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Truly complex, engineered systems, known as Cyber Physical Systems (CPS), are 
becoming increasingly common. CPS emerge from the networking of multi-physical 
(mechanical, electrical, hydraulic, biochemical, .) and � computational (control, signal 
processing, logical inference, planning, ) processes, often interacting with a highly �
uncertain environment, including human actors, in a socio-economic context.

Context: Engineering of CPS



“Model” Features1973







MPM



a

terminology: environment || ( “plant” || controller )



Real-World
Model

Virtual
Model

Real-World
SuS

Virtual SuS

System under Study (SuS) vs. Appropriate Model



A Valid Model is an Appropriate Model



Properties of Interest
(PoIs)

validity “frame”

e.g., Modelica Library

purpose of modelling: substitutability (engineering), explainability (science)

properties of interest



Substitutability (wrt PoI) … but …. 

abstraction and 
approximation

validity

real-world 
experiment

virtual
experiment

(Twinning: 
virtual model 
in real-world context)

||

distance(PoIm, PoIv) < threshold 
PoIm PoIv



  

A Resistor Model’s Validity Range

https://msdl.uantwerpen.be/cloud/public/fcfc42

https://msdl.uantwerpen.be/cloud/public/fcfc42


Substitutability (wrt PoI) … but …. 

modeller makes 
abstraction and 
approximation

modelling errors

IC/parameter error

modelling error 
Input 

Uncertainty

system evolution

PoI errorPoI error

measurement device 
introduces

measurement error 

model execution 
(e.g., simulation) 

introduces 
approximation/

numerical errors

distance(PoIm, PoIv) < threshold 

||
validity

PoIm PoIv



Thanks to Rhys Goldstein
for the notion of abstract 
frame

Abstract (In)Validity Frame
The (possibly infinite) Set of Experiments e for which the 
Distance d between the obtained (computed) Properties of 
Interest PoI from e carried out in the REAL world and e carried 
out in the VIRTUAL world is (larger)smaller than a treshold Tr.



• Concrete Validity Frame (CVF)
The finite set of performed experiments in which a model is valid

• Concrete Invalidity Frame (CIF)
The finite set of performed experiments in which a model is invalid

Concrete (In)Validity Frame 

Rakshit Mittal, Raheleh Eslampanah, Lucas Lima, Hans Vangheluwe and Dominique Blouin. 
Towards an Ontological Framework for Validity Frames. In the 20 th MoDeVVa workshop at MoDELS 2023.



• Inferred Concrete Validity Frame (ICVF)
The finite set of performed experiments in which a model is valid 
extended with a possibly infinite set of experiments in which a model
is valid. The latter set is inferred based on domain knowledge. 

• InferredConcrete Invalidity Frame (ICIF)
• The finite set of performed experiments in which a model is invalid

extended with a possibly infinite set of experiments in which a model
is invalid. The latter set is inferred based on domain knowledge. 

Inferred Concrete (In)Validity Frame 



Inferred Concrete (In)Validity Frame 

Johan Cederbladh, Loek Cleophas, Eduard Kamburjan, Lucas Lima and Hans Vangheluwe. Symbolic Reasoning for Early Decision-Making in Model-Based 
Systems Engineering . In the 1st  Workshop on Model-based Systems Engineering, MoDELS 2023.



W. Oberkampf, C. Roy. Verification and Validation in Scientific Computing. Cambridge University Press, 2010.



Concrete Validity Frame 

must be modelled, managed, 
extended, evolved, re-used, ...
Experiments (architecture and worklow):

Repeatable
Replicable
Reproducible



Concrete Validity Frame 

must be modelled, managed, 
extended, evolved, re-used, ...
Experiments (architecture and worklow):

Repeatable
Replicable
Reproducible

Validity vs. Accuracy vs. Fidelity …



  

A Resistor Model’s Validity Range appropriate 
language?



Most Appropriate Abstractions



● For performance
(scale-ability)

● For insight



  







Most Appropriate Notations



Communication Theory



Perceptual Discriminability 

``Physics'' of Notations



``Physics'' of Notations

Junaed Sattar, Gregory Dudek. Reducing Uncertainty in Human-Robot Interaction: A Cost Analysis Approach. ISER 2010: 81-95.



``Physics'' of NotationsSemantic Transparency: semantically perverse symbols



https://diagrams.net (to build a “poor man’s” DSL)

https://diagrams.net/


Most Appropriate Formalisms 

syntax and semantics



  

Multi-Domain
Modeling

this slide from Peter Fritzson's Modelica tutorial

http://www.modelica.org 
model Resistor "Ideal linear electrical resistor" 
  extends Interfaces.OnePort;
  parameter SI.Resistance R=1 "Resistance";
equation 
  R*i = v;
end Resistor;

common underlying 
semantic domain: 
hybrid differential Algebraic 
Equations ++

http://www.eoolt.org 

http://www.modelica.org/
https://svn.modelica.org/projects/Modelica/tags/V1_5/Modelica/help/Modelica_Electrical_Analog_Interfaces.html#Modelica.Electrical.Analog.Interfaces.OnePort
https://svn.modelica.org/projects/Modelica/tags/V1_5/Modelica/help/Modelica_SIunits.html#Modelica.SIunits.Resistance
http://www.eoolt.org/


  

Acausal model
(Modelica)

Causal 
block-based
model
(Simulink®)

Keeps the 
physical 
structure

Visual Acausal
Hierarchical 
Component 

Modeling

Multi-Domain
Modeling

this slide from Peter Fritzson's Modelica tutorial

“what?”

“how?”





Use “most appropriate” (for purpose/user/...) Formalism
Minimize “accidental complexity”

Frederick P. Brooks, Jr. No Silver Bullet: Essence and Accidents of Software Engineering



Metrics?“most appropriate” (for purpose/user/…) → empirical studies and/or “patterns”







kinds of models that always belong together

”ProMoBox” 



CMS Tracker Cosmic Rack

CO-OPN

UI prototype

DesignDesign

ApplicationApplication

LTL⊨

PropertyProperty



AlPiNA

CO-OPN

LTL⊨

PropertyPropertyDesignDesign



CMS Tracker Cosmic Rack

CO-OPN

UI prototype

DesignDesign PropertyProperty

ApplicationApplication

LTL⊨

?⊨





Designing Requirements/Property Languages

DesignDesign PropertyProperty⊨

B. Meyers, R. Deshayes, L. Lucio, E. Syriani, H. Vangheluwe, and M. Wimmer. ProMoBox: A Framework for Generating Domain-Specic Property 
Languages. In  Software Language Engineering (SLE), Vasteras, Sweden, LNCS vol. 8706, pp. 1- 20. Springer. September 2014.



Designing Requirements/Property Languages

DesignDesign PropertyProperty⊨

B. Meyers, R. Deshayes, L. Lucio, E. Syriani, H. Vangheluwe, and M. Wimmer. ProMoBox: A Framework for Generating Domain-Specic Property 
Languages. In  Software Language Engineering (SLE), Vasteras, Sweden, LNCS vol. 8706, pp. 1- 20. Springer. September 2014.



Designing DS Requirements/Property Languages

DesignDesignPropertyProperty InputInput RuntimeRuntime TraceTrace

.ltl.ltl
.trail.trail

.txt.txt

.pml.pml SpinSpin

[[.]][[.]]

DSM

B. Meyers, H. Vangheluwe, J. Denil and R. Salay, "A Framework for Temporal Verification Support in Domain-Specific Modelling," 
in IEEE Transactions on Software Engineering. doi:10.1109/TSE.2018.2859946



Appropriate tooling: 
Modelling Language Engineering -> 
full lifecycle Systems Engineering 
tooling engineering

- documentation
- versioning

- execution
- monitoring (tracing)
- debugging (vanilla, omniscient, multiverse) 
- verification (model checking)

 



  

Ciprian Teodorov
Keynote @ MoDeVVa’23

G min : ∀ ∃ Exploring the Boundary between Executable Specification Languages and Behavior Analysis Tools



Most Appropriate Combination of Formalisms:

architecture components 









Formalism Transformation Graph (FTG)
Bran Selić: “fragmentation problem”



Formalism Transformation Graph (FTG)

Hans Vangheluwe and Ghislain C. Vansteenkiste. A multi-paradigm modeling and simulation methodology:
Formalisms and languages. In European Simulation Symposium (ESS) , pages 168 – 172. Society for Computer Simulation International (SCS), 
October 1996. Genoa, Italy.

Caveat: proving semantics/property 
preservation of a single transformation 
(denoted by a blue arrow) may take at 
least one PhD thesis!



Formalism Transformation Graph (FTG)
co-simulation

Cláudio Gomes, Casper Thule, David Broman, Peter Gorm Larsen, and Hans Vangheluwe. 
Co-simulation: A survey. ACM Computing Surveys (CSUR) , 51(3):49:1-49:33, 2018.



Most Appropriate Combination of Formalisms:

embedding 





“hybrid” modelling language (embedding)

R. Paredis, J. Denil and H. Vangheluwe, Specifying and Executing the Combination of Timed Finite State Automata and Causal-Block Diagrams by Mapping Onto DEVS, 
2021 Winter Simulation Conference (WSC), Phoenix, AZ, USA, 2021, doi: 10.1109/WSC52266.2021.9715387.



Most appropriate Views





E. Guerra, P. Diaz and J. de Lara, A formal approach to the generation of visual language environments supporting multiple views. 2005 IEEE Symposium on Visual Languages 
and Human-Centric Computing (VL/HCC'05), Dallas, TX, USA, 2005, pp. 284-286, doi: 10.1109/VLHCC.2005.6.







  





Appropriate (and explicitly modelled) Workflow



  

28 different  modelling formalisms

50 transformations

FTG+PM: An Integrated Framework for Investigating Model Transformation Chains, 
Levi Lúcio, Sadaf Mustafiz, Joachim Denil, Hans Vangheluwe, Maris Jukss. 
Proceedings of the System Design Languages Forum (SDL) 2013, Montreal, Quebec. 
Lecture Notes in Computer Science (LNCS), Volume 7916, pp 182-202, 2013. 

FTG+PM (Process Model) 



72

Line Following Robot
(for Twinning research) 



Initial Version
(Bang-Bang Controller with Centered Sensor)

MBSE Design Iterations

“fixed” Version
(Bang-Bang Controller with Offset Sensor)

“working” Version
(Tuned PID Controller with Offset Sensor)



Meta-Models
Formalism Transformation Graph
Process Model
Process Trace
Storage, Services, Real-World Artifacts

(MM)
(FTG)
(PM)
(PT)

(S/S/RWA)

MM+FTG+PM+PT+S/S/RWA
aka FTG+PM++

R. Paredis, J. Exelmans and H. Vangheluwe. 
Multi-Paradigm Modelling For Model Based Systems Engineering: Extending The FTG + PM. 2022 Annual Modeling and Simulation Conference 
(ANNSIM), San Diego, CA, USA, 2022, pp. 461-474, doi: 10.23919/ANNSIM55834.2022.9859391.



Process Model



Formalism Transformation (R) Graph



Meta-Models



Formalism Transformation (R) Graph



Activity Contracts



Process TraceProcess Model



Adapters (Storage, Services, Real-World Artifacts)



Adapters (Storage, Services, Real-World Artifacts)



Types of Traceability
 Traceability linking experiment and system
 Traceability across artifact versions
 Traceability based on properties of interest
 Traceability between artifacts on different levels of detail
 Traceability between instances and types
 Fine-grained traceability between artifact elements



Traceability linking experiment and system



Traceability across artifact versions (~ PM)



Traceability based on properties of interest

~ ontological classification



Traceability between artifacts at different 
levels of detail



Traceability between instances and types



Fine-grained traceability between artifact elements



  

related work: DesignSpace

Andreas Demuth, Markus Riedl-Ehrenleitner, Alexander Nöhrer, Peter Hehenberger, Klaus Zeman, and Alexander Egyed. 2015. 
DesignSpace: an infrastructure for multi-user/multi-tool engineering. In Proceedings of the 30th Annual ACM Symposium on Applied 
Computing (SAC '15). Association for Computing Machinery, New York, NY, USA, 1486–1491. https://doi.org/10.1145/2695664.2695697



  
https://intercax.com/products/syndeia/ 

Federation (cfr. HLA)

“Digital Thread”

https://intercax.com/products/syndeia/


  
https://openflexo.org/

Sylvain Guerin

https://openflexo.org/
https://fr.linkedin.com/in/sylvain-guerin-a8175453


Axel Terfloth



Towards a Development Process for Multi-CPU 
Distributed Synchronous Software Applications 
Eric Lubat, Eric Jenn, Dominique Blouin, Marc Kaufmann
MPM4CPS 2023



The future: the Modelverse ...

- knowledge management (graph)
- forever evolving, dealing with change
- ubiquitous Twinning (ecosystem)
- combine 
    ontological and linguistic
    inductive and deductive
= Multi-Paradigm Modelling (MPM)



  



  Joachim Denil

https://www.uantwerpen.be/nl/personeel/joachim-denil/
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