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Abstract— Extended Finite State Machines (EFSMs) have
been proposedto model control oriented systems. A version of
this, with the data portion modeledby Presburger arithmetic, has
beenusedin formal verification and testpattern generation.This
paper proposesa general logic minimization schemeusing don’t
carederived fr om both control and data path. It consistsof meth-
odsto transfer don’t caresthr ough the data path and to generate
logic don’t cares fr om the data path using quantifier-fr eePres-
burger inequalities. Potential applications are discussedand pre-
liminary resultsvalidate the schemeon reasonableexamples.

I . INTRODUCTION

ExtendedFiniteStateMachines(EFSMs)havebeenstudied
for systemlevel designmodelingandsynthesis.An EFSMis
a systemwith a finite statecontroller interactingwith an un-
boundedinteger datapath. Eachtransitionof the controller
is guardedby a predicateover the Booleanand integer vari-
ables,and associatedwith an action function which updates
the new valuesof the integer variables.The earliestwork on
EFSMscanbetracedbackto Glushkov [13], wherehestudied
the theory of digital machinescontrolledby finite automata.
More recently, EFSMsappearfrequently, althoughin different
forms and flavors, in variouscontexts of VLSI designs,e.g.
verificationandreachabilityanalysisin [10], symbolicmodel
checkingin [8], testingin [9], hardware-softwarecodesignin
thePOLISproject[2, 3] andsoftwaresynthesis[17].

Often,thepredicatesandactionfunctionsof adesignarede-
finablein Presburgerarithmetic,adecidablesubsetof thegen-
eralPeanoarithmeticin numbertheory[11], excludingmulti-
plication. Presburgerformulasconsistof naturalnumbercon-
stants,naturalnumbervariables,addition,equality, inequality
and first order logical connectives. Although studiedexten-
sively, they have beenappliedonly recently, dueto the intro-
ductionof efficient toolsto analyzeandcheckfor satisfiability
[21]. In casethe datapathcanbe expressedasa Presburger
formula,a reachabilityanalysiscanbe performedon the ma-
chine. This approachhasbeproposedandusedin the formal
verification[7, 24].

EFSMscanbe derived from high-level specifications,e.g.
synchronouslanguageEsterelby compilationinto circuits,or
control-dataflow graphsby schedulingandresourcebinding.
It hasnicepropertiesaspurefinite statemachineswherecer-
tainpropertiescanbedecidedby reachabilityanalysis,andyet
providesa higherabstractionlevel that incorporatesbothcon-
trol anddatapath. It is becominga popularmodelfor design,
synthesis,verificationandtesting.

In all applications,smallerEFSMsare desiredsincethey
correspondto lesscomplex systemsto verify, morecompact
codeto begenerated,andeasierinterpretationof timing spec-
ifications. We focuson the minimizationof the control logic
partsof EFSMs,with the datainformationusedto assistthe
logic minimizationasneeded.In this,we usea structuralrep-
resentationwith a multi-valuedlogic network combinedwith
datapathconstructs,suchaspredicates,multiplexersanddata
expressions.The objective of the minimization may be dif-
ferent,dependingon the final implementation.We minimize
the logic representationin sum-of-products(SOP)andmulti-
valueddecisiondiagrams(MDD), which aretightly relatedto
theimplementationcostwhetherin hardwareor software.Ear-
lier work in this topic canbe found in [20]. The authorsuse
symbolicmanipulationof thedatapathto generatedon’t cares
for stateandlogic minimizationof the finite statecontroller,
whichassumesadifferentdesignmodelandcontext. Themain
contribution of our paperis in computinglogic don’t cares
from the Presburger expressionsand transferringdon’t cares
throughthedatapath.

In Section2, we describeour framework of EFSM mini-
mizationandrelatedresearch.Section3 presentsour method
of transferringlogic don’t caresthroughthedatapath.Section
4 discussesthedetailof computinglogic don’t caresfrom Pres-
burgerinequalityexpressions.Wegivesomeresultsin Section
5 andconcludein Section6.

I I . METHODOLOGY AND RELATED WORK

To avoid thestatespaceexplosion,weuseastructuralcircuit
representation,calledcontrol-datanetworks, for EFSM mini-
mization. It hascontrol nodesanddatanodesinterconnected
with wires. (We assumeeachnodeproducesa singleoutput.)
Thereis a directededgefrom nodei to node j, if thefunction
at node j syntacticallydependson theoutputvariableat node
i. Thenetwork hasa setof primary inputsanda setof nodes
designatedas the outputsof the network. The discretestate
spaceof the EFSM is encodedinto multi-valuedlatches;the
internalintegervariablesarerepresentedby datalatches.

Thesetof controlvariables� have finite rangesandtheset
of datavariables� haveunboundedranges:

C : � ci � C � ci � Pi � �
0 � 1 �	�
�
����Pi �� 1 �����Pi � ���

D : � di � D ��� di � � ∞

A combinationalnode ni in the network belong to the
following types: (a) Control: � vi � input � ni � , vi � � and
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.model bound

.inputs ax ay bx by dx dy r

.outputs i

.n ax, ay, bx, by, dx, dy

.mv ns,s 5

.reset s  0

.latch ns s

.table p1 p2 p3 r s -> ns

.default 0
- - - 1 0 1 

- 0 - - 2 3 
- - 0 - 3 4 

0 - - - 1 2 

.table s p4 -> i

.default 0
4 0 1 
.data ax bx dx -> p1
"ax >= bx + dx"
.data ay by dy -> p2
"ay >= by + dy"
.data bx ax dx -> p3
"bx >= ax + dx"

"by >= ay + dy"
.end

.data by ay dy -> p4

(a) (c)(b)

(r ��� 1)/
ax � iax; ay � iay

bx � ibx; by � iby

dx � idx; dy � idy

ax � bx � dx � /
i � 0

ay � by � dy � /
i � 0

ax � bx � dx � /
ay � by � dy � /bx � ax � dx � /

i � 0

bx � ax � dx � /

r ��� 0/

by � ay � dy � /
i � 1

by � ay � dy � /
i � 0

ax cx ay by cybx r

Fig. 1. EFSMexample(a) Explicit staterepresentation;(b) Structuralrepresentation;(c) Specificationin BLIF-MV.

out put � ni ��� � . It containsa multi-valuedlogic function. (b)
Expression:� vi � input � ni � , vi � � or vi � � andout put � ni ���� . It contains arithmetic computationon data variables
and possibly somecontrol variables. (c) Predicate: � vi �
input � ni � , vi � � or vi � � and out put � ni ��� � . It con-
tainspredicatelogic on datavariablesandpossiblysomecon-
trol variables.(d) Multiplexer: f � f � yc � y0 �	�
�
��� yn � 1 � , where
yc � � , and � yc � � n, andyi � � , i �! 0 � n � 1" . Theoutput f is
assignedto yi if yc � i.

An exampleEFSMfrom [24] is shown in Figure1. It reads
thex, y coordinatesof two pointsanda differencevector, and
checkswhetherthe two pointsarecloserthanthe difference.
Its structuralrepresentationand the correspondingspecifica-
tion in BLIF-MV (extensionof [6] with datapath) are also
shown. Thestatespaceis one-hotencodedusingasinglelatch
variables.

A suiteof optimizationmethodsfor multi-valuedlogic min-
imization have beenproposedin MVSIS [12]. In this paper,
new optimizationschemesthat incorporatedatapathinforma-
tion areintroduced.We first extendtheCODCcomputationto
considerdifferent typesof datanodes. This is similar to the
blackbox approach[18], but dealswith morecases.We then
presentmethodsto computelogic don’t caresfrom Presburger
expressions.For the casewherea setof predicatenodesfans
out to theMV logic, thecombinationof thepredicatesthatdo
not occurareusedasdon’t caresto minimizethelogic.

To simplify description,in thesequelif not specifiedother-
wise,weuseinputs to denoteprimaryinputsandtheoutput
of latchvariables;weuseoutputs to denoteprimaryoutputs
andtheinputsof latchvariables.

A. RelatedWork

The Polis project [2] usesEFSMs as intermediaterepre-
sentationfor synthesisandoptimization. A high-level design
language,like Esterel[5], is interpretedinto a circuit EFSM
representation,which is subsequentlyoptimizedandmapped
into hardwareand/orsoftware[3], dependingon systemcon-
straints. Binary DecisionDiagrams(BDD) are usedto rep-

resentandoptimize the statetransitionlogic, which tendsto
blow up on largedesigns.Thedatapathis storedseparatelyin
a look-uptableandis not utilized for optimization.

EFSMisalsousedfor high-levelsynthesisfrom flow graphs.
Theauthorsin [14] proposedanarchitecturefor implementing
EFSMsin hardware. The logic minimizationis limited in the
controldomainandnoconsiderationfor thedata-path.

Presburgerarithmeticis adoptedin systemmodelingfor its
decidability, but thebestknown procedurefor decidingaPres-
burgerexpressionis triple exponentialin thelengthof thefor-
mula [19]. Two approachesexist for manipulatingPresburger
formulas:automata-basedandpolyhedra-based[24].

Amon et al [1] proposeda methodto simplify Presburger
expressionsfor symbolic timing verification. Given a set
of quantifier-free Presburger inequalities,the authorsuse a
heuristic to collect predicatecombinationsthat can’t occur.
They arethenpresentedasdon’t caresfor a logic minimizer
[23]. Therearetwo basiclimitations: (a) Theheuristicexam-
inesthePresburgerexpressionsandincrementallyselectslogic
combinationswith the numberof literals gradually increas-
ing. It is computationallyimpossibleto enumerateall combi-
nations. (b) Eachpotentialcombinationis individually check
by anPresburger tool, Omega[21], for satisfiability, which is
computationallyexpensive.

I I I . TRANSFERRING DON’ T CARES THROUGH THE

DATAPATH

Flexibility for logic minimization includes Observability
Don’t Cares(ODCs),SatisfiabilityDon’t Cares(SDC)andEx-
ternal Don’t Cares(XDC). This hasbeenusedas a power-
ful mechanismin minimizing multi-level logic networks[22].
Traditionalmethodsfor compatibleODC (CODC) computa-
tion have beengeneralizedfor multi-valued logic networks
[15]. Here we further generalizeit to incorporatedatapath
information.

For a generalcontrol datanetwork, the ODC setis defined
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Fig. 2. Multiplexer Example:(a)beforesimplification,(b) aftersimplification

in thedomainof all multi-valuedvariablesin � , i.e.

P � � v0 ��#!� v1 ��#$�
�	�%#!� v &C & � 1 �'�(� vi � C

The ODC set for an edge Ei j in a network, is the set of
mintermsin ) , that can determineall output valueswithout
Ei j . TheODCsetfor anodeni is theintersectionof theODCs
for all its fanoutedges.

TheCODC computationconsistsof traversingthe network
from outputsto inputs,andfor eachnode,collectingtheCODC
setcomputedfrom its fanoutedges,andthendistributing the
CODC setto its faninedgesbasedon the functionality of the
node.

For control nodes,whereinputsandoutputsareall MV vari-
ables,thesamemulti-valuedCODCcomputation[15] applies.
For a multiplexer f � f � yc � y0 �
�	�
��� yn � 1 � , let CODCf be the
CODC setcomputedfor the output f . It is straightforward
that:

CODCyi � � yc *� i �,+ CODCf

CODCyc � CODCf

wherea datainput is not observableif de-selectedby thecon-
trolling variable.

For a predicateor data node f � f � y1 �	�
�
��� yn � , whereall
inputsaredatavariables:

CODCyi � CODCf , i � 1 �	�
� n
The methodabove doesnot look into the computationinside
a dataexpression.This is similar to the“black box” approach
[18], except that the useof multiplexersproducesadditional
don’t cares.

Controlnodesaresimplifiedusinglogic minimizationpack-
ageslike ESPRESSO-MV. Expressionnodesand predicate
nodescannotbenefitfrom the don’t caresin the control do-
main ) in our currentmodel.

A multiplexer can be simplified using its CODC set. Let
Nc � X � : C - Pc be the functionalmappingfrom � to the do-
mainof thecontrolling variableyc � Pc. Given its CODC set
CODCf , let

S � Nc � CODCf �

whereS is the setof “care” valuesfor yc throughthe image
computation.Thesetof datainputs

�
yi � i .� S� canberemoved

from themultiplexer f , becausethey canneverbeselectedand
hencearenot observableat theoutputs.

Figure2 shows anexampleof theminimizationwith multi-
plexers(whereboldwiresindicatedatavariables).TheCODC
setcomputedfor nodeM1 includestheCODCsetpassedfrom
nodeM2, plusthesetof mintermsthatmake noded selectthe
valuefrom input w. This CODC setis passedto nodee, and
minimizese into an inverter gate. This cannotbe achieved
throughconventionallogic simplification.

IV. DON’ T CARE GENERATION FROM PRESBURGER

ARITHMETICS

We usePresburgerarithmeticto specifythecomputationof
datavariables.Hereweconsideronly thesubsetof Presburger
without quantifications.Supposewe have a setof Presburger
predicates

�
p1 �	�
�	��� pn � , which aredriven, throughsomedata

computation,by asetof naturalnumbers
�
u1 �
�
�	��� um � . Wecan

definePresburgerdon’t caresin thedomainof
�
p1 �	�
�	��� pn � as

the setof combinationsthat do not occur. This canbe com-
putedby unifying

�
p1 �
�	�
��� pn � into inequalityexpressionsand

solving a linearalgebraicequation(Section4.1). This is sent
to thefanoutsof

�
p1 �
�	�
��� pn � asexternaldon’t cares,asillus-

tratedin Figure 3.

Example 1 Let predicates
�
p1 � p2 � p3 � be:

x / 2 � 2x 0 y 1 9 � y 1 5

Normalizingtheseinto greater-thancomparisonsresults:� x 1 � 2 � 2x 0 y 1 9 � y 1 5

Multiply the threeinequalitieswith vector
�
2 � 1 �	� 1 � . Multi-

plying with a negativeconstantis definedhereascomplemen-
tationof theinequality, i.e. changing1 to 2 . This results:� 2x 1 � 4 � 2x 0 y 1 9 � � y 3 � 5

Thesumof theseinequalitiesbecomes0 1 0,whichis impossi-
ble. Sincewe treated� 1 ascomplementation,theconclusion
is that logic combinationp1p2p3 cannever occur, henceis a
don’t carefor logic minimization. The goal of this computa-
tion is thereforegeneratingall possiblesuchvectorsthatresult
in an impossibleinequality. This canbe achievedby making
the left handside zero, which meanssolving a set of linear
algebraicequations.The otherdon’t carefor this exampleis
p1p2p3.

A. ProblemFormulation

Sinceequality formulascanbe convertedinto inequalities,
we only considerinequalitieshere. Given a set of predi-
catenodes,

�
p1 � p2 �	�
�	��� pn � , expressedas inequalitiesof un-

boundednaturalnumbers,we normalizetheminto thefollow-
ing form:

Ax 4 C
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Fig. 3. PredicateExample

whereA is thematrix of coefficientswith n rows,x is thevec-
tor of input integer variables,C is the vectorof constantsto
becomparedagainst,and 4 representsthevectorof compara-
tors consistingof only 1 and 3 . Eachrow of A representa
predicate.We wantto find a vectorλ suchthat:

λ 5 Ax � 0 (1)

whereλ 5 is the transposeof vector λ. Thereare two cubes
associatedwith eachλ: Cp � p̂1p̂2 6	6
6 p̂n, where

p̂i � 78 9 pi � if λi 1 0
pi � if λi / 0
nothing� if λi � 0

andCn � p̂1p̂2 6	6
6 p̂n.

Definition 1 A setof inequalities,Ax 4 C, is domainindepen-
dent,iff there is at leastonecomparator that doesnot include
equality.

Theorem1 For each λ computedby equation(1), the don’t
carecube(s)associatedwithpredicate

�
p1 � p2 �	�
�
��� pn � is DCλ:

DCλ � 78 9 Cp � if λ 5C 1 0
Cn � if λ 5C / 0
Cp � Cn � if λ 5C � 0 anddomainindependent

(2)

Proof. (Sketch)The first caseresultsin an inequalitysumof
theform 0 1 N, whereN is a positive integer;thesecondcase
resultsin aninequalitysumof theform 0 2 � N. Thelastcase
resultsin 0 3 0,whichmeansthesub-domainboundariesspec-
ified by thesetof inequalitiesintersectat oneEuclideanpoint.
Howeverthesub-domainshavenointersectionbecauseat least
oneof thesub-domainsdoesnot includethis point. Therefore
thereexistsno Euclideanpoint thatsatisfiesall inequalities.:
Theorem2 Equation(2) computesthecompletedon’t careset
for predicates

�
p1 � p2 �
�	�
��� pn � .

Thesetof λ vectorssatisfyingequation(1) is thesetof so-
lutionsto thefollowing:

A5 λ � 0

Let the null spaceof A5 have dimensionk and basisvectors
B �; b1 � b2 �
�	�
��� bk " , whereeachbi is a n dimensionalvector.
Thenλ is a linearcombinationof vectorsin B. Let λ � B 6 θ.
Then:

λ 5C � θ 5 B5C
Thereforetheproblembecomes,giventhenull spacebasevec-
torsB andconstantvectorC, findall possibledistinctsigncom-
binationsfor theλ’s. For eachsuchλ, if λ 5C 1 0,Cp is adon’t
care;if λ 5C / 0, Cn is a don’t care;if λ 5C � 0, bothCp andCn

aredon’t caresif the setof inequalitiesaredomainindepen-
dent.

Sinceλ is a functionof theθ’s, therealproblemis to find a
propersetof θ’s.

B. BranchandBound

For the possibleλ’s, we only careto find onefor eachdis-
tinct signcombination.A signcanonly beoneof three:(-1, 0,
1). In thisapproach,wecreaten branchingpoints,onefor each
λi . At eachbranchingpoint, we branchon the threepossible
signs;for eachbranch,we usea linearprogrammingsolver to
testtheexistenceof θ’s thatsatisfiestheconstraints;if it suc-
ceeds,we continuebranching,otherwisebacktrack. A don’t
careis foundif we successfullybranchto a leaf λn andobtain
a completesignpattern.

GivenB andC, eachλ is afunctionof θ, i.e. λi � Fi � θ � . The
setof constraintsto besatisfiedis initializedasConstr � θ �<� /0.
Figure4 shows thepseudocodefor this procedure.

BnB= i > sign pattern?
if (i @ n) computedontcare(sign pattern);

Constr(θ) = Constr(θ) ACB Fi = θ ?ED 0F ;
sign pattern[i] = 0;
if (satisfied(Constr(θ)) BnB(i+1, sign pattern);
elseback track();

Constr(θ) = Constr(θ) ACB Fi = θ ?G@ 0F ;
sign pattern[i] = 1;
if (satisfied(Constr(θ)) BnB(i+1, sign pattern);
elseback track();

Constr(θ) = Constr(θ) ACB Fi = θ ?GH 0F ;
sign pattern[i] = -1;
if (satisfied(Constr(θ)) BnB(i+1, sign pattern);
elseback track();

End

Fig. 4. BranchandBoundpseudocode

Non-orthogonalbranchingon
� � 1 � 0 � 1 � producesbetter

binding. The resultof the branchandboundis a setof don’t
carecubes.A checkis performedto testif thecurrentsignpat-
ternpathis subsumedby existing don’t carecubes.If it is, the



branchingis preempted.Branchingon
� � 1 � 1 � wouldproduce

a setof pureminterms.

In caseof λ 5C � 0, we testthedomainindependenceprop-
erty by checkingif thereis at leastoneinequality. We create
a flag vectorv accordingthe inequalitystructure:a � 1 for 1
and / ; a 1 for 3 and 2 , asshown below for Example1.IJ 111 KLNM

v � IJ � 1� 1� 1

KL
Thisflagvectoris array-multipliedby theλ vector. (Theresult
is alsoa vector, wherethe ith elementis the multiplicationof
theith elementsof bothoperandvectors.)If thereis at leastone� 1 in the resultingvector, the inequalityset is domaininde-
pendent.This takescareof complementationfor thenegative
entriesin theλ vector.

In Example1, wehave,asinput,matrixequation:IJ � 1 0
2 1
0 1

KL
x
111 IJ � 2

9
5

KL
After computingthenull spaceof A5 , we obtainthesetof λ’s
asa linearcombinationof thenull vectorsB:

λ � Bθ � IJ
2
1� 1

KL
θ1

For branchandbound,wehaveonly two choicesfor θ1: θ1 1 0
andθ1 / 0. This resultsin two signpatternsfor λ: � 2 � 1 �	� 1�
and �O� 2 �
� 1 � 1� . For both λ’s we have λC � � 4 0 9 � 5 � 0,
which meansdomainindependenceneedsto bechecked. We
checkthe arraymultiplication of v andλ, andapparentlythe
resulthasat leastone � 1 in it. Therefore,thedon’t carecubes
p1p2p3 andp1p2p3 areobtainedasthefinal result.

Thebranchandboundmethodgeneratesthecompletesetof
don’t cares,butmayrequireextensivecomputationonlargeex-
amplessincea linearconstraintsolver is calledateachbranch-
ing point. As a complementarymethod,we useMonte Carlo
simulationto randomlycomputea subsetof don’t caresfor
largeexamples,detailsin [16].

C. SpecialCase

In the timing specificationapplicationsaspresentedin [1],
it is most likely that the matrix A is unimodular, i.e. the el-
ementsof A are from the set

� � 1 � 0 � 1 � . For suchcases,we
proposean efficient methodusingmulti-valuedlogic, which
effectivelyavoidssolvingthelinearprogrammingproblemand
yet preservesthequality of thesolution.We presentit with an
examplefoundin [1].

Example 2 Let inputmatrixequationbeasfollows:

a:
b:
c:
d:
e:
f:
g:
h:
i:
j:
k:

PQQQQQQQQQQQQQQQQR
S 1 0 0 0 1 0S 1 0 0 0 0 0

1 S 1 0 0 0 0
0 0 S 1 0 0 0
0 0 1 S 1 0 0S 1 0 S 1 0 1 0
0 1 0 1 0 S 1
0 0 0 S 1 0 0S 1 0 0 0 1 0
0 1 0 0 0 S 1
0 0 1 0 0 0

T UUUUUUUUUUUUUUUUV
x

WWWWWWWWWWW

PQQQQQQQQQQQQQQQQR
160S 30

0
0
0

10S 30S 150
150S 180
150

T UUUUUUUUUUUUUUUUV
wherex is thevectorof input datavariables,andtheletterson
theleft arethenamesof thepredicateinequalities.

SinceA is unimodular, the goal is to computethe set of in-
tegerλ vectorscomposedof elementsfrom

� � 1 � 0 � 1 � , which
canreducethematrix to constantzero.Let variables

�
a �
�
�	�X� k �

representtheelementsin this integervector, eachcorrespond-
ing to oneof the11 rows. Let literal � a0 � a1 � a2 � representthe
elementa being �
� 1 � 1 � 0� respectively, asourencoding.

For eachcolumn,wecreateasatisfiabilityBooleanformulae
of variables

�
a �
�	�
�X� k � , whoseencodingcorrespondsto the λ

vectorsthat reducethe columnto 0. For instance,the second
columnproducesthefollowing equation:

f2 D c2g2 j2 Y c1g1 j2 Y c0g0 j2 Y c1g2 j1 Y
c0g2 j0 Y c2g1 j0 Y c2g0 j1

Here, a three-valued logic is used. Cube c1g1 j2 corre-
spondsto a set of minterms: aZ 0 [ 1 [ 2\ bZ 0 [ 1 [ 2 \ cZ 1\ 6
6	6 kZ 0 [ 1 [ 2\ .
Eachminterm correspondsto a λ vector, oneof them being�
0 � 0 � 1 � 0 � 0 � 0 � 1 � 0 � 0 � 0 � 0 � .
If therearemore than threenon-zeroelementsin the col-

umn,we needto generateC1
2 � 2 cubesfor eachpair of non-

zeroelements;C2
4 � 6 cubesfor eachbipartitioningof 4 non-

zeroelements;andC3
6 � 15 cubesfor eachbipartitioningof 6

non-zeroelements,andsoon. Thetotalnumberof cubesto be
producedin this processis

n] 2
∑
k̂ 1

_
2k
n ` 6 _ k

2k `
wheren is the numbernon-zeroelementsin the column. For
instance,thesecondcolumncorrespondsto equation:

f3 D d1e1 f 2k2 Y d0e0 f 2k2 Y d1e2 f 0k2 Y d0e2 f 1k2 Y
d1e2 f 2k1 Y d0e2 f 2k0 Y d2e1 f 1k2 Y d2e0 f 0k2 Y
d2e1 f 2k0 Y d2e0 f 2k1 Y d2e2 f 1k1 Y d2e2 f 0k0 Y
d1e1 f 1k1 Y d0e0 f 0k0 Y d0e1 f 1k0 Y d1e0 f 0k1 Y
d1k0e1 f 0 Y d0k1e0 f 1

ProducingtheBooleanformulaecantakeexponentialtime. As
a reasonableestimate,we considerup to 4 non-zeroentriesin
eachvector.

We generatetheequationfor eachcolumn;the intersection
of theseequationsgivesall thevectorsin thenull spacethatwe
consider:(Dueto spacelimits, they arenotlistedindividually.)

f1 f2 f3 f4 f5 f6



As a result,we obtaina three-valuedfunctionwith 106cubes.
At thispoint,weonly needto careaboutthenon-zeroelements
in thevectors.Therefore,weswitchfrom three-valuedlogic to
binarylogic,by removing literalswith value2,whichrepresent
thecorrespondingelementnot appearingin thevector.

Eachcubein therepresentationcorrespondsto auniquesign
λ signpattern.Recallthateachsignpatternhasa correspond-
ing complementsignpattern,asdiscussedfor Cp andCn. The
laststepis to checkthesesignpatterns,alongwith their com-
plements, on the constantvectorC. For example,with dk,
λC � 150, which is feasible; with d 5 k5 , λC � � 150, which
implies0 2 � 150andresultsin adon’t care.

Out of the 106 cubes,along with their complements,21
cubespassthe test. Making thecubesprimeandirredundant,
we havethesetof don’t caresasa final result:

af 5 k5 0 a5 f k 0 a5 i 0 d 5 f i 5 0 d 5 k5 0
eh5 k5 0 e5 hk 0 ghj 5 0 g5 h5 j

Notethat this is thesamesetof don’t caresobtainedin [1] by
repetitively callingthePresburgertool Omega.Yetourmethod
is simpleranddeterministic,andweclaimthatthis is thecom-
pletedon’t caresetfor this example.

V. EXPERIMENTAL RESULTS

Themulti-valuedlogic optimizationsandextendeddatapath
don’t caresare implementedin MVSIS [12]. The don’t care
computationfrom Presburgerexpressionsareprototypedin the
Matlabsystem.

For experimenton Presburgerexamples,we applyboth the
branchandboundandtheMonteCarlomethodsonExample2.
Thebranchandboundmethodproducesabout600don’t care
cubesafteraround30 minutes.After logic minimizationthey
arereducedto thesamedon’t caresetaspresentedin Section
4.3. The Monte Carlo methodreturnsa few don’t carecubes
within a coupleof minutesif we use1000randomvectorsin
thenull space.

In additionalexperiments,we derive EFSMsfrom Esterel
programsfor embeddedcontrolapplications.They includeau-
tomobilecontrol,processorandmemorycontrol,andthecon-
troller for a Lego MindstormsAcrobot [4]. TheEsterelcom-
piler is usedto parsetheinputEsterelprogramandproducean
intermediatedata-flow representationcalledDC. We translate
theDC formatinto our intermediatenetwork representationin
BLIF-MV (extensionfrom [6]).

Thestatisticsof theseexamplesareshown in TableI under
original specification. PI (PO) meansthenumberof primary
inputs (outputs)that are control variables(c) and datavari-
ables(d). Similarly thenumberof latchesin controlanddata.
Pred andExpr arethe numberof predicatesandarithmetic
expressionsin the representation.Thesearenot simplified in
our currentmodelandhenceremainunchanged.

Theresultsof oursynthesisschemearereportedin thenum-
ber of multiplexers(Mux), multi-valuedcubes(Cubes) and
multi-valuedliterals in the factoredforms (Lits). Column

simplify reportsthe result by just applying conventional
logic minimizationandignoring thedatapathelements.Col-
umnsimplify-d reportstheresultswith simplificationus-
ing don’t caresproposedin this paper.

As shown,thelogic representationis dramaticallysimplified
ascomparedagainsttheoriginalspecification.With additional
don’t cares,the numberof multiplexersarealsoreduced,and
in somecasesthelogic is simplifiedfurther.

Optimizationresultsof theproposedtechniquesdependson
the target application. In particular, the black-boxdon’t care
techniquescanbe benefitedonly whencontrol anddatapor-
tions are tightly interacted,sharinglarge amountof compu-
tation in the transitive fanin cones. The Presburger-baseap-
proachrequiresthe predicatenodessharecommonsupport
datavariables,and thereforeincreasingthe chancesof arith-
metic redundancies. Thesefeaturesare not frequently ob-
servedin theEsterelcontrolapplicationsthatwe have experi-
mentedwith.

VI . CONCLUSION

A new approachof minimizing EFSMsusingmulti-valued
logic andPresburger expressionsis presented.We proposed
methodsto evaluateandutilize multi-valueddon’t caresin a
generalcontroldatanetwork environment;we proposedmeth-
odsto computelogic don’t caresfrom Presburgerexpressions,
which do not invoke any computationallyexpensive arith-
metic satisfiabilitychecking. Preliminaryresultsareencour-
aging in applicationsof Presburger expressionsimplification
andEFSM minimization. We believe the overall approachis
applicableto problemsin synthesisandformal verificationof
embeddedsystems.

In ourexperimentswith EFSMexamplesgeneratedfromEs-
terel programs,Presburger predicatesdo not appearin large
amountsandwith overlappingvariablesupportsets.We need
to studymoreEFSM applications(for examplein high-level
synthesisfrom flow graphs)wherethisparadigmdoappearand
thetechniquesdescribedcanbringsignificantbenefits.

Futureresearchincludesdevising heuristicsto explore the
solutionspaceof potentialdon’t caresfor largePresburgerex-
amples.So far thedon’t careis limited in thecontroldomain
in � . It is possibleto extendthis definitionto thedatavariable
domainas intervals of integer values,which can be usedto
simplify dataexpressionsandpredicates.This would require
a packagelike omega or Shastato do reasoningin an infinite
space.
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TABLE I
SYNTHESIS RESULTS FOR EFSM EXAMPLES DERIVED FROM ESTEREL PROGRAMS

original specification simplify simplify-d
example PI(c/d) PO(c/d) Latch(c/d) Pred Expr Mux Cubes Lits Mux Cubes Lits Mux Cubes Lits

driver 43/42 27/22 2/69 41 58 118 251 422 118 84 185 72 103 170
enginespeed 4/2 4/0 7/14 15 24 35 290 373 35 70 110 17 70 134

fuel ctr 7/2 2/1 10/4 7 4 14 188 263 14 68 99 8 62 103
fuel pulse 10/8 4/2 10/8 4 10 14 184 242 14 41 59 10 38 63

instr 3/3 10/3 23/6 6 6 9 247 358 9 116 171 9 116 171
instr cyc 3/3 10/3 24/6 6 6 9 285 414 9 125 202 9 127 204
legodance 3/0 7/7 11/27 13 42 66 313 407 66 102 128 38 121 200
memctr 8/6 6/4 21/14 6 18 36 387 529 36 126 194 20 136 226

msd 9/7 9/8 13/8 10 11 19 310 422 19 107 143 8 88 146
supervisor 12/9 11/9 3/9 4 9 11 121 144 11 25 35 9 26 35

updatepulse 6/5 5/4 16/10 4 14 24 260 342 24 88 114 12 76 130
wheel speed 4/3 4/0 4/14 13 23 33 209 252 33 21 42 18 27 49

average 1 1 1 1 0.31 0.34 0.65 0.31 0.37
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