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problem: full-system analysis
  

badminton playing robot

(also when IP protected)

solution: combine
sub-system simulators

aka co-simulation

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)

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 “black box” simulators)

Solver:
”master algorithm”
 



“master” algorithm: use a simulator/solver for Causal Block Diagrams (CBDs)

i = 0
t_approx = 0
 
if (not end_condition(i, …)):
  depGraph = buildDepGraph(CBD)
  schedule = loopDetectAndTopSort(depGraph)
  for gblock in schedule:
    gblock.compute() // is now one simulation step in block 
else:
  exit()

i = 1
t_approx += Δt

while (not end_condition(i, …)):
  depGraph = buildDepGraph(CBD)
  schedule = loopDetectAndTopSort(depGraph)
  for gblock in schedule:
    gblock.compute()  // is now one simulation step in block 
  i++
  t_approx += Δt

exit()

for CT-CBD: t_approx = i*Δt is “logical time”



“master” algorithm: use a simulator/solver for Causal Block Diagrams (CBDs)

i = 0
t_approx = 0
 
if (not end_condition(i, …)):
  depGraph = buildDepGraph(CBD)
  schedule = loopDetectAndTopSort(depGraph)
  for gblock in schedule:
    gblock.compute() // is now one simulation step in block 
else:
  exit()

i = 1
t_approx += Δt

while (not end_condition(i, …)):
  depGraph = buildDepGraph(CBD)
  schedule = loopDetectAndTopSort(depGraph)
  for gblock in schedule:
    gblock.compute()  // is now one simulation step in block 
  i++
  t_approx += Δt

exit()

for CT-CBD: t_approx = i*Δt is “logical time”

need “zero-delay feedthrough” information 
(to find algebraic loops) (from FMI 2.0)



FMU

Deconstructing a Simulator: Functional Mockup Unit (FMU)
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Explicit Computational Semantics
“inline integration”

Traditional Simulator

trace 
equivalent

meaningful  operational semantics
(Models of Computation)

CT-CBD DT-CBD

discretizes and solves

discretized version

discretizes and solves

CT-CBD (direct) solver DT-CBD solver

François E. Cellier. 
Continuous system modeling. Springer 1991.

translational semantics



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

Interface: Simulator-Environment 
Interface: Model-Solver
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Functional Mock-up Interface (FMI)

 XML + Binary Representation for Models
- Standard
- Modelling Tool Independent
- +/- Black box  … (zero-delay info)

 



Symbolic information: FMU - XML



Behaviour information: FMU - C







Functional Mock-up Interface (FMI)

 XML + Binary Representation for Models
- Standard
- Modelling Tool Independent
- +/- Black box  … (zero-delay info)

 
 Composed FMUs still need “orchestration”
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co-simulation: how? (when IP protected “black box” simulators)

Control Simulator

Body Simulator Environment 
Simulator FMU.zip

 |-- .dll   or   .so
 |-- .xml

 fmi2DoStep(…),
 fmi2SetReal(…), …



t := t + H
…

…

Co-simulation: how?

 simulateUntil(t+H,…)

   getOutput(…)

setInput(…)

simulateUntil(t+H,…)

  getOutput(…)

setInput(…)

simulateUntil(t+H,…)

Control
Simulator Body Simulator Env. Simulator

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

H and h are other common notations for  

Body Simulator

Sensor&Control
Simulator

Env. 
Simulator



calling sequence Master-Slave (modelled as state machine)



Simple example in OMEdit:

A block that outputs 2 x time

Simulation using a Functional Mockup Unit (FMU)



Exporting an FMU from OpenModelica





Source files for:

Model exchange 

Co-simulation



Unit definitions
Log levels

Default experiment parameters



Model variables and structure



Importing an FMU in OpenModelica 





What if we have multiple connected FMUs?
 
Co-simulate!

https://ssp-standard.org 

https://ssp-standard.org/


Simple example in OMEdit: circle test, (flattened, optimized and) simulated

1. model each equation (in acausal form)
2. specify the connection topology in Modelica
2. flatten and optimize the model with the Modelica compiler
3. compile and simulate



simulate as a single model (co-modelling, “white box”)



Simple example in OMEdit: circle test, (FMI/SSP) co-simulated

x_causal

y_causal

1. model each equation (in causal* form)
2. export each equation to an FMU
2. specify the connection topology in SSP
3. co-simulate using OMSimulator

*note: causal (block with input/output, but with equation section) ≠ ordered statements (algorithm section in a function block)



Simple example in OMEdit: circle test, (FMI/SSP) co-simulated



Simple example in OMEdit: circle test, (FMI/SSP) co-simulated

https://github.com/OpenModelica/OMSimulator 

https://github.com/OpenModelica/OMSimulator


orchestrate multiple simulators (co-simulation, “black box”)



simulate as a single model (co-modelling, “white box”)

orchestrate multiple simulators (co-simulation, “black box”)

identical 
traces



Tradeoff between co-modelling and co-simulation

For the circle test:

n = 10 runs
step size = 0.01 s
stop time = 10 s

for the same tolerance = 10-6

co-simulation is roughly 10x slower

REAL TIME here means “wall clock” or “elapsed” time, 
not a guaranteed 1-to-1 correspondence between simulated and wall clock time.

time vs. accuracy: for the same run-time, co-simulation is less accurate; for the same accuracy, co-simulation is slower.



Another example with a physical connection:

Coupled mass-spring-damper systems

a-causal system_1

causal system_1 (exported as FMU) causal system_2 (exported as FMU)

a-causal system_2

Connection topology 
modelled in SSP



simulate as a single model (co-modelling, “white box”)

orchestrate multiple simulators (co-simulation, “black box”)



For the coupled spring mass :

n =10 runs
step size = 0.01 s
stop time = 10 s

for the same tolerance = 10-6

co-simulation is roughly 100x slower

Tradeoff between co-modelling and co-simulation
time vs. accuracy: for the same run-time, co-simulation is less accurate; for the same accuracy, co-simulation is slower.



Hand-craft an FMU (instead of generating from OMEdit)

Going back to the simple 
example of the block that 
outputs (time x 2)

https://github.com/modelica/fmi-standard  

... so you can build your own FMU exporter/generator

https://github.com/modelica/fmi-standard












The state of the timer

Instantiate the state struct 
(allocate memory)



Initialize



Setup experiment
Do (communication) step



Get and set Reals (nothing to set!)

Free up memory



Build Binaries for a specific platform (e.g., Linux 64 bit ELF shared objects (.so))



What if we want to hide Intellectual Property (IP)?

Even though the Modelica model is not included in an FMU, the C code 
may reveal too much information (i.e., can be reverse engineered).

1. Remove source files sections from modelDescription.xml



1. Remove source files sections from modelDescription.xml
 

2. Only compress modelDescription.xml and binaries folder
Do not include the source files ... 

What if we want to hide Intellectual Property (IP)?



What if we want to hide Intellectual Property (IP)?

When generating an FMU from OMEdit: 
  un-check "Include Source Code" in Tools > Options > FMI (before exporting FMU)
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