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Abstract by either one of the three approaches has the form
We describe a method referred to as sequence counting tdc = (ti;,t,.- -, t,), wherei; < i, <..-<iy. The sequence
improve on the levels of compaction achievable by vector omis-counting approach is different from the vector omission and vec-
sion based static compaction procedures. Such procedures ater restoration approaches in the following way. Once an itera-
used to reduce the lengths of test sequences for synchronouson of the vector omission or vector restoration approaches ter-
sequential circuits without reducing the fault coverage. The minates, the vectors they omitted (or the vectors that were not
unique feature of the proposed approach is that test vectors omitrestored in the case of the vector restoration procedure) are omit-
ted from the test sequence can be reintroduced at a later timged from the test sequence permanently, and they are not reintro-
Reintroducing of vectors helps reduce the compacted testduced at a later time. Under the sequence counting approach, it is
sequence length beyond the length that can be achieved if vegossible to reintroduce an omitted vector. For example, if a
tors are omitted permanently. Experimental results are presentedompacted sequende = (1, t,, t4,ts, - - ) is obtained under the

to demonstrate the levels of compaction achieved by thesequence counting approach, the vectois not permanently

sequence counting approach. excluded froniT.. It may be possible at a later time to obtain the
) compacted sequencg. = (t;,t3,14,15,---) (or other variations
1. Introduction that includet;), and potentially omit additional vectors that can-

Static test compaction is used for reducing the length of a teshiot be omitted ift; is excluded. Consequently, the sequence
sequence without reducing its fault coverage. Reduced teseounting approach is less greedy, and performs a more global
lengths result in reduced tester memory and test application timgearch for the shortest possible compacted sequence. As a result,
requirements. The study of compacted test sequences can aldbhas the potential of producing shorter test sequences.
help in understanding the reasons for inefficiencies in test gener- The paper is organized as follows. In Section 2 we
ators that produced the original (longer) test sequences. In thislescribe the basic idea behind the sequence counting approach.
paper, we propose a method to improve the compaction leveldn Section 3 we describe the basic step of the sequence counting
achieved by vector omission based static compaction proceduresapproach. In Section 4 we describe a specific compaction proce-

Static test compaction based on vector omission was firstdure based on the sequence counting approach. Experimental
proposed in [1]. Static compaction based on vector omissionresults of this procedure are given in Section 5. Section 6 con-
removes (or omits) test vectors from the test sequence as long agudes the paper.
this can be done without reducing the fault coverage. A variation o
of vector omission, called vector restoration, was proposed in2. The basic idea
[2]. Under a vector restoration procedure, all (or most) of the testThe basic idea behind the sequence counting approach is illus-
vectors are first omitted from the test sequence. Vectors are thetrated in Figure 1. The first row of Figure 1 depicts a sequence
restored into the sequence as necessary to restore the fault cover-= (ty,t,, - - -, t10) of length 10. The order of the vectors in the
age. Many efficient implementations of vector omission and sequence is marked by the edges in Figure 1. The viga®r
restoration exist [3]-[8]. These procedures attempt to achieve thedlummy vector indicating the beginning of the sequence. Under
same levels of compaction as the procedures of [1] and [2], how-a vectort; in the first row of Figure 1, we show vectors that may
ever, at faster run times. be included in a compacted versionToat time uniti, instead of

In this work, we introduce a method callseéquence t;, if t; or vectors preceding it are omitted. For example, instead
countingto improve on the levels of compaction that can be Of t;, @ compacted sequence may incltgeds, - - - or t;o at time
achieved by static compaction procedures based on vector omigdnit 1. In general, at time urniit the sequence may include,,
sion. We introduce this method using a specific implementationti+2, - - tio instead oft;, depending on the omitted vectors that
similar in efficiency to the procedures in [1] and [2]. We expect preceds; (includingt; itself).
efficient implementations to be devised later, implementing the A compacted sequence can be represented by a sequence
same concept at significantly reduced run times. of edges such as the one shown by solid lines in Figure 2. The

Similar to the vector omission and vector restoration compacted sequence shown by solid lines in Figure 2 is
approaches of [1] and [2], the sequence counting approach mainTc = ({2, ts, t4, t7, tg, t1g). In general, the edges defining a com-
tains the original order of the test vectors. Thus, given a testpacted sequence can go franto t;,; by taking one step to the
sequenceT = (t3,t,, - -, t,), the compacted sequence obtained right, or fromt; to a vectort; such thatj > i by taking one step
to the right and any number of steps downward. For example, in
+ Research supported in part by NSF Grant No. MIP-9725053. the sequence shown by solid lines in Figure 2, we go fsom

t; by taking one step to the right; and we go frigrto t; by tak-
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ing one step to the right and two steps downward. A step down-with the first vector that followss and is included in the
ward that skips ovelr vectors shortens the test sequence by the sequence shown by solid lines in Figure 2. This vecttr. iBhe
same number of vectors. In Figure 2, we skip over a total of fourdashed edge frong to t; indicates that, follows t5 in the new

vectors (one fron to t,, two fromt, to t;, and one frontg to compacted sequence. Frdm we copy the sequence shown by
ti0). Consequently, the length of the compacted sequence issolid lines in Figure 2. The resulting sequence is shown by the
shorter than the original sequence length by four vectors. dashed edges in Figure 2. The new compacted sequence is

T, = (t,, t5, t7, tg, t10), and it is shorter by one vector than the pre-

@ @ @ @ @ @ @ @ @ @ @ vious sequence we obtained. Note that we reintroduced into the

compacted sequence the vectgrthat does not appear in the
) (w0 sequence shown by solid lines in Figure 2.
In the previous example, the step fréyrto t; shortened

@ the compacted sequence. It is also possible to make steps that
leave the sequence at the same length. For example, starting
from the sequence shown by solid lines in Figure 2, we may
replacet, by t; to obtain the sequendg = (t,, t3, ts, t7, tg, t10)
which is also of length six. Such steps are useful in modifying
the sequence such that the modified sequence can be compacted
further than the unmodified one.

Based on the previous discussion, the steps of the
sequence counting approach consist of making downward steps
in Figure 1 or 2, or lengthening existing downward steps. This is
equivalent to replacing a vectgrat time unitk by a vectort;,
where j >i. The rest of the sequence is then adjusted accord-
ingly. The lower the sequence of edges in Figure 1 or 2, the

@ shorter it is (thus, the dashed sequence of Figure 2 is shorter than
the solid sequence of Figure 2, which is shorter than the
sequence of Figure 1). After each step that changes the sequence,
we resimulate the sequence to ensure that the fault coverage is

Figure 1: The given test sequenc& maintained. Steps that reduce the fault coverage are reversed.
The reason we refer to the approach described above as

@ @ sequence counting is as follows. Consider the three sequences

shown in Figures 1 and Z, = (t,, t,, ts, t4, ts, tg, t7, tg, tg, t1o),
@ Te, = (L2 s, U, U7, g, tyg), @Nd T, = (1, ts, t7, tg, typ). Let us
consider only the vector indices. Frdmwe obtain the sequence

) of vector indicesl =(1,2,3,4,5,6,7,8,9,10); frori,, we
G
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obtain 1., =(2,3,4,7,8,10); and fromT,, we obtain

I, =(2,5,7,8,10). The sequences of indices are considered in
chronological order during the compaction procedure. Here, a
sequencd, is higher in the chronological order than a sequence

I, if, scanning the sequences from left to right and looking for
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@ \® the first position whe_re the two sequences are diffetemtas a
higher number thal, in that position. Thus, if we count all pos-
sible sequences in chronological order starting from the given

@ @ uncompacted sequence, the later a sequence appears in the count
the shorter it is likely to be. Due to this similarity between

@ counting and compaction, we refer to the proposed approach as
sequence counting.

@ It is important to point out that in the compaction proce-
dure based on sequence counting, we skip over many of the

@ sequences that would have been obtained if all the sequences had

. . been counted in chronological order. In addition, we point out
Figure 2_‘ Compacted sequences based an that Figures 1 and 2 are only used to introduce the sequence
To further improve the length of the compacted sequencecoynting approach. In an implementation of a compaction proce-
shown in Figure 2, we can replace a vettdnat appears attime  gyre based on sequence counting, there is no need to store each
unit k of the test sequence by a vedtgrwherej >i. In Figure vector multiple times as in the figures.
2, this implies lengthening the downward step leading into the Finally, we point out that not every vector may be reintro-
vector at time unik. For example, let us replatgat time unit 2 duced after it is omitted. Let the compacted sequence
by ts. This is s.hown by the dashed edge froymto t5 that T = (ti,,t,,- -, t; ) be obtained. If; > 1, thenty,-- -, t;,; can-
replac_es the SO“.d edge framto t;. To com_plete the SEQUENCE, 14t pe reintroduced into the sequence. To ensure that low-index
we sI_<|p over, (s_lnce we _al_ready havg at time unit 2, and OUr  vectors are utilized by the sequence counting procedure as much
goal is to maintain the original order of the vectors). We continue as possible, sequence counting steps that replace the first vector



of the sequence should be small, and should be done only aftetoverage is not maintained. The advantage of performing several
exhausting all the options with the current initial vector. Alterna- calls to Procedure 1 before performing fault simulation is that

tively, it is possible to perform steps where the vedfpris
replaced by a vectd; such thatj <i,. We do not explore these
options here.

3. The basic step of sequence counting

the total time spent on fault simulation may be reduced. In this
work, we use an implementation where fault simulation is per-
formed after every call to Procedure 1. The procedure is given as
Procedure 2 below.

In Procedure 2, before the current compacted test

Procedure 1 given below describes the basic step of the sequenggquenceT, is modified by Procedure 1, it is stored in a
counting procedure. The original, uncompacted sequence issequencd; ... Fault simulation is carried out fdr, after it is

T= (tl|t21"

-,t.). The test sequence on which the sequence modified. The previous sequentg,., is restored if the fault

counting step is performed is an arbitrary (compacted) sequenceoverage ofT., after it is modified by Procedure 1, is smaller

TC = (tilltigr o
unit k, where 1< k < M. We also select a numbAr We replace
ti byt s, and then update the sequefiges follows.

If i,+A>L, we terminateT, at time unitk—-1. For
example, suppose that= (t;,---,t10), T = (t1, ts, ts, tg, o, t1o)s
k =5andA = 2. Note that;, =ty, t;, =3, t;, =t5, and so on. In
this casej, =is =9, and we replack, by tg,, =t;;. Sincety;
does not exist ifT, we terminateT, at time unit 4 and obtain
TC = (tll t31 t5! tS)

If iyz+A<L, we find the first time unik’ such that
i > i, +A. We copy the part of ;. from time unitk’ to time unit
M such that it immediately follows time unit For example,
suppose that = (t11 . ',tlo), TC = (tl,t3, ts, tg,tg, th)’ k=2 and
A = 4. In this case, =i, =3, and we replacg by t;,, = t;. The
first time unitk’ wherei,, > 7 isk' =4 withi,, = 8. We copy the
subsequenceg ty, t;o) starting at time unik + 1 = 3. We obtain
the sequencd, = (t,,t;,tg,tg,t;0). As another example, con-
sider the same sequences withr 5 and A =1. In this case,
iy =is =9, and we replack by tg,; = tio. There is no time unit
k' with i, > 10, therefore, we do not copy any partTef The
resulting sequence & = (ty, ts, ts, tg, t10)-

The value ofA by which we increment, is between 1
and maxX M/10, 1}. Thus, we may skip up t&1/10 vectors,
which is a tenth of the length @f.. Larger constants may be
used to reduce the length Bf faster. Procedure 1 is given next.
Procedure 1:A basic sequence counting step

(1) LetT =(t;,ty,---,t.) be the original test sequence, and
|et TC = (til'tizl ey, tiM)'

(2) Randomly select a time urkit where 1< k < M.

(3) Randomly select a number A, where
1<A<ma{M/10, 1}.

4) Ifiy+A>L,terminateT, at time unitk — 1, and stop.

(5) Replacd;, by tj, ..

(6)  Find the first time unik’ such that, > i, +A.

(7) Setm=0. While k' +m< M, copyt;,, to time unit
k+1+mofT,and sem=m+1.

(8) Terminatel, at time unitk + m.

The complexity of Procedure 1 &(M), whereM is the

length of the compacted sequence. This is determined by Step

that copies at mo3¥l test vectors.

4. The sequence counting procedure

Procedure 1 can be applied as part of a compaction procedure i
one of several ways. One of the parameters to consider in apply-
ing Procedure 1 is the number of calls to Procedure 1 performeng
before checking that the fault coverage of the original sequenc
is maintained. If more than one call to Procedure 1 is performed
before considering the fault coverage, then one or more changeﬁ]
introduced by Procedure 1 may have to be undone if the fault

-, t,,). InProcedure 1, we randomly select a time than the fault coverage of the original sequence. A variable

calledng,ncounts the number of calls to Procedure 1 that do not
reduce the test length. This includes calls that reduce the fault
coverage and cause the previous compacted sequence to be
restored, and calls that keep the fault coverage and the test length
at their current levels. The variabig,,.is reset to zero initially,

and every time a call to Procedure 1 yields a step that reduces the
test length without reducing the fault coverage. Procedure 2 ter-
minates whemg,, reaches a preselected constant denoted by
Nsave i-€., afterNgaye calls to Procedure 1 that do not reduce
the test length.

Procedure 2:A sequence counting procedure

(1) LetT=(t;,t,,---,t ) be the original test sequence. Set
T.=T. Setngyme=0.

(2) SimulateT. Let the set of detected faults bg.

(3) SetTc,prev = Tc-

(4)  Call Procedure 1 witli andT, as input.

(5) Simulate T, under the faults inFp. Let the set of
detected faults bEp .

(6) If FD,C 7 FD! SEtTc = Tc,prev and Nsame = Nsame 1
Else, if the length ofT. is smaller than the length of
Tc,prevv Setnsame: 0
Else, sehgme= Nsamet 1.

(7)  If Ngagme< Nsame 9O to Step 3.

When simulatingT, in Step 5 of Procedure 2, it is only
necessary to simulate the faultskr until the first undetected
fault is encountered. An undetected fault causes the step made by
Procedure 1 to be rejected, and there is no need to complete the
simulation of all the faults ifr in this case. In addition, if the
step made by Procedure 1 changes the sequence at timé& units
and on, there is no need to simulate faults detectedhy,
before time unitk. This is because the subsequence until time
unit k — 1 does not change.

The complexity of Procedure 2 depends on the number of
iterations it performs. In each iteration, there is a call to Proce-
dure 1 that has complexit9(M), where M is the sequence
length, and there is a fault simulation step to determine whether
the fault coverage has changed. In the worst case, complete fault

imulation has to be performed in every iteration; however, in
ractice, relatively small numbers of faults need to be simulated
based on the discussion above.

5. Experimental results

e applied Procedure 2 usiiggaye = 1000 to test sequences
roduced by the test generation proceddf€EC [9], and to test
equences produced by the test generation proc&IRATE-

GATE [10]. We compare the results to the results produced by

the procedures from [1] and [2]. We consider circuits for which
e comparison is possible, and in addition, we consigie932



under theSTRATEGATEequence. Other procedures [3]-[8] are while retaining the compaction levels will be investigated. How-
based on the ideas in [1] and [2], and do not produce better levever, the current implementation was sufficient for demonstrating
els of compaction overall. The results are shown in Tables 1 andhe levels of compaction that can be achieved by allowing test

2.

Table 1: Compaction of HITEC sequences

vectors to be reintroduced into the test sequence.

6. Concluding remarks

circuit orig | seq.count| omit| restore . .
s298 259 100 87 153 We .presented an approach to improve thg levels of.compactlon
s344 108 54 53 56 achu_eved for synchronous sequential circuits by static test com-
s400 2069 280 405 278 paction procedures based on vector omission. _Under the pro-
s420 166 122 124 125 po;ed approach, referred to as sequence counting, test vectors
s641 211 81 9% 119 o_mltted f_rom the_ test sequence can be reintroduced at a later
s820 068 350 424 708 time. Reintroducing of vectors helps reduce the compacte_d test
s1238 478 270 247 269 sequence Igngth beyond the length that can be achieved if vec-
s1488 1192 416 607 646 tors are omlt_ted permanent_ly. The basic step of _the proposed pro-
s5378 900 185 363 458 cedure cons_lstgd of replacmg a vedtoait time unitk by a vec-
total 6351 1858 5408 5812 tort; wherej > i, and adjusting the rest of the sequence accord-
ingly. Experimental results comparing the proposed approach
Table 2: Compaction of STRATEGATEequences with the previously proposed vector omission and vector restora-
L . . tion approaches showed that higher levels of compaction can be
circuit orig seg.count, omit  restore achieved by the proposed approach. This is to a large extent
:g?‘i 133 ;g 1259 1§77 related to the ability to reintroduce vectors that have already
$382 1486 574 490 516 been omitted.
s400 2424 486 896 611 References
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In Table 1, after the circuit name, we show the original [4]
sequence length produced BYTEC, followed by the sequence
length obtained after applying the proposed sequence counting
procedure. For comparison, we show the test length obtained
after applying the omission procedure from [1], and after apply- [5]
ing the restoration procedure from [2] to the original sequences
produced byHITEC. In row total we show the sum of the test
lengths for all the circuits in the corresponding column.

In Table 2, after the circuit name, we show the original [6]
sequence length produced BTRATEGATEfollowed by the
sequence length obtained after applying the proposed procedure.
For comparison, we show the test length obtained after applying
the omission procedure from [1], and after applying the restora-[7]
tion procedure from [2]. In rowotal we show the sum of the
test lengths for all the circuits in the corresponding column
excluding s35932 to which the omission based procedure was
not applied. 8]

From Tables 1 and 2 it can be seen that the sequence
counting procedure results in lower test lengths for most of the
circuits considered. In addition, the total test length obtained by
the counting procedure for all the circuits considered is lower by g
over 20% than the total test length obtained by the omission pro-
cedure, and lower than the total test length obtained by the
restoration procedure. 10

In its current implementation, Procedure 2 performs large
numbers of fault simulations to achieve the reported reductions
in test length. Methods to reduce the number of simulations
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