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Abstract. Embedded system software development is challenging,
owing to a tight integration of the software and its physical environ-
ment, profoundly impacting the software technology that can be applied
for constructing embedded systems. Modeling and model-based design
are central to capture all essential aspects of embedded systems. Van-
derbilt University’s Model Integrated Computing tool suite, driven by
the recognition of the need for integrated systems and software mode-
ling, provides a reusable infrastructure for model-based design of em-
bedded systems. The suite includes metaprogrammable model-builder
(GME), model-transformation engine (UDM/GReAT), tool-integration
framework (OTIF), and design space exploration tool (DESERT). The
application of the MIC tool suite in constructing a tool chain for Auto-
motive Embedded System (VCP) is presented.

20.1 Introduction

The tight integration of the software and its physical environment has profound
impact on the nature of the software technology to be applied for construc-
ting embedded systems. The reason can be best explained by Brook’s argument,
which remains valid nearly 20 years after its publication: the essential com-
plexity of large-scale software systems is in their conceptual construct [1]. In
embedded systems, the conceptual construct of the software is combined with
the conceptual construct of its physical environment; therefore, the methods and
tools developed for managing complexity must include both the physical and
computational sides. The common ”denominator” for representing, relating and
analyzing all essential aspects of embedded systems is modeling and model-based
design.

The significance of modeling in software engineering has been recognized from
the early nineties (see. e.g. Harel [2]). The recognition of the need for integra-
ted system and software modeling led us to pursue the construction of a reu-
sable infrastructure for model-based design. We have built several generations
of tool environments since the late eighties directed to a wide range of appli-
cation domains starting with signal processing [3]. Important milestones in the
development of the Model-Integrated Computing (MIC) tool suite have been
the following: (a) introduction of multiple-view modeling, programmable mo-
del builder and model-based integration of distributed applications in chemical
process industry [4], (b) use of complex, multiple-view graphical modeling tool
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with object-oriented database backend for the diagnosability analysis of the In-
ternational Space Station design [5], (c) generation of high-performance parallel
signal processing applications from models [6], and (d) use of embedded models
for the structural adaptation of signal processing systems [7].

The technology advancements related to different applications led to the for-
mulation of the MIC architecture concept [8] with domain-specific modeling
languages (DSML) and modeling at its center. The main challenge has been
the dichotomy between domain-specificity and reusabality. The construction of
the meta-level tool architecture [9] [10] was followed by the first appearance of
the metaprogrammable model builder [11] that ultimately led to the subsequent
development of the metaprogrammable MIC tool suite [12].

20.2 Components of the MIC Tool Suite

Domain-specific modeling is at the center of the MIC development approach:
domain-specific models are created in the design process, they are analyzed via
formal and simulation-based analysis techniques, and they are used to construct
and generate the implementation of applications, i.e. the actual software code
that performs, for instance, control functions. The domain-specific models in an
MIC engineering process are constructed in domain-specific modeling languages
(DSML) whose syntax and semantics are precisely defined using metamodels and
model transformations. However, MIC cannot exist without tooling: tools that
assist the designer and developer in modeling, analysis, generation, evolution,
and the maintenance of systems. This section provides a summary of the tools
of MIC: the Generic Modeling Environment (GME), the Universal Data Model
(UDM) package, the Graph Rewriting and Transformation language (GReAT),
the Design Space Exploration Tool (DESERT), and the Open Tool Integration
Framework (OTIF). These tools form a metaprogrammable tool suite that are
connected by shared meta models as shown in Fig. 20.1. The tools can be exten-
ded by ’best of breed’ analysis, simulation and verification tools connected via
model transformation to build domain-specific toolchains.

20.2.1 The Generic Modeling Environment (GME)

GME is the core MIC tool [13] that is used for both meta-modeling and mo-
deling. GME is metaprogrammable: it can load metaprograms generated from
metamodels and ”morph” itself into a domain-specific modeling environment.
GME is primarily a visual modeling tool (although textual model elements are
also supported). GME is equipped with a metaprogram that configures it to
behave as the metamodeling tool: it understands a UML-like notation (the me-
tamodeling language), and an associated translator program can generate the
metaprogram from the metamodel. The GME metamodeling approach is ba-
sed on the use of stylized UML class diagrams and Object Constraint Language
(OCL) constraints [14]. These metamodels capture the abstract syntax and well-
formedness rules of the modeling language. Abstract syntax defines the set of
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Fig. 20.1. The MIC Tool Suite

concepts, their attributes, and relationships one can use for building models
in the language. For example, in a control system design language that sup-
ports event-driven control, the abstract syntax includes concepts like ”states”,
”events”, and ”finite state machine”, etc., relationships like ”transitions”, and
attributes like ”guard expression”, ”initial state”, etc. The well-formedness rules
of a language formally describe the constraints that the models need to satisfy
in order to be syntactically correct.

20.2.2 Transforming the Models: UDM and GReAT

GME is a general purpose modeling environment, and it provides a set of Ap-
plication Programming Interfaces (API-s) to access models. These low-level pro-
grammatic interfaces allow building software tools using traditional languages
that access and possibly manipulate models. As a higher-level, more formal al-
ternative to the API-s we have created tools that allow structured access to
models on one hand, and allow the transformation of those models into other
kinds of objects on the other hand. The first step is facilitated by the tool cal-
led ”Universal Data Model” (UDM), and the second is done using the ”Graph
Rewriting and Transformation” (GReAT) language.

UDM is a metaprogrammable software tool [15] that generates domain-specific
classes and API-s to access the models within GME, in XML form, in ODBC-
based data-bases. The advantage of using UDM is that tools that access models
could be developed using the concepts from the domain-specific modeling lan-
guage (e.g. ”Assembly”, and ”TimeTrigger”), instead of the generic concepts of
GME. GReAT is a (graphical) modeling language for describing transformations
on models [16]. The transformation specification is built upon metamodels of the
input and the target of the transformations, and is expressed with the help of
sequenced rewriting (or transformation) rules. The key point here is that both
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the input and the target must have a defined metamodel (i.e. abstract syntax
with well-formedness rules). Often target models use some lower level modeling
language, like a modeling language of simple finite transition systems. Note that
in the ultimate, a target metamodel may represent the instruction set of a (real
or virtual) machine. In practice, target metamodels often consist of concepts
that correspond to code patterns (e.g. while-loop) that are instantiated with the
values of attributes of the concept instances.

20.2.3 Integrating Design Tools: The Open Tool Integration
Framework

The MIC toolsuite is often used to build not only a single tool, but tool chains
consisting of various modeling, analysis, and generation tools, where many tools
could be non-MIC tools. In this case one faces a tool integration problem: na-
mely, how to construct integrated tool chains from tools that were not designed
to work together. The MIC toolsuite includes a framework, called Open Tool In-
tegration Framework (OTIF) that supports the construction of such integrated
tool chains [17]. The tool integration problem that OTIF provides a tool for is as
follows. In an engineering workflow various design tools are used, and the data
(”models”) need to be exchanged between the design tools. Each design tool has
its own format (i.e. DSML) for storing models. The workflow implicitly speci-
fies an ordering among the tools, and the direction of ”model flow” defines the
producer/consumer relationships between specific pairs of tools. We also assume
that models are available in a packaged, ”batch” form. OTIF provides a skele-
ton architecture for building tool chains that follow this model. OTIF has been
implemented as a set of components, some of which are metaprogrammable, and
it relies on the UDM and GReAT tools. It has been used to construct a number
of tool chains consisting of MIC and other tools.

20.2.4 Design Space Exploration

When large-scale systems are constructed, in the early design phases it is often
unclear what implementation choices could be used in order to achieve the requi-
red performance. In embedded systems, frequently multiple implementations are
available for components (e.g. software on a general purpose processor, software
on a DSP, FPGA, or an ASIC), and it is not obvious how to make a choice, if
the number of components is large. Another meta-programmable MIC tool can
assist in this process. This tool is called DESERT (for Design Space Exploration
Tool) [18]. DESERT expects that the DSML allows the expression of alterna-
tives for components in a complex model. A model, with hierarchically layers
alternatives, defines a design space. Once a design spaces is modeled, one can
attach applicability conditions to the design alternatives. These conditions are
symbolic logical expressions that express when a particular alternative is to be
chosen. Conditions could also link alternatives in different components via impli-
cation. One example for this feature is: ”if alternative A is chosen in component
C1, then alternative X must be chosen in component C2”. During the design
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process, engineers want to evaluate alternative designs, which are constrained
by high-level design parameters like latency, jitter, power consumption, etc. DE-
SERT provides an environment in which the design space can be rapidly pruned
by applying the constraints, thereby restricting the applicable aletrnatives.

20.3 Application Example: Vehicle Control Platform

The MIC tools have been used in numerous projects, and various tool chains have
been constructed using it. Application experience includes large systems enginee-
ring projects such as the International Space Station diagnosability analysis [5],
automotive manufacturing execution systems deployed in major plants [19] and
prototypes for integrated design environments [12]. In this section we describe
a tool chain that illustrates how the metaprogrammable tools have been used
to solve the construction and integration of non-trivial tool architecture for em-
bedded control applications. This is called the Vehicle Control Platform (VCP)
tool chain [20] and it was built for constructing vehicle control software. The de-
sign flow starts with specifying controller components in the form of behavioral
models, using Simulink/Stateflow.

Fig. 20.2. The VCP Tool Suite

This step primarily consists of building up a library of controller blocks. The
next step is design space modeling, which happens in a DSML called ECSL-DP,
and which is supported by GME. During the construction of the design space
models, the designer constructs hierarchical designs for the controllers, with pos-
sible alternative implementations on various levels of the hierarchy. The designer
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specifies component structures and component interactions. Note that the ele-
mentary components are from the behavioral models built in the first step. Once
the design space modeling is finished, the designer can explore alternative designs
with the help of DESERT. This stage will result in specific point design(s) that
satisfy all design parameters. The specific designs are also captured in ECSL-DP.
ECSL-DP has provisions for mapping designs into distributed electronic control
units (ECU-s) and buses in the vehicle, and this mapping is specified in the
models. Once the design models are finished a number of analysis steps can take
place. Here we mention two: one can perform a schedulability analysis using a
tool called AIRES [21], or one can perform a behavioral simulation using tools
from the Vector toolsuite [22]. Note that this behavioral simulation on the ECSL-
DP models is an alternative to the simulation of Simulink/Stateflow models and
it can potentially be more accurate because of the finer details ECSL-DP cap-
tures. The result of these analyses (e.g. end-to-end latency in the system) can
be annotated back into the ECSL-DP models. Finally, executable code (in C)
is generated that runs on the real-time operating system OSEK. Figure 20.2
shows the high-level architecture and workflow in the tool chain. For the tool
chain we have built the ECSL-DP modeling tool using GME, created various tool
adaptors, and built a number of model transformation tools using GReAT. The
five model translators contain, on average, 50 transformation rules, and process
practical models with acceptable speed: 1-2 minutes, maximum. These model
translators are automatically invoked as and when they are needed by OTIF.

20.4 Conclusion

In this paper we have introduced and briefly described the metaprogrammable
toolsuite for MIC. We showed the evolution of the MIC tool suite and its use
in a wide range of domain-specific tool chains supporting complex design flows.
In each stages of a design flow, the actual state of the design is expressed using
a DSML. These languages comprise the required heterogeneous abstractions for
expressing controller dynamics, software and system architecture, component
behavior, and deployment. The models expressed in these DSMLs need to be
precisely related to each other via the specification/implementation interfaces,
need to be analyzable and their fidelity need to be sufficiently precise to accura-
tely predict the behavior of the implemented embedded controller. In addition,
the design flow is supported by heterogeneous tools including modeling tools,
formal verification tools, simulators, test generators, language design tools, code
generators, debuggers, and performance analysis tools must all cooperate to as-
sist developers and engineers struggling to construct the required systems. If the
DSMLs are only informally specified then mismatched tool semantics may intro-
duce mismatched interpretations of requirements, models and analysis results.
This is particularly problematic in the safety critical real-time and embedded
systems domain, where semantic ambiguities may produce conflicting results
across different tools. Our current efforts focus on the formal, transformational
specification of structural [23] and behavioral [24] semantics for DSMLs.
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