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Abstract — A diagnostic automatic test pattern
generation (DATPG) system is constructed by adding
new algorithmic capabilities to conventional ATPG and
fault simulation programs. The DATPG aim to generate
tests to distinguish fault pairs, i.e., two faults must have
different output responses. Given a fault pair, by
modifying circuit netlist a new single fault is modeled.
Then we use a conventional ATPG to target that fault. If
a test is generated it distinguishes the given fault pair. A
fast diagnostic fault simulation algorithm is
implemented to find undistinguished fault pairs from a
fault list for a given test vector set. We use a proposed
diagnostic coverage (DC) metric, defined as the ratio of
the number of fault groups to the number of total faults.
The diagnostic ATPG system starts by first generating
conventional fault coverage vectors. Those vectors are
then simulated to determine the DC, followed by
repeated applications of diagnostic test generation and
simulation. We observe improved DC in all benchmark
circuits.

1 Introduction

A common objective of testing is to detect all or most
modeled faults. Although fault coverage (percentage or
fraction) has a somewhat nonlinear relationship with the
tested product quality or defect level (parts per million),
for practical reasons fault coverage continues to be a
measure of the test quality [5].

Most test generation systems are built around core
ATPG algorithms [5] for (1) finding a test vector for a
target fault and (2) simulating faults to find how many
have been detected by a given vector. The system then
attempts to find tests of high fault coverage because the
primary objective is fault detection, i.e., presence or
absence of faults. In some test scenarios we must
diagnose or identify the fault, making the test intent
different from the original detection coverage. In
practice, detection tests with high coverage may not
have adequate diagnostic capability. One often uses tests
for multiple fault models [26, 29] or multiple tests for
the same model [3]. Basically, we generate tests that are
redundant for fault detection and then hope that they will
provide better diagnostic capability. To reduce the
excess tests we may resort to optimization or removal of
unnecessary tests [12, 25].
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A contribution of this paper is in providing basic core
algorithms for a diagnostic test generation system. Given
a pair of faults, we should either find a distinguishing
test or prove that the faults are equivalent in a diagnostic
sense; diagnostic equivalence implies that faulty
functions at all outputs of a multioutput circuit are
identical [24]. The new exclusive test algorithm of
Sections 3 and 4 represents a non-trivial improvement in
computational efficiency over previously published
work [1]. Next, we provide a diagnostic coverage metric
in Section 5.1 similar to the detection fault coverage,
such that a 100% diagnostic coverage means that each
modeled fault is distinguished from all other faults.
Diagnostic fault simulation of Section 5.2 is another core
algorithm presented. A fault simulator is an essential
tool for obtaining meaningful tests. Years of research
has produced highly efficient fault simulation algorithms
and programs [5]. The key features of the diagnotic
algorithm presented here are (1) it accepts fault detection
data from any conventional fault simulator thus
benefitting from the efficiency of a matured program, (2)
fault dropping is used to delete diagnosed faults from the
list of faults as fault simulation progresses, and (3) for a
given set of input vectors it provides fault coverage
(FC), diagnostic coverage (DC), and necessary data for
fault dictionary. In Section 6 a diagnostic test generation
system combines the core algorithms and the new
coverage metric into an ATPG system.

2 Background

Exclusive test for a pair of faults has been defined as a
test that detects one fault but not the other [1]. Its
primary intent is to distinguish between the fault pair.
For a multiple output circuit, this definition is applied
separately to each output. An exclusive test can detect
both faults as long as they are not being detected at the
same outputs. Perhaps a more appropriate term would be
distinguishing test. However, following existing usage
of the term, we will continue with exclusive test.

This background is reproduced from previous
publication [1]. Consider a pair of faults, f; and f,. Figure
1 illustrates generation of an exclusive test. A fault-free
digital circuit under test (CUT) is shown as C,. Blocks
C, and C, are the same circuit with faults f, and f5,
respectively. The circuit is assumed to be combinational
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and can have any number of inputs. For clarity, we will
only consider single output functions. Any input vector
that produces a 1 output in Figure 1, i.e., detects a s-a-0
fault at the primary output is an exclusive test for the
fault pair (f;, f,). This is the Boolean satisfiability
version of the exclusive test problem [32],

CoDCHD(CDC)=1 1)
Which simplifies to,
Ci®C =1 (2)

The second simplified form, shown in Figure 2,
implies that the two faulty circuit outputs differ for the
exclusive test. There are two ways to generate exclusive
tests. We can either modify a single-fault ATPG
program [10] or modify the circuit and use an
unmodified ATPG program [1, 27]. This way we can
take advantage of newly developed ATPG programs
while for a specially designed DATPG [10] the entire
program has to be modified to implement any new
algorithm.

Input vector
— Cy
j}: s-a-0
L | C 0

Figure 1. The general exclusive test problem.

Input vector
X

Z s-a-0

Figure 2. The simplified exclusive test.

€y

3 Boolean Analysis of Exclusive Test

To further simplify the solution shown in Figure 2 and
equation (2), we first transform it into an equivalent
single-fault ATPG problem shown in Figure 3. Here we
have introduced a new primary input variable y. The
function G in Figure 3 can be expressed as Shannon’s
expansion [5] about y with cofactors C, and C, [32]:

GX,y) =yC +yC, (€))
The condition for detecting s-a-0 or s-a-1 fault on vy,
using Boolean difference [5] , is
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This is identical to the second exclusive test condition
of equation 1. Thus, we establish that a vector X that
detects either s-a-0 or s-a-1 fault on y in the circuit G(X,
y) of Figure 3 will also detect the output s-a-0 fault in
the circuit of Figure 2. We call G as ATPG circuit. It
maps the given complex ATPG problem as a single fault
ATPG problem. Next, we synthesize a compact circuit
for G(X, y).

Suppose fault f; is line x; s-a-a and fault f, is line x; s-
a-b, where x; and x, are two signal lines in the circuit C.
Fault variables a and b can assume any value 0 or 1. The
primary input of C is a vector X that may or may not
contain the two fault lines. We express the fault-free
function using Shannon’s expansion [5] as,

C(X,xl,xZ) = flfzc(X,0,0) +3?1X2C(X,0,1)
+ x,%,C(X,1,0) + x;x,C(X,1,1)
()
Therefore, the cofactors of G(X, y) are given by,
¢, =CX,a,x,) = ax,C(X,0,0)+ ax,C(X,0,1)
ax,C(X,1,0) + ax,C(X,1,1)

%,bC(X,0,0) + x,bC(X,0,1)
x,bC(X,1,0) + x,bC(X,1,1)
(6)

+

C2 = C(X, xl, b)

—+

Let us define following variables:

X1 =ya+yx; and x; =9yx,+yb @)

Figure 3. An ATPG circuit for exclusive test.

Using the rules of Boolean algebra, such as absorption
and consensus theorems [19], we obtain [32]

X1%y = yax, + yx,b 8
X1xy = yax, + yx,b 9)
x| Xy = yax, + yx,;b (10)
X1Xy = yax, + yx.b (11)

First we substitute C, and C, from equations (6) into
equation (3) and then make use of equations (8) through
(11), to obtain [32]:
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GX,y) X1%,C(X,0,0) + x;x5,C(X,0,1)
x1%5C(X,1,0) + x1x,C (X, 1,1)
C(X,xq1,x3) (12)

I+

where the last result follows from the Shannon’s
expansion of the original circuit function C, given by
equation (5), in which new variables x; and x, defined
in equations (7) replace x,; and x,, respectively.

" S
Y : \ 1
s-a-0 ‘i%j_;Dfxll
sa-1 I :
X —G
Xy ) b ir}ﬁofi
b |
CUT C

Figure 4. ATPG circuit with multiplexers inserted in
CUT such that a test for s-a-0 or s-a-1 fault on y is an
exclusive test for faults x; s-a-a and x, s-a-b.

The synthesized circuit for G(X, y), shown in Figure 4,
is obtained by inserting two multiplexers, a—mux and
b—mux controlled by a new primary input y,in the
original circuit C(X). Veneris et al. [27] arrive at a
similar construction though our derivation provides
greater insight into the procedure. For any 0 or 1 value
of variables a and b each multiplexers simplifies either
to a single gate or a gate with an inverter. Consider the
example circuit of Figure 5 from a previous paper [1].
We seek an exclusive test for two faults shown. The
ATPG circuit for this problem is given in Figure 6. The
logic shown with shading is obtained by simplifying the
multiplexers of Figure 4 upon setting a =1 and b = 0.
The exclusive test found by a single fault ATPG isa =0,
b=1,c=1,d=0. The signal values shown on lines are
from five-valued D-algebra [5].

s-a-1

a —g

e
f
g
h

d

Figure 5. A circuit with exclusive test required for
e s-a-1 and b s-a-0 [1].

4 Generation of Exclusive Test

An exclusive test for two faults in a single output
circuit must detect only one of those faults. In a multiple
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output circuit, that same condition must be satisfied at
least on one output. Suppose, C; and C, blocks in Figure
2 each has n outputs. We will then have n two-input
XOR gates such that the ith XOR gate receives ith
outputs from C; and C,. All XORs feed into an n-input
OR gate whose output contains the single s-a-0 faults to
be detected.

D e

Figure 6. ATPG circuit for the exclusive test problem
of Figure 5.

In general, an exclusive test for a multiple output
circuit can detect both targeted faults as long as they are
not being detected on exactly the same outputs. The
ATPG circuit derived in the previous section remains
valid for multiple outputs. Figure 7 shows the
construction for two outputs.

G, Ulemex—; g
y Y S | xl 1
-a-0 or s-a-1 s}ﬁfo x2 ,,,,,
s-a-1 T L.
1b-mux G
X Cz G, X—— ——----- 't2 2
2 CcuTC

Figure 7. Exclusive test ATPG circuit for a
two-output CUT.

(a) C17: Exclusive test problem for two s-a-1 faults.

s-a-0

(b) ATPG circuit and an exclusive test.

Figure 8. Exclusive test example for multi-output
circuit cl17.

Consider the problem of finding an exclusive test for
two s-a-1 faults in the c17 circuit shown in Figure 8(a).
The fault on signal y in the ATPG circuit of Figure 8(b)
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provides a test X0011. We can verify that this test
detects both faults but at different outputs, hence it will
distinguish between them.

Compared to [1], which need 2 copies of the CUT to
distinguish between a pair of faults, we only use one
copy. We insert 2 or 3 primary gates (AND, OR, NOT)
and a new primary input (PI) to the netlist. Then any
conventional ATPG program targets a stuck-at fault on
the new PI. Either a test is found or the PI fault is proven
to be redundant. In the former case, the test is an
exclusive test that distinguishes between the fault pair.
In the latter case, the faults in the pair are equivalent.

5 Diagnostic Fault Simulator

Several diagnostic fault simulation methods have been
presented [28, 30]. In one of the proposed method, faults
are grouped into classes. Faults with identical output
responses are put in the same class. Fault pairs
consisting of faults from the same class are sent to an
equivalence identification tool. If the fault pair is proved
equivalent, one fault is dropped from the fault list. By
concurrently performing diagnostic fault simulation and
equivalence identification, the simulation time is greatly
reduced. In our method a fault is dropped when it is
distinguished from all other faults; this is achieved
without fault equivalence checking, though we can also
benefit from it. In [28], a diagnostic fault simulator is
constructed for sequential circuits. Because of the
possibility of the X state at a primary output in a
sequential circuit, additional information has to be stored
for diagnosis. For example, consider a sequential circuit
with three primary outputs. For a certain input vector,
suppose fault 1 has a response 1X0 and fault 2, X1X.
These two faults are said to be potentially distinguished.
However this is not the case for combinational or full
scan circuits for which the simulation method described
in this paper can be more memory and time efficient. In
[10], a diagnostic test pattern generator (DATPG) for
combinational circuits is presented. It generates
distinguishing test vectors for fault pairs but no
diagnostic fault simulation is used. Such DATPG can
greatly benefit from a fast simulation scheme.

5.1 Diagnostic Coverage Metric

To generate diagnostic tests we need a coverage
criterion. This would be similar to the fault coverage
(FC) used in conventional ATPG systems where fault
detection is the objective. Since the core algorithm of
previous sections generates distinguishing tests for fault
pairs, our first inclination was to specify coverage as the
fraction of distinguishable fault pairs. This has been
called diagnostic resolution in several papers [7, 8, 28].
Consider an example. For N faults, there will be
N(N — 1)/2 fault pairs. For a moderate size circuit,
suppose N = 10,000 then there are 49,995,000 fault
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pairs. If our tests do not distinguish 5,000 fault pairs,
then the coverage would be (49,995,000 — 5,000)/49,
995,000 = 0.999, which turns out to be highly optimistic.
There is additional problem of high complexity; for N =
10° the number of fault pairs is approximately half a
billion. We, therefore, propose an alternative metric. For
a set of vectors we group faults such that all faults within
a group are not distinguishable from each other by those
vectors, while each fault in a group is pair-wise
distinguishable from all faults in every other group. This
grouping is similar to equivalence collapsing except here
grouping is conditional to the vectors. If we generate a
new vector that detects a subset of faults in a group then
that group is partitioned into two groups, one containing
the detected subset and the other containing the rest.
Suppose, we have sufficient vectors to distinguish
between every fault pair, then there will be as many
groups as faults and every group will have just one fault.
Prior to test generation all faults are in a single group we
will call g,. As tests are generated, detected faults leave
Jo and start forming new groups, gi, 9, - - - gn, Where
n is the number of distinguishable fault groups. For
perfect detection tests g, will be a null set and for
perfect diagnostic tests, n = N, where N is the total
number of faults. We define diagnostic coverage, DC, as

_ Number of detected fault groups n

D == (1
¢ Total number of faults N 13

Initially, without any tests, DC = 0, and when all
faults are detected and pair-wise distinguished, DC = 1.
Also, the numerator in equation (13) is the number of
fault dictionary syndromes [5] and the reciprocal of DC
is the diagnostic resolution (DR) defined as the average
size of fault group that cannot be further diagnosed [1].
Other metrics, diagnostic expectation [23, 31] that gives
unnormalized and often large values and diagnostic
power [7] that gives normalized but pessimistic values,
need to be compared with DC defined here. For
completeness of this discussion, detection fault coverage
(FC) is,

FC - Number of detected faults N —|go|
"~ Total number of faults N

(14)

5.2 Diagnostic Fault Simulation Algorithm

We explain the simulation algorithm using a
hypothetical example given in Figure 10. Suppose a
circuit has eight faults (N = 8), identified as a through
h. Assume that the circuit has two outputs. The grey
shading, which identifies the undetected fault group g,
indicates that all faults are undetected in the initial fault
list. Also, fault coverage (FC) and diagnostic coverage
(DC) are both initially 0. We assume that there are three
vectors generated in detection phase and can detect all
faults (Blocks 1 and 2 in Figure 9), thus having 100%
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FC. Later in the simulation process more vectors will be
generated by diagnostic ATPG to improve diagnostic
coverage (DC).

The diagnostic phase begins with the three vectors
supplied to Block 3. The first vector is simulated for all
eight faults using a conventional fault simulator. We use
a full-response simulator that gives us the fault detection
information for each primary output (PO). Suppose we
find that the first vector detects a, e and g. Also, faults a
and e are detected only on the first output and g is
detected on both outputs. Thus, fault pairs (a, g) and
(e, g) are distinguishable, while the pair (a,e) is not
distinguishable. The result is shown in the second list in
Figure 10. The fault list is partitioned into three groups.
The first two groups, g, and g,, shown without shading
contain detected faults. Group g, now has 5 faults. Each
group contains faults that are not distinguished from
others within that group, but are distinguished from
those in other groups. Counting detected faults, the fault
coverage is 3/8 and counting detected fault groups, the
diagnostic coverage is 2/8 [32].

detection
vectors

' [1. Structurally
/| collapsed |e—»
1| fault set

2. ATPG system
for detection
fault coverage
functionally T
equivalent
fault-pair

undiagnosed
fault-pair | 4. Exclusive
test generator

Adequate
diagnostic
cove’r)age

3. Diagnostic
- fault
simulator

Yes (Stop)

Figure 9. Diagnostic test generation system.

9% FC DC
Initial fault list |a bcdefg h| o/8 0/8
9 % %
Detection test 1detects faults a, e, g ‘a e‘ gl b ¢ df h‘ 318 28
Drop g
9, 9 9 9
Detection test 2 detects fauttsb,d  [a o [g| b d[ c f h| 58 38
9,9%9 9 9, 9%
Detection test 3 detects faults a, c, f, h ‘ a‘ e‘ g‘ b d‘ c f‘ h‘ 8/8 6/8
Dropa, e, h
9,9%9 9 9, 9%
Exclusive test for pair b, d is impossible‘ a‘ e‘ g‘ b >g{‘ c f‘ h‘ 77 el7

Eliminate d g1 ge g2 93 94 97 95

ale[a]b[c[t[n] 77 7

Figure 10. Hlustration of diagnostic fault simulation.

Exclusive test 4 detects fault ¢

Fault g, which is in a single fault group, is dropped
from further simulation. This is similar to diagnostic
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fault dropping reported in other papers [28, 30]. Because
this fault has been uniquely distinguished from all other
faults, its distinguishability status will not change by
other vectors. Note that pair-wise distinguishability
provided by future vectors can only subdivide the groups
and subdivision of a group with just one fault will be
impossible. The fact that faults can be dropped in
diagnostic fault simulation is not always recognized.
However, fault dropping is possible here only because
our interest is in diagnostic coverage and not in
minimizing the vector set. Seven faults are now
simulated for the second vector, which detects faults b
and d. Suppose, b and d are detected at the same set of
outputs and hence are placed within same partition g5.
Thus, FC = 5/8and DC = 3/8. No new fault can be
dropped at this stage.

Vector 3 detects faults a, ¢, f and h increasing the
fault coverage to 100%. Suppose c and f are detected at
the same set of outputs and so are placed together in
group g,. Detection at different outputs distinguishes h
from these two and hence h is placed in a separate group
gs- Also, noting that this test distinguishes between a
and e, group g, is split into g; and g,. Now, FC =
8/8 = 1.0 and DC = 6/8. Faults in fault groups with
single fault are dropped.

Having exhausted the detection vectors, we find that
two pairs, (b,d) and (c, f), are not distinguished. We
supply target fault pair (b, d) to Block 4 in the ATPG
system of Figure 9. Suppose we find that an exclusive
test, i.e., a test that detects any one fault but not the other,
is impossible thus indicating that two faults are
equivalent. We remove one of these faults, say d, from
g5 and from the fault list as well. This does not change
fault coverage since FC = 7/7, but improves the
diagnostic coverage to DC = 6/7. All faults except ¢ and
f are now dropped from further simulation.

The only remaining fault pair (c, f) is targeted and an
exclusive test is found. Suppose fault f is detected by
this vector but c is not detected Thus, g, is partitioned to
create group g, with fault f. The new partitioning has
just one fault per group, FC = 7/7, and DC = 7/7.

With fault dropping the simulation time for each
vector is gradually reduced. The CPU time should have
similar curve to that in Figure 13 (but fliped up side
down).

5.3 Dictionary Construction

Fault dictionary is necessary in a cause-effect
diagnosis. It facilitates faster diagnosis by comparing the
observed behaviors with pre-computed signatures in the
dictionary [25]. One common form of dictionary is the
full-response (FR) dictionary, which stores all output
responses of each faults for each test. But the problem is
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the size of a FR dictionary can grow prohibitively large,
i.e., (F XV x 0) where F is the number of faults, V is
number of vectors, and O is number of primary outputs.

Much work has been done to reduce the size of the FR
dictionary [6, 20, 21]. Here we assign integers to
different output responses. Thus the largest integer
needed to index all different syndromes in the worst case
will be minimum(2™ — 1, F x V) where n is number
of primary outputs, F is number of faults, and V is
number of vectors. However, it should be noted that
faults in a same logic cone tend to produce identical
output respones for a given vector set, so that the largest
index is usually much smaller than F x V.

The dictionary shown in Figure 11 is generated based
on the example in Figure 10. Among the entries, X
means the fault is already dropped and not simulated, 0
stands for pass (same as fault-free response), and 1
stands for fail. To reduce the dictionary size we assign
integers to index different output responses. In this
example, “10”, “11”, and “01” are indexed with 1, 2, 3,
as shown in Figure 12. Although for small circuits the
compression is not obvious, for larger ISCAS85
benchmark circuits the reduction can be as high as an
order of magnitude.

Output responses

Faults t1 t2 t3 t4
a 10 00 10 X

b, d 00 01 00 X
c 00 00 01 00

e 10 00 00 X

f 00 00 01 1

g 11 X X X
00 00 10 X

Figure 11. FR Dictionary [32].

t1 t2 t3 t4

a 1 0 1 X
b, d 0 3 0 X
c 0 0 3 0
e 1 0 0 X
f 0 0 3 2
g X X X
h 0 0 1 X

Figure 12. Compressed dictionary [32].

Because of fault dropping in our simulator there will
be ‘X’ in the generated dictionary. This limits the use of
fault dictionary to single stuck-at fault. For a real defect
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the faulty respones may have no match in the dictionary.
To solve this problem we introduce a heuristic.

Hamming Distance < threshold val 15
OX( =X) < threshold value (15)

Here hamming distance is calculated from observed
response to the stored syndromes, ignoring ‘X’s. O is the
number of primary outputs, V is number of vectors, and
X is number of ‘X’s for a fault in the dictionary. If the
calculated result is smaller than a given threshold, the
corresponding fault will be added to a candidate list.
Then fault simulation without fault dropping will be
performed on this list to obtain additional information to
further narrow down upon a fault candidate.

Note that in our diagnostic ATPG system a fault
dictionary is not necessary. The generated exclusive
tests can also be used with effect-cause diagnosis [5].

6 Diagnostic ATPG System

Figure 9 shows the flowchart of a diagnostic ATPG
system implemented in the Python programming
language [22]. Main functions are Blocks 1 through 4.
Blocks 1 and 2 form a conventional detection coverage
ATPG system. In our system, these functions are
provided by Atalanta [15] and Hope [16] acquired from
Virginia Tech. Block 4 is an exclusive test generator
program that implements the core algorithm of Sections
3 and 4. Internally, it also uses Atalanta for detecting a
fault on line y in the ATPG circuit constructed for the
given fault pair (Figure 4 and Figure 7). Block 3 is a
diagnostic fault simulator described before.

6.1 Equivalence and Aborted Faults

In the ATPG system of Figure 9 when a single fault
ATPG program is run it can produce three possible
outcomes, (1) test found, (2) no test possible, or (3) run
aborted due to CPU time or search limit in the program.
In (1) a new detection or exclusive test is found. In (2),
if it is detection test then the fault is redundant and is
removed from the fault list. If it is an exclusive test then
the two faults are equivalent (perhaps functionally) and
any one is removed from the fault list. In (3), for
detection phase the fault remains in the set g, and results
in less than 100% FC and DC. For an aborted exclusive
test the target fault pair remains indistiguishable causing
reduced DC and worse diagnostic resolution (DR) [1].

Hartanto et al. [13] introduced local circuit
transformations and structural analysis to identify
equivalences. Amyeen et al. [3] presented techniques
based on implication of faulty values and evaluation of
faulty functions in cones of dominator gates of fault
pairs. The efficiency of our Diagnostic ATPG system
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will benefit from these methods of equivalence checking.

We discuss this aspect in the next section.

7 Results

We used the ATPG system of Figure 9 and Section 6.
Internally, it employs the ATPG program Atalanta [15]
and fault simulator Hope [16]. The circuit modeling for
exclusive test and fault grouping for diagnostic fault
simulation were implemented in the Python language
[22]. The system runs on a PC based on Intel Core-2 duo
2.66GHz processor with 3GB memory. The results for
c432 were as follows:
* Fault detection phase:
Number of structurally collapsed faults: 524
Number of detection vectors generated: 51
Faults: detected 520, aborted 3, redundant 1
Fault coverage, FC: 99.43%

* Diagnostic phase:
Initial DC of 51 vectors: 91.985%
Number of exclusive tests generated: 18
Number of undistinguished groups: 0
Largest size of undistinguished group: 1
Final diagnostic coverage DC: 100.%

/
0.8
=
kel
o
o6l
0n
[
Q
g) 0.4+
g®
Q
o
o2 Diagnostic
Detection ATPG Vectors ATPG Vectors
Go 10 20 30 40 50 60 70
Number of ATPG vectors

Figure 13. Diagnostic fault simulation of c432 for 69
algorithmic vectors. FC: fault coverage, DC:
diagnostic coverage [32].

Fault coverage (FC) and diagnostic coverage (DC) as
functions of number of vectors are shown in Figure 13.
First 51 vectors were generated in the fault detection
phase, which identified only one of the known four
redundant faults in this circuit. Diagnostic fault
simulation computed the diagnostic coverage of 51
vectors as 91.985%. The diagnostic phase produced 18

exclusive tests while identifying 13 equivalent fault pairs.

Diagnostic coverage of combined 69 vectors is 100%.
No group has more than 1 fault. We also simulated a set
of 69 random vectors and their coverages are shown in
Figure 14. As expected, both fault coverage and
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diagnostic coverage are lower than those for algorithmic
vectors. Results for ISCAS’85 circuits, shown in Table 1.

0 10 20 30 4 50 60 70
Number of random vectors
Figure 14. Diagnostic fault simulation of c432 for 69

random vectors. FC: fault coverage, DC: diagnostic
coverage [32].

Table 1 indicates a dropping DC as circuit size
increases. Once again, this is expected because of larger
numbers of aborted pairs. Notice 740 aborted pairs for
¢1355. This circuit is functionally equivalent to c499,
which has a large number of XOR gates. In 1355, each
XOR gate is expanded as four NAND gates. This
implementation of XOR function is known to have
several functionally equivalent faults [2]. Its structurally
collapsed set of 1,574 faults reduces to 950 faults when
functional collapsing is used. If we use the set of 950
faults, the same 85 + 2 = 87 vectors of Table 1 will show
a significantly higher DC. Thus, the advantage of
functional fault collapsing, though only marginal in
detection ATPG, can be significant in diagnostic test
generation.

Similarly, the size of the undiagnosed fault group
tends to increase for larger circuits. It is 11 for ¢2670.
This is related to the lower DC, whose reciprocal is the
diagnostic resolution (DR) [1]. DR > 1 indicates poor
diagnosis; the ideal resolution DR = 1 [1] requires that
each undistinguished fault group is no larger than 1.

The above discussion points to the need for improved
fault collapsing and efficient redundancy identification
algorithms. Much work on these has been reported [3,
13], which we are exploring for suitable approaches.
Interestingly, we find that most redundancies or
functional fault equivalences are localized within
relatively small sub-circuits irrespective of how large the
entire circuit is. Similar results are also reported in [13].
After applying equivalence checking, the DCs are
greatly increased, as shown in table 1, column 12.
Column 11 shows the DC before redundancy checking.
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A comparison of two CPU time columns (column 5
and 13) of Table 1 shows that diagnostic ATPG takes
significantly more. This is because our implementation
uses an existing ATPG program without changes. For
detection ATPG, circuit data structure is built once and
then used repeatedly by every vector generation run.
Even though the data structure building time is higher
(can be ten times) than that of a single vector generation,
the total CPU time is dominated by the combined vector
generation times. However, in diagnostic ATPG we
repeatedly modify the netlist, the ATPG program must
rebuild the data structure prior to each vector generation
run. An improved program will incrementally update the
data structure instead of rebuilding it. That will bring the
diagnostic ATPG time (column 13) in line with the
detection ATPG time (column 5). While for diagnostic
fault simulation, the CPU time is linearly dependent on
each of the three variables, namely, number of gates,
number of faults and number of vectors. The CPU times
in Table 1 include the time of the conventional fault
simulator Hope [16] and that of our Python program that
partitions the fault list and computes DC. The overall
increase in run times with increasing circuit size for
diagnostic simulation shown in Table 1 is between
O(gates®) and O(gates®), which is no different from what

has been reported for conventional fault simulation [4, 7].

8 Conclusion

The core algorithms for exclusive test generation and
diagnostic fault simulation should find effective use in
the test generation systems of the future. Key features of
these algorithms are: (1) exclusive test generation is no
more complex than test generation for a single fault, and
(2) diagnostic fault simulation has similar complexity as
conventional simulation with fault dropping. The new
definition of diagnostic coverage (DC) is no more
complex than the conventional fault detection coverage
and it directly relates to the diagnostic resolution [1],
which is reciprocal of DC. These methods can be
applied to other fault models [10, 16, 17] and to mixed
fault models [29]. Future extensions of this work would
be on generating compact diagnostic tests and
organizing fault dictionaries of test syndromes. Because
our fault simulation is done with fault dropping, the
syndromes will contain 0, 1, and X (don’t care).
However, these don’t cares do not reduce the
diagnosability of a fault. Although, reordering or
compaction of vectors will be affected. This needs
further investigation. The presented diagnostic ATPG
system can also be applied to transition faults after some
modification. Since transition faults are actually based
on stuck-at faults. This can be the future expansion of
the ATPG system.
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Table 1 Diagnostic Fault Simulation of ISCAS’85 Benchmark Circuits.

No Detection test Generation Diagnostic test Generation

Circuit | of | pet. | FC | CPU | DC | Excl. | Abort Eq.“' Max. 1 e | per | cpu | cpu
faults | vect, % s* % vect. | pairs ilr s gsinZL;p % % s* g

cl7 22 7 100.00 | 0.031 | 95.45 1 0 0 1 100.0 | 100.0 0.33 0.030
c432 524 51 99.24 0.032 | 91.99 18 13 13 1 97.51 100.0 1.75 0.031
c499 758 53 100.00 | 0.032 | 97.36 0 12 12 1 98.40 | 100.0 0.39 0.031
¢880 942 60 100.00 | 0.047 | 92.57 10 55 55 1 94.16 | 100.0 2.77 0.051
¢c1355 1574 85 100.00 | 0.046 | 58.90 2 740 740 1 59.38 | 100.0 26.06 0.131
1908 1879 114 99.89 0.047 | 84.73 20 300 277 8 86.46 | 98.78 10.84 0.066
c2670 2747 107 98.84 0.110 | 79.10 43 494 466 11 86.42 | 98.94 26.70 0.336
¢c3540 3428 145 100.00 | 0.125 | 85.18 29 541 486 8 89.69 | 97.17 22.03 0.420
6288 7744 29 99.56 0.220 | 85.32 108 842 977 3 86.87 | 99.52 27.15 7.599
c7552 7550 209 98.25 0.390 | 85.98 87 904 1091 7 86.85 | 99.35 26.36 2.181

*Intel Core 2 Duo 2.66GHz, 3GB RAM.

**Equivalent pairs identified and DC after applying fault implication and dominator evaluation [3].

***CPU time excluding the time to rebuild data structure, which is avoidable through efficient implementation.
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