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Short Papers

Multiple Fault Testing Using Minimal Single Fault
Test Set for Fanout-Free Circuits

Wen-Ben Jone and Patrick H. Madden

Abstract—In this paper, we examine the properties of fanout-free cir-
cuits, and develop an algorithm to generate single stuck-at fault test
experiments that also detect all multiple stuck-at faults. These exper-
iments are shown to be minimal in size. Results demonstrate that elab-
orate selection of nonsensitizing test patterns guarantees the detection
of all multiple stuck-at faults using single stuck-at test experiments.
The algorithm is deterministic, and will produce test sets for tree cir-
cuits containing any mixture of AND, OR, NOT, NAND, and NOR gates.
The results can be extensively applied to multiple stuck-at fault detec-
tion for pseudotree circuits such as parity checkers. The time com-
plexity of the algorithm is determined to be O (%), where n is the num-
ber of gates in the circuit.

I. INTRODUCTION

As circuit technology is moving to high densities of integration.
the fault detection problem tends to be more and more difficult.
Shrinking the size of VLSI features, such as line width and line
distance, increases the possible fault types. The conventional sin-
gle stuck-at fault model assumes that only one line in a circuit is
faulty and has a constant logical value zero or one, no matter what
input patterns are applied. The assumption is no longer valid in
VLSI circuits, where a local defect may cause many faults rather
than a single fault. For example, multiple stuck-at faults are quite
common as feature size is reduced and the number of components
on a single chip increased.

Detection of multiple faults' in combinational circuits has been
discussed in many literatures [1]-[10]. The major complexity of
the problem lies in the number of multiple faults that may happen
in a circuit. Given a circuit with N lines, the number of multiple
stuck-at faults is 3% — 1. It is quitc impossible to generate test
patterns for so many faults, especially in VLSI circuits. Hence,
testing of VLSI circuits still utilizes the single stuck-at fault model,
and it is assumed that the test set generated for single stuck-at faults
will detect most of the multiple stuck-at faults. Theoretically, mul-
tiple fault coverage by the single fault test set has been discovered
to be extremely precarious [11]. [12]. For example, when single
fault test set is used, increasing an internal fan-out in the circuit
under test (CUT) will reduce by five-% the coverage of multiple
faults [11]. However, simulation study demonstrates that signifi-
cantly higher multiple stuck-at fault coverage can be achieved by
applying single stuck-at fault test sets than the theoretical predic-
tion [13]. Thus, multiple fault coverage by the single fault test set
is still arguable and remains as an unsolved problem [14].
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"From now on, faults are confined to stuck-at faults.

In [15,] [16]. a restricted type of fanout-free circuit has been
recognized to have complete coverage of multiple faults by every
complete single fault test set. In addition, every complete single
fault test set for any internal fanout-free circuit always covers mul-
tiple faults of sizes two and three in the CUT. In [17], it has been
reported that when one or more of the subtrees in a tree network
consists of only AND or OR gates, all multiple faults can be detected
by the single fault test set generated using the method of [18]. A
procedure was developed to produce a multiple fault test set for
general combinational circuits [21]. This procedure can also be used
to build a multiple fault test set for a fanout-free circuit by simply
generating test vectors for single stuck-at faults at only the primary
inputs. This procedure will be described in Section II.

In this paper, a new method called TGEN (Tree circuit test
GENeration) is developed to generate a set of single stuck-at fault
test patterns which also detects all multiple stuck-at faults on a
fanout-free combinational circuit. The fanout-free circuit is al-
lowed to consist of AND, OR, NAND, NOR, and NOT gates; EXOR gate
is excluded from the mixture because it has internal fan-outs. It
should be emphasized that the test set generated by TGEN is min-
imal. Instead of finding a method such that any single fault test set
generated is capable of detecting all multiple faults, TGEN con-
centrates on generating a single fault test set which can detect all
multiple faults. TGEN has two major phases. The first calculates
the size of a minimal test experiment, and the second generates the
test patterns for a minimal experiment, given the information de-
rived from the first phase.

Principles of the fanout-free test generation used by TGEN are
applicable to other circuit types. In this paper, we extensively ap-
ply these principles to multiple stuck-at fault detection in a pseudo-
tree structure such as a parity checker. We define a pseudotree cir-
cuit as a tree circuit containing internal fan-outs which are re-
stricted in basic cells. Thus, using EXOR as a basic cell makes a
parity tree a psuedotree. Results demonstrate that the single test set
generated by TGEN can completely detect all multiple stuck-at
faults of any parity checkers, and the test length is linear to the
number of input lines. The time complexity of TGEN is N2, where
N is the number of gates in the CUT, so TGEN can efficiently
handle large-scaled tree or pseudotree circuits.

Background on fanout-free circuit fault detection is given in Sec-
tion I1. The test generation method of TGEN is illustrated in Sec-
tion I11. Section IV demonstrates and proves the multiple fault cov-
erage of the single stuck-at fault test set generated by TGEN.
Application of TGEN to muitiple stuck-at fault detection of parity
checkers is included in Section V. Section VI gives concluding
remarks.

II. BACKGROUND

There have been several works discussing the problem of mul-
tiple stuck-at fault testing. Among them are those of Kodandapani
and Seth [17] and Fantauzzi and Marsella [6] which approach fan-
out-free circuits. The fault model examined by Berger and Kohavi
[18] is for single stuck-at faults in fanout-free circuits, and their
test experiments cannot always detect multiple faults, but are min-
imal in size. The output count process of TGEN is similar to that
of Berger and Kohavi [18], which is discussed below, and also to
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the test point placement method of Hayes and Friedman | 19]. The
algorithm of [18] is characterized by four basic steps: (1) normal-
ization of the circuit into “"maximum™ and ““minimum™’ gates ()
caleulation of the number of zeros and ones in a minimal test set:
(3) construction of **characteristic graphs.”™ and (4) construction
of test scts by edge removal

In Kodandapani and Seth [17]. a method for generating multiple
fault test experiments for restricted fan-out combinational circuits
was described. While the algorithm produces multiple fault test
experiments. these experiments are not necessarily minimal. Their
algorithm involves combining test patterns trom subtrees of a gate
to generate a set of test patterns for the next level of the circuit.
Progressing from the input gates. where multiple tault test exper-
iments can be determined easily. toward the output gate. a multiple
fault test experiment for un entire circuit can be generated.

Instead of generating test patterns for multiple faults. the work
of Agarwal and Fung [12] concentrates on in estigating the mul-
tiple fault coverage of single fault test sets. A predict algorithm.
based on a generic model. is developed 1o obtain quantitative
bounds on the multiple fault coverage capability of single fault test
sets for internal fanout-free and reconvergent internal fan-out cir-
cuits. Results demonstrate that every single test set of any internal
fanout-free circuit containing gates with tan-in of two covers all
multiple gate faults [12] of sizes two and three. at least 99% mul-
tiple gate faults of sizes four and five. and at least 98.5% multipie
gate faults of size six. Results of reconvergent internal fan-out cir-
cuits can also be found in [12]. One of the most important concepts
in [12] is the gate faulr. This is based on the fact that a set of i +
I input vectors designed to detect a group of i + 1 single faults on
gate G is sufficient to detectall 31 — 1 single and multiple faults.
G can be an AND. OR. NAND. 0F NOR gate and 7 is the number of
gate inputs. Our TGEN also takes advantage of this concept.
discussed in Sections I and TV,

GEMINI. proposed by Cox und Rajski [20]. is a muitiple fault
test generation method for general cireuits. and is different from
conventional fault-driven approaches. Given an input pair (or tri-
ple, - - -
has failed the test. However. if the response is not erroncous. a set

ds

). if the response is erroncous then the circuit under test

of lines are assured fault-free by simulating the fault behaviors.
The process is repeated until all (or a certin percentage ofy lines
are affirmed fault-free. Multiple faults of all multiplicities arc con
sidered implicitly. TGEN adopts the same philosophy. It is the in-
terdependence of the test patierns that ensures multiple fault detec-
tion. While multiple faults may cscape detection by one test pattern.
a second pattern working in conjunction with the first will prevent
the faults from escaping detection by the entire test experiment
The interdependence of test patterns within TGEN is similar to the
input pairs of Cox and Rajski. and is shown in Theorem 4.5 of
Section IV, TGEN generates test patterns deterministically (GEM-
INI uses random test gencration). under the guidance of output
counts. until all lines are assured fault-free.

In {21} a Nanp model for fault diagnosis in general combina-
tional circuits was proposed by Haves. For a civen network N, un
cquivalent NAND network N is formed. Then a single test pattern
tor N* which optimally desensitizes [21] the gates of N is gener-
ated. A set of eriteria for fault masking is then applied to identity
the multiple faults detected by the single test patiern. The process
repeatedly generates single test patterns 1o detect the remaining
faults. A very important concept in [21] is to find multiple faults.
F. restricted in maximal fanout-free subnetworks of N7, A set ol
test patterns detecting Falso detecets all multiple faults in M. The
NaND model and aforementioned concept greatly simplity the tault
analysis and test gencration. For a fanout-free network under a sin-
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gle test set 7 multiple faults can be analyzed by inspecting their
masking behaviors. It a group of multiple faults passes some cri-
terta ([21]. theorem 7) then they can be detected by 7. The test
length is not guaranteed to be minimum. Inherently. test generation
and analysis of [21] is fault-driven and cnumerative: thus, the
scarching space (and the scarching time) might be nonpolyromial
i size. For very large circuits. the computation required may not
be atfordable.

We have decided not 1o adopt the ~xanp model used by Hayes.
as we feel that it may obscure some of the principles of our ap-
proach. Our current work with other fault types (in particular.
bridging faults). makes modification of the circuit undesirable. As
the possible bridging faults are dircctly related to the actual circuit.
a simplification to an equivalent circuit will introduce a distortion.

[ Tue TEST GENERATION ALGORITHM

The TGEN algorithm consists of two distinct phases. the first to
caleufate the size of a minimal test experiment. and the second to
generate the test patterns for a minimal experiment. Phase I is sim-
ilar to the ““normalization™ and “caleulation™ steps of Berger and
Kohavi's algorithm. but the information is organized differently.
Rather than separating TRUE test patterns from FALSE ones. they
are considered simultancously. Berger and Kohavi's organization
prevents them from detecting all multiple faults. Note that Phase |
i~ also similar to the labeling procedure in [19].

A minimal fault test experiment will produce a number of TRUE
and FALSE values for a given correctly functioning circuit. The
number and type of values are always the same for any minimal
single fault test experiment. In addition. the size and type are not
changed by requiring that the experiment also detects all multiple
faults. To caleufate the number and tvpe of values. we define the
term “output count.” and provide a number of equations for each
gate construct

Definition: The output counr [X. Y] for a line L is the number of
seros and ones generated at L by some minimal experiment for the
cireuit portion which drives L. The X value is the number of zeros.
and the Y value is the number of ones.

The output count roughly corresponds to a combination of Ber-
gerand Kohavi's zero and one characteristic graphs. The zero and
one values are computed simultancously . and the NOT gates do not
need o be “normalized.” The calculation of the size of 4 minimal
experiment is an iterative process, starting with the input lines to
the circuit. For a single line. the output count is |1. 1], since
to test for a stuck-at 0. the line must be driven to 1. and for a
stuck-at 1. the line must be driven to 0. For each gate type. there
are equations to calculate the minimal output count as shown be-
low. Note that NaxD and Nokr gates can be viewed as an AND or Ok
cate tollowed by a NoT gate.

NOT gatest Foran input of [X. Y. the output count is [ Y. X].

gates: Foran n-input axn gate with [ X, Y], [Xo. Y5 - - - .
[X,. ¥.]. the output count is defined to be [X. Y], where

AND

X=2X
Y = MAX (Y)
[ R TS

Ok gates: Foran n-input or gate with [X,. Y], [Xs. Ya]. - - - .
1X,. Y.]. we have [X. Y], where

X = MAX (X))
Y= 2 v
i = 1. H
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Fig. l(a) Line numbering and output count derivation—initial values. (b)
Output count derivation—completed.

The first phase of the TGEN algorithm is simply the repetitive
application of the above equations. These formulas can be applied
iteratively starting with the input lines, working toward the output
line of the circuit. The only restriction on the order in which the
gates are traversed is that a gate G cannot have an output count
calculated until all gates which provide inputs to G have had their
output counts calculated. The algorithm as currently implemented
requires that each gate can be assigned a unique number, and if
gate A has an output connected to an input of gate B, B > A4 as
shown in Fig. 1(a).

Example: The output counts for the circuit in Fig. 1(a) from Ber-
ger and Kohavi will be shown. Initially, only the input lines of the
circuit will have known output counts. Now assume that we apply
the equations for the NAND gate to gate *‘P.’" Since the equations
for a NAND gate are like those of the AND followed by noT, the
equations are shown below.

X =MAXIL, 1] = |
Y=21[1.1 =2

Thus, the output count for gate **P’" is [1, 2]. Gate **Q"" will have
its output count calculated using AND gate formulas. Thus, the out-
put count for gate *‘Q’" is (2, 1]. By continuing the process, we
arrive at the circuit output with all output counts illustrated in Fig.
1(b). The output count of gate V indicates that in order to detect
all single stuck-at faults (and all multiple stuck-at faults as will be
shown later), the minimal test experiment needs nine test patterns.
Among them, four patterns will generate output value 0, while five
test patterns will generate output value 1.

The output counts specify the minimal number of test patterns
which must be applied to a circuit in order to detect all single faults,
and also give an indication as to what output values can be expected
from such an experiment. When the output count for the final gate
is computed, Phase I is complete. The output counts are maintained
through the second phase, as they provide information necessary
to produce the test patterns.

The second phase of the TGEN algorithm involves tracing back
to the inputs from the output line to generate test patterns. It should
be noted that for every gate in the circuit, the output count calcu-
lated in Phase I specifies the size of a minimal experiment for the
subtree rooted at that gate. This information is used to determine
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TABLE 1
GATE PATTERNS FOR OR GATE

Input A [nput B Output
FALSE TRUE* TRUE*
TRUE* FALSE TRUE*
FALSE* FALSE* FALSE*
TABLE 11
GATE PATTERNS FOR AND GATE
Input A Input B Output
FALSE* TRUE FALSE*
TRUE FALSE* FALSE*
TRUE* TRUE* TRUE*
TABLE 111
GATE PATTERNS FOR NOT GATE
Input Output
FALSE* TRUE*
TRUE* FALSE*

how many sensitization paths must pass through each gate, how
many test patterns must gencrate a TRUE value, and how many
must generate a FALSE value.

There may be more than one sensitization path for a given line
L in a circuit with fan-outs. But in fanout-free circuits there is al-
ways only a single path from a given line to the output. The con-
struction of sensitization paths in tree circuits is fairly simple: it
requires applying a small set of patterns to the individual gates
recursively. The patterns are shown in Tables I, II, and III, and are
referred to as *‘gate patterns,”” as they consist of sets of inputs for
a single gate. The concept of gate pattern is similar to that of the
gate fault used in [12]. Note that an asterisk (*) follows some of
the values. This mark denotes a viable section of a sensitization
path, because an incorrect value on an input line to the gate, when
it is asterisked, results in an inverted (incorrect) value to be pro-
duced on the output line of the gate. Sensitization paths can be
constructed by concarenating these patterns together, starting from
the output line, and working toward the input lines.

Test patterns are generated by examining the output count of
each gate, and selecting a desirable set on input values for said
gate. Starting with the output gate, a gate pattern can be selected
that will produce a chosen value. Because the output count for the
final gate determines how many 1’s and O’s must occur, we select
gate patterns to satisfy these requirements. After selecting an out-
put, either 0*(FALSE*) or 1*(TRUE*), we propagate the values
required by the gate to its inputs. Some of these values will be
asterisked, resulting in a section of a sensitization path; others will

not be asterisked.
In the cases of an AND gate producing a FALSE* value, and an

OR gate producing a TRUE* value, there are several gate patterns
that may be selected, as shown in Tables I and II. When selecting
a particular gate pattern for some gate G, we examine the output
counts of the inputs to gate G. By generating test patterns, we at-
tempt to build sensitization paths which cover sections of the cir-
cuit that have not already been tested. The algorithm used in TGEN
for pattern selection with an AND gate is given in Table IV pattern
selection for other gate types can be performed similarly. Note that
from gate G, TGEN recursively selects gate patterns for superior
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TABLE IV

GATE PATTERN SELECTION FOR AND GAT)

It the desired output value is asterisked. then
It the desired output is 1% then
BEGIN
Subtract 1 from the N portion of the output count
{M. N of cach superior gate where A iy positive

Recursively apply gate pattern selection to the immediate
superior gates. with 1# being the desired output values for the
gates

END

else the desired output is 0%

BEGIN
Locate the lowest numbered gate H that is immediately
superior to gate G where its output count (M. V] has a
positive value for A

Subtract 1 trom the M portion of gate '~ output count.

Recursively apply gute pattern selection to gute H
using 0 as the desired output value.

For all other superior gates, recursively apply gate
pattern selecuion using 1 as the desired output value.

END

clse the desired output value is not asterisked
If the desired output is 1 then

BEGIN
Recursively apply gate pattern selection to the immediate
superior gates. with 1 being the desired output value for the
gates.,

END

else the desired output is 0

BEGIN
[Locate the lowest numbered gate H that 1 tmmediately
superior to gate G. '
Recursively apply gate pattern selection to pate H
using O as the desired output value.
For all other superior gates. recursively apply

pattern selection using 1 as the desired output

END

vate
valtue.

gates of G. Here. superior gates of G are the gates which provide
inputs. possibly passing through other gates. to GG, The immediare
superior gates of G are those directly driving . The final gate
which provides output for the circuit has all other gates in the cir-
cuit as superior gates.

In brief. we begin by selecting @ pattern tor the output gate G.
The gate pattern needed can be determined by examining the output
counts of the immediate superior gates of G. The output counts
specity how many sensitization paths must occur along a given line.
and what values will be needed. By sclecting a gate pattern that
meets the requirements. and then progressing toward the inputs us-
ing the set of rules for cach gate. we can build a test pattern that
will contain a sensitization path for a number of faults. The number
of sensitization paths needed is known {rom the calculations done
in Phase I. By manipulating the output counts at cach gate as test
patterns are generated. we can control which gate patterns are se-
lected and, thereby. the number of sensitization paths that pass
through a given gate.

Recursion ends when an input line is reached. Then the algo-
rithm backtracks and pursues other branches of the circuit. When
all branches have been covered by recursion. all input lines hold
some value. Tt is this collection of values that makes up a single
test pattern tor the entire circuit. The test experiment consists of
the collection of test patterns derived from applying the algorithm
repeatedly. It the output gate has an output count of [M. Nj. we
apply the algorithm with 0% as the desired output value M times.
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and 1 as the desired output value N times. The manipulation of
output counts is done o ensure that all necessary sensitization paths
that must pass through a given gate indeed pass through.

The algorithm given in Table 1V is self-explanatory . It is worth
noting that. in Table TV, when the output value is not asterisked
and the desired value is 0. there are many possible choices for the
ANDh gate pattern. Instead of arbitrarily selecting a gate pattern as
in [18]. TGEN chooses a gate pattern which is used for the first
0. This is done by locating the lowest numbered line (or gate) H
which is immediately superior to the axD gate under consideration.
set the output of A 1o 0 and all other immediate superior gates to 1
as demonstrated in Table 1V, The claborate choice guarantces the
detection of multiple faults as will be shown in the next section.

The purpose of this selection method may be a bit unclear. and
worth more explanation. When a line requires an X value. there
may be more than one alternative. That means there may be a va-
riety of test vectors that will produce the X value. We have found
that some vectors are more desirable than others. The sclection
scheme of TGEN ensures that the test vector applied to the subcir-
cuit for X will be idenrical 1o that of the tirst X*. We cmphasize
that this selection scheme ensures multiple fault detection.

I'he line numbers used by cach phase. and the references to them
in the selection scheme. are present only to ensure that we can
seleet the same test vector for a subcircuit (by selecting the lowest
numbered input Jine) to generate the X value and the first X*. As a
general rule. we number the circuits top to bottom. then left to right
tFig. 1ta). In fact. the numbering can be somewhat arbitrary: the
only strict requirement is that o gate numbered i can be fed only
by gates numbered less than /.

To demonstrate the construction of a test pattern. we will again
use the circuit shown in Fig. [(h). The gate pattern sclection for V
is shown in Fig. 2(a). The gate patterns are located beside the out-
put counts. An asterisked value along a given line indicates that a
stuck-at fault which drives the line to the opposite value will be
detected. Since we have chosen 0% for the output value of gate V.
we reduce the number of 075 in the output count for gate V. This
change is also performed on the respective output counts of gates
Sand L. By continuing the process. and applying the gate pattern
selection algorithm to gates S and U we obtain Fig. 2(b). Finally.
we apply the algorithm to the remainder of the gates. shown in Fig.
2¢¢). The first member of the single tault test experiment is
(01101110, Using this test pattern. the lines with 0% (1%) attached
can have their single stuck-at-1 (stuck-at-0) faults detected. In
summary . the first test pattern can be derived by setting 0% as the
desired output value of V. reducing the zero output count of V by
one. and call the TGEN algorithm recursively.

To generate the remainder of the test patterns. the algorithm is
applicd iteratively until the output count of the final gate is (0. 0]
Figs. 2(¢)-2(g) illustrate derivation of the first five test patterns. In
Fig. 2(c). the first 0% test pattern for gate Uis D = 0. E = 1. F

-G = land H 0. This set of inputs is used as the O test
pattern for gate U as shown in Fig. 2(g). The claborate sclection
of & nonsensitizing test pattern guarantees the detection of all mul-
tiple faults as proved in Section IV. The minimal experiment to
cover all faults in the circuit is shown in Table V. For an n-input
funowt-free network. the single and multiple fault detection test size
lies between 2vn and 1+ 1 125]: the test patterns generated in
Tablc V reach the upper limit. It can be seen that every possible
single stuck-at fault has at least a sensitization path which contains
the faulty line. with an asterisked value attached. and attempts to
drive it to the opposite value. Single stuck-at faults along these

lines will cause an inverted value for the output of some test pat-
tern. resulting in detection of the fault.
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Fig. 2(a). Gate pattern selection for gate V. (b). Gate pattern selection for
gates S, U, and V. (c). The first test pattern generation for the Berger and
Kohavi circuit. (d). The second test pattern generation for the Berger and
Kohavi circuit. (e). The third test pattern generation for the Berger and
Kohavi circuit. (f). The fourth test pattern generation for the Berger and
Kohavi circuit. (g). The fifth test pattern generation for the Berger and

Kohavi circuit.

TABLE V
MINIMAL EXPERIMENT FOR THE BERGER AND KoHAvI CIRCUIT
A B C D E F G H Output
Test 1: o* 1* 1* 0 I 1 1 0* 0*
Test 2: 0* 1* 1* 1* 1* 1 1 1 0*
Test 3: 0* 1* 1* 0 1 0* 1 1 0*
Test 4: 0% 1* 1* 0 l 1 0* 1 0*
Test 5: 1* 1 | 0 1 1 1 0 1*
Test 6: 0 0* 1 0 1 1 1 0 1*
Test 7: 0 1 0* 0 l 1 1 0 1*
Test 8: 0 1 1 0* 1 1* 1* 1* 1*
Test 9: 0 1 1 1 0* 1* 1% 1* 1#

IV. MuLtipLE FAULT COVERAGE

The difficulty in detecting multiple faults originates from the
**masking’’ behavior of more than one fault. In a given circuit. a
sensitization path designed to detect a fault A may be influenced

by another fault B, resulting in the faulty output being ‘*corrected’”
and fault A being missed as shown in Fig. 3. If in a subsequent
test. the sensitization pattern to detect fault B is affected by fault
A, the output will again be “‘corrected’’ resulting in the nondetec-
tion of fault B. It is in this manner that multiple faults can escape
detection by a single fault test set.

For some circuit types, every single fault test experiment is also
a multiple fault test experiment. Generally, this is not true. In the
case of fanout-free circuits. it is possible to construct test experi-
ments which will detect all multiple stuck-at faults [21]. These ex-
periments will be the same size as the experiments for single stuck-
at faults. The test experiments generated by TGEN described above
are able to detect all multiple faults, which we prove in Theorem
4.5.

First, we introduce a pair of lemmas regarding fault masking.

Lemma 4.1: Two faults in a circuit, one of which dominates the
other, is equivalent to a single fault. This is clearly the case, as the
dominating fault will prevent any information produced by the sub-
trec above it from getting to the output gate.


















