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Abstract The reproducibility of software defect datasets is essential for obtaining reliable and comparable research results.
However, software defect datasets can suffer from reproduction failures, where reported bugs become non-reproducible over
time. We studied the reproducibility of Bugs4Q, a representative defect dataset of real-world bugs in Qiskit programs, from
both quantitative and qualitative perspectives. The study revealed that most reproduction failures stem not from quantum-specific
characteristics but from framework version upgrades and dependency changes. Guided by these causes, we manually migrated
Bugs4Q to the latest Qiskit version and substantially improved its reproducibility, releasing the result as Bugs4Q-Robust. This
suggests that such failures can be addressed systematically, and that automatically migrating a defect dataset to newer framework
versions may keep it reproducible in a scalable manner. However, evidence drawn solely from Qiskit limits the external validity of
this approach. As a next step toward scalable dataset migration, we present a plan to study framework evolution in other quantum
software frameworks and examine how the migration approach generalizes beyond Qiskit.
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1. Introduction
Software defect datasets [1], which consist of buggy programs

and their corresponding fixed versions, have served as a fundamen-
tal resource for research on software testing, fault localization, and
automated program repair. Reproducible defect datasets enable sys-
tematic evaluation and fair comparison of techniques. This indicates
that the reproducibility of defect datasets is essential for obtaining
reliable and comparable research results.

Unfortunately, software defect datasets are not immune to re-
production failures (i.e., reported bugs become non-reproducible)
after their creation. Such failures can occur even when the buggy
and fixed code remains unchanged, because of changes in execution
environments and dependencies [2]. Even if a study is valid as long
as the bugs were reproducible at the time of evaluation, subsequent
reproduction failures hinder follow-up studies that seek to verify or
extend its results.

While reproduction failures have been studied in defect datasets
for classical programs, it remains unclear whether similar failures
occur in quantum programs. Unlike classical programs, quantum
programs consist of quantum gates that manipulate qubits, the ba-
sic units of quantum computation [3]. Driven by the growing need
for quantum software engineering, researchers have constructed sev-
eral defect datasets for quantum programs [4, 5]. Prior studies have
reported quantum-specific categories of code-quality issues in quan-
tum programs [6,7]. These quantum-specific characteristics suggest
that findings on classical defect dataset reproducibility may not di-
rectly generalize to their quantum counterparts.

In this study, we investigate the reproducibility of Bugs4Q [4], a
defect dataset widely used in research on testing and debugging quan-
tum programs [8–10]. Our study includes 46,620 quantum program
executions of 37 Bugs4Q artifacts across 21 Qiskit core-library ver-
sions spanning three major Qiskit series released over a three-year
period. We adopt a reproducibility criterion adapted from a prior
study on classical defect datasets [2], which checks whether the

underlying cause of buggy behavior is consistent with the original
source. After this quantitative evaluation, we manually classify the
root causes of reproduction failures.

We further outline a research agenda that investigates whether
other quantum software frameworks introduce similar breaking
changes, and explores how to migrate the affected programs au-
tomatically. As a concrete first step, we construct Bugs4Q-Robust, a
manually patched version of Bugs4Q guided by the root causes, and
we frame this manual patching process as an initial example of the
migration we ultimately aim to automate.

2. Experimental Design
This section describes our experimental design, including the

RQs, dataset, reproducibility criterion, and experimental procedure
for our longitudinal analysis.

2.1 Research Questions
We address the following RQs, which are aligned with those of

the prior work [2]:

RQ1 How does the reproducibility of Bugs4Q change?
RQ2 What are root causes for the reproduction failures?

In RQ1, we quantitatively investigate the changes in reproducibil-
ity of Bugs4Q as the Qiskit ecosystem evolves, because subsequent
studies can rely on it as a benchmark only if its artifacts continue to
exhibit the originally reported behaviors. In RQ2, we qualitatively
investigate why the reproduction failures occur. While RQ1 reveals
changes in reproducibility over time, it does not explain the underly-
ing causes of reproduction failures; identifying these causes clarifies
the maintenance required to keep Bugs4Q usable.

2.2 Dataset
We use Bugs4Q [4], a real-world defect dataset for quantum

programs written in Qiskit. Qiskit is a Python framework devel-
oped by IBM and the open-source community, with 7.3k stars on
GitHub.Bugs4Q consists of 42 buggy Qiskit programs collected
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from three major platforms: GitHub, Stack Overflow, and Stack Ex-
change. For each buggy program, Bugs4Q provides a corresponding
fixed version and a test code that reproduces the bug.

To the best of our knowledge, Bugs4Q is the only benchmark that
meets all three of the following criteria, which motivates our choice.

・ The buggy programs are written by developers; that is, the
dataset contains real-world bugs.

・ Both buggy and fixed programs are provided.
・ Test code for reproducing the bugs is included.

Our criteria are aligned with those of Java defect datasets used in
prior work [2], such as Defects4J [1]. The first criterion is necessary
because we are interested in problems actually faced by program-
mers. We therefore excluded synthetic datasets such as those based
on quantum circuit mutations [5]. The fixed programs are necessary
to verify the expected behavior. Test code is necessary to confirm
that bugs in the buggy programs remain reproducible and that the
expected behavior of the fixed programs is preserved over time.

We excluded five artifacts that lack test code, leaving 37 artifacts
for our study. Following the bug categories in the original paper [4],
these 37 artifacts are classified into one of the three categories.
Wrong Output (WO, 17 artifacts) refers to artifacts where the output
of the buggy program does not match the expected output speci-
fied by the test code. Throw Exception (TE, 18 artifacts) refers to
artifacts where the buggy program raises an exception during exe-
cution. Simulation Failure (SF, 2 artifacts) refers to artifacts where
the simulation fails for the buggy program. Specifically, the simu-
lation outcome is inspected by the success attribute of the object
representing the simulation result.

2.3 Criterion for Reproducibility
We regard a Bugs4Q artifact as reproducible when the fixed

version succeeds and the buggy version exhibits runtime evidence
consistent with the cause described in the original source of the arti-
fact. This criterion focuses on whether the originally reported bug is
reproduced, rather than merely checking whether the buggy version
fails for any reason.

For artifacts categorized as TE, we check whether the error mes-
sage in the traceback is consistent with the cause described in the
source. For artifacts categorized as WO, we check whether the in-
correct output observed at runtime agrees with the incorrect output
described in the source. For example, if the source describes biased
measurement counts toward a specific state, we regard the output
as consistent when the reproduced buggy version exhibits the same
bias. For artifacts categorized as SF, we check whether the simulator
failure messageis consistent with the cause described in the source.
Because semantic consistency in this criterion is difficult to check
automatically, the first author manually validated it.

2.4 Longitudinal Analysis
We study reproducibility across 21 snapshots from May 16, 2022,

the release date of Bugs4Q, to April 1, 2026. We use the release date
as the starting point because we are interested in how reproducibility
changes after the dataset became available to the research commu-
nity. Each snapshot simulates the environment at a given point in
time by using the latest stable version of Qiskit available on PyPI
by that date. The snapshots cover three major Qiskit version series,
namely 0.x, 1.x, and 2.x, with seven snapshots for each series.

Qiskit Versions and Snapshot Periods. For the 0.x series, the
first snapshot is taken on the release date of Bugs4Q. For the 1.x and
2.x series, the first snapshot is taken on the release date of the initial
version of each series, because we aim to evaluate reproducibility
after each major version upgrade. In all series, subsequent snapshots
are taken every two months over the following year, yielding seven
snapshots per series. We use Python 3.9.25 for the 0.x and 1.x series,
and Python 3.10.20 for the 2.x series. In total, these 21 snapshots
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Fig. 1: Reproducibility for each snapshot. The value above each bar
indicates the percentage of reproducible artifacts at the correspond-
ing snapshot. Dashed vertical lines separate the major versions of
Qiskit: 0.x, 1.x, and 2.x series.

cover a three-year observation period. The exact Qiskit versions and
snapshot dates are available in our replication package.

Environment at Each Snapshot. For each snapshot, we build a
separate Docker image to isolate the corresponding execution envi-
ronment. We install the target Qiskit version and adjust the surround-
ing Qiskit-related packages for compatibility, following the official
release notes and documentation. When a surrounding package has
no version compatible with the target Qiskit version, we remove it
from the environment; otherwise, we pin it to a compatible version.

Execution at Each Snapshot. We execute the buggy and fixed
versions of each artifact through the bundled test case on the cor-
responding Docker container. Because quantum programs may pro-
duce non-deterministic outputs [11], we run both versions 30 times,
following empirical guidelines [12]. For each execution, we record
the test outcome and save the runtime log, including stdout and
stderr. We then check whether reproducibility criterion defined in
Section 2.3 is satisfied.

2.5 Hardware
All our experiments are performed on a classical computer using

the simulator functionality provided by Qiskit. Although programs
written in Qiskit can be executed on actual quantum computers, we
use the simulator due to the limited availability of real quantum
hardware.

3. Evaluation
3.1 RQ1: Bugs4Q Reproducibility Change
Targets. At each snapshot defined in Section 2.4, we execute the

buggy and fixed quantum programs of each Bugs4Q artifact. Our
analysis covers 46,620 quantum program executions in total, corre-
sponding to the full combination of 21 snapshots, 37 artifacts, 30
repeated runs, and buggy/fixed programs.

Evaluation Metric. We consider artifact p reproducible at snap-
shot t if the reproducibility criterion defined in Section 2.3 is satisfied
in all 30 trials. This definition treats flaky artifacts [11,13] (i.e., those
that intermittently succeed and fail) as non-reproducible.

We define Repro(t, p) as an indicator variable that takes 1 when
this condition holds and 0 otherwise. The number of reproducible
artifacts at snapshot t is then:

R(t) =
∑
p

Repro(t, p). (1)

We report R(t) as the percentage of reproducible artifacts at each
snapshot to examine how reproducibility changes.

Results. Figure 1 plots R(t) for each snapshot t. As shown in
Figure 1, Bugs4Q reproducibility dropped sharply across major
Qiskit versions: from 48.6%–62.2% in the 0.x series to 16.2%–
18.9% in the 1.x and 2.x series, indicating that it retains a mean-
ingful level of reproducibility only under legacy versions. This
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sharp drop is consistent with the breaking changes introduced at
each major Qiskit release [14,15]. Notably, even at the earliest snap-
shot, v0.20.1, 62.2% of artifacts were reproducible. This is lower
than Defects4J, the dataset with the highest reproducibility (96.9%)
reported by Zhu et al. [2]. This imperfection is plausibly due to
the non-determinism of quantum measurements as well as inconsis-
tencies between the environment used during Bugs4Q construction
and our experimental setup, since Bugs4Q does not record the exact
library versions used at collection time. We further investigate the
root causes of these reproduction failures in Section 3.2.

RQ1: Bugs4Q reproducibility dropped sharply (from 48.6%
to 18.9%) once major version upgrades of Qiskit occur after
its construction. Over the three-year observation period, 31
of the 37 Bugs4Q artifacts (83.8%) experienced reproduc-
tion failures at least once.

3.2 RQ2: Root Causes and Patch Strategies
Targets. We analyze the set of snapshot–artifact pairs (t, p) for

which Repro(t, p) = 0, totaling 543 pairs. These pairs cover all
reproduction failures observed in Section 3.1.

Classification of Reproduction Failures. The reproduction fail-
ure categories proposed by Zhu et al. [2] are too specific to fit our
setting, as they depend on particular Java build tools such as Maven
and Gradle. Therefore, we adopt an open coding approach to classify
reproduction failures in quantum software defect datasets, since no
existing taxonomy is available for this purpose. For each target (snap-
shot, artifact) pair, two of the authors independently classify the root
cause of each of the 543 instances by inspecting the runtime logs and
the Bugs4Q source (e.g., the linked GitHub issues from which the
artifact was collected), assigning a short descriptive code. After the
independent coding is completed, we compute Fleiss’s kappa [16] to
assess the inter-rater reliability. The resulting value is 0.67, indicat-
ing substantial agreement. The two annotators then jointly resolve
disagreements through discussion to determine the final root cause
of each instance, and refine the categories by merging semantically
equivalent codes. In addition, for each resulting root-cause category,
we describe a patch strategy to restore reproducibility, which the
annotators came up with during the coding process while inspecting
the raw data such as the runtime logs.

Results. Table 1 summarizes each root cause category, its cor-
responding patch strategy, and its share of instances. Our taxonomy
consists of four main categories and five subcategories, yielding
seven leaf categories in total. The rest of this section discusses each
category, presenting its symptoms (see . icon), code examples
when available (Ð), and potential patch strategies ({).

a ) Import incompatibility
This is the most common root cause, accounting for 261 failures

(48.1%). . These failures are caused by import-path mismatches:
the artifact source code remains unchanged, but the referenced mod-
ules or packages are no longer available at their original paths in the
target Qiskit version.Ð The following code excerpt from an artifact
(ID:19 in Bugs4Q) provides an example of this root cause.
from qiskit.extensions import HGate, CXGate

This import statement fails in v1.0.0 and later because the legacy
qiskit.extensions module is no longer available at that import
path. { The patch strategy updates such outdated import paths
to their replacements documented in the Qiskit migration guides
[14,15]. In the code excerpt above, the legacy qiskit.extensions
import is migrated to qiskit.circuit.library.

b ) API invocation incompatibility
This root cause accounts for 184 failures (33.9%). . These fail-

ures occur when the artifact source code invokes Qiskit APIs that

have been removed or whose call forms have changed in the tar-
get Qiskit version. Ð The following code excerpt from an artifact
(ID:39 in Bugs4Q) provides an example of this root cause.
job = execute(

qc,

backend = Aer.get_backend(’qasm_simulator’),

shots=1024

)

This code submits a circuit to a backend through the legacy execute
API function. The failure surfaces only when execute is called. {
The patch strategy replaces legacy API invocations with equivalents
supported by the target version.

c ) Library–library incompatibility
This root cause accounts for 25 failures (4.6%). . These fail-

ures occur when Qiskit-related packages lose runtime compatibility
with each other, even though they can still be installed together. {
A patch strategy is to adjust the versions of the surrounding Qiskit-
related packages so that they remain mutually compatible with the
target Qiskit version. This is the only root cause whose patch strat-
egy operates entirely at the environment level (e.g., version pinning),
without modifying artifact source code or test oracles.

d ) Library-internal behavior change
This root cause accounts for 33 failures (6.1%).. These failures

occur when the Qiskit interfaces used by the artifact remain valid,
but changes in the internal behavior cause the reproduction failures.
For instance, an operation that originally triggered the bug may now
be handled internally by Qiskit, causing the original bug-triggering
condition to disappear. In such cases, no general patch strategy is
applicable.

e ) Output format change
This root cause accounts for five failures (0.9%). . These fail-

ures occur when Qiskit changes the textual representation of outputs
while the program behavior remains unchanged. For example, a
qubit label printed in the output changes from q_0 to q, causing a
string-based assertion to fail. { A patch strategy is to update the
test oracle to match the output format of the target Qiskit version.
This modification is confined to the test oracle and does not alter the
program logic.

f ) Quantum-specific reproduction failures
This root cause accounts for 28 failures (5.1%).. These failures

stem not from API or dependency changes, but from the probabilistic
nature of quantum programs: the observed output may occasionally
deviate from the expected distribution due to non-determinism of
quantum programs, even when the source code is unchanged. Ð
The following excerpt from an artifact (ID:26 in Bugs4Q) provides
an example of this root cause.
circuit = QuantumCircuit(2)

circuit.h(0)

circuit.x(1)

circuit.cx(0, 1)

circuit.measure_all()

backend = QasmSimulator()

job = backend.run(..., shots=1024)

counts = job.result().get_counts(circuit)

The excerpt executes a quantum circuit and returns sampled counts
for each state from measurement. The ideal output distribution as-
signs a probability of 0.5 to each of the 01 and 10 states. In our
setting of 1,024 shots, the expected count for each state is 512. Thus,
the corresponding test applies a statistical assertion [10,17] to check
whether the sampled counts deviate from the ideal distribution. In
the observed run, the sampled counts were {’01’: 476, ’10’:
548}. Although the result appeared close to the expected distribu-
tion, the test oracle rejected it and caused the fixed version to fail. {
A patch strategy is to tune the shot count and oracle threshold so that
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Table 1: Root causes and possible patch strategies. Gray-shaded rows indicate the main categories. N/A indicates that no general patch strategy
is applicable. Repro. denotes reproduction.

Root cause Percentage Definition of main category Patch strategy

Source-related repro. failures 82.0% Failures caused by artifact source code
using Qiskit interfaces that are no
longer valid in the target Qiskit version.

Update obsolete import paths or replace
incompatible API invocations with calls
supported by the target Qiskit version.

Import incompatibility 48.1%
API invocation incompatibility 33.9%

Library-related repro. failures 11.6% Failures caused by changes in
Qiskit-related libraries, even though
artifact source code still uses valid
Qiskit interfaces.

Adjust dependency versions or update test
oracles when applicable; otherwise N/A.Library–library incompatibility 4.6%

Library-internal behavior change 6.1%
Output format change 0.9%

Quantum-specific repro. fail-
ures

5.1% Failures caused by probabilistic varia-
tion in quantum measurement or simu-
lation results.

Tune the shot count and relax the oracle
threshold.

Original test issues 1.3% Failures where the original test does not
adequately validate program behavior,
making the correctness of the fixed ver-
sion unclear.

N/A

statistically plausible sampling variation is not rejected as a repro-
duction failure, while preserving the oracle’s ability to distinguish
buggy and fixed behavior.

g ) Original test issues
This root cause accounts for the remaining seven failures (1.3%),

all originating from a single artifact. . These failures stem from a
problem in the original test rather than Qiskit evolution: the test does
not seem to correctly check the target behavior. We could not con-
firm whether the fixed program produced the expected output when
Bugs4Q was constructed. Given this uncertainty about the correct-
ness of the fixed program, we consider this case not patchable.

We further observe that some artifacts contribute multiple repro-
duction failures classified under different root causes across Qiskit
versions. For example, an artifact (ID:20 in Bugs4Q) fails under
Library-internal behavior change in v0.20.1 – v0.22.3, shifts to API
invocation incompatibility in v0.23.2 – v0.24.0, and finally fails un-
der Import incompatibility from v1.0.0 and later. This indicates that
addressing one root cause for a given artifact does not guarantee
its long-term reproducibility, because the same artifact may later
experience failures caused by different root causes.

RQ2: We identified seven root causes across 543 reproduc-
tion failures. Among these failures, 93.6% are dependency-
related (Source-related and Library-related). The most fre-
quent leaf category is Import incompatibility (48.1%), where
import statements reference Qiskit modules that have be-
come incompatible. Only 4.6% of failures have a patch strat-
egy that does not require modifying artifact source code.

4. Case Study: Manual Migration of Bugs4Q
As an initial example of quantum program migration, we manu-

ally migrate Bugs4Q to the latest Qiskit version (v2.3.1 as of April
1, 2026) and release the result as Bugs4Q-Robust. This case study
illustrates how the patch strategies identified in Section 3.2 can be
applied in practice, and surfaces the categories of reproduction fail-
ures that remain difficult to recover even with manual effort. We use
this experience to motivate the future research plans.

4.1 Construction
We construct Bugs4Q-Robust by manually creating concrete

patches guided by the patch strategies identified in Section 3.2.
Patches are applied only to root causes that have an applicable patch
strategy; Library-internal behavior change and Original test issues
are left unpatched. For each artifact, we restrict modifications to
the observed root cause and keep the patch minimal, preserving the
original program logic and test intent.

As the only environment-level patch in Bugs4Q-Robust, we up-
date the dependency specification by selecting the latest versions of
the surrounding Qiskit-related packages that remain mutually com-
patible with Qiskit v2.3.1. This patch addresses Library–library
incompatibility.

The remaining patches modify artifact source code. For Import
incompatibility and API invocation incompatibility, we migrate the
affected import statements and API invocations following the Qiskit
migration guides [14,15]. One common patch is the migration from
the legacy executeAPI function to the recommended transpile–
backend.run.We applied this migration to 12 of the 37 artifacts.

4.2 Reproducibility After Manual Migration
Under v2.3.1, the latest version as of April 1, 2026, the repro-

ducibility of Bugs4Q-Robust improved from 16.2% to 59.5%
over the original Bugs4Q, demonstrating the effectiveness of the
patch strategies identified in Section 3.2. This +43.3 percentage
point gain corresponds to recovering 16 additional artifacts under
the latest framework version, indicating that a substantial portion
of the reproduction failures observed in Section 3.1 are addressable
through manual patching.

To investigate the causes of artifacts that remain non-reproducible
in Bugs4Q-Robust, the first author labeled them by reusing the cat-
egories established in Section 3.2. Table 2 summarizes the classi-
fication results of the 15 artifacts that remained non-reproducible
after manual migration. Table 2 shows that most failures catego-
rized as Source-related reproduction failures have been resolved
in Bugs4Q-Robust. The remaining four cases of Import incom-
patibility involve Qiskit-related packages or modules that have been
removed without direct replacements. Overall, the dominant remain-
ing cause is Library-internal behavior change, which accounts for 10
of the 15 remaining artifacts. This indicates that Bugs4Q-Robust ef-
fectively resolves reproduction failures caused by source-level inter-
face mismatches, whereas library-internal behavior changes remain
difficult to recover through our applied patches.

Library-internal behavior change can eliminate the original
bug-triggering conditions. For example, one artifact (ID:14 in
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Table 2: Remaining root causes of reproduction failures in Bugs4Q-
Robust.

Root cause # Artifacts Percentage

Import incompatibility 4 26.7%
Library-internal behavior change 10 66.7%
Original test issues 1 6.7%

Bugs4Q), which could not be reproduced even in Bugs4Q-Robust,
reported a bug caused by omitting the diagonalization step required
when using PauliExpectation. In the successor EstimatorAPI,
however, diagonalization is handled implicitly, so the same user-
level omission no longer triggers the original bug. This represents
a fundamental limitation of bug reproduction: when the new API
automatically handles what users previously had to do manually, the
original bug can no longer be triggered, regardless of patching.

5. Future Research Plan
We outline two directions for future research that build on the

findings of this study. The first generalizes our investigation beyond
Qiskit to other quantum programming frameworks (Section 5.1),
and the second explores automated migration support for quantum
programs affected by framework evolution (Section 5.2).

5.1 Generalizing Compatibility Analysis Beyond Qiskit
In the previous sections, we showed that the evolution of a quan-

tum programming framework can break the quantum programs that
depend on it through breaking changes such as removed APIs or
modified behavior, and that these failures can in turn compromise the
reproducibility of a defect dataset built from such programs. Con-
cretely, we observed this phenomenon for Qiskit and the Bugs4Q
dataset, where updates to the framework rendered previously repro-
ducible defects no longer reproducible.

These findings, however, are specific to Qiskit and Bugs4Q. The
quantum software ecosystem comprises multiple independently de-
veloped frameworks, such as Amazon Braket [18], Cirq [19], and
PennyLane [20]. Each framework may evolve in its own way, with
breaking changes differing in both frequency and impact. Thus, ob-
serving only Qiskit does not show whether the trend we found gen-
eralizes across the ecosystem, nor how it varies from one framework
to another. We therefore plan to extend our investigation to other
quantum programming frameworks and the quantum programs that
depend on them, with the goal of characterizing ecosystem-wide
trends in how framework evolution affects quantum programs.

We examine framework evolution from two perspectives to char-
acterize these trends. The first concerns the breaking changes that
quantum programming frameworks introduce during their evolution,
such as removed or renamed APIs, changed default parameters, or
modified call patterns. The second concerns their practical impact
on real-world quantum programs, that is, the extent to which these
changes actually break existing code or alter its behavior. We study
these through the following future research questions:

FRQ1 How frequently do breaking changes occur in quantum pro-
gramming frameworks?

FRQ2 What is the practical impact of framework evolution on
real-world quantum programs?

We first select the target frameworks. Following prior empirical
work on quantum software [7, 21], we use the project list curated
by the Quantum Open Source Foundation (QOSF) as our starting
point. We select from this list the frameworks distributed as Python
libraries, since Python is the most widely used language for quan-
tum software development [21]. We then apply two further filters.

First, following the QOSF survey [22], we keep frameworks that are
not archived and have received at least 20 commits in the last year.
Second, following a large-scale study of API breaking changes in
classical software [23], we retain those above the first quartile in
both repository age and number of releases.

To answer FRQ1, we identify breaking changes introduced across
consecutive releases of the selected frameworks. Although tools such
as AexPy [24] detect API breaking changes in Python, we are not
aware of a tool that covers the broader range of breaking changes
considered in this study. We therefore adapt Xia et al.’s approach [25]
to Python frameworks, as it addresses a broader range of breaking
changes in JavaScript, another dynamically typed language. Follow-
ing Xia et al. [25], we collect breaking changes from documentation
sources such as release notes, changelogs, and pull requests. We then
classify the collected changes and analyze their frequency across
frameworks and releases.

To answer FRQ2, we collect real-world quantum programs that
depend on the selected frameworks and run them across framework
versions. Following Upadhyay et al. [21], we identify repositories
that depend on a target framework and retain executable ones. We
then vary the framework version, re-execute each program, and check
whether it still runs or changes its observable behavior. Finally, we
relate the observed failures to the breaking changes identified in
FRQ1 and quantify the impact of framework evolution on real-world
quantum programs.

5.2 Toward Automated Code Migration for Quantum Pro-
grams

A natural next challenge is to automatically migrate quantum
programs affected by framework evolution to newer framework ver-
sions. The findings for Qiskit demonstrate that framework evolution
can affect quantum programs in practice, and Section 5.1 aims to de-
termine whether similar effects extend across the broader ecosystem.
So far, however, such migration has been carried out manually, both
in our own case (Section 4) and in a recent experience report [26].
Ideally, it would instead be handled automatically rather than by
manual effort from developers.

Automated code migration has been widely studied in classical
software engineering [27, 28]. Prior techniques reduce the manual
effort of updating client code broken by evolving libraries. More re-
cently, techniques using Large Language Models (LLMs) have been
proposed to automatically update real-world programs affected by
such library evolution [25, 29, 30].

In contrast, automated code migration in quantum software re-
mains in its infancy. A recent work has attempted to automate the
migration of quantum programs written in Qiskit using LLMs [31].
However, its evaluation is limited to a single framework, a narrow
range of Qiskit versions, and controlled code snippets rather than
real-world quantum programs. It therefore remains unclear whether
such techniques can handle migration cases arising from real-world
quantum programs affected by framework evolution. Therefore we
study the following future research questions:

FRQ3 How effective are existing automated code migration tech-
niques for quantum programs?

FRQ4 What are causes for the migration failures?

To answer FRQ3, we apply existing migration techniques to
the affected programs identified in FRQ2. We focus on behavior-
preserving migration, that is, adapting programs so they keep run-
ning under newer framework versions without changing their orig-
inal behavior. For each affected program, we evaluate whether the
migrated code runs under the target framework version and whether
it preserves the intended behavior.

To answer FRQ4, we qualitatively analyze the cases in which the
techniques evaluated in FRQ3 fail to migrate a program or produce
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a behaviorally different one, inspecting each to identify its cause.
We focus on whether the cause is quantum-specific or a general lim-
itation of existing migration techniques. If such quantum-specific
causes exist, they motivate migration techniques that account for
them, rather than directly applying techniques developed for classi-
cal software.

6. Conclusions
We investigated the reproducibility of Bugs4Q [4], a represen-

tative quantum software defect dataset. Our experiments covered
46,620 executions of 37 artifacts across 21 Qiskit core-library ver-
sions spanning three years. The results showed that the reproducibil-
ity of Bugs4Q dropped sharply after major Qiskit upgrades, and
83.8% of the artifacts failed to reproduce at least once. Through
manual investigation of 543 reproduction failures, we found that
93.6% are dependency-related, consistent with findings on classi-
cal software defect datasets [2]. However, unlike classical datasets,
only 4.6% of reproduction failures of Bugs4Q can be addressed by
dependency updates alone. Guided by these findings, we curated
Bugs4Q-Robust, a patched version of Bugs4Q for Qiskit v2.3.1,
which raises the reproducibility by 43.3 percentage points. As a next
step toward scalable maintenance, we plan to investigate whether
similar compatibility issues occur in other quantum programming
frameworks and explore automated migration support for affected
quantum programs.

7. Data Availability
All data and code used in this study are available at the following

repository: https://github.com/kusumotolab/quantum-def
ect-reproducibility
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