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1. Introduction
Reversible logic circuits have emerged as a pivotal area of research in modern computing, particularly due to

their potential to minimize energy dissipation and information loss. These circuits, characterized by a one-to-one
correspondence between inputs and outputs, are fundamentally composed of reversible gates [1]. Unlike
conventional logic gates, reversible gates ensure that the input states can always be uniquely determined from
the output states, making them highly efficient for applications in quantum computing, low-power design, and
nanotechnology [2].

The synthesis of reversible circuits has been extensively studied, with numerous approaches leveraging
knowledge engineering and optimization techniques. Traditional methods often focus on single-objective
optimization, but the complexity of reversible circuits demands a multi-criteria approach to balance factors such
as quantum cost, circuit depth, and the number of ancillary inputs and garbage outputs. Metaheuristic
algorithms, known for their robustness in solving complex optimization problems, have shown promise in
addressing these challenges. Among these, genetic algorithms (GAs) and bat algorithms (BAs) stand out for
their ability to efficiently explore large solution spaces [3].

This paper presents a novel hybrid method combining genetic and bat metaheuristic algorithms to optimize the
synthesis of reversible circuits [4]. The proposed approach aims to improve upon existing techniques by
leveraging the global search capabilities of GA and the local search precision of BA. By modeling the synthesis
problem as a multi-criteria optimization task, our method achieves superior results in terms of quantum cost and
circuit delay, as demonstrated through simulations on benchmark circuits such as the two’s complement and full
adder [5].

The remainder of this paper is organized as follows: Section 2 reviews related work in reversible circuit
synthesis and metaheuristic optimization. Section 3 details the proposed hybrid algorithm, while Section 4
presents the experimental results and comparative analysis. Finally, Section 5 concludes the paper and suggests
directions for future research.

2. Innovation and contributions
This paper introduces a novel hybrid metaheuristic approach, combining genetic and bat algorithms, for the

synthesis of reversible circuits with simultaneous optimization of quantum cost and circuit delay. Key
innovations of the proposed method include:
e An automated population-sharing mechanism between the genetic and bat algorithms to prevent
convergence to local optima and enhance global search capability.
e A unified encoding scheme that enables concurrent optimization of gate selection and circuit layout,
facilitating efficient parallel processing.
e Demonstrated superior performance in benchmark evaluations, achieving a 19% reduction in quantum
cost compared to standalone algorithmic approaches.
This methodology contributes to the development of scalable and energy-efficient circuit design techniques,
with particular relevance for quantum computing and low-power electronic applications. The integrated
optimization framework effectively addresses multiple design constraints while improving overall circuit
performance metrics.

3. Materials and Methods
This study utilizes a hybrid metaheuristic methodology integrating Genetic Algorithm (GA) and Directional Bat

Algorithm (DBA) to optimize reversible circuit synthesis. The system is implemented in Python, representing
circuits as chromosomes in GA and locations in DBA, with a unified four-element encoding scheme per gate.
Benchmark circuits, including two’s complement and full adder configurations, are evaluated based on quantum
cost, delay, and garbage output metrics. A population-sharing mechanism between the two algorithms prevents
stagnation in local optima. Simulations conducted over 250 generations, with population sizes of 80 for GA and
60 for DBA, demonstrate accelerated convergence and superior solution quality compared to standalone
methods.

4. Results and Discussion
The hybrid GA-DBA method demonstrated superior performance in reversible circuit synthesis. For the two's

complement circuit, it achieved a quantum cost of 19 (compared to 25 for GA and 22 for DBA) and a delay of
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12 (compared to 20 and 14, respectively). In the case of the full adder, the quantum cost remained competitive at
98, while the delay was significantly reduced to 112 (versus 166 for GA and 140 for DBA). Although the
method utilized slightly more gates (12 compared to 10—11 for the two's complement circuit), it consistently
minimized garbage outputs (9 compared to 15-18 for the full adder).

These results highlight the effectiveness of population-sharing between algorithms in balancing exploration and
exploitation, enabling the hybrid approach to outperform standalone methods in multi-objective optimization.
The observed trade-off between gate count and other performance metrics suggests that future work could
explore weighted optimization strategies to further enhance circuit efficiency.

5. Conclusion
This paper successfully demonstrates the effectiveness of a hybrid GA-DBA metaheuristic approach for

optimizing reversible circuit synthesis. The proposed method outperforms standalone algorithms by
significantly reducing quantum cost and circuit delay while maintaining competitive gate counts. The innovative
population-sharing mechanism proves crucial in escaping local optima and achieving faster convergence.
Although the approach slightly increases gate numbers in some cases, it excels in multi-criteria optimization—
particularly in minimizing garbage outputs. The results highlight its potential for quantum and low-power
applications, with future work suggested to extend the method to higher-value logic systems and explore
weighted optimization strategies. The study contributes valuable insights into metaheuristic-based circuit design
automation.
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Table 2. Supplemental correctness table-2

2's Complement 1's Complement Binary Input
11 11 00
11 10 01
10 01 10
01 00 11

oM oz plod (uiyd Jou ¥ Jgor
Table 3. The correctness table of the whole adder

Carry (Cout) Sum (S) Cin B A
0 0 0 0 0
0 1 1 0 0
0 1 0 1 0
1 0 1 1 0
0 1 0 0 1
1 0 1 0 1
1 0 0 1 1
1 1 1 1 1
Y
A
B
0 — SUM
C(in) < C(out)

oleidn Py, b odiS gor pled (29,5 diged ¥ JSS
Figure 4. Sample output of all adder with the proposed method

1 Carry
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Table 4. Supplementary results-2
Synthesis method Delay Redundant leed‘ number The nu.mber Quantum
output number of inputs of gits cost
Genetic Algorithm 20 0 0 10 25
Bat Algorithm 14 1 1 11 22
Proposed Method (combined) 12 1 1 12 19
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Table 5. The results of all the adders

Synthesis method Delay Redundant Fixed. number  The nu‘mber Quantum
output number of inputs of gits cost
Genetic Algorithm 166 18 12 23 104
Bat Algorithm 140 15 12 23 98
Proposed Method (combined) 112 9 11 24 98
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