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Digital Twins
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https://youtu.be/ObGhB9CCHP8

The Digital Twin Paradigm

A comprehensive set of digital models accepted
as full substitutes for reality to understand,
predict, and optimize the physical counterpart’s
performance Characterlstlce/for specific -
purposes. The b|d|rect|onaLmteract|on between
the digital and the reel is eel T.raI to the dlgltal
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Our Vision

1]

Anyone will be able to easily and robustly
predict all relevant behavior of complex
SRICINE up to the reqmredjﬁeallsm W|th




Digital Twins require a massive expansion of the use of simulation
technologies

; , Simulation
Model _ & g
based X # g%,

%o Multi-X
o S t ~ Simulation
Centric =S
Simulation ‘#%=

* Democratization
<= Extending ‘use cases’ B of Simulation
<= Lifecycle spanning simulation
<= Extending ‘user’ profiles
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Digital Twins - a golden age for industrial mathematics

/ v Industrial

Metaverse

T

_ ~ ' CAx
Model Sunrise

Pioneers

~1985 ~2000 ~2015 ~2022

CAXx: Computer Aided Design, Engineering, & Manufacturing

Source: D. Hartmann, H. Van der Auweraer (2025): Digital Twins - a golden age for industrial. Journal of Mathematics in Industry
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Digital Twins
@ Work
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Major categories of Executable Digital Twin applications

xDT Category Use this application when you want to... Examples

prepare for how your asset or system would + Testing of automation by virtual commissioning
- ) - Testing new control strategies on gas turbines
interact with other assets, systems, or people. - Operator training
...measure something in your asset or system, | emperature inside electric rotor
e . ’ * Pressure distribution inside a gas turbine
but it isn’t feasible to put a sensor there. - Free-flow inside a sewage network
: . + Unbalance detection of large rotors
th AU V:[lhy Ol BB QL SIS 1S e - Leakage detection in a water distribution network
SNl I = + Predictive maintenance for machine tools
know how your asset or system might - Remaining useful lifetime of electric motors
b h in fut fi * Monitoring of coking in steam cracking furnaces
SIS [ WEUHRS OfgeiEifoln: + Movement of people in emergencies
inform actions on how to control the asset or + Model predictive control of a chemical reactor
t ith thout a H in-the-L + Pump schedule optimization of oil pipelines
system (with or without a Human-in-the-Loop). - Operating point setting of catalyst modules

Source: D. Hartmann (2021): Real-time Digital Twins.
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https://www.etp4hpc.eu/pujades/files/TCI-WP-Real-time-digital-twins_FINAL.pdf
https://www.etp4hpc.eu/pujades/files/TCI-WP-Real-time-digital-twins_FINAL.pdf
https://www.etp4hpc.eu/pujades/files/TCI-WP-Real-time-digital-twins_FINAL.pdf

es: D Hartmann , M Herz , M Paffrath , J Rommes , T Tamarozzi , H Van der Auweraer, U Wever and digital twins. Model Order
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Major categories of Executable Digital Twin applications

xDT Category Use this application when you want to... Examples

prepare for how your asset or system would + Testing of automation by virtual commissioning
- ) - Testing new control strategies on gas turbines
interact with other assets, systems, or people. - Operator training
...measure something in your asset or system, | emperature inside electric rotor
e . ’ * Pressure distribution inside a gas turbine
but it isn’t feasible to put a sensor there. - Free-flow inside a sewage network
: . + Unbalance detection of large rotors
th AU V:[lhy Ol BB QL SIS 1S e - Leakage detection in a water distribution network
SNl I = + Predictive maintenance for machine tools
know how your asset or system might - Remaining useful lifetime of electric motors
b h in fut fi * Monitoring of coking in steam cracking furnaces
SIS [ WEUHRS OfgeiEifoln: + Movement of people in emergencies
inform actions on how to control the asset or + Model predictive control of a chemical reactor
t ith thout a H in-the-L + Pump schedule optimization of oil pipelines
system (with or without a Human-in-the-Loop). - Operating point setting of catalyst modules

Source: D. Hartmann (2021): Real-time Digital Twins.

Page 13 Unrestricted | © Siemens 2025 | Siemens Digital Industries Software | Dirk Hartmann | IMSI Workshop: Reduced Order and Surrogate Modeling for Digital Twins (Nov 2025) SI E M E N S


https://www.etp4hpc.eu/pujades/files/TCI-WP-Real-time-digital-twins_FINAL.pdf
https://www.etp4hpc.eu/pujades/files/TCI-WP-Real-time-digital-twins_FINAL.pdf
https://www.etp4hpc.eu/pujades/files/TCI-WP-Real-time-digital-twins_FINAL.pdf

r @TI Twins (Nov 2025)
R ———


https://youtu.be/2iIN-9Kno3o
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https://youtu.be/2iIN-9Kno3o
https://link.springer.com/article/10.1007/s00170-021-07001-w
https://link.springer.com/article/10.1007/s00170-021-07001-w
https://link.springer.com/article/10.1007/s00170-021-07001-w
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Why do not we see Digital Twins everywhere?

“Despite [...] examples of digital
twins providing practical impact
and value [...]
publicity around digital twins [...]
currently outweighs the
evidence base of success.”

NNNNNNNNN
EEEEEEEEEEEEE
N\

Foundational
Research Gaps and
Future Directions
for Digital Twins

Source . National Academies (2024): Foundational Research Gaps and Future Directions for Digital Twins.
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https://nap.nationalacademies.org/catalog/26894/foundational-research-gaps-and-future-directions-for-digital-twins

Challenges &
Opportunities
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Scalability of simulation is limited by the same obstacles since decades.

Lack of experience and
: Tight deadlines for design don’t
Simulation is not sufficiently
S EEEITEES Computing power required is
prohibitive
. Shortage of tools to automate
Automation workflows

Source: Engineering.com (2022): Research Report: The State of Simulation, Prototyping and Validation
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https://image.engineering.com/239575/articles/Apr_2022/Dassault_State_of_Simulation_Prototyping_and_Validation.pdf

Digital Twins are limited by the availability of experts who can realize real-time
models in complex software landscapes.

What are the major pain &) points for more and broader
adoption of #DigitalTwins for #IndustrialOperation and
#Service?

Missing calculation power

Missing (real-time) models [;1]]

Too complex software landscape

Lack of experts {3

249 votes

Source: Hartmann D. What are the major pain points for more and broader adoption of Digital Twins for Industrial Operation and Service? 2022.
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https://www.linkedin.com/posts/dirkhartmann_digitaltwins-decisionsupport-simulation-activity-6821012771975573504-4lBd/

Key Requirements

for a Digital Twin Reduced Order Model

Page 21
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Speed
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Workflow Efficiency
Trustworthiness
Generalizability
Deployability
Usability
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Method innovation in predictive
technology is key to scale Digital Twins!

ICIAM 2019 SEMA SIMAI Springer Series 5

Manuel Cruz
Carlos Parés
Peregrina Quintela £ds.

Progressin
Industrial
THE DIGITAL TWIN IN chine Lear . frer B 9 Mathematics:

INDUSTRY AND

INFRASTRUCTURE s : : : - . ,7 : SUCCQSS Stories

ARC Strategies N N
March 2023 : i - ¢ The Industry and the Academia
h Points of View

@ Springer

Sources: V De Leeuw, D Slansky (2023): The Digital Twin in Industry and Infrastructure, ARC Advisory Group Industry Report
D Hartmann, H van der Auweraer (2020): Digital Twins, Progress in Industrial Mathematics: Success Stories
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https://www.arcweb.com/industry-best-practices/digital-twin-industry-infrastructure
https://www.springerprofessional.de/en/digital-twins/18985038

The convergence of technology has driven and will continue to drive
innovation — Mathematics is a core element of this!

Interactive
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/| Reduced Order and
I Surrogate Modeling
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Goal: Acceleration of Predictions

Simulation Solver:
Predictions based on physics
equations; fully generalizable

high

s,

High End
CFD
simulation

Product
Configurator

ACCURACY

Design < b &
integrated %'ﬁ; 1 ROM
simulations ‘ = building

low

slow SPEED fast
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Reduced Order and Surrogate Modeling
Technology Opportunities

There is no one to one mapping between technology and use cases, but the problem
categorization in terms of dimensionality & non-linearity can give good guidance.

Mildly Geometry Highly

Linear ) L :
Non-linear Variation Non-linear

KPI (0D)
Dynamic (1D)

Dynamic (3+1D)

Reduced Order Modelling “Deep” Learning

Static (3D)

Guideline: Maximize Physical Bias
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Reduced Order
Modelling
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Battery Thermal Management along the Life Cycle

Battery cycle

System Design Battery Design System Monitoring &
and 3D Validation Control
Validation
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Battery Thermal Management
Reduced Order Modelling

2R ,C, Challenge:
Controller embedded real-time thermal
simulations

Opportunity:
ML-based reduced order modelling
technologies

Example: Battery thermal management

Complex multi-physics model:
Turbulent fluid flow
Battery electrochemistry
Electrical modeling
~ 1 million cells
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Battery Thermal Management
Technical concept

Latent Dimension Identification, e.g., Autoencoder, Diffusion
Maps, Dynamic Mode Decomposition, Proper Orthogonal
Decomposition (POD), ...

Reduced Model Discovery, e.g., Discrete Empirical
Interpolation, Neural Networks, Operator Inference (Ol), ...
with Trajectory Learning

Gaussian Regression

Active Learning, e.g., classical
Design of Experiments

ence interval
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4 6 8 10
Joint sampling space

Source: Q Zhuang, D Hartmann, HJ Bungartz, JM Lorenzi (2023): Active-learning-based nonintrusive model order reduction; Data-centric Eng
Q Zhuang, JM Lorenzi, HJ Bungartz, D Hartmann (2021):Model order reduction based on Runge—Kutta neural networks; Data-centric Eng

Page 30 Unrestricted | © Siemens 2025 | Siemens Digital Industries Software | Dirk Hartmann | IMSI Workshop: Reduced Order and Surrogate Modeling for Digital Twins (Nov 2025) SI E M E N S



https://doi.org/10.1017/dce.2022.39
https://doi.org/10.1017/dce.2022.39
https://doi.org/10.1017/dce.2022.39
https://doi.org/10.1017/dce.2022.39
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https://www.cambridge.org/core/journals/data-centric-engineering/article/model-order-reduction-based-on-rungekutta-neural-networks/0AAB2D75AED158D92D4BA07EAA1A4BCB
https://www.cambridge.org/core/journals/data-centric-engineering/article/model-order-reduction-based-on-rungekutta-neural-networks/0AAB2D75AED158D92D4BA07EAA1A4BCB
https://www.cambridge.org/core/journals/data-centric-engineering/article/model-order-reduction-based-on-rungekutta-neural-networks/0AAB2D75AED158D92D4BA07EAA1A4BCB
https://www.cambridge.org/core/journals/data-centric-engineering/article/model-order-reduction-based-on-rungekutta-neural-networks/0AAB2D75AED158D92D4BA07EAA1A4BCB

Battery Thermal Management
Results

15 long simulations’ for different parameters
[Time: 4h | Size on disk: 4.1 GB]

POD on initial DoE data
[Time: 20’ | Size on disk: 0.7 GB]

AL loop, 11 iterations with 5 short? sim. each
[Time: 2h 20’ | Size on disk: 3.4 GB]

PAC based on 58 short simulations?
[Time: 2h 30’ | Size on disk: 3.6 GB]

Real-time capable ROM (20 ODEs)

1) 350 time steps per simulation 2) 5 time steps per simulation
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Battery Thermal Management
Results

Sensors b and d, true vs predicted

——Db (true)
——b (predicted)
- = d(true)
— = d (predicted)

60 80
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Battery Thermal Management
A fast simulation model isn’t everything

There is many more elements to get the Digital Twin
working:

» Data assimilation

» Practical uncertainty quantification
» Integration in control loops

» Digital rights management

» “Obscure” compute hardware

» Required effort & expertise to setup
> ...

Page 33 Unrestricted | © Siemens 2025 | Siemens Digital Industries Software | Dirk Hartmann | IMSI Workshop: Reduced Order and Surrogate Modeling for Digital Twins (Nov 2025) SI E M E N S



“Brute Force”
Surrogate Modelling
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Poisson Equation
Brute Force Surrogate Modelling

Right Hand Side Challenge:
ML-based surrogate model with limited

data requirements, generalizability,
trustworthiness

Opportunity:
Domain Decomposition based hybridized
Neural Solver

Example: Simple Poisson Model

Au = f on (), u = 0onodQ

Source: D. Hartmann (2025): Hybridized Data Driven Flux-Conservative Solvers: Towards Foundation Models for PDE-Solving. 1st Workshop on Differentiable Systems and Scientific
Machine Learning @ EurlPS 2025
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Hybridized Flux Conservative Neural Solver
|deas

O Domain Decomposition

“\_/" Hybridization (Interface variables as main variables)
“\_)~ Sub-element-based training
-\_/)~ Flux-conservation as coupling condition

Page 36 Unrestricted | © Siemens 2025 | Siemens Digital Industries Software | Dirk Hartmann | IMSI Workshop: Reduced Order and Surrogate Modeling for Digital Twins (Nov 2025) SI E M E N S



Hybridized Flux Conservative Neural Solver
Training Process

Domain decomposition into Encoding of vertex, face, and Operator learning of solution
HDD-DG elements iInner variables and flux operators

scfHHEH
E UE,

iy, ﬁlFeE| S
fi

|Ee

ae (efedlE

Uy, ﬁmE F |§|]~|Fe
fiEs
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Hybridized Flux Conservative Neural Solver
Inference Process

Encode right hand side and Assemble A fluxes Recover latent solution and
boundary conditions for each face and solve decode
aEees

min (|4, e T

Tyetie, £ i S i I-
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Hybridized Flux Conservative Neural Solver
Results

Setup: Results:

» Data: 100 Simulations with 70x70
Finite Elements and random

f=aexp(—(x —w)?/20%)

» Autoencoders: PCA with2 /4

modes for faces / elements Figure 1: Loss evolution of the operator training encoding)): (a) solution operator, (b) flux
respectively operators.

Right Hand Side FEM

» Operators: 4-layer NN (@) ‘ m ' I (b) I l
» Training: Adams i iR —— |
» Solution: BFGS ‘ | _ DI ml

Figure 2: Validation of the method using encoding for two randomly chosen source functions f
which have not been seen during the training.
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Hybridized Flux Conservative Neural Solver
Open topics

This is just a first idea, thus there are many open questions
» More complex non-linear cases
» Geometry encoding

» Optimal non-linear solver

» Optimal architectures

» Coupling with other methods

> ...
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The Future?
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Demo: An Al Companion for Design and Engineering

Aircraft Engine Bracket - Technical
Specification

Maximum Size (width x depth x height): 10in x 5in x 3in
Iterface 1: 0.75 inch diameter pin.

Fixation / Inteface 2-5: 4 0.375-24 AS3239-26 machine bolt: Nut face 0.405 in. max ID
and 0.558 in. min OD

M nimum material feature size (wall thickness): 0.050 in.

GRABCAD

Material: Ti-6Al-4V

Service Temperature: 75 F
Load Conditions:
1. Max static linear load of 8,000 Ibs vertical up.

Design Goal

™ J
M+

| —

e Minimum weight bracket.md

e Maximum yield stress below 131 ksi
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Digital Twins - a golden age for industrial mathematics

/ v Industrial

Metaverse

T

_ ~ ' CAx
Model Sunrise

Pioneers

~1985 ~2000 ~2015 ~2022

CAXx: Computer Aided Design, Engineering, & Manufacturing

Source: D. Hartmann, H. Van der Auweraer (2025): Digital Twins - a golden age for industrial. Journal of Mathematics in Industry
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ontact

Dr. Dirk Hartmann

Head of Simcenter Technology Innovation
Siemens Digital Industries Software
Simulation and Test Solutions
Otto-Hahn-Ring 6

81739 Munich

Germany

Mobile +49 173 2537709
E-mail hartmann.dirk@siemens.com

i =abd __ERFY The Art of the Possible — Blog
. https://blogs.sw.siemens.com/art-of-the-possible
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