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ABSTRACT
Testability—the degree to which faults can be revealed and diag-
nosed—has long been fundamental in software engineering but re-
mains largely unexplored for quantum software. This work presents
the first formalisation of testability for quantum programs, adapting
classical concepts to quantum computation. We introduce Quan-
tum Squeeziness, an information-theoretic metric inspired by classi-
cal squeeziness, to quantify how faults are masked and prevented
from propagating to observable outcomes. We treat it as an inverse
measure of testability: higher squeeziness implies stronger fault
masking and reduced detectability.

We propose an efficient method to compute Quantum Squeezi-
ness and validate it through large-scale quantum mutation analysis.
Across more than 50k mutants, we observe a strong negative cor-
relation between squeeziness and mutation score, showing that
higher squeeziness predicts lower testability. We further introduce
a technique that constrains where and how perturbations are in-
jected, reducing cost while preserving accuracy. The computation is
15% faster than a standard error-propagation baseline, while
the optimised variant, FastSqueeziness, reduces mean runtime from
3200 s to 189 s (16.9× speedup) with 95% accuracy.

By establishing a rigorous foundation of testability for quan-
tum software, this work opens new directions at the intersection
of software engineering, quantum information theory, and test-
ing. Beyond testing and debugging, it also supports applications
in quantum error mitigation and correction, enabling principled
assessment and improvement of program robustness.
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1 INTRODUCTION
As quantum computing moves toward practical applicability, the
correctness and reliability of quantum programs have become in-
creasingly critical [1–3]. Despite substantial progress in quantum
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algorithms, compilers, and hardware, the fundamental software en-
gineering concept of testability—the extent to which faults can be re-
vealed and diagnosed—remains largely unexplored in the quantum
domain. Quantum software must not only deliver correct output,
but also remain robust and predictable in the face of hardware noise,
decoherence, and subtle quantum-specific faults such as phase flips
or unintended entanglement. Without sufficiently high testability,
faults may remain hidden, undermining confidence in both correct-
ness and long-term reliability. Indeed, in classical software testing,
testability is widely recognised as foundational to fault detection,
maintainability, and software quality [4, 5]. In the quantum domain,
classical notions of testability have no direct translation. Superposi-
tion, entanglement, and probabilistic measurement fundamentally
reshape program behaviour and observability, while the potential
exponential growth of state space means that small errors can prop-
agate in counterintuitive ways. Observable outcomes may therefore
not sensitively reflect internal state discrepancies, motivating the
need for quantum-aware testability frameworks rather than naïvely
re-using classical approaches [6, 7].

To address this gap, we propose a quantum-native formalism
for testability, grounded in information-theoretic foundations and
inspired by classical testability metrics. Central to our formulation
is the concept of squeeziness [8]: the degree to which information
about a fault in a quantum state is lost or “squeezed” through the
circuit, making it difficult to observe in standard output statistics.
Our definition is based on comparing quantum states, and we start
with measuring that using observable outputs. By modelling how
faults propagate through quantum states and how they influence
(or fail to influence) the final state, our approach provides a prin-
cipled means for assessing testability with respect to failure and
error propagation. This allows us to quantify the testability of a
quantum program, i.e., how reliably faults manifest as observable
deviations rather than being masked by quantum effects. We pro-
vide a more efficient technique to confine the scope in which faults
are injected and evaluated for testability. Further improvements
may be achieved by incorporating measurement-based methods
such as classical shadows [9, 10].

Beyond its conceptual contribution, Quantum Squeeziness is de-
signed for automation. It can support mutant selection, test-effort
prioritisation, oracle-strength selection, and fitness-guided fuzzing
or circuit generation. Because it requires no human judgement
and operates directly on circuit behaviour, it provides an opera-
tional notion of testability for quantum software under probabilistic
execution and noise.
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Research Questions. To bridge the gap between established soft-
ware testing principles and the emerging needs of quantum com-
puting, this study examines how the concept of testability can be
meaningfully adapted to quantum programs. Building on classical
foundations while accounting for the unique behaviours of quan-
tum systems, we investigate how faults propagate through quantum
states, how such propagation can be quantified, and what these
metrics imply in terms of test effort and the effectiveness of fault
detection. Guided by this goal, we structure our inquiry around the
following research questions.

• RQ1. Definitions. How can testability and squeeziness be
formally defined for quantum software systems, and what
validation requirements must such definitions satisfy?
This question investigates classical notions of testability and
squeeziness and their foundations in information theory,
to extend these concepts to quantum software. It further
aims to define the necessary validation criteria for quantum
software testability.

• RQ2.Metrics. How can testability and squeeziness be quan-
titatively measured in quantum software?
This question develops metrics for both quantum software
testability and Quantum Squeeziness, evaluates their inter-
relation, and compares their efficiency and effectiveness. It
also investigates whether Quantum Squeeziness exhibits an
inverse correlation with testability, as observed in classical
software [8].

• RQ3. Implications for Testing. How does squeeziness re-
late to testing?
This question investigates the practical applications of Quan-
tum Squeeziness, particularly its impact on the effectiveness
of testing oracles through its correlation with mutation anal-
ysis, and its potential to guide the selection and prioritisation
of more testable quantum circuits.

This study offers three main novel contributions.
• We transfer the notion of testability to a Quantum con-
text and present a first metric to assess it.

• We propose a quantum counterpart of squeeziness, an
information-theoretic measure of software testability, and
evaluate its correlation with quantum testability.

• We validate our metrics over mutation analysis to en-
sure its relevance to quantum software testing.

Structure of the paper. Section 2 introduces quantum computing,
and key concepts to understand testability and its use cases in
Software Engineering. In Section 3, we review the related work,
both in classical and quantum software engineering. Building on
the two previous sections, Section 4 provides an intuition as well
as a set of requirements for quantum testability. Section 5 describes
the methodology of this study, and the experimental setup we
followed. In Section 6, we present our results before discussing
them in Section 7. We state threats to the validity of our study in
Section 8, suggest some avenues for future work in Section 9 and
conclude in Section 10.

2 BACKGROUND
In this section, we briefly introduce quantum computing and key
elements to understand testability and fault masking.

2.1 Quantum Computing
Quantum computing (QC) was conceptualised to simulate quan-
tum mechanics with computers "built of quantum mechanical ele-
ments which obey quantummechanical laws" [11]. It was later found
to have several potential applications and could offer significant
speed-up over its classical counterpart. In 1994, Shor’s proposal of
a polynomial-time algorithm for prime factorisation and discrete
logarithms on a Quantum Computer [12] raised enormous interest
due to the threat it could constitute to modern RSA cryptosystems.
Soon after, Grover proposed a fast database search on quantum
computers [13] that promised quadratic speed-up over the best
classical algorithm. The resulting potential speed-up is often re-
ferred to as "quantum supremacy" [14]. However, demonstrating
quantum supremacy on real hardware remains a long-standing
challenge. In the near term, the focus is on achieving quantum ad-
vantage—showing that quantum devices can outperform classical
computers on specific, practical tasks. As Preskill notes [15], this
marks the first major milestone for quantum computing.

2.2 Quantum Circuits
A quantum circuit typically begins with the initialisation of qubits
and ends with their measurement, where the information is trans-
lated into classical bits. The purpose of a quantum circuit is to
harness the principles of quantum mechanics, such as superposi-
tion and entanglement, to perform computational tasks that would
be significantly more efficient than classical computers. A qubit in
superposition is represented as a linear combination of the compu-
tational basis states,

|𝜓 ⟩ = 𝛼 |0⟩ + 𝛽 |1⟩,

where 𝛼, 𝛽 ∈ C and |𝛼 |2+ |𝛽 |2 = 1. Unlike a classical bit, which must
occupy exactly one state at any given time, a qubit exists in a co-
herent combination of both basis states prior to measurement. The
squared magnitudes |𝛼 |2 and |𝛽 |2 correspond to the probabilities
of obtaining |0⟩ or |1⟩, respectively, upon measurement. Quantum
circuits exploit this property to process a multitude of possibilities
simultaneously, enabling quantum parallelism [16]. Quantum cir-
cuits can create entangled states where the properties of one qubit
are dependent on the properties of another, even if they are phys-
ically separated. This entanglement allows for new information
processing using quantum parallelism [16].

Figure 1 represents a simple four-qubit quantum circuit that is
designed to produce an equally balanced distribution of all outputs.
Input variables q[0] to q[3] represent the 4 input qubits. The line
represents time. The square and round elements are quantum logic
gates, and the final boxes elements with a needle inside represent
measurements, where the qubit is observed and its state is extracted
into classical bits. The gate depth of a quantum circuit measures
its computational complexity as the number of sequential layers of
quantum gates required from input to measurement [16]. Figure 1
represents a circuit of depth 4.

State-level representation and fault abstraction. Any quantum
circuit 𝐶 acting on an initial state 𝜌0 prepares a quantum state
𝜌 = 𝑈𝜌0𝑈 †, where 𝑈 is the unitary implemented by the circuit;
for pure states, 𝜌 = |𝜓 ⟩⟨𝜓 |. More generally, any physically re-
alizable quantum process is described by a completely positive
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Figure 1: Simple quantum circuit creating an equally bal-
anced distribution of all outputs.

trace-preserving (CPTP) map, i.e., a quantum channel acting on
density operators [16, 17]. By the Church–Turing–Deutsch princi-
ple [18], any implementable operation admits such a representation.
Modelling perturbations at the state (or channel) level therefore
captures the most general semantic effect of faults, independent of
their syntactic origin in the circuit, whether developer-introduced
(e.g., incorrect gates or parameters) or hardware-induced, and thus
forms the basis of our approach in this paper.

Similaritymetrics. Aquantum state can be represented either as a
state vector or, more generally, as a density matrix 𝜌 , which captures
both pure states and statistical mixtures. Comparing quantum states
therefore reduces to comparing their corresponding matrices. Two
widely used metrics for this purpose are quantum fidelity and
the quantum Hellinger distance, both of which quantify how
similar two quantum states are [16].

The quantum fidelity between two density matrices 𝜌 and 𝜎 is
defined as [19]:

𝐹 (𝜌, 𝜎) =
(
Tr
√︃√

𝜌 𝜎
√
𝜌

)2
, (1)

where 𝜌 and 𝜎 are density operators and Tr denotes the trace. It
measures how closely the two states resemble one another, with
𝐹 (𝜌, 𝜎) = 1 if and only if 𝜌 = 𝜎 , and values closer to 0 indicating
increasingly dissimilar states.

Complementarily, the quantum Hellinger distance [20] provides
a notion of distance between states:

𝐻𝑄 (𝜌, 𝜎) = 1
√
2



√𝜌 −
√
𝜎



F , (2)

where ∥𝐴∥F =
√︁
Tr(𝐴†𝐴) denotes the Frobenius norm. While fi-

delity measures similarity, the Hellinger distance quantifies dissimi-
larity, taking the value 0 when the states are identical and increasing
as they diverge. The two metrics are directly related by

𝐻𝑄 (𝜌, 𝜎) =
√︃
1 −

√︁
𝐹 (𝜌, 𝜎), (3)

highlighting their shared geometric interpretation in the space of
quantum states [16, 19].

2.3 Testability in Software Engineering
Testability. refers to the degree to which a system or component

supports testing efforts, influencing how efficiently one can iden-
tify faults and verify correct functionality. Several definitions of
testability exist in the literature. Both the IEEE and ISO standards
relate testability to the ease of establishing the test criterion, and
the performance of test to assess whether the criteria were met
[21, 22]. Testability is associated with two key notions according
to Binder [4]: controllability and observability. One must be able to
control the input and observe the output of a system to properly
test it. Voas et al. [23] focus on the sensitivity to faults. They relate
testability to a notion of information loss between the input and
output domains by looking at software dynamics, not just syntax.
Finally, Briand et al. [24] define testability as the extent to which a
module exposes information that facilitates the automatic gener-
ation of test cases. We adopt the approach of Voas et al. [23] and
adapt it to quantum software.

Fault Propagation. A fault is a defect or flaw in a system com-
ponent that can lead to incorrect behavior or outputs. Faults can
arise due to design flaws, manufacturing defects, environmental
factors, or operational developer mistakes.

Failed Error Propagation (FEP) refers to situations where an
error, originating from a fault, does not propagate to the output,
making it undetectable by typical testing methods [25]. This lack of
error propagation can lead to ”silent" errors, where faults go unno-
ticed by error detection mechanisms, thus impacting the reliability
assessment of the system. FEP directly undermines observability:
if a fault does not propagate into an error, then the observable
outputs appear correct even in the presence of a latent fault. The
study of error propagation has been a widely recognised technique
to assess the testability of a SUT since the early 90s [26]. FEP anal-
ysis through fault injection studies is therefore a common way of
assessing the testability of a system [27].

Squeeziness. is defined as a measure of the information (entropy)
loss during program execution. For a deterministic program that
maps inputs to outputs, let 𝐼 denote the random variable over the
input domain and 𝑂 the induced random variable over the output
domain. Then, the squeeziness is given by:

𝑆𝑞(𝐼 ,𝑂) = 𝐻 (𝐼 ) − 𝐻 (𝑂) (4)

where 𝐻 (𝑋 ) is the Shannon entropy of the random variable 𝑋 ,
defined as follows [28]:

𝐻 (𝑋 ) = −
∑︁
𝑥∈𝑋

𝑝 (𝑥) log 𝑝 (𝑥), (5)

where𝑋 is a discrete random variable and 𝑝 (𝑥) is the probability
of each outcome 𝑥 . This measure quantifies the uncertainty or
information content inherent to the probability distribution of 𝑋 .

The extremes of squeeziness are illustrated by the uniform and
Dirac cases. If the input 𝐼 is uniformly distributed over 𝑛 values,
then 𝐻 (𝐼 ) = log𝑛. If the program maps every input to a single
output value (a Dirac distribution), then 𝐻 (𝑂) = 0, and therefore
𝑆𝑞(𝐼 ,𝑂) = log𝑛, which is the maximum possible information loss.
Conversely, if 𝐼 is itself a Dirac distribution, then 𝐻 (𝐼 ) = 0 and,
since the program is deterministic, 𝐻 (𝑂) = 0, giving 𝑆𝑞(𝐼 ,𝑂) = 0,
the minimum possible information loss. For intuition, consider a
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simple classical function: if it always returns the same output, all
information about the input is lost (high squeeziness), while if each
input maps uniquely to an output, the input information is fully
preserved (low squeeziness).

Squeeziness was proven to be efficient in several testing con-
texts, noticeably to assess Failed Error Propagation [29], or to detect
fault-masking [30]. Androutsopoulos et al. [25] studied the relation-
ship between Conditional Entropy and Failed Error Propagation
in software testing, highlighting once more the close correlation
between information theory and testability. Although quantum
information theory is a very active field of research [31], to our
knowledge, it has not yet been utilised in the context of quantum
software testability.

3 RELATEDWORK
In this section we first present the state-of-the-art in quantum
software testing, introduce how information theory is used to en-
hance classical software testability, and then describe how testabil-
ity serves in establishing software design guidance.

3.1 Testing Quantum Programs
Quantum software testing is challenging, withmultiple studies high-
lighting the critical need for specialised testing and debugging tools
for quantum programs [1, 32–35]. Several testing approaches have
been explored, including property-based testing [36, 37], mutation-
based [38–40], statistical assertion [41–43], search-based [44] and
metamorphic testing [45] techniques. Complementing these efforts,
researchers have developed quantum bug benchmarks [46–48] and
identified specific bug patterns, notably in Qiskit programs [49].
MQTBench suite [50] provides a quantum circuit benchmark to
support quantum software research, which we used in this study.
Together, these efforts highlight the progress and gaps in quantum
software testing, motivating our approach, which focuses on quan-
tifying program testability and providing a principled method to
identify circuits where faults are most likely to manifest.

3.2 Fault masking in logic and reversible
circuits

Fault masking prevents faults from propagating to observable out-
puts, typically using redundancy or error-correcting schemes such
as triple modular redundancy (TMR) or error-correcting codes
(ECC) in classical circuits [51–53]. Zamani et al. [54] extended these
ideas to reversible circuits, linking them to quantum computing
and quantum error correction. These techniques provide intuition
for quantum circuits, where superposition and interference can
similarly mask faults, reducing their observability. Our work builds
on this insight by quantifying fault propagation and masking to
provide a principled measure of quantum program testability.

3.3 Information theory for software testability
Testability of classical software has been an active area of research
for decades. In 1995, Voas et al. [23] linked testability to a notion
of implicit information loss. They introduced a Domain to Range
Ratio (DRR) that assesses the information loss between the input
and output distribution, and allows for assessment of the likelihood
of fault propagation in software. Later, Clark et al. [8] introduced

an information-theoretic measure of testability, Squeeziness, that
performs more efficiently than DRR.

3.4 Testability for software design guidance
Testability is not only a valuable asset to guide software testing, but
its analysis can also lead to general guidelines to develop safer and
more stable software. Binder [4] suggested that testability should
be considered before development, and motivate design choices
to maximise controllability and observability. As systems’ com-
plexity increases, testing schemes become more expensive, and
designing for optimal testability becomes crucial. Woodward et
al. [55] evaluate the relationships between testability, Fault size,
and Domain-to-Range Ratio, suggesting that the balance between
these three notions should be considered when designing software.
Voas et al. [23] conclude their work with ’[...] we are convinced
that this inherent software characteristic [testability] will become
an important factor to consider during software development and
assessment.’. Similarly, we believe defining testability in a quantum
software context is a crucial step towards not only better quan-
tum testing techniques but also towards guidance to more stable
quantum software design.

3.5 Positioning our study
The related work in Table 1 highlights that existing quantum soft-
ware engineering approaches typically address only isolated aspects
of our problem space. Prior quantum-focused tools such as MorphQ
[32] and Muskit [38] provide algorithm-level measurements and
practical tool support, whereas statistical assertion frameworks
[41, 42] and bug benchmarks [46, 47] cover narrower evaluation
needs without formal definitions or information-theoretic founda-
tions. In contrast, classical software-engineering measures—such as
DRR [55], squeeziness [8], and entropy-based analyses [25, 29, 30]—
offer formal definitions and leverage information theory, but oper-
ate exclusively in classical domains and lack quantum applicability.
Our work uniquely integrates all four pillars: a formal definition of
testability, its efficient algorithmic measurement, quantum-native
information-theoretic grounding, and an implemented tool, thereby
filling a gap addressed by neither prior quantum nor classical ap-
proaches.

4 QUANTUM TESTABILITY: INTUITION AND
REQUIREMENTS

While classical testability is well defined, quantum software lacks
a native, formal notion. Building on the concepts introduced in
Sections 2 and 3, we outline the intuition and requirements for
quantum testability.

4.1 Intuition
A testable quantum circuit should allow faults to propagate to ob-
servable outputs, directly reflecting classical notions of observability
and sensitivity to fault [4, 23]. Conversely, if a perturbation does
not affect the output, the circuit exhibits a quantum analogue of
Failed Error Propagation (FEP) [25], thus undermining testability.

However, unlike classical programs, internal quantum states
cannot be inspected. As a result, testability must be inferred from
how differences in the quantum state manifest at the output - here
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Table 1: Positioning of our work with respect to related re-
search.

Work
Application
Domain

Formal
Definition

Automated
Measurement

Information-
Theoretic
Foundation

Software
Implementation

Quantum-
Focused Testing
Techniques
[32, 38]

Q – ✓ – ✓

Statistical
Assertions
[41, 42]

Q – ✓ – –

Bug
Benchmarks
[46, 47]

Q – – – ✓

QASMBench
[56]

Q – – – ✓

DRR [23] C ✓ ✓ – –
Squeeziness [8] C ✓ ✓ ✓ –
Entropy-Based
[25, 29, 30]

C ✓ ✓ ✓ –

Our Work Q ✓ ✓ ✓ ✓

the final state vector, consistent with information-loss-based views
of testability [29, 30].

Scalable and state-grounded assessment of testability. Testability is
inherently a property of quantum states, but directly accessing state
vectors is infeasible for large circuits. In this work, we define and
analyze testability in a fully controlled, state-vector setting, where
perturbations can be precisely applied and their effects directly
observed. This controlled approach establishes the fundamental
notions and formal properties of testability [4, 25, 28]. At the same
time, our methodology is designed to be scalable: practical proxies
based on weak or mid-circuit measurements and classical-shadow
techniques [9, 10] can extend testability assessment to larger cir-
cuits, including those relevant for the fault-tolerant quantum com-
puting era, without requiring full state access.

4.2 Requirements on a Quantum Testability
Spectrum

We posit a natural testability spectrum, defined by how much an
injected perturbation is preserved in the output — a direct analogue
of classical FEP and squeeziness-based reasoning (Eq. 4) [25, 29].

At one extreme, Constant Circuits erase input distinctions, pro-
ducing maximal information loss and strong fault masking. At the
other, Identity Circuits preserve all deviations, maximising sensi-
tivity and observability [23]. Between these lie general quantum
programs that partially suppress or propagate perturbations.

We therefore set the following requirements:
(1) Weak propagation of perturbations implies low testability.
(2) Strong propagation of perturbations implies high testability.
(3) Quantum testability is fundamentally tied to information

retention.
In Section 5, this intuition is operationalised using state-level

perturbation injection and systematic comparison of the resulting
output states.

4.3 Formal Definitions
Let 𝐶 be a quantum circuit acting on 𝑛 qubits, and let E𝐶 denote
the induced completely positive trace-preserving (CPTP) map [57].

Given an initial state 𝜌0, the nominal output of the circuit is

𝜌 = E𝐶 (𝜌0) .
To analyze fault propagation, we introduce a circuit cut at layer

𝑘 , decomposing the circuit into a prefix channel E𝐶0→𝑘
and a suffix

channel E𝐶𝑘→𝑒𝑛𝑑
. The intermediate state at the cut is

𝜌𝑘 = E𝐶0→𝑘
(𝜌0),

and the final output can equivalently be written as

𝜌 = E𝐶𝑘→𝑒𝑛𝑑
(𝜌𝑘 ) .

A controlled perturbation of magnitude 𝛿 applied at the cut is
modeled as a CPTP map F𝑘,𝛿 , producing the perturbed output

𝜌 (𝑘,𝛿 ) = E𝐶𝑘→𝑒𝑛𝑑

(
F𝑘,𝛿 (𝜌𝑘 )

)
.

Let 𝑑 (·, ·) be a quantum distance measure (e.g., Hellinger dis-
tance). The notion of quantum testability is formally defined as
follows:

Definition 1 (Quantum Testability). The quantum testability of 𝐶
is the expected observable deviation under controlled perturbations:

𝑇 (𝐶) = E𝑘,𝛿
[
𝑑

(
𝜌, 𝜌 (𝑘,𝛿 )

)]
.

High 𝑇 (𝐶) indicates strong fault propagation, while low 𝑇 (𝐶)
indicates fault masking.

Here, E𝑘,𝛿 averages over cut locations 𝑘 and perturbation magni-
tudes 𝛿 . Quantum Squeeziness (Definition 2) measures how much
information about injected faults is lost, capturing the circuit’s
tendency to mask or reveal perturbations.

Definition 2 (Quantum Squeeziness). The circuit can also be viewed
as an information channel mapping perturbation magnitudes 𝑋 to
observable deviations 𝑌 . Let 𝐻 (·) denote Shannon entropy. Quan-
tum Squeeziness is defined as

𝑄𝑆 (𝐶) = 𝐻 (𝑋 ) − 𝐻 (𝑌 ) = 𝐻 (𝑋 | 𝑌 ),
quantifying the information about injected perturbations that is
lost during computation.

4.4 Example: Quantum Squeeziness in Simple
Circuits

To illustrate Quantum Testability and Squeeziness, we consider sim-
ple single–qubit circuits and analyze how perturbations propagate
to the output.

Identity Circuit. Consider

|0⟩ → 𝐼 → Measure,

with a perturbation 𝑅𝑥 (𝛿) applied (representing the error in quan-
tum state due to a fault):

|0⟩ → 𝑅𝑥 (𝛿) → 𝐼 → Measure.

The perturbation directly changes the measurement probabili-
ties, so the disturbance is observable and the circuit exhibits low
Quantum Squeeziness. Formally, taking the cut before measure-
ment, 𝜌𝑘 = |0⟩⟨0| and 𝜌 (𝑘,𝛿 ) = 𝑅𝑥 (𝛿)𝜌𝑘𝑅†𝑥 (𝛿). By Definition 1,
𝑇 (𝐶) = 𝑑 (𝜌, 𝜌 (𝑘,𝛿 ) ) ∝ 𝛿 , and by Definition 2, 𝑄𝑆 (𝐶) ≈ 0, confirm-
ing high testability and low squeeziness. Such circuits are easier to
test because faults propagate clearly to the measurement.
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PerturbationMasking Circuit. Now consider a semantically equiv-
alent circuit, where H denotes the Hadamard Gate:

|0⟩ → 𝐻 → 𝐻 → Measure.

Since 𝐻𝐻 = 𝐼 , the circuit behaves as an identity transformation
in the fault-free case. If the same perturbation is inserted between
the two gates,

|0⟩ → 𝐻 → 𝑅𝑥 (𝛿) → 𝐻 → Measure,

the first Hadamard spreads the state into a superposition. When
the perturbation acts in this basis, its effect becomes distributed
across amplitudes, and the second Hadamard recombines them
through interference. This recombination tends to reduce the ob-
servable impact of the perturbation, partially masking the fault.

Less information about the disturbance therefore reaches the
output, meaning the circuit exhibits higher Quantum Squeeziness
and reduced fault observability.

Implications for Testing. Quantum Squeeziness therefore cap-
tures how much information about injected disturbances survives
until measurement: circuits with low squeeziness expose faults
clearly, while circuits with high squeeziness compress or mask
their observable effects, making testing more challenging.

5 METHODOLOGY
This section describes the methodology employed to answer our
research questions.

5.1 Research Questions: Methodological Scope
and Validation

We address three research questions corresponding to definitions,
metrics, and implications for testing, detailing how each is answered
and validated.

RQ1 – Definitions. How can quantum software testability
and Quantum Squeeziness be formally defined? We formalise
these notions by extending classical testability and information-
theoretic principles to the quantum setting. Validation is conceptual,
ensuring alignment with the intuition and testability spectrum, and
by examining extreme cases such as Constant and Identity circuits.

RQ2 – Metrics. How can quantum software testability and
Quantum Squeeziness be quantitatively measured? We intro-
duce operational metrics based on systematic fault injection, output
deviation, and information-theoretic analysis. Validation is empiri-
cal using a representative circuit benchmark, checking consistency
with the testability spectrum and correlations between testability
and squeeziness.

RQ3 – Implications for Testing. How does Quantum Squeezi-
ness relate to practical fault detection in quantum programs?
We assess this by correlating squeeziness with mutation scores
across a large set of mutants, demonstrating predictive power for
fault detectability and guiding circuit selection and test prioritisa-
tion.

5.2 Conceptual Foundations: Testability and
Squeeziness

Body of Knowledge and Systematic Mapping of Classical Software
Testability. To address RQ1, we relied on the holistic study of soft-
ware testability by Garousi et al. [5], which systematically examined
208 papers published between 1982 and 2017 following rigorous
inclusion criteria. Their work provides a comprehensive overview
of the classical software testability body of knowledge but does not
explicitly link testability to information theory.

To bridge this gap, we incorporated the influential work of Clark
et al. on squeeziness [8] and expanded this literature set using
a snowballing approach [58]. In this context, snowballing refers
to iteratively extending the set of primary studies through both
backward and forward reference analysis of key papers. From these
sources, we extracted the core notions relevant to testability and
analysed their applicability and potential challenges within the
context of quantum computing.

We first attempted a naive translation of the classical Domain
and Range notions [23]: Domain would be defined as all possi-
ble classical initialisation of the qubits, and Range as all possible
classical output distributions. Squeeziness was computed as the
difference of entropy between the domain and the range. This first
attempt, refered as ShanonSqueeziness in the replication package,
led to results violating the requirements set in Section 4.2.

Figure 2: Pipeline for establishing the baseline of quantum
circuit testability.

Our formalisation is grounded in fundamental principles of quan-
tum software behaviour, including sensitivity to perturbations and
information preservation under unitary evolution.

5.3 Metrics for Quantifying Testability and
Squeeziness

To operationalise our definitions, we developed quantitative metrics
for both quantum software testability and Quantum Squeeziness, en-
abling systematic evaluation of circuits across diverse benchmarks.

Representative Circuit Batch (Validation Dataset). To illustrate
the spectrum of testability, we selected a diverse batch of quantum
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circuits with known behaviours. These circuits serve as a validation
dataset to assess whether the proposed metrics align with the intu-
itive notion of testability. We expect error propagation to increase
from the least to the most testable circuit:

• Constant Circuit: 2 qubits; operations applied solely to
the first qubit, second qubit unchanged. Qubits are swapped
at the end, and only qubit 0 is measured. Disturbances are
injected solely into the first qubit, leading to minimal error
propagation.

• Equally Balanced Output Circuit: Designed to systemati-
cally output all possible outcomes with equal probability.

• Quantum Fourier Transform (QFT) Entangled Circuit:
Produces several dominant outputs due to entanglement.

• Amplitude Estimation Circuit: Results in multiple domi-
nant outputs reflecting probabilistic estimation.

• GHZ State Circuit: Equally entangles all qubits, producing
only two equally probable states.

• GroverAlgorithmCircuit:Oracle-based algorithm produc-
ing one dominant output through amplitude amplification.

• Identity Implementations: Three logically equivalent cir-
cuits producing identical final states; expected to be most
sensitive to error propagation.

This circuit batch is intentionally curated to span a wide range
of expected testability behaviours, rather than constituting a single
benchmark suite. This design allows us to systematically probe
how different structural and algorithmic characteristics influence
testability across diverse scenarios. We complement this initial set
with the widely used MQTBench [50] and QuRaTest [59] bench-
marks to ensure broader coverage, facilitate comparison with prior
work, and validate that our observations generalize beyond curated
examples when addressing the remaining research questions.

Quantum Software Testability Metric. Testability is measured by
systematically introducing controlled perturbations into the state
vector and quantifying the resulting output deviation, as illustrated
in Figure 2:

• Each circuit is cut at all gate boundaries, creating multiple
evaluation points for fault injection.

• Perturbations are introduced as single-qubit or multi-qubit
state deviations with fidelity ranging from 0.0 to 1.0 in steps
of 0.1.

• For each perturbation, the output state is compared to the
original using Hellinger distance, capturing the sensitivity
of the circuit to small faults.

• The distribution of Hellinger distances across all cuts and
fidelities is used to compute the circuit’s overall testability
score.

Quantum Squeeziness Metric. Quantum Squeeziness captures
the degree to which information about injected disturbances is
preserved or attenuated through the circuit. The circuit is modelled
as an information channel, as shown in Figure 3:

• Input: Fidelity distance of the injected disturbance.
• Output: Hellinger distance between perturbed and original
outputs.

• Computation: Squeeziness is quantified as the entropy dif-
ference between input and output distributions.

Using the Blahut–Arimoto algorithm, we estimated channel ca-
pacity and computed mutual information between the ideal refer-
ence channel and the channel induced by fault propagation.

FastSqueeziness. We enhanced the computation of Quantum
Squeeziness to achieve higher speed while preserving accuracy.
First, we evaluated all combinations of ten fidelity ranges between
0 and 1, with a step of 0.1. Second, we sequentially removed cir-
cuit cuts and assessed the resulting impact on both accuracy and
computational cost. The combination of these optimisations led
to a faster variant of the metric, referred to as Fast Squeeziness.
FastSqueeziness reduces computation by selecting representative
fidelity points, removing low-impact cuts, and flattening dynamic
circuits. Finally, we applied Fast Squeeziness to the larger circuit
benchmark from Ye et al. [59]. Since some circuits in this benchmark
were dynamic, we systematically converted each dynamic circuit
into all possible execution paths to enable state-vector analysis.

Figure 3: Pipeline to compute Quantum Squeeziness.

5.4 Fault Injection
Initially, modified state vectors were generated by repeated random
sampling until the desired fidelity range was reached. For 4-qubit
systems and fidelities above 0.6, this approach became impractical,
often requiring millions of attempts. After testing different strate-
gies, we found that separating the fidelity regimes was optimal: for
fidelities above 0.9, the modified state is constructed geometrically
as a controlled combination of the original state and a randomly
generated orthogonal component, ensuring precise fidelity by con-
struction. For lower fidelities, the current state is slightly perturbed
using a near-identity unitary derived from a small random Hermit-
ian matrix, allowing smooth and controlled exploration of nearby
states. Plateau detection and occasional random resets prevent
stagnation, ensuring rapid convergence. In most cases, the target fi-
delity is achieved in the first attempt. This fault-injection approach
is not limited to classical simulation. Analogous perturbations could
be implemented on quantum hardware via controlled unitary op-
erations or noise engineering techniques, enabling experimental
exploration of such faults in real quantum computations.

Why perturbations instead of input variation. Input variation
conflates algorithmic behaviour with fault propagation. By injecting
controlled perturbations directly into the state evolution, we isolate
fault propagation and obtain a testability measure independent of
the function computed by the circuit. The Shannon-Squeeziness
baseline (Section 5.2) empirically illustrates the limitations of the
input-variation approach.
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5.5 Handling Dynamic Circuits
The QuraTest benchmark [59], used in our larger experiment, in-
cludes dynamic circuits containing mid-circuit measurements im-
plemented via conditional operations. These circuits are incompati-
ble with state-vector simulation. To address this, we implemented
a function that systematically generates all deterministic execution
paths for each dynamic circuit. Each conditional operation forces
the measured qubit into either 0 or 1 and applies the correspond-
ing sequence of gates, yielding a set of deterministic sub-circuits
suitable for state-vector analysis.

5.6 Mutation-Based Validation and Mutation
Score

To validate squeeziness, we used Muskit [38] to generate mutants of
the selected circuits. Only non-equivalent mutants within 5% of the
original circuit’s squeeziness were retained to ensure comparability.
For dynamic circuits with highly similar branches, we subsampled
10% of mutants per branch to avoid overrepresentation.

The mutation score is defined as the percentage of mutants de-
tected by the test oracle. For each mutant, its output distribution is
compared against the oracle using a chi-square test with a signifi-
cance threshold of 5% (𝑝 < 0.05). A mutant is classified as detected
if more than 10% of its test inputs exhibit a statistically significant
deviation. The mutation score is obtained by dividing the number
of detected mutants by the total number of mutants. Figure 4 shows
the validation pipeline described here to answer RQ3.

Figure 4: Validation pipeline for Quantum Squeeziness. Mu-
tants are generated using Muskit, filtered to remain within
5% of the original circuit’s squeeziness, and tested using a
fidelity-based oracle. Correlations between squeeziness and
mutation scores are computed to assess the metric’s predic-
tive power.

5.7 Experimental Environment and
Reproducibility

All experiments were conducted using Qiskit version 1.3.2 and
Python 3.9.6 to ensure optimal compatibility. Known algorithms
were obtained from the MQT benchmark [50] as QASM files, while
constant and identity circuits were implemented directly in QASM.
For larger-scale experiments, we used circuits from Ye et al. [59].

The fully documented replication package is available at Zenodo.
All random processes were executed with fixed seeds to ensure
reproducibility.

6 RESULTS
In this section, we present our results, organised around each re-
search questions.

6.1 RQ1: Definitions — Quantum software
testability and Quantum Squeeziness

Classical notions of software testability rely on deterministic fault
propagation and observable outputs. In quantum systems, these as-
sumptions fail due to superposition, entanglement, andmeasurement-
induced collapse. Faults do not propagate deterministically, and
measurement yields only probabilistic information. Classical testa-
bility metrics, therefore, cannot reliably capture quantum circuit
behavior. Figure 5 represents two extreme examples violating our
requirements.

We define two complementary concepts:

(1) Quantum Testability: the ability of a quantum circuit to prop-
agate injected faults to outputs so that they can be observed.
This captures the intuition from Section 4: circuits that pre-
serve deviations in the output are highly testable, while those
that mask perturbations are not.

(2) Quantum Squeeziness: an information-theoretic metric quan-
tifying the loss of information between a faulty input and
the resulting output distribution. Squeeziness operational-
izes the testability spectrum from Section 4, measuring how
observable outputs are affected by faults.

Constant circuits suppress disturbances and show low testabil-
ity with high squeeziness, whereas Identity circuits propagate all
deviations and show high testability with low squeeziness. These
definitions satisfy the validation requirements 1 and 2 derived from
the intuition and testability spectrum in Section 4.2.

Figure 5: A Naive definition of Squeeziness violates our re-
quirements: On the left the equally balanced circuit has high
FEP but a Shanon Squeeziness of 0 (domain and range have
the same entropy), and on the right the Identity circuit has
very low FEP but a high Shanon Squeeziness of 4 (only one
possible output leads to a high difference of entropy).

https://zenodo.org/records/21177819
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RQ1: Quantum Testability and Squeeziness

Quantum testability is the expected observable divergence
caused by controlled perturbations, capturing how strongly
faults propagate to the output. Quantum Squeeziness measures
the entropy loss between injected disturbances and resulting
deviations, quantifying information compression during com-
putation.
Circuits that suppress perturbations exhibit low testability and
high squeeziness, whereas circuits that preserve or amplify them
exhibit the opposite. This formalisation avoids naive classical
adaptations by accounting for superposition, measurement col-
lapse, and probabilistic observability in quantum programs.

6.2 RQ2: Metrics — Quantifying Testability and
Squeeziness

Baseline experiments. Extreme cases illustrate the spectrum of
error propagation (Figure 7). Constant circuits show minimal prop-
agation, indicating low testability, while Identity circuits propagate
faults strongly, indicating high testability. Here, 𝑅2 refers to the
coefficient of determination measuring the distance between the
ideal fault propagation predicted by Eq. (3) and the empirical ob-
servations, and serves as an empirical metric for assessing fault
propagation. This is consisten with requirements 1 and 2 set in Sec.
4.2.

Quantum Squeeziness metric. Circuits that propagate faults ef-
ficiently have low squeeziness, while circuits that suppress faults
have high squeeziness. The metric correlates inversely with testa-
bility (𝑆𝑝𝑒𝑎𝑟𝑚𝑎𝑛 = −0.85) as indicated in Figure 6 and Table 2. This
is consistent with requirement 1 set in Sec. 4.2.

Figure 6: Quantum Squeeziness across circuits. Low squeezi-
ness corresponds to high fault propagation (high testability).

FastSqueeziness optimisation. Across the full dataset (50,000+
mutants), the average runtime per circuit decreases from 3200 s to
189 s, corresponding to a 16.9× reduction. Despite this acceleration,
result quality is preserved: FastSqueeziness maintains high accuracy
(95% on average, with a standard deviation of 9.3%), and mean
squeeziness remains comparable to the regular method (regular:
0.99, fast: 1.02). These results demonstrate that FastSqueeziness
enables scalable evaluation without sacrificing accuracy.

Detailed circuit results. Table 2 lists Squeeziness and 𝑅2 values,
ordered from low to high squeeziness. Identity circuits have low

squeeziness and strong positive correlationwith testability, whereas
Constant and equally balanced circuits have high squeeziness and
weaker or negative correlation.

Table 2: Quantum Squeeziness and 𝑅2 across circuits (low to
high Squeeziness).

Circuit Squeeziness 𝑅2

identity_simplified_4 0.174 0.605
grover-noancilla_4 0.176 0.912
identity_4 0.184 0.611
identity_circuit_4 0.181 0.608
ae_4 0.339 0.171
ghz_4 0.244 0.453
qftentangled_4 1.075 -9.471
equally_balanced_output_4 1.536 -27.739
constant_circuit_2 3.322 -1.16e+30

RQ2: Metric Properties and Efficiency

Quantum Squeeziness—measuring entropy loss between in-
jected faults and observed deviations—is strongly and inversely
correlated with testability (Spearman 𝜌 = −0.85). Identity cir-
cuits show minimal squeeziness and maximal testability, while
constant-output circuits exhibit the opposite, confirming theo-
retical expectations.
FastSqueeziness reduces computation via cut and perturbation
sampling, achieving a 16.9× speedup while preserving 95% rank-
ing accuracy, enabling scalable evaluation without exhaustive
state perturbation.

Figure 7: Extreme error propagation: Constant circuit
suppresses faults (left), Identity circuit propagates faults
strongly (right).

6.3 RQ.3: Implications of Testability in Testing
Figure 8 illustrates the relationship between Quantum Squeeziness
and mutation score. Across more than 50,000 mutants, evaluated
over three months on three parallel nodes, circuits with higher
squeeziness consistently achieve lower mutation scores. This
trend is strongly supported by Pearson correlation (𝑟 = −0.563, 𝑝 =

1.54 × 10−04), indicating that fault detection becomes significantly
harder as squeeziness increases.
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These results answer RQ3: squeezy circuits are demonstrably
harder to test, as high-squeeziness circuits suppress fault propaga-
tion, whereas low-squeeziness circuits, such as identity-like struc-
tures, expose faults more readily.

To further answer RQ3, Quantum Squeeziness can guide cir-
cuit selection for testing, enabling the identification of circuits
where testing is most effective and highlighting those that may
require stronger oracles. Overall, high squeeziness predicts low fault
detectability, while low squeeziness identifies circuits with inherently
higher testability, which alligns with its classical counterpart [8].

Figure 8: Correlation between Quantum Squeeziness and mu-
tation score. High squeeziness correlates with low mutation
score, indicating reduced testability.

Sensitivity to the squeeziness filter. To verify that the observed
correlation is not an artefact of the 5% squeeziness filter (Section 5.6),
we repeated the entire RQ3 pipeline while varying the filter thresh-
old from 1% up to no filter at all, re-running the same mutant-
selection, oracle, and correlation steps used for the headline result
at each setting. Table 3 reports, for each threshold, the number
of circuits retained and the resulting Pearson and Spearman cor-
relations between squeeziness and mutation score. The negative
correlation remains stable and statistically significant across all
thresholds, confirming that the filter serves its intended purpose
of comparing mutants within the same testability neighbourhood
rather than driving the conclusion. Correlations at every threshold
are computed with the identical procedure as the headline result,
including its point-sampling step. The driver reproducing this table
is included in the replication package (sensitivity_table.py).

Table 3: Sensitivity of the squeeziness–mutation-score cor-
relation to the mutant filter threshold. The −0.563 Pearson
value at the 5% setting is the headline RQ3 correlation.

Threshold #Circuits Pearson 𝑟 𝑝 Spearman 𝜌 𝑝

1% 278 −0.361 2.2𝑒 − 02 −0.228 1.6𝑒 − 01
2.5% 284 −0.044 7.9𝑒 − 01 −0.147 3.7𝑒 − 01
5% (used) 288 −0.563 1.5𝑒 − 04 −0.539 3.3𝑒 − 04
10% 288 −0.560 1.7𝑒 − 04 −0.530 4.3𝑒 − 04
20% 288 −0.506 8.7𝑒 − 04 −0.470 2.2𝑒 − 03
No filter 288 −0.248 1.2𝑒 − 01 −0.161 3.2𝑒 − 01

On the oracle thresholds. The mutation oracle inherits two thresh-
olds from Muskit’s defaults: the chi-square significance level (𝑝 <

0.05) and the detection rule (a mutant is detected if more than 10%
of its test inputs deviate significantly). We adopt these default set-
tings and rely on the empirical justification provided in the original
Muskit study [38], which validated them across a range of quantum
circuits; the per-input chi-square results that feed the oracle are
available in the replication package for readers who wish to apply
a different decision rule.
RQ3: Implications for Quantum Testing

Quantum Squeeziness is negatively correlated with mutation
score (𝑟 = −0.563): circuits with higher information compression
are harder to test, while low-squeeziness circuits expose faults
more reliably.
Squeeziness therefore predicts test effectiveness and can guide
circuit selection, test prioritisation, and the use of stronger sta-
tistical or oracle-based techniques where needed.

7 DISCUSSION
In this Section, we discuss the results presented earlier.

7.1 Stability of Squeeziness Across the Circuit
Our experiments indicate that the location of the injected fault in a
noiseless quantum circuit has minimal impact on its propagation.
We attribute this to the inherent reversibility of ideal quantum
operations. Importantly, we do not expect hardware noise to inval-
idate the approach. Rather, we expect squeeziness to vary under
noise: noise breaks the reversibility of the ideal evolution and alters
fault-propagation behaviour, so that squeeziness becomes location-
and noise-dependent. This is itself an opportunity—analysing the
variation of squeeziness across cuts could expose specific sources of
hardware noise, such as faulty gates or qubit decoherence, and could
inform noise-mitigation mechanisms. Future work should evaluate
how noise, entanglement, and circuit depth affect squeeziness sta-
bility and whether localized deviations can be systematically used
for hardware diagnostics.

7.2 Squeeziness of Mutants
We observed that squeeziness responds differently to mutations
depending on the circuit. While mutant generation is indepen-
dent of predefined squeeziness (see Section 5 for details on the
mutation process), some circuits produce only a few mutants that
happen to fall within a given squeeziness range of the original
circuit, whereas others allow many more. This variability suggests
that certain circuits are more structurally robust or “squeeziness-
stable” than others, possibly due to differences in entanglement
structure, gate composition, or circuit depth. Further investigation
is warranted to understand which circuit properties influence the
distribution of mutants within a squeeziness threshold and how
this insight could guide both mutation-based testing and quantum
software design.

7.3 Error Propagation Behaviors of Circuits
Our results show that quantum circuits exhibit distinct error prop-
agation behaviours, ranging from fault masking to effective fault
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propagation. These behaviours determine testability: circuits that
propagate perturbations to the output are more testable, while
those that suppress them exhibit lower testability and higher Quan-
tum Squeeziness. This allows us to link testability to structural
aspects of quantum circuit design. Future work should identify
sub-circuits or patterns that influence squeeziness and analyze how
design choices—such as gate selection, qubit connectivity, and en-
tanglement—affect the testability of larger circuits. As quantum soft-
ware grows in complexity, testing challenges will increase, making
design-for-testability considerations potentially even more critical
than in classical software [23].

7.4 Implications for Quantum Software
Engineering

Overall, our findings suggest that squeeziness is a promising metric
for guiding quantum software testing and design. It can serve as a
fast and efficient method for selecting testable mutants, assessing
error propagation tendencies, and identifying structurally sensi-
tive sub-circuits. Integrating squeeziness into quantum software
development pipelines could facilitate the early detection of design
weaknesses and improve overall software robustness, especially
as circuits scale and hardware noise becomes a more significant
factor.

8 THREATS TO VALIDITY
In this section, we discuss the potential threats to the validity of
our study.

8.1 Internal Threats
The perturbation model used throughout our experiments includes
a partial trace appears as an internal implementation detail. Al-
though this introduces a fixed approximation, it does not affect the
relative comparison of squeeziness across circuits. The partial-trace
mechanism was chosen for its practicality in state-vector simula-
tions, enabling precise control over fault injection and error propa-
gation. While more optimized implementations—such as improved
information-channel mechanisms—may enhance computational
efficiency, the current design remains sufficient for reliable testing
and benchmarking. These limitations therefore impact absolute
accuracy rather than internal consistency.

8.2 External Threats
Quantum Squeeziness currently relies on simulator-level state-
vector access, which cannot be reproduced on physical quantum
hardware. Real devices provide only measurement outcomes, and
noise affects both state evolution and readout. This limits direct
applicability and poses a major threat to external validity.

A central challenge is defining or approximating the “final state
vector” on hardware. Direct reconstruction is infeasible, but weak or
gentle measurements, mid-circuit operations, and classical-shadow
techniques offer promising alternatives. Parallel work has devel-
oped an efficient, scalable method for comparing quantum states
[10, 60], which we plan to adapt for this purpose. In parallel work,
we have developed a classical-shadow-based approach for scal-
able, hardware-compatible state comparison and live noise finger-
printing [10, 60]. It leverages the logarithmic sample complexity of

classical shadows [9] to compare large quantum states from mea-
surement outcomes alone, removing the dependence on full state-
vector access, and provides a concrete path toward instantiating the
squeeziness pipeline in a measurement-based setting. Developing a
practical hardware-compatible formulation of squeeziness remains
an important direction for future work.

9 FUTUREWORK
In this study, we introduced Quantum Squeeziness, a novel metric
for quantum software testability, and demonstrated one applica-
tion: selecting mutants within a defined squeeziness range. Future
work will explore additional applications, including integrating
squeeziness into differential testing based on fuzzing and using it as
a fitness function in automated quantum circuit generation or evo-
lutionary algorithms. We are currently developing entropy-based
fuzzing approaches that use squeeziness as a fitness function to
guide input and perturbation generation, with promising prelimi-
nary results.

We also plan to investigate hardware applicability by analyz-
ing squeeziness in noisy environments, examining how variations
across cuts could reveal noise or hardware errors. Furthermore,
we aim to extend the notion of squeeziness to guide and optimize
the design of circuits in hybrid quantum-classical architectures,
potentially improving performance and testability in variational
and other hybrid algorithms.

10 CONCLUSION
This work introduced the first formalisation of testability for quan-
tum programs, establishing a foundation for analyzing how faults
propagate to observable failures. By defining Quantum Squeezi-
ness and proposing efficient computation methods, we showed that
testability can be quantified in a quantum context and correlates
strongly with fault detectability. Our experiments demonstrated
that Quantum Squeeziness provides accurate and computationally
efficient insights, with FastSqueeziness offering substantial perfor-
mance gains while maintaining high fidelity.

Looking forward, we envision broader applications of squeezi-
ness: guiding automated quantum circuit generation, serving as a
fitness function in evolutionary algorithms, and informing design
guidelines by identifying sub-circuits that contribute most to low
testability. Evaluating squeeziness under noise could enable effi-
cient error detection and fault localisation on real hardware. These
directions highlight the potential for integrating testability analysis
into quantum software development, with implications for testing,
debugging, error mitigation, and circuit design.
Code and Data Availability. The fully documented replication
package is archived here.
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