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We are able to combine
the real and digital
worlds like no other
company!

Dr. Roland Busch,
President and CEO of Siemens AG
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Siemens + Altair

Delivering a comprehensive portfolio for performance engineering
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Examples
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The Digital Twin in Design & Engineering
Interactive FEM in the Metaverse
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Sources: D Hartmann, M Herz , M Paffrath , J Rommes, T Tamarozzi , H Van der Auweraer, U Wever (2021): Model order reduction and digital twins. Model Order Reduction - Volume 3
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https://youtu.be/86vkjykbHRM
https://doi.org/10.1515/9783110499001-012
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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
https://link.springer.com/article/10.1007/s11740-020-00975-8
https://link.springer.com/article/10.1007/s11740-020-00975-8
https://link.springer.com/article/10.1007/s11740-020-00975-8
https://www.sciencedirect.com/science/article/abs/pii/S0007850620300676
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https://blogs.sw.siemens.com/art-of-the-possible/computer-aided-engineering-in-the-industrial-metaverse-part-4/

Digital Twins

Very Different Requirements across Different Scales

Use Case Physics
Design
Validation CFD
De5|gr_1 Mechanics
Exploration
V|rtu_al Thermal
Sensing
“Optimal” :
Control Dynamics
Learning Thermal
Control
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Digital Twin
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The Digital Twin Paradigm

IIA comprehensive set of digital models accepted
as full substitutes for reality to understand,
predict, and optimize the physical counterpart’s
performance characteristics for specific
purposes. The bidirectional interaction between
the digital and the real Is central to the digital
twin.

Source: D. Hartmann, H. v.d. Auweraer (2025): Digital Twins - a golden age for industrial mathematics. Journal of Industrial Mathematics
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https://youtu.be/ObGhB9CCHP8
https://link.springer.com/article/10.1186/s13362-025-00170-3
https://link.springer.com/article/10.1186/s13362-025-00170-3
https://link.springer.com/article/10.1186/s13362-025-00170-3

Digital Twins require a massive expansion of the use of simulation
technologies along different “scales”

<= Extending ‘use cases’
<= Lifecycle spanning simulation
<4=P Extending ‘user’ profiles

B Autonomous
Simulation

Simulation

& beyond R&D
based X ﬁ‘l © % %w

; o Veep: :
S Besion %& 4: Shitt Left e P P-{ | Multi-X
Design o : X v _
Centric w@ ,3 Simulation

3\

Simulation

Source: R. Bornoff, D. Hartmann (2024): On the ongoing evolution of industrial simulation. Siemens Blog
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https://blogs.sw.siemens.com/art-of-the-possible/on-the-ongoing-evolution-of-industrial-simulation/

Digital Twin — State of Industrial Adoption Today

NATIONAL =

*les
™

“Despite [...] examples of digital twins Foundational
providing practical impact and value |[...] ?ﬁfﬁ?@f&?&‘?;ﬂf
publicity around digital twins [...] currently ~orDigital Twins

outweighs the evidence base of success.” Consnis Sy epa

Source: National Academies (2024): Foundational Research Gaps and Future Directions for Digital Twins.
Page 17 Unrestricted | © Siemens 2026 | Siemens Digital Industries Software | Dirk Hartmann — College de France, 2026/03/17 SI E M E N S



https://nap.nationalacademies.org/catalog/26894/foundational-research-gaps-and-future-directions-for-digital-twins
https://nap.nationalacademies.org/cart/download.cgi?record_id=26894

Scalability of simulation is limited by the same obstacles since a decade.
Challenge: This holds also for Digital Twins

Lack of experience and
: Tight deadlines for design don’t
Simulation is not sufficiently
P EREETEES Computing power required is
prohibitive
: Shortage of tools to automate

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

But there is hope! It is exciting times ...
... the evolution and convergence of technologies will make Digital Twins real.

Interactive
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Multi-grid Model-in-the-
£t orinciol BFGS Methods Loop
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The Coming Technological Singularity: How to Survive in the Post-Human Era
Vernor Vinge, 1993 — NASA VISION-21 Symposium

The Coming Technological Singularity:
How to Burvive in the Post-Human Era

pepactnest S B iost sctsnce The Coming Technological Singularity: How to Survive in

San Diego State Univeraity

(¢} 1993 by Vernor Vinge the POSt_Human Era

(verbatim copying/translation and distribution of this
entire article is permitted in any medium, provided this

notice is preserved.) Vernor Vlnge, 1993

This article was for the VISION-Z1 Symposium
aspcnacred by WASBA Lewis Research Center
and the ohic Asrcspace Institute, March 30-31, 1993,
It is alsoc retrievable from the WASA technical reporta
server as part of WASA CP-1012G.

A glightly changed wversicn appeared in the -
Winter 1993 issue of _Whole Earth Review_. S raC .

Abatract

T — Within thirty years, we will have the technological means to
st e st create superhuman intelligence. Shortly after, the human era
é:;?n::?;:isa;i:;e:::-m;ibu answers (and some further Wi” be ended.

_What iz The =ingularity?_

postamee Syl oF tezimologion] prograas hag been the el Is such progress avoidable? If not to be avoided, can events

of change comparable to the rise of human life cn Earth. The precise

cause of this change is the imminent creaticn by technology of . A ’) A
entities with greater human intelligence. There are several means e gul e SO t at We l I Iay Survlve H eSe questlons are
by which science may & this breakthrough (and this is ancther

reascn for having confidence that the event will occcur):

° e development of conputars et e e e investigated. Some possible answers (and some further

area of AI relates to whether we can create human equivalence

in a machine. But if the answer is "yes, we can", then there

is little doubt that beings more intelligent can be constructed dangers) are prese nted
shortly thereafter. "
Large computer networks (and their asscciated users) may "wake

up" as a superhumanly intelligent entity.

Computer/human interfaces may becoms so intimate that users

may reascnably be considered superhumanly intelligent.

Bioclogical science may find ways to improve upon the natural

human intellect.

The first three possibilities depend in large part on
improvements in computer hardware. Progress in computer hardware has
followed an amazingly steady curve in the last few decadesa [16]. Based
largely cn this trend, I believe that the creation of greater than
human intelligence will occur during the next thirty yeara. (Charles

Source: Vernor Vinge (1993): The Coming Technological Singularity: How to Survive in the Post-Human Era, NASA CISION-21 Symposium
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https://edoras.sdsu.edu/~vinge/misc/singularity.html
https://edoras.sdsu.edu/~vinge/misc/singularity.html
https://edoras.sdsu.edu/~vinge/misc/singularity.html

Deep Dive
ML-based Reduced

Order Modelling
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ML-based Reduced Order Modelling
Challenge

0B C Battery Thermal Management

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

Real-time model running within a system Ty
simulation or a controller

. 1]
* | OED
* a
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ML-based Reduced Order Modelling
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)

. Gaussian Regression

Active Learning, e.g., classical

Design of Experiments Meanpredcion
GP error ‘

l 4

Run Star to
l generate new data
A

)
8
o
£
u
o
]
c
L
=
o
o
-
o
=
o
=
L

ROM with given accuracy

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
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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
https://doi.org/10.1017/dce.2022.39
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

ML-based Reduced Order Modelling
Proper Orthogonal Decomposition and Differential Operator Inference

Proper Orthogonal Decomposition:

» Fast and robust

» Parallelization allows up
o =U-2 -V
nxm nxn nXm mxm to 10+M Ce”S

Differential Operator Inference (Ol):

N5 Npet » More robust and stable than
wr = argmlnz Z §l. - classical Ol
AHB j=1 i=0 j
_ } ey » Computationally feasible due
st.y/(t) =y, + (& —te—1)  [AHB]- |yl *y/, | di : i
2l to low-dimensionality

Source:

WIT Uy, D Hartmann, B Peherstorfer (2023): Operator inference with roll outs for learning reduced models from scarce and low-quality data. Computers & Mathematics with Applications, 145, 224-239
D Hartmann, L Failer (2021): A differentiable solver approach to operator inference. arXiv preprint arXiv:2107.02093.
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https://doi.org/10.1016/j.camwa.2023.06.012
https://doi.org/10.1016/j.camwa.2023.06.012
https://doi.org/10.1016/j.camwa.2023.06.012
https://arxiv.org/abs/2107.02093

ML-based Reduced Order Modelling
Results — “Performance” metrics

Initial DoE

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]

Run Star to
generate new data

A

AL loop, 11 iterations with 5 short? sim. each

[Time: 2h 20 | Size on disk: 3.4 GB]

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

ROM with given accuracy Real-time capable ROM (20 ODEs)

1) 350 time steps per simulation  2) 5 time steps per simulation
Page 25 Unrestricted | © Siemens 2026 | Siemens Digital Industries Software | Dirk Hartmann — College de France, 2026/03/17 SI E M E N S



ML-based Reduced Order Modelling
Results

Sensors b and d, true vs predicted

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

SIEMENS
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ML-based Reduced Order Modelling
Challenge

0B C Battery Thermal Management

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

Real-time prediction running within a systg Ty
simulation or a controller

. 1]
* | OED
* a

Page 27 Unrestricted | © Siemens 2026 | Siemens Digital Industries Software | Dirk Hartmann — College de France, 2026/03/17 SI E M E N S



Scalability of simulation is limited by the same obstacles since a decade.
Challenge: This holds also for Digital Twins

Lack of experience and
: Tight deadlines for design don’t
Simulation is not sufficiently
P EREETEES Computing power required is
prohibitive
: Shortage of tools to automate

Source: Engineering.com (2022): Research Report: The State of Simulation, Prototyping and Validation

Page 28 Unrestricted | © Siemens 2026 | Siemens Digital Industries Software | Dirk Hartmann — Collége de France, 2026/03/17 SI E M E N S


https://image.engineering.com/239575/articles/Apr_2022/Dassault_State_of_Simulation_Prototyping_and_Validation.pdf

Deep Dive
ML-based Multiscale
Modelling
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ML-based Multiscale Modelling
Challenge: Real-time Computational Fluid Dynamics (CFD)

Internal or External Flows

Complex multi-scale
physics
Changing geometries
Turbulent fluid flow
~ 1-100 million cells

Flexible real-time simulation running on a
workstation for powering an engineering agent
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ML-based Multiscale Modelling
Challenge: Acceleration of High-Fidelity Simulations

Simulation Task HiFI Simulation

Fluid Inflow

Using a coarser
mesh allows a
significant
acceleration

128x128

SIEMENS
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ML-based Multiscale Modelling
Core ldea

HiFI Simulation

LoFi Simulation

Physics

Source: N Margenberg, D Hartmann, C Lessig, T Richter (2020): A neural network multigrid solver for the Navier-Stokes equations; J. Comp. Phys.
G Jouan, M Schulz, D Berger, S Gavranovic, D Hartmann (2025): Hybrid solver with local correction using Lagrangian latent memory. Eurips Workshope— Diff Systems
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https://arxiv.org/abs/2008.11520
https://arxiv.org/abs/2008.11520
https://arxiv.org/abs/2008.11520

B ML-based Hybrid Modelling
Results

HiFi Simulation Comparison of Accuracies

HiFi Simulation:
Reference &
Training Data

|

Vertical Velocity

128 x 128 grid
40x speedup

ML-augmented
Simulation:
128 x 128 grid

>
=
(S
o
()
>
(-_5 —
+—
c
o
N
—_
o
I

Grid: 1024 x 1024 The model

Solver: Industry-grade , something where classical ML
solver methods fail

Source: G Jouan, M Schulz, D Berger, S Gavranovic, D Hartmann (2025): Hybrid solver with local correction using Lagrangian latent memory. Eurips Workshop - Differentiable Systems and
Scientific Machine Learning

Page 33 Unrestricted | © Siemens 2026 | Siemens Digital Industries Software | Dirk Hartmann — College de France, 2026/03/17 SI E M E N S




A NN-based Multigrid Method
Results

—— DNN-MG
MG
MG (fine)

—— DNN-MG
MG
MG (fine)

'

Lift

!

0.4 0.6

time ¢

Source: N Margenberg, D Hartmann, C Lessig, T Richter (2020): A neural network multigrid solver for the Navier-Stokes equations; J. Comp. Phys.
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https://arxiv.org/abs/2008.11520
https://arxiv.org/abs/2008.11520
https://arxiv.org/abs/2008.11520

ML-based Multiscale Modelling
Challenge: Real-time Computational Fluid Dynamics (CFD)

Internal or External Flows

Complex multi-scale
physics
Changing geometries
Turbulent fluid flow
~ 1-100 million cells

Wors,
I in J

rograc.t
Flexible real-time simulation running on a\ g €sg

workstation for powering an engineering ag%m../
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Scalability of simulation is limited by the same obstacles since a decade.
Challenge: This holds also for Digital Twins

Lack of experience and
: Tight deadlines for design don’t
Simulation is not sufficiently
P EREETEES Computing power required is
prohibitive
: Shortage of tools to automate

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

Deep Dive
Al-based User
EXxperience
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Al-based User Experience
What are Al Agents?

Feedvack Loop [ » An agent is a piece of software program
Aurtonoinous easoning built on top of an augmented Large Language
Model (LLM).

—_— Out

» Augmented LLMs can retrieve knowledge and
access tools.

» Agents are autonomous, I.e., they can plan and
reflect themselves (as well as have memory).

» Al agents are similar to Al Workflows which
are often used synonymously but are not
autonomous.

Source: https://langchain-ai.github.io/langgraph/tutorials/workflows/#building-blocks-the-augmented-lim
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https://langchain-ai.github.io/langgraph/tutorials/workflows/#building-blocks-the-augmented-llm
https://langchain-ai.github.io/langgraph/tutorials/workflows/#building-blocks-the-augmented-llm
https://langchain-ai.github.io/langgraph/tutorials/workflows/#building-blocks-the-augmented-llm
https://langchain-ai.github.io/langgraph/tutorials/workflows/#building-blocks-the-augmented-llm
https://langchain-ai.github.io/langgraph/tutorials/workflows/#building-blocks-the-augmented-llm
https://langchain-ai.github.io/langgraph/tutorials/workflows/#building-blocks-the-augmented-llm
https://langchain-ai.github.io/langgraph/tutorials/workflows/#building-blocks-the-augmented-llm
https://langchain-ai.github.io/langgraph/tutorials/workflows/#building-blocks-the-augmented-llm
https://langchain-ai.github.io/langgraph/tutorials/workflows/#building-blocks-the-augmented-llm
https://langchain-ai.github.io/langgraph/tutorials/workflows/#building-blocks-the-augmented-llm
https://langchain-ai.github.io/langgraph/tutorials/workflows/#building-blocks-the-augmented-llm

Al-based User Experience
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

Minimum material feature size (wall thickness): 0.050 in.

GRABCAD

Material: Ti-6Al-4V

Source: GradCad (2013): GE jet engine bracket challenge

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

Design Goal
r

e Maximum yield stress below 131 ksi M+
[ —

e Minimum weight bracket.md
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Al-based User Experience
“Architecture”

©

31Er

&% Agents (Tool API + Reasoning Model)

Decision Q

Configure
Sim Param

fEse;

Tc

Get
Product Spec

Chat

8

Boundary Cond.

fe

Report

Results
.
Run Write I~
Simulation Report A ¢

NX Tc

BB

HEEDS

MDO

Optimize Design

Page 40 Unrestricted | © Siemens 2026 | Siemens Digital Industries Software | Dirk Hartmann — College de France, 2026/03/17

SIEMENS



Al-based User Experience
“Architecture”

@ @ o
@ £nd User @ End User / Expert User @ End User

Prompting I i PromptingI Prompting

A

A

Prompting

RESTful Model Context Protocol

\4

|
SaaS 4 l } Agentic Al
1
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Scalability of simulation is limited by the same obstacles since a decade.
Challenge: This holds also for Digital Twins

Lack of experience and
: Tight deadlines for design don’t
Simulation is not sufficiently
P EREETEES Computing power required is
prohibitive
: Shortage of tools to automate

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

Wrap Up
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Digital Twin - A new age of computational paradigms

Digital
R&D Twin Era
CAX Pervasion o
Model Sunrise -
Pioneers

~1985 ~2000 ~2015
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Engineering Al
In the News

Neural Concept Closes
$100M Funding Round Led
by Growth Equity at
Goldman Sachs

o0 design the car of the Tutur~
Here are 8,000 designs to get you started.

MIT engineers developed the largest open-source dataset
of car designs, including their aerodynamics, that could
speed design of eco-friendly cars and electric vehicles.

Jennifer Chu | MIT News
December 5,2024

Page 45 Unrestricted | © Siemens 2026 | Siemens Digital Industries Software | Dirk Hartmann — College de France, 2026/03/17



Digital Twin - A new age of computational paradigms
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https://www.nytimes.com/2025/11/17/technology/bezos-project-prometheus.html
https://www.forbes.com/sites/geekgirlrising/2025/11/20/fei-fei-li-ushers-in-ais-next-frontier-spatial-intelligence/
https://fortune.com/2025/12/19/yann-lecun-ami-labs-ai-startup-valuation-meta-departure/
https://www.unite.ai/the-rise-of-physical-ai-why-the-boston-dynamics-google-deepmind-alliance-changes-everything
https://www.inc.com/ben-sherry/why-nvidias-jensen-huang-is-so-bullish-on-physical-ai-and-robots/91104573
https://www.engineering.com/beyond-digital-twins-nvidia-and-dassault-bet-on-industry-world-models
https://www.coreweave.com/news/coreweave-to-acquire-monolith-expanding-ai-cloud-platform-into-industrial-innovation
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It is exciting times ...

... the evolution and convergence of technologies will make Digital Twins real
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It is exciting times ...
... however, without caution we will be lost

\\\

: 4th/

. Lap1/2

Source: OpenAl - ChatGPT
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One is sure, without caution and rigorous research we will be lost!

Overoptimism and weak baselines call for more rigor and clarity!

Page 50

McGreivy, N., & Hakim, A. (2024).
Weak baselines and reporting
biases lead to overoptimism in
machine learning for fluid-related
partial differential equations. Nature
machine intelligence, 6(10), 1256-
1269.

N Ashton, J Brandstetter, S
Mishra (2025): Fluid
Intelligence: A Forward Look on
Al Foundation Models in
Computational Fluid

Dynamics. arXiv preprint
arXiv:2511.20455.
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Y Choi, SW Cheung, Y Kim, PH
Tsai, AN Diaz, | Zanardi, ... M
Heinkenschloss (2025):
Defining Foundation Models for
Computational Science: A Call
for Clarity and Rigor. arXiv
preprint arXiv:2505.22904.

K Vafa, PG Chang, A
Rambachan, S Mullainathan
(2025): What has a foundation
model found? using inductive
bias to probe for world models.
arXiv preprint
arXiv:2507.06952.
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Mathematics is crucial to make Digital Twins real!

Accelerating
Predictions

Validation
&
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& Inverse
Problems

Model
Adaptivity

Machine
Learning
Assisted
Modelling

Industry-Academic Eco-Systems

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

Prof. Dr. Dirk Hartmann

Distinguished Key Expert & Head of Simcenter Technology Innovation
Siemens Digital Industries Software

E-mail hartmann.dirk@siemens.com

Chair for Digital Twins
TU Darmstadt

E-mail dirk.hartmann@tu-darmstadt.de
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