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A Twin is not
A monitored and controled  

material, process, structure or system
Automation was the 3rd industrial revolution

Pattern recognition

Model-based or Data-Driven 
Transfer Function

Data Decision



A Twin is not
A simply DDDAS  

-Dynamic Data Driven 
Application Systems-

Models, even when 
calibrated (data-assimilation) 
rarely represent accurately 

the reality, in particular when 
addressig systems of 
systems combining 
complexity, size and 

uncertainty …



A Twin should be

Thickness 
measurement

Infered residual 
stress

Frugal, Intrinsic, Holistic, Fast, Accurate, 
Explanaible, Certifiable & Usable



Data-Based Representation
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Enormous amounts of data are compulsory for representing strongly nonlinear functions 

#2 #3

#4 #5 #6
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The Hybrid Paradigm
Behavior = Model + Deviation (Ignorance)

In this example the 
deviation being lineal it is 
accurately approximated 

with only two data
In the general case, being 

the deviation much less 
nonlinear, its approximation 

requires much less data



P D

P D

Virtual Twin Digital Twin

Hybrid Twin

P: Physics 
D: Data 



PROS

The Physics-Based Model 
reduces the data needs

The Physics-Based Model 
enables certification



Issues = Opportunities

The Physics-Based Model 
must be solved in real-time

The Data-Driven Model must 
be learned in-the-fly while 
using few amount of data



What is needed

to model the 
gap between 

model & 
measurements

Real-Time Physics + 
                        Physics aware AI



and human centric

Hybrid modeling 
physics-based 
and data-driven

Control, pattern 
recognition and 
decision making

Interactive holography
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DT that learns theirselves

Multisensorial 
& 

Emotionnal



The HT Platform



The HT Platform



Real-time simulation via MOR

FEM

KU = F
<latexit sha1_base64="lxAgAIEwBmTCsDa5rfnPEkwJwlI="></latexit><latexit sha1_base64="lxAgAIEwBmTCsDa5rfnPEkwJwlI="></latexit><latexit sha1_base64="lxAgAIEwBmTCsDa5rfnPEkwJwlI="></latexit><latexit sha1_base64="lxAgAIEwBmTCsDa5rfnPEkwJwlI="></latexit>

POD learning

u(x, t) ⇡
RX

i=1

ui(t)�i(x)
<latexit sha1_base64="EJqMVFpy62V7ChuAEKJ05kb4W2Q="></latexit><latexit sha1_base64="EJqMVFpy62V7ChuAEKJ05kb4W2Q="></latexit><latexit sha1_base64="EJqMVFpy62V7ChuAEKJ05kb4W2Q="></latexit><latexit sha1_base64="EJqMVFpy62V7ChuAEKJ05kb4W2Q="></latexit>

�i(x), i = 1, · · · , R
<latexit sha1_base64="k6f5cFULT6v0Ez7vlhS7jQ8Gg9Q="></latexit><latexit sha1_base64="k6f5cFULT6v0Ez7vlhS7jQ8Gg9Q="></latexit><latexit sha1_base64="k6f5cFULT6v0Ez7vlhS7jQ8Gg9Q="></latexit><latexit sha1_base64="k6f5cFULT6v0Ez7vlhS7jQ8Gg9Q="></latexit>

ku = f
<latexit sha1_base64="2EqvBnAk/rhplqf3ORWWf2NOHdU="></latexit><latexit sha1_base64="2EqvBnAk/rhplqf3ORWWf2NOHdU="></latexit><latexit sha1_base64="2EqvBnAk/rhplqf3ORWWf2NOHdU="></latexit><latexit sha1_base64="2EqvBnAk/rhplqf3ORWWf2NOHdU="></latexit>

u(x, t) ⇡
NX

i=1

Ui(t)Ni(x)
<latexit sha1_base64="GiHSVTvh0n6d7CrTPi3qumIOSNs="></latexit><latexit sha1_base64="GiHSVTvh0n6d7CrTPi3qumIOSNs="></latexit><latexit sha1_base64="GiHSVTvh0n6d7CrTPi3qumIOSNs="></latexit><latexit sha1_base64="GiHSVTvh0n6d7CrTPi3qumIOSNs="></latexit>

PGD u(x, t) ⇡
MX

i=1

Ti(t)Xi(x)
<latexit sha1_base64="OZQ+D2E4W/L/2cbHeYkjwyu5PWs="></latexit><latexit sha1_base64="OZQ+D2E4W/L/2cbHeYkjwyu5PWs="></latexit><latexit sha1_base64="OZQ+D2E4W/L/2cbHeYkjwyu5PWs="></latexit><latexit sha1_base64="OZQ+D2E4W/L/2cbHeYkjwyu5PWs="></latexit>

u(x, t, p) ⇡
MX

i=1

Ti(t)Xi(x)Pi(p)
<latexit sha1_base64="BLdm7gNxH1bGnO05iX9rmL0r/1w="></latexit><latexit sha1_base64="BLdm7gNxH1bGnO05iX9rmL0r/1w="></latexit><latexit sha1_base64="BLdm7gNxH1bGnO05iX9rmL0r/1w="></latexit><latexit sha1_base64="BLdm7gNxH1bGnO05iX9rmL0r/1w="></latexit>

Vademecum



Machining vademecum



Parametric solutions in action

u(x, t, p) ⇡
MX

i=1

Ti(t)Xi(x)Pi(p)
<latexit sha1_base64="BLdm7gNxH1bGnO05iX9rmL0r/1w="></latexit><latexit sha1_base64="BLdm7gNxH1bGnO05iX9rmL0r/1w="></latexit><latexit sha1_base64="BLdm7gNxH1bGnO05iX9rmL0r/1w="></latexit><latexit sha1_base64="BLdm7gNxH1bGnO05iX9rmL0r/1w="></latexit>

• Real-time simulation 

• Real-time optimization 

• Real-time inverse analysis 

• Real-time uncertainty propagation 

• Real-time control

Almost



Non-Intrusive PGD-based meta-modeling

Commercial 
software

Parametric solutions

u(x, t, p) ⇡
MX

i=1

Ti(t)Xi(x)Pi(p)
<latexit sha1_base64="BLdm7gNxH1bGnO05iX9rmL0r/1w="></latexit><latexit sha1_base64="BLdm7gNxH1bGnO05iX9rmL0r/1w="></latexit><latexit sha1_base64="BLdm7gNxH1bGnO05iX9rmL0r/1w="></latexit><latexit sha1_base64="BLdm7gNxH1bGnO05iX9rmL0r/1w="></latexit>

SSL, sPGD, …

Vademecum





sPGD

u(µ, ⌘) = a+ bµ+ c⌘
<latexit sha1_base64="yxUVUJeQnZaiemzhYff+x6N3vBc="></latexit><latexit sha1_base64="yxUVUJeQnZaiemzhYff+x6N3vBc="></latexit><latexit sha1_base64="yxUVUJeQnZaiemzhYff+x6N3vBc="></latexit><latexit sha1_base64="yxUVUJeQnZaiemzhYff+x6N3vBc="></latexit>

Linear regression

sPGD
u(µ, ⌘) =

X

i

Mi(µ)Ei(⌘)
<latexit sha1_base64="xWGdlFOp93ZYf1q4kui3ovbP+GQ="></latexit><latexit sha1_base64="xWGdlFOp93ZYf1q4kui3ovbP+GQ="></latexit><latexit sha1_base64="xWGdlFOp93ZYf1q4kui3ovbP+GQ="></latexit><latexit sha1_base64="xWGdlFOp93ZYf1q4kui3ovbP+GQ="></latexit>

µ
<latexit sha1_base64="UcU0q1VjTEhUkYYFEBU/lQDS/BE="></latexit><latexit sha1_base64="UcU0q1VjTEhUkYYFEBU/lQDS/BE="></latexit><latexit sha1_base64="UcU0q1VjTEhUkYYFEBU/lQDS/BE="></latexit><latexit sha1_base64="UcU0q1VjTEhUkYYFEBU/lQDS/BE="></latexit>

⌘
<latexit sha1_base64="V1slRF1p4q4DLDFXo2xpIvyDQoc="></latexit><latexit sha1_base64="V1slRF1p4q4DLDFXo2xpIvyDQoc="></latexit><latexit sha1_base64="V1slRF1p4q4DLDFXo2xpIvyDQoc="></latexit><latexit sha1_base64="V1slRF1p4q4DLDFXo2xpIvyDQoc="></latexit>

µ1, ⌘1, u
1

<latexit sha1_base64="PWfsrqFEVC81uPrjtXiqg3XILLE="></latexit><latexit sha1_base64="PWfsrqFEVC81uPrjtXiqg3XILLE="></latexit><latexit sha1_base64="PWfsrqFEVC81uPrjtXiqg3XILLE="></latexit><latexit sha1_base64="PWfsrqFEVC81uPrjtXiqg3XILLE="></latexit>

µ2, ⌘2, u
2

<latexit sha1_base64="8YJ1EoVpmEA9S7kFPhPoGRn/72I="></latexit><latexit sha1_base64="8YJ1EoVpmEA9S7kFPhPoGRn/72I="></latexit><latexit sha1_base64="8YJ1EoVpmEA9S7kFPhPoGRn/72I="></latexit><latexit sha1_base64="8YJ1EoVpmEA9S7kFPhPoGRn/72I="></latexit>

µ3, ⌘3, u
3

<latexit sha1_base64="1OsAizA7dp4dVfX1gNjAaCZhajo="></latexit><latexit sha1_base64="1OsAizA7dp4dVfX1gNjAaCZhajo="></latexit><latexit sha1_base64="1OsAizA7dp4dVfX1gNjAaCZhajo="></latexit><latexit sha1_base64="1OsAizA7dp4dVfX1gNjAaCZhajo="></latexit>

[1, µ, ⌘, µ2, µ⌘, ⌘2, µ2⌘, µ2⌘2, µ⌘2]
<latexit sha1_base64="9B/WjHbld5CW/DKi42H6YIPg1Dk="></latexit><latexit sha1_base64="9B/WjHbld5CW/DKi42H6YIPg1Dk="></latexit><latexit sha1_base64="9B/WjHbld5CW/DKi42H6YIPg1Dk="></latexit><latexit sha1_base64="9B/WjHbld5CW/DKi42H6YIPg1Dk="></latexit>

specially adapted for addressing nonlinear regression 
in multi-parametric settings in the low data limit 



Example

The system & the goal



The existing knowledge

v(x)
<latexit sha1_base64="bgKdOBEkMFdWiLzsR9KxouQBZXY="></latexit><latexit sha1_base64="bgKdOBEkMFdWiLzsR9KxouQBZXY="></latexit><latexit sha1_base64="bgKdOBEkMFdWiLzsR9KxouQBZXY="></latexit><latexit sha1_base64="bgKdOBEkMFdWiLzsR9KxouQBZXY="></latexit>

p(x)
<latexit sha1_base64="ZIy0/LXA+fHnwKexz0VVN6EKPL4="></latexit><latexit sha1_base64="ZIy0/LXA+fHnwKexz0VVN6EKPL4="></latexit><latexit sha1_base64="ZIy0/LXA+fHnwKexz0VVN6EKPL4="></latexit><latexit sha1_base64="ZIy0/LXA+fHnwKexz0VVN6EKPL4="></latexit>

Fluid domain

⌦
<latexit sha1_base64="yAi1YD/ir4iB1SKFrGr3jmRWcQA="></latexit><latexit sha1_base64="yAi1YD/ir4iB1SKFrGr3jmRWcQA="></latexit><latexit sha1_base64="yAi1YD/ir4iB1SKFrGr3jmRWcQA="></latexit><latexit sha1_base64="yAi1YD/ir4iB1SKFrGr3jmRWcQA="></latexit>

⌦
<latexit sha1_base64="yAi1YD/ir4iB1SKFrGr3jmRWcQA="></latexit><latexit sha1_base64="yAi1YD/ir4iB1SKFrGr3jmRWcQA="></latexit><latexit sha1_base64="yAi1YD/ir4iB1SKFrGr3jmRWcQA="></latexit><latexit sha1_base64="yAi1YD/ir4iB1SKFrGr3jmRWcQA="></latexit>

Point in the fluid domain x
<latexit sha1_base64="ORYllHlo4KnvH2cPMQTq563NjRo="></latexit><latexit sha1_base64="ORYllHlo4KnvH2cPMQTq563NjRo="></latexit><latexit sha1_base64="ORYllHlo4KnvH2cPMQTq563NjRo="></latexit><latexit sha1_base64="ORYllHlo4KnvH2cPMQTq563NjRo="></latexit>

Pressure in the fluid p(x)
<latexit sha1_base64="ZIy0/LXA+fHnwKexz0VVN6EKPL4="></latexit><latexit sha1_base64="ZIy0/LXA+fHnwKexz0VVN6EKPL4="></latexit><latexit sha1_base64="ZIy0/LXA+fHnwKexz0VVN6EKPL4="></latexit><latexit sha1_base64="ZIy0/LXA+fHnwKexz0VVN6EKPL4="></latexit>

Velocity of each point in the fluid v(x)
<latexit sha1_base64="bgKdOBEkMFdWiLzsR9KxouQBZXY="></latexit><latexit sha1_base64="bgKdOBEkMFdWiLzsR9KxouQBZXY="></latexit><latexit sha1_base64="bgKdOBEkMFdWiLzsR9KxouQBZXY="></latexit><latexit sha1_base64="bgKdOBEkMFdWiLzsR9KxouQBZXY="></latexit>

Fluid behavior

Fluid conservation
r · {K ·rp(x)} = 0

<latexit sha1_base64="EKWs//YPmq0RJn57MafSYfxMg9Y="></latexit><latexit sha1_base64="EKWs//YPmq0RJn57MafSYfxMg9Y="></latexit><latexit sha1_base64="EKWs//YPmq0RJn57MafSYfxMg9Y="></latexit><latexit sha1_base64="EKWs//YPmq0RJn57MafSYfxMg9Y="></latexit>

v(x) = �K ·rp(x)
<latexit sha1_base64="8wH9OGq+weI78j9L9E+sO+KqnBU="></latexit><latexit sha1_base64="8wH9OGq+weI78j9L9E+sO+KqnBU="></latexit><latexit sha1_base64="8wH9OGq+weI78j9L9E+sO+KqnBU="></latexit><latexit sha1_base64="8wH9OGq+weI78j9L9E+sO+KqnBU="></latexit>

r · v(x) = 0
<latexit sha1_base64="ETPo1NJIizXyNV43ZzJWl2BPUig="></latexit><latexit sha1_base64="ETPo1NJIizXyNV43ZzJWl2BPUig="></latexit><latexit sha1_base64="ETPo1NJIizXyNV43ZzJWl2BPUig="></latexit><latexit sha1_base64="ETPo1NJIizXyNV43ZzJWl2BPUig="></latexit>



Physics in real time
r · {K ·rp(x)} = 0

<latexit sha1_base64="EKWs//YPmq0RJn57MafSYfxMg9Y="></latexit><latexit sha1_base64="EKWs//YPmq0RJn57MafSYfxMg9Y="></latexit><latexit sha1_base64="EKWs//YPmq0RJn57MafSYfxMg9Y="></latexit><latexit sha1_base64="EKWs//YPmq0RJn57MafSYfxMg9Y="></latexit>

⌦(t;K)
<latexit sha1_base64="BENb+Pi3nQ2qGk4F5wwqCpbiTxk="></latexit><latexit sha1_base64="BENb+Pi3nQ2qGk4F5wwqCpbiTxk="></latexit><latexit sha1_base64="BENb+Pi3nQ2qGk4F5wwqCpbiTxk="></latexit><latexit sha1_base64="BENb+Pi3nQ2qGk4F5wwqCpbiTxk="></latexit>⌦(t;K)

<latexit sha1_base64="BENb+Pi3nQ2qGk4F5wwqCpbiTxk="></latexit><latexit sha1_base64="BENb+Pi3nQ2qGk4F5wwqCpbiTxk="></latexit><latexit sha1_base64="BENb+Pi3nQ2qGk4F5wwqCpbiTxk="></latexit><latexit sha1_base64="BENb+Pi3nQ2qGk4F5wwqCpbiTxk="></latexit>

Commercial Software &  
Model Order Reduction



Real time model calibration

K?
<latexit sha1_base64="PyBOMuPwuEi8uz9jGzGW0CcMvZg="></latexit><latexit sha1_base64="PyBOMuPwuEi8uz9jGzGW0CcMvZg="></latexit><latexit sha1_base64="PyBOMuPwuEi8uz9jGzGW0CcMvZg="></latexit><latexit sha1_base64="PyBOMuPwuEi8uz9jGzGW0CcMvZg="></latexit>

K?
<latexit sha1_base64="PyBOMuPwuEi8uz9jGzGW0CcMvZg="></latexit><latexit sha1_base64="PyBOMuPwuEi8uz9jGzGW0CcMvZg="></latexit><latexit sha1_base64="PyBOMuPwuEi8uz9jGzGW0CcMvZg="></latexit><latexit sha1_base64="PyBOMuPwuEi8uz9jGzGW0CcMvZg="></latexit>

K = argminK⇤ |⌦num(K⇤)� ⌦exp|

<latexit sha1_base64="IHq6+Rv2OMjc4cu5KlICBj9uj+A="></latexit>



Model prediction versus measures
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Data-driven model of the deviationn
… in the scarce data limit 

• Multi-Local Sparse PGD-Based NL Regression 

• Code2Vect for heterogeneous / scarce data 

• Reduced Incremental Dynamic Mode Decomposition

• Thermodynamically Consistent ML

• Physically Informed Neural Networks:  
combining tensor-flow and tensor formats 

Some of our proposals:



Data-Driven modeling: Neural Network

with N inputs

Nonlinear:



Poisson matrix:  
reversibility

Friction matrix:  
irreversibility

with

with

Ensuring thermodynalic consistency







HT in action





thermodynamically consistent of a purely-hyper-elasticity

Visco-Hyper-Elasticity as a Data-Driven correction



Augmented reality





Reality 
e.g. = First order model 

e.g. + Deviation model

Plasticity correction



Micro Meso Macro

HT

!"# $ = &(!"# $ = 0 , *+,-, ./0)
2+3$,45 $ = 4(!"# $ = 0 , *+,-, ./0)

Data-Driven Correction

POD 
& 

PGD System modelling

AI: sPGD & T-MD

Planning

Battery Hybrid Twin for real-time planning


