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Abstract— This paper presents the different steps of a methodology for modeling real-time requirements and
ensuring their validation and their traceability over a design flow for embedded system design. A specific meta-
model for temporal constraints modeling is proposed that covers the needs for traceability and timing analysis
issues. The timing architecture modeling, based on the conjoint use of the EAST-ADL2 and MARTE allows a precise
semantics of timing annotations and establishes the link with validation models.
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l. INTRODUCTION

Timing requirement modeling and analysis is a kegué in a design flow for electronic embedded syste
Industrials from IT have proposed and developeddsteds and engineering tools which partially cahese needs as
they focus on functional requirements. Moreover lthke between the initial expression of requirenseand their
impact on solution models is not fully ensuredpémticular, the traceability of timing requiremendgsses some others
specific issues such as the way to express andgligth a timing requirement in a set of requiretagthe ability for
models to express timing properties, the link witidation tools for the test or the timing anadysf models and
finally, the feedback of the analysis results andlesign flow.

This paper presents a methodology basedvaRTE [1] and EAST-ADL2 [2] that proposes a solution for the
modeling of temporal features from the initial regments in a specification document down to theleh@nd the
final product. We discuss and illustrate some nedhmgical aspects on usingARTE at the different steps of a
modelling approach that integrates both functicarad non-functional modelling. Another contributiento show
how it is possible to exploit these models by etirey the temporal information and the implememtati
characteristics in order to provide a schedulabifiimulation or analysis. Traceability links intermect these
elements and the associated tools for their vatifia and their validation.

The paper is structured as follows: in sectionwg introduce the main issues for modeling non fionet
requirements and timing constraints in real-timebedded systems. Section lll presents a case staeg for
illustrating the methodology. Section IV descriliee modeling and the classification of timing regments and
their link with the solution model. Section V prate the modeling of temporal behavior usigsT-ADL2 and
MARTE, and Section VI illustrates the validation of ttegjuirements and the temporal constraints by ukingal
approaches based on scheduling analysis.

IIl.  TIME MODELING IN EMBEDDED SYSTEMS

The modeling of non functional and timing requirenseremains a challenging problem in embedded syste
design approaches such as those used in systempodesign, automotive or avionic applicationssirch domains,
design process should comply with safety standé@iMI level 5 and the 1SO26262) which impose thdl fu
management and traceability of requirements.

In the set of non functional requirements, timirangtraints are due to complex interactions betwdiffarent
functions that communicate within a mono-processamulti-processors or through embedded networkscd3sors
evolutions are triggered on a specific internatk|dhe network speed is also based on the comatimmccontroller
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clock. On each processor, functions are implemehye®S tasks which execution duration may vary ddpey of
the OS scheduling policy. These different paranseteuce an important issue for verifying the fimaal and non
functional timing behavior of the overall systenuc8 system cannot be analyzable without a clearadi®n and
modeling of the timing behavior of the system.

Last but not least, embedded system design for &@Cautomotive covers multi-disciplinary fields qomsed of
analogical/digital software and electronic hardwéag the way, the design flow includes heterogeseowdels
coming from various tools and languages.

For example in the SOC design domain, operatiomalstuse IPXact [3] standard for expressing thecstral
modeling of SOC and development platform such a®fgys Innovator® platform for interconnecting Irgetual
properties (IP) and generating SystemC and RTLhegns code.

In the automotive domain, operational teams useldgic DOORS®and Geensys Reqtify® industrial tools for
supporting the traceability. The architecture desion language EST-ADL and AUTOSAR [4] are used for the
structural and behavioral modeling of systems dgakith the traceability aspects. Additional toate used such for
MathWorks Matlab/Simulink® for analogical systemahating and simulation.

Some of these languages are UML—centric. Othes tdetlicated to the temporal analysis of systembaged on
well founded theory widely used in the domain afl#ttme control systems. The highest challengeafoew method
and tool in the electronic system engineering dansato tackle all these aspects i.e. the hetemigeat the different
abstraction levels i.e. from high level abstractibndel to effective implementation, and to considatomatic
transition/transformation of models between thdxsgraction levels. The analysis of validation aspec

The recent OMG standardization of the MARTE profiModelling and Analysis of Real-Time and Embedded
systems) is an important step for modelling norefiomal characteristics of real-time embedded systeAn
important contribution of MARTE lies in its time mel, centred on the notion of multiform time (logjicor
chronometric), that enriches UML with explicit timeodel elements (clocks, clocks type ...). This rea advance
in regard to the SPT [5] (Scheduling Performanak Eme) profile which considers time as an impliittion closed
to the physical time, modelled by a simple annotattnto UML models. In addition, MARTE provides twther
models for describing execution platforms, and dfiecation of application functions onto the resms of the
platform.

I1l. CASE STUDY

We illustrate the methodology on an Anti Blockings&m (ABS). The ABS architecture consists of feensors,
four actuators and an indicator of the vehicle dp@&&e sensors measure the rotation speed of theleevheels. The
actuators indicate the brake pressure to be appheithe 4 wheels. Precise timing requirements raposed on the
ABS function such as the latency of sensor samglisy and the latency of the function executionofl.iA trigger
period for the function is define (R) and an intdrdelay for inputs and outputs must be respeci@dir{put
Synchronization, Joo Output Synchronization). Ade timing requirements are modeled at the diffeseep of the
methodology and at the different level of the dedigw.
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Figure 1: The Anti-Blocking System example
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The functional architecture, presentedrigure 1a, is composed of alDLFunct i onType for the functional part
of the ABS andf uncti onal Devi ce for sensors and actuators modeling. ABLCQut FI owPort provides the
vehicle speed. A ri gger models the periodic triggering of the ABS. The ayrnc execution of the ABS is
presented offrigure 1b. The ABS is triggered by tHe parameter and tHes value measures the latency of sensor
sampling. The values of the four sensors involvethe ABS must arrive on the inpDLFI owPor t s within delay
Ji i (InputSynchronization). A similar OuputSynchronipatidelayJ oo is represented on the output interface side.
ThelLi o represents the delay from the first event on tipaiti set of the ABS until the last event occurreosdhe
output set. The sampling interval of the sensagiven by parameteld. These parameters are modeled by timing
requirements characterized by timing values omvatie with jitters.

IV. ADESIGN FLOW FOR TIME MODELING AND ANALYSIS

We propose a methodology that integrates in comfraonework, domain specific languages such ASTEADL 2,
AUTOSAR, the UML profiles MARTE and SysML[6] anddtheterogeneous analysis tools such as Timesqlare[7
SynDEX[8] for scheduling simulation and analysise \kplore the traceability aspect of the methodotogoropose
a seamless flow for timing requirement and constsananagement.

An overview of the design flow, illustrated @igure 2, handles the full traceability link from the it customer
requests (i.e. the requirement specification docus)@own to their modeling and their implementatio

Requirement
Specifications

Solution Model Timing verification
Timing Requirements

<<Satisfys> <<Verifys>>

EAST-ADL2 WL
Feature Specification

EAST-ADL2 AL 1 A N L
System Analyze : ~

EAST-ADL2 DL
Function Detailed Design

AUTOSAR IL
SV Implementation

Figure 2 Overview of the proposed timing approach

This work ensures at each level of abstraction & $ystem, from functional analysis down to sofewvar
implementation, a relation between requirements tarddesign models. This method targets to runveack and
forward analysis during a change request, eithegequirement or in solution (code or design speaifons). The tool
chain ensures and identifies which elements ofstiletion is impacted and needed to be updated rifieckagain.
1ISO26262 recommends the full requirement tracegbiiieaning from request to solution and test. fie¢ghodology
answers to this request and propose a complemeamsage of such tool for industrials using massiyetyduct line
approach.

A. Importing initial timing requirement

In the approach, the initial requirements are esg@d by using the AST-ADL2 requirement package extended
with some features for classification and tracegbjP]. By this way, in a set of requirements, annfunctional
requirement can be easily spotted because of thefube specific stereotype showedriure 3.a.
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<<Req_TimingRequirement>>

<<Req_TimingRequirement>> — AL—NF—f—1
AL_NF_P_1 . S

<<verify>>,-  <<satisfy>>
Id: 1 2 =2
Description : the ABS function should be executed every 5ms with a jitter of 1ms <<Req_TestCase>> 7
toBeValidated: true id=TC1 <<repetitionRate>>
modelingLevels : AL testCaseProc=scenarios1.mdl Rabs
requirementKind: non-functional Description = teston ABS function ... reference: ADLentity=TriggerABS
non-functionalRequirementKind : performance Testlog=TC1.log Lower : 5 on msclock
verificationType: test-case verdict = passed Jitter : 1 on msclock
satisfyStatus - pending / 5
verifyStatus. pending V&V means Solution model

(b)
@)

Figure 3. Example of a timing requirement

The description part is expressed in a naturaldagg (descriptiorfield). Verification and analysis procedures of
the requirement are defined in the verificationTyigdd (code inspection, test-case, OCL expressirecking or
real-time analysis). The result of such verificatapplied on the solution model or on the finalduat impacts the
properties value of the initial requirement (sg®thtus and verifyStatus). This reporting becontessiple because of
the traceability features.

B. Modeling timing requirements

The EAST-ADL2 language defines the concepttafm ngRequi r ement that allows a formalization of the
requirements across the solution model.t Am ngRequi r enent can express either a duration constraint
(del ayRequi r errent ) between input(s) and. output(s) port(s) or aqueti epeti ti onRat e) on a port or on a
trigger. It can be also annput (resp.out put) Synchroni zati on between a set dfnput (resp.Qut put)
ports. Nevertheless, these timing values are n&edl to explicit clocks in the system. This is alrproblem for
automotive system design because several clockbeaonsidered in the same function. In the ABSmpla, the
wheel speed value is expresses in RPM (round peutes) whereas the sensors acquisition period value
millisecond. In our approach, we use the time cptxef MARTE conjointly to theEAST-ADL2 modeling elements
leading tot i m ngRequi r enent s elements linked to logical or chronometric clocktsinThe figure 3.b gives the
example of timing requirement €peti ti onRat e) with duration values linked to the clogkscl ock. The
expressiorb on nscl ock is not a simple textual annotation bumMarTE ti medVal ueSpeci fi cati on on
which timing analysis became possible.

C. Traceability with SysML requirement profile

We explore the SysML traceability linkhierarchy, derive satisfy trace) between the requirements and the
solution model to interconnect the modeling elem@ftthe requirement model, the solution model wlith temporal
information, and the validation and verificatioropedure and tools. These relations are usefuldotifg that the
requiremeniAL_NF_P_1 (cf. Figure 3.a) is ensured by a modeling element in the systednconsequently what part of
the system is affected by changes on it.

Theverify relation links the requirements to the validatsord verification elements (V&V means) for exampte o
Figure.3.b, a test-Caseenario is used to validaté _NF _P_1.

V. FUNCTIONNAL AND TIME MODELING

We adopt the recent UML-MARTE profile and partialyaits timing model to capture the various formk o
repetitive event that trigger the functional partghe ABS, and to model them at a high level dftedztion. As it is
shown in section 1V.B, the ABS temporal behaviaitimked to multiple clock&PM ns. In the initial requirements
values for the period and the deadline are expidessth these different units. The semantic attactedhese
multiform time (clocks, period, deadline, jitters.mpgkes it possible to transform this high level elaaf time to the
real time.

UML MARTE for expressing time is used conjointlyttvEAST-ADL2 which deals in particular with the structural
modeling.
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A. Structural modeling

EAST-ADL2 allows a structural and hierarchical decompositainfunctionality with ADLFuncti onType/
pr ot ot ype andADLFI owPor t s that carry the data and the control between thesgions. Temporal information
is attached to these elements such as the triggé&vdpand the execution time of a function or tlesiqn of an
ADLFIl owPor t . Figure 3.b gives an example of structural modegétements with aepet i ti onRat e modeling
element that provides the constraints of the trigoe the ABS. This element of the solution modatisfies a
temporal requirement given on Figure 3.a. Becauseapply the sameARTE time concepts we have used for
requirements modeling; the timing properties of thedel element can be compared with the timing evadti
requirements. Equation (1) reads that the peritiibate value of the TriggerAB& the solution model should be
within the interval given by theower andj i tt er attributes values of the requiremeREDbs.

TriggerABS.period O[{Rabs.lower- Rabs.jitter}, {Rabs.lower+Rabs.jitter}] Q)

This equation that uses CVSL (Clock Value Spediftzalanguage) oMARTE can be checked by an evaluation
tools.

B. Behavioral modeling

The behavior of a structurdDLFunct i onType can be described withuaL2 behavioral yML2 Native) or a
domain specific modeling language (External Behajo

Native behavior modelsan be either amL2 activity diagram, STATECHARTS, Or a timing and sequence diagram.
These diagrams are used to refine the structurdehiny giving a dynamic view of data and controlfk. We extend
these behavioral diagrams by applying4rTE stereotype Ti nedPr ocessi ng) on it. As shown orFigure 4 this
stereotype allows temporal annotations conformetpuirement and structural timing modeling. We asgedo the
ABS a temporal characteristic such as its periatiatiming constraint such as a deadline. For ke ®f visibility
we have represented these constraints at the bgttots of the actions and the activity. In an dctaadel using
tools, these constraints are modelled withredVal ueSpeci fi cati on expressions which are elements of the

Lrwd[ ]

design.
<< nativeBehaviour..
<<timedProcessing=>
ActivityBehaviour ABS << timedProcessing>  []
,J ActivityBehaviour ABSF
‘l, L]
rRFWY[ ]
<< timedProcessing>> D LEWb
LBWSD ActivityBehaviour ABSB
RBWWbD
rewq[ ] { [

<< timedProcessing>
Activity iour Speed
duration: 1 ABS_Start - tfinish
start: inf_port_in
finish: sup_port_out
clock : ldealClock

Figure 4: activity diagram for the ABS

External behavioral modelsre modelout of the scope of UMLSMuLink [10][11] can’t be ignored as model for
expressing the system behavior. TiEsT-ADL2 Ext er nal Behavi or stereotype gives it possible to associate
heterogeneous formalisms wiAsT-ADL2. In this context, ensuring the traceability of paral requirements through
heterogeneous models is a key issue. The skelétbe 8muLINK structural part can be inherited from #resT-ADL2
structural model. Some temporal parameters liketrigger timing parameter, the acquisition periddsensors and
the period on ports can also be extracted and imganto theSmuLink model.
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VI. VALIDATION AND VERIFICATION PROCESS

The final step of the approach aims at validating gerifying the timing requirements with respexthe timing
behavior. Starting from the requirement modelinggehpresented in section 1V.B, allowing the intégraof non-
functional properties in requirements and solutiordels, developers may use either analysis toolsupporting a
systematic verification activity. Such verificatiaman be applied at the different abstraction lee¢lthe design for
detecting unfeasible real-time architectures, a.@on conformance of the scheduling policies wibpect to the
period and the deadline of the different applicatiasks, or validate an implementation with respegerformance
criteria. Two kinds of verification are applied:rifecation on the solution model and verificatioftbe final product
(the effective implementation).

Solution model V&V model

Structural + Behavior +
temporal characteristics

CCSL language
Timesquare simulator

Model transformation &
Simulation

=3

<<satisfy>> |

Traceability al : Simulation results
el = <<satisfy>> ‘
mode J
saty ConcreteVVCase

<<satisfy>>

) | <= LBl
satisfyStatus : passed / failed

Verdict ; passed / failed

Update of
e traceability
links

Requirement model
Figure 5: Validation and verification flow

Figure5 shows the different elements used for this V&Vagass. The non-functional requirements model cositain
the timing objectives to be verified. These needstaken into account by the solution model throtighstructural
and behavioral modeling elements endowed with tA&RIVE timing features. Then, a model transformafrom this
solution model to a V&V model is performed. Details the transformation rules are presented in [IBg EAST-
ADL2 and MARTE timing information are transformegtd a TMESQUARE simulation model. The result of such
simulation impacts the verdict of an abstract V&&e targeting the system scheduling. In this ahsesimulation
result demonstrates that the trigger period iootpatible with the sampling period and the furctatency values

The timesquare simulation result impacts the thaitigalinks which are endowed witktatusthat change after the
completion of the verification procedures. Comiraglto Figure.3.b we see that the test case TQllgkerify the
solution model. This test-case become conclusieed{et==passed), so th&atusof its verify link switches to
“passed If all V&V procedures linked to a requirement arenclusive, then thsetatusof the satisfy link will be
positioned to Verified”. These different cases are listed in the methayolo

VIl. CONCLUSION

This paper presents and illustrates a solutiontifoing requirement modeling and validation in artomtive
design flow. The initial requirements are extractemin the stakeholders document. MARTE extensianstime
modeling have been applied to structural and behalvisolution models for ensuring time flow consisty. The
different links with the validation and verificationeans have been illustrated and the impact eétlialidations onto
the traceability links has been explained. The @Venethod has been applied on of a simplified AB8ture
improvements can be done that concern the tradgabuer heterogeneous models in this design flowl &heir
integration.
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