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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: Is there a 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 conveniently combine multiple DTs into a larger
system?



Research Questions

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



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

Digital Twins consist of three components, a physical product, a manufactured product can be obtained from its Digital Twin. [2]
virtual representation of that product, and the bi-directional data

connections that feed data from the physical to the virtual Digital Twins are a virtual representation of the physical objects,
representation, and information and processes from the virtual processes and real-time data involved throughout a product life-

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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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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Research Questions

= RQ2: Given the large number of existing DTs in the literature, can we
unify?
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* Agent does not refer to Agent Based Modelling/Simulation; but to “interfaces”
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Research Questions

= RQ3: Is there a relationship between specific DT requirements, the
system architecture, the used models, and the eventual deployment?
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MPM: Using the most appropriate...
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MPM: SG PSS tO Python(P)DEVS (master’s thesis)

GENERATE(10)

l} University of Antwerp
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TOUtPUt create

Einput "]
HOLD release| notify A

Toutput deh){_ O

éinput 0 El

ADVANCE(5) g

Foutput 4 —

éinput rnovedl- E
HOLD ?

output
Dinput
TERMINATE(1)
*output terminate?

from pypdevs.DEVS import CoupledDEVS

from pypdevsbbl.domain.gpss import Transaction, Hold, Controller, dist
from pypdevsbbl.domain.gpss import ADVANCE, TERMINATE

from pypdevsbbl.generic.generators import RandomDelayGenerator as GENERATE

class Model (CoupledDEVS) :
def _ init (self):
super () .__init ("Model”)

self.

self.

self
self
self
self

self
self

self.
self.

GPSS2DEVS_2 Controller = self.addSubModel (Controller ("GPSS2DEVS_2 Controller"))

GPSSZDEVS_O_LO = self.addSubModel(GENERATE("GPSS2DEVS_O_L0”, dist=dist, args=(10,),
fune=lambda x, t: Transaction(x, t), dt=None))
self.GPSS2DEVS_4 L0 = self.addSubModel (Hold("GPSS2DEVS_4_L0"))
self.connectPorts (self.GPSS2DEVS 0 _L0.output, self.GPSS2DEVS 4 L0.input)
self.connectPorts (self.GPSS2DEVS_0_ LO.output, self.GPSS2DEVS_2 Controller.create)
self.connectPorts (self.GPSS2DEVS 2 Controller.broadcast, self.GPSS2DEVS 4 L0.release)

self.GPSS2DEVS 1 L1 = self.addSubModel (ADVANCE ("GPSS2DEVS 1 L1", dist=dist, args=(5,)))

.GPSS2DEVS_4_L1 = self.addSubModel (Hold("GPSS2DEVS_4 L1"))

.connectPorts (self.GPSS2DEVS_1 Ll.output, self.GPSS2DEVS 4 Ll.input)
.connectPorts (self.GPSS2DEVS_4 LO.output, self.GPSS2DEVS_2 Controller.delay)
.connectPorts (self.GPSS2DEVS 4 Ll.output, self.GPSS2DEVS 2 Controller.moved)
self.
self.

connectPorts (self.GPSS2DEVS_2 Controller.pause, self.GPSS2DEVS_1 Ll.pause)
connectPorts (self.GPSS2DEVS 2 Controller.broadcast, self.GPSS2DEVS 4 Ll.release)

.GPSSZDEVS_ﬁ_LZ = self.addSubModel(TERMINATE("GPSS2DEVS_5_L2", 1))
.connectPorts (self.GPSS2DEVS_5 L2.output, self.GPSS2DEVS_2 Controller.terminate)

connectPorts (self.GPSS2DEVS_4 LO.output, self.GPSS2DEVS_1 Ll.input)
connectPorts (self.GPSS2DEVS_4 Ll.output, self.GPSS2DEVS 5 L2.input)
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MPM: PI-DEV+TFSA>(ODE+StEL) to DEVS

experiment: Network
passengerArrival: PI-DEV car: Network
passengers: TFSA
GENERATE _ -
[passengers == MAX] passengers =0 after 5's / passengers -= 1
every randf(0, IAT_MAX) s new_pass new_pass; new_pass / depart
>p—p BOARDING
stop A arrived
depart depart
<< P e 2 Lo ON_BOARD EXITING
new_pass / passengers += 1
arrived
. N arrived
VAN
244 re v stop movement: TFSA>0ODE
- 214 r7
el Lo & { ARRIVED
z 159 Fs @ QUEUE
ERTS ba E 0.0 DECELERATING A 0
2 : T =0. v /
94 F3
X B v=0.0 & _y @ A Tatap arrived
34 L1 dt
D — k. (v—3.6)
07 | r° after5s start dt :
time () /new_pass = p PRE_DEPART BRAKING
ARRIVED 1—-—- t EMBARKING A
! Y 2y Upin ) 2 W By
! dt
BRAKING - i A 4 Y il
i start 5= kv
i
DECELERATING | I TERMINATE ACCELERATING
Ly = t ON_BOARD
ACCELERATING : STARTING dr _
i d
STARTING { : % =k (’U — v + 5)
i
PRE_DEPART - Lt DISEMBARKING
0 160 260 360 460 560 600
time (s)
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R. Paredis, J. Denil, and H.Vangheluwe. 2021. “Specifying and Executing the Combination of Timed Finite State Automata and Causal-Block Diagrams by Mapping onto DEVS”. In Proceedings of WSC 2021.



MPM: Extending the FTG+PM

r 'R
l . — contains
begin. deploy_sim calib_model : CBD = trace: Excel [
din_prop_ " /\" din_arch reqs - = r - . ] 1
- :' lant_md| ! 0 - ZEEE / . \‘\
L, . PhoiModsling . = ) : A B C D
dout_plant e sketeh h 4 . \ e | | | .
ﬂ __________________ + | FreeBodyDiagram end: deploy_sim . | : 1 |time X y heading
et Pant o %“’“‘ sout.foe yon | dnarch ERIEERs ] : ", hitps:/imsdL.uantiverpen.oel... 596/  118.8 0.215843 -0.29999 0.677788
@V S NN ,l, trace : Table || e : 597, 119 0.216126 -0.29976 1.302247
| din_cad ’. plant calibration E‘;i“—'bdi ‘Comrol\e?:lg?n‘ﬁﬁElicilalion \'eﬂ conforms tO:"’/ \“ conforms to 598 119.2 0.216222 -0.29941 1.599066
~ L cPlanCabatn | g = e — — 599  119.4 0.216212 -0.29904 1.46084
B | ! Table v ‘ 600  119.6 0.216252 -0.29868 1.124072
dout_param : + getCellValue(int, int): value : y 601‘ 119.8 0.216409 -0.29836 0.877111
= e N e
| TableColumn ! : Ceb : 604 120.4 0.217065 02.9749 1.198563
% sys 1 LY . : : & T']..* : | . : . .
— - ~ fiecoil [vaiscor £ <7 ' . ook - , 605  120.6 0.217197 -0.29715 1.255207
in_plan » 1
. i - , 606 120.8 0.21731 -0.2968 1.190118
. + name: string 1
R | B R T : 607 121 0.217445 -0.29647 1.084936
plant3D : TimeSeries : : Port ! 608  121.2 0.217614 -0.29615 1.025846
1
=2 ' dataPoints . I ; : 609  121.4 0.217803 -0.29583 1.041682
i parars: | lorderedi gy T | | : 610  121.6 0.217986 -0.29552 1.099589
Earamstefs | DataPoint o .| Inport Outport |! 611  121.8 0.218151 -0.2952 1.146234
din_params liaton 1| + time: timestamp PR T 612 122 0.218301 -0.29487 1.151624
-Validation . t t . 1
L o redo e [+ vatue: foat 2, 2E Signal = 613 1222 0.218449 -0.29453 1.123763
R 950 Sccccccccoogiccccossssoss ' 614|  122.4 0.218606 -0.29421 1.092062
_J
L . INV: context CBD inv UName: self.block->forAll(b1, b2 | b1 <> b2 implies b1.name <> b2.name) 615' 122.6 0.218773 -0.29388 1.080216
Property context TimeSeries inv Sort: self.dataPoints = self.dataPoints->sortedBy(time) 616 122.8 0.218944 -0.29356 1.090973
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R. Paredis, J. Exelmans, and H.Vangheluwe. 2022. “Multi-Paradigm Modelling For Model Based Systems Engineering: Extending The FTG+PM”. In Proceedings of ANNSIM 2022.



MPM: CLAVS/ODVS

- v_pref_min =10
- v_pref_max = 65

- generateCar(): Car
- next_|AT(real, real): real

- cars_present = []
- t_no_coll = inf.

- calculateCarSpeed(): real
- resetParams()

- cars_present = []
- t_no_coll = inf.

- calculateCarSpeed(): real
- resetParams()

:Generator :RoadSegment :RoadSegment :RoadSegment :Collector
-IAT=5 +L=10 +L=10 +L=10 - global_time =0
- IAT_min =4 +v_max =100 +Vv_max = 100 +v_max = 100 - transit_time = {}
- IAT_max =6 - observe_delay = 0.1 - observe_delay = 0.1

- cars_present = []
- t_no_coll = inf.

- calculateCarSpeed(): real
- resetParamsy()

—_ observe_delay = 0.1

~»> Q_rack Q_send [> e » > Q_rack Q_send |--------- » > Q_recv Q_sack D - Q_rack Q_send
C—— » > Q_recv car_out D ce---»|> car in D ---------- P - > car_out D ————— d
! car_out D .- - - . Q_send Q_recv
; Feeees »p car_in Q_sack D " --»p Q_rack car_out D """"" RS »|) car_in Q_sack D """ '
1=szsssszzzzszzzsozzoas: . | o |
: ' [ ! il e '
1 L T e T !
: | RoadSegment I n ' :
| [
]
Generator | 1 i) |+ Lireal V!
11 [ v_max: real " X Collector 1
- |AT: re.a| 0.1 X - observe_delay: real ™ 0.1
- IAT_min: real - , ! |-cars_present: Car] [ - global_time: real
- IAT_max: real v | [Lno_coll real o - transit_time: Dict<int real>
- f :real
_ :ﬁ::ffmg]x-rral : ! |- calculateCarSpeed(): real L
- 1 | resetParams() S p s car_in:
1
- GenerateCar(): Car X l_)> Q_rack: Q_send:i;~| ' 1 X Car
) QueryAck Query '
Q_rack: d: : Q_sack: '
= P QueryAck Q—;ﬁgw T -)>ga::,;v QueryAckL-T =~ 7 ! @_send(] =] G_recy @_send(] [ G_recy Q_sendf——m—= —{] G _recy G_send (]
car out: car in: . | G_rack [] 1 @_sack Gl_rack [] [ G_sack Gl_rack [a—— -——] 0_sack G_rack [}
outi | _in: car_out: I
Car [ > Car Car (L Generator FoadZegment Foad3egment FoadZegment Collector
1 [
]
: o 0.* I IU--' : ' car_out(] #{] car_in car_out(] =[] car_in car_out [f——m ——{]car_in car_out(] #=1] car_in
e oe-oee et oo - - --------- - - - 1
____________________________________________________ a
L
Car n QueryAck n
1D int CrossRoadSegment n + Carld: int
raf- +t_untl_dep: real
- v_pref: real - destinations
- dv_pos_max: real
- dv_pos_min: real . . Que n
+ departure_time: real | Zegrln_cr. car_outacr. r = i
+ distance_travelled: real ' ar |+ carld: int
+ v: real 1 )
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J. Parezys, R. Paredis, and H.Vangheluwe. 2023. “CLAVS/ODVS: Combining Class/Object Diagrams and DEVS”. In Proceedings of WSC 2023.



Stages of Twinning Variability — Deployment
WORKFLOW '>

PROPERTIES OF INTEREST DESIGN CHOOSING FORMALISMS 4 DEPLOYMENT
IN THE PROBLEM SPACE (CONCEPTUAL) ARCHITECTURES BUILDING THE MODEL
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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.




Research Questions

= RQ4: How to quantitatively support deployment choices?

40



Proof-of-Concept: ( 1
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Proof-of-Concept:
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Research Questions

= RQ5: How can we conveniently combine multiple DTs into a larger
system?
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Conceptual Architecture(s)
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Combining Twinning Experiments (TEs)

Experiment
i 7 V
,:',
3
?." 0'0'* OO0 EXp B sposseaveress
R A :::...- = ;;1 gs.‘o.h ;- ; .:.- X
v
. : . : 0
- Fy
EXxperiment
Actual Object Twin Object Actual Object Twin Object P
IS\ AN\TEREE \J 0\ N\
iy Exp A Exp B Exp C Exp D Exp E

Exp F




Combining TEs — Multiple Pols

Experiment

DECELERATING

) E—— ARRIVED
- w0/
a

3
) k- (v —
£ ke (v-18)

ACCELERATING

aher5s
STARTING % =v

=k (v-w+5)

Twin Object

start ExpA and ExpB

while not finished do
A « Collect data from ExpA
B « Collect data from ExpB
yield union of A and B

end while
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Combining TEs — Multiple Instances vs Types

Experiment

;50'0' T ey Exp A
User Agent

'.".‘_..h. LAY . M

;;rv rvvw;: E}(p B
dUser Agent

DRI,

7 : l g‘f -

Actual Object

R ]

start ExpA and ExpB

while not finished do
A « Collect data from ExpA
B « Collect data from ExpB
Type « aggregate(A, B)
yield Type

end while
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Combining TEs — Multiple Combinations

Experiment

7

17

vertical federation

< horizontal federation >
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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: Is there a 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 conveniently combine multiple DTs into a larger
system?



Stages Of TWinning Va ria bility (main contribution)

WORKFLOW >

PROPERTIES OF INTEREST DESIGN CHOOSING FORMALISMS DEPLOYMENT
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Future Work

= RQ2: Given the large number of existing DTs in the literature, can we
unify?
= The literature needs to be re-studied and this unification needs to be shown
= RQ3: Is there a relationship between specific DT requirements, the
system architecture, the used models, and the eventual deployment?
= Interaction between these stages still needs to be analyzed
= RQ5: How can we conveniently combine multiple DTs into a larger

system?
= These combinations need to be verified against the literature
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