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Abstract

Enterprise Digital Twins (EDTs) promise data-driven decision sup-
port at organizational scale, but realizing them requires navigating
siloed departments, tacit knowledge, and high-stakes decisions with
long-horizon consequences. Existing approaches involve domain
experts during model development but focus less on early organi-
zational buy-in in EDTs. We present a vision for trustworthy EDT
engineering grounded in an ‘involving before evolving’ paradigm:
rapidly involving stakeholders through a working prototype before
evolving toward federation and full interoperability. Our three-
stage approach combines foundation models for rapid prototyping,
an ontological backbone for federated interoperability, and observ-
ability tooling for stakeholder trust. We ground our vision in an
ongoing collaboration with Michelin, a multinational manufacturer,
where an initial prototype has helped support stakeholder buy-in.
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1 Introduction

A Digital Twin (DT) is a virtual representation of a real system
that enables its monitoring, prediction, and control through bidirec-
tional data exchange [30]. DTs can have vastly different scales, from
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simple twinned systems to complex Systems of Twinned Systems
(SoTS) [1]. Here, we consider an Enterprise Digital Twin (EDT)
twinning an enterprise system, defined as “a set of purposive ana-
lyzable and simulatable models representing the enterprise in order
to mimic real-world phenomena,” supporting “what-if scenario[s]
playing in virtual space” [27]. Our EDT is a blend of an “Acknowl-
edged SoTS” and “Directed SoTS” [1], as there exist models, goals,
and overall independence at both department- and enterprise-level.
While DTs are defined by automatic bidirectional data exchange
[26], automatic control in EDTs is neither feasible nor desirable for
high impact business decisions, implying the loop can only be closed
at a long time-scale. We term this a long-loop DT, where a human-
in-the-loop affects the real system based on the DT, but at a longer
time-scale (days, months, years) and with potentially irreversible
consequences. Thus, EDTs remain within the DT paradigm: they
receive enterprise data, use modeling, simulation, and Al techniques
to predict behavior and prescribe actions, and close the loop through
human-mediated organizational decisions. In particular, we focus
on the lessons learned for the interoperable engineering of EDTs.

Context and Challenges. We ground our vision in an ongoing
collaboration with Michelin, a multinational manufacturer involved
in world-wide supply chains, marketing, and sales, which serves as
our motivating context. Their business professionals operate across
a complex structure with specialized Domain Knowledge (DK) and
responsibilities. They must navigate a siloed data and processes
ecosystem to model business scenarios and assess cross-functional
impacts. In particular, they rely on tacit knowledge to perform what-
if analysis [19] and make decisions, which lacks explainability, data-
based grounding, and is at risk of disappearing when individuals
leave the organization. This fragmented information environment
limits the company’s ability to rapidly evaluate future scenarios,
quantify uncertainty, and generate robust long-term forecasts for
informed decision-making and organizational resilience.

We have extracted the following challenges for this EDT project
through informal discussion with company stakeholders:

C1 Decision-making support to explore business strategies
C2 What-if simulations of financial scenarios

C3 Easy modeling by non-technical stakeholders

C4 Interoperability across (systems-of-)systems

C5 Observability of the solution and the scenarios
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Figure 1: Outline for our EDT vision, reflecting our current progress and planned steps.

2 Our Vision and Approach

Our vision is to develop a trustworthy and interoperable EDT for
these departments to improve their prediction and decision-making
capabilities. Large organizations can favor stability over innovation,
and introducing a global EDT could face resistance from stakehold-
ers wary of disrupting established workflows. We therefore argue
for a socio-technical approach centered on an involving before evolv-
ing paradigm to secure organizational buy-in, before evolving the
EDT toward higher levels of maturity and automation [2]. Our vi-
sion complements agent-based techniques [5-7] by focusing on the
earlier socio-technical problem of securing organizational buy-in.
This involving before evolving vision is driven by the long-loop
nature of EDTs. In most DTs, there is a tight feedback loop between
the Physical Twin (PT) and DT [17], where errors have immediate
consequences. In a long-loop DT, a prediction could drive a deci-
sion with severe long-term consequences, such as restructuring a
supply chain or opening a new market, which raises the bar for
stakeholders to understand and trust the EDT and its insights.

Proposed Approach. The three-stage approach is seen in Figure 1:

(1) Prototype Creation for Quick Involvement (Targets C1,

C2, C3). Our vision is to quickly collect requirements from
Subject Matter Experts (SMEs), choose a formalism, and
build a prototype (a low-maturity early instance of the EDT)
using Foundation Models (FMs) to involve SMEs as soon as
possible in the development process. We integrate SMEs’ DK
into the simulation inputs and facilitate their validation of
the low-maturity EDT.
In our approach, we propose using Large Language Models
(LLMs), Time-Series Foundation Models (TSFMs) [25], and
Monte Carlo simulation integrating uncertainty (ranges and
distributions) to perform what-if financial simulations.

(2) Federation for Interoperable Evolution (Targets C4). Soon
after prototype validation, our vision is to federate [8] these

models using an ontological backbone to formalize depart-
mental DK. These predictions should be based on models
which are federated and owned by each department. This
will enable a federated prototype with organizational buy-
in (adoption and trust), even across departments with en-
trenched silos and differing agendas.

Our approach proposes the Ontological Modeling Language
(OML) [15] and related methodologies [24, 34] to support
federation, semantic alignment, and interoperability.
Observability for Promoting Trust (Targets C5). Finally,
building on the federated models, we envision an ecosystem
where data and predictions are explainable, traceable, ver-
sioned, access controlled, consistent, and observable across
silos to promote trustworthiness in the resulting ecosystem.
Our approach proposes observability metrics and develop-
ment of analysis tools suited to SMEs (such as DTInsight [16])
to increase the trustworthiness of the EDT.

—~
(&S
=

Currently, we have created a decision support prototype for
the marketing and finance departments. Our next step is to build a
federated ontological backbone, before modeling other departments
and making the system trustworthy for decision support.

3 Prototype Creation for Quick Involvement

We propose to quickly capture requirements in an informal textual
manner and build a minimum viable product to support early vali-
dation before investing in full verification and formalization [9, 10].
While continuous evolving of the DT remains key [2], sustaining it
requires buy-in from stakeholders in the form of a tangible proto-
type that immediately is involving them and their knowledge.

To achieve rapid deployment, we propose to develop User In-
terfaces (Uls) and models that would otherwise require expert DK
with LLMs, and use FMs such as TSFMs [25] or action-conditioned
World Models (WMs) [14], as rapid forecasting or simulation place-
holders where expert-developed models are not yet available. FMs
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are broadly trained, large-scale models that can be adapted to
many downstream problems: LLMs are FMs specialized for lan-
guage understanding and generation; TSFMs are FMs specialized
for temporal or sequential data using transformer architectures; and
action-conditioned WMs are FMs specialized for learning compact
predictive representations of environments and forecasting future
states given current observations and planned actions. In particular,
we go further than Giabbanelli et al., who proposed LLMs as tool
translators between models and simulation tools [20], and directly
build models, tools, and interfaces with various FMs.

The outcome of this approach is to lift user interactions from
error-prone and inconsistent spreadsheet calculations to automated
and visual simulations to prioritize business-level decisions.

Motivating Example. We use our industrial context to illustrate
this stage: after capturing informal requirements from multiple
departments, we have built a light-weight tool whose Ul is show-
cased in Figure 2. It takes historical time-series data as input and
proposes a spline trajectory to the user based on the predictions
of a locally-hosted TSFM [13] (TimesFM 2.5!, 10/90th percentiles
in green). The user can manually edit the spline points (in blue)
and select the uncertainty range (10/90th percentiles in light red,
50th percentile in red) to create their trajectory prediction. This
provides users a visual and real-time interface to easily embed their
DK predictions. We then use Monte Carlo simulation to sample
from these spline-defined uncertainty ranges and propagate uncer-
tainty through downstream expert-developed models, producing
distributions over predicted business outcomes.

Figure 2: Ul prototype for integrating historical data, TSFMs,
and uncertain trajectory predictions

This functional prototype, rapidly built using agentic LLMs
hosted on company infrastructure, satisfies SME requirements and
demonstrates a novel way to easily model scenarios from historical
data with uncertainty control. This prototype focuses on clear visual
understanding to support financial and marketing decision-making
over the short and long term.

Despite this simple formalism, it has been effective in securing
buy-in and motivating further discussion across marketing and
finance departments. It led to the refinement and creation of re-
quirements, such as how the tool could represent multiple datasets
to detect correlations, and how the TSFM could be fine-tuned or
improved to deliver more precise predictions. This prototype will be
extended to the ontological backbone described in the next section.

!https://github.com/google-research/timesfm/
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4 Federation for Interoperable Evolution

Interoperability is “the ability of systems to exchange information
and use the information that has been exchanged” [28]. To realize
this across departmental silos, we adopt a federated approach that
reflects the organization’s social structure, following “business and
architecture isomorphism” [35], as demonstrated in organizational
modeling approaches such as OrgML [3]. Rather than a federated
DT in the sense of Navarro et al. (“a composition of autonomous
DTs” [33]), we pursue a DT characterized by coordinated autonomy.

We aim for federation to let teams retain ownership of their
data, models and services, while committing to shared semantic
contracts that guarantee interoperability. Here, ontologies act as the
backbone of these contracts in three main roles: (1) structural wiring
of components and their relations, ensuring that when departments
connect their DTs, the ontology defines how each component can
legally be composed, preventing structurally invalid federations
from being created in the first place; (2) typed interfaces so that data
exchanged between departments carries an ontologically grounded
type to reduce ambiguity [22] (e.g., when marketing sends a demand
signal to the supply chain, both sides are aligned on what that signal
represents); (3) domain semantics expressed as constraints and rules
to enable automated consistency checks and inference (e.g., the
supply chain may only act on a demand forecast if it has been
approved by finance, enabling automated reasoning to catch any
violation of this sort without human auditing).

Beyond federated DTs [29], our Federated EDT approach mirrors
the enterprise’s organization that is split into departmental silos
with distinct agendas, sets of tools, and DK. These departments
operate over large-scale datasets that are intentionally segregated
to preserve confidentiality and ensure accountability. As the si-
los evolve independently over time, it is essential to specify and
maintain stable versioning and well-defined interfaces across their
models and systems to ensure interoperability and reliability for
cross-cutting, multi-department what-if analysis.

Our approach, based on the proposal from Humphries et al. [24],
suggests that SMEs from each department express their DK as
an owned ontology, interoperable with the others through shared
contracts and rules. The key insight is in how we use the ontologies:
using them merely as taxonomies would resolve terminology clashes
between departments but would not support reasoning. This is
performed by encoding domain semantics as inference rules within
each department’s own vocabulary.

For example, historical data can require different fidelity de-
pending on the domain in which it is applied. One market may
exhibit long cycles and therefore require ten years of historical
data, whereas another only needs six months. Capturing this DK in
ontologies lets us reason over models that use multiple historical
inputs and determine whether the overall fidelity is adequate. If a
model draws on two high-fidelity inputs and one low-fidelity input,
the reasoning layer could flag the model’s output as degraded.

Crucially, vocabulary owners must be able to author and under-
stand their own vocabularies. We therefore adopt OML, a Domain-
Specific Language (DSL) over OWL for defining concepts, relation-
ships, constraints, and basic rules, as well as associated tooling [15].
This reduces the friction required to develop ontologies in OWL
or Protégé [32], yet preserves the semantic rigor needed for typed
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interfaces and automated checks. To further aid development, we
can layer a DSL or generation tool on top of OML as needed.

5 Observability for Promoting Trust

SME:s rely on their experience to make business decisions. There-
fore, they are wary of decision-support tooling unless they trust its
predictions. We define trustworthiness as the ability of stakeholders
to inspect, understand, trace, and challenge EDT outputs, while
preserving data sovereignty and organizational accountability.

In our industrial example, we support trustworthiness through
observability [31] by employing an explainable formalism based on
probability (Monte Carlo simulation) that can be analyzed through
techniques such as sensitivity analysis. We keep the stakeholders in
control by allowing them to define inputs through curve editing (see
Figure 2), which aligns with their DK understanding, i.e., market
tendencies and seasonal trends. Furthermore, our prediction module
will feature versioning, ensuring stakeholders understand which
tool version and datasets were used to generate the final prediction.

Beyond observability and human oversight, EDT trustworthiness
also depends on the privacy and safety of the supporting tooling,
since the EDT processes critical business data. This requires local
FMs or models that ensure the organization’s data sovereignty. We
employ agentic LLMs hosted on the company’s infrastructure to
develop the tool, and a local TSFM instance runs in a container to
generate time-series forecasts on historical and sensitive data.

To broaden this trust to the entire EDT development life-cycle,
we plan to enhance our DT observability tool DTInsight [16] with
lightweight OML modeling capabilities. This aligns with our vi-
sion of continuously generating a “constellation” (a conceptual
visualization of a DT) [21] alongside a dynamic reporting page
that tracks the EDT’s evolution, thereby enabling stakeholders to
actively collaborate on and discuss the system as it is being built.

6 Discussion

Expected benefits. The expected benefits of our vision are (1) rapid
and increased buy-in in EDTs from stakeholders through early in-
volvement with a prototype; (2) reduced errors and better collab-
oration between departments through ontology-backed semantic
alignment; (3) increased agility due to the federated approach that
allows departments to focus on and control their data and models;
(4) trusted probabilistic what-if simulations that are observable,
traceable, and privacy-respecting; (5) increased overall resilience
for the enterprise due to data-driven decision-making support.

Research agenda alignment. Our model-based DT engineering
survey [36] found an open research challenge in making Model-
Based Engineering tooling accessible to non-experts, and we extend
that concern to organizational adoption. Our vision further aligns
with Combemale et al.’s DT engineering roadmap [12]:

RQ_P2 “What communication tools and practices can enhance
collaboration between data scientists, engineers, and op-
erations teams in a DT engineering environment?”

RQ_P3 “What communication strategies can ensure that all stake-
holders are informed and engaged throughout the DT
models lifecycle? [...]”

Kérian Fiter, Adil Lagrou, Franck Dervault, and Bentley Oakes

Related approaches. Our work relates to Franzén’s exploration
of design and trade spaces in early Systems-of-Systems (SoS) de-
velopment [18]. They capture needs in an ontology that outputs a
reduced design space through reasoning. SoS simulations generate
performance measures to identify the best architecture, which can
then be translated into interactive visual analytics. Conversely, we
focus on EDTs and propose to involve stakeholders early through
a prototype that supports iterative design-space exploration and
organizational adoption, using ontologies to federate the SoS.

Barat et al. have extensive work on EDTs [4-6]. However, they
focus on agent-based techniques using the Enterprise Simulation
Language (ESL) [11]. Instead, we propose a top-down approach that
considers the EDT as a digital wrapper over the social structure
of the organization with simulation placeholders. We provide the
formalism (Monte Carlo simulation) and interfaces for SMEs to
work within their DK in a federated manner. Barat et al. also touch
on the need for SMEs to increasingly focus on validation due to
improving LLM modeling capabilities [7]. Our vision goes further
into prototyping and trustworthiness concerns.

We also see potential in action-conditioned WMs as placeholders
for simulating business behavior and finding optimal scenarios.
These models are currently developed mostly on video data, but
we expect their generalized ability to explore possible futures will
be useful for businesses [23].

7 Conclusion

This paper has explored our vision of involving before evolving,
where we target non-technical stakeholders divided among organi-
zational silos. Currently, we have a working EDT prototype with
stakeholder buy-in across Michelin departments.

The next step is to connect this prototype to the ontological
backbone, using the methodological framework of Humphries et
al. [24]. This will support versioned releases of models and datasets
that can be composed into a trustworthy EDT. We also plan to make
requirements gathering more incremental by progressively formal-
izing requirements against the emerging ontology. Although this
reverses the order adopted in some ontology-first approaches [18],
it enables discussions to start from a validated prototype and grad-
ually converge toward a shared formal language.

Open challenges. First, it is unclear whether ontology-backed con-
tracts can handle real semantic heterogeneity at scale, or whether
automated consistency checks remain feasible as the federation
grows. Second, scenario provenance, i.e., labeling, sharing, and
comparing trajectory scenarios across departments over time, is
important for EDTs but is not yet handled in our approach. Third,
we assume that EDT-informed decisions will produce better orga-
nizational outcomes. However, the long-loop time-scale makes this
methodologically difficult to evaluate without a longitudinal study
across multiple deployments, which is not feasible in our project.
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