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model that solely utilizes single-qubit measurements on entangled states to perform
computation, namely the measurement-based quantum computing (MBQC), has
started to attract further research interest as it is deemed more naturally suited for
certain quantum hardware architectures, though its actual implementation remains
largely underexplored. Recently, there have been preliminary efforts to characterize
the specific regimes in which MBQC may potentially be more advantageous
compared to CBQC. Nevertheless, a more systematic assessment is necessary to
assess the suitability of each model across a broader range of more practical cases. In
this work, we present a detailed comparative analysis of CBQC and MBQC, beginning
with reviewing the theoretical foundations of each model before highlighting its
distinguishing features that set the two paradigms apart. Furthermore, building on
previous work, we propose a generalized regime analysis that more accurately
captures the conditions under which a given quantum algorithm is more favorably
executed in MBQC or CBQC. Subsequently, we identify critical parameters that likely
determine whether a quantum algorithm is better suited to CBQC or MBQC,
categorizing detailed key factors and performance metrics into layers of quantum
computation. Next, we propose a decision flow that, given specific hardware
constraints and algorithm requirements, guides the selection to the most appropriate
model, discussing suitability in two representative worked examples of quantum
algorithm applications: Quantum Fourier Transform (QFT) and Variational Quantum
Algorithm (VQE). Last, we discuss the potential to combine both models as a hybrid
approach to leverage the best of both worlds and explore its benefits for practical
quantum computing applications.
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1 Introduction

The rapid advancement of quantum computing research in the past two decades has
largely been dominated by the circuit-based quantum computing (CBQC) paradigm.
Building upon a direct generalization of classical circuit models, CBQC employs se-
quences of unitary operations (quantum gates) applied to qubits, and has become the
de facto standard for both theoretical formulations and physical hardware realizations
[1]. Numerous quantum algorithms, including Shor’s factoring algorithm [2] and Grover’s
search algorithm [3], have been developed and implemented within this framework, driv-
ing the growth of (mostly) CBQC-based hardware platforms such as superconducting
qubits and trapped ions.

However, measurement-based quantum computing (MBQC), a fundamentally different
paradigm introduced by Raussendorf and Briegel in the early 2000s [4], has increasingly
gained attention in recent years. Unlike CBQC, which relies on sequential gate operations,
MBQC performs computation through a sequence of adaptive single-qubit measurements
on a highly entangled initial state, typically a cluster state. While historically underex-
plored compared to its circuit-based counterpart, MBQC has demonstrated unique ad-
vantages in areas such as fault tolerance, distributed quantum computing, and resource
optimization for specific classes of algorithms [5, 6].

Despite the growing interest in MBQC and the emergence of hybrid models that aim
to integrate features from both paradigms, the number of comprehensive studies directly
comparing CBQC and MBQC remains limited. Existing reviews and surveys have primar-
ily focused on individual models or specific application areas, leaving a significant gap in
literature regarding their systematic comparison across operational, resource, and archi-
tectural dimensions.

In this paper, we present a comprehensive comparative analysis of CBQC and MBQC,
carefully examining their computational structures, resource requirements, fault-tole-
rance schemes, and algorithmic suitability. We argue that while CBQC maintains its pre-
dominance, MBQC possesses distinct merits that render it more advantageous in certain
scenarios, particularly in distributed and fault-tolerant quantum architectures. It is thus
imperative to evaluate these paradigms side-by-side to identify cases where one model
may be preferential over the other.

Departing from the work of Lee et al. [6], which initially proposed a threshold model for
determining algorithmic suitability between CBQC and MBQC based on select criteria,
we extend this line of inquiry by identifying additional parameters from both theoreti-
cal and technical viewpoints. This includes considerations of circuit depth, entanglement
structure, resource state preparation, measurement adaptivity, and fault-tolerance over-
head.

Furthermore, we construct a mapping of several well-known quantum algorithms to
their more suitable computational model, considering factors such as resource efficiency,
error mitigation capabilities, and hardware compatibility. This mapping is intended to
serve as a practical guide for selecting appropriate quantum computing frameworks based
on algorithmic characteristics and implementation contexts.

Lastly, we discuss the potential of hybrid quantum computing architectures that seek
to leverage the complementary strengths of CBQC and MBQC. Notable examples in-
clude fusion-based quantum computing [7], which integrates MBQC'’s resource-efficient
measurement schemes with modular photonic systems, and recent CBQC-based schemes
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augmented by MBQC-inspired measurement layers for state preparation and error sup-
pression [8]. To date, however, no study has explicitly demonstrated MBQC models in-
fused with CBQC subroutines despite the direction demands further investigation as
quantum hardware capabilities mature.

The remainder of this paper is organized as follows. Section 2 introduces the theoret-
ical foundations and historical development of both CBQC and MBQC. Subsequently,
Sect. 3 presents a comparative analysis highlighting the distinguishing features that set
the two paradigms apart, ranging from their conceptual differences, resource implica-
tions, fault tolerance and error correction characteristics, hardware suitability, to scala-
bility. In Sect. 4], prior work’s regime analyses on the algorithmic favorability of CBQC
versus MBQC are first reviewed, followed by the introduction of our proposed general-
ized regime analysis that extends beyond fixed-ratio assumptions. Next, Sect. 5 elaborates
on our layered framework, which identifies and organizes key factors and performance
metrics across various layers of quantum computation, followed by discussions in Sect. 7.
Finally, Sect. 8 concludes the paper.

2 Theoretical foundations

2.1 Evolution of quantum computing paradigms

Evolution of CBQC: from early gate model to modern implementations The establish-
ment of quantum computing paradigms traces back to the late 1970s and early 1980s,
when researchers began to explore the feasibility of computational processes governed by
quantum mechanical principles. The seminal work of David Deutsch [9] introduced the
concept of a universal quantum computer, formalizing the circuit-based quantum com-
puting (CBQC) model as a direct generalization of classical Boolean circuits. This frame-
work utilizes quantum bits (qubits) as information carriers, manipulated by a sequence of
unitary quantum gates interspersed with measurements.

CBQC quickly established itself as the primary computational model for quantum al-
gorithms, largely due to its conceptual compatibility with classical computation and the
emergence of landmark algorithms such as Shor’s factoring algorithm [2] and Grover’s
search algorithm [3]. Over subsequent decades, significant advancements in quantum
hardware (e.g., superconducting qubits, trapped ions, and photonic systems) further so-
lidified CBQC'’s prominence as the most widely adopted paradigm for quantum compu-
tation.

Emergence of MBQC: from one-way quantum computer to distributed architectures
While CBQC remained the dominant framework, a novel computational model emerged
in the early 2000s. Introduced by Raussendorf and Briegel [4], measurement-based quan-
tum computing (MBQC) —also referred to as one-way quantum computing —proposed
a radically different approach wherein computation is driven by a sequence of adaptive,
single-qubit measurements performed on a highly entangled initial resource state, typi-
cally a cluster state.

In MBQC, the unitary evolution of qubits is effectively replaced by classical feedfor-
ward control over measurement outcomes, offering unique flexibility in distributed quan-
tum networks and photonic systems [5]. The model’s intrinsic separation between en-
tanglement generation and measurement-driven computation renders it particularly ad-
vantageous for scenarios involving modular architectures, fault tolerance, and scalable
photonic-based quantum systems.
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The past decade has witnessed a gradual increase in MBQC-related research, particu-
larly in contexts such as fault-tolerant quantum computation [10], distributed quantum
computing [11], and photonic quantum processors [7]. Notably, the recent exploration of
hybrid models integrating CBQC and MBQC components has highlighted the comple-
mentary strengths of these paradigms, motivating the need for comparative analyses such
as the present work.

2.2 Circuit-based quantum computation (CBQC)

The circuit-based quantum computation (CBQC) paradigm, also known as the gate-
model QC, is predicated on the sequential application of quantum gates—unitary oper-
ations acting on one or more qubits—structured into a quantum circuit, as illustrated in
Fig. 1. A typical CBQC process involves three primary stages: qubit initialization, gate op-
erations, and final measurement. Quantum information is manipulated via standard gate
sets, such as the Clifford+T gate set, known for its universality and relevance in fault-
tolerant quantum computing [1].

CBQC’s operational model aligns closely with classical digital circuits, facilitating intu-
itive algorithm design and circuit analysis. Resource estimation in CBQC typically involves
metrics such as circuit depth, circuit width, and gate count, often with emphasis on costly
non-Clifford gates like the T gate. Recent developments in fault-tolerant architectures and
surface code implementations have further refined CBQC'’s practicality for near-term and
future quantum devices.

While CBQC offers a clear, well-established computational model and extensive hard-
ware support, it can encounter challenges in deep circuit implementations due to co-
herence time limitations and gate error accumulation, especially on near-term noisy

intermediate-scale quantum (NISQ) hardware.

2.3 Measurement-based quantum computation (MBQC)

Measurement-based quantum computation (MBQC) offers an alternative framework
wherein the computational process is driven by single-qubit measurements performed
on a pre-entangled cluster state or graph state. Introduced by Raussendorf and Briegel
[4], MBQC delineates the processes of entanglement generation and computational evo-
lution, allowing for flexible, adaptive computation steered by classical control based on
prior measurement outcomes.
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Figure 2 Example of (a) a single qubit rotation and (b) a CNOT gate in the MBQC paradigm [12]

The MBQC protocol begins by preparing a highly entangled cluster state, followed by a
carefully designed sequence of adaptive, single-qubit measurements in specific bases. The
choice of measurement basis and the order of operations determine the realized quantum
algorithm, with classical feedforward control used to adjust subsequent measurements
based on earlier results, as shown in Fig. 2. This model replaces the direct gate-sequence
structure of CBQC with a measurement-driven flow (c.f. Fig. 3), offering advantages in
scenarios where entanglement resources can be generated efficiently or distributed across
a network.

Key benefits of MBQC include its suitability for distributed quantum computing, pho-
tonic systems, and fault-tolerant architectures leveraging topological cluster states [10].
MBQC'’s inherent decoupling of state preparation and computational progression also en-
ables more robust modularization, particularly valuable in long-distance quantum com-

munication and scalable photonic implementations.

3 Distinguishing features of circuit-based and measurement-based quantum
computation

While both CBQC and MBQC serve as universal models for quantum information pro-
cessing, they are built upon distinct conceptual frameworks, which result in differences
in perceiving resource complexity. In addition, this also gives rise to variation in fault-
tolerance mechanisms, quantum hardware suitability, and scalability. In this section, we
detail the distinguishing features that characterize each model to provide a foundation
for the analysis presented in the subsequent sections. In detail, the comparison includes
conceptual differences, resource complexity implications, fault tolerance and error correc-
tion aspects, quantum hardware suitability, and scalability considerations. For each part,

a summary table is provided for clarity.

3.1 Conceptual differences

Here, we discuss the conceptual differences between CBQC and MBQC in several aspects:
computational model, the role of entanglement and measurement, how it performs (gate)
operations, and their processing of quantum information, which is also summarized in
Table 1.

Page 5 of 30
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Figure 3 Example of a transpilation of the same quantum operations from CBQC to MBQC [12]

Table 1 Comparison of Conceptual Differences of CBQC and MBQC, compiled from [13, 14]

Aspect CBQC MBQC

Computational Model Sequential gate application Adaptive measurement on cluster states
Entanglement Generated dynamically when required Pre-prepared, fundamental

Operations Unitary gates Measurement patterns

Measurement At final step (or optionally, mid-circuit) Throughout computation

Information Processing Unitary evolution, deterministic Projective measurement, probabilistic

3.1.1 Computational model

In CBQC, the computation is performed by initializing a set of qubits on a quantum reg-
ister of a quantum circuit, applying a sequence of unitary operations (i.e., quantum gates),
then measuring the qubits to extract the corresponding classical information. The com-
putation proceeds through discrete time steps, with each gate transforming the quantum
state according to a prescribed quantum circuit layout [1]. This model closely follows clas-
sical logic circuits, thus deemed more intuitive, which contributes to its prominence. Cou-
pled with, arguably, much higher support from the industry such as IBM and Google, it
has shown relatively significant progress and has been the most widely adopted framework
for practical quantum computing implementations [15].

In contrast, MBQC realizes computation by first preparing a highly entangled resource
state, typically a two-dimensional cluster state. Then, the computation is then performed
solely through a sequence of adaptive, single-qubit measurements. The logic of the al-
gorithm (i.e., the quantum gate equivalent of CBQC) is encoded in the pattern and ba-
sis of these measurements, with classical processing (i.e., feed-forward) used to adapt
subsequent measurement choices based on previous outcomes [4]. This approach shifts
the computational complexity from dynamic gate application to the initial entanglement
structure and measurement sequence. Hence, in MBQC, measurement is the core of the
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computational process, rather than unitary evolution as in CBQC, in which measurement
is only performed at the end (or optionally, also in the middle) to obtain the computation
result.

3.1.2 Role of entanglement
In CBQC, entanglement is generated dynamically during computation by applying multi-
qubit gates (e.g., CNOT gate or Toffoli gate) when necessary. Though the utilization of
entanglement is typically essential for most quantum algorithms, not all quantum sub-
routines require entanglement at every stage.

In contrast, entanglement is, in fact, a prerequisite for MBQC. In detail, the entire re-
source state must be prepared in a highly entangled configuration before the computation
even begins. Then, the computation’s power derives from this initial entanglement, which

is then “consumed” as measurements are performed [16].

3.1.3 Role of measurement

For CBQC, measurement typically occurs only at the end of the computation (though
depending on the desired algorithm and technique, mid-circuit measurement is possible
[17]) to extract the results as a classical outcome. In MBQC, measurement is the central
computational primitive, performed adaptively throughout the process, with outcomes
used to determine the bases for subsequent measurements. This necessitates a fast clas-

sical processing so that the mechanism does not be a bottleneck in the computation.

3.1.4 Operations

CBQC implements operations (i.e., quantum gates) directly as physical operations ap-
plied to the qubits. This is done via single-qubit gates (e.g., Hadamard, Pauli gates, T-gate)
and/or two-qubit gates! (e.g., CNOT and CZ gate). These gates are applied in a specified
order, and their physical realization depends on the underlying hardware.

On the other hand, MBQC realizes quantum gates through sequences of single-qubit
measurements on the resource state. The effect of a measurement depends on the mea-
surement basis and the structure of the entangled state. By carefully choosing measure-
ment patterns and adapting them based on previous outcomes, MBQC can implement
any quantum gate. Clifford gates correspond to fixed measurement patterns of X, Y, or
Z (thus, can be performed simultaneously rather than sequentially like in CBQC), while
non-Clifford gates require adaptive strategies, i.e., sequential based on the result of previ-

ous measurement, which is essentially implemented by destructive measurements [10].

3.1.5 Processing of quantum information

CBQC processes quantum information via explicit gate operations, with quantum states
evolving unitarily except at the final measurement. Hence, the computation in CBQC,
which is performed through unitary evolution of quantum gates, is deterministic. In con-
trast, MBQC processes information through the propagation of measurement-induced

collapses across the entangled resource [13]. Note that as MBQC relies on projective,

1Or via higher multi-qubit gates such as Toffoli/ CCNOT gate, but which will eventually be decomposed to a series of one
and two-qubit gates.
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adaptive measurements, its computation is probabilistic, with undesired randomness in-
troduced to the computation [18]. To alleviate this randomness inherent in quantum mea-
surement, a classical feedforward is employed to ensure correct logical operation de-
spite stochastic outcomes. Hence, classical aspects are also as essential in the workings
of MBQC [18, 19].

3.2 Resource complexity implications

Although both circuit-based quantum computing (CBQC) and measurement-based
quantum computing (MBQC) are universal and, in principle, polynomially equivalent
in computational power [4, 20], since the workings of these two paradigms fundamentally
differ, there are implications on how we perceive resources in each model, as summarized
in Table 2. Note that the categorizations presented in the table represent the primary char-
acteristics and more widely employed method in the existing literature rather than a strict
or exclusive distinctions. In practice, and depending on the maturity and future direction
of technologies, many techniques and optimization strategies can be adapted across both
paradigms. For instance, graphical approaches such as ZX-calculus-based optimizations
which was initially associated with MBQC have now also been applied in CBQC.

3.2.1 What constitutes primary resources?

In the circuit-based model, the primary resources are the number of physical qubits and
the circuit depth, which is defined as the number of sequential layers of quantum gates
required to implement a given algorithm. Each qubit is typically initialized at the start of
the computation and remains active throughout, participating in various gate operations
until the final measurement. Circuit depth is particularly important because it is directly
related to the time the quantum system must maintain coherence; longer circuits are more
susceptible to decoherence and noise, which degrade computational fidelity. In addition
to qubit count and depth, other hardware-dependent factors such as gate fidelity, qubit
connectivity, and error rates also play crucial roles in determining the overall resource
cost and feasibility of running a quantum algorithm on a given device [21].

In contrast, MBQC introduces a fundamentally different perspective on resource alloca-
tion. Here, the key resource is the entangled resource state, most commonly a cluster state,
which is prepared before computation begins. The size and geometry of this cluster state,
often in the form of a two-dimensional lattice of qubits, determine the spatial resources
required. Notably, all qubits in the resource state are prepared and entangled upfront, and
computation is subsequently performed by a sequence of single-qubit measurements. The
temporal resource in MBQC is the number of measurement layers, which, depending on
the algorithm and the structure of the cluster state, can sometimes be reduced to a single
round if sufficient spatial resources are available [4, 5]. This trade-off between spatial and
temporal resources is a defining feature of MBQC: by increasing the number of qubits in
the initial resource state, it is possible to parallelize measurements and thus reduce the
effective computation time.

Another important distinction arises in the interpretation and management of entan-
glement. In CBQC, entanglement is generated dynamically as needed through the appli-
cation of multi-qubit gates, and while it is a hallmark of quantum computation, it is not
always present at every stage of the circuit. In MBQC, however, the entangled resource
state is the very substrate upon which computation is enacted. The entire computational
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Table 2 Summary of Resource Complexity and Related Aspects in CBQC and MBQC, compiled from
[4,14, 20, 21,23, 25, 28, 29]

Aspect CBQC MBQC
Primary Resources - Qubit count (active during computation) - Size of entangled resource state (cluster
- Circuit depth (sequential gate layers) state)

Entanglement

Temporal Resource

Spatial Resource

Operations

Measurement

Classical Processing

Overheads

Optimization Focus

Fault Tolerance

Scalability

- Gate count

Generated dynamically as needed by
applying multi-qubit gates

Circuit depth (number of sequential gate
layers),
Coherence time is a limiting factor

Number of physical qubits required for the
algorithm

Unitary gates applied in sequence,
Clifford and non-Clifford gates realized
directly

Typically performed at the end of
computation,
Intermediate measurements less common

Minimal (mostly for final readout and error
correction)

- Gate synthesis
- Error correction
- Hardware connectivity constraints

- Depth and qubit minimization
- Gate reordering and cancellation
- Hardware-aware compilation

Surface/concatenated codes
Magic state distillation for non-Clifford
gates

Mature experimentally;
Scaling limited by error rates, connectivity,
and error correction overhead

- Number of measurement layers
- Measurement and classical overhead

Prepared upfront as the substrate for
computation,
Computation “‘consumes” entanglement

Number of sequential measurement layers
Can be traded for spatial resources (more
qubits)

Number of qubits in the cluster/resource
state
(often larger than logical qubit count)

Computation via single-qubit
measurement patterns

Clifford gates by fixed patterns,
non-Clifford by adaptive measurements

Central to computation
Performed throughout,

with adaptive bases and classical
feedforward

Essential for adaptive measurement and
feedforward,
can become a bottleneck

- Resource state preparation

- Measurement overhead

- Classical-quantum interfacing
- Qubit overhead

- Cluster state size minimization

- Measurement order and adaptivity
- Cluster/qubit reuse

- ZX-calculus techniques

Naturally suited to 3D cluster states
Topological codes integrated into resource
state

Conceptually scalable
Cluster states can be distributed for
distributed QC

process can be viewed as a controlled “consumption” of entanglement, with each mea-

surement irreversibly collapsing part of the resource state and propagating quantum in-

formation through the lattice [4].

Both models have additional overheads that must be considered in practical implemen-

tations. In CBQC, these include the overhead associated with gate synthesis (especially

for non-native gates), error correction, and the need for high-fidelity operations. MBQC,

on the other hand, incurs overhead in the preparation of large, high-fidelity cluster states,

as well as the classical processing required for adaptive measurement and feedforward

control. The latter is particularly significant, as the outcome of each measurement may
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determine the basis for subsequent measurements, necessitating fast and reliable classical-
quantum interfacing [1, 5, 6].

In summary, while CBQC and MBQC are theoretically equivalent in computational
power, their resource landscapes are shaped by the different ways in which they allocate
and utilize qubits, entanglement, and time. CBQC emphasizes active qubit management
and sequential gate application, with depth and coherence time as critical bottlenecks.
MBQC, by contrast, frontloads resource investment into the preparation of a large en-
tangled state, enabling potential gains in parallelism and fault tolerance, but at the cost of
increased spatial and classical processing overheads.

3.2.2 Gates vs. measurement patterns

The operational paradigm of CBQC is centered on the direct application of unitary gates
to quantum states. Each gate is a physical operation, and the sequence of gates defines
the computation. Universal quantum computation is achieved by combining single-qubit
gates (such as the Hadamard or phase gate) with a two-qubit entangling gate (such as
CNOT). Clifford gates (Hadamard, CNOT, S) are relatively straightforward to implement
and can often be executed with high fidelity. However, non-Clifford gates (such as the T
gate) are more challenging, especially in the context of fault-tolerant quantum computing,
where they typically require ancillary qubits and resource-intensive procedures like magic
state distillation [22, 23].

In MBQC, the notion of a “gate” is replaced by the concept of a measurement pattern.
Computation proceeds by measuring qubits in the cluster state in specific bases, with the
choice of basis and the order of measurements encoding the algorithm. Clifford operations
can be realized with fixed measurement patterns, while non-Clifford operations require
adaptive measurements, where the basis for each measurement depends on the outcomes
of previous measurements. This adaptivity introduces a layer of classical processing and
feedforward, which is critical for universality but can also become a bottleneck if not effi-
ciently managed [23, 24].

Fault-tolerant quantum computation (FTQC) further accentuates the differences be-
tween the two models. In CBQC, FTQC is typically implemented using surface codes or
concatenated codes, with logical gates realized through code deformation or magic state
injection. In MBQC, FTQC is naturally suited to three-dimensional cluster states, where
logical qubits and gates are encoded in the topology of the resource state. This topological
approach offers inherent protection against certain types of errors and can simplify the
implementation of logical operations [1, 22].

3.2.3 Optimization strategies
Optimization strategies in CBQC are well-established and focus primarily on minimizing
circuit depth and qubit count. Techniques such as gate commutation, cancellation, and
advanced compilation are routinely employed to reduce resource usage and mitigate error
accumulation. Hardware-aware optimization, which takes into account the connectivity
and native gate set of the quantum processor, is also a key area of ongoing research [25].
In MBQC, optimization is a newer but rapidly developing field. Strategies include mini-
mizing the size of the cluster state, reusing portions of the resource state (qubit recycling),
and optimizing the order and adaptivity of measurements to reduce classical processing
overhead. The ZX-calculus, a graphical language for quantum circuits, has emerged as a
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powerful tool for optimizing both CBQC and MBQC representations, enabling transfor-
mations that can bridge the two models and yield more resource-efficient implementa-
tions [26, 27]. While MBQC-specific optimization is less mature, recent work has shown
that careful design of measurement patterns and resource states can lead to significant
reductions in spatial and temporal overhead, especially for algorithms amenable to paral-
lelization [6].

In conclusion, resource complexity in CBQC and MBQC is shaped by their respective
operational paradigms. CBQC’s resources are dominated by qubit count and circuit depth,
with a strong emphasis on minimizing decoherence and error rates. MBQC, in contrast,
requires up-front investment in large entangled states and efficient classical-quantum in-
terfacing, but offers unique opportunities for parallelism, fault tolerance, and distributed
computation. The choice of model (and the optimization of resources within each) de-
pends on the specific requirements of the algorithm, the capabilities of the available hard-
ware, and the predominant goals of the computation.

3.3 Fault tolerance and error correction

Fault tolerance (FT) and quantum error correction (QEC) are indispensable for scalable
quantum computation, as physical qubits are inherently noisy and susceptible to decoher-
ence and operational errors. Both CBQC and MBQC must address these challenges, but
the strategies and natural fit for FT and QEC differ significantly between the models.

In the circuit-based paradigm, FT is typically achieved through the use of quantum
error-correcting codes (QECCs), such as the surface code or concatenated code families
[29].These codes encode logical qubits into multiple physical qubits, allowing for the de-
tection and correction of errors via syndrome measurements and recovery operations.
Logical gates are implemented either transversally (when possible) or via code deforma-
tion techniques. A particular challenge for CBQC is the implementation of non-Clifford
gates, such as the T gate, which cannot be performed transversally in most codes. Instead,
these gates are realized using resource-intensive procedures like magic state distillation,
which introduces significant overhead in both qubit count and circuit depth [22, 23].

MBQC, on the other hand, is naturally suited to fault-tolerant computation due to its
intrinsic reliance on entangled resource states. The most prominent approach to FT in
MBQC is the use of three-dimensional (3D) cluster states, where logical information is
encoded topologically [10]. In this framework, errors correspond to topological defects,
and logical operations are implemented by braiding or manipulating these defects within
the cluster state. The measurement pattern itself can be designed to incorporate error
correction, making QEC an integral part of the computational process rather than a sepa-
rate overhead. This topological approach offers high thresholds for error rates and can be
more robust to certain types of noise, although it places demanding requirements on the
preparation and stability of large, high-fidelity cluster states [30].

Despite these conceptual advantages, MBQC'’s practical realization of FT and QEC re-
mains less mature than in CBQC, primarily due to the technical challenges associated
with generating and maintaining large-scale cluster states with sufficient fidelity and con-
nectivity. Nonetheless, the topological nature of MBQC'’s FT schemes continues to attract
significant research interest, especially as hardware platforms capable of generating such
states improve.

In addition, note that it is also worth mentioning on the suitability of both MBQC and
CBQC models for the current Noisy Intermediate-Scale Quantum (NISQ) era, which is
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Table 3 Fault Tolerance, Error Correction, and NISQ Suitability of CBQC vs. MBQC

Aspect

CBQC

MBQC

FTQC Realization

QEC Integration

Clifford/Non-Clifford

Practical Status

NISQ Suitability

- Surface/concatenated codes
- Logical gates via code deformation
or magic state distillation

- Active correction cycles
- Syndrome measurement and recovery

- Clifford: transversal or code deformation,

- Non-Clifford: magic state distillation

- Demonstrated in experiments, more
mature

- Widely used in NISQ devices

- Aligns with current hardware and
shallow circuits

- Optimization focuses on minimizing
depth and gate count

- 3D cluster states
- Logical qubits encoded topologically
- Operations via defect manipulation

- Integrated into measurement pattern
and resource state topology

- Clifford: fixed measurement patterns
- Non-Clifford: adaptive measurement
and feedforward

- Conceptually promising, under active
development

- Conceptually offers parallelism and error
mitigation

via resource states, but limited by cluster
state preparation

and adaptive measurement challenges

on current NISQ hardware

characterized by quantum devices with limited qubit counts and significant noise, as dis-
cussed below.

CBQC in the NISQ Era. Circuit-based quantum computing is currently the dominant
model implemented on most NISQ devices, such as superconducting qubits and trapped
ions. Its gate-based structure aligns well with available hardware control techniques, and
many near-term quantum algorithms (e.g., Variational Quantum Eigensolver, Quantum
Approximate Optimization Algorithm) have been developed specifically for CBQC on
NISQ hardware. However, NISQ devices suffer from noise and decoherence that limit
the circuit depth and size, restricting reliable execution to relatively shallow circuits with
a small number of qubits [21].Optimization efforts in CBQC focus heavily on reducing
circuit depth and gate count to mitigate noise impact, but the inherent sequential nature
of gate application constrains parallelism and scalability on noisy hardware [31].

MBQC in the NISQ Era. Measurement-based quantum computing, while less mature
experimentally, offers conceptual advantages that could be beneficial in the NISQ regime.
Since MBQC performs computation via adaptive single-qubit measurements on a pre-
prepared entangled resource state, it can, in principle, exploit parallelism by performing
many measurements simultaneously, potentially reducing temporal overhead and expo-
sure to decoherence [4, 13]. Moreover, the upfront preparation of cluster states may allow
for error mitigation strategies tailored to the resource state itself. However, the preparation
of high-fidelity cluster states at scale remains a significant technical challenge on current
NISQ hardware. Additionally, the classical feedforward required for adaptive measure-
ments introduces latency and complexity, which can be limiting given the short coherence
times of NISQ devices [32, 33]. Table 3 summarizes the fault tolerance, error correction,
and NISQ suitability of CBQC and MBQC.

3.4 Quantum hardware suitability
The suitability of quantum hardware for implementing CBQC or MBQC is determined by
various factors, including the physical characteristics of the platform, the ease of realizing
the required operations, and the alignment between the model’s requirements and the
hardware’s native capabilities [32, 34].

Page 12 of 30
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Table 4 Quantum Hardware Suitability for CBOC and MBQC

Hardware Platform Suitability for CBQC Suitability for MBQC
Superconducting High; mature and widely used Possible, but less explored
Trapped lons High; mature Possible, but less explored
Photonics Moderate (circuit model) Highly suitable,
Cluster states and measurements easy
Neutral Atoms Emerging Potential for large-scale cluster state generation

CBQC s currently the dominant model for most leading quantum computing platforms,
including superconducting qubits, trapped ions, and neutral atom arrays. These platforms
naturally support the initialization, coherent manipulation, and measurement of individ-
ual qubits, as well as the application of a universal set of quantum gates. The circuit model’s
sequential, gate-based approach maps straightforwardly onto these systems, and extensive
engineering advances have led to significant improvements in gate fidelity, connectivity,
and error rates [21], resulting in its most advanced experimental progress compared to
other platforms [35]. The suitability of several quantum hardware platforms based on the
recent progress for implementing each computing model is summarized in Table 4.

MBQC, by contrast, is particularly well-suited to photonic quantum computing archi-
tectures. In photonics, it is often easier to generate large-scale entangled states (such as
cluster states) using linear optics and probabilistic entangling operations, and single-qubit
measurements are naturally implemented using beam splitters, phase shifters, and pho-
todetectors [5, 33]. The measurement-driven nature of MBQC aligns well with the op-
erational strengths of photonic systems, where maintaining long-term coherence is chal-
lenging but rapid, high-fidelity measurements are feasible. Neutral atom and trapped ion
systems are also exploring MBQC, leveraging their ability to create and manipulate en-
tangled states, though practical demonstrations remain limited compared to the circuit
model [33].

The choice of hardware model is not always exclusive; hybrid approaches are being ex-
plored, where elements of both CBQC and MBQC are combined to exploit the strengths of
each. For example, measurement-infused circuit models that incorporate MBQC into tra-
ditional circuit-based Variational Quantum Eigensolver (VQE) [8], as well as fusion-based
photonic architectures, i.e., paradigm that uses finite-sized entangled states and destruc-
tive entangling measurements to achieve fault-tolerance [7], seek to leverage the resource
efficiency and error resilience of MBQC within the broader framework of circuit-based

control.

3.5 Scalability considerations
Scalability is the ultimate test for any quantum computing model, as practical quantum
advantage requires systems that can handle large numbers of qubits and operations while
maintaining high fidelity. The scalability prospects of CBQC and MBQC are shaped by
various factors, including their respective resource requirements for experimental or large
scale, error correction, as well as suitability with the distributed computing paradigm and
modular architectures, as summarized in Table 5.

CBQC has demonstrated superior scalability in current experiments, driven by the ma-
turity of hardware platforms and the extensive development of error correction and con-
trol techniques. Superconducting and trapped ion systems, for example, have scaled to
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Table 5 Scalability Considerations in CBQC and MBQC

Scalability Aspect CBQC MBQC
Experimental Scale Larger, more mature Limited, but conceptually scalable
>100 qubits demonstrated Large cluster states possible in principle
DQC Suitability Challenging, requires Natural fit
entanglement distribution and Cluster states can be distributed,
synchronization Computation performed via measurements
Modular Architectures Emerging Well-suited
Requires complex routing and Cluster states can be fused
control or connected modularly
Error Correction Overhead increases rapidly with Topological codes integrated into resource state
scale Potentially more scalable

over 100 qubits [36], with ongoing improvements in gate fidelity and error correction pro-
tocols. In fact, recently, IBM announced its 1121-qubit processor titled Condor [37, 38].
However, further scaling is constrained by the overhead of quantum error correction,
the need for high connectivity, and the challenge of maintaining coherence across large,
densely connected systems [39, 40].

MBQC, while less advanced experimentally, offers inherent advantages for scalability,
particularly in distributed and modular quantum computing. The cluster state resource
model naturally lends itself to the preparation and manipulation of large entangled states,
which can be distributed across multiple physical nodes. Computation can then proceed
via local measurements and classical communication, enabling a form of distributed quan-
tum computing (DQC) that is more challenging to realize in the circuit model. The spa-
tial structure of cluster states also facilitates modular architectures, where independent
resource states can be fused or connected to build larger computational systems. More-
over, MBQC'’s topological error correction schemes are well-suited to large-scale systems,
offering robustness against local errors and noise [19, 41].

Despite these theoretical advantages, MBQC'’s scalability is currently limited by the
technical difficulty of preparing large, high-fidelity cluster states and reliably performing
adaptive measurements. As photonic and atomic platforms improve, however, MBQC is
expected to become increasingly competitive, especially for applications that benefit from
parallelism, distribution, or topological protection [6, 19, 41].

4 Drawing (and extending) the line: CBQC or MBQC-favorable?

Although both CBQC and MBQC are fundamentally universal models, they exhibit per-
formance trade-offs, different operational requirements, and architectural compatibilities
that may render each paradigm favorable under different circumstances. This section dis-
cusses the conditions under which one paradigm may be more advantageous than the
other, based on prior analyses as well as the extension introduced in this work.

4.1 Prior analysis: a review of previous works

As MBQC gains more attention as an emerging quantum computing platform and is now
explored further for actual and practical use, the question of which platform is best suited
for running certain quantum algorithms has also started to be investigated. To our knowl-
edge, one of the first attempts to systematically compare the performance of CBQC and
MBQC was presented by Lee et al. [6] in 2022. Though their work focuses on MBQC for
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Figure 4 Illustration of MBQC/CBQC-favorable regimes determined by the hardware-dependent parameter
8tg/Sty, as proposed in [6]

quantum simulation of fermionic systems, the authors first featured an initial analytical
framework for determining the regime at which quantum algorithms might exhibit a per-
formance advantage when executed in MBQC compared to in CBQC. In summary, the
authors argued that MBQC may yield a runtime advantage compared to CBQC with their
methods under the condition that a large number of qubits are available for use, the time
taken for an accurate single-qubit measurement can be made small enough to avoid de-
coherence of the resource state, and the entangling gates are performed in parallel mostly
at the beginning [6].

In detail, their analysis argues that the runtime of CBQC and MBQC can be estimated
using a straightforward model as follows. Let M denote the number of sequential evolution
steps (e.g., Trotter steps). For each step, N, denotes the number of circuit-model gates re-
quired per step, while N,,, denotes the number of single-qubit measurements performed in
the corresponding MBQC measurement round. Introducing characteristic durations 81,
and §t,, for a circuit-model gate and an accurate single-qubit measurement, respectively,

the total runtimes are approximated as in Equation (1).
Tcpqe ~ M Ny ét,, Tampac ~ M Ny, 8ty 1)

Then, MBQC becomes favorable in the cases as stated in Equation (2).

8t; Ny
Oty Dm 2)
8t~ N,

In the concrete constructions considered by Lee et al. [6], which focus on local Hamil-
tonian simulation, a method known as the graph-state compactification [42] allows the
ratio N,,/N, to be fixed to unity. Consequently, the regime boundary reduces to a single
hardware-dependent threshold 8¢,/8¢,, = 1, separating CBQC and MBQC-favorable re-
gions. This situation is illustrated schematically in Fig. 4, which reproduces the regime
boundary considered in their work.

This analysis was then featured and discussed by Qin et al. [32], who briefly expand
the discussion to multi-qubit operations. However, their analysis was relatively limited to
high-level architectural parameters and did not extend into detailed resource trade-offs

or hardware-specific considerations.

4.2 Our proposal: generalized regime analysis
In this paper, we depart from the parameters firstly analyzed by Lee et al. [6], expand-
ing their work to fit broader cases. In particular, we argue that their horizontal regime

boundary is a consequence of the specific algorithmic structure and compilation strategy
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Generalized CBQC-MBQC Favorable Regime
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Figure 5 Generalized CBQC vs. MBQC-favorable regimes obtained by allowing the algorithm-dependent
ratio Ny/Ng to vary. The diagonal boundary follows from equating the runtime proxies in Equation (1). The
horizontal regime considered by Lee et al. [6] corresponds to the special case Ni/Ng = 1

employed in [6] rather than a universal property of MBQC. Thus, here, we first general-
ize the regime analysis by allowing the algorithm-dependent ratio N,,/N, to vary, so as to
capture a broader class of quantum algorithms and compilation strategies.

While the regime analysis of Lee et al. provides valuable insight, its applicability is re-
stricted to algorithmic settings in which the ratio N,,/N, can be fixed by construction.
In more general quantum algorithms, including variational algorithms, quantum Fourier
transform subroutines, and distributed or modular executions, the effective numbers of
gate layers and measurement layers are strongly algorithm and compilation-dependent.
In such settings, we argue that the ratio N,,/N, should be treated as a variable rather than
a constant. Retaining the runtime model in Equation (1), but allowing N,,,/N, to vary, the
regime condition in Equation (2) defines a continuous boundary in the (N,,/N,, 6t,/8t,,)
parameter space.

Taking these concerns into account, we propose a generalized regime map as shown
schematically in Fig. 5. In this representation, the horizontal boundary covered by Lee et al.
[6] (c.f. Fig. 4 corresponds to the special case N,,/N, = 1, i.e., a horizontal slice of the more
general diagram. In contrast, Fig. 5 explicitly captures how algorithm structure (through
N,,/Ng) and hardware characteristics (through 6£,/6%,,) jointly determine whether CBQC
or MBQC is favored. This generalized regime analysis forms the basis for the layered met-
rics and decision flow introduced in the following sections, where additional factors such
as circuit depth, measurement depth, fault-tolerance overhead, and classical feedforward
latency are incorporated.

Next, we also cover lower-level aspects for a more thorough analysis to better reflect
the condition of running specific quantum algorithms on each quantum computing plat-
forms. Specifically, in the succeeding sections, we identify and devise the key factors and

performance metrics for both MBQC and CBQC in Sect. 5, then present a decision flow
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to help assist in model selection (i.e., CBQC or MBQC), with worked examples of two

representative quantum algorithm subroutines in Sect. 6.2.

5 Identifying key factors and performance metrics: a layered approach

A comprehensive comparison between CBQC and MBQC would benefit from not only a
qualitative assessment of their distinguishing features but also a systematic mapping of the
key factors and performance metrics that determine their practical suitability for different
quantum algorithms and hardware regimes. In this section, we adopt a layered approach,
drawing inspiration from established frameworks such as those by Jones et al. [43] to cate-
gorize and analyze parameters across the quantum computing stack. In particular, for the
stack category, we mainly refer to (and slightly modify) the quantum computing layers ap-
peared in [44], which conceptually aligns with the layered architecture presented in Fig. 1
of Gheorghiu and Mosca’s quantum resource estimation paper [45]. In this section, we
present our analysis of key factors and performance metrics of both computing models,
categorizing them as a layered approach, from top to bottom: Algorithms, Logical, Fault

Tolerance, and Hardware, for clarity and a more systematic view.

5.1 Layered analysis of key factors and performance metrics

The challenge of optimizing quantum computation, whether in the circuit-based (CBQC)
or measurement-based (MBQC) paradigm, benefits from a structured analysis as a layered
approach. This methodology enables independent reasoning and targeted optimization
at each level, from abstract algorithm design to the physical realities of hardware imple-
mentation. By decomposing the quantum stack into algorithmic, logical, fault-tolerant,
and hardware layers, we can clarify how resource requirements and performance bottle-
necks propagate, interact, and ultimately determine the feasibility and efficiency of quan-
tum computation. The resulting categorization of key factors and performance metrics is

summarized in Table 7.

5.1.1 Algorithm layer

At the algorithmic layer, the focus is on the high-level structure of quantum algorithms
and their intrinsic computational demands, independent of any specific compilation or
execution model. This is the stage at which quantum parallelism, circuit width, and depth
sensitivity are first determined. For example, algorithms such as VQE, QAOA, and quan-
tum simulation kernels define not only the logical sequence of operations but also the
maximum number of qubits that must be simultaneously manipulated, i.e., the circuit
width prior to compilation. This metric sets a lower bound on the hardware resources re-
quired for implementation and directly constrains the degree of parallelism that can be
exploited [46].

At this layer, algorithms may also be intrinsically deterministic or probabilistic in their
output structure. For instance, Shor’s algorithm and phase estimation succeed with con-
stant probability per run and rely on repetition and classical post-processing as part of
their algorithmic definition. Accordingly, “success probability” at the algorithmic layer
refers to intrinsic algorithmic success defined by the computational task itself, rather than
to execution-level failure mechanisms that arise from, e.g., noise, postselection, or non-

deterministic operations, which are addressed at lower layers.
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Furthermore, depth sensitivity (here, as similarly discussed in this context in [47, 48],
refer to the extent in which an algorithm’s correctness, fidelity, or practical feasibility de-
pends on the length of its sequential execution depth rather than circuit width or gate
count) and parallelizability further shape an algorithm’s suitability for near-term quantum
computing (NISQ), in which shallow circuits and high parallelism are advantageous. In ad-
dition, some algorithms permit structural transformations that significantly alter resource
scaling under specific execution models. For example, certain Boolean functions admit
constant-depth implementations only when adaptive strategies are allowed, whereas non-
adaptive realizations may incur exponential overheads in space or repetition [6]. In this
sense, the algorithmic layer provides the conceptual blueprint that constrains all subse-

quent compilation and execution choices.

5.1.2 Logical layer

The logical layer translates the abstract algorithm into an explicit quantum circuit or mea-
surement pattern, assuming idealized, error-free conditions. At this stage, compilation
choices determine the logical gate set (e.g., Clifford+ T, CZ+H, etc.), as well as the ratio of
Clifford to non-Clifford operations, and the associated gate-synthesis costs [25]. Logical
gate count, circuit depth, qubit count, and ancilla requirements is usually considered as
essential performance metrics.

In CBQC, this layer captures how algorithmic structure is mapped onto sequences of
quantum gates, including the impact of connectivity constraints and the resulting SWAP
overhead. A wider circuit allows for more parallel gate execution, reducing depth but po-
tentially increasing the number of SWAP gates if hardware connectivity is limited [49]. In
MBQC, the logical layer instead specifies the cluster state’s geometry and the sequence of
measurements required to realize the desired computation. Properties such as flow exis-
tence (e.g., gflow, Pauli flow, or related variants), measurement adaptivity, and by-product-
operator handling can be considered as the key structural factors that determine whether
the computation proceeds deterministically or requires postselection. The complexity of
the measurement pattern, the number of adaptive measurement layers, and the classical
feedforward latency become critical performance metrics [20]. Notably, MBQC can some-
times achieve significant reductions in logical depth by leveraging parallel measurements,
but this often comes at the cost of increased initial resource state size and classical pro-
cessing overhead. Additionally, a larger cluster state enables greater parallelism in mea-
surements, but the preparation of such states can be resource-intensive, and adaptivity
may introduce additional classical control complexity [4, 5].

Note that at this layer, execution success is better understood as a qualitative property of
the logical implementation (e.g., deterministic versus postselected execution or the pres-
ence of probabilistic primitives such as heralded operations) as opposed to a scalar perfor-
mance metric, as it fundamentally alters how logical depth and resource counts translate
into execution cost. Quantitative consequences of such nondeterminism, such as expected
repetition factors or effective depth inflation due to repetition, are therefore treated as
logical-layer performance metrics rather than algorithmic ones.

5.1.3 Fault tolerance layer
The fault tolerance layer addresses the encoding of logical circuits into error-corrected,
fault-tolerant primitives, which is essential for scalable quantum computation. At this
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level, logical circuits or operations is mapped onto encoded qubits using quantum error
correction codes, such as surface codes or color codes. The choice of code family, code
distance, and syndrome-extraction cadence [50] determines the overhead and efficacy of
error correction [29]. Also, the temporal structure of fault-tolerant operations, including
the degree to which error-correction cycles and logical gates can be executed in parallel,
further influences overall performance.

In CBQC, non-Clifford gates (such as T gates) typically require magic-state distilla-
tion, which can dominate the resource consumption in large-scale computations [51]. The
logical-to-physical qubit ratio, logical error rate, and distillation cost are key metrics that
reflect the efficiency of the fault-tolerant encoding.

Circuit width plays a dual role at this layer: increasing width raises the physical-qubit
overhead required for encoding, while also enabling greater parallelism that can reduce
logical execution time and mitigate decoherence, provided the error-correction scheme
supports sufficient throughput.

Meanwhile, in MBQC, recent advances have demonstrated that certain cluster state
constructions, e.g., color-code-based cluster states, can implement universal, fault-
tolerant computation with potentially lower overhead for some logical gates, although
state distillation remains a major challenge for arbitrary gates [52]. Distributed and net-
worked MBQC architectures further complicate the picture, as they must contend with
both circuit-level and network-induced noise, but can benefit from modularity and paral-
lelism [53].

5.1.4 Hardware layer

At the hardware layer, the logical, error-corrected circuit is mapped onto a specific phys-
ical quantum hardware platform, subject to the constraints on e.g., qubit count, connec-
tivity, gate fidelities, measurement fidelity, and coherence times. The native gate set, qubit
topology (e.g., nearest-neighbor, all-to-all), and measurement fidelity all play decisive roles
in determining the achievable circuit width and depth [21]. For instance, a hardware with
limited connectivity may require additional SWAP gates to implement multi-qubit oper-
ations, increasing both gate count and exposure to noise.

In MBQC, the hardware layer must also support the efficient generation of large, high-
fidelity cluster states and the rapid, programmable measurement of individual qubits.
Time-domain multiplexing and photonic architectures have emerged as promising ap-
proaches for scaling MBQC, enabling the preparation of large cluster states and high-
throughput measurements [54]. However, the preparation and stabilization of such states
remain significant technical challenges, particularly as the system scales.

The interplay between circuit width, gate count, and decoherence is most acute at this
layer. A circuit with width matched to the available hardware can exploit maximum par-
allelism, reducing execution time and decoherence risk. Conversely, if the circuit width
exceeds hardware capacity, operations must be serialized, increasing depth and the likeli-
hood of errors. Aggregate metrics such as quantum volume and system throughput have
been developed to capture this balance, providing holistic benchmarks for hardware per-

formance [55].
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6 Decision flow for CBQC-MBQC model selection
6.1 Decision flow

Choosing between the circuit-based quantum computing (CBQC) model and measure-

ment-based quantum computing (MBQC) for a given algorithm or workload depends on

interacting constraints across the algorithmic, logical, fault-tolerance, and hardware layers

identified in Sect. 5.1. We outline a decision flow as a structured entry point for model

selection (i.e., to determine which model is better suited in a given scenario) instead of a

universal rule-set, since trade-offs are often platform and compiler-dependent. Below, we

highlight the major considerations:
1. NISQ Regime Checks

.

.

.

.

Noise Robustness and Error Mitigation: If MBQC is more robust to noise and
supports more effective error mitigation than CBQC, select MBQC.
Conversely, if CBQC is superior in these respects, select CBQC.

Transpilation and Compilation Efficiency: If CBQC allows for significantly more
effective noise-adaptive transpilation and circuit optimization, select CBQC.
Hybrid Quantum-Classical Integration: If MBQC supports more efficient
hybrid integration (e.g., rapid measurement-feedback cycles), select MBQC.
Device Variability and Qubit Mapping: If device variability is high and CBQC
offers greater flexibility in mapping to reliable qubits, select CBQC.

2. FTQC Regime Checks

.

Error Correction Overhead: If CBQC has significantly lower error correction
overhead, select CBQC. If MBQC is superior in this regard (e.g., via topological
codes), select MBQC.

3. Universal Checks (Both Regimes)

.

Circuit Depth vs. Coherence and Latency: If the estimated CBQC circuit
runtime (circuit depth x two-qubit gate time) exceeds a critical fraction of the
hardware’s coherence time, and MBQC’s measurement plus feedforward time
is lower, select MBQC.

Variational/Adaptive Structure and Measurement Adaptivity: If the algorithm
is variational or requires adaptive measurements, select MBQC.
Clifford-Dominated and Highly Parallel Circuits: If the circuit is
Clifford-dominated and highly parallel, select MBQC.

Runtime and Qubit-Width Trade-Off: If MBQC runtime is less than CBQC
runtime and MBQC does not require more qubits, select MBQC.

Hardware Connectivity and MBQC Gadget/Resource Support: If hardware
connectivity is not all-to-all and MBQC-specific gadgets or resource states are
available, select MBQC.

Resource State Preparation Efficiency: If MBQC resource state preparation is
inefficient, select CBQC.

Feedforward and Classical Control Latency: If classical feedforward or control
latency is high, select CBQC.

4. Fallback: If no clear advantage is found for MBQC, default to CBQC, reflecting its

maturity and broader hardware support.

Rationale and Literature Context. In the NISQ regime, the fragility of quantum infor-

mation and the absence of full error correction demand a focus on noise robustness, error

mitigation, and the practicalities of hybrid quantum-classical integration. In the FTQC

Page 20 of 30



Larasati and Choi EPJ Quantum Technology

(2026) 13:39

Table 6 Ranked key factors for CBQC vs. MBQC model selection, with layer and regime applicability

Rank  Factor Layer Regime  Justification
1 Circuit depth vs. coherence Algorithm Both - Ensures computation completes before
and latency /Hardware decoherence dominates
- MBQC can leverage parallelism and fast
measurements if CBQC depth is too high
2 Noise sensitivity, error rates, Hardware NISQ - NISQ devices are dominated by noise
and error mitigation capability /Logical - Models robust to noise and supporting
error mitigation are favored
3 Parallelism and measurement Algorithm Both BQC benefits from high parallelism and
latency /Hardware fast
measurement/feedforward, reducing
runtime and logical depth.
4 Device variability and qubit Hardware NISQ Ability to exploit the most reliable qubits
mapping and adapt to device-specific noise
profiles is critical in NISQ.
5 Clifford/non-Clifford ratio Algorithm Both - MBQC is efficient for
/Logical Clifford-dominated circuits
- Non-Clifford gates add overhead,
especially for CBQC.
6 Connectivity and MBQC Hardware Both MBQC can mitigate limited connectivity
gadget/resource support if cluster state gadgets are available,
reducing SWAP overhead.
7 Variational/adaptive structure Algorithm Both MBQC naturally supports variational and
and measurement adaptivity adaptive algorithms, often enabling
more efficient implementations.
8 Ancilla and resource state Logical Both High ancilla or resource state overhead
overhead /Hardware may favor one model depending on
hardware capabilities and preparation
efficiency.
9 Feedforward and classical Logical Both High classical latency can bottleneck
control latency /Hardware MBQC, negating its advantages in
adaptivity and parallelism.
10 Error correction overhead Fault FTQC Lower error correction overhead in one
Tolerance model is decisive for scalable,
fault-tolerant computation.
1 Transpilation and compilation Logical NISQ Aggressive, noise-adaptive compilation
efficiency /Hardware can significantly improve NISQ
performance.
12 Hybrid quantum-classical Algorithm NISQ Efficient support for hybrid algorithms
integration /Logical and rapid feedback cycles is key in NISQ.

regime, the resource scaling of error correction becomes the decisive constraint, with the

model offering lower overhead emerging as the natural choice for scalable, reliable com-

putation. Universal factors (e.g., circuit depth, parallelism, hardware connectivity), remain

relevant, shaping the practical feasibility of any quantum algorithm regardless of regime.

Ranked Key Factors and Performance Metrics. Moreover, considering the level of

importance, the layered key factors and performance metrics in the previous subsection

is ranked as presented in Table 6.
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6.2 Use-case examples: applying the decision flow

While the layered metrics in Table 7 and the decision flow in Sect. 6 provide a sys-
tematic framework for comparing CBQC and MBQC, their practical value ultimately
depends on whether they can be instantiated for concrete algorithmic workloads un-
der realistic hardware constraints. In this subsection, we therefore present two use-
case examples: the Quantum Fourier Transform (QFT) and Variational Quantum Eigen-
solver (VQE), that connect algorithm structure, logical compilation characteristics, and
hardware-dependent execution times. These use cases are deemed representative due to
their applicability and frequent use for evaluating proposed methods in various research.
Notably, QFT (and its usual counterpart such as adder or the modular exponentiation
circuit for Shor’s algorithm) is a canonical subroutine for various methods employing
quantum arithmetic-based techniques whereas VQE is prominently used for evaluating
quantum machine learning (QML)-based proposals.

Note that these examples are intentionally analytical and parameterized to illustrate how
the dominant resource constraints identified in the layered analysis manifest in practice,
and how they guide the selection between CBQC and MBQC instead of for device-level
benchmarks or performance claims for specific platforms. In addition, throughout the
scenarios, as a proof-of-concept, we keep it high-level by taking into account only the
relatively dominant parameters (i.e., the ones with leading effects) while leaving out finer-
grained details (e.g., detailed scheduling, calibration drift, and full fault-tolerance cycle
overheads).

Here, we first describe the assumptions that we employ for the use-cases. For both exam-
ples, we employ simplified execution-time estimates that we believe can reflect the dom-
inant sequential contributions to the runtime of a quantum algorithm, shown in Equa-
tion (3):

Tcpac ~ Ny tag, Tmeqc ~ Nop (tm + tg), (3)

where N, denotes the effective number of sequential two-qubit gate layers after compi-
lation in the circuit model, N,, denotes the effective number of sequential measurement
layers imposed by the measurement pattern and adaptivity in MBQC, £, is the character-
istic two-qubit gate time, ¢, is the single-qubit measurement time, and ¢4 captures classi-
cal feedforward latency when adaptive measurements are required.

Equation (3) assumes deterministic logical execution in both models. When postselec-
tion or probabilistic primitives are present, the expected repetition factor identified at the
logical layer in Table 7 then should be incorporated multiplicatively into the total execu-
tion time. Note that the distinction is essential, but does not alter the qualitative conclu-
sions of the examples considered below.

Additionally, for the purpose of the following use-case illustrations, we adopt repre-
sentative hardware parameters that aligns with current experimental results and directly
enter the simplified execution-time estimates in Equation (3).

For superconducting circuit-based platforms, characteristic two-qubit gate times ¢, are
typically reported in the range of a few hundred nanoseconds. For example, Krinner et al.
[56] report surface-code cycle times of approximately 1.1 ps that include multiple two-
qubit operations and readout, while recent large-scale superconducting demonstrations
on Google report individual two-qubit gate durations on the order of 10% ns. We there-
fore take £, ~ 200 — 400 ns as a conservative representative range [56, 57]. Single-qubit



Larasati and Choi EPJ Quantum Technology

(2026)

13:39

Page 23 of 30

Table 7 Identified Key Factors and Performance Metrics of CBQC and MBQC across Quantum

Computing Layers

Layer Description Key Factors Performance Metrics
Algorithm e High-level e Intrinsically deterministic vs e Intrinsic algorithmic success
quantum-algorithm design; probabilistic output structure probability
defines computational e Depth sensitivity o Required repetition for
workload and parallelism. o Parallelizability constant success
o Ancilla requirement
Representative families:
o VQE / QAOA
e Phase-estimation QFT-based
(e.g.,, Shor’s, quantum
chemistry)
e Quantum-simulation kernels
(Hubbard, Fermi-Hubbard,
Kitaev chain)
e Search/optimization oracle
(Grover, max-cut)
Logical Architecture-agnostic o Clifford vs Non-Clifford ratio e Logical circuit depth
quantum circuit translation of e Logical gate set (Clifford+T, e Logical qubit count
a quantum algorithm, CZ+H,...) e Logical gate count
assuming ideal condition e Gate-synthesis cost e Total gate count
without error correction or e By-product-operator e Ancilla count
mitigation. handling e Connectivity overhead
e Deterministic vs postselected  (SWAP count) (CBQC)
execution e T-count, T-depth (CBQC)
e Requirement for adaptivity o Measurement-layer count
(feedforward) (MBQC)
e Probabilistic primitives (e.g., o Feed-forward latency
heralded operations) o Classical feed-forward
o Flow existence (Gflow, Pauli cycles (MBQQ)
flow, Shadow Pauli flow) e Execution-induced
(MBQQ) repetition factor
e Measurement adaptivity o Effective depth inflation due
to repetition
Fault Encoding of logical operations e Code family (surface, color, e Logical-to-physical qubit
Tolerance into fault-tolerant primitives: LDPC, Raussendorf lattice) ratio
o Full QEC (FTQC era) e Code distance e Logical error rate
e Error mitigation or none e Syndrome-extraction e FT-gate overhead
(NISQ era) cadence (rate) (space/time)
e Magic-state / Pauli-gadget o Distillation cost
factories o Cycle time per
e Lattice surgery vs braiding error-correction round
e Temporal structure of FT
operations (serial vs parallel)
Hardware  Mapping of error-corrected o Native gate set fidelities e Physical qubit count

/mitigated circuits onto actual
hardware platforms, e.g.:

e Superconducting

e lon-trap

e Photonic

o Neutral-atom

e Qubit topology/connectivity
(nearest-neighbour,
fixed-degree, all-to-all)

e Coherence time

e Measurement fidelity

o Measurement latency

e Control-loop bandwidth

o Distributed-entanglement
links*

e Physical gate error rate

o Effective coherence budget
vs execution time

e Measurement latency

e Parallel-gate bandwidth

e Inter-module entanglement
rate*

measurement times on such platforms are typically in the sub-microsecond to microsec-

ond regime. Here, we adopt t,, ~ 0.5 — 1.5 ps, consistent with reported dispersive read-

out latencies in contemporary superconducting devices [56, 57]. Coherence times 77, T
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for superconducting qubits are commonly reported in the range of several tens to a few
hundred microseconds, thus the representative interval 77, ~ 50 — 200 ps used in the
discussion [56, 57]. In addition, the architectures considered are assumed to have planar,
nearest-neighbor connectivity, as is standard for surface-code-oriented superconducting
layouts.

For photonic measurement-based platforms, the relevant temporal parameters are
single-qubit measurement time £, and classical feedforward latency tg, rather than in-
trinsic qubit coherence. Large-scale continuous-variable cluster-state experiments report
high-rate homodyne measurements with effective per-mode measurement times in the
tens of nanoseconds regime. Thus, we take ¢, ~ 20— 50 ns as representative [58, 59]. Also,
classical feedforward latencies reported in photonic MBQC experiments and architec-
tures range from tens of nanoseconds to the microsecond scale depending on electronics
and system integration. Accordingly, we adopt a broad indicative range tg ~ 10 — 10° ns
[58, 60]. While photonic platforms are not limited by intrinsic qubit coherence times in
the same sense as solid-state systems, their performance is instead constrained by optical
loss, detector efficiency, and stability of resource-state generation [58]. Finally, effective
all-to-all logical connectivity is assumed via the structure of the cluster state, following
standard MBQC constructions [61].

6.2.1 Example 1: quantum Fourier transform (QFT)

We first consider an n-qubit quantum Fourier transform (QFT), representative of phase-
estimation-type subroutines that appear in algorithms such as Shor’s algorithm and quan-
tum simulation. QFT’s characteristics are also beneficial to show the relation between gate
count and achievable parallelism across different computational models.

At the algorithmic and logical layers, an ideal QFT contains @(#?) two-qubit controlled-
phase gates. In the circuit model, these gates must be arranged into sequences with an
effective depth depends strongly on hardware connectivity and compilation strategy. For
instance, an ideal, all-to-all connectivity that considers SWAP operations as free will have
a much less resource requirements compared to a more realistic scenarios in which qubit
placement is fixed, such as in a CBQC, superconducting qubit-based circuit.

CBQC realization. On superconducting architectures with planar, nearest-neighbor
connectivity, routing and scheduling constraints introduce additional SWAP operations
that inflate the effective sequential depth. We therefore write

N~ an?, (4)

where « > 1 signifies compilation and connectivity-induced depth inflation. Using Equa-

tion (3), the dominant execution-time contribution becomes
Tcrqe & Ny tog. (5)

A necessary feasibility condition is that Tcpqc remains well below a platform-dependent
fraction of the coherence time T5. As n increases or connectivity constraints worsen, N,
grows rapidly, and circuit depth becomes the dominant bottleneck.

MBQC realization. In MBQC, the same logical transformation is implemented via a
measurement pattern on a pre-prepared entangled resource state. Crucially, many of the
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logical dependencies in QFT can be resolved through parallel measurements, with the re-
maining sequential structure determined by the measurement flow. As a result, the num-

ber of sequential measurement layers scales approximately linearly as:
Npu~Bn, (6)

where 8 depends on the chosen decomposition and flow structure. The dominant tempo-
ral contribution is then

Tveqc X Ny (tm + tg). (7)

On photonic MBQC platforms employing time-domain multiplexed cluster states, mea-
surement and feedforward operations can be performed at high rates, ... shifting the domi-
nant constraint from intrinsic qubit coherence to single-qubit measurement time, classical
feedforward latency, and resource-state preparation overhead.

Implication for model selection. This example directly illustrates the highest-ranked
factor in the decision flow: when routing-induced depth inflation causes Tcpqc to ap-
proach the coherence budget, while MBQC sustains sufficiently low measurement and
feedforward latency with feasible resource-state preparation, MBQC becomes the more
favorable execution model. Conversely, if measurement latency or resource-state prepa-
ration dominates, CBQC remains preferable despite its higher two-qubit gate count.

6.2.2 Example 2: variational quantum eigensolver (VQE)

As a contrasting case, we consider the variational quantum eigensolver (VQE), a prototyp-
ical NISQ workload characterized by shallow parameterized circuits executed repeatedly
to estimate expectation values. The objective function takes the form

M
E®)=) ¢i{P, ®)
j=1

where {P;} are Pauli operators and statistical precision requires repeated circuit execu-
tions.

Runtime structure. Unlike QFT, VQE as a parameterized circuit is primarily limited by
repetition count instead of single-run coherent depth. The dominant total execution time
scales as

TVQE A Nexec tcycle’ (9)

where Ny is the total number of circuit executions required across all Pauli terms and
optimization steps, and f,c includes state preparation, measurement, and classical pro-
cessing.

CBQC vs. MBQC interpretation. In CBQC, ansatz depth can typically be tuned to re-
main below coherence limits, making measurement throughput and device stability across
many repetitions the dominant constraints. In MBQC, VQE corresponds to repeatedly
preparing suitable fragments of a resource state and executing high-throughput measure-
ment patterns. As a result, MBQC is favorable only if resource-state preparation and mea-
surement pipelines can sustain the large number of independent circuit executions re-

quired to estimate Pauli expectation values to the desired statistical accuracy. Otherwise,
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the overhead of repeated state generation outweighs the benefits of measurement paral-
lelism.

Implication for model selection. VQE thus occupies a regime in which the decision
flow is governed primarily by measurement latency, classical control bandwidth, and hy-
brid quantum-—classical integration, rather than by coherent circuit depth. In such settings,
neither CBQC nor MBQC is universally superior. Instead, the more suitable model is de-
termined by which platform can sustain higher throughput across repeated executions
under realistic stability constraints.

7 Discussions

The comparative framework and decision flow presented above provide a principled start-
ing point for selecting between circuit-based (CBQC) and measurement-based (MBQC)
quantum computing paradigms. However, there are several notes to consider to place
these results in proper context.

7.1 On the decision flow and metrics

First, it is important to emphasize that the proposed decision flow and the ranking of key
factors are not exhaustive nor immutable. They are constructed from the current state of
the art in quantum hardware, algorithmic techniques, and benchmarking methodologies.
As the field rapidly evolves, new hardware architectures, error mitigation strategies, or
algorithmic breakthroughs may shift the relative importance of these factors. For instance,
advances in cluster state generation or classical feedforward control could tip the practical
balance in favor of MBQC for a broader class of algorithms and devices.

In addition, the metrics and thresholds employed, e.g., circuit depth relative to coher-
ence time, or the practical overheads of error correction, should be viewed as starting
point or guidelines rather than rigid criteria. In real-world scenarios, the optimal choice
may depend on implementation constraints or trade-offs, including hardware-specific
characteristics (e.g., qubit connectivity, calibration stability), the maturity of software
toolchains, and the specific performance targets of the application (e.g., fidelity, runtime,
resource constraints).

7.2 Potential hybrid CBQC-MBQC models

Historically, circuit-based quantum computing (CBQC) and measurement-based quan-
tum computing (MBQC) have been treated as fundamentally distinct paradigms, leading
researchers to concentrate primarily on one model at a time. CBQC, benefiting from a
longer history of theoretical development and the availability of algorithmic primitives
such as gate decomposition and quantum error-correcting codes, has attracted most of the
community’s attention and resources. In contrast, MBQC remained largely at the proof-
of-concept and small-scale experimental stage, owing to the less mature technical aspect
and significant overhead associated with the preparation and stabilization of large cluster
states.

Recent advances, however, suggest that CBQC and MBQC may be bridged by hybrid
architectures that exploit the strengths of both approaches. One example is the incorpo-
ration of measurement-based subroutines into otherwise gate-based circuits. Chan et al.
[8] demonstrated how adaptively measured cluster fragments can implement non-Clifford
rotations within a variational quantum eigensolver, reducing gate depth and improving



Larasati and Choi EPJ Quantum Technology (2026) 13:39 Page 27 of 30

noise resilience on near-term devices [8]. Such measurement-infused circuits leverage of-
fline generation of entanglement resources, followed by online adaptive measurements,
to implement complex rotations without long sequences of T-gates and distillation.

Conversely, one may envisage circuit-infused MBQC protocols, where small, determin-
istic gate blocks—compiled via standard CBQC techniques—are interleaved with mea-
surement layers on a cluster state. Nonetheless, to our knowledge, this approach has not
been clearly discussed in literature, while still may be an interesting future research direc-
tion.

Note that another emerging approach, called the fusion-based quantum computing
(FBQC), has also been proposed. In detail, it combines finite-sized resource states with de-
structive entangling measurements to achieve fault tolerance without relying exclusively
on either CBQC or MBQC [7]. While FBQC is not strictly a CBQC-MBQC integration, its
operational principles(i.e., namely, generation of small graph-state fragments and subse-
quent fusion operations) share conceptual similarities with hybrid measurement-infused
circuits.

In the future, not only each model’s suitability for certain quantum algorithms need to
be further explored. A hybrid approach to leverage the strengths of both model may be
instrumental in guiding experimental implementations on superconducting, trapped-ion,
and photonic platforms.

7.3 Limitations and future directions

Several limitations of the present analysis should be acknowledged. The decision flow,
while comprehensive, is based on a finite set of metrics and does not capture all possible
hardware or algorithmic idiosyncrasies. For instance, the practical realization of large-
scale cluster states for MBQC remains a significant technical challenge, and the clas-
sical feedforward required for adaptive measurements can introduce nontrivial latency.
Conversely, the overheads of error correction and magic state distillation in CBQC may
become prohibitive as systems scale, motivating further research into alternative fault-
tolerant schemes.

The continued co-evolution of hardware, algorithms, and error mitigation techniques
may even strengthen each model’s applicability, or on the other hand, may blur the bound-
aries between CBQC and MBQC. The development of modular, distributed, and hybrid
quantum architectures, along with advances in quantum networking and photonic inte-
gration, may open new opportunities for MBQC-inspired computation even in platforms
traditionally dominated by the circuit model.

8 Conclusions

In this study, we have presented a systematic comparison between circuit-based quantum
computing (CBQC) and measurement-based quantum computing (MBQC), extending
prior works to assess each paradigm’s suitability for executing quantum algorithms under
a range of practical scenarios. We first revisited the theoretical foundations and historical
development of both models, then examined the features that distinguish one from the
other. Moving beyond prior analyses, we introduced a generalized regime framework to
better capture broader scenarios between algorithm structure and hardware-dependent
parameters, moving beyond fixed algorithmic assumptions. Within this framework, we
identified the key parameters that help characterize an algorithm’s favorability for CBQC
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or MBQC, organizing these criteria and performance metrics into hierarchical layers of
the quantum computing stack. Leveraging these layered metrics, we then proposed a
decision-flow framework as a guideline for selecting the most appropriate computational
model in both the NISQ and fully fault-tolerant (FTQC) era along with two representa-
tive worked examples of QFT and VQE. Finally, we discussed the potential for a hybrid
CBQC-MBQC approaches, highlighting how combining gate-based and measurement-
based elements may enable more flexible and resource-efficient execution strategies for
practical quantum computing applications.
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