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Abstract

This paper developsan improvedapproach for hierar-
chical functionaltestgeneration for complex chips. In or-
der to dealwith theincreasingcomplexity of functionaltest
generation, hierarchical approacheshavebeensuggested
wherein functionalconstraintsare extractedfor each mod-
ule under test (MUT) within a design. Theseconstraints
describea simplifiedATPGview for theMUT andthereby
speedup the test generation process. This paper devel-
opsan improvedapproach which appliesthis techniqueat
deeperlevels of hierarchy, so that effective testscan be
developedfor large designswith complex submodules.A
tool called FACTOR (FunctionAl ConsTraint extractOR),
which implementsthis methodology is describedin this
work. Resultson theARMdesignprovetheeffectivenessof
FACTOR-isinglarge designsfor testgeneration and testa-
bility analysis.

1. Intr oduction

Chip complexity hasbeenincreasingexponentiallywith
the advancesmadein manufacturingtechnology, allowing
designersto incorporatemore functionality onto a single
chip. However, generatingeffectivemanufacturingtestsfor
thesechipsis becomingmoredifficult. SeveralDesignfor
Test(DFT) techniquesarecurrentlybeingdevelopedto gen-
erateeffectivetestpatterns.Someof theseincludeboundary
scaninsertion[4] andaddinghardwareto isolate/accessin-
dividual modules[1]. Thesetechniquesmaybesimplerto
apply andscalewell with increasingcomplexity, but may
resultin high areaandperformanceoverhead.

State-of-artVLSI designsare implementedusing deep
sub-microntechnologies,for which functional testscon-
tinueto bemostwidely accepted. Functionaltestsapplied
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at speedhavebeenshown to detectthemostcommonman-
ufacturingdefectssuchascrosstalk,opens,shortsandde-
lays. Maxwell and Aitken [5] have shown that at-speed
functionaltestpatternswith 75% stuckfault coveragecan
predictthe defectlevel moreaccuratelythanscantestpat-
ternswith morethan90%coverage.However, manualgen-
erationof functionaltestvectorsis too tedious,while a se-
quentialATPG tool would not be ableto handlecomplete
processordesigns.

CommercialsequentialATPGtoolswork well onsmaller
circuits or modulesin a design. Thoughthe test genera-
tion time is greatlyreduced,thesepatternscannotbeeasily
translatedto the chip level dueto the constraintsimposed
by the surroundinglogic. If a techniqueto translateany
testpatternsgeneratedfor the MUT to the processorlevel
is available,commercialtoolscanbeusedto generatehigh
quality chip-level functional tests. Our goal is to develop
functionaltestgenerationtechniquesfor a moduleembed-
dedin a largedesignwith a fault coverageandtestgenera-
tion timecomparableto thatfor thestand-alonemodule.

Severalapproacheshave beensuggestedto improve the
testgenerationprocess.Lee andPatel [3] proposeda so-
lution basedon two customATPG packages,one for full
chip level justificationandpropagationandanotherfor test
generationat modulelevel. RamachandiniandThomas[7]
suggesteda synthesisbasedapproach,in which functional
constraintsare extractedduring the synthesisprocessand
usedto guidea customATPGtool. Vishakantaiahandoth-
ers [11], developeda tool called ATKET to extract func-
tional constraintsin a VHDL RTL design,which areused
with a customtest generationtool to obtain test patters.
Theseapproachesusea customtestgenerationtool and/or
requirethecompletedesignsto besynthesized.

Tupuri et al. suggesteda hierarchicalabstractiontech-
nique[8, 9], whereineachmodulein a designhierarchyis
targetedat a time. The logic surroundingthis module is
extractedandsynthesizedto gatelevel. Thesesynthesized



constraintswere provided to a commercialATPG tool to
generatetestpatternsfor theMUT.

In largedesigns,thesubmodulesmaythemselvesprove
to be too complex for the ATPG tool, and this technique
may not be directly applicable. Modulesat lower levels
of hierarchymay be considered,but the surroundinglogic
may prove to be too complex. Therefore,a modifiedap-
proach[10] was suggestedin which the constraintswere
hierarchicallyextractedand composedto provide the top
level functionalconstraintsontheMUT. Thissystematicap-
proachallows theconstraintsextractedto bereused.How-
ever, theconstraintsin [10] wereextractedmanually, andit
wasnotclearhow theprocesscouldbeautomated.

In this paper, analgorithmto apply this methodologyis
described.A tool calledFunctionAl ConsTraintextractOR
(FACTOR) was implementedusing this algorithm. This
tool analyzesa Verilog RTL descriptionof a design,iden-
tifies theconstraintsfor theMUT at variouslevelsof hier-
archyandprovidesits ATPGview for testgeneration.The
analysisalso providesa valuableinsight into the testabil-
ity of thedesign,andidentifiesinternalregistersthatcanbe
usedto furtherreducetheATPGview. Thistoolwasapplied
to a Verilog modelof ARM, andtheresultsshow theeffec-
tivenessof this approach.Additionally, the tool provides
testabilitydatafor any moduleson which low testcoverage
wasobtained.

A brief descriptionof the testgenerationmethodology
is given in section2. In section3, the algorithmand im-
plementationof FACTORaredescribed.Section4 includes
theresultsobtainedontheARM Verilogbenchmarkdesign,
with conclusionsin section5.

2. TestGenerationMethodology

2.1 Functional Constraint Extraction

The proposedtestgenerationmethodologyexploits the
natural division of designsinto componentsor modules.
Thereachablestatespaceof amoduleis definedby its inter-
facewith therestof thedesign.If anATPGtool is usedto
generatetestpatternson a full chip while targetingfaultsin
amodule,it needsto explorethecompletestatespaceof the
surroundinglogic, which is too tedious.Figure1 describes
thebasicideathatwassuggestedto dealwith thisproblem.

Imaginea simplesystemconsistingof moduleM, and
the surroundinglogic definedby the rest of the designS.
Usingthis technique,a reducedversionof S,whichcharac-
terizesjust the behavior of S visible to M is derived. This
reducedenvironment,S’, is synthesizedto thegateleveland
combinedwith themoduleM, to givethetransformedmod-
ule. A commercialATPGtool is usedto generatetestpat-
ternstargetingfaultsin M.

To further improve the test coverage, internal regis-
ters which can be accessedfrom the chip level using the

M S
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Figure 1. BasicIdeafor TestGeneration

load/storeinstructionsare identified. Theseregisters,re-
ferred to asPIERs(Primary Input/outputaccEssibleReg-
isters)help reducethesequentialdepthduring testgenera-
tion. The patternsobtainedarelater translatedbackto the
chip level.

2.2 Functional Constraint Composition

In largedesigns,eachmodulemaybecomposedof sev-
eralsubmodules,makingit too complex for this technique
to beapplied.Ourresults,presentedlater, will show thatthe
fault coveragecanbe quite poor whendealingwith large
modulesin complex designs.Thereforemodulesat lower
levels of hierarchyneedto be considered.This requiresa
modified approach[10] for constraintextraction, wherein
theconstraintsneedto beextractedin stagesandcomposed
to providethefinal constraintson themoduleundertest.

Thisimprovedstrategy facilitatesthereuseof constraints
extractedatvariouslevelsof hierarchy, andtherebyreduces
theoverall constraintextractiontime. Theapproachis also
ableto exploit thesynthesistool, which removestheredun-
dantconstraintsatagivenlevel of hierarchy. Wehaveauto-
matedthe hierarchicalconstraintextractionandconstraint
compositionprocesses.The tool methodologyandimple-
mentationaredescribedin thefollowing section.

3. FACTOR: Tool Methodology

FACTOR is implementedin PERL, and is built using
the RoughVerilog Parser [12]. The parsersupportsboth
Register-Transfer(RT) and gate level Verilog constructs.
Thedatastructureis modifiedto incorporatedef-usechains
anduse-defchains,whicharevital to traversethecodeeas-
ily. Thesechainscontainthestatementswhereasignaldef-
inition is usedandwherea signalusageis defined,respec-
tively. For eachnon-continuousassignmentstatement,the
conditional statements,loops and concurrency constructs
arederived. The final datastructureis shown in Figure2.
Note that the leaf nodesof this connectivity treeareeither
Verilogstatementsor library primitives.

Additional subroutinesarebuilt for easytraversalof the
datastructure.Theconstraintextractorusestheparsermod-
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Figure 2. InternalDataStructure

ule to readin the Verilog files andbuild the internaldata
structure.OncetheMUT andthetopmoduleareidentified,
FACTORcallsappropriatesubroutines.For eachinput sig-
nal of the MUT the subroutinefind source logic is called,
andfor eachoutputsignalthesubroutinefind prop pathsis
called. The pseudo-codefor theserecursive subroutinesis
givenin Figure3.

     

    

# Subroutine to extract source logic

  1. If (module eq top_module) then return;

        

sub find_source_logic (signal, module) {

     

conditional statements, loops and concurrency constructs;

in the "driving_module";

2. Traverse the data structure to identify the "driving_signal" 
and "driving_module";

4. For each defn. in the ud−chain, find and save all enclosing 

3. Find and save the ud−chain for the "driving signal"  

5. For each "enc_driving_signal" in the statements obtained in 4, 
find_source_logic (enc_driving_signal, driving_module)

6. For each "rhs_driving_signal" in each defn. in the ud−chain, 

}

 # Subroutine to extract propagation logic 
sub find_prop_paths(signal, module) {

       1. If (module eq top_module) return; 
2. Traverse the data structure to identify the "driven_signal"

and "driven_module";

3. Find and save the du−chain for the "driven_signal" 
in the "driven_module";

4. For each  "rhs_driven_signal" (excluding driven_signal)  
in each use in the du−chain, 
find_source_logic (rhs_driven_signal, driven_module);

5. For each "lhs_driven_signal" in each use in the du−chain,

find_source_logic (rhs_driving_signal, driving_module)

find_prop_paths (lhs_driven_signal, driven_module);

6. For each use in the du−chain, find and save all the enclosing
conditional statements, loops and concurrency constructs;

7. For each "enc_driven_signal" in the statements obtained in 6,
find_source_logic (enc_driven_signal, driven_module);

}

Figure 3. Main Subroutinesin FACTOR

Oncethesesubroutinesbuild the constraintdatastruc-
ture,FACTORwritesout theconstraintsin theform of syn-
thesizableVerilog netlists. It retainsthe original directory
structureinsteadof creatinguniqueinstancesor renaming
nets,whichmakestheextractionprocessfasterandalsopro-
ducesconcisecode.It alsohelpskeeptheconstraintsclean
for furtheranalysis,if necessary.

As describedin thealgorithms,thetool extractsall pos-
sible sourceandpropagationpathsat eachlevel of hierar-
chy. This is necessarysincethe tool cannotpredictwhich
of thesepathswould eventuallyreachthe chip level inter-
face.Theredundantlogic or thedeadcodeat eachlevel of
hierarchyis eliminatedduringsynthesisby usingtheappro-
priateflags.

In additionto extractingtherequiredconstraints,thetool
alsoprovidesa tracefor any signalswithin a givenmodule
for which a def-useor use-defchain is empty. This im-
plies that a path from the chip interfaceto the MUT’s is
not found,andwill thereforeresultin poorcoverage.This
informationprovidesa valuableandquick insight into the
testabilityof thedesignprior to actualtestgeneration.The
designermay chooseto make minor alterationsto the de-
signto removethetestabilitybottlenecks.

The potency of this tool lies in its ability to gatherpre-
cioustestabilityknowledgewithout having to build andan-
alyze the statemachinefor the design,which would have
beentoo complex in timeandspace.

4. Results
A Verilog modelof the ARM-2 processor[2] wasused

asthebenchmarkfor testgenerationandtestabilityanalysis.
Theproposedtechniquewasappliedto modulesembedded
two or morelevelsin thehierarchy. Table1 givesthechar-
acteristicsof themodulesundertest.



Table 1. Modules in ARM
Gatesin

Module Hierarchy Primary Primary Gatesin Surrounding Stuck-at
Name Level Inputs Outputs Design Logic Faults

arm alu 2 77 36 3836 11463 11868
regfile struct 3 101 99 7641 9658 28260

exc 2 8 3 15 17284 108
forward 2 29 4 84 17215 548

Table 2. Transformed Module Without Composition
Gatesin Surrounding

Module Extraction Synthesis Surrounding Gate Primary Primary
Name Time (s) Time(s) Logic Reduction% Inputs Outputs

arm alu 0.21 1.23 745 93.50 296 103
regfile struct 1.60 0.98 678 92.98 225 164

exc 0.51 0.69 273 98.42 101 70
forward 0.82 0.73 373 97.83 159 71

Table 3. Transformed Module With Composition
Gatesin Surrounding

Module Extraction Synthesis Surrounding Gate Primary Primary
Name Time (s) Time(s) Logic Reduction% Inputs Outputs

arm alu 0.23 0.73 133 98.83 296 103
regfile struct 0.53 0.72 179 98.14 108 98

exc 0.32 0.75 273 98.42 101 70
forward 0.40 0.71 347 97.98 160 71

The tool wasusedto extract constraintsusingthe con-
ventional methodology, i.e., without any compositionof
the constraints.Theseconstraintsweresynthesizedto the
gatelevel to give thevirtual logic surroundingtheMUT. A
transformedmodulewasbuilt by combiningtheMUT with
its surroundingvirtual logic. The extractionandsynthesis
timesaregivenin Table2.

Constraintextraction followed by synthesiswere per-
formedateachlevelof hierarchyfor themodulesundertest,
asdescribedin Section2.2. The extractionandsynthesis
processdetailsaregivenin Table3.

The extraction processwas performedusing a 1 GHz
Athlon processorwith 256 MB RAM, while the synthesis
wasdoneusinga 450MHz UltraSPARC-II dualprocessor
with 1 GB RAM. All the time units presentedare in sys-
tem CPU seconds. Note that the numberof gatesin the
surroundinglogic is drasticallyreducedin bothcases.The
extractiontimesarelowerusingcompositiontechnique,be-
causeconstraintsextractedat higherlevelswerereused.

4.1 TestGeneration

A commercialATPGtool wasusedto generatetestpat-
ternson anUltraSPARC-II processor. Testgenerationwas
doneon the stand-alonemoduleandat the processorlevel
while targetingfaultsin themodule.Theresults,presented
in Table4, arepresentedto demonstratethedifficulty of the

ATPGtool for modulesembeddedin a fairly largedesign.
Thesecondandthird columnsshow thefault coverageand
testgenerationtimeswhenthe entireprocessoris given to
thecommercialtool,with thefaultsin themodulebeingtar-
geted. The fourth andfifth columnsarethe resultsfor the
stand-alonemodule.

Table 4. Raw Test Generation
Module Proc.Lvl. Proc.Lvl Std-Al Std-Al
Name Cov. % Time (s) Cov. % Time (s)

arm alu 0.19 18.6 99.8 0.7
regfile struct 0.16 66.9 81.67 1.2

exc 66.67 5.8 100 0.5
forward 0.23 5.8 100 0.5

The transformedmodulesobtainedusing both the tra-
ditional andcompositionaltechniquesareprovided to the
sameATPG tool, and the resultsarepresentedin Table5
andTable6, respectively.

A comparisonwith theraw testgenerationresultsshows
that the overall methodologyimproved the fault coverage
by severalordersof magnitude,while alsoreducingthetest
generationtime drastically. Betweenthe two techniques
used,the compositionaltechniqueresultedin bettercover-
age,while reducingthe testgenerationtime by morethan
50%in mostcases.In theparticularcaseof theregfile struct
module,this techniqueimprovedthecoverageby afactorof



5, andreducedthe overall testgenerationtime by a factor
of almost10. This moduleis the biggestamongthe mod-
ulesconsideredand the mostdeeplyembeddedin the de-
sign,whichshows thenecessityfor theimprovedtechnique
whendealingwith largehierarchicaldesigns.

Table 5. Test Gen. Without Composition
Module Fault ATPG TestGen. Total
Name Cov. % Eff. % Time (s) Time (s)

arm alu 79.49 86.02 5.8 7.24
regfile struct 16.03 22.49 23.0 25.58

exc 100 100 0.7 1.9
forward 87.12 87.66 0.6 2.15

Table 6. Test Gen. With Composition
Module Fault ATPG TestGen. Total
Name Cov. % Eff. % Time (s) Time (s)

arm alu 80.87 88.58 3.0 3.96
regfile struct 81.49 84.56 1.4 2.65

exc 100 100 0.5 1.57
forward 94.91 95.12 0.6 1.71

Note that the test generationtime and the fault cover-
agefor a transformedmodulearecomparableto thatof the
correspondingstand-alonemodule,which is exactly theob-
jective of this work. Our approachresultsin minimal con-
straintsby eliminating the redundantgatesin the virtual
logic. Theuseof PIERsfurtherhelpsreducethesequential
depthof the transformedmodule, andtherebyhelpsobtain
fault coveragecloseto thatof a stand-aloneMUT.

4.2 Testability Analysis

During theprocessof constraintextraction,thetool also
helpsestimateany lossin fault coverage.For example,the
coverageobtainedfor the arm alu moduleis lessthan its
stand-alonecoverage,because10 out of its 13 input con-
trol signalsaredriven from a setof hard-codedvaluesde-
pendingonasingleinputalu operationsignal.This typeof
constraintscannotbefurthersimplified,andFACTORflags
a warningin suchcases.In addition,it givesdetailsabout
theMUT signalthatis affectedanda traceof all thesignals
in theabortedpath.This informationcanbeutilized by the
designerto modify/adddesignelementsfor testability.

5. Conclusions

A powerful tool to implementhierarchicaltestgenera-
tion is describedin this paper. Thetool reducestheoverall
testgenerationtime while alsoproviding valuableinsight
into thetestabilityof a design.Theimprovedapproachre-
movesthe bottleneckof the earliermethodology[8, 9] by
allowing thereuseof previously extractedconstraints.The
resultsgeneratedusingthe tool show its capabilityto ease
the ATPG complexity, therebymakingthis techniquesys-
tematicandscalablefor largedesigns.
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