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The hybrid modeling paradigm

Integration of physics-based models and data-driven
models to represent, predict, or control a system more
accurately, robustly, and efficiently than either
approach alone.
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In Al....

It is key to avoid hallucinations. Spetially in Generative Al
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Objective

Analyzing the role of model order reduction and hybrid
modeling for the development of applications towards
numerical transition of territories and decision making.
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Knowledge-informed generative Al

— Hybrid modeling during operation: Singapore (Descartes)
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Knowledge-informed
generative Al
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What is generative Al

Generative space

° / Given samples
CREATE NEW CONTENT (@] (@)
(0] ® <« Something new... that makes sense
0 (0]
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Gen AI and Model order

Proper Orthogonal Decomposition
POD
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Introduction to methods in generative
design based on neural networks

Generative design principle : Sampling a latent space Z (low-dimensional representation containing all essential

features of our data) to generate new data.

Discriminator

Adversarial networks
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Autoencoders Variational Autoencoders PR
Pros : Pros: ;
* High quality samples
* Easy to train * Realistic generated samples 218 i >
Cons:
Cons: Cons:
) ) o . * Potentially irrealistic generated
* Potentially irrealistic generated * Low quality samples
e . samples
samples * Difficult to train
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How to interpolate properly
on manifolds to generate new
samples
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How to interpolate properly on
manifolds to generate new samples

,I
Non-linear interpolation: Linear interpolation: Linear interpolation:
What we should do What we actually do What we want to do
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Rank-reduction autoencoders

— — A Only for the — =
A strong formulation A
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Only for the weak formulation

L= M| X=X |2H XY —UA|;
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Mounayer, J., Rodriguez, S., Ghnatios, C., Farhat, C., & Chinesta, F. (2024). Rank prockds o erions
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Absolute Temperature Error of A1

Solvers for resolving temperature

fields over complex geometries

¥imm}

Need for parametrization

~ Kimm)

Pan, N. The Temperature Field Prediction and Estimation of Ti-Al Alloy Twin-Wire Plasma Arc Additive Manufacturing
Using a One-Dimensional Convolution Neural Networ

Huo, H.; Chen, F. A Study of Simulation of the Urban Space 3D Temperature Field at a Community Scale Based on High-Resolution
Remote Sensing and CFD.
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Proposed hybrid framework: VRRAE +
DeepONet

Geometry
X -
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Four geometries dataset:

2 Circles, 2 Squares

variables:
4 x position
4 y position

Flag square/circle
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Latent space with K_max=8

©
c
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Model Mean MSE Inter.  Rdn.
AE 0.00892 0.714 0.567
VRRAE 0.00820 0.868 0.741
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Results combine two architecures

Decoder 1 (geo)

Decoder 2 (heatEq)
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2Xx2
Component Analysis
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Results

2x2 Component Analysis: Encoder (AE vs VRRAE) x Head (CNN vs DeepONet)
Model MSE NMSE inf nrm

AE+CNN (5.22 £ 4.85) x 1072 (9.30 £8.76) x 10=7  0.1150 + 0.0447
AE+DeepONet (3.954+1.63) x 1073 (7.034+£2.82) x 1077  0.1060 £ 0.0168
VRRAE+CNN (3.174£3.38) x 1073 (5.68+£6.59) x 107 0.0896 + 0.0357
VRRAE+DeepONet  (3.12+1.16) x 1073 (5.54 £2.02) x 107 0.0942 + 0.0138

VRRAE+DeepONet = best accuracy + stability

Computational Efficiency Matlab (FEM solver): ~0.27 s per sample

DeepONet: ~0.0026 s per sample lﬁ_ﬂ[
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How to
avoi
collapse void mode
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How to avoid mode collapse
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Shell structures
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Physics-informed discriminator
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Hybrid modeling during
operation: Singapore
(Descartes)
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HYBRID TWIN APPROACH

dx el e e
Real-time d_t = fp yRresToRee (x7 Z) + f i rlven($7 Z)

Smart Data
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CONTEXT
Environmental conditions are strongly impacted by the wind field:
temperature, noise, air quality, pollutant dispersion, ...

OBJECTIVE
Computing the wind map and all the associated environmental fields

APPROACH
Surrogates working on parametric maps

OUTCOME
Parametric environmental real-time models
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WIND MAP: DOWNSCALING

]

Properties (aOparametricsolutionFilt "

Reload Python Mod

Parameter1

P 2
Parameter2 15708

time
0
@v a
num steps 1 s

annim param one

-
=
-
Display (UnstructuredGridRepresent - J “.

Representation Surface

Coloring
Solld Color
®: Edit
Scalar Coloring
v Map Scal
¥ Intery
Styling
Opacity
Point Size

Line Width

Lighting

Interpolation Gouraud

ua@yverse OpenVFOAM
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MAPS FOR PLANNING
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[ skip reconstruction
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Mesh generalization

Nonlmear (GT) Linear Orig. gap Nonlinear (GT) Linear Orig. gap
Ours Abs. err. (Ours) Ours Abs. err. (Ours)
300 400 1000 1000 1200 1400
10-1 1(')0 1(')' 102 10'-1 100 10! 102

Prediction of the simulation on an irregular mesh with the training performed on the
regular mesh.



HYBRID MODELLING: IMPROVING PREDICTIONS ACCURACY

JEN (W)
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Hybrid Model improves performance &

corrects inaccuracies
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TEMPERATURE: OUTDOOR (AUG. 2025 - AUG. 2026)

SIMULATION MODEL
. sun porous media

REAL DATA (FROM COOLING SINGAPORE)
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RISK EVALUATION: POLLUTION DISPERSION

dumverse OpenVFOAM

Bridge the gap between models and reality.



RISK EVALUATION: PLUME DISPERSION
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dumverse OpenVFOAM

Bridge the gap between models and reality.




RISK MITIGATION
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RISK EVALUATION: OIL DISPERSION

Injection radius : 0.50

Reset particles —S’T Pause/Play
imulation speed : 12.63 ta



RISK MANAGEMENT: FIRE PROPAGATION
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RISK MANAGEMENT: FLOODING
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HYBRID MODELS - RISK - ECONOMICAL IMPACT: INSURANCES




Conclusions
and future work
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Conclusions

A smart territory is not over-digitalized.
However, its transition is led by hybrid models
supported by specific knowledge.

Next steps- towards enhanced manifolds:
Interpretable spaces with coherent results
and uncertainty. Construction of KPIs for risk
evaluation.
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