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Abstract

This paper developsan improved approadc for hierar-
chical functionaltestgenemtion for comple chips. In or-
derto dealwith theincreasingcompleity of functionaltest
geneation, hierarchical approaceshave beensuggested
whetein functionalconstrints are extractedfor ead mod-
ule undertest (MUT) within a design. Theseconstaints
describea simplified ATPG view for the MUT andthereby
speedup the test genemtion 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 (FunctiorAl ConsTraint extractOR),
which implementsthis methodolgy is describedin this
work. Resultson the ARMdesignprove the effectivenessf
FACTOR-isinglarge designsfor testgeneition andtesta-
bility analysis.

1. Intr oduction

Chip compleity hasbeenincreasingexponentiallywith
the advancesmadein manuficturingtechnology allowing
designergo incorporatemore functionality onto a single
chip. However, generatingeffective manugcturingtestsfor
thesechipsis becomingmoredifficult. Several Designfor
Test(DFT) techniquesrecurrentlybeingdevelopedo gen-
erateeffectivetestpatterns.Someof thesancludeboundary
scaninsertion[4] andaddinghardwareto isolate/access-
dividual modules[1]. Thesetechniquesnay be simplerto
apply and scalewell with increasingcomplexity, but may
resultin high areaandperformanceverhead.

State-of-artVLSI designsare implementedusing deep
sub-microntechnologies,for which functional testscon-
tinueto be mostwidely accepted. Functionaltestsapplied
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at speechave beenshawn to detectthe mostcommonman-

ufacturingdefectssuchas crosstalk,opens,shortsand de-

lays. Maxwell and Aitken [5] have shown that at-speed
functionaltest patternswith 75% stuckfault coveragecan

predictthe defectlevel moreaccuratelythanscantestpat-

ternswith morethan90% coverage However, manualgen-

erationof functionaltestvectorsis too tedious,while a se-

guential ATPG tool would not be ableto handlecomplete
processodesigns.

CommerciabequentiaRTPGtoolswork well onsmaller
circuits or modulesin a design. Thoughthe testgenera-
tion time is greatlyreducedthesepatternscannotbe easily
translatedo the chip level dueto the constraintamposed
by the surroundinglogic. If atechniqueto translateary
testpatternsgeneratedor the MUT to the processotevel
is available,commercialtools canbe usedto generaténigh
quality chip-level functionaltests. Our goal is to develop
functionaltestgeneratiortechniquedor a moduleembed-
dedin alargedesignwith afault coverageandtestgenera-
tion time comparabldo thatfor the stand-alonenodule.

Several approachesave beensuggestedo improve the
testgenerationprocess. Lee and Patel [3] proposeda so-
lution basedon two customATPG packagespne for full
chip level justificationand propagatiorandanotherfor test
generatiorat modulelevel. Ramachandinand Thomag7]
suggesteé synthesisasedapproachjn which functional
constraintsare extractedduring the synthesisprocessand
usedto guidea customATPGtool. Vishakantaiatandoth-
ers[11], developeda tool called ATKET to extract func-
tional constraintdn a VHDL RTL design,which areused
with a customtest generationtool to obtain test patters.
Theseapproachesisea customtestgeneratiortool and/or
requirethecompletedesigngo be synthesized.

Tupuri et al. suggested hierarchicalabstractiortech-
nigue[8, 9], whereineachmodulein a designhierarchyis
targetedat a time. The logic surroundingthis moduleis
extractedandsynthesizedo gatelevel. Thesesynthesized



constraintswere provided to a commercialATPG tool to
generatdestpatterndor the MUT.

In large designsthe submodulesnay themselesprove
to be too complex for the ATPG tool, and this technique
may not be directly applicable. Modules at lower levels
of hierarchymay be consideredbut the surroundingogic
may prove to be too complex. Therefore,a modified ap-
proach[10] was suggestedn which the constraintswere
hierarchicallyextractedand composedo provide the top
levelfunctionalconstraint®ntheMUT. Thissystemati@p-
proachallows the constraintsxtractedto be reused.How-
ever, the constraintsn [10] wereextractedmanually andit
washotclearhow the processouldbe automated.

In this paper analgorithmto apply this methodologyis
describedA tool calledFunctiorAl ConsT raintextraclOR
(FACTOR) was implementedusing this algorithm. This
tool analyzesa Verilog RTL descriptionof a design,iden-
tifies the constraintdor the MUT at variouslevels of hier-
archyandprovidesits ATPG view for testgeneration.The
analysisalso provides a valuableinsight into the testabil-
ity of thedesignandidentifiesinternalregistersthatcanbe
usedo furtherreducethe ATPGview. Thistool wasapplied
to a Verilog modelof ARM, andtheresultsshow the effec-
tivenessof this approach. Additionally, the tool provides
testabilitydatafor ary moduleson which low testcoverage
wasobtained.

A brief descriptionof the testgeneratiormethodology
is givenin section2. In section3, the algorithmandim-
plementatiorof FACTOR aredescribedSectiord includes
theresultsobtainedbnthe ARM Verilogbenchmarldesign,
with conclusionsn section5.

2. TestGeneration Methodology
2.1 Functional Constraint Extraction

The proposedestgeneratiormethodologyexploits the
natural division of designsinto componentsor modules.
Thereachabletatespaceof amoduleis definedby its inter-
facewith therestof thedesign.If an ATPGtool is usedto
generatgestpatternson afull chip while targetingfaultsin
amodule,it needgo explorethecompletestatespaceof the
surroundindogic, which s too tedious.Figure 1 describes
thebasicideathatwassuggestedo dealwith this problem.

Imaginea simple systemconsistingof moduleM, and
the surroundinglogic definedby the rest of the designS.
Usingthistechniqueareducedversionof S, which charac-
terizesjust the behavior of S visible to M is derived. This
reducecervironment,S’, is synthesizedio thegatelevel and
combinedwith themoduleM, to givethetransformednod-
ule. A commercialATPGtool is usedto generatdestpat-
ternstargetingfaultsin M.

To further improve the test coverage, internal regis-
terswhich can be accessedrom the chip level using the
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Figure 1. Basicldeafor TestGeneration

load/storeinstructionsare identified. Theseregisters,re-

ferredto as PIERs(Primary Input/outputaccEssibleReg-

isters)help reducethe sequentialepthduring testgenera-
tion. The patternsobtainedare later translatecbackto the

chiplevel.

2.2 Functional Constraint Composition

In large designsgachmodulemay be composeaf sev-
eral submodulesmakingit too comple for this technique
to beapplied.Ourresults presentedater, will shav thatthe
fault coveragecan be quite poor when dealingwith large
modulesin comple designs. Thereforemodulesat lower
levels of hierarchyneedto be considered.This requiresa
modified approach[10] for constraintextraction, wherein
the constraintsieedto be extractedin stagesandcomposed
to provide thefinal constrainton the moduleundertest.

Thisimprovedstrateyy facilitatesthereuseof constraints
extractedatvariouslevelsof hierarchyandtherebyreduces
the overall constraintextractiontime. The approaclis also
ableto exploit the synthesigool, which removestheredun-
dantconstraintsat a givenlevel of hierarchy We have auto-
matedthe hierarchicalconstraintextractionand constraint
compositionprocessesThe tool methodologyandimple-
mentationaredescribedn thefollowing section.

3. FACTOR: Tool Methodology

FACTOR is implementedin PERL, andis built using
the RoughVerilog Parser [12]. The parsersupportsboth
ReyisterTransfer(RT) and gate level Verilog constructs.
Thedatastructures modifiedto incorporatedef-usechains
anduse-dethainswhich arevital to traversethe codeeas-
ily. Thesechainscontainthe statementsvherea signaldef-
inition is usedandwherea signhalusages defined,respec-
tively. For eachnon-continuousssignmenstatementthe
conditional statements|oops and concurreng constructs
arederived. The final datastructureis shavn in Figure 2.
Note thatthe leaf nodesof this connectvity treeareeither
Verilog statementsr library primitives.

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

ule to readin the Verilog files and build the internal data
structure.Oncethe MUT andthetop moduleareidentified,
FACTOR callsappropriatesubroutinesFor eachinput sig-
nal of the MUT the subroutinefind_souice logic is called,
andfor eachoutputsignalthe subroutingfind_prop_pathsis
called. The pseudo-codéor theserecursve subroutiness
givenin Figure3.

# Subroutine to extract source logic
sub find_source_logic (signal, module) {
1. If (module eq top_module) then return;

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

3. Find and save the ud-chain for the "driving signal”
in the "driving_module";

4. For each defn. in the ud—chain, find and save all enclosir
conditional statements, loops and concurrency constructs

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

6. For each "rhs_driving_signal" in each defn. in the ud-che
find_source_logic (rhs_driving_signal, driving_module)
}

# 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_prop_paths (lhs_driven_signal, driven_module);

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

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

Figure 3. Main Subroutinesn FACTOR

Oncethesesubroutineshuild the constraintdatastruc-
ture, FACTOR writesoutthe constraintsn theform of syn-
thesizableVerilog netlists. It retainsthe original directory
structureinsteadof creatinguniqueinstancesor renaming
nets,whichmakestheextractionprocesd$asterandalsopro-
ducesconcisecode. It alsohelpskeepthe constraintslean
for furtheranalysisjf necessary

As describedn the algorithms thetool extractsall pos-
sible sourceand propagatiorpathsat eachlevel of hierar
chy. This is necessargincethe tool cannotpredictwhich
of thesepathswould eventuallyreachthe chip level inter-
face. Theredundantogic or the deadcodeat eachlevel of
hierarchyis eliminatedduringsynthesidy usingtheappro-
priateflags.

In additionto extractingthe requiredconstraintsthetool
alsoprovidesatracefor any signalswithin a givenmodule
for which a def-useor use-defchainis empty This im-
plies that a path from the chip interfaceto the MUT’s is
not found, andwill thereforeresultin poorcoverage.This
information providesa valuableand quick insightinto the
testabilityof the designprior to actualtestgeneration.The
designemay chooseto make minor alterationsto the de-
signto remove thetestabilitybottlenecks.

The poteng 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 time andspace.

4. Results

A Verilog modelof the ARM-2 processof2] wasused
asthebenchmarkor testgeneratiorandtestabilityanalysis.
The proposedechniquewasappliedto modulesembedded
two or morelevelsin the hierarchy Table1 givesthechar
acteristicof themodulesundertest.



Table 1. Modules in ARM

Gatesn
Module Hierarchy | Primary | Primary | Gatesn | 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
Gatesn Surrounding
Module Extraction | Synthesis| Surrounding Gate Primary | Primary
Name Time (s) Time(s) Logic Reductior®% | Inputs | Outputs
armalu 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
Gatesn Surrounding
Module Extraction | Synthesis| Surrounding Gate Primary | Primary
Name Time (s) Time(s) Logic Reductior®% | Inputs | Outputs
armalu 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 constraintausingthe con-
ventional methodology i.e., without ary compositionof
the constraints. Theseconstraintavere synthesizedo the
gatelevel to give thevirtual logic surroundinghe MUT. A
transformednodulewasbuilt by combiningthe MUT with
its surroundingvirtual logic. The extractionand synthesis
timesaregivenin Table2.

Constraintextraction followed by synthesiswere per
formedateachlevel of hierarchyfor themodulesundertest,
asdescribedn Section2.2. The extractionand synthesis
procesgletailsaregivenin Table3.

The extraction processwas performedusinga 1 GHz
Athlon processomwith 256 MB RAM, while the synthesis
wasdoneusinga 450 MHz UltraSFARC-II dual processor
with 1 GB RAM. All the time units presentedarein sys-
tem CPU seconds. Note that the numberof gatesin the
surroundingogic is drasticallyreducedn bothcases.The
extractiontimesarelower usingcompositiontechniquepe-
causeconstraintextractedat higherlevelswerereused.

4.1 TestGeneration

A commercialATPGtool wasusedto generataestpat-
ternson an UltraSFARC-II processar Testgenerationwas
doneon the stand-alonenoduleand at the processotevel
while targetingfaultsin the module. Theresults,presented
in Table4, arepresentedo demonstrat¢éhedifficulty of the

ATPG tool for modulesembeddedn afairly large design.
The secondandthird columnsshav the fault coverageand
testgeneratiortimeswhenthe entire processois givento

thecommerciatool, with thefaultsin themodulebeingtar-

geted. The fourth andfifth columnsarethe resultsfor the
stand-alonenodule.

Table 4. Raw Test Generation

Module Proc.Lvl. | Proc.Lvl | Std-Al Std-Al
Name Cov. % Time(s) | Cov. % | Time(s)
armalu 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 and compositionaltechniquesare provided to the
sameATPG tool, andthe resultsare presentedn Table5
andTable6, respectiely.

A comparisorwith theraw testgenerationmesultsshavs
that the overall methodologyimproved the fault coverage
by severalordersof magnitudewhile alsoreducingthetest
generationtime drastically Betweenthe two techniques
used,the compositionatechniqueresultedin bettercover-
age,while reducingthe testgeneratiortime by morethan
50%in mostcasesIn theparticularcaseof theregfile_struct
module thistechniquemprovedthecoverageby afactorof



5, andreducedthe overall testgeneratiortime by a factor
of almost10. This moduleis the biggestamongthe mod-
ules consideredand the mostdeeplyembeddedn the de-
sign,which showns the necessityfor theimprovedtechnique
whendealingwith large hierarchicadesigns.

Table 5. Test Gen. Without Composition

Module Fault | ATPG | TestGen. Total
Name Cov. % | Eff. % | Time(s) | Time(s)
armalu 79.49 | 86.02 5.8 7.24
redfilestruct | 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)
armalu 80.87 | 88.58 3.0 3.96
redfilestruct | 81.49 | 84.56 14 2.65
exc 100 100 0.5 1.57
forward 9491 | 95.12 0.6 1.71

Note that the test generationtime and the fault cover
agefor atransformednodulearecomparabléo thatof the
correspondingtand-alonenodule,whichis exactly the ob-
jective of this work. Our approactresultsin minimal con-
straintsby eliminating the redundantgatesin the virtual
logic. Theuseof PIERsfurtherhelpsreducethe sequential
depthof thetransformednodule andtherebyhelpsobtain
fault coveragecloseto thatof a stand-alonéMUT.

4.2 Testability Analysis

During the procesf constraintextraction,thetool also
helpsestimateary lossin fault coverage.For example,the
coverageobtainedfor the arm_alu moduleis lessthanits
stand-alonecoverage,becausel0 out of its 13 input con-
trol signalsaredrivenfrom a setof hard-codedraluesde-
pendingon asingleinputalu_opemtion signal. This type of
constraintcannotbefurthersimplified,andFACTOR flags
awarningin suchcases.In addition, it givesdetailsabout
theMUT signalthatis affectedandatraceof all thesignals
in theabortedpath. This informationcanbe utilized by the
designeto modify/adddesignelementdor testability

5. Conclusions

A powerful tool to implementhierarchicaltestgenera-
tion is describedn this paper Thetool reduceghe overall
testgeneratiortime while also providing valuableinsight
into the testabilityof a design. Theimprovedapproachre-
movesthe bottleneckof the earliermethodology{8, 9] by
allowing the reuseof previously extractedconstraints.The
resultsgeneratedisingthe tool show its capabilityto ease
the ATPG compleity, therebymaking this techniquesys-
tematicandscalablefor large designs.
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