumingransition);(iv) transition{T6} fires
if the outputof the gateremainsat 1. The outputtokensfrom the
transitions{T3, T4, T5, T6}, aregiven to places{P4} and {P5}.
It shouldbe notedthatin the HCHPN, the transitionsfire in the
order in which they were enabled The temporalcorrelationsare
modeledusingplaces{P4,P5} andtransition{T7}. Thearcsthat
connecthetransitions{T3, T4, T5, T6} with places{P3,P4,P5}
canonly carryspecifictokens.Theotherarcsin aHCHPNhave arc
weightsspecifyingthe type andthe numberof tokensthat canbe
carriedby the arcs. Thus,we have modeledthe completeworking
of the NAND gate.The othergatessuchasNOR,AND, OR,NOT,
BUFFERand XORwerealsomodeledsimilarly.



Now thatwe have seernthe modelingof c17asa HCHP-netthe
working of the HCHP-netis shavn hereasa flow of tokens. The
superpageof the c17 HCHP-netis specifiedby Figure 4. The
superpagepasseghe tokensbetweenthe substitutiontransitions
and handlesthe fanoutfrom a gate. The outputtoken from the
substitutionnodeis given to the placesthat are connectedo the
substitutiontransition. The tokensfrom the placesaregivento the
soclets of other substitutiontransitionsor the placesthemseles
are port nodesof the superpage. The socletsin the superpage
are of the sametype as the port nodesof the page. The tokens
arethus passedetweenthe superpageandthe page. Sincecl?7
consistsof only NAND gatesthe NAND gatein Figure5 is used
to explain the working of the HCHP-net. The port nodesof the
NAND gate(page)are{PI1, PI12, PO}, {T2} is the gatetransition,
{P0,P1,P2} arerestrictedplacesand{P3,P4,P5} areunrestricted
placesof the HCHP-net. The tokensin the port nodesarefired by
transition{TO, T1} into the restrictedplaces{PO0, P1, P2}. The
restrictedplace{P1} ensureshattheglitchesthataresmallerthan
the propagatiortime of the gateare not propagatedhroughto the
output. The gatetransition{T2} hasa codesggmentattachedo it
thatspecifiegheworking of the gatebasedon the tokentypesthat
areinput into the transitionfrom the restrictedplaces{PO0, P2}.
Thetransitions{T3, T4, T5, T6} areusedto determinethe type of
transitionon the outputbasedon the currentoutputfrom the gate
transition and the previous output from the gatetransition. The
firing of thesetransitionsarenotedandthefiring of transition{T4,
T5} signify aswitchin the output. The switchingactivity of all the
gatesare addedto determinethe averageswitchingactwity of the
circuit. The previous stateof the gateis storedin the unrestricted
place{P5}. Thetransition{T7} putsthecurrenttokenin theoutput
place{PO} thatis passecn to the superpagethroughthe soclet
nodeof the superpage.

The HCHPN thus modeledis simulatedin orderto obtainthe
switchingactivity of the circuit. To calculatethe toggleinforma-
tion, we needto calculatethe variousinstancesat which the gate
switchesfrom either0 to 1 or from 1 to 0. A transitionfiresin a
HCHPNonly whenaneventoccurs,.e.,thegateswitches.Thein-
formationobtainedfrom the transitionfiring specifiesthe number
of timesthetransitionoccursatthe outputof agate.Thus,we have
adirectrelationshipbetweerthetransitionfiring in a Petrinetand
the switchingactuity of thecircuit.

5. DELAY MODELING

The gatesin a circuit can switch multiple timesbeforesettling
to the correctoutputvalue,which leadsto moreswitchingactiity.
Themaincontributor of thisunnecessargwitchingis thesignalde-
laysdueto thedifferentcircuit paths.To obtainageneralizedielay
modelfor deepsub-micron(DSM) circuits, the delaysof boththe
gatesandthe interconnecthave to be takeninto consideratioras
theinterconnectelaysdominateover the gatedelaysin DSM cir-
cuits. Thus,in therealdelaymodelingof a circuit, the total delay
of thegateis calculatedasthe sumof (i) intrinsic gatedelay(Tgp)
and(ii) gateloaddelay(Trp)astqy = Tep + Trp [7]- Theintrinsic
gatedelayis the delaydueto the physicaldeviceslik e transistors
that constitutethe gate. We calculatethe intrinsic gatedelay as-
suminganinfinite load at the outputof the gateusingHspice.The
gateload delayis thedelaydueto the RC network connectedo the
gatesoutput.

There are different methodsto calculatethe delay of the gate
loaddueto theRC network atthe outputof agate.In thiswork, we
usea Thevenin equialentcircuit asshavn in Figure6, to model
theinterconnectaindthus,thedelayof thesignalin thecircuit. The
capacitancat nodeA andnodeB areknown from the layoutand

sois theresistanceln [7], a onesegmentlT modelhasbeenpro-
posedo modelthegateoutputwhile still consideringheresistance
shieldingeffects. The modelapproximatesheload by considering
only thefirst threemomentsof the driving point admittance.This
modelapproximateghe entireinterconnectoad with all circuit.
Thedelayformula[7] is givenas,

1 (1+ 1R Cp) (™ISl — 1)
~— |l
TRO |sa] n<b2§(51—52)(1—Vth)TR “

Rs(C1 + Cy) 4+ RiCy, by = RsR1C1Cy, ands o =

_bl—ib— *’S“bz Rsistheseriessourceresistancasseenin Figure6,
Tristhesourcerampinputrisetime, v, is thevoltage,R; is there-
sistance(Cs,C, the capacitancei the M modelusedfor modeling
theinterconnectaisshavn in Figure6. This modelis incorporated
into our work.

whereb; =

Rs R1
A B
Gatew
c1 _— c2 _—

Figure 6: Thevenin equivalent circuit

Figure7 givesthe block diagramfor the power estimationtool
usingHCHPNSs. Theinputto thetool is the gate-level net-list,and
the RC estimateglayout-level) at eachnode,theintrinsic gatede-
lay estimatedor eachof thegatesandtheinputvectorsto be simu-
lated. For, a gatedelaymodel,we needonly the gate-level net-list
andthe gatedelayasinputsto thetool. Thefirst stepin thetool is
the corversionof theinput net-listinto a GSDAG. The GSDAG is
thencorvertedinto a HCHPN with the necessargodesegments,
substitutiontransitions,color functions, hierarchyand delay ele-
ments. The delay elementscanbe calculatecbasedon the capac-
itanceandresistancesstimatesbtainedfrom the layout-lesel for
eachof the nodesin the circuit andequation7. We have modified
the Design/CPNool [8], to performthe simulation.Thetogglein-
formationthusgenerateds the switchedcapacitancef thecircuit,
it is usedto calculatethe power estimateasshavn in Figure7.

(0]
T3 o e _ o
= ® z HCHPN es ol
== b o S © 23
E @ - = T ) ) —= 2 g1 O o
53 © S simulation 3 g b
o
Delay
calculator
R-C input Input
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Figure 7: Block diagram of power estimation tool using HCH-
PNs

6. EXPERIMENT AL RESULTS

Theexperimentatesultsfor thelSCAS’85 combinationabench-
mark circuits. The ISCAS circuits consistof the basicgateslike



AND, OR, NAND, NOR, NOT, EXOR, BUFF. The gateswith
largar numberof inputshave beenmodifiedto include gateswith
only two, threeandfour inputs. Thecircuitsweresynthesizedising
MOSIS0.4u standarccell CMOStechnology

Since,thereareno standardnput vectorsetsavailablefor these
benchmarlcircuits, we generatec randompatternof 10,000vec-
tors for usewith PowverMill andHCHPNSs. Dueto the time con-
straint placedby Hspice, it was not possibleto simulatea large
sequencef 10,000vectors.Henceasmallersequencef 100vec-
torswasusedto calculatethe time taken pervectorfor all thethree
modelsin additionto the 10,000vectorsequencéor HCHPNsand
PawerMill. The rise and the fall times of the ramp input given
to Hspiceand PoverMill was0.125ns The intrinsic gatedelays
for the HCHPNswere calculatedusingHspice. The HCHPNsfor
large circuits needto be sggmented suchthat the numberof arcs
betweerthe sggmentss keptto a minimum. The simulationswere
performedon a Sun Ultra 10 with 128 M RAM. The switching
activity ateachgateis usedto calculatethe paver estimateat that
gate thus,anaccuratgowerestimateof thecircuit canbeobtained.
We usedDesign/CPN8], a ColoredPetrinetsimulationandanal-
ysistool for performingthe simulationof theHCHPNs.It supports
the useof comple color setsandarc expressiongor CPNsasex-
plainedin Section3 throughthe useof a functionalprogramming
languageStandad ML (SML). The SML languages usedto spec-
ify thedelaysof thegatesin thegatetransitionandtheinterconnect
delaysin the arcfunctions. For amoredetailedinformationabout
Design/CPNthe readeris directedto [8]. The delay valuescan
alsobe estimatedbasedon a wire length estimationtechniqueas
proposedn [3]. Experimentsvereperformedfor a gateintercon-
nectdelay model, wherein both the intrinsic gatedelay and the
interconneceffectsaretaken into accountto calculatethe power
estimate.

Table 1: Accuracy of the HCHPN modeling

Circuit Hspice | PowerMill | HCHPN % errorover Hspice

(in uw) (in uw) (inuw) [ PoverMill | HCHPN
C432 918.0 986.4 992.7 7.4 8.1
C449 1385.9 1233.2 1298.5 11.0 6.3
C880 608.3 569.1 634.8 6.4 4.4
C1355 630.0 651.4 652.3 3.3 3.5
C1908 422.0 449.5 441.5 6.5 4.6
C2670 448.0 492.1 458.4 9.8 2.3
C3540 719.7 735.6 759.0 2.2 5.5
C5315 | 1098.0 1126.3 1040.6 2.5 5.2
C6288 | 4509.0 4898.9 4329.3 8.6 4.0
C7552 | 7902.7 7491.0 7528.6 5.2 4.7
Average 6.3 4.9

Tablesl and2 comparethe accurag andspeedugor modeling
both gateandinterconnectdelays. It canbe seenthatthe HCH-
PNshave an averagespeed-upf 46 timesover PoverMill. The
power estimatesare within 4.9% of that of Hspice,while Pover-
Mill resultsarewithin 6.3% of that of Hspice. A comparisonof
the performanceof the real-delaymodelsreportedin [6] was not
possiblesincethe resultswere presentedherein termsof chage
with Jouleasunit.

7. CONCLUSIONS

In this paper we have introduceda new fastand accuratereal
delay simulator for powver estimationat the gate-leel using the
proposedHierarchicalColoredHardware Petri nets. The model-
ing is exactandcapturesall thecorrelationsn thecircuit. We have
presentedh modelfor realdelaybasedoower estimationconsider
ing boththeintrinsic gatedelaysandthe interconnectlelays.The
modelconsider®nly completeransitionsall partialorincomplete

Table 2: Simulation times
Circuit Hspice | PowerMill | HCHPN | Speed-umf HCHPN
(in ms) (in ms) (inms) [ Hspice | PaverMill |

C432 19180 138.5 2.8 6850 49

C449 31806 197.0 4.6 6914 42

C880 49258 316.2 7.3 6747 43
C1355 85286 423.6 11.7 7289 36
C1908 | 105286 558.0 13.6 7741 41
C2670 | 139720 991.7 19.8 7056 50
C3540 | 205751 1409.7 25.9 7944 54
C5315 | 486910 3019.4 68.0 7160 44
C6288 | 794164 5380.0 106.1 7485 50
C7552 | 929651 7753.7 143.5 6478 54
Average 7166.4 46.3

transitionsareignored. The stateexplosionproblemof Petrinets
alsoexistswith this modelingandwill needto be addresseavhen
modelinghugecircuits. Currently we areinvestigatingthe model-
ing of sequentiatircuitsusingHCHPNs.

8. REFERENCES

[1] S.BhanjaandN. RanganatharDependeng preserving
probabilisticmodelingof switchingactivity usingbayesian
networks.In Proc. of DesignAutomationCont, pages
209-2142001.

[2] M. Buhler, M. PapeschK. Kapp,andU. G. Baitinger
Efficient switchingactvity simulationunderarealdelay
modelusinga bit-parallelapproachin Proc. of the
EURO-DAC, pages459-463,1999.

[3] K. M. BuyuksahinandF. N. Najm. High-level power
estimationwith interconneceffects.In Proc. of thelntl.
Sympon Low Power Electronic Devices pagesl97-202,
2000.

[4] T.-L. Chou,K. Roy, andS. PrasadEstimationof circuit
actiity for staticanddominocmoscircuitsconsidering
signalcorrelationsandsimultaneouswitching.|IEEE Trans.
on ComputerAided-Design15(10):1257-1265)ct. 1996.

[5] K. JensenColoredPetri Nets:BasicConceptsvolumel.
Springer seconckdition, 1996.

[6] G.Jochensl.. Kruse,andW. Nebel.Applicationof
toggle-basegower estimationto modulecharacterizationin
Proc. of Powerand Timing Modelingof Integrated Circuits
pagesl61-170,1997.

[7] A.B. KahngandS.Muddu.Gateloaddelaycomputation
usinganalyticalmodels.In Proc. of Asia-Racific Confeence
on Circuitsand Systemgpages433—-436,1996.

[8] MetaSoftwareCorporationDesign/CPNRefeenceManual
2 edition,1993.

[9] F. N. Najm.A surwey of power estimationtechniquesn visi
circuits.IEEE Trans.on VLSISystems2(4):644—-649Dec.
1994.

[10] P. Rokyta, W. FenglerandT. Hummel.Electronicsystem
designautomatiorusinghigh level petrinets.In Hardware
Designand Petri Nets,ed.A. Yakovlev, L. GomesandL.
Lavagng pagesl93—204 Kluwer AcademicPublishers,
2000.

[11] T H. Krodel.Pawner play: Fastdynamicpower estimation
basecdbnlogic simulation.In Proc. of thelIntl. Conf on
ComputeDesign page96—-100,1991.

[12] C.-Y. Tsui,M. PedramandA. M. Despain Efficient
estimationof dynamicpower consumptiorunderarealdelay
model.In Proc. of the Intl. Conf on ComputerAidedDesign
pages224-2281993.



	Main Page
	DAC'02
	Front Matter
	Table of Contents
	Session Index
	Author Index




