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Abstract— Image computation is the core operation for opti- out actually using RTL information. The result is a broader
mization and formal verification of sequential systems like con- applicability.
trollers or protocols. State exploration techniques based on OB- ~ Our heuristic has been successfully applied to real life
DDs use a partitioned representation of the transition relation to  benchmark examples given in Verilog. The application of our
keep the OBDD-sizes manageable. This paper presents a new ap-heuristic to model checking [4] reduced the computation time
proach that significantly increases the quality of the partitioning by 72% and memory consumption by 70% (overall) compared
of the transition relation of finite state machines. The heuristic to the standard method.
has been successfully applied to reachability analysis and sym-
bolic model checking of real life designs, resulting in a significant

reduction in CPU time as well as in memory consumption. Il. PRELIMINARIES

A. Hardware description languages

I. INTRODUCTION Since modern complex designs require a structured hierar-

The computation of the reachable states (RS) of a finite stat8ica! description to be feasible they are currently written in a
machine (FSM) is an important task for synthesis, logic Optihardware description anguage (HDL) at register Fra_nsfer level
mization and formal verification. The increasing complexitRTL)- The term RTL is used for an HDL description style
of sequential systems like controllers or protocols requires effat utilizes a combination afata flowand behavioral con-
ficient RS computation methods. If the RS are computed b@}ructs Logic synthe&s tools take the_RTL HDI__ description to
using Ordered Binary Decision Diagrams (OBDDs) [2], théJlroduce an optlmlzeq gate level netlist and high Ievel-sy.nthe-
system under consideration is represented in terms of a trangig (00IS at the behavioral level output RTL HDL descriptions.
tion relation (TR). Since the monolithic representation of th&/€rilog [12] and VHDL [8] are the most popular HDLs used
circuit's TR usually leads to unmanageable large OBDD-sizef0r describing the functionality at RTL. Within the design cycle
the TR has to be partitioned [3, 6]. The quality of the partip* optimization and verification the RTL level is an important
tioning is crucial for the efficiency of the RS computation. Thé"d frequently used part. o . _
computation of transitions will be unnecessarily time consum- 1 "€ design methodology in Verilog is a top down hierarchi-
ing, if the TR is divided into too many parts. On the other han§@ medeling concept based on modules, which are the basic
a number of partitions that is too small will lead to a blow-ugPuilding block. Our experimental work is based on designs
of OBDD-size and hence, memory consumption. Partitioninitten in this language.
the TR is usually done without utilizing any external informa-
tion. The standard method is to to sort the latches accordim®) Partitioned Transition Relations
to a benefit heuristic [7, 10] and then, apply a clustering algo-
rithm. This clustering algorithm follows a greedy scheme [5‘1:‘
that is guided only by OBDD-size, i.e if the OBDD-size of a
partition is exceeding a certain threshold a new partition has
be created.

Recently a new approach [9] has been proposed to improve TRy, ¢) = [T Gilws,0) = w),
partitioning of the transition relation. This approach utilizes
RTL (register transfer level) information provided by the hardwhich is the conjunction of the transition relations of all latches
ware description of the design. The RTL information is used t@; denotes the transition function of tkth latch). Thisnono-
find a grouping of the transition functions. Experiments havkthic TR is represented as a single OBDD and usually is much
shown that this approach performs significantly better for modeo large to allow an efficient computation of the RS. Some-
ularized designs than the standard method. times a monolithic TR is too large to be represented with OB-

In this paper we propose a heuristic for partitioning of TR®Ds. Therefore, more sophisticated RS computation methods
that adopts the grouping paradigm of the RTL heuristic withmake use of @artitionedTR [3], i.e. a cluster of OBDDs each

The computation of the RS is a core task for optimization
nd verification of sequential systems. The essential part of
%BDD—based traversal techniques is the transition relation TR:
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Fig. 1. Schematiof PartitioningStrategies.

of themrepresentinghe TR of a group of latches. A transi-
tion relationpartitionedover setsof latchesp, .. ., P; canbe
describedasfollows:

TR(z,y,¢) = H H (8; (21, €) = yi).

j i€P;

The RS computationconsistsof repeatedmagecomputations
I'mg(TR, R) of asetof alreadyreachedstatesR:

[mg(TR, R) = Elz,e(TR(x; Y, 6) ’ R)

With the useof a partitionedTR the image computationcan
be iteratedover P; andthe 3 operationcanbe appliedduring
the productcomputation(early quantification) The so called
AndEXxist[3] or AndAbstact operationperformsthe AND op-
erationontwo functions(herepartitions)while simultaneously
applyingexistentialquantification(3; f = fy=1 V fs=0) ONa
givensetof variablesj.e thevariablesthatarenotin the sup-
port of theremainingpartitions.Unlike the corventionalAND
operationthe AndExist operationdoesnot have a polynomial
upperboundfor thesizeof theresultingOBDD, but for mary
practicalapplicationst preventsa blow-upof OBDD-sizedur-
ing theimagecomputation.

Sincethenumberof quantifiedvariablesdepend®n theor-
der in which the partitionsare processedfinding an optimal
orderof the partitionsfor the AndExistoperationis animpor-
tantproblem. GeistandBeer[7] presentea heuristicfor the
orderingof partitionseachrepresenting singlestatevariable.
A moresophisticatedheuristicfor partitionswith severalvari-
ablesis givenby [10].

I11. PARTITIONING OF TRANSITION RELATIONS

Thequality of thepartitioningis crucialfor theefficieng/ of
the RS computation. The imagecomputationis iteratedover

the partitionsandincludescostly product(i.e. AND) compu-
tations. Therefore,maintaininga large numberof partitions
is time consuming.A smallnumberof partitionsmayleadto
unmanageabliarge OBDDs. Oneextremumof this trade-of
is the partitioning where eachlatch forms a partition, which
is usually small but requiresmary iterations. The other ex-
tremumis a monolithic TR, thatcanbe computedn oneiter-
ation but haslarge OBDD-size. Furthermorethe orderingof
latchesandclustersis crucial for an efficient AndExistopera-
tion.

In the following we will describethe standardpartitioning
stratgy, the RTL partitioning heuristig which is the basisof
ourwork andour new approach.

A. Commonpartitioningstrategly

A commonstrat@y for partitioningof the TR asit is used
e.g.by VIS [5, 10] proceedsn threesteps:

1. Order latches First, the latchesare orderedby using
a benefitheuristic[7] that performsa structuralanalysis
of the latches’transitionfunction to addressan effective
AndExistoperation.The maintargetof the heuristicis to
keepthe numberof variablesduringthe AndExist small,
thereforet usesa greedyschemedo minimizethebalance
of introducednext-statevariablesand quantifiedpresent-
statevariables Additionally, influencedike highestindex
of avariableto be quantifiedout areconsidered.

. Cluster latches The singlelatchrelationsareclustered
by againfollowing a greedystratgyy. Latchesareadded
toaOBDD (i.e. by performingAND) until thesizeof the
OBDD exceedsagiventhreshold.

. Order clusters In the last stepthe clustersare ordered
similarly to the latchesby usinga benefitheuristic(VIS
usesthe sameheuristicasin Stepl).

Figurel a) givesaschematicoverview of this process.
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Fig. 2. Clusterdependenciefor differentpartitioningschemes.

B. RTL basedPartitioning Heuristic

Recentlyadifferentpartitioningstrateyy hasbeenproposed.
Themainideaof the RTL partitioningheuristic[9] is to utilize
the hierarchicaRTL informationof the givencircuit to obtain
agoodpartitioning.

Although the standardmethod optimizesthe partitioning
twice, its main disadwantageis thatit only usesstructuralin-
formationto optimizethe partitioningfor anefficient schedule
for the AndExistoperationduringtheimagecomputation.

The RTL heuristicimprovesthis optimizationby including
additionalsemanticalnformationaboutthe representeéunc-
tions. The heuristicthatis basedon Verilog-RTL proceedsn
threesteps:

1. Group latches Thelatchesaregroupedaccordingo the
modulesgivenin the top moduleof the RTL description
in Verilog. Within the groupsthe latchesare orderedby
bit numbers.

2. Cluster groups The groupsrepresentordersfor the
clusters.Thereis no clustercontaininglatchesfrom dif-
ferentgroups. To control the OBDD size of the clus-
ters, the greedy partitioning strategy is applied within
the groups. The clusteringgiven by the groupslowers
the influenceof the arbitrary clusteringproducedby the
OBDD-sizethreshold. Thus, resultingin a more natural
partitioning.

3. Order clusters As a possiblelast stepthe clustersmay
beorderedby usingthebenefitheuristicfrom thestandard
method.

Figurel b) givesanoverview of this strateyy.

C. GroupbasedPartitioning Heuristic

The RTL heuristicperformssignificantly betterfor modu-
larizedcircuitsthanthestandardnethod.But what,if the RTL
informationis notaccessibleuring RS computatioror thein-
formationis lostdueto e.g.optimization?

In thefollowing we develop a heuristicthatadoptsthe ben-
efitsof the RTL heuristicwithoutusingRTL information.

Clusterdependencies

Thequality of thepartitioningmaybe describedy acluster
dependencmatrix CDM. Entry (7, j) of C DM containsthe
numberof supportvariableshatclusteri andclusterj havein
common.As the numberof commonvariablesgetshigherthe
dependengcincreases.

Figure 2a givesthe CDM of a typical benchmarkexample
(p62.L_L_V02) whenthe standardmethodis used(the CDM
is symmetric,so the lower part hasbeenomitted). The TR
resultingfrom the standardnethodhas23 clusters.It canbe
seenthatdependenciebetweenrall clustersexist andmary of
themarequite high. The maximumis 62 commonvariables.

Figure2b showvs theresultingCDM for the RTL method.It
is easyto seethat:

e someclustersarenotconnectedshavn by emptyfields),

o thedependencis small on moduleborders(cluster0-1,
9-10,17-18)and

¢ theoverall dependengcis smaller(maximumat 37 com-
monvariables).

All the pointsmentionedabore indicatea betterearly quantifi-
cation, andthusa moreefficient AndExistoperation.
Basedon theseobsenationswe develop our heuristic.

GroupHeuristicAlgorithm

The basicideaof the heuristicis to find groupsof strongly
connectedatchesandto megethesegroupsuntil areasonable
numberof mostlyindependengroupsremains..

Therefore the heuristicproceedsn two phasesDuring the
first phasea matrix LDM for latch dependenciets created.
Entry (¢, j) of thematrixLDM containsthe numberof OBDD
variableghatbothlatch: andlatch j aredependingn. Please



mentionthatthe matrix containsnumberf variablesandnot
thevariablestself. Computingthe dependenciebasedn the
variablesitself would be to hardto compute. The runtime of
this phaseof the heuristicis O(#latches? - #£vars).

During the secondphasethe groupsof latchesare deter
mined with the help of the latch dependenciematrix LDM.
The ideais to put latchesthat have a high numberof vari-
ablesin commoninto one group. By decreasinghe depen-
dengy thresholdlatchesare addedto existing groupsor form
new groups.

The problem using this very basic approachis that there
alwaysexists a certaindependenc betweenall latches(e.g.
clocksignals).Therearealsolatcheghatareonly veryloosely
coupledto otherlatches.Thus,in thisform theheuristicwould
resultin a single large group before all latcheshave been
grouped.

To avoid this effectwe introducedanadditionalcriterionfor
the separatiorof groups. The separatioris realizedby avoid-
ing meges of groups,whosedependenciesdiffer too much.
Groupsareindexed by the orderin which they have beencre-
ated.Thedifferenceof two groupindexesgivesa criterionfor
the differencein the amountof dependeng If the indexes of
the group differ too much,a mege is forbidden. In our case
it turnedout the a differenceof 3 is a good choiceto obtain
areasonableumberof separatedjroups. The runtimeof this
phaseof the heuristicis O(#latches® - #£vars).

For a sketchof thegroupingheuristicseeFigure3.

After computingthe groupsof latchesthe partitioning is
computedby applying the clustering stratgyy of the RTL
heuristicoutlinedin Figurelb.

Figure2c shavstheapplicationof thegroupheuristicto our
benchmarlexample(for experimentakesultsseeTablel). The
following canbe seenfrom the CDM:

¢ theoverall dependenccomparedo the standardnethod
is muchsmaller(maximum42),

e mary clustersarenot connected,
¢ thegroupstructures comparabléo the RTL method.

The CDM of the group methodis not as structuredasthe
CDM of the RTL. But, this resultis not not surprising: The
RTL methodis a high-level method,while the groupmethod
simulateshigh-level effectswith low-level informationi.e. it
works much more heuristicallythanthe RTL method. Nev-
erthelessthe CDM looks promisingandthe groupinghasa
stronginfluenceon performanceof the imagecomputationas
experimentsshow.

IV. EXPERIMENTS

A. Implementation

We implementedour stratgy in the VIS-package5] (ver
sion 1.3) using the underlying CUDD-packagg11] (version
2.3.0). VIS is a popularverificationandsynthesigpackagen
academicresearch.lt inherits stateof the art techniquedor

initialize group to O;
for (dep = maxdep downto 1){
for (i = 1 to #latches){
for (j = 1 to #latches){
if(depmatrix]i][j] == dep){
igroup = group[i]; jgroup = groupl[j;
if(ligroup && jgroup) groupli] = jgroup;
if(igroup && 'jgroup) grouplj] = igroup;
if(Yigroup && 'jgroup){
#groups++;
group[j] = groupl[i] = #groups;
}
if(igroup && jgroup &&
abs(igroup-jgroup)< 3){
rename groups to min(igroup,jgroup)

Fig. 3. Algorithm in pseudocodéor groupheuristic.

OBDD manipulationjmageandreachablestatescomputation
aswell asformal verification techniques. Togetherwith the
vl2mv translatoVIS providesa Verilog front-end.

B. Benchmarks

For our experimentswe used Verilog designsfrom the
Texas97benchmarksuite[1]. This publicly available bench-
mark suite containsreal life designsfrom industry and aca-
demicsincluding:

e MSI CacheCoherencérotocol

e PClLocalBUS

e PIBUS Protocol

e MESI CacheCoherencérotocol

e MPEG SystemDecoder

e DLX

e PowerPC60x Businterface

Thebenchmarlsuitealsocontaingropertiegjivenin CTL for-
mulasfor verification.

We chosethose designsthat representRTL (i.e. includ-
ing morethanonemodule)ratherthangatelevel descriptions.
Consideredverethosedesignghatcouldbereadin andwhose
transitionrelationcouldbe build respectingour systemimita-
tions. Too smallexampleg(CPUtime < 20s)werenotconsid-
ered.

C. ExperimentaSetup

We left all parametersf VIS and CUDD unchanged.The
mostimportantdefaultvaluesare:

e Partition clustersize= 5000

e Partition methodfor MDDs = inout



e OBDD variablereorderingmethod= sifting
¢ Firstreorderinghreshold= 4004nodes

The model checkingwas preceededy a forced variablere-
ordering. The CPU time was limited to 2 CPU hoursand
memoryusagewas limited to 200MB. All experimentswere
performedon Linux Pentiumll1500Mhzworkstations.

D. Resultsof Model CheckingExperiments

In our experimentserieswe performedmodel checkingon
the basisof the Texas97benchmarks.

For resultsseeTablel. Img.comp. is the sumof forward
andbackwardimagecomputationperformedduring the anal-
ysis. Part givesthe numberof partitionsof the transitionre-
lation. The OBDD-sizeof the transitionrelation clusterand
the peaknumberof live nodesis givenby TRn resp. Peakn.
The CPU time is measuredn secondsand given as Time.
The columnsdenotedwith % describethe improvementin
percent.

At thebottomof Tablel you canfind thesumof all numbers
of partitions,BDD-sizesand CPU-times.Also, theaveiageof
therelativeimprovements givenaswell asthetotal improve-
ment

Theexperimentshaw significantimprovementsn time and
space: The overall CPU time decreasedby 72% overall and
48%onaverage.Themethodoutperformghestandardnethod
in 46 of the48 benchmarksThe decreasé computatiortime
rangesup to 94%. The OBDD peaksizescouldbe loweredby
70% overalland40%on average.

V. CONCLUSION

We presented heuristicfor optimizing the partitioning of
the transition relation for reachablestatescomputationand
model checkingof sequentiakystems. The heuristicadopts
the paradigmof arecentlyintroducedRTL-basedheuristicfor
partitioning,but without usingRTL information. Thus,result-
ing in abroaderapplicability of the heuristic.

The heuristicsignificantly decreasesomputationtime and
memoryconsumptiorduringreachablestatescomputatiorand
model checkingandthus, allows more efficient optimization
andverification.
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