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Abstract—We present a new test response compression method
called cumulative balance testing (CBT) that extends both bal-
ance testing and accumulator compression testing. CBT uses an
accumulated balance signature, and it guarantees very high error
coverage (over 99%) for various error models. We demonstrate
that the single stuck-line (SSL) fault coverage of CBT for many
of the ISCAS 85 combinational benchmark circuits is 100%, and
for all but one circuit, the fault coverage is over 99.5%. To
make processor circuits self-testing, any existing accumulators
and counters can be exploited to implement CBT. Its ease of
implementation, provably high error coverage, and exceptionally
high SSL fault coverage, even with reduced (nonexhaustive) test
sets, make CBT suitable for the built-in self testing of processor
circuits that require a guaranteed level of test confidence.

I. INTRODUCTION

ANY built-in self-testing (BIST) techniques compress

the test response information into a compact form
called a signature. Well-known examples are ones counting,
transition counting, signature analysis, and syndrome testing
[2]. The fundamental problem with these methods is aliasing,
which occurs when a faulty response produces the fault-free
signature, thereby causing a loss of fault coverage. By reducing
the fault coverage, aliasing has an adverse impact on test
confidence, especially when high fault coverage is required.
In practice, SSL fault coverage is often mandated at a level
of 99% or higher.

We propose a new approach to BIST called cumulative
balance testing (CBT). It employs a compression scheme
that extends both balance testing [5], [6] and accumulator
compression testing [19], [3], and offers several advantages.
The error coverage is exceptionally high (over 99%) for
different error models, even for short test lengths. The SSL
fault coverage for all but four of the ISCAS 85 combinational
benchmark circuits [4] is 100% This, combined with the ease
of implementation and a short fault signature makes CBT very
suitable for testing circuits that require a very high level of
fault coverage.

We begin by briefly reviewing balance testing, a BIST im-
plementation of which is shown in Fig. 1. A balanced function
is true for exactly half its input combinations and a circuit
realizing a balanced function is called a balanced circuit. As
defined in [5], balance testing involves the application of
exhaustive input patterns to a balanced circuit, and the use
of an up-down counter for compressing the test response. The
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Fig. 1. A BIST implementation of balance testing.

counter is incremented whenever the test response is 1, and
decremented whenever the test response is 0. For the fault-free
circuit, the counter stores the value zero. A fault is detected
if it makes the circuit unbalanced so that the up-down counter
registers a nonzero value. The content of the up-down counter
(zero in the fault-free case) is the balance signature of the test
response.

Balance testing is not limited to balanced circuits only
[6], nor does it require the use of all possible input patterns
(exhaustive testing). To apply it to an unbalanced circuit,
we can replace the up-down counter of Fig. 1 by a down
counter preset to |f|*, where |f|' is the number of minterms
of the function f realized by the circuit. The counter is
decremented whenever the test response is 1. Another aspect
of balance testing not previously considered is that it can be
used with pseudorandom and ‘‘reduced’’ test sets; exhaustive
test sets and minterm computation are not. necessary to obtain
good fault coverage, as we demonstrate in this paper. While
pseudorandom patterns can be generated using linear feedback
shift-registers [2], reduced test sets can be obtained using an
ATPG program and applied using either a ROM and counter
or a nonlinear feedback shift-register [23]. For nonexhaustive
testing, the down counter of Fig. 1 is preset to the number of 1s
in the fault-free test response and, as before, it is decremented
whenever the test response is 1. -

CBT uses the cumulative balance signature, obtained by
accumulating balance signatures, and provides greater fault
coverage than balance testing. In this paper, we discuss CBT
for single-output circuits only. For circuits with multiple
outputs, the CBT testing process can either be simply repeated
for every observable output, or the outputs can be combined
using a suitable space compaction function as in [7], [24] that
guarantees error propagation.

The organization of this paper is as follows. In Section II,
we introduce CBT and define the cumulative balance signature.
Section III analyzes error detection in CBT. In Section IV, we
calculate the error coverage for various error models. Finally in
Section V, we present the experimental data on fault coverage
of CBT for some representative logic circuits, including the
ISCAS 85 benchmarks [4].
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Fig. 2. CBT of a 2-to-1 multiplexer circuit. (a) Exhaustive test patterns
applied to the logic circuit. (b) Fault-free signatures. (c) Signatures for the
fault s s-a-1.

II. CUMULATIVE BALANCE SIGNATURE

We now introduce the notion of cumulative balance sig-
nature, which constitutes the compressed test response in
CBT. The syndrome K of a circuit for a given test set T
is the number of ones that appear in the output stream on
application of all the test patterns in 7. The accumulator
syndrome, introduced by Saxena and Robinson for ACT [19],
is obtained by accumulating syndromes over successive time
periods from a test set containing m patterns. The cumulative
balance signature proposed here is obtained by accumulating
balance signatures. Let S; be the balance signature after
the application of 7 test patterns. Similarly, let C; be the
cumulative balance signature after the ¢ test patterns have been
applied, that is, C; = C;_1 + S; (mod m?). In other words,
Ci = 3,5 (modm?). The accumulator syndrome A,
and the cumulative balance signature C,, are related by the
equation A4, + C,, = mK, where K is the syndrome. This
implies that a compression scheme which uses both the balance
signature and the cumulative balance signature will provide
exactly the same fault coverage as ACT. However, we show in
this paper that CBT, which uses only the cumulative balance
signature, provides almost the same fault coverage as ACT
with a much shorter fault signature.

We first illustrate CBT with a simple example. Consider
the 2-to-1 multiplexer circuit shown in Fig. 2(a) and tested
exhaustively. With all 23 test patterns applied in the order
abs = 000,001, ---,111, and the signature counter initialized
to four, the fault-free test response, balance signature, and
cumulative balance signature are as shown in Fig. 2(b). The
faulty test response, balance signature, and cumulative balance
signature for the fault s s-a-1 are shown in Fig. 2(c). This fault
is not detected by balance testing, but it is easily detected by
CBT. Fig. 3 shows another circuit, taken from [5], where a
balance-untestable fault is detected by CBT.

CBT uses an adder and a register, in addition to a counter,
to compress the test response. When used to make processor
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Fig. 3. A circuit with a balance-untestable fault f = p; s-a-1 that is detected

by CBT.

circuits self-testing, any existing adders and accumulators can
be exploited to implement CBT, as has been done for other
accumulator-based BIST schemes [18]. For circuits that do
not contain such common datapath modules, the hardware
overhead associated with CBT may be high. Fig. 3 shows
a representative BIST implementation of CBT. For m test
patterns, it suffices to use a (2log, ™) b adder, and therefore
the additions are carried out modulo m?. We show later that
the modular addition does not reduce the fault coverage of
CBT.

In ACT, the fault signature consists of the syndrome
of length log,m, and the accumulator syndrome of length
2log, m. A two-part signature is also used in group-theoretic
signature analysis (GSTA) [3]. While the first part is once
again the syndrome of length log, m, the second part is the
accumulated syndrome modulo m, and is therefore of length
log, m. For CBT, we propose the use of a single fault signature
(the cumulative balance signature) which is of length 2log, m.
In [19] and [3], error coverage is studied using partition theory
and coding theory, respectively. In contrast, we analyze the
error coverage in CBT using the central limit theorem of
statistics, and apply the same method to compute the error
coverage for ACT. We also present the actual CBT and ACT
fault coverage for SSL faults in the ISCAS 85 benchmark
circuits, which we obtained by simulation.

III. ERROR DETECTION

Error masking or aliasing occurs whenever an erroneous test
response has the same signature as the error-free response. Two
definitions of the aliasing probability have been widely used
in the literature. The first [21] and more common one defines
it as the probability that the test response is erroneous and has
the same signature as the error-free test response. The second
[8] defines aliasing probability as the conditional probability
that the test response has the same signature as the error-free
response, given that the test response is erroneous. As argued
in [14], the first definition also includes the probability that the
test generator detects the fault, i.e., it measures the efficiency
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of both test pattern generation and response compression. We
adopt the second definition since we are concerned only with
response compression. Furthermore, the use of complete test
sets implies that the test generator’s efficiency is 100%, and
guarantees that the test response of a faulty circuit is erroneous.

We now derive some useful error-detection properties of
CBT.

Theorem 1: Let the fault-free response of the circuit un-
der test be bjby-- . Let k bits be in error in positions
11,89, , 0k respectwe]y The error is not detected by CBT if
and only if Z] (=D — (m+ 1)21':1( 1% =0.

Proof: Let 6Cy, = Cp, — C¥ be the difference between
the fault-free and faulty cumulative balance signatures. Let
68; = 8; — Sf be the difference between the fault-free and
faulty balance signatures for the first  test patterns, as shown
in Table I. Now, 6C,, = Z;"=1 6S;, hence adding the entries
in the 65; column of the difference table, we get

6C,,
k-1 j-1 m
=D (=) D (DM + (m+1-ik) > (-
j=1 =1 =1
This simplifies to

k
O = (=1)Pdy 4 - 4 (=1) ik = (m + 1) Z

k

=2

=1

k
1) = (m+ 1)) (=1)%.
j=1

Thg error is not detected if and only if 6C,, = 0, ie,
bi s k ;
Ej:l(—l) iij — (m+1) ijl(_l)b 1 =0 [ |

-111. The fault-free response bibs - -

To illustrate Theorem 1, we return to the example circuit
of Fig. 3. The errors are in bit positions 1, 3, 10, and 14, and
—1 -3+ 10+ 14 — 0 = 20, so the theorem implies that the
fault is detected, which the figure confirms. As an illustration
of a fault that is not detected by CBT, consider the 3-input
exclusive-or gate with input lines z;z2x3, and test patterns
applied in the normal increasing order ;223 = 000, 001,- - -,
-bg is 01101001. Now
suppose the input line x3 is s-a-0, giving the faulty response
stream 00111100. The fault produces a 4 b error at the output,
the errorgposmons being zl = 2 ip = 4 ,i3 = 6 and i4 = 8.
Since Y0_, (=1)"54; — a5 Y5 (-1)% — Yoy (1) =
8 —8+40 = 0, the error, and therefore the corresponding fault,
are not detected.

In ACT, an error is undetected only if the balance sig-
nature is zero, i.e., Ele(—l)b‘ﬁ = 0. Therefore, setting
Z;;l(——l)b"z = 0 in Theorem 1, we see that error masking
occurs in ACT if and only if Z;?:l(—l)b‘v i; = 0.

Theorem 1 is the key result that we use later to calculate
the error coverage. We also use the theorem to establish other
useful error-detection properties of the cumulative balance sig-
nature. For example, Theorem 1 implies that the modulo-m?
addition, i.e., using a (2log, m)-b adder, does not introduce
aliasing. Suppose 6C,, = 0(modm?), ie., 6Cp, = pm?,
where p is an integer. From Lemma 2 in the appendix, we
see that the only value of p that causes aliasing is zero. This is
in contrast to GSTA [3], where the use of modulo-m addition
reduces the fault coverage.

We next show that it suffices to use an adder with 2log, m—
1 b, and that this is a strict lower bound on the size of
the adder. With such an adder, aliasing occurs if and only
if 6Cp, = 0(modm?/2), ie. 6C,, = pm?/2. This implies
that p is zero for all m > 1. Next, suppose we use an adder
with 2log, m — 2 b. In this case, §C,, can be equal to m?/4,
therefore aliasing can occur for p = 1.

In some count-based compression schemes like ones count-
ing, syndrome counting, balance testing, and parity checking,
the test patterns can be permuted without affecting the sig-
nature or aliasing characteristics. In others like transition
counting, aliasing is sensitive to the test application order.
In both CBT and ACT, error detection also depends on the
test ordering.

Suppose m test patterns are applied to the circuit under test
in the order T\T3 - - - T,,. We next investigate the effect of
changing the test application sequence to 1573 - - - T, 1. The
relative order of the test patterns remains unchanged, but the
test application is now started with T5. The following theorem
shows that the ACT-detectable faults that are masked by CBT
can be detected by a simple rotation of the test application
sequence.

Theorem 2: If an error with nonzero balance signature is

undetected by CBT for the test sequence 1113 - - - Tp,, then it
is detected by CBT for the test sequence 1513 - - - T 11.
Proof: For the test sequence T1T>---Tp,, let the

response bits in error be b”, -+, b;, . From Theorem 1, we
know that 2]’:1( D4 = (m+ I)ZJ (1), Next
consider the test sequence T2T3 -TxTi. The following
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TABLE I
FivE-BIT ERRONEOUS SEQUENCES WITH NONZERO BALANCE SIGNATURES THAT ARE DETECTED BY A ONE-BIT ROTATION OF THE TEST SEQUENCE
Response Error-free | Erroneous | Error-free Erroneous
Sequence | Test response | response cumulative cumulative Detected
number | sequence sequence | sequence | balance signature | balance signature | by CBT?
1 NTT3T,Ts | 10000 00110 0 0 No
ToT3TyT5Ty | 00001 01100 4 -2 Yes
2 T T3T,Ts | 11000 01110 1 1 No
T2T3T,T5Ty | 10001 11100 R 4 -2 Yes
3 N LT3T,T5 | 00110 10000 5 5 No
TT3TW 75T, | 01100 00001 3 9 Yes
4 T T3T,Ts | 01110 11000 6 6 No
ToT3TyTsTy | 11100 10001 3 9 Yes
TABLE III
ILLUSTRATION OF AN UNDETECTABLE ERROR THAT 1S DETECTED FOR EVERY ROTATION OF THE TEST SEQUENCE
Error-free | Erroneous | Error-free Erroneous
Test response | response | cumulative cumulative Detected
sequence sequence | sequence | balance signature | balance signature | by CBT?
TI,T5T,Ts | 11000 01110 1 1 No
T3TyTsT 7> | 00011 11001 7 0 Yes
Ty TsTh T T3 | 00110 10011 5 2 Yes
TsToT3Ty | 01100 00111 3 4 Yes
1 each case, the error is detected by using the test sequence
ToT3TyT5T;. For rotations of more than one bit, most errors
2 2 appear to be detected. For example, the erroneous sequence
01110 has a nonzero balance signature and the same cumula-
3 tive balance signature as the corresponding error-free sequence
11000. However, the error is detected for every rotation of the
test sequence (Table IIT).
m— 2 Although the fault coverage levels of CBT and ACT are
m—1 m—1 almost equal (Sections IV and V), Theorem 2 shows that the
fault coverage of CBT can be made exactly equal to that of
m m ACT by changing the test application sequence. For exhaustive

Fig. 5. Tlustration of the mapping 7; — ¢; — 1 (mod m) in the proof of
Theorem 2.

mapping exists from error bit positions with test sequence
T1T--- T, to the error bit positions with test sequence
T2T3-~-TmT1: ij — ij - l(modm), 1 < ] < k. This
implies that if ; > 2, i; — 3; — 1, otherwise 4; — i; — 14+ m
(see Fig. 5). We need to consider the following two cases:
Case I: The first bit ¢; is not in error. In this case, the error
remains undetected if —ZLl(—l)bia + Z;?:l(—l)bij i; =
ZLI(-l)bia'ij, a contradiction since Z;zl(—l)b"a # 0.
Case 2: The first bit 2; is in error. In this case, the
error is undetected if — E;c:l(—l)b'f + Zle(—l)bis i
+m(41)b1k= f':bl.(_.l)bi.j' ie., 2;?:1(*1)’“: = m(—l)bl..
Hence, ijl(—l) ‘i is either m Gf by = 0) or —m (if
b1 = 1). This implies that the error-free response is all 1’s or
all 0’s, and every response bit is in error, a contradiction. B

For example, in Table II, we have enumerated all 5 b
erroneous sequences with nonzero balance signatures that are
not detected by CBT with the test sequence 71T573T47T5. In

testing, this can be done by presetting the test generation
counter to a different value. For ROM-based stored-pattern
testing, we can preset the counter used to address the ROM.
Finally, for LFSR-based pseudorandom test generation, we can
use a different seed to achieve the same objective. Note that
we are now effectively doubling the test application time and
increasing the size of the reference signature to 4log, m. (The
fault signature is still of size 2log, m.)

To see that not every permutation of the test sequence guar-
antees error detection, consider the test sequence 11 ToT314T5
in Table III where the error is not detected. For the test
sequence 1) T3T5T>T4, the error-free and erroneous sequences
are 10010 and 01011, respectively. The cumulative balance
signature for both these sequences is 3, therefore the error
remains undetected. We next consider undetectable errors
that have a balance signature of zero. These errors are also
undetected by ACT.

Theorem 3: If an error with zero balance signature is un-
detected by CBT for the test sequence T175 - -- Ty, then it
remains undetected for the test sequence 1515 - - - T;, 11 if and
only if the first response bit i; is not in error for the test
sequence 1175 - Ty
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