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Abstract

This usersmanualdescribeshe essentiahew featuredncludedin the MVSIS v1.1release.

1 Intr oduction

Many new featureshave beenaddedto MVSIS in the areasof technologyindependenandtechnologydependent
optimizations. Node minimization is extendedwith an ISOP-basedpproachto dealwith very large two-level
functionsif ESPRESS@ails. New algorithmshave beendevelopedto derive completeoutputobserability relations
of anodein the network. For algebraiomethods;EBD” mappingcorvertsmulti-valuedproblemsinto binaryones,
which arethenmanipulatedusingbinary algorithms,suchasfactor decompandfx, portedfrom SIS. Theresults
arethencorvertedbackto MV. Testsshav that no optimality is lost but the algorithmsare much fasterthanthe
correspondingMV algorithmsin MVSIS

As oneapplicationof MV logic, a new commancbi deconp decomposean MV network into a network of
primitive MV devices consistingof MIN, MAX, andliteral gates. Potentially this could be usedin datamining
applicationsandcircuit implementatiorusingcurrent-modelevices.

Another applicationis software synthesisfor embeddedontrol systems. Given an MV network, command
gen_c producesa softwareimplementationj.e. alow-level C programthatsimulateghe sequentiahetwork. This
usesanextendedversionof the BLIF-MV format,with supportfor data-pathsAlthoughthedata-pathportionof the
network cannotby optimized,thedata-flav informationis usedin minimizing the controllogic.

2 Network Specification

2.1 MV-Networks

An MV-network is anetwork of nodesgachnoderepresentan MV-functionwith a singlemulti-valuedoutput. The
functionsassociatedvith eachvalue (value-functionspf a nodearestoredin SOPform. We call thesei-sets e.g.
the0-setis theonsetof thefunctionwherethenodehasvalue0. Thereis oneMV variableassociateavith theoutput
of eachnode. A directededgeconnectdrom nodei to nodej if ary of thei-setsat node j dependsexplicitly on
thevariableassociateavith nodei. Thenetwork hasa setof primaryinputs(all of which maybe multi-valued)and



Tablel: Nodetypesin acontroldatanetwork

nodetypes| operation input  output example
control | logical MV MV a{0}b{1,2} +a{l}
data| arithmetic data data X +y
multiplexer | assignment MV/data data c{O}x +c{l}y
predicate| predicate data MV X >y

a setof nodesdesignatedsthe outputsof the network. An importantdistinctionwith otherMV methods|s that
eachvariablecanhave its own range,which canin particularcontaintwo values. For eachnode,one of its i-sets
is designatedisthe default valueandis not stored. It canbe recoveredby complementinghe sumof all the other
i-sets.

In theinitial specificationwe allow non-deterministicelationsatthenodes.Thisis doneby allowing a minterm
to bepartof severali-sets.This mayresultin oneor moreof the primaryoutputsto benon-deterministi@asfunctions
of theprimaryinputs.In this casetheresultof synthesisnaybe a subsebf theinitial relationspecified.

Whentamgetedfor embeddedystemapplicationsthe pureMV logic network is extendedto have abstractata
variables.Thesevariablescanbethoughtof ascarryinganinfinite rangeof valueswhichin the actualimplementa-
tion canbe mappedo ary arbitrarytype. Threeadditionaltypesof nodesaresupportedor functionsinvolving data
variables:expressionsmultiplexersandpredicatesTheseareclassifiedaccordingo theirinputandoutputvariables
types,asshavn in Tablel. In the examplesin thetable,a, b, c aremulti-valuedcontrolvariablesandx, y aredata
variables.

A multiplexer is definedas f = f(yc,Yo,---,Yn-1), Wherey; is a MV-variablewith n values,y;, (i € [0,n— 1])
aredatainputs. The output f is assignedo y; if y. = i. The datacomputationcontainedin predicatenodesand
expressionnodesare currently modeledas uninterpretedstrings, but they mustbe arithmeticas definableby the
semanticof the C language. As a result, thesenodescannotbe reasonedaboutor simulatedinside the MVSIS
ervironment(only the controlnodescan). The behaior of the entirenetwork canbe simulatedonly by generating
C programsandthenrunningthe compiledprogramseparately

MVSI S supportssequentiaMV-networks with multi-valuedlatches,i.e. storagedevicesthatcanhold ary of a
setof values,andlatchesfor datavariables.

Figurel shavs anexampleof a control-datanetwork with two latcheswherebold wiresindicatedatavariables.
Thesenetworks canbe derved from Esterelprograms by the following tool flow (for an Esterelprogramnamed
simple.strl):

% esterel -causal sinple.strl

% ar eaopt sinple

% blifsc -ctbl sinple.ctbl sinmple.opt.blif > sinple.opt.sc
% scdc sinple.opt.sc

% dc2nmv -p sinple.opt.dc > sinple.nv

esterel, areaopt, blifsc, scdc aretoolsreleasedvith the Esterelcompiler which performsanalysis
and optimizationon the Esterelprogramand producesDeclaratve Code(DC). dc2nv is a parserreleasedwith

MVSIS, which corvertsthe DC formatinto an extendedBLIF-MV format. dc2mv works on a subsetof the DC

format; for detailsreferto [1]. The DC formatis a sharedormatamonga numberof synchronousanguagese.g.
Lustre,Signal,Argosand StateChart.This makesMVSIS a commonback-endoptimizationand mappingtool for

synchronouspplicationdevelopedwith all thesdanguages.
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Figurel: Control-datanetwork

3 Combinational Optimization

3.1 NodeSimplification

Thei-sets(onefor eachoutputvalue)atanMV-nodecanbe simplifiedusingvarioussimplify commandsGenerally
theseuseatwo-level logic minimizerlike ESPRESSO- WV [2], which minimizesMV-input, binary-outputfunctions.
The objectve of a generaltwo-level minimizationis to find a logic representatiorwith a minimum numberof
implicants(cubes)and literals while preservingfunctionality Don’t caresderived from the surroundingnetwork
structurecanbe usedin the minimizationprocess.Eachof thei-sets,exceptthe default, is simplifiedandreplaced
with simplifiedversionsf thenew functionshave beenimprovedaccordingio the costfunctionin use.Recentlywe
implementeda multi-valuedversionof ISOP minimization[3] andfoundthatit canbe particularlyeffective when
minimizing functionswith large don't caresets.lt is alsohelpful asa preprocessingtepto ESPRESSO- M.

For eachnode,ani-setis selectedasthe default. For example,for a binary outputfunction, the offsetis usually
thedefault. The defaulti-setis never examinedunlessa particularcommandequiresit. For example,if the output
x of abinaryfunctionis usedin the complementedorm X in afanout,andthe nodeproducingx is eliminated then
the SOPfor x mustbe computedandsubstitutedn thatfanout.

A powerful nodesimplificationcalledf ul | si np is thedirectgeneralizatiorof the onein Sl S. The notion of
compatibleobserability don't cares(CODC)usedin S| S [4] hasbeengeneralizedo take MV-nodesinto account
[5]. Giventhese,MV-imagecomputationtechniquesare usedto mapthemto the local spaceof eachnode. In
addition,anSDC of thosenodesn the network whosesupportis a subsebf the supportof thenodebeingsimplified
is addedto the local don't caresetthusderived. This allows a form of Booleansubstitutionwhenf ul | si np is
executed Eachnodeis thensimplifiedby ESPRESSO- MV usingthislocaldon't careset.

A more powerful nodesimplificationmethod[6], calledconpl et e si npl i fy performsthe samestepsas
ful | si np (derving flexibility andsimplifying thenodes)out doesit with thefollowing differences:

1. Theflexibility atanodeis representedsarelatiort betweerthenodes faninsandits output(generallymulti-
valued). This relationgivesall possiblecombinationsof inputsand outputsof the node,which, whenthey

1in themulti-valuedoutputcasethis relationcandescribe’partial cares"which statethatfor a givenminterm,thenodeoutputcanbeary
of asubsebf values.Notethatfor the binaryoutputcase a partial careis the sameasa don't caresinceary subsebf valueswith morethan
onevalueis thefull set,andhenceadon't care.



appearat the node, will not changethe overall network behaior at the primary outputs. It is a complete
descriptionof anodes flexibility .

2. Theflexibility computatiorandnodesimplificationareinterleared. The reasorfor this is thatthe complete
flexibility at one nodeis not madecompatiblewith that of anothernode; thus a node must be optimized
immediatelyafter the flexibility is computed.Whena nodeis modified,the changesreintroducedinto the
network beforethe completeflexibility of the next nodeis computed.

3. Node representationbefore and after simplification are allowed to be non-deterministic. Having a non-
deterministicnodebeforesimplificationis not a problembecauséhe flexibility relationcomputedat a node
always containsthe node representationwhich can also be a relation. Allowing for a non-deterministic
representatioaftersimplificationcanreducetheliteral countin thenoderepresentation.

4. The default value may be changedif this improves the costfunction of the network. In the binary case,
changingthe default correspond$o a phaseassignmenstepat the node,which is not performedn SIS.

5. New heuristicMV-SOPminimizationmethodswhich allow for non-determinisnof the resultingrepresenta-
tions, have beendevelopedfor usewith this new procedure.

Whenadata-paths presenttheobserability don't caresarealsoextendedo take into accounthedataflow [7]
incommand ul | si np - d. Essentiallyeachnode(bothcontrolanddata)is computedor its outputobserability,
whichis thenpassedlongto its own inputs. Additional ODCsarecomputedor inputsof a multiplexer node.This
hasbeenshavn to be effective whenthe control portionanddataportion of the network arehighly intertwinedand
dependenbn eachother

3.2 Algebraic MV Methods

An importantstepin network optimization, usesalgebraicmethodsfor extracting new nodesrepresentingogic
functionsthat are commonfactorsof othernodes. We developedandimplementedn MVSIS 1.0 new algebraic
techniquedor MV-logic [8, 9, 10] which treatbinaryandmulti-valuedvariablesuniformly. Theseincludemethods
for finding commonsub-e&pressionssemi-algebraidivision,decomposing multi-valuednetwork, andfactoring
an SOPform. For description®f these referto the previousreleasenanual.

In addition, a techniguecalled EncodingBinary Decoding(EBD)mappingis developed,which usesa special
encodinginto binary to mapthe network into a binary one. Thenthe algebraicbinary operationsare performed
(usingfastalgorithmsimportedfrom SIS)to obtaina new network. Finally, thenetwork in mappedackinto anMV
network. Theseleadto thenew commandsbd_f x, ebd_deconp which canbe usedto replacef x, deconp
respectrely. It hasbeenshown thatthe useof the EBD commanddeadsto no lossin optimality whenusedin an
overall optimizationscript,andtheresultsareobtainednuchfaster

3.3 Network Manipulations

1. Collapsing corvertsthe entiremulti-level network sothatthe SOPformsfor eachoutputarein termsof the
primaryinputsonly. Thusthe numberof nodesn the network will be exactly the numberof primaryoutputs.
A new versionof collapsecol | apse_gl obal is basedon building the MDDs of the outputs,andderving
anISOP[3] for eachvalue.Generallythisis veryfastif theMDDs canbebuilt efficiently. In additiontheuse
of ISOPsgivesaresultthatis partially minimized.



2. Merging is an operationuniqueto the multi-valueddomain. It takesa list of nodesandforcesa meige of
theminto a singlemulti-valuednodeby building onei-setfor eachcombinationof valuesof the nodesbeing
memged. The new i-setis theintersectiorof the corresponding-setsof the combination.In theworstcase f
for example,therearek binary nodesin thelist, it will createa singlenodewith 2¥ values. However, some
new i-setsmay be empty 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 askingMVSI S to find good combinationsof nodesto meige. Merging is one of the
methodgor creatingMV intermediatenodes.Note that nodeextractionanddecompositiordiscussedn the
previous sub-sectioronly createbinary outputnodes sincethesemethodsarebasedon AND/OR factoring.

3. Encodeis like the inverseof the meige of binary functions. It triesto find a goodbinary encodingfor each
multivaluedvariablein the network, including primaryinputsandoutputs.At its termination,eachsignalhas
beenencodedsasetof binarysignals.Thenabinaryfile canbewritten. However, oftenwe wantto keepthe
I/Os the same(e.q. for verificationpurposes)soasan option,encoderanddecodersanbeput attheinputs
andoutputswhich keepthe network in its original multi-valued!/O form.

Two encodingscheme$have beendeveloped. The first one (commandencode) startsfrom the outputsand
in reversetopologicalorderworksbackto the primaryinputs. At eachnode,its outputsareencodedisingthe
informationon how its fanoutsareused.Thesecondcommandencode?2) startsfrom theinputsandproceed
topologicallyto the output. Eachnodeis encodedisingits local functionasdescribedn [11].

4 Verification

MV-networkscanbeverifiedin MVSI S by eithersimulationor by formal methods Validationrefersto checkingthe
equialenceof two networks by simulation. Formalverificationcomputeshe globalfunctionfor eachoutputusing
anMDD representatioft is like symbolicsimulation)andcompareshe MDD structuresfor sequentiahetworks,
it performsthe samecomputatiorfor eachlatchinputaswell. If amatchcannotbefoundamongthelatchvariables
of the two networks to be verified, no verificationis claimedby this method. MVSI S supportsoptimization of
non-deterministiaetworks[6]. In thesecasedormal verificationchecksfor containmentnsteadof equivalence.
Sometimest is importantto know if a network is initially non-deterministic. \WSI S hasa built-in but in-

completetestqcheck for non-determinisnat the primary outputswhich usesrandomsimulation. If a network
is non-deterministiandthis non-determinisnis detectedby one of the randomvectors,the network is declared
non-deterministichowever, absencef a messageoesnotimply thatthe network is deterministic.

5 TechnologyMapping

5.1 Bi-decomposition

This takes a flattenedor partially flattenedMV-network and generatesnotherone composedf two-input multi-
valuedMAX andMIN gatesandmulti-valuedliterals[12]. Both theincompletenessf theinitial specificatiorand
the flexibilities generatedn the decompositiorprocessare exploited. Bi-decompositiorcanbe viewed asa kind
of technologymappingstepresultingin a network of multi-valuedprimitivesanalogouso NAND andNOR gate
decompositiorusedin binary synthesis.This methodis particularly suitedfor datamining because¢he maximum
andminimumrelationsareeasilyunderstoody humans.



5.2 CodeGeneration

Herewe focuson applicationsn controlintensve embeddedystemswheresystemsaredesignediusinghigh-level
synchronousanguagedik e Esterel[13]. Thishigh-level designscanin turn becompiledinto a network of extended
finite statemachineEFSMs)representedh termsof MV control networks (with data-pathextension). We then
synthesizesfficient softwareimplementationgn C (commandyen_c). This problemhighly resembleshe classical
logic simulation problemwith the samegoal of high speedevaluation of logic networks. However, the tighter
constraintof embeddedystemsn bothcodesizeandresponseime malkesit a harderproblem.

Codegenerationinvolves generatingefficient evaluationcodefor MV logic functions,basedon usingpossibly
differentrepresentatiowith MDDs, SOPsor look-up-tableslt alsoinvolvesschedulingf thenodesn the network
with the goal of minimizing the evaluationeffort [14].

6 Comments

1. MVSI S canwork correctlyonnon-deterministimetworks,i.e. oneswheresomeprimaryoutputhasmorethan
onevaluefor someprimaryinputminterm.If anetwork is non-deterministicit canresultin anew network that
is not equialentto the original but hasa behaior thatis containedin the original. Thecommandveri fy
checksthatthe containments maintained.

2. WSI S canbe appliedto binaryfiles specifiedin BLI F usingr ead_bl i f . Theresultscanbe comparedo
thoseobtainedby SI S. Currently MVSI S comparedavorably with SI' S, whenappliedto the samebinary
file, bothin termsof speedandquality of results. The quality is sometimesmproved, possiblydueto some
procedureshatarenotpartof SIS,suchasconpl et e si npl i f y whichuseghecompletesetof don't cares
to dothenodeminimizations.At the sametime, it does’phaseassignmentif theminimizedcomplemenhas
asimplerform.

3. MW/SI Sis availableasexecutablesunningundereitherLINUX or WINDOWS [15].

4. A BLI F- MV file canbe generatedrom Verilog usingvl 2mv which is availableaspartof VI S [16]. Alter-
natiely, it canbe generatedrom Esterelprogramsusingthe translatordc2mv, which cornvertsdeclaratie
code(DC) formatsproduceddy the Esterelcompilerto BLI F- WV.

5. Thefollowing commandsannot be performedon networksthatcontaindatanodes:

ebd_deconp, ebd fx, sis_elimnate
i sop, bideconp, collapse_global, encode, encode2
verify, conmplete simplify

7 Conclusionsand Further Remarks

The programWSI S embodiesa lot of effort doneby mary peoplethroughthe yearsworking on multi-valued
synthesis. It can manipulateand optimize multi-valued multi-level networks andis the naturalgeneralizatiorof
SI S which doesbinary network optimization. Our goal is to make MVSI S the systemof choicefor multi-level
network optimization,beit binary or multi-valued,similar to how ESPRESSO- MV hasreplacedESPRESSO-| | C
in two-level logic minimization.



Applicationsof MSI S areincreasingandwill increasdurtherasthis new capabilityis betterunderstoodand
experimentedwvith. Currentdevelopmentsncludeimprovementof existing methodsandexperimentatiorwith nev
ideas. Someof thesecomefrom the factthat the domainof optimizationis expandedby openingup multi-valued
possibilities.For example we have discoserednew binarymethoddy transformingo themulti-valueddomain per
forming someoperationsandtransformingoack[17]. Thesepossiblywould nothave beenimaginedby considering
only thebinarycase.

Appendix: Extended BLIF-MV

Thenew BLIF-MYV file formatacceptedby MVSIS v1.1lextendstheonedefinedn MVSIS v1.0manualwith support
for data-pathasdefinedbelow.

e Abstract data variablesarespecifiedusingthe. n construct:
.n local _tine

e Multiplexer nodeassumeshefirstinputis anMV variable whosevaluerangeis atleastthe numberof data
inputvariables:

.mv tine_zone 3

.n pacific_standard_tine

.n beijing_tinme

.n london_tine

.mux time_zone pacific_standard tine beijing time |ondon_tine -> local _tine
0 - - - =pacific_standard_tinme

1- - - =beijingtine

2 - - - =london_tine

e Expressionnodetakesan un-interpretedstring (containedin doublequotemarks™’) asinput, which is as-
sumedio conformto the semantic®f the C languageandproducesa dataoutput.

.data pacific_standard_tine -> pacific_daylight_time
"pacific_standard_ tinme + 1"

e Predicatenodeis the sameasanexpressiomode,exceptthatthe outputis a controlvariable(MV).

.data pacific_standard _tine -> at_ni ght
"(pacific_standard_tinme > 18) && (pacific_standard tinme < 6)"
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