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Abstract

Presentday designers require deepreasoningmethods
to analyzecircuit timing. This includesanalysisof effects
of dynamicbehavior (like glitches) on critical paths,si-
multaneousswitchingandidentificationof specificpatterns
and their timings.This paper proposesa novel approach
that usesa combinationof symboliceventpropagationand
temporal reasoningto extract timing propertiesof gate-
level circuits.Theformulationcapturescomplex situations
like trigerring of traditional falsepathsand simultaneous
switching in a unifiedsymbolicrepresentationin addition
to identifying false paths,critical pathsas well as condi-
tions for such situations.This information is then repre-
sentedasan event-timegraph.A simpletemporal logic on
eventsis proposedthat can be usedto formulatea wide
classof usefulqueriesfor variousinputscenarios.Thesein-
cludemaximum/minimumdelays,transitiontimes,duration
of patterns,etc.Analgorithmis developedthatretrievesan-
swersto such queriesfromtheevent-timegraph.A complete
BDD basedimplementationof this systemhasbeenmade.
Resultson theISCAS85benchmarksindicatevery interest-
ing propertiesof thesecircuits.

1. Introduction
The estimationof timing behavior quickly and accu-

ratelyis achallengingtaskdueto thecomplexity of present
day circuits. Timing analysisof a circuit traditionally in-
volvesestimatingthecritical delayof thecircuit afterelim-
inating falsepaths.In recenttimes static timing analysis
(STA) hasgainedin popularityoverdynamicsimulationbe-
causeof its speedand capability to handlelarge designs.
Howeverdynamicsimulationcanprovidemoredetailedin-
formationaboutcircuit behavior. This work presentsa new
approachusinga combinationof symbolicevent propaga-
tion andformal logic to reasonaboutcircuit timing usinga
mixed approachthat is capableof retrieving importantde-
tails requiredin moderncircuitswhile takingadvantageof
bothmethods.

We briefly discussrelatedwork. The main focus in [2]
lies in thedeterminationof correctsensitizationconditions
for timing verification. [5] is basedon the representation
of conditionaldelaymatrices(CDM) which combinemod-
ule delayswith eventpropagationconditions.A systematic
analysisof delaycomputationbasedon a seriesof wave-
form modelsthatcapturesignalbehavior rigorouslyat dif-
ferentlevelsof detail is presentedin [6]. Themostgeneral
model,calledthe exact or W0 model,specifieseachevent
occurringin a circuit signal.AlgebraicDecisionDiagram
[1] basedmethodscanbe usedto performdelaycomputa-
tion in combinationalcircuits.A modelis proposedby Chen
et.al. [3] to capturethedelayphenomenaassociatedwith si-
multaneousto-controllingtransitions.
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Figure 1. Example circuit where multiple tran-
sitions activate a false path

Thiswork is motivatedby thefactthatexistingtoolsnor-
mally fail to produceaccurateresultsin thedeepsubmicron
region sincethey do not considertheimpactof varioussit-
uationsrelatingto eventpropagation.For example,tempo-
ral proximity of two or moreevents(simultaneousswitch-
ing) mayhavesignificanteffectonthepropagationtime[3].
Most of thestatictiming analysistoolsfind out falsepaths
andignorethemin furthercalculations.We have observed
thatmultiple transitionsat a nodemayactivatea falsepath.
Glitches(transitionto high/low valuefor asmallperiod)oc-
cur very often in circuits. In Figure 1, a circuit is shown
wheretraditionalmethodsreport the path � a� r � y� to be a
falseone(gatedelaysareshown insidethegate).However
asshown in Figure1, theglitch atnodet sensitizesthepath.
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Theeffectsof suchsituationsneedto beconsideredto ob-
tain moreaccurateresults.Our approachhereis to perform
a combinationof static and dynamic analysis,to enable
deeperreasoningon timing behavior. Our methodis capa-
bleof executingacombinationof symbolicevent/waveform
propagation andtemporallogic analysisbasedon userre-
quirements.In order to provide a deeperinsight on signal
propagationin thecircuitweneedtohaveaversatilemecha-
nismusingwhich thedesignercanreasonaboutwaveforms
andtimings.For this we have developeda querylanguage
basedon TemporalLogic in which onecanexpressa tim-
ing queryonthecircuit undervariousscenarios.Algorithms
to storetiming informationandretrieve queryresultseffi-
ciently arealsoproposed.Resultson standardbenchmarks
(ISCAS85)arepromisingasweareableto retrievesomein-
terestinginformationaboutthesecircuitsnotknown earlier.

2. Mathematical formulation
In our formulationwe will considera gatelevel specifi-

cationof thenetlist.Gateshave pin-to-pindelays.In build-
ing the mathematicalmodel,we will assumethe circuit is
purelycombinationalwithoutany feedbackloop,only asin-
gle transitioncanoccurin oneof theprimaryinputsandall
thetransitionsareinstantaneous.In additionwewill assume
thattheinterconnecthasnodelay.

Givenaninputstimulusto thecircuit, achangeor transi-
tion in valueat thecircuit nodeis calledanevent. Thetime
atwhichtheeventoccursis calledeventtime. Theentirese-
quenceof eventsoccurringat a nodex (say)over the time
periodof interestis calledthewaveformof x� If aneventap-
pearson outputline z of a gatein responseto anevent j on
input line x, thenevent j is saidto propagateto z. Thelog-
ical conditionunderwhich this occursis calledthe propa-
gationcondition(PC). A paththatcannotbesensitizedun-
derany input transitionis calledanunsensitizableor a false
path. The delayof a circuit is definedasthe differencein
time betweenan occurrenceof an input transitionandthe
time at which the outputstabilizes.Becausecircuit delays
are determinedby eventsthat propagate to the outputs,it
is importantthateventpropagationbeaccuratelycharacter-
ized.Thecritical path in acircuit is thelongestsensitizable
path.Thecircuit delayis thelengthof thecritical path.

We will usea few notationsin the following discussion
asdescribedbelow. a� b� a1 � a2 ��������� an areBooleanvariables.

ab � a 	 b� a 
 b � a � b� a � b � a 	 b̄

n

i 
 1

ai � a1 � a2 ��������� an

n

i 
 1

ai � a1 	 a2 	�������	 an

2.1. Event propagation
We will first considera2-inputAND gateto explainour

formulation.Laterwe will presentthegeneralformulation
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Figure 2. AND gate

for any gate.ConsideranAND gateasshown in Figure2.
Any event at nodex will propagate to the output nodez
if andonly if the other input y is true, hencethe PC = y,
i.e., the non-controllingvaluefor AND gate is 1� (In case
of an OR gatethe non-controllingvaluewill be 0. For an
XOR gateany event in any input will propagateto theout-
put, thusthepropagationconditionfor this gateis 1� A true
conditionholdsfor the NOT andBUFFERgates.)If d be
the delayof the gate then the event will occurat the out-
put after d units of time. Similarly in Figure2 the PC for
any event to propagatefrom nodey to the nodez is x. For
eacheventwewill storesomemoreinformationalongwith
thepropagationcondition.Let σ denotethesetof all possi-
ble eventsthatcanoccurat a node.σ at a nodex� denoted
by σx � will bedefinedasfollows

σx � � λi
x � t i

x � vi
x � tagi

x � Pi
x � 0 � i � n1

where,
λi

x : propagationcondition(Boolean)thatneedsto be
truefor theeventto occur

t i
x : timeatwhich theeventoccurs
vi

x : valueatnodex aftertheith event
tagi

x : primaryinputwherethetransitionhasoccured
Pi

x : previousnodesfrom which theeventhaspropagated
n1 : total numberof possibleevents

The0th eventis a specialone.It describestheinitial sta-
tusof thenode.For thiseventthetag andthepreviousnode
fields will be null. For the time beingwe will assumethat
no simultaneousswitching takes placeie, mathematically
t i
x �� t j

y � i � j. Let σz bethesetof all possibleeventsatnode
z in Figure2. The ith eventat nodex will propagateto the
outputz with respectto the jth event at nodey� if no event
occursat nodey in the time interval betweent j

y andt i
x and

the valueat nodey hasto be logic high (ie., v j
y hasto be

true)andboth ith andjth eventshave propagatedto nodex
andy respectively for thesametransitionat theprimaryin-
put (ie., both theeventshave thesametag).Let thepropa-
gatedeventatnodezbethekth possibleevent,hencemath-
ematicallythepropagationconditionfor it will be

λk
z � λi

x λ j
y � �

r � l

r � j � 1

λr
y � v j

y �

wherel is suchthat t l
y � t i

x � t l � 1
y � t i

x �� t j
y � i � j For each

suchcompatible j � t j
y � t i

x � , therewill be a k. The tag for
the kth event at nodez will be the sameasthe tag associ-
atedwith the ith eventat nodex� Thepreviousnodefor the



kth eventat nodez will bex� it meansthat thekth event re-
sultsfrom a singleevent at nodex� The time at which the
kth eventatnodezwill occuris � t i

x 
 d ���
Simultaneous switching: Using the previous notation,let
us assumethat the ith event at nodex happenssimultane-
ously (in a very closeinterval of time - the lengthof this
interval(ε) for a gatewill bebasedon pin-to-pindelayval-
ues[3].) with the j th event at nodey. For an AND gateas
in Figure2, suchaneventcanonly propagateto theoutput
if both the transitionsarethesameie., bothareeitherhigh
transitionsor low transitions.If oneof themis a risetransi-
tion andtheotheris afall transitionthennoeventwill prop-
agateto theoutput.Hencemathematically

λk
z � λi

xλ j
y � vi

xv
j
y 
 vi

x v j
y �

Thetagfor thenew eventwill bethesameasthetagof the
ith event at nodex or the tag for the j th event at nodey -
this is becausetheeventsatnodex andy have thesametag.
Thepathfor thekth eventwill be � x� y � . The time at which
this eventwill occuris thedelayof thegatedueto simulta-
neousswitchingplus � t i

x 
 t j
y �! 2� We will assumethedelay

valueof a gatedueto simultaneousswitching is the aver-
ageof pin-to-pindelaysunlessotherwiseis specified.
Combining both: For a two input AND gate combining
both the situations(singleandmultiple switching)we get
thefollowing PC

λk
z � � t j

y " ε t i
x � λi

x λ j
y �#�

r 
 l

r 
 j $ 1

λr
y � v j

y 


� t i
x � ε t j

y � λi
xλ j

y � vi
xv

j
y 
 vi

x v j
y �

wherel is suchthat t l
y " t i

x " t l $ 1
y � " ε returnstrue if t j

y "
� t i

x � ε � holdsand � ε returnsthetruthof thetemporalprox-
imity of the ith and the jth events (ie., if � t i

x � ε �&% t j
y %

� t i
x 
 ε � holds). The path will be either � x � or � x� y � de-

pendingonwhetheramultipleswitchingoccursor not.The
eventtimewill bedeterminedaccordingly.

2.2. General formulation

Let us consideran arbitrarygatehaving n inputsanda
single output. Let f be the functionality of the gate. Let
i1 � i2 ��'�'�'�� in be the n inputs and y be the output ie., y �
f � i1 � i2 ��������� in ��� We want to find out the propagation con-
dition for the jth event at node ik with respectto the r th

m
eventat nodeim wherem � 1� 2��������� k � 1� k 
 1��������� n� Let
all theseeventsbe propagatedfrom the sameprimary in-
put x (say).Let thevalueof thekth nodechangefrom īk to
ik after the occurrenceof the jth event. The two valuesat
the output,after andbeforethe event, will be denotedby
fik and f īk, where fik � f � i1 � i2 ��������� ik ( 1 � ik � ik$ 1 ��������� in � and
f īk � f � i1 � i2 ��������� ik ( 1 � īk � ik$ 1 ��������� in ���

Theconditionfor thesaidevent to propagateto theout-
put will bedeterminedby thepropagationconditionof the

saideventandtheothereventsattheothernodesafterwhich
thesaideventoccursandby thevaluesof theall thenodes.
We introducea notationF which denotesthe logical con-
dition that needsto be satisfiedarisingfrom the valuesof
differentnodes.Fp1 denotesthechangesin oneinput node,
Fp1p2 ) ) ) ps denotesthesimultaneouschangesin s inputnodes
where pi * � i1 � i2 ��������� in �+� An event will propagate to the
outputif thetransitionat theinput causesa transitionat the
outputie., thevalueof theoutputnodewill changeafterthe
occurrenceof theevent.Hence

Fik � fik f īk 
 fik f īk
Similarly, for simultaneouschangesin s inputs,

Fp1p2 ) ) ) ps � fp1p2 ) ) ) ps f̄ p̄1 p̄2 ) ) ) p̄s 
 f̄p1p2 ) ) ) ps f p̄1 p̄2 ) ) ) p̄s

In caseof two input � i1 � i2 � AND gatetheconditionfor an
eventin nodei1 to propagateis

Fi1 � i1i2 ī1i2 
 i1i2 ī1i2 � i1i2 � i1 
 ī2 �,
 ī1i2 � ī1 
 ī2 � � i2
ie, theotherinput hasto betrue.If two eventsoccursimul-
taneouslyat thenodesi1 � i2, of anAND gatetheeventwill
propagateto theoutputif thefollowing conditionholds:

Fi1i2 � fi1i2 f̄ ī1ī2 
 f̄i1i2 f ī1ī2 � i1i2 
 ī1ī2
Thatis if boththetransitionsarethesameonly thenwill the
eventpropagate.

Since,the jth event in the kth nodeoccursexactly after
ther th

m eventof thei th
m nodewherem � 1� 2��������� k � 1� k 


1��������� n� Let usassumethatamongthen eventssnumberof
events(includingthejth eventat thekth node)occursimul-
taneously. Let the propagatedevent at the outputy be the
hth possibleeventat thatnode.Hencethepropagationcon-
dition for thehth eventat theoutputwill be

λh
y � Fp1p2 ) ) ) ps

m
 n

m
 1

λrm
im �-�

lm

q
 rm$ 1

λq
im �

where lm is such that t lm
im % t j

ik " t lm$ 1
im �/. m � 1� 2������� n

andthe valuewill be f � vr1
i1
� vr2

i2
��������� vrn

in � andthe event time
will bedelayof thegatedueto simultaneousswitchingat s
nodesplus � ∑i 
 s

i 
 1 trm
pi
�� s.

After performingthepreviouscalculationwewill getthe
possibleeventsatanodein theform of � λ � t � v� x� P � . In order
to expressv in termsof x, the four mutually exclusive and
exhaustive situationsarelisted in Table1. In the tablevnew

denoteshow the output follows the input. If the condition
xv 
 x̄v̄ holdsthentheoutputwill follow � x � theinputother-
wisethereversetransition � x̄ � will occurat theoutput.Now
thepossibleeventwill bebrokeninto two possibleeventsof
theform � λ � xv 
 x̄v̄ �!� t � x� x� P � and � λ � x̄v 
 xv̄ ��� t � x̄� x� P ��� Fi-
nally, in any nodeall thoseeventswill beclubbedtogether
which have thesamevalueandtime. Thepropagationcon-
dition will beOR-edandtag, previousnode, valueswill be
remainunchanged.

It may be observed that we computeinformation for
all possiblesingle input changesfor various input con-
ditions symbolically using Binary Decision Diagrams



x v vnew

0 0 x
1 0 x̄
0 1 x̄
1 1 x

Table 1. Possible situations
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Figure 3. Example circuit for simultaneous
switching

(BDDs) without having to run different computationsfor
differentinput changesandinput conditions.

Two examplesare presentedhere. The first example
shows how simultaneousswitchingbehavior is capturedin
the formulationandthe secondonedescribeshow consid-
erationof glitchesandsubsequentactivation of traditional
falsepathscanbedetected.In thefirst examplewe will as-
sumethe delayvaluefor the gate in caseof simultaneous
switchingis 80%of thenormalgatedelay.

Example 2.1 Considerthe example in Figure 3. We will
consideronly the pathsfrom primary input a to primary
output y� Now we will determinethe σ at variousnodes.
Thepossibleeventswhichhavethepropagationcondition0
(false)arenot shown here.

σp � � 1� 0� āb� null � null ���0� b� 2� a� a� a�
σq � � 1� 0� ā 
 c� null � null �!�1� c̄� 3� a� a� a�
σm � � 1� 0� ac 
 āb̄� null � null �!�1� abc̄� 3� a� a� p �!�

� b � ā 
 ac̄ ��� 3� ā� a� p ���0� c̄ � ā 
 b̄��� 4� a� a� q ���
� abc̄� 4� ā� a� q ���

σr � � 1� 0� ā 
 c� null � null �!�1� c̄� 2� a� a� a�
σn � � 1� 0� ā 
 c� null � null ���0� c̄� 4� a� a� r �
σy � � 1� 0� āb̄ 
 ac� null � null ���0� āb� 4� ā� a� m���

� c̄ � ā 
 b̄ �!� 4� 8� a� a�2� m� n ���
Now one can tell not only the critical delay but also the

conditionsunderwhich the critical pathwill be sensitized
usingthepropagationconditionassociatedwith thatevent.
The critical pathsarehighlightedin Figure3. Well known
methodslike [5] estimatethecritical delayas5 in thiscase.

Example 2.2 Considerthecircuit in Figure1. Thepossible
eventsat theoutputnodewill be

σy � � � 1� 0� 0� null � null ���3� a� 5� a� a� t ���3� a� 6� ā� a� r � �
Thusthecritical delayfor thiscircuit is 6 andthiseventwill
occurif thereis a risetransitionin theprimary input asthe

propagationconditionassociatedwith this is a� In this case
traditionalmethodsreportthecritical delayas5� Reporting
lower critical delayis possiblymoreseriousthanoveresti-
matingit.

3. Reasoning about timing behavior

After performingthepreviousanalysis,thedesignermay
want to reasonaboutthe timing behavior of the circuit to
haveadeeperinsightinto thecircuit dynamics.A userquery
may be relatedto the occurrenceof an event or a series
of events,thebest/worstcasetiming informationaboutthe
events,thedurationbetweentheevents,etc.Theusermay
even want to know the timing behavior of the circuit like
- minimum delay, maximumdelay, time at which the last
glitch occurs,themaximumdurationof aglitch or themax-
imumgapbetweentwo similar transitionsundervariousin-
put scenarios.For this we proposea querylanguagebased
on TemporalLogic [4] which cancapturevariousqueries.
We have developeda graphrepresentationof the possible
eventsat a nodeasa datastructurecalledevent-timegraph
andanalgorithmto retrieve answersto thequeries.

3.1. The event-time graph

We explain the event-timegraph throughan example.
Let us considerthe event-timegraphas shown in Figure
4. The graphis generatedusing the σ (the set of all pos-
sible events)at a nodeby clubbing togetherthoseevents
which have samevalueand time irrespective of their pre-
viousnodefield. Thenew valueof σ (containingpropaga-
tion condition, eventtime, valueandtag) is shown in Figure
4. Theevent-timegraphcanbepartitionedinto threeparts
namelya � ā and I0 and thesedenotethe setof direct fol-
lower eventsandinversefollower eventsof theprimary in-
put eventandthe initial staterespectively. ThenodeN1 in
thegraphdenotestheinitial stateof thenodeandrestof the
nodesin the graphdenotethe possibleevents.The nodes
aresortedin termsof their timeof occurrence.In thegraph,
we have shown all possiblepaths.Someof themmay not
exist for a nodein a circuit. The nodeNi can have a di-
rectedgeto nodeNj if andonly if thetimeof occurrenceof
the ith event is earlierthanthe jth event andthe two nodes
belongto thedifferentpartitionsandλiλ j � k
 j ( 1

k
 i $ 1 λ̄k �54� 0�
Theactivationof a pathin thegraphdependson theλ val-
ues.Thereis no link betweennodeN2 andN4 asboth the
nodeshave samevaluea. This is becausetwo similar tran-
sitionscannotoccurat a circuit nodeconsecutively unless
the nodeundergoesa reversetransitionin between.(Note
that λ1λ3 � λ3λ5 � λ2λ4 � λ4λ6 � 0). For exampleto ac-
tivate the path N1 � N3 � N4 � N7 the condition λ2λ3λ6

shouldholdandto activatethepathN1 � N4 � N7 thecon-
dition λ3λ6λ̄2 shouldhold. So we have a tripartite graph.
We traversethisgraphto extractanswersto userqueries.
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Figure 4. Graph structure for all possible
waveforms at a node

3.2. Query language:

LetSbethescenariosunderwhichthequerywill beeval-
uated,Q be the cost function over situationwhich canbe
maxor min6 C 7 C8 bethecostfunctionover theeventwhich
can be max, min or val 6 07 1 denotesthe logic value at a
nodein the circuit. x represetssomelogic value at a cir-
cuit nodei.e.,09 16 A nodein thecircuit will bereferredby
its name.U is theuntil operator[4] of TemporalLogic.

A scenariocanbe specifiedby the valuesat the differ-
ent inputs and the inputs line wherea transitioncan oc-
cur. Thevalueat aninput line canbe07 1 or x, wherex de-
notesthatit canbeeither0 or 1. Considerthecircuit in Fig-
ure5. To explainourquerylanguagein asimplisticmanner
let usconsiderthe following scenariosS1 :<; a : 1;b : 1;c :
1;d : 0;e : 1; = ; a; =>7 S2 :?; a : 1;b : 1;c : 0;d : 1;e : 0; = ; a; = and
S3 :?; a : x;b : 1;c : 0;d : x;e : 0; = ; a; =@6

ThescenarioS1 denotesa high transitionat nodea and
the restof the primary inputs A b7 c7 d 7 eB will be at 17 17 07 1
respectively. Similarly for S2. Thescenarioscapturedby S3

is thatany transition(high/low) canoccurin thenodea and
the primary input lines b7 c7 e will be at 17 07 1 respectively
andthenoded will beat either0 or 16 Thewaveformsare
shown for scenariosS1 andS2 in Figure5.
Now thesyntaxfor ourquery A F B :

F : ; S= Q C t D C A t1 B ; f =�E ; S= Q C t D C8@A t1 7 t2 B ; f =
f : A termU term BFEGA termU C A t1 B f B

EHA termU C8@A t1 7 t2 B f B
term : node 6 value E3I node 6 value
node : y E Y
value : 0 E 1 E x

3.3. Examples and informal semantics
Herewe will provide an informal explanationof these-

manticsof our querylanguageusingexamples.All theex-
ampleswill beevaluatedunderthescenariosS1 7 S2 andS3.
Thepin-to-pindelaysaregivenin Figure6. Wewill assume

thattheaverageof pin-to-pindelaysasthedelayfor simul-
taneousswitchingfor thegate.Notethat,for S2 simultane-
ousswitchingoccursatnodesw3 andw66
Example 3.1 Determinethetime of occurrenceof thefirst
eventatnodey (mindelay)

; S= minC t D minA t1 B ; A y6 xU I y6 x BJ=
In thequery ; A y6 xU I y6 x BJ= meansat nodey, x will betrue
until I x holdswhich meansa transition(high/low) at the
node.The function minA t1 B denotesthe minimum valueof
all possiblet1’s andt1 representsthe time of transitionas-
sociatedwith the U operator. The function minA t B associ-
atedwith the scenariodenotesthat we will take the mini-
mumvalueof minA t1 B over all thesituationsspecifiedby S6
For S1 themin delayis 46 667 for S2 theansweris 46 72 and
for S3 thevaluewill be46 666
Example 3.2 Find out the time of occurrenceof the last
eventatnodey (maxdelay)

; S= maxC t D maxA t1 B ; A y6 xU I y6 x BJ=
This is similar to thepreviousoneexceptfor thefunctions.
Hereweareinterestedin thelasteventat nodey over some
situations.Themaxdelayfor S1 7 S2 andS3 will be4.98,4.72
and4.82respectively.

Logic  1

Logic  0

( S1 ) (b)   Situation − II(a)  Situation − I
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Figure 5. Example circuit for query

Example 3.3 Determinethe time of occurrenceof the last
glitch

; S= maxC t D maxA t1 B ; A y6 x U val A t1 BKALI y6 xU y6 x B�BJ=
In this case,we expressthe occurrenceof two eventscon-
secutively at nodey. Thenodey undergoesa seriesof tran-
sitionsof theform x M x̄ M x ie.,either1 M 0 M 1 or 0 M 1 M 0.
The val A t1 B function returnsthe value at which the event
(event representedby the subformula)has occurredand
maxA t1 B returnsthemaximumvalueof thestarttime for the
seriesof transitions(theargumentt1 in maxfunction is as-
sociatedwith thefirstU operatorof thequeryformula).For
S1 the time at which last glitch occursis 46 666 For S2, no
suchglitch occursandwe returnnull. For S3 thevaluewill
be46 666
Example 3.4 Determinethemaximumtiming gapbetween
two successive changesatnodey

; S= maxC t D maxA t2 M t1 B ; A y6 xU val A t1 BNANI y6 xU y6 x B�BO=



Herewe areinterestedin the durationof the glitch. In the
function max� t2 � t1 � , the argumentt2 is relatedwith the
valuereturnedby the subformula��P y� xU y� x � andt1 is re-
latedwith theU operatorin thetoplevel of theformula.For
S1 thevalueof this queryis 0� 23 andfor S2 thevaluewill
benull andfor S3 theansweris 0� 16�
Example 3.5 Find out the maximumtiming gap between
two successive similar transitionsatnodeyQ

SR maxC t D max� t2 � t1 � Q � y� xU val � t2 �S�SP y� xU val � t1 �
� y� xU P y� x ���JR

This query representsa seriesof transition of the form
1 � 0 � 1 � 0 or 0 � 1 � 0 � 1� In this casethe function
val � t2 � returnsthevaluereturnedby the innermostval � t1 �
functionsincetheargumentt2 is associatedthesubformula.
The function max� t2 � t1 � returnsthe maximumvalue for
suchsituations.Finally, overall thesituationsthemaximum
valueis taken.For all the situationsthe valuewill be null
sinceat theoutputthereareno two similar transitions.

AND4
Y   A   1.56
Y   B   1.53
Y   C   1.48
Y   D   1.42

AND2
Y   A   1.50
Y   B   1.43

AND3
Y   A   1.53
Y   B   1.59
Y   C   1.42

AND5
Y   A   1.64
Y   B   1.63
Y   C   1.69
Y   D   1.55
Y   E   1.59

AND6
Y   A   1.68
Y   B   1.67
Y   C   1.65
Y   D   1.62
Y   E   1.58
Y   F   1.53

NAND6
Y   A   1.34
Y   B   1.37
Y   C   1.49
Y   D   1.42
Y   E   1.44
Y   F   1.46

NAND5
Y   A   1.36
Y   B   1.38
Y   C   1.41
Y   D   1.43
Y   E   1.45

NAND4
Y   A   1.43
Y   B   1.45
Y   C   1.47
Y   D   1.59

NAND3
Y   A   1.52
Y   B   1.54
Y   C   1.56

NAND2
Y   A   1.64
Y   B   1.65

OR3
Y   A   1.79
Y   B   1.54
Y   C   1.80

NOR4
Y   A   1.65
Y   B   1.61
Y   C   1.55
Y   D   1.48NOR2

BUF

Y   A   1.71
Y   B   1.54

Y   A   1.59

NOR3
Y   A   1.70
Y   B   1.61
Y   C   1.59

OR2
Y   A   1.60
Y   B   1.74

OR4
Y   A   1.56
Y   B   1.72
Y   C   1.84
Y   D   1.93

XOR2
Y   A   1.55
Y   B   1.61

INV
Y   A   1.81

Figure 6. Delay table (values in ns)

4. Results
Wehaveimplementedatool usingourproposedmethod.

Thistool is capableof performingtiminganalysisof circuits
andcananswervariousqueries.We have taken resultsus-
ing the ISCAS85benchmarksusingthefive queriesin Ex-
amples3.1 to 3.5. In orderto have realisticvaluesfor gate
delaysof moderncircuits, we have usedthe table in Fig-
ure6. We have assumeda fixeddelayfor riseandfall tran-
sitionsandboththedelaysaresame.Sincethedelayvalues
for simultaneousswitchingarenotavailable,theaverageof
pin-to-pin delaysaretaken asthe delayfor the simultane-
ousswitching.Eachquerywasevaluatedfor fifty different
randomlygeneratedscenariosandin eachscenariotwenty
of theinput lineswererandomlykeptatx while otherswere
made0 or 1 andfinally over all thescenariosanappropri-
atemin or maxvalueis takendependingon thecases.(For
thequeryin example3.1we take theminimumover all the
scenariosandfor restof thequerieswe take themaximum
over all the scenarios.)We generatedthe event-timegraph
basedon thesymbolictiming analysisapproachof Section
2 andthenexecutedthe querieson that graph.The results
arelisted in Table2. The memoryrequirementfor evalua-
tion of a query is significantlydominatedby the memory
usageof theBDD package.Theresultsshow thattheoccur-
renceof morethanoneevent is very commonie., thenode

undergoesvarioustransitionsbeforethe stabilizationeven
if thereis only a singletransitionin the primary input. In-
terestinglythesearenotknown to occurfor unit delaymod-
els.

Ex-3.1 Ex-3.2 Ex-3.3 Ex-3.4 Ex-3.5

C17 (q) 3.28 4.95 3.29 1.65 NULL

(t) 0 0 0 0 0

C432 (q) 6.11 31.40 29.96 19.96 19.92

(t) 79.65 79.83 79.37 79.24 79.43

C499 (q) 1.63 18.04 17.98 11.39 13.17

(t) 14.31 14.37 14.87 14.87 15.22

C880 (q) 3.01 34.08 26.96 7.66 NULL

(t) 4.33 4.35 4.56 4.53 4.68

C1355 (q) 4.87 37.76 34.52 27.83 26.13

(t) 18.85 18.71 19.59 19.48 20.23

C1908 (q) 4.88 61.30 59.33 46.92 45.56

(t) 20.18 19.81 20.63 20.61 21.21

C3540 (q) 9.29 67.36 65.56 33.16 35.06

(t) 12.83 12.91 13.17 13.11 13.29

C5315 (q) 3.18 6.41 NULL NULL NULL

(t) 0.24 0.23 0.24 0.25 0.26

(q) - queryoutput(in nano-seconds)

(t) - averageexecutiontimeperquery(in seconds)

Table 2. Results on ISCAS85 benchmark cir-
cuit
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