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Introduction

+ tracetronic
*  Founded 2004 in Dresden, Germany
*  (Hangzhou s twin town/sister city since 2009!)
*+  ~500 employees (incl. neocx as a VW joint venture)
. https://www.tracetronic.com

*  Products: ecu.test (test automation), one:cx (Cl/CD collaboration platform), ...
*  Engineering, support, consulting (automotive, finance, agriculture...)
*  Offices Germany: Dresden (HQ), Munich, Ingolstadt, Stuttgart and Hamburg

+  Officesinternational: China (Shanghai, Hefei), Korea (Seoul), Japan
(Yokohama) and USA (Detroit)

+  tracetronic China
*+  Founded 2023
+  Officesin Hefeiand Shanghai
*  Engineeringand on-site support

*  Matthias Berthold (Dipl.-Inf.)
*  Joined tracetronic 2014
*  Product Owner ecu.test
*  Member of FMI Design Group

. matthias.berthold@tracetronic.de

*  https://www.linkedin.com/in/matthias-berthold-dresden
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Motivation

« Titleis already the solution - but what's the problem?

* More and more software and shorter development cycles —
early & continuous test and integration required (“shift left")

« HIL systems and prototypes often available too late or are too
expensive and inflexible

« Goal: Working integration and tests are needed for efficient
software development long before hardware exists

* Problemis notrelated to FMI, R
but FMI is a possible solution!

Release-Cycles ~2 weeks up to 3 month
Ej> P OA O O’  OF

SOP every
3-4years

Error Count

T




Agenda

* Only 20 min - high level overview
* Please feel free to chat during conference

« Or contact me or my colleagues any time afterwards
« Download link for slides on last page

o Tstpart:

« Usage of FMIin testing
« FMI, SSP, FMI-LS-BUS/XCP
« 2"part:
 Insights, hints, lessons learned from the last years...

« HIL, Al, manual testing



Usage of FMI in testing
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The vECU Levels

« VECU = virtual electronic control unit (automotive) = model = FMU and Test Cases (EHE
« prostep ivip White Paper (PDF download):
*  Smart Systems Engineering - Requirements for the Standardization

of Virtual Electronic Control Units (V-ECUs) - i
«  Good paper, especially for 2020 (and the time before during e :
creation) - ‘

* Helps for common understanding what vECUs are and how to use
it and why = recommended reading

« FEachlevel can be interpreted as a digital twin = each with a
different focus (testing, performance, effort in general)

o
[ ] F t t t t d F M I i Source: Smart Systems Engineering - Requirements for the Standardization of Virtual Electronic Control Units (V-ECUs) (prostep ivip White Paper, P. 7,
or test automation an . ystems Engineering - Req (V-ECUs) (prostepvip per,P.7)

* These levels are not important - FMI provides one interface for
all levels (with FMI LS and SSP)

*  FMlcanrunonWin, Linux, Mac and x86, Arm... = Tools should o
support this (import and export) mi3DoStep FMU

* More important: abstraction and consistency fmi3Get{VariableTypel | | VECU or model

« Test automation users should focus on testing 777
4

« Component, integration and system testing (V model)
Interfaces of an FMU -> suitable for all vVECU levels

fmi3Set{Variable Typet

* Noton technology, standards, levels...
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Component Testing Using FMI

* Tststepin SIL: One FMU for component test

Easy start, guite common nowadays (FMI 3, CS)

Complete VECU or part of it (Should be executable by itself, no
environmental models necessary)

Never tried it out? = Just use FMPy (open source) and some
available examples or Al to create your first experiencel

« Starting point: tested code from a developer

Source testing: natively using google test etc. or e.qg. a Simulink
model with Simulink test

Why not just a unit test? = white-box test becomes black-box test
with a defined interface (FMI)

That interface is later reused by other components — foundation
for every next step, no big bang in integration phase

Isolated FMU as an executable artifact, tested for later stages
(regardless if called “VECU" or not)

Creating an FMU incl. model (dll, so, ..) and
model description (XML)



Component Testing Using FMI

* Creatingan FMU:
« Build ("export”) with used tool (> 150 tools)

 use custom build scripts and glue code for custom code (e.qg.

C]C++)
* Usingasingle FMU :
« Execution ("import”) with over 200 tools

- flexible for individual needs - in contrast to a single tool or
tool landscape = no vendor lock-in

» Test focus: standardized interfaces
* "Intheloop” and "openloop” (replay)
* Don'trepeat white box testing

fmi

FMI Version Import Export

1.0 20 3.0 Ccs ME SE S ME SE
Platform License Interface
® 5 & C $ ® E
Layered Standards Search
BUS REF Struct XCP Type to search

289 tools matching filter criteria

Source: https;//fmi-standard.org/tools/

Docker/Linux/Windows

FMU

vECU

-
ecu.test
model access @

ecu.test: Example of the usage of an FMU

9/21/2026 AMFC26: Accelerating Virtual Validation using FMI-based Test Automation: From Component Testing to Digital Twins atracetronic



Component Testing Using FMI

Using FMI with abstraction and consistency!
» Easy model access for interface tests: Read, write, stimulate (individual formats, ASAM STI/STZ or recorded files)

« Trace analysis and reporting

« GUl or Python Interface (e.g. for VS Code)
* No FMlvisible but thanks to FMI:

 Testacomponent

« Create more complex systems

« Exchange models

 Tracefiles Keyword catalog Model access Busacce *

Model vanable

= s EngineModel
A/ EngineModel_RpFuelRate_FuelRate

|7\'f EngineModel_PpRawSensors_E~~

A/ EngineModel_PpRawSensors_h A7 Read
A7 EngineModel_PpRawSensors_S A7 Write
A7 EngineModel_PpRawSensors_T A7 Reset
A7 time

A7 Stimulate

==”Package0 X
[ R N Y
Test case Propert
9 = A
@ 1

Create global mapping in >

Copy path to clipboard

ecu.test: Access model variables of a single FMU of an engine model for

in-the-loop and open-loop test case creation

9/21/2026

AMFC26: Accelerating Virtual Validation using

Signal stimulation parameterization ? X

References

Mapping name:  EngineModel.EngineModel_PpRawSensors Ego v % %
MODEL

EngineModel EngineModel_PpRawSensors_Ego
VALUE

Port-Default Allow alternative acquisition rate

<auto>

Stimulus definition

Segment + -
1.0, offset=0.0, 2mp 10, period=1.0, phase=0.0) -~
RempSegment(duration=10, start=0.0, stop=2.0)
v
PulseSegment(duration= 1.0, offset=0.0, amp...1.0, period=1.0, dutyCycle=0.5, phase=0.0) |
Preview
2
n /\/‘—\—l
1
0 1 2 3s
Options
Stimulation mode  direct -> stimulus definition =
[ Synchronous execution Stop stimulus automatically
() Save stimulus duration in variable
oK Cancel

ecu.test: Stimulation of an FMU variable with an
individual curve incl. preview

FMI-based Test Automation: From Component Testing to Digital Twins

Evaluation
SUCCESS
SUCCESS

SUCCESS
SUCCESS

SUCCESS.

3] TSI —T ST TOUTO0T—SUCCESS —YT0er Tange 10
0.921000 - 0.921000 0.000000 SUCCESS Expectation fuffiled

Not reported trigger ranges: 10
)

() Plot

NONE

raceanalyse 1 (Job 1] — Neue Episode — Triagerblock — Berechnung — Plot
Shown: Overview plot

Direction  Signal name Generie signal Mapping name
Engine_FueRate Engine_FuelRate von - Enginelodel_RpFu
N BUS_FueRateCombiSignal  BUS_FuelRateCombit von PT-CAN - ANY/Fue RateCombiFrame/Fue RateCombiP
Plot
W R OE R R R BB R —
— BU
" fff%
Lt
=
Lt
=
I
1.0
0.5
0.0
0.0 05 Lo 15 20
Time
Figure 7: Piot

ecu.test: Trace analysis and reporting of recorded FMU

variables after a test execution

atracetronic



Integration Testing Using SSP

SSP - Standard to combine 2 or more FMUSs (signal based) in testing

environmental models (most VECUs needs complex (realistic)
models to work properly, e.g. residual bus, stimulation not sufficient)
- testing stilla Component

Interaction between models/vECUs - testing the integration of the
several parts

Not that much tool support = https://ssp-standard.org/tools/

17 in total (15 import, 12 export)
Workaround: “Container-F MU"

(or other proprietary or individual solutions to combine several
FMUs into a single FMU)

but: inflexible (e.qg. rebuilds for different combinations) and limited
(e.g. signal exposure or Bus)

SSP standards supports much more:

Parameterization

Layered Standard Traceability = very useful for process definition,
additional simulation information and OEM supplier integration

Ssp System Structure

& Parameterization

System Structure and Parameterization (SSP) is a tool independent standard to define complete
systems consisting of one or more component models, including FMUs and their parameterization
that can be transferred between simulation tools.

Complete Package 201  ~ B Specification 20.1  ~

Tools that support SSP

Name Vendor Description

Management

Source: https://ssp-standard.org/ & https://ssp-standard.org/tools/


https://ssp-standard.org/tools/

Integration Testing Using SSP

[ACTIONS

' Tracefiles Keyword catalog Model access ' -

Model variable Docker/Linux/Windows
.I%Ilﬁ??::trzuﬂluir}ﬂ:u:ummCu:untru:uIIer eCUteSt COSImU|atIOﬂ
- 3] org FMU (VECU) FMU (VECU)

------- N FuelsysSensors_RpRawSensors_Ego

------- ¥ FuelsysSensors_RpRawSensors_Map

------- N FuelsysSenzors_RpRawSensors_Speed
------- A FuelsysSensors_RpRawSensors_Throttle
------- ¢ FuelsysController_PpFuelRate_FuelRate

: 9
....... :'"l:r tirme
# &= Display LECU-test I I I SSP
# s EngineModel model access

measurement FMU
ecu.test: Access to model variables ("Fuelsys...") of several FMUs (“Controller”, [ . t
"Display”, "EngineModel") combined with SSP to a complex system calibration (envwonmen )

bus 777
« Thanks to SSP 3 realistic simulation ‘ °

of more than one component can
be realized tool independent!

° Used Wl-th preV|OUS|y teSted I__M US Co-Simulation algorithm for SSP inside ecu.test
(component = integration)
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Advanced (Automotive) Testing Using Layered Standards

Two major Layered Standards:

*  FMI-LS-BUS for Network Communication = bus based integration and
communication (in contrast to SSP which is signal based)

¢  FMI-LS-XCP for measurement & calibration with XCP - e.g. A2L based vECU
Memory access

Not that many tools (9 for XCP, 11 for BUS, 5 for both) but rising during design and
implementation phase (some major tools already have support)

* Only CAN isreleased, others are in development (will be released soon)

VECU Level 2 & 3: a “more realistic” digital twin

* Integrate basic software and use VECU or several vECUs incl. Bus and XCP -
(complete) SIL system simulation = realistic automotive behavior

* Necessary (or at least helpful) for later integration in HIL/VIL = Bus systems
and XCP available and required

VECU Level 4: Component or system executed with target code

* Butitis also the one with the most efforts and highest performance
requirements = check if really necessary or helpful

« E.g Arm: AWS (Graviton), Azure (Cobalt), Alibaba Cloud (Yitian)...

Amazon Linux 2023

——  https://aws.ar
-

/TOOL FMI aarchél-linux/: /TOOL_FMI t
cute ration Bou ingBall.tcf 2 estbenche
2@26 02— @6 @6 30:25. 0 6 9 F’Iallﬂ'hread DEBUG:
Start XML-RPC server on defaul

Diskinfo: 17.6GB/24.9GB
OF erating systel Linux-6.12.6U~87.122.amzn2023 .aarchél-aarchél-with-glibc2.34
668e16cF9662
pport: True

2 [GCC9 ua]
.test_ ner

es -/ec
rgun ute pace /mOL FMI/ t stc F on BouncingBall.tcf —|
g 1eve1 DeFauLt asynchroncus logging. Additional 'l.cgglng actlve defaul\: output

License: ARMGH

+ OPT_EXEC
+ OPT_TRACE
+ OPT_DIAG
+ OPT_XCP
+ OPT_LAB

Running ecu.test on an Arm system (here: AWS Graviton)
to execute Arm compiled code without slow emulation



Advanced (Automotive) Testing Using Layered Standards

Gofl 3

Mame

= 5 PT-CAN
-E Y CorrectedSensorsFrame

Trace step temnplates  Trace files

Keyword cataleg  Model access

Loang-Mame

Bus access 1

LE |IE] CorrectedSensors|Pdu

b o™ CorrectedEgolSignal
i o CorrectedMaplSignal

- Y FuelRateCombiFrame

ecu.test: Access to bus variables (based on DBC) for bus communication testing

- ------- «* CorrectedSpeed|Signal
i CorrectedThrottlelSignal

O O 4 R R

Read signal group

Write signal group
Write signal group cyclic
Change PDU timing
Reset PDU timing

Clear buffers for frame and signals
Create calculation classes

Create global mapping in

Thanks to FMI-LS-BUS/XCP:

« Test components or systems of components with a single, standardized interface (VECU level 2 to 4)

Tracefiles Keyword catalog Diagnostics

Maodel access

Calibration Measurernent Tests * -

ecu.test: XCP access (based on A2L) for measurement and calibration usage

Source: "ASAM Demo” from FMI Design Group (see also YouTube)

« Qutcome: Validation & Verification of the “digital twin” before HIL/VIL (+ reusage of test cases)

Mame Type Kind Description
‘Bl g DMET_DDE1
------- FuelsysController_CalPr.. UBYTE VallUE If true, sends a requests for the RUM ...
------- FuelsysController_CalPr.. UWORD VALUE FuelRate/Airflow for normal fuel injec...
------- FuelsysController_CalPr.. UWORD YALUE FuelRate/Airflow for normal fuel injec...
-[# [€] FuelsysParameters_Ppfsxi.. UWORD WAL _BLE Base points of MAP axis,
- FuelsysParameters_Pphxi... UWORD WAL BLE Base points of speed axis,
-[# [€] FuelsysParameters_Ppfs.. UWORD WAL _BLE Base points of throttle axis.
------- Mexthode LBYTE WALUE The Ecubd switches to this mode unco..,
-EI[[C] PressEst_z_table |[uwoRD  |mAP —— N
- runningValue Write
- [€] pumpCon_z_table UWORD MAP [C] Read
-[E Ramp_Rate_ Ki_ z_table UWORD MAP Recet
- [ SpeedEst_z_table LWQaRD MAP
- ThrotEst_z_table UWORD MAP Create global mapping in


https://www.youtube.com/watch?v=KzzKRa3jORs

Insights, Hints, Lessons Learned...
About FMI and Beyond
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Reuse tests (and models) with HIL or VIL systems

« Challenge: Migration from SIL (FMI) to HIL/VIL?

 FMI, SSP and FMI LS BUS/XCP were the base to create tests and models = Reuse it!
» Reason for abstraction during SIL:

» Exchange configurations and mappings = rerun test cases, compare results, improve tests and/or models
* Used (environmental) models (FMUs) can be reused in HIL environments
 ASAMXIL in HIL comparable technology abstraction like FMlin SIL

« Important for you: The used test automation tool should only change configs and mappings!

MIL & Sl H||_ VIL

S

Same type and
quality of reports >
easy to understand

and use for all
departments or levels

libraries

- . test system

conf'gurat'om e
QAL rifact: o
o e )/‘
a2l, mdl...
' @I
- => E !

XiL test case

X




Manual & Al-driven exploratory testing startsin SIL

@ Curommidges B
[ ]

Next to test automation manual (or exploratory)
testing may help to ensure software quality.

e Starting in SIL (with FMUs) with realtime
execution = can be transferred to HIL and VIL

« Today "manual testing” also means that Al B

agents executes exploratory testing without test ect st ab: Creating and using dashboards for manitoring,controling and visualization

spec or requirement (without realtime) ——r——

« This must be persisted as a test case —

afterwards (regression) S
Enginespesd
e 836.4 >= 5000
GFALED 019 second
¥)
oy
ecu.test drive: Executing tests with user interaction and feedback
16 9/21/2026
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Tool Flexibility # Tool Chaos: One Toolchain for All XIL Stages

@

« Tool flexibility with hundreds of tools in SIL is great, but...

« Challenge: How to use several tools or toolchains with different
reporting, test environments, traceability usage, operating
systems...”?

* Orfrom a department POV: How to collaborate with your
colleagues?

* And what about later stages like HIL?

» Essential parts for efficient collaboration: I[dentical execution
and reporting with complete traceability

« Important for you: Try to find tools or toolchains which fits
for all (most) stages and departments (in best case: one)

* Maintainability, usability and user acceptance is also
important (next to license costs)
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Central Data Management

« SIL, HIL and VIL testing creates a lot of data
« Central data management to keep overview

* No silo thinking or workarounds for data exchange
like Excel, Jira, file system...

* Reuse data:
* Improve FMUs after test execution in HIL or VIL
» Create virtual HIL as FMUs based on HIL/VIL data

* Only execute small part of SIL tests after code
change (change impact analysis)

9/21/2026 AMFC26: Accelerating Virtual Validation using FMI-based Test Automation: From Component Testing to Digital Twins atracetronic

' Central collaboration platform
PLM/ALM p
: r
error _
! management " . .
‘ infrastructure . . test report
management Xil-testing manage- management
ment & coverage

dat delivery

IT, scalable ata .

systems analytics . & ) Al services
integration

source code
SIL cluster HIL cluster VIL cluster

management

data storage

one:cx: Data storage as one essential part of effective collaboration

@ Ve Proeens  NN-EV-Q2e B et 300w - o T P
NN-EV-t2 -
e o | e
A Ol wwh m s Open Dutests. Open Mks Beceed Compagre ot S0P
7 g% s || & @3 ) 3 B e
PO ol ias . i
Project Summary Meeioren Reieane Matra

one:cx: Customizable dashboards for data visualization



Usage of Al in Context of FMI

 FMI, FMI-LS and SSP are open standards:

* Al can use this very well and generate code, headers, build scripts etc. in a very
high quality!

« Generate models: environment, residual bus, vECU dummies/mocks...

* (Generate interfaces, test and execute models, create SSPs or interactive
editors for SSP creation...

* Helps to integrate local or proprietary solutions in that open environment -
smoother migration

* FMlis stable and solid foundation in this vibe coding era!

* Model Generation with, e.g., Machine LLearning

» Suitable and fast models from already available environmental
data (see: central reporting system - virtual HIL)

« e.g. ONNX2FMU or PythonFMU with Py Torch

« Itis not always necessary to have most accurate models
(which are slow and have high efforts to create)

ecu.test in agent based workflows (e.g. VS Code) at AWS Hackathon: Requirement = create
implementation = export as FMU - use FMU in ecu.test = create test cases (Python or
GUI) = execution > analyze reports = improve model (or tests or requirements)



Journey to Fully Automated DevOps Using FMI

* Remem bel" the goaI: Shift Ieft tO fu"y Hundreds :of developers and dozens of feature branches
automated testing!

* Release often, without manual efforts

« Find defectsin early stages using FMI

« Starting in SIL? Currently only HIL or VIL tests?
« Create your first FMU (e.qg. for a component)

° |ﬂtegrat|0ﬂ prOblemS ln H”_’? Challenges for the testing processes ‘ff‘; ?_E@@%)
* Integrate it using SSP and/or LS Bus \/g(.”
- ol ) -

* Too much (expensive) simulation tools?

« Trytoreduce, focus on speed and maintenance
* Limited HIL capacity? - EECREE

® ® @0

* Improve SIL models or create virtual HIL
environments

ecu.test and one:cx: Improve software development using organized processes
based on FMI and related artifacts



Public Resources

Active, open environment = use itl

« From beginners to special cases in implementations

Official FMI Implementers’ Guide

« FMI 3.0 Implementers Guide

« FMILSBUS Implementers Guide

JSAE guide with introduction and lot of tool related examples
« FMILS BUS Implementers Guide (Ver. 2.0.2)

 FMI Application Guide (Appendix, Ver. 2.0.2)

Complete code example for FMI for all SIL Levels (incl. SIL Kit)
« SIL ECU Virtualization — Level 1 vECU to FMU Co-Simulation (GitHub)
,Learn Modelica & FMI” by Dr. Cléement Coic

« FMI3.0 & FMPy Cheatsheet

* [ earn Modelica & FMI (also on LinkedIn)

Stack Overflow, LinkedIn, Modelica Newsletter...

9/21/2026 AMFC26: Accelerating Virtual Validation using FMI-based Test Automation: From Component Testing to Digital Twins
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https://modelica.github.io/fmi-guides/main/fmi-guide/
https://modelica.github.io/fmi-ls-bus-guides/main/ls-bus-guide/
https://www.jsae.or.jp/files/co/page/katsudou/FMI_ApplicationGuide_Ver.2.0.2_20260312(sec).pdf
https://www.jsae.or.jp/files/co/page/katsudou/FMI_ApplicationGuide_Appendix_Ver.2.0.2_20260312(sec).pdf
https://github.com/KBARMAN11/sil-ecu-virtualization
https://dr-clementcoic.github.io/fmi-cheat-sheet/
https://dr-clementcoic.github.io/LearnModelicaFMI/
https://www.linkedin.com/newsletters/learn-modelica-fmi-7373084674463719424/

Summary and Outlook
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Summary

You can’t be wrong when using FMI!

FMI, FMI-LS and SSP offer a suitable and open system to test in SIL
without any proprietary dependencies.

« Allmajor modeling and automotive tool vendors support F M
- no need to use proprietary formats anymore

» Atlast FMI conference someone said “FMl is like a marketplace”
- because of the free choice every tool must offer best possible support
(or won't be used anymore in long term).

With proper tooling testing from first model or vECU as FMU over HIL to vehicle is possible.
« Complete V-model validation and verification = as much reuse as possible (FMUSs, tests)
« Toolinterchangeability thanks to FMI (and a lot of cross testing)

There is no THE digital twin and no THE process for SIL testing across all VECU levels.
« Acton the integration level or vVECU level which fits best for you.

* Lessis better than nothing = improve over time

» Check performance and complexity




Outlook 1/2

* More LS Bus (especially Ethernet):
« More cross testing for LS Bus in general
» Cross testing in plain FMI well established
* FMI Design Group focus on LS Bus right now

« Diagnostics: Adoption as layer above Bus for realistic
system tests

 Differentiation and/or limitations regarding Vector SIL Kit

. .y |
 More adoption from users = it's your turn now e p——
Name
References
5 7 Engine
® % 0x10 Diagnostic Session Control Mapping name: | Engine/Fault_Memory
© % Ox11ECU Reset DIAG read fault memory
@ % 0x14 Clear Diagnostic Information
Request

i &% 0x19 Read DTC Information
Subfunction: ReportDTCByStatusMask (0x02)

* FMI-LS-STRUCT for structured data like vectors and maps:
Not final yet, first tools have to support it soon (incl. ecu.test) |

n Con
& % Ox2e Write Data By Identifier
& &% 0x31 Routine Control [save value

Evaluation

Comparison Time options
) % 0x25 Control DTC Settings Representation: | Short Name
@ Fault Memory
Check DTCs Tolerate DTCs
@ Expected
O Mot expected Al others

+

ecu.test: Access to diagnostics like fault memory or diagnostic
services (e.g. based on UDS)
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Outlook 2/2

SSP incl. Layered Standard Traceability
could be a solution for
OEM and Tier-1cross collaboration:

* Exchange from models (FMUs) and
systems of models (SSP)

* Process definitions (LS)
» Test specifications and reports (LS)

Same idea as FMI:

« Everyone uses local tooling which
fits best.

» Artefact exchange (supplier
integration) with standardized
artefacts.

- not every OEM and Tier-1tool chain
and artefact combination has to be
maintained (n*m combinations).

TIER-1
Suplpller software
: quality gate
.ecutest || FMU w0
oS TESTING = =) = B I3
SSP (LS)
Specific test {:} ]
package - s
D D (D
©@&— 0 HM"?%— | o)
) =
FMU iy e’

one:cx and ecu.test: Vision of SSP (incl. LS) based OEM and Tier-1 collaboration
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Thanks for Your Attention

* Any questions?

https://www.linkedin.com/in/matthias-berthold-dresden matthias.berthold@tracetronic.de



https://www.linkedin.com/in/matthias-berthold-dresden
mailto:matthias.berthold@tracetronic.de
https://files.tracetronic.de/seafhttp/f/378545bfdb9b46ecb8d5/?op=view
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