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Reversible circuits [1-6] are an abstraction of quantum circuits. All quantum circuits are
reversible. The reversible circuit realizes a reversible function by means of reversible gates. The
reversible function is bijective in nature since it has equal number of inputs and outputs, it maps each
input to a unique output, and it is capable of reconstructing the input pattern from the output pattern. In
the circuit, the same lines represent inputs and outputs, which are uniquely retrievable from each other.
To maintain the reversibility, the circuit has no fan-out and feedback connections.

The reversible circuit is a cascade structure consisting of reversible gates from a gate library. The
reversible gate has the form of G(T, C), where T c X is a target line, C c X is a set of control lines
(CN{T} =0), and X is a set of variables. The gate operation applies to the target line if the control
lines meet true conditions. Syntactically the gate (target line) is represented by symbol @, and its
control lines are represented by symbol e.

The reversible circuit describes a behavior by a superposition of three Boolean operations: —, A
and @. The Toffoli gate implements a vector Boolean function that maps three inputs to three outputs:
TG(L, Co, C1) = (LD(Cp A Cy), Co, C1) where @ is Boolean exclusive or; A is Boolean conjunction; L is
the Toffoli gate input at target line; Cy, C; are conditions at two control lines. The gate may have one
control line, or may have no control lines at all. The Feynman gate with one control line realizes vector
function TG(L, Co) = (L®Cy, Cop). Boolean inversion (not) of L is realized by a gate TG(L) =(-L)
without control lines.

For the day, several reversible gate libraries are available. The NCT library [2] includes such
fundamental reversible gates as NOT gate, CNOT (Feynman) gate with one control line, and C2NOT
(Toffoli) gate with two control lines. The generalized GT library [6] includes additional multiple-
control Toffoli gates. Figure la depicts the fundamental gates of the NCT library and the functions
implemented by the gates.
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Figure 1 — a) reversible gates of NCT library; b) quantum gates of NCV-|v1> library; c) operation of
quantum gates

Quantum circuits carry out computations by manipulating quantum states of qubits. The qubit
represents the state as |¥) = a|0) + B|1) where o and B are complex numbers such that |af* + [B[* = 1. It
assumes an arbitrary set of states. Quantum gates carry out an operation on qubit. Appropriate unitary
matrices of 2"x2" dimension describe the behavior of the gates.
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Quantum logic gates are necessarily reversible in nature. A quantum circuit is a cascade of
quantum gates. Several quantum gate libraries are available in the literature. The NCV library [4] is the
most commonly used one for generating quantum circuits.

Work [6] introduced the extended NCV-|vy> library. It allows for gates whose control lines may
be sensitive to non-Boolean values (while e.g. the NCV gates considered above always require Boolean
control lines).The library uses qudits instead of qubits and considers a 4-level (0, vO, 1 and v1) quantum
system. Figure 1b depicts the quantum gates of the NCV-|v;> library: NOT gate, controlled CNOT gate
(both are similar to the corresponding reversible gates), not controlled and controlled V gate, and not
controlled and controlled VV* gate. Figure 1c describes the operation of the gates.

The quantum NOT gate and the controlled CNOT gate directly implement the corresponding
reversible NOT gate without control and the CNOT gate with one control line respectively. At the same
time, the quantum library does not contain a gate that directly implements the reversible C2NOT
(Toffoli) gate (Figure 2a). For this reason, a cascade of quantum gates (as shown in Figure 2b) replaces
the C2NOT gate when mapping the reversible circuit to a quantum circuit. This solution is expensive
one; therefore, the research work has been done [6], which proposes an approach (Figure 2c) for
reducing the overall cost of the quantum circuit.
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Figure 2 — a) reversible Toffoli gate; b) equivalent quantum circuit of NCV gates;
¢) equivalent quantum circuit of NCV-|v;>gates

Binary decision diagrams (BDDs) are a well-known and widely used graph model (data structure)
of Boolean functions [7, 8]. It lies in the basis of digital system modelling, synthesis and verification
tools. Works [9, 10] propose a technique of synthesizing a reversible circuit from a function given as
BDD. The technique substitutes all nodes of the BDD with a cascade of reversible gates. The size of
reversible circuit directly depends on the BDD size; therefore, the circuit size can grow exponentially
of the BDD inputs count.

The concept of if-decision diagrams (IFDs) as a graph representation of completely and
incompletely specified Boolean functions was originally introduced in [11-14] as one of the results of
the partial logic theory. IFD is an efficient model for the synthesis and optimization of digital systems.
It is capable of representing and implementing parallel computations at logic level since its nonterminal
nodes have three outgoing edges instead of two outgoing edges BDD’s nodes have. Generally
speaking, IFDs provide more universal and compact representation of Boolean functions against BDDs.

The capability of producing less cost reversible circuits for quantum implementation is a very
important advantage of IFD. Using a four-root IFD of a three-bit adder as an example (Figure 3a), we
introduce a technique of realizing the IFD by an appropriate reversible circuit (Figure 3b). The
technique consists in the traversal of the IFD nodes from bottom to top, and automatically generating a
cascade of reversible gates for each node, whose description includes the list of lines, their inputs and
outputs, the target and control lines, and all the connections. For the IFD depicted in Figure 3a, the
technique firstly passes nodes 1, 2 and 3 at bottom level, then it passes nodes 4, 5, 6 and 7 and at the
middle level, and finally it passes nodes 9, 10, 11 and 8 at the top level.

The cascade configuration depends on the node type. Figure 4 shows cascades of reversible gates
for six types of nodes the IFD of 3-bit adder is constructed of. Nodes 1, 2, 3, 9, 10 and 11 are of type
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xor(d, g) that is Boolean exclusive or, where d is a signal at the left daughter node and g is a signal at
the middle (with complementation) and at the right daughter nodes. The corresponding cascade (Figure
4a) consists of only one reversible CNOT gate.
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Figure 3 — a) four-root IFD of tree-bit adder (dash line is complementation); b) realization of the IFD
by reversible circuit
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Figure 4 — Cascades of reversible gates for six types of IFD nodes: a) xor(d, g); b) and(—d, g);
c) ifd(—d, g, h); d) ifd(—d, g, h); e) or(—d, =h); f)ifd(d, g, h)

Node 4 is of type and(—d, g) that is Boolean conjunction with complementation of the first
operand. The corresponding cascade consists of a NOT gate, a Toffoli gate and an ancillary line (
Figure 4b).

Node 5 is of type ifd(—d, g, h) that is Shannon expansion with complementation of the first
operand, whose middle and right daughter nodes have the fan-out that exceeds 1. The corresponding
cascade consists of a CNOT gate, two Toffoli gates and an ancillary line with input 0 as shown in
Figure 4c.

Node 6 is of the same type ifd(—d, g, h) as node 5 is, but its middle daughter node’s fan-out
equals 1. The corresponding cascade consists of two CNOT gates, a Toffoli gate and an ancillary line
as shown in Figure 4d. It is simpler than the cascade shown in Figure 4c.

Node 7 is of type or(—d, —g) that is Boolean disjunction with complementation of both operands.
The corresponding cascade (Figure 4e) consists of a reversible Toffoli gate and an ancillary line.

Node 8 is of type ifd(d, g, h) that is Shannon expansion, whose middle and right daughter nodes’
fan-out equals 1. The corresponding cascade (Figure 4f) consists of a CNOT gate and a Toffoli gate.
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Figure 3b depicts the resulted reversible circuit of 10 lines and 17 gates. We have developed a
reversible circuit simulation tool that have helped us to validate the circuit in Figure 3b. The technique
and tool can realize other IFDs by reversible circuits. Work [13] proposes tools for analysis, transform-
ation and optimization of the computations parallelization processes for many-processor architectures.

Conclusion. The binary decision diagram BDD is a powerful data structure that lies in the basis
of numerous modern digital circuit modelling, simulation, synthesis and verification tools. The if-
decision diagram IFD extends the capabilities of the binary decision diagram BDD due to its
nonterminal nodes have three outgoing edges instead of two edges in BDD. Since the literature
describes efficient techniques that map BDDs to reversible and further to quantum circuits, this paper
studies how reversible circuits can realize IFDs while reducing the implementation cost. It proposes a
technique of level-by-level traversal of a given IFD from bottom to top and replacing each nonterminal
node by an appropriate cascade of reversible gates. The cascade cost significantly depends on the IFD
node type and on the fan-out of all daughter nodes. The paper gives an example of realizing a 3-bit
adder IFD by a reversible circuit constructed of the gates of NCV-|v,> library.
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