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models based on measurements

- instance (technology) – specific

- high (experimentation) cost
- may even not be possible to measure

- allows reproducing data, no extrapolation;
  no insight/explanation

- inductive vs. deductive modelling workflow
  science vs. engineering, usually combination



Torque Curve “model” (measured)



mathematical model + data



ISO 10303-21 STEP 3D CAD file
ISO-10303-21;
HEADER;
FILE_DESCRIPTION((
'CAx-IF Rec.Pracs.---Model Styling and Organization---1.5---2016-08-15',
'CAx-IF Rec.Pracs.---Geometric and Assembly Validation 
Properties---4.4---2016-08-17',
    'CAx-IF Rec.Pracs.---User Defined Attributes---1.5---2016-08-15',
    'CAx-IF Rec.Pracs.---External References---2.1---2005-01-19'),'2;1'
  );
FILE_NAME('CH02016_P.stp','2017-11-14T12:13:16',('Unspecified'),(
    'Unspecified'),'CAD Exchanger 3.3.1 (www.cadexchanger.com)',
  'CAD Exchanger 3.3.1','');
FILE_SCHEMA(('AUTOMOTIVE_DESIGN { 1 0 10303 214 1 1 1 1 }'));
ENDSEC;
DATA;
#1 = APPLICATION_PROTOCOL_DEFINITION('international standard',
  'automotive_design',2000,#2);
#2 = APPLICATION_CONTEXT(
  'core data for automotive mechanical design processes');
#3 = SHAPE_DEFINITION_REPRESENTATION(#4,#10);
#4 = PRODUCT_DEFINITION_SHAPE('',$,#5);
#5 = PRODUCT_DEFINITION('design','',#6,#9);
#6 = PRODUCT_DEFINITION_FORMATION('','',#7);
#7 = PRODUCT('67','67','',(#8));
#8 = PRODUCT_CONTEXT('',#2,'mechanical');
#9 = PRODUCT_DEFINITION_CONTEXT('part definition',#2,'design');
#10 = ADVANCED_BREP_SHAPE_REPRESENTATION('',(#16,#154),#11);
#11 = ( GEOMETRIC_REPRESENTATION_CONTEXT(3) 
GLOBAL_UNCERTAINTY_ASSIGNED_CONTEXT((#12)) GLOBAL_UNIT_ASSIGNED_CONTEXT(
(#13,#14,#15)) REPRESENTATION_CONTEXT('','') );
#12 = UNCERTAINTY_MEASURE_WITH_UNIT(LENGTH_MEASURE(1.E-007),#13,'',
  'maximum tolerance');
#13 = ( LENGTH_UNIT() NAMED_UNIT(*) SI_UNIT(.MILLI.,.METRE.) );
#14 = ( NAMED_UNIT(*) PLANE_ANGLE_UNIT() SI_UNIT($,.RADIAN.) );
#15 = ( NAMED_UNIT(*) SI_UNIT($,.STERADIAN.) SOLID_ANGLE_UNIT() );
#16 = MANIFOLD_SOLID_BREP('67',#17);
#17 = CLOSED_SHELL('',(#18,#54,#90,#110,#126,#142));
#18 = ADVANCED_FACE('',(#24),#19,.T.);
#19 = B_SPLINE_SURFACE_WITH_KNOTS('',1,1,(
    (#20,#21)
    ,(#22,#23
    )),.UNSPECIFIED.,.F.,.F.,.U.,(2,2),(2,2),(-0.251,0.251),(-0.201,
    0.201),.PIECEWISE_BEZIER_KNOTS.);
#20 = CARTESIAN_POINT('',(-1.E-003,-1.E-003,0.42));
#21 = CARTESIAN_POINT('',(-1.E-003,0.401,0.42));
#22 = CARTESIAN_POINT('',(0.501,-1.E-003,0.42));
#23 = CARTESIAN_POINT('',(0.501,0.401,0.42));
#24 = FACE_BOUND('',#25,.T.);
#25 = EDGE_LOOP('',(#26,#35,#42,#49));
#26 = ORIENTED_EDGE('',*,*,#27,.T.);
#27 = EDGE_CURVE('',#31,#33,#28,.T.);
#28 = B_SPLINE_CURVE_WITH_KNOTS('',1,(#29,#30),.UNSPECIFIED.,.F.,.U.,(2,
    2),(-0.2,0.2),.PIECEWISE_BEZIER_KNOTS.);
#29 = CARTESIAN_POINT('',(0.5,0.E+000,0.42));
#30 = CARTESIAN_POINT('',(0.5,0.4,0.42));
#31 = VERTEX_POINT('',#32);
#32 = CARTESIAN_POINT('',(0.5,0.E+000,0.42));
#33 = VERTEX_POINT('',#34);
#34 = CARTESIAN_POINT('',(0.5,0.4,0.42));
#35 = ORIENTED_EDGE('',*,*,#36,.T.);
#36 = EDGE_CURVE('',#33,#40,#37,.T.);
#37 = B_SPLINE_CURVE_WITH_KNOTS('',1,(#38,#39),.UNSPECIFIED.,.F.,.U.,(2,
    2),(-0.25,0.25),.PIECEWISE_BEZIER_KNOTS.);
#38 = CARTESIAN_POINT('',(0.5,0.4,0.42));
#39 = CARTESIAN_POINT('',(0.E+000,0.4,0.42));
#40 = VERTEX_POINT('',#41);
#41 = CARTESIAN_POINT('',(0.E+000,0.4,0.42));
#42 = ORIENTED_EDGE('',*,*,#43,.T.);
#43 = EDGE_CURVE('',#40,#47,#44,.T.);
#44 = B_SPLINE_CURVE_WITH_KNOTS('',1,(#45,#46),.UNSPECIFIED.,.F.,.U.,(2,
    2),(-0.2,0.2),.PIECEWISE_BEZIER_KNOTS.);
#45 = CARTESIAN_POINT('',(0.E+000,0.4,0.42));
#46 = CARTESIAN_POINT('',(0.E+000,0.E+000,0.42));
#47 = VERTEX_POINT('',#48);
...







models based on Laws of Physics



  



  



  

* Conservation of Mass-Energy:

The total energy in a closed or isolated system is constant, no matter what happens. 

* Conservation of Momentum:

The total momentum in a closed or isolated system remains constant. An alternative of this 
is the law of conservation of angular momentum.

* Newton's Law of Gravity:

Explains the attractive force between a pair of masses. In the twentieth century, it became 
clear that this is not the whole story, as Einstein's theory of general relativity has 
provided a more comprehensive explanation for the phenomenon of gravity.

* Newton's Three Laws of Motion:

Fundamental relationship between the acceleration of an object and the total forces acting 
upon it.

● First Law  states that in order for the motion of an object to change, a force must act upon 
it, a concept generally called inertia.

● Second Law  defines the relationship between acceleration, force, and mass. F = m a ?
● Third Law  states that any time a force acts from one object to another, there is an equal 

force acting back on the original object. 

* …



GPS: relativistic

Sodium lamp: quantum



“distributed parameter” models 
(based on Laws of Physics)

parametrized model



geometry



material properies



material properies



Laws of Physics



Laws of Physics



Laws of Physics



initial values



boundary conditions
(link with environment)



boundary conditions
(link with environment)



Laws of Physics





initial values



boundary conditions
(link with environment)



Laws of Physics



experiment



experiment result 
(temperature distribution)



experiment result 
(voltage distribution)



Distributed                   Lumped

Parameters



Shuttle Loom



Air Jet Loom



distributed + lumped parameter models



  

generative design 
(Design-Space Exploration – DSE)



  



  

https://www.autodesk.com/solutions/generative-design

https://www.autodesk.com/solutions/generative-design


Insect Wings



Virtual Build (technological)
http://www.partsim.com/

Design (Space Exploration) 
as a service

http://www.partsim.com/


http://www.partsim.com/

Design (Space Exploration) 
as a service

generative design 

http://www.partsim.com/




Model Validity … Context?





  

V – R*i = 0

Validity “Frame” ?   



  

Standard Library (MSL)



force

di
sp

la
ce

m
en

t

www.centuryspring.com

http://www.centuryspring.com/


Denil, J., Klikovits, S., Mosterman, P. J., Vallecillo, A., & Vangheluwe, H. (2017). 
The experiment model and validity frame in M&S. 
In Proceedings of the Symposium on Theory of Modeling & Simulation (Vol. 49).

Vanherpen, K., Denil, J., De Meulenaere, P., & Vangheluwe, H. (2016). 
Ontological Reasoning as an Enabler of Contract-Based Co-design. 
In C. Berger, M. R. Mousavi, & R. Wisniewski (Eds.), Cyber Physical Systems. Design, Modeling, and Evaluation: 6th International Workshop, CyPhy 
2016, Pittsburgh, PA, USA, October 6, 2016, Revised Selected Papers (pp. 101–115). Cham: Springer International Publishing.
http://doi.org/10.1007/978-3-319-51738-4_8

●

Validity “Frame”   ~ reproducibility   

http://doi.org/10.1007/978-3-319-51738-4_8


  

●    Problem-Specific (technological)
●    Domain-Specific (e.g., translational mechanical)
●    (general) Laws of Physics 
●    Power Flow/Bond Graphs (physical: energy/power)
●    Computationally a-causal 
     (Mathematical and Object-Oriented)   ←   Modelica
●    Causal Block Diagrams (data flow)
●    Numerical (Discrete) Approximations
●    Computer Algorithmic + Numerical 
     (Floating Point vs. Fixed Point)
●    As-Fast-As-Possible vs. Real-time (XiL)
●    Hybrid (discrete-continuous) modelling/simulation
●    Hiding IP: Composition of Functional Mockup Units (FMI)
●    Dynamic Structure

Physical Systems Modelling 
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Boric Acid Transportation Pump

Product parameters

Design standards： RCC-M

Flow： 16.6m3/h

Head： 85m

Temperature： ~80℃
Pressure： 1.6MPa

Used in 600MWe、 900MWe、 1000MWe PWR nuclear power plant boric acid transportation system.
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Physical Systems Modelling 



  

SimHydraulics



++ more potential for  optimization thanks to more (tighter) “type” information V2 = 4





  

●    Problem-Specific (technological)
●    Domain-Specific (e.g., translational mechanical)
●    (general) Laws of Physics 
●    Power Flow/Bond Graphs (physical: energy/power)
●    Computationally a-causal 
     (Mathematical and Object-Oriented)   ←   Modelica
●    Causal Block Diagrams (data flow)
●    Numerical (Discrete) Approximations
●    Computer Algorithmic + Numerical 
     (Floating Point vs. Fixed Point)
●    As-Fast-As-Possible vs. Real-time (XiL)
●    Hybrid (discrete-continuous) modelling/simulation
●    Hiding IP: Composition of Functional Mockup Units (FMI)
●    Dynamic Structure

Physical Systems Modelling 



  

●    Problem-Specific (technological)
●    Domain-Specific (e.g., translational mechanical)
●    (general) Laws of Physics 
●    Power Flow/Bond Graphs (physical: energy/power)
●    Computationally a-causal 
     (Mathematical and Object-Oriented)   ←   Modelica
●    Causal Block Diagrams (data flow)
●    Numerical (Discrete) Approximations
●    Computer Algorithmic + Numerical 
     (Floating Point vs. Fixed Point)
●    As-Fast-As-Possible vs. Real-time (XiL)
●    Hybrid (discrete-continuous) modelling/simulation
●    Hiding IP: Composition of Functional Mockup Units (FMI)
●    Dynamic Structure

Physical Systems Modelling 



  Broenink J.F. (2020) Bond Graphs: A Unifying Framework for Modelling of Physical Systems. 
In: Carreira P., Amaral V., Vangheluwe H. (eds) Foundations of Multi-Paradigm Modelling for Cyber-Physical Systems. Springer, Cham. 
https://doi.org/10.1007/978-3-030-43946-0_2

https://doi.org/10.1007/978-3-030-43946-0_2


  



  

“derivative”  vs.  “integral” causality



  



  



  

(computational) causality



  

a-causal

causal



  

a-causal

causal



  



  

model using domain notation



  

Idealized Physical Model (IPM)
1D aka “lumped parameter” 



  

a-causal



  

Causal (after “causality assignment” – propagation)



  



  



  



  



  



  



  



  



  

Akira Ohata @ Toyota
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  Fritzson P. (2020) Modelica: Equation-Based, Object-Oriented Modelling of Physical Systems. 
In: Carreira P., Amaral V., Vangheluwe H. (eds)  Foundations of Multi-Paradigm Modelling for Cyber-Physical Systems. Springer, Cham. 
https://doi.org/10.1007/978-3-030-43946-0_3

https://doi.org/10.1007/978-3-030-43946-0_3


  



  



  



  



  



  



  



  



  



  

Multi-Domain
Modeling

this slide from Peter Fritzson's Modelica tutorial

http://www.modelica.org

http://www.modelica.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



  



  



  

●Model exchange/re-use standard (Modelica Association)

●Modelica Standard Library (MSL)

●Object-oriented, hierarchical; semantics based on flattening

●Computationally a-causal modelling; semantics based on DAEs

●Originated in Hilding Elmquist's 1978 PhD thesis @ Lund

●Early 1990's: Modelica Design Team (started in SiE)



  

●hybrid (discrete-time/discrete-event) constructs 
(e.g., used to model network protocols based 
 on TrueTime http://www.control.lth.se/truetime/)

●Limited support for Dynamic Structure models (i.e., no “agents”)

●Separate model from its (numerical) solution ... 

●Generate Functional Mockup Interface (FMI) compliant simulation units

●Currently: many commercial and open (e.g., OpenModelica) tools

●Related: Mathworks Simscape, EcosimPro, NMF, gProms, ...

http://www.control.lth.se/truetime/


  

Beware: variables are signals (functions of time)!



  



  



  



  



  



  



  



  



  

Meaning: set of Differential Algebraic Equations (DAEs) obtained by

 1. expanding inheritance/instantiation
 2. flattening hierarchy, unique names
 3. expanding connect() into equations (across vs. flow)



  



  



  



  



  



  



  



  



  



  



  



  



  



  



  



  



  



  



  

Model-Solver  Interface
Simulator-Environment Interface



  



  



  



  



  



  

Standard Library (MSL)



Virtual Build (technological)
http://www.partsim.com/

Design (Space Exploration) 
as a service

http://www.partsim.com/
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