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Abstract

Functionaldetuggingoftendominateshetime andcostof the ASIC systendevelopmentmainly
dueto thelimited controllability andobsenrability of the storageslementsn designsandtherefore
the intermediatevariablesin functional specifications.We proposea newn divide-and-conqueap-
proachfor maximizingthe simultaneougontrollability of anarbitrarysetof the userselectedrari-
ablesin the designat the detuggingtime for facilitating the functionaltest patternexecutionwhile
minimizing the hardware overhead. The approachimposesminimal restrictionon register sharing
sothatthe synthesizedlesignswill have the desiredcharacteristiavhile minimizing the additional
hardwareoverheadandminimizing thedisruptionof the optimizationpotentialwhenschedulingal-
locationandbindingtasksin high-lesel synthesisare performed.The effectivenesof the proposed
approachs demonstratedn a numberof designs.

*A preliminaryversionof this paperwaspresentect the Asia andSouthPacific DesignAutomationConferenceyoko-
hamaJapanfebruaryl0-13,1998.



1 Intr oduction

1.1 Motivation

Functionaldeluggingof hardwareandsoftwaresystemshasbeenrecognizechasa very laborintensve
andexpensve process.For example,the designerof a modernsuperscalamicroprocessoreported
that the processook more than40% of the overall developmenttime [26]. Although the functional
delugginghasbeenestablishedsoneof the crucial systendevelopmeniprocesseandtremendouse-
searclefforts have beendevotedto thetopic, especiallyin softwarecompiler theexceptionakconceptual
complity of thedeluggingprocessaspreventedthe procesgrom beingautomated.

Functionaldeluggingof ASIC designds in particulara difficult actvity anduntil now only limited
effort hasbeenspentonthesubject.Thisis mainly dueto thelimited controllabilityandobsenability of
thestorageelementr variablesn designsThis situationis lik ely to becomemoreseriousn thefuture
sincethe key technologicatrendsindicatethatthe percentagef controllableandobsenrablevariables
in designswill steadilydecreaseThereis, however, a key technologicafactor the clock rate,likely to
help remedythe situation. The clock rate hasbeendoublingevery threeyears. Thus, higherlevels of
resourcesharingbecomefeasibleandeconomicallydesirablewith eachnew generatiorof technology
while at the sametime resourcesharingis becomingincreasinglyimportantfor satisfyingapplications
requirements.
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Figurel: Thefunctionaldeluggingprocesgor ASIC designs

Thefunctionaldehuggingprocesgor ASIC designsanbe partitionedo thefollowing five delugging
phasessillustratedin Figurel.

TestPattern Generation. In thefirst phaseof delugging,the goalis to generatehe input patterns
whicharelik ely to make functionalerrorsvisible. Thesepatternsaregivenasthespecificvaluesof a set
of variablesn thedesign.



Test Pattern Execution. In this phasethe functionaltestinput patternsgeneratedn the previous
phaseshouldbe executed. The testinput patternsare executedby providing the propervaluesto the
primaryinputs. Thegoalis to executethe giventestpatternrwheneer possible.

Error Detection. In this phasethe designerdiscovers an error of the designby the discrepang
betweerthe actualvaluesandthe desiredvaluesof the primary outputsfor the givenvaluesof primary
inputs.

Error Diagnosis. In this phasethe designeridentifiesthe part of the designwhich causeghe error
detectedn the previousphase.

Error Correction. In the final phasethe faulty partof the designidentifiedin the previous phasds
replacedoy thecorrectone.

In this paperwe addresshetestpatternexecution(FTPE)phaseof thefunctionaldetuggingof ASIC
designgn high level synthesis.We have the following four main objectvesfor the researctpresented
in this paper:

1. to understandhe key aspect®f the problemanddevelopsoundtheoreticafoundation.

2. tounderstandherole of thefunctionaltestpatterngeneratiorandexecutionin designprocessand
theinteractionwith othersynthesigaskssuchasschedulingallocationandbinding.

3. to developtechniquedor design-fordehuggingwhich facilitatesthe testpatternexecutionphase
while minimizingits overhead.

4. to definethe optimizationproblemsinvolvedin the processgstablishtheir computationatom-
plexity, andproposeefficient algorithms.

1.2 Motivational Example

To illustrate the key ideasbehindthe new approachconsiderthe designshavn in Figure 2(a). The
designis acascaddorm Avenhausdilter composeaf direct-formll sectionslesignedy Crochiereand
Oppenheini6]. For the simplicity of illustration, we assumehatall operationgake onecontrol step.
The critical pathis six control steps. |t is simpleto verify thatthe minimum hardwarerequiremenis
two addersandtwo multipliers.

To dehug the functionality of the design,in the first step,functional test patternswhich are most
likely to make functionalerrorsvisible, aregeneratedT hesepatternsaaregivenasthe specificvaluesof
asetof variablesn thedesignthatneedto be setin the sameteration.For example thevariablesz and
b in Figure2 shouldbe setto the maximumpossiblevaluein orderto detectsomepossibleerror The
functionaltestpatternsshouldbe executedby providing the propervaluesto the primary inputs. The
goalis to maximizethe simultaneougontrollability of anarbitrarysetof the userselectedsariablesin



the designat the deluggingtime for facilitating the functionaltestpatternexecutionwhile minimizing
thehardwareoverhead.

It is hardto executefunctionaltestpatternan the original designdueto severalreasonsFirst, there
is only oneprimaryinputwhile therearefour functionaldelaysandmary intermediatesariableswhich
resultsin low directcontrollability of the design.Secondlytherearefour loopsin the designdueto its
sequentialitylt is necessaryhatatleastoneof thevariablesn aloopis controllablein orderto control
variablesn theloop.

To overcomethe difficulties, the key designelementto be exploredis resourcesharing,especially
registersharingbetweerprimaryinputsandintermediatesariables.Our approachs to imposeminimal
restrictionon registersharingso thatthe synthesizediesignwill have the desiredcharacteristiavhile
minimizingtheadditionalhardwareoverheacandminimizingthedisruptionof theoptimizationpotential
whenperformingscheduling allocationandbinding tasksin high-level synthesis.In orderto explain
the proposedpproachye needto introducethe notionof a completecut of acomputation.

Definition 1 (Cut) A cutis a subsebfvariablesin control dataflowgraph. A variablein a cutis called
cutvariable

Definition 2 (CompleteCut) A completecutis a subsebf variableswhich includesat leastonevari-
ablefromeveryloopin contol dataflow graph. Anyincompletecutis called partial cut.

A completecut bisectsall loopsin the controldataflow graph.For example,all functionaldelaysor
statevariablesform a completecut. A completecut playsanimportantrole to overcomethe difficulties
mentionedabore. Providing controllability to the variablesin a completecut allows us to isolatethe
consecutieiterations.By sharingregistersbetweerthe primaryinputsandthevariablesn thecomplete
cutsuchthatevery cut variableshares registerwith oneof the primaryinput variablesdirectcontrol-
lability to the cut variablesis provided. Basedon this idea, our approachselectsa completecut and
imposessucha restrictionon scheduling allocationandbinding phaseghat every cut variableshould
sharearegisterwith oneof the primaryinputvariables.Thereforethe completecut mustbe selectedo
imposeminimal restrictionon the synthesigphases.

Considera completecut composedoy all four statevariables. Sinceall variablesin the cut and
the primary input IN areconcurrentlyalive in control stepl regardlessof schedulingalgorithmto be
used,they have to be storedin five differentregisters. Therefore the direct of the cut variablesis not
provided by the primary input IN. Allocation of extra hardware, four setsof registerl/O connections
with write ability to the registersfor the statevariablescanprovide direct controllability. Without the
extra hardware, it is impossibleor very hardat bestto setarbitraryrequested/aluesin the functional
delays.Providing the ability of resettingthe functionaldelaysto afixed value,e.g.,0, mayreducethe
compleity, but theresettinghasa seriousdravbackof interruptingfunctionality of the computation.
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Figure2: Motivationalexample:cascade-form\venhaudilter

Considera differentcompletecut consistingof the variablesr andy (the bold linesin Figure2(b)).
In this case all the variablesin the cut andthe primaryinput IN cansharea registerbecausehey can
bescheduleduchthatthey arenotalive simultaneouslyThetwo phaseclockingschemen whichread
operationsare performedin the first phaseandwrite operationsare performedin the secondphaseis
assumedOnesuchscheduldas showvn in Figure2(b). The scheduleequiresonly two addersandtwo
multiplierswhich areexactly the lower bound.

Now the completecut canbe usedto control othervariablesin the design. Any othervariablecan
be describedy alinearequationof the variablesin the completecut andthe primaryinputs. Thus,by
solving a systemof linear equationdor the requestedetof variablesto control, the feasibility of the
requestanbedeterminedFor example thesystemof equationgor thevariables: andb attheiteration
t is thefollowing:

a[t] = k * IN[t] + z[t]
b[t] = c5 * Ds[t] + D4[t] = c5 * D3[t] + D3t — 1]
Dslt| =y[t — 1]+ k« IN[t — 1] + z[t — 1] + co % D[t — 1] + Do[t — 1]
Dy[t] = Dy[t — 1]
Di[t] =k *IN[t — 1] + z[t — 1]

a[t] andb[t] aredescribedy linearcombination®f IN[s], z[s], y[s] for s = t,t —1,t —2,t —3,t — 4.

We stressherethatour techniques notlimited to lineardesigns.For nonlineardesignsatechnique,
which isolatesall outputvariablesof nonlinearoperationghroughregister sharingwith the primary
inputvariablesjs employed.



1.3 What is New?

Tothebestof ourknowledgethisis thefirst attempto studythefunctionaltestpatternexecutionproblem
in high level synthesisandin generalCAD techniquesThis is alsothefirst approachwhich addresses
thefunctionaltestpatternexecutionproblemfor the customASIC designsn anoptimization-intensie
way.

1.4 Paper Organization

Therestof the paperis organizedin the following way. In the next sectionwe introducesereral defi-

nitions and presenthe necessarpackgroundmaterialwhich includesthe assumedadomputationabnd

hardwaremodels resourcesharingandlinearalgebra.Section3 outlinesthe previouswork in software
delugging,hardwareverification,delugging-relatedCAD, andregistersharingin high level synthesis.
Theproposedpproachs describedn Sectiord. In Section5, theoptimizationproblemfor minimizing

thehardwareoverheadn achieving testpatternexecutionrequirements defined jts computationatom-

plexity is establishedandan efficient algorithmis proposedor the problem.In Section6, we present
experimentatesults.Finally, we drav conclusionsn Section?.

2 Preliminaries

2.1 Definitions

In this subsectionwe defineseveralterminologiesusedin this paper

Definition 3 (Linear Computation) A linear computationis a computationwhich satisfiestwo ax-
iomaticpropertieshomaeneityand additivity [28].

e Homayeneity:If theresponsé¢o a signalzx is a signaly, thentheresponséo az is ay for arbitrary
constanta.

e Additivity: If theresponseo signalsz; andz, are y; andy,, respectivelythenthe responseo
1+ To iSy1 + yo.

A computationwhich usesonly addition(subtraction)andmultiplication with constantascomputa-
tional operatorgss a linear computation. It is importantto notethat linearity can be exhibited over a
differentsetof operators.A computationwith eithermin or maxin placeof addition,andadditionin
placeof multiplication with constants a linear computation. Any computationwhich is not a linear
computationis a nonlinearcomputation. Typical nonlinearoperatorsusedin CDFG includevariable
multiplicationandvariabledivision.



Definition 4 (Irr edundant CompleteCut) Anirredundantompletecutis a completecutin which re-
moval of anyvariablein the cutresultsin anincompletecut. Anyothercompletecutis calledredundant
completecut.

Definition 5 (Partially RedundantCompleteCut) A partially redundanttompletecut is a complete
cutin which remwal of anyvariablein thecut, originatingfroma linear operation, resultsin anincom-
pletecut.

A partially redundantompletecutis simply anirredundantompletecut for alineardesign.

2.2 Computational and Hardware Model

We represente computatiorby a hierarchicalcontroldataflow graph(CDFG) consistingof nodesrep-
resentinglataoperatorr sub-graphsandedgesepresentinghedata,control,andtiming precedences
[34]. The computationsoperateon periodic semi-infinite streamsof inputsto producesemi-infinite
stream®f outputs.Theunderlyingcomputationaimodelis homogeneousynchronouslataflow model
[19] whichis widely usedin computationallyntensve applicationsuchasimageandvideoprocessing,
multimedia speectandaudioprocessinggontrol,andcommunicationsUnderthismodel,theoperators
consumea singleinputfrom eachinputandproducea singlesampleon eachoutputon every execution.
An importantimplication of the semanticof the selecteccomputationamodelis staticcompile-time
schedulingandassignment.

We do notimposeary restrictionon the interconnecschemeof the assumedhardwaremodelat the
registertransferevel. Registersmayor maynotbegroupedn registerfiles. Eachhardwareresourcecan
be connectedn anarbitraryway to anothemardwareresource We assumehatthe two phaseclocking
scheman which readoperationsareperformedn thefirst phaseandwrite operationsareperformedn
thesecongohasas used.lt is importantto notethatall techniquesndalgorithmsaredirectly applicable
to otherhardwaremodels.

The initial designis augmentedvith the additionalhardwareswhich enablecontrollability in the
“debugging”mode.Thefollowing input operations incorporatedo provide completecontrollability of
avariableVarl usinguserspecifiednputvariable:

Inputl if(Debug)thenVarl = Inputl
This statementanbeimplementedisinga multiplexerandsomecontrollogic asillustratedin Figure3.

2.3 Resource Sharing

Resourcesharingmethodsn highlevel synthesisanbedividedinto unconditionalandconditional[21].
In unconditionakesourcesharing eitherfunctionalmodulesfor operationscheduledn differentloops
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Figure3: Necessarpardwarefor controllingvariablesn the“debug” mode

or registersfor variableswithout conflicting lifetimes canbe shared.In conditionalresourcesharing,
modulesfor operationsandregistersfor variablesat mutually exclusive partsof conditionalbranches
canbeshared.

Valuesof the variableswhich aregeneratedn onecontrol stepandusedin a later control stepmust
be storedin registers.In orderto minimize the numberof registersused,we useregistersharingwhich
allows differentvariablesto sharethe sameregisters. The lifetime of a variableis the time periodin
which the valueof the variablemustbe saved in a register More formally, The lifetime of a variable
spansbetweenthe control stepat which the valueis first computedandthe control stepat which all
variablesdependenbn its value have beencomputed. If the lifetimes of variablesz andy do not
overlap, then the two variablesz and y are compatiblevariables. Otherwisethey are incompatible
variables Compatiblevariablescansharearegister

2.4 Systemof Linear Equations

A systemof linearequationsvith n unknavn variablesandm equationss considered.

a1+ 0 1Ty, = by (1)

11+ -0 FOppTn = bm

Equationq1) canberewrittenin termsof the columnvectorsof thematrix A = (a;;).

T ANz, AT =b (2)



The equation(2) canberewrittenas Az = b. Therow rankof A is equalto the numberof linear
independentows of A. The columnrankof A is equalto the numberof linearindependentolumnsof
A. Therankof A, Rank(), is eithertherow rankor columnrankof A becaus¢herow rankof amatrix
is the sameasthe columnrank of the matrix. The known resultsabouta systemof equationsdz = b
andtheaugmentednatrix (A4, b), whereA is am x n matrix,aresummarizedn thefollowing [38]:

e If Rank(, b) > Rank(A), thenAz = b hasno solution.
e If Rank, b) = Rank(4) = n, thenthereexistsa uniquesolutionto Az = b.

e If Rank(, b) = Rank(4) < n, thenthereexist infinitely mary solutionsto Ax = b.

3 RelatedWork

We surwey the relatedworks alongfour lines: software detugging, hardware verification,delugging-
relatedCAD, andregister sharingin high level synthesis. In software delugging, the relatedworks
on testdatageneratiorand executionare suneyed. In hardware delugging,we surwey the relatedre-
searcheffort on functionaltestdataand programgeneratiorand executionfor functionalverification
andvalidation.

Testdatagenerationn softwaredehuggingis the procesf identifying a setof testdatathatsatisfies
aselectedestingcriterion,suchasstatementoverageandbranchcoveragewhich requireshatcertain
programelementdeevaluated.Therearethreetypesof testdatageneratorstandomestdatagenerators
[4], path-orientedestdatagenerator$7], anddynamictestdatagenerator$l6]. Therandomtestdata
generatoroften suffer inefficiengy whenfinding testdatato executeselectedstatements.The path-
orientedapproacttonsistof the procesof selectinga programpathto the selectedstatemenandthen
generatingnput datafor thatpath. If thetestinput dataarenot foundfor the selectedpath,a different
pathis selected.One of the dravbackswith this approachs that infeasiblepathsare often selected
andasaresult,significantcomputationaéffort canbe wastedin analyzingthosepaths.In the dynamic
approachof testdatagenerationtestdataare derived basedon the actualexecutionof the program
undertest. The approachstartsby executinga programwith randominput. During the executionthe
programflow is dynamicallyadjustedo leadto theselectedtatemenby analyzingcontrolflow anddata
dependenc Theapproachdiffersfrom the path-orientedestdatagenerationn thatthe pathselection
stages eliminated.

JonesandPrivitera[13] proposeda methodfor the generatiorof testdatafor functionalverification
usingaformal specificatiorto drive thetestgeneratiorandappliedthe methodfor anumberof Ramlus
designs.For the testprogramgenerationWood, GibsonandKatz [41] proposeda methodfor verify-
ing multiprocessocachecontrollerwhich useda pseudo-randorgeneratoto probabilisticallygenerate
all multiprocessomteractioncasesLee andSiewiorek [18] presenteé methodto generatdunctional
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testprogramspecificallydesignedor detectingdesignerrorsin pipelinedcomputerimplementations.
An approachwhich combinesrandomgeneratiorwith userspecificsequencgeneratioraccordingto
knowledgeandexperiencenvasproposed22]. In IBM, atestprogramgeneratiormethodbasedon an
expertsystemconsistingof heuristictestingknowledgedatabasandaformal modelof processoarchi-
tecturehasbeenusedfor functionalverificationof six IBM PowverPCprocessor§l]. For multiprocessor
designverificationof PoverPC620microprocessortestprogramgeneratiormethod whichcombines
thedeterministiandrandomtechniqueshasusednstructionsequencethatresemblecommerciacode
for symmetricmultiprocessorgn market[23].

In the CAD domainrecentlyPowley andDe Groatdevelopeda VHDL modelfor anembeddedon-
troller [33]. Themodelsupportsleluggingof theapplicationsoftwares.NaganumaQ@guraandHoshino
[24] combinedthe structuredanalysisapproache$25] with algorithmic delugging techniquesrom
logic programming[35] to speed-updesignvalidation processes Potkonjak, Dey, and Wakabayashi
[32] proposedatechniquéor design-fordelugging. Theirtechniqudocusesonly ontheerrordetection
phaseof dehugging. The methodprovidescontrollability and obsenrability for the variablesspecified
by the designer The methodis applicableonly to the hardwiredASICs. Koch, Kebschull,andRosen-
stiel [14] proposedan approachfor sourcelevel delugging of behaioral VHDL in a way similar to
software sourcelevel deluggingthroughthe useof hardware emulation. They also presentedan ap-
proachfor breakpoinidetectionby hardwaremeanswith low overhead15]. Benneretal. [2] presented
a systememulatorusing rapid prototypingsystemfor verification and evaluationof small embedded
hardware/softvare-systemgeneratedby a hardware/softvarecosynthesisFang,Wu andYenproposed
a methodwhich supportson-line deluggingfor logic-emulationapplicationg8]. Simulationhasbeen
alsousedfor functionaldelugging[27, 40]. While the behaioral synthesidor functionaldelugging
hasnot receved muchattention,behaioral synthesidor manugcturingtestinghasbeenextensvely
discusse(i29, 11, 20].

Ragister sharingis explored when register allocationis performed. Many well-known register al-
locationalgorithmsfocus on eitherunconditionalregister sharing[39, 31, 12] or conditionalregister
sharing[3, 17] for control dataflow graphsthat containno loops. For control dataflow graphswith
loops, StokandvandenBorn [37] proposeca methodto breakthe loopsat loop boundariesuchthat
variableswhoselifetimes crossa loop boundaryare split andtreatedastwo separatevariables.When
the two splitedvariablesof a variableare assignedo differentregisters,a registertransferoperation
Is necessaryStok [36] proposeda techniqueto minimize the unnecessaryegistertransferoperations.
Park, Kim andLiu [30] presentec transformation-basetiethodfor registerallocationin the presence
of both conditionalbranchesandloopsin a control dataflow graph. All of thesetechniquesassumed
thatregisterallocationis performedafter schedulings finished.
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4 Designfor Functional TestPattern Execution

4.1 Global Flow of the Approach

Thegoalis to maximizethesimultaneousontrollability of anarbitrarysetof theuserselectedariables
in thedesignatthedehuggingtimefor facilitatingthefunctionaltestpatternexecutionwhile minimizing

the hardware overhead. Thereare several problemsthat make it hardto achiese high controllability.

First,thereareusuallyonly afew primaryinputsin designs Primaryinputsaredirectly controllableand
areinstrumentaln providing controllability of othervariables.Secondlythereareloopsin designs.To

controlvariablesn aloop, we mustbeableto controloneof thevariablesn theloop. Thirdly, thereare
oftennonlinearoperationsn designsNonlineardesignsareparticularlyharderto achieve controllability

thanlinearones. The key designelementto addresghe threeproblemsis resourcesharing,especially
registersharingbetweenprimary inputsandvariablesin designs.Our approachs to imposeminimal

restrictionon registersharingsothatthe synthesizedlesignswill have the desiredcharacteristiavhile

minimizingtheadditionalhardwareoverheacandminimizingthedisruptionof theoptimizationpotential
whenperformingschedulingallocationandbindingtasksin high-level synthesis.

Theideais to find acompletecut thatsatisfieghefollowing requirements:

e All outputvariablesof nonlinearoperationsareincludedin thecut.
e Thecutshouldbea partially redundantompletecut.

e The cut shouldminimize the disruptionof optimizationpotentialin scheduling,allocationand
binding.

e Thecutshouldincludethe minimumnumberof variables.

We explain the reasondehindthe requirements.First, it is difficult to indirectly control the out-
put variablesof nonlinearoperationdrom otherdirectly controllablevariablesbecausét may involve
solvinga systemof nonlinearequations.Thus,the outputvariablesof nonlinearoperationsaredirectly
controlledby the primaryinputsthroughregistersharing.ln otherwords,the functionalspecificatiorof
the designis logically partitionedinto linear components Secondly morevariablesin the cut impose
morerestrictionon the later synthesissteps. Thus, if a variablecanbe removed from a completecut
withoutresultingin a partialcut, it shouldbe removed. Thirdly, becauseve needto imposetherestric-
tion that every variablein the cut shouldsharea registerwith any one of the primary input variables,
the cut shouldbe selectedo imposeminimal restriction. Finally, becausedirect controllability of a
variablerequireshardwareoverheadlescribedn Section2, thenumberof variablesn thecutshouldbe
minimizedto reducethedelugginghardwareoverhead.

After anoptimalcompletecutis found,we performschedulingallocationandbindingsuchthatevery
variablein the cut sharesaregisterwith any oneof the primaryinputvariables.If we fail to find sucha
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cut, allocationof extra hardware,registerl/O connectiongvith write ability to theregisterscanprovide
directcontrollability to the cut variableswhich areincompatiblewith all primaryinputs. Thegoalis to
minimizetheallocationof the extrahardware.

Given functionaltestpatternsa systemof linear equationgor the requestedontrol variableswith
afunction of only the variablesin the completecut andthe primary input variablesis constructecand
solved.

4.2 Maximum Number of Iterations for Functional TestPattern Execution

It is interestingto know the numberof iterationsrequiredfor ary functionaltestpatternexecution. A
simple maximumboundis the numberof functionaldelaysplus 1. The exact number however, is
smalleror equalto the numberdependingn the dependenciebetweerfunctionaldelays. The maxi-
mumnumberof iterationsrequiredfor any functionaltestpatternexecutioncanbe computedusingthe
algorithmdescribedn Figure4. In thefirst phaseof the algorithm,all strongly-connectedomponents
of the computationareidentifiedanda graphwhich describeghe dependenciebetweernthemis con-
structed A strongly-connectedomponents definedasthefollowing. For ary pair of operationsd and
B within astrongly-connectedomponentthereexist bothpathfrom A to B, andonefrom B to A. The
strongly-connectedomponentganbe efficiently identifiedusingthe standarddepth-firstsearch-based
algorithm[5]. The weightof the vertex is the numberof functionaldelaysin the strongly-connected
component.Onesuchgraphis shovn in Figure5. The numberin bold italic representshe numberof
the delaysthat the strongly-connectedomponentependon. Thesenumbersare computedby a dy-
namicprogrammingstartingfrom the primaryinputs. The maximumof suchnumberdor the nodesin
thegraphplus 1 is the maximumnumberof iterationsrequiredfor ary functionaltestpatternexecution
for thecomputation For theexample,at mosteightiterationsarerequiredwhile the simpleboundis 13.

All strongly-connectedomponent$SCCs)of the computatiorareidentified;
A graphG = (V, E) which describeshe dependencielsetweerSCCsis constructed
For eachvertex v in V
W (v) = thenumberof functionaldelaysin v;
For eachvertex v in V
If therearenoincomingedgedo v
Then N(v) = W (v);
Else N (v) = maxyyues(N(w) + W (v));
Returnmaxy,cy N (v);

Figure4: The algorithmfor computingthe maximumnumberof iterationsrequiredfor arny functional
testpatternexecution
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Figure5: An exampleof computingthe maximumiterationsfor functionaltestpatternexecution

5 Selectionof Optimal Partially Redundant Complete Cut

5.1 Distribution Graphs for Variables

We usedistribution graphs(DG’s) similar to the onesusedin force-directedschedulingoy Paulin and
Knight [31]. Thepossiblecontrolstepat which anoperationis scheduledpansetweents assoonas
possible(ASAP) control stepandaslate as possible(ALAP) controlstep. By notingthatanoperation
canbeassignedo ary controlstepbetweernits ASAP andALAP controlstepsthelifetime of avariable
beforeschedulingspandetweerthesecondphaseof the ASAP controlstepof thesourceoperationand
thefirst phaseof themaximumof ALAP controlstepsamongall destinatioroperationsThelifetime of a

primaryinputvariableincludesonly thecontrolstepshatthevariableis usedandspanghefirst phaseof

theminimumof ASAP controlstepsandthefirst phaseof the maximumof ALAP controlstepsamong
all destinationoperations. We assumeuniform probability of assigningan operationto ary feasible
controlstep. The heightof arectanglen a distribution graphfor a variablemeanshe probability that
thecorrespondingontrolstepsof therectanglebelongto thelifetime of thevariableafterschedulings

performed.Lemmasl and2 shav thatary variablescansharea registerif the distribution graphsfor

the variablesdo not have suchintersectingectangleghat the probabilitiesof the rectangledor all the
variablesarel.

Lemmal If thedistributiongraphsfor variablesz andy do nothavesud intersectingrectangleghat
the probabilitiesof the rectangledor thetwo variablesare 1, thenthetwo variablesz andy canshase
a registerby scheduling allocationandbinding

Proof: The sourceanddestinationoperationf the variablesr andy canbe scheduledsuchthatthe
lifetimes of z andy do not overlapbecauséhereis nonzeroprobability for every control stepthat at
leastoneof thevariableds notalive. O

TheLemmal canbeeasilyextendedor n variables.
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Figure6: Controldataflow graphfor alow-pasdatticefilter designedor communicationgpplication

Lemma 2 If thedistributiongraphsfor variableszy, x4, - - -, z,, donothavesud intersectingrectangles
thatthe probabilitiesof therectangledor all thevariablesare 1, thenthen variablesz, -, - - -, z, can
share a registerby scheduling allocationandbinding

Proof: We canusethe sameargumentin Lemmal to prove thislemma.O

We definethe costfor avariablex, COST (), andthe costfor acutC', COST(C) andusethe cost
measureso compareaifferentvariablesandcuts,respectrely. For avariablex, the costCOST(x)is the
intersectingareashetweenr andprimaryinputsif x is compatiblewith at leastoneprimaryinput and
oo, otherwise ForacutC, COST(C) = Yyzec COST (z).

To illustratethe creationof distribution graphsfor variables,considerthe designshavn in Figure6.
The designis a sub-partof a low-passlattice filter of degree3, which is designedo be usedin a 12-
channekransmultipleer[9]. Thecritical pathof the designhassix controlsteps.The availabletime is
alsosix controlsteps.Thedistributiongraphgor thevariabledN, a, b, c andd in Figure6 areshavnin
Figure7. Notethat{a}, {6} and{c, d} areirredundantompletecuts.

It is simpleto seethatthevariabless andIN cansharea registerwithout disruptingthe optimization
potentialbbecauséherearenointersectingectanglesThevariables$ andIN canalsosharearegister, but
shoulddisruptthe optimizationpotentialbecaus¢hedestinatiommultiplicationoperationof thevariable
b mustbe scheduledat control step3 even thoughit canbe scheduledn ary control stepbetween3
and6. Thevariablec cansharea registerwith IN, but the variabled cannot becausel andIN are
bothalive at controlstep6. Thereforethe completecut {a} is clearlythe bestchoicefor our objectve.
Our cost measureaeacheghe sameconclusionbecause”OST ({a}) = 0, COST({b}) = 0.5 and
COST({c,d}) = occ.
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Figure7: Somedistribution graphsor the controldataflow graphin Figure6

5.2 Strongly-ConnectedComponents

To facilitate the constructionof the completecut, we usestrongly-connectedomponents.Every op-
erationin non-trivial strongly-connectedomponentgthosewith morethanoneoperation)is partof a
loop’. By Lemma3, acompletecutfor acomputatiorcanbe obtainedby the separateompletecutsfor
all strongly-connectedomponent®f the computation.

Lemma 3 Thecompletecutsfor all non-trivial strongly-connectedomponentforma completecut for
theentire computation.

Proof: Everyloop in the computations includedin exactly oneof the non-trivial strongly-connected
componentbecausall operationsn aloop have pathsto eachother O
Thislemmacanbeeasilyextendedor partially redundantompletecuts.

5.3 Optimal Cut for Functional TestPattern Execution

The problemto find an optimal completecut for functional test patternexecutionis definedas the
following:

Problem (Optimal Complete Cut for Functional TestPattern Execution): Find a completecut that
satisfieghefollowing requirements:

Theremaybe morethanoneloopin a strongly-connectedomponentSeean examplein Figure6. The computatioris
astrongly-connectedomponentvhich hastwo loops.
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All outputvariablesof nonlinearoperationsareincludedin thecut.

Thecutshouldbea partially redundantompletecut.

The cut shouldminimize the disruptionof optimizationpotentialin scheduling,allocationand
binding.

Thecut shouldincludethe minimumnumberof variables.

The problemis NP-completesincethe FEEDBACK ARC SET problem[10] canbe reducedo our
problemby consideringnly thelastrequirementhatthenumberof variablesn thecompletecutshould
beminimized.

Dueto the computationatompleity, we have to resortto a heuristicmethodto find a goodsolution
for the problem. The pseudocodeof the heuristicfor the Optimal CompleteCut for FunctionalTest
PatternExecutionproblemis providedin Figure8. Checkingif a cutis acompletecut canbeefficiently
doneby remaving all thecorresponding@dgesf thecutfrom the CDFGandrunningary directedgraph
cycle detectionalgorithmon the graph[5]. It is simpleto seethatall functionaldelayvariablesform
acompletecut. Replacinga variablewith the outputvariablesof all destinatioroperationsn strongly-
connecte@omponentsaintainghecompletenessf thecut. Whenperformingthereplacementye can
alsoremove all input variablesof the operationfrom the completecut becausall the loopscontaining
theinputvariablesalsocontainthe outputvariables As a postprocessingtep,we remove all redundant
variablego makethecompletecutto bepartiallyredundantompletecut. Theredundang of avariablev
canbechecledby remaoving all thecorrespondingdgesf thecompletecutexceptv fromthe CDFGand
runningary directedgraphcycle detectionalgorithmon thegraph.If thereis no cycle, v is redundant.

6 Experimental Results

We appliedourapproacho desigrfor functionaltestpatternexecutiononasetof 10industrialexamples.
Table1 providesthe characteristic®f the consideredlesignsand presentghe experimentakesultsfor
thedesigns.Theexamplesarethefollowing: secondrderVolterrafilter, third orderVolterrafilter, 12th
orderlIR filter, DAC (NEC digital-to-analogcorverterfor audioapplications)LMS audio formatter
(NEC designfor communication)Avenhauglirect-formfilter, Avenhausascade-fornfilter, Avenhaus
parallel-formfilter, Avenhauscontinued-fractiorfilter, and Avenhaudadderfilter. The secondorder
Volterrafilter, third orderVolterrafilter andLMS audioformatterare nonlineardesignswhile the rest
arelineardesigns.Thesixth columncorrespondso thetiming requiremente termsof thecritical path
length. The ninth columnpresentghe hardware overheadof the new approachor the functionaltest
patternexecution.Thetenthcolumnprovidesthe maximumnumberof iterationsfor any functionaltest
patternexecutionon thedesign.
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CutsC,, and(; areinitially setto empty;
Includeall outputvariablesof nonlinearoperationsn thecut C,,;
If thecutC, isacompletecut
Then returnC,,;
Else{
Includeall functionaldelayvariablesn thecut Cj;
Cy=0Cy
For eachvariablev in C;
ComputeCOST (v);
COSTyy = COST(Cy);
COSTbest = COSTold;
Identify all strongly-connectedomponent$SCCs);
Repeat{
Randomlyselectavariablex from C; with a probability proportionalto its COST;
Replacer with the outputvariablesof all destinatioroperationsn SCCs;
Remave all inputvariablesof the destinatioroperationf x from Cy;
For eachnewly addedvariablev in C,
ComputeCOST (v);
COST ey = COST(CY);
If (COST e, < COSTyest) {
COSTbest = COSTnewy
G =Cy;
}
} Until (noimprovementin £ consecutie moves);
Remaweredundantariablesrom Cj;
ReturnC,, U Cj;

}

Figure8: The pseudocodeof the heuristicfor the Optimal CompleteCut for FunctionalTestPattern
Executionproblem
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# of # of Initial Overhead| #of

Primary | Nonlinear | # of # of Available | /Final | Clock Pins/ Iterations

Design Inputs | Operations| SCCs| Variables| Time Area | Cycles| Rajisters| for FTPE
12th cp 48.13 13 0/-1 7
order 1 0 6 56 1.1*cp | 48.03 14 0/0 7
IIR 5*cp 10.48 65 0/0 7
Avenhaus cp 92.49 10 0/0 9
direct 1 0 1 40 1.1*cp | 54.17 11 0/0 9
form 5*cp 20.32 50 0/0 9
Avenhaus cp 12.27 10 0/0 9
cascade 1 0 4 34 1.1*cp 8.97 11 0/0 9
form 5*cp 5.98 50 0/0 9
Avenhaus cp 11.47 8 0/0 3
parallel 1 0 4 39 1.1*cp 8.67 9 0/0 3
form 5*cp 6.71 40 0/0 3
Avenhaus cp 37.80 18 0/0 9
continued 1 0 1 35 1.1*cp | 32.67 20 0/0 9
fraction 5*cp 14.02 90 0/0 9
cp 16.87 27 0/0 9
Avenhaus 1 0 1 50 1.1*cp | 11.45 30 0/0 9
ladder 5*cp 5.73 135 0/0 9
cp 27.06| 132 0/1 3
DAC 1 0 2 354 11*cp | 24.61| 145 0/0 3
5*cp 16.02| 660 0/0 3
2nd cp 10.81 12 0/0 1
order 1 6 1 29 1.1*cp | 10.81 13 0/0 1
Volterra 5*cp 5.40 60 0/0 1
3rd cp 12.50 20 0/0 1
order 1 12 1 50 1.1*cp 9.98 22 0/0 1
Volterra 5*cp 2.10 100 0/0 1
LMS cp 73.26| 202 0/1 4
audio 1 2 3 464 l.1*cp | 56.24| 222 0/0 4
formatter 5*cp 38.83 | 1010 0/0 4

Tablel: Thecharacteristicandexperimentakesultsof the examplesusedto demonstrat¢éhe effective-
nessof thenew approachcp - critical pathlength
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All designsveresynthesizedisingthe Hyperhigh-level synthesisystemfrom Universityof Califor-
nia, Berkeley [34]. Original synthesizedlesignswithout consideringfunctionaltestpatternexecution
shaved poor functionaltest patternexecutionability. In all caseswe wererequiredto useextra I/O
pins. Dueto the interconnecteaindregisterfile modelof the Hyper system the hardware overheadfor
controlling registersin deluggingmode,asshovn in Figure 3, wasnot incurred. The otherhardware
overheadn /O pinsandregisterswasminimal. In all casesno extral/O pinswererequired.In only a
few casespneextraregisterwasrequired.We notethatfor 12thorderlIR filter, thenumberof registers
actuallydecreasetly 1 whenthe availabletime wasequalto thecritical pathlength. Sincethe schedul-
ing, allocationand binding algorithmsthe Hyper systemusesare randomized addinga few “good”
constraintamay resultin bettersolutions. The constraintsve imposeon register sharingare minimal
andsometimedeneficialsincethe selectedvariablesto shareregisterswith primary inputsare highly
compatiblewith primaryinputs.For all examplesno areaoverheadvasincurred.Thedesignsvhoused
onemoreregisterresultedn lessareafor interconnect.

7 Conclusion

We proposeda new approachfor the functionaltest patternexecutionphaseof the ASIC functional
deluggingprocessn high level synthesis.The goalwasto maximizethe simultaneousontrollability
of anarbitrarysetof the userselectedvariablesin the designat the detuggingtime for facilitatingthe
functionaltestpatternexecutionwhile minimizing the hardwareoverhead Thenew approachbasecdon
the divide andconqueroptimizationparadigm providedthe full controllability of eachcomponenby
exploiting resourcesharingof a setof variablesin the component&nd primary inputs. The variables
wereselectedso thatthey could enabledirectand completeanswerson all possiblequestionselated
to simultaneougontrollability of anarbitrarysetof variablesin the design. The selectionof the vari-
ablesintroducedan interestingcombinatorialoptimizationproblem. We establishedts computational
complity andproposeda non-greedyheuristicalgorithm. The approachimposedminimal restriction
onregistersharingwhich allowedthe synthesizedlesigngo have the desiredcharacteristiavhile min-
imizing the additionalhardware overheadand minimizing the disruptionof the optimizationpotential
whenperformingschedulingallocationandbindingtasksin high-level synthesis.The effectivenesof
the proposedpproactwasdemonstratedn a numberof designs.
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