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Abstract—Dependencies in the JAVA/MAVEN ecosystem are
predominantly declared using version pins, which restrict updates
and create conflicts when multiple versions of the same depen-
dency are required. Conflicts are mediated automatically using
a nearest-first heuristic, providing no compatibility guarantees,
or manually by developers, requiring continuous maintenance
effort. From an analysis of 266 MAVEN projects on GITHUB,
we find that one in four conflicts resolve to versions that may
expose clients to future breaking changes, and two in three
projects manually mediate conflicts, highlighting the need for
compatibility-aware conflict mediation. Compatible version ranges
could enable such mediation, but their effectiveness depends
on how compatibility is determined. We investigate how re-
placing version pins with ranges derived from client-agnostic
compatibility detection affects resolution outcomes. We compare
ranges derived from semantic versioning (SEMVER), inferring
compatibility from version numbers, with analysis-based ranges,
validating API and behavioral compatibility through static and
dynamic analysis. We find that SEMVER-based ranges are flexible
but often introduce breaking changes, whereas the analysis-
based ranges provide stronger stability but limited flexibility.
These findings reveal an inherent stability-flexibility trade-off in
client-agnostic compatible range generation, motivating hybrid
approaches leveraging client context to achieve a better balance.

Index Terms—dependency management, compatibility detec-
tion, compatible version range generation

I. INTRODUCTION

The reuse of open-source software components as depen-
dencies is widespread in modern software development [1].
Keeping these dependencies up-to-date is crucial, as new
releases may include important bug fixes and security patches.
To facilitate updates, a dependency manager should ideally re-
solve dependencies in a way that is stable to avoid introducing
breaking changes [2], flexible to reduce the risk of version con-
flicts and resolution failure [3, 4], and transparent by providing
full and accurate dependency trees so that dependency-related
issues can be traced [5]. A reliable dependency resolution
satisfies these properties, but current dependency management
practices often fail to provide all three.

The reliability of the resolution process largely depends on
how dependencies are declared. Restrictive version pinning
prevents updates [2, 6] and reduces the risk of breaking
changes, but leads to outdated and vulnerable dependencies
downstream [3, 4]. In contrast, open version ranges are more
permissive, increase resolution flexibility through automatic
updates [3], but may introduce breaking changes. Developers

struggle to balance the stability of pinning and the flexibility
of ranges [7], but generally favor stability [6, 8].

Semantic Versioning (SEMVER) [9] communicates compat-
ibility through version numbers (MAJOR.MINOR.PATCH)
where updates within the same MAJOR version should be back-
wards compatible. SEMVER implies compatible version ranges
and tries to foster automated and compatible updates, with the
goal to improve resolution flexibility without compromising
stability. Unfortunately, MAVEN packages often break this
convention [10, 11]. 99% of MAVEN dependency declarations
use version pins [4], perhaps due to the absence of a practical
way to derive accurate compatible version ranges.

MAVEN-specific challenges add to the general problem of
dependency management. First, the widespread pinning fre-
quently causes conflicting version declarations for the same
dependency [12]. MAVEN mediates these conflicts heuristically
by resolving the nearest version declaration, which may intro-
duce breaking changes only detectable during runtime [13].
Second, MAVEN allows the undeclared use of transitive depen-
dencies, which complicates the tracing of dependency-related
issues and prevents timely vulnerability discovery [4, 5]. To-
gether, these issues reduce the stability, flexibility, and trans-
parency needed for reliable dependency resolution.

Existing work addresses dependency issues primarily af-
ter resolution, for example, by detecting whether a depen-
dency update is compatible. These compatibility detectors
include dynamic analyses using client tests to identify be-
havioral incompatibilities [14–17], and static analyses using
bytecode, AST, or call-graph differencing to identify API-
breaking changes [2, 11, 18]. Many of these approaches are
client-specific, analyzing compatibility from a single client’s
perspective and therefore require recomputation for every
client-dependency pair. In contrast, recent research took a
client-agnostic perspective to generating compatible version
ranges [19]. The resulting MARCO tool combines static byte-
code differencing and dynamic cross-version testing, using the
dependency’s tests instead of the client’s, to replace version
pins with compatible version ranges.

In this paper, we investigate how compatible version ranges
affect the stability and flexibility of dependency resolution in
MAVEN projects, where version pinning is the predominant
dependency declaration strategy. Version pins can lead to
conflicts that MAVEN resolves using its nearest-first heuris-
tic, which provides no compatibility guarantees, or manual



overrides, which improve stability but require continuous
developer effort to maintain. Replacing pins with compatible
version ranges enables automatic compatibility-aware conflict
mediation, but the effectiveness of this approach depends on
how compatibility is determined. To understand how conflicts
are currently mediated and evaluate compatible version ranges
derived from client-agnostic compatibility detection as a scal-
able alternative, we address the following research questions:
RQ1: How are version conflicts mediated in Maven, and how

stable are the resulting resolutions under SEMVER?

RQ2: How effective is client-agnostic compatibility detection
at detecting breaking changes?

RQ3: How do client-agnostic compatible version ranges affect
MAVEN’s dependency resolution?

We find a quarter of version conflicts in MAVEN projects are re-
solved to versions that are incompatible with the other declared
versions under SEMVER assumptions, indicating that current
mediation strategies do not reliably produce compatibility-
preserving resolutions and can therefore limit resolution stabil-
ity. Both client-agnostic strategies (SEMVER, MARCO) identify
breaking changes in clients with a comparable F1 score
of 0.70, but with stark differences in recall and precision:
SEMVER-based ranges are wide but often include break-
ing changes, whereas MARCO-based ranges avoid breaking
changes at the cost of being much narrower. We conclude
that automated detection of compatible version ranges can
address resolution reliability, but a perfect balance between
stability and flexibility is not possible with client-agnostic
detection alone. Instead, it offers a scalable foundation for
hybrid compatibility approaches combining client-agnostic and
client-specific analysis to widen ranges without sacrificing
stability and scalability.

Overall, this paper presents the following main contributions:
• We show that conflicts are commonly manually mediated

and that, even under ideal SEMVER assumptions, a quarter
of conflict resolutions are unstable.

• We show that client-agnostic compatible version ranges can
improve resolution flexibility or stability, but not both.

• We discuss challenges and future directions for hybrid
compatibility detection that is scalable and precise.

All data and scripts used in this paper are available in our
online replication package [20].

II. RELATED WORK

Verifying compatibility between two versions requires check-
ing binary, source, and behavioral compatibility [21]. Bi-
nary and source compatibility, known as static, syntactic, or
API compatibility, is detectable at compile time by static
analysis tools like JAPICMP [22] and REVAPI [23] which use
bytecode differencing. In contrast, behavioral, dynamic, or
semantic incompatibilities occur at runtime and are difficult
to detect statically [18]. Since formal behavioral specifications
are rare [24], tests are often used to approximate behavioral
compatibility.

COMPCHECK [17] builds a knowledge base of client-
dependency incompatibilities using client tests and control
flow graphs to check whether a client is affected by the
incompatibilities, showcasing two common techniques in com-
patibility checkers. Cross-client testing uses multiple clients’
tests motivated by the often low dependency coverage of
single-client testing. Reachability analysis uses control flow
or call graphs to determine whether a breaking change is
reachable by a client to ensure that the compatibility decision
is client-specific. Mujahid et al. [15] and DEBBI [14] identify
breaking changes using cross-client testing, prioritizing test
suites with high dependency usage to reduce computational
cost. DEPENDABOT estimates compatibility from the fraction of
clients with passing builds after an update, although developers
found high-quality test suites more helpful [16]. RANGER

[4] replaces version pins by safe, compatible ranges to ad-
dress vulnerability propagation in MAVEN, detecting breaking
changes using bytecode differencing, SEMBID, client tests,
and client-specific reachability analysis. SEMBID [18] detects
client-agnostic behavioral breaking changes statically by call
graph differencing and heuristic pattern matching, but cannot
detect all breaking changes detected by client tests. Hejderup
et al. [2] found that client tests typically have low depen-
dency coverage and introduced UPPDATERA which uses AST
differencing and reachability analysis to detect client-specific
behavioral breaking changes statically. MARACAS [11] extends
JAPICMP by using annotations to exclude internal parts of the
API to reduce false positives.

In addition to compatibility types, there are different com-
patibility perspectives: client-specific and client-agnostic. The
client-specific perspective looks at the question of whether
two dependency versions are compatible by analyzing the
client(s) using the dependency. There may be incompatibilities
that the client never calls, in which case the versions are
considered compatible. Client-agnostic approaches, in con-
trast, assess compatibility independently of the client code.
MARACAS and SEMBID are client-agnostic, the former consid-
ering only static compatibility and the latter approximating
behavioral compatibility via static analysis. UPPDATERA and
RANGER combine client-specific and -agnostic approaches,
and approximate dynamic compatibility using static analysis.
Cross-version testing using the dependency’s tests instead
of the client’s is a client-agnostic approach to behavioral
compatibility. Mostafa et al. [25] used this method to collect
incompatibilities, suggesting it may be suitable for detection,
and Ochoa Venegas [26, p. 208] speculates it may address scal-
ability issues in client-specific approaches. MARCO provides
a client-agnostic detector using JAPICMP to statically detect
API incompatibilities and cross-version testing to dynamically
detect behavioral incompatibilities by fetching dependency
tests from their GITHUB repositories, but its effectiveness is
unclear.

In summary, existing work provides methods for detect-
ing incompatible dependency updates, primarily focusing on
client-specific analyses that determine compatibility from
an individual client’s perspective. While such analyses can



achieve high precision, they suffer from limited scalability
and recall due to incomplete coverage as many clients do
not test their dependencies [2, 17]. Client-agnostic approaches
address scalability but have seen little exploration beyond
static analysis or lack large-scale empirical validation.

In this paper, we complement existing work by evaluating
the potential of client-agnostic compatibility detection for im-
proving dependency resolution reliability. Unlike prior studies,
we are not focusing on detecting breaking changes after reso-
lution. We want to integrate compatibility information directly
into the resolution by considering compatible version ranges.
We compare two client-agnostic strategies: SEMVER which
infers compatibility from version numbers, and MARCO which
infers compatibility through static and dynamic analysis, and
assess their trade-offs. We did not consider SEMBID as it is not
publicly available, nor MARACAS since it uses JAPICMP which
is also the basis of MARCO’s static compatibility analysis.

III. STUDY OVERVIEW

This paper combines an empirical study of conflict mediation
in the MAVEN ecosystem with an evaluation of how compatible
version ranges derived from two client-agnostic compatibility
detectors affect dependency resolution in real-world MAVEN

projects. Figure 1 provides a high-level overview of the study.
We collected JAVA projects built with MAVEN from GITHUB

created between January 1, 2023 and May 1, 2024 with
≥10 stars and ≥50 commits, resulting in 735 projects 1⃝.
The timeframe ensures the projects had time to establish
dependency management practices and reflect contemporary
practices. The star and commit thresholds follow related work
to exclude trivial projects while maintaining diversity [4, 27].

In Step 2⃝, we analyze how conflicts are mediated in
practice and assess the stability of the resulting resolutions
under SEMVER assumptions (RQ1, Section IV). For this anal-
ysis, projects must compile, leaving 446 eligible projects.
Of these, 266 have dependencies and form the dataset for
RQ1. To explore the effect of replacing pins with compatible
version ranges, we leverage the MARCO toolkit [19] which we
adapt for large-scale range replacement and extend with an
additional SEMVER-based compatibility detector as a baseline
(Section V). In Step 3⃝, we evaluate the MARCO and SEMVER

detectors on existing datasets of (non-)breaking dependency
updates to assess how likely they are to produce ranges that
exclude incompatible and include compatible versions (RQ2,
Section VI). Finally, Step 4⃝ replaces version pins in the
projects with the detected compatible version ranges and com-
pares the resolution outcomes before and after replacement to
determine how the different ranges affect resolution stability
and flexibility (RQ3, Section VII). Stability regressions are
detected by executing project test suites before and after
replacement. Of the 266 compiling projects with dependencies,
105 have runnable test suites and form the RQ3 dataset.

The paper concludes with a discussion of our findings, the
potential and limitations of client-agnostic compatible version
ranges, and directions for hybrid compatibility approaches to
improve reliable dependency resolution (Section VIII).

Evaluate compatibility
detection (RQ2)

SemVer

Dependency updates

Conflict
analysis

(RQ1)

1

2 3 4

MaRCo

Compatible
versions

Evaluate resolution impact (RQ3)

?

has testscompiles,
has deps
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Fig. 1. Study overview.

IV. CONFLICT MEDIATION IN MAVEN (RQ1)
Version conflicts are a common consequence of dependency
reuse, as a project’s dependencies may require different ver-
sions of the same library. MAVEN must mediate these conflicts
by resolving a single version. Figure 2 illustrates the different
conflict mediation modes in MAVEN, which depend on which
dependency declaration strategies are involved. A dependency
is identified by its groupId and artifactId (GA), while a
specific release of a library is identified by groupId, artifactId,
and version (GAV). We use the terms dependency and library
interchangeably to refer to the GA.

A version conflict occurs when there are at least two differ-
ent version pins (GAVs) declared for the same dependency
(GA) in a project’s dependency tree. These conflicts are
unmanaged by default, and Figure 2(a) shows how MAVEN

applies its default mediation strategy by selecting the version
declared closest to the root of the dependency tree in breadth-
first order [13]. This resolution mode is structurally fragile,
as changes to unrelated dependencies may alter the depen-
dency tree and cause a different version to be resolved. A
conflict becomes managed, see Figure 2(b), when developers
override MAVEN’s default mediation outcome in two ways:
(i) A dependencyManagement section directly overrides
the resolved version or (ii) an unused conflicting dependency
is declared as a direct dependency to exploit the nearest-first
mediation. Managed conflicts are not sensitive to dependency
tree changes, improving resolution stability, but require contin-
uous maintenance. Finally, although version ranges are rarely
used in MAVEN, they provide an alternative mode to avoid
version conflicts. When different version ranges are declared
for the same library, MAVEN resolves the latest version in the
intersection of all ranges, see Figure 2(c). If no intersection
exists, resolution fails. Replacing version pins with version
ranges containing compatible versions could therefore enable
compatibility-aware conflict mediation by resolving the latest
mutually compatible version automatically.

As illustrated in Figure 2, conflicts may be mediated au-
tomatically using nearest-first resolution or manually through
explicit overrides. Nearest-first mediation is structurally fragile
and may resolve versions incompatible with other version
pins. Manual overrides improve stability by enforcing a fixed
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Fig. 2. Available resolution modes in Maven. Each diagram shows a
dependency tree of a client with transitive dependencies on library L. Boxes
denote dependency declarations and the resolved version is highlighted in
blue. A dotted edge indicates a manual override by the client to enforce a
specific version. Version ranges are represented by brackets.

version but require continuous effort to maintain. Compatible
version ranges provide a promising alternative by allowing
MAVEN to automatically resolve mutually compatible ver-
sions without manual intervention; however, their effective-
ness depends on whether compatible ranges exist that can
reconcile conflicting declarations. To understand how these
trade-offs between stability, flexibility, and developer effort
affect dependency resolution in practice, this section analyzes
version conflicts caused by version pins in real-world MAVEN

projects, how often they are manually mediated, and whether
the resulting resolutions are stable under SEMVER assumptions.
While SEMVER assumptions often do not hold in practice [10],
they provide a theoretical best-case estimate of the stability of
Maven’s conflict mediation outcomes.

We used the Maven Dependency Plugin (MDP) on the 266
projects that compiled successfully and declared at least one
dependency. These projects had, on average, 52.9 resolved
dependencies and 61.4 unique version pins.

A. Prevalence and Mediation of Conflicts

To understand how version conflicts are handled in practice,
we first analyze their prevalence and how they are mediated
in real-world MAVEN projects. In particular, we distinguish
between conflicts resolved by MAVEN’S nearest-first strategy
and those manually mediated by developers. The prevalence
of conflicts and the extent of manual mediation provide insight
into the limitations of MAVEN’s default conflict mediation.

Methodology. We use MDP to extract information about the
dependency declarations. The tree goal [28] outputs the
resolved dependency tree and flags certain dependency dec-
larations with additional information. We are interested in the
flag omitted by conflict, which indicates a concrete dependency
declaration was omitted due to a conflict with a previous
declaration. This flag will only appear for version pins (i.e.,
soft constraints), as MAVEN will fail resolution when version
ranges (i.e., hard constraints) cannot be fulfilled.

To determine whether conflicts have been manually me-
diated, we look for evidence of the two manual mediation
strategies previously mentioned. First, we check the output
of the tree goal: entries marked as managed from indicate
that the dependencyManagement section has been used to
override the resolved version. Second, developers may declare
an otherwise unused direct dependency to exploit the nearest-

0% 20% 40% 60% 80% 100%

266
174

117
112

Total projects
Projects with conflicts

Projects with managed conflicts
Projects with unmanaged conflicts

Fig. 3. Prevalence of projects with managed and/or unmanaged conflicts.

first mediation. We detect these cases with the analyze goal
by identifying the unused declared dependencies that also
appear among the detected conflicts.

Results. Figure 3 shows how many of the 266 projects have
at least one managed and/or unmanaged conflict. 65% of the
projects had conflicts, with on average 13.0 conflicting version
pins (GAVs) over 11.4 dependencies (GAs). We also see that
projects tend to have many instances of conflicting version pins
(13.0 per project), but each conflict is rather small in scope
(1.1 conflicting pins per GA). 67% of projects with conflicts
perform manual mediation of at least one conflict. On average,
projects using manual mediation have more conflicting pins
(12.2) than projects with unmanaged conflicts (7.4). These
results suggest that MAVEN’s nearest-first mediation becomes
less effective as dependency complexity increases, leading to
more frequent manual intervention to maintain stable resolu-
tions.

B. Conflict Resolution Stability under SemVer

Conflict mediation may not result in a resolved version that is
compatible with all conflicting pins. These incompatibilities
can introduce latent breaking changes that may surface as
the project evolves, requiring developer effort to debug and
resolve. To assess this risk, we analyze conflict mediation out-
comes under SEMVER compatibility assumptions. Specifically,
we evaluate (i) whether the resolved version is SemVer-stable
with respect to all conflicting pins, and (ii) whether the conflict
is SemVer-solvable, meaning that a SemVer-stable resolution
exists. We use SEMVER as a theoretical best-case baseline of
the stability of the current resolution outcome and the ability
of SEMVER to provide stable resolutions. In practice, the actual
resolution stability and solvability are likely worse.

Methodology. We represent a version as v = (M,m, p),
denoting its major, minor, and patch components, respec-
tively. For each dependency, we form pairs of the resolved
version vr = (Mr,mr, pr) and its conflicting version pins
vc = (Mc,mc, pc) and measure whether the current resolution
outcome is stable under SEMVER assumptions, and whether a
stable resolution outcome even exists.

A conflict resolution is SEMVER-stable if the resolved
version vr is within the same non-zero major version as
all conflicting pins vc and is not a minor downgrade: ∀vc:
Mr = Mc ∧ Mr > 0 ∧ mr ≥ mc. This definition
follows the official SEMVER definition, where minor upgrades
should preserve compatibility while downgrades may remove
functionality [9]. Similarly, a conflict is SEMVER-solvable if all
the conflicting pins vc and the resolved version vr are within
the same non-zero major version: ∀vc: Mr = Mc ∧ Mr > 0.
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If this is the case, a SEMVER-stable resolution exists, i.e., the
latest version in the common major. Under ideal SEMVER com-
pliance, SEMVER-based ranges that include upgrades within a
major version would allow MAVEN to automatically resolve
the stable outcome.

Results. Figure 4 shows how many of the 670 unmanaged and
958 managed conflicts are SEMVER-solvable and resolved in a
SEMVER-stable way. Out of the total 1628 conflicts, 382 (23%)
resolved to versions that are unstable even under ideal SEMVER

assumptions. These unstable resolutions represent potential
compatibility risks, as the resolved version is not guaranteed to
be compatible with all conflicting pins. Future modifications
to the dependency tree or project code may therefore expose
currently latent breaking changes that require manual conflict
mediation or refactoring efforts to fix.

Furthermore, unmanaged conflicts are more likely to result
in unstable resolutions than managed conflicts (33% vs. 17%).
This suggests that MAVEN ’s default nearest-first mediation fre-
quently selects versions that are less compatible under SEMVER

than those chosen through manual mediation, highlighting the
limitations of automatic conflict resolution. Notably, 12% of
conflicts involve version pins across different major versions,
making them inherently unsolvable using SEMVER-based ver-
sion ranges, even under perfect SEMVER compliance.

Overall, these findings show that a significant fraction of
conflict mediation outcomes introduce potential compatibility
risks, and that while manual mediation improves stability, it
requires ongoing developer effort. This highlights both the
limitations of conflict mediation in MAVEN and the need for
automated approaches capable of deriving compatible version
ranges beyond SEMVER.

Answer RQ1: Conflicting version pins are common in
MAVEN, affecting 65% of projects, and one in four con-
flicts resolve to versions that may expose clients to future
breaking changes under SEMVER assumptions. This indicates
that most projects have some degree of reduced resolution
reliability and risk future dependency-related issues.

V. EXPERIMENTAL SETUP

RQ1 shows that reliable dependency resolution in the MAVEN

ecosystem is often undermined by conflicting version pins.
These conflicts are mediated using compatibility-agnostic

heuristics or manual overrides, which can introduce instabil-
ity or require continuous maintenance effort, while limiting
flexibility by preventing updates. Replacing version pins with
version ranges changes MAVEN’s resolution behavior. While
MAVEN resolves pins using a heuristic nearest-first strategy,
it resolves ranges by selecting the latest version in the inter-
section of all version ranges. This behavior makes compatible
range replacement a promising approach for achieving stable
and flexible dependency resolution, provided that compatibility
can be determined effectively. To explore the impact of com-
patible version ranges on resolution, we utilize the MARCO

toolkit [19] as our experimental framework, which replaces
version pins with compatible version ranges.

A. MaRCo as Experimental Framework

Internally, MARCO has two main components: the REPLACER

and the GENERATOR. The REPLACER replaces a project’s POM
file, where its dependencies are declared, with a modified POM
containing the replaced dependency declarations. To perform
the replacement, the REPLACER requires a mapping from
dependency versions to compatible ranges. The GENERATOR

computes and stores these mappings. The components can
be used independently or together, allowing us to study both
compatibility detection (RQ2) and range replacement (RQ3)
with the same framework. Figure 5 shows how we apply the
MARCO components in our experiments.

By default, the mappings are generated using a client-
agnostic compatibility detection strategy, which uses JAPICMP
to ensure API compatibility and cross-version testing to verify
behavioral compatibility. For RQ2, we extend the GENERATOR

with a SEMVER-based strategy and apply MARCO with both
strategies on a dataset of (non-)breaking dependency updates
to evaluate how well they identify breaking changes. For RQ3,
we combine the GENERATOR and the REPLACER to perform full
range replacement in real-world MAVEN projects, once with
each detector, to assess how the MARCO- and SEMVER-based
compatible version ranges affect the resolution process.

B. Extending the Generator with SemVer

To assess the viability of client-agnostic compatibility detec-
tors to derive compatible version ranges, we extend the GEN-
ERATOR with a SEMVER-based compatibility detection strategy.
The SEMVER-based detector uses the SEMVER library [29],
closely following the official SEMVER definition [9]. While the
GENERATOR can be extended with any compatibility detector,
we do not consider client-specific ones as they require re-
computation for every client–dependency pair. Client-agnostic
detectors like MARCO and SEMVER instead enable the precom-
putation of reusable compatibility mappings, which is essential
for the large-scale range replacement in RQ3.

C. Enabling Complete Range Replacement

To assess how compatible version ranges influence the reso-
lution process, we need to replace all version pins declared in
each project’s dependency tree. This requires modifying both
direct and transitive dependency declarations, which MARCO
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does not support out-of-the-box. We therefore need to extend
our experimental setup to apply MARCO at every step of the
resolution process.

A project declares its direct dependencies in its POM file.
During resolution, MAVEN retrieves the POMs of all referenced
dependencies, direct and transitive, from the MAVEN Central
Repository (MCR) and caches them in the local m2 folder. To
perform our large-scale range replacement study, we leverage
this behavior when applying the REPLACER to replace: i) the
direct dependency declarations in a project’s POM, and ii)
the transitive dependency declarations in the POMs in the
m2 folder. The REPLACER requires compatibility mappings
generated by the GENERATOR, which we apply separately with
both detectors to each referenced dependency in each project’s
(verbose) dependency tree. This setup enables us to directly
compare the compatibility detectors on a large scale to assess
how client-agnostic range replacement affects resolution.

VI. BREAKING CHANGE DETECTION (RQ2)

We use the MARCO and SEMVER strategies to compute com-
patibility mappings to derive compatible version ranges. To
assess how likely the ranges are to exclude incompatible
and include compatible versions, we evaluate how well the
detectors identify breaking changes. We apply the detectors
to library version pairs labeled compatible or incompatible,
reporting recall, precision, and F1-score. High recall indicates
the generated ranges correctly exclude most incompatible
versions, whereas high precision indicates the ranges correctly
include most compatible versions.

A. Datasets

We evaluate the detector’s performance on two datasets con-
taining compatible and incompatible library version pairs:
a small manually verified dataset and a larger quantitative
dataset. We treat incompatible pairs as the positive class. The
labels reflect client-specific compatibility, meaning an update
that is incompatible for one client may be compatible for an-
other, and vice versa. Because the detectors are client-agnostic,
we therefore do not expect perfect detection accuracy. Instead,
we want to quantify the trade-off between stability (recall) and
flexibility (precision) that each detector offers to understand
how conservative or permissive the generated ranges will be.

Manually verified dataset. The UPPDATERA [2] dataset con-
tains 19 library version pairs, including a manually verified
ground truth, project test results, and evaluations of the static

client-specific UPPDATERA detector. Although it enables com-
parison with high-quality, manually verified ground truth and
to client-specific detection, the small sample size limits the
generalizability of the performance metrics.

Quantitative dataset. To the best of our knowledge, there is no
single dataset that includes both compatible and incompatible
library version pairs and covers both API and behavioral
compatibility. We therefore construct a HYBRID dataset by
combining the BUMP [27] and DEPENDABOT [19] datasets.

The BUMP dataset contains 571 incompatible library ver-
sion pairs from Dependabot pull requests (PRs) where the
update caused build failures. Datapoints are labeled with a type
and failure category. We discard datapoints with the plugin
type because MARCO does not replace plugin declarations, and
POM type because these may update multiple dependencies,
making the cause of failure ambiguous. After filtering, 372
incompatible version pairs of 112 libraries from 114 projects
remain. The DEPENDABOT dataset contains 481 compatible ver-
sion pairs of 167 libraries from accepted Dependabot PRs that
were merged without changes in 43 projects. These datasets
form the HYBRID dataset, enabling a more comprehensive
evaluation of breaking change detection performance.

B. Methodology

Each datapoint represents an update of a specific dependency
(GA), from an old version vold to a new version vnew, forming
the tuple (GA, vold, vnew). We provide the tuple as input to the
GENERATOR, once with the default MARCO detector and once
with the SEMVER detector. The output may be compatible,
incompatible, or inconclusive. Because the MARCO detector
requires library JARs to verify API compatibility, and runnable
library tests to verify behavioral compatibility, it may be
unable to evaluate some datapoints. To ensure fair comparison,
we compute precision, recall, and F1-score using only the
datapoints with conclusive results for both detectors: 349
(94%) of the BUMP datapoints, 321 (67%) of the DEPEND-
ABOT datapoints, and 9 (47%) of the UPPDATERA datapoints.
We oversample the 321 conclusive DEPENDABOT datapoints
by 8.7% to ensure equal representation of compatible and
incompatible updates in the HYBRID dataset.

C. Results

Figure 6 summarizes the performance of the MARCO and
SEMVER detectors in terms of recall, precision, and F1-score.
For the UPPDATERA dataset, we also include the performance
of the UPPDATERA tool and the project tests for comparison.
Figure 7 shows the reasons for inconclusive results. On the
UPPDATERA dataset, half of these were caused by failing to
locate a MAVEN-based GITHUB repository for the dependency,
and half by compilation failures preventing the behavioral
compatibility check. On the HYBRID dataset, 38% of incon-
clusive results were due to failing to locate repositories, 35%
due to repositories not using MAVEN as their build system,
and 26% due to no (runnable) tests preventing the behavioral
compatibility check.



0.00 0.25 0.50 0.75 1.00
Recall (stability)

0.0

0.2

0.4

0.6

0.8

1.0

P
re

ci
si

on
 (f

le
xi

bi
lit

y)

F1=0.90F1=0.70F1=0.50
F1=0.30

Method
MaRCo
SemVer

Uppdatera
Project tests

Dataset
Hybrid
Uppdatera

Fig. 6. Recall-precision trade-off for each detector.

Hybrid dataset. The SEMVER detector labeled 62% of incom-
patible and 87% of compatible updates correctly, resulting in
0.62 recall, 0.81 precision, and 0.70 F1-score. The default
MARCO detector labeled 99% of incompatible and 16% of
compatible updates correctly, resulting in 0.99 recall, 0.54
precision, and 0.70 F1-score.

The two incompatible updates labeled incorrectly
by MARCO as compatible were the update of
org.codehaus.plexus:plexus-io from 3.2.0 to
3.3.0 and net.minidev:json-smart from 2.4.8 to
2.4.9. Manual inspection revealed these were examples of
dependency maintainers introducing (un)intentional changes
not covered by tests and caused runtime failures in the
dependents. Specifically, plexus-io:3.3.0 introduced a
breaking bug [30], which was fixed in 3.3.1 and a regression
test was added [31]. The json-smart update showcases a
similar problem: 2.4.9 introduced a depth limit which was not
covered in 2.4.8’s tests [32], which was surpassed in one of
the clients [33]. This supports Hyrum’s law [34], illustrating
that bug fixes can break clients relying on the buggy behavior.

Uppdatera dataset. The SEMVER detector identified 1/4 in-
compatible and 5/5 compatible updates correctly, achieving
0.25 recall, 1.00 precision, and 0.40 F1-score. The default
MARCO detector indentified 4/4 incompatible and 1/5 com-
patible updates correctly, achieving 1.00 recall, 0.50 precision,
and 0.67 F1-score. Comparatively, UPPDATERA identified 4/4
incompatible and 2/5 compatible updates correctly, achieving
1.00 recall, 0.57 precision, and 0.73 F1-score. Project tests
identified 1/4 incompatible and 4/5 compatible updates cor-
rectly, achieving 0.25 recall, 0.50 precision, and 0.33 F1-
score. Being a client-specific compatibility approach, it is
unsurprising that UPPDATERA performs the best as it is able
to achieve a higher precision than MARCO by considering
client reachability of the detected incompatibilities. MARCO

performs similar to UPPDATERA, however, despite being client-
agnostic, suggesting that adding client-specific reachability
could further improve precision.

0.0 0.2 0.5 0.8 1.0

Hybrid

Uppdatera

129 31 148 54 55
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No repo No tag Non-Maven Non-compiling No tests

Fig. 7. Causes of inconclusive MARCO evaluations.

D. Conclusions

Across datasets, MARCO consistently achieved high recall
and low precision, while SEMVER exhibits the opposite trend
with low recall and high precision. MARCO-generated ranges
are therefore unlikely to contain breaking changes but may
exclude some compatible versions, resulting in ranges that
are stable but inflexible. Conversely, SEMVER-generated ranges
are likely to include more compatible versions but may also
include breaking changes, resulting in ranges that are unstable
but flexible. The SEMVER results further confirm previous
findings [10, 11] that although updates across major versions
are typically breaking, many breaking changes still occur
within the same major version. Overall, both client-agnostic
detectors are just as effective at breaking change detection in
terms of F1-score, but differ significantly in their stability-
flexibility trade-off. We will further investigate the impact this
has on dependency resolution in RQ3.

Answer RQ2: Both client-agnostic detectors achieve
similar overall effectiveness with an F1-score of 0.70, but
display opposite trade-offs in terms of recall and precision:
MARCO showed consistently high recall and low precision,
while SEMVER showed high precision and low recall.

VII. IMPACT ON MAVEN’S RESOLUTION (RQ3)

This section investigates how client-agnostic compatible ver-
sion range replacement affects MAVEN’s dependency resolu-
tion by comparing the dependency trees of 105 open-source
GITHUB projects before and after replacing their version pins
with ranges derived from the MARCO- and SEMVER-based
detectors. As shown in RQ2, both detectors have the same F1-
score for detecting breaking changes, but represent opposite
ends of the precision-recall spectrum. We expect the gener-
ated ranges to exhibit a similar trade-off between resolution
stability and flexibility.

Methodology. We apply the MARCO framework to the 105
projects with dependencies that compile and have tests, allow-
ing us to verify whether API or behavioral breaking changes
are introduced, as follows.

1) Generate each project’s dependency tree, which downloads
all required dependencies into the m2 folder.

2) Generate compatibility mappings for each dependency dec-
laration in the dependency trees using the GENERATOR.

3) Replace project and dependency POMs with the REPLACER

using the previously generated mappings.
4) Re-compile the projects, re-run the tests, and re-generate the

dependency trees. The trees, compilation, and test results
are then used for evaluation.



Because dependency trees may change after replacement,
pulling in new (versions of) dependencies, steps 1-3 are
repeated until the resolution stabilizes. The entire process is
performed twice: once with the GENERATOR configured to
use the MARCO detector, and once with the SEMVER-based
detector. To ensure there is no cross-contamination between
experiments, each run starts with an empty m2 folder.

It is not guaranteed that the MARCO framework replaces
every declaration. The MARCO detector can only replace
dependencies for which both API and behavioral compatibility
can be verified, and the SEMVER-based detector requires
version strings to follow the SEMVER format.

Unfortunately, MAVEN tools also fetch dependencies
of their build plugins from the same m2 folder. We
therefore prevent replacements for the plexus-utils,
commons-collections, and velocity packages, and
for any POMs in org.apache.maven to prevent breaking
the MAVEN tooling.

Evaluation metrics. To quantify how range replacement affects
dependency resolution, we define the following metrics.
Success rate. Fraction of projects with no regressions after

replacement, i.e. the projects still resolve, compile, and pass
their tests.

Replacement rate. Fraction of resolved dependencies that
originate from a replaced dependency declaration.

Downgrades/Upgrades. The number of dependencies for
which a lower/higher version is resolved.

Downgrade/upgrade steps. The number of versions the newly
resolved version is behind/ahead of the previously resolved
version.

Change rate. The fraction of dependencies that resolve to a
different version after replacement.

Change magnitude. The sum of upgrade and downgrade steps.
Range size. The number of versions in a generated range.
Change rate, change magnitude, and range size are indicators
of flexibility, describing how much and how freely the resolved
dependencies can vary. Success rate reflects both stability and
flexibility, indicating the resolution is less stable if compilation
or test failures increase, or less flexible if resolution failures
increase. Finally, the replacement rate measures impact by
how broadly the range replacement was applied.

Results. Across all 105 projects, range replacement required
computing compatibility decisions over 141K and 100K
(GA, vold, vnew) tuples using the MARCO- and SEMVER-based
detectors, respectively. This shows the scalability of client-
agnostic over client-specific methods for large-scale com-
patibility analyses that involve thousands of dependencies.
Figure 8 shows that the framework managed to replace at
least one dependency declaration in 88 (84%) of projects with
the MARCO detector, and in 104 (99%) of projects with the
SEMVER-based detector. It further confirms our expectation
that the MARCO-based replacements preserve compatibility,
improving resolution stability: 81 projects showed no compile
or runtime regressions, resulting in a success rate of 92%.
On the other hand, the SEMVER-based replacements preserved
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Fig. 8. Projects that resolve, compile, and pass their tests suites after range
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TABLE I
RQ3 EVALUATION METRIC RESULTS.

MaRCo SemVer

Metric Min Max Mean Median Min Max Mean Median

Resolved deps 2 489.0 58.6 44.0 1 485 39.3 19.5
Change rate 0 0.5 0.1 0.0 0 1.0 0.6 0.6
Change magnitude 0 43.7 2.4 1.0 0 74.9 20.5 17.5
Upgrades 0 13.0 1.9 1.0 0 92 18.8 9.0
Upgrade steps 0 100.0 7.0 1.5 0 1888 447.8 158.0
Downgrades 0 3.0 0.1 0.0 0 1 0.0 0.0
Downgrade steps 0 131.0 2.6 0.0 0 43 0.9 0.0
Range size 1 104.0 3.9 2.0 1 101 23.0 30.4
Replacement rate 0.0 1.0 0.1 0.1 0.2 1.0 0.7 0.7

compatibility poorly: only 54 projects (52%) compiled and 19
(35%) of the compiling projects passed their tests. With an
overall success rate of only 18%, SEMVER frequently intro-
duces both API and behavioral breaking changes, resulting in
compile and runtime failure.

Figure 9 shows the distribution of the size of the gener-
ated version ranges for each detector. The SEMVER-generated
ranges contained 1-101 versions, with a median of 23 and a
mean of 30.4. The MARCO-generated ranges contained 1-104
versions, with a median of 2 and a mean of 3.9. This further
confirms our expectations that SEMVER generates much wider
ranges than MARCO, providing greater resolution flexibility.

Table I summarizes the evaluation metrics. The change rate



shows that SEMVER replacements caused 60% and MARCO

replacements caused 10% of dependencies to resolve a dif-
ferent version, most of which were upgrades with SEMVER

showing larger and more frequent upgrades. The replacement
rate shows that, on average, 70% of resolved dependencies
originated from SEMVER-generated ranges, while 13% orig-
inated from MARCO-generated ranges. This means while a
compatible version range could be obtained for most depen-
dencies using the SEMVER detector, we could only obtain
a compatible version range for 13% of dependencies with
the MARCO detector. The lower replacement rate reflects
MARCO’s stricter requirements, as it depends on the ability
to locate, compile, and run dependency repositories.

To conclude, both detectors affect MAVEN’s dependency
resolution differently. With the MARCO detector, we replaced
fewer dependency declarations (13%) across fewer projects
(84%), but maintained a high success rate of 92%, demonstrat-
ing strong compatibility preservation. The SEMVER detector
replaced most dependency declarations (70%) across nearly
all projects (99%), but exhibits a substantially lower success
rate of 18%, frequently introducing both compile and runtime
incompatibilities. These results highlight a clear stability-
flexibility trade-off: MARCO produces narrow, compatibility-
preserving ranges that limit flexibility, whereas SEMVER pro-
duces wide ranges that frequently introduce breaking changes
which limits stability. While neither approach achieves an ideal
stability-flexibility balance, these results illustrate the practical
boundaries of client-agnostic range replacement in maintaining
reliable dependency resolution.

Answer RQ3: Client-agnostic compatible ranges expose
a stability-flexibility trade-off: MARCO-generated ranges are
narrow but unlikely to introduce breaking changes (improved
stability), while SEMVER-generated ranges are wider but
likely to introduce breaking changes (improved flexibility).

VIII. DISCUSSION AND FUTURE WORK

This paper investigates how compatible version ranges affect
dependency resolution in the MAVEN ecosystem, which pre-
dominantly relies on version pins. We first examined how
conflicting version pins are mediated in practice, showing that
conflicts often resolve to SEMVER-unstable versions and are
frequently manually mediated. We then evaluated the impact of
compatible version range replacement using the MARCO- and
SEMVER-based client-agnostic compatibility detectors. The
results reveal a clear trade-off: MARCO generates narrow,
stable ranges that avoid breaking changes but limit flexibility,
whereas SEMVER produces wider ranges that increase flex-
ibility but often introduce breaking changes. These findings
highlight both the potential and limitations of client-agnostic
compatibility analysis for improving resolution stability and
flexibility. This section reflects on these findings and outlines
directions for future work.

Resolution reliability in practice. RQ1 confirms related
work [12] that conflicting version pins remain widespread,
affecting 65% of projects, reducing resolution stability and

flexibility and putting them at risk of future dependency-
related issues. 23% of conflicts resolve to versions that are
not guaranteed to be compatible with all conflicting pins,
representing latent compatibility risks that may surface as
dependents or their dependencies evolve. Even with perfect
SEMVER adoption, 12% of conflicts involve version pins across
different major versions, making them inherently unsolvable
by SEMVER-based ranges alone. Furthermore, 67% of projects
with conflicts show traces of manual conflict mediation, indi-
cating substantial maintenance effort. Together, these findings
highlight limitations of MAVEN’s nearest-first mediation and
motivate compatibility-aware automated mediation strategies.

Flexible or stable, not both. To enable compatibility-aware
conflict mediation, we explored replacing version pins with
compatible version ranges generated by the MARCO and
SEMVER detectors. RQ2 showed that both detectors iden-
tify breaking changes with similar effectiveness but exhibit
opposite recall–precision trade-offs, which in RQ3 translate
into a stability–flexibility trade-off in dependency resolution.
Although client-agnostic compatibility enables scalable range
replacement, it cannot strike an ideal balance between sta-
ble and flexible resolution. MARCO ranges provide stability-
oriented resolution, aligning better with developers’ preference
for stability. The detector performs comparably to the client-
specific UPPDATERA detector while remaining fully client-
agnostic, providing a scalable baseline for compatibility detec-
tion that enables ecosystem-wide range replacement without
repeated per-client analysis. Future work could explore hybrid
approaches that combine client-agnostic compatibility analysis
with lightweight client-specific reachability analysis to derive
more precise compatible version ranges and achieve greater
flexibility. For example, by storing MARCO’s client-agnostic
compatibility mappings at method- instead of package-level,
client-specific reachability analysis could filter the compatibil-
ity result to achieve more flexible compatible version ranges
without compromising stability or scalability.

Pinning is preferable to SEMVER. Previous work has shown
that SEMVER-compatible updates often contain static API in-
compatibilities, which the RQ3 results confirm: SEMVER-based
ranges caused compilation failure in 11% of projects. Even
more concerning, the SEMVER-based ranges caused behavioral
breaking changes during runtime in 65% of projects. These
findings suggest that maintainers primarily follow SEMVER to
communicate interface stability rather than behavioral com-
patibility, and help explain the developer aversion to SEMVER

ranges. However, even if maintainers adhered to SEMVER

perfectly in their release versions, Hyrum’s law [34] implies
that any change could break some client, effectively forcing
most changes to become major releases. While this would
substantially improve stability, it would also severely limit the
flexibility provided by SEMVER ranges. To support both stable
and flexible resolution, versioning would need to become more
fine-grained so that clients can determine whether upgrades are
breaking with respect to their specific usage. Because such



granularity is unrealistic to maintain manually, this motivates
future work on automatic compatibility-aware versioning.

Limitations of cross-version testing. The effectiveness of
MARCO-based range replacement depends on the behavioral
compatibility check, which requires locating, compiling, and
executing dependency tests. Because tracing a dependency to
its GITHUB repository is not always possible and compiling
arbitrary projects from GITHUB is non-trivial [35], some
compatibility evaluations remain inconclusive, accounting for
up to 52% of cases in the HYBRID dataset. Even when
tests are available, their coverage affects the reliability of
the compatibility decisions. Low-quality test suites will catch
fewer breaking changes than extensive ones, as seen by the
two breaking changes in the HYBRID dataset in RQ2 that were
wrongly labeled as non-breaking. To increase confidence in
the compatibility decisions obtained via cross-version testing,
future work could try to increase coverage through test gen-
eration techniques like EVOSUITE [36], which could reduce
both false positives caused by low coverage and inconclusive
evaluations due to missing tests. Future work could also
exclude tests covering the internal API to reduce false dynamic
incompatibilities, similar to how MARACAS [11] excludes
internal API sections using annotations to reduce false static
incompatibilities.

Scaling to ecosystem-level deployment. In our experiments,
full range replacement is achieved by modifying dependency
POMs in the local m2 folder. While effective in a controlled
setting, this approach is not practical for ecosystem-level
deployment. A more scalable alternative could instead use a
mirror of MCR that provides pre-replaced POMs, although
efficiently maintaining such a mirror for a rapidly evolving
ecosystem remains an open challenge. Furthermore, the com-
patibility mappings generated by the MARCO detector rely on
regression testing, which is computationally expensive [37].
Future work could explore regression test selection to optimize
detection of breaking changes while minimizing computational
overhead. A distributed model in which library maintainers
generate and publish compatibility mappings for their own
releases could further improve scalability and simplify the gen-
eration and maintenance of global compatibility data, enabling
compatibility-aware resolution for the entire ecosystem.

Threats to validity. The MARCO detector links dependencies
to their GITHUB repositories, and because repositories and tags
are mutable, future linking may produce different results. We
therefore provide a replication package containing the datasets
and instructions to recreate the experiments.

RQ1 and RQ3 analyze relatively small samples of MAVEN

projects which may limit generalizability. However, RQ1

found that 65% of projects contain conflicts, closely aligning
with a larger study (n=2289) reporting 64% [12], suggesting
our sample is reasonably representative.

RQ3 evaluates regressions using project tests, although
RQ2 shows that tests may fail to detect some dependency-
induced breaking changes. While some regressions may re-

main undetected, the large relative stability-flexibility differ-
ences between detectors remain meaningful and align with the
recall–precision trade-off observed in RQ2.

RQ1 investigates whether conflicts are manually mediated,
but not why. Manual mediation may occur for reasons unre-
lated to compatibility, such as avoiding vulnerable versions.
A preliminary check using OSV.dev [38] showed that 93%
of managed conflicts (vs. 84% of unmanaged conflicts) do
not resolve to versions fixing known CVEs in the conflicting
pins, suggesting vulnerability mitigation is unlikely to be the
dominant driver. Regardless of motivation, manual media-
tion introduces maintenance overhead [4], and its prevalence
supports our broader conclusion that MAVEN’s nearest-first
mediation does not eliminate the need for manual mediation.

Our project selection required successful compilation to
analyze dependency usage in RQ1 and regressions in RQ3,
which inadvertently excluded multi-module projects and may
affect generalizability. In principle, the same analysis could
treat each module as a separate unit of analysis [39]. Because
built modules install as regular artifacts in the m2 folder, the
RQ3 range replacement applies without major modification.

IX. SUMMARY

The reuse of open-source software components as depen-
dencies is widespread in modern software development and
updating dependencies remains challenging. SEMVER is used
in practice to infer compatible updates without client context,
while recent work has combined static bytecode differenc-
ing and dynamic cross-version testing to identify compatible
versions. We compare these client-agnostic approaches and
investigate how the derived compatible version ranges affect
the stability and flexibility of MAVEN dependency resolution.

Revisiting the Research Questions. We found that conflicts
often resolve to versions that are unstable under SEMVER

assumptions and that manual mediation is common, indicating
that MAVEN’s nearest-first mediation strategy contributes to
unstable and inflexible resolution and manual maintenance ef-
fort (RQ1). We evaluated how well the client-agnostic MARCO

and SEMVER detectors identify compatible versions (RQ2) and
how the resulting version ranges affect dependency resolution
(RQ3). We found a fundamental stability-flexibility trade-
off inherent to client-agnostic compatible ranges: they either
introduce frequent breaking changes (SEMVER) or they are
narrow but compatibility-preserving (MARCO).

Impact. These results show the potential of compatible version
ranges to improve resolution reliability, but also that client-
agnostic detection alone cannot yield ranges that are simul-
taneously stable and flexible despite enabling scalable range
generation. This motivates future work on hybrid approaches
combining the scalability of client-agnostic compatibility with
the precision of client-specific reachability analysis.
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