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Abstract We minimize a given test set without loss of
diagnostic resolution in full-response fault dictionary.
An integer linear program (ILP), formulated from
fault simulation data, provides ultimate reduction of
test vectors while preserving fault coverage and pair-
wise distinguishability of faults. The complexity of the
ILP is made manageable by two innovations. First, we
define a generalized independence relation between
pairs of faults to reduce the number of fault pairs
that need to be distinguished. This significantly reduces
the number of ILP constraints. Second, we propose a
two-phase ILP approach. In the first phase, using an
existing procedure, we select a minimal detection test
set. In the second phase, additional tests are selected
for the undiagnosed faults using a newly formulated
diagnostic ILP. The overall minimized test set may
be only slightly longer than a one-step ILP optimiza-
tion, but has advantages of reducing the minimization
problem complexity and the test time required by the
minimized tests. Benchmark results show potential for
significantly smaller diagnostic test sets.
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1 Introduction

The process of determining the cause of failure of a chip
is known as failure analysis. Failure analysis often leads
to improvement in the design of the chip and/or the
manufacturing process. Fault diagnosis is the first step
in failure analysis which by logical analysis gives a list of
likely defect sites or regions. Basically, fault diagnosis
narrows down the area of the chip on which physical
examination needs to be done to locate defects.

Diagnosis algorithms are broadly classified into two
types: ef fect-cause fault diagnosis and cause-ef fect fault
diagnosis. As the name suggests an effect-cause algo-
rithm directly examines the syndrome of the failing chip
and then derives the fault candidates using path-tracing
algorithms [1]. The fault candidate usually is a logical
location or area of the chip.

A cause-effect algorithm starts with a fault model
and compares the signature of the observed faulty be-
havior with simulated signatures for all modeled faults
of the circuit. A fault signature (or test syndrome) is a
list of failing vectors and the outputs at which errors
are detected. Cause-effect algorithms can further be
classified as static, in which all fault simulation is done
in advance and all fault signatures are stored as a
fault dictionary [7], or dynamic, where simulations are
performed only as needed during the diagnosis process.
A cause-effect algorithm is based on a fault model
and real defects on a chip may not behave according
to the fault model used. Thus, the observed signature
may not match any of the simulated signatures. In such
cases sophisticated techniques are used to select a set of
signatures that best match the observed signature [16].

An alternative to the fault dictionary approach is
sequential diagnosis or diagnostic tree method [7]. In
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contrast with the dictionary method in which the tests
are applied in a pre-determined order, here the order of
test application is dynamic. Passing or failing of a test
at various primary outputs produces branching in the
diagnostic process. In each branch, the next test is se-
lected for fastest reduction of the suspected fault list as
diagnosis traces a path in a tree whose leaves represent
the final result of diagnosis. The branch possibilities are
often pre-determined as a data structure called diag-
nostic tree. Methods for enhancing such a diagnostic
process and compacting the tree data structure have
been discussed in the literature [5, 6, 28]. We believe
test minimization that preserves diagnostic capability
will also benefit the diagnostic tree procedures. Future
research should verify this as well as examine possible
applications of the algorithms presented here to the
diagnostic tree method.

Despite its overwhelming data volume, the fault dic-
tionary based diagnosis has been popular as it facilitates
faster diagnosis by comparing the observed behaviors
with pre-computed signatures in the dictionary [7]. The
most detailed form of fault dictionary which can pro-
vide all the information for a given test set is the full-
response dictionary. It consists of all test responses for
each fault at every observable output of the circuit. On
the contrary, the most compact form of fault dictionary
is a pass-fail dictionary, which stores a single pass or fail
bit for a fault-vector pair. A disadvantage of the pass-
fail dictionary is that faults that fail exactly the same
set of tests but at different outputs cannot be distin-
guished [17]. Thus, pass-fail dictionaries have limited
benefit in fault diagnosis.

There has been much work done on reducing the size
of full-response dictionaries [9, 17, 21]. Most techniques
focus on reducing the size by managing the organization
and encoding of the dictionary. Dictionary organiza-
tion is the order and content of the information, and
dictionary encoding is the data representation format
in the dictionary. Very little work has been done on
reducing the size of the dictionary by compaction of the
diagnostic test set [13]. In this paper we minimize the
test set for fault diagnosis. Parts of this research have
been presented in recent papers [23–25] and the most
complete details are available in a thesis [22].

This paper is organized as follows. We begin with
a summary of this paper’s contribution in Section 2.
Section 3 gives an integer linear program (ILP) for-
mulation for the diagnostic test problem and illustrates
its complexity. Section 4 defines a new diagnostic fault
independence relation to reduce the number of con-
straints in the diagnostic ILP. Section 5 describes a
reduced complexity two-phase method for generating
a minimal diagnostic test set. Section 6 presents re-

sults on ISCAS85 benchmarks. Although these bench-
marks are small compared to circuits designed in the
present-day industry, they help examine the functional
characteristics and capabilities of the algorithms. In
Section 7 we make several wide-ranging observations.
Section 8 concludes with possible future directions,
expressing an expectation that tool developers will find
suitable heuristics and approximations to benefit from
the presented algorithms in the industrial applications.
This is because, like many other algorithms in testing
and computer-aided design, these algorithms also have
worst-case exponential complexity.

2 Contribution of This Paper

We formulate an integer linear program (ILP) to min-
imize test sets for a full-response dictionary based di-
agnosis. The ILP solution is a test set with diagnostic
characteristics identical to that of the original unop-
timized test set. Having a smaller test set not only
reduces the dictionary size, but also reduces the time
for debugging the faulty chip. An ideal test set for
diagnosis is one which distinguishes all faults. Thus,
during diagnostic test set minimization it should be
ensured that the resulting test set consists of at least
one vector to distinguish every pair of faults. Notice
that the number of fault pairs is proportional to the
square of the number of faults. This results in a very
large number of constraints in the ILP. We define a
new diagnostic fault independence relation to reduce
the number of fault pairs to be considered. Finally a
two-phase method is proposed for generating a minimal
diagnostic test set from any given test set. In the first
phase we use existing ILP minimization techniques [23]
to obtain a minimal detection test set and find the
faults not diagnosed by this test set. In the second
phase we use the diagnostic ILP to select a minimal
set of vectors capable of diagnosing the undiagnosed
faults from Phase-1. The resulting minimized test set
combined with the minimal detection test set of Phase-1
serves as a complete diagnostic test set.

3 ILP for Diagnostic Test Set Minimization

Integer linear program (ILP) is an effective mathe-
matical method for test optimization. It gives global
optimization and has been used for both combinational
and sequential circuits [10, 11] as well as for minimizing
N-detect tests [14]. In recent work [23], a primal-dual
ILP approach [26] is used. Thus, an ILP, called primal,
first identifies independent faults for which tests are
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generated. Another ILP, called dual, then minimizes
those tests. All previously discussed ILP formulations
use pass-fail fault dictionary [7] which contains infor-
mation about faults detected by each vector, without
regard for which output a fault is detected on. This pass-
fail dictionary is obtained by fault simulation without
fault dropping.

3.1 Fault Diagnostic Table for Diagnostic ILP

The ILP formulation for minimizing test sets used
for full-response dictionary based diagnosis requires
a matrix representation of which tests detect which
faults, and also at which outputs the discrepancies were
observed for each fault-test pair. The dictionary thus
contains enormous amount of information that is nec-
essary for diagnosis. We will compress this information
by extracting only the data relevant to minimization of
tests and represent it in the form of a fault diagnostic
table. There are many forms of compact dictionaries
where the idea is to remove only the redundant data
and preserve all that is necessary for fault diagnosis [8].
The fault diagnostic table is not a compact dictionary
because it does not contain the specific circuit responses
needed for actual diagnosis. However, for each test
it allows us to deduce, irrespective of all other tests,
which faults are detected and which fault pairs produce
differing outputs. We illustrate the construction of a
fault diagnostic table with the following example.

Let us consider a circuit with two primary outputs
(PO), o1 and o2, in which eight faults detected by
five test vectors. A sample full response dictionary
for such a circuit is shown in Table 1. Suppose tests
are t1 through t5 and the faults are f1 through f8.
The dictionary is a matrix in which a row corresponds
to a fault and a column corresponds to a test when
the observation is made at a specific primary output.
Entries in this matrix are test syndromes [7]. Thus, an
entry ‘0’ for test t1 and fault f1 under PO o2 means f1
is not detected by t1 at o2. Similarly, a ‘1’ entry for f1

Table 1 A full-response fault dictionary

t1 t2 t3 t4 t5

o1 o2 o1 o2 o1 o2 o1 o2 o1 o2

f1 1 0 1 0 1 0 1 0 0 0
f2 1 1 1 1 1 0 1 1 0 0
f3 1 1 1 1 1 0 0 0 0 0
f4 0 1 0 1 0 0 0 1 0 0
f5 0 0 0 0 0 1 0 0 1 1
f6 0 0 0 0 0 1 0 0 0 0
f7 0 0 0 0 0 1 0 0 0 1
f8 0 0 1 0 1 0 1 0 0 0

and t1 under PO o1 indicates that f1 is detected at o1.
Certain formats of the dictionary can differ but contain
the same information.

If the circuit has O primary outputs, we can regard
a test vector as O identical test vectors one each for O
single-output circuits. For a single-output circuit there
is no difference between a full-response dictionary and
a pass-fail dictionary. Thus, a full-response dictionary
for J vectors is equivalent to an O-times larger pass-fail
dictionary with J × O vectors. To reduce the complex-
ity of the test minimization problem, we will develop a
data structure called fault diagnostic table (or matrix),
which preserves the per vector diagnosability informa-
tion in the full-response dictionary while reducing the
number of columns to J.

Table 2 is the fault diagnostic table for the full-
response dictionary of Table 1. It contains just one
column per test. The column corresponding to a vector
contains integers whose values are determined inde-
pendent of other columns. We assign integer indices
to the syndromes of the test vector. In the example,
for test t1 the three different syndromes, “10”, “11”,
and “01”, are indexed by integers 1, 2 and 3, respec-
tively, in the fault diagnostic table (matrix) as shown in
Table 2. A “0” in the table corresponds to the fault-free
syndrome “00”. The largest integer needed to index a
test syndrome has a worst case upper bound that equals
minimum{2No. of output pins − 1, highest number of faults
detected by any test vector}. However, it should be noted
that output responses to a particular vector are likely
to repeat across a fault set as faults in the same output
cone can have identical output responses for a partic-
ular test. For this reason the largest integer needed to
index an output response observed in our experiments
was much smaller than the upper bound, whenever the
upper bound was large.

Each column of the fault diagnostic table contains
the complete information about one test. All non-zero
entries indicate faults detected by that test. Any fault-
pair whose column entries differ is distinguishable by
the test identifying it as an exclusive test [2] for those

Table 2 Fault diagnostic table (matrix)

t1 t2 t3 t4 t5

f1 1 1 1 1 0
f2 2 2 1 2 0
f3 2 2 1 0 0
f4 3 3 0 3 0
f5 0 0 2 0 1
f6 0 0 2 0 0
f7 0 0 2 0 2
f8 0 1 1 1 0
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two faults. Note that the entries across columns have
no specific relationship and a comparison among them
may be meaningless. For example, test syndrome “01”
for t1 (column 1) is indexed 3, while the same syn-
drome for t3 is indexed 2. Thus, the number of integers
needed is much smaller than that needed for indexing
“error sets” [8] that have been used for compacting full-
response fault dictionaries.

3.2 Diagnostic ILP Formulation

Suppose a combinational circuit has K faults. We are
given a vector set V of J vectors and we assign a
[0, 1] integer variable v j , j = 1, 2, . . . , J, to each vector.
The variables v j have the following meaning: If v j = 1,
then vector j is included in the selected vector set.
If v j = 0, then vector j is discarded. In the following
ILP formulation v j’s are the integer variables and the
entries akj of the fault diagnostic table (matrix) are
constants.

Without loss of generality, we assume that all K
faults are detected by vector set V and are also distin-
guishable from each other. Our problem then is to find
the smallest subset of these vectors that distinguish all
fault pairs. We simulate the fault set and the vector set
without dropping faults and the fault diagnostic table
is constructed as explained in the previous section. In
this table, an element akj ≥ 1 only if fault k is detected
by vector j. For a given set of J test vectors, each
represented by a [0,1] integer variable v j, the diagnostic
ILP optimization problem is stated as,

Minimize
J∑

j=1

v j (1)

subject to, detection constraints (each fault must be
detected by at least one vector):

J∑

j=1

v j aij ≥ 1; for i = 1, 2, ..., K (2)

and diagnostic constraints (each fault pair must have at
least one distinguishing vector):

J∑

j=1

v j
∣∣akj − apj

∣∣ ≥ 1 (3)

for, k = 1, 2, .., K − 1 and p = k + 1, .., K.
Also,

v j ≥ 0 and v j ≤ 1, j = 1, ..., J (4)

The objective function (1) ensures that a minimal sub-
set of the J given vectors is selected by the ILP. The

K detection constraints (2) ensure all faults detected by
at least one selected vector. The K(K − 1)/2 diagnostic
constraints (3) ensure that faults in every pair are dis-
tinguished from each other by at least one selected vec-
tor. A diagnostic constraint consists of vector variables
corresponding to non-zero

∣∣akj − apj
∣∣, i.e., the vectors

that produce different output responses for the kth and
pth faults. It allows at least one of those vectors to be
selected since the inequality is greater than or equal to
1. This diagnostic constraint set insures that kth fault is
distinguished from the pth fault by at least one vector
in the selected vector set. Additionally, the provable
ability of the ILP to find the optimum provided its ex-
ecution is allowed to complete guarantees the smallest
size test set. Note that the total number of constraints
here is K(K + 1)/2, which is proportional to the square
of the number of faults. Next, we show how one can
reduce the number of constraints.

4 Generalized Fault Independence

One clear disadvantage of the diagnostic ILP is that
the number of diagnostic constraints is a quadratic
function of the number of faults. Thus, for large circuits
the number of constraints would be unmanageable. To
overcome this, we define a relation between a pair
of faults which allows us to eliminate the diagnostic
constraints from the ILP corresponding to many fault
pairs. We have generalized the conventional fault inde-
pendence relation given in the literature by considering
the detection of faults at different primary outputs and
relative to a vector set. Conventionally [4], a pair of
faults is called independent if the faults are not detected
by any common vector. This definition does not ac-
count for the detection of the faults at specific outputs.
Also, it implies “absolute” independence, which is with
respect to the exhaustive vector set. We generalize the
definition of fault independence by saying that two
faults detected by the same vector can still be called
independent, provided the output responses of the two
faults to that vector are different.

Definition Generalized Fault Independence—two
faults detectable by a vector set V are said to be
diagnostically independent with respect to vector set
V, if there is no single vector in the set V that detects
both faults and produces an identical output response.

Note that the generalized independence relation is
conditional to a vector set. Thus, the conventional
independence can be viewed as a special case of the
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Table 3 A pass-fail fault dictionary

t1 t2 t3 t4

f1 1 0 1 0
f2 1 1 0 0
f3 0 0 1 1

Table 4 Diagnosis using independence

Fault pair Detection Reason
guarantees
diagnosis

f1, f2 No Both faults detected by t1
f1, f3 No Both faults detected by t3
f2, f3 Yes No vector detects both faults

Table 5 Fault diagnostic table (matrix)

t1 t2 t3 t4

f1 1 0 1 0
f2 2 1 0 0
f3 0 0 1 1

Table 6 Diagnosis using generalized independence

Fault pair Detection Reason
guarantees
diagnosis

f1, f2 Yes t1 detects both faults at
different outputs

f1, f3 No t3 detects both faults at
same output

f2, f3 Yes Faults detected by disjoint
vectors

generalized independence, for a single output circuit
and conditional to an exhaustive vector set.

Example Consider a fault pass-fail dictionary with
three faults and four test vectors as shown in Table 3.
The independence relation between every fault pair is
given in Table 4.

Now consider a fault diagnosis table for the same
set of faults and vectors. This is shown as Table 5.
Recall that the fault diagnosis table takes in to account
the output responses for each fault-vector pair. It is
constructed as explained in Section 3.1. The generalized
independence relations for all pairs of faults are given
in Table 6.

In the context of the diagnostic ILP, the diagnostic
independence relation plays an important role in reduc-
ing the number of constraints to be used in the formu-
lation. When two faults are diagnostically independent,
any vector that detects either of the faults will be a
distinguishing vector. Thus, in the constraint set (3),
the constraint for a diagnostically independent fault pair
will have vector variables corresponding to all vectors
that detect any one or both faults. In the presence of the
detection constraint set (2), which guarantees a test for
every fault, a diagnostic constraint for an independent
fault pair is redundant. Also, such a constraint will be
covered by other diagnostic constraints corresponding
to non-independent fault pairs containing a fault from
the diagnostically independent fault pair.

The graph in Fig. 1 shows the reduction in the con-
straint set sizes by considering diagnostic independent
faults for a 4 bit ALU and few ISCAS85 benchmark
circuits.

It can be seen that there is an order of magnitude
reduction in the constraint set sizes on eliminating con-
straints corresponding to diagnostic independent faults.
However, the constraint set sizes still are large and need
to be reduced to manageable proportions.

5 Two-Phase Minimization

Given an unoptimized test set, we proceed as [22]:

Phase 1 Use existing ILP minimization techniques
[23] to obtain a minimal detection test set
from the given unoptimized test set. Find the

Fig. 1 Constraint set size
reduction by generalized
independence relation
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faults not diagnosed by the minimized test
set.

Phase 2 Run the diagnostic ILP on the remaining un-
optimized test set to obtain a minimal set of
vectors to diagnose the undistinguished faults
from Phase-1. The resulting minimized test
set combined with the minimal detection test
set of Phase-1 serves as a complete diagnostic
test set.

In the context of diagnostic ILP of Phase-2, the
Phase-1 along with the generalized independence re-
lation helps in reducing the number of constraints
to manageable levels. This is because diagnostic con-
straints are now needed only for the undiagnosed fault
pairs of Phase-1. Also, there will be a further reduction
in the number of diagnostic constraints due to diagnos-
tically independent fault pairs that could be present.
We can also drop the detection constraints as we have
started with a detection test set that detects all targeted
faults.

There is an additional benefit of the test set obtained
by the two-phase approach [22]. For all good chips,
testing can be stopped at the end of Phase-1 detection
test set, which is of minimal size. Only for bad chips
whose number will depend on the yield, we need to
apply the remaining tests for diagnosis.

The graph in Fig. 2 gives a comparison between
diagnostic test sets obtained by a one-step diagnostic
ILP minimization and the two-phase approach. The
experiment could be performed only on 4-b ALU and
the smaller benchmark circuits c17 and c432. For other
larger benchmark circuits like c880 we could not run
the diagnostic ILP as the number of constraints was too
many for the problem to be loaded onto the computer.
Hence the empty slot in the graph for the 1-step process
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Fig. 2 Comparison between one-step diagnostic ILP minimiza-
tion and two-phase approach

of c880. As can be seen, the final diagnostic test sets
obtained by the two-phase approach are slightly larger
than the ones obtained by single-step minimization. In
the case of 2-phase minimization, we had suggested that
the testing of good chips can be stopped at the minimal
detection test set and the remaining diagnostic tests
(which are few) can be used to complete the diagnosis
of bad chips.

The above idea can be applied to a diagnostic test
set obtained by single-step diagnostic ILP. A detection
test set can be obtained from the vectors comprising
the diagnostic test set by using the existing ILP mini-
mization techniques [11] (Test minimization ILP). The
diagnostic vector set can be reordered such that the de-
tection vectors are applied at the start of testing. Thus,
testing of good circuits can be stopped at the end of
the detection vector set. It can be seen from the graph
that, for c17, 4-b ALU and c432 the detection test set
in the case of single-step diagnostic ILP minimization is
larger than that obtained during 2-phase minimization.
Therefore, testing of good circuits would have taken
longer resulting, for high yield devices, in higher cost of
testing. The complete diagnostic test set is applied only
to faulty circuits, which in the case of high yield are few.

6 Results

In our experiments we have used the automatic test
pattern generator (ATPG) ATALANTA [18] and fault
simulator HOPE [19]. We have used AMPL [12] pack-
age for ILP.

Results of Phase-1 are given in Table 7. First column
lists the names of the ISCAS85 circuits. The next col-
umn gives the number of faults in the target fault list.
These faults are equivalence collapsed single stuck-at
faults, excluding the ones that were identified as redun-
dant or were aborted by the ATPG program. We have
used the minimal detection test sets obtained by the
primal-dual ILP algorithm [23]. That algorithm creates
unoptimized test sets that essentially consist of N-detect
tests and then minimizes them to give the minimal
detection test sets. The sizes of the unoptimized and
minimized vector sets are given in columns 3 and 4 of
the table. The subsequent columns give the diagnosis
statistics of the minimal detection test sets. We say a
fault is uniquely diagnosed if it has a unique syndrome.
On the other hand a fault whose syndrome is shared
by other faults is said to be undiagnosed. Column 5
gives the number of undiagnosed faults. Faults with
identical syndromes are grouped into a single set called
an equivalent fault set. Note that such an equivalent
fault set is dependent on the vector set used for diagno-
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Table 7 Phase-1: Minimal detection test sets and their diagnostic capability

Circuit No. of faults Primal-dual ILP algorithm [23] Diagnosis by minimized detection tests

No. of No. of No. of No. of Maximum Diagnostic
unoptimized minimized undiagnosed CEFS faults per resolution
vectors vectors faults syndrome

4b ALU 227 270 12 43 19 4 1.118
c17 22 32 4 6 3 2 1.158
c432 520 2,036 30 153 68 9 1.195
c499 750 705 52 28 12 3 1.023
c880 942 1,384 24 172 83 4 1.1
c1355 1,566 903 84 1,172 531 5 1.693
c1908 1,870 1,479 107 543 248 17 1.187
c2670 2,630 4,200 70 833 316 11 1.245
c3540 3,291 3,969 95 761 313 8 1.158
c5315 5,291 1,295 63 1,185 527 8 1.142
c6288 7,710 361 16 2,416 1,122 6 1.202
c7552 7,419 4,924 122 1,966 891 7 1.17

sis, thus it is called a Conditional Equivalent Fault Set
(CEFS). The column, No. of CEFS gives the number
of such sets. There is one CEFS for every non-unique
syndrome consisting of the undiagnosed faults associ-
ated with that syndrome. Maximum faults per syndrome
give the maximum number of faults associated with a
syndrome. Diagnostic resolution (DR), as defined in
the literature [2], gives an average number of faults per
syndrome. It is obtained by dividing the total number
of faults by the total number of syndromes. These two
parameters quantify the effectiveness of diagnosis since
DR indicates how well faults are distributed among
all syndromes and the maximum faults per syndrome
indicate the worst distribution among all syndromes.
The undiagnosed faults obtained in this step are the
target faults for Phase-2 of the algorithm.

Table 8 gives the results for Phase-2 in which diag-
nostic ILP is used to minimize the tests for the undis-
tinguished fault pairs of Phase-1. In this step we have
used the unoptimized test sets (excluding the minimal

detection tests) of Phase-1. The No. of Faults here
are the undiagnosed faults from Table 7. The next
column gives the number of constraints generated for
the diagnostic ILP. It can be seen that the constraint set
size is very small even for the larger benchmark circuits
like c7552 and c6288. The column Minimized Vectors
gives the result of the diagnostic ILP. These vectors
combined with the minimal detection vectors of Phase-
1 constitute the complete diagnostic test set. The last
column gives the CPU time for the diagnostic ILP runs.
It is evident that the complexity of the diagnostic ILP is
greatly reduced.

All CPU times are for a SUN Fire 280R 900 MHz
Dual Core machine. In general, for cases in which
the ILP complexity is high, reduced-complexity ILP
variations can be used [15].

Table 9 gives the results and statistics for fault
dictionaries constructed from the complete diagnostic
test sets. Total diagnostic vectors in column 2 are the
combined vector sets from Phase-1 and Phase-2. Notice

Table 8 Phase-2: ILP
minimization for additional
diagnosis

Circuit Number of No. of No. of Minimized CPU
unoptimized faults constraints vectors (s)
vectors

4b ALU 258 43 30 6 1.36
c17 28 6 3 2 1.07
c432 2,006 153 101 21 3.03
c499 652 28 10 2 1.09
c880 1,358 172 41 7 2.74
c1355 1,131 1,172 12 2 2.13
c1908 819 543 186 21 3.16
c2670 4,058 833 383 51 5.29
c3540 3,874 761 146 27 8.45
c5315 1,232 1,185 405 42 15.35
c6288 345 2,416 534 12 50.13
c7552 4,802 1,966 196 31 9.35
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Table 9 Diagnosis with complete test sets obtained from the two-phase procedure

1 2 3 4 5 6 7 8 9

Circuit Total No. of Uniquely No. of Undiag. No. of Maximum Diagnostic
diag. faults diag. CEFS faults synd. faults per resolution
vectors faults (3 − 4) (4 + 5) syndrome (3/7)

4b ALU 18 227 227 0 0 227 1 1
c17 6 22 22 0 0 22 1 1
c432 51 520 488 16 32 504 2 1.032
c499 54 750 726 12 24 738 2 1.016
c880 33 942 832 55 110 887 2 1.062
c1355 86 1,566 397 532 1,169 929 3 1.686
c1908 127 1,870 1,380 238 490 1,618 8 1.156
c2670 121 2,630 2,027 263 603 2,290 11 1.149
c3540 122 3,291 2,720 234 571 3,033 8 1.085
c5315 105 5,291 4,496 381 795 4,877 4 1.085
c6288 28 7,710 5,690 1,009 2,020 6,699 3 1.151
c7552 153 7,419 5,598 848 1,821 6,446 7 1.151

that these test sets are only slightly larger than the
minimal detection test sets of Table 7. Thus failed
chips can be diagnosed very quickly as the detection
tests would have already been applied during testing.
Column 3 gives the number of faults in the target fault
list. Column 4 gives the number of uniquely diagnosed
faults. It can be seen that there is an improvement in
the diagnostic resolution from that of Phase-1 due to
the diagnosis vectors from Phase-2.

The unoptimized test sets used in our experiments
are essentially N-detect tests. It should be noted here
that using an unoptimized test set consisting of diag-
nostic ATPG vectors [20, 27] will be more effective in
achieving a good diagnostic resolution, as these vectors
are generated for the sole purpose of distinguishing
faults.

Table 10 gives a comparison between the two-phase
minimization and another test compaction algorithm

for pass-fail dictionary [13]. For both algorithms an ini-
tial unoptimized set of 1024 random vectors is used. The
authors of [13] measure the diagnostic effectiveness
of the compacted test set in terms of number of un-
diagnosed fault pairs. The pass-fail dictionaries have
inherently lower resolution than the full-response dic-
tionaries. Thus, there may not be a one-to-one compar-
ison between the two results. However, we still notice
the compactness of the diagnostic test sets and the
computing efficiency of the two-phase method.

7 Observations

We make several observations from the results of
Section 6. In comparison to previous results, the ILP
minimization provides more compact vector sets. N-
detect vectors from the primal-dual ILP method [23],

Table 10 Two-phase minimization versus previous work [13]

Circuit Pass-fail dictionary compaction [13] Two-phase approach (this work)

Fault Minim. Undist. CPUa Fault Minim. Undist. CPUb

coverage vectors fault (s) coverage vectors fault (s)
(%) pairs (%) pairs

c432 97.52 68 93 0.1 98.66 54 15 0.94
c499 – – – – 98.95 54 12 0.39
c880 97.52 63 104 0.2 97.56 42 64 2.56
c1355 98.57 88 878 0.8 98.6 80 766 0.34
c1908 94.12 139 1,208 2.1 95.69 101 399 0.49
c2670 84.4 79 1,838 2.8 84.24 69 449 8.45
c3540 94.49 205 1,585 10.6 94.52 135 590 17.26
c5315 98.83 188 1,579 15.4 98.62 123 472 25.03
c6288 99.56 37 4,491 1,659 99.56 17 1,013 337.89
c7552 91.97 198 4,438 33.8 92.32 128 1,289 18.57

aPentium IV 2.6 GHz machine
bSUN Fire 280R, 900 MHz dual core machine
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where the primal ILP basically finds independent fault
targets for ATPG, results in improved diagnosis. Still,
a substantial number of faults is left undiagnosed. For
example, for c7552 circuit, 1821 faults out of a to-
tal of 7419 faults are not diagnosed. Moreover, the
largest undiagnosed group contains seven faults. The
present work suggests several directions for future
research:

1. Diagnostic test generation. The prevailing vector
generation programs, including those used for the
N-detect tests, are based on single fault detection
algorithms. Although distinguishing tests can be
generated [2], the algorithms are complex. Efficient
diagnostic test generation algorithms have recently
been reported [30, 31].

2. Diagnostic coverage metric. Diagnostic resolution
has been defined [2] as a measure of effectiveness
of diagnostic tests. Although diagnostic resolutions
in Table 9 are close to the ideal value 1, there
are many undiagnosed faults. We need a better
diagnostic coverage metric, somewhat similar to
fault coverage that has been used as an effective
metric for the fault detection capability of tests. The
diagnostic coverage should be measurable by a di-
agnostic fault simulator for which novel algorithms
are also needed. Some new work on diagnostic
coverage has recently been reported [30].

3. Stuck-at faults and other fault models. Recent work
on N-model test minimization [29] shows how a
single pass-fail dictionary can be constructed for
tests of multiple fault models. One may use that
idea to create a fault dictionary for multiple fault
models and then use the two-phase approach to
minimize the diagnostic vector set. Such a fault
dictionary would be more effective in diagnosing
real defects.
There are practical reasons for using fault models.
They make algorithms and tools for test generation
and diagnosis possible. We should recognize that a
fault model is only an abstraction. We may use it
to localize a possible defect without actually inter-
preting the defect type. An example is net diagnosis
algorithms [32] that use stuck-at fault model to
identify a possible faulty net.

8 Conclusion

We have presented an integer linear program (ILP)
formulation for compaction of the test set used in full-
response dictionary based fault diagnosis. The com-
paction is carried out without any compromise on

the diagnostic resolution of the initial test set. The
newly defined generalized independence relation be-
tween pairs of faults is very effective in reducing the
number of constraints in the diagnostic ILP. Finally,
we have proposed a two-phase approach for generating
a minimal diagnostic test set. The diagnostic test sets
obtained are very small because of which there can be a
significant reduction in the fault dictionary size and also
the diagnosis time. Also, the minimized fault dictionary
can be further compacted by other data compaction
techniques [8, 9, 13, 21].

Two issues must be resolved before the algorithms
presented here can be put into practice. First, the ILP
has exponential complexity in the worst case. Tool
developers using these algorithms should devise ap-
propriate heuristics. One possibility is to use a relaxed
ILP in which a lower-complexity linear program (LP)
provides an approximate solution [10, 15]. The second
issue is that of the ability to diagnose real defects
that may not conform to the modeled faults. Does
test set minimization degrade this ability? Should we
have redundant tests such as N-detects or should we
enhance the modeled fault set by considering multiple
fault models? Published results [3] seem to support
the use of multiple fault models. Irrespective of which
strategy proves useful, test minimization will always
reduce the size of the dictionary. Future exploration
should address these issues.

It is generally recognized that fault dictionaries are
bulky and alternative approaches can be useful for very
large circuits. As pointed out in Section 1, dynamic pro-
cedures do not have a static dictionary and the required
data may even be generated when required [5, 6, 28].
Application of test minimization algorithms of this pa-
per to those procedures may be investigated in the
future.
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