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float =
float vB :=0;
float vC :=0;
float vD :=0;
vh = 2; vD 1= —v(C;
vB := 3; vA 1= 2;
vC 1= vA + vB; vB = 3;
v vD : H vC 1= vA + vB;
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schedule = [m, oom, k, mk, a]
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L schedule = [m, oom, k, mk, a]

1 2 = HEQ

operational semantics @'(l\) J
depGraph = buildDepGraph (CBD) qé;><ﬁda)
schedule = topologicalSort (depGraph)

for block 1n schedule: E?Z%f“)
block.compute ()
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operational semantics
schedule = topologicalSortAndLoopDetect (depGraph (CBD)) @ (N-‘- E)
for genBlock in schedule: @ (N) 7
genBlock.compute () _
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operational semantics

while (not end condition(i, ...)):

depGraph = buildDepGraph (CBD)
schedule = loopDetectAndTopSort (depGraph)

for gblock 1n schedule:
gblock.compute ()

1++
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schedule = [one, IC, y, x|

schedule = [y, one, x, [C]



operational semantics

i =0
while (not end condition(i, ...)):

depGraph = buildDepGraph (CBD)
schedule = loopDetectAndTopSort (depGraph)

for gblock 1n schedule:

gblock.compute () i=20

i4+ if (not end condition(i, ...)):
depGraph = buildDepGraph (CBD)
schedule = loopDetectAndTopSort (depGraph)

for gblock in schedule:
gblock.compute ()

else:
exit ()
i =1
while (not end condition(i, ...)):

depGraph = buildDepGraph (CBD)
schedule = loopDetectAndTopSort (depGraph)

for gblock in schedule:
gblock.compute ()

1++
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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
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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




Example Floating Point Format

AATL AA
-3 —1 —1 0 0 0 1 | 3
2 2—2 ?l 2 2
11 b =2 M = +1
8 8 s =3 m = —2

Smallest non-zero positive number = b™ x b = 1/8

Largest non-zero positive number= b" x (1 — bs) =7/4
Smallestgap = b™ x b*s=1/32

Largestgap= b x bs=1/4

Number of representable numbers = 2x((M-m)+1)x(b-1)xbs1+1 = 33
... fits into available bits? Optimal number of bits?

* Note: fill the gap around 0: de-normalized



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




Simulated Time (ST)

. analytical time .'§>1

Wallclock Time (WCT)

o ® &
* (as fast as possible . -
B ( P ) ) ¥ ® s=1
& pr . #E
. e (scaled) real-time:
: ST=s*WCT
s o .0
° 'y °
] stop event
. T scale factor change .- @ ©
' . ) _.e-"T s<1
° ° .0 pause event e
0. ¢’ L R ARy e
LT L eEmeeREETT resume event
1 2 3 4 5
- r
PAUSE



Model-Based System Design
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environment

a_control
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physical "plant"




XIL: X = Model, Software, Processor, Hardware

Requiements o

Architectural Desigm

Model Design =

MiL =

Virtual System Designr—

SiL

Real-Time System Designy

PiL and HiL =

Real System Design-]

Integrationést -

Envionment

—————— e,

Contiol

<
D
—
O
<' l> 777777777777 1 2
| | t Q
| | , e O
v i | /// 3
Generated Code i i // (£
. L %))
______________ I B | —t
___________ T . D
/ : e oo » 5
! s

“ Real-Time Plant ‘ // Q

7z
L e =

\ 7/
Deployed Code ‘ ! //
************** A T
————————————— e e
7
i Realized Plant | //
é YV

Realized Contrd

Ken Vanherpen. A contract-based approach for multi-viewpoint consistency in the concurrent design of cyber-physical systems. PhD thesis University of Antwerp. 2018.



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 (XilL)

Hybrid (discrete-continuous) modelling/simulation

Hiding IP: Composition of Functional Mockup Units (FMI)
Dynamic Structure




. WSS e teoy TS (e.J,Ull,
{F -
] / - N A\ Ppaviens »

loop )
(( oW "TiW VM)

Ca Cy (
Mo DA - o J = W 1
. L “
Mapea o 1 j < P)
13" €41 + 0L =4 cq,cp € Z,(b,-j,’zl
y

j/ ) [twrvaae & f*j

' J Q¢ wev 3
b hooer
T Ne

Jﬂ\ . -l\t(')
tut

e 2

(e JiNiviarize
Lotaniew ) Mo Det’ch
LB: Iy 3 : Cox s Coul
' = U S - 2 =
w e R (hzhw)
w > (R MW
(VHW W % 151 L vi¥D
Ty Hecende Chinvoy s

T~
=




[when x +] / k=-0.8; v_0=k*v; x_0=0

FreeFall

Stuck
x_0

-
(=]

x_0
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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




Functional Mock-up Interface (FMI)

* XML + Binary Representation for Models
- Standard
- Modelling Tool Independent
- +/- Black box ...

l:.lrgu-l:lum mad'niy E'l:l..lieg E5F‘|

functional mockup interface for model exchange and tool coupling

www.fmi-standard.org


http://www.fmi-standard.org/

Deconstructing an FMU

FMU

Real or Simulated

FMU

model

Solver

FMU
1 Symbolic Info
I (Compiled)
Model of Dynamics
P Solver




Model-Solver Interface
Simulator-Environment Interface

SIMULATOR = solver + model

[ MODEL
experimentation dynamics
environmen t
(eg., parameter | - SOLVER(s)
lisation) MODEL
or symbolic
information
ulator
"bus"
(e.g, HLA)
or -+




7,.p.1ital values (a subset of {X,.X,.¥,.V,.m,})
Enclosing Model

time

discrete states (constant between events)
parameters of type Real, Integer, Boolean, String
iInputs of type Real, Integer, Boolean, String

all exposed variables

continuous states (continuous between events)
outputs of type Real, Integer, Boolean, String
event indicators

External Model (FMU instance)

t
m
P
u
v
X
y
z

Solver



meaningful operational semantics
(Models of Computation)

4 )

Simulator

4 )

Simulator

N /

Traditional
Simulator

N /

Explicit Computational
Semantics




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




++ Dynamic Structure
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Explicit

Implicit
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7 Elevator model — O X 74 Elevator model — O X
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Figure 4.10: Y-position of the elevator
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Figure 4.12: Position of ball 2
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