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Abstract

Presentday designes require deepreasoningmethods
to analyzecircuit timing. This includesanalysisof effects
of dynamicbehavior (like glitches) on critical paths, si-
multaneouswitching andidentificationof specificpatterns
and their timings. This paper proposesa novel approadc
that usesa combinationof symboliceventpropagationand
tempoal reasoningto extract timing propertiesof gate-
level circuits. Theformulation captues comple situations
like trigerring of traditional false pathsand simultaneous
switching in a unified symbolicrepresentationin addition
to identifying false paths,critical pathsas well as condi-
tions for sud situations. This information is then repre-
sentedas an event-timegraph. A simpletempoal logic on
eventsis proposedthat can be usedto formulate a wide
classof usefulqueriesfor variousinputscenariosThesén-
cludemaximum/minimurdelays transitiontimes,duration
of patterns etc. Analgorithmis developedhatretrievesan-
swesto sud queriesfromtheevent-timegraph.A complete
BDD basedimplementatiorof this systemhasbeenmade
Resulton the ISCAS8%endimarksindicatevery interest-
ing propertiesof thesecircuits.

1. Introduction

The estimationof timing behaior quickly and accu-
ratelyis a challengingaskdueto thecompleity of present
day circuits. Timing analysisof a circuit traditionally in-
volvesestimatingthecritical delayof thecircuit afterelim-
inating false paths.In recenttimes static timing analysis
(STA) hasgainedin popularityoverdynamicsimulationbe-
causeof its speedand capability to handlelarge designs.
However dynamicsimulationcanprovide moredetailedin-
formationaboutcircuit behaior. This work presenta new
approachusinga combinationof symbolicevent propag-
tion andformallogic to reasoraboutcircuit timing usinga
mixed approactthatis capableof retrieving importantde-
tails requiredin moderncircuits while taking advantageof
bothmethods.
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We briefly discussrelatedwork. The main focusin [2]
liesin the determinatiorof correctsensitizatiorconditions
for timing verification. [5] is basedon the representation
of conditionaldelaymatrices(CDM) which combinemod-
ule delayswith eventpropagtion conditions.A systematic
analysisof delay computationbasedon a seriesof wave-
form modelsthat capturesignalbehaior rigorouslyat dif-
ferentlevels of detailis presentedn [6]. The mostgeneral
model, calledthe exact or WO model,specifieseachevent
occurringin a circuit signal. Algebraic DecisionDiagram
[1] basedmethodscanbe usedto performdelay computa-
tionin combinationatircuits.A modelis proposedy Chen
et.al.[3] to captureghedelayphenomenassociatedvith si-
multaneougo-controllingtransitions.
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Figure 1. Example circuit where multiple tran-
sitions activate a false path

Thiswork is motivatedby thefactthatexistingtoolsnor-
mally fail to produceaccurateesultsin thedeepsubmicron
region sincethey do not considerthe impactof varioussit-
uationsrelatingto event propagtion. For example,tempo-
ral proximity of two or more events(simultaneouswitch-
ing) mayhave significanteffectonthe propagtiontime[3].
Most of the statictiming analysistoolsfind out falsepaths
andignorethemin further calculations We have obsenred
thatmultiple transitionsat a nodemay activatea falsepath.
Glitches(transitionto high/low valuefor asmallperiod)oc-
cur very oftenin circuits. In Figure 1, a circuit is shavn
wheretraditional methodsreportthe path {a,r,y} to be a
falseone(gatedelaysare shovn insidethe gate). However
asshavnin Figurel, theglitch atnodet sensitizeshepath.



The effectsof suchsituationsneedto be consideredo ob-
tain moreaccurataesults.Our approacthereis to perform
a combinationof static and dynamic analysis,to enable
deepemreasoningon timing behaior. Our methodis capa-
ble of executingacombinatiorof symbolicevent/waveform
propagtion andtemporallogic analysisbasedon userre-
quirementsin orderto provide a deeperlinsight on signal
propagtionin thecircuit we needo have aversatilemecha-
nismusingwhich the designercanreasoraboutwaveforms
andtimings. For this we have developeda querylanguage
basedon TemporalLogic in which one canexpressa tim-
ing queryonthecircuit undervariousscenariosAlgorithms
to storetiming informationandretrieve queryresultseffi-
ciently arealsoproposedResultson standarcbenchmarks
(ISCAS85)arepromisingaswe areableto retrieve somein-
terestingnformationaboutthesecircuitsnotknown earlier

2. Mathematical formulation

In our formulationwe will considera gatelevel specifi-
cationof the netlist. Gateshave pin-to-pindelays.In build-
ing the mathematicamodel,we will assumehe circuit is
purelycombinationaivithoutary feedbackoop,only asin-
gle transitioncanoccurin oneof the primaryinputsandall
thetransitionsareinstantaneoudn additionwe will assume
thattheinterconnechasno delay

Givenaninput stimulusto thecircuit, achangeor transi-
tion in valueat the circuit nodeis calledanevent Thetime
atwhichtheeventoccursis calledeventtime Theentirese-
quenceof eventsoccurringat a nodex (say)over thetime
periodof interestis calledthewaveformof x. If aneventap-
pearson outputline z of agatein response¢o anevent j on
inputline x, thenevent j is saidto propagteto z. Thelog-
ical conditionunderwhich this occursis calledthe propa-
gation condition(PC). A paththatcannotbe sensitizedun-
derary inputtransitionis calledanunsensitizabler afalse
path The delayof a circuit is definedasthe differencein
time betweenan occurrenceof aninput transitionandthe
time at which the outputstabilizes.Becausecircuit delays
are determinedby eventsthat propagteto the outputs,it
is importantthateventpropagtionbeaccuratelycharacter
ized.Thecritical pathin acircuitis thelongestsensitizable
path.Thecircuit delayis thelengthof thecritical path.

We will useafew notationsin the following discussion
asdescribedelow. a,b, a3, a, . .., a, areBoolearvariables.

ab=aAb, at+b=avb, a—b=aAb

n n
Ua=avav...vay (Nai=aiAazA...Aan
i—1 i—1

2.1. Event propagation

We will first considera2-inputAND gateto explain our
formulation.Later we will presenthe generalformulation
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Figure 2. AND gate

for ary gate.Consideran AND gateasshavn in Figure2.

Any event at nodex will propagte to the output node z
if andonly if the otherinputy is true, hencethe PC =y,

i.e., the non-controllingvaluefor AND gateis 1. (In case
of an OR gatethe non-controllingvalue will be 0. For an
XOR gateary eventin ary inputwill propagteto the out-

put, thusthe propagtion conditionfor this gateis 1. A true
conditionholdsfor the NOT and BUFFER gates.)If d be
the delay of the gate thenthe event will occurat the out-

put afterd units of time. Similarly in Figure 2 the PC for

ary eventto propagtefrom nodey to the nodez is x. For

eacheventwe will storesomemoreinformationalongwith

the propagtion condition.Let o denotethe setof all possi-
ble eventsthat canoccurat a node.o at a nodex, denoted
by oy, will bedefinedasfollows

ox={ (N thVitag,P)}  0<i<m

where,

)\‘X : propagtioncondition(Boolean)thatneedgo be

truefor the eventto occur

ti : time atwhich theeventoccurs

Vi : valueatnodex aftertheit" event

tagl, : primaryinputwherethetransitionhasoccured

P} : previous nodesfrom which the eventhaspropagted

n; : total numberof possiblesvents

The 0™ eventis aspecialone. |t describesheinitial sta-

tusof thenode.For this eventthetag andthe previousnode
fieldswill be null. For thetime beingwe will assumehat
no simultaneousswitching takes placeie, mathematically
ti £t} Vi, j.Leto, bethesetof all possiblesventsatnode
zin Figure2. Theith eventat nodex will propagteto the
outputz with respecto thejt" eventat nodey, if no event
occursat nodey in the time interval betweert, andt} and
the value at nodey hasto be logic high (ie., v§, hasto be
true) andbothit" andjt" eventshave propagtedto nodex
andy respectiely for the sametransitionat the primaryin-
put (ie., boththe eventshave the sametag). Let the propa-
gatedeventat nodez bethek!" possibleavent,hencemath-
ematicallythe propagtion conditionfor it will be

r=l|
N=NN-(U M),
r=j+1
wherel is suchthatt) < t, <tj**, t # t) i, j For each

suchcompatiblej (t) < t}), therewill be ak. The tag for
the k" eventat nodez will be the sameasthe tag associ-
atedwith theit" eventat nodex. The previousnodefor the



kih eventat nodez will bex, it meansthatthe K" eventre-

sultsfrom a single event at nodex. The time at which the
k!h eventat nodez will occuris (t, +d).

Simultaneous switching: Using the previous notation,let

us assumethat the it" eventat nodex happenssimultane-
ously (in a very closeinterval of time - the length of this

intenal(e) for a gatewill be basedon pin-to-pindelayval-

ues[3].) with the jt" eventat nodey. For an AND gateas
in Figure2, suchaneventcanonly propagteto the output
if boththetransitionsarethe sameie., both areeitherhigh

transitionsor low transitionsIf oneof themis arisetransi-
tion andtheotheris afall transitionthenno eventwill prop-
agateto the output.Hencemathematically

A= NNV VW)

Thetagfor the new eventwill bethesameasthetagof the
ith event at nodex or the tag for the j'" eventat nodey -
thisis becaus¢he eventsat nodex andy have thesametag.
The pathfor the K" eventwill be (x,y). Thetime at which
this eventwill occuris the delayof the gatedueto simulta-
neousswitchingplus (t; +ty)/2. We will assumehe delay
value of a gate dueto simultaneouswitchingis the aver-
ageof pin-to-pindelaysunlessotherwiseis specified.
Combining both: For a two input AND gate combining
both the situations(single and multiple switching) we get
thefollowing PC

r=l
M=t < NN - (U M)+
r=j+1
(B Ze t) N (M +viev)
wherel is suchthatt) < ti < th*1. <, returnstrueif t} <
(ti — €) holdsand=, returnsthetruth of thetemporalprox-
imity of the i andthe j'" events(ie., if (ti—¢) <tJ <
(ty + €) holds). The path will be either (x) or (x,y) de-

pendingonwhetheramultiple switchingoccursor not. The
eventtime will bedeterminedaccordingly

2.2. General formulation

Let us consideran arbitrary gate having n inputsanda
single output. Let f be the functionality of the gate. Let
i1,i2,--+,in be the n inputs andy be the outputie., y =
f(iq,i2,...,in). We wantto find out the propagtion con-
dition for the j!" event at nodeix with respectto the r "
eventatnodeiy, wherem=1,2,...,k—1,k+1,...,n. Let
all theseeventsbe propagtedfrom the sameprimary in-
putx (say).Let the valueof the k™ nodechangefrom iy to
i after the occurrenceof the j'" event. The two valuesat
the output, after and beforethe event, will be denotedby
fi and f;, wherefi, = f(i1,iz,...,ik-1,1k ik+1,---,in) and
fﬂ( = f(ilai27 ERRE) ik—l: ika ik+1a s 7in)-

The conditionfor the saideventto propagteto the out-
putwill be determinedby the propagtion conditionof the

saideventandtheothereventsattheothernodesafterwhich
the saideventoccursandby the valuesof theall the nodes.
We introducea notationF which denoteghe logical con-
dition that needsto be satisfiedarisingfrom the valuesof
differentnodes Fp, denoteshe changesn oneinputnode,
Foyp,...ps denoteghe simultaneoughangesn sinputnodes
wherep; € {i1,iz,...,in}. An eventwill propagteto the
outputif thetransitionattheinput causes transitionatthe
outputie., thevalueof theoutputnodewill changeafterthe
occurrencef theevent.Hence

F, = fi fi +fi, fi
Similarly, for simultaneoughangesn sinputs,

Foipaps = Toupzps foupe s + Tpup..ps Tpupa...ps
In caseof two input (i1,i2) AND gatethe conditionfor an
eventin nodei; to propagteis
R, =li1izi1io +i1izitip =i1iz(i1+i2) +iti2(i1+12) =12
ie, the otherinput hasto betrue.If two eventsoccursimul-
taneouslyatthe nodesis, iz, of anAND gatethe eventwill
propagteto the outputif thefollowing conditionholds:

Fi, = fii,fip+ leiz fin= i1io 4107
Thatis if boththetransitionsarethesameonly thenwill the
eventpropagte.

Since,thejt" eventin the ki" nodeoccursexactly after
ther, " eventof thei, " nodewherem=1,2,... k—1,k+
1,...,n. Letusassumdhatamongthen eventss numberof
events(includingthejt" eventat the k! node)occursimul-
taneouslyLet the propagitedevent at the outputy be the
ht" possibleeventat thatnode.Hencethe propagtion con-
dition for the ht" eventat the outputwill be

m=n Im
A =Foppps [ ()‘ir;:_( U )\ﬁm)>
m=1 O=rm+1
wherelp is suchthatt™ <t} <™ vm=12_..n
andthe valuewill be f(\/irll, izz,...,vir:) andthe eventtime
will bedelayof the gatedueto simultaneouswitchingat s
nodesplus (3i=5tg)/s.

After performingthepreviouscalculatiorwe will getthe
possibleeventsatanodein theform of (A,t,v,x, P). In order
to expressv in termsof x, the four mutually exclusive and
exhaustve situationsarelistedin Tablel. In thetablevhgy
denoteshow the outputfollows the input. If the condition
xv+xv holdsthentheoutputwill follow (x) theinputother
wisethereversetransition(x) will occuratthe output.Now
thepossibleaventwill bebrokeninto two possibleaventsof
theform (A(xv+Xxv),t,x,x, P) and(A(Xv+xv),t, X, X, P). Fi-
nally, in ary nodeall thoseeventswill be clubbedtogether
which have the samevalueandtime The propagtioncon-
dition will be OR-edandtag, previousnode valueswill be
remainunchanged.

It may be obsered that we computeinformation for
all possiblesingle input changesfor various input con-
ditions symbolically using Binary Decision Diagrams
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Table 1. Possible situations

Figure 3. Example circuit for simultaneous
switching

(BDDs) without having to run different computationsor
differentinput changesndinput conditions.

Two examplesare presentedhere. The first example
shavs haw simultaneouswitchingbehaior is capturedn
the formulationandthe secondonedescribeshow consid-
erationof glitchesand subsequenactivation of traditional
falsepathscanbe detectedIn thefirst examplewe will as-
sumethe delayvalue for the gatein caseof simultaneous
switchingis 80% of the normalgatedelay

Example 2.1 Considerthe examplein Figure 3. We will
consideronly the pathsfrom primary input a to primary
outputy. Now we will determinethe o at variousnodes.
Thepossiblesventswhich have the propagtionconditionO
(false)arenotshawn here.

Op = { (1,0,@b,null, null), (b,2,a,a.a) }
oq = { (1,0,a+c,null,null), (c.3,aaa) }
om = { (1,0,ac+ab,null,null), (abc,3,a a p),

( (a+a6)73)a)a7 p)’ (C a_+b)’4)a7a7q)7
(abc,4,a,a,q)}

o = (1,0,a+c,null, null), (c,2,a,a,a)
Op = (1,0,a+c,null, null), (c,4,aa,r)
o = { (1 0,ab+ac, null, null), (5b 4,3 a, m),

(c(a+b), 48 a,a,(m, n))}

Now one cantell not only the critical delay but alsothe
conditionsunderwhich the critical pathwill be sensitized
usingthe propa@tion conditionassociatedavith thatevent.
The critical pathsare highlightedin Figure 3. Well known
methoddik e [5] estimatethe critical delayas5 in this case.

Example 2.2 Considetthecircuitin Figurel. Thepossible
eventsatthe outputnodewill be

oy ={(1,0,0,null, null), (a,5,a,a,t), (a,6,a,a,r)}
Thusthecritical delayfor this circuit is 6 andthis eventwill
occurif thereis arisetransitionin the primary input asthe

propagtion conditionassociatedvith thisis a. In this case
traditionalmethodseportthe critical delayas5. Reporting
lower critical delayis possiblymore seriousthanoveresti-
matingit.

3. Reasoning about timing behavior

After performingthe previousanalysisthedesignemay
wantto reasonaboutthe timing behaior of the circuit to
have adeepeinsightinto thecircuit dynamicsA userquery
may be relatedto the occurrenceof an event or a series
of events,the best/worstcasetiming informationaboutthe
events,the durationbetweerthe events,etc. The usermay
even want to know the timing behaior of the circuit like
- minimum delay maximumdelay time at which the last
glitch occurs the maximumdurationof aglitch or themax-
imum gap betweertwo similar transitionsundervariousin-
put scenariosFor this we proposea querylanguagebased
on TemporalLogic [4] which cancapturevariousqueries.
We have developeda graphrepresentatiomof the possible
eventsat a nodeasa datastructurecalledevent-timegraph
andanalgorithmto retrieve answergo the queries.

3.1. Theevent-timegraph

We explain the event-time graphthrough an example.
Let us considerthe event-time graphas shovn in Figure
4. The graphis generatedisingthe ¢ (the setof all pos-
sible events)at a node by clubbing togetherthoseevents
which have samevalue andtime irrespectve of their pre-
viousnodefield. The new valueof g (containingpropaga-
tion condition eventtime, valueandtag) is showvnin Figure
4. The event-timegraphcanbe partitionedinto threeparts
namelya, a and |y andthesedenotethe setof direct fol-
lower eventsandinversefollower eventsof the primaryin-
put eventandtheinitial staterespectiely. The nodeN1 in
thegraphdenotegheinitial stateof thenodeandrestof the
nodesin the graphdenotethe possibleevents. The nodes
aresortedin termsof theirtime of occurrenceln thegraph,
we have showvn all possiblepaths.Someof themmay not
exist for a nodein a circuit. The nodeN; can have a di-
rectedgeto nodeN; if andonly if thetime of occurrencef
theit" eventis earlierthanthe " eventandthe two nodes
belongto the differentpartitionsandAjA (ﬂkfllﬂl)\k) #0.
The activation of a pathin the graphdependsm the A val-
ues.Thereis no link betweemodeN2 andN4 asboththe
nodeshave samevaluea. Thisis becausewo similar tran-
sitions cannotoccurat a circuit nodeconsecutiely unless
the nodeundegoesa reversetransitionin between(Note
thatA1A3 = AzAs = A2Ag = Aghg = 0). For exampleto ac-
tivate the path N1 — N3 — N4 — N7 the condition A2A3zAg
shouldhold andto activatethe pathN1— N4 — N7 thecon-
dition AsAgA2 shouldhold. So we have a tripartite graph.
We traversethis graphto extractanswergo userqueries.



N1:(1,0,v,null
N2: (A1, 1y, 8,8)
N3:(A,,t,a,a)
N4: (A3, t,,a,a)
N5: (A4, t,,2,)
N6: (Ag, t3, &,a)
N7: (X, t3,0,8)

o={ (10,v,null), A1, t, @@\, t;, 2,33, t,, a,a)A4, t,,2,8)A5, t3, @,8)Ag, t3,a,8)

Figure 4. Graph structure for all possible
waveforms at a node

3.2. Query language:

Let Sbethescenariosinderwhichthequerywill beeval-
uated,Q be the costfunction over situationwhich canbe
maxor min. C, C’ bethe costfunctionovertheeventwhich
canbe max min or val. 0, 1 denotesthe logic value at a
nodein the circuit. x represetssomelogic value at a cir-
cuit nodei.e.,0/1. A nodein thecircuit will bereferredby
its nameU is the until operatoff4] of TemporalLogic.

A scenariocan be specifiedby the valuesat the differ-
ent inputs and the inputs line where a transition can oc-
cur. Thevalueataninputline canbe0, 1 or x, wherex de-
notesthatit canbeeither0O or 1. Considetthecircuit in Fig-
ure5. To explain our querylanguagen a simplisticmanner
let us considerthe following scenarioss; = [a: 1;b: 1;c:
1;d:0e:1;][a], S =[a:1;b:1;c:0;d:1;e:0;][a;] and
S=[a:xb:1;c:0;d:x;e:0;][a].

The scenarioS; denotesa high transitionat nodea and
therestof the primaryinputs(b,c,d,e) will beat1,1,0,1
respectiely. Similarly for S,. Thescenariogapturedby Ss
is thatary transition(high/low) canoccurin thenodea and
the primary input lines b, c,e will beat 1,0, 1 respectiely
andthe noded will beateither0 or 1. The waveformsare
shavn for scenarioss; andS; in Figure5.

Now the syntaxfor our query(F) :
F @ [Sow Cty)[f] | [Squ C'(t, t2) [f]
f : (termUterm) | (termU C(t1) f)
| (termU C'(tg, tp) )

term node.value| —node. value
node ylY
value 0|1|x

3.3. Examplesand informal semantics

Herewe will provide aninformal explanationof the se-
manticsof our querylanguageusingexamples All the ex-
ampleswill be evaluatedunderthe scenarioss;, S andSs.
Thepin-to-pindelaysaregivenin Figure6. We will assume

thatthe averageof pin-to-pindelaysasthe delayfor simul-
taneousswitchingfor the gate.Notethat,for S, simultane-
ousswitchingoccursat nodesw3 andwe.

Example 3.1 Determinethetime of occurrencef thefirst
eventatnodey (mindelay)

[Sminy Min(ta) [(y.xU —y.x)]

In thequery[( y.xU —y.x)] meansatnodey, x will betrue
until —x holds which meansa transition (high/low) at the
node.The function min(t;) denoteshe minimum value of

all possiblet;’s andt; representshe time of transitionas-
sociatedwith the U operator The function min(t) associ-
atedwith the scenariodenoteshatwe will take the mini-

mumvalueof min(t;) over all thesituationsspecifiecby S

For S the min delayis 4.66, for S, the answeris 4.72 and
for S3 thevaluewill be4.66.

Example 3.2 Find out the time of occurrenceof the last
eventatnodey (maxdelay)

[Simaxt) max(ts) [(y-xU —yx)]

Thisis similarto the previousoneexceptfor thefunctions.
Herewe areinterestedn thelasteventat nodey over some
situationsThemaxdelayfor S, S, andSs will be4.98,4.72
and4.82respectiely.

(a) Situation - 1(S;)

(b) Situation - Il (S,)

Figure 5. Example circuit for query

Example 3.3 Determinethe time of occurrenceof the last
glitch

[Simaxt) maxty) [(y.x U val(ty) (—y.xUyx))]

In this case we expressthe occurrenceof two eventscon-
secutvely atnodey. The nodey undegoesa seriesof tran-
sitionsof theform x—x— xie., eitherl—0—10or0—1—0.
The val(t;) function returnsthe value at which the event
(event representeddy the subformula)has occurredand
maxty) returnsthemaximumvalueof the starttime for the
seriesof transitions(the amgumentt; in maxfunctionis as-
sociatedvith thefirstU operatorof the queryformula).For
S thetime at which last glitch occursis 4.66. For S, no
suchglitch occursandwe returnnull. For S3 the valuewill

be4.66.

Example 3.4 Determinghemaximumtiming gapbetween
two successie changeat nodey

[Smaxt) max(tz —t1) [(yxU val(ty) (—y.xU y.x))]



Herewe areinterestedn the durationof the glitch. In the
function maxt; — t1), the amumentt; is relatedwith the
valuereturnedby the subformula(—y.xU y.x) andt; is re-
latedwith theU operatoiin thetoplevel of theformula.For
S thevalueof this queryis 0.23 andfor & thevaluewill
benull andfor S3 theansweris 0.16.

Example 3.5 Find out the maximumtiming gap between
two successie similar transitionsat nodey

[S maxt) max(ty —t1) [(y.xU val(ty) (—y.xU val(t)
(y.XU —y.x))]
This query representsa seriesof transition of the form
1-0-1-00r0—1-0-1. In this casethe function
val(tz) returnsthe valuereturnedby theinner mostval(t;)
functionsincetheargumentt; is associatethesubformula.
The function maxt, — t1) returnsthe maximumvalue for
suchsituationsFinally, overall thesituationghemaximum
valueis taken. For all the situationsthe valuewill be null
sinceatthe outputthereareno two similar transitions.

AND2  AND3 AND4 ANDS AND6  OR3 NOR4  OR2
Y A 150 Y A 153 Y A 156 Y A 164 Y A 168 Y A 179 Y A 165 Y A 160
Y B 143 Y B 159 Y B 153 Y B 163 Y B 167 Y B 154 Y B 161 Y B 174
Y C142 Y C 148 Y C 169 Y C 165 Y C 180 Y C 155
NANDSG OR4
Y D 142 Y D 155 Y D 162 \oro Y D 148 v A 156
Y A 134 NANDS Y E 159 Y E 158
Y B 137 Y A 136 NAND4 Y F 183 & A L7L NOR3 Yy B 172
Y C 149 Y B 138 Y A 143 NAND3 Y B 154 ¥ A L70 Y C 184
Y D 142 Y C 141 Y B 145 Y A 152 NAND2 gy Y B 161 ¥ D 193
Y E 144 Y D 143 Y C 147 Y B 154 Y A 164 v p 159 ' C 59 XOR2
Y F 146 Y E 145 Y D 159 Y C 156 Y B 165 INV Y A 155
Y A 181 Y B 161

Figure 6. Delay table (values in ns)

4. Results

We haveimplementedatool usingour proposednethod.
Thistoolis capableof performingtiming analysisof circuits
andcananswervariousqueries We have taken resultsus-
ing the ISCAS85benchmarkaisingthe five queriesin Ex-
amples3.1to 3.5.In orderto have realisticvaluesfor gate
delaysof moderncircuits, we have usedthe tablein Fig-
ure 6. We have assumea fixed delayfor rise andfall tran-
sitionsandboththe delaysaresame Sincethedelayvalues
for simultaneouswitchingarenot available,the averageof
pin-to-pin delaysaretaken asthe delayfor the simultane-
ousswitching.Eachquerywasevaluatedfor fifty different
randomlygeneratedcenarioandin eachscenariatwenty
of theinputlineswererandomlykeptatx while otherswere
madeO or 1 andfinally over all the scenariosan appropri-
atemin or maxvalueis taken dependingon the cases(For
thequeryin example3.1we take the minimumover all the
scenarioandfor restof the querieswe take the maximum
over all the scenarios.)We generatedhe event-timegraph
basedon the symbolictiming analysisapproactof Section
2 andthenexecutedthe querieson that graph.The results
arelistedin Table2. The memoryrequiremenfor evalua-
tion of a queryis significantly dominatedby the memory
usageof theBDD packageTheresultsshav thatthe occur
renceof morethanoneeventis very commonie., thenode

undegoesvarioustransitionsbeforethe stabilizationeven
if thereis only a singletransitionin the primaryinput. In-
terestinglythesearenotknown to occurfor unit delaymod-
els.

] | Ex-3.1] Ex32 [ Ex3.3 | Ex-3.4 | Ex-35 |

C17 (q) | 328 | 495 | 329 | 1.65 | NULL
) 0 0 0 0 0
C432 (q) | 6.11 | 31.40 | 29.96 | 19.96 | 19.92
( | 79.65 | 79.83 | 79.37 | 79.24 | 79.43
C499 (q) | 1.63 | 18.04 | 17.98 | 11.39 | 13.17
(O | 1431 | 14.37 | 1487 | 1487 | 1522
Cc880 (q) | 3.01 | 34.08 | 26.96 | 7.66 | NULL

() | 433 | 435 | 456 | 453 | 468

C1355 (q) | 4.87 | 37.76 | 3452 | 27.83 | 26.13
() | 18.85 | 18.71 | 19.59 | 19.48 | 20.23
C1908 (q) | 4.88 | 61.30 | 59.33 | 46.92 | 45.56
(0 | 20.18 | 19.81 | 20.63 | 20.61 | 21.21
C3540 (q) | 9.29 | 67.36 | 6556 | 33.16 | 35.06
(© | 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) - averageexecutiontime perquery(in seconds)

Table 2. Results on ISCAS85 benchmark cir-
cuit
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