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• Dalibor et al. found 112 defs

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

What is a Digital Twin?

2

1

2



10/22/2026

2

Twinning paradigm – Twinning System
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System under Study

Twin

data

services

• Existent
• Physical
• Digital

• Nonexistent

• Physical
• Digital

Lugaresi and Vangheluwe, From Digital Twins to Twinning Systems, WSC2025

data

Services

Model
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Apollo

• 15 sims

• Apollo 13

5https://blogs.sw.siemens.com/simcenter/apollo-13-the-first-digital-twin/

History leading up to Digital Twin
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Symbiotic Simulation Systems

Aydt et al., Symbiotic Simulation Systems: An Extended 
Definition Motivated by Symbiosis in Biology, PADS2008
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Digital Twin
Conceptual ideal for PLM

7

Michael Grieves

John Vickers

Twinning paradigm – Twinning System
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System under Study

Twin

data

services

• Existent
• Physical
• Digital

• Nonexistent

• Physical
• Digital

Lugaresi and Vangheluwe, From Digital Twins to Twinning Systems, WSC2025
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Twinning paradigm – Twinning System
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System under Study

Digital Twin

data

services

• Existent
• Physical
• Digital

data

Services

Digital 
Model

Standardization
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When is a digital twin interesting?
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unreachable expensive interventions

system changes over time

too complex/large for local decisions

many future states

Where does AI fit in the Digital Twin?
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System under Study

Digital Twin

data

services

• Existent
• Physical
• Digital

data

Services

Digital 
Model

11

12



10/22/2026

7

AI as the digital model

13

System under Study

Digital Twin

data

services

• Existent
• Physical
• Digital

data

Services

Digital 
Model

What is the model?

• Abstraction of reality, represents properties and/or behaviors of 
aspects of the system under study
• Aspects: part of the system in which you’re interested

• Geometry

• Kinematics

• Electrical power draw

• Analog or digital communication

• Throughput (factory/production line)

• Tied closely to the services the digital twin provides
• Must be a valid model
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Model Validity

“Substantiation that a computerized model within its domain of 
applicability possesses a satisfactory range of accuracy consistent with 
the intended application of the model” 

15

Schlesinger et al., Terminology for model credibility, 
SCS Technical Committee report 1979

Modeling formalisms

“Model everything at the most appropriate level(s) of detail/abstraction 
using the most appropriate formalism(s)”

16
Hans Vangheluwe

Subjective:
• Intended application
• Modeler’s background
• Tool availability

Artificial Intelligence?

15
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Traditional Models
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Design time vs DT model use

Design Time

 

 Unlimited time

 Unlimited resources

Parallel to system under study

 Timeliness

 

 More limited resources

18

…most appropriate formalism?
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Surrogate models

• Heavy simulation > lightweight surrogate

• Surrogate mimics simulation

• Data-driven approach
• Sample selection (minimal heavy simulations)

• Surrogate construction

• Surrogate accuracy assessment

• Machine Learning:
• SVR, ANN, Random forest

19

Hybrid-physics-AI models

• Faithful representation vs compute time
• Atmosphere
• Oceans
• Land

• General Circulation Model, Earth System Model
• Grid

• GCM, ESM predict coarse resolution, large scale dynamics

• Unresolved small scale processes: parametrizations
• AI surrogates replace the parametrizations

• Also: Physics-informed Neural Networks

20
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Data driven models

• System already exists
• But no model exists

• Generate data through instrumentation

• Learn the digital twin models from the data

• Big data and deep learning but also simpler AI models

21

Trade-offs, considerations

• Out-of-distribution behavior

• Energy/resource utilization

• Explainability

22

S. Bellis, J. Mertens and J. Denil, "Energy and Accuracy Trade-
Offs in Digital Twin Modeling: A Comparative Study of an 
Autoclave System," 2025 Winter Simulation Conference (WSC)
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Summary

• AI offers additional modeling formalisms
• Might be more appropriate!

• Lightweight, faster surrogates

• Hybrid physics-AI or physics inspired models

• Fully data driven models

• Trade-offs must be considered
• Out-of-distribution behavior

• Explainability

23

AI in the Digital Twin’s Services

24

System under Study

Digital Twin

data

services

• Existent
• Physical
• Digital

data

Services

Digital 
Model
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DT Purpose/Goal

• Purpose/goal results in 
one or more services

25

Paredis R., Gomes C. and Vangheluwe H., Modelling and 
Simulation-Based Evaluation of Twinning Architectures 
and Their Deployment, IN4PL 2021

Anomaly Detection

• Detecting when anomalies occur in time 
series data.

• DT is data provider:
• Real-measurements

• Simulation data (fault-injection possible)

• E.g. with autoencoder
• Train on normal samples

• Compare in- and output with error 
threshold

• also: isolation forest, SVM, LSTM error…

26
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Fault Diagnosis

• Typically after anomaly detection

• DT is again data provider
• Real-measurements

• Fault-injected simulation data

• E.g. Supervised time-series classification
• Train classifier like ROCKET to map window

to a fault label (others: HIVE-COTE, InceptionTime, ResNet,…)

• DT model can help provide samples of fault classes

• Domain gap, unforeseen faults?

27

Mertens, J. and Denil, J., Localizing faults in digital twin models 
by using time series classification techniques, WSC2024
 

Validation and Consistency Monitoring

• Service quality linked to model quality

• Systems evolve over long/short time

• Model should remain consistent

• Typical DT issue:
• When to synchronize model

• Continual validation
• Validation techniques applied at operation time

• Anomaly detection techniques

28
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Validation and Consistency Monitoring

29

Mertens, J. and Denil, J. Reusing model validation methods for the continuous 
validation of digital twins of cyber-physical systems, SOSYM2024

Predictive Maintenance

• Predict RUL, take action before costs 
ramp up

• Lifetime data, Run-to-failure data, 
threshold data

• Traditional ML, deep learning

• DT again data provider:
• Historical data, fault injected data

• Degradation models e.g. Paris’ law (fatigue 
cracks), battery degradation -> PINN

30
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Forecasting/Prediction, What-if Simulation

31

What if?

What if?

Define parameters
Test cases
Combinations

sim0 sim1

sim2 sim…

launch

Analyze results

Insight

iterate if neededAgentic AI

Control

• RL for robots

• Data Center Cooling with deep learning 
(Google Deepmind)

• DT potential:
• Data kickstart/augmentation

• Instance model vs generic model

• Historical data

32
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Optimization

• Scheduling problems (smart factory)
• Schedule candidates

• Future designs
• Search large design space

• Genetic algorithm, RL

• Also non-AI: MILP, MPC

33

Summary

• There is close interplay between the model and the service using the 
model
• Model can generate (fault-injected) data to augment measurements and train 

classifiers or predictors for various purposes
• Anomaly detection
• Fault detection and diagnosis
• Predictive maintenance

• BUT: Sim to real gap is real!
• Model can make predictions for scenario exploration

• What if analysis, set up aided by agentic AI
• Used for training of control schemes like Reinforcement Learning
• Used in optimizations such as genetic algorithm

34
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AI for Building and Maintaining a Twin

35

System under Study

Digital Twin

data

services

• Existent
• Physical
• Digital

data

Services

Digital 
Model

Building

36
Interface definition

Requirements elicitation
Architecture definition

Code generation

Test generation
Bugfixing
Virtual Commisioning

Deployment configurations

Documentation

35
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Operating – self-management

• Lifecycle management

• Runtime monitoring and drift 
detection
• Identify model discrepancies

• Flag out-of-range conditions.

• Retrain models

• Update system, manage 
deployment

37

Opportunity for agent

Summarizing

• DT is software system
• Agentic AI applicable in many phases

• DT in operation needs management
• Agentic AI offers opportunity for autonomous management

38
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Challenges and concerns, Future Directions

• Models & Services
• Sim-to-real-gap

• Out-of-distribution behavior

• Validation, maintaining consistency

• Trust, explainability

• Safety

39

Challenges and concerns, Future Directions

• Engineering
• General agentic AI in SW engineering

• Self-management of lifecycle

• Philosophical take
• What happens once everything is automated?

• What happens on the way there (human bore out?)

40
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Conclusion

• Three main ways AI finds its way into digital twins

• Models: enables fast surrogates, hybrid models, and data-driven 
representations.

• Services: more diverse and better services, richer diagnosis, 
prediction, optimization, and natural-language interaction

• Engineering: assistance in engineering and lifecycle management. 

• Future: Evolve from systems informing human decisions to systems 
autonomously handle the decisions. Open challenges remain

41
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