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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
staticCMOSlogic is introducedto the circuit to avoid significant
areapenaltyresultingfrom duplication. To maximizethe domino
logicpartandto minimizethestaticCMOSlogic part,ageneralized
ATPGbasedlogic transformationis proposedto eliminateor relo-
catea target inverter. Basedon thenew conceptof dominating set
of mandatory assignment (DSMA) andthecorrespondingimplica-
tion graph,weproposealgorithmsto identify aminimumcandidate
setfor a targetinverter. Experimentalresultsshow thatlogic trans-
formationbasedon implicationgraphcanreducetransistorcounts
by 25%andpowerdelayproductby 25%onaverage.

1 Intr oduction

Dynamic logics suchas domino logic [8] canbe a substitutefor
static CMOS logic in high performancecontrol logic as well as
in datapath design. Suchsubstitutionscould lead to reduction
in delayaswell assilicon area. Despitethe benefitsprovided by
dominologic circuits,themonotonicpropertyof dominologic im-
posessubstantiallimitationson thesynthesisof an invertinglogic.
The monotonicpropertyoriginatesfrom the intrinsic operationof
the dominologic which allows at mostonelow-to-high transition
at theoutputbuffer in theevaluationphase.

To overcomesuchlimitations,attemptshavebeenmadeto mini-
mizeinvertersby themethodof outputphaseassignment[5]. How-
ever, someinverterscannotbesweptaway this way, becausethey
aretrappedin areconvergentloopasillustratedin Figure1. Mostof
theconventionaltechniquesto eliminatetrappedinvertersarebased
on duplicationof subcircuits.Therehave beenefforts to minimize
theareaof duplicatedlogic [12], or thepower consumption[9] by
wayof outputphaseassignment.Satisfiabilitydon’t-careoptimiza-
tion wasusedin [11]. Therehavebeenapproachesto implementing
aninvertinglogic in circuit level, suchasdualrail logic [4], clock-
delayeddominologic [14], andclock-and-dataprechargeddynamic
circuit [10].

In essence,duplication-basedinverter elimination approaches
are extensionsof the bubblepushingalgorithm. Every transitive
�
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Figure1: A combinationalcircuit with a trappedinverter.
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Figure2: Logic transformation-basedinvertereliminationor relocation.

fanin gateof a trappedinverter is duplicatedin the network, and
theninvertersarepushedtowardsprimary inputsby applyingDe-
Morgan’s theorem.

Area penalty is obviously significant in duplication-basedin-
verterelimination.Along with duplicatedtransistors,considerable
amountof interconnectingwiresis required.Thus,theroutingand
placementproblemsbecomemorecomplex, which in turn resultin
performancedegradation.

To overcomesuchsignificantpenaltiescausedby duplication,
we allow someinvertersto be includedin a part of the logic net-
work. The monotonicpropertyof dominologic prohibitsthe im-
plementationof thetransitive fanoutsubcircuitof aninverterin tra-
ditionaldominologic. BecausestaticCMOSlogic allowsbothlow-
to-highandhigh-to-low transitions,thetransitive fanoutsubcircuit
of an invertercanbe synthesizedwith staticCMOS logic. In our
approach,thecircuit is composedof adominantdomino logic por-
tion followedby asmallstatic CMOS logic portion. Smallpieceof
staticCMOSlogic in thecircuit is to avoid significantareapenalty
dueto duplication.

Figure2 shows the resynthesizednetwork when our proposed
transformationtechniqueis appliedto thecircuit in Figure1. All the
gatesareimplementedwith dominologic exceptgate2 whichwill
be implementedwith staticCMOS logic. Clearly, the numberof
transistorsis significantlyreducedcomparedto duplication-based
inverterremoval.

Ourultimategoalis to maximizetheadvantagesof dominologic
andatthesametimeto minimizethesizeof thecompensatingstatic
CMOS logic. Logic transformationenablesus eitherto eliminate

0-7803-5832-X /99/$10.00 ©1999 IEEE.
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Figure3: A setof mandatoryassignmentsto generatea singlestuck-at-0
fault at thesignal O , andto propagatethefault to a signal P . Thesignal O
canberemovedby addinga redundantsignal Q andagateR .

the inverters,or to relocatethe invertersas closeto the primary
outputsaspossiblesothattheCMOSsubcircuitis keptsmall.

For eliminationor relocationof inverters,we proposea gener-
alizedautomatictestpatterngeneration(ATPG)basedlogic resyn-
thesistechniquewhichwill bepresentedin section2. Experimental
resultsandconclusionfollow in section3 andsection4.

2 Inver ter Elimination using ATPG-based
Logic Transf ormation

2.1 Problem Form ulation

Without loss of generality, we assumethat a logic network is a
combinationalcircuit consistingof 2-inputAND gates,2-inputOR
gates,and inverters. The complementarysignal of eachprimary
input is assumedto beavailable.

Logic transformationenablesusto restructureacircuit suchthat
an inverteroutputsignalcanbe replacedby an alternative signal.
ATPGtechniquescanbeusedto identify redundantsignalsascan-
didatesfor substitutionby performingfaultexcitationandpropaga-
tion [1, 2].

Thetransformationis carriedout asfollows. For a target signalS
, generate(or identify) an alternative signal T (called a candi-

date) from a setof existing signals(calleda candidate set), such
that

S
and T arereciprocallyredundantwith respectto theobserv-

ing signal U . In otherwords,
S

is redundantbecauseof T , and T
is redundantbecauseof

S
. Weintroduceanew gate2 with theob-

servingsignal U andthealternativesignal T asinputs,thenremove
thetargetsignal

S
andthecorrespondinggates.

It is importantto notethatthealternativesignal T is notunique.
For thecircuit in Figure1, T = ( VXWZY V\[ ) is a candidatefor

S
, re-

sultingin thecircuit in Figure2. Meanwhile,asshown in Figure3,
anotherimplementationof T = ( V^]_Y V\`_Y VXW_Y V^a ) canalsoreplaceS

withoutmodifying thefunctionalityof thecircuit in Figure1.
Most of theconventionalATPG-basedlogic transformationap-

proacheshave focusedonsingleline rewiring. In [1], identification
of multiplesignalsasacandidatesetis carriedout.

We introducethe notion of a minimum candidateset,andpro-
posesystematicapproachesto identifyingminimumcandidatesets
in the following sections. Our new approachesgeneralizetradi-
tionalATPG-basedlogic transformation.

2.2 Definitions and Notations

Throughoutthis paper,
S

denotesthe output signal of the target
inverter to be removed. U denotesa signalwherethe stuck-at-v
(briefly, s-a-v) fault at

S
will beobservedasillustratedin Figure3.

Withoutlossof generality, weassumethatthereisnoinvertinglogic

in thepathbetween
S

and U . 2 denotesanadditionalgatethecon-
trolling valueof which is complementaryto thefaultvalue,namelyb . T denotesanalternativesignalof

S
, and Tdcfe denotesall signals

usedto generateT . The inputs to the gate 2 are U and T , and
theoutputsignalof thegate 2 is denotedUhg which representsthe
samefunctionas U afterremoving thetargetsignal

S
.

A set of mandatory assignments i\jlknm Spo U o b\q of signal
S

is a
setof orderedpairs rts ovu mws qyx , where s is a signaland

u mws q is
anassignmentof valuesto s . i\jzkhm Spo U o b\q is anecessaryandsuf-
ficient conditionfor thegenerationof a singles-a-v fault at signalS

, andto propagatethe fault to the signal U througha pathfromS
. For convenience,we usetherepresentationsz{|i\jlknm Spo U o b\q

if anorderedpair r}s o~u mws q\x is in iXjzkhm S�o U o b\q .
A dominating set of mandatory assignments �niXjzk�m S�o U o b\q of

signal
S

is a subsetof iXjzknm Spo U o b\q suchthat �ni\jlknm Spo U o b\q
setsU to b .

Let us definethe notionsof redundancy andcandidateset for-
mally.

Signal
S

is saidto beredundant with respectto signal U if there
is noconsistentiXjzknm Spo U o b\q . Signal T is acandidate for signal

S
if rlT o b�x {�i\jzkhm S�o U o b\q , and r�U o b�x {�iXjzknm�T o T o b\q . The
setof signalsfor generatingacandidateT , i.e. T cfe , is a candidate
set for

S
.

iXjzkhm S�o U o b\q makes candidateT have b by definition. rT o b�x keepsthes-a-v fault at
S

from propagatingto Uhg becauseb
is thecontrollingvalueof 2 . Thismeansthatthereis noconsistent
testfor a s-a-v fault at

S
. Therefore,

S
becomesredundantbecause

of T . Meanwhile,in orderto assurethefunctionalequivalenceaf-
ter replacing

S
with T , T mustbe redundantbecauseof

S
. For

this purpose,when testing T underthe iXjzknm�T o T o b\q condition,
we assignto U the controllingvalueof 2 , which keepsthe s-a-v
fault at T from propagatingto U g . In otherwords, T is forcedto
be redundant.Therefore,if T is a candidatefor

S
,
S

and T are
reciprocallyredundant.

2.3 Minim um Candidate Set

Now wearereadyto describethepropertyof aminimumcandidate
set. The proof of the following lemmaand theoremsare shown
in [7].

Lemma 2.1 Let T�cfe be a minimum candidate set for
S

. If T�cfe
exists, then T cfe does not contain any variable s��{ti\jzkhm S�o U o b\q .

Lemma2.1connotesthataminimumcandidatesetmustbecho-
senfrom i\jzk�m Spo U o b\q . In other words, the searchspacefor a
minimumcandidatesetis restrictedto iXjzk .

Lemma 2.2 A signal
S

can be removed from the network by intro-
ducing a gate 2 with controlling value b , and a signal T such that�niXjzk�m S�o U o b\qh� iXjzkhm�T o T o b\q , and all tests compatible with�niXjzk�m S�o U o b\q imply that T is equal to b .

Intuitively, Lemma2.2meansthatbeingamemberof �niXjzk is
anecessaryconditionto beacandidatein acandidateset.Basedon
Lemma2.1andLemma2.2,weprove thefollowing maintheorem.

Theorem 2.1 A minimum candidate set for
S

is a minimum�niXjzk�m S�o U o b\q .
Thustheminimumcandidatesetproblemis translatedinto that

of identifyingaminimum �niXjzkhm S�o U o b\q from i\jzkhm Spo U o b\q . In
otherwords,thegoal is now to choosea minimumsetof variables
andassociatedvalueswhich assertthat theoutput U will have the
controllingvalueof 2 . We proposetwo algorithmsbasedon the
notionof implicationgraphdefinedin thefollowing section.
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2.4 Minim um Candidate Set Algorithms based on
SMA Implication Graph

To determineaminimum �niXjzk , weuse(1) thenumberof transis-
tors for generatinganalternative signal T and(2) signalpropaga-
tion delayasfiguresof merit in choosingvariablesfrom the iXjzk .
In otherwords,we choosethecandidatesetwith minimumcardi-
nality first. If thereis a tie, anearlysignalis preferred.

2.4.1 SMA Implication Graph

A iXjzk implicationgraph(in brief, implicationgraph)����m udov� q
is a directedacyclic graphconsistingof a nodeset

u
andanedge

set
�

. The implication graphrepresentsan i\jlk and the impli-
cationrelationshipsamongthe orderedpairs. It is constructedas
follows. Eachorderedpair in the i\jzk correspondsto a nodein
theimplicationgraph.If agateb�� is connectedto agateb�� , andthe
assignedvalueof b � in i\jlk impliestheassignedvalueof b � (de-
noted b��¡ ¢b£� ), thenthereis a directededge( b�� o b£� ) in thegraph.
All the gatesin the sensitizedpathbetweenthe target signaland
the observingsignalarecollapsedinto onesink node. Then,any
componentconnectedto the sink nodeconstitutesan implication
graph.

By definition,a �niXjzk is representedin animplicationgraphas
follows. Let

uy¤
beasetof nodescorrespondingto a �niXjzk . Then,

thereexistsat leastonepathincludingasubsetof
uy¤

betweeneach
sourcenodeandthesinknode.

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

Node Collapsing If anodeb�¥ hasasingleincidentedge( b�¦ o b�¥ )
from a node b�¦ , then the node b�¥ can be eliminated,andall the
edgesemanatingfrom b ¥ will beadjustedto emanatefrom thenodeb�¦ . Thissimplificationis basedon thefollowing theorem:

Theorem 2.2 Let § be a subset of the dominating set of mandatory
assignments, i.e. § � �ni\jlknm Spo U o b\q . If all ordered pairs in§ are implied by a set of ordered pairs ¨ � iXjzkhm S�o U o b\q , thenm©�niXjzkhm S�o U o b\q«ª § q­¬ ¨ is also a �hi\jzkhm Spo U o b\q .

Nodecollapsinghelpsto improve the signalpropagationdelay
while keepingthetransistorcountsunchanged.

Redundant Edge Elimination Redundantedgesthat repre-
sent transitive implication can be removed from the implication
graphbasedon thefollowing theorem:

Theorem 2.3 Suppose the assigned variables § and ¨ imply ®
and ® implies § and ¨¯m~m°§²±�¨ q´³ ® q . If § and ® imply µm~m°§¶±�® q«  µ q , then ® implies µ·m�®   µ q .
2.4.2 Optimal Algorithm for Minim um Candidate Set

In general,the minimum �ni\jlk problemis transformedinto the
problemof identifying a minimum setof nodeswhich coversall
sourcenodes.Thesetcoveringproblemisknown to beNP-hard[3].

In the specialcasewherethe implication graphis a tree with
a node set

u
and an edgeset

�
, the optimal solution can be

obtainedby the min-cut algorithm. The algorithm computesthe
cut of minimum weight with time complexity ¸ ( ¹ u ¹ Yº¹ � ¹ +¹ u ¹ »�Y ¼º½¾V�¹ u ¹ ) [13].

For thispurpose,weexploit anode-splittingtechnique,which is
usedto find a min-cut for nodesratherthanedges.Eachnodeis
divided into two nodesthat areconnectedby an edgewhich will
be weightedby a finite value. Otheredgesareassignedto infin-
ity. Then the min-cut in the transformedgraphgives an optimal
solution.

2.4.3 Heuristic Algorithm for Minim um Candidate Set

Thegeneralproblemof finding a minimumcandidatesetbecomes
morecomplex when the graphcontainsnodeswith multiple out-
goingedgesrepresentingmultiple fanoutsin thecircuit aswell as
nodeswhichhavenopathto thesinknode.(Thesenodesarecalled
bridge nodes).

To applythemin-cutalgorithm,we usethefollowing heuristics
to changethegraphinto a tree.

Multiple Outgoing Edges In somecases,anodewith multiple
outgoingedgesprecludesthepossibilityof obtainingabettercandi-
dateset.To removesuchlimitation,weusethefollowing heuristics.
First,weremoveall outgoingedgesexceptoneincidentwith anode
at thelowestlevel. Thisheuristicis usedto put apreferenceon the
earliestfanoutnode. Secondly, if the sink nodesof all outgoing
edgesarelocatedat thesamelevel, choosetheedgeincidentwith
thenodewith thelargestnumberof incidentedges.(It corresponds
to thegreedyapproximationfor thesetcoveringproblem.)

Bridg e Nodes Bridgenodesprovideopportunitiesfor obtaining
bettercandidatesets.To takeadvantageof bridgenodes,weusethe
following heuristic.First,all connectedbridgenodesarecollapsed
into onesupernodeb�¿ . An edge( bÀ¦ o b�¥ ) will bereplacedby anedge
( b ¿ o b ¥ ), if thereis at leastoneoutgoingedgefrom b ¦ to oneof the
bridgenodes.

Example 2.1: Simplifying the implication graph in Figure 4(a)
andapplyingheuristicsfor a bridgenode( VXW ) lead to the impli-
cationgraphin Figure4(b). In order to apply the min-cut algo-
rithm, the implicationgraphin Figure4(b) is modifiedto become
that in Figure4(c) by node-splitting.Theweightingfunction ÁÂmÃY q
will beproperlyspecifiedaccordingto theobjective of logic trans-
formationsuchasswitchingactivity for low power. The min-cut
algorithmproducestheminimumcandidateset Ä�VXW o V\[ÀÅ for unity
weightfunctionfor theimplicationgraphin Figure4(c). Æ

3 Experimental Results

Thedescribedmethodshave beenimplemented.First, eachcircuit
in the benchmarkcircuit setwasoptimizedusingSIS,andinvert-
ersareminimizedbasedon the techniqueproposedin [5]. Then



Table1: Resultsfor ISCAS-85circuits

Circuit Inv. Duplication IG OptimalAlgorithmÇ IG HeuristicAlgorithm»
count Area Delay Power Area Delay Power CPUÈ CMOSÉ Area Delay Power CPU CMOS

C432 9 1150 82.7 22.6 741 77.9 14.5 9.0 0.07 766 78.0 14.5 1.2 0.07
C880 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 44.5 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 72.9 208.4 5221 76.8 122.5 704.5 0.18 5303 77.9 134.0 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

Ratio Ê 1.0 1.0 1.0 0.75 1.03 0.73 Ê 0.10 0.78 1.05 0.73 Ê 0.13

Ç Implicationgraphbasedoptimalalgorithm

» Implicationgraphbasedheuristicalgorithm

È Computationtime in ËÍÌ£Î
É Theratioof thetransistorcountsfor staticCMOSlogic partto thetransistorcountsfor thewholecircuit

trappedinvertersare eliminatedusing duplicationand our algo-
rithms. i\jzk of thetargetsignalis obtainedby usingthetechnique
in [15]. Area anddelayaremeasuredusingSIS after technology
mapping. Power consumedby the circuit is measuredusingFIT
power estimationtool [6], whoseaccuracy of thepower estimation
is within 5%from HSPICE.

Table 1 comparesthe resultsof inverter elimination by dupli-
cation, our implication graph (IG) basedoptimal algorithm and
heuristicalgorithmfor theISCAS-85circuits. In comparisonwith
theduplicationapproach,theIG optimalalgorithmreducedthearea
by 25%,while thedelayincreasesby about3%ontheaverage.We
notethat thepower reductionis significant. Thecircuitsconsume
27% lesspower. Comparingthe performanceof the IG heuristic
algorithmwith thatof theIG optimalalgorithm,wenotethatcom-
putationsarecarriedoutwithin reasonabletimewithoutsignificant
degradationof area,delay, andpower.

The column denoted“CMOS” correspondsto the numberof
transistorsin thestaticCMOSlogic dividedby thenumberof tran-
sistorsin thewholecircuit. On theaverage,10%of thetransistors
usedin the staticCMOS logic. We note that a larger numberof
trappedinverterscausesincreasesin the sizeof the staticCMOS
logic asin thecircuit C6288.

4 Conc lusions

Thiswork wasmotivatedby theobservationthatduplication-based
invertereliminationcausesexpensive areaandpower penalty. To
overcomesuchpenalties,we proposeda hybrid circuit containing
bothdominologic andcompensatingstaticCMOSlogic.

To minimize the CMOS logic andto maximizethe benefitsof
dominologic, we proposeda generalATPG-basedapproachesfor
theeliminationof inverters.Our new algorithmsenableusto map
thesetof mandatoryassignmentsinto theimplicationgraph,andto
identify minimumcandidatesetsfor inverterreplacementfrom the
implicationgraph.

Our experimentalresultsshow that areais reducedby 25% on
theaverage.Thetransformedcircuitsalsoshow a25%reductionin
power delayproductcomparedwith theduplicatedcircuits.

Notethatour approachto identifying minimumcandidatesetis
alsousefulfor logic resynthesis.Equippedwith theproperweight-
ing function, suchasswitchingactivity, this techniquecandeter-
mineanoptimalsolutionfor low power in a reasonableamountof
computationaltime.
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