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ABSTRACT Modeling is inherently a collaborative activity, as it provides stakeholders with a common language for structuring
domain-specific knowledge. This makes support for diverse collaboration scenarios a central requirement for modeling tools;
however, most existing tools are designed primarily for either real-time or asynchronous collaboration. An emerging workflow
that has so far received limited attention, yet is widely valued by practitioners, is hybrid collaborative modeling. In this setting,
stakeholders alternate between synchronous and asynchronous work, with real-time subgroups coordinating locally while
overall progress is maintained asynchronously across time zones and organizations. This article lays the foundations for the
architectural requirements required to support hybrid collaborative modeling. We first introduce a classification framework for
collaboration architectures and use it to compare existing collaborative modeling tools, highlighting their limited support for
hybrid workflows. Building on this analysis, we present a novel architectural approach: Local-First Collaborative Modeling.
Finally, we present a reference implementation approach based on replicated data types, intended to demonstrate feasibility
and to guide future implementations.
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1. Introduction

A recent survey of industrial modeling practitioners across di-
verse domains highlights two key findings (David et al. 2023).
First, modeling is inherently a collaborative activity: 93% of
respondents reported engaging in model-level collaboration, and
98% consider it essential to their projects. Second, practition-
ers express strong expectations regarding collaborative features
in modeling tools. They expect support for both real-time'
(90%) and asynchronous (95%) collaboration, and regard model
merging as essential (95%). While manual conflict resolution
is still widely used (65%), automated resolution is considered
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I hroughout this article, the terms synchronous and real-time are used inter-
changeably.

equally important (77%), despite practitioners having had few
opportunities to use it in practice due to limited tool support.

We analyze this gap between practitioners’ expectations and
the actual capabilities of modeling tools as a consequence of the
limitations of the software architectures used to implement these
tools. From a design perspective, existing architectures exhibit
structural limitations that constrain the forms of collaboration
they can effectively support. From an organizational perspective,
they struggle to accommodate the evolving work practices and
collaboration habits of practitioners.

The dominant collaborative architecture in modeling tools
is the centralized server model, with 43 out of 48 surveyed
tools adopting this approach according to (Franzago et al. 2018).
While a server simplifies coordination and consistency manage-
ment by acting as a single source of truth, it also constitutes a
single point of failure: if it becomes unavailable or corrupted,
participants lose the ability to collaborate and, in the worst
case, even to access the shared model. Unsurprisingly, failure
recovery is identified as a key requirement by 73% of practi-

An AITO publication


http://dx.doi.org/10.5381/jot.2026.25.3.a27

tioners (David et al. 2023). This architectural choice carries sig-
nificant organizational implications. In practice, organizations
rarely host their own servers and instead rely on cloud providers
(e.g., Amazon Web Services). Yet the way these providers
handle and store customer data is often opaque, raising con-
cerns about sovereignty and intellectual property protection,
particularly in the event of a data breach. In multi-organization
collaborations, disagreements over where and by whom shared
models are stored can become a significant barrier.

The growing demand for collaborative features in modeling
tools should be read in the broader context of shifting user prac-
tices over the past decade (Kleppmann et al. 2019). Practitioners
are increasingly mobile and switch devices depending on con-
text. Modeling tools must therefore provide continuity across
devices. A practitioner should be able to work from an office
desktop, a laptop at home over Wi-Fi, or a smartphone on a train
with poor or even no connectivity. Tools should support seam-
less synchronization and data merging. Accordingly, users also
expect cross-platform collaboration (operating systems, web en-
vironments, etc.). Moreover, collaboration now extends beyond
human users. Human-Autonomy Teaming (HAT) (McNeese et
al. 2018) is becoming a reality: Al assistants are increasingly
integrated into modeling and development tools, participating
in analysis, refinement, and decision-making tasks (Rédler et al.
2024; Dagenais & David 2025).

Consider, for example, a global aerospace manufacturer co-
developing an avionics platform with suppliers across Europe,
North America, and Asia. The core systems team in Europe
co-edits architecture and safety models in real-time during de-
sign reviews, while suppliers in other time zones independently
update interface models, traceability links, and verification arti-
facts offline. Connectivity constraints (travel, secure facilities,
and bandwidth limits) make continuous access to a central server
unreliable. In parallel, automated analysis agents run nightly
to update requirement coverage, flag constraint violations, and
propose model refactorings.

When teams reconnect, all changes (human or AI) must con-
verge to a consistent model. This scenario exemplifies hybrid
collaborative workflows: participants alternate between syn-
chronous and asynchronous work, with real-time subgroups
coordinating locally while overall progress is maintained asyn-
chronously across time zones and organizations. Such work-
flows are increasingly representative of modern engineering
practice.

From the needs reported by practitioners and the evolution
of engineering practices, we derive two main conclusions. First,
modeling tools must support multiple collaboration modalities
to reflect the diversity of real-world scenarios. Second, model-
centric development poses collaboration challenges that are not
fully addressed either by source code-centric workflows (e.g.,
version control systems, code review, pull requests), which pri-
marily support asynchronous work, or by centralized server ar-
chitectures, which enable real-time collaboration. Practitioners
instead call for modeling environments capable of supporting
both collaboration workflows.

Addressing these expectations further entails meeting archi-
tectural requirements such as fault-tolerance, model merging,
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and automated conflict resolution, thereby outlining a concrete
design agenda for next-generation collaborative modeling tools.

Contributions In this article, we lay the foundations for the
architectural principles required to support hybrid collaborative
modeling. First, we introduce a classification framework for
collaboration architectures. Using this framework, we establish
a comparative table of existing collaborative modeling tools and
highlight their limited support for hybrid workflows. We then
propose a novel architectural approach: Local-First Collabo-
rative Modeling. Inspired by the Local-First software design
paradigm (Kleppmann et al. 2019), this approach allows users to
edit shared models locally (even without network connectivity)
while automatically merging their changes upon reconnection,
without compromising real-time collaboration among online
participants. Finally, we outline a reference implementation ap-
proach based on replicated data types, intended to demonstrate
feasibility and guide future implementations

Plan The remainder of this article is structured as follows.
Section 2 reviews existing research on collaborative modeling.
Section 3 introduces our classification framework for collabo-
ration architectures and applies it to position current collabo-
rative modeling tools within the resulting design space. Sec-
tion 4 presents the requirements and implementation proposal
for Local-First Collaborative Modeling. Section 5 discusses
the implications of the proposed architectural principles and
outlines future research directions. Finally, Section 6 concludes.

2. Related Work

In this section, we review related work on collaborative mod-
eling. We first provide an overview of the field, then discuss
the two main collaboration modalities (asynchronous and syn-
chronous), and finally examine existing research on hybrid col-
laborative modeling.

2.1. Overview of Collaborative Modeling

Models provide a common language for structuring domain-
specific knowledge, enabling sharing and co-construction
among stakeholders (Bézivin 2005; Seidewitz 2003). Model-
based Systems Engineering (MBSE) treat models as first-class
artifacts used to capture and manage the complexity of system
design, development, and maintenance (Estefan et al. 2007).
MBSE relies on (meta)models to define the abstract syntax of
Domain-Specific Languages (DSLs), which specify the struc-
ture of models.

Collaborative modeling lies at the intersection of several fun-
damental challenges in modeling research: model management
(lifecycle support, versioning, and repositories), communication
and interaction (participatory modeling, awareness features,
wikis, chat), and consistency management (conflict detection
and visualization, model merging) (Di Ruscio et al. 2017; Fran-
zago et al. 2017). While its importance is well established,
collaborative modeling continues to be poorly supported in
practice, and addressing this gap is key to accelerating the in-
dustrial adoption of MBSE (Abrahdo et al. 2017; Bucchiarone
et al. 2020; Kuhn et al. 2012; Liebel et al. 2018).



Collaborative modeling tools implement different collabora-
tion modalities, which may or may not align with practitioners’
needs depending on evolving practices, project complexity, de-
velopment processes, and team size (Demuth et al. 2015). The
suitability of a tool, therefore, depends not only on its modeling
capabilities, but also on the kind of collaboration scenarios it
enables.

To date, collaborative modeling solutions have mainly fo-
cused on two collaboration scenarios, often treated as mutually
exclusive. As a result, tools can broadly be classified into two
main families: (i) tools supporting asynchronous collaboration,
typically through a model-aware Version Control System (VCS),
and (ii) tools supporting synchronous, real-time collaboration,
generally relying on a centralized server. According to an earlier
study (Franzago et al. 2018), about half of the surveyed tools
support an asynchronous workflow (24 out of 48; 50%), while
40% support a synchronous workflow (20 out of 48). Only a
small minority support both (4 out of 48; 8%). While this study
predates several recent developments, our analysis of more re-
cent tools (Section 2.4 and 3, and Table 1) confirms that explicit
and principled support for hybrid workflows remains limited
and often constrained.

2.2. Asynchronous Collaborative Modeling

At the intersection of collaborative modeling and model man-
agement, model-aware VCSs allow participants to work on
their local copy of the shared model and merge their changes
later, through a repository. Contributors can work in parallel
on separate branches while benefiting from a complete history
of modifications, allowing them to trace and understand the
evolution of modeling artifacts over time (Altmanninger et al.
2009).

Unlike traditional text-based version control systems such as
Git” or SVN?, these tools are specifically designed to account
for the graph structure and rich semantics of models (Kelly
2018; Exelmans et al. 2023). The existence of multiple concur-
rent versions of the model introduces the problem of conflict
resolution and merge procedures. When performed manually,
this is a slow and error-prone process that imposes a significant
cognitive load to participants. To tackle this challenge, many
model versioning tools have been proposed to automatically de-
tect conflicts, visualize differences, and assist users in resolving
them (Sharbaf et al. 2022; Koshima & Englebert 2015; Koegel
& Helming 2010). In parallel, extensive research has focused
on specialized model comparison and merging algorithms that
better account for model semantics (Brun & Pierantonio 2008;
Debreceni et al. 2017; Westfechtel 2010; Zadahmad Jafarlou
& Syriani 2026). However, the support for asynchronous work
generally comes at the expense of synchronous collaboration.

2.3. Synchronous Collaborative Modeling

Real-time collaborative modeling allows participants to co-edit
a shared model while immediately* seeing each other’s changes.

2 https://git-scm.com

3 https://subversion.apache.org

# Modulo network latency and synchronization delays. Some authors prefer to
speak of “near real-time” (Nicolaescu et al. 2018).

Well-established requirements for this workflow exist (Sun et al.
1998). Research has addressed key challenges such as update
propagation (Sharbaf et al. 2021), integration in different envi-
ronments (e.g., web-based platforms (Nicolaescu et al. 2018)),
network architectures (e.g., peer-to-peer (Krusche & Bruegge
2014), federation (Alfonso & Cabot 2026), cloud-based), model
consistency management (e.g., eventual consistency (David &
Syriani 2023)), and participant awareness mechanisms (Saini &
Mussbacher 2021).

The vast majority of existing tools rely on a centralized server
architecture to provide real-time collaboration (Franzago et al.
2018). The server is responsible for linearizing” update requests,
which removes the need for explicit conflict management on
the client side. Such architectures do not support offline work:
updating the shared model requires a permanent connection to
the server. As a result, participants with high latency suffer a
degraded user experience, including failed requests or repeated
rollbacks.

2.4. Hybrid Collaborative Modeling

Several studies acknowledge that hybrid collaborative modeling
is an important yet underexplored research direction (Pietron
2020; Choudhury et al. 2025; Franzago et al. 2018; David et al.
2023; Di Ruscio et al. 2017). Some recent work have begun to
explore this workflow.®

Pietron et al. propose an operation-based versioning ap-
proach in which update operations on shared models are stored
in a partially-ordered history represented as a directed acyclic
graph (DAG), enabling versioning and transitions between real-
time and offline collaboration modes in graphical modeling
tools (Pietron et al. 2021). However, conflict resolution must be
carried out manually by the participants.

Olivier et al. introduce a set of operation-based Conflict-free
Replicated Data Types (CRDTs) (Shapiro et al. 2011), including
a directed multigraph (or multidigraph) embedding a semantic
conflict resolution policy. They use it to implement a Local-
First collaborative UML Class Diagram (Olivier et al. 2025).
However, their method requires manual re-encoding of the target
metamodel, i.e., composing replicated data types by hand to
reflect every structural aspect of the metamodel, which limits its
applicability to complex modeling languages. In addition, they
do not discuss the requirements for generalizing their approach.

C-Praxis supports collaborative model editing by represent-
ing models as sequences of metamodel-independent operations
over the abstract syntax (e.g., creating/deleting model elements,
adding/removing references between them) (Michaux et al.
2011). It builds on Telex, an optimistic replication middleware,
allowing participants to alternate between frequent synchro-
nization and disconnected work. Conflicts are handled through
application-level semantic constraints and schedule selection.
However, convergence is obtained by ordering or aborting con-
flicting changes, so some concurrent contributions may be dis-

5 The server processes update requests sequentially, as they arrive, without
accounting for concurrent edits.

6 Some approaches support both workflows, but not hybrid workflows. For ex-
ample, MONDO supports both synchronous and asynchronous collaboration,
but participants cannot transition seamlessly between the two modes.
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carded and participants may experience rollbacks when tentative
schedules are revised.

DesignSpace is a cloud-based artifact integration and service
platform for model-driven engineering that supports distributed
collaboration and artifact synchronization across tools (Demuth
et al. 2015). It acts as an engineering hub rather than a modeling
tool, and while it provides infrastructure for consistency check-
ing, conflict resolution is typically realized by the participants
themselves.

CoMPers supports hybrid collaborative modeling through
personalized change propagation (Sharbaf et al. 2025). While
it enables concurrent editing without locking, its configurable
conflict detection and resolution mechanisms are realized at the
centralized server.

Although these approaches demonstrate the feasibility of
supporting both synchronous and asynchronous collaboration
in modeling environments, they vary substantially in design.
None provides a principled and unified set of architectural re-
quirements to guide key decisions (e.g., conflict management,
consistency), thereby highlighting the need for a common foun-
dation for hybrid collaborative modeling systems.

3. A Framework for Classifying Collaborative
Architectures

In this section, we first introduce a framework to classify dif-
ferent collaborative architectures. Then, we apply this frame-
work to a representative set of collaborative modeling tools,
demonstrating its effectiveness in characterizing heterogeneous
architectures and making their trade-offs explicit.

3.1. Classification Framework

Our framework builds on prior analyses of collaboration archi-
tectures (Pietron 2020; Pietron et al. 2023; Masson et al. 2017),
but retains only the abstract dimensions that define the core
architectural properties of collaboration principles.’

Figure 1 outlines our classification framework, in the form
of a feature diagram (Czarnecki & Wasowski 2007). Abstract
nodes correspond to collaboration dimensions, while concrete
nodes represent the modalities of these dimensions. The fea-
ture diagram defines the design space of collaborative settings.
A collaboration scenario specifies which modalities it needs,
while an architecture provides those it supports. Whether an
architecture is suitable for a scenario depends on whether the
scenario’s required modalities are covered by the architecture’s
supported ones.

We define collaboration as a process in which several actors,
the participants, co-edit a shared resource. In our context,
the shared resource is typically a model, which consists of an

7 In particular, we deliberately exclude access control, persistence mechanisms,
and communication protocols from our scope. In comparison, (Pietron et al.
2023) develop fine-grained feature diagrams that cover a broad range of imple-
mentation choices and technological variants, illustrated on general-purpose
collaborative software (Google Docs, Overleaf, Git) rather than modeling
tools. By contrast, our framework focuses on a smaller set of fundamental
dimensions, making it easier to apply, more stable with respect to techno-
logical evolution, and better suited for systematic comparison across tools.
Combined with our comparative table, it provides a concrete landscape of
existing modeling tools.
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abstract syntax, defining its structure, with one or more concrete
syntaxes, defining its representations (e.g., diagrams). As a
process, collaboration produces a history, understood as a set of
change events linked by causal dependencies (Lamport 1978).
A version of the shared resource is a prefix of the history.®

Collaboration is classified by temporality as either syn-
chronous, when participants share a common time window, or
asynchronous, when they do not. We propose a third category:
hybrid collaboration. In hybrid settings, participants may al-
ternate seamlessly between real-time and asynchronous phases.
Several subgroups can work in real-time, while coordination
between these groups takes place asynchronously.

A shared resource can be centralized or distributed.” In the
first case, there is only one authoritative version of the shared
resource, and participants must request changes to it. In the
latter, each participant maintains a replicated copy (i.e., replica)
of the shared model.

A change event is characterized by its level of abstraction
and its granularity. Changes to the abstract syntax are semantic;
changes to the concrete representation are synfactic. An event
may record an operation10 or a state snapshot.

Changes from the same participant are totally ordered,
whereas changes from different participants may be only par-
tially ordered (i.e., concurrent) when they work in parallel, such
as in asynchronous workflows (Schwarz & Mattern 1994). The
history of recorded events may or may not preserve this par-
tial order. Sequential histories result either from ignoring the
distributed nature of collaboration (by arbitrarily linearizing
events), or from completely preventing parallel work.

A conflict arises when concurrent change events would lead
the shared resource to divergent states (they do not commute).
Conflict management refers to the mechanisms used to address
such situations. These mechanisms may prevent conflicts by
avoiding concurrency (e.g., through locking or coordination
protocols), delegate resolution to participants (manual merge),
resolve conflicts automatically (e.g., using CRDTs or model-
aware merging), or use a mixed approach. When conflict resolu-
tion is automatic, it may rely either on a reordering of concurrent
events (structural resolution) or on an interpretation of their se-
mantics, that is, the nature and intent of the changes involved
(semantic resolution). Structural resolution imposes an order on
concurrent events, whereas semantic resolution exploits proper-
ties of the changes themselves to compute a meaningful merged
result that preserves user intent.'! Once resolution has occurred,
the involved participants must observe a consistent state of the
shared resource.

8 For a partially ordered history, the notion of prefix corresponds to a downward-

closed set of events.

9 For the sake of simplicity, we consider federated resources as distributed.

10 Operations can be classified into (pure) queries, which do not change the state,
and (pure) updates, which have a side effect (Perrin 2017).

1T Semantic conflict resolution is not restricted to semantic change events. For
instance, TGRL (Saini & Mussbacher 2021) records changes at the textual
concrete-syntax level, yet resolves conflicts semantically by computing appro-
priate insertion positions for concurrent character edits.
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Figure 1 Feature diagram of the design space of collaborative architectures.

3.2. Comparative Table of Existing Collaborative Model-
ing Tools

This section demonstrates the effectiveness of the classification

framework introduced in Section 3 by applying it to representa-

tive collaborative modeling tools. Table 1 confirms that explicit

hybrid support remains limited. The mapped solutions are frag-

mented across architectural choices.

The comparative table includes tools reported in major sur-
veys and mappings of collaborative MBSE (Franzago et al.
2018; Choudhury et al. 2025; David et al. 2023), while ensuring
diversity across architectural families (centralized, distributed,
and hybrid), history structures (sequential vs concurrent), and
conflict-management strategies (prevention, manual resolution,
mixed, automatic). Concretely, the table combines established
platforms (WebGME, SiriusWeb, AToMPM, MetaEdit), dis-
tributed CRDT-oriented solutions (Lowkey, TGRL, SyncMeta),
and hybrid candidates discussed in recent literature (De-
signSpace, CoMPers, Pietron et al., Olivier et al., and MONDO
via its online/offline modes). This sampling strategy allows
meaningful cross-tool comparison within a single design space.

Our classification is intended as an analytical instrument
for reasoning about collaboration architectures. It reports the
claimed architectural support for each dimension and modality,
based on the corresponding publications and technical documen-
tation, rather than potential capabilities that are not explicitly
designed or validated. For example, Lowkey could in principle
be adapted for asynchronous collaboration, but it is classified
here according to its intended synchronous design.

4. Local-First Collaborative Modeling

To effectively support hybrid workflows, collaborative modeling
would benefit from a software design paradigm that integrates
collaboration features at its core. One such paradigm is Local-
First: a set of principles that prioritize responsiveness, data
availability, and user ownership of data, even in distributed and

offline scenarios (Kleppmann et al. 2019).

In this section, we first introduce the Local-First paradigm
and its core principles, then derive architectural requirements for
collaborative modeling tools that fully embrace this paradigm.
Finally, we formulate an implementation proposal using repli-
cated data types.

4.1. Local-First Software Design Paradigm

The concept of Local-First software was introduced by Klepp-
mann et al. in their 2019 essay (Kleppmann et al. 2019). It
advocates an architecture in which applications operate pri-
marily on local data while seamlessly synchronizing across
devices and collaborators. The seven principles emphasize that
software should be fast (no network dependency for responsive-
ness), multi-device (data available across user devices), offline-
capable, collaborative (supporting real-time and asynchronous
work), long-lived (data outlasting any single service provider),
secure and private by default, and user-controlled (users retain
ownership of their data). Their vision is that Local-First soft-
ware can empower users with greater control over their data and
overcome the traditional opposition between asynchronous and
real-time collaboration.

4.2. Architectural Design Requirements

We define Local-First collaborative modeling as an architec-
ture where participants edit shared models stored primarily on
their own devices. Data synchronization occurs opportunisti-
cally when connectivity is available. Merging of concurrent
versions happens automatically and uses a semantic conflict
resolution policy to preserve participants’ work as much as
possible. This allows for real-time collaboration between on-
line participants, while also supporting offline work with later
merging of changes.

Building on modelers’ needs reported in Table 2, we derive
the following architectural requirements (R1-RS) for hybrid
collaborative modeling:
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Resource History Change Change Conflict Conflict

Tool Temporality Locality structure abstraction level granularity management resolution
(Olivier et al. 2025)  Hybrid Distributed Concurrent Semantic Operation Resolution Automatic
(semantic)
C-Praxis? Hybrid Distributed Concurrent Semantic Operation Resolution Automatic
(semantic)
CoMPers® Hybrid Centralized Concurrent Semantic Operation Resolution Mixed!
DesignSpace® Hybrid Distributed Concurrent Semantic State Resolution Manual
Lowkey? Synchronous Distributed? Sequential Semantic Operation Resolution Automatic
(structural)
WebGME*® Synchronous? Centralized Concurrent Semantic State Resolution Manual
SiriusWebf Synchronous Centralized Sequential Semantic Operation Prevention? N/A
MetaEdit+& Synchronous Centralized Sequential Semantic Operation Prevention* N/A
AToMPM" Synchronous Centralized Sequential Semantic Operation Prevention’ N/A
TGRL! Synchronous Distributed Concurrent Syntactic Operation Resolution Automatic
(semantic)
BUMBLE-CE! Synchronous Centralized Sequential Semantic Operation Prevention? N/A
SyncMetak Synchronous Distributed Concurrent Semantic Operation Resolution Automatic
(semantic &
structural)
ModelFed! Synchronous Distributed Sequential Semantic Operation Prevention® N/A
MONDO™
(online mode) Synchronous Centralized Sequential Semantic Operation Prevention’ N/A
MONDO™ Resolution Automatic
(offline mode) Asynchronous Distributed Concurrent Syntactic State or Prevention* (semantic)
DiCoMEF" Asynchronous Distributed Sequential® Semantic Operation Resolution Manual
Resolution
CDO° Asynchronous’ Centralized Concurrent Semantic Operation or Prevention* Mixed

! Support both manual and automatic conflict resolution. Automatic conflict resolution can be structural (e.g., highest-priority-wins) or semantic (using a machine
learning algorithm).

2 Rely on a central server to dispatch updates.

3 Server linearizes update requests.

4 Locking mechanism on model elements.

3 Partially support offline editing.

6 Each participant maintains local copies of the model/metamodel and local repositories, but synchronization is controller-mediated. Accepted changes form a
common sequential operation history.

7 Partially support online editing through live transactions. However, seamless transition between online and offline modes is not supported.

# (Michaux et al. 2011): Peer-to-peer collaborative model editing framework based on Telex.

b (Sharbaf et al. 2025): Hybrid collaborative modeling through personalized change propagation.

¢ (Demuth et al. 2015): Cloud-based artifact integration and service platform for model-driven engineering.

4 (David & Syriani 2023): Multi-level modeling using CRDTs.

¢ (Mardti et al. 2014): Web-based (meta)modeling tool for DSLs.

f (Giraudet et al. 2024): Web-based language workbench.

g (Kelly 2018): Repository-based meta(modeling) tool.

b (Syriani et al. 2013): Web-based multi-paradigm modeling tool.

! (Saini & Mussbacher 2021): Real-time goal-oriented requirement modeling in VS Code using CRDTs.

I (Aslam et al. 2023): Cross-platform real-time collaborative modeling platform based on EMF.Cloud.

kK (Nicolaescu et al. 2018): Web-based conceptual modeling framework using CRDTs.

! (Alfonso & Cabot 2026): Federated protocol for collaborative cross-platform modeling.

™ (Debreceni et al. 2017): Secure collaborative modeling over existing VCSs. It supports both synchronous and asynchronous collaboration, but not hybrid
workflows. Participants cannot transition seamlessly between the two modes.

" (Koshima & Englebert 2015): Model-aware version control system for EMF (meta)models.

© CDO: distributed shared model repository for EMF (meta)models.

Table 1 Comparative table of collaborative modeling tools.
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Practitioner need Evidence from literature Req.

Ability to work without
continuous connectivity and
resilience to server failures

95% expect offline support; R1
73% consider failure recovery

critical (David et al. 2023)

Support for hybrid workflows 98% expect collaboration R2
support; 90% synchronous and

95% asynchronous (David et al.
2023)

Fine-grained understanding of
model evolution

95% expect history support; R3
85% version branching (David

et al. 2023); traceability and
evolution needs

reported (Altmanninger et al.

2009; Exelmans et al. 2023)

77% consider automated R4
conflict resolution
important (David et al. 2023)

Reduction of cognitive load
during collaboration and
avoidance of manual merge
overhead

Preservation of contributors’
work and predictability of
collaboration outcomes

Reported risks of lost updates R5
and error-prone merges in
collaborative

modeling (Di Ruscio et al.

2017; Sharbaf et al. 2022)

Table 2 Traceability from practitioner needs to architectural
requirements

R1 Local storage of models. The system maintains a local
replica of the shared model locally at each participant.
This avoids reliance on opaque cloud storage and gives
users direct control over their data, reducing risks related
to confidentiality and intellectual property. It also ensures
availability of the model even in the absence of network
connectivity or in case of server failure.

R2 Seamless transition between workflows. The system sup-
ports synchronous (online) and asynchronous (offline) col-
laboration, and seamless transitions between these modes.

R3 Fine granularity of changes. Several works have shown
that, for model versioning, it is preferable to record the
operations applied rather than a succession of state snap-
shots (Pietron 2020; Exelmans et al. 2023). This finer
granularity provides a more expressive history, enabling
features such as branching, retrospective analysis, and sim-
ulation.

R4 Automatic model merging. Changes from different par-
ticipants are merged automatically. Participants are not
required to coordinate manually to restore consistency
and collaboration is not interrupted by explicit conflict-
resolution steps.

R5 Preservation of contributions. To avoid losing work
during a conflict resolution, the merge should preserve the
effect of each participant’s changes (i.e., avoid rollbacks
or “lost updates”) and remain transparent in how conflicts
are resolved. This typically requires a semantic conflict
resolution policy.

4.3. Implementation proposal

4.3.1. Overview In conventional modeling toolchains, a
DSL is first defined by means of a metamodel, from which
executable code is then generated (typically in languages such
as Java or C++). The metamodel’s structural elements and
constraints are encoded in sequential data types. Conceptually,
the resulting implementation corresponds to a multidigraph or
tree of classes linked to one another. Our proposal is to gen-
erate replicated data types with well-defined behavior under
concurrency, thereby making metamodel-based DSLs suitable
for distributed collaborative environments.

To address model locality (R1) and automatic model merg-
ing (R4), we propose to encode metamodels as Conflict-free
Replicated Data Types (Shapiro et al. 2011). Instances of these
data types are therefore replicated objects representing the mod-
els. CRDTs are said to be wait-free because, unlike traditional
data-replication approaches based on consensus protocols, their
update operations do not require any prior coordination to be
issued. The state therefore always remains available to be modi-
fied, even offline, which directly satisfies R2.

A CRDT satisfies eventual consistency: two replicas that
have observed the same set of updates are in the same state.
Replicas may temporarily diverge while operating in isolation,
but they converge as soon as they exchange their updates, i.e.
they are eventually consistent. Propagation may occur peer-
to-peer or through generic syncing servers'”, making CRDTs
highly flexible. Replication can be state-based or operation-
based; to satisfy R3, we suggest to use operation-based CRDTs.

Since conflict resolution is integrated into the CRDT spec-
ification, no external merge mechanism is required. Conflicts
are resolved at the appropriate level of the object hierarchy, ei-
ther within the CRDT or through its parent’s resolution policy.
Hence, a CRDT is a reusable object that embeds the conflict
specification, detection, and resolution of the data it represents.
While designing correct replicated data types can be difficult,
this difficulty is mitigated by the ability to compose them into
more complex CRDTs (Bauwens & Gonzalez Boix 2023).

Although any replicated data type that guarantees conver-
gence can be described as a CRDT, convergence alone is not suf-
ficient. A structural conflict-resolution policy, such as assigning
fixed priorities to participants and ordering concurrent updates
accordingly (the well-known “Last-Writer-Wins” policy), tech-
nically achieves convergence, but often results in unpredictable
data loss (Saito & Shapiro 2005). Updates may be reordered in
ways that violate their preconditions, causing implicit rollbacks.
Moreover, the more participants work asynchronously and in
isolation, the higher the probability of conflicts. In such situa-
tions, non-semantic conflict resolution degrades the modeling
experience and undermines trust in asynchronous collaboration.
Semantic conflict resolution, which inspects the meaning of
the conflicting operations and computes an appropriate merged
result, is therefore essential to satisfy R5. They guarantee that
conflicts involving the same operations and causal context are
always resolved in the same deterministic way.

12 Note that in that case, the server is only responsible for relaying updates, not
for storing the model or performing any merge procedure.
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Figure 2 Implementation proposal overview. On the left-hand side (conception), a language engineer defines the metamodel

of a DSL and may optionally annotate it to guide the generation of operational semantics. The metamodel is then provided to

a code generator, which leverages a CRDT library to produce a Local-First collaborative DSL runtime. On the right-hand side
(integration), a domain expert works within a familiar modeling environment to edit a shared model through the standard user
interface. Editing actions are intercepted and translated into CRDT operations, which are applied locally and propagated to other
participants when connectivity is available. The resulting CRDT state is queried and materialized into a representation understood
by the modeling backend, which in turn refreshes the model view.

4.3.2. Semantic conflict-resolution with CRDTs  Previ-
ous uses of CRDTs in modeling have not fully exploited their
potential. Lowkey (David & Syriani 2023) relies on a Last-
Writer-Wins policy.'*> TGRL (Saini & Mussbacher 2021) repre-
sents models as serialized strings using a text CRDT, resulting
in a syntactic approach that fails to capture the semantics of
modeling operations. SyncMeta (Nicolaescu et al. 2018) is con-
strained by the predefined policies and data types exposed by
the underlying CRDT library. '

A stronger approach is to design modeling-specific CRDTs,
with conflict-resolution policies that take the semantics of mod-
eling operations into account. For example, the Update-Wins
labelled directed multigraph CRDT proposed in (Olivier et al.
2025) addresses conflicts between the concurrent addition of
an edge and the deletion of its source or target node. This data
type supports nested CRDTs in its graph elements, allowing it
to model complex structures and their associated content. Un-
der its “Update-Wins” semantics, a delete operation removes
the node and its existing content at the time of the deletion,
but does not discard concurrent additions: newly added rela-
tions or updates to its content revive the node. As a result,
neither the addition nor the deletion is lost, dangling relations
are avoided, and the resulting state remains predictable to partic-
ipants. While (Olivier et al. 2025) provides empirical validation
via property-based fuzz testing, it does not include a formal

13 Last-Writer-Wins does not refer a precisely defined policy in the literature. In
case of conflicts, ties are either broken using wall-clock time or the lexico-
graphic order on replica identifiers.

14 Production-ready libraries such as Loro, Yjs, or Automerge do not allow the
definition of new replicated data types tailored for modeling, such as graphs.
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proof of the multidigraph CRDT specification. We provide such
a proof in Appendix A.l. Stricter policies are also possible,
for example by fully ignoring a node deletion concurrent to an
update of its content. Indeed, the fine-grained control CRDTs
offer over conflict resolution allows for a wide range of poli-
cies, depending on the modeling context and the desired user
experience.

CRDTs also support manual resolution when required. The
Multi-Value register data type (DeCandia et al. 2007), for ex-
ample, preserves all concurrent updates instead of arbitrarily
selecting one, allowing participants to manually choose the ap-
propriate value. This approach is well suited for conflicts where
domain judgment is necessary.

Finally, some modeling constraints require that a property
have a unique value at all times. While a Last-Writer-Wins
register often adopted in that case, more suitable designs are
possible. One option is a Fair register, which relies on a dy-
namic, round-robin style priority rather than fixed participant
precedence. Another approach is to define a semantic total order
over the set of possible values (Zawirski et al. 2016). This ap-
proach can also be combined with Multi-Value semantics when
the value domain is only partially ordered.

Fair Register CRDT  We formalize the Fair register'” intro-
duced above as an alternative to Last-Writer-Wins registers. We
provide a formal proof of correctness in Appendix A.2. The
state of a CRDT replica is (abstractly) modeled by its causal his-

15 The Fair register implements a weak notion of fairness in which no participant
is systematically preferred by the tie-breaking rule (Lamport 1978). A refer-
ence implementation is available at: Moirai GitHub repository - FairPolicy.


https://loro.dev
https://yjs.dev
https://automerge.org
https://github.com/CEA-LIST/Moirai/blob/149cbaad1bbbd9697b989bee40ec990f19c8543f/moirai-crdt/src/policy/mod.rs#L63

tory (Shapiro et al. 2011), i.e., a partially ordered set of updates.
We denote by s C T x U the CRDT state, consisting of pairs
of timestamp-update (£, u), where t is a Lamport clock and
u € {write(v) | v € Val}. Updates delivered by a participant
are appended to its local causal history. Queries are evaluated
over s by the eval function. origin : T — {1,...,n} returns
the replica identifier of the issuing issuing participant of ¢.

When queried, the Fair register returns the most recent write
in its causal history. A conflict arises when two writes are con-
current, i.e., when both may be considered the latest write and
an arbitration is therefore required to select one. To resolve such
conflicts, we define a total order on timestamps that combines
Lamport clocks with a fair tie-breaking rule:

t<t = t<t'V(t="t Arank(t) < rank(t'))

The rank function implements a rotating leader selection over
participants:

1: function RANK(t)

2 leader < t mod n

3 idx < origin(t)

4 return (idx + n — leader) mod n

The evaluation function selects the maximal write according
to this order:

v if (t,write(v)) € s
At= mjx{t’ | (¢, ) €s}

1 ifs=0

eval(read,s) =

Hence, CRDTs can be designed with a wide range of conflict-
resolution policies, from strict to permissive, structural to se-
mantic, and automatic to manual. This flexibility allows them
to be tailored to the specific requirements of different modeling
contexts and user preferences, making them a powerful tool for
implementing Local-First collaborative modeling.

4.3.3. Integration path with existing modeling tools We
propose a three-step integration path for deploying a Local-First
collaborative architecture in existing modeling environments.
The steps are: (1) design modeling-specific CRDTs, (2) generate
CRDT-based model implementations from metamodels, and (3)
integrate a replication layer into existing toolchains. Figure 2
illustrates this approach.

The first step is partially addressed by previous work (Olivier
et al. 2025). Our framework, written in Rust, MOIRAII(’, pro-
vides a library of composable, operation-based CRDTs and is
explicitly designed to be extended with new replicated data
types. MOIRALI offers reusable building blocks for defining
domain-specific CRDTs, while remaining agnostic to the net-
working, storage, or deployment architecture.

The second step is to exploit CRDT composability through
code generation. Instead of generating sequential model imple-
mentations (as in traditional toolchains such as EMF!”), the gen-
erator maps metamodel constructs to compositions of CRDTs.

16 hitps://github.com/CEA-LIST/Moirai
17 https://eclipse.dev/emf

This generator would be metamodeling-specific; practical initial
targets include UML'®, SysML'?, and Ecore’”. In practice, a
language engineer defines the DSL metamodel in a standard
workbench, then invokes the generator to produce a Local-First
implementation conforming to that metamodel. Because the
generated CRDT runtime implements the structural constructs
of the metamodel, its instances correspond to replicated models
expressed in the language defined by the metamodel. To cover
different collaboration requirements, metamodel annotations
can parameterize the generated CRDT choices and associated
operational semantics.

The third step is the integration into existing modeling tools
(e.g., EMF.Cloud”', SiriusWeb) through an intermediary repli-
cation layer. Most tools expose APIs to observe editing events.
An adapter can intercept model updates, translate them into
CRDT operations, and submit them to the replication layer. The
layer then (i) applies operations to the local CRDT state, (ii)
propagates local updates to other replicas, and (iii) materializes
the current replicated state into a format understood by the mod-
eling backend (e.g., XMI, JSON). The backend deserializes this
state and refreshes the model view.

4.3.4. A metamodel-independent mapping to CRDTs
We present a generic, metamodel-independent mapping to
CRDTs. We do not aim to prescribe a unique conflict-resolution
policy for all metamodels. Instead, we present a default map-
ping that preserves contributions as much as possible by using
an Add-Wins policy where appropriate, in line with R5. Table 3
summarizes the six metamodel-independent model-building op-
erations identified in (Blanc et al. 2008), based on the MOF
reflective APL.

Operation Description

create(e, ¢) Creates a model element e of class c.
delete(e) Deletes an existing model element e.
addProperty(e, p,val)  Sets property p of e to value val.

removeProperty (e, p)
addRef(eq,7,e3)

removeRef(eq,7,¢e5)

Unsets property p of element e.
Adds reference r from e; to ep.

Removes reference r from eq to e;.

Table 3 Metamodel-independent model-building operations.

Conflict patterns  Let || denote concurrent execution. A con-
flict occurs when two concurrent updates do not commute in
the current state. By examining all pairs of non-commutative
operations, we identify the following potential conflicts:

— addRef(eq,7,e;) || removeRef(e}, 7/, ¢))
ifr=r"A(eg=¢e Ve, =¢)).

— addProperty(e, p,val) || removeProperty(¢’, p’)
ife=eAp=yp.

18 https://www.omg.org/spec/UML
19 hitps://sysml.org

20 https://eclipse.dev/emf

21 https://eclipse.dev/emfcloud
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— addProperty(e, p,val) || addProperty(e’, p’, val’)
ife=¢ Ap=p' ANval # val'.

— addProperty(e, p,val) || delete(e’)
ife=¢

— addRef(eq,7,e7) || delete(e’)
ifeg =e' Vey =¢'.

Composition  Given a MOF-based metamodel, we can design
a composition of CRDTs that support these model-building
operations. Such a composition forms a tree of causal histo-
ries (Bauwens & Gonzalez Boix 2023). Query evaluation is
therefore recursive. A query is first interpreted at the root, which
determines, according to its conflict-resolution policy, which
children are live and which portions of their histories remain
visible (it causally resets it). The query is then propagated to the
selected children, and the process continues down to the leaves.
For example, in an Update-Wins labelled multidigraph CRDT,
removing a vertex causes subsequent queries to ignore all up-
dates stored in the corresponding child history that causally
precede the removal, while still preserving updates that are
concurrent with it.

Mapping A metamodel is a tuple M = (C, P, R, prop, ref),
where C is a set of classes, P a set of properties, and R a set
of reference types. The function prop : C — P(P) maps each
class to the properties available for its instances, while ref :
C — P(R x C) returns the reference types that may originate
from instances of a class, together with their admissible target
classes.

The corresponding replicated object is a composite Update-
Wins labelled multidigraph CRDT Gy = (V, E, A, elem, type).
V is a set of model-element identifiers (the vertices) and E a set
of reference identifiers (the edges). The set A C V X V X E
contains the references between model elements (the arcs of
the graph). The function elem : V' — Record x C maps each
element identifier to a replicated object representing an instance
of class C and its properties. More precisely, this object is a
record CRDT, i.e. a map from property names to replicated
fields. For each class ¢ € C, the associated record is built from
M:

recordy(c) = Record{p + field(p) | p € prop(c)}

The auxiliary function field determines the CRDT assigned
to each property. Operations on distinct record fields commute
naturally. Concurrent operations on the same field may conflict,
in which case resolution is delegated to the CRDT chosen for
that field, according to the mapping given in Table 4.

Finally, type : E — Register(R) maps each reference iden-
tifier to its reference type, stored in a register CRDT such as
the Fair Register introduced earlier. A graph instance conforms
to the metamodel when each arc respects the reference decla-
rations of M: for every (v1,v;,€) € A, if elem(v1) = (¢1,_),
elem(vy) = (cp,_), and type(e) = r, then (r,c2) € ref(cy).
Consequently, classes determine the possible vertex types, prop-
erties determine the fields of the record CRDT stored at each
vertex, and references determine the typed edges of the graph.
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MOF data type CRDT Conflict-resolution policy

Number Counter Concurrent increments and
decrements commute.

Boolean Flag Concurrent enable and disable
operations are resolved using
Enable-Wins semantics.

String Sequence of Concurrent insertions are ordered

characters deterministically; removals affect

only observed characters.

Enumeration Register Concurrent assignments are

preserved (Multi-Value) or
arbitrated by a Fair policy.

Table 4 Mapping from MOF primitive data types to CRDTs.

Conflict resolution  Our default policy favors preservation of
concurrent contributions:

— Concurrent addition and removal of a reference: the refer-
ence is retained under add-wins semantics, with the type
assigned by the concurrent addition.

— Concurrent assignment and removal of a property value:
the removal clears the effects of causally preceding assign-
ments, while concurrent assignments remain visible.

— Concurrent assignments of distinct values to the same prop-
erty: the conflict is resolved by the CRDT associated with
that property, according to Table 4.

— Concurrent deletion of an element and update of one of
its properties: the deletion removes the effects of causally
preceding updates on the element, while the concurrent
property update preserves the element identifier, its class,
and assigns value v to property p.

— Addition of a reference to a concurrently deleted element:
to prevent dangling references, the added reference is
recorded but remains hidden as long as one of its end-
points is absent from the resolved vertex set. It becomes
visible again whenever both endpoints are present.””

The mapping guarantees convergence and supports all struc-
turally constructible models of a metamodel. However, struc-
tural constraints beyond local typing (e.g., acyclicity, multiplici-
ties, containment, and abstractness) require additional modeling-
specific CRDTs or invariant-preservation mechanisms.

5. Discussion & Future Work

Local-First collaborative modeling is a promising approach, but
it requires further research and development to be fully realized.

5.1. Modeling-specific CRDTs

The design of modeling-specific CRDTs is a central research
challenge, as their semantics directly shape the user experience

22 Consider three participants p1, pa, and p3 co-editing a model with two ele-
ments, m7 and m;y. Participant p; deletes 111, while p, concurrently adds a
reference from 111 to my. When the deletion is observed, 117 is absent and the
reference is hidden to avoid a dangling edge, although the reference addition
remains recorded. If p3 concurrently updates a property of 77, update-wins
semantics revives 7 in a default state with that property set. The hidden
reference then becomes visible again, since both endpoints are present.



of conflict resolution. We do not envision a single universal
solution, but rather a family of CRDTs offering different se-
mantic trade-offs depending on the modeling context. Given
the diversity of modeling formalisms, specialized replicated
data types are required. For example, although CRDTs have
been developed for simple graphs (Shapiro et al. 2011), directed
multigraphs (Olivier et al. 2025), DAGs (Borth et al. 2025), and
hypergraphs (Bansal 2022), no typed graph CRDT has yet been
proposed. A typed graph defines a set of vertex and edge types,
specifying exactly how those vertices can be linked, includ-
ing edge multiplicities and other constraints such as acyclicity,
abstractness, efc. (Taentzer & Rensink 2005). Consequently,
typed graphs can directly encode the structure and invariants of
a metamodel.

5.2. Limitations of eventual consistency

Because they are designed to process a partial order rather than
a sequence of updates, most CRDTs do not share the same
operational semantics as their sequential counterparts. Even
seemingly simple operations, such as moving an element in a
list CRDT, requires a thorough investigation and are difficult
to implement correctly (Da & Kleppmann 2024). Important
collaborative features, such as undo/redo and access control, re-
main open problems in eventually consistent systems (Preguica
2018).

Moreover, it is not always possible to preserve all contribu-
tions without violating model invariants. Some global invariants
require coordination, and cannot be enforced by CRDTs alone.
However, we argue that this is not a fundamental limitation.
Collaborative modeling, as a process of co-construction, should
allow for temporary inconsistencies (Wieland et al. 2012). Con-
formity checking and issue awareness mechanisms can be imple-
mented at a higher level than the replicated layer, ensuring that
the model eventually satisfies its invariants without sacrificing
the benefits of Local-First collaboration.

Finally, eventual consistency is not a universal solution. Em-
pirical evidence shows that only 53% of practitioners explicitly
express a need for eventual consistency in modeling tools (David
et al. 2023). However, eventual consistency should not be
viewed as a feature in itself, but rather as an architectural trade-
off that enables the support of both real-time and asynchronous
collaboration. As a result, certain collaboration scenarios re-
main better served by coordination-based mechanisms such as
locking. Our proposal therefore does not aim to replace existing
workflows, but to complement them by supporting the emerg-
ing class of hybrid collaborative modeling scenarios for which
eventual consistency and Local-First principles are particularly
well suited.

5.3. Integration

Requirement R3, i.e. fine-grained changes and explicit operation
recording, has significant architectural implications. Capturing
semantic operations requires deeper integration with modeling
tools, making recorders more invasive than snapshot-based ap-
proaches. Indeed, one of Git’s strengths lies in its independence
from the editing tool, as it operates purely on file states.
Fortunately, modern CRDT approaches (Baquero et al. 2017),

such as the one implemented in MOIRAI, decouple data-type
semantics from both the replication protocol and the storage
layer. This separation enables flexible deployment configu-
rations: CRDTs can be replicated in peer-to-peer settings or
across federations of servers (Alfonso & Cabot 2026), while
their partially ordered logs of updates may be persisted using
heterogeneous storage backends. Such flexibility opens the pos-
sibility of reusing model-aware version control systems, such
as the one proposed in (Exelmans et al. 2023), as storage infras-
tructures for Local-First collaborative modeling.

5.4. Beyond the abstract syntax

So far, our discussion has focused on conflict resolution at the
level of abstract syntax. However, conflicts may also arise in
concrete syntaxes (e.g., in element layout, graphical styling,
etc.) and these deserve dedicated investigation. The use of
CRDT-based techniques at this layer remains to be explored,
but they offer a promising direction for supporting consistent
and predictable collaboration across multiple representations.

6. Conclusion

In this article, we have shown, through a classification frame-
work of collaboration architectures, that emerging hybrid collab-
oration workflows remain poorly supported by current modeling
tools, despite corresponding to a clear and growing need among
practitioners.

To address this gap, we proposed adapting the Local-First
software design paradigm to collaborative modeling in order to
natively support hybrid workflows. We derived a set of architec-
tural requirements and outlined a concrete integration path based
on replicated data types. Adopting this architectural stance has
several important implications. First, collaboration becomes
independent of permanent server availability: each participant
maintains a replica of the shared model and can continue work-
ing offline. Second, concurrency is treated as the norm rather
than the exception, shifting the focus from preventing conflicts
to designing predictable and meaningful resolution semantics.
Third, conflict resolution is elevated from a merge utility to a
first-class semantic concern, embedded directly in the modeling
language and its underlying data structures.

A first implementation, realized in the MOIRAI framework,
already covers part of the approach and has enabled the practi-
cal identification and validation of some architectural features.
Future work will focus on extending this prototype to support
the full Local-First collaborative modeling architecture, evaluat-
ing it through real-world MBSE case studies, and studying its
impact on collaborative workflows and user experience.

A. Formal proofs

A correct CRDT satisfies the properties of the Strong Eventual
Consistency (SEC) criterion (Shapiro et al. 2011):

— Convergence: Any two replicas whose causal histories
are equal are in the same state; i.e., all queries over these
histories return the same values.
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— Eventual visibility: Every update operation issued by a
correct replica is eventually included in the causal history
of every other correct replica.”

A.1. Correctness of the multidigraph CRDTs

We provide a formal proof of correctness for the (labelled)
multidigraph CRDT specifications, covering both the simple
(“Add-Wins”) variant and the nested (‘“Update-Wins”) variant,
in which vertices and edges may themselves contain nested
CRDTs. We do not recall the algorithms here; readers can refer
to (Olivier et al. 2025) for details. A reference implementation
is publicly available in the MOIRAI repository.”*

The eventual visibility property is ensured by assuming a
reliable causal broadcast protocol (Cachin et al. 2011). We there-
fore focus on proving convergence using VeriFx, an automated
verification language for CRDTs (De Porre et al. 2024). A valid
execution is a causal history such that, for each update u, its
preconditions are satisfied in the state obtained from its causal
past before u is added to the history. For the data types consid-
ered, the precondition requires that the vertices referenced by
an update adding an arc already exist.

A.1.1. Add-Wins multidigraph

Theorem A.1 (Convergence of the Add-Wins multidigraph). For
any valid execution of the AW-multidigraph, the convergence
property of SEC holds.

Proof. The theorem is machine-checked in VeriFx.”> The for-
malization proves that concurrent updates commute, i.e. their
effect on the state is independent of their delivery order, and
that the evaluation function is deterministic. Together, these
properties imply convergence for all replicas that have delivered
the same set of updates. 0

In addition, the VeriFx specification proves that evaluating
any valid causal history yields a well-formed multidigraph satis-
fying the expected structural invariants and Add-Wins seman-
tics.

A.1.2. Update-Wins labelled multidigraph A composite
replicated data type, such as the Update-Wins labelled multi-
digraph, maintains a set of owned child CRDTs, which may
themselves be composite and contain further nested CRDTs.

To avoid reasoning directly about arbitrarily deep hierarchies
of nested CRDTs, we abstract all nested components as a single
correct resettable operation-based CRDT. This abstraction is
parameterized by the properties required from the nested com-
ponent, namely SEC convergence and correct reset behavior. It
therefore reduces the verification problem to a single level of
nesting.

Theorem A.2 (Convergence of the Update-Wins labelled multi-
digraph). For any valid execution of the UW-multidigraph, and

23 Informally, this means that non-crashed replicas cannot remain disconnected
indefinitely, the network cannot remain permanently partitioned, and every
update issued by a replica is eventually delivered to all other non-crashed
replicas.

24 Moirai GitHub repository - graph

25 VeriFx formalization of the AW-multidigraph.
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for any correct resettable CRDT nested within it, the conver-
gence property of SEC holds.

Proof. The theorem is machine-checked in VeriFx.”® The for-
malization proves that concurrent updates commute, including
updates that affect nested CRDTs, and that reset operations
preserve the convergence guarantees of the nested component.
These properties imply SEC convergence for replicas that have
delivered the same set of updates. O

A.2. Correctness of the Fair register CRDT

Theorem A.3 (Correctness of the Fair Register). For any well-
formed causal history of write operations, the Fair Register
satisfies SEC convergence. Moreover, every read returns at most
one value, and this value was produced by a write operation.

Proof. The theorem is machine-checked in VeriFx.”?’ The for-
malization proves that the ordering used to select the visible
write is total over valid timestamps, and that the read function
is deterministic, returns only written values, and returns at most
one value. These properties imply that replicas which have de-
livered the same set of writes compute the same register value,
hence SEC convergence. O

The VeriFx specification also establishes the fairness prop-
erty: no replica is permanently excluded from winning conflicts,
since each replica has the highest priority for infinitely many
Lamport counter values.
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