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Abstract—Rapid evolution of real-time and embedded systems life cycles and design time augmentation. Additionally; de
(RTES) is continuing at an increasing rate, and new method- velopment costs and time to market shoot up proportionally.
ologies and design tools are needed to reduce design complemt;without the usage of effective design tools and methodefgi

while decreasing development costs and integrating aspects suc . . . e
as verification and validation. Model-Driven Engineering offers hlarge complex RTES are becoming increasingly difficult to

an interesting solution to the above mentioned challenges and is Manage, resulting in critical issues and what has finallytéed

being widely used in various industrial and academic research the famousproductivity gap The design space, representing
projects. This paper presents the EU funded MADES project all technical decisions that need to be elaborated by thigmles
which aims to develop novel model-driven techniques to improve team is therefore, becoming difficult to explore. Similarly

existing practices in development of RTES for avionics and . . ) .
surveillance embedded systems industries. MADES proposes amanlpulatlon of these systems at low implementation levels

subset of existing UML profiles for embedded systems modeling: SUch asRegister Transfer Levg[RTL) can be hindered by
namely MARTE and SysML, and is developing new tools and human interventions and the subsequent errors.

technologies that support design, validation, simulation and  Thus effective design methodologies are needed to decrease
eventual automatic code generation, while integrating aspects the productivity gap, while resolving issues such as relate

such as component re-use. In this paper, we first introduce ) . S
the MADES language, which enables rapid system design and to system complexity, verification and validation, etc. Argo

specification that can be then taken by underlying MADES tools Several possibilities, elevation of design abstractiovelle
for goals such as simulation or code generation. Finally, we seems the most promising one. High abstraction level based

illustrate the various concepts present in the MADES Ianguage System design approaches have been devek)ped in this tontex

by means of a car collision avoidance system case study. P ; ; ;
Index Terms—Real-Time and Embedded Systems, Model- frl: ch astModeI P”V?rr: Eﬂﬂteesn%Mlea [dl]l_thathpemfy
Driven Engineering, SysML, MARTE, MADES language € system using the (Unifie odeling Language)

graphical language.

. INTRODUCTION B. Elevating design abstraction levels

Embedded systems have become an essential aspect §iDE enables high level system modeling of both software
our professional and personal lives. From avionics, transp and hardware, with the possibility of integrating heteroge
defense, medical and telecommunication systems to gengf@bus components into the system. It allows system level
commercial appliances such as smart phones, gaming cipplication/architecture) modeling at a high specifmatevel
soles; these systems with real time constraiiReal-Time permitting several abstraction stages, each with a spetsfic
and Embedded Syster{RTES) are now omnipresent, and ithoint. This Separation of View{SoV) enables a designer
is difficult to find a domain where these miniaturized sysp focus on a domain aspect related to an abstraction stage
tems have not made their mark. The important Chal’aCtES’iSti:ﬁus permitting a transition from solution space to pr0b|em
of RTES include: low power consumption, reduced thermgpace. Using UML for system description increases the syste
dissipation and radiation emissions, among others; offericomprehensibility as it enables designers to provide high-
advantages and new opportunities to integrate more polyverfdvel descriptions of the system, that easily illustrate th
energy efficient processors, peripherals and related ressu internal concepts (data dependencies, hierarchy, ethdser
into the system. specifications can be reused, modified or extended due 1o thei
graphical nature. Thus, MDE offers an interesting solution
to the above mentioned challenges and is being widely used

However, as computing power increases, more functiom various industrial and academic research projects. It is
alities are expected to be realized and integrated into smpported by different technologies and tools such UML and
embedded system. Unfortunately, the fallout of this coxiple relatedprofilesfor high level system specifications. Moreover,
is that the system design (particularly software desigrgsdoModel transformationg2] can then automatically generate
not evolve at the same pace as that of hardware due to isselescutable models or code from these abstract high level
such as development budget limitations, reduction of pcodulesign models.

A. Motivations



C. Our contributions the design flow. The project uses the IBM Harmbmyocess

Here, we first provide an overview of the MADES projecfoupled with RhapsodyUML modeling tool. Additionally,
followed by our contributions. MADES [3], [4] is an EU MOPCOM proposes two dlstmct flows for system model!ng and
funded FP7 project which aims to develop novel mode;s_chedulablllf[y analysis that increase design efforts.llﬁrm,.
driven techniques to improve existing practices in develof§P!ANA [8] is an ARTEMIS project that uses MARTE profile
ment of real-time and embedded systems for avionics affd RTES specification and validation. However, detaileecsp
surveillance embedded systems industries. MADES propodiation of software and hardware aspects are not illustrat
an effective subset of existing UML profiles for embeddetf the project. While TOPCASED [9] differs from MADES,
systems modeling: namely SysML [5] and MARTE [6], and@®S it focuses primarily on IDE mfrastructqre for embedded
is developing new tools and technologies that support desigySteéms and not on particular implementations.
validation, simulation and eventual automatic code gditera  Project SATURN is [10] is another EU FP7 project that aims
while integrating aspects such as component re-use. to use high level co-modeling approach for RTES simulation

The contributions of this paper relate to presenting a cordd synthesis goals. However, the project only takes SysML
plete methodology for the design of RTES using a combinatidfo account and proposes a number of UML profiles for
of both SysML and MARTE, while avoiding incompatibilitiesC0-simulation, synthesis and code generation purposes. Th
resulting from simultaneous usage of both profiles. While @0l is to use carry out hardware/software modeling viaethes
large number of works deal with embedded systems specifiiofiles and generate SystemC for eventual VHDL translation
tions using only either SysML or MARTE, we aim to presen@Nd FPGA implementation. Unfortunately, the project dagis n
a combined approach and illustrate the advantages of using ytilizes the MARTE profile for hardware/software co-design
two profiles. This contribution is significant in nature asiwh mModeling. In [11], the authors provide a mixed modeling
both these profiles provide numerous concepts and supgort#PProach based on SysML and the MARTE profiles to address
tools, they are in turn difficult to be mastered by syste@esign space exploration strategies. However, the shoimgs
designer. For this purpose, we present the MADES langua§é,this approach is that they only provide implementation
which associated with the namesake project focuses on 'ggults by means of mathematical expressions and no actual
effective subset of SysML and MARTE profiles and proposéiperimental results were illustrated.

a specific set of unique diagrams for expressing different The OMEGA European project [12] is also dedicated to
aspects related to a system. In the paper, an overview of the development of critical real-time systems. Howevesgsl
MADES language and the associated diagrams is preseniédle UML specifications for system modeling and proposes a
that enables rapid design and progressive composition WL profile [13], which is a subset of the earlier UML profile
system specifications. The resulting models then can be taker Scheduling, Performance and Time (SPT), that has been
by underlying MADES tools for goals such as simulation dntegrated in MARTE. The MARTES project emphasizes on
automatic code generation. combined usage of UML and SystemC for systematic model-

Finally, we illustrate the various concepts present in tfeased development of RTES. The results from this project in
MADES language by means of an effective real life embeddééfn, have contributed to the creation of the MARTE profile.
systems case study: ear collision avoidance systerthat While INTERESTED [14] proposes a merged SysML/MARTE
integrates the MADES language and illustrates the differefiethodology where SysML is used for requirement specifica-
phases of our developed design methodology. tions and MARTE for timing aspects, it does not proposes

The rest of this paper is organized as follows: section fHles on combined usage of both profiles.
illustrates some related works, while section Ill gives @br The MADES project aims to resolve this issue and thus
overview of the MADES project, followed by a summarizedlifferentiates from the above mentioned related works, as
description of the MADES language in section IV. Afterwarddt focuses on an effective language subset combining both

section V presents our case study followed by a conclusion$ysML and MARTE profiles for rapid design and specification
section VI. of RTES. The two profiles have been chosen as they are both

widely used in embedded systems design, and are complimen-
Il. RELATED WORKS tary in nature [15]. MADES proposes automatic generation
While a large number of researches exist that make usedéfhardware descriptions and embedded software from high
either SysML or MARTE for high level modeling of embeddedevel models, and integrates verification of functional aod-
systems, due to space limitations, it is not possible hegived functional properties, as illustrated in the following see.
an exhaustive description and we only provide a brief surgmar
on some of the works that make use of SysML or MARTE IIl. MADES: GOALS AND METHODOLOGY

based high abstraction levels and Model-Driven Engingerin |, this section, we provide a brief overview of the MADES

for RTES design and implementation. design methodology, as illustrated in Fig.1. Initiallyethigh

The MoPCoM project [7] uses MARTE profile to targefg | system design models are carried out using the MADES
modeling and code generation of reconfigurable embedded

systems. While the project inspires from SysML concepts suchngp:/amww-01.ibm.com/software/rational/services/hamyio
as requirements and blocks, they are not fully integrated irfhttp://www-01.ibm.com/software/awdtools/rhapsody/



language and associated diagrams, which are represetged MADES language focuses on a subset of SysML and MARTE
on in section IV. After specification of the design modelgrofiles and proposes a specific set of diagrams for spegifyin
that include user requirements, related hardware/softwear different aspects related to a system: such as requirements
pects and their eventual allocation along with schedutgbil hardware/software concepts, etc. Along with these specific
analysis; underlying model transformationmgdel-to-model unique diagrams, MADES also uses classic UML diagrams
and model-to-texttransformations) are used to bridge theuch asStateandActivity diagrams to model internal behavior
gap between these abstract design models and subseqoéslystem components, along wiBequencend Interaction
design phases, such as verification, hardware descripti@dserview diagrams to model interactions and cooperation
of modeled targeted architecture and generation of platfobetween different system elements. Softeam’s UML Modelio
specific embedded software from architecturally neutrét sotool [23] enables full development of MADES diagrams
ware specifications. For implementing model transfornmestjo and associated language, while a partial integration has be
MADES uses the Epsilon platform [16], that enables modelrrently carried out for a MADES open source modeler, that
transformations, code generation, model comparison, ingrg is an extension of the Papyrus UML modeler [24]. We now
refactoring and validation [17]. provide a brief description of the MADES language and its
related diagrams.

MADES Language
Design Models

High Level Specification

Refined High
Level Specification

! (Hardware Specification ) Software Specification
Detalled Hardware | (" Detailed Software
) Specification ! Specification
Allocation

|
|
|
i
! Figure.2: Overview of MADES language design flow
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generation |
S m o — 1| platform-
agnostic
code Hardware

architecture

mappings description

( Compile-Time Virtualization )
In the initial specification phase, a designer needs to carry
| Embedded software generation out system design at high abstraction levels. This desigisgh
consists of the following steps:

« System RequiremertsThe user initially specifies the

Verification activities in MADES comprise of verification ~ requirements related to the system. For this purpose, a
of key properties of designed concepts (such as meeting MADES Requirements Diagram is utilized that inte-
deadlines, etc.) and that of model transformations integra grates SysML requirements concepts. _
in the design flow [18], [19]. For verification and simulation * US€ case Scenariof\fterwards, the system requirements
purposes, MADES uses the Zot tool [20], that permits veri- &€ converted into use cases, described using MADES
fication of aspects, such as meeting critical deadlinesngmo ~ USe Case Diagram that encapsulate SysML use case

others. While closed-loop simulation on design models enabl ~ €ONCePts. This design phase is strongly related to the
functional testing and early validation. functional high level specification described subseqyentl

. High Level Specification Each use case is converted
into a SysML block by means of MADES{igh
Level Block (or Internal Block) Specification
Diagram, that contains SysML Block (or internal block)

|
|
|
|
|
|
| y
|
|
|
|
|

Figure.1l: An overview of the global MADES methodology

Additionally, MADES employs the technique @ompile-
Time Virtualization(CTV) [21], for targeting of non-standard
hardware architectures, without requiring developmeniev
languages or compilers. Thus a programmer can write acchite : ) . T
turally neutral code which is automatically distributed®yV concepts respectively. This functionality is independsint
over a complex target architecture. Finally, code genmmati ~ @ny underlying execution platform and software details.
(either in C/C++ or VHDL) can be carried out that can be It thus determinesvhatis to be implemented, instead of
eventually implemented on modern state of the art FPGAs. hov‘_’ It IS to_ be carried OUt'__ ) . .
Currently MADES targets Xilinx FPGAs, however it is also ¢ Refined High Level SpecificatianThe Refined High
possible to adapt to FPGAs provided by other vendors such Level Specification Diagram models MARTE
as Altera or Atmel. Detailed description regarding the glob ~ components, each corresponding to a SysML block.

MADES methodology can be found in [22]. Here, MARTE’S High .Ievel 'Application Modgling
package is used to differentiate between active and
IV. MADES LANGUAGE: SYSML/MARTE SUBSET passive components of the system.

Fig.2 gives an overview of the MADES language inherently The refined high level specification permits to link SysML
present in the design flow for the initial design models. Thend MARTE concepts while avoiding conflicts arising due



to parallel usage of both profiles [15]. The conflicts related MARTE's Software Resource Modelingre used to
to the two profiles are avoided as we do not mix SysML express aspects of the underlyif@perating System
and MARTE concepts in the same diagram, but instead focus (OS). Once this model is completed, an allocation
on a refinement scheme. Thus SysML is used for initial diagram is used to map the modeled software concepts
requirements and functional description, while MARTE is to detailed software ones: for example, allocation of
utilized for the enriched modeling of the global functiahal tasks onto OS processes and threads. This level can
and execution platform/software modeling. express standardized or designer based RTOS APIs.
Thus, once the refined functional description is completed, Thus multi-tasking libraries and multi-tasking framework
the designer can move onto the partitioning of the system in  APIs can be described here.

question: depending upon the requirements and resources ifjeratively, several allocations can be carried out in our

hand, he or she can determine which part of the system negds;gn methodology: a software to hardware allocation fisrm
to be implemented in hardware or software. We now descrigg 4sociate schedulers and schedulable resources tedrelat
the different steps related to each design level by meansc%fmputing resources in the execution platform, once the
MARTE concepts. _ _ initial abstract hardware/software models are compleSeth-
_Related to the MARTE modeling, an allocation betweeggyently this initial allocation could lead to further iehed
hlgh level and refined high level specifications is carrietl oW)|ocation between the detailed software and hardware ode
using a MADESAllocation Diagram. Afterwards, a co- 3 gliocation of OS to a hardware memory, for example).
design approach [25] is used to model the hardware apgl 5jiocation can also specify if the execution of a software
software aspects of the system. The modeling is combingd, rce onto a hardware module is carried out in a sequentia
with MARTE Non Functional Propertieand Timed Modeling or parallel manner. It should be noted that MARTEneric
package to express aspects such as throughput, tempeighnonent Modelingackage is used throughout the MADES
constrglnts, e_tc. We now describe the hardware and SOftWﬁTSgrams dealing with MARTE stereotypes for describing
modeling, which are as follows: the modeled concepts in a modular manner. Each MADES
« Hardware Specification The MADES Hardware giagrams only contains commands related to that particular
Specification Diagram in  combination  with gesign phase, thus avoiding ambiguities of utilization fef t
MARTE's Generic Resource Modelingackage enables 4rious concepts present in both SysML and MARTE.
modeling of abstract hardware concepts such aspqgitionally, MARTE enables analysis based on schedula-
computing, communication and storage resources. TRfi and performance criteria. Once a complete system is
design level enables a designer to describe the physigglified and eventually allocated; UML behavioral diagsam
system albeit at a abstraction level higher than the, pe ysed in association with MARTEthedulability Anal-
detailed hardware specification level. By making usgsis Modelingpackage for describing the behavior of system
of MARTE GRM concepts, a designer can describé & mnnonents or the system itself. The schedulability afglys
physical system such as a car, a transport system, flighlin 1o determine aspects such as worst case executios time
management system, among others. _ missed deadlines etc; which can be expressed by the high leve
« Detailed Hardware SpecificatianUsing theDetailed poqels and in turn used as input for a schedulability anglysi
Hardware Specification Diagram with MARTE'S 45| providing results that enabBesign Space Exploration
Hardwar_e Resource Modelingackage allows exten5|onaSIoectS by modifying in turn the high level design models.
and _e_nnc_hment of concepts mo_deled at the hardwareOnce the modeling aspects are completed, the high level
specification level. It also permits to model systemg,,yels can be utilized by model transformations to produce
such as FPGA based System-on-Chips (SoCs), ASIﬁ;ﬁermediate or executable enriched models as well as code
etc. A one-to-one corre_spondence usually follows herf'dr eventual implementation. Afterwards, simulation cam b
for example, a computing resource typed as MARTE rried out using third party tools to verify the correctes

ComputingResource is converted into a hardware pro-,y nctionality of the generated code before moving onto

cessor, such as a PowerPC or MicroBlaze [26], eﬁe.CtiveEﬁ/nthesis which enables to create actual implementation of
stereotyped as MARTHwProcessor. Once the detailed a RTES, for example a prototype in case of an FPGA. For

modeling is completed, an allocation diagram is theﬁl DES, all these aspects related to verification, automatic

E““éed to map the modeled hardware concepts to detallg de generation and hardware implementation have been de-
ardware ones. tailed in [27]. We now present our case study that illusgate

- Software Specification The MADES Software o+ compined SysML and MARTE design methodology.
Specification Diagram along with MARTE’s

Generic Resource Modelingackagg permits modeling V. CAR COLLISION AVOIDANCE SYSTEM CASE STUDY

of software aspects of an execution platform such as

schedulers and tasks; as well as their attributes andWe now provide the car collision avoidance system (CCAS)

policies (e.g. priorities, possibility of preemption). case study that is modeled in Modelio using the MADES
« Detailed Software SpecificatiorThe MADESDetailed language and underlying methodology. Verification aspects

Software Specification Diagram and related automatic code generation and hardware implementation re-



lated to the CCAS have been illustrated in [27], and are notHere, the different requirements for the CCAS are
the scope of this paper. described: theGlobal Collision Avoidance Strategy

The car collision avoidance system or CCAS for short, whetetermines the global requirement for the system which is
installed in a vehicle, permits to detect and prevent dollis to detect incoming objects by means of either the radar or
with incoming objects such as cars and pedestrians. The CCh8 image tracking system. Additional requirements can be
as shown in Fig.3 contains two types of detection modulederived from this global requirement, such as f@inent
The first one is a radar detection module that emits contisuotollision Strategy, Near Collision Avoidance
waves. A transmitted wave when collides with an incomin§trategy, Additional Timing requirements and
object, is reflected and received by the radar itself. Tharadhanging Lanes Strategy. It should be noted that this
sends this data to an obstacle detection module, which rgquirement specification is not complete in nature and
turn removes the noise from the incoming signal along withas a strong relation with other MADES diagrams. More
other tasks such as a correlation algorithm. The distance spfecifically, these specifications rely on use case scenanid
the incoming object is then calculated and sent to a primatye functional blocks, described in turn kigh level Block
controller for appropriate actions. Specification Diagramfor their completion, as illustrated
later on. We thus will revisit this requirement diagram once
we specify these other aspects.

Initially, the user describes the system requirements hkwhic
state that if the distance from an object is less than 3 meters
than the CCAS should enter in a warning state. If it remains
in that state for 300 ms and distance is still less than 3 meter
then the CCAS should decrease car speed and alert the driver
by means of an alarm and a Heads-up-display (HUD). If the
distance falls to 2 meters, the CCAS should enter in a ctitica
Figure.3: The CCAS installed on a car to avoid collisionshwi yvarping state. If itremains in that state for 300 ms and dista
: i . is still less than 2 meters, then CCAS should apply emergency
incoming objects ) .

brakes, deploy airbags and alert the driver as well.

{MAoES)
v’/

The image tracking module is the second detection module
installed in the CCAS. It permits to determine the distantce o
the car from an object by means of image computation. The
camera takes pictures of incoming objects and sends theéalata
a secondary controller, which executes a distance algorith
the results of the computation indicate that the objectasen
to the car then a specified default value that means a callis
can occur. The result of this data is then sent to the prim
controller of the CCAS.

The primary controller when receives the data, acts accol::
ingly to the situation at hand. In case of an imminent callisi i
it can carry out some emergency actions, such as stopping
engine, applying emergency brakes; otherwise if the dollis  Figure.4: Initial requirements specifications for the CCAS
is not imminent, it can decrease the speed of the car and can
apply normal brakes. We now describe the CCAS system in
detail subsequently. [ear bsecase Scenaros]

A. SysML based modeling of CCAS

The CCAS design specifications start with SysML based
modeling, which involves the initial design decisions sash
system requirements and functionality description.

1) Requirement Specificationde first move on to the
system requirements that basically describe the overali;ie Figure.5: The different case scenarios related to the CCAS
constraints and limitations of the system. Using the SysML
inspired MADES Requirements Diagramit is possible to  2) Use case scenariosOnce the requirement phase is
describe the system requirements at the initial phase tésys partially completed, we move onto describing the use case sc
conception. In Fig.4, we illustrate the different requiests narios associated with our system via the MADBSe Case
of the CCAS system. It should be mentioned that only tHeiagram Here in Fig.5, we describe the different scenarios
functionalrequirements of a system are described at this levaksociated with the car on which the CCAS is installed. The




figure illustrates some basic scenarios, such as the cag bespecification of our system, it is possible for us to complete

started, stopped or being driven. Th®oid Collisions the requirement specifications, as described in Fig.7.

scenario makes use of other specified scenarios and is thAs seen here, a related use case scenario and a functional

one that is related to the system requirements describdwin block has been added to the figure, which helps to complete

section.V-Al. and satisfy the high level system requirements. It should be
3) High Level Specification:Once the requirements andnoted here, that as seen in Fig.7, only tter Collision

use case scenarios of our system are specified; we mdéveidance Module block specified in the diagram is utilized

onto the functional block description of the CCAS systerip satisfy the global system requirements. Thus, thes@msyst

as described in Fig.6. For this, MADEBIigh Level Block requirements can be refined once an initial functional speci

Specificationor High Level Internal Block Specificatiodia- fication of system is completed. Since we are only interested

grams are used. This conception phase enables a designen tthe Car Collision Avoidance Module and not other

describe the system functionality without going into detaifunctional blocks of the car, it is this module that is theusc

how the functionality is to be eventually implemented. Heref the subsequent design phases.

the. fypctional specification is describeq using Sys.MI._ blocé MARTE based modeling of CCAS

definition diagram concepts. The functional descriptiom ca o . o o

be specified by means of UML concepts such as aggregation©Nce the initial design descriptions have been specifiesl, it

inheritance, composition etc. Equally, hierarchical cosiion POSsible to partition and enrich the high level functiones.

of functional blocks can be specified by means of internGPr this, MARTE concepts are used to determine which

blocks, ports and connectors. Here we use these concdtgs Of the system are implemented in software or hardware

for describing the global composition of the CCAS. Th@long with their eventual allocation. .Addmonally, MARTE

Car block is composed of some system blocks such asPefile enables to express non-functional properties edl_at

Tgnition System, Charging System, Starting System, [© & System, such_as throughput, worst case execution times,

Engine Component Parts, Transmission System and fi- etc. We now describe the MARTE based design phases in the

nally the Car Collision Avoidance Module which is the SUbseqU‘?”t Sec_tions' o
main component related to our case study. Each functionaft) Refined High Level Specificatioie now turn towards

blocks can be composed of internal blocks, however, this stf® MARTE based modeling of the CCAS. All necessary
has not been illustrated in the paper. concepts present at thdigh Level Specification Diagram

correspond to an equivalent concept at tRefined High
Level Specification DiagranSince we are only interested in
the Car Collision Avoidance Module at the higher level
specifications, an equivalent MARTE component is created.
TheRH Car Collision Avoidance Module is stereotyped
as a MARTERtUnit that determines the active nature of the
component. Fig.8 shows the related modeling of this concept
TheRtUnit modeling element is the basic building block that
permits to handle concurrency in RTES applications [6]. It
should be mentioned that component structure and hierarchy
should be preserved between the two high level specification
Figure.6: High level specification using SysML block conisep giggrams. As in this particular example, no hierarchicaheo
positions are present at the high level specificationsCtar
Collision Avoidance Module, they are equally not present
Gt in the underlying refined high level specifications.

<< RtUnit>>
RH_Car Colli sion Avoidance Module

Figure.8: Refined high level specification of the CCAS

<< Block, RequirementRelated, Allocated>>
Car Colli sion Avoidance Module

<<Allocate>> {kind (hybrid), nature (spatialAllocation)}

<< RtUnit, Allocated>>
RH_Car Colii sion Avoidance Module

Figure.7: Completing the functional specifications of thgjgure 9: Allocation between high levelirefined high level
CCAS specifications

4) Completing the Requirement Specificatior@nce we 2) Allocating High Level and Refined High Level Specifica-
have finished the use case scenarios and functional bldidns: Afterwards, an allocation using the MADESlocation



Diagramis used to map the high level specification conceptardware components. Here, the hardware specification also
to the refined high level specification concepts. This aspaxintains a clocksysclk of the typeSystemClock specified

is represented in Fig.9. Using the MARTdocation mecha- earlier in Fig.10. Here using the MARTEmMe package, we
nism, we express that the allocationhigbrid (both structural add a clock constraint onto the clock, specifying that thisk

and behavioral aspects are thus related from source tottargand related clock type) runs at a rate 10 times faster thain th
and spatial in nature. of the ideal clock.

3) Clock Specification:Once the initial specification has The hardware specification contains different hardware
been carried out, modeling of hardware and software aspeggnponents which themselves are either further composed
of the required functionality is possible in a parallel mann of sub components, or have internal behaviors, expressed by
For that purpose, we first model the different clock typesolvhi means of classic UML behavioral diagrams. We now describe
are used by the execution platform of the CCAS, as illustraténe internal behavior of three hardware components:
in Fig.10. Here, an initial ideal clock type serves as thésas
for the Hardware and System clock types. All the clocks
types are discrete in nature using the MARTIEe package.

<<TimedDomain>> CCAS Time Domain|

<< ClockType>>
IdealClock { nature (discrete), isLogical}

<< ClockType>>

arowareciock (narurs (et resots 10 | Figure.12: Behavior of the radar module present in the CCAS

<< ClockType>>
SystemClock { nature (discrete), resolAttr (10)}

Figure.10: Specification of clock types related to CCAS

notifyDistanceEnd [distance < 3 meters]

notifyDistanceEnd [distance > 3 meters

We first define time domain to contain the clock types
related to the system. For this, a pack&gaS Time Domain 9
stereotyped agimedDomain is created, respecting the tim-eosere
ing notions in MARTE. Afterwards, we specify the clock
types present in our system as illustrated in the figure. We PV
specify three clock typesIdealClock, SystemClock and  Figyre.13: Behavior of the primary controller of the CCAS
HardwareClock; all appropriately stereotyped &3ockType.
The IdealClock is the basic clock type present in the system
referencing a certain frequency, while the other two refeee
this basic clock and run at much higher frequencies.

notifyDistancend [distance < 2 metei
B [distance

meters]

InotifyDistanceEnd [distance > 2 meters:

T
exit - @emerg; enter = 100 ms]

Figure.14: Internal behavior of the braking system

In Fig.12, we describe the internal behavior of the
Radar component by means of a state machine dia-
gram. TheRadarBehavior state machine is stereotyped as
TimedProcessing (not shown in the Figure). This per-
mits to bind the processing of this behavior to time by

Figure.11: Abstract hardware specification of CCAS means of a clock. Here the Radar remains in a single
receivingData state and continues to send data to the

4) Hardware Specification:At the hardware specification primary controller at each tick of th8ystemClock, every
level, we first model the abstract hardware concepts of th€0 ms. While Fig.13 illustrates the internal behavior of
execution platform in Fig.11. The abstract hardware modeli the primary controller. The controller contains three estat
of the execution platform of the CCAS contains primary amgoAction, warning and criticalwarning. The controller
secondary controllers for radar/image tracking modulesirt initially remains in thenoAction state when distance from
respective local and shared memories, system clock and adidcoming objects is greater than 3 meters. If the distance
tional hardware resources (radar and camera modulesnigraldecreases to less than 3 meters, the controller switches to
system, etc.); all of which communicate via a CAN bus. Theitherwarning or criticalwarning state (depending upon
MARTE GRM package stereotypes are applied onto the dilhe the related condition) and sends a braking command
ferent hardware resources: for exam@teputingResource to the Braking System. Fig.14 illustrates behavior of the
for the primary and secondary controlle8sorageResource Braking System. It switches to either th@ormalBraking
for the local and shared memori€®mmunicationMedia for or the emergencyBraking state, depending upon receiving a
the CAN bus, while DeviceResource is used for the other particular command from the primary controller.




Figure.17: Mapping software resources to the hardware mod-
ules of CCAS

7) Detailed Hardware SpecificationOnce the initial ab-
stract hardware specification has been modeled, the designe
can move on to modeling of the detailed hardware specificatio
which corresponds more closely to the actual implementa-
: tion details of the execution platform. The structure of the
Figure.16: Software specification of the CCAS (Instancellev detailed hardware specifications corresponds to the abstra
specifications specified in Fig.11, but have been enrichéd wi
additional details: such as operating frequencies of thegry

5) Software Specificatione now turn towards modeling and secondary cont_rolle_rs, for example. All these aspemts h_
of the software specification of the execution platform d€en represented in Fig.18. Here, the modeled computing
the CCAS, as displayed in Fig.15. Here, schedulable tadg$ources are stereotyped Processor, while memories
related to the hardware modules are modeled along with th@fe typed asiwRAM. The sensors, radar and display modules
communications. A scheduler is also present that manages @ typed asiwI_0, while remaining hardware concepts are
overall scheduling based on a fixed priority algorithm. Thelereotyped asiwbDevice. Additionally the communication
different tasks are stereotyped &shedulableResource, Mmodule, theHi ChannelBox has been typed astalledia.
indicating that they are scheduled by means ofyatem Finally, the execution platform also contalnhwclk.clock of
Scheduler, itself appropriately stereotyped asseheduler. tyPeHardwareClock with a related clock constraint.

Each task contains a number of operations, indicating the
functionality related to that particular task.

The software specification is also modeled at the instance
level as illustrated in Fig.16, for an eventual allocati@tvieen
the software/hardware specifications, and also for schedul
bility analysis modeling using UML sequence diagrams, as
illustrated later on in section V-B12.

6) Allocating Software to HardwareOnce the hardware
and software specifications have been carried out, we catry o
an allocation between the two using the MADBS8ocation
Diagram Here in Fig.17, the majority of the tasks (such
asBrake Actuator Task, Air Bag Task) are allocated to Figure.18: Detailed hardware specification of the exeautio
the primary controller by means of gmporal allocation. Platform
Similarly, the Radar and ODM tasks are allocated to their
respective hardware modules by meansgdtial allocations. 8) Detailed Software Specificatiorin parallel, a designer
While tasks related to the secondary controller sucteaera can model the detailed software specification, which b#igica
Task are mapped on to it by means otemporalallocation. correspond to expressing the concepts related to the yiubgrl
Finally, all the communications are allocated to t¥N bus. operating system of the CCAS. While it is possible to carry
It should be noted that while th&llocated stereotype on the out detailed modeling of the operating system using MARTE
software and hardware concepts has been applied simitarlySRMconcepts, by adding relevant details such as semaphores,
the concepts illustrated in Fig.9, they have not been dygola deadlocks, memory brokers etc; we chose to only illustrate
here for a better visualization. some basic concepts related to a generic operating system.




Here as seen in Fig.19, the operating system has pthe detailed software specification (the operating system i
cesses, each of which contains a number of threads. Tthies case), in Fig.21. All the tasks and communications are
Operating System is stereotyped according t8RM con- allocated onto the operating system. While it is also possibl
cepts as 8wResource, while theProcess concept is typed as to model the detailed software modeling in a detailed manner
a SwSchedulableResource and aMemoryPartition. The (different threads corresponding to the different tasksadi:-
latter stereotype indicates an address space which will Wware specifications) and then carry a one to one allocation,
shared by the different threads associated with a procdss, Athis aspect has not been carried out in the paper.
the Thread is itself typed asSwSchedulableResource. 11) Allocating Detailed Software to Detailed Hardware

Specifications: Finally, once all the detailed specifications

related to the software and hardware aspects of the exacutio

platform have been modeled, it is possible to carry out a final
e R | allocation from the detailed software to the detailed hanew
. ] . e . specifications. Here, as seen in Fig.22, the operating rayste
Figure.19: Detailed software specification of the exetrutloIS allocated onto the local memory of the primary controller
platform b : .

y means of a spatial allocation.

9) Allocating Hardware to Detailed Hardware Specifica- T TS
tions: Once the detailed hardware specification has been mod-
eled, we can carry out an allocation linking hardware to the <<Allocate>> {naturespatalAliocation), ind (hverid
detailed hardware specifications. This allocation cowadp
to a one to one mapping between the two specificatio
and thus determines the refinement of the execution platfo
Thus, it enables to move from abstract classifications taildet

corresponding closely to RTL implementation. For example a o . L
Controller (and its related instance) is mapped ®oserPC 12) Schedulability Analysis Specification§ince the soft-

processor (and its instance), as shown in Fig.20. It shoJlf® and hardware _mpdeling_have been carried out, using_ the
be mentioned that théllocated stereotype applied on theMADES language, it is possible to carry out schedulability

allocated source/target concepts is not illustrated irfithee, @nalysis at the high level models. Here, in the following
figures, we illustrate schedulability analysis aspectateel to

some modules of the execution platform. However, it is dgual
possible to analysis the whole system in question.

<<HWRAM>> |
hwetrimem :HW_ControlMem

;E‘lgure.zz: Allocating the detailed software and hardwaecs
ifications
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Figure.20:
tions e
T | e - Figure.23: SequenceSendSensorDistanceToContrl for
e | <<lziiez ooieno] < ShedulableRosourco> > radar/controller communication
[oontrotertignisysconm wication_|'~Zjjocye j‘(;;;rwa»;e;g In Fig.23, the UML sequence diagram illustrates the com-
I o e ez SR> munication flows between the different tasks of the exeautio
T N = platform. TheradarT instance of th&®adar Task sends data
[oonroersersorcomm wiesion_}--- e [ to theodmT instance of thé@DM Task by means of a commu-
<<Alocate>> SN e nication: comm1 instance ofRadarODMCommunication. The
[mscrerorcomcom wmisatan | --------cez: | instance of theéDM Task after carrying out a noise reduction
[ e am | algorithm, sends the distance to the instareelT of the

ControllerAirbagComm un ication

Controller Task by means of thecomm2 communication
Figure.21: Allocating software/detailed software speaifions instance of0DMControllerCommunication. Using appropri-
ate MARTE packages, it is possible to carry out schedutsbili
10) Allocation Software to Detailed Software Specificanalysis: such as determination of average and worst case
tions: Similarly, the software specification is allocated ontexecution times for these flows. For example, SeStep
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