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(computationally) a-causal vs. causal
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denotational semantics of individual blocks



denotational semantics of “composition”



operational semantics
naive/optimal approach 
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scheduling
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operational semantics
cyclic dependency
aka algebraic loop



under-determined
set of equations

→ solution is 
     sub-space



“solving”
a linear loop



non-linear loop



how to find an algebraic loop?



how to find an algebraic loop?





 

a family of Causal Block Diagram (CBD) formalisms





“behaviour trace”
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F = m a   is not “rocket science”
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→ If choice: prefer intergration over differentiations



→ If choice: prefer integration over differentiation
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Example Floating Point Format

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

• Largest non-zero positive number =  bM x (1 – b-s) = 7/4

• Smallest gap =  bm x b-s = 1/32

• Largest gap =  bM x b-s = 1/4

• Number of representable numbers = 2x((M-m)+1)x(b-1)xbs-1+1 = 33

   ... fits into available bits? Optimal number of bits?
● Note: fill the gap around 0: de-normalized
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“fla
tte

n”

adding hierarchy to CBD formalisms



adding hierarchy to CBD formalisms

modularizing: introducing ports/interfaces



adding hierarchy to CBD formalisms

semantics?



adding hierarchy to CBD formalisms

“flattening”
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As-Fast-As-Possible vs. Real-time



a

Model-Based Systems Engineering (MBSE)



68

Simulation
Deployment

Testing

MiL, HiL, SiL, ...

Model-Based Systems Engineering (MBSE)



XiL: X = Model, Software, Processor, Hardware
vertica

l  co
n sis te

ncy!

Ken Vanherpen. A contract-based approach for multi-viewpoint consistency in the concurrent design of cyber-physical systems. PhD thesis University of Antwerp. 2018. 
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    Hybrid (discrete-continuous) modelling/simulation



“bouncing ball” hybrid abstraction
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problem: full-system analysis
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[2]

Cláudio Gomes, Casper Thule, David Broman, Peter Gorm Larsen, Hans Vangheluwe
Co-Simulation: A Survey. ACM Comput. Surv.51(3): 49:1-49:33 (2018)

problem: full-system analysis
  

aka co-simulation 

solution: combine
sub-system simulators

(also when IP protected)

https://dblp.uni-trier.de/pers/hd/t/Thule:Casper
https://dblp.uni-trier.de/pers/hd/b/Broman:David
https://dblp.uni-trier.de/pers/hd/l/Larsen:Peter_Gorm
https://dblp.uni-trier.de/pers/hd/v/Vangheluwe:Hans
https://dblp.uni-trier.de/db/journals/csur/csur51.html#GomesTBLV18
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co-simulation: how?
                     (when IP protected)



Body Simulator

Model Solver

Body

Env. Simulator

Model Solver

Env.

Orchestrator / Master 

Body Simulator

Sensor&Control
Simulator

Env. 
Simulator

Control
Simulator

Model

Controller

Solver

co-simulation: how?
                     (when IP protected)

Minimally, Constrained Stable Switched Systems and Application to Co-Simulation
C Gomes, RM Jungers, B Legat, H Vangheluwe 2018 
IEEE Conference on Decision and Control (CDC), 5676-5681

Solver:
”master algorithm”

javascript:void(0)


FMU

Deconstructing a Simulator: Functional Mockup Unit (FMU)

FMU

model

Solver

(Compiled)
Model of Dynamics

Symbolic Info

Solver

FMU

Real or Simulated



Martin Otter and Hilding Elmquist.
The DSblock interface for exchanging model components. Eurosim '95 Simulation Congress. pp. 505- 510. 1995.

Henk Vanhooren, Jurgen Meirlaen, Youri Amerlinck, Filip Claeys, Hans Vangheluwe, and Peter A. Vanrolleghem.
WEST: Modelling biological wastewater treatment. Journal of Hydroinformatics , 5(1):27--50, 2003.

DSblock

MSL-EXEC

Model-Solver Interface
Simulator-Environment Interface



  

Simulator

Model

Simulation Kernel

Simulator

Model

Simulation Kernel

Explicit 
Computational Semantics
“inline integration” (Cellier)

Traditional 
Simulator

meaningful  operational semantics
(Models of Computation)



https://fmi-standard.org/ 

https://fmi-standard.org/


Functional Mock-up Interface (FMI)

● XML + Binary Representation for Models
- Standard

- Modelling Tool Independent

- +/- Black box  …



Symbolic information: 
FMU - XML



Behaviour information: 
FMU - C



  



Functional Mock-up Interface (FMI)

● XML + Binary Representation for Models
- Standard

- Modelling Tool Independent

- +/- Black box  …

● Composed FMUs still need “orchestration”

www.fmi-standard.org

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

Co-simulation: how?

Body Simulator Env. Simulator
FMU.zip
|-- .dll   or   .so
|-- .xml

fmi2DoStep(…),
fmi2SetReal(…), …

[1] www.fmi-standard.org

[
1
]
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Co-simulation master
State machine calling sequence Master-Slave



t := t + H
…

…

Co-simulation: how?
Orchestrator

Body 
Simulator

Control
Simulator

Env. 
Simul
ator

simulateUntil(t+H,…)

getOutput(…)

setInput(…)

simulateUntil(t+H,…)

getOutput(…)

setInput(…)

simulateUntil(t+H,…)

Control
Simulator Body Simulator Env. Simulator

93

Gu, B., & Asada, H. H. (2001). Co-simulation of algebraically coupled dynamic 
subsystems. In American Control Conference, 2001. Proceedings of the 2001 
(Vol. 3, pp. 2273–2278 vol.3). http://doi.org/10.1109/ACC.2001.946089



Looking inside a simulator/solver for Causal Block Diagrams (CBDs)



CBD simulation algorithm can also be used for scheduling at level of Master

need “zero-delay feedthrough” information (algebraic loops)

Caveat: naive

Body Simulator

Sensor&Control
Simulator

Env. Simulator
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