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Google Trends for the term “Digital Twin”, Accessed: 7 February 2024
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Digital Twin?

The Digital Twin is a set of virtual information constructs that fully
describes a potential or actual physical manufactured product from the
micro atomic level to the macro geometrical level. At its optimum, any
information that could be obtained from inspecting a physical

virtual representation of that product, and the bi-directional data

connections that feed data from the physical to the virtual
representation, and information and processes from the virtual

representation to the physical. [1]

A Digital Twin is an integrated multi-physics, multi-scale, probabilistic
simulation of a vehicle or system that uses the best available physical
models, sensor updates, fleet history, etc., to mirror the life of its flying
twin. The digital twin is ultra-realistic and may consider one or more
important and interdependent vehicle systems. [5]

A Digital Twin is a coupled model of the real machine
that operates in the cloud platform and simulates the
health condition with an integrated knowledge from
both data driven analytical algorithms as well as other
available physical knowledge. [7]

Digital Twins is a unified system model that can coordinate
architecture, mechanical, electrical, software, verification, and
other discipline-specific models across the system lifecycle,
federating models in multiple vendor tools and configuration-
controlled. [8]

Digital Twins are software systems comprising data, models and
services to interact with a CPPS for a specific purpose. [9]
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... and many more!

Digital Twins are a virtual representation of the physical objects,
processes and real-time data involved throughout a product life-
cycle. [3]

A Digital Twin is an ultra-realistic virtual counterpart of a
real-world object. [4]

A Digital Twin is an ultra-realistic, cradle-to-grave
computer model of an aircraft structure that is used to
assess the aircraft’s ability to meet mission
requirements. [6]

[1] D. Jones et al. 2020. “Characterising the Digital Twin: A systematic literature review”. In CIRP Journal of
Manufacturing Science and Technology.

[2] M. Grieves. 2017. “Digital Twin: Mitigating Unpredictable, Undesirable Emergent Behavior in Complex
Systems”. In Transdisciplinary Perspectives on Complex Systems.

[3] W. D. Lin and M. Y. H. Low. 2019. “Concept and implementation of a cyber-physical digital twin for a SMT
line”. In 2019 IEEE International Conference on Industrial Engineering and Engineering Management (IEEM).

[4] H. Park et al. 2019. “Challenges in Digital Twin Development for Cyber-Physical Production Systems”. In Cyber-
Physical Systems. Model-Based Design.

[5] E. Glaessgen and D. Stargel. 2012. “The digital twin paradigm for future NASA and U.S. Air Force vehicles”. In
Proc. 53rd AIAA/ASME/ASCE/AHS/ASC Struct. Struct. Dyn. Mater. Conf.

[6] B. T. Gockel et al. 2012. “Challenges with Structural Life Forecasting using Realistic Mission Profiles”. In
53rd AIAA/ASME/ASCE/AHS/ASC Struct. Struct. Dyn. Mater. Conf.

[7] J. Lee. et al. 2013. “Recent advances and trends in predictive manufacturing systems in big data
environment”. In Manufacturing Letter 1.

[8] M. Bajaj, D. Zwemer and B. Cole. 2016. “Integrating System Models with Architecture to Geometry”. In
AIAA Sp. Forum.

[9] P. Bibow et al. 2020 “Model-Driven Development of a Digital Twin for Injection Molding”. In CAiSE 2020. LNCS.
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Digital Twin Definitions

A eolleston of delinitions af digiLal iwirs

A5 a side resull of (he rgest Meralure survey an digital twins o date,

84 Danliaer, M. Jarisen, B Rurmpe, D Schralring, L Wachimeister, M. Winres, & Weetman: & Cross-
Dhoeresien Systematic Mapaing Stucly en Software Enginesineg for Digital Twine I Joueral of Systems
and Salware, 111361,

ol 11 i o e Lerrn "digital twin” fram Lhe publications of cur copues

This eallection is reproduced baow.

Definitions

"B atways in Sync digital rrode] of exdsting rranufacluring cells”. B A Talkhestani N. Jaed, W Schigl
B Wierich. & concepl in synehronization of virtual
ol et I Procedia CIRE 2018

wilh resal faciony based on anchar-

“An atways current dighal image of the production System”. F Biesinger, D. Meske, B, Krass, M. Weynich, &
digital twin for production planning based on cyber-physical sysiens: A Case Siudy for a Cyber-Fryscal
Syslem-Dased Creation of a Digital Twin rc 12THCIRP CONFERENCE ON INTILLIGENT COMPUTATION
1N MANUFACTURING ENGINEERING, 7019

“A digilal twin is & virlual reglica of the printing hardware’. T Mukheres, T. Debray. & dgital bem for i
quabfication of 30 printed rretallic coreoents, I APPLIED MATERIALS TODAY, 2019

"a virtual rrapping of a physical product”, A Delane, M. Eigoes, A digital bwin lor roal case analysis ard
ekl quaally rceitering. I Prossedigs of Fleraliona Design Canference, DESIGN, 2012

*In the crtest of Indugtry &0, e Digital Twi is i
ol the underlying p it e rreristactisi K E. Yigilbas, G. Ergels.
A Digital Twriv-Bissedd Multi-rcdal UL o F & ot Assistarce Systens i ndustiy 40, I
Hurnar-Cormputer Interaction. Design Praclice in Gonlermporary Societes, 2019

for ritiaing cer

“Digital e any reabwirld eou aillawing iLs maragernenl. . Diels, B Pule, G
Preerial. & Disiributes] Ledger Aperoach o Digilal Twin Secure Dots Steving. Ine Data and Aaplieations
Security and Privacy XK, 27019

"a Gigial Twin i a digital avalar encomoassing CPS datas and imedligence; @ regresents strociune,
semantics and befasior of Uhe awsocisted CRE, providing seneoes 1o rmesh e virual and physcal
workds " M. Ciawolla, b Algs, 5. Menasto, 0. Rovens, P Pedrazeoli, A Micoserice-based Middieeare lar
e DigiLal Factory. I Procedia Manufactsing 2017

“digital eguivalenl 1o a physical product”. G. Aveenbunoso, M. Siestr, P Pedracol A Metwored
Production System Lo Implement Vil Cnter prise and Praduct Lifecycle Inforrmation Loops. in: IFAC-
PapersOaline, 27017

'\Mielnll: oanext ar:naulrrmura_mmg.ﬂ:\mn “digiled Lwirr” i miore beoadly apnlmll.o mxh:hng

ous ar tifacts ard [ e
sl b deser e srrubied o g s Urat may be wbwark”. M.
Eckhan, A. Ekelhart, A Saecifwalion-based State Repication Approach for Digital Twins. I Proceedings
of the 201 B Werkshi o Cyber-Plysical Sysiesns Seeurily and Privaly, 2018

“Adigital twi dafired as Lhe predicli el of U rr L wilk e
nileilion Lo sugpon @il docurnentation”, 5. ZovelRocs, A Scmid, . Mestrdcker, M. Mouelel, M.
Hlules, L Uikenbrock, M. Keeesk, L Lefnaan, R Dilz, J. Slrbe. Jecelkraling biokgies ranulaclsing
iy modelng ar: 15 Apnmual urider the mn ard PAT approaches dermanded by aulhorilies acoeplable
without a dagitak (2TITATVTTEGA b Frocesses, 7018

"L BT i 1 sl ol i Ll infermvstion: L Rl dessesitens 1 prlevilial e el pysical pradustion liam
the o atamic level 1o the rrasio geometrical kel Y Zheng, S Yang, H. Cheng. &1 apalication
Trameswark of digital twin and ils case study. Inc Journal af Ambient Inelligence and Humanized
Corrputing, 2019

“a Digial Twin of & real di product is a vi i VFIiC) desribe Lhe exhaustie
byl and funclional peogeriies of (e produet along Fre whek e cyele and can defver and receie
product nfarration”. R, Tharmsa, R. Winter, M. Cigrer. &n sopeoach For e implemeniation of e digital
twirtin the atomalive witng famess feid, i af Filesriational Design C: DESIGN,
e

"L creation on the s of nisin Deesign o innsharchwace sckation ‘doud” models of e oological
] them il & singhe legraled "doud” model of called
“ehitgital Uil whtich in fact represents 8 rlual pojection af he mdustrial facilty il the coud™_WR.
Yusupbeko, FR. Abdurasuln, FT. Adilow, &, vy, Apphication of cloud technologies for oplimization
ol corrpke Fiustrial ises, I Aherices i 1l Systems and ing, 2119

rits

“The chigilad twin concepl is @ lnclional gy o i irmii zlin, which ical
predation together with its digital coay . C Sujod, H. Clema, | Zaifska. dpplication of digikation
rocedures of production in practice. I Maragernent Systems in Production Engreening 20190

“Diggital twires of lechinokgcs | equipment are nfrast el cormponents of production cormpanies of e
Ingustry 4.0 Ranctioring in the level of cloud sevices”, D04 Zakokdses, AV Gurjanoy, IR Kochubey, 10,
Tharire. Aaplication of iritistion rodelivg s Lo sreale digital twires of the sty 40 corrany
techmological eguiprrent. In: 0P Canference Series. Malerials Science and Engiieering 2013

“the DT i a simulation rmethod thal e be used o evaluation and oplirmization”. ¥ Tan, W Yang, K
Yo, 5. Takakowa, Apolicalion of loT-aided Srrulalon for g Cybser-abysical Syslan. i Proceedings
of the 201 B Winler Simulation Conlerence, 20187
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¥ Tan, W Yang, K. Yoshida, S Takakuwa Aaplication of IDT-uxJ:d‘.nul:lun o manufacturing systems
1 ey pysical syslem b Machines, 2019

“Thee iidéss b thiss [Diggtal Twin] conoepl i o hawe a dagital enlily el behaves exclly [m A% b s
porssle) exs the resal entity”. D Wi, & Moreno, 0 Fui £ Barardiaran. Aporai open
saflware for frile derrenl srrabalion of 20 metal shest laser ool I Internatiorial Journal an Inleractive
Designand Manulacioring (UiDeb), 2017

"t chigital Ui s rvace wp of ¥ el for e pirysical

; i L5 the i ol e i possitle Faikies”, MF
Milazen, G Ancione, G Scients, PA. Bragalle. Assessnent and minagerneal of ageng of crilical
egipiment  sevesn sles, I Safety and Refiability - Sale Socielies in 8 Charging Werld - Froosedings of
the 2Bih ilty Coneserice, CSREL 2018, 2018

“Im agsembdy Lhe physical chject has a digilal twin, a CAD rmoded Lhat soouraley resembles real features”,
A Blaga, L Tamas Augrrented Resily Tor Digial Manufactariog 2018 2610 Mederanean
Conlerenoe on Control and Autorration (MED), 2013

A Digital Twinn [0T) is & digital replica of the physical azses of an ndastrial planl which containg Lhe
sruciure and Lhe dyiamics of o Fre devoes and 1he pocess apeale”. G.5. Mailines, 5. Sieda, T,
arbeda, V. Vipatkin Autoeralic generation of a simulator-besed digital bwin of an mdustrial procsss
alanil. I Provesdings ICCON 2018 - 4415 Annwal Cand I the IECE Irdustrial £ i

2018

A digilal twin i s hyriarnic gt rroded of an indusrial chject of physical devies sioulating the interral
e, enginesing herbclerislics and befavier of e selual abject”. A K Tugeagald, ¥ B Diril,
L. V. Borisova, M.V Grankoy; R. M. Valoshin. Autanomous Maintenance of Digital Cquipment. Inc Russssn
Erngineesing Research, 3019

"I privwciple, digital twines ane roodebbased representations of entities of the real world such s machines,

wars, o persons”. D, Schnesiden M. Tragp. B-soace dynamic management and assu@ce of open
syslerres af Systems. Ine Journal of Inbered Sedees snad Apolications, 2018

“Digital win i & virlual representation, in the oyberspece, of a physicel sssel, proosss o Systern,
presessing resHime information about e regresented entity and a moded of ils bebeniarn *. A Arlem L
Nazaienko, M Camarinfa-Malos. Base lo a0 Apgraach 10 Design Collabaralive Cyber-Prysical
Systems. In gl novation for Industry and Service Systerrs, 2019

“igital Lwir a1 ecact cybes copy of & physical systen thal uely repressants all of fs functionalities”.
BB Alarn, A B Saddik. C2PS: A Digilal Twin Archilecture Relerence boded for e Cloud-Based Cyber-
Prrysical Systerns, I IECE Access, 2017

“Adigilal twin i  dligil vl b escarels g chviarmic Stalus dala
which are synehironized in reakirme. The moded will be used o gain knowledge that can be irarslered o
e resal object ™. M. Eisentrager, S Adier, M. Kenned, S Miser, Changeatilily in Engiiesring ki 2018 IECE
Inbermatiarsal Snfereree on Ergiesring Tesrokgy i, ICEATIMC 2018

2018

“trve so-called Digital Twin' snproach, which s a seplified nureical model” T Barsses, M. Zabarglio.
Coneept of autoraled mallunelion delection of Bige Luborrachinety sy rachin kening on
waresient data. In: Diagrostyka, 2019

“Cigital twiry, first o all, is & virlual reghbes of physcal abpect’s ([Producls), processes’, o syslens’
aperation cordilion”. £. Kolaches, V' Zraroy, W, Taukerman, Cost managerent lor LW systems & way
o rprove e conmpelitiveness in digital econamy ; I0F Conference Series: Materials Sciece and
Engineering, 2019

A product virtaal space is a dgital tain that = attached 1o il W enable manulaclures and their chenls o
vt e rmanfacture, rrianiton, maintain and epeeste il roughout il ife lime cpeles, e oo the produel
Franafaciuring date, Fiiough coenlion s o end of ifesaan ", AR ARAE R, Guata, A4 Nabulsi Cyber
alrpsical systems ol in manulacing lechnologies in: AP Conference Proceedings, 2015

“A digital twin i & specialized Lyse of CPS wiere Lhe fysical systeris companen|s ad allibules are
rrivtoered rila the tyfier world A digital Lwi ercibles eal-tim g e dhecisan mking e
weritus lynes of applications 1 i " F. Aealeha, F. Lasreti, A €1
S, Cyber-Physical Systern Frarmewerk for Measu ement and Analysss of Priysical Activities. I
CLECTRONICS, 2019

"The Eagic Hmlll.m ol & Sell-aware Digilal Twei i Fal il regiesents as & sl of custers defined i e

ke ] TN D. Milenowic. Dasta-driven Digital Twin approach for process
plimizalion: &nindusty use case b Procesdings - 2018 IEEE Interational Confersnce an Big Data, Big
Data 2018, 2019

“Acigilal i prvides phicas al i physs Uikl i virlly i
Troem it phoysi h Lt it i teslicales and prepaies of the
brpsiced twin s well as erviches (e replica with additional i ion about e phys silerparL
The cornceptual roodd of a dgtal lwin conlairs three rmain parts: (i) physical tein in e real world, (i)
itgitznl vvir i the wirt el werld, and (i) the connections of npul data and culpu corrmand thal tes he
dliggital and resal counleparls ogether., F. Ogoenda, Desling wilh Uncertainty i Sollware Actitectus o
U Inbesried-ol- Things with Digital Twires, 2019

“virtusal digital roode | of the resl netwark thal consists of data from the real network”. R Dong, ©. She, W,
Herwara, ¥, Li, B Vuoelic. e Lesrning for Hyarid 55 Services in Mabile Cdge Computing Systers
Lesrrs e iz Digitid T, I IEEE et 1 Wiediess jcatians 2019

“A dligital wir 5 & coneeat Tiorn the produe life-cpele mara gernent (PLM) domin intraduced by Grieves
elal (2017). It a virlual represenlation of a specific physical product. The idea behind his concept is
theal thes digilal twin shedd be linked 1o the physi el e procluacts lecycle and
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carmlanly miree iL” R Bilken, T. Gluck, 0. Stan, M Ineskueni, ¥ OAla, ¥ Yamada, T ¥agy, ¥, Do, &
Shabiai. Deriving a CostElfective Digital Twin of an 105 1o Facilitate Secuwily Evahistion. ki Cormpuler
Security, 2018

A ligilal wir 1 b clifiried s v rstegzinted wirlul moled of & reabwerd systern cantainng all of il
st inforrretion and fanclioral Wit K. T, ParkY, W, Narm, H. S Les, S J. Im, S 0. Neh, L . Son H,
¥arn. Design and rplementation af a digital bwin apakeslion o 8 cormested micrn smar Fctory. I
INTERNATIONAL JOURNAL OF COMPUTER INTEGRATOD MANUFACTURING, 2015

“Mares simply i DTM is a digital replica o wirlual counter gt of & real enlity, which cen be assels,
processes, systems, of even servioes. Alter being pared with a physical object, the DTM can perform ihe
Turmetianes ol the rrnitenng sestem and dala ara g, aiming o calch and renoe e roalms even
Before they cam oecw”. . 5. Shim, N. 5. Dang, 5. Lan, €. K Jeon. Developenent of a bridge mainlenances
syslern for prestiessed concete bridges wing 30 digilal twin ol In Struelue snd Bifastiuctue
Engineering, 2019

Ak nedel st cannects, and apart of or the whalke physical
rranufacluing system of process, enabled by historical and reakime data fram Le physical sysiem or
i, G Sha, DL Kitira, Digital manfactaring Reguirenents and challeges o7 implenetng digital
Suriogales I - Winter Srrukal; 09

“[ thve ficgitzal bt i aan pitject-eriented digilal model of o physical assel (hal comprises sl he dals
aboud the assed, including syslern, stiuclural, engineering and lechinological modets”. O Kostenkno, N
Fudryashey, M. Maysirishin V. Onulriey, ¥ Polekhin, & Vasibes. Digital lwin apalcations: Diagnostics,
aptimisation and prediclion e Anals of DAAAM and Procsedings of the Inter naticral DARAM
Sympsion, 2018

*Inehuzstrial Digital Towit (D7) - 2 cligital exspy o the reel asnubetiring sylern, which an be cenbelled and
pragrarmered in realtirme directly frorm the cormpuler applcation model of the industrial robol ™ W Kuts, T
Qtto, T, Ttz . Barclarenka. Digilal twin based synchronised control and semalation of the industrial
rutaolic eell i victusal reality. Irc Jourrsal of Meschine Engineering 3019

“A digital twin refers w8 virtual representation of he eal physical gystem hal mirens ils Slate and
Enebeviar”, N Karaijiar, & Joghekar, 8 Mabarily, \ Prabiu, D Raghuiath, R. Sudaresan. Digital twin foe
energy olirizstion i an SMT-PCE ssserioly e, In: Procesdengs - 2018 IELE imernational Conference
an kilered of Thirgs and nleligerce Systemn, I0TAIS 2018, 7019

“[Jar ikt i, wihich o be used e real
spian s erested " A Khean, M. Dahi, P Faliznan, M. Fabian, Digital T'v\ e Legecy Systeris: Simualion
Mhcsched Tesslirey el Walidisticon. 1 ICEE b
2018

" Diggital twint axr BIRA {Dusliding information medeing) [.] BIM i a digital resresentation of plysical and
Turmctiora charactenstics of a facility A BIM is & shared knowlecge resouros for informetion about &
Taxcslily Terring & refatle bersis Tor decisiors during ils lile cyoe, defred as existing o earies!
eanoeption to demolition”. S Kaewurinen, N Xu. Digital twin for sustaine bility evalustion of radwey
slation Duldings. re Frontiers in Buil Cwironmen, 2018

*Ditgitanl Twwirs (D) i chirwed e i vy resalislie: mcadied o L cuatrent state of e processs and ek awn
Beheior i inleraction with their erirorrnent i Be real world [S] L] Howeres, te delinition of 2 OT and
s reguier vl Fully istied and kack of ool s [ cAeisticg 3 DT
L bty in indusiry i the Beralure”. L
Fernando, C S Curdifo, 5 Haag, R Andes], K Schoetzer £ Zancul Digilal Twin Reguirernents in e
Corlent of Irehisstry £ 0 Ire Produet Lifesyce Management |o Sapoerl Industry 20, 2018

“digital Lwiry @ refereice meded o realioe the ity sical aned i L T, M
Zhang. Digital Twin Shap-Floar A Mew Shog-Floor Paradigm Towards Smart Manufactuing. in IDEE
Aecess, 2017

“Diggital Lwin, i riowel concep! tist refers Lo vilual Jubauuuz ul real world objects] ] The ides of aya
v s s et gt L i L wnviars of 5

twine”. K. Yart, W, K, B Yao, 2. Zou, DT, Pharn Digital Twin-Based Enengy Modeling of idustrial Rosots,
I Correrunications in Cormputer and Infoerralion Science, 2018

“Digital Ly T ical erility's

by, ot by means of dgial lechnology”. 5 Meng, 5 Tang ¥, Zhu, C.
Chery Digital Twin-Driven Comral Method for Robolic dalomatic Assembly Systern n: 2ND
INTORHATICHAL CONFOREMCE ON FROMTICRE OF MATCRIALS SYNTHESS AND PROCESSNG, 2019

“The general digial bwin miode ar 3 prod e parls, which ar ical enilities i
ey e v i i e, and th Ut ties prysical and virtul
workds, The physical entilies are e real product hal can be operaled by e users”. F Tao, F S0, A Lig,
Q. G, M Pheang B Sorwg, 2. Bue, SC-Y. Ly AVC e Digital twin-diven pradust desion Farmewars. b

Intermational Joarmal of Producton Reseanch, 201%

" Ciggtal Lwirt i a1 indegrated rulli-ghysics, riulliscale, ard whistic Srialatan ol

and uses e best ikl physcal rodels, serson updates, elc, 1o miroe e life of #s corespanding
twin " F. Taa, J. Chenig. O, M. Zhang, H. Tharg, . Sui. Digital twineciven product design,
Friarafacturng and service wilh big data, In: INTERMATIONAL JOURNAL OF ADVANCED
MANURACTURING TECHNOLOGY, 2018

oW

al of using & digital ooy of 8 phys e pefier resal-ti irtizalion is eferred
a5 4 DT F Tan, G Qi L. Werig, A¥.C. New Digital Twins s Cybe-Prysical Systemns Loward Srert
Mhanufsel.ring ared Industry 4.0 Covrelation s Comparisnn. Irc Engieering 2019
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https://blogs.sw.siemens.com/simcenter/apollo-13-the-first-digital-twin/



https://blogs.sw.siemens.com/simcenter/apollo-13-the-first-digital-twin/

Mastering the Nordschleife with R ——
hydrogen

Hydrogen Car

Actual
Object

Twin
Object

Porsche Engineering tested it in a luxury-segment reference vehicle with a relatively high total weight of 2,650 kg on the Nurburgring Nordschleife -
albeit entirely virtually: the drive was carried out using what is known as a digital twin, i.e. a computer-based representation of the real vehicle.
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https://newsroom.porsche.com/en/2022/innovation/porsche-engineering-simulation-hydrogen-combustion-engines-nuerburgring-nordschleife-29401.html
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many definitions/alternatives of “Digital Twin”
— use “Twinning” to cover all definitions

Sensing «— ... everything in between ... — Simulation
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A Multi-Paradigm Modelling
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Research Questions

« RQ1: What are the most common reasons/definitions for (creating)
Digital Twins (DTs)?

= RQ2: Given the large number of existing DTs in the literature, can we
unify?

= RQ3: What is the relationship between specific DT requirements, the
system architecture, the used models, and the eventual deployment?

= RQ4: How to quantitatively support deployment choices?
= RQ5: How can we combine multiple DTs into a larger system?
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Research Questions

« RQ1: What are the most common reasons/definitions for (creating)
Digital Twins (DTs)?

34



AGV Recognition Homographic Transformation Depth Vision Hardware Reset

Proof-of-Concept:

Epsilon
. L3
Line Following Robot L1
. A
-
&
Close Clipping (meters) o
L £
£
Far Clipping {meters)
0.88
am
Transparency of Path
035
L]
Top Left: (0, 0)
Top Right: (640, 0)

Bottom Left: (0, 480)

Bottom Right: (640, 480)

Reset Coordinates

Scicen Gisk ¥ Draw Contours (close fit)
I~ Draw Contour Bounding Box
Stop Recording
4 Neaw Botsted Rectangle
DifferentialDrive l ‘ Controller
} nan Prediction
INg|
ng), I_l jout1 N K__" fouT1 pehiLdot
’—i OUT1 r}velocity

velocity), INgY, Z burt

outt color’ INY

IN:. »

vy MO IN1
OUT1

LL PlD OUT1_p,heading
uT1 IN

K= poUTt phiRdot
S5 P

IN:
steering), INg

vV
2 g
= =
Z =
v
‘o
=1
=
=
Z
v

4

™M

>

35

University of Antwerp
I Faculty of Science
R. Paredis, and H.Vangheluwe. 2021. “Exploring A Digital Shadow Design Workflow By Means Of A Line Following Robot Use-Case”. In Proceedings of ANNSIM 2021.



LFR vs Incubator :

Legend:
- T #* Mandatary
= = < Optional
° __————f:?__-T:—-“___ T o 5 __——————:__f-_——--"_'_ __}f” R"“--W_: __"‘--——-_:1_——————__ 5
| Data Recording || honitaring | |What—if5imu|atin:n || Self-adaptation || Selthealing | | Selfreconfiguration ‘ Selforganization || Sel-learning | | Self-optimization
— ——— e
_— T — H// —~ N ‘
Safety | Predictive Maintenance || Fault Diagnosis || Console || Dashboard | ‘ 2D¢30 Animation || Explanatory || Predictive |
"Fault Diagnosis" = "Fredictive haintenance”
Usage Context | Legend:
- _r_"'““-_--:?___—————______ # Mandatory
I - — o I o Cptional
PLM Stage | Feature
Sl o - ‘--_______ R __-—T -..'--—-__

| Manug:turer | | Cu;amer | Ti'm_e___-- _ ‘v’u:llume Speed | | ﬂwanabnw | | Desn_]n | | Manufacturmg || Dlstnbutn:ln | Usgg?‘ End ofHife
_,.,-"

| MDn|£Dr | | Hespunae | | Slngle CPS || Hu:umu:ugeneu:uus Group of CPSs | | Systems of Systems |

Legend:
_____-———“‘________ o ; bandatory
= Optional
[ ] Feature
// _— T
| Thrl:uughput | | Laten:y | | Testabﬂﬁy | | Avmlabﬂﬂy | | Auditab Hespunse Time | | Exten5|b|l|ty | | Elastn:lty | | Raobustness | | IP Protection

University of Antwerp 37
I Faculty of Science

R. Paredis, C. Gomes, and H.Vangheluwe. 2021. “Towards a Family of Digital Model/Shadow/Twin Workflows and Architectures”. In Proceedings of IN4PL 2021, pp. 174-182.
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Research Questions

= RQ2: Given the large number of existing DTs in the literature, can we
unify?
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Conceptual Architecture(s)

* Agent does not refer to Agent Based Modelling/Simulation; but to “interfaces”
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* Agent does not refer to Agent Based Modelling/Simulation; but to “interfaces”

Conceptual Architecture(s)
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presence conditions An experiment is an intentional set of (possibly hierarchically composed)
to capture variability activities, carried out on a specific SuS in order to accomplish a specific
set of goals.

45

nnnnnnnnnnnnnnnnn
1 Faculty of Science
R. Paredis and H.Vangheluwe. 2024. “Modelling and Simulation-Based Evaluation of Twinning Architectures and Their Deployment”. In Proceedings of SIMULTECH 2024, pp. 170-182.



Virtual Proptotyping

Design

Variation Analysis
Design Space Exploration

Goals w.r.t. their
Properties of Interest (Pols)

Data Allocation
Data Processing
Data Analysis
Operation
Forecasting
Goal
Purpose
Modification

Memarization

Data Recording

Knowledge Collection

Verification & Validation
Consistency Monitoring

Anomaly Detection

/ Experiment

—0 Fault Tolerance ]

State Estimation

Anomaly Detection
Fault Detection

M

Fault Diagnosis

Behaviour Prediction
Process Prediction

What-If Simulation

AN AN N N N T

Control ]4 Rl
Optimalization ] :
Self-* ]
Console ]
Static Visualization :
Dashboard 1:: e
Visualization 2D Animation o _i
Live Plots
Dynamic Visualization 3D Animation ]< )
Mixed Reality ]
AR/VR/XR
{3 b3
featu re m Od e l Predictive Maintenance j ]
. - B ‘ Fatigue Testing
to Ca ptu re Va r] a b] l] ty Maintenance Damage Evaluation ]
| e
Lifecycle Management [«
University of Antwerp J 46
lj' 1 Faculty of Science R. Paredis, H.Vangheluwe, and P.A.R. Albertins. 2024. “COOCK project Smart Port 2025 D3.1: "To Twin Or Not To Twin™ . Techical Report.

R. Paredis and H.Vangheluwe. 2024. “Modelling and Simulation-Based Evaluation of Twinning Architectures and Their Deployment”. In Proceedings of SIMULTECH 2024, pp. 170-182.



Conceptual Architecture(s)

* Agent does not refer to Agent Based Modelling/Simulation; but to “interfaces”

¢

Y/

¢
NN v*v LA

2 X

b T A O COEHKAXK]
ARSI o
g.:. User Agent K
X ICILAAAILLKS

Q, @

D, 9

‘o Actual Object

Experiment

//////////////W////W

7B AR
X*Machine AgentX
2 X
DOXHIILAARAIHLL

vy

Workflow(s)
i/

|6 Twin Object

presence conditions
to capture variability

47

R. Paredis and H.Vangheluwe. 2024. “Modelling and Simulation-Based Evaluation of Twinning Architectures and Their Deployment”. In Proceedings of SIMULTECH 2024, pp. 170-182.



many definitions/alternatives of “Digital Twin”
— use “Twinning’ to cover all definitions
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* Agent does not refer to Agent Based Modelling/Simulation; but to “interfaces”

Conceptual Architecture Example(s)
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* This example case does not reflect the actual operations of POAB
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* This example case does not reflect the actual operations of POAB
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Proof-of-Concept: DTW Score = 252
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Research Questions

= RQ3: What is the relationship between specific DT requirements, the
system architecture, the used models, and the eventual deployment?
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Stages of Twinning Variability
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Stages of Twinning Variability — The Problem Space
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Stages of Twinning Variability — Architectures

WORKFLOW >

PROPERTIES OF INTEREST 4 DESIGN QCHOOSING FORMALISMS DEPLOYMENT
IN THE PROBLEM SPACE (CONCEPTUAL) ARCHITECTURES BUILDING THE MODEL
dy _dv dt N . XMPP
Reasoner dx  dr dx 2o
Inferencer {8
/o :
2 User Agents % ///// *——Historiang D)
cezls %Machine Agents% /// +7(Storage)z rr]’o d e I ica

NMQTT

§g I&’“"Tka@

Twinning Experlments

MATIAR 6 &
SIMULINK o

t t

Pols —+Context

REST API

aa’d

3) —é{Ei=-e
o /IJIIJII.I/IWWJJMIZ’/////W/WT’/ p
_ [ oo ©
o //IllllllIIllllllllllllllllllllll// | t ts
Quality f5n) l56) fon) p
P Actual Object P Twin Object o
Ps P4

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
:
! ! :
wz """""’0"’0'011': Experiment gm0 ire¥iviomimes % . % = - |8 m,%‘
" & User Agent o, ;::4 achine Agent’<BIll Tl : [ ] m"::'*
DOIRISSOCK ’aooo.# DEXAHRRAAD 0.0..,‘ : i, n;:«.b_E,,“.. j-s;:, P
‘:B ‘:!:’ 1 '
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

A c

University of Antwerp 60
I Faculty of Science

R. Paredis and H.Vangheluwe. 2024. “Modelling and Simulation-Based Evaluation of Twinning Architectures and Their Deployment”. In Proceedings of SIMULTECH 2024, pp. 170-182.




Stages of Twinning Variability — Modelling
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Stages of Twinning Variability — Deployment
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Proof-of-Concept:
1D Behaviour of a Ship

package Ship
model Plant
import Con = Modelica.Constants;
Modelica.Blocks.Interfaces.RealInput FT annotation( (S YE
Modelica.Blocks.Interfaces.RealOutput v(start = 0) annotatlon( (YR
Modelica.Blocks.Interfaces.RealOutput x(start = 0) annotation( [...); |
parameter Real mass = 32000

Length =21.54 m

//parameter Real area = 263; //261;
: parameter Real L = 21.54;
— E parameter Real B = 5.33;
Dry Mass = 32,000 kg S r 1 parameter Real D = 1.47;
= T 2 //parameter Real FT = 400;
< ) F — . - . S - C parameter Real density = 1025;
- J ) R — 2 f i ity = * 10 ~ (-6);

parameter Real viscosity = 1.188
Real Re(start = 0.0);
Real Cf(start = 0.0);

n [}75 Real area = 2 * Con.pi * ((L * B) ~ 1.6 + (B * D) ~ 1.6 + (L * D) ~ 1.6) ~ (L / 1.6) / 3;
. equation
_ if v < 0.000001 then
4 Cf = cf = 0;
Re = 0;

(log,,(Re) — 2)°

Cf = 0.075 / (loglO(Re) - 2) ~ 2; °
end if;
'U-L der(v) = (FT - 0.5 * density * Cf * area * v * v) / mass; mOdellcq
. der(x) = vi V4 Language
E —_— annotation( [...); ]
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Research Questions

= RQ4: How to quantitatively support deployment choices?
= RQ5: How can we combine multiple DTs into a larger system?
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Stages of Twinning Variability
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