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Abstract

We consider the relationship between test data compression and
the ability to perform comprehensive testing of a circuit under an
n-detection test set. The size of an n-detection test set grows
approximately linearly with n. Therefore, one may expect a
decompresser that can decompress a compressed n-detection test
set to be larger than a decompresser required for a compact con-
ventional test set. The results presented in this work demonstrate
that it is possible to use a decompresser designed based on a
compact one-detection test set in order to apply an n-detection
test set. Thus, the design of the decompresser does not have to be
changed as n is increased. We describe a procedure that gen-
erates an n-detection test set to achieve this result.

Categoriesand Subject Descriptors
B.8.1 Reliahility, Testing and Fault-Tolerance.

General Terms
Reliability.

Keywords
n-detection test sets, test data compression, test generation.

1. Introduction

On-chip decompression of compressed test data stored on a tes-
ter was considered in [1]-[7] as a method to reduce test data
volume and test application time for scan circuits. A basic
decompression scheme based on a combinational decompresser
is shown in Figure 1. In the figure, C is a scan circuit with Ng
scan chains. Test data is loaded to the circuit through N, inputs
that drive a decompresser circuit D. The decompresser expands
every N, -bit vector into an Ng-bit vector, which is applied to C
through its scan chains. If the length of the longest scan chain in
CisL, ittakes L clock cyclesto apply atestt to C. In every
clock cycle, an N -bit vector r, is applied to the decompresser,
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the decompresser produces an Ng-bit vector v, and the scan
chains are shifted by one position with v, as the new scan-in
vector. After L clock cycles, the vectors vy, - - - v .4 define an
input pattern of C. For a given test t, the vectors rg, - - - ,r 4,
and the corresponding vectors vy, - - - v, _; are selected such that
t is applied to C. Using a decompresser reduces the test data
volumesinceonly N, < Ng bit vectors need to be supplied by the
tester for each Ng-bit vector applied to the circuit. Additionaly,
test application timeis also reduced since the number of internal
scan chains can be chosen to be high enough to obtain the
desired test application time.
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Figure 1: A basic decompression scheme

Given atest set T that detects a set of faults F in acircuit
C, in order to design the decompresser D, it isfirst necessary to
find a set of vectors V that the decompresser will be able to
apply to C, and satisfies the following condition. Using
sequences of the form vjo- - Vj_-y, where vy OV for
O=<k <L, it should be possible to form tests that detect all the
faultsin F. The size of V determines the minimum number of
decompresser inputs, which is given by the equation
N, =[log, |V ||. Thus, it is important to minimize the size of V
in order to minimize N, and thus minimize the test data volume
by reducing the number of bits per vector applied to the
decompresser. The reduction of test data volume allows a reduc-
tion of external tester storage. This has been one of the primary
goals of using on-chip decompressers for test application [1]-[7].

Our goa in this work is to consider the relationship
between test data compression and the ability to perform
comprehensive testing of a circuit under an n-detection test set.
An n-detection test set is one where each modeled fault is
detected either by n different tests, or by the maximum number
of different tests that can detect the fault if this number is smaller
than n. In various types of experiments reported in [8]-[12], n-
detection test sets were shown to be useful in achieving high
defect coverage and high coverage of unmodeled faults. The
advantage of using n-detection test sets over other approaches
for generating test sets with high defect coverageis that an exist-
ing test generation procedure for a gate-level fault model (such
as stuck-at faults) can be used with simple extensions for gen-
erating n-detection test sets, thus avoiding the need to develop
new test generation procedures for new fault or defect models.



The size of an n-detection test set grows approximately
linearly with n [9]. Thus, the use of on-chip decompressers to
reduce test application time and test data volume may become
essential in reducing the costs of using n-detection test sets [6].
When an n-detection test set is applied through a decompresser,
one may expect the number of vectors that must be included in
the set V to be increased as n is increased, thus increasing the
number of decompresser inputs and its complexity. However, we
observe that even if V is computed based on a test set T that
detects each target fault only once, it may be possible to con-
struct additional tests using only vectorsin V. An increase in the
numbers of detections is then achieved without increasing the
size of V, and thus the decompresser design is not changed. This
observation leads us to study the following problem.
Constrained n-detection test generation: Given a test set T
comprised of a minimal set of vectors V, generate a test set T
such that (1) every testt O T is comprised only of vectors out
of V; and (2) every target fault is detected n times by T, or the
maximum possible number of times.

An alternative approach to allow the application of an n-
detection test set through a decompresser is to start from an n-
detection test set T" and find a minimal set of vectors V"
sufficient for generating tests to detect al the target faults the
same numbers of times as they are detected by T". The
decompresser can then be designed based on V". In this
approach, it is not guaranteed that V" =V would be found. We
avoid this difficulty by starting from a decompresser based on a
compact one-detection test set T, and designing T" based on the
same decompresser. We ensure in this way that the size of the
decompresser would not increase due to the need to apply an n-
detection test set.

In Section 2 we describe the decompression scheme we
use. In Section 3 we describe the generation of an n-detection
test set using only vectors out of a given set V derived from a
one-detection test set T. Experimental results of the procedure
described in Section 3 are given in Section 4.

2. The decompression scheme

In this section, we describe briefly the decompression scheme we
use and the derivation of the set of vectors V that the
decompresser can apply to the circuit.

2.1. Preliminaries

The set V is computed based on a one-detection test set T that
detects a set of faults F. Given the test set T, we first partition T
into scan vectors. We pad certain vectors with unspecified values
if some of the scan chains are shorter than others. A test t; isthus
divided into vectors vjo,Vj1, - - * \Vj i -1)-

The set of vectors comprising all thetestsin T defines the
initial contents of the set V based on which the decompresser D
will be designed. The set V is sufficient for creating every test in
T by applying one or more vectors out of V consecutively. The
decompresser circuit applies the appropriate vectors out of V
based on the encoded vectors applied to its inputs.

To alow compression of every vector v OV into a
decompresser input vector r, the decompresser must have at
least [log, |V || inputs. Thus, we have N, =[log,|V || and the
size of V determines the number of decompresser inputs. Our
goa, similar to [4], is to minimize the size of V in order to
minimize N, and thus reduce the number of bits in each vector
applied to the decompresser. This will reduce the size of the
compressed test data that needs to be stored externally. It also
reduces the size of the decompresser due to two effects. (1) If V
is reduced such that N, can be reduced, the decompresser has
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fewer inputs, which typically implies a smaller size. (2) Even for
the same value of N,, a smaller set V implies more don’t-cares
on the outputs of D corresponding to vectors that do not need to
be compressed.

The size of V islargely determined by thetest set T. It is
possible to minimize V by using the techniques discussed next.

2.2. Compatible vectors
Some of the vectorsin V have unspecified values. As aresult, V
may contain compatible vectors. For example, if V contains the
vectors 00x 0 and 000x, it is possible to use 0000 instead of both
vectors. This reduces the size of V by one. To achieve this
reduction, T is modified such that 00x0 and 000x are replaced
by 0000.

To construct a minimal set of vectors V based on a given
test set T, we add the vectors comprising the tests of T into V
one at atime. Initialy, V = @. When a new vector v isinserted
into V, we find the first vector v aready in V, which is compati-
ble with vy If v does not exist, vy is added to V as a new vec-
tor. Otherwise, the vector obtained by merging vj, and v is
added to V toreplacev. T ismodified to reflect the merger.

2.3. Modifying T to minimize V

In [4], as many valuesin T as possible are unspecified before V
is defined. This maximizes the number of compatible vector
pairs in V, thus alowing its size to be reduced. However, the
process of unspecifying valuesis applied before V is constructed
and values are unspecified even if it does not help merge any
vectorsin V. We use the following two-phase solution instead.

We first attempt to replace scan vectors that appear only
oncein T by other vectorsout of T. Thus, if atestt; O T con-
sists of scan vectors vjo,Vj, * * * ,Vj -1 @d vj, appears only once
inT (i.e, vj appearsonly int; and only once in t;), we attempt
to replace vy int; by adifferent vector V that appearsin T. To
accept the replacement of avectorv O V by avectorv 0 V in
atestt O T, we check that all the faults detected by the original
test t are also detected by the modified test t. Every time we
replace a vector v by a vector v, we reduce the number of vec-
torsinV by one.

As replacement vectors vV, we first consider vectors that
appear more than once in T. In this way, we do not increase the
number of appearances of vectors that appear only once in T,
and we maximize our ability to remove them. Only after all the
possible replacements using such vectors V have been made, we
consider replacement vectors that appear only oncein T.

In the second phase of the procedure, we consider pairs of
vectors v, and v,, each appearing only once in T. We attempt to
replace both v, and v, together by a new vector vV, which may or
may not appear in V. Every time we replace a pair of vectors by
a new vector, we remove two vectors from V and add at most
one. Thus, the size of V isreduced.

For agiven pair of vectorsv,,v,, we generate replacement
vectors as follows. Firgt, the intersection vector v, of v, and v,
is computed. The intersection vector is equa to v, and v, in
positions where they are equal, and it is X in other positions.
The number of x valuesin v, isthe distance between v, and vy,
and we denote it by &. If 6 does not exceed a preselected con-
stant A_EXH, we define 2% vectors V based on V.., one for every
specification of the x valuesinv,. If d exceeds A EXH but does
not exceed another constant, A, we define 25" vectors V based
onv, by randomly filling the x valuesinv, 2*-5* times.



3. n-detection test sets
In this section and the next one, we study the ability of a
decompresser based on a one-detection test set to apply an n-
detection test set for n > 1. For this purpose, we describe in this
section the derivation of an n-detection test set T using only
vectorsout of agivenset V.

The set V is the one obtained in Section 2 from a com-
pacted one-detection test set T. The constant n is assumed to be
given, as well as the set V and the modified test set T that
corresponds to V. The n-detection test set T will be applicable
to the circuit using the same decompresser used for applying the
modified test set T. If an n-detection test set cannot be derived,
our goal isto come as close to such atest set as possible, i.e., our
goa isfor T to detect each fault a number of times which is as
closeton aspossible.

We associate with every fault f O F (i.e., every fault
detected by T) the number of times f is detected by T. This
number is denoted by ng(f ). Initially, T = @ and ngu(f ) =0 for
every f O F. We also associate with f the set of testsin T that
detect f , denoted by Tyu(f ). Initidly, Tyu(f) = @.

Since T can be generated using only vectors from V, and
since T aready detects every fault in F at least once, weuse T
aspart of thetest set T. Weadd everyt O T to T, and we fault
simulate t using the n-detection fault simulation process given
below as Procedure 1 in order to update nyu(f) and T4u(f).
Note that Procedure 1 simulates afault f only until it is detected
n timesby T. It thus provides the accurate number of detections
of afault f which is detected fewer than n timesby T. If f is
detected n times or more, Ngg(f ) = n. Thisis consistent with our
goal of generating an n-detection test set.

Procedure 1: n-detection fault simulation of atest t
For every fault f O F such that ngg(f ) < n:
Fault simulate f under t. If f is detected by t, set
Neal(f) = Nua(f )1 and Tee(f ) = Too(F)DI{ 1]

In order to complete T into an n-detection test set (or
come as close to such a test set as possible), we first consider
every fault f O F such that ng(f ) =1. For every such fault,
we attempt to generate a new test t,, [T using only vectors from
V. If atest t, is generated, it is added to T and the numbers of
detections of all the faults are updated by calling Procedure 1
with t, asinput. After considering all the faults with ng(f ) =1,
we consider all the faults with nyu(f ) =2 and apply the same
process. We continue to consider faults with increasing numbers
of detections until we have considered al the faults with
Nget(f) =n-1.

At an arbitrary step of this process, we consider a fault f
with nge(f) =m and Tyo(f) = {to(f), to(f), -, tn(F)}. Itis
possible to use a deterministic test generation procedure to gen-
erate atest t [T y4(f ) for f by constraining the test generation
procedure to use only vectors out of V and avoid tests that are
already in T y4(f ). We use a simpler simulation-based procedure,
described next.

We make several attempts to generate a new test t,, for f
until a test is obtained or until al the options have been
exhausted. The various options are the following.

We try every one of t,(f ),ty(f), - t,(f) asabasis for
computing t,. When t(f) is considered, we initially set
tw =t (f ). Wethen try to modify t,, in order to obtain a new test
that detects f . The motivation for using tests out of Tyu(f) is
that, since these tests already detect f , it islikely that we will be
able to obtain new tests that detect f by making modifications to
these tests.

750

We partition t, int0 VuoVyp® V-1 FOr every
0=k <L, wetry every one of the vectorsin V as areplacement
for Vi. When Vi 1S replaced by v, OV, we obtain the test
tW =Vwo " W(k 1)\/ VW(k+l) . W(L —1) If t DT we simulate f
under t,, . Iff Is detected, we accept t,, asanew test.

Every time we add a new test t,, to T we update ndet(f )
and T g4(f ) for everyf O F. Thus, afault f may be detected by
a new test added for another fault, f. This will increase the
number of detections of f, and may postpone or even eliminate
its consideration during the n-detection test generamon process.
If f isconsidered, its set Tyq(f ) will contain t,, in addition to all
thetestsin T that detect it.

The procedure above is referred to as Procedure 2 and
demonstrated next using s27. We consider n =3 for s27. We
initially set T =T, where T is a test set obtained after applying
the procedure of Section 2, shown in Table 1. We perform 3-
detection fault simulation of this test set and find that 13 faults
are detected once, eight faults are detected twice, and the
remaining faults are detected three times or more. We first con-
sider faults detected once under T. The first fault we consider is
f,, and it is detected only by t5=0111 0000. We consider each
one of the two vectors of t; for replacement by each one of the
five vectors of V shown in Table 1. The options we consider are
summarized in Table 2. In the last columns of Table 2 we indi-
cate whether or not the test is new (not already included in T). If
it is new, we aso indicate whether or not it detects f ;. We stop
when we find the first new test that detects f ; by replacing v,
withv,. Thistestisaddedto T astg.

Table 1: A test set for s27

(@) Theset vV (b) Thetest set T
I Vi J Vio Vi1
0 0000 0 | o000 | 0111
1 0111 1 | 1001 | 0100
2 1001 2 | 0100 | 1101
3 0100 3 | 0111 | 0000
4 1101 4 | 1101 | 0111

5 | 0000 | 0000

Table 2: Optionsfor detecting f ;
K| p ty new | det
O | O [ 00000000 | no

0| 1 | 01110000 | no

0| 2 | 10010000 | yes no
0 | 3 | 01000000 | yes no
0| 4 | 11010000 | yes no
1| 0 | 01110000 | no

1] 1| 01110111 | yes | yes

When tg is simulated, we find that it increases the
numbers of detections of three faults detected once (including
f 1) and three faults detected twice by T. At the end of the test
generation process, T contains 17 tests.

Procedure 2 is not guaranteed to find n different tests for
a fault. This may happen when the fault does not have n dif-
ferent tests, or because the procedure does not explore al the
options for detecting every fault. In the latter case, it may be pos-
sible to find additional tests by replacing more than a single vec-
tor in every test, or by performing deterministic test generation.
However, we found that in benchmark circuits the proposed pro-
cedureis sufficient for al the faults. .

Considering the variety of testsincluded in T, we observe
the following. To obtain a new test t,,, we replace an Ng-bit vec-
tor v, of t, by a different Ng-bit vector. As a result, the new
test differs from an existing test in up to Ng bits. Thus, non-
trivial changes are introduced into the new testsincluded in T .



4. Results of n-detection test generation

We applied Procedure 2 using n =3 to ISCAS-89 and ITC-99
benchmark circuits with different numbers of scan chains. We
used compacted one-detection test sets for T. These were
modified by the procedure of Section 2.

The results are given in Table 3. After the circuit name
and the number of scan chains, we show the following informa-
tion for T and, on a separate row, for T. We first show the test
set size (column size). We then show the number of faults
detected by the test set once (column n=1), the number of faults
detected twice (column n=2), and the number of faults detected
three times or more (column n=3).

Table 3: Results of 3-detection test generation

circuit NS set | size n=1 n=2 n=3
s1423 8| T 26 254 177 1070
T 98 0 0 1501
s1423 4T 26 291 164 1046
T 88 o 0 1501
5378 16 | T | 100 520 316 3727
T | 309 0 0 4563
5378 8 T | 100 357 361 3845
T | 307 0 0 4563
9234 16 | T | 111 1207 680 4588
T | 463 0 0 6475
9234 8 T | 111 1043 840 4502
T | 448 0 0 6475
s13207 | 64 | T | 235 1753 553 7358
T | 856 0 0 9664
s13207 | 32 | T | 235 1853 653 7158
T | 735 0 0 9664
s15850 | 32 | T 97 1441 824 9071
T | 432 0 0 11336
s15850 | 16 | T 97 1566 852 89018
T | 389 0 0 11336
38417 | 128 | T 87 2648 2150 26217
T | 552 0 0 31015
3BA17 | 64 | T 87 2543 1886 26586
T | 363 0 0 31015
bl4 16 | T | 194 268 418 7527
T | 451 0 0 8213
b14 8 T | 194 273 35 758
T | 501 0 0 8213
b20 32 [ T | 335 520 726 18475
T | 780 0 0 19721
b20 16 | T | 335 467 714 18540
T | 798 0 0 19721

From Table 3 it is possible to use vectors out of V, which
is generated based on a compact one-detection test set T, in
order to detect each fault three times. Thus, the use of three-
detection test sets does not have to increase the number of dis-
tinct vectors the decompresser needs to handle; the same
decompresser designed for a compact one-detection test set is
aso useful for applying a three-detection test set. The number of
tests in the three-detection test set T is about three times the
number of tests in the one-detection test set in most cases.

We also applied Procedure 2 using n =10 and the first
value of Ng for every circuit. We found that it is possible to
detect each fault 10 times using only vectors out of V.

The run time of Procedure 2 normalized to the time it
takes to fault smulate the compacted one-detection test set T is
reported in Table 4. In Table 4, NS1 stands for the first number
of scan chains, and NS2 stands for the second number of scan
chainsfor every circuit.
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Table 4: Run time of Procedure 2

NS1 NS1 NS2
circuit n=3 n=10 n=3
s1423 428 1813 381
s5378 402 1579 3.69
9234 319 1334 3.08
s13207 320 1432 324
s15850 442 2285 294
s38417 8.05 3203 477
b14 0.99 367 1.00
b20 1.06 415 113

5. Concluding remarks

The size of an n-detection test set grows approximately linearly
with n. Therefore, one may expect a decompresser that can
apply an n-detection test set to be larger than one required for a
conventional compacted one-detection test set. To study this
issue, we described a procedure that accepts a set of vectors V
corresponding to a compacted one-detection test set T applicable
through a decompresser. The procedure constructs an n-
detection test set using only the vectorsin V. Through this pro-
cedure, we demonstrated that it is possible to use a decompresser
designed based on a compacted one-detection test set in order to
apply an n-detection test set. Thus, we showed that it is not
necessarily needed to use a larger decompresser for an n-

detection test set asn isincreased.
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