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Abstract

In this paper we presenta new approachto the problemof in-
verter elimination in domino logic synthesis. A small piece of
staticCMOS ogic is introducedto the circuit to avoid significant
areapenaltyresultingfrom duplication. To maximizethe domino
logic partandto minimizethestaticCMOSlogic part,ageneralized
ATPG basedogic transformatioris proposedo eliminateor relo-
cateatargetinverter Basedon the new conceptof dominating set
of mandatory assignment (DSMA) andthe correspondingmplica-
tion graph,we proposealgorithmsto identify aminimumcandidate
setfor atamgetinverter Experimentatesultsshav thatlogic trans-
formationbasedon implicationgraphcanreducetransistorcounts
by 25%andpower delayproductby 25%on average.

1 Introduction

Dynamiclogics suchas dominologic [8] canbe a substitutefor
static CMOS logic in high performancecontrol logic as well as
in datapath design. Such substitutionscould lead to reduction
in delayaswell assilicon area. Despitethe benefitsprovided by
dominologic circuits,the monotonicpropertyof dominologic im-
posessubstantialimitations on the synthesiof aninvertinglogic.
The monotonicpropertyoriginatesfrom the intrinsic operationof
the dominologic which allows at mostone low-to-high transition
attheoutputbuffer in the evaluationphase.

To overcomesuchlimitations,attemptshave beenmadeto mini-
mizeinvertersby themethodof outputphaseassignmenfs]. How-
ever, someinverterscannotbe sweptaway this way, becausehey
aretrappedn arecorvergentloopasillustratedin Figurel. Mostof
theconventionaltechniqueso eliminatetrappednvertersarebased
on duplicationof subcircuits.Therehave beenefforts to minimize
the areaof duplicatedogic [12], or the power consumptiorf9] by
way of outputphaseassignmentSatisfiabilitydont-careoptimiza-
tion wasusedn [11]. Therehave beenapproaches implementing
aninvertinglogic in circuit level, suchasdualrail logic [4], clock-
delayeddominologic [14], andclock-and-datarechageddynamic
circuit[10].

In essenceduplication-basednverter elimination approaches
are extensionsof the bubble pushingalgorithm. Every transitve
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Figure2: Logic transformation-basedvertereliminationor relocation.

fanin gateof a trappedinverteris duplicatedin the network, and
theninvertersare pushedowardsprimary inputsby applying De-
Morganstheorem.

Area penaltyis obviously significantin duplication-basedn-
verterelimination. Along with duplicatedtransistorsconsiderable
amountof interconnectingviresis required.Thus,theroutingand
placemenproblemshecomemorecomple, whichin turnresultin
performancelegradation.

To overcomesuchsignificantpenaltiescausedby duplication,
we allow someinvertersto be includedin a part of the logic net-
work. The monotonicpropertyof dominologic prohibitsthe im-
plementatiorof thetransitive fanoutsubcircuitof aninverterin tra-
ditionaldominologic. BecausetaticCMOSlogic allows bothlow-
to-highandhigh-to-lov transitions the transitve fanoutsubcircuit
of aninvertercanbe synthesizedvith static CMOS logic. In our
approachthecircuitis composeaf adominantdomino logic por-
tion followedby a smallstatic CMOSlogic portion. Smallpieceof
staticCMOSIogic in thecircuit is to avoid significantareapenalty
dueto duplication.

Figure 2 shavs the resynthesizeahetwork when our proposed
transformationtechniqués appliedto thecircuitin Figurel. All the
gatesareimplementedvith dominologic exceptgateX whichwill
be implementedwith staticCMOS logic. Clearly the numberof
transistorss significantlyreducedcomparedo duplication-based
inverterremoval.

Our ultimategoalis to maximizetheadwantage®f dominologic
andatthesametimeto minimizethesizeof thecompensatingtatic
CMOSIogic. Logic transformatiorenableaus eitherto eliminate
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Figure3: A setof mandatoryassignment$o generatea single stuck-at-0
faultatthe signal L, andto propagatehefaultto a signal P. ThesignalL
canberemovedby addingaredundansignal Z andagate X .

the inverters,or to relocatethe invertersas closeto the primary
outputsaspossiblesothatthe CMOS subcircuitis keptsmall.

For eliminationor relocationof inverters,we proposea genef
alizedautomatictestpatterngeneratior(ATPG) basedogic resyn-
thesistechniquewhichwill bepresentedh section2. Experimental
resultsandconclusionfollow in section3 andsection4.

2 Inverter Elimination using ATPG-based
Logic Transformation

2.1 Problem Formulation

Without loss of generality we assumethat a logic network is a
combinationatircuit consistingof 2-inputAND gates2-inputOR
gates,and inverters. The complementansignal of eachprimary
inputis assumedo be available.

Logic transformatiorenablesusto restructurea circuit suchthat
an inverteroutputsignal can be replacedby an alternatve signal.
ATPGtechniqueganbeusedto identify redundansignalsascan-
didatedor substitutiorby performingfault excitationandpropaga-
tion[1, 2].

Thetransformationis carriedout asfollows. For atarget signal
L, generatgor identify) an alternatve signal Z (called a candi-
date) from a setof existing signals(called a candidate set), such
thatL andZ arereciprocallyredundantvith respecto the observ-
ing signal P. In otherwords, L is redundanbecausef Z, andZ
isredundanbecaus®f L. Weintroducea new gateX with theob-
servingsignal P andthealternatve signalZ asinputs,thenremore
thetargetsignal L andthe correspondingjates.

It is importantto notethatthe alternatve signal Z is notunique.
For the circuit in Figurel, Z = (g4 - ¢6) is a candidatefor L, re-
sultingin thecircuitin Figure2. Meanwhile,asshavn in Figure3,
anotherimplementatiorof Z = (g2 - g3 - g4 - g5) canalsoreplace
L without modifying the functionality of thecircuit in Figurel.

Most of the corventional ATPG-basedogic transformatiorap-
proache$ave focusedon singleline rewiring. In [1], identification
of multiple signalsasa candidatesetis carriedout.

We introducethe notion of a minimum candidateset, and pro-
posesystemati@pproacheto identifying minimum candidatesets
in the following sections. Our newv approachegyeneralizetradi-
tional ATPG-basedbgic transformation.

2.2 Definitions and Notations

Throughoutthis paper L denotesthe outputsignal of the tamget
inverterto be removed. P denotesa signalwherethe stuck-at-v
(briefly, s-a-v) faultat L will beobseredasillustratedin Figure3.
Withoutlossof generalitywe assumehatthereis noinvertinglogic

in thepathbetweenL andP. X denotesinadditionalgatethecon-
trolling valueof whichis complementaryo thefaultvalue,namely
v. Z denoteanalternatve signalof L, andZn denotesll signals
usedto generateZ. Theinputsto the gate X are P and Z, and
the outputsignalof thegate X is denotedP’ which representshe
samefunctionasP afterremoving thetarmgetsignal L.

A set of mandatory assignments SMA(L, P, v) of signalL is a
setof orderedpairs< z, V (z) >, wherez is asignalandV (z) is
anassignmentf valuesto x. SMA(L, P, v) isanecessargndsuf-
ficient conditionfor the generatiorof a singles-a-v fault at signal
L, andto propagatehe fault to the signal P througha pathfrom
L. For corveniencewe usetherepresentation € SMA(L, P, v)
if anorderedpair <z, V(z) > isin SMA(L, P,v).

A dominating set of mandatory assignments DSMA(L, P, v) of
signal L is a subsetof SMA(L, P,v) suchthat DSMA(L, P, v)
setsP to .

Let us definethe notionsof redundang and candidateset for-
mally.

SignalL is saidto beredundant with respecto signalP if there
isnoconsistenSMA(L, P, v). SignalZ is acandidatefor signalL
if <Z,v>¢€ SMA(L,P,v),and< P,v > € SMA(Z, Z,v). The
setof signalsfor generating candidateZ, i.e. Zy, is a candidate
set for L.

SMA(L, P,v) males candidateZ have T by definition. <
Z,v> keepsthes-a-v faultat L from propagatingo P’ becaus@
is thecontrollingvalueof X. Thismeanghatthereis no consistent
testfor as-a-v faultat L. Therefore L becomesedundanbecause
of Z. Meanwhile,in orderto assurehefunctionalequivalenceaf-
ter replacingL with Z, Z mustbe redundanbecauseof L. For
this purposewhentestingZ underthe SMA(Z, Z, v) condition,
we assignto P the controlling value of X, which keepsthe s-a-v
fault at Z from propagatingo P’. In otherwords, Z is forcedto
be redundant. Therefore,if Z is a candidatefor L, L and Z are
reciprocallyredundant.

2.3 Minimum Candidate Set

Now we arereadyto describehe propertyof aminimumcandidate
set. The proof of the following lemmaand theoremsare shavn
in[7].

Lemma?2.l Let Ziv be a minimum candidate set for L. If Zy
exists, then Zy does not contain any variablez ¢ SMA(L, P, v).

Lemma2.1connoteghata minimumcandidatesetmustbecho-
senfrom SMA(L, P,v). In otherwords, the searchspacefor a
minimumcandidatesetis restrictedto SMA.

Lemma2.2 Asignal L can be removed fromthe network by intro-
ducing a gate X with controlling value 7, and a signal Z such that
DSMA(L, P,v) C SMA(Z,Z,v), and all tests compatible with
DSMA(L, P,v) imply that Z isequal tov.

Intuitively, Lemma2.2 meanghatbeingamembenf DSMA is
anecessargonditionto bea candidatén acandidateset. Basecon
Lemma2.1landLemma2.2,we prove thefollowing maintheorem.

Theorem 2.1 A minimum candidate set for L is a minimum
DSMA(L, P,v).

Thusthe minimum candidatesetproblemis translatednto that
of identifyingaminimum DSMA(L, P,v) from SMA(L, P, v). In
otherwords,the goalis now to choosea minimumsetof variables
andassociatedalueswhich asserthatthe output P will have the
controlling valueof X. We proposetwo algorithmsbasedon the
notionof implicationgraphdefinedin thefollowing section.
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Figure4: (a) An implication graphcorrespondingdo the SMA(L,P,0);
(b) simplifiedimplication graphwith bridge nodestaken into account;(c)
modifiedimplicationgraphfor min-cutalgorithm.

2.4 Minimum Candidate Set Algorithms based on
SMA Implication Graph

To determineaminimum DSMA, we use(1) thenumberof transis-
torsfor generatingan alternatve signal Z and(2) signalpropaga-
tion delayasfiguresof meritin choosingvariablesirom the SMA.
In otherwords,we choosethe candidatesetwith minimum cardi-
nality first. If thereis atie, anearlysignalis preferred.

2.4.1 SMA Implication Graph

A SMA implicationgraph(in brief,implicationgraph)G = (V, E)
is adirectedagyclic graphconsistingof a nodesetV andanedge
setE. Theimplication graphrepresentsin SMA andthe impli-
cationrelationshipsamongthe orderedpairs. It is constructedas
follows. Eachorderedpair in the SMA correspond$o a nodein
theimplicationgraph.If agatew; is connectedo agatev;, andthe
assignedralueof v; in SMA impliesthe assigned/alueof v; (de-
notedv; = v;), thenthereis a directededge(v;, v;) in the graph.
All the gatesin the sensitizedpath betweenthe target signaland
the observingsignalare collapsedinto onesink node. Then,ary
componentonnectedo the sink node constitutesan implication
graph.

By definition,a DSMA is representeth animplicationgraphas
follows. Let Vp beasetof nodescorrespondingo a DSMA. Then,
thereexistsatleastonepathincludingasubsebf Vp betweereach
sourcenodeandthesink node.

To reducecomputationacomplexity, we simplify the implica-
tion graphin thefollowing way:

Node Collapsing If anodev; hasasingleincidentedge(vy, v¢)
from a nodewy, thenthe nodew; canbe eliminated,andall the
edgeemanatingrom v, will beadjustedo emanatdérom thenode
vy. Thissimplificationis basedn thefollowing theorem:

Theorem 2.2 Let A bea subset of the dominating set of mandatory
assignments, i.ee. A C DSMA(L, P,v). If all ordered pairs in
A are implied by a set of ordered pairs B C SMA(L, P,v), then
(DSMA(L, P,v) — A)U Bisalsoa DSMA(L, P,v).

Node collapsinghelpsto improve the signal propagatiordelay
while keepingthetransistorcountsunchanged.

Redundant Edge Elimination Redundantdgesthat repre-
senttransitive implication can be removed from the implication
graphbasedn thefollowing theorem:

Theorem 2.3 Suppose the assigned variables A and B imply C
and C implies A and B ((AA B) < C). If Aand C imply D
((AANC) = D), thenC impliesD (C = D).

2.4.2 Optimal Algorithm for Minimum Candidate Set

In generalthe minimum DSMA problemis transformednto the
problemof identifying a minimum set of nodeswhich coversall
sourcenodes.Thesetcoveringproblemis known to beNP-hard3].

In the specialcasewherethe implication graphis a tree with
a nodeset V and an edgeset FE, the optimal solution can be
obtainedby the min-cut algorithm. The algorithm computesthe
cut of minimum weight with time compleity O(| V |-| E | +
|V |*log | V]) [13]

For this purposewe exploit a node-splittingechniquewhichis
usedto find a min-cut for nodesratherthan edges. Eachnodeis
divided into two nodesthat are connectecby an edgewhich will
be weightedby a finite value. Otheredgesare assignedo infin-
ity. Thenthe min-cutin the transformedgraphgives an optimal
solution.

2.4.3 Heuristic Algorithm for Minimum Candidate Set

The generabroblemof finding a minimum candidatesetbecomes
more complex whenthe graphcontainsnodeswith multiple out-
going edgesrepresentingnultiple fanoutsin the circuit aswell as
nodeswhich have no pathto the sink node.(Thesenodesarecalled
bridge nodes).

To applythe min-cutalgorithm,we usethe following heuristics
to changehegraphinto atree.

Multiple Outgoing Edges In somecasesanodewith multiple
outgoingedge9recludeshepossibilityof obtaininga bettercandi-
dateset. To remove suchlimitation, we usethefollowing heuristics.
First,weremaove all outgoingedgesxceptoneincidentwith anode
atthelowestlevel. This heuristicis usedto puta preferencenthe
earliestfanoutnode. Secondly if the sink nodesof all outgoing
edgesarelocatedat the samelevel, choosethe edgeincidentwith
thenodewith thelargestnumberof incidentedges(It corresponds
to the greedyapproximatiorfor the setcoveringproblem.)

Bridg e Nodes Bridgenodesrovide opportunitieor obtaining
bettercandidatesets.To take advantageof bridgenodeswe usethe
following heuristic.First, all connectedridgenodesarecollapsed
into onesupernode,. An edge(vy, v) will bereplacedy anedge
(vs, v¢), If thereis atleastoneoutgoingedgefrom vy to oneof the
bridgenodes.

Example2.1: Simplifying the implication graphin Figure 4(a)
and applying heuristicsfor a bridge node(g4) leadto the impli-
cationgraphin Figure 4(b). In orderto apply the min-cut algo-
rithm, theimplication graphin Figure4(b) is modifiedto become
thatin Figure4(c) by node-splitting.The weightingfunctionw(-)
will be properlyspecifiedaccordingto the objective of logic trans-
formationsuchas switchingactwity for low powver. The min-cut
algorithmproduceshe minimum candidateset{g4, g6} for unity
weightfunctionfor theimplicationgraphin Figure4(c).

3 Experimental Results
Thedescribednethodshave beenimplemented First, eachcircuit

in the benchmarlcircuit setwasoptimizedusing SIS, andinvert-
ersare minimized basedon the techniqueproposedn [5]. Then



Tablel: Resultsfor ISCAS-85circuits

Circuit Inv. Duplication IG OptimalAlgorithm® IG HeuristicAlgorithm?
count Area | Delay | Paver Area | Delay | Paver CPUP| CMOS! Area | Delay | Paver | CPU | CMOS
C432 9 1150 82.7 22.6 741 77.9 145 9.0 0.07 766 78.0 145 1.2 0.07
€880 36 1760 78.6 38.2 1423 86.4 26.9 34.8 0.12 1457 89.4 27.1 3.8 0.13
C1355 112 2564 | 45.2 48.1 2072 445 40.7 90.2 0.11 2090 45.1 39.5 7.1 0.11
C1908 107 2471 72.9 51.3 2029 80.3 49.7 | 117.0 0.10 2316 80.9 51.3 6.8 0.12
C2670 94 3707 59.6 87.4 2780 61.6 60.0 | 157.4 0.07 2991 62.3 63.8 | 10.5 0.07
C3540 139 7063 | 100.4 | 156.3 5061 | 100.8 | 106.9 | 275.9 0.03 5211 | 101.1| 105.3| 18.7 0.05
C5315 250 7389 729 | 208.4 5221 76.8 | 1225 704.5 0.18 5303 779 | 134.0| 29.3 0.24
C6288 887 || 15155 | 232.1| 546.6 || 12275 | 240.8 | 415.6 | 4017.6 0.24 || 12551 | 242.6 | 401.2| 76.2 0.26
C7552 402 || 10192 | 182.7| 311.8 7542 | 195.0 | 228.0 | 1591.7 0.10 7722 | 203.7 | 231.6| 40.8 0.13
[Rato | - || 10] 10] 10] 075] 103] 073 ] [ 00 o078 1056] 0/3] - | 013

Limplicationgraphbasedptimalalgorithm
2Implicationgraphbasecheuristicalgorithm
3Computatiortimein sec

4Theratio of thetransistorcountsfor staticCMOS|logic partto thetransistorcountsfor thewholecircuit

trappedinvertersare eliminatedusing duplication and our algo-
rithms. SMA of thetargetsignalis obtainedby usingthetechnique
in [15]. Areaanddelayare measuredising SIS after technology
mapping. Pover consumeddy the circuit is measuredising FIT
power estimatiortool [6], whoseaccurag of the power estimation
is within 5% from HSPICE.

Table 1 compareghe resultsof inverter elimination by dupli-
cation, our implication graph (IG) basedoptimal algorithm and
heuristicalgorithmfor the ISCAS-85circuits. In comparisorwith
theduplicationapproachthelG optimalalgorithmreducedhearea
by 25%,while the delayincreasedy about3% ontheaverage We
notethatthe power reductionis significant. The circuits consume
27% lesspower. Comparingthe performanceof the IG heuristic
algorithmwith thatof thelG optimalalgorithm,we notethatcom-
putationsarecarriedout within reasonabléime without significant
degradatiorof areadelay andpower.

The column denoted“CMOS” correspondgo the number of
transistorsn the staticCMOSlogic divided by the numberof tran-
sistorsin thewhole circuit. Onthe average 10% of the transistors
usedin the static CMOS logic. We notethat a larger numberof
trappedinverterscausesncreasesn the size of the staticCMOS
logic asin thecircuit C6288.

4 Conclusions

Thiswork wasmotivatedby the obserationthatduplication-based
inverter elimination causesxpensve areaand pover penalty To
overcomesuchpenaltieswe proposeda hybrid circuit containing
bothdominologic andcompensatingtaticCMOSIogic.

To minimize the CMOS logic andto maximizethe benefitsof
dominologic, we proposeda generalATPG-basedipproachesor
the eliminationof inverters.Our new algorithmsenableusto map
thesetof mandatoryassignmentito theimplicationgraph,andto
identify minimum candidatesetsfor inverterreplacementrom the
implicationgraph.

Our experimentalresultsshav that areais reducedby 25% on
theaverage.Thetransformedtircuitsalsoshav a25%reductionin
power delayproductcomparedvith the duplicatedcircuits.

Notethatour approacto identifying minimum candidatesetis
alsousefulfor logic resynthesisEquippedwith the properweight-
ing function, suchas switchingactwity, this techniquecandeter
mine anoptimal solutionfor low power in areasonablamountof
computationatime.
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