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Abstract

Functionaldebuggingoftendominatesthetimeandcostof theASICsystemdevelopment,mainly
dueto thelimited controllabilityandobservability of thestorageelementsin designs,andtherefore
the intermediatevariablesin functionalspecifications.We proposea new divide-and-conquerap-
proachfor maximizingthesimultaneouscontrollability of anarbitrarysetof theuserselectedvari-
ablesin thedesignat thedebuggingtime for facilitating the functionaltestpatternexecutionwhile
minimizing the hardwareoverhead.The approachimposesminimal restrictionon registersharing
so that thesynthesizeddesignswill have thedesiredcharacteristicwhile minimizing theadditional
hardwareoverheadandminimizingthedisruptionof theoptimizationpotentialwhenscheduling,al-
locationandbindingtasksin high-level synthesisareperformed.Theeffectivenessof theproposed
approachis demonstratedonanumberof designs.

�
A preliminaryversionof this paperwaspresentedat theAsia andSouthPacific DesignAutomationConference,Yoko-

hama,Japan,February10-13,1998.
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1 Intr oduction

1.1 Moti vation

Functionaldebuggingof hardwareandsoftwaresystemshasbeenrecognizedasa very labor-intensive

andexpensive process.For example,the designersof a modernsuperscalarmicroprocessorreported

that the processtook more than40% of the overall developmenttime [26]. Although the functional

debugginghasbeenestablishedasoneof thecrucialsystemdevelopmentprocessesandtremendousre-

searcheffortshavebeendevotedto thetopic,especiallyin softwarecompiler, theexceptionalconceptual

complexity of thedebuggingprocesshaspreventedtheprocessfrom beingautomated.

Functionaldebuggingof ASIC designsis in particulara difficult activity anduntil now only limited

effort hasbeenspentonthesubject.This is mainlydueto thelimited controllabilityandobservability of

thestorageelementsor variablesin designs.Thissituationis likely to becomemoreseriousin thefuture

sincethekey technologicaltrendsindicatethat thepercentageof controllableandobservablevariables

in designswill steadilydecrease.Thereis, however, a key technologicalfactor, theclock rate,likely to

help remedythe situation. Theclock ratehasbeendoublingevery threeyears.Thus,higherlevelsof

resourcesharingbecomefeasibleandeconomicallydesirablewith eachnew generationof technology,

while at thesametime resourcesharingis becomingincreasinglyimportantfor satisfyingapplications

requirements.

Test Pattern Execution

Error Detection

Error Diagnosis

Error Correction

Test Pattern Generation

Functional Debugging

Figure1: Thefunctionaldebuggingprocessfor ASIC designs

Thefunctionaldebuggingprocessfor ASIC designscanbepartitionedto thefollowingfivedebugging

phasesasillustratedin Figure1.

TestPattern Generation. In thefirst phaseof debugging,thegoal is to generatethe input patterns

whicharelikely to makefunctionalerrorsvisible. Thesepatternsaregivenasthespecificvaluesof aset

of variablesin thedesign.
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Test Pattern Execution. In this phasethe functional test input patternsgeneratedin the previous

phaseshouldbe executed.The test input patternsareexecutedby providing the propervaluesto the

primaryinputs.Thegoalis to executethegiventestpatternwheneverpossible.

Err or Detection. In this phasethe designerdiscovers an error of the designby the discrepancy

betweentheactualvaluesandthedesiredvaluesof theprimaryoutputsfor thegivenvaluesof primary

inputs.

Err or Diagnosis. In this phasethe designeridentifiesthe partof the designwhich causestheerror

detectedin thepreviousphase.

Err or Correction. In thefinal phasethefaulty partof thedesignidentifiedin thepreviousphaseis

replacedby thecorrectone.

In thispaper, weaddressthetestpatternexecution(FTPE)phaseof thefunctionaldebuggingof ASIC

designsin high level synthesis.We have the following four mainobjectivesfor theresearchpresented

in thispaper:

1. to understandthekey aspectsof theproblemanddevelopsoundtheoreticalfoundation.

2. to understandtheroleof thefunctionaltestpatterngenerationandexecutionin designprocessand

theinteractionwith othersynthesistaskssuchasscheduling,allocationandbinding.

3. to developtechniquesfor design-for-debuggingwhich facilitatesthetestpatternexecutionphase

while minimizing its overhead.

4. to definethe optimizationproblemsinvolved in the process,establishtheir computationalcom-

plexity, andproposeefficientalgorithms.

1.2 Moti vational Example

To illustrate the key ideasbehindthe new approach,considerthe designshown in Figure2(a). The

designis acascadeform Avenhausfilter composedof direct-formII sectionsdesignedby Crochiereand

Oppenheim[6]. For thesimplicity of illustration,we assumethatall operationstake onecontrolstep.

Thecritical pathis six control steps.It is simpleto verify that the minimumhardwarerequirementis

two addersandtwo multipliers.

To debug the functionality of the design,in the first step,functional testpatterns,which aremost

likely to make functionalerrorsvisible,aregenerated.Thesepatternsaregivenasthespecificvaluesof

asetof variablesin thedesignthatneedto besetin thesameiteration.For example,thevariables� and�
in Figure2 shouldbesetto themaximumpossiblevaluein orderto detectsomepossibleerror. The

functionaltestpatternsshouldbe executedby providing the propervaluesto the primary inputs. The

goal is to maximizethesimultaneouscontrollability of anarbitrarysetof theuserselectedvariablesin
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thedesignat thedebuggingtime for facilitatingthefunctionaltestpatternexecutionwhile minimizing

thehardwareoverhead.

It is hardto executefunctionaltestpatternsin theoriginal designdueto severalreasons.First, there

is only oneprimaryinputwhile therearefour functionaldelaysandmany intermediatevariables,which

resultsin low directcontrollability of thedesign.Secondly, therearefour loopsin thedesigndueto its

sequentiality. It is necessarythatat leastoneof thevariablesin a loop is controllablein orderto control

variablesin theloop.

To overcomethe difficulties, the key designelementto be exploredis resourcesharing,especially

registersharingbetweenprimaryinputsandintermediatevariables.Ourapproachis to imposeminimal

restrictionon registersharingso that the synthesizeddesignwill have the desiredcharacteristicwhile

minimizingtheadditionalhardwareoverheadandminimizingthedisruptionof theoptimizationpotential

whenperformingscheduling,allocationandbinding tasksin high-level synthesis.In orderto explain

theproposedapproach,weneedto introducethenotionof acompletecutof acomputation.

Definition 1 (Cut) A cut is a subsetof variablesin control dataflowgraph.A variablein a cut is called

cutvariable.

Definition 2 (CompleteCut) A completecut is a subsetof variableswhich includesat leastonevari-

ablefromeveryloop in control dataflowgraph.Anyincompletecut is calledpartial cut.

A completecut bisectsall loopsin thecontroldataflow graph.For example,all functionaldelaysor

statevariablesform a completecut. A completecutplaysanimportantrole to overcomethedifficulties

mentionedabove. Providing controllability to the variablesin a completecut allows us to isolatethe

consecutiveiterations.By sharingregistersbetweentheprimaryinputsandthevariablesin thecomplete

cut suchthatevery cut variablesharesa registerwith oneof theprimaryinput variables,directcontrol-

lability to the cut variablesis provided. Basedon this idea,our approachselectsa completecut and

imposessucha restrictionon scheduling,allocationandbindingphasesthatevery cut variableshould

sharea registerwith oneof theprimaryinputvariables.Therefore,thecompletecutmustbeselectedto

imposeminimal restrictionon thesynthesisphases.

Considera completecut composedby all four statevariables. Sinceall variablesin the cut and

the primary input IN areconcurrentlyalive in control step1 regardlessof schedulingalgorithmto be

used,they have to bestoredin five differentregisters.Therefore,the directof the cut variablesis not

provided by the primary input IN . Allocation of extra hardware,four setsof register-I/O connections

with write ability to the registersfor the statevariablescanprovide direct controllability. Without the

extra hardware,it is impossibleor very hardat bestto setarbitraryrequestedvaluesin the functional

delays.Providing theability of resettingthefunctionaldelaysto a fixedvalue,e.g.,0, mayreducethe

complexity, but theresettinghasa seriousdrawbackof interruptingfunctionalityof thecomputation.
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Figure2: Motivationalexample:cascade-formAvenhausfilter

Considera differentcompletecut consistingof thevariables� and � (thebold lines in Figure2(b)).

In this case,all thevariablesin thecut andtheprimary input IN cansharea registerbecausethey can

bescheduledsuchthatthey arenotalivesimultaneously. Thetwo phaseclockingschemein whichread

operationsareperformedin the first phaseandwrite operationsareperformedin the secondphaseis

assumed.Onesuchscheduleis shown in Figure2(b). Theschedulerequiresonly two addersandtwo

multiplierswhichareexactly thelowerbound.

Now the completecut canbe usedto control othervariablesin the design. Any othervariablecan

bedescribedby a linearequationof thevariablesin thecompletecut andtheprimaryinputs.Thus,by

solvinga systemof linear equationsfor the requestedsetof variablesto control, the feasibility of the

requestcanbedetermined.For example,thesystemof equationsfor thevariables� and
�

at theiteration�
is thefollowing:

�
	 ����
�������� 	 ����� ��	 ���� 	 ����
��������! 	 ���"�#�%$ 	 ����
&�'�����( 	 �����)�( 	 �+*-,.�
�! 	 ����
 �/	 ��*0,.���#�%�1��� 	 �+*-,2��� ��	 �3*-,.�"�#��4����65 	 ��*-,.���)�!4 	 �+*0,.�

�!4 	 ����
7�65 	 ��*-,.�
�65 	 ���/
����1��� 	 �+*-,.��� ��	 �+*0,.�

��	 ��� and
� 	 ��� aredescribedby linearcombinationsof

��� 	98 �;: ��	98 �;: �<	98 � for 8 
=��:>�?*@,A:B�?*DC�:>�E*GFE:>�E*IH
.

We stressherethatour techniqueis not limited to lineardesigns.For nonlineardesigns,a technique,

which isolatesall output variablesof nonlinearoperationsthroughregister sharingwith the primary

inputvariables,is employed.
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1.3 What is New?

To thebestof ourknowledgethisis thefirstattempttostudythefunctionaltestpatternexecutionproblem

in high level synthesisandin generalCAD techniques.This is alsothefirst approachwhich addresses

thefunctionaltestpatternexecutionproblemfor thecustomASIC designsin anoptimization-intensive

way.

1.4 Paper Organization

Therestof thepaperis organizedin the following way. In thenext sectionwe introduceseveraldefi-

nitionsandpresentthenecessarybackgroundmaterialwhich includestheassumedcomputationaland

hardwaremodels,resourcesharingandlinearalgebra.Section3 outlinesthepreviouswork in software

debugging,hardwareverification,debugging-relatedCAD, andregistersharingin high level synthesis.

Theproposedapproachis describedin Section4. In Section5, theoptimizationproblemfor minimizing

thehardwareoverheadin achieving testpatternexecutionrequirementis defined,its computationalcom-

plexity is established,andanefficient algorithmis proposedfor theproblem.In Section6, we present

experimentalresults.Finally, wedraw conclusionsin Section7.

2 Preliminaries

2.1 Definitions

In thissubsection,wedefineseveralterminologiesusedin thispaper.

Definition 3 (Linear Computation) A linear computationis a computationwhich satisfiestwo ax-

iomaticproperties,homogeneityandadditivity [28].

J Homogeneity:If theresponseto a signal � is a signal � , thentheresponseto �A� is �K� for arbitrary

constant� .
J Additivity: If the responseto signals � 5 and � 4 are � 5 and � 4 , respectively, thenthe responseto

� 5L� � 4 is � 5<� � 4 .
A computationwhich usesonly addition(subtraction)andmultiplicationwith constantascomputa-

tional operatorsis a linear computation.It is importantto notethat linearity canbe exhibited over a

differentsetof operators.A computationwith eithermin or max in placeof addition,andadditionin

placeof multiplication with constantis a linear computation.Any computationwhich is not a linear

computationis a nonlinearcomputation.Typical nonlinearoperatorsusedin CDFG includevariable

multiplicationandvariabledivision.
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Definition 4 (Irr edundantCompleteCut) An irredundantcompletecut is a completecut in which re-

moval of anyvariablein thecut resultsin anincompletecut. Anyothercompletecut is calledredundant

completecut.

Definition 5 (Partially RedundantCompleteCut) A partially redundantcompletecut is a complete

cut in which removal of anyvariablein thecut,originatingfroma linear operation,resultsin an incom-

pletecut.

A partially redundantcompletecut is simplyanirredundantcompletecut for a lineardesign.

2.2 Computational and HardwareModel

We representa computationby a hierarchicalcontroldataflow graph(CDFG)consistingof nodesrep-

resentingdataoperatorsor sub-graphs,andedgesrepresentingthedata,control,andtiming precedences

[34]. The computationsoperateon periodic semi-infinitestreamsof inputs to producesemi-infinite

streamsof outputs.Theunderlyingcomputationalmodelis homogeneoussynchronousdataflow model

[19] whichis widely usedin computationallyintensiveapplicationssuchasimageandvideoprocessing,

multimedia,speechandaudioprocessing,control,andcommunications.Underthismodel,theoperators

consumeasingleinput from eachinputandproduceasinglesampleoneachoutputoneveryexecution.

An importantimplicationof the semanticsof the selectedcomputationalmodelis staticcompile-time

schedulingandassignment.

We do not imposeany restrictionon the interconnectschemeof theassumedhardwaremodelat the

register-transferlevel. Registersmayor maynotbegroupedin registerfiles. Eachhardwareresourcecan

beconnectedin anarbitraryway to anotherhardwareresource.We assumethatthetwo phaseclocking

schemein which readoperationsareperformedin thefirst phaseandwrite operationsareperformedin

thesecondphaseis used.It is importantto notethatall techniquesandalgorithmsaredirectlyapplicable

to otherhardwaremodels.

The initial designis augmentedwith the additionalhardwareswhich enablecontrollability in the

“debugging”mode.Thefollowing inputoperationis incorporatedto providecompletecontrollabilityof

avariableVar1 usinguserspecifiedinputvariable:

Input1: if(Debug) thenVar1 = Input1

Thisstatementcanbeimplementedusingamultiplexerandsomecontrollogic asillustratedin Figure3.

2.3 ResourceSharing

Resourcesharingmethodsin highlevel synthesiscanbedividedinto unconditionalandconditional[21].

In unconditionalresourcesharing,eitherfunctionalmodulesfor operationsscheduledin differentloops
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MUXController

Input1

Debug

Figure3: Necessaryhardwarefor controllingvariablesin the“debug” mode

or registersfor variableswithout conflicting lifetimes canbe shared.In conditionalresourcesharing,

modulesfor operationsandregistersfor variablesat mutually exclusive partsof conditionalbranches

canbeshared.

Valuesof thevariableswhich aregeneratedin onecontrolstepandusedin a latercontrolstepmust

bestoredin registers.In orderto minimizethenumberof registersused,we useregistersharingwhich

allows differentvariablesto sharethe sameregisters. The lifetime of a variableis the time periodin

which the valueof the variablemustbesaved in a register. More formally, The lifetime of a variable

spansbetweenthe control stepat which the valueis first computedandthe control stepat which all

variablesdependenton its value have beencomputed. If the lifetimes of variables� and � do not

overlap, then the two variables � and � are compatiblevariables. Otherwisethey are incompatible

variables.Compatiblevariablescansharea register.

2.4 Systemof Linear Equations

A systemof linearequationswith M unknown variablesand N equationsis considered.

� 5�5 � 5>� OPOPOQ� � 5SR � R�
 � 5
(1)OPOPO

�AT 5 � 5>� OPOPOQ� �AT R � R�
 � T

Equations(1) canberewritten in termsof thecolumnvectorsof thematrix U 
WV �AXZY.[ .

� 5 U 5 �&OPOPOP� � R U R 
 �
(2)
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The equation(2) canbe rewritten as U\� 
 �
. The row rank of U is equalto the numberof linear

independentrowsof U . Thecolumnrankof U is equalto thenumberof linearindependentcolumnsof

U . Therankof U , Rank(U ), is eithertherow rankor columnrankof U becausetherow rankof amatrix

is thesameasthecolumnrankof thematrix. Theknown resultsabouta systemof equationsU\� 
 �
andtheaugmentedmatrix ( U : � ), whereU is a N^]_M matrix,aresummarizedin thefollowing [38]:

J If Rank(U : � ) ` Rank(U ), then U\� 
 �
hasnosolution.

J If Rank(U : � ) 
 Rank(U )

 M , thenthereexistsauniquesolutionto U\� 
 �

.

J If Rank(U : � ) 
 Rank(U ) abM , thenthereexist infinitely many solutionsto U\� 
 �
.

3 RelatedWork

We survey the relatedworks alongfour lines: softwaredebugging,hardwareverification,debugging-

relatedCAD, and register sharingin high level synthesis. In softwaredebugging, the relatedworks

on testdatagenerationandexecutionaresurveyed. In hardwaredebugging,we survey the relatedre-

searcheffort on functional testdataandprogramgenerationandexecutionfor functionalverification

andvalidation.

Testdatagenerationin softwaredebuggingis theprocessof identifyingasetof testdatathatsatisfies

aselectedtestingcriterion,suchasstatementcoverageandbranchcoverage,which requiresthatcertain

programelementsbeevaluated.Therearethreetypesof testdatagenerators:randomtestdatagenerators

[4], path-orientedtestdatagenerators[7], anddynamictestdatagenerators[16]. Therandomtestdata

generatorsoften suffer inefficiency whenfinding testdatato executeselectedstatements.The path-

orientedapproachconsistsof theprocessof selectingaprogrampathto theselectedstatementandthen

generatinginput datafor thatpath. If thetestinput dataarenot foundfor theselectedpath,a different

path is selected.Oneof the drawbackswith this approachis that infeasiblepathsareoften selected

andasa result,significantcomputationaleffort canbewastedin analyzingthosepaths.In thedynamic

approachof testdatageneration,testdataare derived basedon the actualexecutionof the program

undertest. The approachstartsby executinga programwith randominput. During the executionthe

programflow is dynamicallyadjustedto leadto theselectedstatementby analyzingcontrolflow anddata

dependency. Theapproachdiffersfrom thepath-orientedtestdatagenerationin that thepathselection

stageis eliminated.

JonesandPrivitera[13] proposeda methodfor thegenerationof testdatafor functionalverification

usinga formalspecificationto drivethetestgenerationandappliedthemethodfor anumberof Rambus

designs.For the testprogramgeneration,Wood,GibsonandKatz [41] proposeda methodfor verify-

ing multiprocessorcachecontrollerwhichusedapseudo-randomgeneratorto probabilisticallygenerate

all multiprocessorinteractioncases.LeeandSiewiorek [18] presenteda methodto generatefunctional
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testprogramspecificallydesignedfor detectingdesignerrorsin pipelinedcomputerimplementations.

An approachwhich combinesrandomgenerationwith userspecificsequencegenerationaccordingto

knowledgeandexperiencewasproposed[22]. In IBM, a testprogramgenerationmethodbasedon an

expertsystemconsistingof heuristictestingknowledgedatabaseandaformalmodelof processorarchi-

tecturehasbeenusedfor functionalverificationof six IBM PowerPCprocessors[1]. For multiprocessor

designverificationof PowerPC620microprocessor, a testprogramgenerationmethod,whichcombines

thedeterministicandrandomtechniques,hasusedinstructionsequencesthatresemblecommercialcode

for symmetricmultiprocessorsin market [23].

In theCAD domainrecentlyPowley andDe Groatdevelopeda VHDL modelfor anembeddedcon-

troller [33]. Themodelsupportsdebuggingof theapplicationsoftwares.Naganuma,OguraandHoshino

[24] combinedthe structuredanalysisapproaches[25] with algorithmic debugging techniquesfrom

logic programming[35] to speed-updesignvalidationprocesses.Potkonjak, Dey, andWakabayashi

[32] proposedatechniquefor design-for-debugging.Their techniquefocusesonly ontheerrordetection

phaseof debugging. The methodprovidescontrollability andobservability for the variablesspecified

by thedesigner. Themethodis applicableonly to thehardwiredASICs. Koch,Kebschull,andRosen-

stiel [14] proposedan approachfor sourcelevel debuggingof behavioral VHDL in a way similar to

softwaresourcelevel debuggingthroughthe useof hardwareemulation. They alsopresentedan ap-

proachfor breakpointdetectionby hardwaremeanswith low overhead[15]. Benneretal. [2] presented

a systememulatorusingrapid prototypingsystemfor verificationandevaluationof small embedded

hardware/software-systemsgeneratedby a hardware/softwarecosynthesis.Fang,Wu andYenproposed

a methodwhich supportson-linedebuggingfor logic-emulationapplications[8]. Simulationhasbeen

alsousedfor functionaldebugging[27, 40]. While the behavioral synthesisfor functionaldebugging

hasnot received muchattention,behavioral synthesisfor manufacturingtestinghasbeenextensively

discussed[29, 11,20].

Register sharingis exploredwhen registerallocationis performed. Many well-known registeral-

locationalgorithmsfocuson eitherunconditionalregistersharing[39, 31, 12] or conditionalregister

sharing[3, 17] for control dataflow graphsthat containno loops. For control dataflow graphswith

loops,StokandvandenBorn [37] proposeda methodto breakthe loopsat loop boundariessuchthat

variableswhoselifetimescrossa loop boundaryaresplit andtreatedastwo separatevariables.When

the two splitedvariablesof a variableareassignedto differentregisters,a register transferoperation

is necessary. Stok [36] proposeda techniqueto minimizetheunnecessaryregistertransferoperations.

Park,Kim andLiu [30] presenteda transformation-basedmethodfor registerallocationin thepresence

of both conditionalbranchesandloopsin a control dataflow graph. All of thesetechniquesassumed

thatregisterallocationis performedafterschedulingis finished.
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4 Designfor Functional TestPattern Execution

4.1 Global Flow of the Approach

Thegoalis to maximizethesimultaneouscontrollabilityof anarbitrarysetof theuserselectedvariables

in thedesignatthedebuggingtimefor facilitatingthefunctionaltestpatternexecutionwhile minimizing

the hardwareoverhead.Thereareseveral problemsthat make it hard to achieve high controllability.

First,thereareusuallyonly afew primaryinputsin designs.Primaryinputsaredirectlycontrollableand

areinstrumentalin providing controllabilityof othervariables.Secondly, thereareloopsin designs.To

controlvariablesin a loop,wemustbeableto controloneof thevariablesin theloop. Thirdly, thereare

oftennonlinearoperationsin designs.Nonlineardesignsareparticularlyhardertoachievecontrollability

thanlinearones.Thekey designelementto addressthe threeproblemsis resourcesharing,especially

registersharingbetweenprimary inputsandvariablesin designs.Our approachis to imposeminimal

restrictionon registersharingsothat thesynthesizeddesignswill have thedesiredcharacteristicwhile

minimizingtheadditionalhardwareoverheadandminimizingthedisruptionof theoptimizationpotential

whenperformingscheduling,allocationandbindingtasksin high-level synthesis.

Theideais to find acompletecut thatsatisfiesthefollowing requirements:

J All outputvariablesof nonlinearoperationsareincludedin thecut.

J Thecutshouldbeapartially redundantcompletecut.

J The cut shouldminimize the disruptionof optimizationpotentialin scheduling,allocationand

binding.

J Thecutshouldincludetheminimumnumberof variables.

We explain the reasonsbehindthe requirements.First, it is difficult to indirectly control the out-

put variablesof nonlinearoperationsfrom otherdirectly controllablevariablesbecauseit may involve

solvinga systemof nonlinearequations.Thus,theoutputvariablesof nonlinearoperationsaredirectly

controlledby theprimaryinputsthroughregistersharing.In otherwords,thefunctionalspecificationof

thedesignis logically partitionedinto linearcomponents.Secondly, morevariablesin thecut impose

morerestrictionon the later synthesissteps.Thus,if a variablecanbe removed from a completecut

without resultingin a partialcut, it shouldberemoved. Thirdly, becausewe needto imposetherestric-

tion that every variablein the cut shouldsharea registerwith any oneof the primary input variables,

the cut shouldbe selectedto imposeminimal restriction. Finally, becausedirect controllability of a

variablerequireshardwareoverheaddescribedin Section2, thenumberof variablesin thecutshouldbe

minimizedto reducethedebugginghardwareoverhead.

After anoptimalcompletecut is found,weperformscheduling,allocationandbindingsuchthatevery

variablein thecut sharesa registerwith any oneof theprimaryinput variables.If we fail to find sucha
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cut,allocationof extra hardware,register-I/O connectionswith write ability to theregisterscanprovide

directcontrollability to thecut variableswhich areincompatiblewith all primaryinputs.Thegoal is to

minimizetheallocationof theextrahardware.

Given functionaltestpatterns,a systemof linear equationsfor the requestedcontrol variableswith

a functionof only thevariablesin thecompletecut andtheprimary input variablesis constructedand

solved.

4.2 Maximum Number of Iterations for Functional TestPattern Execution

It is interestingto know thenumberof iterationsrequiredfor any functionaltestpatternexecution. A

simple maximumboundis the numberof functional delaysplus 1. The exact number, however, is

smalleror equalto thenumberdependingon thedependenciesbetweenfunctionaldelays.Themaxi-

mumnumberof iterationsrequiredfor any functionaltestpatternexecutioncanbecomputedusingthe

algorithmdescribedin Figure4. In thefirst phaseof thealgorithm,all strongly-connectedcomponents

of the computationareidentifiedanda graphwhich describesthedependenciesbetweenthemis con-

structed.A strongly-connectedcomponentis definedasthefollowing. For any pairof operationsU andc
within astrongly-connectedcomponent,thereexist bothpathfrom U to

c
, andonefrom

c
to U . The

strongly-connectedcomponentscanbeefficiently identifiedusingthestandarddepth-firstsearch-based

algorithm[5]. The weight of the vertex is the numberof functionaldelaysin the strongly-connected

component.Onesuchgraphis shown in Figure5. Thenumberin bold italic representsthenumberof

thedelaysthat thestrongly-connectedcomponentdependson. Thesenumbersarecomputedby a dy-

namicprogrammingstartingfrom theprimaryinputs.Themaximumof suchnumbersfor thenodesin

thegraphplus1 is themaximumnumberof iterationsrequiredfor any functionaltestpatternexecution

for thecomputation.For theexample,atmosteightiterationsarerequiredwhile thesimpleboundis 13.

All strongly-connectedcomponents(SCCs)of thecomputationareidentified;
A graphd 
eV;f�:hg [ whichdescribesthedependenciesbetweenSCCsis constructed;
For eachvertex i in

fj V i�[ 
 thenumberof functionaldelaysin i ;
For eachvertex i in

f
If thereareno incomingedgesto i
Then

�kV iE[ 
 j V i�[ ;
Else

�kV iE[ 
7lnmpoAq'r
sutvr
w x>y{z.|}V~��V�� [ � j V i�[>[ ;
Return

l6m�o q'x�z�� ��V i�[ ;
Figure4: Thealgorithmfor computingthemaximumnumberof iterationsrequiredfor any functional
testpatternexecution

12



2

1

2

4

3

3 7

4 7

2
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5 Selectionof Optimal Partially RedundantCompleteCut

5.1 Distribution Graphs for Variables

We usedistribution graphs(DG’s) similar to theonesusedin force-directedschedulingby Paulin and

Knight [31]. Thepossiblecontrolstepat which anoperationis scheduledspansbetweenits assoonas

possible(ASAP) controlstepandaslate aspossible(ALAP) controlstep.By notingthatanoperation

canbeassignedto any controlstepbetweenits ASAPandALAP controlsteps,thelifetime of avariable

beforeschedulingspansbetweenthesecondphaseof theASAPcontrolstepof thesourceoperationand

thefirst phaseof themaximumof ALAP controlstepsamongall destinationoperations.Thelifetimeof a

primaryinputvariableincludesonly thecontrolstepsthatthevariableis usedandspansthefirst phaseof

theminimumof ASAP controlstepsandthefirst phaseof themaximumof ALAP controlstepsamong

all destinationoperations.We assumeuniform probability of assigningan operationto any feasible

controlstep.Theheightof a rectanglein a distribution graphfor a variablemeanstheprobability that

thecorrespondingcontrolstepsof therectanglebelongto thelifetime of thevariableafterschedulingis

performed.Lemmas1 and2 show thatany variablescansharea registerif thedistribution graphsfor

thevariablesdo not have suchintersectingrectanglesthat theprobabilitiesof therectanglesfor all the

variablesare1.

Lemma 1 If thedistributiongraphsfor variables� and � donot havesuch intersectingrectanglesthat

theprobabilitiesof therectanglesfor thetwo variablesare 1, thenthetwo variables� and � canshare

a registerbyscheduling, allocationandbinding.

Proof: Thesourceanddestinationoperationsof the variables� and � canbe scheduledsuchthat the

lifetimes of � and � do not overlapbecausethereis nonzeroprobability for every control stepthat at

leastoneof thevariablesis notalive. �
TheLemma1 canbeeasilyextendedfor M variables.
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Figure6: Controldataflow graphfor a low-passlatticefilter designedfor communicationsapplication

Lemma 2 If thedistributiongraphsfor variables� 5h: � 4P:�OPOPO.: � R donothavesuch intersectingrectangles

that theprobabilitiesof therectanglesfor all thevariablesare1, thenthe M variables� 5�: � 4P:.OPOPO.: � R can

sharea registerbyscheduling, allocationandbinding.

Proof: Wecanusethesameargumentin Lemma1 to prove this lemma. �
We definethecostfor a variable� , ���%�+� V ��[ , andthecostfor a cut � , ���%�+� V ��[ andusethecost

measuresto comparedifferentvariablesandcuts,respectively. For avariable� , thecostCOST(x)is the

intersectingareasbetween� andprimary inputsif � is compatiblewith at leastoneprimary input and� , otherwise.For acut � , ���%�+� V ��[ 
�� q'��zP� ���%�+� V ��[ .
To illustratethecreationof distribution graphsfor variables,considerthedesignshown in Figure6.

Thedesignis a sub-partof a low-passlattice filter of degree3, which is designedto beusedin a 12-

channeltransmultiplexer [9]. Thecritical pathof thedesignhassix controlsteps.Theavailabletime is

alsosix controlsteps.Thedistributiongraphsfor thevariablesIN , � , � , � and � in Figure6 areshown in

Figure7. Notethat �p�?� , � � � and � � , �?� areirredundantcompletecuts.

It is simpleto seethatthevariables� andIN cansharea registerwithout disruptingtheoptimization

potentialbecausetherearenointersectingrectangles.Thevariables
�

andIN canalsosharearegister, but

shoulddisrupttheoptimizationpotentialbecausethedestinationmultiplicationoperationof thevariable�
mustbe scheduledat control step3 even thoughit canbe scheduledin any control stepbetween3

and6. The variable
�

cansharea registerwith IN , but the variable � cannot because� and IN are

bothalive at controlstep6. Thereforethecompletecut �p�?� is clearlythebestchoicefor our objective.

Our cost measurereachesthe sameconclusionbecause���%�+� V �p�?��[ 
 �
, ���%�+� V � � ��[ 
 �E�v�

and

���%�+� V � ��: �?��[ 
 � .
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Figure7: Somedistributiongraphsfor thecontroldataflow graphin Figure6

5.2 Strongly-ConnectedComponents

To facilitatethe constructionof the completecut, we usestrongly-connectedcomponents.Every op-

erationin non-trivial strongly-connectedcomponents(thosewith morethanoneoperation)is partof a

loop1. By Lemma3, acompletecut for acomputationcanbeobtainedby theseparatecompletecutsfor

all strongly-connectedcomponentsof thecomputation.

Lemma 3 Thecompletecutsfor all non-trivial strongly-connectedcomponentsforma completecut for

theentirecomputation.

Proof: Every loop in the computationis includedin exactly oneof thenon-trivial strongly-connected

componentsbecauseall operationsin a loophavepathsto eachother. �
This lemmacanbeeasilyextendedfor partially redundantcompletecuts.

5.3 Optimal Cut for Functional TestPattern Execution

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

following:

Problem (Optimal CompleteCut for Functional TestPattern Execution): Find a completecut that

satisfiesthefollowing requirements:

1Theremaybemorethanoneloop in a strongly-connectedcomponent.Seeanexamplein Figure6. Thecomputationis
astrongly-connectedcomponentwhichhastwo loops.
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J All outputvariablesof nonlinearoperationsareincludedin thecut.

J Thecutshouldbeapartially redundantcompletecut.

J The cut shouldminimize the disruptionof optimizationpotentialin scheduling,allocationand

binding.

J Thecutshouldincludetheminimumnumberof variables.

Theproblemis NP-completesincetheFEEDBACK ARC SETproblem[10] canbe reducedto our

problemby consideringonly thelastrequirementthatthenumberof variablesin thecompletecutshould

beminimized.

Dueto thecomputationalcomplexity, 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 acut is acompletecutcanbeefficiently

doneby removing all thecorrespondingedgesof thecut from theCDFGandrunningany directedgraph

cycle detectionalgorithmon the graph[5]. It is simpleto seethat all functionaldelayvariablesform

a completecut. Replacinga variablewith theoutputvariablesof all destinationoperationsin strongly-

connectedcomponentsmaintainsthecompletenessof thecut. Whenperformingthereplacement,wecan

alsoremove all input variablesof theoperationfrom thecompletecut becauseall the loopscontaining

theinputvariablesalsocontaintheoutputvariables.As apostprocessingstep,weremoveall redundant

variablestomakethecompletecuttobepartiallyredundantcompletecut.Theredundancy of avariablei
canbecheckedbyremovingall thecorrespondingedgesof thecompletecutexcepti fromtheCDFGand

runningany directedgraphcycledetectionalgorithmon thegraph.If thereis nocycle, i is redundant.

6 Experimental Results

Weappliedourapproachtodesignfor functionaltestpatternexecutiononasetof 10industrialexamples.

Table1 providesthecharacteristicsof theconsidereddesignsandpresentstheexperimentalresultsfor

thedesigns.Theexamplesarethefollowing: secondorderVolterrafilter, third orderVolterrafilter, 12th

order IIR filter, DAC (NEC digital-to-analogconverter for audioapplications),LMS audio formatter

(NECdesignfor communication),Avenhausdirect-formfilter, Avenhauscascade-formfilter, Avenhaus

parallel-formfilter, Avenhauscontinued-fractionfilter, andAvenhausladderfilter. The secondorder

Volterrafilter, third orderVolterrafilter andLMS audioformatterarenonlineardesignswhile the rest

arelineardesigns.Thesixthcolumncorrespondsto thetiming requirementsin termsof thecritical path

length. The ninth columnpresentsthe hardwareoverheadof the new approachfor the functionaltest

patternexecution.Thetenthcolumnprovidesthemaximumnumberof iterationsfor any functionaltest

patternexecutionon thedesign.
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Cuts � R and ��� areinitially setto empty;
Includeall outputvariablesof nonlinearoperationsin thecut � R ;
If thecut � R is a completecut
Then return � R ;
Else �

Includeall functionaldelayvariablesin thecut ��� ;�1� 
 ��� ;
For eachvariablei in �1�

Compute�����+� V i�[ ;�����+�/� �9¡ 
 �����+� V �1�S[ ;�����+�/¢¤£;¥�� 
 ���%�+�/�;�¦¡ ;
Identify all strongly-connectedcomponents(SCCs);
Repeat �

Randomlyselectavariable� from �1� with aprobabilityproportionalto its ���%�+� ;
Replace� with theoutputvariablesof all destinationoperationsin SCCs;
Removeall inputvariablesof thedestinationoperationsof � from �1� ;
For eachnewly addedvariablei in �1�

Compute�����+� V i�[ ;�����+� R £ r 
 �����+� V �1�S[ ;
If ( �����+� R £ r ab�����+�/¢¤£;¥�� ) ����%�+�/¢¤£;¥�� 
 ���%�+� R £ r ;��� 
 �1� ;�� Until (no improvementin

�
consecutivemoves);

Removeredundantvariablesfrom ��� ;
Return� R\§ ��� ;�

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 Registers 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 1.1*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 1.1*cp 56.24 222 0/0 4

formatter 5*cp 38.83 1010 0/0 4

Table1: Thecharacteristicsandexperimentalresultsof theexamplesusedto demonstratetheeffective-
nessof thenew approach.cp - critical pathlength
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All designsweresynthesizedusingtheHyperhigh-level synthesissystemfrom Universityof Califor-

nia, Berkeley [34]. Original synthesizeddesignswithout consideringfunctionaltestpatternexecution

showed poor functional testpatternexecutionability. In all cases,we wererequiredto useextra I/O

pins. Due to the interconnectandregisterfile modelof the Hyper system,the hardwareoverheadfor

controllingregistersin debuggingmode,asshown in Figure3, wasnot incurred. Theotherhardware

overheadin I/O pinsandregisterswasminimal. In all cases,no extra I/O pinswererequired.In only a

few cases,oneextra registerwasrequired.We notethatfor 12thorderIIR filter, thenumberof registers

actuallydecreasedby 1 whentheavailabletimewasequalto thecritical pathlength.Sincetheschedul-

ing, allocationand binding algorithmsthe Hyper systemusesare randomized,addinga few “good”

constraintsmay result in bettersolutions. The constraintswe imposeon registersharingareminimal

andsometimesbeneficialsincetheselectedvariablesto shareregisterswith primary inputsarehighly

compatiblewith primaryinputs.For all examples,noareaoverheadwasincurred.Thedesignswhoused

onemoreregisterresultedin lessareafor interconnect.

7 Conclusion

We proposeda new approachfor the functional testpatternexecutionphaseof the ASIC functional

debuggingprocessin high level synthesis.Thegoalwasto maximizethesimultaneouscontrollability

of anarbitrarysetof theuserselectedvariablesin thedesignat thedebuggingtime for facilitatingthe

functionaltestpatternexecutionwhile minimizingthehardwareoverhead.Thenew approach,basedon

thedivide andconqueroptimizationparadigm,providedthe full controllability of eachcomponentby

exploiting resourcesharingof a setof variablesin the componentsandprimary inputs. Thevariables

wereselectedso that they could enabledirect andcompleteanswerson all possiblequestionsrelated

to simultaneouscontrollability of anarbitrarysetof variablesin the design.Theselectionof thevari-

ablesintroducedan interestingcombinatorialoptimizationproblem. We establishedits computational

complexity andproposeda non-greedyheuristicalgorithm. Theapproachimposedminimal restriction

on registersharingwhich allowedthesynthesizeddesignsto have thedesiredcharacteristicwhile min-

imizing the additionalhardwareoverheadandminimizing the disruptionof the optimizationpotential

whenperformingscheduling,allocationandbindingtasksin high-level synthesis.Theeffectivenessof

theproposedapproachwasdemonstratedona numberof designs.
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