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Abstract

We showedrecentlythat Golombcodescan be usedfor
efficientlycompessingsystem-on-atup testdata. \We now
presenta new classof variable-to-variable-lengticiompes-
sion codesthat are designedusingthe distributions of the
runs of Osin typical testsequencesWe refer to theseas
frequency-diectedrun-length(FDR) codes We presentex-
perimentalresultsfor the ISCAS89 bendymarkcircuitsto
showthat FDR codesoutperformGolomb codesfor test
datacompession.\e also presenta decompessionarchi-
tectue for FDR codes,and an analytical characterization
of the amountof compessionthat can be expectedusing
thesecodes Analyticalresultsshowthat FDR codesare ro-
bust,i.e. they are insensitiveto variationsin the input data
stream.

1 Intr oduction

Testdatavolumeis a major problemencountereéh the
testingof system-on-a-chigSOC)designs[1]. A typical
SOC consistsof several intellectual property (IP) blocks,
eachof which mustbe exercisedby alarge numberof pre-
computedtest patterns. The increasinglyhigh volume of
SOCtestdatais not only exceedingthe memoryand /O
channelcapacityof commercialautomatictestequipment
(ATESs) but it is also leadingto excessiely high testing
times. Datacompressiortechniqueghat reducetest data
volumearethereforeof considerablénterest.

Thetestingtime of an SOCdirectly impactstestcost. It
is determinedy severalfactorsjncludingthetestdatavol-
ume,thetime requiredto transfertestdatato the cores the
rate at which the testpatternsare transferedmeasuredy
thetestdatabandwidthandthe ATE channekapacity)and
the maximumscanchainlength. For a given ATE channel
capacityandtestdatabandwidth,reductionin testingtime
canbeachievedby reducingthetestdatavolumeandby re-
designinghescanchains.While testdatavolumereduction
techniquesanbe appliedto both softandhardcores,scan
chainscannotbe modifiedin hard (IP) cores. New tech-
niguesarethereforeneededo reducethe testdatavolume,

1This researctwassupportedn partby the National ScienceFounda-
tion undergrantnumberCCR-9875324.

decreaseestingtime, and overcomeATE memorylimita-
tionsfor SOCscontaininglP cores.

Built-in self-test(BIST) hasemepged as an alternatve
to ATE-basedexternaltesting[2]. BIST offers a number
of key adwantages. It allows precomputedest setsto be
embeddedn thetestsequencegeneratedby on-chiphard-
ware,supportdestreuseandat-speedesting,andprotects
intellectualproperty While BIST is now extensvely used
for memorytesting,it is not ascommonfor logic testing.
Testvectorsfor non-scarandpartial-scardesignsannotbe
reorderedandthey areharderto embedin a BIST genera-
tor. For full-scandesigns pseudorandoraectorscanlead
to seriousbus contentionproblemsduring testapplication.
Moreover, BIST canbe appliedto SOCdesignsonly if the
IP coresn it areBIST-ready Sincemostcurrently-aailable
IP coresarenot BIST-ready BIST insertionin SOCscon-
tainingthesecircuitsis expensve andrequiresconsiderable
redesign.

An alternatve approactor reducingestdatavolumefor
SOCsis basedon the useof datacompressiortechniques
suchas statisticalcoding, run-lengthcoding,and Golomb
coding[3-8]. In thisapproachthe precomputedestsetTp
provided by the core-vendoris compressedencoded}o a
muchsmallertestsetTy andstoredin the ATE memory;
seeFigure1l. An on-chipdecodelis usedto generatel'p
from T during patternapplication. It wasshavn in [5, 6,
7] that compressing “dif ferencevector” sequenced y;y
determinedrom Tp resultsin smallertestsetsandreduced
testingtime. Figure2 shavs thetestarchitecturebasedon
Tai ¢ andcyclical scanregisters(CSRs).

While previous researchhas clearly demonstratedhat
datacompressiomffersa practicalsolutionto the problem
of reducingtestdatavolume,thecompressiocodesusedn
prior work were derived from otherapplicationareas.For
example,the statisticalcodesusedin [3] and[4] aremoti-
vatedby patternrepetitionsn largetext files. Similarly, the
run-lengthandGolombcodesusedin [5, 6, 7] aremoreef-
fectivefor encodindargefiles containingmagedata.None
of thesecodesaretailoredto exploit the specificproperties
of precomputedestsetsfor logic circuits. While anattempt
wasmadein [6, 7] to customizehe Golombcodeby choos-
ing anappropriateeodeparameterthe basicstructureof the
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codewasstill independentf thetestset. We cantherefore
expectevengreatereductionn testdatavolumeby crafting
compressiortodesthatarebasedon the genericproperties
of testsets.

In this paper we presenta new classof variable-to-
variable-lengttcompressiortodesthat are designedusing

thedistributionsof the runsof Osin typical testsequences.

In this way, the codecanbetailoredto our applicationdo-
main,i.e. SOCtestdatacompressionWe referto theseas
frequeng-directedrun-length(FDR) codes. For simplic-
ity, we alsorefer to an instanceof this classof codesas
an FDR code. We shav that the FDR code outperforms
bothGolombcodesandcornventionalrun-lengthcodes.We
alsoshaow thatthe FDR codecanbe effectively appliedto
boththe differencevectorsequencdy; s andthe precom-
putedtestsetTp. Thelatteris especiallyattractize sinceit

eliminatesthe needfor a separat€€SRfor decompression.

Additional contrikbutions of this paperinclude a novel de-
compressiorarchitecturdor FDR codes,andan analytical
characterizationf theamountof datacompressiothatcan
be expectedusingthesecodes.

Theorganizatiorof thepaperis asfollows. In Section2,
we first motivatethe new FDR codeandthendescribeits
construction.In Section3, we determinethe best-casand
theworst-caseompressiothatcanbeachievedgivensome
generigparametersf theprecomputedestset.We describe
someextensiongo thebasicFDR codeandthedecompres-
sion architecturein Section4. Finally, in Section5, we
presenexperimentakesultsfor thelargeISCAS 89 bench-
markcircuits.
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Figure 3. Distribution of runsof Osfor theISCASbhench-
markcircuit s9234.

2 FDR codes

An FDRcodeis avariable-to-ariable-lengtltodewhich
mapsvariable-lengthruns of 0s to codevords of variable
length. It can be usedto compressbhoth the difference
vector sequencely; s and the testset Tp. Let Tp =
{t1,t2,%3,...,tn}, be the (ordered)precomputedest set.
The ordering is determinedusing a heuristic procedure
describedlater. Tgq;¢ is definedas follows: Tyiry =
{dl,dQ, - ,dn} = {tl,tl D ta,t2 D t3,...,ln—1 D tn}-
wherea bit-wise exclusive-or operationis carriedout be-
tweenpatternst; a nd ¢;41. This assumeghat the CSR
startsin theall-0 state.(Otherstartingstatescanbe consid-
eredsimilarly). If theuncompactedestsetT is usedfor
compressionall thedon't-carebitsin T, aremappedo 0s
to obtaina fully-specifiedtestsetbeforecompression.

We now presentsomeimportantobsenationsaboutthe
distribution of runsof Osin typical testsets.We conducted
aseriesof experimentdor thelargeISCASbenchmarlcir-
cuitsandstudiedthe distribution of therunsof 0sin Ty;¢ ¢
obtainedfrom completesingle stuck-attest setsfor these
circuits. Figure 3 illustratesthis distribution for the s9234
benchmarlcircuit. We found that the distributionsof runs
of Osweresimilar for the testsetsof the othercircuits.

Thekey obsenationsfrom Figure3 areasfollows:

e Thefrequeng of runsof Osof lengthl is highfor 0 <

1 <20.

e Thefrequeng of runsof lengthl is smallfor [ > 20.

o Evenwithin therange0 < I < 20, thefrequengy of
runsof lengthl/ decreasesapidly with increasing.

If corventionalrun-lengthcoding with block size b is
usedfor compressingsuch test sets, every run of [ 0s,
0 <1 < 2°71 is mappedto a b-bit codavord. This is
clearly inefficient for the large numberof shortrunsof 0Os.
Likewise,if Golombcodingwith codeparametern is used,
arunof Osis mappedo acodevordwith |I/m] + log, m
bits. Thisis alsoinefficientfor shortrunsof 0s. Clearly, test
datacompressioris moreefficientif therunsof Osthatoc-
cur morefrequentlyaremappedo shortercodevords. This
leadsusto the notionof FDR codes.
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0 0 0 00
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Figure 4. An exampleof FDR coding.

The FDR codeis constructedsfollows: Therunsof Os
aredividedinto groupsAy, Ay, Az, . .., Ag, wherek is de-
terminedby the lengthl,,.., of thelongestrun (2 — 3 <
Lmaz < 2%+1—-3). Notealsothatarunof lengthl is mapped
to group A; wherej = [log,(I + 3) — 1]. The sizeof
theit® groupis equalto 2¢ i.e., A; contains2! members.
Eachcodevord consistf two parts—agroupprefix anda
tail. Thegroupprefixis usedto identify the groupto which
therun belongsandthetail is usedto identify themembers
within thegroup. Theencodingprocedurdas shavn in Fig-
ure4. TheFDR codehasthefollowing properties:

e For ary codevord, the prefix and tail are of equal
length. For example,the prefix andthe tail are each
onebit longfor Ay, two bitslongfor A, etc.

e The length of the prefix for group A; equalsi. For
example theprefixis 2 bits long for group A,.

e For ary codavord, the prefix is identicalto the binary
representatiomnf the run-lengthcorrespondingo the
firstelemenbf thegroup.For example run-length8 is
mappedo groupAs, andthefirstelemenbf thisgroup
is run-length6. Hencethe prefix of the codevord for
run-length8 is 110.

e The codevord sizeincreasedy two bits (one bit for
the prefix and one bit for the tail) aswe move from
groupA; togroupA; 1.

Notethatrun-lengthsarealsomappedo groupsin corven-
tional run-lengthandGolombcoding. In run-lengthcoding
with block size b, the groupsare of equalsize, eachcon-
taining2® elementsThenumberof codebits to which runs
of Osaremappedncreasedy b bits aswe move from one
groupto another Ontheotherhand,in Golombcoding,the
groupsizeincreaseaswe considedargerrunsof 0s,i.e. A;

is smallerin sizethan A, ,. However, thetails for Golomb
codevordsin differentgroupsareof equallength(log, m,

wherem is thecodeparameter)andtheprefixincreasedy

only onebit aswe move from onegroupto another Hence

FDR code

Golomb code (Code parameter m=4)
Conventional run-length code (block size b=3)
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Figure 5. Comparisorof codavord size (bits) for differ-
entrun-lengthsfor the FDR code,Golombcode(m = 4)
andcorventionalrun-lengthcode(b = 3).

Golombcodingis lesseffective whenthe runsof zerosare
spreadarfrom an“effective” rangedeterminedy m.

We now presenacomparisorbetweerthethreecodes—
corventional run-length code with block size b = 3,
Golomb codewith parametern = 4 andthe new FDR
code. Figure5 showvs the numberof bits per codevord for
runsof Osof differentlengths.It canbeseerfrom thefigure
thatthe performancef the corventionalrun-lengthcodeis
worsethanthat of the Golomb codewhenthe run-length
[ exceedsseren. The performanceof the Golomb codeis
worsethanthatof the FDR codefor [ > 24. We alsonote
thatthe new FDR codeoutperformghe othertwo typesof
codedor runsof lengthzeroandone. Sincethefrequencies
of runsof lengthzeroand one are very high for precom-
putedtestsetg(Figure3), FDR codesoutperfornrun-length
andGolombcodesfor SOCtestdatacompression.

3 Analysisof FDR codes

In this section,we developan analysistechniqueto de-
terminethe worst-caseandbest-cas@€ompressiornthatcan
be achievedusingFDR codesfor somegenericparameters
of precomputedestsets. Supposel ;¢ (or Tp if it is en-
codeddirectly) containsr 1sandatotal of n bits. We first
determineC,, .., the numberof bits in the encodedestset
T in theworstcasej.e. whenthe compressiofis theleast
effective. In doing so, we alsodeterminea distribution of
therunsof Osthatgivesriseto thisworst-case&ompression.

Supposelyiry containsk; runsof lengthd with max-
imum run-lengthl,,,,.. Let the size of the encodedtest
setTg be F' bits, andlet§ = F — (n — r) measurehe
amountof compressiorachiezed using FDR codes. If the
FDR codingprocedureof Figure4 is appliedto T; ¢ then
0 =2ko+k1+2ks+ ks — ks — ky —2kg — 3kg £ - - - (UptO



lnaz)- This canbe explainedasfollows: for eachrun of 0

of lengthi, we comparethe size of the run-length(z) with

the size of the correspondingodeavord. For example,the
codevord correspondindo a run of lengthO containstwo

bits (onemorethanthe original run), the codevord for run-
lengthl is of thesamesizeastheoriginalrun-lengthandso
on. Thedifferencebetweerthesewo quantitiescontributes
to 4, andit appearsasthe coeficient of the appropriatek;

termin theequatiorfor 4.

We next usethefollowing simpleintegerlinearprogram-
ming (ILP) modelto determinethe maximumvalue of §.
Thisyieldstheworst-caseeompressionC)y,q,) USingFDR
codes.

Maximize: § = 2kg + k1 + 2k + ks — ks — k7 — 2ks —
3kg £ - - - (UPtOl,qz) Subjectto: (1) Zi.:{” ik =n—r,
and(2) Ylree k; = 7.

This ILP modelcanbe easilysolved,e.g. usinga solver
suchaslpsolve[9], to obtainthe worst-casevaluesfor the
k;'s. Notethateventhoughl,,,, appearsn theabove ILP
model, we do not make ary explicit useof it. Our goal
hereis to determinea worst-caselistribution of the runsof
0s. Generally shortrun lengthsyield the worst-casecom-
pressionhowever, if 1,,,,, mustexceedaminimumvalueto
satisfyconstraintg1) and(2) above. We canuselpsolveto
determinethe minimum/{,,,,, by incrementallyincreasing
Lmaz until theoptimizationproblembecomeseasible.

Table 1(a) lists the size C,,,,, of the encodeddataset
for worst-casecompressiorfor variousvaluesof n andr.
The lastcolumnshows a distribution of runsfor which the
worst-casecompressiornis achieved (a/b indicatesa runs
of lengthb). Notethatthis distribution is not uniquesince
a numberof run-lengthscanyield the worst-caselistribu-
tion. Note alsothattheworst-casgercentageompression
is negative whenr is high relative to n—this is unlikely to
bethecasefor testsets(don't-caresnappedo 0s)or differ-
encevectorsequence®r whichr is generallwerysmall. It
wasshaown in [6] thatfor theISCAS89benchmarlcircuits,
thetypical valueof r is only 10%o0f n.

Next we analyzethebest-caseompressiomchiezedus-
ing FDR codesfor ary givenn andr. Sincethe compres-
sionis betterfor longerrun-lengthswe alsoneedto con-
strainthe maximumrun-lengthin this case.As before,we
formulatethis problemusingILP, andthefollowing model
canbesolvedusinglpsolveto obtainabest-casedistribution
of runsandC,,;,, thenumberof bitsin theencodedestset
in thebestcase.

Minimize: § = 2ko+k1+2ko+ks—ks—kr—2kg—3kgL- - -
(UPtO Lmaz) SUbjectto: (1) Yime= ik; = n — r, and(2)
Yt ki =

Table 1(b) lists the run-lengthdistributions correspond-
ing to thebestcasecompressiomisingFDR codes.Thecor-
respondingpercentageompressiorvaluesare also listed.
In Figure6, we plot thelowerandupperboundsontheper

Worst-case
Percentageompression distribution
n T Cmaz | (1 — Cmaz/n) x 100 of runs
1000 | 100 674 32.6 59/6,4/7,37/14
75 568 43.2 13/6,3/7,59/14
50 400 60 30/14,10/25,10/28
45 360 64 21/14,1/17,23/28
40 320 68 10/14,2/18,28/28
2000 | 500 | 2250 Negative 375/2,125/6
200 1350 37.5 125/6,75/14
100 800 60 63/14,2/21,1/24,34/28
75 600 70 12/14,1/21,62/28
@)
Best-case
Percentageompression distrikbution
n r Cmin (1 — Cpnin/n) x 100 of runs
1000 | 100 374 62.6 71/1,1/17,28/29
75 334 66.6 44/1,1/11,30/29
50 294 70.6 17/1,1/5,32/29
45 282 71.8 11/1,1/4,32/29
40 278 72.2 711,1/25,32/29
2000 | 500 | 1216 39.2 464/1,1/21,35/29
200 744 62.8 142/1,1/5,57/32
100 588 70.6 35/1,1/9,64/32
75 548 72.6 8/1,1/3,66/32

(b)
Table 1. Analysisof FDR codes:(a) worst-cas&ompres-
sion; (b) best-caseompression.

centagecompressiorasthe numberof runsr is varied(for

n = 1000). We notethatfor smallvaluesof r, thebounds
arevery closeto eachother hencethe FDR codeis robust,

i.e. its efficiency is relatively insensitve to variationsin the
distributionsof theruns.

4 Extensionsto the FDR codeand test data
decompression

TheFDR codingalgorithmdescribedn Section2 repre-
sentsan instanceof a codebelongingto the classof more
generalFDR codes. This instanceis especiallysuitable
whenthe frequencief runsdecreasemonotonicallyi.e.
thenumberof runsof length! is greatetthanthe numberof
runsof lengthi + 1. It is alsoeffective whenthe cumulatve

80 e,
—— e S —e— Lower
60 bound on
40 compressign
20 (percent)
—e— Upper
0+ T T T T 1 bound on
40 45 50 75 100 compressiagn
Number of runs (percent)

Figure 6. Comparisonbetweenthe upper and lower
boundson percentageompressioffior n = 1000.
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frequeng of the runsin ary group A; exceedsthe cumu-
lative frequeng of the runsin group A;:. However, for
precomputedestsetstherun-lengthfrequenciesio not al-
waysdecreasenonotonically For suchnon-monotonically
decreasingun-lengths the compressiorcan be increased
by extendingthe basicFDR codeasdescribedelow.

For eachgroup 4;, we calculatethe cumulatve fre-
gueng of the run-lengthsin that group. This is doneby
simply adding the frequenciesof the run-lengthsin that
group.Next, insteadof assigninghegroupprefixasshavn
in Figure4, we assignthe prefix basedon the cumulatve
frequeng of thatgroup. A groupwith alarge cumulative
frequeng is assigneda shortprefix. In this way, the sizeof
theencodedestsetcanbereducedy carryingouta small
amountof pre-processingand by using a mappinglogic
block (outlinedlater)in thedecoder

We next describehedecompressioarchitectureandthe
designof the on-chipdecoder The decoderis simpleand
scalable,and independenbf both the core undertestand
the precomputedestset. Moreover, dueto its smallsize,it
doesnotintroducesignificanthardwareoverhead.

Thedecodedesignis similarto the FSM-basedlecoder
of [6, 7]. Issuesrelatedto datasynchronizatiorare de-
scribedin [7]. Thedecodedecompressebie encodedest
setTg andoutputsTp. It canbe efficiently implemented
by a k-bit counteralog,, k-bit counterandafinite-statema-
chine(FSM). Theblock diagramof thedecodeis shavn in
Figure7. Thebit_in is theinputto the FSM andanenable
(en) signalis usedto input encodeddatawhenthe decoder
is ready The FSM outputcounter_in is usedto shiftin the
prefixor thetail into thek-bit counterandthesignalsshi f,
dec; andrs; areusedto shift thedatain, to decrementand
to indicatethe resetstateof the counter respectiely. The
secondcounterof log, k-bits is usedto countthe lengthof
the prefix andthe tail so asto identify the group. The sig-
nalsinc anddec, areusedto incrementanddecrementhe
counter respectrely andrs» indicatesthatthe counterhas
finishedcounting.Finally, thesignalout is thedecodepout-
putandv indicateswhenthe outputis valid. The operation
of thedecodeiis asfollows:

e TheFSM feedsthe k-bit counterwith the prefix. The
endof the prefix is identifiedby the seperatof. The
en, shi ft andinc signalsarehightill theOisreceved.

e The FSM outputOs anddecrementshe k-bit counter
andmakesthesignaldec; high. It continuego output
Osuntil rs; goeshigh. Thesignalv is usedto indicate
avalid output.

e Thetail partis shiftedin until the log, k-bit counter
resetsto zero. The decy signalthen goeshigh, the
counteris decrementedand the signalrs, indicates
whenit is in the zerostate.

e TheFSM outputOs correspondingo thetail followed
by a1 attheendof tail decoding.

The statediagramfor the FSM (not shavn heredueto
lack of space)containsonly 9 states. We synthesizedhe
FSMusingSynopsyslesigncompile—thesynthesizedir-
cuit hasonly 4 flip-flops and38 gates.Thereforethe addi-
tional hardware neededor the decoderis very small, and
existing counteroonthe SOCcanbereusedor decompres-
sion.

The above decodercan be easily modified for decom-
pressingdataencodedisingcumulative frequenciegor the
groups.Sincethe useof thecumulative frequenciesaffects
only theprefix,andnotthetail, we only needto adda map-
ping logic block betweernthe encodediatastreamandthe
decodd-SM.Thusthemappindogic feedshedecodd-SM
andtransformgheprefixesin theencodediatato the prefix
assignmenof Figure4.

In our experimentswith ISCAS 89 benchmarlcircuits,
we obsenedthattherun-lengthavereneverlong enougho
exceedgroup A;o. Therefore,in the worst case the map-
pinglogicis requiredfor only tenprefixes.Moreover, aswe
shaw in Sectiorb, significantcompressiolis almostalways
achievedwithout usingthe mappinglogic.

5 Experimental results

We now presentexperimentalresultson testdatacom-
pressiorfor the large ISCAS benchmarlcircuits. We con-
sideredboth full-scan and non-scancircuits for the pro-
posedcompression/decompressisnheme. For full-scan
circuits,patternsverereorderedo achieve highercompres-
sion whereasno orderingwas donefor the non-scancir-
cuits. For all the full-scancircuits, we considereda single
scanchain. We useATPG testcubesgeneratedy Mintest
ATPG programwith dynamiccompactionfor our experi-
ments.

The first set of experimentaldata that we presentis
basedon the useof differencevectorsequence& ;¢ ob-
tained from partially-specifiedtest sets(test cubes). Ta-
ble 2 presentsresultsfor test cubesusing FDR coding,
Golomb coding, and fully-compactedtest setsgenerated
using Mintest. The table lists the percentagecompres-
sion, sizesof the precomputedoriginal) testsets,sizesof



Percentage Percentage Size Size No. of FDRcode FDR code
compression | compression | of Tp of Tg | bits for Size (without (with mapping
Circuit (Golomb) (FDR) (bits) (bits) | Mintest of Tp mappinglogic) logic)
s5378 40.7 48.19 23754 | 12306 | 20758 (bits Percentage Size Percentage Size
s9234 43.34 44.88 39273 | 21644 | 25935 compression | of Tg | compression | of Ty
513207 74.78 78.67 165200 | 35226 | 163100 Circuit (bits) (bits)
s15850 47.11 52.87 76986 | 36276 | 57434 s953 1168 73.45 310 75.94 281
s35932 N/A 10.19 28208 | 25332 | 19393 s5378 | 169995 81.16 32020 81.45 31529
$38417 44.12 54,53 164736 | 74896 | 113152 s13207 | 42284 93.44 2770 95.17 2039
$38584 47.71 52.85 199104 | 93860 | 161040 s15850 | 147070 73.93 38330 82.41 25869
$35932 | 430353 83.35 71650 86.84 56618
Table 2. CompressiombtainedusingTy;y ;- 38417 | 22624 84.58 3488 89.26 2428
Percentage Percentage Size Size No. of
compression | compression | of Tp | of Tg | bits for Table 4. Compressiombtainedusing?p andFDR codes
Circuit | (Golomb) (FDR) (bits) | (bits) | Mintest for non-scarcircuits,with andwithout mappinglogic.
s5378 37.11 48.02 23754 | 12346 | 20758
$9234 4525 4359 39273 | 22152 25935 imentalresultsfor the ISCAS 89 benchmarlcircuits shav
Sigggg Zg-;g gégg 17%59%060 ggggg 15673:113(110 that FDR codesoutperform Golomb codesfor test data
3503 A To.57 5508 2374419393 compression.In additionto dlfferencesequencesllerlved
38417 5837 7356 164736 | 93466 | 113152 [rom scanvectors,thesecodescan also be useddirectly
538584 57.17 60.01 199104 | 77812 | 161040 With precomputedestsetsand orderedtestsequencefor

Table 3. CompressiombtainedusingTp.

the encodedestsets,andthe sizesof the smallestATPG-

compactedestsets. )
Table 2 shavs that FDR codesprovide bettercompres-

sion than Golomb codesin all cases. For the benchmark
circuit s38417 thereis asmuchas 10% increasein com-
pressionWe alsonotethatthatin all but onecasethesize
of the encodedestsetTr is muchsmallerthanthe com-
pactedtestsetobtainedusingMintest. Thetestcubesthat
we usedfor s35932werealreadyhighly compactedhence
we did not obtain very high compressiorfor this circuit.
Neverthelessit is significantthatin contrasto FDR codes,
no compressiomasobtainedusing Golombcodesfor this
circuitin [6, 7].

Table3 demonstratethatthe useof testcubeslp (with
all the don't-caresmappedto 0) often yields higher com-
pressiorthenover theuseof T ¢. Moreover, in this case,
the decompressioarchitecturefor on-chip patterngenera-
tion doesnotrequirea separatéCSR.For circuitswith long
scanchains,addtional CSRsof lengthsequalto the scan
chainlengthsincreasehe hardwareoverheadsignificantly
Thereforecompressing’p to generateéheencodedestset
not only yields smallertestsetsbut alsoreduceghe hard-

wareoverhead. )
Finally, in Table 4, we presentexperimentalresultson

testdatacompressioffior non-scarcicuits. We obtainecthe
testsequencefor thesecircuits from HITEC [11]. No re-
orderingof testpatternavasdoneduringcompressionNot
surprisingly we foundoutthatthatmorecompressiots ob-
tainedusingthe mappinglogic. Theresultsalsoshav that
very high compressioiis achiezedfor non-scartircuits.

6 Conclusions
We have presentedch new classof compressiorcodes,
termedfrequeng-directedrun-length(FDR) codes.Exper

non-scarcircuits. We have presentec decompressioar-

chitecturefor FDR codesaswell asananalyticalcharacter
ization of the amountof compressiorthatcanbe expected
usingthesecodes.Analytical resultsshov that FDR codes
arerohust,i.e. they areinsensitve to variationsin theinput
datastream.
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