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https://blogs.sw.siemens.com/xcelerator/2025/06/03/the-comprehensive-digital-twin-explained/ 

https://blogs.sw.siemens.com/xcelerator/2025/06/03/the-comprehensive-digital-twin-explained/


Sebastian Haag, Reiner Anderl. Digital twin – Proof of concept. Manufacturing Letters, Volume 15, Part B, pp. 64 – 66, 2018.

typical example of a Digital Shadow for dashboarding



Foundations: a bit about Modelling, Experimentation, and Validity



To an observer B, an object A* is a model of an object 
A to the extent that B can use A* to answer questions 
that interest him about A.
Matter, Mind and Models 

Marvin L. Minsky



properties of interest

validity “frame”

e.g., in Modelica Library

modelling for:      substitutability (engineering), explainability (science)

properties of 
interest



Experiment
(both exp_REAL and  

exp_VIRTUAL)

Repeatable
Replicable
Reproducible

Basis of Science: Reproducibility of Experiments

Plesser, H. E. 2018. Reproducibility vs. Replicability: A Brief History Of A Confused Terminology. Frontiers in neuroinformatics 11:76.



Model Validity Motivating Example: Electrical Resistor

Property of interest (PoI): 

geometry

https://grabcad.com/library/resistors-0-5w-pitch-12-7mm-500mil-1 

https://grabcad.com/library/resistors-0-5w-pitch-12-7mm-500mil-1


Model Validity Motivating Example: Electrical Resistor

Property of interest (PoI): 

constitutive relation 
between voltage drop V over resistor and current i through resistor 

R*i = v



A Resistor Model’s Validity Range

https://msdl.uantwerpen.be/cloud/public/fcfc42

https://msdl.uantwerpen.be/cloud/public/fcfc42


W. Oberkampf, C. Roy. Verification and Validation in Scientific Computing. Cambridge University Press, 2010.
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simulatelive.com

different ways of obtaining models
(in same or different formalisms)

→ different DTs

http://www.simulatelive.com/process/monitoring/mathematical-models-and-process-data


Black Box model: “Torque Curve” (measured)



R. Paredis, J. Denil, and H.Vangheluwe. 2021.
 “Specifying and Executing the Combination of Timed Finite State Automata and Causal-Block Diagrams by Mapping onto DEVS”. In Proceedings of WSC 2021.

use models in most appropriate formalism(s)



Formalism Transformation Graph (FTG)
co-simulation

Cláudio Gomes, Casper Thule, David Broman, Peter Gorm Larsen, and Hans Vangheluwe. 
Co-simulation: A survey. ACM Computing Surveys (CSUR) , 51(3):49:1-49:33, 2018.



 For performance
(scale-ability)

 For insight

Abstraction 
 For performance

(scale-ability)
 For insight

Abstraction 



Views 



E. Guerra, P. Diaz and J. de Lara, A formal approach to the generation of visual language environments supporting multiple views. 2005 IEEE Symposium on Visual Languages 
and Human-Centric Computing (VL/HCC'05), Dallas, TX, USA, 2005, pp. 284-286, doi: 10.1109/VLHCC.2005.6.







Consistency!



The Twinning concept (paradigm?) has been around for a while
 
 … but not necessarily under that name



sand tables

Kirschenbaum, M. 2023. Granular Worlds: Situating the Sand Table in Media History. Critical Inquiry 50(1):137–163



https://blogs.sw.siemens.com/simcenter/apollo-13-the-first-digital-twin/

https://blogs.sw.siemens.com/simcenter/apollo-13-the-first-digital-twin/


Simulation-based digital twins of industrial process plants: A semi-automatic implementation approach. PhD thesis Gerardo Santillán Martínez. Aalto University, Finland. 2019.

water heating plant

G. S. Martínez, T. Karhela, V. Vyatkin, T. Miettinen and C. Pang, An OPC UA Based Architecture for Testing Tracking Simulation Methods,
IEEE Trustcom/BigDataSE/ISPA, Helsinki, Finland, 2015, pp. 275-280.

Tracking Simulation



Digital Twin (and variants) terminology
 
 … and some proposed architectures





Digital Twin (DT) - the Digital Twin is a set of 
virtual information constructs that fully 
describes a potential or actual physical 
manufactured product from the micro 
atomic level to the macro geometrical level.

Digital Twin Prototype (DTP) - this type of 
Digital Twin describes the prototypical 
physical artifact.

Digital Twin Instance (DTI) - this type of 
Digital Twin describes a specific 
corresponding physical product that an 
individual Digital Twin remains linked to 
throughout the life of that physical product.

Digital Twin Aggregate (DTA) - this type of 
Digital Twin is the aggregation of all the 
DTIs.

Digital Twin Environment (DTE) - this is an 
integrated, multi-domain physics application 
space for operating on Digital Twins for a 
variety of purposes.

Grieves 2002. 
Society of Manufacturing Engineers conference in Troy, Michigan.



a Digital Twin (DT) is a virtual instance 
of a System under Study (SuS), the Physical Twin (PT), 
that is continually updated with 
the latter's performance, maintenance, and health status data 
throughout the (physical) system under study's life-cycle

Madni, A.M., Madni, C.C., Lucero, S.D.  Leveraging digital twin technology in model-based systems engineering. Systems 7(1):7. 2019.

Digital Twin terminology



a

(simple) system = environment || ( “plant” || controller )



Digital Model



Digital Shadow (Monitor)



Digital Twin (Modify)



a DT is a virtual instance  …
throughout the entire (physical) system under study's life-cycle



a DT is a virtual instance  …
throughout the entire (physical) system under study's life-cycle

feedback loops with different time constants



a DT is a virtual instance  …
throughout the entire (physical) system under study's life-cycle

~ Digital Thread    https://en.wikipedia.org/wiki/Digital_thread 
~ Digital Product Passport    https://circulareconomy.europa.eu/platform/sites/default/files/cisl_digital_products_passport_report_v6.pdf 
~ Digital Bill of Materials (DboM)    https://dbom-project.readthedocs.io/en/latest/what-dbom.html  

feedback loops with different time constants

https://en.wikipedia.org/wiki/Digital_thread
https://circulareconomy.europa.eu/platform/sites/default/files/cisl_digital_products_passport_report_v6.pdf
https://dbom-project.readthedocs.io/en/latest/what-dbom.html


J. Michael, L. Cleophas , S. Zschaler , et al. “Model-Driven Engineering for Digital Twins: Opportunities and Challenges.” 
Systems Engineering 28, no. 5 (2025), 659–670. https://doi.org/10.1002/sys.21815 

https://doi.org/10.1002/sys.21815


Fei Tao, Meng Zhang, Yushan Liu, A.Y.C. Nee. Digital twin driven prognostics and health management for complex equipment.  CIRP Annals 67(1):169-172, 2018.

Five-Dimensional (5D) model of DT

;



Fei Tao, Meng Zhang, Yushan Liu, A.Y.C. Nee. Digital twin driven prognostics and health management for complex equipment.  CIRP Annals 67(1):169-172, 2018.

Five-Dimensional (5D) model of DT

;



Fei Tao, Meng Zhang, Yushan Liu, A.Y.C. Nee. Digital twin driven prognostics and health management for complex equipment.  CIRP Annals 67(1):169-172, 2018.

Five-Dimensional (5D) model of DT

;

mapped onto our earlier conceptual architecture:



Fei Tao, Meng Zhang, Yushan Liu, A.Y.C. Nee. Digital twin driven prognostics and health management for complex equipment.  CIRP Annals 67(1):169-172, 2018.

Five-Dimensional (5D) model of DT         layered view

;

Perf. 
Evaluation

Monitoring
What-if 
Analysis

OptimizationService Layer

Digital Model (Discrete Event Simulation)Model Layer

Synchronization
(incl. Generation)

Online
ValidationData

Synchronization and Data Layer

Manufacturing System

Manufacturing Execution System

Communication Layer

System Layer

Tao, Fei, et al. Digital twin in industry: State-of-the-art. IEEE Transactions on industrial informatics 15.4 (2018): 2405-2415.



ISO 23247-2:2021:
Automation systems and integration.
Digital twin framework for 
manufacturing. 
Part 2: Reference architecture

Shao, Guodong. Use case scenarios for digital twin implementation based on iso 23247. National institute of standards: Gaithersburg, MD, USA (2021).



R. Minerva, G. M. Lee and N. Crespi. Digital Twin in the IoT Context: A Survey on Technical Features, Scenarios, and Architectural Models. 
In Proceedings of the IEEE, vol. 108, no. 10, pp. 1785-1824, Oct. 2020.

IoT focus



Michael, J., Wortmann, A. (2021). Towards Development Platforms for Digital Twins: A Model-Driven Low-Code Approach. In: Dolgui, A., Bernard, A., Lemoine, D., von Cieminski, G., Romero, D. (eds) Advances in 
Production Management Systems. Artificial Intelligence for Sustainable and Resilient Production Systems. APMS 2021. IFIP Advances in Information and Communication Technology, vol 630. Springer, Cham. 

Software Architecture



TwinArch: A Digital Twin Reference Architecture: component twin view

Alessandra Somma, Domenico Amalfitano, Alessandra De Benedictis, and Patrizio Pelliccione. 2026. 
TwinArch: A digital twin reference architecture. Journal of Systems and Software 231 (2026), 112613. doi:10.1016/j.jss.2025.112613 

https://doi.org/10.1016/j.jss.2025.112613


Xiaochen Zheng, Jinzhi Lu,  Dimitris Kiritsis. The emergence of cognitive digital twin: vision, challenges and opportunities, 
International Journal of Production Research, pp. 1 – 23. 2021. 10.1080/00207543.2021.2014591

Cognitive Digital Twins



Porsche Engineering tested it in a luxury-segment reference vehicle with a relatively high total weight of 2,650 kg on the Nürburgring Nordschleife 
– albeit entirely virtually: the drive was carried out using what is known as a digital twin, i.e. a computer-based representation of the real vehicle. 

https://newsroom.porsche.com/en/2022/innovation/porsche-engineering-simulation-hydrogen-combustion-engines-nuerburgring-nordschleife-29401.html 

https://newsroom.porsche.com/en/2022/innovation/porsche-engineering-simulation-hydrogen-combustion-engines-nuerburgring-nordschleife-29401.html


https://awortmann.github.io/research/digital-twin-definitions/



many definitions of “Digital Twin”
→ use “Twinning” to cover all definitions

 
Sensing ←  … everything in between ...  → Simulation



Ubiquitous use of twins is a

“paradigm shift”

Using (Digital) Twins, or more 
generally, 

the notion of Twinning 

is a paradigm



Workflow?
 



Foundations for Twinning: workflow 
Goals → Conceptual Architecture → Formalism choice/Model building → Deployment



R. Paredis and H.Vangheluwe. 2024. “Modelling and Simulation-Based Evaluation of Twinning Architectures and Their Deployment”. In Proceedings of SIMULTECH 2024, pp. 170-182.

Goals
 
wrt Property of Interest (PoI)



Quality Assurance



Usage Context



Foundations for Twinning: workflow 
Goals → Conceptual Architecture → Formalism choice/Model building → Deployment



Twinning Experiments in a Top-Level Conceptual Twinning Architecture



Example “behaviour trace”, spawning multiple Twinning Experiments 



Conceptual (digital) Twinning Experiment Architecture(s)



Family of Conceptual Architecture(s)
150% model (using presence conditions)

* Agent does not refer to Agent Based Modelling/Simulation (ABMS) but to “interfaces”



many definitions/alternatives of “Digital Twin”
→ use “Twinning” to cover all definitions

 
Sensing ←  … everything in between …  → Simulation

... ...



Case: (inspired by the operation of) the Port of Antwerp (PoAB)



Case: Port of Antwerp (PoAB)



Case: Port of Antwerp



Stages of Twinning – Goal Selection



R. Paredis and H.Vangheluwe. 2024. “Modelling and Simulation-Based Evaluation of Twinning Architectures and Their Deployment”. In Proceedings of SIMULTECH 2024, pp. 170-182.

Goal Selection:
Anomaly Detection

Property of Interest (PoI):
occupancy ~ 
remaining capacity
(for docking ships)



Stages of Twinning – Architecture Selection



Goal Selection:
Anomaly Detection

Property of Interest (PoI):
occupancy ~ 
remaining capacity
(for docking ships)

Anomaly 
Detection
Experiment

R. Paredis and H.Vangheluwe. 2024. “Modelling and Simulation-Based Evaluation of Twinning Architectures and Their Deployment”. In Proceedings of SIMULTECH 2024, pp. 170-182.



Stages of Twinning – Formalism/Model Selection



Formalism/Model Selection: classification

++ (orthogonal) stochastic
++ (orthogonal) spatial distribution (grid, continuous, …)
++ (orthogonal) individual-based



Choice of appropriate formalism 
for Twin Object model: DEVS

DEVS = Discrete-Event system Specification

Python(P)DEVS

http://msdl.uantwerpen.be/projects/DEVS/PythonPDEVS/ 

http://msdl.uantwerpen.be/projects/DEVS/PythonPDEVS/


Anomaly Detection

This example case is inspired by  the actual operations of PoAB



Caveat: Tracking Simulator

small deviations in PoIs may not be anomalies 

→ “re-align” simulation model state to match “real state”

     note: “real state” may not be observable, so may have to be estimated.



Caveat: model Validity

even large deviations in PoIs may not be anomalies 

→ maybe the model is wrong (typically used outside its validity frame)



Anomaly Detection Algorithm



R. Paredis and H.Vangheluwe. 2024. “Modelling and Simulation-Based Evaluation of Twinning Architectures and Their Deployment”. In Proceedings of SIMULTECH 2024, pp. 170-182.

Goal Selection:
Fault Diagnosis

Property of Interest (PoI):
occupancy ~ 
remaining capacity
(for docking ships)



Stages of Twinning – Architecture Selection



Goal Selection:
Fault Diagnosis

Property of Interest (PoI):
occupancy ~ 
remaining capacity
(for docking ships)

Fault Diagnosis
Experiment



DTW Score = 317
NDW Score = 437.25

P. Muñoz, M. Wimmer, J. Troya, and A. Vallecillo. 2024. Measuring the Fidelity of a Physical and a Digital Twin Using Trace Alignments. In IEEE TSE, pp. 3122-3145.

Injected Fault: lock A failure



DTW Score = 288
NDW Score = 436.91

Injected Fault: lock B failure



DTW Score = 252
NDW Score = 433.66

Injected Fault: lock C failure – best match



Stages of Twinning – Deployment



For each element in the 
conceptual architecture, 
choose technology and map

Note: use simulation for performance evaluation of deployment alternatives. Cfr. Palladio and 
Paredis R, Vangheluwe H; INSTICC. Modelling and Simulation-Based Evaluation of Twinning Architectures and Their Deployment. 
Proceedings of the 14th International Conference on Simulation and Modeling Method- ologies, Technologies and Applications (SIMULTECH). 
2024:170-82.

Deployment

https://www.palladio-simulator.com/


Stages of Twinning 



Next Goal(s)

Once the fault has been identified: 

Explore fixes:
 
- using rules
- using Design-Space Exploration techniques and as-fast-as-possible simulation

In case of early detection of anomalies:

Schedule predictive maintenance



Decision Support
 



Hussein Marah, Barış Tekin Tezel, Moharram Challenger, Hans Vangheluwe.
TwinCompass: A multi-criteria and hybrid reasoning decision support framework for Digital Twin engineering in Cyber–Physical Systems.
Journal of Industrial Information Integration, Volume 52, 2026.



Hussein Marah, Barış Tekin Tezel, Moharram Challenger, Hans Vangheluwe.
TwinCompass: A multi-criteria and hybrid reasoning decision support framework for Digital Twin engineering in Cyber–Physical Systems.
Journal of Industrial Information Integration, Volume 52, 2026.



Hussein Marah, Barış Tekin Tezel, Moharram Challenger, Hans Vangheluwe.
TwinCompass: A multi-criteria and hybrid reasoning decision support framework for Digital Twin engineering in Cyber–Physical Systems.
Journal of Industrial Information Integration, Volume 52, 2026.



Combining Multiple Twinning Architectures
(in an ecosystem)

 



Multiple Twins
Federation



Combining/Composing (federating?) Twinning Experiments 
 
  White-box: conceptual architectures may be “merged” before deployment
 
  vs.
 
  Black-box: deployed Twinning architectures are “orchestrated”



Leif-Thore Reiche, Claas Steffen Gundlach, Gian Frederik Mewes and Alexander Fay. The Digital Twin of a System: A Structure for Networks of Digital Twins.
In 2021 26th IEEE International Conference on Emerging Technologies and Factory Automation (ETFA ). IEEE Press, pp. 1 – 8. https://doi.org/10.1109/ETFA45728.2021.9613594  

Hierarchical architecture to mimimic hierarchy in application domainExample:

https://doi.org/10.1109/ETFA45728.2021.9613594


Deployment using the Asset Administration Shell 
(AAS)



Twinning Architectures may be combined.

(conceptual) Architectural View.



Twinning Architectures may be combined.

Temporal View.



Starting point for discussion:

Different types of Combinations of Twinning Architectures (each corresponding to specific Goal)



Multiple Twinning Architectures, each
corresponding to different (possibly overlapping) aspects (multi-view/PoI) of the same SuS. 
Experiment manager unifies (and checks consistency between) the information obtained from the different Twinning Architectures.



Multiple Twinning Architectures, each 
corresponding to a component in an architecture. Components interact with/depend on each other.
Experiment manager combines/interleaves the component twins.
This combination might result in a set of emergent PoIs (i.e., not obtainable from invididual components).

~ orchestration in co-simulation, cfr.
Cláudio Gomes, Casper Thule, David Broman, Peter Gorm Larsen, Hans Vangheluwe: 
Co-Simulation: A Survey. ACM Comput. Surv. 51(3): 49:1-49:33 (2018)



Higher-order Twinning



J. Michael, L. Cleophas , S. Zschaler , et al. “Model-Driven Engineering for Digital Twins: Opportunities and Challenges.” 
Systems Engineering 28, no. 5 (2025), 659–670. https://doi.org/10.1002/sys.21815 

ontologies

design(-space exploration) @ runtime

co-simulation/agent orchestration

https://doi.org/10.1002/sys.21815
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