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Abstract

Thisusersmanualdescribestheessentialnew featuresincludedin theMVSIS v1.1release.

1 Intr oduction

Many new featureshave beenaddedto MVSIS in theareasof technologyindependentandtechnologydependent
optimizations. Node minimization is extendedwith an ISOP-basedapproachto deal with very large two-level
functionsif ESPRESSOfails. New algorithmshavebeendevelopedto derivecompleteoutputobservability relations
of anodein thenetwork. For algebraicmethods,“EBD” mappingconvertsmulti-valuedproblemsinto binaryones,
which arethenmanipulatedusingbinary algorithms,suchasfactor, decompandfx, portedfrom SIS.The results
are thenconvertedbackto MV. Testsshow that no optimality is lost but the algorithmsaremuchfasterthan the
correspondingMV algorithmsin MVSIS

As oneapplicationof MV logic, a new commandbidecomp decomposesan MV network into a network of
primitive MV devicesconsistingof MIN, MAX, andliteral gates. Potentially, this could be usedin datamining
applicationsandcircuit implementationusingcurrent-modedevices.

Another applicationis software synthesisfor embeddedcontrol systems. Given an MV network, command
gen c producesa softwareimplementation,i.e. a low-level C programthatsimulatesthesequentialnetwork. This
usesanextendedversionof theBLIF-MV format,with supportfor data-paths.Althoughthedata-pathportionof the
network cannotby optimized,thedata-flow informationis usedin minimizing thecontrollogic.

2 Network Specification

2.1 MV-Networks

An MV-network is anetwork of nodes;eachnoderepresentsanMV-functionwith asinglemulti-valuedoutput.The
functionsassociatedwith eachvalue(value-functions)of a nodearestoredin SOPform. We call thesei-sets, e.g.
the0-setis theonsetof thefunctionwherethenodehasvalue0. Thereis oneMV variableassociatedwith theoutput
of eachnode. A directededgeconnectsfrom nodei to node j if any of the i-setsat node j dependsexplicitly on
thevariableassociatedwith nodei. Thenetwork hasasetof primaryinputs(all of whichmaybemulti-valued)and



Table1: Nodetypesin acontroldatanetwork
nodetypes operation input output example

control logical MV MV a
�
0� b� 1 � 2��� a

�
1 �

data arithmetic data data x + y
multiplexer assignment MV/data data c

�
0 � x � c

�
1 � y

predicate predicate data MV x > y

a setof nodes,designatedastheoutputsof thenetwork. An importantdistinctionwith otherMV methods,is that
eachvariablecanhave its own range,which canin particularcontaintwo values.For eachnode,oneof its i-sets
is designatedasthedefault valueandis not stored.It canberecoveredby complementingthesumof all theother
i-sets.

In theinitial specification,weallow non-deterministicrelationsat thenodes.This is doneby allowing aminterm
to bepartof severali-sets.Thismayresultin oneor moreof theprimaryoutputsto benon-deterministicasfunctions
of theprimaryinputs.In thiscase,theresultof synthesismaybeasubsetof theinitial relationspecified.

Whentargetedfor embeddedsystemapplications,thepureMV logic network is extendedto have abstractdata
variables.Thesevariablescanbethoughtof ascarryinganinfinite rangeof values,which in theactualimplementa-
tion canbemappedto any arbitrarytype.Threeadditionaltypesof nodesaresupportedfor functionsinvolving data
variables:expressions,multiplexersandpredicates.Theseareclassifiedaccordingto their inputandoutputvariables
types,asshown in Table1. In theexamplesin thetable,a, b, c aremulti-valuedcontrolvariables,andx, y aredata
variables.

A multiplexer is definedas f � f � yc � y0 �������	� yn 
 1 � , whereyc is a MV-variablewith n values,yi , (i �� 0 � n � 1� )
aredatainputs. The output f is assignedto yi if yc � i. The datacomputationcontainedin predicatenodesand
expressionnodesarecurrentlymodeledasuninterpretedstrings,but they mustbe arithmeticasdefinableby the
semanticsof the C language.As a result, thesenodescannotbe reasonedaboutor simulatedinsidethe MVSIS
environment(only thecontrolnodescan). Thebehavior of theentirenetwork canbesimulatedonly by generating
C programsandthenrunningthecompiledprogramseparately.

MVSIS supportssequentialMV-networkswith multi-valuedlatches,i.e. storagedevicesthatcanhold any of a
setof values,andlatchesfor datavariables.

Figure1 showsanexampleof acontrol-datanetwork with two latches,whereboldwiresindicatedatavariables.
Thesenetworks canbe derived from Esterelprograms,by the following tool flow (for an Esterelprogramnamed
simple.strl):

% esterel -causal simple.strl
% areaopt simple
% blifsc -ctbl simple.ctbl simple.opt.blif > simple.opt.sc
% scdc simple.opt.sc
% dc2mv -p simple.opt.dc > simple.mv

esterel, areaopt, blifsc, scdc aretools releasedwith theEsterelcompiler, which performsanalysis
andoptimizationon the EsterelprogramandproducesDeclarative Code(DC). dc2mv is a parserreleasedwith
MVSIS, which converts the DC format into an extendedBLIF-MV format. dc2mv works on a subsetof theDC
format; for detailsrefer to [1]. TheDC format is a sharedformatamonga numberof synchronouslanguages,e.g.
Lustre,Signal,ArgosandStateChart.This makesMVSIS a commonback-endoptimizationandmappingtool for
synchronousapplicationsdevelopedwith all theselanguages.
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Figure1: Control-datanetwork

3 Combinational Optimization

3.1 NodeSimplification

Thei-sets(onefor eachoutputvalue)atanMV-nodecanbesimplifiedusingvarioussimplify commands.Generally
theseuseatwo-level logic minimizerlikeESPRESSO-MV [2], whichminimizesMV-input,binary-outputfunctions.
The objective of a generaltwo-level minimization is to find a logic representationwith a minimum numberof
implicants(cubes)andliterals while preservingfunctionality. Don’t caresderived from the surroundingnetwork
structurecanbeusedin theminimizationprocess.Eachof the i-sets,exceptthedefault, is simplifiedandreplaced
with simplifiedversionsif thenew functionshavebeenimprovedaccordingto thecostfunctionin use.Recently, we
implementeda multi-valuedversionof ISOPminimization[3] andfoundthat it canbeparticularlyeffective when
minimizing functionswith largedon’t caresets.It is alsohelpfulasapreprocessingstepto ESPRESSO-MV.

For eachnode,ani-set is selectedasthedefault. For example,for a binaryoutputfunction,theoffset is usually
thedefault. Thedefault i-set is never examinedunlessa particularcommandrequiresit. For example,if theoutput
x of a binaryfunctionis usedin thecomplementedform x in a fanout,andthenodeproducingx is eliminated,then
theSOPfor x mustbecomputedandsubstitutedin thatfanout.

A powerful nodesimplificationcalledfullsimp is thedirectgeneralizationof theonein SIS. Thenotionof
compatibleobservability don’t cares(CODC)usedin SIS [4] hasbeengeneralizedto take MV-nodesinto account
[5]. Given these,MV-imagecomputationtechniquesareusedto map them to the local spaceof eachnode. In
addition,anSDCof thosenodesin thenetwork whosesupportis asubsetof thesupportof thenodebeingsimplified
is addedto the local don’t caresetthusderived. This allows a form of Booleansubstitutionwhenfullsimp is
executed.Eachnodeis thensimplifiedby ESPRESSO-MV usingthis local don’t careset.

A morepowerful nodesimplificationmethod[6], calledcomplete simplify performsthe samestepsas
fullsimp (deriving flexibility andsimplifying thenodes)but doesit with thefollowing differences:

1. Theflexibility atanodeis representedasarelation1 betweenthenode’s faninsandits output(generallymulti-
valued). This relationgivesall possiblecombinationsof inputsandoutputsof the node,which, whenthey

1In themulti-valuedoutputcase,this relationcandescribe”partial cares”whichstatethatfor agivenminterm,thenodeoutputcanbeany
of a subsetof values.Notethatfor thebinaryoutputcase,a partialcareis thesameasa don’t caresinceany subsetof valueswith morethan
onevalueis thefull set,andhencea don’t care.



appearat the node,will not changethe overall network behavior at the primary outputs. It is a complete
descriptionof anode’s flexibility.

2. Theflexibility computationandnodesimplificationareinterleaved. The reasonfor this is that thecomplete
flexibility at one nodeis not madecompatiblewith that of anothernode; thus a nodemust be optimized
immediatelyafter theflexibility is computed.Whena nodeis modified,thechangesareintroducedinto the
network beforethecompleteflexibility of thenext nodeis computed.

3. Node representationsbeforeand after simplification are allowed to be non-deterministic. Having a non-
deterministicnodebeforesimplificationis not a problembecausetheflexibility relationcomputedat a node
always containsthe noderepresentation,which can also be a relation. Allowing for a non-deterministic
representationaftersimplificationcanreducetheliteral countin thenoderepresentation.

4. The default value may be changedif this improves the cost function of the network. In the binary case,
changingthedefault correspondsto aphaseassignmentstepat thenode,which is notperformedin SIS.

5. New heuristicMV-SOPminimizationmethods,which allow for non-determinismof theresultingrepresenta-
tions,have beendevelopedfor usewith thisnew procedure.

Whenadata-pathis present,theobservability don’t caresarealsoextendedto take into accountthedataflow [7]
in commandfullsimp -d. Essentially, eachnode(bothcontrolanddata)is computedfor its outputobservability,
which is thenpassedalongto its own inputs.Additional ODCsarecomputedfor inputsof a multiplexer node.This
hasbeenshown to beeffective whenthecontrolportionanddataportionof thenetwork arehighly intertwinedand
dependenton eachother.

3.2 Algebraic MV Methods

An importantstepin network optimization,usesalgebraicmethodsfor extracting new nodesrepresentinglogic
functionsthat arecommonfactorsof othernodes. We developedandimplementedin MVSIS 1.0 new algebraic
techniquesfor MV-logic [8, 9, 10] which treatbinaryandmulti-valuedvariablesuniformly. Theseincludemethods
for finding commonsub-expressions,semi-algebraicdivision,decomposinga multi-valuednetwork, andfactoring
anSOPform. For descriptionsof these,referto thepreviousreleasemanual.

In addition,a techniquecalledEncodingBinary Decoding(EBD)mappingis developed,which usesa special
encodinginto binary to mapthe network into a binary one. Then the algebraicbinary operationsareperformed
(usingfastalgorithmsimportedfrom SIS)to obtainanew network. Finally, thenetwork in mappedbackinto anMV
network. Theseleadto thenew commandsebd fx, ebd decomp which canbeusedto replacefx, decomp
respectively. It hasbeenshown that theuseof theEBD commandsleadsto no lossin optimality whenusedin an
overall optimizationscript,andtheresultsareobtainedmuchfaster.

3.3 Network Manipulations

1. Collapsing convertstheentiremulti-level network sothat theSOPformsfor eachoutputarein termsof the
primaryinputsonly. Thusthenumberof nodesin thenetwork will beexactly thenumberof primaryoutputs.
A new versionof collapsecollapse global is basedon building theMDDs of theoutputs,andderiving
anISOP[3] for eachvalue.Generally, this is very fastif theMDDs canbebuilt efficiently. In additiontheuse
of ISOPsgivesa resultthatis partially minimized.



2. Merging is an operationuniqueto the multi-valueddomain. It takesa list of nodesandforcesa merge of
theminto a singlemulti-valuednodeby building onei-set for eachcombinationof valuesof thenodesbeing
merged.Thenew i-setis theintersectionof thecorrespondingi-setsof thecombination.In theworstcase,if
for example,therearek binarynodesin the list, it will createa singlenodewith 2k values.However, some
new i-setsmaybeempty, in which casethey arenot created.In addition,if a pair of valuesalwaysappears
togetherin all the fanouts,thentheir functionswill be combined(unioned)into a singlei-set. Merging can
be madeautomaticby askingMVSIS to find goodcombinationsof nodesto merge. Merging is oneof the
methodsfor creatingMV intermediatenodes.Note thatnodeextractionanddecompositiondiscussedin the
previoussub-sectiononly createbinaryoutputnodes,sincethesemethodsarebasedon AND/OR factoring.

3. Encode is like the inverseof themergeof binary functions. It tries to find a goodbinaryencodingfor each
multivaluedvariablein thenetwork, includingprimaryinputsandoutputs.At its termination,eachsignalhas
beenencodedasasetof binarysignals.Thenabinaryfile canbewritten. However, oftenwewantto keepthe
I/Os thesame(e.g. for verificationpurposes),soasanoption,encodersanddecoderscanbeput at theinputs
andoutputswhichkeepthenetwork in its original multi-valuedI/O form.

Two encodingschemeshave beendeveloped.Thefirst one(commandencode) startsfrom theoutputsand
in reversetopologicalorderworksbackto theprimaryinputs.At eachnode,its outputsareencodedusingthe
informationonhow its fanoutsareused.Thesecond(commandencode2) startsfrom theinputsandproceed
topologicallyto theoutput.Eachnodeis encodedusingits local functionasdescribedin [11].

4 Verification

MV-networkscanbeverifiedin MVSIS by eithersimulationor by formalmethods.Validationrefersto checkingthe
equivalenceof two networksby simulation.Formalverificationcomputestheglobalfunctionfor eachoutputusing
anMDD representation(it is like symbolicsimulation)andcomparestheMDD structures;for sequentialnetworks,
it performsthesamecomputationfor eachlatchinputaswell. If amatchcannotbefoundamongthelatchvariables
of the two networks to be verified, no verification is claimedby this method. MVSIS supportsoptimizationof
non-deterministicnetworks[6]. In thesecasesformal verificationchecksfor containmentinsteadof equivalence.

Sometimesit is importantto know if a network is initially non-deterministic.MVSIS hasa built-in but in-
completetestqcheck for non-determinismat the primary outputswhich usesrandomsimulation. If a network
is non-deterministicand this non-determinismis detectedby oneof the randomvectors,the network is declared
non-deterministic;however, absenceof amessagedoesnot imply thatthenetwork is deterministic.

5 TechnologyMapping

5.1 Bi-decomposition

This takesa flattenedor partially flattenedMV-network andgeneratesanotheronecomposedof two-input multi-
valuedMAX andMIN gatesandmulti-valuedliterals[12]. Both theincompletenessof theinitial specificationand
the flexibilities generatedin the decompositionprocessareexploited. Bi-decompositioncanbe viewed asa kind
of technologymappingstepresultingin a network of multi-valuedprimitivesanalogousto NAND andNOR gate
decompositionusedin binarysynthesis.This methodis particularlysuitedfor datamining becausethemaximum
andminimumrelationsareeasilyunderstoodby humans.



5.2 CodeGeneration

Herewe focuson applicationsin control intensive embeddedsystems,wheresystemsaredesignedusinghigh-level
synchronouslanguageslikeEsterel[13]. Thishigh-level designscanin turnbecompiledinto anetwork of extended
finite statemachines(EFSMs)representedin termsof MV control networks (with data-pathextension). We then
synthesizeefficient softwareimplementationsin C (commandgen c). Thisproblemhighly resemblestheclassical
logic simulationproblemwith the samegoal of high speedevaluationof logic networks. However, the tighter
constraintsof embeddedsystemsin bothcodesizeandresponsetimemakesit aharderproblem.

Codegenerationinvolvesgeneratingefficient evaluationcodefor MV logic functions,basedon usingpossibly
differentrepresentationwith MDDs, SOPsor look-up-tables.It alsoinvolvesschedulingof thenodesin thenetwork
with thegoalof minimizing theevaluationeffort [14].

6 Comments

1. MVSIS canwork correctlyonnon-deterministicnetworks,i.e. oneswheresomeprimaryoutputhasmorethan
onevaluefor someprimaryinputminterm.If anetwork is non-deterministic,it canresultin anew network that
is not equivalentto theoriginal but hasa behavior that is contained in theoriginal. Thecommandverify
checksthatthecontainmentis maintained.

2. MVSIS canbeappliedto binaryfiles specifiedin BLIF usingread blif. Theresultscanbecomparedto
thoseobtainedby SIS. Currently, MVSIS comparesfavorably with SIS, whenappliedto the samebinary
file, both in termsof speedandquality of results.Thequality is sometimesimproved,possiblydueto some
proceduresthatarenotpartof SIS,suchascomplete simplifywhichusesthecompletesetof don’t cares
to dothenodeminimizations.At thesametime, it does”phaseassignment”if theminimizedcomplementhas
asimplerform.

3. MVSIS is availableasexecutablesrunningundereitherLINUX or WINDOWS[15].

4. A BLIF-MV file canbegeneratedfrom Verilog usingvl2mv which is availableaspartof VIS [16]. Alter-
natively, it canbe generatedfrom Esterelprograms,usingthe translatordc2mv, which convertsdeclarative
code(DC) formatsproducedby theEsterelcompilerto BLIF-MV.

5. Thefollowing commandscannotbeperformedon networksthatcontaindatanodes:

ebd_decomp, ebd_fx, sis_eliminate
isop, bidecomp, collapse_global, encode, encode2
verify, complete_simplify

7 Conclusionsand Further Remarks

The programMVSIS embodiesa lot of effort doneby many peoplethroughthe yearsworking on multi-valued
synthesis.It canmanipulateandoptimizemulti-valuedmulti-level networks and is the naturalgeneralizationof
SIS which doesbinary network optimization. Our goal is to make MVSIS the systemof choicefor multi-level
network optimization,beit binaryor multi-valued,similar to how ESPRESSO-MV hasreplacedESPRESSO-IIC
in two-level logic minimization.



Applicationsof MVSIS areincreasingandwill increasefurtherasthis new capabilityis betterunderstoodand
experimentedwith. Currentdevelopmentsincludeimprovementof existing methodsandexperimentationwith new
ideas.Someof thesecomefrom the fact that thedomainof optimizationis expandedby openingup multi-valued
possibilities.Forexample,wehavediscoverednew binarymethodsby transformingto themulti-valueddomain,per-
formingsomeoperations,andtransformingback[17]. Thesepossiblywouldnothavebeenimaginedby considering
only thebinarycase.

Appendix: ExtendedBLIF-MV

Thenew BLIF-MV file formatacceptedby MVSIS v1.1extendstheonedefinedin MVSIS v1.0manualwith support
for data-path,asdefinedbelow.

� Abstract data variablesarespecifiedusingthe.n construct:

.n local_time

� Multiplexer nodeassumesthefirst input is anMV variable,whosevaluerangeis at leastthenumberof data
input variables:

.mv time_zone 3

.n pacific_standard_time

.n beijing_time

.n london_time

.mux time_zone pacific_standard_time beijing_time london_time -> local_time
0 - - - =pacific_standard_time
1 - - - =beijing_time
2 - - - =london_time

� Expressionnodetakesan un-interpretedstring (containedin doublequotemarks“”) asinput, which is as-
sumedto conformto thesemanticsof theC language,andproducesadataoutput.

.data pacific_standard_time -> pacific_daylight_time
"pacific_standard_time + 1"

� Predicatenodeis thesameasanexpressionnode,exceptthattheoutputis acontrolvariable(MV).

.data pacific_standard_time -> at_night
"(pacific_standard_time > 18) && (pacific_standard_time < 6)"
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