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ABSTRACT

Similar to classical programming, high-level quantum program-
ming languages generate code that cannot be executed directly by
quantum hardware and must be compiled. However, unlike classical
code, quantum programs must be compiled before each execution,
making the trade-off between compilation time and execution time
particularly significant. In this paper, we address the first step of
quantum compilation: multi-qubit gate decomposition. We analyze
the trade-offs of state-of-the-art decomposition algorithms by im-
plementing them in the Ket quantum programming platform and
collecting numerical performance data. This is the first study to
both implement and analyze the current state-of-the-art decompo-
sition methods within a single platform. Based on our findings, we
propose two compilation profiles: one optimized for minimizing
compilation time and another for minimizing quantum execution
time. Our results provide valuable insights for both quantum com-
piler developers and quantum programmers, helping them make
informed decisions about gate decomposition strategies and their
impact on overall performance.
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1 Introduction

For programming languages and platforms that treat the quantum
bit (qubit) as a first-class citizen in quantum programming, e.g.,
Q# [26] and Ket [7], coding a quantum application involves invoking
functions known as quantum gates. Quantum gates have no side
effects on the classical state of the program; they only affect the
quantum state and can induce superposition and entanglement [19].
Another class of functions, known as measurements, is used to
extract information from the quantum state, returning it as classical
data while causing the collapse of the quantum state, i.e., destroying
the superposition.

Figure 1a illustrates a simple quantum program written in Python
using the Ket quantum programming platform [7]. This code imple-
ments the Grover diffusion operator, a key component of Grover’s
quantum search algorithm [12], utilizing the Hadamard (H), Pauli X,
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and Pauli Z gates. The term quantum gate, or more precisely quan-
tum logical gate, is inspired by classical circuit and logic gates. Each
quantum code has an equivalent quantum circuit; for example, the
circuit in Figure 1b is equivalent to the code in Figure 1a applied
for 4-qubits.

Despite the direct use of quantum bits and quantum gates in
quantum programming, which gives the impression of low-level
programming, the approach provides feature-rich high-level pro-
gramming [22], producing operations that cannot be executed di-
rectly by a quantum computer and must undergo a compilation
process. For example, in Figure 1b, note that the quantum gate in
the middle of the circuit, a multi-controlled Pauli Z gate, encom-
passes all 4 qubits. This type of multi-qubit gate cannot be executed
directly by a quantum computer and therefore must be decomposed
into a sequence of one- and two-qubit gates with equivalent effect,
as shown in Figure 1c. This is analogous to a line of high-level
classical code being decomposed into several lines of assembly
code.

def diffusion(q : Quant):
with around(cat(H, X), q):
with control(ql:-11):
Z(ql-1D

(a) Ket code. (b) Quantum Circuit.

R R ]
‘“’““L—. i
ki =3 V= P=3 V=3 PP =P P=7
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Figure 1: Grover diffusion operation implemented using
Ket (a), along with its corresponding high-level (b) and de-
composed (c) quantum circuit for 4 qubits.

The quantum compilation process can be split into three main
parts: quantum gate decomposition [3, 8, 14, 15, 22, 23, 27, 32],
where multi-qubit gates are broken down into a sequence of one-
and two-qubit operations; circuit mapping [4, 16, 20, 28, 30, 31],
where the logical qubits are mapped to physical qubits that are
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limited in their connectivity, thereby restricting which qubits can
participate in a two-qubit gate; and lastly, a pulse schedule is gener-
ated based on the mapped circuit [2, 13, 25]. These pulses are then
passed to an arbitrary waveform generator (AWG) that physically
controls the qubits. Each step of this decomposition process brings
the quantum code closer to the hardware execution and becomes
more hardware-dependent.

This paper addresses the first step of the quantum compiler,
namely the quantum gate decomposition, by providing an analysis
of the trade-offs between different quantum gate decomposition
algorithms in terms of compilation time and execution time. Unlike
classical compilation, where code is compiled once and executed
many times, quantum compilation often occurs during runtime,
making this trade-off particularly significant in quantum program-
ming.

We implemented state-of-the-art quantum gate decomposition
algorithms in Ket’s quantum compiler, Libket, and evaluated the
compilation and execution times of each algorithm. There is no
definitive answer as to whether prioritizing execution time over
compilation time, or vice-versa, is preferable; the best choice de-
pends on the specifications of the classical and quantum hardware.
The objective of this paper is to provide a basis for helping quantum
compiler developers and programmers make informed decisions.

The main contributions of this paper are:

e A comprehensive survey of quantum gate decomposition
algorithms, including optimizations beyond those proposed
by the original authors.

o Implementation of all surveyed algorithms in the Ket quan-
tum compiler—marking the first unified implementation on
a single platform and enabling consistent benchmarking.

o A classification of the algorithms into two categories, form-
ing the basis for two quantum compilation profiles: one fo-
cused on minimizing compilation time, the other on reducing
quantum execution time.

The remainder of this paper is organized as follows. Section 2
introduces classical and quantum runtime, highlighting the im-
plications for quantum program compilation. Section 3 examines
high-level quantum programming and shows how multi-qubit gates
naturally arise in such code. Section 4 then surveys the state-of-
the-art decomposition algorithms used to break down these gates
into executable instructions. Section 5 follows with a performance
evaluation of these algorithms, focusing on CNOT count and circuit
depth. Based on the benchmark data, Section 6 analyzes the trade-
offs involved and introduces two quantum compilation profiles.
Finally, Section 7 presents our conclusions and final remarks.

2 Classical and Quantum Runtime

A quantum program is not entirely quantum; rather, it is a classical-
quantum program. Classical processing is always required at least
to prepare the quantum circuit inputs and process the quantum
execution outputs. The quantum computer can be seen as an accel-
erated processing unit, similar to an FPGA or GPU, where the CPU
manages the execution. This implies that a quantum application
has two distinct runtimes: a classical runtime, which includes all
program execution, and a quantum runtime, which occurs within
it, with a program potentially initiating several quantum runtimes.
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Unlike classical code, which can be compiled once and reused
with different inputs, a quantum circuit must be compiled sepa-
rately for each specific input. This means that a quantum program
designed to work with varying inputs can only be constructed at
classical runtime—after all necessary parameters are known. As a
result, the quantum portion of a classical-quantum program cannot
be compiled in advance.

For instance, in Figure 1a, the function diffusion takes a list
of qubits as input. In classical compilation, this would typically
generate a loop whose size depends on the input list. However, for
quantum compilation, the exact number of qubits must be known
in advance to generate the correct quantum circuit. This require-
ment means the quantum compiler must be invoked dynamically
at classical runtime—just before executing the quantum code.

The performance of a quantum application is evaluated by the
number of two-qubit gates in the compiled quantum circuit. This
two-qubit gate is typically a CNOT gate!. Single-qubit gates are
generally not counted, as sequences of such gates can often be
merged into a single equivalent operation. The time required to
execute quantum code on a quantum computer is directly related
to the circuit depth. Since gates acting on independent qubits can
be executed in parallel, the execution time may be shorter than the
total number of CNOT gates. For this reason, circuit depth serves
as a metric for quantum execution time. Conversely, the number
of CNOTs impacts compilation time, as each CNOT represents a
computational step for the quantum compiler.

Since the compilation of the quantum circuit occurs at classi-
cal runtime, the trade-off between compilation time and quantum
execution time directly impacts the overall classical-quantum exe-
cution time. This trade-off can also be viewed as a balance between
classical computation (compilation) and quantum execution time.

3 High-Level Quantum Programming

While quantum programming introduces unique challenges—such
as the impossibility of copying quantum data due to the no-cloning
theorem [29]-it also offers powerful abstractions that simplify the
development of quantum applications. One such feature is the abil-
ity to automatically invoke the inverse of a quantum operation. In
this paper, we examine quantum programming through the lens
of Ket?, an open-source quantum programming platform with a
Python API [7].

At its core, Ket provides a minimal yet expressive set of quantum
gates: the Pauli gates (X, Y, and Z); Rotation gates (RX, RY, and RZ); the
Phase gate (P); and the Hadamard gate (H). These gates are sufficient
to prepare a qubit in any desired state. However, on their own, they
cannot achieve universal quantum computation, as single-qubit
gates cannot generate entanglement. To address this limitation,
Ket allows any gate to be applied with one or more control qubits,
enabling the creation of entangled states.

By adding just a controlled NOT? to the basic set of quantum
gates, universal quantum computation becomes achievable. In Ket,
the CNOT gate is provided by a function of the same name, but it

L All analyses in this paper are also valid if CZ gates are used instead.
Zhttps://quantumket.org
3Also known as the controlled Pauli X or simply the CNOT gate.
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can also be constructed using the function ctrl as
lambda c, t: ctrl(c, X)(t),

or by using the “with control” construction. Any quantum gate
or function that contains quantum gates—as in the one shown in Fig-
ure la—can be called with control qubits. This flexibility to append
control qubits to any quantum gate greatly enhances high-level
quantum programming by enabling the easy construction of com-
plex operations from basic quantum gates.

A controlled quantum gate call is the quantum analog of the
classical if statement, where a gate is applied to the target qubits
only if the control qubits are all in the state |1). The key difference
is that a controlled operation acts on the superposition and has the
ability to create entanglement.

The code in Figure 2 illustrates how controlled operations can
appear in high-level quantum programming. The function prepare
takes a list of qubits alongside a list of measurement probabilities
[r] and a list of phase values [6], and prepares the qubits in the
state 2 Tk ei% | k). This function calls itself recursively, adding a
control qubit at each recursion. Therefore, even though there is no
direct call for controlled RY or P gates, the execution of this code
creates several controlled operations.

def prepare(
qubits: Quant,
prob: ParamTree | list[float],
amp: list[float] | None = None,

if not isinstance(prob, ParamTree):
prob = ParamTree(prob, amp)
head, *tail = qubits
RY(prob.value, head)
if prob.is_leaf():
with around(X, head):
P(prob.phased, head)
return P(prob.phasel, head)
with around(X, head):
ctrl(head, prepare)(tail, prob.left)
ctrl(head, prepare)(tail, prob.right)

Figure 2: Arbitrary quantum state preparation algorithm
implemented using Ket. For the implementation of the
ParamTree, see reference Rosa et al. [22, Figure 10a].

Alongside controlled gate calls, Ket provides constructions that
take advantage of the reversibility of quantum computation. A key
example is the “with around” construction, which acts as a basis
change-analogous to basis changes in linear algebra—for the inner
scope. In the code of Figure 2, the with around construction is
used to change the control state from |1) to |0). This construction
also allows the compiler to remove some controlled gate calls, for
the code from Figure 2, those associated with the X gate [22].

4 Decomposition Algorithms

In Ket, multi-qubit gates are constructed such that only multi-
controlled versions of the gates X, Y, Z, RX, RY, RZ, P, and H arise
from high-level programming. This constraint allows the quantum
compiler to implement a streamlined and efficient set of decom-
position algorithms. We categorize these gates into three distinct
groups based on their decomposition requirements: (i) Pauli Gates
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(X, Y, and Z), a decomposition algorithm for one of these gates can
be applied to the others with a simple basis change on the target
qubit; (ii) Rotation Gates (RX, RY, and RZ), these belong to the spe-
cial unitary group SU(2); (iii) Phase and Hadamard Gates (P and H),
these belong to the broader unitary group U(2)*.

Table 1 summarizes state-of-the-art quantum gate decomposi-
tion algorithms. Some of these algorithms require auxiliary qubits,
which are additional qubits beyond those directly involved in the
controlled gate. Depending on the algorithm, auxiliary qubits must
either be initialized in the |0) state (Clean auxiliary) or can be in
any state (Dirty auxiliary). Regardless of their initial state, auxiliary
qubits must be restored to their original state after decomposition so
that they can be reused elsewhere and do not create new entangle-
ments. Typically, decompositions using more auxiliary and/or clean
qubits are more efficient. The Ket compiler automatically manages
the allocation and usage of auxiliary qubits when available [23].

Table 1 also presents algorithm variations, such as C2X and C3X,
which use approximations of 2-controlled and 3-controlled NOT
gates [17], respectively. Additionally, some algorithms are labeled
Linear or Log, which are algorithms that share similar auxiliary
requirements.

The quantum circuit depth and the number of CNOTs presented
in Table 1 were obtained by fitting the curves of the benchmark
data. In cases where a good curve fit was not possible, we present
the complexity as stated by the authors in big-O notation.

In the following subsections, we discuss the decomposition al-
gorithms required for each class of quantum gates. In Section 5,
we present a performance comparison of the decomposition algo-
rithms.

4.1 Pauli Gates

The Pauli gates are among the most commonly used quantum gates
in algorithm design. A key insight for gate decomposition is that the
decomposition of one Pauli gate can be adapted for the others. For
example, in Figure 4a, the Y and Z gates are defined using the X gate
with a basis change. Consequently, the circuits for their controlled
versions, shown in Figures 4b and 4c, rely on a controlled X gate.
This example explicitly illustrates the behavior of Ket’s compiler,
which automatically applies this principle: only the decomposition
of the Pauli X gate is explicitly defined, while the other Pauli gates
are implemented through basis changes. In this paper, we evaluate
only the performance of the X gate decomposition, as the decom-
position of the other Pauli gates requires only an additional two
single-qubit gates.

Network. The Network decomposition [19, p. 183] is one of the most
efficient algorithms and can be applied to any multi-controlled gate.
Figure 3 illustrates two variants of the algorithm for a 8-controlled
Pauli X gate. Note that, in addition to the target and control qubits,
this decomposition requires auxiliary qubits, all initialized to the
|0) state. For Pauli gate decomposition, we can reduces the number
of auxiliary qubits by one or two compared to other gates.

This decomposition results in a circuit depth O(log(n)) for an
n-controlled gate when organizing the gates as presented by Maslov

4 All single-qubit gates are in U(2), with Rotation gates in SU(2) C U(2).
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Figure 4: Defining the gates Y and Z using the X gate and a
basis change, allowing the controlled X gate to implement
the controlled versions of these gates.

[17, Corollary 5]. Additionally, for the decomposition of 2- and 3-
controlled X gates, where the original target qubit is not directly af-
fected, approximate versions of this decomposition are applied [17].

V Chain. The V Chain decomposition [3] has a structure similar to
the Network decomposition for Pauli gates but allows the use of ei-
ther dirty or clean auxiliary qubits. Like the Network decomposition,
the V Chain decomposition utilizes approximate 2- or 3-controlled
X. Although this algorithm results in a number of CNOT gates sim-
ilar to the Network decomposition, especially when using clean
auxiliary qubits, it produces a circuit with linear depth rather than
logarithmic depth. Figure 5 illustrates a V Chain decomposition
using dirty auxiliary qubits for a 6-controlled X gate.

Single Aux. The Single Aux decomposition algorithms require only
a single auxiliary qubit and include two methods: one that results
in a quantum circuit with linear depth, proposed by Zindorf and
Bose [32], and another that achieves logarithmic depth, proposed
by Claudon et al. [5].

Figure 5: V Chain decomposition for 6-controlled Pauli X.

The Linear algorithm relies on the application of a multi-con-
trolled 27 rotation gate into an auxiliary qubit, as illustrated in
Figure 6a. This results in a multi-controlled Z gate with target and
control qubits, which can be transformed into a multi-controlled
X via a basis change at the target. The decomposition of the multi-
controlled rotation is performed without auxiliary with the SU(2)
Linear algorithm [32].

The Single Aux Log decomposition [5] recursively breaks an
n-controlled X gate into 2+/n-controlled X gates that can execute
in parallel. The base case of the recursion is a 4-controlled X gate,
which can be decomposed without auxiliary qubits. Unlike the
Linear algorithm, the number of CNOTs and the circuit depth can
be reduced when using a clean auxiliary qubit. Figure 6b illustrates
the Single Aux Log decomposition of an 8-controlled X gate.

Linear Depth. The Linear Depth decomposition algorithm proposed
by Da Silva and Park [8], as the name suggests, results in a circuit
with linear depth. This is an efficient algorithm that requires no
auxiliary qubits and can be used for any quantum gate. We consider
this algorithm as the fallback decomposition since it has no re-
quirements to be applied to any U(2) gate. However, this algorithm
results in a circuit with a quadratic number of CNOTs.
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Figure 6: Single Aux decomposition for 8-controlled Pauli X.

4.2 Rotation Gates

Alongside the Network decomposition, Rotation gates allow for
the use of the SU(2) decomposition algorithms, which requires no
auxiliary qubits. We categorize these algorithms as SU(2) Linear,
proposed by Zindorf and Bose [32], which is also used for the Single
Aux Linear and SU(2) Rewrite decompositions [22, 32]; and SU(2)
Log, which relies on the Single Aux Log decomposition algorithm
for Pauli gates [5].

The SU(2) Linear decomposition algorithm uses an approximate
version of a multi-controlled Z gate, as illustrated in Figure 7a.
Each multi-controlled Z gate is decomposed into an approximate
version where free qubits serve as auxiliaries. The approximate
decomposition of the Z gate relies on phase differences canceling
out in pairs.

Figure 7b illustrates the decomposition using the SU(2) Log al-
gorithm, where each multi-controlled X is decomposed using the
Single Aux Log algorithm with a dirty auxiliary, and the single-
controlled gates can be decomposed without an auxiliary qubit
using just two CNOTs. Figure 7 illustrates the decomposition of a
multi-controlled RX(r) gate. For other Rotation gates and angles,
the multi-controlled gates are arranged in the same structure.

Co Co
C1 G
C2 (]
C3 C3
Cq Ca
Cs

— X

(a) SU(2) Linear.

(b) SU(2) Log.

Figure 7: SU(2) decomposition for 6-controlled RX(x).

4.3 Phase and Hadamard Gates

When multiple auxiliary qubits, or none, are available, the Net-
work and Linear Depth decompositions can be used, respectively,
as for most gates. However, when only a single auxiliary qubit is
available, there are two decomposition algorithms available: SU(2)
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Rewrite [22], which leverages the SU(2) Linear decomposition [32],
and the Single Aux U(2), which uses the Single Aux Log decompo-
sition [5].

The SU(2) Rewrite decomposition relies on the fact that any
U(2) gate can be represented by a SU(2) gate and a global phase,
and that this global phase can be “corrected” by a multi-controlled
RZ gate [22]. Figure 8a illustrates the decomposition of a multi-
controlled Hadamard gate. For this decomposition, the two multi-
controlled gates can be fused, resulting in the same complexity as
decomposing a single multi-controlled SU(2) gate [32]. For the multi-
controlled Phase gate, illustrated in Figure 8b, the decomposition
can be simplified, but this results only in a constant reduction in
the number of CNOTs [32].

For the Single Aux U(2) decomposition, a clean auxiliary qubit is
added to break the multi-controlled gate into two multi-controlled
X gates and a dirty auxiliary, as illustrated in Figure 8c. This decom-
position results in a circuit of logarithmic depth since the multi-
controlled X gates are then decomposed using the Single Aux Log
decomposition. The decomposition method applied to the Phase
and Hadamard gates can be extended to any other gate, but in
many cases, a more efficient decomposition is available for Pauli
and Rotation gates.

The decompositions listed for the U(2) gate in Table 1 are used for
any gate as presented in the previous sections, with the exception
of the Linear Depth decomposition for Rotation gates. In the next
section, we present a benchmark of the decomposition algorithms
discussed in this section.

Co Co —O— Co
C1 c1 —o— C1
C Cy —O— C
a ——E— a a

(a) SU(2) Rewrite. (b) SU(2) Rewrite. (c) Single Aux U(2).
Figure 8: Decomposition for a 3-controlled Hadamard
(a and c) and a 3-controlled Phase(r) (b). In a, H is a SU(2)
gate equivalent to H [22].

5 Algorithms Benchmark

We implemented all the decomposition algorithms presented in
Table 1 in the Ket quantum programming platform. This is the
first implementation that consolidates the current state-of-the-art
decomposition algorithms into a single platform, allowing us to col-
lect numerical data from their execution. Our objective is to classify
the performance of these algorithms in terms of compilation time
and quantum execution time, creating compilation profiles where
those key metrics will be taken into consideration. We classify the
algorithms into two profiles: Compilation Time and Execution Time.
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The Compilation Time profile, as the name suggests, is optimized
to reduce the classical execution time of the decomposition al-
gorithms, which may also result in improved execution time for
simulated quantum executions. The Execution Time profile targets
large-scale Fault-Tolerant quantum computers [9, 11] with the po-
tential to compute with millions of qubits.

As Ket’s compiler automatically manages auxiliary qubits when-
ever they are available on the quantum computer [23], the data
was gathered using high-level programming instructions such as
“ctrl(c, gate)(t)”, where c is a list of control qubits, gate is a
single-qubit gate, and t is the target qubit. These qubits belong to
a quantum processor with enough additional qubits available for
use as auxiliary in the decomposition. No actual quantum execu-
tion was performed during the tests; only the decomposition was
evaluated.

The primary metrics we evaluated in our benchmarks are the
compilation and quantum execution times required to decompose
an n-controlled quantum gate. We measure the compilation time
based on the number of CNOTs and the quantum execution time
based on the quantum circuit depth. The decomposition of multi-
qubit gates, which is the focus of this study, is just one step in
compiling a quantum program. Therefore, measuring the time in
seconds to compile the code or decompose the gates may not be a
suitable metric for compilation time. Instead, the number of CNOTs
allows us to infer the impact of the decomposition on subsequent
compilation steps, which have time complexity directly related to
the number of CNOTs.

We evaluate the quantum execution time in terms of quantum
circuit depth. Since quantum gates that do not depend on each
other can execute in parallel, the depth represents the minimum
execution time required for the circuit. For the circuit depth metric,
we consider only CNOT gates, as they have the most significant
impact on quantum execution time. We disregard single-qubit gates,
since sequences of such gates can be fused into a single operation,
and in some cases, they can be virtually implemented [18] with
no impact on execution time. Also, the actual quantum execution
time, in seconds, depends on hardware constraints such as qubit
connectivity, which also affects the compilation step related to
circuit mapping, as well as the availability of hardware resources
to perform operations in parallel.

We organize our results using the same gate categories intro-
duced in the previous section: Pauli gates, Rotation gates, and Phase
and Hadamard gates. Next, we present the benchmark results for
each group, followed by our analysis in Section 6.

Pauli Gates Benchmark. Figure 9 presents the number of CNOTs
and circuit depth for multi-controlled Pauli gates. The data was
obtained with the instruction “ctrl(c, X)(t)”, but for the other
Pauli gates, there is a difference of only a constant number of single-
qubit gates, which does not affect the presented data.

Rotation Gates Benchmark. Figure 10 presents the number of
CNOTs and circuit depth for multi-controlled Rotation gates. The
data was obtained using the instruction “ctrl(c, RX(pi/2))(t)”,
but for the other Rotation gates, there is a difference of only a
constant number of single-qubit gates, which does not affect the
presented data.
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A]gorithm —— V Chain C2X, Clean —— V Chain C3X, Clean
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Figure 9: Comparison of various decomposition algorithms
for Multi-Controlled Pauli Gates across two metrics: Circuit
Depth and Number of CNOTs. Insets display zoomed-in views
for specific regions with matching colors.

Phase and Hadamard Gates Benchmark. Figure 11 presents the
number of CNOTs and circuit depth for multi-controlled Phase
and Hadamard gates. The data was obtained with the instruction
“ctrl(c, H)(t)”, but for the Phase gates, there is a difference
of only a constant number of single-qubit gates, which does not
significantly affect the data.

6 Results Analysis

Based on the data presented in the previous section, Table 2 presents
the quantum gate decomposition algorithms from Table 1, classified
into the two compilation profiles. Note that not all algorithms are
included in Table 2, as some decompositions with fewer auxiliary
qubit requirements may be more efficient.

The benchmark results reveal that the Network decomposition
stands out as the most efficient algorithm across all gate types. How-
ever, this performance comes at the cost of requiring the largest
number of clean auxiliary qubits. Interestingly, the initial assump-
tion that increasing the number of auxiliary qubits would always
lead to more efficient decompositions does not consistently hold.
In some cases, additional auxiliaries provide no performance im-
provements.
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Figure 10: Comparison of various decomposition algorithms
for Multi-controlled Rotation Gates across two metrics: Cir-
cuit Depth and Number of CNOTs. Insets display zoomed-in
views for specific regions.
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Figure 11: Comparison across different decomposition al-
gorithms for Multi-controlled Phase and Hadamard Gates
across two metrics: Circuit Depth and Number of CNOTs.
Insets display zoomed-in views for specific regions.

Table 2: Quantum gate decomposition algorithms ranked by
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priority for two compilation profiles.

Gate

Compilation Profile

Compilation Time

Execution Time

Pauli Gates

1% Network C2X
214 Network C3X
314y Chain C3X, Clean

1% Network C2X
214 Network C3X
3" Single Aux Log, Clean

4V Chain C2X, Dirty 4™ Single Aux Log, Dirty
5th Single Aux Linear 5t Linear Depth
6 Linear Depth

15 Network C2X
214 Network C3X
3" SU(2) Log

1% Network C2X

15t Network C3X

Rotation Gates  2nd SU(2) Linear

1% Network C3X

Phase and 2" SU(2) Rewrite 2" Network C3X
Hadamard 314 Linear Depth 3rd Single Aux U(2)
4™ Linear Depth

Algorithms that produce logarithmic circuit depth demonstrate
their advantages only in scenarios involving more than 1000 qubits.
Despite their depth efficiency, these algorithms tend to perform
poorly in terms of CNOT gate count, often ranking alongside the
Linear Depth decomposition as the least efficient in this regard.

With the exception of Rotation gates—which can be decomposed
without auxiliary qubits and still maintain a linear number of
CNOTs-most other gate types fall back on the Linear Depth de-
composition when no auxiliary qubits are available. This makes
Linear Depth a crucial strategy for current quantum compilers.
However, as future quantum devices provide access to more qubits,
the relevance of this method may decline.

A particularly noteworthy result from the benchmarks is the
significant performance gap between using clean versus dirty aux-
iliary qubits. The data suggest that having access to a quantum
processor with twice the number of qubits as needed by the pro-
gram can dramatically reduce both compilation time and quantum
execution time. The Single Aux Linear algorithm is an exception,
as its performance remains unaffected by the auxiliary qubit state.

7 Final Remarks

In this paper, we addressed the trade-off between compilation time
and quantum execution time in quantum programs. We argue that
this trade-off is more important for quantum applications than for
classical ones, as the compilation of a quantum program cannot be
performed a priori.

Our analysis focuses on quantum gate decomposition, which is
the first step in quantum code compilation. We have gathered data
from the state-of-the-art quantum gate decomposition algorithms,
which we implemented on the Ket quantum programming platform.
To the best of our knowledge, this is the first implementation of all
these algorithms within a single platform.

From the data presented in Section 5, we created two compilation
profiles: one focused on reducing compilation time and the other
on reducing quantum execution time. These results are presented
in Table 2. The quantum execution time profile considers large-
scale quantum computers that go beyond current capabilities but
will be necessary to run algorithms such as Shor’s algorithm [24],
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which could break RSA encryption [10]. Additionally, the presented
data can be used to construct a lookup table that selects the best
decomposition algorithm based on the number of qubits involved in
amulti-qubit gate, as the performance may not be easily predictable
for operations with fewer than 2200 qubits.

The results of this paper can help quantum compiler develop-
ers select the best decomposition algorithms for their compilers,
depending on the type of gate and the number of control qubits.
Note that the selection of the decomposition algorithm can be
automatically performed by the compiler based on the available
auxiliary qubits [23]. However, the findings from this paper can
also aid quantum developers in identifying the performance associ-
ated with each multi-controlled gate, enabling them to make more
informed decisions when selecting instructions to use.

In our study, we only evaluated the decomposition step of quan-
tum compilation. However, circuit mapping may have a significant
impact on the final performance of the quantum program. Circuit
mapping adjusts the quantum program to the connectivity con-
straints of the quantum computer. This means that, regardless of
the circuit mapping algorithm used, different quantum computer
architectures (or qubit connectivity structures) may be better suited
to different decomposition algorithms. Future work could analyze
these decomposition algorithms across various qubit connectivity
structures, such as line, grid, and torus configurations.

Another direction for future work is to analyze the performance
of the decomposition algorithms in the context of non-Clifford
gates [1], as these gates have a significant impact on quantum
execution time when the program is encoded in a Quantum Error
Correction code [21]. Additionally, examining the impact of circuit
optimization techniques, such as ZX-calculus [6], on the final circuit
would be an interesting direction for further research.
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