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cpEL It is all about Big Life Cycle Data Transformations

SIRIUS w k‘l;‘/ o
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The evolution, challenges, and future of knowledge representation in product design systems

Computer-Aided Design Volume 45, Issue 2, February 2013, Pages 204-228.
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The Meaning of Data

Body Oven
temperature temperature

Ontologies allow the interpretation of the right meaning of data
Reasoning
Domain disambiguation
Data Silos

Essay by Verscheure & Kiritsis in 2018 WMF Report: hitps://www.worldmanufacturingforum.org/report/
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Capturing the Meaning of Data with Ontology °

Quality

BFO:000019

isa

inheres in

Material Entity R0O:0000052
BFO:0000040

is about
IAO:0000136

is about
inheres in IAO:0000136

R0:0000052

Object

BFO:0000030 :
Information

Content Entity
IAO:0000030

Value
Specification
Sensor OBI:0001933
SOSA:Sensor

isa

isa

bearer of
RO:0000053

Prefixes

BFO: http://purl.obolibrary.org/obo/BFO
IAOQ: http://purl.obolibrary.org/obo/IAQ
OBI: http://purl.obolibrary.org/obo/OBI
RO: http://purl.obolibrary.org/obo/RO
SOSA: http://www.w3.org/ns/sosa/

isa
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Ontologies & Big Data

>Scattered data in several sources,
systems and services
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=PFL  https://www.industrialontologies.org/
@9 SIRIUS = aiming to create a set of open ontologies to support the manufacturing and engineering industry

B Cogntivie Digital Twins

needs and advance data interoperability

* involves government, industry, academic and standards organizations

IOF Ontologies

Top-Level Ontology

Domain  Materials  V2cMinNes  Assembly Process

Independent PPs Robots |OF Core
Mid-level

Ontology Maintenance of MT  Delta Robots

Laminat Welding
SE Industrial Comm Maintenance of aminates -
Protocols Electric Motors ~ Ste€!  Plastics  S-AXisMT

PVC Stainless Steel

j uio: Ontology - Industrial Ontologies Foundry (IOF) ICSF °

ICT4SM


https://www.industrialontologies.org/

uio s
EPFL
@ SIRIUS

B Cogntivie Digital Twins

— ONTO s,
Ontology — OntoCommons EcoSystem COMMONS

https://ontocommons.eu/

SPECIFICATIONS

DOMAIN

LEVEL

APPLICATION
LEVEL

ONTOLOGIES

TOOLS

for
building
ontologies

for data
documentation

»

/
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ONTOLOGY-DRIVEN
DATA DOCUMENTATION 10
FOR INDUSTRY COMMONS

KNOWLEDGE GRAPH ALLIANCE
Data to Wisdom:

KGA is pioneering the future of Knowledge-Driven Innovation

B Cogntivie Digital Twins
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80% of data will be stored in KGs by 2025

Hype Cycle for Artificial Intelligence, 2023

Smart Robots
Responsible Al
Neuromorphic Computing

Generative Al

Prompt Engineering
Artificial General Intelligence

Foundation
Models

Decision Intelligence
AITRISM ()
Operational Al Systems
Composite Al
Data-Centric Al

Al Engineering

Al Simulation

Causal Al

EXPECTATIONS

Neuro-Symbolic Al

Multiagent Systems

First-Principles Al ¢
Autonomic Systems

Synthetic Data
ModelOps

() Edge Al

Knowledge Graphs

Al Maker and Teaching Kits

Computer
Vision _
O

Cloud Al

! {7 Data Labeling
Services

and Annotation

Intelligent Applications

Autonomous Vehicles

As of July 2023

Innovation Peak of Inflated
Trigger Expectations

Plateau willbereached: O <2yrs. O 2-5yrs. @ 5-10yrs.

Trough of
Disillusionment

TIME

Slope of
Enlightenment

A >10yrs.  ® Obsolete before plateau

Plateau of
Productivity

Gartner
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U%% Model Integration 12
EPFL
& SIRIUS £
interface

Model checking models

Testing models

Analysis Models Performance models Process models...

B Cogntivie Digital Twins
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Y°* What is a Digital Twin?
EPFL

SIRIUS
» Adigital twin is a digital representation of a physical object, process or service.

Q  Adigital twin = digital replica of an object in the physical world, such as a jet engine, wind
farms, or even larger items such as buildings or whole cities.

Q  As well as physical assets, the digital twin technology can be used to replicate processes in
order to collect data to predict how they will perform.

- Specs
Example: - Drawings

= Documaents
= BiM models
= Anplyses
= Geotech
= OEM specs

DR
hinersive
Visualization

Physical Asset

Operations

= 10T feeds

Senvors 40

Timeling of
Change

= Dranes
= Cameras
= LiDAR

= Pownd cloudi

information - AL

%] = Azsel Lags 3:'n.|:;,..'ll|lu

$ = Work onders ibility

= o

‘_g = Inspection

k= recands

[a)]

;g Bentley
5

S Source: Presentation by Anne-Marie Walters of Bentley Systems at

= ARC India’s Virtual Forum

13
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uio:  Digital Twin models

=PrL
&V SIRIUS

» The 3-dimensional digital twin model
proposed by Grieves (2014)

Data

—)

Information

Physical space

Virtual space

The 3-dimensional digital twin model consists of
a physical space, a virtual space, and
connections between them.

 The 5-dimensional digital twin model
by Tao et al. (2018).

Services

CNI sD:
conneclic‘h between
services and data

5%,
. %1%’4.
: ﬁ‘a‘%})

Digital twinr o 3
data é

CN_PV: connection between
physical entities and virtual models

Physical entities Virtual models

The 5-dimensional digital twin model consists of a physical system (PS) a
digital system (DS) an updating engine (P2V) a prediction engine (V2P)and
an optimization dimension (OPT)and F()integrates all five dimensions
together.

ICT4SM
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Digital
model

Digital
shadow

Digital
twin

B Cogntivie Digital Twins

vio:  Levels of digital modeling — example: a battery DT

SIRIUS

concept for a lithium-ion battery cell

— -

Physical - -~ Digital ..
. * Digital model:

Cu Current Colkector

= data flow between the physical space and virtual space is optional, or at
the very most, achieved manually.

0101001017

R D < 1 * Digital shadow:

B e 'ooee’| S
» —— . » data flow is unidirectional from physical to digital.

01010010171

TR » Digital twin:

| S g » data flow is bidirectional. In control-related applications, the
0111010010 bidirectional data flow needs to be automatic, often enabled by

# Regritedilats fow monitoring and control software.

— — —Pp Optional data flow

A. Thelen, X. Zhang, O. Fink, et al (2022). Struct multidisc Optim 65, 354._https://doi.org/10.1007/s00158-022-03425-4

ICT4SM
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vio:  Digital Twins and related technologies

A -

Cloud computing Reverse engineering AR VR

3k

Machine learning

P — 3D printing
t;j p 13,-,*%‘ ‘>— - g
[ 4 i )
- 4 5 : anoe
1 °
Data driven : =)o
\ Simulation

B Physical entity . Virtual replica L ‘s_:?

Big data % : ) Al

’ ‘."7\‘2;5 = —4 1'; 74. _1:;317:3"

. ' | Data flow

.................. .
Visualization Big data
a 10
0°J)O0
CAD

Data exchange Data mining 3D modeling  Simulation
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W vo:  Digital Twins in Manufacturing Data Networks RE4ADY

EPFL https://reddy.eu/

The comprehensive
Digital Twin approach

allows the realistic

simulation and validatio They're the

of products, foundation for

machines, lines FIOGHEton flexible and

and complete plants efficient
manufacturing

Real Product Real Production

Performance

B Cogntivie Digital Twins

Slide produced by SIEMENS-CH
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Digital Twin for Products
ﬁ.ﬁ
\ Y

, including
mechanics and multi-
physics, electronics
and software
management

Slide produced by SIEMENS-CH

RE4ADY

https://re4dy.eu/
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! o\
G

Digital Twin for Production

with PLC code
generation and
virtual
commissioning

Slide produced by SIEMENS-CH

RE4ADY

ANUFACTURING DATA NETWORK:

ht’Eps://re4d\;.esu/

ICT4SM
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@ "°*  Digital Twin for Performance RE4ADY
EPFL https://re4dy.eu/
@ SIRIUS

ﬁ.ﬂ
) OV

with Totally Integrated
Automation.

(Virtual) Metrology data can be integrated

Slide produced by SIEMENS-CH

ICT4SM
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& SIRIUghree main purposes to implement a DT:

B Cogntivie Digital Twins

j uio:  Digital Twin technology purpose: one source of truth

= APRODUCT Digital Twin —to guarantee reliable design in product development and improvements.

= APRODUCTION Digital Twin —to improve production planning and manufacturing.

= APERFORMANCE Digital Twin —to capture, analyse and act on data while an asset is in operation.

One ‘source of truth’

Physical Asset

=

..'1-’.'

Operational

History

Maintenance
History

Real Time
Operational Data

FMEA™

CAD Model

FEA Model

b

Fleet Aggregate

A

/'/-.'

Data
\

N

Digital Twin

Physics Based Models
+ Statistical Models
+ Machine Learning

The Asset Owner gathers
necessary data to feed modelling
and simulation software solutions
to support decision making at
several operational levels, e.g.
system operation or maintenance
activities.

ICT4SM
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Uio s

Example: the Digital Twin of an airplane

Control inputs:
In-flight maneuvers,
maintenance or inspection

decisions, sensor installation ~ Physical state:
Skin intact, fatigue

cracking, delamination

Digital state:
Geometry, structural
parameters,
boundary parameters

\

Observational data:
Strain or acceleration
data, inspection data,
flight logs

Quantities of interest:
Displacement fields, max.
stress, remaining useful life

ICT4SM



vio:  Recall: Model Integration !! 2
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@ SIRIUS

Realtime model... interface

Model checking models

Testing models

Analysis Models Performance models Process models...

B Cogntivie Digital Twins
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vo:  Lifecycle MBSE #

S analysis and stakeholder 505 |evel

need ilentification vav Maintenance

“Model-based systems engineering is the formalized
application of modeling to support system requirements,
design, analysis, and V&V activities beginning in the

Production sig nof
test

. System-le
Req -"“9" i VRV

Production
defintion

Product integration
& calibration

rod uctk . . .
‘ B oy - system sigil conceptual design phase and continuing throughout
te sting .
e hard i -~ development and later lifecycle phases.”

& calibration

‘ System Arctehicture
analysis
9“‘5 EE
req uire metns
3 analysis and
S design

INCOSE VISION 2020

|

EE & Mechnical compo

Subsystems
Vav

=
g
£
@
3
®
)
3
2

aéo Im plems‘:ltation
g

Production of
Electric/Electronic components

Struct

A Production of
==lng Mechanical com pnrlerlll\ Hede]

Jos5y 38pajmouy

Gather
Resources

Build

B Cogntivie Digital Twins

-
V&r: Verlﬁcatlon & Validation Young K G. Defense Space Application of Model-Based Systems Engineering (MBSE)-Closing the Culture Chasms[J]. 2



) uio: A System-of-Systems Lifecycle view: the airplane example
EPFL
&9 SIRIUS
+ 200,000 parts made by % Requirements Product
L)

1,600 suppliers .
SHoUuSESESSUONNIEGIAIEHNCIHCHIESE = = " W ws e oS

» >20,000,000 lines of software % L i
code. System Retimrme y
- designers face hugely intricate @~ 77 % T Y O
hardware/software interaction ok
and interactions at the system — gt
level across  multiple e foo BN N\ VR Y C..........
domains —mechanical, o b
electronic, thermal, etc. Vo j
Part \ Software
Modelng Anayss
g

ICT4SM
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B Cogntivie Digital Twins

DT Challenges

* High complexity of modern industrial systems

= Heterogeneous DT models corresponding to
* related systems, subsystems and components
« different lifecycle phases
« different stakeholders, protocols and standards

= Lack of unified platform for integrating all relevant
DT models

Design

Better understanding o
design for rapid
development

Increased transparency
for more efficient
manufacturing

Empowered decision making for
optimized operation

Fariz Saracevic, IBM, Cognitive Digital Twin, Bosnia Agile Day 2017

https://www.nytimes.com/2017/05/03/magazine/a
airbuss -epic-assembly -line.htm/

-look-inside -

ICT4SM
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Cognitive Digital Twin

SIRIUS = Cognitive Digital Twin: a digital representation of a physical system augmented with cognitive

QUXLITY

capabilities and enables autonomous activities; comprises semantically interlinked digital
models related to different lifecycle phases; continuously evolves with the physical system

across the entire lifecycle.

Virtual entities

ad |

CAD models

LN B
.

System lifecycle

Physical entities . Performance model

Digital Twins

‘f\
WY
W =%

System Tfecycle

Physical entities

Y ity [
Ontotogy for interrélationships |
between models and physical entitie§

J Integrate

Virtual entities

“CAD models

e
Z =
‘_ -l—

Evolution as lifecycle . .
EE=E0 Evolution as llfeczcle

CFD Operational model

Evolution as lifecy

Evolution as lifecycle cl
————— —»>

Y
S S T

¥ s
. -
. . S 8 -«
_ e Ay, - =
Ontology for interrelationships between
models of virtual entities

[ |Integrate  Cognitive entities
'58: Integrated Knowledge Graph
Ontology
Cognitive Digital Twins W

https://www.tandfonline.com/doi/full/10.1080/00207543.2021.2014591

27
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Uio s

SIRIUS

32 8 8 8 8

Physical Entities

= Reference Architecture
* Full lifecycle phases
« System Hierarchy levels
* Functional layers

Cognition Services

@ models  y  Composite Data Model
<« daa

Data-driven Services

Adapters
Brokers

Model-based Services

models
< Juture data

Discovery Services

Pre-processing Services

*a Abburu et.al. “"COGNITWIN-Hybrid and Cognitive Digital Twins for the Process Industry. 2020
*b Kalaboukas et.al. Implementation of Cognitive Digital Twins in Connected and Agile Supply Networks

Cognitive Digital Twin

[ Twin Management

Data Inge:

Virtual space

Real

Cognitive

Twin

Hybrid
Twin

Digital
Twin

P
a
o

£

£
S
2

7
2
=

Visualizations
Computation

o
2
]
(]
3
3
(5]

Lifecycle

&

8888

R
=,

Borp.

Knowledge Flow/ Cognition Process

Identity CDT/Factory/ Supply Chain Modelling E;‘;:LYE:::V;’;?;“"’M”"‘ CALIE]

Data Streams (operations, external data) New knowledge/ Data streams

Map new knowledge into behavior model

Understand future system’s
behavior based on new knowledge

Learning
v
=
=
W
S
»
3
Q.
:
3
2

Learning
=
3
3
2
8
@ la
g
z

Optimize system’s behavior
Decisions (Optimization) = e <
propagation (simulation & prediction)

—An Operational Model. App I. Sci. 2021, 11, 4103

QULITY ~

SM

4

b,
"
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B Cogntivie Digital Twins

Application cases

Multiple lifecycle phases:

Virtual space

Real space

5 Results Service, Reaction
g visualization configuration orders

DT system DT assembly DT machine/
design process tools
Decision Process Predictive
support monitoring maintenance

System model Process model || Machine model

Ontology-based graph database

Cloud IPFS
Database storage
Embedded easurement Inspection
Sensors equipment stations
Machining Assembly Materials,
stations lines Products etc.

Assembly
system design

‘ “é&‘

L}‘ﬁéé\;

Rl i

Design &
Development

g
%
=
-
s

Model Management

Data Ingestion/ Processing

§ Physical Entities -

Manufacturing
process monitoring

QUNLITY

Quality Monitoring/
Predictive
maintenance

Manufacturing Operating

Eop, T

5 F

ICT4SM
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) uio:  DDMS Supporting System lifecycle in AIRBUS %

=PrL
- SIRIUS

SoS analysis amd stakeholder SoS |evel
need ilentification vav

Req  Func . Logic Struct Systs-lew| }
‘ Production
defintion
‘ Prod uction

AUTHORITATIVE SOURCE of TRUTH
Ontology is used to represent assembly processes and their

= virtual models across lifecycle.
/"’///
M ' REQUIREMENTS
Production signoff]

L : « Requirements define the needs of the end users of industrial

7 v N systems.
Product integration

& calibration

‘ = e M ARCHITECTURE
LD va v Skislanintagaati Semantic MBSE is used to implement MOFLP approach for
W o vctchicture & calibe=ty assembly based on ontology.
analysis EE & Mechnical componen
Subsystems inteq ration& te sting
9..3 requifmems . . 2D SIMULATION
:‘Gz%% e and : i Discrete event simulation is used for assembly process
% . : : performance evaluation.
= [,
% %2 %2 3D SIMULATION
ERGI = : 3D factory simulation to verify, validate and optimize
o ‘;"' manufacturing alternatives.
3 swo
% .%%.‘% Im plementation
) TRADE OFF
Production of S Automatic requirement verification is implemented based on
Blectric/Electronic components struet the ontology centric trade off.
Prod uction of

fecling Mechanical com ponents

B Cogntivie Digital Twins

ICT4S
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B Cogntivie Digital Twins

) uio:  QU4LITY Airbus Pilot #8 - Context & Objective
=PrL

31

J SIRIUS m l 6
The goal of this pilot is to enable an MBSE {6‘-\.—
and collaborative design process between Y | e .
the Aircraft and Industrial system domains, o

overcoming bottlenecks concerning
knowledge management, interoperability
and decision making in the design process.

Sequence : 1

The Use Case is the design process of the Aircraft
fuselage orbital joint process , in the Final Assembly Line
(FAL) to be reconfigured / redesigned for new
industrializations...

o - 1

Left ! Right

MVP5 final prototype enables Orbital Joint Process
trade-off analysis, by generating and simulating all possible
design alternatives based on defined requirement targets.

ICT4SM



vio:  Prototype Functional Architecture

Architect

Engineer

Frontend

s N
Requirement Architecture Definition Block Visualization Block
Management Block - 1 [ o
MOFLP I_):e:i;lltlo? S Co-Simulation Visualization Trade Results Visualization Status report

Functions for users i . Simulation Pre-Configuration for 3D
§ — Backend

Hw;;‘._ - . Proc A
Proc B

Reqt A fulfilled
Reqt B fulfilled

Opt. | e ]

3 3

Reqt C not fulflled
Opt. 2 Reqt C not fulfilled
- Load Config. _ = =
Sensitivity factor... Leadtime
N
Ergonomic & Pareto-Analysis... ABc
Simulation N

DES Simulation
results

Simulation 3D Simulation

‘ — = and results
Requiremeﬁlk [Reqraz E_rgonomlc Reasoning —I
Model == Architecture SIM-TOCE ‘ Engines El‘gorselsmu:.iaclon I

Model

Simulation results

Historical

records

Verification Block /

B Cogntivie Digital Twins
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~
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Tool-chain overview

2. OntReq ( 3. MetaGraph 2.0

Functions for users

Refresh Il Versioning gf Architecture models

MOFLP

4. SimPy (2D simulation tool)

Reasoning

Middle ware Middle ware i 2D Simulation
basedon based on representation results
3D Simulation
5. Visual Components results

Simulation Pre-Configuration
for Backend

Proc A
Proc B

Ergo Simulation I
results

\1. Ontology based knowledge management platform J L°a‘;iz‘;"ﬁ9-
rG. Trade-off ) L Ergonomic
Simulation
Opt. 1

KPI
Opt. 2 [

Sensitivityfactor...

ABc

Pareto-Analysis...

1]
£
5
[
s
=
a
2
=
1=
D
Q
o
[
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uo: The QU4LITY AIRBUS demonstrator QUNLITY

The co-architecture of an aircraft and industrial system means to have in mind
all aspects of making the industrial system the most economic sustainable,

AIRBUS

VISUAL
=PrL ~ Fraunhofer COMPONENTS

\

("

4

https://youtu.be/kl Kg-8DOSA

ICT4SM


https://youtu.be/kl_Kg-8DOSA

The QUA4LITY AIRBUS demonstrator QUNLITY
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B Cogntivie Digital Twins

Challenges and future directions of Digital Twins (1)

v The theoretical foundation of DTs must be strengthened

v the emerging research direction of “practice first, concept later,” which is
often attached to information technology, big data, artificial intelligence, and
loT in the development process, lack a relevant theoretical basis in research.

v The virtual modeling technology of DTs must be improved

v DT engineering remains a complex process in any type of industry. It involves
not only the spatial modeling of the geometric structure and positional
relationships of objects but also the logical modeling of mechanistic and
regular models of these entities requiring interdisciplinary cooperation.

v The evaluation criteria for DTs should be more rigorous

v’ systems that evaluate the degree of development of existing DTs and clarify
the direction of DT construction to guide upgrading and optimization, are still
lacking.

v Standardization and adoption

ICT4SM
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B Cogntivie Digital Twins

Challenges and future directions of Digital Twins (2)

v Integration of related technologies

v The implementation of DT technology relies on industrial information systems,
loT, artificial intelligence, big data, and other technologies.

v Continuous improvements an deployment in industrial applications

v" With the development of industrial technology and requirements, equipment
design, testing, operation, maintenance, and other life cycle costs have
increased significantly. Inspired by practical considerations, DTs of complex
equipment and of systems -of-systems will become the focus of future
research and use.

ICT4SM



B Cogntivie Digital Twins

The Facility Asset Information Modelling Framework

Type language
for reusable patterns
Aspect based language for

modelling of engineering
solutions

Language for mapping

to engineering
registers

LOCATION
Spatial breakdown

FUNCTION
Actvty break-down

2 (o}
:" =Ha)
ERCISE @ e

PRODUCT
Assembly break-down

Definition by mapping
to ontology

- — ID management
e @ v A L | EC
READI = E nrsaiiors SIDET equinor v = and management of
IMF Concept paper IMF Version 2.1 IMF DNV RP IMFISO/IEC standard change
Q12021 Q22023 Q12024 + The IMF Manual v0.3.0 is available:
Background As-is Interim step Long term objective hitps://www.imfid.org/#org8afd51b

A Recommended Practice
DNV-RP-0670
is planned to be published in September 2024

ICT4SM
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Reserved Aspects in IMF extending ISO/IEC 81346

Industry
commons

/\

L: 12, W:34, H:56 c )
( )
E @ @ -

LOCATION
Spatial break-down

FUNCTION
Activity break-down

No: 0987654321

° Aspects based on ‘i ot I a
IEC/ISO 81346 7 B
—» L
Ap= 45 Q=123/h m
PRODUCT

Assembly break-down

B Cogntivie Digital Twins
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) uio:  Easier integration thanks to comparable structures

=PrL

Process Automation

<Process>

S

<Electro>

AN <A

2 OAY |
2 @A ...
&

3 Electro
[ |
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The Vision and the Larger Picture

Added values:

Become more effective by
7 hindering loss of information
during handovers

B AR AR

A

£
D@

A A A

® Operat

ontrac

3
2
2
2
&
e A

SES
.
Improved safety and quality by better

Automation of manual procedures possible using
control of technical information

machine integrable information models

New business opportunities by
combining information in new ways

- Reduce cost and time spent by the possibility of
building in smartness

ICT4SM



IMF Eco-System

Physical entities
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perational model
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uo: The RE4DY project - Manufacturing Data Networks RE4DY
EPFL |

NG DATA NETWORKS

‘f‘dla_r,t,tps ://[re4dy.eu/

\"‘1.

Circular Machining

Megafactory &
E-battery design

Distributed, Green,
Zero-X Manufacturing

Platform

secure computing

Distributed, trustvio

o DaaP-toolkit:
Data Sharing §Data Sovereignity layer - Data Discovery
Data Storage || Data Cleansing jl Data Quality |l Semantic.Model
1]
; % Data Connection
Es

RE4DY Data Space (shared, sovereign)

Compliance
chaeck &
ansirance

Container

|E Federated learning & Al CD framewaork

&

Transeint
Data stores

Universal

Cogntivie Digital Twins
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EPF‘E“ The Plooto project PI m m “

SIRIUS . . . . ProductF port through Twinning of Circular Value Chains
Product Passport through Twinning of Circular Value Chains httos://www.plooto-project.eu/
= . 1 i -

______ Circular Value Chains ; Data from I

1 | .y ﬂ £ | Mmultiple i

' f %
: & ‘ 5 ﬂ e C) A g | sources :
1 e i o | —
ﬂ L (o] Distribution Product development Distribution >

1 % “ | g (Inbound} l:PI‘DC-ESSing) {outbound] % v <:‘ ASSEtS, |

! Supply Q é;l c | Sensors, 1

! i : Q Le I

chain | = = | Legacy

| . © Y ﬁ) © | Systems, |

L B | | & a prd&Ea & B e

| h | o Sourcing, (] ’ Product Consumption <

i | © Supplier Circulari —

: R |=:> E Alignment ity 'E'

| ! o) [
‘%‘ I £ —
v

N IR g

! :'::::ir;:; I = Reference processes for “'1_‘?"-'0"!"_9'-19'«" : Standards and —

I | B — waste deposit Cognitive Digital Twins certifications c  Dhsihehghods -
2| I i (CDTs) © I
s 1 ‘oo = - = ! e I
% I | E Collaborative business RM-recovery and E | I
g’ ! Customer | models waste dataspaces a |::>| I
o | needs = i Traceable "
2 0_ _ _ _ _ _I Collective analytics Balanced scorecard ‘ © I Materials/ I
§’ . | products
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B Cogntivie Digital Twins

The SMARTENANCE project

European Deployment of Smart Manufacturing Asset 4.0 MultilateRal DaTa Sharing SpacEs for an

AutoNomous Operation of CollAborative MainteNance and Circular SErvices

Internal Operational Excellence Collaborative Operations

Co

My

nnected asset management Smart asset management Autonomous asset management
~ -
1 IP connected [~ Web enabled smart @ Distributed inter-
@ . & devicessupply'big | _ | . devices provide local acting autonomous
1 L | data™tocloudbased | ] (o Inl automation, analytics devices negotiate
S . data analytics 1‘, 1 andother services : and coordinate
—a af’ e
Data ﬁ EI. ﬁ Multilateral : Multilateral
Chains Data Chains Data Networks

Focus on Connectivity Focus on Smart Data and Focus on Functional Profiles
and Data Device Functions and System Synthesis

App-empowered

Focus on Lifecycle Hanagement

and Eco-Systems

SMLRT=NANC=

https://sm4rtenance.cu/
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vio: The Tec4MaaSEs project

Metrics

Platform Design Principles and

P

Framework

Balanced Scorecard

| =

Requirements

L

‘Supply Chain Ecasystem

Tier 1-N Suppliers,
Logistics Partners, ete.

X
R&D labs, 4R vendors, et

Impact Amplification

a3
%‘ E Governance
&
¥ E: = Framework
2g

| Business Models

Technologies for Manufacturing as a Service Ecosystems

Maa$ Modeling Phase (WP2)

Tec4dMaaSEs

http://tec4maases.cu/

i |Value-network Coordination =

i Resource Control via DTs (Axis 1) Technologies for Service (De)Composition,
H Service _—_ .

H Microscopic DT View | Macroscopic DT View Decomposition Event Management and Monitoring (Axis 2)
H ]l drmemmmem——

| Semantics | : DTs Resource- I Resource Clustering

: | Synchronisation subservice Technigues

H | Matchi

H Knowledge | +m—==== == Explainable Data-Driven Planning

H Graphs ; "

H p | golle;tl_lve service and Scheduling

H — | ognition . — -

: | _cf'_" 'P Es_ltl_o_" - | Proactive/Predictive analytics |

. 1

Data From Multiple
Sources:

IT&OT Legacy systems,
ERP, MES, machine
operational data, etc.

Other, e.g.,, Open data,
social media data, etc.

g

Dynamic Data Collection
and Preprocessing

B T T L L LI T T

< Provider Functional Requirements
(Axis3)

DTs Governance Services
Trustworthy
Data Exchange/
Business Governance

Al Models Governance
Data Spaces
Data Governance

i3

Provider GUI

(Axis3)

— -

[ Consumer GUI

&b

Processes Bill of Materials

iMaa$ Business Cases  :
i(wes)

Additive :
Manufacturing for |
Injection Molding

Electronic Cards
for White Goods

Facility
Components for
the Hydrogen
Market
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B Cogntivie Digital Twins

Thank you for your attention!
Merci pour votre attention!

@ https://people.epfl.ch/dimitris.kiritsis/?lang=en

m https://www.linkedin.com/in/dimitris-kiritsis-07 124/

g dimitris.kiritsis@epfl.ch

47
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What is IMF and Why IMF? & Smus

The Information Modelling Framework (IMF) is a framework for Model-based Systems Engineering

IMF aims to address challenges in systems engineering:
* Large amounts of documents
* Unstructured information
* Information overflow

* Long value chain where the key information get lost

DGO DG1 DG2 DG3

Design Facility Construct Facility Operate Facility
Why? What? How? What How
Define | pacic specify | [ Design 1 ( Engineer Engineer Make or buy Buy bulk Construct & Install & — Modify —
Need Purpose J l Functionality J l Specification details equipment products & mtl assemble commission
.I A

v

Drawings &
lists of
attributes

attribute

7
v/ v/
7 £ 7

Figure: Current documentation practice during industrial investment and development (from the IMF manual)




What is IMF and Why IMF?

Current Situation of Designing, Purchasing, Manufacturing, and Managing Facility Asset:

Large amounts of documents
Unstructured information

Information overflow

Long value chain where the key information get lost

View from Client (e.g., energy production companies)

Define Need

To identify the care
requirements and objectives)
of the project.

Data:
Text: Requirement
documents, stakehakder
interviews
Diagrams: Stakeholder
maps, risk matrices

Specify Purpose

To translate the needs into
spedific, measurable, and
achievable objectives.

Data:

* Text: Detailed
requirement documents,
scope statements, and
use cases.

* Diagrams: Requirement
flow diagrams, use case
diagrams.

Design Functionality

To develop a detailed design of
the system that meets the
specified purpose.

Data:

* Text: Design specifications,
functional descriptians,

| g operational procedures,
standards, law/regulations

* Diagrams: Functional block
diagrams, flowcharts, system
architecture diagrams.

* Parameter Sets: Design
parameters, simulation results,
test case parameters.

Engineer Specification

To finalize the engineering design and
prepare for implementation.

Data:
Text: Final engineering spedifications,
technical manuals, and compliance
documents.
Diagrams: Detailed engineering
diagrams, process flow diagrams, piping
and instrumentation diagrams (P&IDs).
Parameter Sets: Final design
parameters, talerances, and material
spedifications.
Lists of Attributes: Material properties,
part lists, and quality standards.

Figure: Complicated Activities and Overflow of Information Management

UNIVERSITY
OF OSLO

€ SIRIUS

Page 50



Credit: Christophe Simon@Siemens Energy UNIVERSITY

What is IMF and Why IMF?

Current Situation of Designing, Purchasing, Manufacturing, and Managing Facility Asset:
* Large amounts of documents
* Unstructured information
* Information overflow
* Long value chain where the key information get lost ) . .
View from Supplier (e.g., Siemens Energy)
Requirements Proposal Order-Execution Operation Decom-
missioning
Data: unstructured data, Data: company- Production
e.g., extensive and specific formats: Data: A fraction of proposals gets an order. Mode
heterogenous customer documents, with a higher amount and richer documentation. " . Re-
requirements in data datasheets, pin- ] clin
sheets, documents, ids/comments, y cycling
and standards, > etc. —> —> Service |[*
laws/regulations Procurement Mode
supply chain/ contractor/ c
. H . o 3
Challenges: collisions Deta_lled data from suppliers Logls- | & iecioni il ], Dis
mte_rpretat_lons . Basic Desi Design Manufacturing ties ng Main- posing
uncertain specification sic gn tolerance classes/quality assurance tenance
Mode

. . A ) Page 51
Figure: Complicated Activities and Overflow of Information Management sge®
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Information Modelling Framework (IMF) for Addressing g
Information Fragmentation in Systems Engineering :

Expertise / Discipline Design

. o Commissioning
Electrical Eng. Automation Life-Cycle

Material etc. & Engineering
R -
S

.. cagmented - Procurement

r ) Decision
Information Making
Management £y v

=

d
o e ",
¥ i i "3 Value-Chain

] } Grid/Plant/Platform
| I

Construction

- ™
Client & o

- el T

[} Assets w\@jj}\(iontractor
|—T—| I Challenges Q)
mmm Supplier %)

Components Manufacturer Page 52



UNIVERSITY

Information Modelling Framework (IMF) for Addressing
Information Fragmentation in Systems Engineering

Disposal
Operation
Expertise / Discipline Design
; Commissionin
Qa Electrical Eng. Automation Life-Cycle &
Material -~ €tc. & Engineering _
Construction
b *
+ Procurement

Lo

& SIRIUS

h: Information Modelling
K
&3

Framework
o ¥ *
Solution: unified, w

Grid/Plant/Platform . Client
en
ASSIets precise language & Contractor
| framework for
ege engineers Supplier
g Manufacturer

Components Page 53
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Requirements for the Approach & SIRIUS

* Guided-modelling: properly defined methodology, convention l} [] [ ]
|

|
» Scalability: works both for small scenarios and big scenarios :}_ m ]
+ User-friendliness: subject matter experts are the users, involving the users fromdayone @ _ @
S

* Flexibility/Adaptability: can be adapted to many scenarios

+ Gaining incremental value: one can model gradually, from high-level to detailed, not forced to build the ‘M
complete model from the beginning, each step must give value

+ Standardised as industrial commons

* Precision for machine automation

Page 54



IMF Method: Core Idea of IMF

System Thinking:

UNIVERSITY
OF OSLO

& SIRIUS

Cooling System: a group of system elements to achieve a purpose
system
| Breakdown: system can be breakdown to system elements
Pumping teraction Heat Granularity: a system element by itself is also a system
system exchanger . . .
Interaction: system elements interact with other system elements

-
-

Page 55



IMF Method: Core Idea of IMF

@ SIRIUS

Unified language for industrial systems:

System Block: the boundary of a system element

Terminal: points that indicate input to/output from system
boundary

Interface point: connection points between system terminals

1 System Block

3 Interface point (to other system terminals)

+ +

Terminal (can be input/output) 2 Terminal (can be input/output)

Page 56



IMF Method: Core Idea of IMF

Aspects: principles of system breakdown

Information domain:

UNIVERSITY
OF OSLO

@ SIRIUS

Interest: The purpose of breakdown

for different users

Value-chain partners: Client, supplier, contractor

Function (activity): breakdown of activities of a system
Product (physical implementation): breakdown of physical

implementation of a system

Location (space): breakdown of spatial extension of a system

System
+ Block

Terminal (can be input/output)

Modality:

Intended: intended specification or requirements

Actual: description of a produced/installed system

3 Interface point
(to other system terminals)

Function
Block

Product
Block

2 Terminal (can be input/output)

Page 57



IMF Method: IMF Type, Information Templates

« Creating models with multi-disciplinary experts

Subject
Matter
Expert

Three information domains

‘ Cooling
System

,,,,,,,,,,,,,,,,

Activity: Decreasing temperature

- / Artefacts:

Pump,
heat
exchanger,

) / etc.

Information
Modelling
Expert

Block

NAME: Cooling System

PURPOSE: Decreasing Temperature
ASPECT: Function

SYMBOL:

RDS: @

VERSION:
ADMIN:

TERMINAL: T1

RDS:
DIRECTION: Input

Inlet temperature:

Terminal

TERMINAL TYPE: process

Media: coolant water

Purpose attributes:
Flowrate: 1444 m3/h
Differential pressure: 7,5 bar

Supplementary attributes:
App. Standard:
Client regs:
Noise reqs:

UNIVERSITY
OF OSLO

& SIRIUS

Terminal

TERMINAL: T2
TERMINAL TYPE: process
RDS:

DIRECTION: Output
Media: coolant water
Outlet temperature:




Application Scenarios of IMF 0 SIRIUS




Facility Asset Documentation: Example Use Case

Siemens Energy Use Case: Gearbox

A gearbox is a common component of a gas
compressor train interconnected with many other

components.

The gearboxes are normally supplied by external
suppliers and incorporated into solutions provided

by Siemens Energy.

The design and manufacturing of a gearbox is
extremely complicated and involves many

stakeholders.

Facility Asset
Documentation

a new practice for
structured, concise,
information
documentation that
preseive key-
information

Semantic Verification

automatic verification of
the integrity of the IMF
model, fulfiment of
system requirements,
early warning of
requirement violation

UNIVERSITY

Example Gearbox

Input shait / 1st stage (low speed) 2nd stage (intermediate 2nd stage plane
1st planet carrier/ ring gear spead) ring gear carriet
Low-speed shaft
(LSS) i -
High-speed
intermediate shaft
| (HSIS)
|
1st stage | Output shaft /
planet High-speed shaft
{H33)
¥
1st stage

planet carrier

2nd stage
planet

Figure source: 2022, Input torque measurements for wind turbine
gearboxes using fiber-optic strain sensors, Wind Energy Science
~ v 5 . /

- o . O O O o e s e e e e e e e s s e
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Facility Asset Documentation = SIRIUS

Major elements:

* Gas Compressor Train Block: root node, overall product

Gas Compressor Train

imf:ProductBlock
|:| imf:ProductTerminal

lis:hasPart
<€+—» imf:connectedTo
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Facility Asset Documentation = SIRIUS

Major elements:
* Gas Compressor Train Block: root node, overall product
» Gas Compressor Block: central component of the gas compressor train

* Gearbox Assembly Block: subsystem that transmits power from the driver to the compressor

Gas Compressor Train

imf:ProductBlock
|:| imf:ProductTerminal
GasCompressor GearboxAssembly lis:hasPart
<4—>» imf:connectedTo
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Facility Asset Documentation £ SIRIUS

Major elements:

* Gas Compressor Train Block: root node, overall product
+ Gas Compressor Block: central component of the gas compressor train
* Gearbox Assembly Block: subsystem that transmits power from the driver to the compressor

* More detailed modelling: Gearbox, Winterisation, etc.

[ imf:ProductBlock
[0  imf:ProductTerminal
= listhasPart
<4—>» imf:connectedTo
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Facility Asset Documentation £ SIRIUS

Major elements:

* Gas Compressor Train Block: root node, overall product
+ Gas Compressor Block: central component of the gas compressor train
* Gearbox Assembly Block: subsystem that transmits power from the driver to the compressor

* More detailed modelling: Gearbox, Winterisation, Coupling Block, Shaft, and connections, etc.

imf:ProductBlock
imf:ProductTerminal
lis:hasPart
imf:connectedTo

Page 64




UNIVERSITY
OF OSLO

Facility Asset Documentation £ SIRIUS

Major elements:

* Gas Compressor Train Block: root node, overall product
+ Gas Compressor Block: central component of the gas compressor train
* Gearbox Assembly Block: subsystem that transmits power from the driver to the compressor

* More detailed modelling: Gearbox, Winterisation, Coupling Block, Shaft, and connections, etc.

imf:fulfilledBy .
Gas Compressing

[ imf:ProductBlock
[0  imf:ProductTerminal
= listhasPart
<4—>» imf:connectedTo
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Preliminary Results, Function Aspect: Requirements to the Activity oS

Major elements:

Gas Compression Block: the root node of overall requirements to activity

imf:FunctionBlock
Gas Compressing lis:hasPart

<4—» imf:connectedTo
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Preliminary Results, Function Aspect: Requirements to the Activity oS
Major elements: '

+ Gas Compression Block: the root node of overall requirements to activity

» Centrifugal Compressing Block: the activity that the compressor uses the mechanical energy to increase the gas pressure

* Mechanical Driving Block: the activity to provide the mechanical energy.

* Housing/Protection Block: the activity to provide a sturdy and protective casing or enclosure

» Electrical Connection Block: the activity of wiring and connections

imf:FunctionBlock
Gas Compressing lis:hasPart

<4—» imf:connectedTo

Centrifugal Mechanical Mechanical Housing/ Electrical
Compressing Driving Transmitting Protection Connection
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Preliminary Results, Function Aspect: Requirements to the Activity oS

Major elements:
+ Gas Compression Block: the root node of overall requirements to activity

» Major functional blocks: Centrifugal Compressing, Mechanical Driving, Housing/Protection, Electrical Connection

* More detailed modelling: Process Gas Cooling, Speed Changing, etc.

imf:FunctionBlock
Gas Compressing lis:hasPart
<4—» imf:connectedTo

Centrifugal Mechanical Mechanical Housing/ Electrical
Compressing Driving Transmitting Protection Connection

Process Gas Mechanical System
Speed Changing Lubrication Noise Reducing Winterisation

Cooling /Cooling
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Preliminary Results, Function Aspect: Requirements to the Activity

Major elements:

Gas Compression Block: the root node of overall requirements to activity

Major functional blocks: Centrifugal Compressing, Mechanical Driving, Housing/Protection, Electrical Connection

More detailed modelling: Process Gas Cooling, Speed Changing, etc.

Even more detailed modelling: Moment Input, Moment Changing, Oil Pumping, etc.

Gas Compressing

Mechanical
Transmitting

Mechanical
Driving

Centrifugal
Compressing

Process Gas Mechanical System

Comr Speed Changing Lubrlca'tlon
/Cooling
Momentlnput Moment Moment OilPumping  OilDistribution

Changing Transferring

Housing/
Protection

Noise Reducing

Lubricating OilCooling

imf:FunctionBlock
lis:hasPart
<4—» imf:connectedTo

Electrical
Connection

Winterisation

Insulation Casing

UNIVERSITY
OF OSLO

5 SIRIUS
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System Design/ Specification: Example Use Case

Use Case: Gas Cooling System

The cooling system uses coolant water to

reduce the temperature of incoming gas
through a heat exchanger.

Heated sea water

The heat absorbed from the gas is
transferred to another heat exchange
where it is dissipated into sea water.

The system ensures efficient thermal
management by leveraging the high heat
capacity of coolant water and the cooling

potential of the sea.

Facility Asset
Documentation

a new practice for
structured, concise,
information
documentation that
presenve key-
information

Semantic Verification

automatic verification of
the integrity of the IMF
model, fulfiment of
system requirements,
early warning of
requirement violation

Seca water

Heat Exchanger I
FRrprororn
VUV

Water Tank

Cooling System }.'f:t E“h“ge: u

UNIVERSITY
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= 2 High temperature gas

— Cooled gas

Motor Pump Power Grid

Credit: Qianhang Lyu@University of Oslo, Andreas Schiller@YNCORIS
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Credit: Qianhang Lyu@University of Oslo UNIVERSITY

System Design/ Specification
y g p = SIRIUS
Use Case: Gas Cooling System Gas Cooling
Overall system design: ¢
* The gas cooling system includes
three functionalities
Adtomatio contrl information stream Progess cogling information stream Ooerating safel
+  Process cooling is the main o C 8 (=TI o O (] operatng sty

function

*  Automatic control monitors and
controls the cooling process

* The system needs to be
ensured that it operates safely
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S Stem DeS| n/ SpeCIflcatlon Credit: Qianhang Lyu@University of Oslo ORIVERSITY
y g &) SIRIUS
Use Case: Gas Cooling System
Main function design:
Process Cooling

» The gas cooler (with cooling gas

function) transfers heat from the

high temperature gas to the

liquid medium (water). _ _ _

storing transporting coolant flow transporting coolant flow moving medium flow transporting coolant flow

Th t t k th t . Cooling gas cooling liquid medium

. e storage tank (with storin (main function)
storage tank (with storing O—C 00 O—O 00

funCtIon) Stores the IIqUId transporting high temperature gas transporting cooled gas transporting sea water transporting heated sea water

medium (water).
*  The pump moves the liquid

medium (water) flow. o—{ O

pipe Pipe2 Coolant chiller
. : : storage tank [ }9(O—»{_] —>0—{] O]

*  The coolant chiller (with cooling Gas cooler

liquid medium) transfers heat O] B0 PETP

from the liquid medium (water) —(OH shatt (O motor

to sea water. | |

Page 72
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System Design/ Specification

Use Case: Gas Cooling System
Supporting function design:

*  The control system (automatic
control function) monitors the
system, processes the
information and uses actuator to
change the system states

Credit: Qianhang Lyu@University of Oslo

Process Cooling

storing

transporting coolant flow

O—C

transporting high temperature gas

Cooling gas
(main function)

30

transporting coolant flow

moving medium flow

UNIVERSITY
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transporting coolant flow

transporting cooled gas

O—{

cooling liquid medium

30

transporting sea water

transporting heated sea water

storage tank

Gas cooler

pipe

pump

Pipe2

Coolant chiller

shaft

motor

pumping system
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System Design/ Specification

Use Case: Gas Cooling System
Supporting function design:

The safety system monitors
temperature and speed and
shuts down the system in
emergent cases.

Credit: Qianhang Lyu@University of Oslo

Operating safely

Monitoring tenperature

Shuting down

Monitoring speed

JA

pump

II
L cable \\
\
Variable frequecy Drive \
(speed controller) cable 0
Motor temperature sensor |

[ 2

pumping system

UNIVERSITY
OF OSLO

€ SIRIUS
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. . . Credit: Qianhang Lyu@University of Oslo ~ YNIVERSITY
System Design/ Specification “ SIRIUS

Use Case: Gas Cooling System
System integration:

Gas Cooling
Process Cooling

» After design, the three sub-
systems are integrated

Automatic control

Operating safely

transmitting signal transmitting signal

Monitoring [} (] controting [ }—C) .

transporting medium floy transporting medium flow

transporting medium flow T
8 O cooling liquid medium

Hansporting heated sea water

transporting high temperature gas transporting cooled gas

Monitoring tenperature

‘ Shuting down ‘ Monitoring speed

cooling gas

transporting sea water

cable
catle ~
aN o Speed sensor/SIHH
Level @:}*O " Sy P Variable frequecy Drive -
cable
L O »(]

/
(speed controller) cable
Cooler temperature sensor

Motor temperature sensor
Leveliswitch l Flowmeter ] b/ariable speed drive]

storage tank

Gas cooler

arve) pump

e
pumping system



UNIVERSITY

Semantic Verification Technology Stack (In research) ¢ <

~—
Graph )
OWL/SHACL database — Relatonal
Ontologies/ (In research) -—
Constraints —

&

Systems Engineering

” Business Logic

IMF Object
\[ jects J {§} )

‘qt
b f Back-end )
[ IMF Types J

IMF RDF
representation

Front-end
L Py .9
Y@ v 9@ ..
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Why IMF? Comparison between Alternative & SRILS
Approaches for Information Management

IMF is precise, engineer-friendly, simplistic, cross-disciplinary, expressive, automated, open, and
compatible to other data format.

Precise
Engineer-friendly
Simplistic

Cross-disciplinary Natural Language

m SysML
Expressive m OWL

m|MF
Automated

(modelling and reasoning)

Public available

Compatible

(to other data format)

Page 77
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Summary & Vision & Outlook o o
Information Modelling Framework (IMF)

Summary

« Extremely simple syntax, expressive for a wide range of engineered systems
» Engineer-friendly languages, can be used without extensive training
Vision

+ IMF aims at standardised data models, and the “lingua franca” between organisations, business units along the product life-cycle
and value-chain

Outlook

* Refining the language to accommodate more "interests" and support engineering activities in more detail
» User study with metrics for measuring usability: time, correctness and satisfaction ®_©

» Structure-reserving semantic interpretation to IOF-aligned ontologies .‘.

More Application Scenarios

+ Facility Asset Documentation: a new practice for structured, concise, information documentation that preserve key-information
» System Design/Specification: digitally representing requirements to facilitate system design and procurement

« Semantic Verification: automatic verification of the integrity of the IMF model, fulfilment of system requirements, early warning of
requirement violation -
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