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Abstract— In this paper, we presenta conceptof compact-
ing the error traces generatedby pseudo-random/randomsimu-
lations. The newshorter error trace not only decreaseghe time of
user’s debugging processhut alsoreduceshe simulation time re-
quir edto verify the bug fixes. Two algorithms CET1 and CET2 are
presentedo perform the task of compactingthe error trace. Both
algorithms first usean efficient approachto eliminate the redun-
dant statesto generatethe unigque statesof the error trace. Then,
CET1 build the connectedgraph of theseunique statesby com-
puting the reachablestatesby onecyclefor eachunique state,and
then apply Dijkstra’sshortestpath algorithm to find out the short-
esterror trace in the connectedgraph. Compared with CETL1,
CET2 computesthe reachablestatesby onecyclefor thoseunique
states,whenthey are neededin Dijkstra’s shortestpath algorithm
to find the shortesterror trace. After finding the shorter trace,
the correspondinginput/output test vectors are generated. The
experimental results showv 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.

|. INTRODUCTION

Theincreasingcompleity andcircuit size of designshave
madefunction verificationtaskasoneof bottlenecksn VLSI
designcycle. In recentconferencesmary panelistsclaimed
thatfunctionalverificationtakesabout60%-70%of designcy-
cle. Thetasksof functionalverificationincludesdetectinger-
rors in designsand finding the causesof the errors (detug-
ging process). To detecterrorsin designs verification engi-
neersanddesignersnay generatgestvectorsmanually write
testbenchesusingtools, andwrite properties.Currently for-
mal verificationtools checkswhetherthe designsatisfiesheir
properties. If not, a setof counterexamples(“error traces”)
canbe generatedo delug the design. Usually, formal veri-
fication tools can usetechniqued4, 9] to generategood er
ror tracesto make the dehuggingprocesseasier Testvectors
andtestbenchesaremainly usedin simulatorsandemulators
to detecterrorsin designs. If errorsare found, error traces
arewritten out for debuggingprocess.In general theseerror
tracesproducedby random/pseudo-randotestbencheson-
tain very long cycles and mary redundantstates. It is very
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difficult for usersto dehug usingthesetracesandto take long
simulationtime to verify the bug fixes. Thus,we areinspired
to developthe techniqueto compacterror tracegeneratedy
random/pseudo-randotastbenches.

The mainreasonfor compactingerror tracesgeneratedy
pseudaandomsimulationds thatthey maycontainsverylong
cyclesandmary redundanstates.In the delugging process,
usersneedto find the causesf bugsfrom the informationin
the error trace. Thus, The longer cycles of simulationtrace
are,themoretime usersspendto dehug. Moreover, afterfind-
ing the cause®f bugsandfixing them,usergperformthesame
simulationrunto verify the bug fixes. Then,usersputthe sim-
ulationruninto the daily regressiorsuitesto preventthe same
bugshapperagain.Therefore shortererrortracesnotonly re-
ducethe simulationtime requiredto verify bug fixes,but also
reducethe simulationtime for daily regression.

A digital circuit canbe formulatedasa finite statemachine
(FSM)andthecircuit behaior canbeviewedasthesequences
of statetraversal. Theerrortracecontainsall informationof a
sequencef statetraversalfrom aninitial stateto anerrorstate.
The problemof compactingthe error tracecan be definedas
follows: Givenadigital circuit designandits simulationerror
traceinformationcontainingtheinitial stateandtheerrorstate,
the problemis to find othererrortraceasshorteraspossible.

Our approachto solve compactingthe error traceis based
onthefollowing threetechniquesFirst, an efficienttechnique
is usedto eliminatethe redundantstatesandto generatehe
unique statesof the error trace. Then, the connectedgraph
of theseunique statesis generatecby computingthe reach-
ablestatesby onecycle for eachuniquestate. The Dijkstra’'s
shortestpath algorithmis appliedon the connectedgraphto
find outthe shortesterrortrace. Finally, the correspondingn-
put/outputestpatternsareautomaticallygeneratedor thenew
errortrace.This algorithmis namedasCET1. In experiments,
we found out that not all of the unique statesare neededto
computetheir reachablenext states. Thus, algorithm CET2,
modified from CET1, only computesthe reachablestatesby
onecycle for thoseuniquestateswhenthey areneededn Di-
jkstra’s shortespathalgorithmto find the shortesterrortrace.

To the bestof our knowledge,techniquego generateeoun-
terexamplesin symbolic model checkingdoneby Clarke et
al. [4] andJin et al. [9] arethe closestrelatedwork to ours.
Their approachesanonly be usedin symbolicmodelcheck-
ing, while our approachcanbe usedfor ary error tracegen-
eratedby simulationor formal verificationtools. In general,



test vector generationhas beenthe subjectof mary efforts
in testingand function verification areas. For instancefor-
mal verification-basedechniquedo derive a setof function
testvectorsfor simulationhave beenreportedby Benjaminet
al. [2], Geistetal. [6], Guptaetal.[7] andHo etal. [8]. How-
ever, theseapproachearegeneratingestvectorsfor detecting
bugsin designs. Our work is to generateshortertestvectors
from theinitial errortracefor deluggingprocess.

Therestof this paperis organizedasfollows: In sectionll,
thedefinitionof theproblemis describedSectionlll describes
our approachto solve the problem. The experimentalresults
areshawvn in sectionlV. SectionV describeour conclusions
andfuturework.

Il. PROBLEM DEFINITION

A digital circuit canbe formulatedasa finite statemachine
(FSM)andthecircuit behaiior canbeviewedasthesequences
of statetraversal. The error tracecontainsall information of
a sequenceof statetraversalfrom aninitial stateto an error
state.First, we obsene somecharacteristicef theerrortrace.
Figure 1 shows the statetransitiondiagramof a simplefinite
statemachineandaninitial errortrace. The errortracetakes
9 cycle time to reachthe target error state. However, notice
thatthreeof the passedstatesstate 1, 2, and3, aretraversed
twice. In fact,it justpasseshrough6 uniquestategotally, and
hencethe shortestracetakes6 cycle time at mostto reachthe
error statein theworstcase.If state5 ratherstate4 wascho-
senasthe next statewhenthe state3 wastraversedfirst time,
the duplicatestatetraversalcanbe avoid. However, we cant
know which next stateshouldbe choserto avoid theduplicate
statetraversaluntil the whole error traceis traversed. It is a
quite popularcircumstancdo have mary redundanttatesin
the error tracesgeneratedy random/pseudo-randosimula-
tion. Thus,we wantto find a shortertraceto reachthe same
targeterror statefrom the sameinitial state.

Initial State e\ e
G e Error State

Initial Error Trace : 1->2->3->4->1->2->3->5->6

Fig. 1. Thestatetransitiondiagramof a simpleFSM andaninitial
errortrace,wherestatel, 2 and3 aretraversedwice.

The problemcanbe definedasfollows: Givena circuit de-
signandits errortracecontainingtheinitial stateandtheerror
statetheproblemis to find theshorteserrortracefrom theini-
tial stateto theerrorstateandthento generatehe correspond-
ing input/outputtestvectorsof the new trace. In addition,we
have to make thefollowing assumptionsn theinput designs:

1. Completelysynchronousligital circuits.
2. Globalresetsignalalwaysavailable.

3. no 3-statdlatchesor registers.

I1l. OUR APPROACH

This sectionpresent®ur approactfor compactingheerror
trace. The basicideaof our approachs basedon the concept
of eliminatingtheredundanstatesn the error traceandfind-
ing the shortespathamongthe remaininguniquestatesn the
trace. Figure2 shawvs CET1 algorithmfor compactinghe er-
ror trace. First, redundanistateson the initial errortraceare
eliminatedby the function Unique()to generatauniquestates
US, initial statel S anderrorstateES. Then, the transition
functionsTF' = §(s, z) andoutputfunctionsOF= A(s, z) of
the circuit C arebuild by function BuildFunc()andarerepre-
sentedy asetof Binary DecisionDiagramgBDD) [3], where
s is the setof currentstateBDD variablesandz is the setof
input BDD variables. Thegraphd is initialized with all states
in US asthe vertexesand no edgesamongthem. For each
stateu in the uniquestatesU.S, The reachablestatesby one
cycle are computedby function ComupteNS()andthe edges
with weight1 between, andthereachecdext statesareadded
into graphG. Dijkstra’s shortesipathalgorithmis appliedto
find theshortespathSSeq of graphG from theinitial statel.S
to theerrorstateE S.

Algorithm: CET1(C,Seq) {
Output: TO—Testpatterngor new errortrace.
US, 1S, ES =UniqueSeq);
TF,OF = BuildFunc();
G containsall statesn U S withoutary edges;
For eachstateu inUS
NS=ComputeNS['F,u,US);
Add edgeswith weight1 betweens andstatesn N S;
SSeq = DijkstraSRG, IS, ES);
IO =GenlQTF,OF, SSeq);
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9}

Fig. 2. CET1 algorithmfor compactingerrortrace.

Finally, accordingto the shortespath,input/outputtestpat-
ternsaregeneratedy function GenlO(). Thefollowing tasks
are performedfor every statetransition< w,v > in the new
trace: generatingthe input vectorsand generatingthe corre-
spondingoutputvectors. The input vectorfor statetransition
from stateu to statev canbe computedby solving I(z)=3 ¢ 3
su(s)-v(t) - (t = (s, x)), wheret is the setof next stateBDD
variablesu(s) is the BDDs representingtateu andv(t) is the
BDDs representingtatev. Sincel(x) representsll possible
input patterns,we randomchooseone from I(x). Giventhe
stateu andtheinput vectoriv, the correspondingutputvec-
tor canbe computedby solving OF=A(s, x) by substitutings
with v andz with 4v.

A. Finding UniqueStatesn Initial Error Trace
In orderto quickly find out the duplicatestatein the initial

error trace,we build one datastructure,callechon-duplicate
tree, asshawvn in Figure3, basedon the assumptiorthateach
latch or registerjust could containsone of the two values,0
or 1, atary time. Theleft branchrepresentencoding0, the
right onerepresentgncodingl, andthe heightof thetreerep-
resentsthe numberof statebits. While eachpath from the
root nodeto eachleaf noderepresent®ne stateappearson



the errortrace. During the non-duplicate tree construction jf
thetraversedpathaccordingto stateencodinghasalreadyex-
isted,we canaffirm the statehasbeenreachedpreviously, and
thenignoreit to dealwith the next statecontinuously Other
wise, it meansthe statehasnot beenreachedopreviously, and
we shouldaddsomerequirednodesandbranchego construct
the non-duplicate tree.

ex: ‘
state
cycle1: 000 o
cycle2: 011
cycle3: 111 o a
cycle4: 011
state 011 is duplicate o 0

(2
OWO
OB ONO

© © O ©

terminal node
not empty

(c) cycle 3 (d) cycle 4

Fig. 3. Stepsto build non-duplicate tree.

This non-duplicate tree is representedby Algebraic Deci-
sion Diagrams(ADD) [1] wherethe leaf hodescontainthe
unique stateidentificationnumbers. BDDs are generatedo
representheseunique states. Moreover, the length of the
shortesterrortracewill notlongerthanthe numberof unique
states,since eachstateon the shortesterror trace should be
traversedat mostonce. What is the time compleity of this
method?With N stateson the errortraceandb statebits, the
time compleity is O(IN X b) .

B. Computingl-cycle reachablestates

Figure 4 shaws the algorithm for computing1-cycle next
statedor agivenstateu andtheuniquestates/ S. Theimage
computationoperationImage(), popularly usedin symbolic
modelchecking[10], is usedto computethe one-g/cle reach-
able statesN of stateu underthe setof transitionfunctions
TF. With imagecomputationthe whole reachechext states
from stateu canbe found. Sincewe are only interestedn
the statesin the uniquestatesU S, we then performa BDD
“And” operationon statesN anduniquestatesU S to obtain
thereachediniquestatesR.

Algorithm: ComputeNST'F, u, US){
Output: Reached—thereachedhext states.
1 N =Image(TF,u);

2 R=USNN;

3}

Fig. 4. Thealgorithmfor computingl-cycle reachablestates.

C. Findingthe ShortesPath

After building the connectedyraphG with weightededges,
thetaskis to find theshorteserrortracefrom initial statel S to
thetargeterrorstateE S. Dijkstra’ sshortespathalgorithm[5],
shavn in Figureb, is a very suitableapproactor our require-
ment. First, thegraphG is initialized to have infinite distance
for eachstate,exceptthat the distanceof the initial statel.S
is setto 0. Then, stateS is put into the priority queue@
keyed by their distancevalues. The algorithmrepeatghe fol-
lowing processesintil ES is selectedrom (). First, stateu
is extractedfrom () with the smallestdistancevalueby func-
tion ExtractMin(). Then,for eachstatev is connectedo u, the
function Relax() consistsof testingwhetherwe canimprove
the shortespathto v found by goingthroughu andif so,up-
datingthe new distanceof v andits predecessao u. Finally,
the shortestpathis formed by tracingits predecessoof the
statesstartingfrom ES to IS.

Algorithm: DijkstraSP@, IS, ES){

Output: path—theshortespathfrom 1.5 to E'S.

Initialize(G,I15);

Q=IS

while ((u= ExtractMin(Q)) is notequalto ES)
for eachstatev is connectedo u

Relax,v,G);
path = findPath(G,IS,ES);

}

Fig. 5. Modified Dijkstra ShortesPathalgorithm.
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D. CET2Algorithm

Algorithm: CET2(C,Seq) {
Output: TO—Testpatterngor new errortrace.
US, IS, ES =UniqueSeq);
TF,OF =BuildFunc(C);
G containsall statesn U S withoutary edges;
Initialize(G,I5);
Q=IS
while ((u= ExtractMin(@)) is notequalto ES)
NS=ComputeNS['F,u,US);
for eachstatev in NS
Add edge< u,v > with weight1;
10 Relax@,v,G);
11 SSeq =findPath@G,IS,ES);
12 IO =GenlQTF,OF,SSeq);
13}
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Fig. 6. CET2 algorithmfor compactingerrortrace.

We foundthatmostof thetime for algorithmCETL1 is spent
oncomputingthe 1-cyclereachabletatedor eachuniquestate
and thesereachablestatesinformation is neededto perform
functionRelax()in Figure5. If we canavoid performingfunc-
tion ComputeNS(asmary aspossiblepuralgorithmcanhave



betterperformance.Thus, we rescheduléghe time to perform
function ComputeNS()nto Dijkstra’s shortespathalgorithm,
asshown in Figure6. Algorithm CET2 rearrangeshetasksin
line 4-7 of algorithmCET1 into thenew ordershavniin line 4-
10 of Figure6. With this modification,functionComputeNS()
will not be performedfor thosestateswhich shortestdistance
from IS is greaterthanthe shortestistancefrom 1.5 to ES,
sincethey will not be extractedfrom (). In worstcase CET2
will have the sameperformanceasCET1.

IV. EXPERIMENTAL RESULTS

We have implementecbur CET1 andCET2 algorithmsin
C++languagewith the CUDD (ColoradoUniversity Decision
Diagram)package[11]. We appliedour algorithmson twelve
designdgn ITC'99 benchmarksThe circuit informationabout
thosedesignds givenin Tablel. Thefirstandsecondcolumns
list thenumberof circuitsandtheoriginal functionalityrespec-
tively. The third columnis the total numberof gatesin the
designs. The numbersof the primary inputs and outputsare

by CET1 algorithm. For mostof the casesthe lengthof the
errortraceis reduceddramatically For instancethe lengthof

error traceis reducedfrom 40061to 17 in case"b8-1". For

casesn circuit “b4”, CET1 canfoundtheshorteserrortraces
within 6% of the lengthof their initial traces,which have al-

mostno redundanstate. However, for case*b5-2” and“b12-

1”, thelengthof theirerrortracescannotbereducedatall. For

case'b5-1", thelengthof the errortraceis reducedby only 1

state. CPU time and memoryusageof CET1 algorithm, re-

portedin columns5 and6, respectiely, is proportionalto the
numberof uniquestatesshavn in column3, becausdor each
uniquestate,CET1 computeits reachablenext statesto build

thegraphandthenapply Dijkstra’s shortespathalgorithmto

find the shortesterror trace. For mostcasesgxceptcasesn

circuit “b4”, CET1 cangeneratahe shorteserrortracewithin

300 secondsand100 MB memoryusage.For casesn circuit

“b4”, we found mostof the CPU time and memoryof CET1

spenton computingthereachablenext states.

givenin thefourthandfifth columnsrespectiely. Thelastcol- Circuit __States | CPUtime | Memory
umnis the total numberof registersin the designs.For each -Trace#| Init | Unique | Final | (sec) (MB)

of thesedesignswe generatedeveral errortraceswith differ- b1-1 233 18 4 0.15 0.08

. . b1-2 73 18 4 0.14 0.07

entlengthsandouralgorithmsonthem. The experimentsvere o1 iz - = 013 0.06

performednal.4GHzAMD Athlon machinewith 2GBmain b2-2 56 8 4 0.10 0.06

memory b3-1 | 20493 | 1822| 27 376 2.96

b3-2 | 32352| 1936| 20 3.98 3.62

Circuit | Original Functionality Gates| PI | PO | FF b4-1 3037 3037 168 2847.40 12.28

b1 FSMthatcompareserial 47 |1 3 2 5 b4-2 5123 5123 | 232 4882.02 17.47

flows b4-3 7641 7641 227 6864.21 24.11

b2 FSMthatrecognize®8CD 29 2 1 4 b4-4 9380 9379 167 8180.27 27.88

numbers b4-5 9719 9718 | 200 8937.08 29.12

b3 Resourcarbiter 150| 5 4| 30 b5-1 111 111 | 110 0.55 1.02

b4 Computemin andmax 606 | 12 8 | 66 b5-2 106 106 | 106 0.59 1.04

b5 Elaboratethe contents 977 | 2| 36| 34 b6-1 85 13 5 0.16 0.09

of memory b6-2 59 13 4 0.12 0.09

b6 Interrupthandler 61| 3 6] 9 b7-1 129 128 88 1.68 3.02

b7 Countpointsona 422 2| 81 49 b7-2 167 87 83 1.45 3.10

straightline b8-1 40062 | 15660 19 23.57 13.97

b8 | Findinclusionsin 168 10| 4| 21 b8-2 | 20246 | 11314| 28 22.70| 10.50

Sequenceef numbers b9-1 16207 12384 50 31.81 14.54

b9 | Serialto serialcorverter 160 2| 1| 28 b9-2 | 40355| 26448 46 102.83| 27.78

510 Voting system 190 | 12 6| 17 b10-1 | 13924 2053 19 2.45 1.89

b1l scramblestringwith 484 | 8 6| 31 b10-2 | 15203 2071 20 2.55 1.95

variablecipher b11-1 | 28738 23936| 275| 169.88| 45.09

b12 Interfaceto metersensors 343 | 11| 10| 53 bll-2 | 56650 | 43370 80 272.43 92.18

b12-1 812 812 812 5.08 1.87

TABLE 1 Designinformation bl2-1 189 81| 51 0.82 0.84

Table 2 shows the experimentalresultsusing CET1 algo-
rithm. The circuit nameandtracenumberis shovn in column
1. The numberof statesof theinitial errortraceis shovn in
column2. Column3 shavs the numberof uniquestatesn the
initial errortrace.In CETL, the numberof uniquestatesn the
traceis thenumberof statesneededo computetheirreachable
next states,andis the upperboundof the final result. From
theresults,case’b1-1" hasthe lowestpercentag€7.3%)and
several caseshave no redundanstatesin the traces. Column
4 shows the numberof statesin the shortesterrortracefound

TABLE 2 The experimentakesultsof CET1 algorithm.

Table 3 shawvs the CPU time and memoryusageof CET1
andCET2 algorithmsfor casesn circuit “b4” andcase*b11-
2", which requiredongerCPUtimesto find the shortesterror
trace. For other cases,CET2 hasthe similar CPU time and
memoryusageas CET1 shown in Table2. CET2 found the
samelength of shortesterror traceas CET1 did. In general,
CET2 usedlessmemoryusageto achiese the samequality as
CET1 did, while CET2 improvethe CPUtime dramaticallyfor



casedn “b4”. The CPU time improvementis contributedby

that the numberof statesto computethe next statesin CET2

is reducedfrom the numberof unique statesto the number
stateswith length not greaterthan the length of the shortest
error trace. For instance,n case“b4-4", CET1 computethe

reachablenext statesfor 9380states CET2 only computethe

reachablenext statesfor stateswith lengthlessthan167 from

initial state.Thus,CET2 has37 timesspeeduphanCET1 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 The experimentakesultsof CET1 andCET2 algorithms.

V. CONCLUSIONS AND FUTURE WORK

We have shown the conceptof compactingthe error traces
generatedy pseudo-random/randosimulationsandtwo al-
gorithmsCET1 and CET2 to performthe task of compacting
theerrortrace.Two algorithmsCET1 andCET2 arepresented
to solwe this problemefficiently. Experimentalresultsshov
thatboth algorithmscanreducethe lengthof errortracesdra-
matically for mostcaseausingreasonablenemory For some
casespur approachcannot reducethe lengthof errortraces,
sincethey are the shortestone already For casesrequired
longer CPU time to find the shortestirace, CET2 is up to 37
timesfasterthanCET1.

Initial State

Error State

Initial Error Trace : 1->2->3->4->1->2->3->5->6

Fig. 7. If theerrortraceis ableto passthroughstate 7, thereexists
oneshortererrortrace,1—7— 5—6, which takes3 cycles.

However, thereare still mary ways to improve our algo-
rithms. First,wewouldlik eto exploreotherheuristicso speed
up our algorithmsby reducingthe numberstatesto compute
the reachablenext states. Second,we would like to reduce
the length of the shortesterror trace as shorteras possible.
Currently we only computeone-stepsuccessorf our algo-
rithms. In somecasewe cannotreducethelengthof theerror
trace.Thus,one-stefsuccessorsiaynotbeenoughto achieve
shortertrace. For examples,n Figure7, State7 is oneof the
next statesof statel, but is not one of uniquestates. Thus,
our algorithmsdoesnt include state? in the reachablestates.
However, thereexistsonepathpassinghroughstate7 to reach
the target error statein 3 cycles,andour algorithmcanonly

find the pathwith length4 cycles. In orderto find shorterer-
ror trace,we planto addthe lengthparameter into function
ComputeNS(Yo find n-cycle successorsThus,edgesamong
unigue statesmay containsdifferentedgeweightsfrom 1 to
n. With this modification,we will be ableto find shorterer
ror trace.However, the morecycleswe computethereachable
statesthe shortererrortracewe canfind andthe slower per
formancewe have to suffer. Thus,n cannotbetoo large.
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