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I. INTRODUCTION 

Todayôs production processes will be performed more and more by automated machines as the level of 

automation increases steadily. The main trend in industrial 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 systems are mainly controlled by embedded hard- and 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 increase up to 80% of the overall systems 

costs in the next 15 years (currently this ratio is about 55%) [2],[38]  as depicted in Fig. 1.  
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Fig. 1: Investment Costs for Control Systems in Automotive Production Systems [38] 

Therefore, the automation and control engineering of a production plant takes a huge amount of time. 

Especially in the industrial sector, 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 design methods and approaches used depend 

strongly on the application field. This means that different automation and control systems have to work 

together to perform automation and control tasks [1].  

Design and engineering of such heterogeneous systems is tricky and needs the knowledge from different 

domains during all phases of development. During the design phase, the system complexity, the 

domain/platform-dependence and the design time are the critical factors. In the design phase, the following 

items are essential [3]: 

ï System specification should be done at an easily understandable level of abstraction. The designer at each 

level of the plant architecture should be able to describe what he wants, not how to achieve it.   

ï Combination of different domain-specific techniques/approaches should be manageable to overcome the 

limited applicability of each, in order to allow modeling, analysis, and implementation of complex, 

heterogeneous embedded systems. 

ï The specification of systems architecture and system components should not depend on languages used for 

embedded system design. 

One of the main current design trends in automation and control systems is to put components, blocks made 

of hardware, software and intellectual property (like algorithms and data structures) [4]. This in turn calls for 

common, language independent models for representing, saving and reusing such components. Neither the state-
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of-the art or current trends in design and engineering in industrial automation [1],[4] are capable of providing an 

applicable solution to the above mentioned issues. Solutions from other sectors like automotive or aerospace are 

developed for their special needs.  These requirements are mostly different from the needs in industrial 

automation. Moreover, most of these solutions require a deep knowledge in software engineering, while in the 

industrial automation sector mainly electrical and control experts design the control systems. 

II. EXISTING WORK ON MODEL-DRIVEN EMBEDDED SYSTEMS DESIGN 

A model-driven embedded systems design can be divided into the following three important technologies:   

A. Model-Driven 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 disciplines [29]. Using models in the system 

engineering process has two major impacts, first improved productivity and second reducing the sensitivity to 

changes [7]. In the MDA framework a system is specified by three models The Computation Independent Model 

(CIM) describes the environment and situation the system will be used. Furthermore it acts as a source of shared 

vocabulary and is often called Domain Model. The system itself is described in the Platform Independent Model 

(PIM), providing a model with a high level abstraction, independent of any implementation technology [11]. 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 be derived for the platforms. The main advantage of the MDA 

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 process [31]. Many tools already have the ability to generate code to 

implement the PSM on the target platform at least for prototyping [11],[12].  

In the area of embedded systems design, there exists no such generic approach as described above for the 

information technology area. Different projects in recent years focus on a model driven design process for 

special domains. For instance, the DECOS project [15] proposes an integrated 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 on a time-triggered 

communication; the transformation from PIM to PSM especially recognized the description of the used 

hardware. Another interesting project is openEmbeDD [22] that focuses on the avionic sector. Both are not 

applicable for IACS 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 (QVT) [26] as a transformation language, which has been 

developed during 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 of this specification is that it 

has been developed just before practical experiences have been available. There are also several other 

transformation languages available, especially within the Eclipse project two approaches are of special interest: 

the Atlas Transformation Language (ATL) and the Xtend language, a subtopic within the openArchitectureWare 

[21]. Both approaches provide languages and frameworks to make the necessary model transformations 

according to the MDA. 

C. Component-based Embedded Software Engineering  

Recent research on software engineering of component-based systems tries to port advances that were gained 

in the area of information systems to the area of real-time embedded systems [19]. Within distributed real-time 

automation systems component architectures like Enterprise JavaBeans, CORBA or .NET [34] are not directly 

applicable, because they fail to fulfill constraints of limited resources and real-time execution. Nevertheless, the 

three basic characteristic properties of a component need to be kept fulfilled: Isolation, Composability and 

Opaqueness [34]. For using components in a model-driven approach for embedded IACS a definition 

mechanism for a componentôs interface is necessary. Basic research is provided by [8] for the general 

consideration of interfaces, and especially for timed interface in [5]. 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 be distinguished. 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 flexible engineering approach 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 refinement of component interfaces is possible, which is also 

related to the property of independent 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 

component-based architecture is depicted as a hierarchy of components. 
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In order to apply component-based approaches to real-time embedded systems, several approaches have been 

developed. Ref. [18] describes an approach based on a task model that consists of a set of aperiodic tasks each 

specifying an arrival rate function and a relative deadline. The interface of a software component is enhanced in 

order to include dataflow propagation constraints next to resource constraints. Nevertheless, the general advantages 

of component-based design such as incremental design and compositional refinement are still sustainable. Ref. [36] 

especially focuses on reusability of components across different platforms. The resource consumption specification 

is not part of their component interface. Ref. [20] provides an interface specification based on the specification of 

event models and timing constraints. These can be converted into each other according to their duality (in-

put/output consideration) and therefore an iterative design flow is possible. This approach focuses on abstraction of 

Real-Time Operating System (RTOS) techniques in the component description.  

In general, there exist a lot of specification techniques to describe the interface and the behavior of 

components. One main resource is the UML specification [27], which is focused on common software 

engineering. But there exist also some concepts for expression of time, e.g. for use in state diagrams and 

sequence diagrams. Further, additional specifications improve the usability of object-oriented technology for 

real-time systems. For instance, the UML profile for Schedulability, Performance and Time [24] (provides a set 

of stereotypes and tagged values in order to annotate UML models) or the UML profile for modeling Quality of 

Service and Fault Tolerance Characteristics and Mechanisms [25] (aims at capturing the concept of quality of 

service at large) have emerged during the last years. Very close to UML is the UML real-time profile developed 

by IBM Rational Software [32]. 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 further methodologies for the description of components is given in [13], 

which evaluates visual languages such as high-level compositional message sequence charts, timing diagrams, 

Specification and Description Language (SDL) or hierarchical annotated action diagrams next to the models 

provided by UML and its derivatives. 

In the domain of IACS several approaches have been described that demand a hierarchical architecture of the 

overall system which consists of components. For instance, [33] motivate their architecture from the functional 

and mechanical structure of a plant that is hierarchical by itself. Therefore, the control architecture needs to fit to 

this hierarchical structure (similar approaches are described by [14],[17]). Ref. [35] especially utilizes the model 

driven architecture based on the mechatronic structure of the plant. Ref. [4] describes a similar component-based 

architecture as future automation architecture as generic basis for different application domains. Another 

effective approach is the one developed at the ñEngineering Research Center on Reconfigurable Manufacturing 

Systemsò, a centre which is co-funded by National Science Foundation (NSF) (University of Michigan, Ann 

Arbor, Michigan USA). The method is based on special modular and hierarchical model and model composition 

for which a peculiar state-based formalism has been conceived (Modular Finite State Machines) [16], which can 

also be integrated with a rule-based event-condition-action specification [6]. The model is prone to verification 

and formal analysis [16],[28], although the method has been successfully applied for assembly systems and 

manufacturing lines, and not yet on flexible manufacturing applications. 

Most of above mentioned approaches utilize the new standard IEC 61499 [37] as initial architecture. With the 

event driven Function Block (FB) IEC 61499 made a step towards component oriented software development 

for control applications in the sector of industrial automation. The FBs are decoupled and independent from 

each other, which enforces the reuse of FBs. The target system is an environment of loosely coupled 

heterogeneous 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 internals of FBs for a proper use. IACS related 

research projects consider slightly different approaches, such as [9] or [12]. Next to the general principles of 

component-based design, they utilize a generalized state machine for the description of the component behavior 

as well as an expressive interface description. 

III.  MODEL-DRIVEN DESIGN FOR INDUSTRIAL AUTOMATION AND CONTROL SYSTEMS 

One main obstacle for efficient engineering of IACS is that the design methodologies as well as the 

implementation technologies 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 plant or factory very 

hard, especially when different machines and embedded devices have to work together. To overcome the 

limitations of the high diversity of system programming and modeling approaches within the field of industrial 

automation, the MEDEIA approach aims at a meta-design architecture for the plant architecture. The objectives 

of this approach can be summarized as follows: 

ï Formal framework for model-driven component-based development of embedded control: The main focus 

will lie on a formal framework for the design of heterogeneous embedded automation and control systems. 

The main components of the framework are Automation Components (AC) which are in general a 
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combination of embedded hard- & software. The goal is to use verified ACs from different vendors on the 

one hand and to have methods for their specification on the other hand. Therefore ACs can be applied for a 

rapid control system development at each level of the plant architecture or the device level. This includes 

also the specification of the interaction 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 extra-functional properties (timing, resources and in some cases safety) is also provided in 

order to increase the dependability of IACS. 

ï Easy understandable modeling method applicable for domain experts: The MEDEIA approach will focus on 

currently used modeling methods from different domains (e.g. software engineering, 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 industrial automation 

experts. 

ï Integrated modeling of diagnostics: A coherent and integrated diagnostics concept will be developed that 

records and analyses out-of-norm/faulty behavior to effectively support the maintenance process of 

heterogeneous embedded hard- and software in an IACS. 

ï Integrated simulation and verification of systems design: The 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 architecture, including hardware-in-the-loop simulation at any granularity of the 

system). Consistency and integrity of ACs are proofed in the verification module.  

ï Automatic, embedded platform specific code-generation: ACs can be deployed to heterogeneous embedded 

automation hardware by an automatic code-generation based on the AC and the system model. 

A. General Approach 

As mentioned above the MEDEIA design methodology is based on the so-called Automation Components 

(ACs) which are in general a combination of embedded hard- & software. An AC holds the general model of its 

functionality and its interface for interacting with other components. The starting point of each engineering flow 

is the definition/specification of the system requirements. The MEDEIA design flow accepts the functional and 

non-functional specification of a plant (e.g. for manufacturing, robotics or power generation systems) as the 

initial starting point (see Fig. 2, top left). The functional structure is realized through systems or components 

whereby these systems or components are formed from subsystems which are again formed by sub-subsystems 

and characterizes MEDEIAôs strong compositional approach. This approach greatly increases the productivity in 

designing and building machines and plants from the mechanical/electrical point of view. In contrast to the 

functional structure of a plant, the state-of-the-art design process for the control system is usually not compliant 

with this point of view. Structures defined in embedded system disciplines like control hard- & software, as well 

as communication, are rather based on technical reasons than on functional assignment. The MEDEIA approach 

will close this gap between the mechanical/electrical engineering and the embedded control engineering. The 

first step within the design flow (see Fig. 2, top middle) regards to the specification of a rough plant architecture 

and ACs. Additionally, existing ACs or already available implementations of ACs can be included. By 

continuous refinement, adaptation to new requirements, splitting up to sub-problems/components and 

composition of ACs the MEDEIA design flow becomes highly flexible and integrative at each level of the plant 

architecture (see Fig. 2, middle right). Independently of the current state of the specification of an AC, the AC 

model enables execution of the AC within a simulation framework. Therefore, simulation of AC models 

together with concrete implementations enables a new kind of hardware-in-the-loop execution (see Fig. 2, 

middle left): at any level of the plant architecture as well as for mixed up environments of existing and 

simulated ACs, the execution of parts of the system or the overall system will be possible. This feature results in 

highly shortened development cycles, early testing and improved dependability of single components as well as 

of the overall plant. 

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

ï A system integrator analyses the functional and non-functional (e.g. reliability, scalability, costs or safety) 

requirements of a specific plant and generates the appropriate hierarchical plant architecture (see Fig. 3) as 

well as the AC interaction. 

ï A machine vendor receives an interface and behavior specification of the AC he has to provide. According to 

the concrete problem, he can realize the AC as bulky part of hardware and software or he can utilize the AC 

by assembling and reusing other ACs. 

ï A device vendor provides ACs as basic building blocks, including the appropriate description of his ACs by 

specification of its interface and its behavior. 
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Fig. 2: Flexible design flow 

B. Hierarchical Plant Structure Model 

The overall plant architecture based on the functional analysis and the AC components emerges as a 

hierarchical one. Fig. 3 depicts this situation schematically. Two main types of ACs are distinguished: Hardware 

Specific ACs represent control equipment specific means (e.g. I/O points, display, robot é) while 

Compositional ACs contain several other ACs and coordination/supervisory functionality. Compositional ACs 

use the interface 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 the same way. This helps 

the control engineer in understanding the control program. The second advantage regarding the understanding of 

the control program is that, for a certain function of the plant, only one level has to be considered. Furthermore, 

the MEDEIA approach 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 engineering. 
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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 engineering of single ACs. But it is possible to transform these domain specific 


















