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Abstract: This paper presents a model-based
methodology for requirements expression,
traceability and verification. The methodology relies
on the EAST-ADL2 framework and two of the UML2
profiles: MARTE for real-time embedded systems
and SysML for system requirements modelling. The
methodology defines the different models used at
each abstraction level of the process. The results are
a requirement model and a solution model which is
related to the requirements. Verification and
validation models and techniques are connected to
these models. An automotive case study, namely a
knock  controller, illustrates the  proposed
methodology. The tools used in the process are also
presented.

Keywords: requirements, methodology, automotive,
model-driven engineering.

1. Introduction

This paper presents current results of a work
achieved within the framework of the MeMVaTEx
projectl [1]. This project is intended to provide a
methodology for requirements traceability using a
model driven engineering (MDE) approach in order
to design automotive embedded systems. Sound
methodologies are necessary to tackle the
complexity and the quality concerns. As the
MeMVaTEx thematic is complementary to others
French or European projects, such as ATESST [2]
and TIMMO?, we have collaborations and we share
experiences on real-time design models approach
with their members.

Requirements expression and management is a very
important challenge in a MDE approach. The
MeMVaTEx project focuses on two main objectives.

This work has been performed in the context of the
MeMVaTEx project (http://www.memvatex.org) of the
System@tic Paris Region Cluster. This project is partially
funded by the French Research Agency (ANR) in the “Réseau
National des Technologies Logicielles” support.

2 See the TIMMO project web page: https.://www.timmo.org

The first one consists in enriching the requirement
expression in order to take into account multiform
and multi-users requirements. The second important
objective is to reduce the gap between the
specifications and the solution model, and for this
purpose we propose mechanisms to improve
traceability. The first step is the validation of the
consistency between requirements model and
solution models.

This paper presents a model-based methodology for
expressing requirements and traceability
mechanisms during the modelling process, before
finally considering verification & validation (V&V).
Our approach relies on different standards. Firstly,
the EAST-ADL2 [2] (Electronic Architecture &
Software  Tools —  Architecture  Description
Language), which is defined for vehicle embedded
electronic systems development. Moreover, two of
the UML2 profiles are considered: MARTE
(Modelling and Analysis of Real-Time Embedded
systems) mainly for timing properties expression
[12], and SysML (System Modelling Language) for
requirements modelling and traceability [9].

From the EAST-ADL2 framework, we adopt a
decomposition of the design process into abstraction
levels. For each level, we built separately
requirement models and solution models. The
relationships between elements of those models are
expressed by using traceability mechanisms of
SysML. The real-time aspects and non functional
constraints are modelled within the UML MARTE
profile. V&V techniques can then be connected to
these models to express the satisfaction of the
requirements by the proposed solution.

All these aspects will be developed and illustrated in
the paper on the knock control application. This
example is a good illustration of electronic
embedded systems: multiform requirements, data
flow and control flow behaviours, real-time aspects
(temporal constraints, deadlines, limited resources).
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This paper is organized as follows: first, we give an
overview of the methodology in the second section.
The section 3 presents the different model elements
for requirement expression (MeMVaTExRequirements
profile). The section 4 is dedicated to the solution
models with a special focus on temporal behaviour
expression hardware and allocation aspects. The
verification and validation means are presented in
the section 5. The section 6 focuses on all
traceability concerns. After presenting the concepts
of the methodology, we demonstrate it on the case
study. Finally, since MeMVaTEx aims to provide a
tooled methodology, we present the tool architecture
that we use in order to express and trace the
requirements, as well as to create the solution
models.

2. The triptych for an EAST-ADL2 based
methodology

EAST-ADL was developed in the context of the
EAST-EEA3 European project [5] and the EAST-
ADL2 version proposed by the ATESST project is
now under finalization and validation [3]. It provides
a unified notation for all the actors of a car
development (car-maker, suppliers...). EAST-ADL2
allows the decomposition and the modelling of an
electronics system through five abstraction levels
(Feature, Analysis, Design, Implementation, and
Operational). These levels and the corresponding
model elements provide a separation of concerns
that is the basis of the structure for the different
models in the MeMVaTEx methodology.
Our objective is to help the designer in managing
requirements during the system development. In
order to deal with requirements, we first need to
express them and then, to trace them all along the
modelling process. Usually, two ways of considering
requirements are followed:

e Either the requirements are managed via a
requirement tool, independently (considering the
used formalisms) of the modelling design. These
approaches are based on requirements tools
such as Reqtify* or its open source version
TopCased-TRAMWAYS. Links between
requirements and models are some kind of
annotations that help in following the
requirements in the models. The advantage of
this approach lies in the fact that requirement
management can be done on them (which ones
are validated, which ones are decomposed,
etc.).

e Or requirements are directly attached to the
solution models but without real specific

3 See EAST-EEA web page: http:// www.east-eea.net
4 See Reqtify web page: http://www.geensys.com
> See TRAMWAY web page: http://gforge.enseeiht.fr

management (requirements are considered as
informal comments). The advantage of this
approach lies in the fact that we can keep the
same modelling formalism. This simplifies the
traceability management of the requirements
between them and the proposed solutions.

In order to avoid the management of the
requirements, we have chosen another approach,
based on models, that takes advantages of both
previous ones. This approach directly includes the
requirements in the modelling process, so that
requirements can directly be put in the models, and
connected to the developed solution for an easier
traceability and management.
In  order to strongly isolate requirements
management from solution management, we
decided to have a specific structure that clearly
separates the different concerns: the requirements
on the one hand, and the solution on the other. This
issue is crucial because similar requirements can
lead to different solutions. Both are based on the
same modelling formalism and thus, traceability is
strongly facilitated. These three types of concerns
constitute what we call a triptych composed by:

e The requirement models: a repository for
requirements. We also consider the links
between requirements for two succeeding levels,
the links to solution model elements that satisfy
the requirements, and the links to the V&V.

» The solution models: the developed models that
should answer to the related requirements. We
can here express the functional and non
functional modelling with a special focus on real-
time constraints modelling.

« The V&Y means used to validate solution
models with respect to the related requirements.

These three aspects are developed in the next

sections.

3. Requirement models

In this section, we present the structure of a
requirement definition.

As presented in the MeMVaTEXx glossary [8], and as
defined in the EIA 632 norm [6], a requirement is
«Something that governs what, how well, and under
what conditions a product will achieve a given
purpose». It is also defined as followed in the IEEE
1233a [7] standard:

(A) A condition or capability needed by a user to
solve a problem or achieve an objective.

B) A condition or capability that must be met or
possessed by a system or system component to
satisfy a contract, standard, specification, or other
formally imposed document.

(C) A documented representation of a condition or
capability as in definition (A) or (B).
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(D) The necessity that a system has a particular
feature.

In order to define requirements in the requirement
models, we base our approach on the SysML profile
that defines how to express requirements with
specific Requirement Diagrams. The SysML profile
allows the designer to consider requirements as first
class concepts in UML for system level design, and
to deal with traceability concerns since relations
between requirements, and requirements or model
elements, are also defined in SysML. We only
consider in this section the requirement part of
SyML. Figure 1 shows that a Requirenent in
SysML is composed by two tagged values: an
identifier (1 d) and the description of the requirement
(Text). This stereotype is useful for requirement
annotation of the diagram.

«metaclass»
UML4SysML:Class

!

ustereotypes
Requirement

Text: String

Id: String

[Derived: Requirement[]
/DernvedFrom:Requirement]*]
ISatisfiedBy:NamedElement]*]
IRefinedByNamedElement]*]
MracedTo:NamedElement]*]
MNerifiedBy. TestCase["]
Master: Requirement

Figure 1 - The Requi r ement stereotype in SysML

But this definition is not enough for requirement
engineering since requirements are not sufficiently
detailed to support the analyst when he validates
requirements with respect to the developed solution.
Indeed, this profile does not offer the possibilities to
follow requirements (if they are fulfilled), and to
relate them to the verification process. These
reasons have led us to define our specific profile for
the satisfaction of ours needs. The definition of the
MeMVaTEx Requi renment stereotype is presented
in Figure 3.

This stereotype is associated to the SysML
requirement stereotype in order to get the relations
defined in SysML for requirements to model
elements. The SysML Requi r enent stereotype is
thus not re-usable since the related requirements are
referenced as attributes. This profile replaces the
Requi r enent defined in SysML with the following
tagged values:

» Titl e: this information is a unique identifier
of the requirement. It is structured in order to avoid
any kind of identifier as proposed in SysML. In our
case, aTi tl e is composed as follows:

edataTypes
TileSon
+ EAST-ADL-Level: EAST-ADL-Levels [1]
+ Requirementkind: Requirementidinds [1]
+ Non-FunctionalRequi tiding: MonF IR
+ RequirementNumber: Integer [1]=0

tkinds [1] = Mone

Figure 2 - Title of a MeMVaTExRequi r enent

where the EAST- ADL- Level is specified, as well as
the RequirementKind (functional or non
functional), the Non- Functi onal Requirenent
Ki nd (such as Safety, Maintainability, Variability,
Performance and SO on...), and the
Requi r enent Nunber to uniquely distinguish
requirements of the same category.

e Descri ption: to give the full description of
the requirement if this is a textual description.

« Verifiable: a boolean indication that
specifies if the requirement should be verifiable as
such, or if a refinement of this requirement should be
considered.

e Priority: wused to differentiate a
mandatory requirement from an optional one.

* VerificationType: to memorize or
precise the verification technique that is used to
check the requirement: Test , For nmal Pr oof , etc.

* Aut hor : the author of the requirement.

* Sour ceRef erence: the name of the initial
document from which the requirement is taken.

e Status: to specified if the requirement is
Anal ysed, Rej ect ed, ToBeAnal ysed.

e Justification: the reason why this
requirement is here (important in case of
decomposition or in case of justified choice).

 Docunent Type: the type of the source
document: a report, a meeting, a drawing, etc...

* ASIL-Level : the ASIL-Level (from A to D)
when this information is known.

estereotypes
{SveML -Requrement s Requirement)
Requirement

|

astereotypes
MeMVaTExRequirement
+ Tithe: TitleSort [1] =
+ Description: String [1] = null
+ Verifiable; Boolean [1] = false
+ Prionty; PriontySost [1] = Standard
+ VerificationType: VerficationSon [1] = Others
+ Author. String [1] = null
+ SourceReference: String [1] = null
+ Status: StatusSor [1] = ToBeAnalysed
+ Justification: String [1] = null
+ DocumentType: DocumentTypeSon [1]=
+ASIL-Level ASIL-Levels [0..1]= A

Figure 3 - The MeMWaTExRequi r ement stereotype

The usage of this stereotype will be illustrated later
on.

4. Solution models
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In automotive, and more generally in the embedded
real-time system domain, the trend is to switch from
programming to composition for the management of
the overall engineering information. The objectives
are to control the complexity, to increase the quality
of the software and to reduce the development cost
of systems [10].

The use of models, even if they not perfectly fit the
specifications, provides the only known solution to
abstract and reduce details of an application. By the
concepts of “views”, the model-based methodology
focuses on a domain specific modelling and provides
a way to analyze the model and refine it.
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Figure 4 - The solution model space

The Figure 4 shows the three dimensions of the
space of solution models. The abstraction levels
represent the knowledge level of the application, in
the case of a development from scratch. They are
mandatory to handle efficient development and
manage complexity of automotive embedded
systems. The disciplines allow for observing our
application with respect to different perspectives.
They correspond to the engineering skills involved
such as the system description, function design,
software development, hardware and software
architecture. With such decomposition, the analysis
only considers a specific domain view of the system,
at a particular level of abstraction. This “ideal”
decomposition of a system raises the tricky problem
of the relationship between the levels.

We adopt a similar approach of decomposition in the
project. The abstraction levels are those of EAST-
ADL2. The disciplines are the ones of vehicle feature
description, control/command modelling, software
design, architecture description and allocation. In the
next subsections, we present the different model
elements used for the solution model at the analysis
and design levels, and we illustrate the software
design of functions and the allocation activity of
these functions onto a hardware architecture.

4.1. Temporal and Functional Modelling

At the analysis and design levels of the EAST-ADL2
process, the functional modelling is based on the
metaclass ADLFuncti onType which extends
SysML blocks. Our methodology allows making a

clear distinction between the design at the higher
abstraction levels (Analysis and Design) and the
execution at the lower levels (Implementation and
Operational: AUTOSAR® (AUTomotive Open System
Architecture). All ADLFunction Type have the
capacity to describe the internal behaviour of a
function, possibly with hierarchy. These elements
are connected and communicate through ports
(which extend SysML ports) and specific connectors.
At the Implementation Level, the application software
is modelled as an atomic unit without any hierarchy
called At om cSof t war e Conponent [2].

EAST-ADL2 does not support the expression of
temporal constraints associated with ADLFuncti on
Type or At om cSoftware Conponent. The only
element that deals with time is the ADL
requi rement s. They consider the temporal needs
such as jitter, period, max and min duration.
ADLr equi renents can express temporal
requirements by the way of Endt oEndDel ays of
ADLFuncti onType or EndToEndDel ay between
ADLPor t FI ow. The unit used for time expression is
the classical clock (the chronometric one).

We extend EAST-ADL2 by the time models of
MARTE for expressing temporal constraints that can
be either linked to a chronometric time but also with
a logical time. Examples of logical time are the
camshaft and crankshaft angular positions in an
engine. The period of these logical clocks depends
on the engine rotation speed. The
cl ockconstrai nt s of MARTE is a way to express
relations between clocks.

A cl ock is perfectly defined in MARTE. A clock has
a cl ockType with different properties (nature,
resolution, max and min offset) and a uni t (logical
or chronometric).

In EAST-ADL2, the structure of the application is
described hierarchically using ADLFuncti onType/
Pr ot ot ype. ADLbehavi our is a property of an
ADLFunct i onPr ot ot ype.

The behaviour of ADLFunction is given by
runnabl eEntity. Arunnabl eEntity is an UML
Cal | Behavi our Acti on on which we apply with
the ti medPr ocessi ng stereotype of MARTE. By
this way, ti nedEvent characterizes the start and
stop of a runnabl eEntity. A tinmedEvent is
linked to a clock whose type can be
chronometric or logical. The duration
property of a TinedProcessing is a
Ti meVal ueSpeci fi cati on whose expression
may combine both chronometric and logical clocks,
intervals and instants. CVSL’ is the language
supporting such expressions.

¢ See AUTOSAR web page : http://www.autosar.org
7CVSL : Clocked Value Specification Language
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4.2. Hardware architecture modelling

In EAST-ADL2, the hardware architecture may be
modelled from the Design Level. At this level, the
hardware architecture is described at a high level of
abstraction and can be used for simulation. This
level factorizes general elements of the hardware
architecture. It contains ECUs, power supply, sensor
and actuators, their connectors and ports. In EAST-
ADL?2 the hardware elements extends SysML blocks
notion, that are usually used for describing the
hardware architecture of embedded systems. The
details of theses elements are not given at this level.

In the EAST-ADL2 approach, the refinement of the
hardware architecture is performed in the next level,
i.e. Implementation Level. This level references the
AUTOSAR prdfile. Indeed, all hardware architecture
elements at the Implementation Level are factorized
through the abstract metaclass HW El enent from
the AUTOSAR profile. The hardware elements
described at the Design level are expected at the
Implementation Level with more details or properties,
like for example the memories size and the number
of processors in the microcontroller of an ECU.
Moreover, the model brings more information about
the hardware architecture by adding new hardware
elements like communication between ECUSs,
specific devices (timers, DAC...), peripherals, I/O
(analog, digital), etc.

4.3. Allocation Modelling

Finally, in order to implement an application onto a
hardware architecture, it is necessary to be able to
associate a particular application element to a
particular hardware element. In the EAST-ADL2
language, allocations constraints corresponding to
requirements inherited from the SysML requirements
can be expressed from the Design Level. Indeed,
there is a specific requirement called
Al l ocati onConstrai nt to express an allocation
between an ADLFunction, or an AUTOSAR
element (application part) and an ECU. At this level,
it is only a choice of allocation and not an actual
allocation. Actually, allocations are performed at the
Implementation Level by using AUTOSAR features.

5. Link to the V&V methods

The V&V activities concern 2 aspects:

» Verification of the realization (“Do we build the
product right?”). It is the analysis of the works
that have been done, generally document
analysis, code inspection, unit and integration
testing.

e Validation of the application (“Do we build the
right product?”), this is a test phase whose
objective is to show that intended services are

fulfiled. This test phase is realized on the
product.
The next figure shows V&V activities in a standard V

cycle development process.
- Validation testing ||

-

é | Dedgn =  Unittesting |
E .

o

F

Specifications

Architectnre

VALIDATION

igure 5 — V&V activities in a V-cycle development
process.

In the development process, the V&V s
characterized by activities that are performed by a
specific V&V team, independently of the activities
performed by the realization team. In order to model
verification activities, we propose the modelling of
different activities by “use cases”. These “use cases”
show the concerning persons, and necessary
elements (procedure, document, etc.). The modelling
is independent of the project but reflects the
enterprise process of the company.

Verification activites need to be linked to

requirements. It implies that:

e Every requirement is analyzed in the design
phase. It implies the verification of the
traceability and the justification of that
verification.

» Every requirement is taken into account in the
design. It concerns the sat i sfy links that show
how requirements are realized by the elements
of the solution models.

» Every requirement is taken into account in the
verification. It concerns the verify links that
show how requirements can be verified by test
cases.

In SysML, a test case is intended to be used as a

general mechanism to represent any of the standard

verification methods for inspection, analysis,
demonstration, or test. SysML has the capability for
representing test cases and attaching them to their
related requirements or use cases. A test case can
be an operation or a behavioural model (Interaction,
State Machine, Sequence or Activity Diagram).

Require ment <zatisfy>> Meodels element

e rifyss

Requirement TectCase

Figure 6 — Verification activities for Requirements
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Tests can be executed in the context of a test
scenario where test objects, their interactions, inputs
and expected outputs are detailed. Then, actual
outputs are confronted to expected outputs, giving
the test verdict. Four test verdict possibilities are
defined: pass, fail, inconclusive, and error. More
descriptions on test activity can be found in [13].

«metaclass» «metaclass» «enurlrlera}tiorr»
UML4 SysML::Operation UML4 Sys ML::Behavior VerdictKind

A ‘l pass

fail
inconclusive
error

ustereotype»
TestCase

Merifies: Requirement[*]

Figure 7 — SysML TestCase streretoypes.

The model-based design has several advantages for
test and verification. These advantages are now
supported by powerful tools that offer an
environment for executable specifications, dynamic
behaviour analysis, and algorithm  design.
Performing V&V early at the design level avoids
costly prototypes. And correcting errors early at the
Design Level is more effective than at the
Implementation Level.

6. Traceability management

Once the specificities of requirements models,
solution models and V&V means are presented,
explaining traceability management implies to
describe traceability mechanisms that are used for:

1. Relating requirements of the same abstraction
level.

2. Relating requirements through successive
abstraction levels.

3. Relating requirements to other elements from
solution models or V&V means.

The definition of this traceability into the MeMVaTEx
methodology is important since this usage will
guarantee that requirements management will be
possible also in the modelling structure of the
system, and not only outside the modelling process.
This will help the analyst in building a solution that
checks all the requirements. This approach is
different of the one that uses a specific requirement
management tool for tracing requirements. The main
benefit of our approach is that the modeller of the
solution system can follow all the input requirements
directly in the model, and not by using an external
tool that adds another annotation complexity to the
modelling despite an efficient management of the
requirements.

Traceability links used in MeMVaTEx are those
proposed by SysML, but they concern MeMVaTEx

Requi renment elements and not Requir enent
elements from SysML. They are presented in Figure

UMljlsster’;\(}pTe » «metaclass»
ysML:Trace UML4SysML:Realization

A

astereotype » «stereotype »
DeriveReqt Verify

«stereotype » «stereotype »
Copy Satisfy

Figure 8 - Requirement streretoypes in SysML

These SysML relations are not useful for every
usage, and our methodology clarifies the usage of
each traceability link.

In a same EAST-ADL2 level (1), requirements can

only be decomposed or refined. We thus use:

« The DeriveReqt dependency relationship
between requirements for a requirement A (the
client) refined into a requirement B (the
supplier).

e And the requirenent cont ai nnent
relationship for the decomposition of a parent
requirement into several ones.

For considering requirements of different levels (2),
we use the previous relationships and also the copy
dependency relationship. This last one is related to
requirements that appear in a level and that are
unchanged when considering the next EAST-ADL2
level.

For relating requirements to other elements (3), the

traceability links that are useful in this case are the

followings:

e The satisfy dependency relationship that
relates a requirement and a model element that
fulfils the requirement

e Theveri fy relationship between a requirement
and a test case that can determine whether a
system fulfils the requirement. This link was
detailed in the previous V&V section.

7. lllustration on an automotive case-study

In this section, after a short presentation of the knock
control application, we illustrate the proposed
methodology by some elements of the case-study.

In a four stroke engine, the knock phenomenon is a
self ignition that borns in the combustion chamber
due to high pressure and temperature. When it
occurs, this abnormal ignition generates a
shockwave that disturbs the combustion, and have a
negative impact on the engine lifetime, the comfort,
the consumption and the torque (see Figure 9). The
knock control consists in the noise estimation
(capture, acquisition and filtering of knock samples
signal) and the correction by calculating the advance
of the ignition angle.
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Desired Combustion Knocking

Spark Plugl
Cylinder Head ﬁ 57
Flame Front
Fresh —f
Compressed

Auto Ignition

Mixture

Figure 9 — The knock phenomenon

Knocking

7.1 Requirement models

For the case study, we define requirements models
that are based on the MeMVaTExRequirenent
profile presented in the previous section. An
example is given in Figure 10.

«MeMVaTExRequirements
Title = (FL.F None,3) e TR qarements
Description = The system should P 4] i = i
respect the draw assoc’\fa:ed to this [MeMVaTEx-Modets: FL Functionalfl FLOFLFY
reguirement. FLF3
Status = Analysed
«MeMVaTExRequirements
Title = (FL,F Mone 1)
Descriplion = Motor Unit shall «mesyaTExRequrements
produce torgue in response to user 4 (MeMVaTEx-Models: FL R Func o FLIFL-F1)
request (acceleration or deceleration). / FL-F1
Status = ToBeAnalysed /
<MaMVaTExRequirements P
Title = (FLF None 4) ] -MﬂEantm : _ >
Description = Motor Unit shall j| (aMVeTExNodeln FL Hinclionaege L
praduce torque only in the "Run® FL-F4
mode /
Status = ToBeAnalysed

Figure 10 - Some Functional Requirements from FL
EAST-ADL2 level

In this example, we show three functional
requirements (UML elements in the right hand side
of the figure) of the first EAST-ADL2 level: the
Feature Level (FL). These requirements are
stereotyped by the MeMaTExRequirenent
stereotype, and three properties are here displayed
for each one: the Tit | e, the Descri pti on and the
St at us.

7.2 Solution models

Modelling Acquisition with EAST_ADL2 and MARTE
We illustrate the concurrent use of EAST-ADL2 and
MARTE to express the structure and the behaviour
of an application. The Figure 11 is an EAST-ADL2
diagram representing the structure of the acquisition.
The execution of acquisition is triggered by events
whose occurrences are linked to an angular time
base and a chronometric time base. To express
temporal relations and constraints on behaviours, we
create two clocks types in the model, namely the
angul arCd ock and the I|deal dock, and we
instantiate three clocks (CAM, TRK, | deal C ock)
from these types.

«aDLFunclionTypes
Acquisition

«aDLFunctionPrototypes «aDLFunctionProtatypes

<aDLInFloWParts KS capture: Capture [1] Filtering: Filtering [1]

tt Kok [ L D\[

aDLCannerd UerUNuE;aDLInF\anm» K8 saDLINFlowParta - Kvalue IKAdy
«aDLOutFlowForts Kvalue

«aDLConnectorFrototypes

]

£ KA Interfacenock (1§

Figure 11 - ADL FunctionType of Aquisition

The behaviour of the acquisition is expressed
through an activity diagram stereotyped by
Ti medPr ocessi ng. The Figure 11 shows the
temporal properties applied to the activity. The
duration is the M n function between two different
clocks. The start and stop of the activity is modelled
byti nedEvent s (TE_ | TDC and TE_KWE).

= 3 TimedProcessing  (from MARTE: :MARTE _Foundations:: Time)

=] |Valuespecification  [0..1]  duration = <Valuespecification minikaWwD tick on crkClk, Maxsamples*Tsampling on myIdeaIC\ock)‘

#= Event [0..1] start=TE_ITDC
5] Event [0..1] stop=TE_KWE
B2 Cock [1.*] on=[crkCk]

Figure 12- TimeValueSpecification for Acquisition

The temporal characterisation of ADLFuncti on
makes it possible to construct timing chains on
ADLFuncti ons and their connectors and permits
two kinds of verifications. The obtained results are
linked to the temporal requirements by a requirement
relation. The allocation phase described in the next
section, must takes into account these constraints in
order to make the best association between
functions and hardware components.

Modelling the allocation of functions onto the
hardware components

In the MeMVaTEx context, several requirements
concerning the architecture must be satisfied. The
following example illustrates the link between a
requirement and a model solution in our case-study.
In this example at the Design Level an allocation
requirement expresses that the acquisition function
shall be allocated to the ECU. Thus, in order to
satisfy this requirement, on the one hand we use the
hardware architecture diagram that describes the
architecture with an ECU connected to a sensor and
an actuator, and on the other hand we use the
acquisition function. To perform the allocation, we
use the All ocationConstraint stereotype by
creating a reference link towards the allocated
element here the acquisition function and another
reference links towards the hardware element here
the ECU. Some tagged values may be added to
complete the Al | ocat i onConst rai nt stereotype.
For example, it is possible to specify some aspect
about requirement traceabilities. At the Design Level,
the Figure 13 represents the hardware architecture
connected to a partial application software of the
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case-study, and the Figure 14 represents the
example of allocation.

cioHwParts | <aDLinFlowPorts

<aDLdutFlowPorts <@DLINFlowPorts

1T T pweots — A

Ee
acquisition
<aLjnFlowPorts

e
s KnockDovice
sloHWPorts D
KnockSensor e DLQusiovears

I
I
I o
I
I

JoHwPorts <dottwPorts

Hardware Architecture Application Software

Figure 13 - Hardware architecture at the Design Level

AcquisitionAllocation

%
~ N allocateableElsment
T

ECU ‘ “aDLFunclionTypes
Acquisition

Figure 14 - Allocation at the Design Level

7.3 V&V means

The Figure 15 illustrates a requirement diagram
realized with requirements from the knock case
study. Requirements are classified by EAST-ADL2
levels. In the diagram, a traceability link from
Feature Level to Design Level is shown: AL-F-12 is a
functional requirement at the Analyse Level. It is
derived from the requirement VL-F-9 at Feature
Level, and then refined to DL-F-7 at Design Level.
The three requirements are respectively satisfied by
Knock_Correction, Engine Control, and
Threshol d_Cal cul ati on blocks; each block is
represented by a Block Definition Diagram.

req [Package] EAST ADL Requirement s Case Study)
erequirement s
Vehicle Level
et urs wee D
e

blocks

ot T wenfys | Analyze requirement
P Engine Controlshall manage G
«satisfy» | Knock phenomenon

Engine_Control

«eriveReqs | | ederiveReqts

¥ L
wrequirements «requirements
ALF-12 ALF-1
ablocks xt xt
Knock Comection | — — = Knock corection sub-function shallbe Ifnaknock is detected, base value shall
esatisfys | triggered eachtimethe knock valueis be restored.
areater than a threshold
‘ arefines ‘
Y Jeveriys
DLF-7
3y «testCaser
Threshok_Cakulation iamifyé To calculate the knock energy HaselaeS el
# * | EGY_LNL, the knock threshold is
calculated foreachcylinder separately
anddepends on the cylinderindividual
noise value.

Figure 15 — A requirement diagram and its
traceability.

In this example, a test case is created to verify the
requirement AL-F-11: “If no knock is detected, base
value shall be restored”. The test case, described by
a simple activity diagram in [13], compares actual
values, and pre-defined values then, returns a
verdict. A sequence diagram may be sketched out to
complete the sequence of actions to be realized.

BaseVabeSettingTest

Figure 16 — A test case realized by an activity diagram.

A requirement at an upper level may also be verified
by a document or code analysis. The analysis
verifies if the requirement is in the right place,
responds to a need, or conforms to the specification
book. In the case study, “Engine Control shall
manage Knock phenomenon” at Feature Level is
such a requirement. The conformity of requirements
is analyzed by independent analysts and system
engineers. We represent this verification by a “use
case” diagram in the Figure 17.
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Figure 17 — A use case verifying VL-F-9 requirement.

7.4 Traceability links for requirements

In this section, we illustrate different traceability links
defined in the section 6. We illustrate some of the
identified traceability links.

For traceability link in the same requirement model,
we illustrate in the Figure 18 the requirenent
cont ai nnent relationship for the decomposition of
a parent requirement into several ones.

1 8 0LFY

B ATE R et “ementaTExRequrerments
(MeAfVaTExModols: DL Requirements: FunctionaiRequirements-DL-DL-F-1) MelVaTEx Mode LADEF
DLF1 1 DLF3

Figure 18 - Traceability links in the same requirement
level.

In this figure, three functional requirements from the
Design Level (DL) are defined (DL-F-1, DL-F-2 and
DL-F-3), and the DL-F-2 requirement is decomposed
into the DL-F-1 and DL-F-3 ones. This traceability
links are present in the requirement definition part of
the requirement models for each level.

In the Figure 19, we illustrate the traceability links
between requirements in two successive levels. The
illustrated links is the copy one which concerns non
functional variability requirements. This is done in a
specific diagram because this link relates
requirements from different levels.

(Ml aTEx-Models: FL- Requirements:: NonFunctionsiRequirements-FL - Variabilly. FL-NF-V-4)
FLNFV4

:
| EECOpyRE
1 <<capy

v
(MeldVaTEx-Models: ‘AL Recuirernents: MonFunctionaiRequirernents-AL: Y anabiity. - AL-MF-V-3)
ALNFV3

Figure 19 - Traceability links between requirement
from levels FL to AL
The FL-NF-V-4 requirement in EAST-ADL2 FL
(Feature Level) is copied in the EAST-ADL2 AL

(Analysis Level). The names of the requirement are
different since this corresponds to distinct
requirements: one for each level. But, as the
variability has to be mentioned in the early FL level
and since this variability can only be managed in the
solution in the AL level, we have to copy this
requirement from the FL level to the AL one.

8. Tool architecture

Our methodology has been applied to the case study
using tools which are presented in this section. We
define a consistent tooled methodology for
requirement capture and modelling, solution
modelling, validation result feedback integration in a
consistency management.

A list of currently deployed tools for industrial
projects in embedded SW design, described in [10]
was used to identify State-of-the-art file formats for
interoperability and interaction: RIF (Requirements
Interchange Format) [15] & XRI (Extensible
Resource ldentifiers) [16] for requirements, XMI
(XML Metadata Interchange) [14] for profiles and
models exchanges.

&
DocumentTexte ™ . a
Exonces * “h,, qut SO
Avec atibuts v WosiLinG -
sy ..‘-"'\-’ o LANGEAGE
['@j ReqID & Label
; Definition SysML repository
Feule de caloul Imported Requirements
g AND << Satisfy-Verify=>> relafionsiips

Qutil e gestion ef de fragabiite
dexiences. .

Figure 20 - Generic Approach

Then, we chose tools for supporting those files
interfacing as smoothly as possible, able to support
our methodology.

V&V reports
Traceability {hand made or automaled)
agent ]
: o s
%) T o
Textual Requirements - .
! T Imported Requirements
with Meddv al Ex profile aftributes [I and specific DSL profile
DOORS or
ofher R fool

Figure 21 - MeMVaTEx Approach

One key feature of our methodology is the need to
aggregate several profiles: MARTE, EAST-ADL2,
AUTOSAR and SysML. We decided to develop our
own UML dedicated profile, called RPM (standing for
Requirement Profile of MeMVaTEx) as the DSL
(Domain Specific Language) support, importing a
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subset of needed stereotypes from profiles
mentioned earlier.
The used tools for the methodology are:

- For requirements writing: MS Word, MS Excel or
any tool allowing the text inputs, as they are the
state of practice in automotive domain.

- For requirements traceability: Reqtify or its open
source version TopCased-TRAMWAY. This tool
allows almost any link with UML/SysML modelling
tools, text editors, spreadsheets and testing tools. It
will behave as the traceability gateway between
requirements, models and V&V results. Recently,
Geensys has announced a RIF support which
strengthens us in this choice.

- For EAST-ADL2 and UML modelling: ARTISAN
Studio® was chosen for the creation of the
requirement and solution models. Indeed, it offered
the most advanced SysML support when the project
has started and has now the most complete RPM
support and a powerful API to connect other tools.
Furthermore, ARTISAN Studio provides full UML2.1
support needed for MARTE profile.

- For information release, documentation and
reports: MS Word or similar tool.

9. Conclusion & perspectives

We presented our methodology for requirements
traceability in the field of automotive applications.
Following the EAST-ADL2 abstraction levels, the
methodology is mainly based on a triptych
composed of the requirement models issued from
the requirement expressions, the solution models
which answers to these requirements by actually
implementing functional specifications onto actual
hardware while satisfying non-functional
specifications, and finally the V&V process based on
links established between the requirements and
solution models. Then, we illustrated the
methodology through some parts of a knock
controller: a realistic case study of the automotive
domain. Finally, we presented the tools that are used
in the methodology.

The next development of the methodology concerns
the integration of “heterogeneous” models in order to
improve the V&V process in the methodology.
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