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1 Introduction

Reversible computing is one of the most promising solutions to the huge en-
ergy consumption and heat dissipation of current computers. The theory of re-
versible circuits is also fundamental for quantum computing, since the postulates
of quantum mechanics establish that the evolution of closed quantum systems is
unitary and thus reversible. Recent studies [2] have shown that spent energy per
bit erased can be reduced to 17 meV, as Landauer [4] has predicted, instead of
5 keV of the current CMOS technology. We are considerably far from the ideal
scenario, and still facing many barriers imposed by physics.

The process of transforming a given reversible function into a reversible cir-
cuit is known as circuit synthesis. The generated circuit may still be computa-
tionally expensive, so an optimization process known as post-synthesis is impor-
tant to achieve eflicient circuits. Reversible computing is free from the aforesaid
problems since there is no information loss. Therefore, the synthesis of reversible
circuits represents a significant advance in classical computing. Bennett [1] has
proved that by using only a few universal reversible gates one can implement
any Boolean function and reduce the energy consumption on calculations.

In this work, we present an efficient post-synthesis algorithm to reduce the
gate count of reversible circuits. Our method identifies each maximal sub-circuit
with up to three different lines, uses different heuristic rules to cancel or merge
similar gates, then finds the permutations associated with each of them, and
finally replaces them with minimum sub-circuits. We tested our method with
well-known benchmark functions and successfully optimized most circuits. The
average number of gates has been reduced by more than 10% with our method.

This work is organized as follows. The proposed algorithm, which is the main
contribution of this paper, is introduced in Sec. 2. Our results, conclusions and
final remarks are described in Sec. 3.
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2 Our proposed algorithm

The complete algorithm comprises two phases: preprocessing and optimization
phase. The preprocessing phase needs to be run only once to generate all min-
imum circuits. On the other hand, the optimization phase needs to be run for
every new input circuit.

In the preprocessing phase we generate the minimum circuit for each set of
three bits using mixed Toffoli gates. Each reversible circuit is associated to a
permutation P,. The minimum circuits are stored into a look-up table and used
later to optimize general circuits.

In the optimization phase, the circuit is reorganized trying to choose the best
neighbors, i.e., the Hamming distance is less than or equal to three—as we only
have minimum circuits for n < 3 bits. Then, use a look-up strategy to find the
best circuit replacement based on the original permutation. For a more efficient
approach, we split the circuit into sub-circuits. We expect to reduce its cost by
analyzing small subsets of the problem.

3 Results and Conclusion

We evaluate our algorithm using well-known comparisons and benchmark func-
tions. The results are presented in Table 1. The first and the second columns
show, respectively, the name of each benchmark function and its number of vari-
ables considered in the literature. The columns marked with “our” on the right
of each author show the best results obtained by applying the proposed algorithm
on the author final circuit. All specifications for benchmark functions and their
names were taken from the RevLib site* and from the Reversible Benchmarks®.

The proposed algorithm finds a better circuit in 82% of the cases. In terms
of gate cost, we further improve the literature in 8 cases. On average, the algo-
rithm reduced gates by a factor of 9.26, which represents the best result so far.
On average, the proposed algorithm improves cases without mixed controls by
17.24%. As expected, our results prove the efficiency of such cases. On average,
it is optimized by 6.17%. On large circuits, as expected, we get better results as
we SWAP and move gates to optimize the overall circuit.

Current computers have a huge carbon footprint and a very negative impact
on the environment. Reversible computing is one of the most promising solutions
to the problem of high energy consumption and heat dissipation of classical
computation. Moreover, the synthesis of reversible circuits is fundamental for
the development of quantum computing.

Our main contribution was the introduction of an efficient post-synthesis
algorithm to reduce the gate count of reversible circuits. Our hybrid method
combines templates with heuristic rules for circuit optimization. We tested our
method with a series of well-known comparisons and benchmark functions. Our
proposed algorithm finds significant reductions in the gate counts for most input

4 Available at http://www.revlib.org.
5 Available at https://reversiblebenchmarks.github.io/.
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benchmark n DKRFM (our)| Z-16 (our)| MMD-05 (our)| MMD-07 (our)
(3] [7] (5] (6]
3.17 3 6 5 4 4 6 4 6 4
449 4 14 12 - - 16 13 12 10
4bl5g 2 4 17 16 12 12 - - - -
4blbg 4 4 19 18 12 12 - - - -
4b15g 5 4 18 17 14 14 - - - -
ham3 3 6 6 - - 5 5 5 5
hwb4 4 18 17 - - 17 15 11 11
hwb5 5 43 43 - - 55 54 24 21
hwb6 6 103 100 - - 126 122 42 40
hwb7 7 282 273 603 558 289 281 236 229
modbadder 6 17 15 - - - - 15 9
modbmils 5 3 3 - - 5 3 - -
nth_prime4_inc 4 13 13 - - - - 12* 10
nth_prime5_inc 5 38 37 - - - - 25 23
nth_prime6_inc 6 79 76 - - - - 55* 50
nth_prime7_inc 7 231 224 427 396 - - - -

* Result available at https://reversiblebenchmarks.github.io/
Table 1. Our results of post-synthesis are listed in columns marked with “our”. The
main current results, using gate count metric, are in the other columns.

circuits. On average, our algorithm reduces the gate count by a factor of 9.26,
which represents an advance in the state of the art.
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