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Digital Twins

Digital Engineering Applications
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Digital Engineering A\ it
Applications

* Digital Twin — digital replica of asset
useful at design and operation

« CAE adoption is evolving: single
verification, design variations,
automated optimisation, parametric
space exploration (snapshots)

* Machine learning is the reference
for «Al» based approach

 High/medium fidelity simulations
allow to generate the training data:
synthetic datasets

Simulation:

Graph
GF = fE;; Ef) Eo
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Radial Basis Functions

Data Science and Geometrical Intelligence
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Hardy — Multiquadric
Greengard — Fast Multi Pole
Powell — generalisation to R"
Beatson — thin plate spline
Wendland - compact support
Babuska — Partition of Unity
FGP — fast iterative MQ in R"
Jakobsson, de Boer, morphing
Botsch, interactive morphing

Biancolini, LCM, first RBF
industrial software

Biancolini, Fast RBF Book
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Radial Basis Functions (RBF)
in a nutshell

source points _ ,
‘\tj radial basis RBF o(r)
N - — - Spline type (Rn) ", n odd
_ polynomial
s60 =) v, -@x =
i=1 '

e.g. h(x) = By + Box + B3y + Paz Thin plate spline rMlog(r) n even
shift of the target point to the i-th data site

Multiquadratic (MQ) J1+ 72

RBF are a very powerful T XR neeeeRfs xk 1

mathematical tool able to o e ek
interpolate everywhere in the oy ° -
R™ space a function given at o Ko :

scattered source points f secococacoa
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Interpolators in
multi-dimensional spaces
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 Data science problems
o Inference R" = R™
o Gaussian RBF is recognized as the “RBF

" [coo Metamodel
ooo DOE
@-® Max Metamodel
AA Cl=0.119

1 1

Ramavauya

neural network”
o Useful for surrogates in optimization

3D space manipulation (shape
deformation, data mapping)

o Field manipulation is a key enabler for
geometric intelligence

o RBF mapping for multi-physics interfaces
and as a “morphing extender”
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Reduced order models

Singular Value Decomposition and Principal Orthogonal Decomposition
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RBF and POD can be combined to
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get reduced order models (ROM)

« CFD snapshot data are
compressed using Singular
Value Decomposition (5VD)
and Proper Orthogonal
Decomposition (POD).

* Al models are trained in the
reduced space using Radial
Basis Functions (RBFs).

 Full-field solutions are
reconstructed via RBF
inference and modal
expansion.

TOR VERGATA
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RBF and POD can be combined to
get reduced order models (ROM)

« Singular Value Decomposition (Beltrami-Jordan 1873)
- A
X=UXV n xd _
« Radial Basis Functions (Hardy 1971)
N
s(x) = > v olllx —x) + p(x)
i=1
* Reconstruction by modal expansion w X
A=321 o;uvt .

rbf
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D V’I
rxor r X d
LT
nxr
RBF ¢(r)
Spline type (Rn) r", n odd
Thin plate spline r’log(r) n even

Multiquadratic (MQ) 1+ 12
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RBF and POD can be combined to
get reduced order models (ROM)

« ROM can be originated by geometrical and physical parameters

o ROM of the shape (geometrical modes weights) is trained vs. input
parameters

o ROM of the CAE solution (CAE modes weights) is trained vs. input
parameters

« ROM can be originated by multiple parameter-less snapshots

(statistical shape modeling)

o ROM of the shape (geometrical modes weights) is used to train the ROM
of the CAE solution (CAE modes weights)

o A new shape is projected onto the ROM of the shape and the new CAE
solution is inferred

rOfF .
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Shape generation

Parameter-based and parameter-free workflows
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RBF Mesh Morphing

« We adopt Radial Basis
Functions (RBF) to drive mesh
morphing (smoothing) from a
list of source points and their
displacements
o Surface shape changes
o Volume mesh smoothing

« RBF are recognized to be one
of the best mathematical tool
for mesh morphing

rbf
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( N
50 = ) yFo(llx - x,])
i=1

N
5,00 = > 1 o((lx = x4
i=1

N
5200 = ) vo(lx = x])
\ i=1
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Automated shape generation

* Morphing is a key
enabler tor Digital
Twins

* Multiple snapshots can
be generated from
shape parameters

* Virtual shapes can be
added from SSM

 Synthetic dataset are
enerated with an high
evel of automation

Design
iteration

1
2
3

4

Conventional approach

Geometry
Geometry
Geometry

Geometry

Geometry

Solving
Solving
Solving

Solving

Solving
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RBF’s morphing approach

Geometry - Solving

> .
= Salving
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™ S Solvin
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g
)
g
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Interactive Real-Time
Design Exploration
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Interactive Digital Twins?

High-fidelity simulations big data for
training Al models:

o Design stage: steer new projects more
effectively

o Operation stage: real-time interactions are
key enablers of digital twins
« Challenges:

o High level of automation required
o Replicable, easily deployable workflow

« We present a comprehensive solution
powered by Unity rendering and
exported to Meta Quest 3 AR/VR

RBF Morph - www.rbf-morph.com
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Interactive Digital Twins S\ st e s
Challenge #1

 High level of |
automation to create it[;f;?;n Conventional approach RBF’s morphing approach
snapshots is needed T ceometry NI sovivo
« Geometrical parameters - Geometry  JINIESHRGIID  Sohing £ soling
require mesh topology 5 ey NETEED S wm [ sohing
preservation 4 Geometry ~_JMMESRINGI  Solving 'b‘ % soling
« RBF mesh morphing g
combined with CAE n Geometry ~_JUMESHINGIP  Solving % Solving

solvers

RBF Morph - www.rbf-morph.com
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Interactive Digital Twins
Challenge #2

= >*-- -
* Replicable, easily deployable % ——
workflow? — ———
* Reduced Order Models (ROM) ™ g¥ W w62 B =~ B
are compressed (POD) ready to
be inferred (GARS or RBF) R VR V2 VIR VRV Bz
« Unity rendering R v N W T
o Meta Quest 3 AR/VR \' ~ :; :; ~ |
o Apple VisionPro? \ % \( \( U M

* Portable Functional Mockup Units
POD+GARS = ROM

"N
+cy X T3 X

Mode 2

RBF Morph - www.rbf-morph.com
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A simple FEA model - ROM -

FMU

rbf

Solid model created by CAD

The notch effect is accurately
captured by Mechanical

RBF morphing allows to create
one geometrical parameter to
change the diameter of the hole

The applied loads is the physical
parameter

Snapshots are exported and the
FMU created

T Avicenna Alliance
/ \ Association for Predictive Medicine
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Workflow

Step 1:

Geomet Step 3: Step 4: Step 5:
; Parameters |:> DOE: 30 DPs :> ROM
and mesh

ijlliliiilll]: i L1

Shape parameter: radius offset

‘ Reduce | o
e O
Tooo |\
0.100 \
0010 \
0.001
1e04 -
1005 —
1e06 l
. 1807 !l
von Mises stresses e \
1e10 '|
Te1 ‘n
T1e12
1e13
M 1ot 0 2 4 [ 10 12 14 16
Physical parameter: Force :
Number of Modes : 5
Reduction RMS Error (%) : 3.2e-04
Leave One Out RMS Error (%)  6.0e04

ROM convergence check
TOR VERGATA RBF Morph - www.rbf-morph.com
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Twin Builder

Stress (Pa)

4.56e+8

« ROM Builder |

ROM Information

* Input parameters | = &

Leamning Snapshots: 16

421e+8

Output : 6 modes

are controlled by [= ==

| Export to Twin Builder |

the sliders

Input parameters %

Parameter | Value

I |
 Point-based s
rendering

] | LI

Save snapshot |

=

1.25e1

62502 1.88e1

'b‘ = B TOR VERGATA RBF Morph - www.rbf-morph.com
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rbfCAE Unity Ul

i roorph

jle  View Edit

 Unity Ul capable
to read in surface
and FMU

* |nput parameters
are controlled by
handles (json
descriptor)

» Surface-based
rendering

RBF Morph - www.rbf-morph.com
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RBF Morph exported VR

« FMU are translated
to ARM

 Meta Quest 3

* Input parameters
are controlled by
hands

« We can add an
immersive scene

* Wireless AR/VR

T Avicenna Alliance
/ \ Association for Predictive Medicine
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CAE agnostic approach

( Domain [dentification }

g automotive, healthcare, aerospace

Y
Specific Need J

e.q., aerodynamic efficiency, surgical treatment optimization

Ve

Y
( End-User [dentification

stylists /designers, clinicians, engineering teams

Y
': A

High-Fidelity CAE Response
&CFD/FEJM/mulﬁphysz'cs; baseline geometry; KPI targets/

Y

L Parameter Selection J

physical and geometric variables

|

( Workflow Execution
kpammeterﬁzation, HPC data, ROM compression, export (FMU/. npy/ONNX)J

|

Deployment
TOR VERGATA XR/VR, dashboard, software component

RBF Morph - www.rbf-morph.com
UNIVERSITA DEGLI STUDI DI ROMA
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Interactive Real-Time Design Exploration:

Applications

Full order model Reduced order model

f262.

Radedrd

Iso-topological Shisne
RBF Mesh = :ri“ repreur! it el g +
lest squares fitting

mpdm

TOR VERGATA
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Medical Digital Twins

Research Projects and Applications

TOR VERGATA RBF Morph - www.rbf-morph.com
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EU-funded research projects /v moemees
2013-2025

RBF/AERO *

X N C|ouo||(}

FORTISSIMO FaCturlng Q

/

'\\\

--

sn_nner (oo

NeXt generation spine experts m E D I TAT E

"‘)‘ EU ROfusmn
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Running projects on
healthcare

* Fortissimo Plus Business Experiment
PANDORA - Pre-operative Assistant
Based on Data-Driven Approaches for
Vascular Grafts Surgery

« EU-funded Cyber 4.0 competence center
SafeBot4Twin - A Large Language Model-
based Cyber-secure chatbot to control
Medical Digital Twins

* NextGenerationEU - INEST project
ROMedZVR - Virtual Reality Empowered
by Computational Fluid Dynamics c
Reduced Order Models to Support Pre- A
Surgery Medical Planning

.2 @ mmm== |nterconnected
I l - Nord-Est Innovation
w’ A Ecosystem

ROMed2VR

L CYBERSECURITY COMPETENCE CENTER

rbf
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PANDORA

FORTISSIMO

PLUS

PANDORA

Pre-operative AssistaNt based on Data-
driven apprOaches for vasculaR grAft
surgery

TORVERGATA RBF Morph - www.rbf-morph.com
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CYBER 4.0
CYBERSECURITY COMPETENCE CENTER

SafeBot4Twin

N

7

{

Avicenna Alliance
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Evaluate ROM
Input parameters -

Parameter
A glotis
Aepigiotis

Valve

.cuvature
d_rachea

Liachea
teta_branch iraches
u

[

teta branen )

teta branch s

1]

wr

un

r

teta branen
teta_branchc

et braneh 1
teta_branch_n

i

ur

un

U

st
o
e
o

Save snapshot

Evaluation done.

T
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SafeBot4Twin R
i . —— S G oo ] ot
~ TN nputPeducion 0 Buld_ T Validate -+ Evaluate 4}
/ " LY L [ | 4+ et [ oompmare [ rumota s
/ Chatbot architecture \ o AL < - s 1o ® =
v | @ geometical Fon
VulnDB geometrical_ROM
Advising Service
'“*” - Data Retriever

Prompt Engine 4 Insights Generalor E l
Intent Classifier : 13k ove
Scan Service /& o7
/1 § oen
J,_, + Plugin Orchestrator «— — Vidin E — l’: & o815,
Prompi Parer o o -
, \\\ / ROM Information e
— 0308
L Prompt Adapter N DNORl Nk Bervice ‘/ o oaat
ots: 980 0154
\ Remote DT Manager / o ooren

\ / )

\
K S~ — Export to Twin Builder

o 100e1 20001

50062 15081

g

screensppio sta o

B Qs

Bd@E M= 9
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Hemodynamic prediction Gy
based on surrogate modeling mEDITATE

OFFLINE PHASE G

np n, —1 n, —1 Nyyp Nyp

[ Extraction of the geometries ]—b[ Alignement to the template ]H[Creation of iso-topological grids ]—D[ Generation of the atlases ]—»[Creation of the CFD snapshots ]

Tterative RBF mesh Statistical Shape
Closest Point morphing Modeling P
- ~ [ 3 ) N
% M
. T; .

N o Y

v \ (()

.- FEEEa

1 left-out patient / ) |
1 I l
. Building of the ROM '
[ Geometry exclusion ] M templare L ) i [ J ] l
\ J \_ J !
., ' Response Surface SURROGATE '
| method MODEL !
e e e D -2
ONLINE PHASE |
¥ 1 left-out patient 1 left-out patient ;
v ] ,
[ Alignment to the template ] —— > | Creation of iso-topological grid]gb [ Shape coefficients determination [ Low-order solution ]
RBF mesh : Least squares
morphing | fitting
Automatic CFD

simulations

TOR VERGATA o Simuiafions { High-order solution ]—b[\!alidation forthe left-out patient]

UNIVERSITA DEGLI STUDI DI ROMA
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The offline phase

MRI 4D Flow

SMOOTHING

Based on principal component analysis (PCA)

SEGMENTED
MODEL

nsy €igenvalues 4; and ng,, eigenvectors W;

' ' ‘ Each shape ﬁfsi can be built combining
(morernG 1= Fforoircs) \

—~ 1

— NgMm i
MS - Msmean + Z:i=1 C]\/A_]‘AI]

DECOMPOSITION

Automatic (3D U-net)
segmentation methods

— ; RBF Mesh ; Iso-topological Statistical Shape Parametric
developed by Marin-Castrillon 3D model Morphing grid = Modeling = 3D model
etal. [11]
Magnitude image U-Net segmentation N
500 = ) vie(llx— x5 ) + he
ha i=1
In the 3D space:
Sx (Xnode)
Xnodepeyw — Xnode T[Sy (Xnode)
Sz (xnode)
. [11]Marin-Castrillon et al. Magnetic Resonance Materials in Physics, Biology and Medicine (2023): 1-14.
tbOF TOR VERGATA
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CFD Simulation using the
synthetic data created
through SSM

Navier-Stokes equations:
1
u-Vu=—-Vp+ vV?u,inYg
p

V-u=0,inYg

SIMPLE pressure-velocity coupling

TOR VERGATA

UNIVERSITA DEGLI STUDI DI ROMA

The offline phase
4

4 1) DECOMPOSITION h

Proper orthogonal decomposition
(POD) techniques:

Q=uzvT
min|Q — ®@T||’
o

Set of learning
shapshots
(Wall pressure)

. V4
Model order reduction :
techniques
4 N\

2) INTERPOLATION

Genetic Aggregation Response Surface
(GARS) technique for the ROM interpolation

OO

Surrogate
g —

Geometrical parameters Physical parameters

Avicenna Alliance
/ii\ Association for Predictive Medicine

Surrogate model deployment

INPUTS QUTPUTS

FMU DEPLOYMENT
Model Exchange 2.0

RBF Morph - www.rbf-morph.com
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The online phase

Excluded patient

Automatic (3D U-net)
segmentation

|

Full order model Low order model

Inlet BC velocity value
from the images

[
-

3D model NpoDp Wall Pressure [mmHg]
FOM ~ ROM —
i @M, B) ~ WFM(aB) = > wiv/oi( B)i(a B) 1o 1o
i=1
RBF Mesh Iso-topological Shape ROM R Comparison full
i : : educed
Morphin —> rid representation using | + ) i —> order vs reduced
s g lest squares fitting LEE It order results order simulation

reli—out _ ”mfoglllt - m:{qmt”
o oo el
epon " = max([|l oS — oful])

RBF Morph - www.rbf-morph.com
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5
<

The online phase

Fle Edt Vew Hep

Select a SequenceBrowser

oh mh | Moddes: & [ Anoanalysis ] = g o %y |4~ 9 . I« 41 » I» »l

& 3D Slicer

* Help & Acknowledgement

~ Reload & Test
Reload Reload and Test Restart Sicer Pressure (Pa) Pressure (Pa)
Edit EditUI
SEGMENTATION | S5M  ROM
~ REALTIME SIMULATION ) )
Import FMUs . ‘
b ROMParameters ; .
* Import Shape coefficients Iy [
“Evaluate FMU
Display ROM vectors

DICOM Transparency

T R el eeee————————— e R i e L: 0,0000mm

~ Data Probe

Show Zoomed Slice

Python Console

T

TOR VERGATA
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Support to shunting
procedures




N

e E-—

) Micenna Aliance
. NI M
Copernicus
* Cloud-Based HPC Platform to Support ( Jifeuorec)
Systemic-Pulmonary Shunting Procedures -
» Congenital Heart Diseases (CHDs) = ~4 of 7_\
all birth defects ’*"/\/
» Modified Blalock Taussig Shunt (mBTS) /\\1
« Common palliative surgery for cyanotic CHD . >
» High risk: over-shunting & shunt y
thrombosis - significant mortality - (
* Need: better tools to support surgical

planning & improve outcomes

rbf

TOR VERGATA
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Copernicus

* Patient-specific digital twin (MDT) built via @>
advanced CFD simulations

* Runs on cloud-based HPC: reliable & cost-
efficient

e Reduced Order Model (ROM) of vascular
district with shunt parameterization

 Interactive web interface for medical staff
to explore scenarios

 Impact: Affordable decision-support too],
safer. tailored mBTS interventions

RBF Morph - www.rbf-morph.com
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Medical Digital Twin
Copernicus

/ AUTOMATIC 3D MODEL CREATION AUTOMATIC PARAMETRIC CFD MODEL \
- GENERATION AND HPC COMPUTING

Parametric
CFD case

/| Twin generation
with HPC

Twin inspected
in real-time

L

Avicenna Alliance

Association for Predictive Medicine

DICOM from TTELL PDF3D . . so
clinical HE shunt } e
exams EEE EEE assignment EEE EEE
EER " " " EEE
m N n o m
INPUT: MEDICAL DATA OUTPUT: RESULTS FOR DECISION SUPPORT
TORVERGATA RBF Morph - www.rbf-morph.com
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Copernicus

CT Image | ™
Segmentation \nSYS 'b‘
(Python Code) \nsys

FLUENT

FLUENT |

/Ansys

TWIN BUILDER

ROM ]‘4; EuroHPC

Generation
(Twin Builder)

HPC for

CAD Reconstruction Surface and volume CFD and Snapshot ' 5"3P5h_ﬂt
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Medical Digital Twin

Copernicus

Working Directory. .../EKAO01/Desktop/rbp-output-FINAL/velocity-magnitude

]‘4 ; EuroHPC

150 Snapshots - 12 Parameters Browse Q Set Geometry ROM -’ Auto

%_
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% check ' Build = Validate *- Evaluate

Available ROM:
velocity

Delete Rename

ROM Information

Name: velocity
Parameters : 12
Learning Snapshots: 120
Modes : 18

Version : 2022R1

Export to Twin builder

Evaluate Roms

Input parameters :

Parameter Value i
di_1_vol I [-1.50000-01 2]
di_2_vol I -3.40000e-01 =
ar1_vo Biessonens

- - . m == 1

TM
'b‘ UNIVERSITA DEGLI STUDI DI ROMA

CutPlane0 |y

4 Views: | Pans: ’ ] =l <
¥ all - . 3

- Points Size: 0.00

velocity

velocity Magnitude {(m/s)

1.88
1.74
1.59
145
= 1.31
—1.16
b 1.02
—1 0.873
=1 0.729
—— 0.584

0.44
0.296
0.151
0.00701
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Next step?

A complete solution to deliver interactive
digital twins with AR/VR custom Ul

W
« FMU are translated to ARM '
e Meta Quest 3 |

« Apple Vision Pro (very soon!)

* Input parameters are controlled
by hands
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script-01
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Properties

|Scoping Method

Console

[Geometry <INFO> - RBF Source loaded.
[Coordinate System Local Coord <INFO> - RBF Sourea loaded.

[Transformation g <INFO> - RBF Source oaded.

Delta X . <INFO> - RBF Source loaded,

Delta Y ) v <INFO> - RBF Source loaded.
Delta Z Y <INFO> - RBF Source loaded.
<INFO> - RBF Reglon |oaded.
RBF Function Degree
<INFO> - Morphing executed. time spent: 0.57 seconds.
[Acting On ndeformed <INFO> - Morphing executed. ime spent: 0.57 seconds.
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RBF Morph technologies

A complete solution for Medical Digital Twins
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Ansys RBF Morph

* An RBF mesh morphing solution fully

/Ansys

o Ansys RBF Morph Fluids — an Add On for Fluent

o Ansys RBF Morph Structures — an ACT App for Ansys RBF Morph

Mechanical \nsys
¥ Fuids partof S‘/"[]PS‘/S®

L Structures

embedded in Ansys

* Full integration with optiSLang and Twin Builder

 Support for LS-DYNA and APDL
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rbfCAE solution

rbfCAE platform

rbfCAE

rbfCAE Ul -
scripting

rbfCAE middle layer

rbf solver

24/10/2024

rbfCAE connectors

rbf4Helyx

rbfAdjoint

rbfROM

rbfVR
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Released in 2024
Read in STL, STEP

Unity -
OpenCascade
Solver independent
process that
SUpports many
mesh formats

Scriptable via
python
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Conclusions

* Interactive Digital Twins? Yes!

« We can deploy fast interactive ROM on VR and on custom
dashboards

» We use RBF both for the geometrical intelligence and both for the
Al inference

« Multiple workflow are supported: a variety of CAE software can be
combined to mesh morphing to generate synthetic datasets

 The approach works both for parametric cases (shapes are varied
according to specific actions) both for SSM (shapes are collected
from a cohort of data)
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Many thanks for your
attention!

marco.biancolini@rbf-morph.com

m linkedin.com/company/rbf-morph

u youtube.com/user/RbfMorph

@ rbf-morph.com
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