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Andreas Wortmann

What is a Digital Twin? L

Definitions

* Dalibor et al. found 112 defs
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Twinning paradigm — Twinning System
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Apollo

* 15 sims
* Apollo 13
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History leading up to Digital Twin
- Symbiotic Simulation Systems
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VERSE IN A SHOEBOX .HOW IT WILL

HAPPEN AND WHAT IT WILL MEAN

Physical System

Analysis Process
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#Suggesl Decision

<ﬂ| External Decision Maker

Aydt et al., Symbiotic Simulation Systems: An Extended

Vi) ge/t:/'n pap Definition Motivated by Symbiosis in Biology, PADS2008
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Digital Twin

Conceptual ideal for PLM

Data
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Twinning paradigm — Twinning System

System under Study
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* Physical
* Digital
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Twinning paradigm — Twinning System
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Standardization

" ISO/IEC 30173:2023

Digital twin — Concepts and
terminology

© = | ISO/IEC 30188:2026

Digital twin — Reference architecture

d t I t . An EDM Association
Igl a WIn“ Community Published (Edition 1, 2026)
C )N S OF v
o o Read sample
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When is a digital twin interesting?

=

i Al _—
system changes over time
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Where does Al fit in the Digital Twin?

\ Digital Twin
/ data data

Digital
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Al as the digital model
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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

Model
qualification

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

Computer
simulation

Model
validation

Model
verification

COMPUTERIZED
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Modeling formalisms

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

Subjective: Artificial Intelligence?
* Intended application

* Modeler’s background

* Tool availability
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Design time vs DT model use

Design Time Parallel to system under study

@ Unlimited time @ Timeliness
@ Unlimited resources @ More limited resources

...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
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Hybrid-physics-Al models

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

Interaction with
adjoining boxes

= Temperature
e Precipitation
Air pressure
Relative humidity
Wind osphere
Sunlight intensity s Ao

1
& L 3 Ocean

o B [ surtece
/ Qcean
Interaction with boxes E—
above and below

* General Circulation Model, Earth System Moadel

e Grid

* GCM, ESM predict coarse resolution, large scale dynamics
* Unresolved small scale processes: parametrizations

* Al surrogates replace the parametrizations
* Also: Physics-informed Neural Networks
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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 = —owe - ims i =
* Big data and deep learning but also simpler Al models
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Temperature Plot (K)

Trade-offs, considerations

* OQut-of-distribution behavior

° Energy/resource UtlllzatIOn Total Energy for the Number of Simulations

Etotal = Edesign + 8 * Ejocal
* Explainability

BriM)

S. Bellis, J. Mertens and J. Denil, "Energy and Accuracy Trade-

-l' University of Antwerp ﬁ[KKE Offs in Digital Twin Modeling: A Comparative Study of an

Cosys-Lab | Co-Design of ; ’ ! -
| Cyber-Physical Systems Autoclave System," 2025 Winter Simulation Conference (WSC)
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Summary

* Al offers additional modeling formalisms
* Might be more appropriate!
* Lightweight, faster surrogates
* Hybrid physics-Al or physics inspired models
* Fully data driven models

* Trade-offs must be considered

¢ Out-of-distribution behavior
* Explainability
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Al in the Digital Twin’s Services

\ Digital Twin
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Anomaly Detection
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* Detecting when anomalies occur in time
series data.

=)

Channel 1
o o

* DT is data provider:
* Real-measurements
* Simulation data (fault-injection possible)

Channel 2
o o 3

* E.g. with autoencoder
* Train on normal samples Anomaly Detection

* Compare in- and output with error
threshold

,W.VJ X \M\,vf-,}
* also: isolation forest, SVM, LSTM error... o .\N
eorarones MAKE T\l Wi aWWicy!
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* Typically after anomaly detection % B % W % 3 % wﬁ,
* DT is again data provider sl slpnont] o .
L] Real_measurements 2(" - Class 17 = 20 Cl;urw 2 50 Class 19 * 50 Class 20 ®
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* Fault-injected simulation data J ,zlf 2 ,
* E.g. Supervised time-series classification Z*{f”j"”“ﬂ (W,W';M
* Train classifier like ROCKET to map window w %o =
to a fault label (others: HIVE-COTE, InceptionTime, ResNet,...)
* DT model can help provide samples of fault classes
* Domain gap, unforeseen faults?
Mertens, J. and Denil, J., Localizing faults in digital twin models
by using time series classification techniques, WSC2024
UniversityofAntv'verp FLANDERS
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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 i T
@ Chamber
s MAKE .
28
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alternatively
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Mertens, J. and Denil, J. Reusing model validation methods for the continuous
validation of digital twins of cyber-physical systems, SOSYM2024
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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

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

PREVENTIVE & REACTIVE MAINTENANCE

—

PREDICTIVE MAINTENANCE

~<:

Point where ~ Vibration Analysis
failur ':“"M Ultrasonic Spike Energy

' 0'3 i IR Thermagrphy

f
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Condiﬁan-{

PdM Detects
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Time S
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50~ /
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Forecasting/Prediction, What-if Simulation

What if? @@ launch @IE E M

Test cases
Combinations

an.

e

o

o
Define parameters m mw m Analyze results @
M m

J

mT
T )

Agentic Al iterate if needed

Hl
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Control

* RL for robots

 Data Center Cooling with deep learning
(Google Deepmind)

* DT potential:
* Data kickstart/augmentation
* Instance model vs generic model
* Historical data

FLANDERS
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Genfinal

Optimization

* Scheduling problems (smart factory)
* Schedule candidates

* Future designs
* Search large design space

* Genetic algorithm, RL
* Also non-Al: MILP, MPC

FLANDERS
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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 Al
* Used for training of control schemes like Reinforcement Learning
* Used in optimizations such as genetic algorithm

FLANDERS
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Al for Building and Maintaining a Twin

0]
w Digital Twin
5
Digital
System under Study Mlcg)Id:I
e
AN services 1| Services
N -
e Existent \\\ Q ,//
*  Physical > m «
* Digital

University of Antwerp ~ [-4NDERS
Cosys-Lab | Co-Design of AK E
Cyber-Physical Systems S —

g

35

35

ﬂ Deployment configurations
o

Building
Test generation

wh Bugfixing
Virtual Commisioning

Requirements elicitation
MWL Architecture definition

Y
m Documentation Oe?Lo D
a0
>
w
> AGILE °
"!"‘. METHODOLOGY
W), Code generation
D

™M
-9
PLAN
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Operating — self-management

ﬂ Opportunity for agent
>

* Lifecycle management

* Runtime monitoring and drift
detection
* Identify model discrepancies
* Flag out-of-range conditions.

e Retrain models

Autonomic manager

wze PIV

Monitor Knowledge Execute

* Update system, manage
deployment

@naged element

University of Antwerp ~ [-4NDERS
l‘} | Cosys-Lab | Co-Design of MAK E
Cyber-Physical Systems -

37

Summarizing

* DT is software system
* Agentic Al applicable in many phases

* DT in operation needs management

FLANDERS
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* Agentic Al 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
University of Antwer, FLANDERS
o ez crns MAKE
39
Challenges and concerns, Future Directions
* Engineering
* General agentic Al in SW engineering
* Self-management of lifecycle
* Philosophical take
* What happens once everything is automated?
* What happens on the way there (human bore out?)
4 I5rsEY MAKE "
40
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Conclusion

* Three main ways Al 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
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