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Abstract—This paper addresses the problem of space com-
paction of test responses of combinational and scan-based
sequential circuits. In a general circuit, compaction of output
space to a single output with zero-aliasing cannot always be
achieved by earlier known approaches. In this work, it is shown
that given a precomputed test set 7', the test responses at the
functional outputs of any arbitrary circuit-under-test (CUT) can
be compacted to a single periodic output, with guaranteed zero
aliasing. All the errors that are produced by 7" at the outputs of the
CUT will also appear at the output of the compactor. The method
is independent of the fault model and the structure of the CUT and
uses only the knowledge of the test set 7" and the corresponding
fault-free responses. A new concept of distinguishing outputs
and a characteristic function is used to design the compactor.
The test vectors in T' are appropriately ordered to optimize the
compactor logic, which to achieve zero-aliasing uses a test pattern
counter to designate the sequence of test application and a special
code checker. A design procedure is described to synthesize the
compactor using logic synthesis tools, and relevant experimental
results on hardware overhead for several benchmark circuits
are presented. It is further shown that the overhead can be
significantly reduced if the constraint of exact zero aliasing is
slightly relaxed.

Index Terms—Scan-based sequential circuits, space compaction,
testing.

I. INTRODUCTION

PACE compaction, which refers to the problem of re-

ducing a wide data stream to a narrow signature stream,
is commonly used for test response compression. A typical
space compaction scheme for a general circuit-under-test
(CUT) is illustrated in Fig. 1. A CUT with n primary
inputs X = {x1, 29, ...,x,}, and m primary outputs
Y = {y1, y2, ..., Ym} is given, and the m-bit test responses
for a test set 7" are to be compacted to a g-bit wide data stream,
g < m. The compaction ratio (m/q) becomes maximum
for a single-output space compactor, i.e., when ¢ = 1. Space

compaction often leads to loss of fault coverage due to aliasing
that maps a faulty response to a fault-free signature of the CUT.

Earlier attempts toward compactor synthesis include struc-
ture-independent methods [2], [8], [12], structure-dependent
methods [3]-[7], [9] and those based on coding theory [10].
Complete fault coverage and optimum compaction of test
responses cannot be guaranteed for coder-based compactors.
The structure-dependent methods, on the other hand, need
a fault model and an internal description of the CUT. Their
effectiveness for propagating errors produced by nonmodeled
faults is unknown. Space compactors are also employed in
core-based systems for reducing the volume of test response
data in a modular built-in self-test (BIST) environment [20].
Typically, a complex system-on-a-chip (S-0-C) is built with
several IP cores whose structural descriptions are not known
to the system designer [1]. Consequently, their testing poses a
new challenge, as fault simulation cannot be performed during
system integration and the controllability and observability
of the individual cores at the I/O pins of a S-0-C are low.
Thus, structure-dependent space compactors are unsuitable for
modern core-based systems. Design of space compactors that
do not rely on the structural information of the CUT, and are
independent of fault model, has become important with the
emergence of core-based system [2], [8], [12].

Three major issues need to be addressed while designing
a space compactor: 1) to maximize compaction ratio; 2) to
minimize aliasing; and 3) to reduce design complexity and
overhead. Multiple-input signature registers (MISR) are widely
used for space compaction as they provide high compaction, low
overhead, and negligible aliasing. It has been shown recently
that exact zero-aliasing space compaction can be achieved
with maximum compaction ratio (i.e., ¢ = 1) for an arbitrary
combinational CUT under a given test set, if the compactor,
in addition to being fed by the outputs of the CUT, is also
fed by the inputs to the CUT as in Fig. 2 [12]. Unfortunately,
this approach is not applicable to a sequential circuit, as the
secondary inputs (internal state lines) may not be accessible
for synthesizing the compactor. Recently, parity trees [13] and
MISR [14] have been shown to be useful for on-chip compaction
of scan outputs for large industrial circuits and S-o0-C cores.
In general, zero-aliasing single-output space compaction for
a scan-based sequential circuit is an important open problem.

In this paper, we analytically show that given any arbitrary
CUT, the limitation imposed by an earlier logarithmic lower
bound on ¢ [8] for zero-aliasing can be overcome by designing
a compactor that is fed by the outputs of the CUT and a test
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pattern counter. For a combinational or a scan-based sequential
circuit, we describe a procedure for synthesizing a zero-aliasing
compactor that shrinks the functional outputs of the CUT to a
single periodic output (¢ = 1). The outputs of the scan chains
are observed without space compaction. Albeit we described the
procedure for functional outputs, the method can be readily ap-
plied to space compaction of scan outputs as well, and in general
to any set of m lines producing an m-bit wide response stream
under a test sequence. We assume that the internal structure of
the CUT is not known. The proposed method is independent of
the fault model and uses only the information of the fault-free
responses of the CUT to a precomputed test set 7'. All the errors
produced by 7" at the outputs of the CUT appear at the com-
pactor output.

‘We use the notion of distinguishing outputs (columns) in the
response matrix and define a characteristic function to provide
a unique signature to each of the fault-free responses to 7'. To
ensure zero-aliasing, a counter that keeps track of test applica-
tion is used to feed an additional combinational circuit Cy,p
called mapping logic. In test mode, all the outputs of the CUT
are compacted to a single periodic sequence of alternating Os
and Is by using a comparator circuit and a special CMOS code
checker. The scheme is general in nature and is applicable to any
CUT whose fault-free responses to a test set are known. Since
q = 1, the compactor achieves a maximum compaction ratio.
Using logic synthesis tools, the proposed compactor is synthe-
sized for several representative ISCAS benchmark circuits (in-
cluding several large benchmarks) and experimental results on
hardware overhead are provided. The overhead is observed to
be relatively high, as our method attempts to achieve the max-
imum compaction with exact zero aliasing. However, the proce-
dure is flexible in the sense that the overhead can be reduced if
the condition of exact zero aliasing is slightly relaxed to allow
a negligible amount of aliasing.

The rest of the paper is organized as follows. In Section II,
we present a synthesis procedure for designing a zero-aliasing
single-output space compaction for a sequential circuit. Related
issues for minimizing hardware overhead are also discussed.
Experimental results are presented in Section III. Conclusions
and future directions appear in Section IV.
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II. TWO-STAGE COMPACTION TO A SINGLE PERIODIC OUTPUT

Most of the conventional space compactors [3], [S], [7], [8]
use a scheme as in Fig. 1. The lower bound on ¢ for such a
zero-aliasing space compactor is given by ¢ > [log,(« + 1)],
where « is the number of distinct fault-free responses of the
CUT to the test set T, and therefore, in general, g cannot be made
equal to 1, to preserve zero-aliasing [8]. However, as mentioned
earlier, if the input (test) information is also used in addition to
the outputs (responses) to the CUT to synthesize the compactor,
as in Fig. 2, then zero aliasing can be achieved with ¢ = 1
[12]. This may lead to increased interconnect area, and , for a
sequential circuit, the input information corresponding to the
internal state lines may not be accessible. To circumvent this,
we propose a new scheme as described below.

We assume that for the given CUT C a scan test set T =
{t1, t2, ..., ta}, |T| = k, and the corresponding fault-free
output response vectors Y(¢;), 1 < ¢ < k are available. The
width of each test vector ¢; is thus determined by the number of
primary and scan inputs. Let the set of all response vectors be
represented by the response matrix RM Yt;, y;], 1 < § < m.
The test vectors are applied to the CUT in a certain sequence. A
pattern counter with [log, k] bits is used the state which desig-
nates the particular test being applied to the CUT at that instant.
The counter starts from the all-0 state and is incremented by the
test clock, 1.e., whenever the application of a test vector to the
CUT is completed. The space compactor circuit is fed with the
functional outputs ¥ = 1, 4o, ..., ym of the CUT and the
counter outputs by, bz, ..., briog, &1-

The proposed scheme of the compactor to achieve zero
aliasing with a single output is shown in Fig. 3. If the CUT is
fault-free, then the compactor will generate a single periodic
(alternating) output » of Os and 1s (e.g., 010 101- - -), when the
test vectors are applied to C in a predefined sequence.

The compactor operates in two stages. In the first stage, m
functional outputs y1, %2, ..., ¥m are compacted to p outputs
21, 22, .., Zp_1, Zp, Where [logo(a +1)] < p < m. We
design this stage based on a new concept of distinguishing
lines (D) and characteristic function (Ch). The outputs
.., Zp—1 correspond to the set D, and z, implements
the characteristic function (see Fig. 3). The outputs of this stage
feed the second stage compactor, that consists of the following
four logic blocks:

21y 225 -

1) a test pattern counter with [log, | bits, whose state
identifies the test vector currently in application;

2) an additional combinational logic circuit Clyap
(called mapping logic) driven by the counter state
bi, ba, ..., b[iog, &1, that generates matching functions
g1, g2, ---» gp—1, Gp, corresponding to the p outputs of
the first-stage compactor;

3) a comparator block having at most p XOR gates, where
the output of the ¢th gate G; is given by h; = z; @ g;,
1<i<p

4) a self-checking CMOS code checker fed by the lines
hi, ha, ..., hp; it compacts a p-bit wide data stream to a
one-bit wide periodic output stream at z. The input code
of the checker consists of only two codewords 00- - -0,
and 11---1, which are mapped to output codewords 0
and 1, respectively.
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A. Design of the First-Stage Compactor TABLE 1
) ) ) ) RESPONSE VECTORS AND THEIR DISTINGUISHING COLUMNS
The goal of this stage is to design a simple compactor that
b . Distinguishing columns
first compacts a sequence of m-bit w1d§ test responses at the Response CUT outputs (Lst-stage compactor outputs)
functional outputs of the CUT to a p-bit wide compacts:d.se— vectors | 1 ¥z ¥s Vi Us W | Uil=71) va(=72) Vel=z3)
quence, where [log, (o + 1)] < p < m. Thus, to all distinct Yt) |0 0 0 1 1 0 0 0 0
fault-free responses to the CUT, we assign a unique signature of Y(t) 0 1 0 1 1 1 0 L 1
. L v Y(ta) |1 0 0 0 1 1 1 0 1
p bits thaF can dlstmg'ulsh each response vector Y (¢;) from all Y (ts) 6 0 0 1 1 0o 0 0 0
other distinct vectors in RM, as well as from all the vectors not Y(ts) 01 1 0 0 O 0 1 0
contained in RM. To achieve this, we use the notion of distin- Y(e) |1 1 1 0 1 1 L 1 1
Y.z [1 0 0 0 0 0 1 0 0

guishing columns in RM and define a special Boolean function
called characteristic function.

Given the response matrix RM Y'[¢;, 4;]xxm, we first choose
a minimum set of columns (called distinguishing columns) to
form a reduced submatrix Y (1) (p—1) < m, such that for
any pair of test vectors #;, #;: Y'(t;) £ Y'(#)) < Y (t;) #
Y(¢;). In other words, each row vector (called distinguishing
vector) in the reduced matrix kax(p_l) identifies the vector
in the original RM uniquely, distinguishing it from all other
distinct rows of RM. The columns of the response matrix ac-
tually corresponds to the primary outputs of the CUT. These
(p — 1) output lines from the CUT corresponding to the distin-
guishing columns are called distinguishing outputs or lines (D);
they directly form the outputs 21, 22, ..., 2,1 of the first-stage

compactor.

The pth output of the first-stage compactor
Zp(y1, Y2. ..., Ym), called the characteristic function is
given by

1, Vresponse vectors to tests £;, 1 < ¢ < k;
d, (don’t care), if the distinguishing vector
Zp = in {y1,¥2,- ., Ym} is different from all
those in RM;
0, otherwise.

In the limiting case, when p — 1 = m, 2z, = 0.

Thus, z, becomes 1 for all fault-free response vectors (in
RM), and 0 for everything else ¢ RM that cannot be distin-
guished from the vectors in RM by its distinguishing vector
alone. The remaining combinations (whose distinguishing
vector is different from those in RM) may be set to don 't cares

for logic optimization. The function z, can be synthesized
following the above Boolean description.

Example 1: Consider a CUT C with six outputs
Y1, Y2, ..., y¢ Wwhose fault-free response vectors Y(t;)
for seven tests ¢1, to, ..., t7, are shown in Table 1. In this
example, the response vectors Y (1) and Y (¢4) are identical.
The distinguishing vector for each distinct response vector can
be obtained by choosing columns 1, 42, and ys. These lines
directly form the compactor outputs z1, 22, and 23 respectively
(see Fig. 4). The characteristic function z4 is described in
Table II. For each of the distinct response vectors, z4 is set to
logic 1. Since, there are six distinct distinguishing vectors, the
cubes corresponding to the remaining two (001ddd, 110ddd)
are set as don’t cares (d). The logic value of z4 for all the
remaining input combinations is set to 0. Thus, the six outputs
of the CUT are compacted to four outputs 21, 29, 23, and z4.

Lemma 1: Given a CUT C with m functional outputs
Y1, Y2, -- -5 Ym, and the fault-free responses to a test set 7,
the first-stage compactor with p outputs z1, 22, ..., Z,—1, 2p,
[logo(ar + 1)] < p < m, designed as above, propagates all
errors produced by 7" in C.

Proof: For every correct response Y (¢;) corresponding to
a test ¢;, the characteristic function at the compactor output will
be 1, and the distinguishing outputs will show the signature of
the concerned fault-free response vector. If an error occurs, the
erroneous response vector Y/ (#;) must correspond to either an-
other distinct vector in RM, or a vector ¢ RM. In the first case,
the error will propagate to the compactor output through at least
one bit of the distinguishing vectors. In the second case, if the
distinguishing vector of Y7/(¢;) disagrees with those in RM,
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TABLE 11
CHARACTERISTIC FUNCTION z4 FOR EXAMPLE 1

Distg. columns | Remaining columns
1 Y2 Ys Ys Y4 Ys 24
0 0 0 0 1 1 1
0 1 1 0 1 1 1
1 0 1 0 o 1 1
0 0 0 0 1 1 1
0 1 0 1 0 0 1
1 1 1 1 ¢ 1 1
1 0 0 0 o 0 1
0 0 1 d d d d
1 1 0 d d d d
Everything else 0

the error is carried through it, else the characteristic function
assumes logic 0. Hence, the compactor is zero aliasing for all
errors produced by 7" in C. The bounds on p follow easily. [

Remark 1: The above compactor has p — 1 distinguishing
lines and at most one output for the characteristic function. No
logic synthesis effort is required for the first p — 1 set of func-
tions, as they correspond to certain outputs of the CUT. Only the
characteristic function z, may have to be synthesized to design
the compactor.

1) Synthesis of Characteristic Function Using Counter
States: For efficient logic synthesis, it may sometimes be more
convenient to implement the characteristic function 2, in a
slightly different fashion. From the input description of z,, we
remove the variables corresponding to distinguishing columns
and then to each row Y’(#;) of the reduced RM, we add the
counter state by, bz, ..., biog, #] corresponding to the test Z;.
The truth table is defined in a similar way as before. It is easy
to show that this modified scheme also preserves zero aliasing.
We illustrate this technique by the following example.

Example 2: The fault-free response matrix for the ISCAS-89
circuit $349 is shown in Table III. The circuit has 11 functional
outputs, and the size of the test set is 13 [18]. The distinguishing
columns (#5) are shown in Table IV. In Table V, we define the
input set of the characteristic function by removing five distin-
guishing columns, then adding four columns corresponding to
the counter bits by, b2, bz, and b4. The truth table is described
as in the earlier case.

Remark 2: The above design using counter states ensures
zero aliasing even if the set of distinguishing columns is re-
placed by any arbitrary subset of columns of RM. Thus, the
size of the total input set of variables defining z, can be ap-
propriately chosen to fit in available logic synthesis tools. The
use of a counter in defining the characteristic function provides
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TABLE 111
RESPONSE MATRIX OF s349
¥s  vYa ve Yo Y10 yn
Y {t) 1 1 1 1 1 T T 1 T 1 0
Y (t2) 0 0 1 1 1 o 0 1 0 0 1
Y (ts) 1 1 0o 1 1 1 0 0 0 1 0
Y (t4) 1 1 1 1 0 0 0 1 0 0 1
Y (ts) 0 0 o 0 1 1 1 1 0 1 0
Y (te) 0 0 0o 0 0 0 0 1 0 1 0
Y (t7) 1 0 10 1 0 1 1 0 1 0
Y (ts) 1 1 1 1 )] 0 0 0 1 1 0
Y (to) 0 1 0o 1 1 1 1 1 0 1 0
Y (t10) 0 0 1 0 0 1 1 1 0 1 0
Y (t11) 0 1 0 1 0 1 0 1 0 1 0
Y (t12) 1 1 0 1 [ 0 1 1 0 1 0
Y (t13) 1 0 1 0 1 0 0 1 0 1 0
TABLE 1V
DISTINGUISHING COLUMNS
Y1 Y2 Ys Y71 Ys
Y(tl) 1 1 1 1 1
Y (t2) 0 0 1 0 1
Y(tg) 1 1 1 0 0
Y(t4) 1 1 0 0 1
Y(ts) 0 0 1 1 1
Yt) !0 0 0 o0 1
Y(t7) 1 0 1 1 1
Y(tg) 1 1 0 0 0
Y(tg) 0 1 1 1 1
Y(tio) | O 0 0 1 1
Ytn)| 0O 1 0 0 1
Y(tlz) 1 1 0 1 1
Y(tis) | 1 0 1 0 1
TABLE V

DESCRIPTION OF THE CHARACTERISTIC FUNCTION USING COUNTER
STATES FOR $349

CUT outputs Counter bits Charact.
Y3 Y4 Yo Yo Yo yu | b by b3 by || function
Y@) |1 1 1 1 1 0]0 0 0 0 1
Yit) [T 1 0 0 0 1|0 0 0 1 1
Yt)fo 1 1 0 1 o0f0o 0 1 o0 1
Yt |1 1 0 0 0 1]0 0 1 1 1
Yt) [0 0 1 0 1 00 1 0 0 1
Yit) [0 0 0 0 1 o]0 1 0 1 1
Yty |1 0 0o 0o 1 oo 1 1 0 1
Yig) |1 1 0 1 1 o0 1 1 1 1
Yit) [0 1 1 0 1 0|1 0 0 0 1
Yto)|1 0 1 0 1 0|1 0 0 1 1
Yta)|O 1 1 0 1 0|1 0 1 0 1
Ytiz)[O 1 0 0 1 0|1 0 1 1 1
Y(tz) |1 0 0 0 1 01 1 0 0 1
d d d d d d|1 1 0 1
d d d d d d|1 1 1 0 d
d d d d d d |1 1 1 1
Remaining combinations 0

us options for a flexible design by choosing the size of p. In
the limiting case, no distinguishing lines may be used, i.e., the
second-stage compactor is not required. All the m outputs of
the CUT and the counter bits will be used to determine the
characteristic function z,, and single-output compaction will
be achieved. The other extreme case arises when all m outputs
serve as distinguishing lines and feed the second-stage com-
pactor. In this case, the first-stage compactor is not needed. An
example of the latter appears while analyzing the circuit s298
(see Table X).
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2) Reduction of Hardware Overhead: The first-stage
compactor designed as above, provides zero aliasing. However,
hardware overhead can be significantly reduced if a small
amount of aliasing is tolerated. For example, the counter bits
may be eliminated from the input description of the character-
istic function z,, after removing the distinguishing columns,
to reduce cost. It can be shown that the resulting aliasing
probability is very small since aliasing occurs only if the error
pattern matches a pattern from the fault-free responses for the
bit positions that are not included in the set of distinguishing
lines. This condition is unlikely to be satisfied for most realistic
errors. The exact computation of the aliasing probability will
depend on the underlying error model.

Furthermore, since most of the errors are propagated through
Zp, the probability of error propagation through the distin-
guishing lines alone is very small for large m. Thus, the number
of lines feeding the second-stage compactor can be reduced
by using a linear compactor (XOR tree), with slight increase
in aliasing [5]. This, in turn, reduces the cost of C,,, and
the checker. Similarly, if synthesis cost of the characteristic
function z, turns out to be too high, its input set can be reduced
by eliminating the distinguishing lines, or by precompacting
them using a linear compactor. The cost of z, can also be
reduced in many cases by removing a subset of CUT outputs
from the input set of z, and including them in the second-stage
compactor, at the expense of slightly increasing the overhead of
mapping logic. Hence, the method provides design flexibility
with a tradeoff between overhead and aliasing, while achieving
q = 1. This is discussed later in context to Table XI.

B. Design of the Second-Stage Space Compactor

The second-stage compactor receives 21, z2, ..., Zp—1, Zp
as well as the counter state by, bz, ..., b[iog, ] @s inputs, and
produces a single periodic output (a string of alternating Os and
1s) at z, on application of the test vectors in a certain sequence.
A similar technique known as output data modification was used
earlier to achieve time compaction [11].

Let the test set 7" be arbitrarily partitioned into two disjoint
subsets 7y and 77 of almost equal size (I' = 1o U 171, Tp N
Tl = @, |T0| 2 |T1| 2 1, |T0| — |T1| S 1) Let TS denote
the test sequence {to1, t11, fo2, t12, .. .}, where #g; € Tp, and
t1; € 17. Thus, Ts is formed by choosing consecutive vectors
alternatingly from 75 and 77, until all tests in 7" are exhausted.

1) Design of Mapping Logic Chnap: The mapping logic
Cmap (see Fig. 3) generates matching outputs g;, 1 < ¢ < p,
which are given by

g =z®h;, 1<i<p,
where
., J0, Vtestt; €Ty
hlh?"'hf’{L vt €Ty
and

h; = d(don't care), otherwise.

M

The above condition implies that if a test vector t € Tp(t €
T7) is applied to the fault-free CUT, the logic values at the input
lines (hy, h2, ..., hy,) to the code checker will be simultane-
ously 0(1), and thus, on application of the test sequence T,

1175

TABLE VI
ORDERING OF TEST VECTORS
1st-stage Test set
Tests | compactor outputs | N1{Z) | partition
z1 Z2 z3 24
131 0 0 0 1 1
ta 0 0 O 1 1 Ty
ts 0 1 o0 1 2
tr 1 0 0 1 2
ta 0 1 1 1 3
t3 1 0 1 1 3 T
te 1 1 1 1 4

these inputs receive alternatingly all-0 and all-1. Hence, it fol-
lows that V¢, 1 < 4 < p, the output function g; of Chap, 1s given
by

zi(t)EBO:zi(t), Vtely
gi(t) =< 2 (t) ®1= Z_i(t), Vtely 2)
= d(don't care), otherwise.

Since the counter keeps track of the test sequence s, and
the values of z;(t) for ¢ € T are known at the first-stage com-
pactor output from RM, (2) can be readily used to synthesize the
mapping logic Cy,ap, if a suitable partition of 7" into 7 and 1}
is determined. For the (21182 ¥1 — k) additional counter states
that do not correspond to the & tests, we set the logic values to
gi» 1 < i < pasdon’t cares. Logic synthesis tools such as
ESPRESSO [16] and SIS [17] can now be used to synthesize
Crnap-

2) Determination of Test Sequence Ts: We use a simple
heuristic to determine the test ordering with the goal of re-
ducing the overhead of C,,,,,. We implement this by reducing
the number of 1s in the truth-table description of Cl,,p, Which
may reduce the cost of its implementation.

Let Z(Y(¢)) denote the vector {z, 22, ..., z,} at the
output of the first-stage compactor corresponding to the re-
sponse vector Y (¢) to test t. Let N1(Z) = >_%_, 2; denote the
Hamming weight, i.e., the number of 1s in the vector Z(Y(¢)).

We order (<) the test vectors ¢s with respect to nondecreasing
values of their V1 (Z), i.e., Ni(Z(Y (t;))) < Mi(Z(Y (¢;)) =
t; < tj, and £; < tj = Nl(Z(Y(tZ))) < Nl(Z(Y(tJ)))

We choose, Ty = {tl, 2, t““/ﬂ}

T = {tf’“/ﬂ“, e t’“}

where [k/2] is the smallest integer larger than or equal to & /2.

This makes |To| = |74], if & is even, and |Tp| = |T1] + 1,
if k is odd, and the length of the test sequence T's would be
(|To] 4+ |T1| = |T| = k). Hence, the choice of such a partition
will imply that the total number of 1s in the output description
of Ciyap as given by (1) and (2) is minimum.

We now give an example to illustrate the design process.

Example 3: Consider the circuit of Example 1. The response
matrix, distinguishing columns, and the characteristic function
are shown in Tables I and IT earlier. Table VI shows ordering of
test vectors in terms of the nondecreasing sequence of the Ham-
ming weights of their compacted outputs 21, 22, 23, 24, from
which the sets Tj, and 77 are determined. In Table VTI, the test
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TABLE VII
TEST SEQUENCING AND THE REQUIRED OUTPUTS OF Clyyap

Test 1st-stage Required Required outputs
sequence | compactor outputs checker inputs of Crap
Ts 21 22 23 z4 |hi ha hs Ra[g1 g2 95 ga
t1 0 0 0 1 0 0 0 0o(0 0 0 1
ta 0 1 1 1 1 1 1 1 1 0 0 0
ta 0 0 O 1 6 0 0 0|0 0 O 1
i3 1 0 1 1 1 1 1 1 0 1 0 0
ts 0 1 0 1 0 0 0 1 0 1 0 1
tg 1 1 1 1 1 1 1 1 0 0 0 0
tr 1 0 O 1 0 0 0 0 1 0 0 1
TABLE VIII
ASSIGNMENT OF COUNTER STATES AND THE TRUTH TABLE OF Clyyap
Test Assigned Outputs
sequence | counter state of Crrap
Ts by b2 b1 g1 92 g3 g4
t1 0 0 0 0 0 O 1
ta 0 0 1 1 0 0 0
tq 0 1 0 0 0 0 1
ts3 0 1 1 0O 1 0 0
ts 1 0 0 0 1 0 1
te 1 0 1 0O 0 0 O
tr 1 1 0 1 0 0 1
— 1 1 1 d d d d
TABLE IX
REDUCING COST OF C\,.,, BY CHOOSING A DIFFERENT T's
Test Assigned Outputs
sequence | counter state of Crnap
Ts by by by |1 92 93 94
tr 0 0 0 1 0 0 1
to 0 0 1 1 0 0 o0
ta 0 1 0 0 0 0 1
te 0 1 1 0O 0 0 0
ts ‘1 0 0 0 1 0 1
ts 1 0 1 0O 1 0 O
t1 1 1 0 0O 0 0 1
— 1 1 1 d d d d

sequence T's = {t1, ta, ta, t3, t5, tg, t7} is shown that is ob-
tained by choosing consecutive vectors alternatingly from 7§
and 77. The corresponding outputs of Cy,,), to satisty the de-
sired checker inputs are shown in column 4. Table VIII shows
the assignment of counter states to the tests and the truth-table
describing the outputs of C,,,4p. The Boolean functions for these
outputs are thus given by g1 = babs + bibabs; go = biby +
bibabs; g3 = 0; g4 = by,

Remark 3: Construction of 7’s may have a strong influence
on the cost of Cy,ap. For instance, in Table 1X, another test se-
quence Ts = {t7, ta, ta, ts, t5, t3, t1} is chosen from the sets
7o, 11. Realization of this truth table leads to a cheaper imple-
mentation of Chyap: g1 = b2bs; g2 = babz; g3 = 0; g4 = 1.

3) Comparator and the Code Checker: The comparator
block consists of at most p XOR gates. If an output function of
the mapping logic is constant, the corresponding XOR gate is
not needed.

We use a special CMOS gate to implement the code checker
as shown in Fig. 5. As observed in [15], this code checker can
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Fig. 5. CMOS implementation of a self-checking code checker.

admit large fan-in. In test mode, all the p inputs to the checker
would be either 0 (V¢ € Ty) or 1 (V¢ € T1). In the first case, all
the p-MOS (n-MOS) transistors at the first level of the CMOS
gate will be ON (OFF), and in the second case, they will be OFF
(ON). Therefore, the p-bit vector 00- - -0 (11- - -1) arriving at the
input of the checker will be compacted to 0 (1) at the output
z. Therefore, application of 75 to the CUT will generate a pe-
riodic output sequence 010 101--- at z, in the absence of any
error. Further, this checker is self-checking. The two codewords
(00---0, 11- - -1) are sufficient to detect all s-a-0, s-a-1 faults at
the inputs/outputs of the checker, and all stuck-open faults in the
transistors. All single transistor stuck-on faults except those in
the inverter, are also detected by these two vectors.

4) Zero-Aliasing Space Compaction: By Lemma 1, all the
errors produced by 7" in the CUT are propagated to the outputs
Z ={m, #z, ..., zp—1, zp} of the first-stage compactor. De-
sign of Cy,ap according to (1) and (2) ensures that V¢ € T5(77),
the checker inputs by = ho = --- = h, = 0(1), if and only
if the vector Z is error free. When an error changes the vector
Z under a test ¢, two cases may arise. If it causes the inputs to
the checker to receive a vector consisting of Os and s, then at
the first level of CMOS gate, both the paths from Vi, to w, and
w to GN D (Fig. 5) will be open. The logic value at w will be
floating and will show the previous value. On the other hand,
if the error inverts all the checker inputs simultaneously, (i.e.,
11---1 instead of 00- - -0, or vice-versa), then also the output
at z becomes opposite to its expected value. In both the cases,
therefore, the alternating nature (periodicity) of the output at z
is lost.

From the above discussion, the next theorem follows.

Theorem 1: Given a test set T" for an arbitrary CUT C, the
proposed design yields a single-output zero-aliasing space com-
pactor for all errors produced by 7" in C.

It may be noted that most of the errors propagate through the
line corresponding to the characteristic function z,. However,
V't € T, the logic value at the output z, becomes 1, if no error
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TABLE X
HARDWARE OVERHEAD OF THE COMPACTOR WITH ¢ = 1, AND ZERO ALIASING

Number of Test | Number of Percentage

inputs/outputs/ | Circuit | length | distingu. area overhead

Circuit flip-flops area || lines Charact. | Mapping
function | logic Crnap | Total
c499 41/32/0 616 52 2 10.06 1.62 11.69
c3540 50/22/0 2934 84 11 16.90 15.20 32.10
c5315 178/123/0 4369 37 7 41.31 3.20 44.51
c7552 207/108/0 6095 73 9 42.46 5.23 47.69
c6288 32/32/0 4800 12 4 3.54 0.56 4.10
5298 3/6/14 300 23 6 0 20.33 20.33
5344 9/11/15 329 13 5 16.41 7.29 23.70
5349 9/11/15 333 13 5 15.32 10.21 25.53
51423 17/5/14 1460 20 4 1.10 2.47 3.57
$9234.1 36/39/211 8815 105 26 8.03 14.36 22.39
535932 35/320/1728 35181 12 43 6.76 1.09 7.85
$38417 28/106/1636 38790 68 26 10.74 2.6 13.34

TABLE XI cluding two of the larger benchmarks). These figures include the

REDUCED OVERHEAD FOR ¢ = 1, WITH SMALL ALIASING

Percentage
area overhead

Circuit | Charact. | Mapping
function | logic Cpap | Total
c3540 9.17 9.30 18.47
c5315 14.47 4.32 18.79
c6288 3.00 0.56 3.56
c7552 15.10 6.20 21.30
s344 5.17 7.29 12.46
s349 [ 3.90 10.21 14.11
51423 0 2.47 2.47

is present. A stuck-at one fault at the output line 2, will there-
fore never be detected by any test in 7', and its presence could
have a catastrophic masking effect on all the errors propagating
through it. To overcome this, we add one additional vector ¢’ in
T that produces a response vector not in RM, to enforce a 0 at
the output z,, prior to the synthesis procedure.

III. EXPERIMENTAL RESULTS

The proposed method for designing zero-aliasing
single-output space compactors was implemented on a SUN
Ultra-5/Solaris workstation and applied to several ISCAS-85
and ISCAS-89 benchmark circuits. In each case, we used
compact test sets either generated by the MINTEST program
[18] or by Hansen and Hayes [19]. A simple heuristic was used
to determine a minimal set of distinguishing columns. First,
ESPRESSO [16] was used for two-level synthesis of the char-
acteristic function and the mapping logic. This was followed by
multilevel minimization using SIS [17]. Since these tools are
unable to handle very large designs, we partitioned the outputs
for the larger benchmark circuits in order to ensure that the
synthesis scripts ran to completion. For example, we partitioned
the 320 functional outputs of $35932 into ten partitions of 32
outputs each.

The experimental results for zero-aliasing space compaction
with ¢ = 1 are shown in Table X. We report the hardware over-
head for five combinational and seven sequential circuits (in-

area for the mapping logic and the characteristic function. The
area due to the code checker, pattern counter, and comparators
is not included since these are generic functional blocks that are
not tailored to any CUT and can be reused across the complete
design. The hardware overhead is related to the test length and
the nature of response matrix. For example, the area overhead is
only 4.10% for c6288 and 7.85% for s35932. Both these circuits
possess very compact test sets. However, the overhead is high
for some circuits, e.g., c5315 and ¢7552, as they have a large test
set and a relatively small silicon area. Further, they have a large
number of outputs to be compacted to a single stream. It may be
noted that the first stage alone is a zero-aliasing compactor with
p lines, where p is the number of distinguishing lines plus 1. For
example, using only the first stage, 320 outputs of 35932 can
be compacted to 44 lines, with no loss of test information.

In order to reduce overhead, several techniques in various
combinations as discussed earlier in Section II can be employed.
They do not guarantee exact zero aliasing; nevertheless, an
almost negligible amount of aliasing may be preferable if the
compactor area is reduced significantly. This is indeed the case
for many circuits. For example, Table XI shows that the area
overhead for s344 is reduced from 23.70% to 12.46%. The
design still allows compaction to a single output regardless
of the size of the output space.

IV. CONCLUSION

We have shown analytically that the functional outputs of a
scan-based sequential circuit can be compacted to a single pe-
riodic output with guaranteed zero aliasing. A new synthesis
procedure is then described for designing the space compactor.
The proposed technique relies only on the knowledge of the
fault-free responses of the CUT to a precomputed test set. It
does not require access to a gate-level model or any other form
of structural information, either for fault simulation, test gener-
ation, or for calculating error propagation probabilities. It may,
therefore, find applications to space compaction in embedded
cores. For example, it would be useful in enhancing test ac-
cess mechanisms (TAM) for IP cores. Several techniques are
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used in industry to access embedded cores in an S-0-C [1]. Two
industrial TAM designs recently used in Philips are based on
multiplexing and distribution architectures [21]. The number of
I/O pins required for TAM can be significantly reduced if space
compaction is employed at the outputs of the core. Reduction
of TAM outputs allows more pins to be used as TAM inputs,
thereby reducing testing time. Similarly, space compaction may
also improve TAM distribution architecture. While the method
can be used to design zero-aliasing compactors, the flexibility
inherent in the synthesis procedure allows the designer to reduce
hardware overhead by tolerating a small amount of aliasing. The
proposed compactor can be improved in a number of ways. We
are currently investigating on the relationship between the com-
pactor area and the partition of the set of CUT outputs for op-
timizing mapping logic and characteristic function. We expect
the area of the compactor to decrease significantly if a suitable
partition as well as a matching reordering of the test sequence
is found. Although zero-aliasing single-output compaction has
been shown here to be theoretically possible, a low-overhead
improved practical design based on this approach is needed for
a viable silicon solution.
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