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Abstract— In this paper, we presenta concept of compact-
ing the error traces generatedby pseudo-random/randomsimu-
lations. The newshorter error trace not only decreasesthe time of
user’s debuggingprocessbut alsoreducesthe simulation time re-
quir edto verify the bug fixes.Two algorithms CET1 and CET2 are
presentedto perform the task of compactingthe error trace. Both
algorithms first usean efficient approachto eliminate the redun-
dant statesto generatethe unique statesof the error trace. Then,
CET1 build the connectedgraph of theseunique statesby com-
puting the reachablestatesby onecyclefor eachunique state,and
then apply Dijkstra’s shortestpath algorithm to find out the short-
est error trace in the connectedgraph. Compared with CET1,
CET2 computesthe reachablestatesby onecyclefor thoseunique
states,when they areneededin Dijkstra’s shortestpath algorithm
to find the shortest error trace. After finding the shorter trace,
the correspondinginput/output test vectors are generated. The
experimental results show that both algorithms can reducethe
length of error traces dramatically for most casesusing reason-
able memory. For casesrequired longer CPU time to find the
shortesttrace, CET2 is up to 37 times faster than CET1.

I . INTRODUCTION

The increasingcomplexity andcircuit sizeof designshave
madefunctionverificationtaskasoneof bottlenecksin VLSI
designcycle. In recentconferences,many panelistsclaimed
thatfunctionalverificationtakesabout60%-70%of designcy-
cle. Thetasksof functionalverificationincludesdetectinger-
rors in designsand finding the causesof the errors (debug-
ging process).To detecterrorsin designs,verificationengi-
neersanddesignersmaygeneratetestvectorsmanually, write
testbenchesusingtools,andwrite properties.Currently, for-
mal verificationtoolscheckswhetherthedesignsatisfiestheir
properties. If not, a setof counter-examples(“error traces”)
can be generatedto debug the design. Usually, formal veri-
fication tools can usetechniques[4, 9] to generategood er-
ror tracesto make the debuggingprocesseasier. Testvectors
andtestbenchesaremainly usedin simulatorsandemulators
to detecterrors in designs. If errorsare found, error traces
arewritten out for debuggingprocess.In general,theseerror
tracesproducedby random/pseudo-random testbenchescon-
tain very long cycles and many redundantstates. It is very
�
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difficult for usersto debug usingthesetracesandto take long
simulationtime to verify thebug fixes. Thus,we areinspired
to develop the techniqueto compacterror tracegeneratedby
random/pseudo-randomtestbenches.

The main reasonfor compactingerror tracesgeneratedby
pseudorandomsimulationsis thatthey maycontainsverylong
cyclesandmany redundantstates.In the debuggingprocess,
usersneedto find the causesof bugsfrom the informationin
the error trace. Thus, The longer cycles of simulationtrace
are,themoretime usersspendto debug. Moreover, afterfind-
ing thecausesof bugsandfixing them,usersperformthesame
simulationrun to verify thebugfixes.Then,usersput thesim-
ulationrun into thedaily regressionsuitesto preventthesame
bugshappenagain.Therefore,shortererrortracesnot only re-
ducethesimulationtime requiredto verify bug fixes,but also
reducethesimulationtime for daily regression.

A digital circuit canbeformulatedasa finite statemachine
(FSM)andthecircuit behavior canbeviewedasthesequences
of statetraversal.Theerror tracecontainsall informationof a
sequenceof statetraversalfrom aninitial stateto anerrorstate.
The problemof compactingthe error tracecanbe definedas
follows: Givena digital circuit designandits simulationerror
traceinformationcontainingtheinitial stateandtheerrorstate,
theproblemis to find othererrortraceasshorteraspossible.

Our approachto solve compactingthe error traceis based
on thefollowing threetechniques:First,anefficient technique
is usedto eliminatethe redundantstatesand to generatethe
uniquestatesof the error trace. Then, the connectedgraph
of theseuniquestatesis generatedby computingthe reach-
ablestatesby onecycle for eachuniquestate.TheDijkstra’s
shortestpathalgorithm is appliedon the connectedgraphto
find out theshortesterrortrace.Finally, thecorrespondingin-
put/outputtestpatternsareautomaticallygeneratedfor thenew
errortrace.Thisalgorithmis namedasCET1. In experiments,
we found out that not all of the uniquestatesare neededto
computetheir reachablenext states. Thus,algorithm CET2,
modified from CET1, only computesthe reachablestatesby
onecycle for thoseuniquestates,whenthey areneededin Di-
jkstra’s shortestpathalgorithmto find theshortesterrortrace.

To thebestof our knowledge,techniquesto generatecoun-
terexamplesin symbolic model checkingdoneby Clarke et
al. [4] andJin et al. [9] are the closestrelatedwork to ours.
Their approachescanonly beusedin symbolicmodelcheck-
ing, while our approachcanbe usedfor any error tracegen-
eratedby simulationor formal verificationtools. In general,
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test vector generationhas beenthe subjectof many efforts
in testingand function verification areas. For instance,for-
mal verification-basedtechniquesto derive a set of function
testvectorsfor simulationhave beenreportedby Benjaminet
al. [2], Geistet al. [6], Guptaet al. [7] andHo et al. [8]. How-
ever, theseapproachesaregeneratingtestvectorsfor detecting
bugsin designs.Our work is to generateshortertestvectors
from theinitial errortracefor debuggingprocess.

Therestof this paperis organizedasfollows: In sectionII,
thedefinitionof theproblemis described.SectionIII describes
our approachto solve the problem. The experimentalresults
areshown in sectionIV. SectionV describesour conclusions
andfuturework.

I I . PROBLEM DEFINITION

A digital circuit canbeformulatedasa finite statemachine
(FSM)andthecircuit behavior canbeviewedasthesequences
of statetraversal. The error tracecontainsall informationof
a sequenceof statetraversalfrom an initial stateto an error
state.First,we observesomecharacteristicsof theerrortrace.
Figure1 shows the statetransitiondiagramof a simplefinite
statemachineandan initial error trace. The error tracetakes
9 cycle time to reachthe target error state. However, notice
that threeof thepassedstates,���������	� , 
 , and � , aretraversed
twice. In fact,it justpassesthrough6 uniquestatestotally, and
hencetheshortesttracetakes6 cycle time at mostto reachthe
errorstatein theworstcase.If state5 ratherstate4 wascho-
senasthenext statewhenthestate3 wastraversedfirst time,
the duplicatestatetraversalcanbe avoid. However, we can’t
know which next stateshouldbechosento avoid theduplicate
statetraversaluntil the whole error traceis traversed. It is a
quite popularcircumstanceto have many redundantstatesin
the error tracesgeneratedby random/pseudo-randomsimula-
tion. Thus,we want to find a shortertraceto reachthe same
targeterrorstatefrom thesameinitial state.
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Fig. 1. Thestatetransitiondiagramof asimpleFSM andaninitial
errortrace,wherestate1, 2 and3 aretraversedtwice.

Theproblemcanbedefinedasfollows: Givena circuit de-
signandits errortracecontainingtheinitial stateandtheerror
state,theproblemis to find theshortesterrortracefrom theini-
tial stateto theerrorstateandthento generatethecorrespond-
ing input/outputtestvectorsof thenew trace. In addition,we
have to make thefollowing assumptionson theinput designs:

1. Completelysynchronousdigital circuits.

2. Globalresetsignalalwaysavailable.

3. no 3-statelatchesor registers.

I I I . OUR APPROACH

This sectionpresentsourapproachfor compactingtheerror
trace.Thebasicideaof our approachis basedon theconcept
of eliminatingtheredundantstatesin theerror traceandfind-
ing theshortestpathamongtheremaininguniquestatesin the
trace.Figure2 shows CET1 algorithmfor compactingtheer-
ror trace. First, redundantstateson the initial error traceare
eliminatedby the functionUnique()to generateuniquestates
��

, initial state� � anderror state� � . Then, the transition
functions ��� = � ( ����� ) andoutput functions ��� = � ( ����� ) of
thecircuit � arebuild by functionBuildFunc()andarerepre-
sentedby asetof BinaryDecisionDiagrams(BDD) [3], where� is the setof currentstateBDD variablesand � is the setof
input BDD variables.Thegraph � is initializedwith all states
in

��

as the vertexesand no edgesamongthem. For each
state  in the uniquestates


��
, The reachablestatesby one

cycle arecomputedby function ComupteNS()andthe edges
with weight1 between andthereachednext statesareadded
into graph � . Dijkstra’s shortestpathalgorithmis appliedto
find theshortestpath

�!� �#" of graph� from theinitial state� �
to theerrorstate� � .

Algorithm: CET1( $ , %'&)( ) *
Output: +-, —Testpatternsfor new errortrace.
1 ./%'0�+�%1032�% = Unique(%'&)( );
2 465703,85 = BuildFunc($ );
3 9 containsall statesin ./% withoutany edges;
4 For eachstate: in ./%
5 ;<% = ComputeNS(465 ,: , ./% );
6 Add edgeswith weight1 between= andstatesin ;<% ;
7 %>%>&)( = DijkstraSP?@9A0B+�%1032�%>C�D
8 +-, = GenIO?E465F0�,85F0G%>%'&H(IC�D
9 J
Fig. 2. CET1 algorithmfor compactingerrortrace.

Finally, accordingto theshortestpath,input/outputtestpat-
ternsaregeneratedby functionGenIO(). Thefollowing tasks
areperformedfor every statetransition KL ��MON in the new
trace: generatingthe input vectorsandgeneratingthe corre-
spondingoutputvectors.The input vectorfor statetransition
from state to stateM canbecomputedby solving � ( � )= P � P�  ( � ) Q M ( � ) Q ( �7R � ( ����� )), where� is thesetof next stateBDD
variables, ( � ) is theBDDsrepresentingstate and M ( � ) is the
BDDs representingstateM . Since � ( � ) representsall possible
input patterns,we randomchooseone from � ( � ). Given the
state andthe input vector S M , thecorrespondingoutputvec-
tor canbecomputedby solving ��� = � ( ���G� ) by substituting�
with  and � with S M .
A. FindingUniqueStatesin Initial ErrorTrace

In orderto quickly find out the duplicatestatein the initial
error trace,we build one datastructure,callednon-duplicate
tree, asshown in Figure3, basedon theassumptionthateach
latch or register just could containsoneof the two values,0
or 1, at any time. The left branchrepresentsencoding0, the
right onerepresentsencoding1, andtheheightof thetreerep-
resentsthe numberof statebits. While eachpath from the
root nodeto eachleaf noderepresentsone stateappearson



the error trace. During thenon-duplicate tree construction,if
the traversedpathaccordingto stateencodinghasalreadyex-
isted,we canaffirm thestatehasbeenreachedpreviously, and
thenignoreit to dealwith thenext statecontinuously. Other-
wise, it meansthe statehasnot beenreachedpreviously, and
we shouldaddsomerequirednodesandbranchesto construct
thenon-duplicate tree.
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Fig. 3. Stepsto build non-duplicate tree.

This non-duplicate tree is representedby Algebraic Deci-
sion Diagrams(ADD) [1] where the leaf nodescontain the
uniquestateidentificationnumbers. BDDs are generatedto
representtheseunique states. Moreover, the length of the
shortesterror tracewill not longerthanthenumberof unique
states,sinceeachstateon the shortesterror traceshouldbe
traversedat mostonce. What is the time complexity of this
method?With N stateson theerror traceandb statebits, the
time complexity is Z\[G]_^a`cb .

B. Computing1-cyclereachablestates

Figure 4 shows the algorithm for computing1-cycle next
statesfor a givenstate andtheuniquestates


��
. Theimage

computationoperation��d ��ef��gih , popularlyusedin symbolic
modelchecking[10], is usedto computetheone-cycle reach-
ablestatesj of state  underthe setof transitionfunctions
��� . With imagecomputation,the whole reachednext states
from state  can be found. Sincewe are only interestedin
the statesin the uniquestates


k�
, we then perform a BDD

“And” operationon statesj anduniquestates

k�

to obtain
thereacheduniquestatesl .

Algorithm: ComputeNS( ��� ,  ,

��

) m
Output: l �#�cnpoq�#r —thereachednext states.
1 jtsa��d ��ef��g ��� �  h)u
2 lvs 
��xw j u
3 y
Fig. 4. Thealgorithmfor computing1-cycle reachablestates.

C. FindingtheShortestPath

After building theconnectedgraph � with weightededges,
thetaskis to find theshortesterrortracefrom initial state� � to
thetargeterrorstate� � . Dijkstra’s shortestpathalgorithm[5],
shown in Figure5, is a very suitableapproachfor our require-
ment.First, thegraph � is initialized to have infinite distance
for eachstate,except that the distanceof the initial state � �
is set to 0. Then, state � � is put into the priority queue z
keyedby their distancevalues.Thealgorithmrepeatsthefol-
lowing processesuntil � � is selectedfrom z . First, state  
is extractedfrom z with thesmallestdistancevalueby func-
tion ExtractMin().Then,for eachstateM is connectedto  , the
function Relax() consistsof testingwhetherwe can improve
theshortestpathto M foundby goingthrough  andif so,up-
datingthenew distanceof M andits predecessorto  . Finally,
the shortestpath is formed by tracing its predecessorof the
statesstartingfrom � � to � � .

Algorithm: DijkstraSP(� , � � , � � ) m
Output: { ���Go —theshortestpathfrom � � to � � .
1 Initialize(� , � � );
2 z = � �
3 while ((  = ExtractMin(z )) is not equalto � � )
4 for eachstateM is connectedto  
5 Relax( ,M , � );
6 { ���Go = findPath(� , � � , � � );
7 y
Fig. 5. ModifiedDijkstraShortestPathalgorithm.

D. CET2Algorithm

Algorithm: CET2( $ , %'&)( ) *
Output: +-, —Testpatternsfor new errortrace.
1 ./%'0�+�%1032�% = Unique(%'&)( );
2 465703,85 = BuildFunc($ );
3 9 containsall statesin ./% withoutany edges;
4 Initialize(9 ,+�% );
5 | = +�%
6 while (( : = ExtractMin(| )) is not equalto 2�% )
7 ;<% = ComputeNS(465 ,: , ./% );
8 for eachstate} in ;~%
9 Add edge��:�0B}k� with weight1;
10 Relax(: , } , 9 );
11 %>%>&)( = findPath(9 , +�% , 2�% );
12 +-, = GenIO?E465F0�,85F0G%>%'&H(IC�D
13 J
Fig. 6. CET2 algorithmfor compactingerrortrace.

We foundthatmostof thetime for algorithmCET1 is spent
oncomputingthe1-cyclereachablestatesfor eachuniquestate
and thesereachablestatesinformation is neededto perform
functionRelax()in Figure5. If wecanavoid performingfunc-
tion ComputeNS()asmany aspossible,ouralgorithmcanhave



betterperformance.Thus,we reschedulethe time to perform
functionComputeNS()into Dijkstra’s shortestpathalgorithm,
asshown in Figure6. Algorithm CET2 rearrangesthetasksin
line 4-7of algorithmCET1 into thenew ordershown in line 4-
10 of Figure6. With this modification,functionComputeNS()
will not beperformedfor thosestateswhich shortestdistance
from � � is greaterthanthe shortestdistancefrom � � to � � ,
sincethey will not beextractedfrom z . In worstcase,CET2
will have thesameperformanceasCET1.

IV. EXPERIMENTAL RESULTS

We have implementedour CET1 andCET2 algorithmsin
C++ languagewith theCUDD (ColoradoUniversityDecision
Diagram)package[11]. We appliedour algorithmson twelve
designsin ITC’99 benchmarks.Thecircuit informationabout
thosedesignsis givenin Table1. Thefirst andsecondcolumns
list thenumberof circuitsandtheoriginalfunctionalityrespec-
tively. The third column is the total numberof gatesin the
designs.The numbersof the primary inputsandoutputsare
givenin thefourthandfifth columnsrespectively. Thelastcol-
umn is the total numberof registersin the designs.For each
of thesedesigns,we generatedseveralerrortraceswith differ-
entlengthsandouralgorithmsonthem.Theexperimentswere
performedona1.4GHzAMD Athlon machinewith 2GBmain
memory.

Circuit OriginalFunctionality Gates PI PO FF�p�
FSMthatcomparesserial 47 3 2 5
flows���
FSMthatrecognizesBCD 29 2 1 4
numbers���
Resourcearbiter 150 5 4 30���
Computemin andmax 606 12 8 66���
Elaboratethecontents 977 2 36 34
of memory���
Interrupthandler 61 3 6 9���
Countpointson a 422 2 8 49
straightline���
Find inclusionsin 168 10 4 21
sequencesof numbers���
Serialto serialconverter 160 2 1 28�p�)�
Votingsystem 190 12 6 17�p�I�
scramblestringwith 484 8 6 31
variablecipher�p�H�
Interfaceto metersensors 343 11 10 53

TABLE 1 Designinformation

Table 2 shows the experimentalresultsusing CET1 algo-
rithm. Thecircuit nameandtracenumberis shown in column
1. The numberof statesof the initial error traceis shown in
column2. Column3 shows thenumberof uniquestatesin the
initial errortrace.In CET1, thenumberof uniquestatesin the
traceis thenumberof statesneededto computetheir reachable
next states,and is the upperboundof the final result. From
the results,case“b1-1” hasthe lowestpercentage(7.3%)and
several caseshave no redundantstatesin the traces.Column
4 shows thenumberof statesin theshortesterror tracefound

by CET1 algorithm. For mostof the cases,the lengthof the
error traceis reduceddramatically. For instance,thelengthof
error traceis reducedfrom 40061to 17 in case“b8-1”. For
casesin circuit “b4”, CET1 canfoundtheshortesterror traces
within 6% of the lengthof their initial traces,which have al-
mostno redundantstate.However, for case“b5-2” and“b12-
1”, thelengthof theirerrortracescannotbereducedatall. For
case“b5-1”, the lengthof theerror traceis reducedby only 1
state. CPU time andmemoryusageof CET1 algorithm, re-
portedin columns5 and6, respectively, is proportionalto the
numberof uniquestatesshown in column3, becausefor each
uniquestate,CET1 computeits reachablenext statesto build
thegraphandthenapplyDijkstra’s shortestpathalgorithmto
find the shortesterror trace. For mostcases,exceptcasesin
circuit “b4”, CET1 cangeneratetheshortesterrortracewithin
300secondsand100MB memoryusage.For casesin circuit
“b4”, we found mostof the CPU time andmemoryof CET1
spenton computingthereachablenext states.

Circuit States CPUtime Memory
-Trace# Init Unique Final (sec) (MB)

b1-1 233 18 4 0.15 0.08
b1-2 73 18 4 0.14 0.07
b2-1 14 7 5 0.13 0.06
b2-2 56 8 4 0.10 0.06
b3-1 20493 1822 27 3.76 2.96
b3-2 32352 1936 20 3.98 3.62
b4-1 3037 3037 168 2847.40 12.28
b4-2 5123 5123 232 4882.02 17.47
b4-3 7641 7641 227 6864.21 24.11
b4-4 9380 9379 167 8180.27 27.88
b4-5 9719 9718 200 8937.08 29.12
b5-1 111 111 110 0.55 1.02
b5-2 106 106 106 0.59 1.04
b6-1 85 13 5 0.16 0.09
b6-2 59 13 4 0.12 0.09
b7-1 129 128 88 1.68 3.02
b7-2 167 87 83 1.45 3.10
b8-1 40062 15660 19 23.57 13.97
b8-2 20246 11314 28 22.70 10.50
b9-1 16207 12384 50 31.81 14.54
b9-2 40355 26448 46 102.83 27.78
b10-1 13924 2053 19 2.45 1.89
b10-2 15203 2071 20 2.55 1.95
b11-1 28738 23936 275 169.88 45.09
b11-2 56650 43370 80 272.43 92.18
b12-1 812 812 812 5.08 1.87
b12-1 189 81 51 0.82 0.84

TABLE 2 Theexperimentalresultsof CET1 algorithm.

Table3 shows the CPU time andmemoryusageof CET1
andCET2 algorithmsfor casesin circuit “b4” andcase“b11-
2”, which requireslongerCPUtimesto find theshortesterror
trace. For other cases,CET2 hasthe similar CPU time and
memoryusageas CET1 shown in Table 2. CET2 found the
samelengthof shortesterror traceas CET1 did. In general,
CET2 usedlessmemoryusageto achieve thesamequality as
CET1 did, while CET2 improvetheCPUtimedramaticallyfor



casesin “b4”. The CPU time improvementis contributedby
that the numberof statesto computethe next statesin CET2
is reducedfrom the numberof uniquestatesto the number
stateswith length not greaterthan the length of the shortest
error trace. For instance,in case“b4-4”, CET1 computethe
reachablenext statesfor 9380states,CET2 only computethe
reachablenext statesfor stateswith lengthlessthan167from
initial state.Thus,CET2 has37 timesspeedupthanCET1 for
this case.

Circuit CPUTime (sec) Memory(MB)
-Trace# CET1 CET2 speedup CET1 CET2

b4-1 2847.40 183.58 15.5 12.28 11.79
b4-2 4882.02 933.54 5.2 17.47 16.65
b4-3 6864.21 1005.14 6.8 24.11 22.92
b4-4 8180.27 221.32 37.0 27.88 26.37
b4-5 8937.08 558.03 16.0 29.12 27.56
b11-2 272.43 153.58 1.8 92.18 51.38

TABLE 3 Theexperimentalresultsof CET1 andCET2 algorithms.

V. CONCLUSIONS AND FUTURE WORK

We have shown the conceptof compactingthe error traces
generatedby pseudo-random/randomsimulationsandtwo al-
gorithmsCET1 andCET2 to performthe taskof compacting
theerrortrace.Two algorithmsCET1 andCET2 arepresented
to solve this problemefficiently. Experimentalresultsshow
thatbothalgorithmscanreducethe lengthof error tracesdra-
matically for mostcasesusingreasonablememory. For some
cases,our approachcannot reducethe lengthof error traces,
since they are the shortestone already. For casesrequired
longerCPU time to find the shortesttrace,CET2 is up to 37
timesfasterthanCET1.
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Fig. 7. If theerrortraceis ableto passthrough =��i�-�B& 7, thereexists
oneshortererrortrace,1� 7� 5� 6, which takes3 cycles.

However, thereare still many ways to improve our algo-
rithms.First,wewouldliketo exploreotherheuristicsto speed
up our algorithmsby reducingthe numberstatesto compute
the reachablenext states. Second,we would like to reduce
the length of the shortesterror traceas shorteras possible.
Currently, we only computeone-stepsuccessorsin our algo-
rithms. In somecase,wecannot reducethelengthof theerror
trace.Thus,one-stepsuccessorsmaynotbeenoughto achieve
shortertrace.For examples,in Figure7, State7 is oneof the
next statesof state1, but is not oneof uniquestates. Thus,
our algorithmsdoesn’t includestate7 in the reachablestates.
However, thereexistsonepathpassingthroughstate7 to reach
the target error statein 3 cycles,andour algorithmcanonly

find the pathwith length4 cycles. In orderto find shorterer-
ror trace,we plan to addthe lengthparameter� into function
ComputeNS()to find � -cycle successors.Thus,edgesamong
uniquestatesmay containsdifferentedgeweightsfrom 1 to
� . With this modification,we will be ableto find shorterer-
ror trace.However, themorecycleswecomputethereachable
states,the shortererror tracewe canfind andthe slower per-
formancewehave to suffer. Thus, � cannot betoo large.
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