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Abstract
We showedrecentlythat Golombcodescanbeusedfor

efficientlycompressingsystem-on-a-chip testdata. We now
presenta new classof variable-to-variable-lengthcompres-
sion codesthat are designedusingthe distributionsof the
runs of 0s in typical test sequences.We refer to theseas
frequency-directedrun-length(FDR)codes.We presentex-
perimentalresultsfor the ISCAS89 benchmarkcircuits to
showthat FDR codesoutperformGolombcodesfor test
datacompression.We alsopresenta decompressionarchi-
tecture for FDR codes,and an analytical characterization
of the amountof compressionthat can be expectedusing
thesecodes.AnalyticalresultsshowthatFDRcodesarero-
bust,i.e. they are insensitiveto variationsin theinput data
stream.

1 Intr oduction

Testdatavolumeis a majorproblemencounteredin the
testingof system-on-a-chip(SOC)designs[1]. A typical
SOC consistsof several intellectualproperty(IP) blocks,
eachof which mustbeexercisedby a largenumberof pre-
computedtest patterns. The increasinglyhigh volumeof
SOCtestdatais not only exceedingthe memoryand I/O
channelcapacityof commercialautomatictestequipment
(ATEs) but it is also leading to excessively high testing
times. Datacompressiontechniquesthat reducetest data
volumearethereforeof considerableinterest.

Thetestingtime of anSOCdirectly impactstestcost. It
is determinedby severalfactors,includingthetestdatavol-
ume,thetime requiredto transfertestdatato thecores,the
rateat which the testpatternsaretransfered(measuredby
thetestdatabandwidthandtheATE channelcapacity),and
themaximumscanchainlength. For a givenATE channel
capacityandtestdatabandwidth,reductionin testingtime
canbeachievedby reducingthetestdatavolumeandby re-
designingthescanchains.While testdatavolumereduction
techniquescanbeappliedto bothsoft andhardcores,scan
chainscannotbe modified in hard (IP) cores. New tech-
niquesarethereforeneededto reducethetestdatavolume,
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decreasetestingtime, andovercomeATE memorylimita-
tionsfor SOCscontainingIP cores.

Built-in self-test(BIST) hasemergedas an alternative
to ATE-basedexternal testing[2]. BIST offers a number
of key advantages.It allows precomputedtest setsto be
embeddedin thetestsequencesgeneratedby on-chiphard-
ware,supportstestreuseandat-speedtesting,andprotects
intellectualproperty. While BIST is now extensively used
for memorytesting,it is not ascommonfor logic testing.
Testvectorsfor non-scanandpartial-scandesignscannotbe
reordered,andthey areharderto embedin a BIST genera-
tor. For full-scandesigns,pseudorandomvectorscanlead
to seriousbuscontentionproblemsduring testapplication.
Moreover, BIST canbeappliedto SOCdesignsonly if the
IPcoresin it areBIST-ready. Sincemostcurrently-available
IP coresarenot BIST-ready, BIST insertionin SOCscon-
tainingthesecircuitsis expensiveandrequiresconsiderable
redesign.

An alternativeapproachfor reducingtestdatavolumefor
SOCsis basedon the useof datacompressiontechniques
suchasstatisticalcoding,run-lengthcoding,andGolomb
coding[3–8]. In thisapproach,theprecomputedtestset ���
providedby the core-vendoris compressed(encoded)to a
muchsmallertestset ��� andstoredin the ATE memory;
seeFigure1. An on-chipdecoderis usedto generate���
from ��� duringpatternapplication.It wasshown in [5, 6,
7] that compressinga “dif ferencevector” sequence�	��

���
determinedfrom � � resultsin smallertestsetsandreduced
testingtime. Figure2 shows the testarchitecturebasedon�	��

��� andcyclical scanregisters(CSRs).

While previous researchhasclearly demonstratedthat
datacompressionoffersa practicalsolutionto theproblem
of reducingtestdatavolume,thecompressioncodesusedin
prior work werederivedfrom otherapplicationareas.For
example,thestatisticalcodesusedin [3] and[4] aremoti-
vatedby patternrepetitionsin largetext files. Similarly, the
run-lengthandGolombcodesusedin [5, 6, 7] aremoreef-
fectivefor encodinglargefilescontainingimagedata.None
of thesecodesaretailoredto exploit thespecificproperties
of precomputedtestsetsfor logic circuits.While anattempt
wasmadein [6, 7] to customizetheGolombcodeby choos-
ing anappropriatecodeparameter, thebasicstructureof the
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Figure 1. A conceptualarchitecturefor testingasystem-
on-chipby storingtheencodedtestdata��� in ATEmemory
anddecodingit usingon-chipdecoders.
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Figure 2. Decompressionarchitecturebasedonacyclical
scanregister(CSR).

codewasstill independentof thetestset.We cantherefore
expectevengreaterreductionin testdatavolumebycrafting
compressioncodesthatarebasedon thegenericproperties
of testsets.

In this paper, we presenta new classof variable-to-
variable-lengthcompressioncodesthat aredesignedusing
thedistributionsof therunsof 0s in typical testsequences.
In this way, thecodecanbetailoredto our applicationdo-
main,i.e. SOCtestdatacompression.We refer to theseas
frequency-directedrun-length(FDR) codes. For simplic-
ity, we also refer to an instanceof this classof codesas
an FDR code. We show that the FDR codeoutperforms
bothGolombcodesandconventionalrun-lengthcodes.We
alsoshow that the FDR codecanbe effectively appliedto
boththedifferencevectorsequence�	��

��� andtheprecom-
putedtestset � � . Thelatter is especiallyattractive sinceit
eliminatestheneedfor a separateCSRfor decompression.
Additional contributionsof this paperincludea novel de-
compressionarchitecturefor FDR codes,andananalytical
characterizationof theamountof datacompressionthatcan
beexpectedusingthesecodes.

Theorganizationof thepaperis asfollows. In Section2,
we first motivatethe new FDR codeandthendescribeits
construction.In Section3, we determinethebest-caseand
theworst-casecompressionthatcanbeachievedgivensome
genericparametersof theprecomputedtestset.Wedescribe
someextensionsto thebasicFDRcodeandthedecompres-
sion architecturein Section4. Finally, in Section5, we
presentexperimentalresultsfor thelargeISCAS89bench-
markcircuits.
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Figure 3. Distributionof runsof 0sfor theISCASbench-
markcircuit s9234.

2 FDR codes

An FDRcodeisavariable-to-variable-lengthcodewhich
mapsvariable-lengthruns of 0s to codewordsof variable
length. It can be usedto compressboth the difference
vector sequence�	��

��� and the test set � � . Let � � =�����������������������
������ "!

, be the (ordered)precomputedtest set.
The ordering is determinedusing a heuristic procedure
describedlater. �	��

��� is definedas follows: �	��
#�$�&%�$'(���)'*�+�,�,���,�)'* "! % �����������.-/���+�����0-/�����,���,������ 21	�.-/�� "!

.
wherea bit-wise exclusive-or operationis carriedout be-
tweenpatterns

� 
 a nd
� 
�3 � . This assumesthat the CSR

startsin theall-0 state.(Otherstartingstatescanbeconsid-
eredsimilarly). If theuncompactedtestset ��� is usedfor
compression,all thedon’t-carebits in �4� aremappedto 0s
to obtaina fully-specifiedtestsetbeforecompression.

We now presentsomeimportantobservationsaboutthe
distributionof runsof 0sin typical testsets.We conducted
a seriesof experimentsfor thelargeISCASbenchmarkcir-
cuitsandstudiedthedistribution of therunsof 0s in �	��

���
obtainedfrom completesinglestuck-attest setsfor these
circuits. Figure3 illustratesthis distribution for thes9234
benchmarkcircuit. We found that thedistributionsof runs
of 0sweresimilar for thetestsetsof theothercircuits.

Thekey observationsfrom Figure3 areasfollows:5 Thefrequency of runsof 0sof length 6 is high for 7986:8<;+7 .5 Thefrequency of runsof length 6 is smallfor 6:=<;+7 .5 Even within the range 7>8?608@;�7 , the frequency of
runsof length 6 decreasesrapidlywith increasing6 .

If conventionalrun-lengthcoding with block size A is
used for compressingsuch test sets, every run of 6 0s,7B8C6D8E;*F 1	� , is mappedto a A -bit codeword. This is
clearly inefficient for the largenumberof shortrunsof 0s.
Likewise,if Golombcodingwith codeparameterG is used,
a runof 6 0sis mappedto acodewordwith HI6KJ�GML:NPO
Q+R � G
bits. This is alsoinefficientfor shortrunsof 0s.Clearly, test
datacompressionis moreefficient if therunsof 0sthatoc-
curmorefrequentlyaremappedto shortercodewords.This
leadsusto thenotionof FDRcodes.



Group
Group Run-length prefix Tail Codeword

0 0 0 00S � 1 1 01
2 00 1000S:T
3 10 01 1001
4 10 1010
5 11 1011
6 000 110000
7 001 110001
8 010 110010SVU
9 110 011 110011
10 100 110100
11 101 110101
12 110 110110
13 111 110111W�W�W W�W�W W�W�W W�W�W W�W�W

Figure 4. An exampleof FDRcoding.

TheFDR codeis constructedasfollows: Therunsof 0s
aredividedinto groupsX � � X � � X � ���,�,�,� XZY , where [ is de-
terminedby the length 6]\_^a` of the longestrun ( ; Ycbedgf6]\h^i`j8k; Y 3 � bld ). Notealsothatarunof length 6 is mapped
to group Xhm where n/%poqO�Q*R �+r 6sN d*t.b �iu . The size of
the vKwIx group is equalto 2
 i.e., X 
 contains2
 members.
Eachcodewordconsistsof two parts—agroupprefix anda
tail. Thegroupprefix is usedto identify thegroupto which
therunbelongsandthetail is usedto identify themembers
within thegroup.Theencodingprocedureis shown in Fig-
ure4. TheFDRcodehasthefollowing properties:5 For any codeword, the prefix and tail are of equal

length. For example,the prefix andthe tail areeach
onebit long for X � , two bits long for X � , etc.5 The length of the prefix for group X 
 equals v . For
example,theprefix is 2 bits long for group X � .5 For any codeword, theprefix is identicalto thebinary
representationof the run-lengthcorrespondingto the
first elementof thegroup.For example,run-length8 is
mappedtogroupX � , andthefirstelementof thisgroup
is run-length6. Hencetheprefix of thecodeword for
run-length8 is 110.5 The codeword size increasesby two bits (onebit for
the prefix and one bit for the tail) as we move from
group X.
 to group X.

3 � .

Notethatrun-lengthsarealsomappedto groupsin conven-
tional run-lengthandGolombcoding.In run-lengthcoding
with block size A , the groupsareof equalsize,eachcon-
taining ;+F elements.Thenumberof codebits to whichruns
of 0saremappedincreasesby A bits aswe move from one
groupto another. On theotherhand,in Golombcoding,the
groupsizeincreasesasweconsiderlargerrunsof 0s,i.e. X 

is smallerin sizethan X 

3 � . However, thetails for Golomb
codewordsin differentgroupsareof equallength( O
Q+R � G ,
whereG is thecodeparameter),andtheprefix increasesby
only onebit aswemove from onegroupto another. Hence
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Figure 5. Comparisonof codeword size(bits) for differ-
ent run-lengthsfor the FDR code,Golombcode( ~���� )
andconventionalrun-lengthcode( ����� ).

Golombcodingis lesseffective whentherunsof zerosare
spreadfar from an“effective” rangedeterminedby G .

Wenow presentacomparisonbetweenthethreecodes—
conventional run-length code with block size AC% d ,
Golomb codewith parameterG�%�� and the new FDR
code.Figure5 shows thenumberof bits percodeword for
runsof 0sof differentlengths.It canbeseenfrom thefigure
thattheperformanceof theconventionalrun-lengthcodeis
worsethan that of the Golombcodewhen the run-length6 exceedsseven. The performanceof the Golombcodeis
worsethanthatof theFDR codefor 6_=�;�� . We alsonote
that thenew FDR codeoutperformstheothertwo typesof
codesfor runsof lengthzeroandone.Sincethefrequencies
of runsof lengthzeroandonearevery high for precom-
putedtestsets(Figure3),FDRcodesoutperformrun-length
andGolombcodesfor SOCtestdatacompression.

3 Analysisof FDR codes
In this section,we developananalysistechniqueto de-

terminetheworst-caseandbest-casecompressionthatcan
beachievedusingFDR codesfor somegenericparameters
of precomputedtestsets.Suppose����
#��� (or � � if it is en-
codeddirectly) contains� 1sanda total of � bits. We first
determine� \_^a` , thenumberof bits in theencodedtestset� � in theworstcase,i.e. whenthecompressionis theleast
effective. In doing so, we alsodeterminea distribution of
therunsof 0sthatgivesriseto thisworst-casecompression.

Suppose� ��
#��� contains [ 
 runs of length v with max-
imum run-length 6]\h^i` . Let the size of the encodedtest
set ��� be � bits, and let �>%�� b r � b � t measurethe
amountof compressionachievedusingFDR codes.If the
FDR codingprocedureof Figure4 is appliedto �	��

��� then��%/;+[+��N�[ � N�;*[ � NP[ � b [+� b [+� b ;+[*� b�d [+���g���,� (upto



6 \h^i` ). This canbeexplainedasfollows: for eachrun of 0
of length v , we comparethesizeof the run-length( v ) with
the sizeof the correspondingcodeword. For example,the
codeword correspondingto a run of length0 containstwo
bits (onemorethantheoriginal run), thecodewordfor run-
length1 is of thesamesizeastheoriginalrun-length,andso
on. Thedifferencebetweenthesetwo quantitiescontributes
to � , andit appearsasthecoefficient of the appropriate[*

termin theequationfor � .

Wenext usethefollowingsimpleintegerlinearprogram-
ming (ILP) model to determinethe maximumvalueof � .
Thisyieldstheworst-casecompression( � \_^a` ) usingFDR
codes.
Maximize: ��%�;*[��_N<[ � N<;+[ � N<[ � b [+� b [+� b ;+[*� bd [*�������,� (upto 6 \_^a` ) subject to: (1) �¡ £¢�¤�¥
�¦ � v§[*
¨%©� b � ,
and(2) �k £¢�¤�¥
�¦ � [+
�%¡� .

This ILP modelcanbeeasilysolved,e.g.usinga solver
suchas lpsolve[9], to obtainthe worst-casevaluesfor the[+
 ’s. Notethateventhough 6 \_^a` appearsin theabove ILP
model, we do not make any explicit useof it. Our goal
hereis to determinea worst-casedistributionof therunsof
0s. Generally, shortrun lengthsyield theworst-casecom-
pression;however, if 6 \_^a` mustexceedaminimumvalueto
satisfyconstraints(1) and(2) above. We canuselpsolveto
determinethe minimum 6]\_^a` by incrementallyincreasing6]\h^i` until theoptimizationproblembecomesfeasible.

Table 1(a) lists the size ��\_^a` of the encodeddataset
for worst-casecompressionfor variousvaluesof � and � .
The lastcolumnshows a distribution of runsfor which the
worst-casecompressionis achieved ( ª«J�A indicatesª runs
of length A ). Note that this distribution is not uniquesince
a numberof run-lengthscanyield the worst-casedistribu-
tion. Notealsothattheworst-casepercentagecompression
is negative when � is high relative to � —this is unlikely to
bethecasefor testsets(don’t-caresmappedto 0s)or differ-
encevectorsequencesfor which � is generallyverysmall. It
wasshown in [6] thatfor theISCAS89benchmarkcircuits,
thetypical valueof � is only 10%of � .

Next weanalyzethebest-casecompressionachievedus-
ing FDR codesfor any given � and � . Sincethecompres-
sion is betterfor longerrun-lengths,we alsoneedto con-
strainthemaximumrun-lengthin this case.As before,we
formulatethis problemusingILP, andthefollowing model
canbesolvedusinglpsolvetoobtainabest-casedistribution
of runsand �¨\ 
  , thenumberof bits in theencodedtestset
in thebestcase.
Minimize : �0%¡;*[ � N0[ � N0;*[ � N0[ � b [ � b [ � b ;+[ � b.d [ � �¬�,���
(upto 6 \h^i` ) subject to: (1) �<  ¢�¤�¥

¦ � v�[*
9%&� b � , and (2)�   ¢�¤�¥

¦ � [+
:%k� .

Table1(b) lists the run-lengthdistributionscorrespond-
ing to thebestcasecompressionusingFDRcodes.Thecor-
respondingpercentagecompressionvaluesarealso listed.
In Figure6, weplot thelowerandupperboundsontheper-

Worst-case
Percentagecompression distribution­ ® ¯4°:±a² ³µ´�¶j¯4°:±a²�·)­2¸�¹c´�ºaº 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

(a)

Best-case
Percentagecompression distribution­ ® ¯ °s»£¼ ³I´�¶j¯ °s»�¼ ·)­(¸4¹j´�ºaº 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 7/1,1/25,32/29

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 FDRcodes:(a)worst-casecompres-
sion;(b) best-casecompression.

centagecompressionasthenumberof runs � is varied(for�g% � 7*7+7 ). We notethat for smallvaluesof � , thebounds
arevery closeto eachother, hencetheFDR codeis robust,
i.e. its efficiency is relatively insensitive to variationsin the
distributionsof theruns.
4 Extensionsto the FDR codeand test data

decompression
TheFDRcodingalgorithmdescribedin Section2 repre-

sentsan instanceof a codebelongingto the classof more
generalFDR codes. This instanceis especiallysuitable
whenthe frequenciesof runsdecreasesmonotonically, i.e.
thenumberof runsof length 6 is greaterthanthenumberof
runsof length 6�N � . It is alsoeffectivewhenthecumulative
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Figure 6. Comparisonbetweenthe upper and lower
boundsonpercentagecompressionfor ½��¿¾aÀ�À$À .
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Figure 7. Block diagramof thedecoderusedfor on-chip
patterndecompression.

frequency of the runsin any group XZ
 exceedsthe cumu-
lative frequency of the runs in group X.

3 � . However, for
precomputedtestsets,therun-lengthfrequenciesdonotal-
waysdecreasemonotonically. For suchnon-monotonically
decreasingrun-lengths,the compressioncan be increased
by extendingthebasicFDRcodeasdescribedbelow.

For eachgroup X.
 , we calculatethe cumulative fre-
quency of the run-lengthsin that group. This is doneby
simply adding the frequenciesof the run-lengthsin that
group.Next, insteadof assigningthegroupprefixasshown
in Figure4, we assignthe prefix basedon the cumulative
frequency of that group. A groupwith a large cumulative
frequency is assigneda shortprefix. In thisway, thesizeof
theencodedtestsetcanbereducedby carryingout a small
amountof pre-processing,and by using a mappinglogic
block (outlinedlater)in thedecoder.

Wenext describethedecompressionarchitectureandthe
designof the on-chipdecoder. The decoderis simpleand
scalable,and independentof both the coreundertestand
theprecomputedtestset.Moreover, dueto its smallsize,it
doesnot introducesignificanthardwareoverhead.

Thedecoderdesignis similar to theFSM-baseddecoder
of [6, 7]. Issuesrelatedto datasynchronizationare de-
scribedin [7]. Thedecoderdecompressestheencodedtest
set ��� andoutputs ��� . It canbe efficiently implemented
by a [ -bit counter, a O
Q+R � [ -bit counterandafinite-statema-
chine(FSM).Theblockdiagramof thedecoderis shown in
Figure7. The A�v � vK� is theinput to theFSM andanenable
( Á$� ) signalis usedto input encodeddatawhenthedecoder
is ready. TheFSMoutput ÂiÃ�Ä�� � Á$� vÅ� is usedto shift in the
prefixor thetail into the [ -bit counterandthesignalsÆ�ÇÈv§É � ,' Á�Â � and ��Æ � areusedto shift thedatain, to decrement,and
to indicatethe resetstateof the counter, respectively. The
secondcounterof O
Q+R � [ -bits is usedto countthe lengthof
theprefix andthe tail soasto identify thegroup. Thesig-
nals vÅ�	Â and

' Á�Â � areusedto incrementanddecrementthe
counter, respectively and ��Æ � indicatesthat thecounterhas
finishedcounting.Finally, thesignal Ã�Ä � is thedecoderout-
put and Ê indicateswhentheoutputis valid. Theoperation
of thedecoderis asfollows:

5 TheFSM feedsthe [ -bit counterwith theprefix. The
endof theprefix is identifiedby theseperator0. TheÁ$� , Æ�ÇÈv�É � and vK�	Â signalsarehightill the0 is received.5 TheFSM output0s anddecrementsthe [ -bit counter
andmakesthesignal

' Á�Â � high. It continuesto output
0suntil ��Æ � goeshigh. Thesignal Ê is usedto indicate
a valid output.5 The tail part is shifted in until the O�Q*R � [ -bit counter
resetsto zero. The

' Á�Â � signal then goeshigh, the
counteris decremented,and the signal ��Æ � indicates
whenit is in thezerostate.5 TheFSM output0scorrespondingto thetail followed
by a1 at theendof tail decoding.

The statediagramfor the FSM (not shown heredueto
lack of space)containsonly 9 states.We synthesizedthe
FSMusingSynopsysdesigncompiler—thesynthesizedcir-
cuit hasonly 4 flip-flops and38 gates.Therefore,theaddi-
tional hardwareneededfor the decoderis very small, and
existingcounterson theSOCcanbereusedfor decompres-
sion.

The above decodercan be easily modified for decom-
pressingdataencodedusingcumulative frequenciesfor the
groups.Sincetheuseof thecumulative frequenciesaffects
only theprefix,andnot thetail, weonly needto addamap-
ping logic block betweenthe encodeddatastreamandthe
decodeFSM.Thusthemappinglogic feedsthedecodeFSM
andtransformstheprefixesin theencodeddatato theprefix
assignmentof Figure4.

In our experimentswith ISCAS 89 benchmarkcircuits,
weobservedthattherun-lengthswereneverlongenoughto
exceedgroup X � � . Therefore,in the worst case,the map-
pinglogic is requiredfor only tenprefixes.Moreover, aswe
show in Section5, significantcompressionis almostalways
achievedwithoutusingthemappinglogic.
5 Experimental results

We now presentexperimentalresultson testdatacom-
pressionfor the largeISCASbenchmarkcircuits. We con-
sideredboth full-scan and non-scancircuits for the pro-
posedcompression/decompressionscheme. For full-scan
circuits,patternswerereorderedto achievehighercompres-
sion whereasno orderingwas donefor the non-scancir-
cuits. For all the full-scancircuits,we considereda single
scanchain. We useATPGtestcubesgeneratedby Mintest
ATPG programwith dynamiccompactionfor our experi-
ments.

The first set of experimentaldata that we presentis
basedon the useof differencevectorsequences� ��
#��� ob-
tainedfrom partially-specifiedtest sets(test cubes). Ta-
ble 2 presentsresults for test cubesusing FDR coding,
Golomb coding, and fully-compactedtest setsgenerated
using Mintest. The table lists the percentagecompres-
sion,sizesof the precomputed(original) testsets,sizesof



Percentage Percentage Size Size No. of
compression compression of ËÍÌ of Ë � bits for

Cir cuit (Golomb) (FDR) (bits) (bits) Mintest
s5378 40.7 48.19 23754 12306 20758
s9234 43.34 44.88 39273 21644 25935
s13207 74.78 78.67 165200 35226 163100
s15850 47.11 52.87 76986 36276 57434
s35932 N/A 10.19 28208 25332 19393
s38417 44.12 54.53 164736 74896 113152
s38584 47.71 52.85 199104 93860 161040

Table 2. Compressionobtainedusing �«Î »�Ï,Ï .
Percentage Percentage Size Size No. of

compression compression of ËÍÌ of Ë � bits for
Circuit (Golomb) (FDR) (bits) (bits) Mintest
s5378 37.11 48.02 23754 12346 20758
s9234 45.25 43.59 39273 22152 25935
s13207 79.74 81.30 165200 30880 163100
s15850 62.82 66.22 76986 26000 57434
s35932 N/A 19.37 28208 22744 19393
s38417 28.37 43.26 164736 93466 113152
s38584 57.17 60.91 199104 77812 161040

Table 3. Compressionobtainedusing � Ì .

the encodedtestsets,andthe sizesof the smallestATPG-
compactedtestsets.

Table2 shows that FDR codesprovide bettercompres-
sion than Golombcodesin all cases.For the benchmark
circuit s38417,thereis asmuchas10% increasein com-
pression.We alsonotethatthatin all but onecase,thesize
of the encodedtestset � � is muchsmallerthanthe com-
pactedtestsetobtainedusingMintest. The testcubesthat
we usedfor s35932werealreadyhighly compacted,hence
we did not obtain very high compressionfor this circuit.
Nevertheless,it is significantthatin contrastto FDR codes,
no compressionwasobtainedusingGolombcodesfor this
circuit in [6, 7].

Table3 demonstratesthattheuseof testcubes��� (with
all the don’t-caresmappedto 0) often yields highercom-
pressionthenover theuseof � ��
#��� . Moreover, in this case,
thedecompressionarchitecturefor on-chippatterngenera-
tion doesnot requireaseparateCSR.For circuitswith long
scanchains,addtionalCSRsof lengthsequalto the scan
chainlengthsincreasethehardwareoverheadsignificantly.
Therefore,compressing� � to generatetheencodedtestset
not only yields smallertestsetsbut alsoreducesthe hard-
wareoverhead.

Finally, in Table4, we presentexperimentalresultson
testdatacompressionfor non-scancicuits.We obtainedthe
testsequencesfor thesecircuits from HITEC [11]. No re-
orderingof testpatternswasdoneduringcompression.Not
surprisingly, wefoundoutthatthatmorecompressionis ob-
tainedusingthemappinglogic. Theresultsalsoshow that
veryhighcompressionis achievedfor non-scancircuits.

6 Conclusions
We have presenteda new classof compressioncodes,

termedfrequency-directedrun-length(FDR) codes.Exper-

FDRcode FDR code
Size (without (with mapping

of Ë2Ì mappinglogic) logic)
(bits Percentage Size Percentage Size

compression of Ë � compression of Ë �
Circuit (bits) (bits)

s953 1168 73.45 310 75.94 281
s5378 169995 81.16 32020 81.45 31529
s13207 42284 93.44 2770 95.17 2039
s15850 147070 73.93 38330 82.41 25869
s35932 430353 83.35 71650 86.84 56618
s38417 22624 84.58 3488 89.26 2428

Table 4. Compressionobtainedusing � Ì andFDRcodes
for non-scancircuits,with andwithoutmappinglogic.

imentalresultsfor the ISCAS89 benchmarkcircuitsshow
that FDR codesoutperformGolomb codesfor test data
compression.In addition to differencesequencesderived
from scanvectors,thesecodescan also be useddirectly
with precomputedtestsetsandorderedtestsequencesfor
non-scancircuits. We have presenteda decompressionar-
chitecturefor FDRcodes,aswell asananalyticalcharacter-
izationof theamountof compressionthatcanbeexpected
usingthesecodes.Analytical resultsshow thatFDR codes
arerobust,i.e. they areinsensitive to variationsin theinput
datastream.
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