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Abstract

Model-based Systems Engineering (MBSE) advocates the use of
models in every stage of development, leading to large number
of models that need coordination, collaboration, and discipline
management. Model Management (MoM) is a possible approach
to manage inter-related collections of models among which Model
Federation (MF) provides unique capabilities, like independence of
development in individual modelling domains. There is currently
a lack of studies about commonalities, variabilities, and gaps in
MF approaches. In this paper, we propose a survey and a critical
discussion of carefully selected papers about MF. From 59 contri-
butions collected by experts in MoM, we selected, and classified,
23 papers. We extract the main trends we observed, according to
our Classification. We then critically review the Classification, and
discuss important gaps found in our corpus. The survey results and
artefacts are all available online.

CCS Concepts

« General and reference — Surveys and overviews; « Software
and its engineering — Multiparadigm languages; - Informa-
tion systems — Information integration.
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1 Introduction

Models are increasingly prevalent in Systems Engineering (SE),
replacing traditional document-based approaches. In a nutshell, a
model is an abstraction of a system (or its components) based on
specific goals and properties of interest. Using models, systems
engineers can systematically develop a system, optimising the ef-
fort and cost of development. This contrasts with document-based
approaches where engineers write natural-language documents
describing the system, making validation very difficult and time-
consuming, especially with complex systems-of-systems.
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Model-Based Systems Engineering (MBSE) is an approach that
advocates building models for all stages of a product’s life cycle, in-
cluding requirements, design, analysis, verification, and validation.
As more and more companies adopt MBSE to develop increasingly
complex and heterogeneous systems, there is a significant loss
of consistency and traceability in information between models in
different domains, built and updated by different engineers at differ-
ent points of time, for the same or different systems. Maintaining
this consistency becomes especially important for safety-critical
systems with inter-dependencies and relations between different
models in the context of Multi-Paradigm Modelling (MPM) [14, 50].

As complexity of systems increases and MBSE is being adopted,
the industry is spending more and more effort to manage large
collections of models from across domains, concerns and levels of
abstraction, with different syntaxes and semantics. For instance,
as communicated by research partners at the virtual simulation
group at Renault to some of the authors of this paper, hundreds
of simulation platforms, each of which using hundreds of simula-
tion models must be managed to cover the different engineering
domains involved when building vehicles, and the different levels
of abstraction required by each phase of development. Therefore
Model Management (MoM) is essential to bridge this gap by propos-
ing dedicated approaches, and related techniques, to (i) manage and
extract information from a collection of non-/inter-related models,
(if) propagate changes from model evolution at various abstraction
levels, and (iii) globally interact with and manipulate the collection
of models in its entirety, instead of acting on single models and
manually managing the consequences.

One of the earliest mentions of MoM [6] proposed relational op-
erators between database schema to manage the data abstracted as
models. Later, proposals for MoM with approaches like megamod-
els, macromodels, modelverse, etc. [13, 27, 43, 55] introduced an
interesting perspective by emphasising the necessity to provide
appropriate foundations, and dedicated tooling, to support these
kinds of activities. While many of these approaches rely on mer-
ging, unification, or collection of the models at various meta-levels,
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Model Federation (MF) is a technique that ensures that the involved
modelling approaches and frameworks can continue development
unhindered while still offering all advantages that come with a
MoM framework.

We argue that it is the right time to collect all of these techniques
in the literature, analyse their commonality and variability, and
identify literature gaps that may form the basis for future research
directions in MoM. To our knowledge, such a survey does not exist
in the literature yet. Hence, in this paper, we propose an initial
survey of the federative approaches to support MoM. This review
aims to serve as the initial stage of a larger exhaustive systematic
literature review on MoM, that we plan to perform. Note that while
the motivation for our study was rooted in SE for Cyber-Physical
Systems (CPSs), our notion of MoM is generalised to be applicable
to models from various other domains.

The paper is organised as follows: Section 2 presents concepts
and definitions related to MoM, MF, and Feature Models, which we
use to present our classification. Section 3 describes the method-
ology employed in conducting the review, which resulted in our
23-paper corpus. Section 4 presents our Classification for MoM
federative approaches present in the corpus, followed by the results,
i.e. trends and gaps observed when classifying the corpus contribu-
tions in Section 5. section 6 discusses Related Work, and section 7
presents the concluding remarks. All review artefacts are provided
as a Zenodo repository at https://doi.org/10.5281/zenodo.12704828.

2 Background

As preliminary material, this section describes the central notion of
MoM and its relationship to MF, and offers an overview of feature
modelling, as the Domain-Specific Language (DSL) used to describe
our classification.

2.1 Model Management

The notion of MoM is so general that the MBSE community has yet
to reach a clear agreement on its meaning. As the name suggests,
the expression targets all data structures and operations (beyond
simple elementary CRUD operations targeting model elements),
aimed at managing a collection of models. These operations can
consist of creating, retrieving (through appropriate queries), up-
dating (according to specific needs or predefined events), deleting,
and in general manipulating (to perform analysis, generate code,
etc.) collections of models. That information may be spread over
such collections of models, typically representing the same system,
which makes it more complex than dealing with a single model.

Note that in MBSE, a so-called “model” may take multiple forms:
it may be expressed textually or diagrammatically [56]; it may relate
to instance information (i.e. directly reflecting, albeit in an abstract
and simplified way, a particular system) or to typing information
(what we often refer to as “metamodels” in MDE); it may represent
arbitrarily complex data structures, e.g., architectural designs, com-
plex computations (including real-time, continuous behaviours), or
any of their combinations. As a result, we will in this paper, use
the generic term “artefact” to designate models or model elements,
agnostic to their form or purpose.

This section briefly reviews how the notion of MoM has been
discussed in other fields of Computer Science, before focusing on
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general approaches for manipulating interrelated collections of
models.

2.1.1  What is Model Management? The Encyclopedia of Informa-
tion Systems discusses the need to build MoM systems that emerged,
among other things, from the central use of data and decision mod-
els, which both needed dedicated tools and workflows to extract
valuable information efficiently[7]. The Business Process community
also discussed the same need, although naturally more oriented
towards “dynamic” models representing processes, decisions, ana-
lyses, etc., and emphasising the crucial need for collaboration [17].

A prominent field that has extensively studied MoM is Databases.
We find in [6, 41] (among many other contributions) that “Model
Management comprises technologies and mechanisms to support the
integration, transformation, evolution, and matching of models”. This
citation captures the most represented use of MoM and emphasises
the importance of dealing with evolution and change.

Later on, “a Model Management System (MMS) has to provide
definitions for models [...], mappings (i.e. relationships between dif-
ferent models), and operators (i.e. operations that manipulate models
and mappings)”. Here, we find a structural definition of MoM, that
is similar to the high-level features of our proposed classification
(cf. §4). Their “models” translate into our generic notion of arte-
facts; “mappings” into our notion of Links; and their “operators” are
reflected in our Operational feature.

Two other crucial points are mentioned [41]. First, “models and
mappings are considered as first-class objects, and [...] operations
should address them as a whole and not only one model element at a
time”. This directly translates into our idea of MoM in MBSE: pairing
“models” (aka. Artefacts) with “relationships” (aka. Links) enables
efficiently manipulating collections of interrelated artefacts. They
should, therefore, be treated as first-class citizens, with appropriate
support for describing them through dedicated data structures and
manipulating them using dedicated “operations”.

Second, “mappings” are not just decorative, but should rather
capture an actionable meaning: “Mappings are in practice very com-
plex and therefore, a rich mapping language is required in an MMS.
The MMS must also be able to reason about the mappings. Further-
more, the MMS should not only enable the definition of a mapping, but
support also its application”. For MoM in MBSE, these “operations”
should act at the collection level (what we call the Federation), as op-
posed to finer-grained, classical model operations that act on model
elements only: this is what enables new perspectives for integra-
tion, interoperability, global analyses, and disciplined evolution.
Furthermore, because “relationships” quickly gain in complexity,
this calls for dedicated ways of describing them precisely: in MBSE,
this is often tackled by using DSLs.

Finally, the field of Model-Driven Engineering introduced the
idea of dynamically maintaining repositories of models [4, 30, 55]:
these models may represent a physical or computational reality
with different scales of fidelity, and are consequently, often updated
along real-life evolutions. In turn, engineers (or other models) may
query these models, and perform operations and analyses on the
repository. This vision is complementary with the other, as it adds
an orthogonal dimension to the views proposed in the other fields.

In summary, the four fields we surveyed emphasise four main
points: (i) the centrality of “links”, that need to be properly modelled;
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(i) the introduction of a shift in how “operations” should work on
collections, instead of only the models; (iii) the idea of collecting
artefacts in a properly designed repository that may be queried, and
serviced with repository-wide operations; and (iv) the highlight
of important challenges associated with evolution and inevitable
changes of the collection, as well as collaboration among those who
manipulate it.

2.1.2  Approaches to Manage Collections of Models. Managing col-
lections of interrelated artefacts is more complex than simply manip-
ulating (even very large) models, especially when the artefacts differ
in nature (meta-models vs. models; textual vs. diagrammatic), and
are expressed in various formalisms (often chosen to appropriately
fit the task at hand, as advocated by Multi-Paradigm Modelling

[1]). For that purpose, and with interoperability in mind, the ISO

Standard ISO-14258 describes several, complementary approaches

[28]:

Integration All models constituting a system are integrated via
the same language; in other words, each model is instanti-
ated from a common “union-language”, often obtained by
merging all initial languages.

Unification All models are unified through a pivot language, or
“super-language”, that represents all the knowledge about
the system. In other words, each model is related to the pivot
language through bi-directional transformations, ensuring
integrity and consistency between each “view” extracted
from the model and the pivot language itself. Note that this
approach may be called differently depending on how large
the pivot language spans (cf. the notion of “System Model”
in [9, 10]).

Federation All models stay in their own world and do not directly
interfere with the language specification of the others (non-
intrusiveness); each world is related to the others through
meaningful relations that explicit how and why models are
related to each other.

Note that the term “model” in the ISO standard [28] applies indif-
ferently to any “kind” of models (since “everything is a model” [13]),
regardless of what they represent, similar to what we described in
§2.1 for the term “model” in the MBSE community. We chose to use
the term artefact instead of “ model”, in our classification, to avoid
confusion.

Each of the three approaches presents advantages and suffers
from drawbacks, depending on the purpose of the collection (i.e.
why artefacts are collected). We discuss them for three concerns.
First, how much “knowledge” do artefacts need to know about
the others to communicate and fulfil their purpose efficiently?
Second, how are artefacts kept consistent when other artefacts
evolve, triggering adaptation to reflect the new reality? Third, due
to the previous points, how hard is it for engineers to adapt the
tools associated with each artefact to retrieve relevant information
from other artefacts and fulfil tasks?

Integration poses challenges immediately at the level of the union-
language specification because the very semantics of the union are
difficult to properly describe: not only does it require standardised
languages, and associated technologies to ensure interoperability,
but it is sometimes impossible to implement due to fundamental
incompatibilities (e.g., semantics that are not reconcilable, such as

continuous vs. discrete time domains). Depending on the number
of languages in the union-language, it may become challenging
to understand, track, and even represent large union-languages.
Furthermore, any fundamental change in one of the integrated lan-
guages invariably triggers changes in the union-language, requiring
complicated adaptations in all related artefacts. This also directly
impacts all associated tools (debuggers, test and code generators,
analysers, etc.) The advantages are pretty clear: only dealing with
the union-language considerably simplifies artefact manipulation,
at the expense of heavily preventing the independent evolution
of artefacts. Similarly, there is no need to establish relationships
between models, because they are specified by the union-language.

Unification partially overcomes the drawbacks of Integration,
in the sense that some languages are kept untouched at the ex-
pense of specifying (often complex) transformations to keep track
of evolution and ensure proper synchronisation between artefacts.
This heavily alleviates the need to maintain the associated tools.
However, a similar (if not higher) complexity is hidden in the bid-
irectional transformations between artefacts, by forcing engineers
to think about how and when these transformations have to be
triggered, i.e. enforcing a development life-cycle at the transfor-
mations-level, which may invariably result in inconsistencies, and
possibly introduce synchronisation loops. Furthermore, a crucial
question resides in the choice of a pivot meta-model that should
maintain an appropriate level of abstraction to be able to represent
information from other worlds without (too much) information loss.
Note, finally, that Unification may degrade into Integration when
the pivot meta-model covers all unified meta-models exhaustively.
To compensate its drawbacks, the Unification could possibly consist
of several (instead of a single unique) pivot meta-models: this, how-
ever, introduces extra complexity to explicitly manage relationships
covering semantic gaps between the pivot meta-models.

Finally, Federation proposes to explicitly decouple languages
to keep them fully separated and to introduce explicit relation-
ships between them. As an obvious advantage, an MF preserves
the tooling associated with each meta-model. However, a major
drawback resides in managing the aforementioned relationships:
they need dedicated tooling. This relationship-level tooling would
likely rely on existing tools, delegating some tasks to the tools
already available for each artefact. Furthermore, creating, main-
taining and evolving the relationship-level tooling would likely
reuse the methodologies and techniques readily available at the
artefact level. Federation also possesses a strength that the other
approaches cannot easily offer: since artefacts stay independent of
each other and are connected only through the existing links, it
becomes possible to dynamically manipulate the federation as a
whole, therefore adding or removing new artefacts when necessary.

2.2 Feature Models

Feature models were first proposed to model the commonality and
variability of software products in product lines [18]. The common
and variable, functional and non-functional features of the software
(in the product line) are modelled as a tree-graph, where the features
constitute the nodes (starting from a root), and the edges represent
the decomposition of the features with special Boolean conditions
on the connected features.



Relations between features in the tree represent the decomposi-
tion of the features into sub-features with special Boolean condi-
tions like AND (if the super-feature is selected, the sub-feature must
compulsorily be selected), OR/XOR (at least/exactly one sub-feature
can be selected). Other complex conditions (mutual exclusion, car-
dinalities, etc.) can be specified as cross-tree constraints.

A valid feature configuration is a single product in the product
line, an ’instantiation’ of the feature model that satisfies all Boolean
and numerical conditions of the feature model in its selection of
the various features from the tree.

Feature Models have a simple graphical representation with
a clean semantics [44]. We therefore believe it is an appropriate
language to model the characteristics and classification of the MoM
approaches reviewed in this paper.

3 Survey Methodology

The goal of this paper is to identify some of the key literature on MF,
then clarify the trends and extract valuable lessons in this topic. As
mentioned in section 2, since no clear consensus emerged in MBSE
about what MF exactly is, we needed a preliminary phase to agree
on a common definition extracted from the key contributions in the
literature. As a result, this paper presents an early, preliminary study
on the topic of MF, as a central and important approach to MoM. It
is built on a corpus of contributions manually selected by experts
among the authors, as opposed to a more rigorous Literature Survey
based on a systematic search of online repositories (cf. among
others, [40]). We still followed the classical steps in later stages (e.g.,
cross-reading, snowballing) to complement the initial selection,
and improve the representativeness of our corpus. The various
stages are illustrated by Figure 1, and documented in an Excel sheet
publicly available at https://doi.org/10.5281/zenodo.12704828.

In a first stage, a group of experts (among the authors) were
tasked with selecting papers they knew were contributing to the
general topic of MoM. We applied basic exclusion criteria: papers
not peer-reviewed, not written in English, or under 5 pages were
immediately excluded, as well as duplicate entries proposed by
different experts. This resulted in an initial set of 59 papers.

The second stage had two objectives in mind: first, reaching a
consensus on what MF is (at least, identifying key characteristics
that could help in reading papers, and extract valuable features), as
opposed to other MoM approaches (cf. §2.1.2); and second, emer-
ging with a subset of papers that truly describe MF. To reach the
first objective, authors rapidly scanned papers and described their
content in natural language. A panel discussion then identified
the main dimensions (as described by the ISO standard in §2.1.2,
and translated as high-level features in our Classification). For the
second objective, we randomly assigned all the papers to three
different reviewers who were tasked to assess the relevance of the
paper with the MF approach. Conflicts were resolved by discussions
between reviewers, and escalated to plenary meetings when no
consensus for a specific paper was reached. As a result, 27 papers
were discarded for one of the following reasons: (i) the paper is not
related to MoM; (ii) it discusses a MoM approach that is not Feder-
ation; or (iii) the paper does not provide a technical contribution
(typically, a literature survey).
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Figure 1: Search & Classification Methodology

While the first two stages were dedicated to paper selection and
screening, the third and last stages were dedicated to the classi-
fication that iteratively emerged from reading the papers. Each
paper was assigned to two different reviewers who classified it in-
dependently, according to the feature model described in section 4.
Regular plenary meetings were conducted for reviewers to propose
changes in the feature model, based on the information extracted
from the papers. At this stage, 12 papers were further discarded for
two reasons: (i) some were assessed to be non-relevant when read
in detail; and (ii), some were describing similar contributions than
already included stronger papers (typically, workshop vs. journal
papers). This resulted in 20 papers that constitutes the basis of our
corpus.

The fourth and final stage consisted of snowballing our base
corpus (twice) to find relevant papers missed in the first stage:
this resulted in 7 papers, which were again submitted to the same
screening and classification processes as earlier (with still two dif-
ferent reviewers), among which 3 papers were finally included in
the final corpus. One of these papers superseded a paper from the
basic corpus of 20. As a result, our corpus for exploring the topic of
MF consists of 23 papers.

4 Classification

MF brings the focus on the links, or relations, between artefacts
(as well as the elements they contain), making them more explicit,
structured, dynamic, reactive, and ultimately more easily manip-
ulable. Furthermore, with MF, artefacts exist untouched in their
own original technical and conceptual environment. Artefacts also
acquire an improved semantics thanks to the relations between arte-
facts, which are non-existent without MF (or at least, more difficult
to recreate with artefacts alone, in other approaches). Links provide
semantics in multiple ways: a single artefact may contribute to sev-
eral links, and thus enter in a relation with several other artefacts;
while several artefacts may well contribute to the specification of
the same given link.

As aresult, at a very high level, an MF can simply be seen as a
graph of links connecting artefacts, that can be studied w.r.t. three
views (cf. Figure 2):

From the structural viewpoint are studied the graph’s constitu-
ents (the nature of vertices; and how edges are organised as
well as what they represent), as well as the whole graph.

From the operational viewpoint, are studied the processes and
operations that are possible, explicitly or implicitly defined,
and how they compare with each other.
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Figure 2: High-level features of Model Federation

From the intentional viewpoint, are studied the goals or pur-
poses of creating the MF.

Directly inspired by Guerin’s Ph.D. thesis [26], our classification
refines its precursor w.r.t. three points: (i) it adds purely cosmetic,
high-level features that corresponds to the viewpoints mentioned
above, which will guide our presentation of the feature model in the
following sub-sections, (ii) the Intentional feature is new and tries to
extract the intent or goal of each MF in our corpus, (iii) it identifies
additional new sub-features, and rearranges some others.

This section is a contribution of our paper, describing our classi-
fication for MF, while illustrating important features when needed,
with contributions from our corpus. Classifying one of the 23 re-
viewed contributions using our feature model leads to a valid feature
configuration (cf. §2.2) where the absence of an optional feature in-
dicates that we were not able to extract the related information from
the paper. For the complete feature model, the reader is referred to
https://doi.org/10.5281/zenodo.12704829.

Note that regarding the other approaches for Model Manage-
ment detailed in section 2, we do not claim that this Classification
operates well on other approaches (namely, Unification and Integ-
ration): we strongly believe that these approaches are different in
nature, and deserve their own classifications (although they may
partially overlap with the one for MF).

4.1 Structural Features

From a structural viewpoint, we see a Federation as having a graph
structure (cf. Figure 3):

e Vertices correspond to Artefacts, as well as the elements they
contain; while

e Edges correspond to Links; and

e The structural features of the whole MF graph as a singular
entity are captured by the Federation feature

4.1.1  Artefacts. We classify the Artefacts composing an MF accord-
ing to four sub-features:

(1) the Formalism(s) used to specify the Artefacts. [32] proposes a
list of Formalisms commonly used for CPS Engineering that we
use as a basis for our description.

(2) the Domain(s) the Artefacts are intended to be used in. In [51], a
feature model describing CPS Domains is available. We extend
it with domains outside of CPS.

(3) the technological space (Tech_Space) as defined by [29] is the
working context with its set of associated concepts, tools, and
possibilities, in which the Artefacts are defined. In the context
of MBSE, it crudely refers to the “format” (eg., the MOF meta-
meta-model, RDF, textual grammars, etc.) that the Artefact(s)
belong to.

(4) the Serialisation format(s) used for persisting the Artefacts

Note that the two latter sub-features are optional, as they are
not always explicitly mentioned in the case of papers describing
high-level/abstract MF approaches. The sub-features of the former
two features are already discussed in the literature, hence they are
omitted.

4.1.2  Links. The Links (a.k.a. Relations) appearing in an MF are
classified according to six dimensions:

(1) the Links’ Arity, which refers to the number of artefacts defining,
and participating in a Link: we simply distinguish between
common Binary and N-ary Links.

(2) the Granularity at which Links work. It refers to the specific ‘level’
of decomposition of the linked Artefacts: a Link may exist at the
Model-level, meaning that its target Artefacts are whole models,
or it may exist at the Element level, meaning that structural prop-
erties (or model-elements) of the Artefacts are actually linked.
In the latter case, the Link may even give access to the Element’s
Content (i.e. the type, in case of a meta-model; or the value, in
case of a model), which may be useful for e.g. to propagate
values changes throughout interconnected models, or the Link
may simply Reference the involved Elements, e.g. to indicate that
they may be impacted by a change.

(3) the Semantics associated with the Links. This feature describes
the ‘meaning’ of the Links, i.e. why, and for which purpose,
the Artefacts are related by the Links. The Links’ Semantics may
be characterised by a general-purpose Typology in which we
consider the following classical relation types from [21]: IsRep-
resentationOf (1), IsDecomposedin (§), IsElementOf (€), conformsTo
(x), IsTransformedIn (7); which we extend with the classical Is-
TracedTo () type that represents trace Links. This Typology is
only descriptive and non-exhaustive, hence the X_Type feature
is present to make the Typology complete and extensible. A step
further in describing the Semantics of Links would be to use
explicitly Meta-modelled Links: this allows Links’ types and rela-
tions to be freely and consistently created. Some tools may also
allow Decomposable Link Semantics, meaning that it is possible
to define Links at a given Granularity, and (semi-)automatically
compute and create Links at another level of Granularity.

(4) the Links’ Persistence feature characterises MF contributions
where Links are persisted, meaning that it is possible to retrieve
the Links independently of a modelling session, or after it has
ended.

(5) the Mixed_Level feature indicates that it is possible to agnostic-
ally define Links between Artefacts from any meta-modelling-
level (linking together models, meta-models, or models with
meta-models).

(6) the Specification feature describes the way Links are defined. This
can be fully manual, by linking individual Artefacts for example,
or follow a more complex process in which correspondences are
defined Manual-ly at the meta-level and then concrete links are
Semi-Automatic-ally generated through a matching process. This
case indeed relates to the Decomposable-ity of the Link Semantics.

Note that the last three sub-features of Links are optional, since
many of the reviewed papers do not describe these details .

4.1.3 Federation. We classify an MF based on two features:
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Figure 3: Structural features for Model Federation, following a graph-like decomposition in vertices (Artefacts), edges (Links), and

the whole graph (Federation) (cf. §4.1).

(1) Whether the MF is Reified, meaning that the whole MF is ma-
nipulable (Artefacts and Links, together). When it is the case, the
reification may be Explicit, meaning that there exists another
single Artefact that explicitly encodes the entire MF, as opposed
to the Implicit approach where modellers need to retrieve pieces
of Artefacts they need, by themselves. Note that these two
features are interdependent: a Feature Model that needs to be
explicitly used for creating valid products would require an
explicit so-called cross-tree «requires» constraint [44].

(2) We specifically classify those approaches and tools that pre-
scribe a given development Process, meaning that creation and
manipulation of the MF should follow a predefined workflow.

4.2 Operational Features

Building an MF is only useful when it enables execution of Opera-
tions and (complex) processes on it, to leverage the (large) graph
of Artefacts. Usually, an MF tool, is not responsible for creating,
deleting, or updating the Artefacts themselves: rather, each Artefact
has dedicated domain-specific tooling for that purpose. The MF
tool is however responsible for creating, deleting, and updating the
Links between these Artefacts, and maintaining them in a coherent
state. Therefore, usual elementary CRUD operations for MF often
focus on the Links, rather than on the Artefacts. In our classification
(cf. Figure 4), we focus on where and which Operations are specified,
and how and when they are executed.

4.2.1 Location. The Location feature describes where the operations
take place: they can be attached to the Links, to the Federation, or be
completely External to the MF.

4.2.2  Operation. The Operation feature describes which Operations
are executed on the MF. Our classification lists some common Op-
erations. Representing, Querying, and Constraining Operations on MFs
are used to visually display and retrieve models on and from the
MEF. Syncing an MF aims at resolving inconsistencies between Arte-
facts. V&Ving generically designates operations for validating and
verifying properties over the MF. Note that this list of operations is
generalised and not exhaustive.

4.2.3 Trigger. The Trigger is important as it specifies when an Opera-
tions shall be executed. An Operation may be triggered Manual-ly and
on-demand, or may triggered Reactive-ly to specific events on some

parameters from the concerned Artefacts or the MF itself (typically,
modifications in the MF).

4.2.4 Execution Mode. (a.k.a Exec_Mode) specifies how the Oper-
ation works. It may work in an Incremental fashion, meaning that
whenever it is executed, only the new changes (typically, Links)
are computed and/or updated, as opposed to a full Rebuild where
everything is recomputed from scratch at each operation invoca-
tion.

4.3 Intentional Features

An MF is rarely built without a particular application usage in
mind, that requires reasoning about the MF as a whole: investing
the effort in developing and maintaining an MF needs to be justified
by substantial gains. However, it is often difficult to extract this
motivation directly from the contributions: these goals are rarely
explicitly mentioned, and inferring this information from the pa-
pers is not an exact science (unless the authors are asked directly).
Furthermore, considering the MF field is still in its infancy, it is
difficult to define “intents” for designing MF systems unlike the
field of Model Transformations where purpose is characterised via
a set of properties [34].

On the other hand, we believe that understanding why an MF
system is built, is essential to evaluate and compare different con-
tributions. Understanding these objectives which, in turn, could
be amenable to further characterisation through appropriate prop-
erties, paves the way to precise comparisons. Our classification
presents such an initial attempt (towards a fully-fledged list of in-
tents) at listing all the possible Intentional features of MF that we
encountered in our corpus:

Traceability refers to the ability to track and link various stages of
the software or system development life-cycle. It includes various
activities, such as requirement assignment and verification, impact
analysis, compliance and auditing, and project management.
Model consistency checking and repair are essential practices in
MBSE. Model consistency checking involves verifying that different
models do not contradict each other and adhere to predefined rules
and constraints, while model repair focuses on automatically or
semi-automatically modifying inconsistent model to restore overall
consistency.
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Figure 4: Operational features for Model Federation: where they are defined, and how and when they are executed.(cf. §4.2).

Unified transformation management refers to all tool chains used
in software or system production (code generation, reverse en-
gineering, model-to-model transformations). The persistence of
transformations enables fine-tuned, incremental management and
production traceability of artefacts in a production pipeline.
Model composition is a useful modelling activity. For example, in
MBSE, where the aim is to build a model of a system by combining
existing sub-system models even when the sub-system models are
well-developed within their heterogeneous modelling domain(s) or
paradigm(s).

Cross-domain analysis involves examining and integrating con-
cepts, methodologies, or technologies from multiple domains to re-
solve or optimise cross-functional concerns, such as cyber-security,
usability, process metrics optimisation, scenario testing, etc.
Artefact co-design corresponds to the co-construction of one or
more models and their associated meta-model(s), where the model-
to-meta-model conformance relationship is not hard-coded in a
tool but meta-modelled itself.

Model edition allows to edit a model using another model: a graph-
ical editor, for example, allows to build a model using a diagram
and graphical shapes (another kind of model).

Conceptual elicitation / reverse engineering Such activities also in-
volve several models, where the aim is to build a conceptual model
from various technical artefacts.

5 Results

5.1 Threats to Validity of Methodology

Our study has three main threats to validity: the creation of the
corpus, the elaboration of the classification, and the screening phase.

We tried our best to carefully select contributions representative
of MF. However, the screening phase still discarded some initially
proposed papers (because they described MoM approaches other
than Federation, cf. §2.1.2 and 3 for details), essentially due to a lack
of clear definition of MF. The initial selection was by no means
systematic, but rather ad hoc, based on the opinion of expert au-
thors: one just completed his Ph.D. on the very same topic [26] after
having worked for about 8 years on an MF System called OpenFlexo
[5]; while three authors have 10+ years of experience in MDE, and
studied MoM and MF for several years. We mitigated this issue
by iteratively adding new contributions and systematically snow-
balling papers to retrieve missing contributions, as they illustrated
novel approaches.

The classification proposed in §4 is based on [26]: it was heavily
discussed, tested over sample contributions early on, and eventually
improved (by moving features to more appropriate locations) and

completed (with features retrieved from this survey). Our compar-
ison with other fields (cf. §2.1) seems to support a similar view on
at least how MF is structured.

Finally, the screening phase may have rejected relevant papers,
or included non-relevant ones, because the papers classification oc-
curred concurrently with building the feature model. We mitigated
this issue by cross-reading, followed by cross-classification, both res-
ulting in discussion (either between readers/reviewers, or in plenary
sessions, cf. §3). We provide all the stage-wise artefacts for public
review and scrutiny at https://doi.org/10.5281/zenodo.12704829.

5.2 Classification of Literature

In light of the threats to validity mentioned earlier, an orthogonal
analysis (i.e. crossing the results of several dimensions of the Classi-
fication) does not make much sense. We instead offer a (preliminary)
vertical, high-level analysis, focusing on general tendencies.

5.2.1 Structural Features. The Artefacts feature was the most sur-
prising: we were expecting to find contributions and techniques
specialised to specific Formalisms and Domains, but almost all contri-
butions can deal with any formalism (assuming it belongs to the
appropriate Tech_Space), and are agnostic of domains. A few contri-
butions explicitly mention Cyber-Physical Systems as a target do-
main [42, 54], with approaches easily extensible to others domains.
Furthermore, the vast majority targets the standardised OMG EMOF
(and its EMF implementation Ecore [46]) as their Tech_Space, at the
exception of two (FTG+PM [38], and DesignSpace [19, 42], both
using ad hoc, internal representations based on graphs). Note that
some approaches also offer so-called “connectors”, i.e. adaptors in-
tended to CRUD and communicate with other models in different
formats and tech spaces [22, 33, 42, 45]. For Serialisation, many con-
tributions rely on XMI/XML: either because they use Ecore, for
which it is the default format, although it can be easily changed,
or because they use a modelling tools also serialising in XML (e.g.,
DrawlO/Diagrams for FTG+PM [38]). A few contributions use spe-
cific serialisation formats: Epsilon [33] relies on a dedicated, domain-
specific format; and NAOMI [20] also uses XMI, paired with an
explicit version control. Some contributions are totally agnostic
from serialisation, such as OpenFlexo [22-24].

The Links feature is perhaps the most heterogeneous in our clas-
sification. Less than half of the contributions use n-ary Links. Sur-
prisingly, less contributions allow Links to connect any type of
models than those that specialise in a particular type (meta-model,
or model), because most modelling tools allow nowadays to ma-
nipulate meta-models just like any models. This requires further
investigation. Most contributions also allow a fine-grained manip-
ulation of model elements and among those, a vast majority offer
value manipulations to such elements. In our understanding, this
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is particularly important in light of model synchronisation/repair
processes (cf. [12, 22, 42, 45], among others). The semantics and
processes associated to Links is not always explicitly stated, or illus-
trated, so it was often difficult to extract the relevant information
from the papers. Most of the contributions use explicitly Meta-
modelled, and Decomposable Links. One approach includes the Links
specification for the whole MF [43]; and [20] only offers a mono-
lithic Links type. Many contributions allow to persist Links with
several variations. For example, some only persist their specifica-
tion, but not the actual Links [8, 9]; and another [12] stores Links
inside a weaved model. We could not retrieve the information for
two contributions [37, 52]. Only [33] imposes full Links rebuild at
each modelling session .

For the Federation feature, only one contribution explicitly en-
forces a development Process [39] (with one [52] not clearly stating
it).

5.2.2  Operational Features. The Operational features describe what,
how and when operations on Artefacts, and on the MF, are spe-
cified and performed. It was difficult to extract the set of operations
available for each tool/approach of our corpus: the contributions’
presentation does not necessarily follow this angle, or focus on
this viewpoint. We noticed that a vast majority of operations were
performed with classical MDE model transformations languages, or
general-purpose programming languages. Aside from CRUD opera-
tions, the most represented ones target synchronisation, consistency
checking, and traceability. In Epsilon [33], a Domain-Specific Lan-
guage is used for linking model elements through constraints that
may be used to trigger specific operations. In [54], the authors
propose an original approach for managing consistency between
heterogeneous models based on contracts.

Operations are specified almost equally on Links and as External re-
sources, with a few approaches allowing specifications on Links and
on Federation altogether [23, 24, 31, 55]. The way they are triggered
is not always clearly defined, but for those that are, they are also
almost equally distributed between Manual and Reactive, with a few
standing contributions allowing both (cf. [8, 24, 31, 38, 45, 55] for the
most significant contributions). Finally, we notice a clear tendency
towards Incremental execution modes, with Full_Rebuild contribu-
tions [39, 49] focused on providing traceability and interoperability
between Artefacts from different domains.

5.2.3 Intentional Features. The Intentional feature focuses on meth-
odological aspects and purposes of the MF. As mentioned in §4.3,
extracting this information was difficult, since most contributions
do not explicitly state them, and are often generic so that they can
address multiple purposes.

Unsurprisingly, the majority of contributions address Traceabil-
ity needs (e.g., methodological aspects, impact analysis, software
production) [2, 23, 24, 42, 49]. Model consistency checking (often com-
bined with repair features) is also covered by a large number of
contributions [33, 42, 54]. The need for independence of federated
model life-cycles means that we need to take an interest in the life-
cycle of the whole federated model. This feature, described as Unified
transformation management, is treated in some approaches, which
have in common the fact that the links carry one or more transform-
ations, such as [22, 38, 39]. Multi-model design, described as Model
composition, are explored by numerous contributions, especially in
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the context of MBSE. These include for example DesignSpace [19],
NAOMI [20], OpenFlexo [22], FTG+ PM [38], Reactive Links [42].

Cross- domain analysis is less represented as classical approaches
do not require write-access to models, and therefore does not im-
pose MF scheme (unless analysis is not coupled with refactor-
ing/optimising actions which obviously require data modification).
This intentional feature is generally coupled with some other inten-
tions [37, 38]. Model/meta-model co-design is illustrated in [26] with
Free Modelling but is poorly represented in our corpus. Model edition
is covered by numerous approaches, where models are indirectly
edited by other models thanks to reactive behaviours [42] or by
the design of virtual models such as in EMF Views [12] or Open-
flexo [24]. This is often a secondary or indirect feature, coupled
with some other usage requirements, such as hiding complexity to
users or simplifying edition. Finally Conceptual elicitation is illus-
trated in [23, 24], where plain documentation serves as a support
to extract conceptual and categorised information.

5.3 Trends from Literature

We observe that the Structural specification of MF as a graph (cf.
§4.1) is indeed present in our corpus, although many contributions
do not extract full value of their MF. Contrary to our belief, no
contributions have specific Formalisms or Domains they specific-
ally target. Since MBSE leverages software language engineering
techniques from MDE, models are manipulated through their meta-
model specification, regardless of their domain, as long as they fit
the appropriate Tech_Space. Serialisation is an important issue to
persist Artefacts and Links, which is not particularly an issue for
models. However the conceptual and technical aspects dedicated
to Links still need progress to reach a standardised approach. As
we suggested in the Classification, a possible approach would be to
model Links explicitly, which closes the loop.

As we expected however, MF as an approach still presents chal-
lenges and issues, and still has room for many improvements to
fully leverage an MF system and the development efforts it re-
quires: Reified MFs are still minor and not Explicit, meaning that
the early visions for MF [13, 27] are not a widespread reality, even
15 years later. MF could also radically improve with a more discip-
lined approach towards operations specification: having operations
working as services over the whole MF, supported by, and Triggering
Links operations performing more elementary processing, could
be an interesting architectural design.

5.4 Identified Gaps in Literature

As system complexity is increasing, new MoM-related needs emerge,
which are not well covered by the approaches we studied. For in-
stance, model versioning and access control are only addressed by
a few of the approaches such as DesignSpace [42]. In a more gen-
eral perspective, the Authoritative Source of Truth (ASoT)! must be
managed. It involves managing rules to proclaim a digital artefact
(model) is valid and originates from a legitimate source, and covers
several aspects such as the authorisation to access, analyse, and use
valid digital artefacts for diverse organisations often at distributed
locations, and serves in conflict resolution.

Uhttps://www.omgwiki.org/MBSE/doku.php?id=mbse:authoritative_source_of_truth
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Needs for model validity management are also emerging. As
mentioned in the introduction, thousands of simulations models are
used and it must be ensured that what is being modelled meets the
model’s approximations, and that the model provides the required
accuracy for the given development phase [36].

Finally, the emergence of Digital Twins imposes managing mod-
els at runtime. More complex MoM operations may be required
such as switching from one model to another, without interrupt-
ing the running system, when a model is no longer valid due to a
change in the state of the system or its environment.

6 Related Work

Several surveys related to MoM have been contributed in the last
decade. In [3], the authors discuss realisation techniques for multi-
view specification environments. They focus on the nature of the
views (e.g., projective vs. synthetic) and correspondences (implicit
vs. explicit) and provide a few examples of canonical approaches. In
[53], the authors contribute a systematic literature review focused
on the consistency capabilities of cross-domain MoM tools, identi-
fying a number of shortcomings such as lack of maturity. Focusing
on model view management, the authors of [11] provide a feature
model to classify the approaches of a survey. Similarly, but taking
into account realisation techniques such as in [3], the authors of
[15] provide another feature model, which is used as as a taxonomy
for the classification of model-view contributions in a systematic
review, and includes additional dimensions for the assessment of
the approaches w.r.t. used research methods, obtained evidence
and limitations. Finally, conceived as a tertiary study (that is, they
are based on some of the aforementioned surveys and systematic
reviews) and focused on the application of model management for
model repair, yet another feature model is proposed in [48].

With respect to the aforementioned research works, our survey
extends the discussion by: 1) specially focusing on federative ap-
proaches; 2) adding additional classification dimensions such as
process and intention, which were not developed in previous work;
3) including more recent contributions uncovered in previous work.

Note that we consider general techniques such as bidirectional
and multi-directional transformations [16, 35, 47] as enablers of
model management but not as model management proper and thus,
we do not discuss works related to these techniques here. Similarly,
we view model management as distinct from (while being an enabler
of) multi-formalism modelling [25].

7 Conclusion

In this paper, we presented a classification of Model Federation
(MF) approaches as a feature model. Our classification is split into
structural, operational, and intentional features of MF. We reviewed
and classified a corpus of 23 papers on MF, based on the proposed
feature model. Our study shows that MF is still in its infancy and
that while model consistency, model views are widely present, other
important needs such as model version, access control, ASoT and
validity are poorly addressed. This will help define new research
directions in MoM.

Future work is aimed at conducting a full-scale systematic lit-

erature review of MoM, by re-using the feature model developed
in this paper and the lessons learnt, while also considering, when

available, approaches used by industry.
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