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Abstract — Random pattern testing methods are known to result in
poor fault coverage for most sequential circuits unless costly circuit
modifications are made. In this paper, we propose a novel approach to
improve the random pattern testability of sequential circuits. We
introduce the concept of holding signals at primary inputs and scan flip-
flops of a partially scanned sequential circuit for a certain length of
time, instead of applying a new random vector at each clock cycle.
When a random vector is held at the primary inputs of the circuit under
test or at the scan flip-flops, the system clock is applied and the
primary outputs of the circuit are observed. Information obtained from a
testability analysis or test generator is used to determine the number of
clock cycles for which each random vector is to be held constant. The
method is low cost and the results of our experiment on the benchmark
circuits show that it is very effective in providing fault coverage close to
the maximum obtainable fault coverage using random patterns with full
scan.

Index Terms —Fault coverage, hold method, partial scan, random
pattern testing, sequential circuit testing.
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1 INTRODUCTION

IN most sequential circuits, random testing is simply not an option
because of the poor fault coverage obtained, even if a very large num-
ber of random vectors is used. Weighted random pattern testing [1],
[2] has proven marginally more effective; however, the excessive
complexity of determining the weights, as well as the huge number of
test vectors required [3], decreases its desirability. Sequential Auto-
matic Test Pattern Generators (ATPG) like FASTEST [4], multiple
observation time test strategy [5], HITEC [6], and GENTEST [7] do
achieve high fault coverage for sequential circuits; however, they are
computationally expensive and do not achieve satisfactory coverage
for some complex circuits. Converting sequential circuits to combina-
tional circuits using the full-scan approach [8] and, then, using combi-
national ATPG or random testing offers certain benefits. But, full-scan
often requires a high cost in hardware and performance. To control
the hardware overhead and performance degradation associated with
full-scan, partial-scan techniques [9] are employed. In such a case,
sequential ATPG is required for deterministic test generation and it
can clearly be costly. Efforts have also been made to use partial scan
based design-for-test to improve the weighted random pattern test-
ability of sequential circuits [10]. This method has been studied for a
special set of circuits and we believe that, if this method is applied to
benchmark circuits, it will require a large number of flip-flops to be
included in the partial scan path.

In this paper, we propose a systematic approach to increase the
fault coverage obtained by random pattern testing. Our approach
consists of two main components, a hold method and partial scan.
The hold method is a very simple, yet effective, technique to increase
the fault coverage of a sequential circuit. It consists of applying a
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random vector at the primary inputs of the sequential circuit and
holding it constant for some number, k, of clock cycles, instead of
applying a new random vector every clock cycle. The concept of
keeping certain signals constant during testing to achieve better
performance from a test has been studied in testing literature [11],
[12] and is found to be productive. For instance, the internal state
of a sequential circuit is held constant for certain number of clock
cycles in FREEZE [11]. In [12], a randomly addressed memory
location is initialized and held at that value for a fixed number of
clock cycles to test the post-logic of embedded arrays. In our tech-
nique, initially reported in [13], as in the other similar techniques,
the holding of signals can be easily integrated with the mechanism
used to supply the random vectors. The number k, for which the
input is held constant, is circuit dependent and can be calculated
using either testability analysis methods or a test pattern genera-
tor. In a sense, k is a measure of the number of clock cycles re-
quired to propagate a value from a flip-flop to a primary output in
the circuit. If TPG is chosen to compute k, then the TPG is used
only for a small number of faulty lines in the circuit, and, as a re-
sult, the computation time is much less than in the case of deter-
ministic testing.

In those cases where the fault coverage obtained using the hold
method is not adequate, partial scan can be used to increase the
coverage. In this case, a number of flip-flops is chosen to be added
to the scan chain, using any of the known flip-flop selection meth-
ods, such as the Reverse direction Empirical Testability Difference
(RETD) [14] or cycle breaking method [15]. Then, random testing
can be used on the modified circuit. The partial scan approach
does improve the coverage obtained by random pattern testing;
however, unlike the hold method, it requires hardware modifica-
tion. By simulating the full-scan version of the circuit, we obtain
an upper bound on the fault coverage achievable by random pat-
tern testing. This coverage is the best coverage that can be ob-
tained using random pattern testing. Thus, the goal of our method
is to achieve the upper bound fault coverage using partial scan in
conjunction with the hold method.

This paper is organized as follows. In Section 2, we introduce
the conceptual reasoning behind the working of the hold method,
and explain how to calculate the value of k. In Section 3, we pres-
ent the details of our algorithm. In Section 4, we report the results
obtained using our approach. Section 5 compares our work with
related work and Section 6 concludes the paper.

2 HoLD METHOD

In the conventional random pattern testing approach, a new ran-
dom vector is applied to the circuit at every clock cycle. To see
why this method is ineffective, let us consider the following case.
Assume that a random vector v is applied to the circuit, which
causes some faults to be excited but not yet propagated to a pri-
mary output. The application of a system clock will capture the
fault effects in some flip-flops. If we now change v (apply a new
random vector), the new vector might break a path that was al-
ready sensitized by the vector v, and, as a result, the faults that
were excited by the previous vector will not be propagated by
applying a new random vector. On the other hand, if the vector v
was held at the primary inputs for some number of clocks k, long
enough to propagate the faults to primary outputs, there is a good
chance that the faults would be detected. Thus, if we were to use
random pattern testing in sequential circuits, the goal should be to
give sufficient time to each vector so that the excited fault(s) are
propagated to a primary output before applying the next random
vector. Given the above reasoning, the number k should be equal
to the number of clock cycles needed to propagate a value from
the input of a flip-flop in the circuit to a primary output. Hence,
we need to answer the following two questions:
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1) How do we estimate the number of clock cycles k needed to
propagate a fault from the input of a given flip-flop to any
primary output in the circuit?

2) What would the value of k be, given the numbers calculated
in step 1 for all flip-flops in the circuit?

To answer the first question, we could use either testability
analysis methods or a test pattern generator.

¢ Testability analysis based techniques:
SCOAP [16] or similar programs can be used to calculate the
sequential observability values of all flip-flops in a circuit.
Those values can then be normalized to get the number of
clock cycles required to observe each flip-flop at a primary
output.
¢ Test pattern generation based technique:

A test pattern generator, like FASTEST [4], can be used to
detect faults on the output of each flip-flop in the circuit
(output stuck-at-0 and output stuck-at-1). The length of the
test sequence generated by the test generator for each fault,
is the number of clock cycles required to both excite the
fault and propagate it to a primary output. To calculate the
number of clock cycles required to only propagate the fault,
we should initialize the state of the flip-flop to the opposite
value of the fault (i.e., if the fault is output stuck-at-0, then
the flip-flop should be initialized to logic 1 and vice versa).
By doing so, we are exciting the fault using the initial state,
and all the test generator needs to do is to propagate the
fault forward. Thus, a test generator can provide the num-
ber of clock cycles required to observe a flip-flop at a pri-
mary output.

The second question deals with the problem of combining val-
ues obtained, in either of the two techniques, for all flip-flops to
calculate the value k that is to be used during the testing of the
circuit. One way would be to choose k as the average of all the
values obtained over all flip-flops. Alternatively, one could use the
sequential depth [15] of the circuit, which is defined as the largest
number of flip-flops on a path between inputs and outputs. This is
the simplest method; however, there are better solutions. Instead
of using only one value of k for a circuit, we could use multiple
values of k as detailed in the following section.

3 THE ALGORITHM

Our algorithm starts with running a fault simulator on the se-
quential circuit using n randomly generated vectors. If the fault
coverage obtained from conventional random testing is sufficient,
then the circuit is classified as random pattern testable, and the
algorithm quits at this point. If the fault coverage is not adequate,
then the algorithm applies the hold method. The values of k are
calculated using FASTEST. At this point, the random vectors ob-
tained a priori are used, however, each vector is held constant for
a number of clock cycles equal to k. As a result, only n/k vectors
are applied in this step. This is done basically to keep the total
number of clock cycles used to test the circuit constant. If the fault
coverage obtained in this step is adequate, the procedure quits;
otherwise, it moves to the partial scan step. In this step, a number
of flip-flops (f) are added to the scan chain, and a set of random
vectors is generated. Again, the number of clock cycles used to test
the circuit is kept constant, and, as a result, the number of vectors
generated at this step is equal to n/f, to compensate for the extra
clocks required to scan each vector. The fault simulator is invoked
again with the new set of random vectors, using the partial scan
circuit, and the fault coverage is checked. If it is adequate, the al-
gorithm exits; otherwise, the full-scan circuit is simulated with the
same number of vectors, as in partial scan, i.e., n/f, to obtain an
upper bound on the fault coverage achievable using partial-scan. If
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Fig. 1. The distribution of the k values for the circuit s820.

the upper bound is equal to the fault coverage obtained using par-
tial scan, then no further improvement can be achieved by this
procedure, and the algorithm quits; otherwise, FASTEST is used
again to generate the new values of k for the partially scanned
circuit and the hold method is used again, but this time for the
partial scan circuit and using the new values of k.

Below we explain each step of our algorithm through an exam-
ple. We use the ISCAS benchmark circuit s820 as the example cir-
cuit to facilitate the explanation.

Step 1: We generated n = 100,000 random vectors for s820, and
ran it through a sequential fault simulator. The fault coverage ob-
tained at this step was 49.3 percent.

Step 2: We now need to determine the value (or values) of k.
The circuit s820 has five flip-flops; hence, FASTEST was used to
generate tests for 10 faults (treating each flip-flop output to be
stuck-at-1 and, then, stuck-at-0). We used FASTEST to obtain the
number of clock cycles required to detect each fault. Fig. 1 contains
the results of this step. The number of faults is shown on the y-axis
and the number of clock cycles required to detect (excite + propagate)
each fault is shown on the x-axis. For example, five out of a total of
10 faults require only two clock cycles to excite and propagate the
faults.

Step 3: Based on this result, three values of k are chosen for use
in the hold method. The value k = 2 is used for 50 percent of the
time, k = 3 is used for 40 percent of the time, and k = 5 is used for
10 percent of the time. To be able to compare the fault coverage
obtained from the previous step with the coverage using the hold
method, the total number of clock cycles used in testing the circuit
is kept at 100,000. For k = 2, we need a total of 50,000 clock cycles,
and, since each random vector needs to be held at the inputs for
two clock cycles (k = 2), the number of unique vectors will be
25,000. Similarly, for k = 3, 13,333 unique vectors are applied in
40,000 clock cycles, and, for k =5, 2,000 unique vectors are applied
in 10,000 clock cycles. This amounts to only a total of 40,333 differ-
ent random vectors.

The fault coverage obtained by running the fault simulator
with the above distribution of vectors as inputs to the circuit was
57.8 percent, which is an improvement of 8.5 percent over the con-
ventional random pattern testing method. This is in spite of the
fact that we are using fewer unique vectors (40,333) as compared
to 100,000 used in step 1.

Step 4: We consider partial scan solution, provided the fault
coverage obtained in step 3 is not acceptable, as is the case for
s820. We chose to add two flip-flops to the scan chain. The selec-
tion of those flip-flops was obtained from the previous work done
by Kim and Kime [14].

The circuit with partial scan is fault simulated using random
vectors as follows. Since it is important to compare the fault cover-
age using some common metric, we choose the metric to be the
total number of test clocks (100,000 in this case). The total number
of vectors used for this step is obtained by dividing the original
number of vectors by the number of flip-flops in the scan chain.
Therefore, we generated 50,000 random vectors and applied these
to the partially scanned circuit using our fault simulator. The fault
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Fig. 2. The distribution of the k values for the partially scanned s820.

coverage obtained was 94.4 percent. This is an improvement of
36.6 percent over the coverage obtained in step 2.

Step 5: Next, we determine the bound on the random pattern
testability of the combinational part of the circuit. For this, we
converted the circuit to a full-scan circuit and, again, ran it
through the fault simulator using the same number of vectors as in
the partial scan step (50,000 vectors). The coverage obtained was
100 percent, which means that there might still be some room for
improvement. Had the coverage been the same as in Step 4, we
would have terminated the experiment at this point.

Step 6: This step is the same as Step 2, except for the fact that
we use the partially scanned circuit, instead of the original circuit,
to obtain different values of k. The results of this step, using
FASTEST, are shown in Fig. 2. Note that the circuit s820 has only
three nonscan flip-flops. Therefore, values of k were obtained for
only six faults at the outputs of these flip-flops.

From the histogram shown in Fig. 2, we determined the values
of k to be two and three. The total number of test clocks is assumed
to be constant. Thus, the total number of clocks for a given k, for
which random vectors are used, is computed as follows:

T(k) = (original number of vectors) x F(k),
where
F(k) = (fraction of k)/(# of FFs in scan path).

For our example (s820), there are two flip-flops in the scan
path. The fractions of k are 4/6 and 2/6 for k = 2 and 3, respec-
tively. The total number of unique vectors for each k is given by:

Number of unique vectors(k) = T(k)/Zk.

Thus, assuming that the total test time is 100,000 clocks, 16,667
unique vectors are applied for 33,337 clock cycles and 5,556 unique
vectors are applied for 16,667 clock cycles. Note that, in this kind
of testing, we will need to apply both scan clocks, as well as sys-
tem clocks. The fault coverage obtained in this step was 96.4 per-
cent, which is an improvement of 2 percent over the coverage ob-
tained in the previous step.
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TABLE 1
CIRCUIT DETAILS

Circuit | Number of | Number of | Number of | Number of | Number of

Inputs Outputs Gates Flip-flops Faults
382 3 6 158 21 399
s420 19 2 196 16 430
s444 3 6 181 21 474
s820 18 19 289 5 850
s838 35 2 390 32 857
s953 16 23 395 29 1,079
s1423 17 5 657 74 1,515
s5378 35 49 2,779 179 4603
13207 62 152 7,951 638 9,589
$35932 35 320 16,065 1,728 39,094

4 EXPERIMENTAL EVALUATION

We performed experiments on the ISCAS-89 benchmark circuits
listed in Table 1.

The table includes the various attributes of the circuits used in
our experiments. We first generated n = 100,000 random vectors
for each circuit. The value of 100,000 was used basically to keep
the time to complete the experiment within a manageable limit
and also to have a common basis for comparison. In practice, a
much larger value should be used for larger circuits. We then used
the fault simulator SEQSIM, developed by us, on each circuit, us-
ing 100,000 random vectors. The fault coverage obtained for each
of the circuits is shown in column 2 of Table 2. As stated earlier,
the fault coverage values are very poor for most circuits, except for
the circuit s35932, which seems to be a random pattern testable
circuit to begin with.

Following this, we calculated the k values for each circuit and
ran the fault simulator again using the hold method. The fault
coverage values, the number of unique vectors, and the different
values of k obtained using FASTEST are shown in columns 3, 4,
and 5, respectively, of Table 2. Also shown in the table (column 6)
are the fault coverage values using the sequential depth metric,
which is often cited as a measure of sequentiality of a circuit. This
metric is obtained from published data on the ISCAS-89 bench-
marks [17]. In some circuits, we see a major improvement in fault
coverage (s382, s444, s1423), others show a minor improvement
(s820, s5378), and two circuits show no improvement (s953,
$13207). However, none of the circuits show any degradation in
fault coverage as a result of applying the hold method and fewer
number of unique vectors. In the case of the two circuits, s420 and
s838, FASTEST was unable to initialize them, and, as a result, we
weren’'t able to estimate the values of k for these two circuits.
However, the results based on sequential depth show that signifi-
cant increases in coverage are obtained by the hold method.

TABLE 2
CONVENTIONAL RANDOM TESTING COMPARED TO THE HOLD METHOD

Normal Random Testing
Random with the Hold Method
Circuit Testing Varying Values of k k Fixed to Seq. Depth
Number
FC (%) FC of Unique Values of k FC (%) Seq.
(n = 100K) (%) Vectors Depth
$382 13.28 86 34,807 2,3,13,20 78.3 13
s420 5.59 - - See text 40.2 15
s444 12.66 80.4 34,807 2,3,13,20 78.8 12
s820 49.3 57.8 40,333 2,35 62.4 5
s838 45 - - See text 285 25
s953 8.34 8.3 50,000 2 8.3 6
s1423 57.76 86.3 14,469 5,8, 11, 15, 20 78.0 57
s5378 69.74 74.4 25,868 2,3,6,9,14,25 70.4 57
513207 9.19 9.2 18,229 2, 6,10, 13, 17 9.1 61
535932 86 87 41,667 2,3 83.3 30
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TABLE 3
COMPARISON OF THE HOLD METHOD WITH DETERMINISTIC TEST
GENERATION SYSTEMS

Hold Deterministic Test
Method Generation
Circuit (Table 2) Systems
FC (%) FC (%) ATPG
s382 86 90.7 DUST
s444 80.4 87.8 Lee & Reddy
s820 57.8 95.8 SAT
s953 8.3 8.3 SAT
51423 86.3 86.4 FASTEST
s5378 74.4 78.5 FASTEST
13207 9.2 9.4 SAT
$35932 87 89.7 SAT

The reference sources for these test generators are: DUST [18], Lee and Reddy
[19], SAT [20], and FASTEST [4].

How well does the hold method compare with deterministic
testing? To answer this question, we include Table 3, which con-
tains the coverage that can be obtained by deterministic test gen-
erators for these circuits. Only those circuits to which hold method
could be applied using the tools available to us are included in
Table 3. The fault coverages given in the table are taken from the
different sources identified in the table. Note that the noninclusion
of some circuits is not a limitation of the algorithm, but was pri-
marily due to the limitation of the test tools used by us. Table 3
demonstrates that hold method is fairly effective in getting close to
the coverage offered by the deterministic methods, and at a nearly
negligible cost of fault simulation, as opposed to test generation.

We then moved to the partial scan step. The total number of flip-
flops as well as the number of selected flip-flops in the scan chain are
shown in Table 4 (columns 2 and 3). The selection of the scan flip-
flops was obtained from [14]. Random vectors were generated for
the partially scanned circuits and the fault simulator was used on
these circuits. The fault coverage values, as well as the number of
unique vectors, are shown in Table 4, columns 4 and 5, respectively.
In all circuits except s35932, we see an improvement in fault cover-
age when using partial scan. We believe that the reason for poor
performance of random vectors on s35932 is the fact that our limit on
the total test time (100,000 clocks), combined with a fairly large
number of FFs in the scan path (297 FFs), allows only a very small
total number of random vectors (337 vectors) to be used to test the
circuit. This number of random vectors is clearly very low to test a
fairly large sequential circuit. However, the fact that the fault cover-
age doesn’t deteriorate substantially, in spite of a huge decrease in
the number of unique vectors (fault coverage decreases by only 5.6
percent, whereas the number of vectors reduced from 100,000 to
337), proves the effectiveness of partial scan in random pattern test-
ing of sequential circuits.

Next, we ran the fault simulator on the full-scan circuits to ob-
tain an upper bound on the fault coverage that can be obtained
using random testing in the partial scan environment. We used the
same number of vectors as in the partial scan case to arrive at a
possibly obtainable upper bound for the fault coverage. This up-
per bound does not include failures due to timing, since the test
may not be performed at normal speed [21]. Note that, although
the number of test vectors is the same as those in the partial scan
case, the test time for full-scan circuits will be between 103 percent
to 967 percent of the test time for partial scan circuit. The results of
this simulation are shown in Table 5. We see that the circuits s420,
$838, and s953 achieve the same coverage as in partial scan. As a
result, these circuits are eliminated from any further consideration,
as the maximum achievable coverage using random vectors has
already been achieved for these circuits.

After eliminating the circuits mentioned above, we calculated
the values of k for the remaining partially scanned circuits. We

IEEE TRANSACTIONS ON COMPUTERS, VOL. 47, NO. 1, JANUARY 1998

TABLE 4
THE RESULTS OF COMBINING RANDOM PATTERN TESTING WITH
PARTIAL SCAN

Random Testing with
Num FFs Partial Scan
Circuit of in FC Num. of
FFs Scan (%) Unique Comments
Path Vectors
s382 21 7 95.7 14,286
s420 16 15 80.0 6,667 Max FC*
s444 21 6 92.8 16,667
s820 5 2 94.3 50,000
s838 32 31 58.0 3.226 Max FC*
s953 29 3 99.9 33,333 Max FC*
51423 74 41 89.0 2,439
s5378 179 29 88.7 3,448
s13207 638 391 58.7 256
s35932 || 1,728 | 297 81.4 337

T This is the maximum achievable fault coverage. See text and Table 5.

TABLE 5
FAULT COVERAGE OBTAINED USING RANDOM VECTORS
ON THE FULL ScAN CIRCUITS

Random Testing with Full Scan
Circuit FC Number of Number of
(%) Unigue Vectors Test Clocks
s382 100.0 14,286 300,006
s420 80.0 6,667 106,672
s444 97.0 16,667 350,007
s820 100.0 50,000 250.000
s838 57.5 3.226 103,332
s953 99.9 33,333 966,657
s1423 95.3 2,439 180.486
s5378 97.5 3,448 617,192
s13207 74.7 256 163,328
535932 89.6 337 582,336

Note: The number of vectors used is the same as in the partial scan results.

then simulated these circuits with partial scan, using the hold
method, and obtained the results given in Table 6. All circuits,
except s5378 and s13207, show an additional improvement in fault
coverage over the previous step. We believe that the fault coverage
of the two circuits in question did not improve because of using
pessimistic values of k (number of clock cycles required to both
excite and propagate the faults, as opposed to looking at propaga-
tion values only). For the circuit s5378, we estimated the k values
for fault propagation alone and re-ran the experiment. Propaga-
tion values were indirectly estimated from the results of FASTEST.
The fault coverage obtained was 88.2 percent, which is about the
same as the coverage obtained in the previous step (88.7 percent).
It is evident from the results shown in Tables 4, 5, and 6 that
our algorithm has been able to obtain close to maximum achiev-
able fault coverage for all benchmark circuits in 100,000 test clocks.
Clearly, further improvement in fault coverage can be obtained by
increasing the test clocks and the number of random vectors.

5 COMPARISON TO RELATED WORK

A number of investigations have been carried out over the past
decade on random testing of sequential circuits. The approaches
taken in these investigations can be classified into two categories:
State hold method and Weighted Random Pattern (WRP) test
techniques. In this section, the related work will be briefly re-
viewed and contrasted to our technique.

5.1 State Hold Method

A method called FREEZE, based on holding the internal state of a
sequential circuit to a constant while changing the input, was
given in [11]. By temporarily holding the clock inactive, the
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TABLE 6
USE OF THE HOLD METHOD ON THE PARTIALLY SCANNED CIRCUITS

Circuit Random Testing with the Hold Method and
the Partial Scan
FC (%) # of Unique Vectors Values of k
s382 97.5 6,936 2,3,4
s444 96.2 6,936 2,3,4
s820 96.4 22,223 2,3
51423 92.6 859 2,3,4,8
s5378 85.1 1,175 2,3,4,7,11
s13207 56.6 109 2,3,6
$35932 84.9 135 2,37

sequential behavior of the circuit is disabled, thereby allowing the
application of a group of vectors in every state. In this way, one
can detect those faults whose detection is conditioned by the cir-
cuit being in a given state. The technique allows many faults to be
combinationally detected using faster combinational test genera-
tion algorithms. However, a major limitation of FREEZE is that the
faults that have been activated in previous time frames and whose
effects are stored in flip-flops are not detected by this method.

The fault coverages obtained by FREEZE and the hold method
are compared in Table 7. Only those circuits for which the cover-
ages with both techniques are known are given in the table. As is
evident from the table, the hold method outperforms FREEZE for
all circuits, except for s953, which has a very poor coverage even
with the best deterministic test generator (see Table 3). An advan-
tage of FREEZE is that the number of test vectors (generated by
ATPG) needed to obtain the reported coverages in the table is far
less than the number of vectors needed by the hold method
(random vectors).

Bardell and Savir [12] also used a method similar to FREEZE to
test a class of sequential circuits. In their method, a randomly ad-
dressed memory array location is initialized and held for a fixed
number of clock cycles, while new random vectors are fed into the
combinational logic. The goal of this approach is to test the output
logic of products with embedded memory arrays. What makes this
technique distinct from FREEZE is that random vectors are ap-
plied at the primary inputs, unlike FREEZE, which uses an ATPG.
In addition, Bardell and Savir [12] also provide for the collection of
output patterns in a signature register to facilitate fault diagnosis.

5.2 Weighted Random Pattern Test Techniques

Waunderlich [10] proposed a two-phase design of random testable
sequential circuits in which a minimal set of flip-flops is included
in the partial scan path and the modified sequential circuit is
tested by weighting the random test inputs. The weights at the
primary inputs and pseudoprimary inputs are time dependent.
Computing these weights for general sequential circuits such that
the test length is reduced significantly has exponential time com-
plexity. Therefore, certain restrictions are placed on the circuit
structure so that random pattern testability is ensured. The results
on three special types of circuits show significant improvements in
fault coverage. However, due to the restricted applicability of this
technique, no results are available on the ISCAS-89 benchmarks.
Muradali et al. [22] observed that the low fault coverage of
random testing of sequential circuits is the direct result of failure
of the internal flip-flops to switch states, owing to their poor con-
trollability. This effectively makes the set of all circuit flip-flops an
internal weighted random pattern (WRP) generator. In an un-
modified sequential circuit tested with random patterns, this de-
fault weight distribution can restrict the range of circuit activity
and, hence, impede fault coverage. A flip-flop modification method
was proposed in [22] such that the number of circuit states attain-
able using random patterns is increased. Using this method, the
circuit is jolted to produce a larger spread of states so that the bias
(the probability that a line value is one) at a flip-flop is close to 0.5.
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TABLE 7
COMPARISON WITH FREEZE
FC(%)
Circuit FREEZE [11] [ Hold Method
s420 38.4 40.2
s820 53.6 62.4
s953 8.9 8.3
51423 53.7 86.3
s5378 59.5 74.4
513207 55 9.2
535932 85.3 87

The result is an internally generated sequence of biased test vectors.

Muradali et al.’s WRP experiments used 100,000 random test
vectors. The fault coverages obtained for selected ISCAS-89
benchmark circuits are in the range of 85 to 95 percent, whereas
the results from the hold method are in the 30 to 80 percent range
for the same circuits. However, the better coverage of WRP test
approach comes at the cost of modifications to almost all the flip-
flops in the benchmark circuits. On the other hand, the fault cov-
erages by the hold method with partial scan compare well with
their results. The advantage of our technique is that modification
is needed on only a subset of flip-flops, unlike their technique.
Further, it must be noted that the weight generation step in [22]
requires either testability measures or iterative simulation of the
circuit with large number of random vectors.

6 CONCLUSION AND DISCUSSION

In this paper, we proposed a systematic approach to improve the
random testing of sequential circuits. Our approach consists of a
hold method (where random vectors are held at the inputs for
more than one clock cycle) combined with partial scan. The hold
method is extremely simple to implement and requires no hard-
ware modification, yet we showed that it is highly effective in
improving the fault coverage. Partial scan can be used to further
improve the fault coverage, and a combination of the hold method
and partial scan can be used when necessary. We used our algo-
rithm on the benchmark circuits. Results of our experiments show
that the algorithm achieves a major improvement over conven-
tional random testing. The fault coverage for most of the circuits
was pushed close to the maximum obtainable fault coverage using
full-scan and random testing. We believe that, for the large
benchmark circuits (s5378, s13207, and $35932), using a more real-
istic number of random vectors will result in maximum obtainable
fault coverage.

The hold method has a limitation in that it performs only mar-
ginally better than conventional random testing for circuits with
high random test coverage to begin with. In such situations, hold-
ing a vector does not necessarily sensitize the excited faults any
better than the next random vector. Thus, the hold method is tar-
geted to increase the coverage of circuits which have an inherently
low random test coverage.

The success of the hold method in random pattern resistant cir-
cuits can also be explained in a different way (suggested by one of
the referees) than what is given earlier in this paper. If a vector
randomly excites a hard-to-excite fault, keeping that hard-to-excite
fault excited for multiple clock cycles is more likely to lead to an
error than if it is excited for only one clock cycle. How long one
should keep the fault excited depends on the structure and func-
tion of the circuit. The k metric and the sequential depth discussed
earlier in the paper encapsulate such circuit dependability. The
analysis of state transition graph of the circuit may give more in-
sight into the evaluation of this metric. Some of the open and in-
teresting problems to solve are the appropriate choice of the num-
ber of test vectors (n), selection of flip-flops that form a good set of
candidates for inclusion in the scan path for hold method of test-
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ing, and the use of even simpler computational methods to esti-
mate the values of k. The method proposed here is an excellent
candidate for use in built-in self-test (BIST) environment. But,
clearly, use of multiple values of k can be costly; therefore, meth-
ods to choose only few values of k while maintaining a high fault
coverage is of interest. These problems require further study and
improvements in the method proposed in this paper.
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