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ABSTRACT
In this paper, a new type of Petri net calledHierarchicalColored
HardwarePetrinet,tomodelreal-delayswitchingactivity for power
estimationisproposed.Thelogiccircuit is convertedintoaHCHPN
andsimulatedasa Petri net to get the switchingactivity estimate
andthusthe power values. The methodis accurateandis signif-
icantly fasterthanothersimulative methods.The HCHPN yields
anaverageerrorof 4.9%with respectto Hspicefor theISCAS’85
benchmarkcircuits. The per-patternsimulationtime is about46
timeslesserthanPowerMill.

1. INTRODUCTION
As theintegratedcircuit designmovesinto deepsub-microntech-

nology, it is possibleto packseveral million transistorsin a small
die area.Besidesthetraditionalgoalsof areaandtime, power has
becomean importantandcritical parameterin the designof cir-
cuits andsystems.Power estimationtechniques,in general,rep-
resenta trade-off betweenaccuracy and speed. With the advent
of wirelessandmobilehighperformancecomputingplatformsand
thelimited operationallifetime of a battery, low power designsare
required. With higher power consumption,packagingand cool-
ing costsincreaseand theseissuesneedto be addressed.Thus,
it is obvious that with increasedcircuit integration, power dissi-
pation assumesgreaterimportance. An importantopenproblem
in the areaof power estimationat the gatelevel, is the modeling
of real delays(both intrinsic gateand interconnectdelays). Un-
til, theadventof deepsub-micron(DSM) technologies,theoverall
pathdelaybetweengateswasdominatedby gatedelays,and the
bus/interconnectdelayscouldbeignored.In deepsub-micronIC’s
theinterconnectsintroducecritical problemsonthesignalintegrity
andthe interconnectdelaysdominateover the gatedelaysandso
cannotbe ignored. It hasbeenobserved that the existing power
estimationmethodsarefastandaccurate,but, do not considerreal
delaymodelsthatincludeinterconnecteffects[3].

Numerousworkshaveappearedin theliteratureonaveragepower
estimationat the gatelevel undera zerodelaymodel[9, 1]. The
zero delay modelsignore glitchescompletely, and can thus lead
to underestimationof power. In [4, 12], techniquesfor real delay
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power estimationconsideringonly the gatedelayshasbeenpro-
posed.In deepsub-micronIC’s theinterconnectsintroducecritical
problemson thesignalintegrity andthe interconnectdelaysdom-
inateover the gatedelaysandso cannotbe ignored. It hasbeen
observed that the existing power estimationmethodsare fastand
accurate,but, do not considerrealdelaymodelsthat includeinter-
connecteffects[3].

In [11], a fast simulationalgorithm basedon a standardlogic
simulatorto estimatethe gate-level power hasbeenpresented.In
[2], a new accurateand efficient methodto estimatethe switch-
ing activity of a circuit hasbeenproposed.Themethodinvolvesa
novel eventdrivendelaysimulationusingatimeparallelsimulator.
A fastandaccurateglitch modelingandestimationtechniquehas
beenproposedin [6], theaveragepower estimationof thecircuit is
basedonatogglecountmechanismhasbeenpresented.Thetoggle
informationobtainedis notexactfor circuitswith highdepth.This
leadsto discrepanciesin the power estimate. The methodology
hasbeenshown to befasterthanHspicebut with thelossof accu-
racy. The methodologyhasalsobeencomparedwith PowerMill.
Thefirst RT-Level powerestimationtechniquethatincludesthein-
terconnecteffectswaspresentedin [3]. The modelfor switching
activity estimationis basedon the relationshipbetweenswitching
activity andentropy. TheRT-level techniquehasanestimationer-
ror of about25.8%.

In this paper, a new techniquebasedon simulationis presented
that modelsswitching activity basedon a completedelay model
(consideringbothgateandinterconnectdelays).In orderto model
switchingactivity, we proposea new type of Petri net called the
HierarchicalColoredHardware Petri net (HCHPN) which incor-
poratesaccuratelythe spatialand temporalcorrelationswith real
delays.Thelogic circuit is first modeledasa GateSignalDirected
Acyclic Graph(GSDAG), which is thenconvertedinto the corre-
spondingHierarchicalColoredHardwarePetri net (HCHPN) and
simulatedasa Petri net to getpower values. While providing the
sameaccuracy levelscomparedto existingsimulators,theproposed
strategy requiressignificantlylessper-patternsimulationtime.

2. PRELIMIN ARIES
In this section,we provide somedefinitionsandterminologyre-

latedto Petrinets,requiredfor describingtheproposedapproach.
A Petrinetmodelconsistsof a setof places(P) anda setof tran-
sitions(T) [5], in which theplacescorrespondto thestatesof the
modelandthetransitionsrepresenttheactionsrelatedto thestates
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 a transitionis
calledaninput-arcandanarcfrom a transitionto a placeis called
an output-arcof the transition. A transitionis saidto be enabled



if thereareenoughtokensin eachof the input placesasspecified
by the

�
arcsconnectingthe input placesto the transition. An en-

abledtransitioncanfire if theotherconditionsassociatedwith the
transitionaresatisfied.Theinitial stateof thePetrinet is calledits
initial-marking. Thecurrentstateof a Petri net is the distribution
of tokensto theplacesin thePetrinet.

The threebasic elementsof CPNsare places,transitionsand
arcs. Thecolor set(Σ) determinesthe types,operationsandfunc-
tions that canbe usedin the net. It is assumedthat the color sets
have at leastoneelementeach.Thearcshave expressionsattached
to themcalledarc-expressions(E).A transitionin aCPNis enabled
if it is possibleto bind the variablesin sucha way that the arc-
expressionsof all the input arcsevaluatewhentokensarepresent
at thecorrespondinginput places.The transitioncan,in addition,
have BooleanexpressionscalledGuard-expressions(G), that are
neededto evaluateto ”true” in-orderthat the transitionfires. The
nodefunctionN mapseacharc into a tuplewherethefirst element
is thesourcenodeandthesecondelementis thedestinationnode,
thecolor functionC mapstheplacep to acolorset,theguard func-
tion (G) mapsthe transitiont to the booleanfunction andthe arc
expressionfunction(E) mapsthearc,a to anexpression.The ini-
tialization function(I) specifiesthe initial stateof thePetrinet. A
CPN,canbedefinedmathematicallyasin [5],

CPN ��� Σ � P� T � A � N � C � G � E � I � (1)

where,(i) Σ is the color set, (ii) P is a finite setof places,(iii) T
is a finite setof transitions,(iv) A is a finite setof arcssuchthat,
P � T � P � A � T � A ��� , (v) N is anodefunction,definedfrom
A into PxT 	 TxP, (vi) C is thecolor functiondefinedfrom P into
Σ, (vii) G theguardfunction,(viii) E is anarcexpressionfunction,
(ix) I is theinitialization function.

It is difficult to modellargesystemsasasinglelargeCPN.To al-
leviatethis problemtheconceptof HierarchicalColoredPetrinets
[5] is used.Thefollowing definitionsandterminologyfrom [5], are
requiredfor definingtheHCHPN.
Definition 1 [5]: A multi-sets, over a setS, is a function from S
to N, whereN is thesetof Naturalnumbers.If a 
 S thens� a� is
thenumberof appearancesof elementa in S. AMS is thesetof all
multi-setsover S,definedas,

∑
a � S

s� a� a (2)

Definition 2 [5]: A Time set(TS) is definedasthesetof all non-
negative real numbers,TS � x 
 R, wherex representsthe time
instantandR is thesetof all realnumbers.

Basedontheabove,weproposeanew typeof Petrinetcalledthe
HCHPNanddevelopsomedefinitionsandterminologyrequiredfor
modelingswitchingactivity.

3. HCHPN BASICS
Theconceptsof theHardwarePetrinet (HPN) [10] andHierar-

chical ColoredPetri net (HCPN) [5] canbe modified to definea
new kind of Petri net which we call as the HierarchicalColored
HardwarePetrinet (HCHPN).In orderto obtaintheswitchingac-
tivity of a circuit undera real delay model, we needto add the
factorof time into thePetri net. The featuresof HCHPNsare: (i)
certainrestrictedplacescanstoreonly onetoken at any time and
a newly arriving token always overwritesthe existing token, (ii)
whena transitionfires, the associatedgatefunction is evaluated,
(iii) besidestheweightsonthearcs,functionscanbedefinedonthe
arcsasadditionalfiring conditions;delaysfor thegatesandthein-
terconnectscanbespecifiedon thetransitionsasfiring conditions,

(iv) eachtokenhasa timestampandis calleda timedtoken,which
is availableonly aftertheclock timeof thesimulatoris greaterthan
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 transitionneedsto befired, theunderlyingPetrinetneedsto
beevaluatedin orderto determinetheoutcomeof thesubstitution
transition.WerelatetheindividualCPNto asubstitutiontransition,
theindividual non-hierarchicalCPNin a HCHPNis calleda page.
Theinput andoutputplacesof thepagearecalledport nodes. The
portnodesspecifythetypeandnumberof tokensthatcanbeintro-
ducedinto thepage.Eachof thesubstitutiontransitionsis calleda
supernodeandthepagethatcontainsthesesupernodesarecalled
a superpage. In a superpage,theplacesthatareconnectedto the
supernodes(substitutiontransitions)arecalledsocket nodes. The
socket nodesof a supernode(substitutiontransition)arerelatedto
the port nodesof the pagethroughthe port assignmentfunction.
TheHCHPNhasin additionto thesubstitutiontransitions,a setof
transitionscalledgatetransitions. Thegatetransitionsarepresent
only in the sub-nets/pagesof the HCHPN.An importantfunction
addedto theHCHPNsis time. With theintroductionof timeto each
of thetokenswecanmodelhighly complex realtimesystems.The
token in a HCHPNis calleda coloredtoken. Thecoloredtoken is
a 3-tuple(p,d,t)wherep is thecurrentposition(place)of thetoken
p 
 P, d is thecolorsetof thetokenandt is thetimeof thefiring of
thetoken. TheHCHPNconsistsof a setof placescalledrestricted
places, thancanholdonly a finite numberof tokens.To impartad-
ditionalconditionsduringthefiring of atransition,functionscanbe
addedto the transitions,which arecalledcodesegmentfunctions.
TheHCHPNcanbedefinedmathematicallyasfollows,
Definition 3: A HCHPNis definedasa10-tuple,

HCHPN ��� PG� S� GT � PO� PA � PR� TI � TO � TC � RP� (3)

where,

(i) PGis afinite setof pagessuchthat(a)eachpagepg 
 PG is
a non-hierarchicalCPNand,(b) noneof thepageshave any
netelementin common,

(ii) S � T whereSisasetof substitutiontransitions(supernodes),

(iii) (GT � T andGT � S � /0), whereGT is thesetof gatetran-
sitions,

(iv) PO � P is thesetof port nodes,theport nodesaretheinput
andoutputplacesof a page,

(v) PA is a port assignmentfunction,which definestherelation
betweenthe socket nodesof the substitutiontransitionand
theportnodesof thepage,

(vi) PR 
 PGMS is a multi-setof primepages;it determinesthe
numberof instanceseachindividual pageshas,

(vii) TI is thetimesetdefinedin Definition 2,

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

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

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



The10-tuple(PG,S,GT, PO,PA, PR,TI, TO, TC, RP)specifies
the structure� of the HCHPN. The following definitionsrepresent
thevariouscharacteristicsof theHCHPN.
Definition 4: A bindingB(t) of a transitiont is a functiondefined
onVar(t)as, � i ��� v 
 Var � t � : s� v��
 Type� v����� ii � G � t ��� s � , where,
B(t) denotesthesetof all bindingsfor t asdefinedby thefunction
s. G � t ��� s � denotestheevaluationof theguardexpressionG(t)
in thebindingb.
Definition 5: A tokenelementis a tuple (p,c,t)wherep 
 P, c 

C � p� andt 
 TI , while abindingelementis apair(t,b),wheret 
 T
andb 
 B � t � . Thesetof all tokenelementsis denotedby TE while
thesetof all bindingelementsis denotedby BE.
Definition 6: A stateis definedasa multi-setof coloredtokens
with a time-stamp.S is the setof all possiblestates.A marking
is a multi-setover TE without thetime-stamp.Theinitial marking
M0 is themarkingwhichis obtainedby evaluatingtheinitialization
expressions:��� p � c � t ��
 TE : M0 � p � c � t ����� I � p����� c��� t � (4)

Thesetof all markingsis denotedby 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 stepS is enabledin amarkingM iff

� p 
 P : ∑�
t � b��� YE � p � t ��� b � � M � p� (5)

Let the stepS be enabledin the markingM. When(t,b) 
 S, we
saythat t is enabledin M for bindingb. When � t1 � b1 �!���"� t2 � b2 �#

Y and � t1 � b1 �%$�&� t2 � b2 � we then say that � t1 � b1 � and � t2 � b2 � are
concurrentlyenabled.

After the transitionis enabled,it is not necessarythat the tran-
sition mustfire, this is becauseof the time factorinvolved,which
leadsto thedefinitionof enablingtime.
Definition 9: TheenablingtimeE of anevent � t � a � b� is themax-
imum of the time-stampsof the tokensconsumedby transitiont
from theinput placeseta.

E � t � a � b�'� max� p � d � t �(� TOx (6)

Definition 10: If a transitiont is enabledandtheglobal clock is
pasttheenablingtime, it canfire. If morethanonetransitioncan
fire at the sametime, the priority of the transitionfiring is given
suchthat thetransitionthatwasenabledfirst getsto fire first. The
firing of transitiont changesthe markingM to markingM’ such
that,

M )(� p��� * M � p�,+ aw i f � p � t ��
 A �
M � p� otherwise

whereM � p� andM‘ � p� arethemarkingof placep beforeandafter
thefiring of transitiont. Thevalueaw is theweightof thearcfrom
placep to transitiont.
Definition 11: The firing delay is definedas the differencebe-
tweenthe firing time andthe time-stampof the token beingpro-
ducedasanoutputfrom a transition.

4. REAL DELAY MODELING
To modelswitchingactivity estimationusingPetrinets,we first

transformthegate-level combinationalcircuit into a GSDAG. We
illustratethis usingtheexamplecircuit c17,anISCAScircuit with
6 NAND gates,shown in Figure1.
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Figure1: c17ISCAS Combinational Cir cuit

The circuit has6 gatesmarked - G1, G2, ..., G6. and we are
interestedin capturingthe switchingactivity at the outputsof the
gatesmarkedas - S1,S2,..., S6. . We needto determinethenum-
berof timestheoutputof agateswitchesfrom either0 to 1 or 1 to 0.
First,we representthecircuit asa DAG whereeachgatein thecir-
cuit is representedasanodeandeachsignalin thecircuit asanarc.
The DAG thusobtainedis convertedinto a GSDAG structure,by
introducingadditionalnodescorrespondingto thesignals,- S1,S2,
..., S6. while maintainingconnectivity by introducingarcs. The
GSDAG for thecircuit shown in Figure1 is given in Figure2. To
representmultiple fan-outs,we introducea nodefor eachoutput
fanningout from thegate.For instance,theoutput - S2. from gate- G2. is representedby two fan-outnodes- S21. and - S22. in the
GSDAG. TheGSDAG thusobtainedcanberepresentedasa Petri
netby replacingthegatesin theGSDAG by transitionsandthesig-
nalsbyplaces.ThisPetrinetdoesnotcontainthedelayinformation
of thecircuit. ThePetrinetequivalentfor thec17circuit in Figure
1 is givenin Figure3.
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Figure2: GSDAG structur eof the c17circuit

The importantchallengein representinga synchronoussystem
asa Petrinet is in obtaininganexactcorrespondencebetweenthe
propagationof signalsin the circuit and the shifting of tokensin
the Petri net. In a Petri net, whena transitionfires, a token from
eachinput placeto thetransitionis consumedanda tokenis intro-
ducedinto eachplaceoriginatingfrom thattransition.However, in
a logic circuit, the logic signalchangesvalueanddoesnot disap-
pear. Thepropagationof signalsin thecircuit canbemodeledby
usinga ColoredPetrinet (CPN)anddefiningtwo differenttokens
labeled - one. and - zero. , to specifythe two differentstatesof a
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logic signal.However, theCPNsdonotallow themodelingof iner-
tial gatedelaysandinterconnectdelaysin a circuit. It will beseen
thattheHCHPNintroducedin thelastsectionenablestheaccurate
modelingof thevariousaspectsof a digital circuit.

The Petri net obtainedfrom the GSDAG is transformedinto a
HCHPNby addingtype,color, hierarchyanddelayinformation.A
placein a HCHPN hasa type function specifyingthe type of to-
kensthe placeis associatedwith. While in a Petri net, all places
areof the sametype which canstoreany numberof tokens,in a
HCHPNtherearetwo kinds of places:(i) unrestrictedplacesand
(ii) restrictedplaces.The restrictedplacescanstoreonly oneto-
kenatany point in time,whichis usefulin modelinginterconnects.
Fanningout inputsarereplacedby aninput placeanda transition,
to get the requirednumberof tokens. Eachtransitionin the Petri
net structureis replacedwith a substitutiontransitionto perform
theactioncorrespondingto thegatethat is modeledby the transi-
tion. The placesin the Petri net representingsignalsarereplaced
by restrictedplacesin theHCHPN.Theoutputplacesof thePetri
netarenot convertedinto restrictedplaces.Theinterconnectdelay
valuesareaddedto thearcsof theHCHPNto incorporatethedelay
valuesinto thenet.Figure4 correspondsto theHCHPNequivalent
of thecircuit in Figure1. If thePetrinetobtainedfrom theGSDAG
is large,it needsto besegmented.
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Figure4: HCHPN structur eof the c17circuit

To modelthegateof a circuit accurately, we needto (i) capture
any glitchesin the inputs,(ii) modeltheworking of thegate,(iii)

capturetheswitchingactivity of thegateand(iv) handletemporal
andspatialcorrelations.Themodelingof a 2-inputNAND gateis
shown in Figure5. Onecanusethis exampleto similarly model
othertypesof gates.Theinputsandoutputsof a HCHPNmustbe
places.In Figure5, places- PI1, PI2. aretheinput placesandthe
place - PO. is the outputplaceof the NAND gate. Glitchesare
of two types: (a) generatedglitches,(b) propagatedglitches. The
generatedglitchesaredueto thedifferentarrival timesof theinput
signals.Theglitchesalreadypresentin theinputsignalsarefurther
propagatedby the gateand theseare called propagatedglitches.
The input glitchesareaccuratelycapturedin our model,by using
the structureconsistingof the setof places- P0, P1, P2. andthe
transitions- T0, T1 . . Theplaces,- P0,P1,P2. arerestrictedplaces
that can storeonly one token at any time. A newly arriving to-
ken alwaysoverwritesthe existing token. The gatetransitionT2
modelsthegatefunction. Thedelayassociatedwith thegateis in-
corporatedin the form of a specialdatastructureassociatedwith
thetransition - T2. . An assumptionmadein this modelis that the
delayof thegateis independentof the input patternandis always
a constant.The gatefunction is given asa logical expressionat-
tachedto the transition - T2. , asa function of the input tokensto
thetransition.Thelogical functionis acodesegmentfunction(TC)
definedin Definition3 in Section2.
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Figure5: HCHPN structur eof the NAND gate

Theswitchingactivity canbecapturedbasedonthepreviousand
thecurrentstatesof thegate.Thecurrentstateof thegateis spec-
ified by theoutputtoken from the transition - T2. , storedin place- P3. . The previous stateof the gateis the token storedin place- P5. , this token is initialized to ’zero’ at the startof the simula-
tion. The transitions- T3, T4, T5, T6. areusedto distinguishthe
powerconsuming/dissipatingtransitionsfrom theothertransitions:
(i) transition - T3. fires if theoutputof the gateremainsat 0; (ii)
transition- T4 . firesif thereis aswitchfrom a1 to a0 (powerdissi-
patingtransition);(iii) transition- T5. firesif thereis aswitchfrom
a 0 to a 1 (power consumingtransition);(iv) transition - T6 . fires
if theoutputof thegateremainsat 1. Theoutputtokensfrom the
transitions- T3, T4, T5, T6 . , aregiven to places- P4. and - P5. .
It shouldbe notedthat in the HCHPN, the transitionsfire in the
order in which they were enabled. The temporalcorrelationsare
modeledusingplaces- P4,P5. andtransition - T7. . Thearcsthat
connectthetransitions- T3, T4, T5, T6 . with places- P3,P4,P5.
canonly carryspecifictokens.Theotherarcsin aHCHPNhavearc
weightsspecifyingthe type andthe numberof tokensthat canbe
carriedby thearcs.Thus,we have modeledthecompleteworking
of theNAND gate.TheothergatessuchasNOR,AND, OR,NOT,
BUFFERandXORwerealsomodeledsimilarly.



Now thatwe have seenthemodelingof c17asa HCHP-net,the
working/ of theHCHP-netis shown hereasa flow of tokens. The
superpageof the c17 HCHP-netis specifiedby Figure 4. The
superpagepassesthe tokensbetweenthe substitutiontransitions
and handlesthe fanout from a gate. The output token from the
substitutionnodeis given to the placesthat areconnectedto the
substitutiontransition.Thetokensfrom theplacesaregivento the
sockets of other substitutiontransitionsor the placesthemselves
areport nodesof the superpage. The sockets in the superpage
are of the sametype as the port nodesof the page. The tokens
are thuspassedbetweenthe superpageandthe page. Sincec17
consistsof only NAND gates,theNAND gatein Figure5 is used
to explain the working of the HCHP-net. The port nodesof the
NAND gate(page)are - PI1,PI2,PO. , - T2 . is thegatetransition,- P0,P1,P2. arerestrictedplacesand - P3,P4,P5. areunrestricted
placesof theHCHP-net.Thetokensin theport nodesarefired by
transition - T0, T1 . into the restrictedplaces - P0, P1, P2. . The
restrictedplace - P1. ensuresthattheglitchesthataresmallerthan
thepropagationtime of thegatearenot propagatedthroughto the
output.Thegatetransition - T2. hasa codesegmentattachedto it
thatspecifiestheworking of thegatebasedon thetokentypesthat
are input into the transitionfrom the restrictedplaces - P0, P2. .
Thetransitions- T3, T4, T5, T6. areusedto determinethetypeof
transitionon the outputbasedon thecurrentoutputfrom the gate
transitionand the previous output from the gatetransition. The
firing of thesetransitionsarenotedandthefiring of transition - T4,
T5. signify aswitchin theoutput.Theswitchingactivity of all the
gatesareaddedto determinetheaverageswitchingactivity of the
circuit. Theprevious stateof thegateis storedin theunrestricted
place- P5. . Thetransition- T7. putsthecurrenttokenin theoutput
place - PO. that is passedon to thesuperpagethroughthesocket
nodeof thesuperpage.

The HCHPN thus modeledis simulatedin order to obtain the
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 transitionfires in a
HCHPNonly whenaneventoccurs,i.e., thegateswitches.Thein-
formationobtainedfrom the transitionfiring specifiesthe number
of timesthetransitionoccursat theoutputof agate.Thus,wehave
a directrelationshipbetweenthetransitionfiring in a Petrinetand
theswitchingactivity of thecircuit.

5. DELAY MODELING
The gatesin a circuit canswitch multiple timesbeforesettling

to thecorrectoutputvalue,which leadsto moreswitchingactivity.
Themaincontributorof thisunnecessaryswitchingis thesignalde-
laysdueto thedifferentcircuit paths.To obtainageneralizeddelay
modelfor deepsub-micron(DSM) circuits, thedelaysof both the
gatesandthe interconnectshave to be taken into considerationas
theinterconnectdelaysdominateover thegatedelaysin DSM cir-
cuits. Thus,in therealdelaymodelingof a circuit, the total delay
of thegateis calculatedasthesumof (i) intrinsic gatedelay(TGD)
and(ii) gateloaddelay(TRD)astd � TGD 0 TRD [7]. The intrinsic
gatedelay is the delaydueto the physicaldeviceslike transistors
that constitutethe gate. We calculatethe intrinsic gatedelayas-
suminganinfinite loadat theoutputof thegateusingHspice.The
gateloaddelayis thedelaydueto theRCnetwork connectedto the
gatesoutput.

Thereare different methodsto calculatethe delay of the gate
loaddueto theRCnetwork at theoutputof agate.In thiswork, we
usea Thevenin equivalentcircuit asshown in Figure6, to model
theinterconnectandthus,thedelayof thesignalin thecircuit. The
capacitanceat nodeA andnodeB areknown from the layoutand

so is the resistance.In [7], a onesegmentΠ modelhasbeenpro-
posedto modelthegateoutputwhile still consideringtheresistance
shieldingeffects.Themodelapproximatestheloadby considering
only thefirst threemomentsof thedriving point admittance.This
modelapproximatesthe entireinterconnectload with a Π circuit.
Thedelayformula[7] is givenas,

TRD 1 12
s1
2433333 ln 5

� 1 0 s1R1C2 ��� eTR 6 s1 6�7 1�
b2s2

1 � s1 7 s2 ��� 1 7 vth � TR 8 33333 (7)

whereb1 � RS � C1 0 C2 � 0 R1C2, b2 � RSR1C1C2, and s1 � 2 �9 b1 :�; b2
1
9 4b2

2b2
, RS is theseriessourceresistanceasseenin Figure6,

TR is thesourcerampinputrisetime,vth is thevoltage,R1 is there-
sistance,C1 � C2 thecapacitancesin theΠ modelusedfor modeling
theinterconnectsasshown in Figure6. Thismodelis incorporated
into ourwork.

Rs
A B

C1 C2

R1

Gate

Figure6: Thevenin equivalent circuit

Figure7 givesthe block diagramfor the power estimationtool
usingHCHPNs.Theinput to thetool is thegate-level net-list,and
theRC estimates(layout-level) at eachnode,the intrinsic gatede-
lay estimatesfor eachof thegatesandtheinputvectorsto besimu-
lated.For, a gatedelaymodel,we needonly thegate-level net-list
andthegatedelayasinputsto thetool. Thefirst stepin thetool is
theconversionof the input net-list into a GSDAG. TheGSDAG is
thenconvertedinto a HCHPN with the necessarycodesegments,
substitutiontransitions,color functions,hierarchyand delay ele-
ments.The delayelementscanbe calculatedbasedon the capac-
itanceandresistanceestimatesobtainedfrom the layout-level for
eachof thenodesin thecircuit andequation7. We have modified
theDesign/CPNtool [8], to performthesimulation.Thetogglein-
formationthusgeneratedis theswitchedcapacitanceof thecircuit,
it is usedto calculatethepower estimateasshown in Figure7.
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Figure 7: Block diagram of power estimation tool using HCH-
PNs

6. EXPERIMENT AL RESULTS
Theexperimentalresultsfor theISCAS’85 combinationalbench-

mark circuits. The ISCAS circuits consistof the basicgateslike



AND, OR, NAND, NOR, NOT, EXOR, BUFF. The gateswith
larger< numberof inputshave beenmodifiedto includegateswith
only two, threeandfour inputs.Thecircuitsweresynthesizedusing
MOSIS0.4µ standardcell CMOStechnology.

Since,thereareno standardinput vectorsetsavailablefor these
benchmarkcircuits,we generateda randompatternof 10,000vec-
tors for usewith PowerMill andHCHPNs. Due to the time con-
straint placedby Hspice, it was not possibleto simulatea large
sequenceof 10,000vectors.Hence,asmallersequenceof 100vec-
torswasusedto calculatethetimetakenpervectorfor all thethree
modelsin additionto the10,000vectorsequencefor HCHPNsand
PowerMill. The rise and the fall times of the ramp input given
to HspiceandPowerMill was0 = 125ns. The intrinsic gatedelays
for theHCHPNswerecalculatedusingHspice.TheHCHPNsfor
large circuits needto be segmented,suchthat the numberof arcs
betweenthesegmentsis keptto a minimum.Thesimulationswere
performedon a Sun Ultra 10 with 128 M RAM. The switching
activity at eachgateis usedto calculatethepower estimateat that
gate,thus,anaccuratepowerestimateof thecircuit canbeobtained.
We usedDesign/CPN[8], a ColoredPetrinetsimulationandanal-
ysistool for performingthesimulationof theHCHPNs.It supports
theuseof complex color setsandarcexpressionsfor CPNsasex-
plainedin Section3 throughtheuseof a functionalprogramming
languageStandard ML (SML). TheSML languageis usedto spec-
ify thedelaysof thegatesin thegatetransitionandtheinterconnect
delaysin thearcfunctions.For a moredetailedinformationabout
Design/CPNthe readeris directedto [8]. The delay valuescan
alsobe estimatedbasedon a wire lengthestimationtechniqueas
proposedin [3]. Experimentswereperformedfor a gateintercon-
nect delay model, wherein both the intrinsic gatedelayand the
interconnecteffectsaretaken into accountto calculatethe power
estimate.

Table1: Accuracy of the HCHPN modeling
Circuit Hspice PowerMill HCHPN % errorover Hspice

(in uW) (in uW) (in uW) PowerMill 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

Tables1 and2 comparetheaccuracy andspeedupfor modeling
both gateand interconnectdelays. It canbe seenthat the HCH-
PNshave an averagespeed-upof 46 timesover PowerMill. The
power estimatesarewithin 4.9% of that of Hspice,while Power-
Mill resultsarewithin 6.3% of that of Hspice. A comparisonof
the performanceof the real-delaymodelsreportedin [6] wasnot
possiblesincethe resultswerepresentedtherein termsof charge
with Jouleasunit.

7. CONCLUSIONS
In this paper, we have introduceda new fastandaccuratereal

delay simulator for power estimationat the gate-level using the
proposedHierarchicalColoredHardware Petri nets. The model-
ing is exactandcapturesall thecorrelationsin thecircuit. Wehave
presenteda modelfor realdelaybasedpower estimationconsider-
ing both theintrinsic gatedelaysandtheinterconnectdelays.The
modelconsidersonly completetransitions,all partialor incomplete

Table2: Simulation times
Circuit Hspice PowerMill HCHPN Speed-upof HCHPN

(in ms) (in ms) (in ms) Hspice PowerMill
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 Petri nets
alsoexistswith this modelingandwill needto beaddressedwhen
modelinghugecircuits. Currently, we areinvestigatingthemodel-
ing of sequentialcircuitsusingHCHPNs.
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