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Abstract: Meta-modeling has been a topic of interest in the modeling community for many years, yielding substantial
number of papers describing its theoretical concepts. Many of them are aiming to solve the problem of tradi-
tional UML based domain-specific meta-modeling related to its non-compliance to the strict meta-modeling
principle, such as the deep meta-modeling approach. In this paper, we show the practical use of meta-models
in the automotive development process based on AUTOSAR and visualize places in the AUTOSAR meta-
model which are broken according to the strict meta-modeling principle. We then explain how the AUTOSAR
meta-modeling environment can be re-worked in order to comply to this principle by applying three individual
approaches, each one combined with the concept of Orthogonal Classification Architecture: UML extension,
prototypical pattern and deep instantiation. Finally we discuss the applicability of these approaches in practice
and contrast the identified issues with the actual problems faced by the automotive meta-modeling practition-
ers. Our objective is to bridge the current gap between the theoretical and practical concerns in meta-modeling.

1 INTRODUCTION stances of the UML meta-class "Object” (the problem
known as dual classification (Atkinson and Kiihne,
The use of meta-models (Saeki and Kaiya, 2007) 2001)). Additionally, the use of UML stereotypes
in the development of large software systems has for giving additional semantics to the domain-specific
been in focus of the modeling research community meta-model elements and/or their instances presumes
for more than a decade. Object Management Groupthat the language definition of stereotypes and their
(OMG) provides a standardized framework for devel- instances reside on the same layer as UML. For this
oping models as instances of domain-specific meta- reason, UML based meta-modeling fails to comply to
models, which are instances of UML, which in turn the strict meta-modeling principle and therefore can
is an instance of MOF (Meta-Object Facility) (MOF, be classified as "loose” meta-modeling.
2004). This forms a commonly referred 4-layer meta- A number of proposal have been made to intro-
modeling hierarchy of MOF. OMG also defines a duce strictness into the UML based meta-modeling.
standard for the exchange of models between domain-Probably the most discussed approach in the literature
specific modeling tools based on XML known as XMI is the one proposed by Atkinson and Kithne known as
(XML Metadata Interchange) (XMlI, 2011). the deep meta-modeling, which relies on the concepts
Numerous papers have pointed out that the frame- of Orthogonal Classification Architecture (OCA) and
work of OMG fails to comply to one of the basic deep instantiation (Atkinson and Kuhne, 2003). OCA
meta-modeling principles known as the strict meta- is able to express the distinction between the linguistic
modeling (Atkinson and Kihne, 2002). According and ontological (semantic) instantiations in the meta-
to this principle, each model element on one meta- modeling hierarchy, thus solving the dual classifica-
modeling layer is an instance of exactly one element tion problem. Deep instantiation on the other hand
on the layer above, with no other possible relation- enables the existence of more than two ontological
ships between the layers. In case of UML, instances layers which can be used to give additional semantics
of domain-specific classifiers are at the same time in- to the meta-classes, instead of stereotypes.
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Despite this, the practical consequences of loosetion, the development of the automotive software sys-
meta-modeling remain unclear to the majority of tems is also distributed as ECUs are usually devel-
practitioners. Additionally, there is a lack of industrial oped by a hierarchy of suppliers, e.g. application soft-
applications of the strict meta-modeling approaches, ware, middleware and hardware suppliers. In order
such as deep meta-modeling, and the analysis of theirto facilitate this distributed development, AUTOSAR
benefits/drawbacks in comparison to the UML ap- standard was introduced as a joint partnership of car
proach. We believe that these studies are needed tamanufacturers and their suppliers.
bridge the current gap between the work of meta- The goal of AUTOSAR is to standardize the ar-
modeling researchers and the problems faced by thechitecture of the automotive systems and their devel-
meta-modeling practitioners. opment methodology. Figure 1 shows a common AU-

In this paper, we explore the use of domain- TOSAR based model-driven development process un-
specific meta-modeling in the context of automotive til the generation of the ECU source code.
model driven development where, with the introduc-

design model spoc.
automotive systems. The goal of this paper is to ad-
dress the following research questions:

tion of AUTOSAR (AUTomotive Open System AR-
E(c‘]U 'unclio?al Eé:ullunctionlaI] { ECU config
e Q1 What are the consequences of UML based &= e

instanceOf |

AR
meta-
model

Vinsi

chitecture) (AUT, 2003), UML-based meta-modeling
is taken as a basis for specifying the architecture of

emantics

st
nceOf

loose meta-modeling in the automotive domain? 1 autosaR
Fc:£ "1 Carmanufacturer
e Q2 What are the drawbacks of approaches for as- , m— T

suring strictness of the AUTOSAR meta-model?  Figure 1: AUTOSAR based software development process.

e Q3 What are the practical meta-modeling con-

cerns of the automotive modeling practitioners? The development starts with ti#echitectural de-

, ) ) . ) sign, which includes the definition of the ECUs and

We achieve this by visualizing places in the AU-  gjiocation of the software components onto them. As
TOSAR meta-model which are not compliant to the  gcy development s usually done by different suppli-
strict meta-modeling principle and re-working the ers the complete architectural model is divided into
AUTOSAR meta-modeling environmentaccordingto g5 number ofECU modes, each one delivered to the
the rule of strictness using three distinct approaches: chosen supplier. Because different car manufacturers
UML extension, prototyping pattern and deep instan- anq suppliers may use different modeling tools, assur-
tiation. We combine each approach with the OCA ing their interoperability is quite challenging.
representation of the layers and discuss their benefits 14 tacilitate this interoperabilitAUTOSAR meta-

and drawbacks in practice. Finally, we explain why modelis defined as a standardized domain-specific
the issues of loose meta-modeling are not the pPrimary modeling language for the architectuCU modes
concern of the automotive practitioners and contrast; o snECU modefepresents an instances of te-

them with the actual problems they face in theirwork. TosaAR meta-modétat specifies its syntax. The se-
The rest of this paper is structured as follows: Sec- nantics is specified in the specifications calkdd-
tion 2 describes the role and hierarchy of the AU- togaR templatgouriet, 2010). Therefore theU-
TOSAR meta-model in the automotive modeling en- TogAR meta-modsérves as a basis for the develop-
vironment. Section 3 applies three approaches for yent of the automotive modeling tool-chain.
assuring compliance of the AUTOSAR meta-model Figure 2 shows an example of the AUTOSAR
to the strict meta-modeling principle. Section 4 dis- \\ata model which is used to specify the allocation
cusses t.he benefits and drawbackg ofthes_e appro_acheéf the software components onto ECUs, and a cor-
in practice. Finally we conclude in Section 5 with  ro5n4nding model allocating thEnginePowerUnit
some guidelines for future meta-modeling research. component onto theEngineControlModule ECU
(Durisic et al., 2014). The AUTOSAR models are ex-
pressed in XML and they are validated by the XML
2 AUTOMOTIVE MODELING schema which is generated from the AUTOSAR
meta-model using a set of defined transformation.
Automotive software system is a distributed system The ECU modeland theECU requirements spec-
with typically more than 100 Electronic Control Units ification defining the behavior of the allocated soft-
(ECUs) today responsible for executing allocated ve- ware components serve as basis for B@U func-
hicle functions. Apart from its distributed organiza- tional developmentThis is usually done in Simulink
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Rotoriiimy Identifiable :Ecu
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uuid :String
+ shortName :String 9 shortName = EngineControlModule
uid = A2CD0720

=12

busWakeUp = false

+ocu 4\

:SwcToEcuMapping

shortName = Mapping32
uuid = A19FAB93
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' +swe!
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Figure 2: AUTOSAR meta-model example.

Ecu SoftwareC
+ busWakeUp :Boolean
+ diagAddress :Integer

+ecu 1\ 1 ,SWC/P 1

SwecToEcuMapping

:SoftwareComponent

shortName = EnginePowerUnit
uuid = FOAAD679

as it supports automat&CU functional code gener-
ationfrom theSimulink moded (Liu et al., 2013).

Apart from being input to the functional devel-
opment, theeCU modes also serve as basis for the
ECU configurationi.e. configuration of the middle-
ware (e.g. ECU communication, diagnostics). One

These layers are connected by the instantiation
mechanism, i.e., each layer represents an instance of
the layer above, except for the top layer which is con-
sidered to be an instance of itself. According to the
strict meta-modeling principle (Atkinson, 1998), each
model element on one layer is an instance of exactly
one element on the layer above.

The meta-modeling hierarchy of MOF exhibits the
property known as dual classification (Atkinson and
Kuhne, 2002). This is a consequence of the two no-
tions of theinstanceOfrelationship - linguistic, defin-
ing the language (e.g.EngineControlModules a
UML Objec), and ontological, defining the seman-
tics (e.g. EngineControlModulés an ECU) (Atkin-
son and Kuhne, 2003). This means that the objects on
theM1 layer are both ontological instances of tiié&
classes and linguistic instances of i@ meta-class
Object thus breaking the strict modeling principle.

To resolve this problem, MOF considers the strict

ECU can be configured using a number of parameters.meta-modeling principle only for the linguistic notion
The values of certain parameters can be automaticallyof theinstanceOfrelationship. AUTOSAR, however,

generated from the attributes of t&€U model e.g.

attempts to visualize both linguistic and ontological

signal transmission period. Other parameters, e.g. re-layers in the meta-modeling hierarchy thus defining
lated to the operating system, need to be configuredthe following 5 meta-modeling layers (AUT, 2014):

in the ECU configuration tools (Lee and Han, 2009).
Based on the completeCU configuration modeh-
stantiating theAUTOSAR meta-modelonfiguration

code(C-structs) can be automatically generated in the 3.

ECU configuration code generatigrhase.

The final ECU software is obtained by compiling
and linking theFunctional codegenerated from the
Simulink moded, the Configuration codegenerated
from theECU mode$ and completed in the ECU con-
figuration tools and the actual implementation of the
AUTOSAR middleware (commonly known as AU-
TOSAR basic software). The basic software is en-
tirely specified by AUTOSAR and it is usually imple-

1. ARM4: MOF meta-meta-model

2. ARM3: UML meta-model and AR profile
ARM2: AUTOSAR meta-model

4. ARM1: AUTOSAR model

5. ARMO: AUTOSAR run-time objects

By examining the semantics of the layers, we can
see that théd\RM1(containing objects) is an ontolog-
ical instance of theARM2 (containing classes) and
both the ARM1 and ARM2 are linguistic instances
of the ARM3(containing meta-class€dassandOb-

ject). Therefore the illustration of the AUTOSAR lay-

mented outside of the model driven approach. The ers breaks the strict meta-modeling principle as the

language mostly used in the automotive domain is C.

ARM1objects directly instantiate (linguistically) the

Based on the described process, we can concludeARM3 meta-clas$bject On theARM3layer, AU-

that the AUTOSAR meta-model plays an important

TOSAR also extends the UML meta-model with its

role in the architectural design of the system and the own AUTOSAR Template Profile (ATP). An simpli-

configuration of the ECU basic software.

21 AUTOSAR Meta-modd Hierarchy

MOF (Meta-Object Facility) (MOF, 2004), an ac-

cepted standard for model-driven engineering, defines

the following 4-layer meta-modeling hierarchy:
1. M3: MOF meta-meta-model

2. M2: UML meta-model

3. M1: Application model

4. MO: Application data

fied example of the AUTOSAR meta-layers and the
ATP profile is presented in Figure 3.

AUTOSAR defines a number oimlStereotypein
theatpProfileand we show one of theratpVariation
applicable toumlIClasgs (indicates that a class may
have different variants), with the correspondartp-
BindingTimetagged value (indicates when the variant
shall be bound). All stereotypes are branding both
classifiers and instances (Atkinson et al., 2002).

Figure 3 also shows three types of the non-
compliance of the AUTOSAR meta-modeling hierar-
chy with respect to the strict meta-modeling principle
(indicated by the numbers [1], [2] and [3]):
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ARMA4.

mofElement

umlProfile

umiStereotype

ers) while blue color indicates ontological instanti-
ations (betweer® layers). The linguistic instantia-
tion of theatpBinding Timattribute from thd 2 layer
shall be done in a static manner, i.e. @D instances
of ECU shall have PostBuild atpBindingTime The

LO layer is omitted due to its questioned value in the
meta-modeling hierarchy (Harel and Rumpe, 2004).

L3

mofElement

3]

(3]

3]
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A N I +stereotypes/\ + /\ N
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T
— } atpVariation atpBindingTime
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i
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Figure 3: Example of the AUTOSAR meta-layers.

[1] The EngineControlModul®n theARMOlayer is
a direct linguistic instance of thenlObjecton the
ARM3layer (dual classification).

[2] The atpProfile atpVariation and atpLatestBind-
ingTime represent ontological instances of the
umlProfile umlStereotypeand umlTaggedValue
respectively, even though they resideARM3

[3] The noninstanceOfrelationships between tha-
pVariation/ atpLatestBindingTimand theECU /
EngineControlModuleross the layer boundaries.

3 ASSURING STRICTNESS OF
AUTOSAR

The dual classification problem [1] can be solved us-
ing the OCA with two dimensions, where the onto-
logical instantiation is depicted horizontally and the
linguistic vertically. The problems related to the use
of stereotypes [2] and [3] can be solved using differ-

ent approaches and we show in this paper three of

them combined with OCA: UML extension, prototyp-

ical pattern and deep instantiation (referred to as deep

meta-modeling in combination with OCA).

UML Extension: In this approach, themlIClass
on the linguistic layet 2 is directly extended by the
atpVariableClasswith the attributeatpBindingTime

L2
umiElement

+ name string

T

atpVariableClass

umiClass

umiObject

+ atpBindingTime :string

>

+classifier

A\

L1,00 }

EngineControleModule :ECU

+ atpBindingTime = PostBuild

atpBindingTime = PostBuild

Figure 4: Example of UML extension.

Prototypical Pattern: In this approach, theml-
Classon theL2 layer is instantiated into a number
of atpVariableclasses for different values of tlagp-
BindingTime e.g.atpPreBuildVariableClasandatp-
PostBuildVariableClassas shown in Figure 5. The
actual domain-specificl classes, such @&CU, are
then inherited from the righatpVariableClassde-
pending on the intended value of thgpBindingtime

mofElement

umiObject

umiClass ‘
<— +classifier

,,,,,,,,,,,,,,,

5 J

Figure 5: Example of prototypical pattern.

Deep Instantiation: In this approach, the hierar-
chy of more than two ontological instantiations is al-

by means of inheritance, as shown in Figure 4. Greenlowed, i.e. domain-specific classes can be instantiated

color indicates linguistic instantiation (betwelefray-
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L3 new top-layer meta-class is required for each pair of
stereotype-tagged value creating a wide and deep in-
heritance hierarchy of meta-classes. For example, we

mofElement

A need a new top layer class fatpPostBuildVariation-
‘ ” 2 Point, atpPreCompileVariationPoinetc.
umlElement . . . .
p—— - UML extension and deep instantiation ap-
[lpl  umiCiazsiIietls; umiobiect o proaches, on the other hand, require special mod-
f”;:::::::::::::i eling tools. For UML extension, modelers would
! N A I need to extend the UML meta-model with domain-
Loz Gol ! Lw,ooi specific classes and then create their linguistic in-

atpVariableClass Ecu: stances (e.gECU as an instance dftpVariableClass
rather tharumlClas3. For deep instantiation, mod-
elers would need to define classes as ontological in-
stances of other classes (e[§CU as an instance of

atpVariableClasy The use of OCA in all three ap-

L
EngineControleModule :
ECU

v v

atpBindingTime l:atpBindingTime

S | E

|

|

|

| |
| |
| |
| |
| |
1 << 1
| |
| |
| |
| |
| |
| -
L

n:
+ value :string + value = PostBuild =

P A | (Sl o E—— proaches improves the correct understanding of the
: . — meta-modeling hierarchy.
Figure 6: Example of deep instantiation. Despite the fact that there are some modeling

tools today supporting these approaches (e.g. Mela-

Figure 6 shows an example of the deep instan- N€€ (Atkinson and Gerbig, 2012) for deep meta-

tiation. O2 classes (e.g.atpVariableClaspare lin-  modeling), they were not available on the market
guistically instantiated from themIClass just like ~ When the AUTOSAR meta-model was initially devel-

the domain-specific classes on ta¥ layer (e.g. oped in 2003. Furthermore, they are still not widely

ECU) ontologically instantiating the corresponding used in the industry. The designers of large software
02 classes. The objects instantiating & classes ~ SyStems are reluctant to accept new approaches and

reside on theD0 layer. The ontological instantiation t00Is until they have a long successful history of ap-

of the 02 class attributes (e.gralueof theatpBind-  Plication in different domains (Pagel and Brorkens,
ingTime shall be done in a static manner, i.e.@d  2006). Thisiis one of their major drawbacks (Q2).
instances shall have the same value. Additionally, the majority of automotive model-

ing practitioners are not aware of the advanced meta-
modeling concepts, such as deep meta-modeling. For
example, even the formal definition of the AUTOSAR
4 DISCUSSION profile (as an instance of the UML profile definition)
_ ) that required deeper analysis of the UML meta-model
We showed in Section 2.1 that the AUTOSAR meta- \as considered too complex for the automotive mod-

modeling environment relies on the traditional UML  g|ers (Pagel and Brorkens, 2006). On the other hand,
based meta-modeling extended with the UML stereo- they are mostly familiar with the use of UML and
types. The consequences of this approach (Q1) de-ymL stereotypes. Therefore there is no need for ad-
scribed in Section 2.1 (see [1], [2] and [3]) are solved djtional training of engineers which is important for
by the majority of UML based modeling tools avail-  companies where hundreds of modelers are responsi-
able on the market today (e.g. Enterprise Architect pje for the design of the system.
used by AUTOSAR). Finally, the approach used by AUTOSAR based
For SOlVing the prOblem of dual classification [1], on UML extended with prof"es and XML as an ex-
modelers are required to create instance®bgcs change format for the AUTOSAR models is a well es-
(linguistic instantiation) and then classify them with aplished approach used for many years. This makes
the correctClass (ontological instantiation). The the automotive modeling practitioners reluctant to
stereotype related problems [2] and [3] can be solved changes it, unless a new approach can solve some of
by providing a graphical interface to the modelers for the practical problems they face today such as (Q3):
mapping the applicable stereotypes to the actual UML « How to estimate the impact of domain-specific

elements (e.gatpVariationis applicable tcClas®s). meta-model evolution on the modeling tools?
Regarding the use of the three proposed ap- '

proaches instead of stereotypes that assure strictness,® How to minimize the tooling interoperability is-
the prototypical pattern can be applied in the tradi-  Sues after adopting a new meta-model release?
tional UML based tools. However it is not feasi- e How to assure smooth integration of the models
ble for large domain-specific meta-models because a  based on different meta-model releases?
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