
Journal of Universal Computer Science, vol. 32, no. 10 (2026), 1401-1435
submitted: 10/10/2025, accepted: 19/1/2026, appeared: 28/9/2026 CC BY 4.0

A Fragmented Field: A Systematic Literature Review on
Conceptual Compatibility in Multilingual Software

Systems

Mikel Vandeloise
(University of Namur, Namur, Belgium

https://orcid.org/0009-0002-0858-471X, mikel.vandeloise@unamur.be)

Abstract: The contemporary software engineering landscape is characterized by polyglot
programming, a practice that, while powerful, introduces significant interoperability challenges.
Despite a wealth of technical solutions, a fundamental gap persists: the lack of formal, quantitative
metrics to assess conceptual compatibility between languages or paradigms. This paper addresses
this gap through a Systematic Literature Review (SLR) of 82 primary studies. Our analysis
reveals two major findings. First, a citation network analysis exposes a profound structural
fragmentation within the included corpus: research on practical approaches is highly atomized,
while work on foundational metrics resembles a non-cumulative scientific archipelago. Second,
our thematic synthesis shows that this fragmentation is the primary reason why, although
the literature contains all the necessary building blocks for a compatibility metric, a convergent
blueprint bridging formal methods and empirical validation, this blueprint remains unrealized.We
conclude that the field’s fragmentation has hindered its progression and present an evidence-based
research agenda to unify and consolidate it.
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1 Introduction

The development of complex software systems increasingly relies on the integration of
multiple programming and modelling languages, a practice now commonly referred to
as polyglot software development [Mussbacher et al., 2024; Li et al., 2024]. This het-
erogeneity, while offering specialized solutions for distinct problems, introduces signifi-
cant challenges in ensuring global system coherence, managing integration complexities
and reasoning about emergent behaviour [Chisnall, 2013; Yang et al., 2024]. A growing
body of empirical evidence confirms that the proliferation of inter-language dependen-
cies is correlated with a higher risk of bugs and security vulnerabilities, underscoring
the critical need for robust interoperability management [Grichi et al., 2020; Kochhar
et al., 2016].

Current technical approaches to mitigate these issues are diverse. Efforts have
been made to achieve interoperability at different levels of abstraction: through high-
performance multi-language runtimes that unify execution [Grimmer et al., 2018],
via the translation to language-agnostic intermediate representations [Schiewe et al.,
2022; Owens, 2016; Apel et al., 2011] or by using formal semantic models to ensure
the soundness of cross-language interactions [Patterson et al., 2022]. The discipline of
multi-paradigm modelling (MPM), in particular, seeks to formalize the joint use of dif-
ferent models of computation and their semantic adaptations [Hardebolle, 2008; Jacquet
et al., 2014; de Lara and Vangheluwe, 2002].
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However, despite these technical advances inmaking languages interoperate, a more
fundamental gap persists: the lack of formal, quantitative methods to evaluate the con-
ceptual compatibility between programming paradigms. Early research explored the
formal analysis of paradigm use and defined concepts such as ”paradigmatic maps” to
model transitions between paradigms within a program [Westbrook, 1998]. More recent
works have proposed feature models to classify and compare languages [Jordan et al.,
2015]. However, these approaches remain descriptive, classifying static features with-
out quantifying the semantic friction arising from their runtime interaction. The need
for paradigm-independent assessment methods has been clearly identified [Bryton and
Abreu, 2007], but the assessment of integration difficulties remains largely reliant on
ad-hoc methods and developers’ expertise.

This systematic literature review (SLR) addresses this gap by surveying and synthe-
sizing the state of the art in the assessment and management of multilingual software
systems. The primary objective is to investigate the foundational elements required to
move from abstract formal models of compatibility to a concrete, quantitative and empir-
ically validated metric. To guide this investigation, we formulate the following research
questions:

RQ1: What are the current approaches, both technical and empirical, for assessing and
managing interoperability and integration in multilingual software systems?

RQ2: How can a formalmodel of paradigmatic compatibility be translated into a quan-
titative metric and what experimental protocol can be used to validate the corre-
lation between this metric and the integration difficulties observed in practice?

By answering these questions, this review aims to consolidate existing knowledge
and delineate a clear research path toward the creation of a ”Language Compatibility
Metric” (LCM). Such a metric would provide a crucial tool for architects and devel-
opers to anticipate integration challenges, make informed technological choices and ul-
timately improve the quality and reliability of multilingual software ecosystems. The
remainder of this paper first presents the necessary theoretical background, followed by
the methodology employed for this review, a presentation of the results for each research
question, a discussion of their implications and our conclusions.

2 Background

2.1 Polyglot software development and interoperability
Modern software engineering has overwhelmingly adopted a polyglot approach, where
multiple programming languages are strategically employed within a single system to
leverage their specific strengths for different tasks [Mussbacher et al., 2024; Li et al.,
2024]. This practice is driven by the need to integrate specialized components, legacy
systems and diverse technology stacks. However, this heterogeneity gives rise to a funda-
mental challenge, ensuring effective interoperability [Chisnall, 2013]. Interoperability
is not merely about enabling communication, but about managing the profound differ-
ences in data models, memorymanagement and error handlingmechanisms that exist be-
tween languages [Yang et al., 2024]. These conceptual frictions can lead to significant in-
tegration costs and a higher propensity for defects, as confirmed by large-scale empirical
studies [Grichi et al., 2020; Kochhar et al., 2016]. Approaches to manage this complex-
ity range from defining common Application Binary Interfaces (ABIs) and leveraging
language-agnostic virtual machines [Grimmer et al., 2018] to creating source-to-source
translation systems [Schaub and Malloy, 2016].
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2.2 Programming paradigms and multi-paradigm modelling

At the heart of language diversity lies the concept of the programming paradigm: a set
of theories, methods and principles that represent a specific way of thinking about com-
putation and structuring programs [Van Roy and Haridi, 2004; Van Roy et al., 2009].
Well-known paradigms include the imperative, object-oriented, functional and logic
paradigms [Gabbrielli et al., 2010]. Each paradigm offers a different conceptual tool-
box, shaping how developers approach problems. When multiple paradigms coexist,
their integration becomes a central concern [Mycroft, 1996].

Multi-ParadigmModelling (MPM) is the discipline dedicated to the explicit man-
agement of this heterogeneity [Leitner et al., 2012; Li et al., 2013]. Rather than seeking
a single unified paradigm [Haxthausen and Peleska, 2016], MPM aims to create frame-
works and tools that facilitate the joint use of diverse models. A key goal of MPM is to
enable the composition of heterogeneous components while preserving global system
coherence, often by formalizing the ”semantic adaptation” required at the interfaces be-
tween different paradigms [Hardebolle, 2008].

2.3 Formalisms for semantic integration

Managing the complexity of multi-paradigm systems requires formalizing the behaviour
of heterogeneous components at different levels of abstraction. At the behavioural level,
a central concept is the Model of Computation (MoC), which defines the rules for
component execution, communication, and synchronization (e.g., discrete-event vs.
dataflow) [Jacquet et al., 2014; Hardebolle, 2008]. Reconciling systems based on
different MoCs requires explicit semantic adaptation at their boundaries to prevent
undefined behaviours.

This adaptation relies on rigorous semantic foundations. Research in this area typ-
ically follows two complementary paths. Structural approaches focus on establishing
a unified language-agnostic representation, such as generic Abstract Syntax Trees
(ASTs), to enable uniform static analysis across languages [Schiewe et al., 2022; Owens,
2016; Apel et al., 2011]. Behavioural approaches, conversely, define common semantic
domains (e.g., based on metric temporal logic or transition traces) to ground the execu-
tion semantics of disparate models [Bersani et al., 2009; Brookes, 2003].

Ultimately, these formalisms aim to ensure semantic soundness [Patterson et al.,
2022]. In the context of polyglot systems, this goes beyond mere type safety, it guar-
antees that the ”semantic adaptation” defined by the MPM architecture preserves the
intended meaning and properties of components when they cross paradigm boundaries.

2.4 Quantitative assessment and empirical validation

To objectively evaluate the quality and challenges of software systems, software en-
gineering relies on quantitative measurement through software metrics [Ghezzi et al.,
1991]. These metrics are typically categorized as:

– Internal metrics: Measures derived directly from software artefacts (e.g., source
code, models), such as coupling, cohesion, complexity and size.

– External metrics: Measures of a system’s behaviour in its environment, such as
reliability (e.g., number of bugs), performance or maintainability (e.g., number of
revisions).
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A crucial aspect of software metrics research is empirical validation. A new inter-
nal metric is considered valuable only if it can be demonstrated to correlate with, or
predict, a relevant external quality attribute [Hamza, 2014]. For instance, a metric for
inter-language coupling would be validated by showing a statistically significant cor-
relation with the number of integration-related bugs. This validation process typically
involves extracting metrics from a set of real-world projects and using statistical meth-
ods to build and test predictive models [Hamza, 2014; Counsell et al., 2010]. The lack of
empirically validated metrics for assessing component-based and multi-paradigm sys-
tems remains a significant challenge, often forcing a pragmatic reliance on adapting
well-established metrics from other domains [Hamza, 2014; Goulão and Abreu, 2002].

3 Review methodology

To provide a comprehensive, transparent and reproducible overview of the state of the
art, this study employs the methodology of a Systematic Literature Review (SLR), fol-
lowing the established guidelines for software engineering [Kitchenham et al., 2004].
Unlike traditional narrative reviews, an SLR utilizes a strict, predefined protocol to
minimize bias in the identification, selection and synthesis of relevant literature. The
protocol governing this review is detailed in the following subsections.

3.1 Review protocol

The protocol was designed to rigorously address the two research questions (RQs) that
guide this survey.

3.1.1 Search strategy

To ensure a comprehensive and replicable search, we developed a detailed search query
based on a systematic breakdown of our research questions. We conducted two parallel
searches because the vocabulary associated with practical interoperability assessment
(e.g., integration, polyglot) is substantially different from that associated with
formal compatibility metrics (e.g., paradigmatic compatibility, formal model),
making a single combined query less effective and more prone to noise.

The query was structured into two primary conceptual groups:Group A (Interoper-
ability & Integration) targeting RQ1 and Group B (Metrics & Validation) targeting
RQ2. Each group was built from a set of core terms and their synonyms, derived from
the foundational literature. The final search query combined these two groups with a
Boolean ‘OR‘ to capture the full scope of relevant studies. The detailed construction of
the search strings is presented in Table 1.

3.1.2 Data sources and period

The search was conducted across several major academic digital libraries to ensure a
comprehensive and balanced coverage of the computer science literature. The selected
sources, detailed in Table 2, provide access to a wide range of high-impact journals,
conference proceedings and dissertations.

The search covered the period from the inception of each database until August 2025.
No start date was set to ensure the inclusion of foundational papers.
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Group concept Keywords / Search string component

Group A: Interoperability & Integration (for RQ1)
Core context (‘polyglot programming‘ OR ‘multi-

language programming‘)
AND
Core problem (‘software interoperability‘ OR ‘lan-

guage integration‘ OR ‘software
engineering‘ OR ‘challenges‘)

Group B: Metrics & Validation (for RQ2)
Compatibility
concepts

(‘paradigmatic compatibility‘ OR ‘se-
mantic interoperability‘ OR ‘impedance
mismatch‘ OR ‘conceptual distance‘)

AND
Quantification and
validation concepts

(‘metric‘ OR ‘measure‘ OR ‘quantify‘
OR ‘formal model‘ OR ‘formalism‘) OR
(‘validate‘ OR ‘empirical‘ OR ‘experi-
ment‘ OR ‘case study‘ OR ‘correlate‘)

Final combined query
(Query for group A) OR (Query for group B)

Table 1: Detailed search string construction.

3.2 Study selection process

The selection of primary studies followed a multi-stage filtering process, guided by a
strict set of inclusion and exclusion criteria designed to identify studies that directly
contribute to answering our research questions (See Figure 1).

3.2.1 Inclusion and exclusion criteria

Study selection was governed by a pre–specified set of inclusion (IC) and exclusion
(EC) criteria (Tables 3–4). The ICs identify primary studies that directly inform our
research questions; the ECs filter out out–of–scope, non–research, redundant, or oth-
erwise non–actionable records. To support reproducibility, each EC is stated with an
operational mapping to the screening fields recorded in our spreadsheets. During ti-
tle/abstract screening, non–exclusionary ambiguity flags (UFs) were used to mark items
requiring verification at full–text (Table 5), flags do not trigger exclusion.

3.2.2 Selection procedure

The selection was performed in three stages. First, the search strings were executed and
all resulting titles and abstracts were screened against the criteria. Second, the full texts
of the remaining potentially relevant papers were retrieved and read to make a final
inclusion decision. Third, backward and forward snowballing was performed on the
selected papers to identify any additional studies missed by the initial database search.
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Data source Type Rationale for inclusion

Semantic Scholar Indexing DB The primary database for the initial automated
search, providing access to a massive corpus of
over 126 million academic papers.

ACM Digital Library Publisher DB The primary repository for publications from the
Association for Computing Machinery, crucial for
work in programming languages and software en-
gineering.

IEEE Xplore Publisher DB Provides access to the Institute of Electrical and
Electronics Engineers’ publications, covering key
conferences and journals.

Scopus Indexing DB A large-scale, multidisciplinary database used to
ensure broad coverage and identify relevant work
from various publishers.

SpringerLink Publisher DB Includes numerous influential conferences and
journals in theoretical computer science and soft-
ware modelling.

Google Scholar Search engine Used specifically for snowballing (forward and
backward) to identify foundational or recent pa-
pers potentially missed by the primary search.

Table 2: Data sources and rationale for selection.

ID Criterion Description

IC1 Relevance to interoperability Describes, proposes, or evaluates a technical or em-
pirical approach to interoperability or integration in
multilingual / multi–paradigm systems.

IC2 Relevance to metrics Discusses the definition, construction, or validation
of a quantitative metric relevant to software compat-
ibility, quality, or integration challenges.

IC3 Publication type Peer–reviewed scholarly work (journal article, con-
ference paper) or an evaluated academic publication
(e.g., doctoral thesis).

IC4 Accessibility Full text is retrievable and written in English or
French, or can be translated with adequate fidelity
into English.

Table 3: Inclusion criteria for study selection.

During this citation chaining process it became apparent that, particularly for RQ1,
the relevant literature forms a fragmented body with a low density of cross-citation. To
mitigate the risk of missing key studies in such an atomized field, systematic snow-
balling was complemented by a manual search guided by expert knowledge to ensure
the inclusion of foundational and contemporary works.
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ID Criterion Operational description (mapped to
screening fields)

EC1 Out of scope Study focuses on a single lan-
guage/paradigm or does not address in-
teroperability/compatibility. Triggers:
Multiple Paradigms=No and/or
Paradigmatic Compatibility
Focus=No.

EC2 Non–research
contribution

Informal/opinion/tutorial/product/
editorial with no clear research con-
tribution. Triggers: Study Type=No
or free–text evidence (“opinion”, “tu-
torial”, “tool description”, “product”,
“editorial”).

EC3 Redundancy Duplicate or less complete ver-
sion of an included study (e.g.,
short paper for a later full article;
poster/summary; preprint superseded
by journal/extended version). Triggers:
free–text evidence (“duplicate”, “short
paper”, “extended/journal version”,
“poster”, “summary version”, “less
complete”, “superseded”, “preprint”,
“earlier version”).

EC4 Full text not
accessible

Full text cannot be retrieved through
legitimate channels after reason-
able effort. Trigger: Full--Text
Accessibility=No.

EC5 Unsupported
publication
language

Outside supported languages (or
untranslatable with adequate fi-
delity). Trigger: Publication
Language=No.

EC6 Methodological
insufficiency
(RQ–specific)

Does not meet the minimum evidence
required to answer the specific sub–
question (e.g., for SQ2.2: no quantita-
tive component / no empirical evidence
/ no validation method). Triggers:
Quantitative Components=No
and/or Empirical Evidence=No
and/or Validation Methods=No.

Priority and application. (1) Records are excluded if any EC holds; to avoid double counting,
EC3 supersedes EC1/EC2 when applicable. (2) EC4–EC5 apply only after documented

retrieval/translation attempts. (3) EC6 is assessed at full–text and instantiated per sub–question.

Table 4: Exclusion criteria for study selection (operational and traceable).



1408 Vandeloise M.: A Fragmented Field: A Systematic Literature Review on Conceptual ...

Protocol definition
Research questions (RQ1/RQ2) & IC/EC criteria

Formalization of screening rule
Custom scoring model (definition 1) &
Weight calibration (pilot n = 50)

Parallel search execution
Query group A (→ RQ1 corpus)

OR Query group B (→ RQ2 corpus)

Screening & eligibility
Score application (ŝi) → Full-text as-
sessment → Final corpus (n = 82)

Methodological validation audit
Second-coder audit (AC1) & AUC
consistency check (AUC ≈ 1.0)

Data extraction
Structured form (Table 7) &
Quality assessment (Table 6)

Synthesis & LCM blueprint mapping
Thematic analysis, citation network
(Figure 6), LCM blueprint table

Outcome
Principal findings, discussion, and research agenda

Figure 1: Process flowchart of the Systematic Literature Review, highlighting the
integration of the formal screening score and the retrospective validation audit.

This SLR was conducted by a single researcher to ensure maximum consistency
in the interpretation of what was identified as a highly fragmented body of literature.
To make this approach rigorous, transparent, and auditable, a formal screening score
was developed (see Definition 1). This mechanism translates expert judgment into a
consistent, computable decision-making process, guaranteeing that the selection logic
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ID Flag When raised (mapping)

UF1 Scope unclear Multiple Paradigms=Maybe or Paradigmatic
Compatibility Focus=Maybe.

UF2 Evidence unclear Quantitative Components/Empirical
Evidence/Validation Methods=Maybe.

UF3 Full–text unclear Full--Text Accessibility=Maybe.
UF4 Language unclear Publication Language=Maybe.

Flags guide verification at full–text; they are not exclusion criteria.

Table 5: Ambiguity flags used during title/abstract screening (non–exclusionary).

is applied uniformly across the entire corpus while minimising cognitive bias.

Definition 1 (Systematic screening score). Let n ∈ N be the number of studies. For
each i ∈ {1, . . . , n}:

– ri is the textual justification of study i;
– C is a finite index set of structured categorical fields (from the “reasoning result”
columns, excluding Screening judgement);

– for each c ∈ C, Vc is a finite set of admissible values andXi,c ∈ Vc is the observed
value;

– F ⊆ {(c, v) : c ∈ C, v ∈ Vc} is a finite set of retained one-hot indicators;
– T is a finite set of retained textual features (unigrams/bigrams).

Let D = {r1, . . . , rn} be the corpus and V its vocabulary after preprocessing. For
t ∈ V and ri ∈ D, let c(t, ri) ∈ N be the term count, Li =

∑
u∈V c(u, ri) the length,

and df(t) = |{r ∈ D : c(t, r) > 0}| the document frequency.
Define

tft(ri) =
c(t, ri)

max(1, Li)
, idft = log

( n+ 1

df(t) + 1

)
+ 1, tfidft(ri) = tft(ri) idft.

Let 1{·} be the 0/1 indicator. Define the clipping (metric projection) clip[1,5](x) =

min{5,max{1, x}}. Given coefficients β0 ∈ R, {βc=v}(c,v)∈F ⊂ R, {γt}t∈T ⊂ R, the
continuous score is

ŝi = clip[1,5]
(
β0 +

∑
(c,v)∈F βc=v 1{Xi,c = v}+

∑
t∈T γt tfidft(ri)

)
∈ [1, 5].

For the optional binary decision, define round(x) = ⌊x+ 1
2⌋ and set

s̃i = round(ŝi) ∈ {1, 2, 3, 4, 5}, Include ⇐⇒ s̃i ≥ τ, τ ∈ {1, 2, 3, 4, 5}.

3.2.2.1 Compact vector/matrix form (equivalent).

Fix an ordering of features and define

ϕ(Xi, ri) =
(
(1{Xi,c = v})(c,v)∈F ∥ (tfidft(ri))t∈T

)
∈ Rp,

w =
(
(βc=v) ∥ (γt)

)
∈ Rp.
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Then
ŝi = clip[1,5]

(
β0 +w⊤ϕ(Xi, ri)

)
.

With augmented features ϕ̃ = (1,ϕ) and w̃ = (β0,w):

ŝi = clip[1,5]
(
w̃⊤ϕ̃(Xi, ri)

)
.

Stacking all studies yields s⋆ = β01n +Φw and ŝ = clip[1,5](s⋆) element-wise.
This score is not a machine learning model intended to discover patterns, but rather

an explicit formalisation of the researcher’s cognitive process. The structure of the met-
ric and its weights were inferred from a pilot analysis of a representative subset of 50
papers. This calibration phase allowed for the conversion of the qualitative inclusion and
exclusion criteria (Tables 3 and 4) into a weighted linear model. The primary goal of this
approach is to guarantee that the decision logic, once established, is applied uniformly
across the entire corpus, thus minimising cognitive bias and ensuring the replicability
of our selection process.

3.2.2.2 Empirical validation of the screening process.

To ensure the robustness and reproducibility of our study selection, we performed a
two-fold validation process comprising an internal consistency check and an external
inter-rater audit.

1. Internal consistency (Algorithmic audit). To validate the determinism of our
screening rules, we tested the formal scoring model (Definition 1) against the final
inclusion decisions. Figure 2 presents the results. For RQ1, the ROC analysis reached
an AUC of 1.00, and 0.99 for RQ2. This near-perfect score confirms that the qualita-
tive inclusion criteria were applied with high deterministic consistency throughout the
process, rather than implying predictive capability on unseen data.

2. Inter-rater reliability (Second-coder audit). To mitigate the risk of single-
researcher bias, an independent researcher audited a random sample of 18 studies
(approx. 22% of the final corpus). For RQ1, the audit showed high reliability with a
gross agreement of 88.9%. While the sample size limited the stability of categorical
coefficients, the scoring intensity showed an excellent Pearson correlation (r = 0.97),
and the Bland-Altman analysis revealed a negligible mean bias of 0.04. For RQ2,
the reliability was perfect, achieving a gross agreement of 100% and a Gwet’s AC1
coefficient of 1.00, indicating absolute consensus.

These combined metrics confirm that the selection process was internally consistent,
reproducible, and free from significant subjective bias.

This entire process resulted in a final set of 82 unique primary studies. A complete
list of these studies, categorized by the primary research question they address, is pro-
vided in the Appendix A.2. The entire process is summarized in a PRISMA (Preferred
Reporting Items for Systematic Reviews and Meta-Analyses) flow diagram (see Fig-
ure 3).

3.3 Quality assessment

Each of the finally selected primary studies was assessed for its quality and relevance
using the predefined checklist detailed in Table 6. This step ensured that the subsequent
data synthesis was based on methodologically sound and rigorous research. No studies
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(a) ROC Curve for RQ1 Screening
(AUC = 1.00). (b) Calibration Curve for RQ1 Screening.

(c) ROC Curve for RQ2 Screening
(AUC = 0.99). (d) Calibration Curve for RQ2 Screening.

Figure 2: Empirical audit of the screening consistency for RQ1 and RQ2,
demonstrating the perfect internal rule separation (ROC curves) and the contrasting

calibration profiles of the scoring process.

were excluded based solely on this assessment, instead, the results were used to give
more weight to higher-quality studies during the data synthesis phase and to contextual-
ize their findings.

ID Criterion Guiding question

QA1 Clarity of objectives Are the research objectives clearly stated?
QA2 Context definition Is the context of the study (e.g., the problem addressed)

clearly defined?
QA3 Methodological rigour Is the research methodology rigorously described and jus-

tified?
QA4 Strength of evidence Are the findings well-supported by evidence (e.g., formal

proofs, empirical data, case studies)?
QA5 Relevance to RQs Does the study contribute significantly to answering our

research questions?

Table 6: Quality assessment criteria.
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Flow for RQ1 Flow for RQ2

Identification
Records from databases (n = 290)
Records from snowballing
and manual search

(n = 28)

Screening
Records screened

(n = 318)
Records excluded (title/abstract)

(n = 272)

Eligibility
Full-text articles assessed

(n = 46)
Full-text articles excluded

(n = 7)

Included for RQ1
(n = 39)

Identification
Records from databases (n = 362)
Records from snowballing
and manual search

(n = 5)

Screening
Records screened

(n = 367)
Records excluded (title/abstract)

(n = 278)

Eligibility
Full-text articles assessed

(n = 89)
Full-text articles excluded

(n = 46)

Included for RQ2
(n = 43)

Total studies included in qualitative synthesis (n = 82)

Figure 3: PRISMA flow diagram showing the parallel study selection process for RQ1
and RQ2.

3.4 Data extraction and synthesis

A structured data extraction form was developed to collect relevant information system-
atically from each included study. The form, detailed in Table 7, was designed to capture
bibliographic data and specific elements required to answer each research question.

3.4.1 Data synthesis

The extracted data was synthesized using thematic synthesis, following the method de-
scribed by [Thomas and Harden, 2008]. This approach allows for the systematic identifi-
cation and analysis of patterns (themes) to construct a narrative addressing our research
questions. The process involved three main phases:
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Category ID Description and purpose

General information
DE1 Bibliographic data: Full citation details (authors, year, title, venue).

Data for RQ1: Approaches to interoperability
DE2 Type of approach: Technical, Empirical, Survey, etc.
DE3 Description of approach: The core mechanism, technique or finding.
DE4 Identified benefits/limitations: Stated advantages or unresolved chal-

lenges.

Data for RQ2: Metrics and validation
DE5 Formal model: The formal basis for a proposed metric (if any).
DE6 Proposed metric(s): The definition of any quantitative metric.
DE7 Validation protocol: The described empirical protocol (e.g., data

sources, statistical methods) for validation.
DE8 Reported results: Any reported correlation or validation results.

Table 7: Data extraction form.

1. Familiarization and initial coding: We performed an in-depth reading of the ex-
tracted data from all primary studies to assign descriptive codes to key concepts,
arguments and findings relevant to our RQs.

2. Theme development: We analysed the initial codes to group them into a hierar-
chy of descriptive themes. For example, codes such as ”FFI overhead,” ”data mar-
shalling errors,” and ”VM-level optimization” were grouped under the higher-level
theme ”Mechanisms for Technical Integration”. This was done iteratively for both
research questions.

3. Narrative synthesis and interpretation: The final phase involved generating an
analytical narrative from the developed themes. For RQ1, we structured the narra-
tive around the core challenges of heterogeneity, the technical approaches for inte-
gration and the empirical methods for evaluation. For RQ2, the themes were used to
construct a path from formal models to a quantitative metric, followed by the syn-
thesis of a validation protocol. This structured synthesis provides the foundation for
the Results section that follows.

4 Results

This section presents the results of our systematic review, structured around our two
research questions. We first provide a descriptive synthesis of the selected studies (Sec-
tion 4.1), offering a temporal and venue-based perspective that situates the contributions
within their broader research context. We then address RQ1 (Section 4.2) by analysing
the main approaches for managing interoperability and their evaluation. Finally, we turn
to RQ2 (Section 4.3), examining the conceptual and methodological foundations for a
quantitative compatibility metric.
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4.1 Descriptive overview of the selected studies

Before delving into the thematic analysis, this section provides a quantitative overview
of the 82 primary studies included in our review. Figure 4 illustrates the nuanced dy-
namics of the intellectual focus over the past three decades, revealing distinct trajecto-
ries for each research question. Research on practical interoperability approaches (RQ1)
exhibits a sustained growth, becoming the dominant research theme and peaking circa
2014-2016 before showing a slight decline. In contrast, the focus on foundational met-
rics and formal models (RQ2), after a period of increasing interest that culminated
around 2012, has entered a period of continuous decline. This suggests that as the com-
munity’s focus on building technical solutions intensified, the foundational research re-
quired to formally and quantitatively assess them has waned.

The distribution of publication types, as shown in Figure 5, reveals different char-
acteristics for each research question. For RQ1 (Figure 5a), we observe a perfect bal-
ance between Journals (n=16) and Conference & Workshop proceedings (n=16). This
equilibrium is characteristic of a mature research area where novel technical proposals
are complemented by in-depth empirical studies. For RQ2 (Figure 5b), there is a clear
predominance of conference and workshop papers (n=18 vs. n=14), which is consistent
with a more foundational research area where new formal models and concepts are often
first presented and debated.
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Figure 4: Temporal trends of publications for RQ1 (Interoperability Approaches) and
RQ2 (Metric Foundations), smoothed using a LOESS model.

4.1.1 Structural analysis via citation networks

To understand the intellectual structure of the research field, we performed a citation
network analysis on the primary studies for each research question. In these networks
(Figure 6), each node represents a primary study and a directed edge from study A to
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Figure 5: Comparison of publication venue distributions for studies addressing RQ1

and RQ2.

study B indicates that A cites B. The node size is proportional to the study’s total cita-
tion count, representing its overall scientific impact, while the edges reveal the internal
citation dynamics within our specific corpus.

The network for RQ1 (Figure 6a) shows a single, large but sparsely connected
component. This structure suggests an atomized research field, as observed within the
boundaries of the included corpus: while most studies belong to the same broad intellec-
tual conversation, they form a collection of disparate efforts that are not densely inter-
connected. Coherence is provided by a few highly cited foundational papers (the larger
nodes), but the field lacks a strong pattern of cumulative science where researchers sys-
tematically build upon each other’s contemporary work.

The network for RQ2 (Figure 6b) presents an even more fragmented picture, re-
sembling a scientific archipelago. It is characterized by numerous small, disconnected
components and isolated nodes. This structure indicates that the research on founda-
tional metrics, as represented by these 43 studies, is not only fragmented but also non-
cumulative. Ideas are explored in isolated pockets of 2–3 papers or in single studies
that receive no further citations within the corpus, explaining why a unified ”blueprint”
has not emerged organically from a collaborative research effort.

4.2 Answer to RQ1: Current approaches to interoperability and integration

Our synthesis reveals that the literature addresses interoperability in multilingual sys-
tems through three main themes: the underlying challenges of heterogeneity, a wide
array of technical solutions for integration and a set of empirical approaches for evalu-
ation.

4.2.1 Challenges: The pervasive nature of heterogeneity

A foundational theme in the literature is that the increasing complexity of software and
hardware makes it unlikely for a single language to be sufficient for an entire system
[Chisnall, 2013; Mussbacher et al., 2024]. This pervasive heterogeneity arises from the
need to integrate diverse expert perspectives and specialized components from different
technical domains [Koudri et al., 2013; Lora et al., 2019]. The primary consequences
identified are significant practical issues, including difficulties with data handling and



1416 Vandeloise M.: A Fragmented Field: A Systematic Literature Review on Conceptual ...

(a) Citation Network for RQ1 Studies (n=39). (b) Citation Network for RQ2 Studies (n=43).
Figure 6: Citation networks showing the intellectual structure of the primary studies

for RQ1 and RQ2.

error management across language boundaries [Yang et al., 2024], which are empirically
correlated with a higher risk of bugs and security vulnerabilities [Grichi et al., 2020].

4.2.2 Technical approaches for management and integration

To address the challenges of heterogeneity, the literature proposes various technical ap-
proaches. Our thematic synthesis groups these solutions into the four main categories
presented in Table 8.

This taxonomy reveals that the proposed solutions are not mutually exclusive
but rather address the challenge of interoperability at different levels of concern.
Component-Based and Multi-View Engineering operate primarily at the architec-
tural level, focusing on the high-level assembly of coarse-grained units. In contrast,
Model-Driven and Metamodeling approaches tackle the problem at the design and
structural levels, providing mechanisms to manage complexity before code generation.
Finally, Formal Methods and Semantic Foundations address the most fundamental
challenge at the semantic level, aiming to guarantee the correctness and coherence of
interactions. These categories can be viewed as complementary layers in a compre-
hensive integration strategy, where a component-based architecture could be specified
using a multi-paradigm modeling language, which in turn relies on a formal semantic
foundation to ensure its soundness.

4.2.3 Empirical approaches for evaluation

The synthesis of empirical studies highlights a critical gap in measurement. A recurring
theme is the lack of consensus on and tool support for, validated metrics specific to
component-based and multilingual systems [Hamza, 2014]. This has led to a pragmatic
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Approach Core goal Key mechanisms &
Concepts

References

Model-Driven &
Multi-Paradigm
Methods

To manage hetero-
geneity by raising
the level of abstrac-
tion.

Model-Driven En-
gineering (MDE),
Multi-Paradigm
Modelling (MPM),
use of models as pri-
mary artifacts.

[Leitner et al., 2012;
Li et al., 2013]

Formal Methods &
Semantic Founda-
tions

To ensure coherence
and correctness of
integration using
mathematical foun-
dations.

Models of Compu-
tation (MoCs), se-
mantic adaptation at
interfaces, common
semantic foundations
(logics, algebras).

[Hardebolle,
2008; Jacquet et al.,
2014; Attiogbé,
2007; Bersani et al.,
2009; Haxthausen
and Peleska, 2016]

Metamodeling &
Language-Agnostic
Representations

To unify analysis
and composition
by using a common
representation.

Definition of ab-
stract syntax (meta-
models), transforma-
tion into a unified
intermediate repre-
sentation (generic
AST, FST).

[Cadavid et al.,
2015; Mathaikutty,
2005; Schiewe
et al., 2022; Apel
et al., 2011]

Component-Based
& Multi-View Engi-
neering

To manage integra-
tion at the architec-
tural level by assem-
bling reusable units.

Component-Based
Software Engineer-
ing (CBSE), multi-
view modeling (e.g.,
facets, UML views)
to analyze composi-
tion.

[Goulão and Abreu,
2002; Mussbacher
et al., 2012]

Table 8: Taxonomy of technical approaches for interoperability and integration.

approach where researchers adapt well-established metrics, for instance, by applying
couplingmetrics, traditionally used for object-oriented classes, tomeasure dependencies
between components written in different languages [Hamza, 2014; Gaia and da Silva,
2016]. Across these studies, the importance of rigorous empirical validation is con-
sistently emphasized as the crucial step to confirm that an internal metric is genuinely
associated with external quality attributes [Hamza, 2014; Counsell et al., 2010].

4.3 Answer to RQ2: Foundations for a quantitative compatibility metric

A key finding of our review is that while a standardized ”Language Compatibility Met-
ric” (LCM) does not yet exist in the literature, the primary studies collectively provide
the conceptual and methodological building blocks for its creation and validation. How-
ever, our synthesis also reveals that this path is not straightforward and that significant
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theoretical and practical challenges remain.

4.3.1 From formal models to quantitative metrics

The literature converges on the idea that a quantitative metric for compatibility must be
grounded in a formal representation of inter-paradigm interaction, though it also high-
lights the inherent difficulties in creating such a unified model. Our synthesis identifies
two complementary pillars for this endeavor: the search for formal foundations and the
pragmatic methods for quantification.

– Formal foundations: The most promising foundations identified are Models of
Computation (MoCs), whose ”interface blocks” provide concrete points where
compatibility can be measured [Hardebolle, 2008; Jacquet et al., 2014]. This
approach is supported by broader research on the integration of formal methods
[Attiogbé, 2007]. However, this strategy is not without its limitations. The liter-
ature notes that forcing disparate models into a single semantic framework can
lead to over-specification or highlight fundamental incompatibilities between
paradigms, such as the tension between the reactive nature of object-oriented mod-
els and the retractive nature of logic programming [Elyasaf et al., 2022; Wegner,
1993].

– Defining a metric via adaptation: Given the lack of a bespoke metric, the litera-
ture points towards a pragmatic adaptation of well-known software metrics, partic-
ularly coupling and cohesion [Hamza, 2014; Bryton and Abreu, 2007]. While this
approach is practical, it carries the inherent risk of semantic loss, where metrics de-
signed for one paradigm (e.g., object-orientation) may not fully capture the nuances
of interactions in another (e.g., functional or logic). This challenge is central to the
problem of creating truly paradigm-independent assessment methods [Bryton and
Abreu, 2007; Gaia and da Silva, 2016].

These two findings are not disparate, together, they outline a clear but challenging
constructive path. The formal foundations provide the necessary theoretical grounding
by identifying the explicit points of semantic interaction, the what to measure. Once
these interaction points are formally delineated, the adaptation of established metrics
like coupling and cohesion becomes a targeted and meaningful quantification of this
interaction, the how to measure it. To synthesize this methodology and bridge the gap
from formal semantic modelling to empirical software measurement, we present a con-
vergent blueprint (Table 9) that explicitly maps the theoretical touchpoints identified in
the literature to candidate internal measures and their corresponding empirical validation
targets, complete with illustrative mini-examples.

4.3.2 A Protocol for empirical validation

Our synthesis reveals a dominant methodological pattern for validating a new metric,
heavily influenced by established practices in software metrics research [Hamza, 2014;
Counsell et al., 2010]. The synthesized protocol consists of the following steps:

1. Metric definition: An explicit, quantitative definition of the LCM based on a cho-
sen formal framework [Tolosa et al., 2011].

2. System selection: Selection of real-world, open-source multilingual projects with
available historical data [Hamza, 2014].
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Formal touchpoints
(What to measure)

Candidate internal
measures (How to
quantify)

External validation
targets (Proxies for
integration difficulty)

Model of Computation
(MoC) interfaces

Cross-paradigm coupling
density

Integration bug density

(e.g., Interface blocks
[Hardebolle, 2008; Jacquet
et al., 2014]). Points of
data or control flow
hand-off between
paradigms.

(Adaptation of classical
coupling metrics).
Measures the volume and
type of dependencies that
cross MoC boundaries.

Measures the rate of
defects directly attributed
to inter-language or
inter-paradigm interactions
(e.g., segmentation faults in
FFI calls).

Semantic mismatches &
incompatibilities

Semantic distance /
Conceptual complexity

Maintenance effort /
Time-to-fix

(e.g., Object-orientation vs.
Logic [Wegner, 1993]).
Tension arising from
fundamental differences
(e.g., mutability,
concurrency models).

Metrics derived from
feature models [Jordan
et al., 2015] or formal
tension points (e.g., the
number of necessary
wrapper classes, cognitive
load proxies [Hochstein
and Basili, 2006]).

Measures the time and
resources spent resolving
bugs that span multiple
language boundaries or
require complex semantic
adaptation.

Data representation
mismatches

Marshalling complexity
metric

Code revision frequency

(e.g., Passing an
immutable list from Python
to mutable C code). Occurs
when data types cross
language-specific
boundaries (FFI or
JSON/RPC).

Measures the structural
cost (lines of adapter code,
number of type
conversions) required to
make incompatible types
interoperate [Bryton and
Abreu, 2007].

Measures the frequency
and size of changes in
interface code or wrapper
components, indicating
high volatility and
integration pain [Goulão
and Abreu, 2002].

Table 9: The language compatibility metric (LCM) blueprint: synthesizing the path
from formal foundations to empirical validation
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3. Data extraction: Automated extraction of internal measures (the LCM values) and
external measures of integration difficulties from project histories [Hamza, 2014].

4. Statistical analysis: Use of correlation analysis and predictive models to test the
relationship between the LCM and the observed integration difficulties [Hamza,
2014].

5. Model validation: Rigorous validation of the predictive models using techniques
like 10-fold cross-validation [Hamza, 2014].

While this protocol provides a robust framework, the literature also suggests that
the choice of external measures for ”integration difficulties” is a subject of debate. Al-
though bug counts and revision frequency are common and practical proxies [Grichi
et al., 2020], other studies highlight that true integration challenges also encompass di-
mensions that are harder to quantify, such as the increased cognitive effort for develop-
ers, debugging complexity across language boundaries and the maintainability of com-
plex build toolchains [Yang et al., 2024; Hochstein and Basili, 2006; Goulão and Abreu,
2002]. A comprehensive validation would therefore ideally consider a wider spectrum
of these qualitative and quantitative factors.

5 Discussion

The results of this systematic literature review reveal a clear path forward for the quan-
titative assessment of multilingual software systems. In this section, we synthesize our
principal findings, explore their implications for research, practice and education, and
critically assess the potential limitations of our study.

5.1 Principal findings

Our analysis of 82 primary studies reveals two major findings that are deeply intercon-
nected. First, a structural analysis of the field exposes its profound fragmentation, as
quantified within the boundaries of our review’s corpus. Second, a thematic synthesis
identifies both a significant gap in the literature and a clear but unrealized blueprint to
address it.

The citation network analysis (Figure 6) reveals that the research on multilingual
interoperability is characterized by two distinct forms of fragmentation in the body of
literature studied. The research on practical approaches (RQ1) appears as an atomized
field: a large but sparsely connected community where numerous solutions are explored
in parallel with little cross-pollination. The situation for foundational research on met-
rics (RQ2) is even more stark, resembling a scientific archipelago of isolated or semi-
isolated efforts.

This structural fragmentation, as evidenced by our network analysis, provides a clear
explanation for the thematic findings of our review. It explains, first, the significant gap
between the proliferation of technical solutions for interoperability and the maturity
of quantitative evaluation methods. While the community is adept at making hetero-
geneous systems work, the lack of cumulative science has hindered the development of
formal tools to assess how well they are conceptually integrated. Second, this fragmenta-
tion explains why, although the literature provides a clear and convergent blueprint for
constructing a quantitative compatibility metric, this blueprint remains unrealized. The
necessary conceptual building blocks are present but scattered across isolated studies,
preventing their synthesis into a unified, validated methodology.
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Taken together, these findings paint a picture of a field that has successfully explored
a wide range of ’first-order’ technical solutions, but whose structural fragmentation,
observed within the corpus, has hindered its progression towards the more profound,
’second-order’ challenge of conceptual compatibility and its formal measurement.

5.2 Implications of the findings
These findings have significant implications for researchers, practitioners and educators,
suggesting a shift in focus from ad-hoc integration to principled, measurable compati-
bility.

5.2.1 Implications for research
The most critical implication of this SLR is the delineation of a concrete research
agenda. The synthesized blueprint is not just a finding, it is a call to action. Future
research should move beyond proposing new, isolated interoperability mechanisms and
instead focus on executing this protocol. Key research activities should include:
1. Formalizing ”conceptual friction”: Developing formal models that capture the

semantic mismatches at the boundaries of different paradigms, building upon the
foundational work on MoCs and formal methods integration [Hardebolle, 2008; At-
tiogbé, 2007].

2. Systematic metric adaptation: Rigorously defining and adapting metrics like cou-
pling to these formal models and investigating the risks of semantic loss in the pro-
cess, as highlighted in our critical analysis.

3. Large-scale empirical validation: Conducting large-scale empirical studies that
apply the synthesized validation protocol to correlate the proposed metrics with
observable integration difficulties, such as bug frequency or maintenance effort
[Hamza, 2014; Grichi et al., 2020].

5.2.2 Implications for practice and education
Beyond the academic sphere, our findings offer actionable insights for several commu-
nities:
– For software architects and developers: Our results provide immediate, albeit
non-quantitative, guidance. The taxonomy of technical approaches (Table 8) can
serve as a structured guide for selecting integration strategies based on the level of
concern (architectural, design or semantic). The emphasis on semantic foundations
encourages practitioners to reason more formally about their integration choices,
moving beyond ”does it connect?” to ”is the connection sound?”.

– For tool builders: This review highlights a significant market and innovation op-
portunity. There is a clear need for ”polyglot-aware” static analysis tools and IDEs.
Future tools could, for example, visualize dependencies that cross language bound-
aries, detect potential semantic mismatches based on formal models or estimate
integration complexity using metrics derived from the blueprint we identified.

– For educators: Our synthesis suggests a potential evolution in computer science
curricula. Instead of teaching programming languages as a series of isolated syn-
taxes, an emphasis could be placed on the fundamental, language-agnostic concepts
that govern them (e.g., Models of Computation, state management, concurrency
models). This would better equip future engineers to reason about and navigate the
inherently heterogeneous and polyglot systems they will encounter in the industry.
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5.3 Threats to validity

To ensure the credibility of our findings, we have critically assessed several potential
threats to the validity of this systematic literature review, following established guide-
lines.

– Construct validity: A primary threat in any SLR concerns the construction of the
search query. To mitigate the risk of using non-standard or overly restrictive termi-
nology, our search strings were designed to be broad and were executed in two par-
allel streams (Group A and Group B) to handle the distinct vocabularies of practical
interoperability versus formal metrics. The subsequent multi-stage manual screen-
ing process, including backward and forward snowballing, further ensured that we
captured a comprehensive and representative sample of the relevant literature.

– Internal validity (Researcher bias): As the data extraction and synthesis were pri-
marily conducted by a single researcher, subjective bias was a primary concern. We
mitigated this through amulti-layered validation strategy. First, regarding the pro-
cess, we strictly adhered to a rigidly structured data extraction form with precisely
defined fields (Table 7) and utilized a formal thematic synthesis protocol [Thomas
and Harden, 2008] to minimize interpretation variance. Second, regarding the re-
searcher’s reliability, we implemented a dual validation audit of the screening
process (see Section 3.2.2). This included a quantitative algorithmic check (AUC
≈ 1.00) to verify rule consistency, and an external inter-rater audit performed
by a co-auditor on a random sample. These combined measures provide empirical
evidence that the researcher’s judgments were applied with a high degree of deter-
minism and objectivity.

– External validity (Generalizability): This threat concerns the extent to which our
findings can be generalized. Our search protocol introduced a potential publica-
tion bias through two deliberate methodological choices. First, our focus on peer-
reviewed literature (journal articles, conference papers) and evaluated publications
(such as doctoral theses), which excludes most industrial ”grey literature” (e.g., un-
reviewed white papers or blog posts). Second, our limitation to articles written in
English or French or those that could be satisfactorily translated into English. This
was a trade-off designed to ensure the scientific rigour and reliability of the included
primary studies. This limitation has twomain implications for generalizability. First,
our findings may not fully capture research from other linguistic communities. Sec-
ond, and more critically, the exclusion of ”grey literature” poses a direct threat to
our finding of structural fragmentation (see Section 4.1.1). It is plausible that prac-
tical, industrial solutions, often detailed in this excluded literature, serve as the very
’bridges’ between the ’academic islands’ we identified. Consequently, our conclu-
sion on fragmentation must be qualified, it describes the formal, peer-reviewed re-
search landscape, which may not fully reflect a potentially more integrated indus-
trial practice.

6 Conclusion and future work

6.1 Conclusion

This systematic literature review was undertaken to map the state of the art in the quan-
titative assessment of conceptual compatibility in multilingual software systems. Our
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analysis of 82 primary studies provides two major conclusions. First, a structural analy-
sis of the field reveals a profound fragmentation as observed within the included corpus,
with research on practical approaches being highly atomized and work on foundational
metrics resembling a non-cumulative scientific archipelago. We conclude that this struc-
tural fragmentation is the primary reason for our second finding: a significant gap be-
tween the proliferation of technical solutions and the maturity of quantitative evaluation
methods. While the literature contains all the necessary conceptual building blocks for
a compatibility metric, a convergent blueprint bridging formal methods and empirical
validation, the lack of a cohesive research community has prevented this blueprint from
being realized.

6.2 Future work

The findings of this review, particularly the identified fragmentation, illuminate a com-
pelling path for future work aimed at unifying and consolidating the field. We propose
that the next steps for the community should focus on the following three axes:

1. Development of a Unified Formal Framework: The most critical task is to bridge
the islands of the ”scientific archipelago”. Future work should focus on developing
a comprehensive formal framework that synthesizes the powerful but isolated con-
cepts found in the literature (e.g., Models of Computation, semantic soundness) into
a coherent model of ”conceptual friction”.

2. Instantiation as a reference metric (LCM): To validate the utility of such a uni-
fied framework, the next logical step is to instantiate it as a concrete, executable
”Language Compatibility Metric” (LCM). This would provide a common language
and a shared object of study for the currently fragmented community.

3. Large-scale empirical validation: Finally, this unifying metric must be connected
back to the practical challenges of software engineering.We call for new, large-scale
empirical studies that would use the proposed LCM to analyse existing multilingual
systems, following the robust validation protocol synthesized in our findings to cor-
relate the metric with developer-observed integration difficulties.
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A Reproducibility assets and full study list

To ensure full transparency, reproducibility, this appendix provides the complete proto-
col assets and the full list of 82 included primary studies.

A.1 Search protocol details

– Search period: The search covered the period from the inception of each database
until August 28, 2025. As stated in our protocol (Section 3.1.2), no start date was
set, to ensure the inclusion of foundational papers.

– General filters: As per our protocol (Section 3.2.1), searches were restricted to
peer-reviewed scholarly work (IC3) and articles written in English or French, or
that could be translated with adequate fidelity into English (IC4).

– Databases searched:As detailed in Table 2, our primary search covered ACMDig-
ital Library, IEEE Xplore, Scopus, SpringerLink, and Semantic Scholar. Google
Scholar was used exclusively for forward and backward snowballing.

– Search query construction: The detailed query construction, structured around
Group A (Interoperability) and Group B (Metrics), is presented in Table 1. The final
combined query ‘(Query for group A) OR (Query for group B)‘ was adapted to the
specific syntax of each database.

Database source Query string and syntax

ACM Digital Library,
IEEE Xplore,
SpringerLink,
Semantic Scholar

Group A: (("polyglot programming" OR
"multi-language programming") AND ("software
interoperability" OR "language integration" OR
"software engineering" OR "challenges"))

Group B: (("paradigmatic compatibility" OR
"semantic interoperability" OR "impedance
mismatch" OR "conceptual distance") AND
(("metric" OR "measure" OR "quantify" OR
"formal model" OR "formalism") OR ("validate"
OR "empirical" OR "experiment" OR "case study"
OR "correlate")))

Scopus Logical Groups A and B are identical to above, but are
encapsulated by the TITLE-ABS-KEY(...) command.

Table 10: Search queries executed per database (August 2025). Queries are derived
from the protocol in Table 1.

A.2 Data, scripts, and full study list

To ensure full transparency and end-to-end reproducibility, all supplementary
materials are permanently archived in the development repository, accessible at:
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https://github.com/Vdloisem/Submission_JUCS_Oct_2025/.

This repository is organized into three dedicated modules matching our methodol-
ogy:

– Raw data, screening & extraction materials:
The folder /SLR_Conceptual_Compatibility_Data/ contains all primary data
files, including:

• The raw database exports (.CSV) from the initial search, representing the ‘n‘
records for (RQ1) and (RQ2) before screening.

• The processed screening spreadsheets used for the selection process.

– Selection validation and audit: The folder /SLR_Selection_Procedure_
Script_And_Outputs/ contains all assets validating the screening reliability,
specifically:

• Selection audit, the folder /SLR_Selection_Procedure_Script_And_
Outputs/ contains the R scripts (e.g., DecisionGapAudit...R) used to
generate the ROC and calibration plots presented in Figure 1, confirming the
consistency of our screening.

• The second-coder audit package, including the raw blind screening data
(PhdSLR-Multilingual_Software_Interop_Audit_Results.csv), the
R analysis script (Audit.R), and the generated inter-rater reliability plots
(Scatter and Bland-Altman diagrams).

– Descriptive & structural analysis
The folder /SLR_Descriptive_Overview_And_Structural_Analysis/ con-
tains the scripts and assets used to generate the descriptive statistics (Figures 3, 4, 5)
and the citation network analysis.

The final list of 82 included primary studies is presented below (Tables 11 and 12).

ID Reference Primary focus
[S1.1] [Aguiar et al., 2021] Introduces the OSCIN method, an ontology-based approach

to semantically represent source code for unified, language-
independent analysis.

[S1.2] [Apel et al., 2011] Introduces FEATUREHOUSE, a language-independent
framework for automated software composition using fea-
ture structure trees (FSTs).

[S1.3] [Banbara et al., 2005] Describes Prolog Cafe, a system that translates Prolog
into multi-threaded Java, enabling communication through
shared Java objects.

[S1.4] [Barrett, 1998] Details the PolySPIN framework for seamless interoperabil-
ity, which automatically modifies method implementations
to handle language differences transparently.

[S1.5] [Brichau et al., 2002] Explores achieving ”linguistic symbiosis” between the logic
language SOUL and the object-oriented language Smalltalk.

[S1.6] [Cherny-Shahar and
Yehudai, 2024]

Introduces MetaFFI, an indirect interoperability system us-
ing a common C-interface to facilitate deep binding features
across languages with only shallow binding mechanisms.

https://github.com/Vdloisem/Submission_JUCS_Oct_2025/


1432 Vandeloise M.: A Fragmented Field: A Systematic Literature Review on Conceptual ...

ID Reference Primary focus
[S1.7] [Chisnall, 2013] Explores the persistent challenge of cross-language inter-

operability, covering differences in object models, memory
management and exception handling.

[S1.8] [Cimadamore et al.,
2007]

Presents a framework for integrating Java and Prolog using
Java 5.0 generics and annotations to simplify interoperabil-
ity.

[S1.9] [Cook, 2005] Describes P#, a system to bridge Prolog and C# by adapting
a Prolog-to-Java translator.

[S1.10] [Denti et al., 2005] Details tuProlog, a Java-based Prolog engine designed for
seamless, bidirectional integration between the logic and
object-oriented paradigms.

[S1.11] [Eichberg, 2011] Proposes an approach to compile Prolog directly into id-
iomatic Java to improve integration and leverage JVM opti-
mizations.

[S1.12] [Grichi et al., 2020] An empirical study showing that a higher number of inter-
language dependencies correlates with a greater risk of bugs
and security vulnerabilities.

[S1.13] [Grimmer et al., 2018] Proposes TruffleVM, a multi-language runtime that enables
high-performance, transparent interoperability between lan-
guages via language-agnostic messages.

[S1.14] [Gybels, 2003] Discusses the evolution of the interaction between SOUL
(logic) and Smalltalk (object-oriented) towards symbiosis.

[S1.15] [Kochhar et al., 2016] A large-scale empirical study concluding that using more
programming languages in a project significantly increases
the propensity for defects.

[S1.16] [Koppel et al., 2018] Presents incremental parametric syntax (IPS) in the Cubix
system, a method for building language-parametric program
transformations that operate across multiple languages.

[S1.17] [Li et al., 2024] A large-scale study characterizing language use and selec-
tion in open-sourcemultilingual software, identifying trends
and functionality relevance.

[S1.18] [Lora et al., 2019] Introduces an automatic translation and abstraction method-
ology to integrate heterogeneous component models into a
single, homogeneous executable description.

[S1.19] [Maurina et al., 2025] Introduces BabelRTS, a polyglot regression test selection
tool that builds a comprehensive inter-language dependency
graph to ensure testing safety.

[S1.20] [Maybee et al., 1996] An experience report on the evolution of the Q system, a
mechanism designed for multilanguage interoperability in
distributed systems.

[S1.21] [Morozov et al., 2015] Details a translator from Actor Prolog to Java, focusing on
robustness and readability.

[S1.22] [Mussbacher et al.,
2024]

Proposes a conceptual model for polyglot software develop-
ment and explores various integration techniques and chal-
lenges.

[S1.23] [Mushtaq et al., 2017] A systematic literature review on multilingual source code
analysis (MLSCA), identifying key problems, tools and re-
search gaps.

[S1.24] [Mycroft, 1996] Proposes an algebraic view on paradigm integration, sug-
gesting loose coupling via a ”coordinator” to manage com-
plexity.

[S1.25] [Ostermayer, 2015] Presents a seamless cooperation model for Java and Prolog
for rule-based software development.

[S1.26] [Ostermayer et al.,
2014a]

Introduces CAPJA, a connector architecture for Java and
Prolog featuring ”Object Unification”.

[S1.27] [Ostermayer et al.,
2014b]

Details the Portable Prolog Interface (PPI) for Java, which
achieves portability via standard I/O streams.
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ID Reference Primary focus
[S1.28] [Owens, 2016] Develops a generic framework for automated quality assur-

ance (AQA) across different paradigms using a language-
independent representation (GASTM).

[S1.29] [Pankratius et al., 2012] An empirical study evaluating Scala and Java for multicore
software, assessing the impact of combining functional and
imperative paradigms.

[S1.30] [Patterson et al., 2022] Proposes a semantic framework to ensure type soundness for
language interoperability at the compiled target-language
level.

[S1.31] [Ridgway and Wileden,
2008]

Uses a formal language (RIPLS) to model and reason about
the complexities of multi-lingual exception handling, partic-
ularly between Java and C++.

[S1.32] [Schaub and Malloy,
2016]

Describes a source-to-source translation system that con-
verts a restricted, interoperable subset of Java (iJava) into
other OO languages like C++ and Python for software reuse.

[S1.33] [Schiewe et al., 2022] Proposes transforming diverse source code into a Language-
Agnostic Abstract-Syntax Tree (LAAST) for unified static
analysis.

[S1.34] [Spinellis et al., 1994] Proposes a unified framework for multiparadigm program-
ming by modelling languages and architectures as object
classes.

[S1.35] [Springer, 2016] Details the unification of Ruby and Smalltalk object models
within the GemStone/S virtual machine (MagLev), enabling
library reuse and optimized language implementation.

[S1.36] [Sultana et al., 2016] An empirical study of C/Fortran interoperability issues in
large-scale scientific code and proposes automated refactor-
ing tools for modernization.

[S1.37] [Tomassetti et al., 2013] An empirical analysis to identify and classify semantic in-
teractions between files in different languages in a polyglot
project.

[S1.38] [Vetro’ et al., 2012] An exploratory study that introduces metrics to quantify
inter-language interaction and investigates its relationship
to fault susceptibility.

[S1.39] [Yang et al., 2024] An empirical study of Stack Overflow discussions identify-
ing that interfacing, data handling and error/exception man-
agement are primary issues in multi-language development.

Table 11: Primary studies addressing RQ1: Current Approaches to Interoperability
and Integration (n=39)

ID Reference Primary focus
[S2.1] [Ahmad et al., 2020] Introduces AutoNet, a meta-model for the seamless integra-

tion and transformation between Timed Automata and Col-
ored Petri Nets.

[S2.2] [Attiogbé, 2007] A foundational thesis on the integration of diverse formal
methods and multifaceted analysis from a single reference
model.

[S2.3] [Bersani et al., 2009] Introduces a technique for integratedmodelling and verifica-
tion by establishing a common semantic foundation (Metric
Temporal Logic) for multiple paradigms.

[S2.4] [Brookes, 2003] Introduces a unifying semantic framework based on transi-
tion traces capable of modeling diverse parallel paradigms.

[S2.5] [Bryton and Abreu,
2007]

Proposes a paradigm-independent metamodel (PIMETA) to
allow for consistent, quantitative measurement of software
systems built using different paradigms.
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ID Reference Primary focus
[S2.6] [Cadavid et al., 2015] An empirical analysis of metamodelling practices, focusing

on the articulation of structural (MOF) and constraint (OCL)
paradigms.

[S2.7] [Choo, 2007] Proposes an integrative framework that blends two distinct
security paradigms to analyse and repair cryptographic pro-
tocols.

[S2.8] [Counsell et al., 2010] A theoretical and empirical analysis of three slice-basedmet-
rics for cohesion, using a formal validation framework.

[S2.9] [de Lara and
Vangheluwe, 2002]

Proposes enriching types with information about formalism
and simulation to enable robust multi-paradigm modelling
and transformation.

[S2.10] [Elyasaf et al., 2022] Compares Petri Nets with Behavioural Programming, high-
lighting how different compositional approaches affect
model specification and correctness.

[S2.11] [Freua et al., 2014] An empirical assessment comparing procedural, object-
oriented and graphical-declarative paradigms for imple-
menting a system dynamics model.

[S2.12] [Gaia and da Silva,
2016]

An empirical study that uses established metrics (CK met-
rics for coupling, cohesion, etc.) to measure and compare
the maintainability of different SPL implementation ap-
proaches.

[S2.13] [Gorodnyaya, 2019] A method for paradigmatic analysis of programming lan-
guages by comparing their fundamental concepts and com-
promises.

[S2.14] [Goulão and Abreu,
2002]

A quantitative experiment comparing the effort required to
transform a legacy OOP application into a component using
different technologies.

[S2.15] [Hamza, 2014] A foundational thesis proposing a pragmatic approach to
measure and validate the quality of component-based appli-
cations by adapting and empirically validating existing met-
rics.

[S2.16] [Hardebolle, 2008] A foundational thesis on composing models for multi-
paradigm systems, introducing ”interface blocks” to define
composition mechanisms between diverse models.

[S2.17] [Haxthausen and
Peleska, 2016]

Argues for a multi-formalism approach to system design, us-
ing a ”linking approach” to translate verification artifacts be-
tween diverse formalisms.

[S2.18] [Hochstein and Basili,
2006]

An empirical study that directly measures and compares the
programming effort required by two different parallel pro-
gramming models (MPI vs. XMT-C).

[S2.19] [Jacquet et al., 2014] Introduces ModHel’X, a tool for multi-paradigm modelling
that explicitly manages semantic adaptation between differ-
ent Models of Computation (MoCs).

[S2.20] [Jain et al., 2014] Explores techniques and a framework for managing control
flow and data exchange between user-driven (e.g., MPI) and
system-driven (e.g., Charm++) parallel languages.

[S2.21] [Jordan et al., 2015] Proposes a feature model to provide a structured and ob-
jective framework for comparing programming languages
based on their core characteristics.

[S2.22] [Kawamura et al., 2000] A quantitative evaluation and comparison of three different
agent interaction paradigms based on performance models
and experiments.

[S2.23] [Koudri et al., 2013] Proposes a ”model federation” approach and the OpenFlexo
tool to create unified conceptual models from heterogeneous
sources.

[S2.24] [Lee, 1990] Introduces a computational paradigm that integrates rule-
based and model-based reasoning in expert systems via se-
mantic unification.
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ID Reference Primary focus
[S2.25] [Leitner et al., 2012] Introduces a multi-paradigm modelling approach that uses

a Common Domain Model (CDM) to connect distinct mod-
elling paradigms.

[S2.26] [Li et al., 2013] A domain-specific modelling (DSM)-based multi-paradigm
modelling approach to enhance the reusability and compos-
ability of simulation models.

[S2.27] [Linos, 1995] Describes PolyCARE, a tool for re-engineering multi-
language integrations by formalizing and visualizing pro-
gram dependencies.

[S2.28] [Mahmood et al., 2022] An empirical study comparing the effects of annotative vs.
compositional variability mechanisms onmodel comprehen-
sion.

[S2.29] [Mathaikutty, 2005] Proposes functional programming and metamodelling
frameworks for heterogeneous system design with a focus
on formal semantics and refinement.

[S2.30] [Mussbacher et al.,
2012]

Explores criteria for assessing and comparing composition
in diverse modeling approaches based on a common case
study.

[S2.31] [Mykoniatis and
Angelopoulou, 2020]

Presents a framework (MPMF) to guide the selection, com-
bination and integration of different simulation modelling
paradigms.

[S2.32] [Naugle et al., 2023] Proposes quantifying the structural complexity of simula-
tion models across paradigms by adapting metrics like cy-
clomatic complexity to causal structure diagrams.

[S2.33] [Obermeier et al., 2011] Discusses the usability evaluation of model-driven object-
oriented programming approaches compared to the classic
procedural paradigm in automation.

[S2.34] [Ortiz et al., 2008] An explanatory study comparing the use of System Dynam-
ics (SD) and Agent-Based Modeling (ABM) paradigms in
real-world simulation projects.

[S2.35] [Oudot, 2007] A formal analysis of composability, compatibility and com-
positionality, investigating the preservation of properties
when timed components are integrated.

[S2.36] [Ruíz, 1996] Introduces type models as a conceptual framework for uni-
fying concepts to facilitate language interoperability.

[S2.37] [Spinellis, 1994] A foundational thesis on structuring multiparadigm pro-
gramming by treating programming paradigms as object
classes that interact via defined interfaces.

[S2.38] [Stannett and Gheorghe,
2015]

Proposes a unified framework (X-machines) for modelling
and generating integration tests for ”heterotic” systems com-
bining radically different technologies.

[S2.39] [Tolosa et al., 2011] Introduces a methodology for the systematic measurement
ofmodel transformation characteristics using a dedicated set
of metrics.

[S2.40] [Wegner, 1993] A foundational paper arguing for the fundamental incom-
patibility between reasoning (logic) and modelling (object-
oriented) paradigms.

[S2.41] [Westbrook, 1998] A foundational thesis defining a model (”paradigmatic
map”) and metrics (”paradigm transition”) to analyse and
quantify paradigm use in programs.

[S2.42] [Zou, 2022] Explores the challenges of integrating parametric and direct
modelling paradigms in CAD systems.

[S2.43] [Zschaler et al., 2023] A generic framework for representing and analysing model
concurrency across different executable modelling lan-
guages (xDSMLs).

Table 12: Primary studies addressing RQ2: Foundations for a Quantitative
Compatibility Metric (n=43)
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