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1 Introduction

The reversible circuit technologies are more promising future alternative as com-
pared to conventional circuit technologies in the scenario of high-performance
computation. Rolf Landauer [1], 1961, showed that whenever using a logically
irreversible operation, it dissipates energy into the environment. The reversible
logic operations are those operations which can reuse a fraction of the signal
energy that theoretically can approach near to 100%. Therefore, the reversible
logic circuit is the most popular technology to achieve this performance. The
properties of the reversible circuit are simpler than a conventional circuit.
The basic properties of reversible circuits are (a) number of inputs are equal
to the number of outputs, (b) only bijection operation is allowed, and (c) no
fanout and feedback connection is allowed.

Due to the reversibility property, the efficient test pattern generation of a
reversible circuit is relatively simpler than the traditional logic circuit. The other
facet of the reversible circuit is that it has produced unique output vector from
each corresponding input vector and vice versa, which gives high controllability
and observability [2]. A test set is a collection of the input test vectors which are
applied to a reversible circuit to detect and observe that the faults are occurred
in the circuit. The test set is called as complete test set if it is capable of detecting
all the faults in a given circuit. The relation between different fault models of
the reversible circuit has been discussed in [3]. This paper has drawn parallels
between the bridging and stuck-at faults for generating the test patterns. The
test vectors that set the two lines by the opposite logic values “01” and “10” are
used to detect the two lines of bridging faults at the same level [4]. In other way,
for detecting the stuck-at faults at any level, the lines at every level are set by 0
and 1. Generated complete test set for individual fault model is already in the
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literature but “generated test patterns for one particular fault model is derived
such that it is capable of detecting another fault model” is our key concern. Based
on this concept, we have generated the test patterns for the input bridging faults
and further reconstructed the test vectors for the input stuck-at faults which are
obtained from bridging fault model.

The rest of the paper is organized as follows: Sect. 2 provides some basic
background on reversible logic circuits and an overview of stuck-at and bridg-
ing fault model in the reversible circuit. Sect. 3 describes our proposed method
for generating the test set for detecting input bridging and stuck-at faults. The
experimental result and conclusion are provided by Sect. 4 and Sect. 5, respec-
tively.

2 Background

2.1 Reversible Logic Circuits

A reversible logic circuit is used to implement the reversible computation and
it is formalized in terms of gate-level circuits. The reversible circuit structures
are cascade structure [5]. All the operation of the reversible circuit has to be
performed in a reverse form. The reversible circuit allows only bijective oper-
ations [2] and maintained the bijective operation; the circuit does not include
any concept of fan-out and feedback connection [6]. In reversible circuit design,
several gates have proposed over the past decades. They are the controlled NOT
(CNOT) proposed by Feynman [7], Toffoli [8], Fredkin and Toffoli [9], etc. In this
paper, we are using only NCT library that contains NOT, CNOT, Toffoli gate,
and GT library containing generalized (n-bit) Toffoli gate. This NCT library was
introduced by Toffoli [8] in 1980.

2.2 Fault Models in Reversible Circuit

A fault model has described the different levels of abstraction of physical faults
in a system. These levels of abstraction can be defined as behavioral, functional,
structural, and geometric [4]. A fault model is a mathematical model which rep-
resents various faults possibilities and it helps to generate the tests for detecting
and reducing all the possible faults in a given circuit [3]. Numerous fault models
have been introduced in the reversible circuit. In this work, we have considered
stuck-at fault and bridging fault model in the reversible circuit.

1. Bridging Faults in a Reversible Circuit: The bridging faults occur when
two signals are connected together but they should not be. If two or more lines
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involved in bridging faults, then logical effects of this faults are categorized
by wired-OR or wired-AND bridging faults [4]. The single-input bridging
faults occur, if two input lines are operated by the opposite logic values [10].
Sarkar and Chakrabarti [11] proved that if any test set is complete for the
single-input bridging faults, then that particular test is also completed for
detecting the multiple-input bridging faults. The authors also showed that
the generated test sets are capable of detecting all the possible single- and
multiple-input bridging faults if generated test sets are eligible for detecting
all the single-input stuck-at faults in a given reversible circuit.

2. Stuck-at Faults in a Reversible Circuit: The stuck-at faults occur in a
circuit when one of its inputs and outputs to be fixed at either logic value 0
(stuck-at-0) or logic value 1 (stuck-at-1) without considering the input value.
This is a very common fault model used for irreversible circuits. If the stuck-at
fault is involved only for one line in the circuit, then it is called as the single
stuck-at fault (SSF), and if stuck-at fault is involved more than one line, then
it is called as multiple stuck-at faults (MSF). Patel et al. [2] stated that any
test set is complete for detecting the stuck-at faults, if and only if each line
at every level can be set to both 0 and 1 by the test sets. The paper [2] also
showed that the test set is complete for all single stuck-at faults, and then it
also becomes complete test set for all multiple stuck-at faults.

Fig. 1. ATPG and FDL flow
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3 Proposed Method

We have divided into two modules in our method. The first module described the
test pattern generation of single-input bridging faults. After generating the test
patterns, we have derived these patterns for further use of single-input stuck-at
faults. Also, we have introduced fault description list (FDL) in our work. The
detailed discussion has been given below.

3.1 Fault Description List

Fault description list contains all the possible faults which are generated by the
test vectors based on the position of the binary bit sequence present in that test
vector. Using the fault description table, we have checked that which test vector
is covered by a maximum number of faults and combined the minimum number
of test vectors such that it covers all the possible faults in the given reversible
circuit.

The construction of ATPG and fault description list (FDL) flow is shown
in Fig. 1. In Fig. 1, step (a) extracts all the possible single-input bridging and
stuck-at faults in the given reversible circuit. Step (b) generated all the possible
test pattern from our proposed method (ATPG). All the faults are stored in the
fault list which is generated by test pattern mentioned in step (c). In step (d),
each individual test pattern of corresponding faults adds to the test set. Now,
we have checked that fault list is covered all the faults, if not then take another
combination of test patterns and continue the same process. If some selected test
set is able to cover all the faults, then that test set is the final one for detecting
all the faults; it has mentioned in step (e) and also this test set is minimized
form because the combination of test vectors is growing in increasing order.

3.2 Test Set Generation Algorithm for Single-Input Bridging Fault

In this section, we have arranged our proposed method into two algorithms.
Algorithm 1 has explained initially how to extract all the test vectors (TV)
based on the bridging faults property. To obtain the binary bit sequences, we are
starting from n = 3, where n is the number of input lines of the reversible circuit.
In Algorithm 2, the FDL has ensured that which test vector(s) is capable of
detecting all single-input bridging faults (l1, l2), (l1, l3) . . . (li, lj), where i < j ≤ n
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and (li, lj) ∈ FBi
in the given circuit. Finally, select the minimized fault detecting

test set TB of N number of input lines in a reversible circuit.

Algorithm 1: Extracting the TV from bridging fault property
Input: S is the set of all binary sequences of 3-input lines.
Output: T is minimized form of test vectors (TV).
Step 1: List out all the opposite logic value of two-bit binary sequence
for n=3 from set S and P is the set of opposite logic values.
Step 2: Assign ‘X’ at missing bit position in P and replaced X by 0 and 1.
Step 3: P with duplicate terms then removes until no duplicate terms are
exist and then remove complement terms at P.
Step 4: P is the set of final minimized binary sequences and T← P.
Step 5: return T.

Algorithm 2: Complete test set generation for detecting single input
bridging faults
Input: A set of test vectors T from Algorithm 1.
Output: Final minimized fault detecting test set TB using FDL.
Step 1: Compute TB , initially empty.
Step 2: All the faults FB1 ,FB2 , FB3 . . . . . . FBi

are assigned to FB in a
given n-input reversible circuit.
Step 3: Each test vector of T is identified single input bridging faults FB

using the binary bit position.
Step 4: FDL stores the information of each fault identified by TV in T.
Step 5: Choose the increasing order combination of test vectors in T.
Step 6: If T is cover all the faults FB using FDL then TSB ← T and
return TB, otherwise continue from Step 5 until covers all the faults.
Step 7: Update the value of n = 4, 5, 6, . . . . . .
Step 8: Appending the “0” or “1” at the LSB of each test vector in TB .
Step 9: T ← current TB for n-input lines.
Step 10: Continue the same process from Step 2.

Lemma 1. Detecting single- and multiple-input bridging faults in a given n-
input reversible circuit, the (�n/2�) number of test vectors are sufficient.

Proof. Here, each of the input lines can be set to both opposite logic values 0
and 1. The test vector TVi=(〈b0i b1i b2i . . . b(n−1)i〉), where 1 ≤ i ≤ �n/2�,
b(n−1)i is the (n−1)th bit of ith test vector and b(n−1)i ∈ {0, 1}. As explained in
Algorithm 1, the test set T={TV1, TV2, TV3} is the test set for n = 3-input lines
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(initially) in the given reversible circuit, where no duplicate and complement
test vectors are present. The total single-input bridging faults are C(n, 2) = 3 in
the three-input reversible circuit. In the binary bit position for three-input lines,
any one of the test vectors is capable of detecting the number of faults C(n, 2)/2
or more than C(n, 2)/2 of the total faults but only one test vector is unable to
detect all the faults. Because at least one logic value for each test vector is similar
to the other logic value, to maintain the opposite logic value for each test vector,
the test set TB has exactly produced �n/2� test vectors. Therefore, according
to Algorithm 2, we formed the test set TB = {TV1, TV2} that is capable of
detecting all the faults in the given three-input reversible circuit. If we go for
(n + 1), i.e., four-input lines in the reversible circuit, then adding extra input
line is created new faults (l1, l4), (l2, l4), (l3, l4). For detecting new faults, we are
adding 0 or 1 to the least significant bit (LSB). We have only checked the new
form of faults because existing faults are automatically covered by the existing
test vector (for n = 3). Hence, �n/2� test vectors are required to detect all the
single-input bridging faults.

3.3 Test Set Generation Algorithm for Single-Input Stuck-at Fault

In this section, we have introduced our algorithm for detecting single-input stuck-
at faults. Algorithm 3 extracted the test set TB which is derived from the single-
input bridging fault model and generated the final test set TS for detecting the
single-input stuck-at faults.

Algorithm 3: Test set generation for detecting single input stuck-at faults
Input: TB is the current test set obtained from Algorithm 2.
Output: Test set TS for detecting single input stuck-at faults.
Step 1: Compute test set TS , initially TS = TB.
Step 2: All faults FS1 , FS2 , FS3 , . . . , FSi

of the given circuit assign to FS .
Step 3: FDL stores the information of each fault identified by the TS .
Step 4: If TS is covered all the faults of FS from FDL then return TS

else goto next Step.
Step 5: Complement of any one test vector of TS and update TS with
adding new complement test vector and goto Step 3.

Lemma 2. Detecting all the single- and multiple-input stuck-at faults in a given
n-input reversible circuit, the (�n/2�) + 1 number of test vectors are sufficient
enough.

Proof. In Lemma 1, it has proved that test set TB = {TV1, TV2} is capable of
detecting all the single-input bridging faults in three-input reversible circuit. Any
combination of test vectors (excluding complement of test vector), at least one-
bit position, is occurred with same logic value. Due to this fact, it is unable to
cover either one (or more) stuck-at-0 or stuck-at-1 fault(s). If we are introducing
new test vector which is the complement of any test vector (e.g., TV1 or TV2),
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then that bit position of complement test vectors must occur at least one opposite
logic value. Therefore, extra one more test vector is needed for detecting the
single-input stuck-at faults in our proposed method, i.e., the test has required
exactly (�n/2�) + 1 number of test vectors.

Example 1. Consider the reversible benchmark circuit ham3 consisting of three-
input and three-output lines as shown in Fig. 2a. The number of single-input
bridging faults is C(3, 2) = 3. Algorithm 1 generated the minimized test vectors
in T = {001, 010, 011}. Then, using Algorithm 2, the final minimized test set
TB = {001, 010} with the help of FDL, which is the complete test set in a ham3
benchmark circuit for detecting the input bridging faults. In this circuit, the total
numbers of single-input stuck-at faults are 3 × 2 = 6. It has observed that the
test set TB is not capable of capturing all the single-input stuck-at faults. Hence,
we apply Algorithm 3 and generated the complete test set TS = {001, 010, 110},
where “110” is the complement form of “001”. The test set TS covered all the
possible single-input faults in ham3 benchmark circuit.

Example 2. In this example, we are considering mpsk 4 49 13 reversible bench-
mark circuit consisting of four-input and four-output lines as shown in Fig. 2b.
The number of input bridging faults is C(4, 2) = 6. The Step 9 in Algorithm 2
generated the minimized test set TB = {0011, 0101} with the help of FDL,
which is the complete test set for detecting the single-input bridging faults in a
mpsk 4 49 13 benchmark circuit. Now if we consider the single-input stuck-at
faults of this circuit, then a total number of single-input stuck-at faults occur
4×2 = 8. Similarly, the test set TB is not capable to detect all the input stuck-at
faults. Therefore, Algorithm 3 is generated the test set TS = {0011, 0101, 1100},
where “1100” is the complement form of “0011”. The test set TS is the complete
test set for detecting single-input stuck-at faults in mpsk 4 49 13 benchmark
circuit.

Fig. 2. a ham3 benchmark circuit b mpsk 4 49 13 benchmark circuit

4 Experimental Results

The proposed algorithms are generating the mixing test vectors applied to var-
ious reversible benchmark circuits [12] with NCT and GT models. The test
sets are generated by our proposed method that is compared with the existing
method [11] which is shown in Table 1. It has observed that the proposed method
gives good performance in both the fault models and also covered 100% faults.
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5 Conclusion

This paper observed that there is a close relation between stuck-at and bridging
faults in the reversible circuit. This paper concludes that (�n/2�) test vectors are
generated at first for detecting the input bridging faults and reconstructed the
test vectors from the bridging fault model such that adding only one test vector
is sufficient to detect input stuck-at faults in the n-input reversible circuit. There
will be a possibility to design a technique such that similar type of test vectors
can be detected which may be some other fault models. This may lead to the
future work.
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