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Part 1: eFMI® motivation and overview

eFMI®: A beginner’s overview and hands-on
— 16! International Modelica Conference — 8" of September 2025 —

Christoff Burger
Dassault Systemes
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eFMI® tutorial — Agenda

Tutorial leader:
Christoff Blrger
P

Part 1. eFMI® motivation and overview (40 min) = DASSAULT
DSSUSTEMES

Part 2: Running use-case introduction (10 min)

Part 3: Hands-on in Dymola and Software Production Engineering (25 min) Presenter:

Daeoh Kang
—iVH

Institute of Vehicle Engineering

Coffee break (30 min)

Part 3: Hands-on in Dymola and Software Production Engineering (30 min)

Part 4. Advanced demonstrators (20 min)

Part 5 (industry case-study): eFMI based thermal management system
(TMS) development for fuel cell electric vehicles (FCEV) (20 min)

Part 6: Outlook and conclusion (5 min)

e m' Functional Mock-up
I Interface for

embedded systems

© 2025 Modelica Association | www.modelica.org | CC BY-SA 4.0 2
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Modelica Association Project eFMI (MAP eFMI)

Project leader:
Christoff Burger

pS SUSTEMES

P o

delon. fm " Functional Mock-up iVH
mo eon e I |nterface for Institute of Vehicle Engineering
{\ ALTAIR embedded systems  dSPACE

’#’DLR Sspossaur  AwMBER () BOSCH  SIEMENS EFsS

Changes for the Better Invented forlife 'f"ﬁ ¢ “7 for Ufe

Deputy project
leader:
Hubertus
Tummescheit

~r=US=

OpenModelica  ETAS KEYSIGHT () Mercedes-Benz
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What is it all about?

e m' Functional Mock-up
I Interface for

embedded systems
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eFMI motivation: Advanced control is challenging

Online physics models key technology P ]—*io”
for advanced (engine) control software: -

* Virtual sensors, i.e., observers,

» Model-based diagnosis

I Output

» Inverse physical models as feed forward
part of control structures

» Model predictive control

Physics models:
» Typically described by differential equations, best suited for dynamics
« Complementary to data-based modeling, can be combined

» Reduced calibration effort due to physical parameters

Physics model

e m' Functional Mock-up
I Interface for

embedded systems

© 2025 Modelica Association | www.modelica.org | CC BY-SA 4.0 5
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eFMI Standard: How it is different compared with FMI

r N (. - ; h
Model-based Model-based control Software engineering
systems engineering  Virtual sensors :

o . Feed-forward control Tue:T,
eed-forward contro Application Layer (ASW)
« Model-based diagnosis
- Model predictive control AU VAR STTERERE (==
j Functional « Advanced operating strategies
r m———— Interface .« ECU Hardware
s A
\ \ AUT(OSAR
=) »—as
A J i
. J
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eFMI motivation: Embedded systems are challenging

Limited computation power « Specialized hardware

* Limited memory Bosch MDG1 ECU

 Limited precision « SW architectures AUT(\ SAR

« Limited sampling rate

 Static memory allocation « Rules & regulations A

e Guaranteed execution time Motor Industry Software Reliability Association

* Inbound guarantees

« No exceptions guarantees

e m' Functional Mock-up
I Interface for

embedded systems

© 2025 Modelica Association | www.modelica.org | CC BY-SA 4.0 7
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eFMI motivation: Multi-domain collaboration is challenging

Numerics

(algorithms, complexity,

Control

engineering
(system theory, stability stability, precision, realtime

robustness, ...) performance...)

Physics

modeling

(domain knowledge,

physical principles & -
phenomena, system

dynamics, model

validation, ...)

LN . .
Function developer e‘fmi ::utnc;g-c’nrﬂ:c Mock-up
nterrace 1or

embedded systems

ECU software

(MISRA, ASIL, MSR,
AUTOSAR, ...)

© 2025 Modelica Association | www.modelica.org | CC BY-SA 4.0 8



Physics modeling expert control engineer

fmi

Numerical services
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Physical ==/ _||Production ECU
e . code oo ‘ application

ECU
software

.bin
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eFMI solution: ...defined by a common standard

efmi

Functional Mock-up
Interface for
embedded systems

Open standard for model-driven development of advanced control functions
for safety-critical and real-time targets.

© 2025 Modelica Association | www.modelica.org | CC BY-SA 4.0

11



modeI:ca
2

Association

Ok, eFMI is about bringing physics simulations to
safety-critical real-time targets!

?

e m' Functional Mock-up
I Interface for

embedded systems

But what is the eFMI Standard?

e m' Functional Mock-up
I Interface for

embedded systems

© 2025 Modelica Association | www.modelica.org | CC BY-SA 4.0 12
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eFMI Standard: Mission

New standard enabling the application of (physics) models in embedded software:
« Workspace for step-wise development and refinement

(from first high-level algorithmic solution to an embedded implementation on a dedicated target environment)

« Cover the development concerns of implementation, testing, and integration

eFMUs model representations support:

« Behavioral Model container: Behavior / reference results for testing.

« Algorithm Code container: Target-independent bounded algorithmic solution based on GALEC
(new programming language for safety-critical, real-time suited, fix-rate sampled algorithms)

* Production Code container: C implementations, tailored and optimized for target environment requirements

« Binary Code container: Binary distributions and their ,build-recipes”, ready for embedded system integration

e m' Functional Mock-up
I Interface for

embedded systems

© 2025 Modelica Association | www.modelica.org | CC BY-SA 4.0 13
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eFMI Standard: Container architecture

eFMU Manifest

Reference Target
results indepegndent Targetl — --- TargetN Targetl - TargetM

Behavioral Algorithm Production Production Binary Binary
Model Code Code Code Code Code

Manifest Manifest Manifest Manifest \ERIES S Manifest

CSV files Object Object
(trajectories) GALEC code C code C code code code

efmu

e m' Functional Mock-up
I Interface for

embedded systems

© 2025 Modelica Association | www.modelica.org | CC BY-SA 4.0 14
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eFMI Standard: Toolchain & workflow
Jodel efmu e :

Testing & code analyses
=il

eFMU Manifest >TPT‘ G

P
Time Partition Testing
. ;10 .
Behavioral —_— i

0 Model* m E > Astrée
Software Production . :
_ Engineering M nesarssasmsssnnssnnannnnnnnnnnnnnnnd -
Algorithm
Code > Targetlink —

Production
Code*

p— : - Bosch MDG1
Y X Code* AUTOSAR Builder ECU

Binary

System integration

SimulationX

*several possible

© 2025 Modelica Association | www.modelica.org | CC BY-SA 4.0
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eFMI Standard: Deployment scenarios

Model

sheedConiroller

modelDescription.xml _ E Testing & code analyses

>TF'T\ G

F M I | n terfaC e J Time Partition Testing ‘ ‘
. J10 .
BehaVIOraI ‘ 11“ —— = 7

Model*

—»

adapter for § eFMU Manifest

Software Production . .
Engineering M nesarssasmsssnnssnnannnnnnnnnnnnnnnd -

> Targetlink —

.Algorithmi -
Pick one Code g

solution =
when ready J_ Productiw‘

1 and wrap in &
FMU.

AUTOSAR Builder : Bosch MDG1
. ECU

FMU

System integration

*several possible

© 2025 Modelica Association | www.modelica.org | CC BY-SA 4.0
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eFMI Standard: Deployment scenarios

& ASAM
AUTOSAR

?aMATLAB 4
&SIMULINK!
Use existing
standards /
ecosystems

for system
integration
(not defined
by eFMI).

modelDescription.xml

adapter for § eFMU Manifest
FMI interface

Behavioral
Model*

.Algorithm 0

Pick one Code g
solution =

when ready J_ Productiw‘
and wrap in g Code*

FMU.
Binary

Code*

FMU

*several possible

tool specific
wrapper
e.g., Simulink® C
Function block

customer
specific SW
integration

target specific

binaries +
ecosystem

FMI ecosystem =
integration

Bosch MDG1
ECU

System integration

© 2025 Modelica Association | www.modelica.org | CC BY-SA 4.0
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Ok, the eFMI Standard defines model representations capturing embedded
software development stages, leaving finding solutions to expert tools!

e m' Functional Mock-up
I Interface for

embedded systems

But how does the eFMI Standard enable an automatized toolchain
satisfying functional, safety-critical and real-time objectives?

e m' Functional Mock-up
I Interface for

embedded systems

© 2025 Modelica Association | www.modelica.org | CC BY-SA 4.0 18
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eFMI Standard: Container architecture & traceability

GALEC program:

u(t;) sampled y(t)
data system

Xi+1 = fx(xi:ui)
y; = fy(xiu)

GALEC language features:

* Imperative, target independent
with high math-abstraction level

 Well-defined, decidable

semantics and safe numerics

* Guaranteed error handling

« Simple; high potential for target

code tailoring & optimization

= Nice intermediate representation

for code generation (modelling

efmu

eFMU Manifest

Behavioral
Model*

Algorithm
Code

Production
Code*

Binary
Code*

GALEC program

block Controller
/I Block interface variables:
input Real u (min = -1.5, max = 1.5);
output Real y[20] (min = -1.0, max = 1.0);
parameter Real tP; // tunable parameter
parameter Real tV[20];// tunable parameter
protected
/I Internal block variables and functions:
parameter Real dP; // dependent parameter
Real M1[20,10] // state
(min =-1.0, max = 1.0);
Real M2[10,20] // state
(min =-1.0, max = 1.0);
function checked_transpose
signals UNDERFLOW, NAN [[...];
function sum [[...]];
public
/I Block interface functions:
method Recalibrate
signals INVALID_ARGUMENT [[...]];
method Startup [[...]];
method DoStep
signals NO_SOLUTION_FOUND [[...][;
end Controller;

GALEC program

(algorithmic solution)
+
Meta information

(interface, checksums, documentation, ids
for referencing content)

XML manifest

<?xml version="1.0" encoding="UTF-8"?>
<Manifest
xsi:noNamespaceSchemalocation="../[[...]]*
efmiVersion="1.0.0"
xsdVersion="0.13.0"
id="{b928ee7f-ddfc-4955-a8d3-c4386df5ce8f}*
kind="AlgorithmCode*
name=[[...]]
generationDateAndTime="2023-09-18T12:20:06Z*
generationTool=[[...]] description=[[...]] version=[[...]]>

<Files>
<File
role="Code" id=[[...]]
name=[[...]] path="./*
needsChecksum="true* checksum=[[...]}/>
</Files>

(L.-.1

<Units>
<Unit id=[[...]] name="Hz"><BaseUnit s="-1"/></Unit>

([...1]

</Units>

<Variables>
<RealVariable
id=[[...1
name="u
blockCausality="input"
unitRefld=[[...]]
min="-1.5“ max="1.5" start="0.0">
</RealVariable>

[[...]]

target & embedded source) *several possible

© 2025 Modelica Association | www.modelica.org | CC BY-SA 4.0 19



eFMI Standard: Container architecture & traceability

efmu

GALEC program:

u(t;) [ ] y(ti)

Xi+1 = fx(xi:ui)
y; = fy(xiu)

sampled
data system

eFMU Manifest

Behavioral
Model*

GALEC language features:

* Imperative, target independent
with high math-abstraction level

 Well-defined, decidable
semantics and safe numerics

Algorithm
Code

Production

. Guaranteed error handling Code*

« Simple; high potential for target
code tailoring & optimization

Binary
Code*

= Nice intermediate representation
for code generation (modelling
target & embedded source)

*several possible

GALEC program

block Controller
/I Block interface variables:
input Real u (min = -1.5, max = 1.5);
output Real y[20] (min = -1.0, max = 1.0);
parameter Real tP; // tunable parameter
parameter Real tV[20];// tunable parameter
protected
/I Internal block variables and functions:
parameter Real dP; // dependent parameter
Real M1[20,10] // state
(min =-1.0, max = 1.0);
Real M2[10,20] // state
(min =-1.0, max = 1.0);
function checked_transpose
signals UNDERFLOW, NAN [[...];
function sum [[...]];
public
/I Block interface functions:
method Recalibrate
signals INVALID_ARGUMENT [[...]];
method Startup [[...]];
method DoStep
signals NO_SOLUTION_FOUND [[...][;
end Controller;

Mo
2

i J
delica

Association

XML manifest

<Manifest

<?xml version="1.0" encoding="UTF-8"?>

<4

Common interface, with well-
defined life-cycle semantic:

* (default) initialization
« sampling

« recalibration

* reinitialization

= Defines valid system
integration scenarios.

GALEC program

(algorithmic solution)
+

Meta information

(interface, checksums, documentation, ids

for referencing content)

([...1]

</Units>

<Variables>
<RealVariable
id=[[...]]
name="“u*
blockCausality="input"
unitRefld=[[...]]
min="-1.5“ max="1.5" start="0.0">
</RealVariable>

[[...]]

© 2025 Modelica Association | www.modelica.org | CC BY-SA 4.0
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eFMI Standard: Container architecture & traceability

GALEC program:

u(t;) sampled y(t)
data system

eFMU Manifest

GALEC program

block Controller
/I Block inga e variables:

in=-1.5, max = 1.5);

®20] (min = -1.0, max = 1.0);

#PN8al tP; // tunable parameter
parameter Real tV[20];// tunable parameter

protected

XML manifest

<?xml version="1.0" encoding="UTF-8"?>
<Manifest
xsi:noNamespaceSchemalocation="../[[...]]*
efmiVersion="1.0.0"
xsdVersion="0.13.0"
id="{b928ee7f-ddfc-4955-a8d3-c4386df5ce8f}*
kind="AlgorithmCode*
name=[[...]]

X = f (x ‘u_) /I Internal bipck variables and functions: ionDateAndTime="2023-09-18T12:20:06Z“
i+1 x IR [ i generationDateAndTime="2023-09 :20:
Behavioral Real MizoRo) /st generationTool=[[..J] description=[(..] version=[...]}
o f}" (xi"uiJ (min = -1.0 max = 1.0); <Files>
|\/|Od€|* Real M2[10f0] // state <File

GALEC language features:

* Imperative, target independent
with high math-abstraction level

 Well-defined, decidable
semantics and safe numerics

Algorithm
Code

Production

« Guaranteed error handling Code*

« Simple; high potential for target
code tailoring & optimization

Binary
Code*

= Nice intermediate representation
for code generation (modelling
target & embedded source)

*several possible

(min =-1.q] max = 1.0);
function chigcked_transpose
signals U DERFLOW NAN [[...II;

up [[..JI;

IGALEC program
(

algorithmic solution)

role="Code" id=[[...]]

name=[[...]] path="./*

needsChecksum="true* checksum=[[...]}/>
</Files>

(L.-.1

i:umt id=[[...]] name="Hz"><BaseUnit s="-1"/></Unit>

IL---11
</Units>

<Variables>
<RealVariable

+
Meta information

(interface, checksums, documentation, ids

for referencing content)

unitRefId—[[

ax—'1.5" start="0.0">
</ReaIVar|abIe>

[[...]]

© 2025 Modelica Association | www.modelica.org | CC BY-SA 4.0
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eFMI Standard: Container architecture & traceability

Starting point of

GALEC program:
further code

GALEC program

block Controller

XML manifest

<?xml version="1.0" encoding="UTF-8"?>

. . <Manifest
u(tl) Sﬂmp IEd y(t g en el'atl O n . GA L EC /I Block inga einve_irﬁbéesn:qax =15); x?i:noNamespaceSchemaLocation="../[[...]]“
- T A efmiVersion="1.0.0"
®20] (min = -1.0, max = 1.0); P «
datasystem program generated by AN 1 unable parameer A g —
parameter Real tV[20];// tunable parameter

modeling tool.

Xi+1 = fx(xi:ui)
y; = fy(xiu)

GALEC language features:

* Imperative, target independent
with high math-abstraction level

 Well-defined, decidable
semantics and safe numerics

Algorithm -
Code

* Guaranteed error handling

protected
/I Internal bl

/I Block intefface functions:
method Refalibrate

Implicit language
guarantees guard
further eFMI tooling.

« Simple; high potential for target
code tailoring & optimization

= Nice intermediate representation
for code generation (modeling
target & embedded source)

*several possible

| NI TOT N ATA N TEOToT IV ToT T E—

kind="AlgorithmCode*

name=[[...]]
generationDateAndTime="2023-09-18T12:20:06Z*
generationTool=[[...]] description=[[...]] version=[[...]]>

<Files>
<File
role="Code" id=[[...]]
name=[[...]] path="./*
needsChecksum="true* checksum=[[...]}/>
</Files>

(L.-.1

i:umt id=[[...]] name="Hz"><BaseUnit s="-1"/></Unit>

IL---11
</Units>

<Variables>
<RealVariable

+

Meta information
(interface, checksums, documentation, ids
for referencing content)

unitRefld=[[...]]
—— ox— 1.5" start="0.0">
</RealVariable>

[[...]]

© 2025 Modelica Association | www.modelica.org | CC BY-SA 4.0
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eFMI Standard: Container architecture & traceability

XML manifest

<?xml version="1.0" encoding="UTF-8"?>
<Manifest [[...]]>

<ManifestReferences>
<ManifestReference
id=[[...]] manifestRefld=[[...]] checksum=[[..]]/>
</ManifestReferences>

<Scenarios><Scenario [[...]}/>[[...]]
<Units><Unit [[...]1/>[[...]]

<Variables>
<Variable id=[[...]]>
<ForeignVariableReference [[...]]/>

(...

</Variables>

<CsvMappings><CsvMapping [[...]]>
<TimeData [[...])/>
<ReferenceData variableRefld=[[...]]>
<ColumnMapping
unitRefld=[[...]] columnName="u"/>

(-1

+

(checksums,

time,u, [[...]]
0.0,0.0, [[...]]

Trajectories

CSvVv Meta information

documentation,
scenarios, tolerances,
- 0.001,1.5, [[...]] CSV & variable Iinkage)

efmu

eFMU Manifest

Behavioral
Model*

Algorithm
Code

Production
Code*

Binary
Code*

*several possible

Behavioral Model features:
« Documentation & test scenarios in manifest
* Well-defined units and types

+ Well-defined mapping of each variable’s dimensions to individual
reference-trajectory (CSV column)

» Three types of tolerances, with well-defined interpretation:
« absolute
« relative
« explicit upper and lower bound trajectories

« Two types of trajectories w.r.t. time:
« equidistant (with well-defined restrictions on time trajectory tolerances)
- variable (with well-defined interpolation)

[1 ”

+ CSV reference trajectories strictly follow RFC 4180 (only “,” as

“ o,

separator, not “; ”; only CRLF line-endings) with further restrictions:

*  no quoting, no additional whitespace
«  GALEC syntax for numbers
« strictly monotone time trajectory

= Unique interpretation

© 2025 Modelica Association | www.modelica.org | CC BY-SA 4.0
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eFMI Standard: Container architecture & traceability

XML manifest

<?xml version="1.0" encoding="UTF-8"?>
<Manifest [[...]]>

<ManifestReferences>
<ManifestReference
id=[[...]] manifestRefld=[[...]] checksum=[[..]]/>
</ManifestReferences>

<Scenarios><Scenario [[...]}/>[[...]]
<Units><Unit [[...]1/>[[...]]

<Variables>
<Variable id=[[...]]>
<ForeignVariableReference [[...]]/>

(...

</Variables>

<CsvMappings><CsvMapping [[...]]>
<TimeData [[...])/>
<ReferenceData variableRefld=[[...]]>
<ColumnMapping
unitRefld=[[...]] columnName="u"/>

(-1

L 0.001,1.5, [[...]]

Trajectories

+
CSV ) Metainformation
(checksums,
: .1 documentation,
time,u, [[... .
0.0,0.0, [[...I] scenarios, tolerances,

CSV & variable linkage)

efmu

eFMU Manifest

Behavioral
Model*

Algorithm
Code

Production
Code*

Binary
Code*

*several possible

GALEC program

block Controller
/I Block interface variables:
input Real u (min = -1.5, max = 1.5);
output Real y[20] (min = -1.0, max = 1.0);
parameter Real tP; // tunable parameter
parameter Real tV[20];// tunable parameter
protected
/I Internal block variables and functions:
parameter Real dP; // dependent parameter
Real M1[20,10] // state
(min =-1.0, max = 1.0);
Real M2[10,20] // state
(min =-1.0, max = 1.0);
function checked_transpose
signals UNDERFLOW, NAN [[...];
function sum [[...]];
public
/I Block interface functions:
method Recalibrate
signals INVALID_ARGUMENT [[...]];
method Startup [[...]];
method DoStep
signals NO_SOLUTION_FOUND [[...][;
end Controller;

GALEC program

(algorithmic solution)
+
Meta information

(interface, checksums, documentation, ids
for referencing content)

XML manifest

<?xml version="1.0" encoding="UTF-8"?>
<Manifest
xsi:noNamespaceSchemalocation="../[[...]]*
efmiVersion="1.0.0"
xsdVersion="0.13.0"
id="{b928ee7f-ddfc-4955-a8d3-c4386df5ce8f}*
kind="AlgorithmCode*
name=[[...]]
generationDateAndTime="2023-09-18T12:20:06Z*
generationTool=[[...]] description=[[...]] version=[[...]]>

<Files>
<File
role="Code" id=[[...]]
name=[[...]] path="./*
needsChecksum="true* checksum=[[...]}/>
</Files>

(L.-.1

<Units>
<Unit id=[[...]] name="Hz"><BaseUnit s="-1"/></Unit>

([...1]

</Units>

<Variables>
<RealVariable
id=[[...1
name="u
blockCausality="input"
unitRefld=[[...]]
min="-1.5" max="1.5" start="0.0">
</RealVariable>

[[...]]

© 2025 Modelica Association | www.modelica.org | CC BY-SA 4.0
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eFMI Standard: Container architecture & traceability

XML manifest

<?xml version="1.0" encoding="UTF-8"?>
<Manifest [[...]]>

<ManifestReferences>
<ManifestReference
id=[[...]] manifestRefld=[[...]] checksum=[[..]]/>
</ManifestReferences>

<Scen arios|<Scen ario [[.. .]]/>[|!H—

<Units><Unit [[...J/>[[...]]

<Variables>
<Variable id=[[...]]>
<ForeignVariableReference [[...]]/>

(...

</Variables>

<Cvaappingsl><Cvaapping II.. .]]>|6
<TimeData [[..-1
<ReferenceData variableRefld=[[...]]>
<ColumnMapping
unitRefld=[[...]] columnName="u"/>

(-1

L 0.001,1.5, [[...]]

Trajectories

+
CSV ) Metainformation
(checksums,
: .1 documentation,
time,u, [[... .
0.0,0.0, [[...I] scenarios, tolerances,

CSV & variable linkage)

efmu

eFMU Manifest

Behavioral
Model*

Algorithm
Code

Production
Code*

Binary
Code*

*several possible

GALEC program

block Controller
/I Block interface variables:
input Real u (min = -1.5, max = 1.5);
output Real y[20] (min = -1.0, max = 1.0);
parameter Real tP; // tunable parameter
parameter Real tV[20];// tunable parameter
protected
/I Internal block variables and functions:
parameter Real dP; // dependent parameter
Real M1[20,10] // state
(min =-1.0, max = 1.0);
Real M2[10,20] // state
(min =-1.0, max = 1.0);
function checked_transpose
signals UNDERFLOW, NAN [[...];
function sum [[...]];
public
/I Block interface functions:
method Recalibrate
signals INVALID_ARGUMENT [[...]];
method Startup [[...]];
method DoStep
signals NO_SOLUTION_FOUND [[...][;
end Controller;

GALEC program

(algorithmic solution)
+
Meta information

(interface, checksums, documentation, ids
for referencing content)

XML manifest

<?xml version="1.0" encoding="UTF-8"?>
<Manifest
xsi:noNamespaceSchemalocation="../[[...]]*
efmiVersion="1.0.0"
xsdVersion="0.13.0"
id="{b928ee7f-ddfc-4955-a8d3-c4386df5ce8f}*
kind="AlgorithmCode*
name=[[...]]
generationDateAndTime="2023-09-18T12:20:06Z*
generationTool=[[...]] description=[[...]] version=[[...]]>

<Files>
<File
role="Code" id=[[...]]
name=[[...]] path="./*
needsChecksum="true* checksum=[[...]}/>
</Files>

(L.-.1

<Units>
<Unit id=[[...]] name="Hz"><BaseUnit s="-1"/></Unit>

([...1]

</Units>

<Variables>
<RealVariable
id=[[...1
name="u
blockCausality="input"
unitRefld=[[...]]
min="-1.5" max="1.5" start="0.0">
</RealVariable>

[[...]]

© 2025 Modelica Association | www.modelica.org | CC BY-SA 4.0
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eFMI Standard: Container architecture & traceability

XML manifest

<?xml version="1.0" encoding="UTF-8"?>
<Manifest [[...]]>

<ManifestReferences>
<ManifestReference
id=[[...]] manifestRefld=[[...]] checksum=[[..]]/>
</ManifestReferences>

<Scen arios|<Scen ario [[.. .]]/>[|!H—

<Units><Unit [[...J/>[[...]]

<Variables>
<Variable id=[[...]]>
<ForeignVariableReference [[...]]/>

(...

</Variables>

<Cvaappingsl><Cvaapping [[...]]>|6
TimeData [[ ST

ReferenceData variableRefld=[[...]]> |

<ColumnMapping
unitRefld=[[...]] columnName="u"/>

Trajectories

= "

CSvVv Meta information

(checksums,
[...11
0.0,&el[...]]

scenarios, tolerances,

documentation,
L{ 0.001,1.5, [[...]]

CSV & variable linkage)

efmu

eFMU Manifest

Behavioral
Model*

Algorithm
Code

Production
Code*

Binary
Code*

*several possible

GALEC program

block Controller
/I Block interface variables:
input Real u (min = -1.5, max = 1.5);
output Real y[20] (min = -1.0, max = 1.0);
parameter Real tP; // tunable parameter
parameter Real tV[20];// tunable parameter
protected
/I Internal block variables and functions:
parameter Real dP; // dependent parameter
Real M1[20,10] // state
(min =-1.0, max = 1.0);
Real M2[10,20] // state
(min =-1.0, max = 1.0);
function checked_transpose
signals UNDERFLOW, NAN [[...];
function sum [[...]];
public
/I Block interface functions:
method Recalibrate
signals INVALID_ARGUMENT [[...]];
method Startup [[...]];
method DoStep
signals NO_SOLUTION_FOUND [[...][;
end Controller;

GALEC program

(algorithmic solution)
+
Meta information

(interface, checksums, documentation, ids
for referencing content)

XML manifest

<?xml version="1.0" encoding="UTF-8"?>
<Manifest
xsi:noNamespaceSchemalocation="../[[...]]*
efmiVersion="1.0.0"
xsdVersion="0.13.0"
id="{b928ee7f-ddfc-4955-a8d3-c4386df5ce8f}*
kind="AlgorithmCode*
name=[[...]]
generationDateAndTime="2023-09-18T12:20:06Z*
generationTool=[[...]] description=[[...]] version=[[...]]>

<Files>
<File
role="Code" id=[[...]]
name=[[...]] path="./*
needsChecksum="true* checksum=[[...]}/>
</Files>

(L.-.1

<Units>
<Unit id=[[...]] name="Hz"><BaseUnit s="-1"/></Unit>

([...1]

</Units>

<Variables>
<RealVariable
id=[[...1
name="u
blockCausality="input"
unitRefld=[[...]]
min="-1.5" max="1.5" start="0.0">
</RealVariable>

[[...]]
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XML manifest

<?xml version="1.0" encoding="UTF-8"?>
<Manifest [[...]]>

<ManifestReferences>
<ManifestReference
id=[[...]] manifestRefld=[[...]] checksum=[[..]]/>
</ManifestReferences>

<Scen arios|<Scen ario [[.. .]]/>[|!H—
<Unit [[...J1/~F...

<Variables>
<Variable id=[[...]]>
<ForeignVariableReference [[...]]/>

(...

</Variables>

<Cvaappingsl><Cvaapping [[...]]>|6
TimeData [[ ST

ReferenceData variableRefld=[[...]]> |

<ColumnMapping
unitRefld=[[...]] columnName="u"/>

\rl Trajectories
+

CSvVv Meta information

(checksums,
[...11
0.0,&el[...]]

scenarios, tolerances,

documentation,
L{ 0.001,1.5, [[...]]

CSV & variable linkage)

efmu

eFMU Manifest

Behavioral
Model*

Algorithm
Code

Production
Code*

Binary
Code*

*several possible

GALEC program

block Controller
/I Block interface variables:
input Real u (min = -1.5, max = 1.5);
output Real y[20] (min = -1.0, max = 1.0);
parameter Real tP; // tunable parameter
parameter Real tV[20];// tunable parameter
protected
/I Internal block variables and functions:
parameter Real dP; // dependent parameter
Real M1[20,10] // state
(min =-1.0, max = 1.0);
Real M2[10,20] // state
(min =-1.0, max = 1.0);
function checked_transpose
signals UNDERFLOW, NAN [[...];
function sum [[...]];
public
/I Block interface functions:
method Recalibrate
signals INVALID_ARGUMENT [[...]];
method Startup [[...]];
method DoStep
signals NO_SOLUTION_FOUND [[...][;
end Controller;

GALEC program

(algorithmic solution)
+
Meta information

(interface, checksums, documentation, ids
for referencing content)

XML manifest

<?xml version="1.0" encoding="UTF-8"?>
<Manifest
xsi:noNamespaceSchemalocation="../[[...]]*
efmiVersion="1.0.0"
xsdVersion="0.13.0"
id="{b928ee7f-ddfc-4955-a8d3-c4386df5ce8f}*
kind="AlgorithmCode*
name=[[...]]
generationDateAndTime="2023-09-18T12:20:06Z*
generationTool=[[...]] description=[[...]] version=[[...]]>

<Files>
<File
role="Code" id=[[...]]
name=[[...]] path="./*
needsChecksum="true* checksum=[[...]}/>
</Files>

(L.-.1

<Units>
<Unit id=[[...]] name="Hz"><BaseUnit s="-1"/></Unit>

([...1]

</Units>

<Variables>
<RealVariable
id=[[...1
name="u
blockCausality="input"
unitRefld=[[...]]
min="-1.5“ max="1.5" start="0.0">
</RealVariable>

[[...]]
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XML manifest

<?xml version="1.0" encoding="UTF-8"?>
<Manifest [[...]]>

<ManifestReferences>
<ManifestReference
id=[[...]] manifestRefld=[[...]] checksum=[[..]]/>
</ManifestReferences>

<Scen arios|<Scen ario [[.. .]]/>[|!H—
<Unit [[...J1/~F...

< i >
Variable id=[[...]]>
<ForeignVariableReference [[...]]/>

(-1l
</Variab %

<CsvMap ingsl><Cvaappi ng [[...]]> Ie
i s

17

<ColumnMapping

ReferenceData variableRefld=[[...]]>
unitRefld=[[...]] columnName="u"/>

\rl Trajectories
+

CSvVv Meta information

(checksums,
[...11
0.0,&el[...]]

scenarios, tolerances,

documentation,
L{ 0.001,1.5, [[...]]

CSV & variable linkage)

efmu

eFMU Manifest

Behavioral
Model*

Algorithm
Code

Production
Code*

Binary
Code*

*several possible

GALEC program

block Controller
/I Block interface variables:
input Real u (min = -1.5, max = 1.5);
output Real y[20] (min = -1.0, max = 1.0);
parameter Real tP; // tunable parameter
parameter Real tV[20];// tunable parameter
protected
/I Internal block variables and functions:
parameter Real dP; // dependent parameter
Real M1[20,10] // state
(min =-1.0, max = 1.0);
Real M2[10,20] // state
(min =-1.0, max = 1.0);
function checked_transpose
signals UNDERFLOW, NAN [[...];
function sum [[...]];
public
/I Block interface functions:
method Recalibrate
signals INVALID_ARGUMENT [[...]];
method Startup [[...]];
method DoStep
signals NO_SOLUTION_FOUND [[...][;
end Controller;

GALEC program

(algorithmic solution)
+
Meta information

(interface, checksums, documentation, ids
for referencing content)

XML manifest

<?xml version="1.0" encoding="UTF-8"?>
<Manifest
xsi:noNamespaceSchemalocation="../[[...]]*
efmiVersion="1.0.0"
xsdVersion="0.13.0"
id="{b928ee7f-ddfc-4955-a8d3-c4386df5ce8f}*
kind="AlgorithmCode*
name=[[...]]
generationDateAndTime="2023-09-18T12:20:06Z*
generationTool=[[...]] description=[[...]] version=[[...]]>

<Files>
<File
role="Code" id=[[...]]
name=[[...]] path="./*
needsChecksum="true* checksum=[[...]}/>
</Files>

(L.-.1

<Units>
<Unit id=[[...]] name="Hz"><BaseUnit s="-1"/></Unit>

([...1]

</Units>

<Variables>
<RealVariable
id=[[...1
name="u
blockCausality="input"
unitRefld=[[...]]
min="-1.5“ max="1.5" start="0.0">
</RealVariable>

[[...]]
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IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII. | |
- n
. [ u .
XML manifest . e I | |U : GALEC program XML manifest
S uq A " u " <?xml version="1.0" encoding="UTF-8"?>
<?xml version="1.0" encoding="UTF-8"?> » . block Controller <Manifest
. - . . )
<Manifest [[...]]> = = /I Block interface variables: xsi:noNamespaceSchemalLocation="../[[...]]"
u . input Real u (min = -1.5, max = 1.5); efmi C "
. » : iVersion="1.0.0
nifesiBeferences - n output Real y[20] (min = -1.0, max = 1.0); \eision="0 13,0
ManifestReference " - rameter Real tP: // tunabl rameter P «
. . e ﬁl d="{b928ee7f-ddfc-4955-a8d3-c4386df5ce8
id=[[...]] manifestRefld=[[...]] checksum=[[..]]/> erivViu ivianitest parameter Real tV[20];// tunable parameter WHE - < cesf}
protected

<Scen arios|<Scen ario [[.. .]]/>[|!H—

< i >
Variable id=[[...]]>
<ForeignVariableReference [[...]]/>

(-1l
</Variab %

<CsvMap ingsl><Cvaappi ng [[...]]> Ie
i s

17

r’ Trajectories
+

CSvVv Meta information

(checksums,
[...11
0.0,&el[...]]

documentation,
L 0.001,1.5, [[...]]

scenarios, tolerances,
CSV & variable linkage)

Algorithm
Code

Binary
Code*

*several possible

/I Internal block variables and functions:
parameter Real dP; // dependent parameter

(min =-1.0, max = 1.0);
function checked_transpose
signals UNDERFLOW, NAN [[...];
function sum [[...]];
public
/I Block interface functions:
method Recalibrate
signals INVALID_ARGUMENT [[...]];

GALEC program

(algorithmic solution)
+
Meta information

(interface, checksums, documentation, ids
for referencing content)

name=[[...]]
generationDateAndTime="2023-09-18T12:20:06Z*
generationTool=[[...]] description=[[...]] version=[[...]]>

amm I Real M1[20,10] // state
<Unit [[...]I>F...1] B eh avio ral (min =-1.0, max = 1.0); <Files>
MO d e| * Real M2[10,20] // state <File

role="Code" id=[[...]]

name=[[...]] path="./*

needsChecksum="true* checksum=[[...]}/>
</Files>

(L.-.1

" <Units>
ReferenceData_ variableRefld=[[...]]> method Startup [[...]]; <Unit id=[[...]] name="Hz"><BaseUnit s="-1"/></Unit>
<ColumnMapping . method DoStep .1
unitRefld=[[...]] columnName="u"/> Pro d u Ct| on signals NO_SOLUTION_FOUND [[...]I; </L-J.ﬁits>
- " end Controller;
CO d e <Variables>

<RealVariable
id=[[..]
name="u
blockCausality="input"
unitRefld=[[...]]
min="-1.5" max="1.5" start="0.0">
</RealVariable>

[[...]]
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XML manifest

<?xml version="1.0" encoding="UTF-8"?>
<Manifest [[...]]>

nifestReferences
ManifestReference
id=[[...]] manifestRefld=[[...]] checksum=[[..])/>

<Scen arios|<Scen ario [[.. .]]/>[|!H—

< i >
Variable id=[[...]]>
<ForeignVariableReference [[...]]/>

(-1l
</Variab %

<CsvMap ingsl><Cvaappi ng [[...]]> Ie
i s

17

ReferenceData variableRefld=[[...]]>
<ColumnMapping
unitRefld=[[...]] columnName="u"/>

r’ Trajectories
+

CSvVv Meta information

(checksums,
[...]]
0.0,&el[...]]

documentation,
L 0.001,1.5, [[...]]

scenarios, tolerances,
CSV & variable linkage)

efmu

erVIU vianitest

Algorithm
Code

Production
Code*

Binary
Code*

*several possible

GALEC program

block Controller

/I Block interface variables:
input Real u (min = -1.5, max = 1.5);
output Real y[20] (min = -1.0, max = 1.0);
arameter Real tP: // tunable parameter
parameter Real tV[20];// tunable parameter
protected

/I Internal block variables and functions:

parameter Real dP; // dependent parameter

(min =-1.0, max = 1.0);
function checked_transpose
signals UNDERFLOW, NAN [[...];
function sum [[...]];
public
/I Block interface functions:
method Recalibrate
signals INVALID_ARGUMENT [[...]];
method Startup [[...]];
method DoStep
signals NO_SOLUTION_FOUND [[...][;
end Controller;

GALEC program

(algorithmic solution)

+

Meta information
(interface, checksums, documentation, ids
for referencing content)

XML manifest

<?xml version="1.0" encoding="UTF-8"?>
<Manifest
xsi:noNamespaceSchemalocation="../[[...]]*
efmiVersion="1.0.0"
xsdVersion="0.13.0"
id="{b928ee7f-ddfc-4955-a8d3-c4386df5ce8f}*
kind="AlgorithmCode*
name=[[...]]
generationDateAndTime="2023-09-18T12:20:06Z*
generationTool=[[...]] description=[[...]] version=[[...]]>

amm I Real M1[20,10] // state
<Unit [[...]I>F...1] B eh avio ral (min =-1.0, max = 1.0); <Files>
MO d e| * Real M2[10,20] // state <File

role="Code" id=[[...]]

name=[[...]] path="./*

needsChecksum="true* checksum=[[...]}/>
</Files>

(L.-.1

<Units>
<Unit id=[[...]] name="Hz"><BaseUnit s="-1"/></Unit>

([...1]

</Units>

<RealVariable

id=[[..]

name="u

blockCausality="input"
unitRefld=[[...]]

min="-1.5“ max="1.5" start="0.0">

</RealVariable>

[[...]]
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XML manifest

<?xml version="1.0" encoding="UTF-8"?>
<Manifest [[...]]>

GALEC program XML manifest

<?xml version="1.0" encoding="UTF-8"?>
<Manifest
xsi:noNamespaceSchemalocation="../[[...]]*
efmiVersion="1.0.0"
xsdVersion="0.13.0"
id="{b928ee7f-ddfc-4955-a8d3-c4386df5ce8f}*
kind="AlgorithmCode*
name=[[...]]
generationDateAndTime="2023-09-18T12:20:06Z*
generationTool=[[...]] description=[[...]] version=[[...]]>

block Controller
/I Block interface variables:
input Real u (min = -1.5, max = 1.5);
output Real y[20] (min = -1.0, max = 1.0);
2/ bl

nifestReferences
ManifestReference
id=[[...]] manifestRefld=[[...]] checksum=[[..])/>

erVIU vianitest

parameter Real tV[20];// tunabl
protected

: Check consistency
il Behavioral . . . .
Model* (units, dimensionalities,
sample period for enraonter _
Algorlthm eCIUIdIStant tl me </£?§:§Checksum— true” checksum=[[...]]/>
oIl (rajectory scenarios, ...) 0.

<Scen arios|<Scen ario [[.. .]]/>[|!H—

< i >
Variable id=[[...]]>
<ForeignVariableReference [[...]]/>

111
</Variab %

<Files>
<File

" signals INVACID_ARGUMENT [[...]],

Llnitc

ReferenceData variableRefld=[[...]]> E method Startup [[...]]; <Unit id=[[...]] name="Hz"><BaseUnit s="-1"/></Unit>
<ColumnMapping ) n method DoStep
unitRefld=[[...]] columnName="u"/> Pro d uction . signals NO_SOLUTION_FOUND [[...]]; <;LUnJ|JtS>
- C d " = | _end Controller;
! : ode : S\adiales
r, Trajectories . GALEC program <RealVariable
+ . (algorithmic solution) f;f};_]ﬁu
CSV ) Metainformation Binary : + P Dockcausaiiy="input
- . . unitRefld=[[...]]
\Checksums, Code* : Meta information min=".1.5° max="1.5" start="0.0">
[___]] scenarios. tolerances = (interface, checksums, documentation, ids F[Rﬁa Variable=
0, &al... N . : . i
| .001,1;[’ [[]-]"]] CSV & variable linkage) . for referencing content)

*several possible
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XML manifest

<?xml version="1.0" encoding="UTF-8"?>
<Manifest [[...]]>

<ManifestReferences>
<ManifestReference
id=[[...]] manifestRefld=[[...]] checksum=[[..]]/>
[[...1

<CodeContainer floatPrecision="32-bit” [[..]]>
{1
<TargetTypes [[...]}/>
[[...1
<CodeFiles>
<CodeFile [[...]]>
<Variables>
<Variable typeDefRefld=[[...]]/>
{1
<DataReferences>
<DataReference>
<ForeignVariableReference [[...]]/>
<GlobalVariable variableRefld=[[...]]/>
</DataReference>

(-1

C sources
+

C code ) Metainformation

typedef struct { (checksums,

}[é---]] . documentation, global Cg
tate_6; e ; .
S entities, interface linkageg

void DoStep_6( .

-1 State 6* I), C d GALEC)

efmu

eFMU Manifest

Behavioral
Model*

Algorithm
Code

Production
Code*

Binary
Code*

*several possible

Production Code container features:

Documentation of C sources, dependencies, global entities & interface
in manifest

C data layout & interface not standardized
= Enables target environment tailoring

Links C code to variables and functions of Algorithm Code manifest
= Links implementation to GALEC block interface & life-cycle
= Documents how to system integrate the production code
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XML manifest

<?xml version="1.0" encoding="UTF-8"?>
<Manifest [[...]]>

<ManifestReferences>
<ManifestReference
id=[[...]] manifestRefld=[[...]] checksum=[[..]]/>
[[...1

eFMU Manifest

<CodeContainer floatPrecision="32-bit” [[..]]>

<CodeFiles>
<CodeFile [[...]]>
<Variables>
<Variable typeDefRefld=[[...]]/>
{1
<DataReferences>
<DataReference>
<ForeignVariableReference [[...]]/>
<GlobalVariable variableRefld=[[...]]/>

Algorithm

Code

= *several possible

GALEC program

block Controller
/I Block interface variables:
input Real u (min = -1.5, max = 1.5);
output Real y[20] (min = -1.0, max = 1.0);
parameter Real tP; // tunable parameter
parameter Real tV[20];// tunable parameter
protected
/I Internal block variables and functions:
parameter Real dP; // dependent parameter

(min =-1.0, max = 1.0);
function checked_transpose
signals UNDERFLOW, NAN [[...];
function sum [[...]];
public
/I Block interface functions:
method Recalibrate
signals INVALID_ARGUMENT [[...]];
method Startup [[...]];

XML manifest

<?xml version="1.0" encoding="UTF-8"?>
<Manifest
xsi:noNamespaceSchemalocation="../[[...]]*
efmiVersion="1.0.0"
xsdVersion="0.13.0"
id="{b928ee7f-ddfc-4955-a8d3-c4386df5ce8f}*
kind="AlgorithmCode*
name=[[...]]
generationDateAndTime="2023-09-18T12:20:06Z*
generationTool=[[...]] description=[[...]] version=[[...]]>

(... i Real M1[20,10] // state
<TargetTypes [[...]J> B eh avio ral (min=-1.0, max = 1.0); <Files>
(... MOdEl* Real M2[10,20] // state <File

role="Code" id=[[...]]

name=[[...]] path="./*

needsChecksum="true* checksum=[[...]}/>
</Files>

(L.-.1

<Units>
<Unit id=[[...]] name="Hz"><BaseUnit s="-1"/></Unit>

</DataReference> i method DoStep .1
I...11 Prod uction signals NO_SOLUTION_FOUND [[...]|; </Units>
Cod e* end Controller;
<Variables>
C sources GALEC program <RealVariable
+ (algorithmic solution) ':;L[ez]]u
C code ) Meta information Binary + blockCausality="input"
. . unitRefld=[[...]]
ypedel struct (checksums, = Code* Meta information min=""1 5" max="1 5" start="0.0">
State 6 documentation, global C, (interface, checksums, documentation, ids </RealVariable>
ioigg?)s’te o entities, interface linkages for referencing content ’ .1
1| Yaiate 6 C — GALEC) . g )
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XML manifest

<?xml version="1.0" encoding="UTF-8"?>
<Manifest [[...]]>

<ManifestReferences>
<ManifestReference
id=[[...]] manifestRefld=[[...]] checksum=[[..]]/>
[[...1

<CodeContainer floatPrecision="32-bit” [[..]]>

[[ 1]

KTargetTypes [[...]I/> |<|

-1

<CodeFiles>

<CodeFile [[...]]>
<Variables>
<Variable typeDefRefld=[[...]]/>

(.1

<DataReferences>
<DataReference>
< >
< 1 1 = > _
</DataReference>

(-1

L|{ State 6*i);

C sources
+
C code ) Metainformation
typedef struct { (checksums,

{1
} State_6;
void DoStep_6(

documentation, global Cg
entities, interface linkageg
C — GALEC)

efmu

eFMU Manifest

Behavioral
Model*

Algorithm
Code

Production
Code*

Binary
Code*

*several possible

GALEC program

block Controller
/I Block interface variables:
input Real u (min = -1.5, max = 1.5);
output Real y[20] (min = -1.0, max = 1.0);
parameter Real tP; // tunable parameter
parameter Real tV[20];// tunable parameter
protected
/I Internal block variables and functions:
parameter Real dP; // dependent parameter
Real M1[20,10] // state
(min =-1.0, max = 1.0);
Real M2[10,20] // state
(min =-1.0, max = 1.0);
function checked_transpose
signals UNDERFLOW, NAN [[...];
function sum [[...]];
public
/I Block interface functions:
method Recalibrate
signals INVALID_ARGUMENT [[...]];
method Startup [[...]];
method DoStep
signals NO_SOLUTION_FOUND [[...][;
end Controller;

GALEC program

(algorithmic solution)
+
Meta information

(interface, checksums, documentation, ids
for referencing content)

XML manifest

<?xml version="1.0" encoding="UTF-8"?>
<Manifest
xsi:noNamespaceSchemalocation="../[[...]]*
efmiVersion="1.0.0"
xsdVersion="0.13.0"
id="{b928ee7f-ddfc-4955-a8d3-c4386df5ce8f}*
kind="AlgorithmCode*
name=[[...]]
generationDateAndTime="2023-09-18T12:20:06Z*
generationTool=[[...]] description=[[...]] version=[[...]]>

<Files>
<File
role="Code" id=[[...]]
name=[[...]] path="./*
needsChecksum="true* checksum=[[...]}/>
</Files>

(L.-.1

<Units>
<Unit id=[[...]] name="Hz"><BaseUnit s="-1"/></Unit>

([...1]

</Units>

<Variables>
<RealVariable
id=[[...1
name="u
blockCausality="input"
unitRefld=[[...]]
min="-1.5“ max="1.5" start="0.0">
</RealVariable>

[[...]]
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XML manifest

<?xml version="1.0" encoding="UTF-8"?>
<Manifest [[...]]>

<ManifestReferences>
<ManifestReference
id=[[...]] manifestRefld=[[...]] checksum=[[..]]/>
[[...1

<CodeContainer floatPrecision="32-bit” [[..]]>

L.l —

TargetTypes [[...]]/>
{11
<CodeFiles>

<CodeFile [[...]]>

<Variables>
<Variable typeDefRefld=[[...]]/>

{1

<DataReferences>

<DataReference>

< i i >
< 1 1 = > _

</DataReference>

1€

(-1

C sources
+
code ) Meta information
typedef struct { (checksums,

{1
}State 6;

C — GALEC)

O c lo
State 6* i);

efmu

eFMU Manifest

Behavioral
Model*

Algorithm
Code

Production
Code*

Binary
: Code*

documentation, global Cg
entities, interface linkageg

= *several possible

GALEC program

block Controller
/I Block interface variables:
input Real u (min = -1.5, max = 1.5);
output Real y[20] (min = -1.0, max = 1.0);
parameter Real tP; // tunable parameter
parameter Real tV[20];// tunable parameter
protected
/I Internal block variables and functions:
parameter Real dP; // dependent parameter
Real M1[20,10] // state
(min =-1.0, max = 1.0);
Real M2[10,20] // state
(min =-1.0, max = 1.0);
function checked_transpose
signals UNDERFLOW, NAN [[...];
function sum [[...]];
public
/I Block interface functions:
method Recalibrate
signals INVALID_ARGUMENT [[...]];
method Startup [[...]];
method DoStep
signals NO_SOLUTION_FOUND [[...][;
end Controller;

GALEC program

(algorithmic solution)
+
Meta information

(interface, checksums, documentation, ids
for referencing content)

XML manifest

<?xml version="1.0" encoding="UTF-8"?>
<Manifest
xsi:noNamespaceSchemalocation="../[[...]]*
efmiVersion="1.0.0"
xsdVersion="0.13.0"
id="{b928ee7f-ddfc-4955-a8d3-c4386df5ce8f}*
kind="AlgorithmCode*
name=[[...]]
generationDateAndTime="2023-09-18T12:20:06Z*
generationTool=[[...]] description=[[...]] version=[[...]]>

<Files>
<File
role="Code" id=[[...]]
name=[[...]] path="./*
needsChecksum="true* checksum=[[...]}/>
</Files>

(L.-.1

<Units>
<Unit id=[[...]] name="Hz"><BaseUnit s="-1"/></Unit>

([...1]

</Units>

<Variables>
<RealVariable
id=[[...1
name="u
blockCausality="input"
unitRefld=[[...]]
min="-1.5“ max="1.5" start="0.0">
</RealVariable>

[[...]]
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eFMI Standard: Container architecture & traceability

XML manifest

<?xml version="1.0" encoding="UTF-8"?>
<Manifest [[...]]>

nifestReferencesg
ManifestReference
id=[[...]] manifestRefld=[[...]] checksum=[[..]}/>

eFMU Manifest

<CodeFiles>
<CodeFile [[...]]>
<Variables>
<Variable typeDefRefld=[[...]]/>
{1

Algorithm

[[...1]

documentation, global Cg
} State_6;

entities, interface linkageg

C — GALEC . .
: = *several possible

Oold Do 'l"
State 6* i);

GALEC program

block Controller
/I Block interface variables:
input Real u (min = -1.5, max = 1.5);
output Real y[20] (min = -1.0, max = 1.0);
parameter Real tP; // tunable parameter
parameter Real tV[20];// tunable parameter
protected
/I Internal block variables and functions:
parameter Real dP; // dependent parameter

(min =-1.0, max = 1.0);
function checked_transpose
signals UNDERFLOW, NAN [[...];
function sum [[...]];
public

(interface, checksums, documentation, ids
for referencing content)

XML manifest

<?xml version="1.0" encoding="UTF-8"?>
<Manifest
xsi:noNamespaceSchemalocation="../[[...]]*
efmiVersion="1.0.0"
xsdVersion="0.13.0"
id="{b928ee7f-ddfc-4955-a8d3-c4386df5ce8f}*
kind="AlgorithmCode*
name=[[...]]
generationDateAndTime="2023-09-18T12:20:06Z*
generationTool=[[...]] description=[[...]] version=[[...]]>

<CodeContainer floatPrecision="32-bit” [[..]]>
.1 B eh avio ra| Real M1[20,10] // state
TargetTypes [[...]]/> - (min =-1.0, max = 1.0); <Files>
T MOdEl* Real M2[10,20] // state <File

role="Code" id=[[...]]

name=[[...]] path="./*

needsChecksum="true* checksum=[[...]}/>
</Files>

<DataReferences> /I Block interface functions:
CO d e method Recalibrate (-1
signals INVALID_ARGUMENT [[...]}; Unites
method Startup [[...]l <Unit id=[[...]] name="Hz"><BaseUnit s="-1"/></Unit>
) method DoStep .1
Production signals NO_SOLUTION_FOUND [[...]}; </Urits>
C d - end Controller;
ode <Variables>
C sources GALEC program <R?aIVariabIe
+ (algorithmic solution) ':;rfq[ez]]u
C code ) Meta information Binary + blockCausality="input"
. . unitRefld=[[...]]
typedef struct { (checksums, Code* Meta information min="1.5* max="1 5" start="0.0">

</RealVariable>

[[...]]
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XML manifest

<?xml version="1.0" encoding="UTF-8"?>
<Manifest [[...]]>

nifestReferencesg
ManifestReference
id=[[...]] manifestRefld=[[...]] checksum=[[..]}/>

[[ 1]
TargetTypes [[...]]/>

<CodeContainer floatPrecision="32-bit” [[..]]> |

{11
<CodeFiles>
<CodeFile [[...]]>
<Variables>
<Variable typeDefRefld=[[...]]/>
{1

<DataReferences>

C sources
+
C code ) Metainformation
typedef struct { (checksums,

[[...1]

documentation, global Cg
} State_6;

entities, interface linkageg
C — GALEC) -

Oold Do 'l"
State 6* i);

efmu

erIvVIU ivianiTest

Behavioral
Model*

Algorithm
Code

Production
Code*

Binary
Code*

*several possible

GALEC program

block Controller
/I Block interface variables:
input Real u (min = -1.5, max = 1.5);
output Real y[20] (min = -1.0, max = 1.0);

rameter Real tP:// tunabl rameter
parameter Real tV[20];// tunable parameter
protected

/I Internal block variables and functions:
parameter Real dP; // dependent parameter
Real M1[20,10] // state
(min =-1.0, max = 1.0);
Real M2[10,20] // state
(min =-1.0, max = 1.0);
function checked_transpose
signals UNDERFLOW, NAN [[...];
function sum [[...]];
public
/I Block interface functions:
method Recalibrate
signals INVALID_ARGUMENT [[...]];
method Startup [[...]];
method DoStep
signals NO_SOLUTION_FOUND [[...][;
end Controller;

hility

—>

XML manifest

<?xml version="1.0" encoding="UTF-8"?>
<Manifest
xsi:noNamespaceSchemalocation="../[[...]]*
efmiVersion="1.0.0"
ioo_rn 12 0«

id="{b928ee7f-ddfc-4955-a8d3-c4386df5ce8f}"

GALEC program

(algorithmic solution)
+

Meta information

(interface, checksums, documentation, ids

for referencing content)

oot
name=[[...]]
generationDateAndTime="2023-09-18T12:20:06Z*
generationTool=[[...]] description=[[...]] version=[[...]]>

<Files>
<File
role="Code" id=[[...]]
name=[[...]] path="./*
needsChecksum="true* checksum=[[...]}/>
</Files>

(L.-.1

<Units>
<Unit id=[[...]] name="Hz"><BaseUnit s="-1"/></Unit>

([...1]

</Units>

<Variables>
<RealVariable
id=[[...1
name="u
blockCausality="input"
unitRefld=[[...]]
min="-1.5“ max="1.5" start="0.0">
</RealVariable>

[[...]]
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eFMI Standard: Container architecture & traceability

XML manifest

<?xml version="1.0" encoding="UTF-8"?>
<Manifest [[...]]>

nifestReferencesg
ManifestReference
id=[[...]] manifestRefld=[[...]] checksum=[[..]}/>

[[ 1]
TargetTypes [[...]]/>

<CodeContainer floatPrecision="32-bit” [[..]]> |

{11
<CodeFiles>
<CodeFile [[...]]>
<Variables>
<Variable typeDefRefld=[[...]]/>
{1

<DataReferences>

C sources
+
C code ) Metainformation
typedef struct { (checksums,

[[...1]

documentation, global C
} State_6;

entities, interface linkage
C — GALEC)

Oold Do 'l"
State 6* i);

]
n n
" L -
. e || | |U : GALEC program XML manifest
M . block I <?xml version="1.0" encoding="UTF-8"?>
- . /;)CI le_ntrofer e <Manifest
. . inBL?tCR(IenatleLrJ ?rcr?inviirﬁ Sei.wax _15) xsi:noNamespaceSchemalocation="../[[...]]"
. . p I =19, =49k efmiVersion="1.0.0"
: | ououtRes 20 o = 10.max 10
- s id="{b928ee7f-ddfc-4955-a8d3-c4386df5ce8f}*
eriviu IvianitTest pl:;f:g::éef Real tV[20];// tunable parameter kind="AlgorithmCode*
) o name=[[...]]
/I Internal block variables and functions: generationDateAndTime="2023-09-18T12:20:06Z*

parameter Real dP; // dependent parameter
Real M1[20,10] // state
(min =-1.0, max = 1.0); <Files>
Real M2[10,20] // state <File
(min =-1.0, max = 1.0); —n Wiy
function checked_transpose role="Code" id={[... |
signals UNDERFLOW, NAN [[...];
function sum [[...]];

generationTool=[[...]] description=[[...]] version=[[...]]>

Behavioral
Model*

name=[[...]] path="./*
needsChecksum="true* checksum=[[...]}/>

Algorlthm . public </Files>
/I Block interface functions:
CO d e method Recalibrate (-1
signals INVALID_ARGUMENT [[...J}; <Units>
method Startup [[...JJ <Unit id=[[...]] name="Hz"><BaseUnit s="-1"/></Unit>
. method DoStep L]
Production signals NO_SOLUTION_FOUND [[...]]; </Urits>
* end Controller;
CO d e <\/ariaghleg
GALEC prOgram <RealVariable

. : . id=[[...]]
(algorithmic solution) name="u*

+ é blockCausality="input"

. . unitRefld=[[...]]
Meta information min="-1.5“ max="1.5" start="0.0">

(interface, checksums, documentation, ids </RealVariable>
for referencing content) LL-.1]

Binary
Code*

= *several possible
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eFMI Standard: Container architecture & traceability

: XML manifest : e‘fm U Binary Code container features:

= | <2xml version="1.0" encoding="UTF-8"?> : « Documentation of binaries & how they are build

s [ <Manif b -

- et . used compiler & linker and their options

= [ <ManifestReferences> . . ] )

*| <ManifestReference . « Links to source Production Code container

. id=[[...]] manifestRefld=[[...]] checksum=[[..]]/> . B O B

s | </ManifestReferences> .

E <Files [[...]/> E

. <BinaryContainer> E 5ena Ol'c

. <BuildConfiguration> . 0de TO COI’]dUCt teStS

. <Compiler [[...]J> = . . ] )
S| linker (L. : . |+ Match Behavioral Model with Production Code containers
. <CompilerOptionSets [[...]]> . “ . . . .

. <DefaultCompilerOptions [[...]]/> . Alao LEELED (V|a Indll‘eC'[ I|nk|ng)

= <LinkerOptionSet [[...]/> . ‘:' ) . _ _

Y et bt S : ode = « Use production code — GALEC interface linking for setup
| Vsmarodule [ 11 - (i.e., for system integration in test environment)

- <ObjectFile [[...J//> .

= 1) Taus ProdC O

: Binaries : ode

: + :

: Binary Meta:]nfl?rmatlon : ST

. 010010101010 |4 (checksums, .

. 101010100101 ocumentation, cqmpller . nae

- 001010101110 | & linker options, linkage *=

. 101010100101 to source Production =

e — Code) : *several possible
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eFMI Standard: Summary

The open standard for model-driven development of advanced control functions for safety-critical
and real-time targets:
» Container architecture with well-defined model representations

- Abstraction levels from expected behavior to binary code, from implementation to system-integration & testing

= Enable collaboration of development stakeholders with different backgrounds, view-points & tooling
(physics modeling, control engineering, embedded software development, etc)

« Traceability & checksums
= Enable detection of stale artefacts, toolchain automatization & code review

» GALEC with safety & real-time guarantees

= Once algorithmic solution is found (not trivial modeling tool task), eFMI "conveys” it to the embedded target (not
trivial target environment tailoring & optimization task)

« Simple standard (only “what” has to be provided, not “how was it achieved”; no optional features)

= The “Magic” is in the tools which are expert in their domain
e m " Functional Mock-up
I Interface for

embedded systems
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Congratulations, you got the basics of the eFMI Standard!

S

e m' Functional Mock-up
I Interface for

embedded syste O
M

Now let’s move on to some practice.

e m' Functional Mock-up
I Interface for

embedded systems
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eFMI® tutorial — Agenda

Tutorial leader:
Christoff Blrger

Part 1: eFMI® motivation and overview (40 min) 2 D ASSAULT
pSSLJSTEMEs
Part 2: Running use-case introduction (10 min)
Part 3: Hands-on in Dymola and Software Production Engineering (25 min) Presenter:
: Daeoh Kang
Coffee break (30 min)
—IVH

Institute of Vehicle Engineering

Part 3: Hands-on in Dymola and Software Production Engineering (30 min)

Part 4. Advanced demonstrators (20 min)

Part 5 (industry case-study): eFMI based thermal management system
(TMS) development for fuel cell electric vehicles (FCEV) (20 min)

Part 6: Outlook and conclusion (5 min)

e m' Functional Mock-up
I Interface for

embedded systems
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