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Abstract - This paper addresses the problem of space
compaction of test responses of combinational and
scan-based sequential circuits. It is shown that given a
precomputed test set T', the test responses at the func-
tional outputs of the given circuit-under-test (CUT)
can be compacted to a single periodic output, with
guaranteed zero-aliasing.  The method is indepen-
dent 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—it is particularly
suitable for intellectual property (IP) cores. A new
concept of distinguishing outputs and characteristic
response function is utilized for synthesizing the com-
pactor. Relevant experimental results on hardware
overhead for several ISCAS circuits are presented.

1 Introduction

Space compaction, which refers to the problem of
reducing a wide data stream to a narrow signature
stream, is commonly used for test response compres-
sion. A typical space compaction scheme for a general
circuit-under-test (CUT) is illustrated in Fig. 1. A
CUT with n primary inputs X = {1, 22,...,2,}, m
primary outputs {y1,y2,...,¥m} is given, and the m-
bit test responses for a test set 1" are to be compacted
to a ¢-bit data stream, where ¢ < m. The com-
paction ratio (m/q) becomes maximum for a single-
output space compactor, i.e., when ¢ = 1. The main
problem of space compaction is the loss of fault cov-
erage due to aliasing which maps a faulty response to
a fault-free signature of the CUT.

A complex system-on-a-chip (SOC) is built with sev-
eral IP cores whose structural descriptions are not
known to the system designer [1]. Specific design and
test methodologies suitable for cores have been re-
ported recently in [1]. Earlier methods [3]-[6] of space
compaction need a fault model and an internal de-
scription of the CUT, and are therefore unsuitable for
core-based systems. Space compactors [2, 7, 5] that
do not rely on the structural information of the CUT,
and are independent of fault model, have been pro-
posed for reducing the volume of test response data in
a core-based system.
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It has been shown recently that zero-aliasing space
compaction can always be achieved with ¢ = 1 for a
combinational CUT under a given test set, if the com-
pactor, in addition to being fed by the outputs of the
CUT, is also fed by the inputs to the CUT; see Fig. 2
[7]. Unfortunately, this approach is not applicable to
a sequential circuit as its inputs include the internal
state lines which may not be available outside the core
for synthesizing the compactor. Recently, parity trees
[8] and MISR FQ] have been proposed for on-chip com-
pression of scan outputs for large industrial circuits
and SOC cores. In general, the number of functional
outputs exceeds the number of the scan outputs in
sequential circuits [1], and zero-aliasing space com-
paction for functional outputs remains an important
open problem.
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Figure 1: Conventional space compaction scheme.
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Figure 2: Modified space compaction scheme.

In this paper, we show that the limitation imposed by
an earlier logarithmic lower bound on ¢ [5] for zero-
aliasing can be overcome by designing a compactor
which is fed by the outputs of the CUT and a counter
that designates the sequence of test application. 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). Space com-
paction is not applied to the scan outputs. We assume



that the internal structure of the CUT is not known.
The 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 er-
rors produced by 7" at the outputs of the CUT, appear
at the compactor output.

2 Zero-aliasing compaction with ¢ =1

Conventional space compactors [3, 4, 5] use a scheme
as in Fig. 1. The lower bound on ¢ for such a zero-
aliasing space compactor is given by ¢ > [logs(a+1)],
where « is the number of distinct fault-free responses
of the CUT to the test set 7', and therefore, in gen-
eral, ¢ cannot be made equal to 1, to preserve zero-
aliasing [5]. However, 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 [7]. For a se-
quential circuit, the input information corresponding
to the internal state lines may not be accessible. To
circumvent this, we propose a new scheme as shown
in Fig. 3.
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Figure 3: Space compaction using a counter.

Let the vectors in the test set T = {t1,t2,...,t},
be applied to the CUT in the sequence: t; followed
by to, to followed by t3, and so on. Each vector t;
consists of bits corresponding to the primary inputs,
and the scan inputs. We use a binary counter with
[logak] bits, whose current state designates the par-
ticular test being applied to the CUT at that instant.
The counter starts from the all-0 state, and is incre-
mented by the test clock, i.e., whenever the application
of a test vector to the CUT is completed. The space
compactor circuit is fed with the functional outputs
Y1,Y2,---,ym Of the CUT, and the counter outputs

1,02, briogs k] -

Lemma 1 Given a CUT C and a test set T, it is al-
ways possible to design a zero-aliasing space compactor
with ¢ = 1, using the scheme of Fig. 3, for all errors
produced by T at the functional outputs of C.

Proof: We design a compactor whose output z is given
by the following Boolean function:

[log=k]

=V A B0 Aue) o

teT i=1

where, \/(/\) denotes logical OR(AND) operation, and

bi (t) = when the test t is applied,

b;, if the i-th bit of the counter state is 0
b;, otherwise;

is 0 under the test vector ¢,

y;, if the j-th output of the fault-free CUT
y; (1) =
! y;, otherwise.

Thus, z = 1, if and only if a test vector ¢t € T" when
applied to the functional outputs of C'. The identity of
t is uniquely captured by the counter state. Hence, it
achieves zero-aliasing single-output space compaction
for all errors that are produced by T in C.

3 Two-stage compaction

We assume that for the CUT C, a test set T =
{t1,t2,...,tr}, and the corresponding fault-free out-
put response vectors Y (¢;),1 < i < k, are available.
The collection of all the response vectors is described
by the response matric RM = Yt;,y;],1 < j <m.
The proposed scheme of the compactor to achieve
zero-aliasing with a single-output is shown in Fig. 3.
If the CUT 1s fault-free, then the compactor will gen-
erate a single periodic (alternating) output z of 0’s
and 1’s (e.g., 010101...), when the test vectors in T'
are applied to C in a pre-defined sequence.

The compactor operates in two-stages. In the
first stage, m functional outputs yi,y2,...,Ym, are
compacted to p outputs zi,zs,...,2p—1,%p, Where
[log2(a+1)] < p < m. We design this stage based on
a new concept of distinguishing lines (D), and char-
acteristic function (Ch). The outputs z1, 22, ..., 2p—1
correspond to the set D, and 2, implements the char-
acteristic function (see Fig. 4). The outputs of this
stage feeds the second stage compactor, which consists
of the following four logic blocks:

(i) a binary counter with [log2k] bits, whose state
identifies the test vector currently in application;

(ii) a combinational logic block Ci,qep (called map-
ping logic) which is driven by the counter state
1,02, ..., b[iog,k], and generates matching func-
tions g1, 92,...,9p—1,9p, corresponding to the p
outputs of the first-stage compactor;

(iii) a comparator block having at most p EX-OR
gates, where the output of the i-th gate G; is
given by h; = z; ® gi, 1 <i < p;

(iv) a self-checking CMOS code checker which is fed
by the lines hy, ha, ..., hp, and produces a single
periodic output stream at z.

3.1 Design of the first-stage compactor

To all distinct fault-free responses to the CUT, we
assign a unique signature with p bits, that can distin-
guish each response vector Y (¢;) from all other distinct
vectors in RM, as well as from all the vectors not con-
tained in RM.
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Figure 4: Scheme of space compactor with a single periodic output z.

Table 1: Distinguishing columns

Disting.
Resp. CUT outputs (columns)
vectors | Y1 Ys Ys Ya Ys Ys | Y1 Ys Yo
Y#) [0 0 0 I 1 0[]0 0 O
Y(t) |O 1 0 1 1 1]l0 1 1
Y(tz;) |1 0 0 0 1 1|1 0 1
Y() {0 O 0 1 1 0|0 0 O
YY) |0 1 1 0 0 0|0 1 0
Yts) |1 1 1 0 1 1|1 1 1
Y(#) |1 0 0 0O O O0]1 0 0

Given the response matrix RM = Y[t;, yjlexm, we
choose a minimum set of columns (called distinguish-

ing columns) to form a reduced sub-matrix Y,/ < (p—1)

(p — 1) < m, such that for any pair of test vectors
ti, tr, Y’(ti) 75 Y’(tl) < Y(tl) 75 Y(tl). In other
words, each row vector (called distinguishing vector)
in the reduced matrix Y, (r—1) identifies the vector

in the original RM uniquely, distinguishing it from all
other distinct rows of RM. These (p — 1) columns of
the response matrix which correspond to certain pri-
mary outputs of the CUT, are called distinguishing
outputs or lines (D); they directly form the outputs

21,%2,...,%p—1 of the first-stage compactor.
The p'* output of the first-stage compactor
2p(Y1,Y2,- .., Ym), called the characteristic function is
given by:
1, V response vectors to tests ¢;,1 < ¢ < k;
d (don't care), if the distinguishing vector
Zp = in {y1,¥y2,...,ym} is different from all

those in RM;
0, otherwise.

In the limiting case, when p — 1 = m,z, = 0. The
characteristic function z, can be synthesized following
the above description.

Example 1: Consider a CUT C with 6 outputs
Y1,Y2,---,Yys whose fault-free response vectors Y (¢;)
for 7 tests t1,ts,...,t7, are shown in Table 1. In this

Table 2: Characteristic function z4 for Example 1

Distg. columns | Remaining columns
Y1 Y2 Y6 Yz  Ya Ys Z4
0 O 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 0 1 1
1 0 0 0 0 0 1
0 0 1 d d d d
1 1 0 d d d d
Everything else 0

example, the response vectors Y (¢1) and Y (¢4) are
identical. The distinguishing columns are y1, y2, and
ye- These lines directly form the compactor outputs
21, 22, and z3 respectively (see Fig. 5). The charac-
teristic function z4 is described in Table 2. For each of
the distinct response vectors, zy is set to logic 1. Since,
there are 6 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 inputs are set to 0. Thus, in the first-
stage, the six outputs of the CUT are compacted to
four outputs z1, 29, 23, and z4.

Zl
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Figure 5: Distinguishing lines and z,,.

Lemma 2 Given a CUT C with m functional out-
puts yi,Y2,...,Ym, and the fault-free responses to a
test set T, the first-stage compactor with p outputs
21,22, - - Zp—1, 2p; |loga(a +1)] < p < m, designed
as above, propagates all errors produced by T in C.



Proof: For every correct response Y (¢;) corresponding
to a test t;, the characteristic function at the com-
pactor output will be 1, and the distinguishing out-
puts 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 certainly propagate to the
compactor output. In the second case, if the distin-
guishing vector of Y/ (t;) disagrees with those in RM,
the error is carried through them, else the character-
istic function assumes logic 0. Hence, the compactor
is zero aliasing for all errors produced by 7" in C.
Synthesis of z, using counter states

For efficient logic synthesis, the characteristic function
zp may be implemented in a slightly different fashion.
We choose a set of columns randomly from the RM,
and treat them similar to distinguishing columns for
designing Cinqp. To define z,,, we keep the remaining
columns of RM, and then to each row Y'(¢;) of the re-
duced RM, we add the counter state by, ba, ..., brog,k)

representing the test ¢;. The truth table is then de-
fined as before. This approach also preserves zero-
aliasing. Thus, the size of the input set of variables
defining 2, can be appropriately chosen to fit in avail-
able logic synthesis tools, providing us options for a
flexible design by choosing the size of p. In the limit-
ing case, no distinguishing lines may be used, i.e., the
second-stage compactor is not required. All the m out-
puts of the CUT along with the counter bits will de-
fine z,, and single-output compaction will be achieved.
Thus, the scheme used in the proof of Lemma 1 is
obtained. The other extreme case arises when all
m outputs serve as distinguishing lines, and feed the
second-stage compactor. In this case, the first-stage
compactor is not needed. An example of the latter
appears while analyzing the circuit s298 (see Table 6).

3.2 Design of the second-stage compactor
The second stage of the compactor takes
21,22,...,%p—1,%2p as well as the counter state
bi,b2,...,bf1og,], as inputs, and outputs an alternat-
ing string of 0’s and 1’s at z on application of the test
vectors in a certain sequence.

Let the test set T' be arbitrarily partitioned into two
subsets Ty and 77 of almost equal size (' = To U T4,
TonTy = ¢, [To| > |Th] > 1, |To| — |T1| < 1). Let
Ts denote the test sequence {to1,t11,t02,t12,--- .- 1,
where, to; € Ty, and t;; € T;. Thus Ts is formed
by choosing consecutive vectors alternatingly from Tp
and 71, until all t € T' are exhausted.

3.2.1 Design of mapping logic C,.p

The mapping logic Cpqp (see Fig. 4) generates match-
ing outputs g;, 1 < i < p, which are given by:
9i = zi ® hi, 1 <@ < p, where
o . 0, VYtestt; €Ty
m=h=..=hp= {7 Vel
and h; = d(don’t care), otherwise.
(2)
The above condition implies that, if a test vector
t € To (t € T1) is applied to the fault-free CUT, the

logic values at the input lines (hq, ha,..., hy) to the
code checker will be simultaneously 0(1), and thus, on
application of the test sequence T, these inputs re-
ceive alternatingly all-0 and all-1. Hence, it follows
that, V ¢,1 < ¢ < p, the output function g; of Chyap is
given by:

Zl(t) e0= Zi(t), vVt € Ty
gi(t) = Zl(t) ®1= _i(t), Vit e Ty
= d (don’t care), otherwise.

(3)
Eq. 3 can be readily used to synthesize the mapping
logic Cynqp if a suitable partition of 7" into Tp and 77 is

determined. For the (2[%°92F1 — k) additional counter
states that do not correspond to the k tests, we set
the logic values to g;,1 < ¢ < p as don’t cares.

3.2.2 Determination of test sequence T

We use a simple heuristic to determine the test order-
ing with the goal of reducing the overhead of Chy4p.
Let Z(Y (t)) denote the vector {z1, 22,...,2p} at the

output of the first-stage compactor corresponding to
the response vector Y () to test t. We define, N1(Z) =

>-P | 2, which denotes the Hamming weight, i.e., the
number of 1’s in the vector Z (Y (¢)).

We order (j) the test vectors ¢’s with respect to non-
decreasing values of their Ny (Z), i.e., N1 (Z(Y (t;))) <
Ni(Z(Y(t;)) = ti < tj, and t; < t; =
Ni(Z(Y(t:))) < Ni(Z(Y (5)))-

We choose, Ty = {t',¢%,...,t/51}, and
T1:{t(§]+1,...,tk},

[£] is the smallest integer larger than or equal to £.

where

This makes |Ty| = |T4], if k is even, and |Tp| = |T1|+1,
if k is odd, and the length of the test sequence T
would be (|To|+|T1| = |TF: k). Hence, from Eqn. 2 &
3, it implies that the total number of 1’s in the output
description of Cpqp (# ON-sets) will be minimum.

Example 2: Consider the circuit of Example 1. Ta-
ble 3 shows ordering of test vectors from which the
sets Ty, and 7} are determined. In Table 4, the test
sequence Ts = {t1,t2,t4,t3,t5,t6,t7} is shown which
is obtained by choosing consecutive vectors alternat-
ingly from Ty and T7. The corresponding outputs of
Cmap to satisfy the desired checker inputs are shown
in column 4. Assignment of counter states to the tests
and the truth-table describing the outputs of C,qp are

Table 3: Ordering of test vectors

Ist-stage Test set
Tests | compactor outputs | N1(Z) | partition
z1 Z9 zZ3 Z4
1 0 0 0 1 1
ty 0 0 O 1 1 To
ts 0 1 0 1 2
t7 1 0 0 1 2
o 0 1 1 1 3
t3 1 0 1 1 3 Ty
te 1 1 1 1 4




Table 4: Test sequencing and the required outputs of Cpyqp

Test Ist-stage Required Required outputs
sequence | compactor outputs checker inputs of Chnap
Tg 21 2% 23  za | has hy ha| g1 92 g3 ga
2 0 0 0 1 0 0 0 00 0 0 1
to 0 1 1 1 1 1 1 1|11 0 0 0
t4 0O 0 0 1 o o0 0 0|0 0 O 1
t3 1 0 1 1 1 1 1 110 1 0 0
ts 0 1 0 1 0o 0 0 110 1 0 1
tg 1 1 1 1 1 1 1 110 0 0 0
ty 1 0 0 1 o o0 0 0|1 0 O 1
Ve
Table 5: Counter states and the truth-table of Ci,,qp
Test Assigned Outputs h,
sequence | counter state of Chnap h»—‘hd
Ts bs b2 b1 |1 g2 g3 g4 2
o 0 0 0 [0 0 0 I e, | pwos y
ta 0 O 1 1 0 0 0 . : a
ta 0 1 0|0 0 0 1 h,
5 |0 1 1]0 1 0 0 A w ouput
ts 1 0 0 0O 1 0 1 -
ts 1 0 1 o 0 0 O
tr 1 1 0 1 0 0 1
— T 1 1 |d d d d H: wos e

shown in Table 5, which leads to the following Boolean
functions for these outputs: gi = babs + bi1babs; g2 =
bibz + b1b2bs; g3 = 0594 = b1

3.2.3 Comparator and the code checker

We use a special CMOS gate to implement the code
checker as shown in Fig. 6. As observed in [10], this
code checker can admit large fan-in. In test mode,
all the p inputs to the checker, would be either 0
(Wt € Tp), or 1 (Vt € 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, application
of Ts to the CUT will generate a periodic output se-
quence 010101... at z, in the absence of any fault.
Further, this checker is self-checking. The two code
inputs (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 tran-
sistor stuck-on faults except those in the inverter, are
also detected by these two vectors.

3.2.4 Zero-aliasing space compaction

By Lemma 2, all the errors produced by 7 in
the CUT are propagated to the outputs Z
{#z1,22,...,2p—1,2p} of the first-stage compactor. De-
sign of Cpep according to Eqns. (2) & (3), ensures
that Vt € To(Th), the checker inputs hy = hy = ...
hp, = 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 0’s and 1’s,
then at the first level of CMOS gate, both the paths
from Vg4 to w, and w to GND (Fig. 6) will be open.

ﬂjﬁ
GND
Figure 6: A CMOS code checker.

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 in-
stead 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 (periodicity) nature
of the output at z is lost.

From the above discussion, the next theorem follows.

Theorem 1 Given a test set T for a CUT C, the pro-
posed design yields a single-output zero-aliasing space
compactor for all errors produced by T in C'.

It may be noted that most of the errors propagate
through the line z, corresponding to the characteris-
tic function. However, V¢ € T, the logic value at z,
becomes 1, if no error is present. A stuck-at one fault
at the line z, will therefore 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 zj, prior to the synthesis procedure.

4 Experimental results

The proposed synthesis method was implemented on a
SUN Ultra-5/Solaris workstation, and applied to sev-
eral ISCAS-85 and ISCAS-89 benchmark circuits. In
each case, we used compact test sets either gener-
ated by the MINTEST program [13] or by Hansen



Table 6: 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 |T| lines Charact. | Mapping
function | logic Chnap | Total
c499 41/32/0 616 52 2 10.06 1.62 11.69
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
s344 9/11/15 329 13 5 16.41 7.29 23.70
s1423 17/5/14 1460 20 4 1.10 2.47 3.57
51494 8/19/6 1417 100 16 4.30 38.39 42.70
$9234.1 36/39/211 8815 105 26 8.03 14.36 22.39
835932 35/320/1728 35181 12 43 6.76 1.09 7.85
s38417 28/106/1636 38790 68 26 10.74 2.6 13.34

and Hayes [14]. A simple heuristic was used to
determine a minimal set of distinguishing columns.
ESPRESSO [11] followed by SIS [12], was used for
synthesis of characteristic function and mapping logic.
Since these tools are unable to handle very large
benchmark circuits, we partitioned their outputs to
ensure that the synthesis scripts ran to completion.
For example, we partitioned the 320 functional out-
puts of 35932 into 10 groups of 32 outputs each.

The experimental results for zero-aliasing space com-
paction are shown in Table 6. We report the hardware
overhead for two combinational and seven sequential
circuits. These figures include the area for the map-
ping logic and the characteristic function. The area
due to the code checker, counter, and comparators are
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 clearly related to the test length—the synthesis ap-
proach is more efficient for short test sets. For ex-
ample, the area overhead is only 4.10% for c6288 and
7.85% for s35932. Both these circuits possess very
compact test sets. On the other hand, for s1494, the
overhead is high since the test set contains 100 pat-
terns and the circuit is relatively small.

5 Conclusion

We have shown analytically that the functional out-
puts of a scan-based sequential circuit can be com-
pacted to a single periodic output with guaranteed
zero-aliasing. A new synthesis procedure is then de-
scribed for designing the space compactor. The pro-
posed technique relies only on the knowledge of the
fault-free responses of the circuit under test to a pre-
computed test set. It is therefore particularly suit-
able for compressing test responses at the functional
outputs of IP cores. Experimental results for the IS-
CAS benchmark circuits demonstrate that the hard-
ware overhead for the synthesized compactors is low
to moderate in all cases.
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