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I. INTRODUCTION

Todaybés production processes wild/l be performed mor e
autoration increases steadily. The main trendridustrial automation is the increasing need for customized and
individualized plants. The production lines have to be constructed and adapted to new production processes
quickly [1]. Such highly automated ggsns are mainly agrolled by embedded harénd software which are
heterogeneous in nature. Heterogeneous specification and heterogeneous architectures lead to a tremendous
increase in the design complexity. The software engineering costs will increas80%b of the overall siems
costs in the next 15 years (currently this ratio is abb%i)42],[38] as depicted iffrig. 1.
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Fig. 1: Investment Costs for Control Systems in Automotive Production Sy$8&hs

Therefore, the automation and control engineering of a ptimiuplant takes a huge amount of time.
Especially in the industrialestor, each plant or system can be seen as a prototype. The need is to evolve the
automation solutions in response to: rapidly changing demands due to new production processes; the evolution
of hard and software into more and more complex forms. The desigthods andpmproaches used depend
strongly on the application field. This means that different automation and control systems have to work
together to perform automation anchtol tasks[1].

Design and erigeering of such heterogeneoussteyns is tricky and needs the knowledge from different
domains during all phases of development. During the design phase, the systemxitpmtie
domain/platforradependence and the design time are the critical factorthel design phase, the following
items are essentifd]:

T System specification should be done at an easily understandable level of abstractiogsigrier dt each
level of the plant architecture should beeatd describe what he wants, not how to achieve it.

I Combination of different domaigpecific techniques/approaches should be manageable tocomee the
limited applicability of each, in order to allow modeling, analysis, and implementation of complex,
heterogeneous embeddedstems.

I The specification of systems architecture anslesy components should not depend on languages used for
embelded system design.

One of the main current design trends in awttion and control systems is to put components, kdanade
of hardware, software and intellectual property (like algorithms and data strugtjreghis in turn calls for
common, language independent models for representing, saving and reusing such conipeitiertshe state
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of-the art or current trends in design and engineering in industrial autorftidh are capable of providing an
applicable solution to the abewnaitioned issues. Solutions from other sectors like automotive or aerospace are
developed for their special needs. These reménts are mostly different from the needs in industrial
automation. Mogover, most of these solutions require a deep knowlédgoftware engineering, while in the
industrial automation sector mainly electrical and control experts design the cogolsy

Il. EXISTING WORK ONMODEL-DRIVEN EMBEDDED SYSTEMS DESIGN
A modeldriven embedded systems design can be divided into lfesvfog three important technologies:

A. ModelDriven Architecture (MDA)

The MDA [23] emerged out of the UML effort for separation of specification and implementation on a specific
platform [30]. This approach is well known in most engineering discipl[28$ Using models in the system
engineering process has two major impacts, first improveduptivity and second reducirthe sensitivity to
changeg7]. In the MDA framework a system is specified by three models The Computadigpeindent Model
(CIM) describes the environment and situation the system will be used. Furtheraxigeas a source of shared
vocabulary and is often called Domain Model. The system itsetisisritbed in the Platform Independent Model
(PIM), providing a model with a high level abstraction, independent of angnmepitation technologji1]. The
third model is the Platform Specific Model (PSM). It can be obtained for every target platform by transformation
of the PIM using Platform Models, which have to leevid for the platforms. The main advantage of tHeAV
framework is that all models of the system can be analyzed, verified and tested to find design and implementation
errors at all stages of the development prodd4$ Many tools already have the ability tergerate code to
implement the PSM on the target platform at least for prpitadgy11],[12].

In the area of embedded systems design, there exists no such generacla@s described above for the
information tetinology area. Different projects in recent years focus on a model driven design process for
special domains. For instance, the DECOS prdjEs} proposes an integted architecture in order to reduce
development, production and maintenance costs and increase the dependability of embedded applications
especially for the application domains automotive and avionics. This approach is based ostriggares
communicéion; the transformation from PIM to PSM especially recognized the gésariof the used
hardware. Another interesting project issoEmbeDD[22] that focuses on the avionic sector. Both are not
applicable folACS due to their complexity.

B. Model Transformation Technology (MT)

MT is a necessary discipline for the realization of a model driven software development. The OMG itself
specified the Query Views Transformations (QV[P6] as a transformation language, which has been
developed diing the last years. In detail it consists of two approaches for transformation; the procedural QVT
(Operational) and the declarative QVT (Relations and Core). The main problem spebigcation is that it
has been developed just before practical experiences have been available. There are also several other
transformation languages availablgpecially within the Eclipse project two approaches are of special interest:
the Atlas Trasformation Language (ATL) and the Xtend language, a subtopic within the openArchitectureWare
[21]. Both approaches provide languages and frameworks to make the necessary model transformations
accoding to the MLA.

C. Componenbased Embedded Software Engineering

Recent research on software engineering of compebastd systems tries to port advances that were gained
in the area ofriformation systems to the area of reale embedded systerfisd]. Within distributed reatime
automation systems component architectures like EnterprisBeans, CORBA or .NET34] are not directly
applicable, because they fail to fulfill coratits of limited resources and ramhe execution. Nevertdtess, the
three basic characteristic properties of a component need to be kept fulfilled: Isolation, Composability and
Opaquenesg34]. For using coponents in a modealriven approach for embedded IACS a definition
mechani sm f or ntarface & mecessagyn Badics research is provided8byfor the general
consideration of interfaces, and especiadlytfimed interface ifi5]. In general, stateless interfaces (the interface
description does not regard to the internal states of the component) and stateful interfaces (internal states are
included) have to beistinguished. In any case an interface of a component specifies what the component
expects (input assumption) from its environment and what it provides back (output guarantee) to the
environment. This offers the basis for a very flexiblgieeering apprazh and design flow. One of the
beneficial properties of the interface formalism is incremental design; composition of interface can be
performed in any order. Further, continuous rafient of component interfaces is possible, which is also
related to th@roperty of inépendent implementability of components. In order to refine a given composition of
two interfaces, if suffices to independently refine each interface and then compose the obtained refinements. The
componenbased architecture iggicted asa hierarchy of components.
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In order to apply componebased approaches to réahe embedded systems, several approaches have been
developed. Ref[18] describes an approach based on a task model that carfisistet of aperiodic tasks each
specifying an arrival rate function and a relative deadline. The interface dfnarotomponent is enhanced in
order to include dataflow propagation constraints next to resource constraints. dless&rthe general adntages
of componenbased design such as incremental design and compositional refinement are still sustainggg. Ref.
especially focuses on reusability of components across different platforms. The resastoaption spediation
is not part of their component interface. R80] provides an interface specification based on the specification of
event models and timing constraints. These can Ipgeded into ach other according to their duality {in
put/output consideration) and therefore an iterative design flow ighpmsEhis approach focuses on abstraction of
RealTime Operating System (RTOS) techniques in the compoesatipition.

In general, there esi a lot of specification techniques tasdribe the interface and the behavior of
components. One main resource is the UML specificaftf], which is focused on common software
engineering. But there existsal some concepts foxgression of time, e.g. for use in state diagrams and
sequence diagrams. Further, additional specificatiomsave the usability of objeairiented technology for
reattime systems. For instance, the UML profile for SchedulabiliggfdPmance and Tim§4] (provides a set
of stereotypes and tagged values in ordentmtate UML models) or the UML profile for modeling Quality of
Service and Fault Tolerance Characteristics and MechafiZghgaims at capturing the concept of quality of
savice at large) have emerged during the last years. Very close to UML is the UMimeadrofile developed
by IBM Rational Softward32]. This is a modeling language by its own and consists of a structure modeling
(utilizing capsules, which are communicating active objects) and a behavior modeling (an extended hierarchical
finite state machine). An overview of furtherethodologies for the desption of components is given i3],
which evaluates visual languages such as-ldgal compositional message sequence charts, timing diagrams,
Specification and Description Langy& (SDL) or hierardlgal annotated action diagrams next to the models
provided by UML and its deratives.

In the domain of IACS several approaches have beseribed that demand a hierarchical architecture of the
overall system which consists of compotseror instancd33] motivate their architgure from the functional
and mechanical structure of a plant thatiexdrchical by itself. Therefore, the control architecture needs to fit to
this hierarchical sticture (similar approaches are describedliay,[17]). Ref.[35] especially utilizes the model
driven architecture badeon the mechatronic structure of the plant. Rgfdescribes a similar componebased
architecture as future autetion architecture as generic basis for different application domains. Another
effectveappp ach i s t he one daengBdseagheGbntes dn Rechndigurébie Mgnufaceueng
Systemso, a c-fBumdédrbg Naviomdl $clenceé Roundation (NSF) (University of Michigan, Ann
Arbor, Michigan USA). The method is based on special nardarid hierarchical model and model conitiois
for which a peculiar statbased formalism has been conceived (Modular Finite State Macfl6és)vhich can
also be integrated with a rub@ased eventonditiortaction specitation[6]. The model is prone to verification
and formal analysi$16],[28], although the method has besuccessfully applied for assembly systems and
manufacturing lines, and not yet on flexible manufacturing agijmits.

Most of above mentioned approaches utilize the nemdatd IEC 6149937] as initial archiécture. With the
event driven Function Block (FB) IEC 61499 made a step towards @wnp oriented software development
for control applications in the sector of industrial automation. The FBseamupled and independent from
each other, which enforcedet reuse of FBs. The target system is an environment of loosely coupled
hetengeneous control devices. The drawback of IEC 61499 is that the defined interface description of FBs is
not enough for using FBs. Therefore a user needs to know the internd8s &drFa proper use. IACS related
research projects consider slightly different approaches, suf@j as[12]. Next to the general principles of
componenbased ddgn, they utilize a generalized statechine for the description of the component behavior
as well as an expressive interface debicm.

I1l.  MODEL-DRIVEN DESIGN FORINDUSTRIAL AUTOMATION AND CONTROL SYSTEMS

One main obstacle for efficient engineering of BGs that the design methodologies as well as the
implementation temologies within plants and factories are diverse according to the different available
automation solutions. This aspect makes the overall design of an automation solution for a pteotyowéry
hard, epecially when different machines and embedded devices have to work together. To overcome the
limitations of the high diversity of system programming and modelppycaches within the field of industrial
automation, the MEDEIA approa&ims at a metdesign architecture for the plant aitelcture. The objectives
of this approach can be summarized as follows:

i Formal framework for modedriven componerbased @velopment of embedded contrdlhe main focus
will lie on a formal framework fothe design of heterogeneoustedded automation and control systems.
The main compnents of the framework are Automation Components (AC) which are in general a
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combination of embedded hardl software. The goal is to use verified ACs from different veadin the

one hand and to have methods for their specification on the other hand. Therefore ACs can be applied for a
rapid control sggem development at each level of the plant architecture or the device level. This includes
also the specification of thateraction semantics of ACs in different levels of an IACS. The focus lies on

the reusability of ACs to drastically reduce the system design time and to reduce also design errors. The
predictability of extrafunctional properties (timing, resources ands@me cases safety) is also provided in

order to increase the dependipiof IACS.

i Easy understandable modeling method applicable for domain expéesMEDEIA approach will focus on
currently used modeling methods from diffat domains (e.g. softwar@gineering, control engineering in
automotive, aerospace and manufacturing) to define a solution which can be applied to IACS. The resulting
modeling approach should be as easily understandable as possible to be accepted by indusatiahautom
experts.

T Integrated modeling of diagnosticA: coherent and ilgrated diagnostics concept will be developed that
records and analyses enftnorm/faulty behavior to effectively support the maintenance process of
heterogeneous emtided hard and software in an IACS.

T Integrated simulation and verification of systems desigre model of ACs should be executable together
with the systems model in order to provide integrated simulation. This can be achieved also for different
configurations of the system architecturgluding hardwarén-the-loop smulation at any granularity of the
system). Consistency and integrity of ACs are proofed in the verificaticilmo

T Automatic, embedded platform specific cogdmeration:ACs can be deployed to heterogeneous embedded
autonation hardware by an automatic cegeneration based on the AC and the system model.

A. General Approach

As mentioned above the MEDEIA design methodology is based on tballed Automation Components
(ACs) which are in geeral a combination of embedded hagdsoftware. An AC holds the general model of its
functionality and its interface for inter@iog with other components. The starting point of each engineering flow
is the definition/specification of the systeeguirements. The MEDEIA design flow accefite functional and
nontfunctional specification of a plant (e.g. for manufaictg, robotics or power generation systems) as the
initial starting point (seéig. 2, top left). The functional structure is realizdgtough systems or components
whereby these systems or components are formed fromstetmsywhich are again formed by ssibsystems
and characteri zes Mibdd&prédadhsThis dppraachgreathoimngases the productivity in
designing ad building machines and plants from thexamanical/electrical point of view. In contrast to the
functional structure of a plant, the statiethe-art design process for the control system is usually not compliant
with this point of view. Structures definéd embedded system disciplines like control h&doftware, as well
as communication, are rather based on technical reasons than on functional assignment. The MEDEIA approach
will close this gap between the mectat/electrical engineering and the erdted control engineering. The
first step within the design flow (ségg. 2, top middle) regards to the specification of a rough plant architecture
and ACs. Additionally, exting ACs or already available implematibns of ACs can be included. By
continuous refinement, adaptation to new requirements, splitting up tgpreblems/components and
compostion of ACs the MEDEIA design flow becomes highly flexible and integrative at each level of the plant
architecture geeFig. 2, middle right). Independently of the current state of the spatidit of an AC, the AC
model enables execution of the AC within a simulation framework. Therefore, simulation of AC models
together withconcrete implementations enables a new kind of hardinaties-loop execution (seéig. 2,
middle lef): at any level of the plant architecture as well as for mixed up environmentsistihg and
simulated ACs, th execution of parts of the system or the overall system will be possible. This feature results in
highly shortened development cycles, early testing and improvedabdgkty of single components as well as
of the overall plant.

The following scenariosascribe an excerpt of possible workflows during the MEDEIA design process:

T A system integrator analyses the functional and-faoctional (e.g. reliability, scalability, costs or safety)
requirements of a specific plant and generates the appropriatechieafiplant architecture (sédg. 3) as
well as the AC interaction.

i A machine vendor receives an interface and behavagifggation of the AC he has to provide. According to
the concrete problem, he can realize AC as bulky part of hardware and software or he can utilize the AC
by assenbling and reusing other ACs.

i A device vendor provides ACs as basic building blocks, including the appropriate description of his ACs by
spedfication of its interface and itsshavior.
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Fig. 2: Flexible design flow

B. Hierarchical Plant Structure Model

The overall plant architecture based on the functionalyaisaland the AC components emerges as a
hierarchical onelig. 3 depicts this situation schematically. Two main types of ACs are distinguished: Hardware
Specific ACs represent control epmie nt speci fic means (e. g. I/ O poin
Compositional ACs contain several other ACs and coordinatiparsisory functionality. Compositional ACs
use the intdace of ACs one level below, add their functionality and provide their interface to the ACs that will
use them. Thus, on each level of the control software hierarchy the ACs are built up in theagaiiigis helps
the control engineer in understanding the control program. The second advantage regardingstzandimdeof
the control program is that, for a certain function of the plant, only one level has to be considehedmue,
the MEDEIA aproach will provide an integrated design of control and diagnostics on the AC level. The
constricted view combined with the diagnostics & control integration build the basis for a highly efficient and
easy understandable éngering.
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Fig. 3: Hierarchical plant structure model

Additional to the internal structure of an AC, the MEDEIA approach improves the handling of ACs for the
different design methodologies in IACS. This means, the design engineers can use their familiar modeling
approach(es) for the engingey of single ACs. But it is possible to transform these domain specific
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