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AVL List

* Founded in 1948
«  Headquarters in Austria Turning Visions

*  Represented in 26 Into Rea“ty
countries around the world

«  Technology-driven _ _ .
high-end methodologies and technologies

0 .
Company (68 A) engmeers to support our customers in achieving their /@&o’ma inina. JWoton
& scientists) ambitions. 77T

* 12200 employees From future fuels to the connected vehicle _ _ _
Testing Simulation

WOF'dWide ecosystem, we are driving innovation Engineering sliiEE SRS
today, to build the mobility concepts of

We constantly transform our portfolio of

. Over 2 billion Euro
turnover in 2023

tomorrow.

. Next Automated ENE
s 10% of turnover invested Generation | E-Mobility c andt ’ Software ‘ ICE
. : : onnecte :
into inhouse R&D Vehicles Mobility Solutions
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DATA COLLECTION & REPRESENTATION

AIDOaRt

* This paper originates from activities in the =\ | §
AlIDOaRt [1] research project = I8 -
S - 2
« The project transfers academic solutions o |8 -
to industry i
— Models éﬁl
Al = \ A A 4
- =)
D
- DevOps ; = ER RIS
 AVL use case for process improvement 2 3 5 %
o o +-—
and Volvo CE use case for Model-Based = = 5 5
adoption Z < = =
[1] https://www.aidoart.eu/ Al-augmented Automation for DevOps Al-BASED SOLUTIONS

AIDOaRt
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The world we live In

« Complexity of systems are
increasing in several domains

« Partially this is due to software
concerns becoming more central

« Partially this is due to the
digitalization paradigm shift

« Companies are put in a position to
evolve large parts of the
organization to encompass these
changes

b
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The world we are moving towards

o

$ Y. '
L . ,-SYSTEMS EN.GINEERING
Formalization of knowledge in models, -

notably from very start of development V I S I O N 2 O 3 5

Current status
 Industrial hype but difficult adoption
* Mostly SysML-based

« Somewhat ad-hoc

Model-Based Systems Engineering (MBSE)

ENGINEERING SOLUTIONS FOR A BETTER WORLD

Model-Based Practices

The Future of Systems Engineering Is Predominantly Model-Based

- - - Although a growing number Systems engineers routinely compose task-
Wh e re th e fl e I d Is m OVI n g of systems engineering specific virtual models using ontologically
organizations have adopted model-based linked, digital twin-based model-assets. These
] ] ] ] ] techniques to capture systems engineering connected models are updated in real-time providing a
L] D Ig Ita I Th read/TWI n/E n g I n ee rl n g work products, the adoption is uneven across virtual reality-based, immersive design and exploration
. . . e icndustry sectorfsfand vlvithin organiza;i?ns ;pacz Thisbvlir;ut':\l glol:jalncollaboration spacedis cloud-
ustom, one-off simulations are used for ased, enabled by modelling as a service and supports
d S I m u Iatl O n aS CO ntl n u O u S Ca pa bl I Ity each project, and there is still limited reuse of massive simulation leveraging cloud-based high-capacity
models especially during critical early phases compute infrastructure. Families of unified ModSim
of systems architecting and design validation. frameworks exist enabling small and medium businesses

along with Government agencies to collaborate.

b
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Vision: Continuous Verification & Validation

« Capability to assess product target
fulfillment at any time in the
development process

« Systematically use Virtual Prototypes
(VPTs) throughout development

 Leverage MBSE system architecture
models to drive V&V using VPTs

4 fuel consumption

TCV
maturity
—
4 4 4—> \/DP
project start  concept decision  design freeze SOP

concept development production in-use

requirements

target characteristic values

- - - - = -
- — - - - -—

characteristic values

ver = T t
S physical eet testing customer
]
system ‘ﬂ
- "
subsystem AN e
= - i
| 15":'4: ‘a - h
(B .- s > =
LW | 5 !

component

Puntigam, W., Zehetner, J., Lappano, E., Krems, D. (2020). Integrated and Open Development
Platform for the Automotive Industry. In: Hick, H., Kipper, K., Sorger, H. (eds) Systems
Engineering for Automotive Powertrain Development. Powertrain. Springer, Cham.

mb
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Motivation
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Simulation

m 0
« Simulation is seen as a standard capability of I

MBSE [1]

* A well-known standard is the FMI standard for
model exchange and co-simulation [2]

 Emerging SSP standard focused on model SS
exchange for co-simulation [3]

« Key ingredient for virtual prototyping

[1] Cederbladh, J., Cicchetti, A., & Suryadevara, J. (2024). Early validation and verification of system behaviour in model-
based systems engineering: a systematic literature review. ACM Transactions on Software Engineering and Methodology,
33(3), 1-67.

[2] https://fmi-standard.org/

[3] https://ssp-standard.org/

b
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https://fmi-standard.org/
https://ssp-standard.org/

Co-Simulation as a tool in MBSE

. . 1
M S\ stem Under Study (SuS) !

:E\'aluation

Scenario
1

* One use of standards like FMI is SysML- MoaenA ﬁwlc Ve

based (Co-)simulation ;'f T . -Moaem.J;

« SysML acts as the information 1 Orchestrate | t
“ b a C k b 0 n e 7 Selt’l:lazameters ISZtel;l‘::\t:)Tr Requirements
«  With this kind of integration an early and | r taput |
continuous simulation capability can be £op el v
established 2| o ’ ‘ wosy || e
*  Overall method & technology framework ‘ \_ \ —P
required [1] Map Map  Map
SysML model| IBD Function \
Parameters ‘ﬁyste_mB
_ _Systema | '
[1] Cederbladh, J., Reale, A., Bergsten, A., Mikeldv, R., & Cicchetti, A. (2023, Requiements < —g 8
October). Barriers for Adopting FMI-Based Co-Simulation in Industrial MBSE > Behaviour . ==
Processes. In 2023 ACM/IEEE International Conference on Model Driven Engineering Structure | _systemc ‘
Languages and Systems Companion (MODELS-C) (pp. 510-519). IEEE Variability

b
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Co-Simulation limitations

One of the more evident issues with

this approach is the abstraction gap
between SysML and simulation W

Consider a RFLP architecture: Not
enough technical depth for simulation

Overcoming this abstraction gap [F;I -
without overthrowing current roles
and processes in an organization is

challenging!

2-6 July 2024
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Cederbladh, J., Gottschall, M., Suryadevara, J., & Alekeish, K. (2024, April). Correlating

Logical and Physical Models for Early Performance Validation-An Experience Report. In
2024 IEEE International Systems Conference (SysCon) (pp. 1-8). IEEE

n
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Challenges
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Challenge 1 - Lack of common interface across
abstraction for communication/collaboration

« Abstraction gap naturally
leads to friction in
collaboration/communication

« Bridging domains across
abstraction is easier said
than done

« Often this results in quite
nalve model mappings
between system and
simulation architecture

2-6 July 2024

Bridging the gap Arch
%ETT'_\“ i__ ® < Stakeholders
i = = uC, ACT
o r : _'_ ACT, SM
e

.
.....

www.incose.org/symp2024 #INCOSEIS

itecture - Behaviour

IBD

Signal B

Signal A

Drivetrain

electrical -

mechanic?
electric?
hydraulic?

Drivetrain
- -y conmq
Motor
Ci

Propulsion
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Architecture
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perspective)
© ESI Group, 2023. All

Architecture
(behavioural
perspective)

hts reserved.
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Challenge 2 - Lack of common interface in tool
abstraction

« Coming back to the abstraction gap, how do facilitate tool support?
* Interfaces between abstraction layers are often not compatible.
« Often the range of abstraction in SysML is wide.

ibd Hybrid Vehicle]

nnnnnnnnnnnnn

MS.Amb_T
S /TMS Coolant_Pu 5
) J/TMS Fan_Big_Speed: rpm
A b St ra Cti on G B2 5 VTMS Fan_Small_Speed : pm
; ) |/TMS.HT_Exhaust_Port: W -
) VTMS.HT_Head : W
VTms
Intake_Port: W

Detail

b
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Challenge 3: Lack of mutual understanding of
what belongs to SysML contra simulation models

Smlde(SS) El

cen;o MdlA ‘ ModlC E
 \Who needs to model what? 5 — : '
« Finding the balance of abstraction e ameters Structure Requirecmcats
btetween models at different N — ]
stages 3 h ‘
« How do we introduce J M°“e’(‘\, | 2etmy JJ
mapping/transformations? M
Parameters \
Requirements .QVM

I“I)
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Challenge 4: Lack of a commonly shared Co-
simulation use case

Co-Simulation
Blackbox component simulation models

.......
l@—@—
§ rrrrrr
System Architecture L S @ ssssss

* Black box?
* White box?
« Gray box?

Model Transformation

Whitebox system simulation model
Simulation

b
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Challenge 5: Lack of process integration

Bridging roles in organization, rocen

who has responsibility of what? C C i
Who is this solution for? %Hand iHand %
What value does the approach Requircments Engincer  Architect  Simulation Engincer
have? K KR
How do we find suitable S asemen P =

PLM tool-integration Tool-chain

integration in the existing
tooling landscape”?
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Challenge 6: Lack of uncertainty management
In simulation results

Traction(N) Original Simulation
. . 2000 FMI 2 Simulation
« FMI standards hide detalils, FMI 3 Simulation
which can be good - .
. ) Execution inaccuracy
e It can also be problematic, as \rﬁx
valid simulation is tied to 1000
assumptions and configuration
. . De-acceleration eventf
« General instability U Y driveeyde

----- 4285 429 Time(s)

b
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Challenges summary

Mﬁon' / Sy\stem Under Study (S S) E aluation
Scenario : I,J_I, '
v | Model A<« '
1 Orchestr ate 1
« Integration of simulation through Sewp Strucure, Requirements
FMI difficult to fully achieve £

Feedback

I—Extraction—l

=

g

a

A
/E
[s)
Q M
o 2
% o
-

« Abstraction gap naturally
iIntroduces many challenges at
different levels, from technical to

. . Ma Ma Ma
organizational \ p 2
« Usefulness of simulation not S —— L
always easy to understand > | Behaviow =
Variability SyStemC
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Solution overview

mob
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Extension through standards

- XML transformation . .
Architecture 2 simulation model Co-Simulation

SysML tool Model.CONNECT™

embedding
%%’ o OMG o =»

- Organization.
XMI

» Ssp System Structure »

& Parameterization

: —

mi Functional ‘W‘
Mock-Up ‘ At
. Interface I
- -
- (¥ ]
VIMS

Constant

I\ 1}

|
unve‘lne

WLTP

b
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Inside view

« The SSP standard
promotes more systematic
model annotation
compared to FMI

 There is a lot of optional
parameters that can be
used

 Let's user keep using FMI
files

2-6 July 2024 www.incose.org/symp2024 #INCOSEIS  Malardalens

(SystemStrudureD&ccription ) S}

5SS

©

Attributes

version ]

Type | Restriction of "xs:normalizedString’ J

name ]

1 | Type | xs:stringJe

® s

ssc:ABaseElement
(2]

® s

ssc:ATopLevelMetaData ﬁ

_(System
(" LType | ssd:TSystem J

" Enumerations |

Type | ssc:TEnumerations_J

" Units |
.»_Type | sscTUntts |

" DefaultExperiment

._Type | ssdTDefaultExpenment }

" Annotations |

. Type | SsC: TAnnotatnons |

b
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Inside view

2-6 July 2024

<ssd:Elements>
<ssd:System name="VTMS">
<ssd:Connectors> -
</ssd:Connectors>

<ssd:Elements>

<ssd:ElementGeometry x1="0.0" y1="0.0" x2="10.0" y2="10.0"/>

SSp

<ssd:Componentf name="VIMS" type="application/x-fmu-sharedlibrary"” source="resources\VTMS.fmu">

"

<ssd:Connect
</ssd:Connectors>

</ssd:Component>
</ssd:Elements>

<ssd:ElementGeometry x1="0.8" y1="0.8" x2="10.8" y2="10.8"/>

=S

| ¢ ement fmi:type="uml:Class’ xmi:id="_2821x_2_413017f_1628696716975_531131_2829"

name="VTMS'>

cattritfee=——r———r=i—rore
<ownedAttribute xmi: :Port’
<ownedAttribute xmi: :Port’
<ownedAttribute xmi: :Port’

sy 4 7 2 2= 2 o
xmi:id="_2021x_2_413017f_1628696818320_906356_2856' name="CMC.
xmi:id="_2021x_2_4130@17f_1628696834435_408214_2875"' name='CMC.

xmi:id="_2021x_2_413017f_1628696842933_586141_2894"' name="CMC.
3iciay . .

. dacoazc eV

TOTTS 00 on 28 B ey -

Amb_Temp' visibility=
Coolant_Pump_Speed” V|
Engine_Speed’ visibil
Fan_Big_Speed' visibi]
c 22

<ownedAttribut =

<ownedAttributefxmi: :Port’

xmi:id="_2021x_2_413017f_1628696884748_42040_2932' name='CMC.HT_Exhaust_Port

&' visi|
b

—at

<ownedAttribute =
<ownedAttribute xmi:type='uml:Port’
<ownedAttribute xmi: :Port’
<ownedAttribute xmi: :Port’
<ownedAttribute xmi: :Port’
<ownedAttribute xmi: :Port’
<ownedAttribute xmi: :Port’
<ownedAttribute xmi: :Port’
<ownedAttribute xmi: :Port’
<ownedAttribute xmi: :Port’
<ownedAttribute xmi: :Port’
(/packagedElement)[

PoTT

xmi

o < e 2 e e
id="_2@21x_2_413017f_1628696908426_924529_297@"' name="CMC.
xmi:id="_2021x_2_413017f_1628696919662_242856_2989' name="CMC.
xmi:id="_2021x_2_4130@17f_1628696927080_384419_3008"' name='CMC.
xmi:i
xmi:i
xmi:i
xmi:i

'_2021x_2_413@17_1628696944186_646749_3046' name="CMC.
413017 _1628696967760_208609_3065' name="CMC.
_2021x_2_413017f_1628696075253_768304_3084" name="CHC.
xmi:id="_2021x_2_413@17f_1628696990729_942260_3183" name='CMC.
xmi:id="_2021x_2_413017f_1628607000193_099747_3122" name='CMC.
xmi:id="_2021x_2_413017f_1628697012577_991313_3141" name='CMC.

2021x_2_413017f_1628696938374_979@3_3627" name='CMC.HT_Turbine’ visibility|

Tt ity =
HT_Intake_port' visib
HT_Liner' visibilitys|
HT_Piston’ visibility

Vehicle_Velocity' vis|
ExhaustPort_Temp' vis|
Head_Temp' visibility
IntakePort_Temp' visi|
Liner_Temp' visibilit|
Piston_Temp' visibili]

www.incose.org/symp2024 #INCOSEIS  Malardalens J

Mapping

Mapping

Embedding

V IIVID

VTMS

<ssd:Connector name="CMC
<ssc:Real unit="°C"/>
<ssd:ConnectorGeometry

</ssd:Connector>

<ssd:Connector name="CMC.

<ssc:Real unit="rpm"/>
<ssd:ConnectorGeometry
</ssd:Connector>

<ssd:Connector name="CMC.

<ssc:Real unit="rpm"/>
<ssd:ConnectorGeometry
</ssd:Connector>

<ssd:Connector name="CMC.

<ssc:Real unit="rpm"/>
<ssd:ConnectorGeometry
</ssd:Connector>

<ssd:Connector name="CMC.

<ssc:Real unit="rpm"/>
<ssd:ConnectorGeometry
e

SSp

LAmb_Temp" kind="input" > mu——

x="8.0" y="0.0"/>

Coolant_Pump_Speed" kind="input">
x="0.0" y="0.0"/>

Engine_Speed” kind="input">

x="0.0" y="0.0"/>
Fan_Big_Speed” kind="input">

x="8.0" y="e.e"/>

Fan_Small_Speed" kind="input">

x="0.0" y="0.8"/>

\I<ssd:cannector name="CMC

.HT_Exhaust_Port" kind="input"> I

<ssd:ConnectorGeometry
</ssd:Connector>

universitet
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Challenges - revisited

mob
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Challenge 1 - Lack of common interface across
abstraction for communication/collaboration

* Encapsulate simulation

Bridging the gap Archltecture Behaviour

models using FMI/SSP W =L
 Map SysML elements to == -
FMI/SSP abstraction R == |
. Emphasize the interfaces o000 r ...........
and signals of the models = Hii =i
2-6 July 2024 www.incose.org/symp2024 #INCOSEIS
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Challenge 2 - Lack of common interface in tool

abstraction

* Rely only on standards for data
* Find common-ground in interface abstraction and representation

ibd Hybrid Vehicle

«block»
Hybrid Vehicle

Thermal Power

Mechanical Power
Driveline

Driver Input

H

Driver
Driver Input

Mepgchanical Power Demand
D]
. Engine : Engine hermal Power
> Mechanical Powe
. Thermal Data

Power Demand

2-6 July 2024
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Abstraction

Detail

ibd Hybrid Vehicle]

MS. Amb_Temp : °C

MS.HT_Head : W.
VTMS.

MS HT_Intake_Port : W

MS.HT_Liner : W
MS.HT_Piston : W

ngine. StartSwitch : Boolean

Drive Cycle %

27



Challenge 3: Lack of mutual understanding of
what belongs to SysML contra simulation models

. Anyi entities in the model related to the subsequent
simulation domain should be marked (e.g., using tags)
to ensure meaningful simulation model creation

o M i n i m u m i nfO rm ati O n i n SyS M L to « Each logical block with inner structure should have IBDs

representing domain-specific views, and at least 1 IBD

m atCh S S P req u i re m e n tS (exa m p I e (”standard model”) should contain all inherited elements

describing the full structure for reuse in subsequent

On the rig ht) design steps (e.g., bill of materials)

« Each port needs to have a physical meaning and type
- (domain), SysML stereotypes are not sufficient
° Common base for bIaCk/WhIte bOX « Attributes have to be defined on blocks, they can be

. I t' assigned in part properties by different values
SI m u a Ion « Attributes to be reused as simulation model parameters
have to have a physical meaning, value, and ideally unit,

o Use Standards aS the Com mon otherwise the value has to be in SI system

« Changes to the SysML metamodel need to be explicit to

p0|nt |n allg n ment ensure adaption and seamless transfer of information to

physical domain
« Any changes in the data need to be similarly explicit, do
not hide dependencies

b

e
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Challenge 4: Lack of a commonly shared Co-

simulation use case

« Using typing/tags to
separate co-simulation
usage scenarios

 Identify SysML diagrams to
be used for simulation (and
what type)

System Architecture L

Co-Simulation
Blackbox component simulation models

@
sssssss
I Ei oooooo _@
.........
Driver
Drivecyde  grake syste m Chassis

Model Transformation

Whitebox system simulation model
Simulation

I“I)
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Challenge 5: Lack of process integration

« More organization specific C C -----

« Communication required in — — >
the company i % i
. Flndlng a good matCh Requirements Engineer QArchltFe_;::t_ . Simulation EngQineer
i o 3 K g K
etween organizational Requirement mapiccuire developmetty & agiglB Simulation
change and stability <PV woliniegration > < Tookchain

2-6 July 2024 www.incose.org/symp2024 #INCOSEIS Malardalens
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Challenge 6: Lack of uncertainty management
In simulation results

Annotate simulation models Traction(N) PEp——
Traceably requirement o 1 et Sl
Validity ranges » | o
Match needs and simulation 4% }ﬁ e
performance (e.g., “Do | need a - S —

very accurate result or not?”)

5(:)0 in a EV drive-cycle :

""" 428.5 429 Time(s)

b
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Discussion

mob
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Holistic perspective

* Qur work is part of a larger collaborative effort in early
and continuous V&V

« Early V&V is a highly subjective notion, and might not
always be feasible/useful

« At the core of challenges are the SE processes, and how
we can best support them with useful decision-support

* While we emphasize SysML and FMI/SSP there are a
plethora of standards for both system description and
analysis

2-6 July 2024 www.incose.org/symp2024 #INCOSEIS Malardalens
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Conclusion & Future work

I“I)
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Looking back

 We make Co-Simulation more
standard-oriented to support a
more robust integration

 We discuss a set of challenges
we have encountered in our
works and their implications

* Qur work should assist
practitioners in applying the
overall concept (seen on right)

2-6 July 2024 www.incose.org/symp2024 #INCOSEIS Malardalens

Feedback

Extractior

Y

Simulation
. Stmld Study (SuS) Eln
nnnnnn
l
MIA'—|—' \—(‘\/Idlc » 7
1
r .\4 ode lB ——
A A
Orchestrate
Setup Structu
Parame ters Behaviour Requiremen t
A
Input
FMU Library B
- Varian ts
” Model A ’ ModelB\ HJ ‘\/IdiC
Map Map Map
SysML model \
IBD Function v _
Parameters \ - SystemB
SystemA |
Requirem
Beh 7
Structure - SystemC
Variability =
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Looking forward

E-

Parallel work on early V&V to
identify challenges and future
research directions

Process agnostic methods for
applying simulation

Early V&V method selection
guidelines

;L]
' e

- .I'-
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Backup slides

mob

2-6 July 2024 www.incose.org/symp2024 #INCOSEIS M | rd |t s ‘J :\" o 38



Backup slides

« Put anything here not
possible to fit before that
could be useful! For
example very technical
stuff
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