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Abstract—It has been mathematically shown that the testing
problem is NP complete. Numerous attempts have been made in
creating and designing algorithms to successfully test a digital
circuit for all faults in computational linear time. However,
due to the complexity of the NP problem, all these attempts
start becoming exponential with an increase in circuit size and
complexity. Algorithms have been proposed where successful
vectors have been used to search for more test vectors with
similar properties. However, this leads to a bottleneck when
trying to find hard to find stuck-at faults which have only
one or two unique tests and their properties may not match
other previously successful tests. We propose a new probability
based algorithm where new test vectors are generated based
on the input probability correlation of previously unsuccessful
test vectors. By looking at the correlation between the primary
inputs for previously generated test vectors, we use the probability
information of 1’s or 0’s at a primary input with respect to
other inputs to skew the search in the test vector space. We have
shown test time improvements for a 10 input AND gate, c17
and c432 benchmark circuits. We have also shown improvements
when comparing our algorithm with a random test generator and
weighted-random test generator.

Keywords—Probabilistic correlation; test pattern generator;
quantum algorithms; unsuccessful test vectors

I. INTRODUCTION

Generation of test vectors to test for a fault is a classic
VLSI Testing problem and has been tackled by numerous
algorithms and proposed solutions. Classic algorithms like the
D Algorithm [1], PODEM [2], and FAN [3] have long been
established as standards to test for these single stuck-at faults
and have shown huge improvements compared to random Test
Pattern Generation (TPG). Over the years, other algorithms
[4]–[6] have been researched and developed that build upon
these classic ones to vastly improve the search time for test
vectors. Research into algorithms which tackle the problem of
deriving universal test sets from the functional description of
logic networks have also been successfully conducted [7], [8].
In [7], Reddy devises an algorithm to derive test sets to detect
all stuck-at faults in restricted and unate gate networks. By
showing equivalence between unate and restricted networks,
he shows that by deducing test sets for restricted networks,
he can achieve test sets for unate networks as well. In his
paper, Akers attempts to answer the question, “How can
any reasonably sized test set possibly test every conceivable
implementation?” [8]. By considering only certain types of

network implementations, [8] was able to find universal test
sets for these networks.

Some of the more prominent examples are genetic algo-
rithms, weighted-random test generators [9], [10], test gen-
eration using spectral information [11], and anti-random test
pattern generation [12] amongst others.

Agrawal uses an expression of probability to analyze the
information flow to deduce a fault in the digital circuit [10].
The paper summarizes that the input vectors which cause the
output entropy to be at a probability value of 0.5 consist of the
test vector set. By skewing the input probabilities in the manner
described above, [10] was able to derive a weighted-random
based test pattern generator. Schnurmann derived a heuristic
method for generating statistically random sequences to test
logic circuits. The paper uses a number of approaches to devise
a weighted random test generator. One approach was to assign
weights to the inputs according to their importance. Another
approach used switching activity to stimulate a primary input
[9]. However, the methods described in [9], [10] do not take
into consideration the probability correlation between the input
vectors.

Yogi devised a technique of using Hadamard matrices for
Walsh functions to analyze faults and generate test vectors.
By using the matrices and random noise levels at each primary
output, the paper devises a technique called the spectral method
for generating test vectors with properties similar to those tests
which can detect stuck-at faults [11].

However, all these algorithms start hitting bottlenecks when
trying to test hard to detect faults that may have just a handful
of unique tests in the entire search space, and hence devolve
back to the classic NP-hard problem of VLSI Testing [13]–
[15]. A growing interest in quantum computing has spurred in-
vestigations in the areas of probabilistic computing algorithms
[16], [17]. Blei’s paper is a survey paper on the concept of
Probabilistic Topic Modeling. Basically, they are a suite of
algorithms which aims to search large tracts of documents
with similar thematic information. By using these statistical
method approaches, researchers aim to organize archives at a
scale deemed impossible by human annotation [17]. Angluin
shows that probabilistic analysis is possible for Hamiltonian
circuits and devised efficient algorithms which were able to
traverse the random graphs to find a perfect match in a linear
run time [16]. Grover’s algorithm is able to find an item in
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a database in sub-linear search time and is shown to be the
optimal solution in time complexity [18]. Shor’s algorithm for
factorizing a number in linear time is well known and is being
used as a test for the design of quantum computers [19].

In summary, quantum computers have their foundations in
probabilistic and non-deterministic based computers, and since
quantum algorithms have their roots in probabilistic computing
algorithms, forays into such algorithms are needed so as to
bridge the difference between classical and quantum comput-
ers. This paper proposes a unique algorithm that aims to clear
the final bottleneck by identifying probabilistic correlations
between the bits of test vectors that can successfully test a
hard to detect fault.

This paper is divided into five more sections. Section II
expands on the working and explanation of our proposed
algorithm, Section III highlights how our simulations were
conducted and what sort of software and tools were used,
Section IV discusses and elaborates the results obtained from
our simulations along with graphs and figures. Section V &
VI highlight our conclusion and future direction of research
which can be undertaken.

II. PROPOSED ALGORITHM

This algorithm proposes to improve the search for a test
vector to detect a given stuck-at fault when compared to a
random search based algorithm. The fundamental principle
behind this algorithm is that there is a correlation present
among the parallel bits of the test vectors applied at the primary
inputs [8]. In other words, during test generation, if a bit
is a ‘0’ at a particular input, we can predict with a certain
probability, the state of the other bits at the other primary
inputs. We aim to quantify these correlations in terms of a
conditional probabilities n x n matrix (where ‘n’ is the no.
of primary inputs to a circuit). The diagonal values represent
the independent probabilities of a state being a ‘0’ or a ‘1’ at
the primary inputs whereas the off-diagonal elements represent
the conditional probabilities of the input vector states given a
chosen primary input’s probability.

This method will improve the search of test vectors for
stuck-at faults in the following manner:

1. When the test vector search hits the bottleneck of hard
to detect stuck-at faults, our conjecture is that we need to find
test vectors whose properties are not similar to the current
probability correlation matrix (built out of previously used test
vectors). In colloquial terms, we aim to avoid the vectors which
share the characteristics of the unsuccessful vectors.

2. By statistically reducing the probability of choosing test
vectors which share properties similar to the previously known
unsuccessful vectors, we aim to skew the search in the test
vector space for the correct test vector which can trigger the
fault based on the conjecture described above.

3. The correlation matrix contains information of unsuc-
cessful test vectors of hard to find stuck-at faults and we can
use the opposite correlation to extract the right test vectors
which will test the hard to detect faults in a time faster
than random search algorithms. The vector set extracted from
the above algorithm should take less no. of iterations when
compared to a random vector search.

A. Algorithm Steps

This subsection describes in detail how the algorithm has
been implemented and the steps or iterations needed to perform
a successful search of test vectors:

• Initially, apply random test vectors to the CUT so as to
build an initial table of vectors which have positively
identified faults.

• From the known table of good test vectors, build a
probability matrix where the diagonal values represent
the independent probability of ‘1’ or ‘0’ at the primary
inputs.

• Next, populate the off-diagonal values with the con-
ditional probabilities of the input bits given a bit at a
particular input is a ‘1’ or a ‘0’.

• Next, traverse the diagonal and highlight the element
with the largest independent probability. Extract the
entire column of the matrix once the largest diagonal
element has been identified.

• Force the value of the diagonal element to a ‘0’ or a
‘1’ depending on the probability. Then, in ascending
order, traverse the column and force the bit values to
a ‘0’ or a ‘1’ depending upon the probability.

• Stop once all possibilities of test vectors have been
exhausted from the column or if a test vector has been
found.

• If a test vector has been found, recalculate the prob-
ability matrix after adding the newly found vector to
the known test set (Go to step 2 and repeat) else go
to step 8.

• If a vector has not been found, traverse the diagonal
to the next largest element and repeat steps 5-7. If the
element is the same as the previous one, it will be
skipped to go to the next one.

• The above steps are repeated till the fault coverage
reaches the desired result (100%) or the entire diago-
nal has been traversed.

III. SIMULATION SETUP

Simulations were performed on ISCAS’85 c17 and c432
benchmark circuits. The RTL models written in Verilog were
used to perform the simulations. The fault simulator used
was FastScan [20] from Mentor Graphics. The random pattern
generator built into FastScan was used to emulate a random
search of test vectors for all the faults in the circuit.

The proposed algorithm was written and coded in MAT-
LAB [21] provided by MathWorks. The test vectors extracted
from MATLAB was sent to FastScan for verification i.e. to
check if the vectors indeed can trigger a particular fault in
the circuit. This was done using the fault simuator mode in
FastScan.

IV. RESULTS

Initial testing of the algorithm was performed on finding
a single stuck-at fault on a 10 input AND gate. We chose a
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fault site on one of the primary inputs of the 10 input AND
gate. Since, there are 10 fault sites, the total number of faults
at the inputs would be 10 stuck-at-1 faults and 10 stuck-at-0
faults. The fault for which the test needed to be found was a
stuck-at-1 fault on a primary input of the 10 input AND gate.
This was primarily done to establish the proof of concept of
the algorithm and get a feel of the algorithm’s working by
following the mathematics behind the algorithm. Secondly, the
algorithm was also compared with a pure random test generator
and a weighted random test generator based on the output
entropy described in [10] to prove the algorithm’s strength.

The following figures highlight our results in a graphical
manner. Figure 1 shows the no. of iterations needed to find a
test for a stuck-at-1 fault in the primary input for a 10 input
AND gate using our proposed algorithm. Figure 2 shows the
no. of iterations needed to find the test using the entropy based
weighted random generator described by Agrawal [10] while
Figure 3 shows the no. of iterations needed when applying a
pure random test generator.

Our results show that the proposed algorithm performance
is better than both random and weighted random test generators
over 100 trial runs. While a random test generator takes an
average value of 512 iterations to find the test, and Agrawal’s
weighted test generator [10] takes about 25 iterations; our
proposed algorithm was able to find the correct test within
10 iterations on average.

Testing of the algorithm was also performed on a c17
benchmark circuit to further test for the correctness and get
an intuitive feel by following the steps manually. Although,
c17 does not have any hard to detect faults needing unique
test vectors, our simulations showed that the last 12 faults
took atleast 54 iterations on average to find all the tests for
those faults (some simulations took 128 iterations) when using
a random test generator to find test vectors. The proposed
algorithm was able to find vectors to test the same faults within
30 iterations (with the worst case being 42 iterations).

The algorithm was also implemented on a c432 bench mark
circuit. The algorithm was used to find tests for 4 hard to
detect stuck-at faults in the circuit. A pure random search
algorithm was unable to find the test for any of these faults
as the computer kept running out of memory space. Since
c432 circuit has 27 primary inputs, on average, a random
search needs 226 iterations to find a test for a fault which
is computationally expensive. The no. of iterations taken to
find the test for each fault has been tabulated in Table 1.

TABLE I. NO. OF ITERATIONS NEEDED TO SEARCH FOR A TEST
VECTOR FOR EACH FAULT IN A C432 BENCHMARK CIRCUIT USING THE

PROPOSED ALGORITHM.

Fault no. No. of iterations
1 3180
2 1864
3 3179
4 3865

Due to the lack of time, we did not implement the entropy
based algorithm on the benchmark circuits and we have
chalked it up as something to investigate for future work.

Fig. 1. Average no. of iterations needed to find single stuck-at fault using
the proposed algorithm

Fig. 2. Average no. of iterations needed to find single stuck-at fault using
the weighted random generator [10]

V. FUTURE WORK

Future directions of this algorithm includes testing the
proposed algorithm on all the ISCAS’85 and ISCAS’89
benchmark circuits, i.e., all the combinational and sequential
benchmark circuits. Another direction of this work lies in
comparing this algorithm’s efficiency in generating tests to
other contemporary algorithms mainly weighted random test
generation, anti-random TPG, and spectral test generators. We
plan to compare our work primarily with the entropy based
weighted random test generation algorithm [10] as the work is
also similar in dealing with probability but does not take into
account the correlation between the inputs.
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Fig. 3. Average no. of iterations needed to find single stuck-at fault using a
random test generator

VI. CONCLUSION

This paper successfully shows the working of our new
probability correlation based algorithm on the primary in-
puts. The proof of concept of our proposed algorithm has
been successfully demonstrated, and our results show that
our algorithm perform exceptionally well when compared to
random test pattern generators. Also, the resilience of our
algorithm is seen as well when compared with previously
published weighted random test generators in initial tests. The
future direction of our work is to compare our algorithm with
other well-known published works for benchmark circuits and
prove its superiority. With Moore’s law coming slowly to a
crawl, and silicon technology slowly approaching it nadir,
research in quantum computing and quantum algorithms is
slowly on the rise. Previously described algorithms like Shor’s
algorithm and Grover’s algorithm are already being used as
a test for the working of quantum computers. All probability
based algorithms are not quantum algorithms, but all quantum
algorithms are probabilistic algorithms. Our end objective is to
create a quantum testing algorithm i.e. create a probabilistic
algorithm which can run on a quantum computer. We might
have not yet achieved the goal, but that is the ultimate direction
with which we are undertaking a foray in this research.
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