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Figure 6: Use Case — a) two-station closed-loop lab-scale system, b) class diagram model of the system,
c¢) Petri Net model (figure from Matta and Lugaresi, 2024).

of a new model is difficult, especially if the operation of the system is time-constrained (Biglari and Denil
2022). A validity frame (Denil et al. 2017; Van Acker et al. 2024) may be used to capture the range of
operation within which a model is valid. A validity frame is the possibly infinite set of experiments for
which the Properties of Interest obtained through real-world experimentation are close enough (given an
appropriate distance metric and a distance threshold) to the same Properties of Interest obtained through
virtual experimentation. A distinction is made between this theoretical set, a so-called abstract validity
frame and a concrete validity frame, a finite collection of experiments that yielded close enough Pols. A
concrete invalidity frame collects all the experiments that did not yield close enough Pols.

S USE CASE

A simple production system is proposed as an illustrative example. The use case proposed in Matta and
Lugaresi (2024) is revisited from the point of view of the twinning system.

The physical setup consists of a closed-loop two-station, lab-scale manufacturing system, depicted in
Figure 6a. The line is assembled using LEGO Mindstorms components (Lugaresi et al. 2021). Each station
is consists of an EV3 intelligent brick, three optical sensors, a motor, and a part entry system. The EV3
serves as the station’s controller, interfacing with both sensors and actuators via a python script (Bacelar
dos Santos and Chalissery Lona 2023). The line operates under the assumption of an unlimited supply of
parts and negligible loading/unloading times. Each station processes one pallet at a time, holding it for a
duration corresponding to the physical processing operation. In the event of a failure, the pallet remains
in the station for an extended period until repair is completed. Pallets are transferred between stations by
conveyors, which also act as buffers where pallets may queue if the next station is occupied. Indeed, a station
can only release a pallet if there is available space in the downstream buffer. Both stations operate under a
blocking after service policy. The processing times at the two stations follow triangular distributions with
parameters (3,5,8) and (2,3,5) seconds, respectively. Each buffer accommodates up to 8 pallets, with 12
pallets circulating in the system overall. This configuration effectively emulates real-world manufacturing
dynamics, including stochastic behavior, blocking, and potential deadlocks. In the following, it is detailed
how each step of the twinning system workflow in Figure 2 has been instantiated for this specific use case.

5.1 Stage A - Goal Setting

With reference to Figure 3, this use case concentrates on several operational goals: (1) State Estimation,
and the consequent Data Recording, allowing for a collection of system states to highlight trends and spot
significant deviations from the desired states; (2) Forecasting via what-if scenario analyses, in particular
following disruptive events that require prompt corrective decision making, and the consequent (3) Production
Control, where the system behavior is steered. A set of properties of interest for this system is selected,
consistent with the system-level production control granularity. In particular, the material flows (work-in-
progress) are traced, and the production throughput is recorded (e.g., pallets per hour).
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5.2 Stage B - (Conceptual) Architecture and Experiments Setting

In this use case, a realistic production situation is taken as reference: a production plan is already in place,
and at a certain point, the condition of Station 2 begins to degrade. Its processing time slows down, now
following a triangular distribution with parameters (9, 14,11). The Digital Twin then analyzes the situation
and explores possible countermeasures to address the issue. The experiment manager uses the virtual entity
to perform a what-if analysis. For this simple case, the analysis is conducted on two alternatives: (1) do
nothing, keep producing at a slower pace and repair the station at the end of the shift; (2) react, stop the
plant to allow repairing activities and then continue with the production pace before the slow-down. With
reference to Figure 5, it is possible to identify two main experiments in this use case. Experiment 1 is a
finite horizon simulation where the system performance in the remaining part of the production shift is
predicted. Experiment 2 is a long term simulation where the main goal is monitoring the alignment (i.e.,
validation) between the physical and digital systems (Lugaresi et al. 2023).

5.3 Stage C - Choice of Formalisms and Model Building

The choice of formalisms is done with reference to the goals and Pols identified in stage A.

For state estimation, an accurate descriptive model of the system possible states and behavior is needed.
The class diagram in Figure 6b depicts the physical entity model at a type level, developed using the latest
available knowledge about the system. This model uses UML class diagrams to represent key components
and associations between them as well as their multiplicities: (1) the stations, namely finite production
resources, (2) the conveyors, (3) the sensors, and (4) the actuators.

To allow forecasting, in this case a discrete event model of the system is created. The model is built
using the Petri net formalism, where transitions represent station processing activities and places correspond
to pallet locations, e.g., in stations or on conveyors, as shown in Figure 6¢. A discrete event simulation
(DES) software can be used to implement the logic described by the Petri Net. It is worth noticing that
the simulation model does not have to mirror the physical model exactly; abstractions and simplifications
are often introduced during modeling. For instance, transport between stations is approximated using a
dummy station with a fixed processing time. As a virtual entity, the simulation model may support a larger
set of goals and useful services, such as forecasting end-of-shift performance under current conditions and
diagnostic assessments.

5.4 Stage D - Deployment

In the deployment stage, the major decisions pertain to technologies and tools that implement the chosen
architecture and the related models.

As identified in section 5.1, the goal of state estimation requires data recording, and the proper tools
must be selected. In this case, data is stored in a real-time database built in InfluxDB, a tool that enables
both data recording and real-time monitoring. For instance, the identifier of the last processed pallet by a
station can be found via a query to the database component. For convenience, data resulting from analyses
and predictions such as throughput and system time are stored in the same database . Hence, this tool is
appropriate for the second goal, forecasting.

All the identified goals necessitate the realization of connections between different system components.
In this case, the MQTT messaging protocol is used to collect data and control the system. Each message
has a specific structure, based on its aim. For instance, a data-collecting message indicating an activity
starting in a station is written as the dictionary {“activity” : s, “id" : id, “ts" : time, “tag" : “s" },
where s is a variable indicating the station number, id indicates the identifier of the pallet, time the event
time-stamp in UNIX format, and fag is a string indicating the activity performed in the station. Other
specific message structures are introduced to encode control signals to the physical actuators, thus enabling
online prescriptions (Lugaresi et al. 2021).
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Finally, the twinning system is deployed, and online scenario evaluation is carried out within a
controlled laboratory setting. In this case, the DES model performing the what-if scenario experiments is
implemented in Simpy, Two separate simulation experiments are run to assess which alternative yields the
highest production output for the remainder of the shift. The predicted outcomes indicate an average of
165 + 3 parts for the first scenario, and 209 + 3 parts for the second. As a result, the second scenario is
chosen, and the corresponding prescription is forwarded for execution.

6 CONCLUDING REFLECTIONS

This work has provided an overview of the (digital) twinning systems, with the aim to familiarize readers
with the evolving nature and potential of this paradigm. However, the main limitations of this work should
be acknowledged. This paper has not covered several important concepts that merit deeper exploration,
such as cyber-security an dealing with change in for example requirements, or technology. Also, the
perspectives in this paper are biased by the authors’ expertise and experience. Ongoing research is essential
to overcome the various challenges that currently hinder the effective deployment and scalability of DTs.
Among these are architectural challenges: a standardized, practical DT architecture is still lacking, one
that supports both reusable components (e.g., data exchange interfaces) and application-specific services.
To date, numerous DT architectures have been proposed, but these are often tailored to specific domains
and use cases. Consequently, DT development is highly context-dependent, with decisions about archi-
tecture, communication protocols, and data management tightly linked to the application requirements.
Additionally, integration challenges emerge once DTs are operational, particularly in maintaining seamless
coordination between physical and digital entities. Model validity presents another critical issue. Several
DT implementations rely on offline model validation methods, which often assume static conditions and
involve extensive experimentation. DT applications are often developed for isolated components rather than
for entire systems (of systems). This piecemeal approach can limit the broader benefits of DTs, especially
in complex environments such as supply chains, where sensing and control must extend beyond individual
assets. Last but not least, a more rigorous theoretical foundation for DTs is still missing. Formal defini-
tions of the functional mappings between physical and digital systems are needed—clarifying their scope,
mathematical structure, and domain-specific applicability. Advancing this foundational understanding will
be key to unlocking the full potential of twinning across sectors.
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