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Abstract—Qubit reuse offers a promising way to reduce the
hardware demands of quantum circuits, but current approaches
are largely restricted to reordering measurements and applying
qubit resets. In this work, we present an approach to further
optimize quantum circuits by fully utilizing the potential of dy-
namic quantum circuits—more precisely by moving measurements
and introducing dynamic circuit primitives such as classically
controlled gates in a way that forges entirely new pathways for
qubit reuse. This significantly reduces the number of required
qubits for a variety of circuits, creating new opportunities for
running complex circuits on near-term devices with limited
qubit counts. We show that the proposed approach drastically
outperforms existing methods, reducing qubit requirements where
previous approaches are unable to do so for popular quantum
circuits such as Quantum Phase Estimation (QPE), Quantum
Fourier Transform (QFT), and Variational Quantum Eigensolver
(VQE) ansdtze, as well as leading to improvements of up to 95%
for sparse random circuits.

I. INTRODUCTION

While state-of-the-art quantum computers keep improving
in terms of gate fidelity and the number of available qubits,
quantum resources are still far from being abundantly available.
As a result, accounting for the number of qubits allowed by a
device plays a substantial role in the development of quantum
circuits and aiming to reduce it as much as possible remains
crucial. At the same time, the limited degree of connectivity
on a large number of quantum computing modalities, such as
superconducting quantum computers, also restricts the potential
for interactions among individual qubits in quantum circuits. To
execute circuits that require more sophisticated connectivities
among qubits, further gates, such as SWAP gates, must be
introduced during the mapping procedure [1-8], causing the
circuit fidelity to fall due to the increased potential of gate
errors.

These challenges have spurred significant research into
circuit compilation methods designed to mitigate their negative
impact [2-16]. Several approaches have been proposed to
reduce the gate overhead during the mapping process and
eliminate unnecessary gates to keep the fidelity high. With the
advancement of dynamic quantum circuits, multiple methods
have similarly been discovered to reduce the number of
required qubits for the execution of quantum circuits where
possible [10H16]. This is achieved by reusing qubits that are no
longer needed rather than allocating new qubits. By selecting
an optimal order of performing measurements, this reuse of
qubits can be taken advantage of repeatedly in various different
circuits. Not only do such approaches help circumvent the
limited qubit counts of modern quantum computers, they also
provide ways to simplify the required mapping overhead [12].

However, these methods for qubit reuse are still severely
limited: For circuits with a high degree of interaction between
qubits, applying qubit reuse is difficult and often even impos-
sible, as the tightly coupled qubits need to remain accessible
at the same time. While this makes existing qubit reuse
methods unable to provide any form of improvements, dynamic

quantum circuits provide opportunities to reduce this degree of
interaction that has so far remained untapped. More precisely,
by moving measurements through the circuit and then replacing
controlled gates with known measurement outcomes, a large
number of these interactions can be eliminated, possibly lifting
the blockades for qubit reuse.

In this work, we propose methods to fully utilize this
potential of dynamic quantum circuits, i.e., to commute
measurements through quantum circuits and then use their
outcomes to eliminate two-qubit gates. This allows qubit
reuse to be employed in a variety of cases where existing
methods only achieve limited results or no improvements at
all. Evaluations show considerable reductions in the number of
required qubits for a variety of quantum circuits, outperforming
the state of the art for several popular types of quantum circuits.
More precisely, for Quantum Phase Estimation (QPE) and
Quantum Fourier Transform (QFT), it achieves a reduction
to two or one qubits, respectively, while the state-of-the-art
method is unable to apply any amount of qubit reuse for
these circuits. Some instances of hardware-efficient Variational
Quantum Eigensolver (VQE) ansitze are similarly reduced to
constant sizes, even in cases when the state-of-the-art approach
is unable to perform any qubit reuse. Furthermore, for random
circuits, the proposed approach is able to reduce the total
number of qubits by up to 95% in some cases while requiring
a negligible runtime even for deeper circuits consisting of
dozens of qubits.

The remainder of this work is structured as follows: [Sec]
provides an overview on dynamic quantum circuits and
illustrates the idea of using them to reduce qubit requirements
on a running example. Then, [Section III| goes into further
detail on existing methods, highlighting the missed potential
of dynamic quantum circuits and proposing a general idea to
address them. [Section 1V] then defines the proposed methods
in more detail while [Section V| summarizes the results of a
conducted thorough evaluation, comparing them with the state

of the art for a variety of different circuits. Finally,
concludes this work.

II. BACKGROUND

This section establishes the basic concepts behind dynamic
quantum circuits and then illustrates the trade-off between qubit
count and circuit depth by showing how quantum wires can
be reduced for multiple computations. To this end, we use the
example of the Quantum Phase Estimation algorithm, which
also serves as a running example throughout the remainder of
this work.

A. Dynamic Quantum Circuits

Due to the limitations of early-day quantum computers, a
large number of quantum circuits are developed using only
unitary operators, with measurements located at the very end of
execution. While this paradigm of quantum circuits provides a
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Figure 1. Quantum phase estimation using three counting qubits.

variety of different applications, recent hardware advancements
have increasingly enabled the implementation of further circuit
primitives that go beyond unitary operations, such as mid-
circuit measurements, classically controlled gates, and reset
operations [17-20].

These components allow the full exploitation of classical
computing power during the execution of quantum circuits.
Through mid-circuit measurements, the state of individual
qubits can be extracted during execution and classically
controlled gates allow developers to use these measurement
results, as well as other computations, to determine what
quantum gates should be applied. Finally, reset operations
can be used to return qubits to the |0)-state, so that they
can be dynamically reused in later parts of the execution,
rather than requiring new qubits to be allocated. Not only do
these classical circuit primitives provide new ways to control
quantum computers, playing a substantial role, for instance,
in the implementation of fault-tolerant quantum circuits [21]),
but they also allow for substantial reductions in the resources
required for the execution of certain circuits.

The availability of mid-circuit measurements also opens up
the consideration of finding suitable locations in a circuit to
perform measurements. In this context, the deferred measure-
ment principle [22] states that measurements within a circuit
can also be pushed back to a later point without changing the
measurement outcomes. In particular, the measurements can
even be pushed through controlled gates that use the measured
qubit as a control without affecting the correctness of the
applied gate. This allows even more freedom in the development
of dynamic circuits.

B. Reducing Qubit Count Using Dynamic Quantum Circuits

To show how dynamic circuits can be taken advantage
of to reduce the number of required qubits, we consider a
commonly encountered example, which is used as a running
example for the remainder of this work. Quantum Phase
Estimation (QPE, [22]) is a well-known algorithm in quantum
computing and a core component of Shor’s algorithm for integer
factorization [23]. shows an implementation of QPE with
one eigenstate qubit [¢)) and three counting qubits starting in
the state |000). However, the properties of this algorithm make
its execution on state-of-the-art quantum computers challenging.
Due to the limited connectivity, many modern devices cannot
efficiently support the all-to-all connectivity requirements of
QPE. This introduces a significant overhead when preparing
circuits for execution on such devices, as further gates must
be added to circumvent these limitations, drastically impacting
runtime and fidelity [[148].

To address this issue, an alternative implementation of the
algorithm, also known as [ferative Quantum Phase Estima-
tion (IQPE, [24]) has been proposed. Rather than preparing
and measuring all counting qubits simultaneously, this approach
(illustrated in operates on a single counting qubit
at a time over multiple iterations. By employing mid-circuit
measurements, classically controlled gates, and reset operations,
it reduces the required number of counting qubits to just a
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Figure 2. Iterative quantum phase estimation using a single counting qubit.

single one. The two approaches can be shown to be equivalent
by replacing the reset operations in IQPE with new qubits
and employing the deferred measurement principle [22] to
transform it back to the original QPE version [25]].

While transforming QPE to IQPE generally increases the
circuit depth, the smaller number of required qubits allows
IQPE to be executed even on comparatively small quantum
computers. Furthermore, as a two-qubit quantum circuit can be
mapped to any desired topology without introducing overhead
in the number of gates, IQPE might still outperform the non-
iterative approach in terms of actual circuit depth. As a result,
IQPE can achieve better results than QPE on such devices, as
demonstrated in [[17, 26].

III. MOTIVATION

As shown in the introduction of dynamic circuit
primitives, such as mid-circuit measurements, resets, and classi-
cally controlled gates, can drastically improve the performance
of quantum circuits. However, the transformation from QPE
to IQPE was based solely on manual reformulations of the
algorithm. To make this approach more generally applicable,
automated methods for qubit reuse are required.

A. Related Work

Existing strategies for this approach are already available,
providing ways to automatically select an order in which
measurements should be performed, such that qubit reuse can
lead to substantial reductions in resource requirements [[10-16].

In 2016, Paler et al. [11]] presented initial methods for qubit
reuse that reduce the required number of resources by more
than 90% for certain circuits. In 2022, Hua et al. [[14] proposed
further methods, investigating the trade-off between resource
requirements, fidelity, gate count, and circuit duration. Further,
Brandhofer et al. [12] have presented an algorithm for qubit
reuse that takes target device topologies into account. This
allows for a reduced number of swap gates when mapping the
circuit to a target architecture, increasing the expected fidelity
of the circuit for near-term quantum devices.

In 2023, DeCross et al. [[10] proposed several algorithms to
compute such a measurement reordering, including an exact
method using constraint programming and an approximation
using a local greedy heuristic. Through an experimental
evaluation on several QAOA circuits of varying sizes, they
have shown substantial improvements even on large circuits.

However, a common limitation of all of these approaches is
that, while they actively try to reduce resource requirements
by using mid-circuit measurements and resets, they do not
use the full potential of capabilities offered by dynamic
quantum circuits. More precisely, they do not utilize classically
controlled gates to broaden the applicability of their algorithms.
As a result, none of the approaches reviewed above would
be able to transform QPE to IQPE as described in [Section Il
That is, while existing methods already achieve considerable
reductions in the required number of qubits, there is still further
potential through the full exploitation of the capabilities of
dynamic quantum circuits.



B. General Idea

To fully utilize the potential of dynamic quantum circuits,
we propose a method to trade quantum operations before a
measurement for classical operations after the measurement.
This can result in the elimination of gates that are blocking
qubit reuse and, therefore, create new possibilities to apply
existing algorithms.

The goal is to move measurements before as many gates as
possible, which is only possible if the effects of the gates can
be applied classically. For instance, moving a measurement
over a Pauli X gate requires the measurement outcome to
be flipped. If this is not possible (such as when applying a
Hadamard gate), the measurement cannot be moved any further
and has to remain at its current position.

When a controlled gate is directly followed by a measure-
ment, the measurement can be moved before the control qubit
as the deferred measurement principle states that measurements
before or after controlled gates are equivalent if they target
a control qubit. As part of that process, the controlled gate
can be replaced by a classically controlled gate using the
measurement outcome instead of the control qubit. As this
eliminates the interaction of the gate’s control and target qubits,
it may increase the chances for qubit reuse by reducing their
mutual dependencies. The idea is illustrated using the running
example:

Example 1. Consider again the QPE circuit in Notice
that the measurements of the bottom two counting qubits
directly follow controlled gates where the qubits are only used
as controls. Therefore, the measurements of those qubits can be
moved before the gates. For the bottom-most qubit, in particular,
the measurement can be further moved before the previous
controlled phase gate as well. As these measurements now give
us Boolean values for the states of the qubits, we can use the
measurement outcomes to replace these controlled phase gates
by classically controlled gates. As the counting qubits now no
longer require overlapping lifetimes, the required resources can
be reduced by only using a single qubit that is reset after each
individual computation is completed, rather than a three-qubit
counting register. By reordering the instructions in the original
program, we can therefore create a new implementation of
QPE that only requires a total of two qubits. This results in
the implementation of IQPE as shown in

As the example has shown, this method allows QPE to
be fully transformed into IQPE. Furthermore, as shown later
in it opens up a vast new range of applications for
qubit reuse in which otherwise no reuse can be employed at
all, leading to considerable reductions in resource requirements
exceeding previous results in qubit reuse.

IV. ENHANCED QUBIT REUSE BY
MOVING MEASUREMENTS

This section describes an approach that uses the potential
motivated above. First, we propose a novel set of commutation
rules that enable the movement of measurements and transfor-
mation rules to restructure dynamic quantum circuits. Based
on that, we then describe how to use these rules to facilitate
enhanced qubit reuse and reduce resource requirements.

A. Measurement Commutation Rules

To enable the potential for qubit reuse described above, we
aim to move measurements as far towards the start of the circuit
as possible. Using a set of commutation rules, we determine
whether a measurement can be swapped with the gate preceding

it. If so, we move the measurement before the gate, applying
any additional operations required by the commutation rule. We
then repeat this process until the measurement can no longer
be moved. The following rules are proposed:

Diagonal Gates: Diagonal gates do not influence the
outcome of a measurement. Therefore, any such gates commute
with a measurement without requiring any further changes. In
particular, this applies to all phase gates such as the Pauli Z
gate or controlled P gates.
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Bit-Flip Gates: Gates that cause a flip of the qubit’s
state can be simulated by negating the classical measurement
outcome. This is because the flip of a qubit’s state before
the measurement would cause the measurement to report the
opposite result with equal probability as compared to not
applying the gate before the measurement. This rule can be
applied to Pauli X gates, as well as Pauli Y gates by first
decomposing them into Y = X Z and then also applying the
rule for phase gates for the remaining Z gate.
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=

Controlled Gates: Due to the deferred measurement
principle, controlled gates can be commuted with measurements
on any of their control qubits. This requires no changes to the
classical measurement outcome.
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These rules can be applied repeatedly, interleaving individual

commutation rules to move measurements as far as possible.

The following describes how the resulting circuit is then

transformed to reduce the degree of dependencies among qubits
to facilitate qubit reuse.

B. Dynamic Circuit Transformations

After moving measurements as discussed above, further
transformations may be employed with the goal of removing
gates from the remaining circuit. Each removed two-qubit gate
eliminates one interaction between the qubits, making it more
likely that qubit reuse can be employed. These transformations
are based on the following principles:

Dead Gate Elimination: Any gate that does not influence
further measurements in the circuit can be removed. This can
be checked using simple circuit analysis: Starting from the
corresponding gate in the circuit and continuing towards the
circuit end, all encountered gates are marked as successors and
the search is propagated from their outputs. If such a search
does not encounter a measurement, the gate is considered
unused and can be eliminated.

Classical Control Introduction: Qubits that are used as
controls directly after a measurement are guaranteed to be in
a computational basis state, as the measurement collapses any
potential superposition. As the exact state of the control is
known from the classical measurement outcome, the control



can be replaced by a classical control. If the controlled gate
uses a negative control rather than a positive one, the classical
measurement output must be negated before using it as a
classical control for the gate. Finally, for gates that use multiple
controls, only the controls for which measurement outcomes
are available can be replaced by those outcomes. Other controls
remain unmodified.
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Exchanging Controls: For controlled phase gates, a target
qubit can also be treated as a control qubit. This is because
such gates only affect the state when all involved qubits are in
the |1) state, so no distinction is made between controls and
targets. Therefore, any such gate, where measurement outcomes
are available for the target qubit but not any of the control
qubits, can be modified by exchanging the control and target
qubits. This includes gates such as C'Z and C'P. Afterwards,
classical control introduction can be employed as described
above.

C. Applying Qubit Reuse

After using the commutation and transformation rules
proposed above, the lower number of interactions between
qubits may cause qubits that previously had overlapping
lifetimes that prevented qubit reuse from being applied to be
able to be handled sequentially. For this work, we implement
a direct search to determine the desired measurement order to
implement qubit reuse. To this end, we employ the same circuit
analysis as proposed for dead gate elimination starting from the
first use of qubit g. Whenever a two-qubit gate is encountered,
the search is propagated from both outputs of the gate. If this
search reaches the end of the circuit without encountering some
other qubit ¢’, then the two qubits are independent and ¢ can
reuse ¢’ by resetting ¢’ and appending all gates required for the
computation of ¢ to ¢'. If the search encounters a measurement,
we must further ensure that ¢’ does not require the outcome
of this measurement for any classically controlled gates.

By repeatedly applying this search and reset process, we aim
to reduce the required number of qubits as much as possible.
While this approach is not guaranteed to achieve the minimal
circuit size as specific reuse orders might converge to a higher
number of qubits than others, it allows for a fast execution even
as circuits grow, trading solution quality for efficiency. This
guarantees that reuse opportunities can be found even for large
circuits that provide the expected use cases for qubit reuse.
However, the proposed algorithm can also be replaced with
existing methods by adapting them for the potential classically
controlled gates in the circuit.

Example 2. Consider the two-qubit quantum circuit illustrated
in [Fig. 3d} Using the commutation rule for controlled gates
introduced in[Section IV-A| the first measurement can be moved
before the C X gate. As this results in a measurement directly
before a controlled gate, classical control introduction can be
employed to remove the interaction between the two qubits.
This results in the circuit shown in As we now have a
measurement directly applied after an X gate, the measurement
can be moved before the gate by introducing a negation to the

measured classical bit ¢c;. However, as the CX gate is only
executed if the measurement outcome of |¢o) is equal to 1, the
negation similarly is only performed if cq is 1. This is equivalent
to updating c1 to co @ c1. As this results in a dead X gate,
since no further measurements appear dafter it, the gate can be
removed, resulting in the circuit shown in[Fig. 3¢| Finally, if we
assume no other interactions occurred between |¢g) and |¢1)
in previous parts of the circuit, the qubits are fully independent.
Therefore, the computations can be concatenated on a single
qubit, resetting the state after measuring |do), then preparing
and measuring |$1). The resulting circuit which now only uses

a single qubit is shown in
V. EVALUATION

In this section, we evaluate the proposed methods on different
use cases. To this end, we applied the enhanced qubit reuse
approach on a wide variety of popular quantum circuits,
including Quantum Phase Estimation (QPE), Quantum Fourier
Transform (QFT), and hardware-efficient Variational Quantum
Eigensolver (VQE) ansdtze. This already provided a detailed
insight into the performance of the proposed methods. To
further evaluate this performance for more general circuits,
we additionally considered random circuits, focusing on the
approach’s runtime and result quality as circuit sizes increase.

For all evaluations, we developed an open-source imple-
mentation of the proposed approach and made it publicly
available at https://github.com/munich-quantum-toolkit/core.
This implementation is based on the Multi-Level Intermediate
Representation (MLIR, [burgholzer2025, 27|]) framework,
taking advantage of its efficient support for the representation
of dynamic quantum circuits and the intuitive methods it
provides to implement transformation passes and evaluations
over given circuits. We compare the resulting implementation
with the giskit_qubit_reuse Python package [28] which
provides an accessible implementation of the qubit reuse
algorithm proposed by DeCross et al. [|10], representing the
state of the art in qubit reuse (see [Section ITI-A).

A. Evaluation on QPE and QFT Circuits

To evaluate the applicability of the proposed methods, we
first perform evaluations for different sizes of QPE and QFT
circuits. In both cases, the proposed method manages to reduce
the number of qubits to the minimally possible size.

For QPE, a circuit consisting of n — 1 counting qubits and
one eigenstate qubit is always reduced down to a total of
two qubits only, as the eigenstate qubit is required to remain
accessible during the execution of the full circuit, while a
single counting qubit can be repeatedly reset and recomputed
to obtain the phase digits as shown in Furthermore, in
certain instances, such as when estimating the phase of a single
P gate, additional classically controlled gates are introduced
so that the number of gates can even be reduced further than
textbook IQPE to just a single qubit, eliminating the need for
an eigenstate qubit completely. Also for QFT, the proposed
approach manages to compress the n-qubit starting circuit
down to reduced circuit with a single qubit only.

In both cases, the existing state of the art (reviewed in
cannot perform any qubit reuse at all for these
circuits. This shows that the proposed methods provide a much
wider range of potential use cases for qubit reuse. However, as
discussed above, this qubit reuse causes a rise in circuit depth,
leading to the fundamental trade-off inherent in qubit reuse.

More precisely, [Table 1| shows the corresponding qubit
reductions as well as the obtained circuit depths of QPE and
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(c) After moving the second measurement through the classically
controlled X gate and eliminating dead gates.
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(d) Employing qubit reuse to reduce the number of required qubits to 1.

Figure 3. The process of employing enhanced qubit reuse. Measurements are moved using multiple commutation rules and further transformations eliminate
the gates, making the qubits independent and allowing for a reduction in resource requirements.

Table I
RESULTS OBTAINED FROM EVALUATING QPE AND QFT CIRCUITS.
QPE QFT
N Nypeused d  dreused M Mreused d  dreysed
4 2 9 17 4 1 8 17
6 2 18 34 6 1 12 32
8 2 31 55 8 1 16 51
10 2 48 80 10 1 20 74
20 2 193 265 20 1 40 249
30 2 438 550 30 1 60 524
40 2 783 935 40 1 80 899
50 2 1228 1420 50 1 100 1374

n: Number of qubits d: Circuit depth

QFT after applying the proposed approach for different starting
sizes n, compared to the original depths before applying qubit
reuse. All reported results shown in were computed in
real time, requiring only a maximum of 265ms and 276ms for
the 50 qubit benchmarks of QPE and QFT, respectively.

The obtained results confirm that the proposed methods
can achieve drastic reductions in the number of qubits. For
QPE, starting circuits of any size n allow a decrease in the
number of required qubits by n — 2. For larger instances, such
as the 50-qubit instance considered in this evaluation, this
substantial reduction only leads to a depth increase of 14%.
This is because for the application of the controlled U gates,
which represents the largest part of the circuit as the number
of qubits grows, individual layers in the circuits only consist
of a single gate even when using multiple qubits. Therefore,
even when concatenating all layers on a single wire, the depth
overhead does not rise significantly. Similarly, QFT circuits of
any size can be reduced to just a single qubit. While depth
increases due to qubit reuse are more apparent for QFT, the
developer is free to select a desired number of qubits. This
way, the proposed approach allows developers to freely explore
and control the trade-off between qubit count and circuit depth.
Additionally, as a reduction in the number of qubits may also
simplify the circuit’s connectivity constraints, the circuit depth
after mapping it to actual quantum devices may once again be
improved compared to larger circuits.

Overall, these evaluations confirm that, for important quan-
tum circuits such as QPE and QFT, the proposed approach
can automatically reduce the number of qubits from dozens to
just two (QPE) or even a single (QFT) qubit—a potential not
utilized by existing automated methods.

B. Evaluation on VQE Circuits

To show further applications of the proposed methods
for near-term practical examples, we additionally investi-
gated the performance of enhanced qubit reuse for circuits

Table II
RESULTS OBTAINED FROM EVALUATING HARDWARE EFFICIENT VQE
ANSATZ CIRCUITS.

Entanglement State-of-the-Art ~ Proposed Approach
Strategy Nyreused dn Nreused dn
circular 3 239 2 3.39
pairwise 4 139 2 2.30
linear 2 258 1 3.79
reverse-linear 2 251 2 3.39
full n 1.76 1 7.38

Nreused: Number of qubits after applying qubit reuse
dp: Depth of the resulting circuit, normalized by number of qubits

realizing the hardware-efficient Variational Quantum Eigen-
solver (VQE, [29]) ansatz [30]. This ansatz provides ways
for the parametrized preparation of quantum states that are
efficiently executable on near-term devices. It consists of a
rotation block and an entanglement block. For this evaluation,
we built rotation blocks from RX gates, while we constructed
the entanglement blocks using C'X gates. We considered
instances consisting of a single repetition layer, as they provide
a proper use case showing the potential of qubit reuse.

The hardware efficient ansatz can be constructed using one
of several entanglement strategies that indicate to what degree
the qubits interact with each other inside the entanglement
block. As this degree of interaction also affects the potential
for qubit reuse, we compared several different entanglement
strategies over ansitze of different sizes. Furthermore, we also
investigated to what degree the state-of-the-art implementation
can be employed and what improvements are made by this
method.

shows the circuit sizes achieved by the proposed
appraoch as well as by the state-of-the-art implementation. It
further lists the mean depth of the resulting circuits, divided
by the number of qubits in the input circuit for normalization.
Again, all results have been obtained in negligible runtime.

Notably, this evaluation shows that the final number of qubits
in the circuit after applying qubit reuse does not depend on
the initial circuit size. Due to the regular structure of these
circuits, the repeated use of qubit reuse converges to the same
final number of qubits, regardless of the original size n.

The results clearly confirm the additional potential of
the proposed methods. While in case of the reverse-linear
entanglement strategy, both approaches achieve the same
results, the proposed method outperforms the state-of-the-art
implementation for all other entanglement strategies—further
pushing the limits of qubit reuse. Moreover, in case of the
full entanglement strategy, the proposed method reduces the



Table IIT
RESULTS OBTAINED FROM EVALUATING RANDOM CIRCUITS.

Input State-of-the-Art Proposed Method Agtate-of-the-art— proposed

n d Nyreused dreused |G2‘ t[S} Nyreused dreused |G2‘ t[S} Nyreused dreused |G2‘ t
20 2 5.2 29.6 8.6 0.0047 2.2 45.0 1.2 0.0362 57.7% -52.0% 86.0% -670.2%
20 8 12.6 33.2 30.4 0.0107 7.8 56.0 19.8  0.0486 38.1% -68.7% 349%  -354.2%
20 26 19.4 30.2 98.8 0.3937 19.2 41.4 844  0.0767 1.0% -37.1%  14.6% 80.5%
30 2 6.8 43.8 12.6 0.0062 1.6 74.2 0.8 0.0376 76.5% -694% 93.7%  -506.5%
30 10 20.4 46.2 54.8 0.0225 12.6 90.0 35.8 0.0519 38.2% -948%  347%  -130.7%
30 42 30.0 40.6  239.8 82.7132 30.0 428 2214  0.0917 0.0% -5.4% 7.7% 99.9%
40 3 12.0 61.8 24.0 0.0119 3.0 59.0 4.2 0.0447 75.0% 4.5% 82.5%  -275.6%
40 9 23.2 69.4 67.8 0.0262 14.2 109.0 454  0.0623 38.8% -57.1% 33.0% -137.8%
40 27 394 35.6  209.0 1.5640 37.6 65.8 179.0 0.1126 4.6% -84.8% 14.4% 92.8%
50 3 11.6 73.0 27.8 0.0130 2.2 100.6 6.4  0.0500 81.0% -37.8%  77.0%  -284.6%
50 10 32.8 75.4 97.8 0.0346 18.0 125.6 59.0 0.0779 45.1% -66.6% 39.7%  -125.1%
50 33 49.8 346 3148 13.6188 49.4 48.0 2852 0.1617 0.8% -38.7% 9.4% 98.8%
60 3 15.0 87.6 36.4 0.0111 34 94.0 7.8  0.0462 77.3% -13%  78.6% -316.2%
60 12 45.4 814 140.6 0.0476 31. 132.6 99.8  0.0842 31.7% -62.9%  29.0% -76.9%
60 48 60.0 46.8 536.0 1134.8826 60.0 49.0 500.8 0.1665 0.0% -4.7% 6.6% 100.0%

n: Number of qubits

number of required qubits to a minimum of one, while the
state-of-the-art implementation cannot perform any qubit reuse
at all, demonstrating the full potential of the proposed methods.

These qubit savings, however, come at the cost of increased
circuit depths. However, the results confirm that the increase in
depth is often not proportional to the reduction in qubits. In the
end, it is up to the developer to decide on a suitable trade-off
between qubit count and circuit depth. While such a trade-off
might not be worth it for small circuits, it becomes crucial for
larger circuits that are close to the limits of available hardware.

Overall, this once again confirms the increased potential for
qubit reuse offered by the proposed methods.

C. Evaluation of Random Circuits

While the previous evaluations provided a wide overview
on the potential of enhanced qubit reuse for several popular
quantum circuits, we additionally conducted further evaluations
on random circuits to investigate the approach’s scalability in
terms of result quality and runtime. For this, we created several
circuits with different qubit counts and depths by randomly
concatenating one and two-qubit gates and measuring each
qubit at the end of the circuit.

[Table I reports the results achieved by running the proposed
appraoch as well as the state-of-the-art implementation on the
given circuits. Each entry shows the mean number of qubits,
depth, two-qubit gate count, and execution time, obtained by
running the corresponding algorithms on five random circuit
instances for each listed number of qubits and circuit depth.
Furthermore, each entry also lists the percentage reduction of
each of these statistics obtained by the proposed approach and
compared to the state of the art.

The results confirm that, also for these instances, the
proposed approach can lead to drastic reductions in the required
number of qubits. However, unlike the previous evaluations, the
final number of qubits does depend on the original circuit size,
as the random structure of these circuits does not allow for a
regular reuse of qubits. Nonetheless, the proposed approach
achieved better results than the state-of-the-art implementation
for all considered circuit instances. For low-depth instances,
such as 30 qubits with a depth of 2, we find a drastic decrease of
almost 95%, while the existing methods only reduce the qubit
requirements by less than 80%. However, as the input depth

rises, the differences between the two approaches decreases.

This is because for larger circuits it becomes increasingly
unlikely that the proposed methods can eliminate enough
two-qubit gates to enable multiple qubits to be reused.

d: Circuit depth |G2|: Number of two-qubit gates ¢: Runtime of qubit reuse algorithm

While the depths of the circuits after applying the proposed
methods are largely greater than the depths obtained from the
existing reference implementation, this may not necessarily
lead to a lower fidelity circuit, as discussed in
This is even more so the case, as the number of two-qubit gates
is substantially lower for circuits obtained from the proposed
methods and the reduction in qubits is more significant than
the increase in circuit depth compared to the state-of-the-art
implementation.

Furthermore, the state-of-the-art implementation also puts
more effort into obtaining low depths, resulting in substantially
higher execution times compared to the proposed approach.
For example, while the execution of the proposed approach
took up a maximum of 0.2 seconds for the largest investigated
examples, the state-of-the-art implementation required more
than 1134 seconds for the same circuit. This further highlights
the efficiency of the proposed method.

Overall, these evaluations showed that the utilization of the
additional potential of dynamic quantum circuits as discussed
above and employed in the proposed method, can lead to
substantial improvements not just for structured circuits such
as QPE, QFT, or VQE ansitze, but also find more general
applications in arbitrary quantum circuits. As the proposed
method can further be executed in real time, it provides not
only a widely but also a cheaply applicable approach to reduce
qubit requirements for quantum circuits.

VI. CONCLUSION

In this work, we have introduced a novel approach for
enhanced qubit reuse. By moving measurements to earlier
parts of the circuit through commutation rules and strategically
using them to eliminate two-qubit gates, the proposed approach
reduces the interaction between qubits and, in turn, facilitates
the application of qubit reuse. This allows for a substantial
reduction in the resource requirements of a variety of quantum
circuits where existing methods would otherwise be very
limited or not applicable at all. Through evaluations on several
different classes of circuits, we have shown the advantages
of the proposed approach, leading to reductions in qubit
requirements of up to 95% for sparse circuits and 64% for
circuits of medium size and depth. All components of the
proposed approach are made available as part of an open-
source implementation at https://github.com/munich-quantum-
toolkit/core.
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