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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 AI….

It is key to avoid hallucinations. Spetially in Generative AI

(Credit: PCMag / Stability AI)
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In AI….
It is key to avoid hallucinations. Spetially in Generative AI

(Credit: PCMag / Stability AI)
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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 AI 

Hybrid modeling during operation: Singapore (Descartes)
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Knowledge-informed 
generative AI 



8

What is generative AI

CREATE NEW CONTENT

Generative space
Given samples

Something new… that makes sense
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Gen AI and Model order reduction

POD                                                                        KPCA

No mapping to the original space

Kernel Principal Component AnalysisProper Orthogonal Decomposition
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Pros :

• Easy to train

Cons : 

• Potentially irrealistic generated 

samples

Autoencoders
Pros :

• Realistic generated samples

Cons : 

• Low quality samples

• Difficult to train

Variational Autoencoders Pros :

• High quality samples

Cons : 

• Potentially irrealistic generated 

samples

• Difficult to train

Adversarial networks
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Generative design principle : Sampling a latent space Z (low-dimensional representation containing all essential 
features of our data) to generate new data.

Introduction to methods in generative
design based on neural networks
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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

Non-linear interpolation:
What we should do

Linear interpolation:
What we actually do

Linear interpolation:
What we want to do
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Rank-reduction autoencoders

Mounayer, J., Rodriguez, S., Ghnatios, C., Farhat, C., & Chinesta, F. (2024). Rank 
Reduction Autoencoders--Enhancing interpolation on nonlinear manifolds. arXiv preprint
arXiv:2405.13980.
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Latent space without “holes”
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Solvers for resolving temperature 
fields over complex geometries

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.

Need for parametrization
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Proposed hybrid framework: VRRAE + 
DeepONet
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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
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Results combine two architecures
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2×2 Component Analysis
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2×2 Component Analysis: Encoder (AE vs VRRAE) × Head (CNN vs DeepONet)

VRRAE+DeepONet = best accuracy + stability

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

DeepONet: ~0.0026 s per sample

Results
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Results
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How to avoid mode 
collapse
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How to avoid mode collapse
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Shell structures
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Physics-informed discriminator

Bastek, J. H., & Kochmann, D. M. (2023). Physics-informed neural networks for shell
structures. European Journal of Mechanics-A/Solids, 97, 104849.
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Filling in the manifold
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Hybrid modeling during 
operation: Singapore 
(Descartes)
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AI/ML

HYBRID TWIN APPROACH

Ignorance

HYBRID 
TWIN

INTELLIGENT 
CONTROL
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Reduced 
Model

Real-time
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



33

WIND MAP
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WIND MAP: DOWNSCALING
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MAPS FOR PLANNING
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Bridging Data and Physics: A Graph Neural Network–Based Hybrid Modeling Framework for FEM approximations. M. Gorpinich, B. 
Moya, S. Rodriguez, F. Meraghni, Y. Jaafra, A. Briot M. Henner, R. Leon, F. Chinesta
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Mesh generalization

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

(a) (b)
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Root Mean Square Error  
(°C)

Measurement sites

S1
(temporal 
validation)

S2
(temporal 
validation)

S3
(temporal 
validation)

S4
(spatial 

validation)

SURROGATE 1.3 2.1 1.9 1.7

HYBRID 0.6 0.7 0.6 0.7S3: RobinsonRd

S1:BoonTatS

S4: MacCallum
S2: BoonTat711

HYBRID MODELLING: IMPROVING PREDICTIONS ACCURACY

Hybrid Model improves performance & 
corrects inaccuracies
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TEMPERATURE: OUTDOOR (AUG. 2025 – AUG. 2026)
SIMULATION MODEL

vs

SUCCESSFUL 
PREDICTION!

REAL DATA (FROM COOLING SINGAPORE)
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RISK EVALUATION: POLLUTION DISPERSION
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RISK EVALUATION: PLUME DISPERSION
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RISK MITIGATION
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RISK EVALUATION: OIL DISPERSION
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RISK MANAGEMENT: FIRE PROPAGATION
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RISK MANAGEMENT: FLOODING
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HYBRID MODELS – RISK – ECONOMICAL IMPACT: INSURANCES
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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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