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Preface

This volume contains the proceedings of the 8th International Workshop on
Software and Compilers for Embedded Systems (SCOPES 2004) held in Ams-
terdam, The Netherlands, on September 2 and 3, 2004. Initially, the workshop
was referred to as the International Workshop on Code Generation for Embed-
ded Systems. The first took place in 1994 in Schlo8 Dagstuhl, Germany. From
its beginnings, the intention of the organizers has been to create an interactive
atmosphere in which the participants can discuss and profit from the assembly
of international experts in the field.

The name SCOPES has been used since the fourth edition in St. Goar, Ger-
many, in 1999 when the scope of the workshop was extended to also cover general
issues in embedded software design. Since then SCOPES has been held again in
St. Goar in 2001; Berlin, Germany in 2002; Vienna, Austria in 2003; and now in
Amsterdam, The Netherlands.

In response to the call for papers, almost 50 very strong papers were sub-
mitted from all over the world. All submitted papers were reviewed by at least
three experts to ensure the quality of the workshop. In the end, the program
committee selected 17 papers for presentation at the workshop. These papers
are divided into the following categories: application-specific (co)design, system
and application synthesis, data flow analysis, data partitioning, task scheduling
and code generation.

In addition to the selected contributions, the keynote address was delivered
by Mike Uhler from MIPS Technologies. An abstract of his talk is also included
in this volume.

I want to thank all the authors for submitting their papers, and the program
committee and the referees for carefully reviewing them. I thank Harry Hendrix
and Jan van Nijnatten for supporting the review process and for compiling the
proceedings. Finally, I thank Marianne Dalmolen for maintaining the web site
and the local organization.

June 2004 Henk Schepers
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The New Economics of Embedded Systems

Michael Uhler

Chief Technology Officer
MIPS Technologies
uhler@mips.com

Abstract. There is a fundamental shift coming in the economic model used to
build successful embedded systems. Below 100nm fabrication geometries, the
cost of designing and creating masks for new semiconductor devices is pro-
jected to rocket up, making it uneconomical to create a new device for every
system, or even to do another manufacturing pass to fix bugs.

So why is this an interesting topic at a workshop on software and compilers?
Because the increased cost of hardware, and the increasing demand for new ca-
pability in embedded systems mean that programmable products will explode as
the solution of choice to cost-effective embedded systems. However, the need
to keep power dissipation under control means that both programmability and
configurability will be critical in new system design. This puts an increased
burden on compilers to generate code for configurable processors, and requires
additional capability in software to manage the complexity.

This talk will briefly review the reasons for the economic change, but focus
primarily on a vision for a new type of embedded system in which software and
compilers play a critical role. In some sense, the original RISC concepts have
returned in that software will assume an increasing role in the design of new
embedded systems.

H. Schepers (Ed.): SCOPES 2004, LNCS 3199, p. 1, 2004.
© Springer-Verlag Berlin Heidelberg 2004



A Framework for Architectural Description
of Embedded System

Daniela Cristina Cascini Peixoto! and Diégenes Cecilio da Silva Jinior2

! Computer Science Department
Universidade Federal de Minas Gerais, Brasil
cascinie@dcc.ufmg.br
2Electrical Engineering Department
Universidade Federal de Minas Gerais, Brasil
diogenes@ufmg.br

Abstract. In this paper a new approach for describing embedded systems is
presented. The approach is based on the composition of hardware and software
components with the addition of an interface between them. Non-functional
constraints for components and their interfaces can also be modeled and veri-
fied. As such, the component-based view presented here differs from traditional
component-based views, where focus is laid on the functional part. The ideas
discussed in this paper have been implemented in a tool. This tool enables the
description of an embedded system through a specific language. It can also al-
low the behavioral simulation and the non-functional verification of the hard-
ware and software components.

1 Introduction

As with all computer systems, the embedded computer is composed of hardware and
software. In the early days of microprocessors much of the design time was spent on
the hardware, in defining address decoding, memory map and so on. A comparatively
simple program was developed, limited in size and complexity by memory size.

Current embedded system designs are complex and demand high development ef-
forts. The design attention has shifted to software development and much of the
hardware system is now contained on a single chip, in the form of a microcontroller
[18].

The design of mixed hardware/software systems presents several challenges to the
designer. Not the least of these is the fact that even though the hardware and the soft-
ware are interdependent, they are typically described and designed using different
formalisms, languages, and tools. These notations include a wide variety of hardware
description languages, continuous modeling languages, protocol specification lan-
guages and dynamic synchronization languages.

Combining hardware and software designs tasks into a common methodology has
several advantages. One is that accelerates the design process. Another is that
addressing the design of hardware and software components simultaneously may
enable hardware/software trade-offs to be made dynamically, as design progresses.

In this paper we propose a notation to describe embedded system architecture, ex-
posing its gross organization as a collection of interacting hardware and software

H. Schepers (Ed.): SCOPES 2004, LNCS 3199, pp. 2-16, 2004.
© Springer-Verlag Berlin Heidelberg 2004



A Framework for Architectural Description of Embedded System 3

components. A well-defined architecture allows an engineer to reason about system
properties at a high level of abstraction. Typical properties of concern include proto-
cols of interaction, bandwidths, memory size, and so on.

Our primary considerations here to support architectural abstractions, identify,
classify and code the components and the ways they interact.

Another point is to verify the correctness of the design. It is needed that the final
design has the same behavior as specified. It is also clear that some way is needed for
the specification and verification of non-functional constraints. In our approach, do-
main modeling is used to ensure this.

Our framework provides a simulation environment to validate the functional speci-
fication of the components, as well as the interaction between them. This can be used
to gain information about an embedded system before a prototype is actually built.
Furthermore, this simulation allows designers to perform experiments that could be
impractical in a prototyping environment. For example, designers can perform com-
parative studies of a single system using a variety of processors or other hardware
components. This helps ensure completeness of the specification and avoids inconsis-
tency and errors.

2 Related Works

There are four primary areas of related work that address similar problems. The first
and most influential of these areas is software architecture description languages,
tools and environments. The second area is environments for hardware-software co-
design. This area includes environments for modeling, simulation and prototyping of
heterogeneous systems. The third area is notations for specification of system-level
design problems. Finally, the fourth area presents models for the design of embedded
software.

2.1 Software Architecture Description Languages, Toolkits and Environments

Software architecture has been a very active research field in Software Engineering
[9,16]. Its goal is to provide a formal way of describing and analyzing large software
systems. Abstractly, software architectures involve the description of elements, pat-
terns that guide the composition, and constraints on these patterns.

Numerous Architecture Description Languages (ADLs) have been created for de-
scribing the structure and behavior of software systems at the architectural level of
abstraction. Most of these ADLs offer a set of tools that support the design and analy-
sis of software system architectures specified with the ADL.

Examples of ADLs include Aesop [7], Rapide [10], Wright [3], UniCon [15],
ACME [8] and Meta-H [5]. Although all of these languages are concerned with archi-
tectural design, each language provides certain distinctive capacibilities: Aesop sup-
ports design using architectural styles; Rapide allows architectural designs to be simu-
lated, and has tools for analyzing the results of those simulations; Wright supports the
specification and analysis of interactions between architectural components; UniCon
has a high-level compiler for architectural designs that supports a heterogeneous mix-
ture of component and connector abstractions; ACME supports the interchange of
architectural descriptions between a wide variety of different architecture design and
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analysis tools; Meta-H provides specific guidance for designers of real-time avionics
control software.

However, none of these ADLs offers sufficient support to capture design properties
of hardware components, such as organization or capacity.

Generically, the hardware architecture is described at the RTL (Register Transfer
Level), what confuses its design with its final implementation. Widely used languages
to support the description at this level are VHDL (VHSIC Hardware Description
Language) and Verilog HDL. The hardware architecture can also specify an ISA
(Instruction Set Architecture), which describes the computer architecture or a CPU
(Central Processor Unit).

2.2 Hardware-Software Co-design Environments

Over the past several years there has been a great deal of interest in the design of
mixed hardware-software systems, sometimes referred to as hardware-software co-
design.

Approaches to hardware-software co-design can be characterized by the design ac-
tivities for which hardware and software are integrated, which include: hardware-
software co-simulation, hardware-software co-synthesis and hardware-software parti-
tioning [1].

Numerous methodologies and languages have been created for each of these design
activities. Examples include Ptolemy II [4], LYCOS [11] and POLIS [6].

Ptolemy II is an environment for simulation and prototyping of heterogeneous sys-
tems. Its focus is on embedded systems. Ptolemy II takes a component view of design,
in that models are constructed as a set of interacting components. A model of compu-
tation governs the semantics of the interaction, and thus imposes a discipline on the
interaction of the components.

LYCOS is a co-synthesis environment that can be used for hardware-software par-
titioning of an application onto a target architecture consisting of a single CPU and a
single hardware component. LYCOS provides the choice between different partition
models and partitioning algorithms, one of which is a novel algorithm, called PACE.

POLIS is a co-design system in which hardware-software partitioning is obtained
by user interaction. In POLIS analysis and transformation are done on a uniform and
formal internal hardware/software representation called Co-design Finite State Ma-
chines, CFSMs. Partitioning is done manually by assigning each CFSM to either
hardware or software. POLIS will assist the designer providing estimation tool.

2.3 System Level Design Languages

A well-known solution in computer science for dealing with complexity is to move to
a higher level of abstraction, in this case to system level. From this level, the design
methodology works its way through several refinement steps down to the
implementation.

Several languages were developed to deal with this question. Examples include
SystemC [17] and Rosetta [2].

SystemC permits the specification and design of a hardware-software system at
various levels of abstraction. It also creates executable specification of the design.
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This language is a superset of C++. It provides the necessary constructs to model
system architecture including hardware timing, concurrency, and reactive behavior
that are missing in standard C++. However, SystemC does not provide any support
for representing design aspects like timing, structural and physical constraints. For
example, cycle time memory capacity or power consumption.

Rosetta is a non-executable language that addresses the problem of defining the
constraints of the desired design and not its behavior. This language is mainly used to
mathematically analyze the performance of a system. Rosetta provides modeling
support for different design domains using multiple-domain semantics and syntaxes
appropriate for each of them.

2.4 Embedded System Design Approaches

Architecture systems introduce the notion of components, ports and connector as first
class representations. However, most of the approaches proposed in the literature do
not take into account the specific properties of software systems for embedded de-
vices.

Koala [12] introduces a component model that is used for embedded software in
consumer electronic devices. Koala components may have several “provides” and
“requires” interfaces. In order to generate efficient code from Koala specifications,
partial evaluation techniques are employed. However, Koala does not take into ac-
count non-functional requirements such as timing and memory consumption. Koala
lacks a formal execution model and automated scheduler generation is not supported.

PECOS (Pervasive Component System) [13] model provides a component-based
technology for the development of embedded software systems. PECOS is divided
into two sub-models: structural and execution. The structural model defines the enti-
ties (port, connector and components), its characteristics and properties. The execu-
tion model deals with execution semantics. It specifies the synchronization between
components that live in different threads of control, cycle time and required deadlines
that a component has to be executed. An automated scheduler is provided by the
composite component for their children components.

These environments do not provide any mechanism for representation of the hard-
ware components and the interaction between the hardware/software components.

3 LACCES Design Language

LACCES (Language of Components and Connectors for Embedded Systems) design
language is used for capturing both embedded system architecture design expertise
and the architectural constraints. The language provides constructs for capturing all
requirements for design an embedded system with hardware and software compo-
nents.

LACCES meet three fundamental requirements: it is capable of describing archi-
tectural structure, properties, and topology of individuals embedded system designs; it
allows the behavioral and non-functional evaluation and analysis of the design; and
the language supports incremental capture of architectural design expertise and in-
cremental modifications of architectural descriptions.



6  Daniela Cristina Cascini Peixoto and Diégenes Cecilio da Silva Jinior

This notation addresses several issues in novel ways:

e It permits the specification of hardware and software components and their interac-
tion.

e It supports abstraction idioms commonly used by designers. These idioms are cap-
tured through a set of primitives. Different types of elements can be modeled.

e It provides a clear separation of concerns regarding important properties of a sys-
tem, for example, computation and communication; behavior and structure; and
functionality and timing.

e It has the ability to capture a broad range of system requirements, namely, func-
tionality, timing, logical structure, and physical structure constraints.

e It defines a function to map the description to an executable specification that can
be used to validate system functionality before implementation begins. It also helps
to avoid inconsistency and errors of the functionality specification.

The first step towards the definition of the language was to survey several designs
and compile a list of system primitives, which are constructs necessary to represent
embedded systems. These primitives are broad enough to represent a large range of
components and connectors and covers diverse aspects such as behavior, logical
structure, timing and physical structure. These primitives form the basis of LACCES.

The set of primitives is also complete and consistent, so new structures can be rep-
resented without need to extend the language. It is also possible to combine these
primitives to obtain more complex blocks, and to decompose a complex block or
design into a collection of these primitives.

To accommodate the wide variety of auxiliary information LACCES supports an-
notation of architectural properties. Components and connectors can be annotated.
These properties are described in terms of four different domains.

The motivating factor to use four orthogonal domains is the separation of concerns
[14]. The first concern is the separation of time from functionality. This led to the use
of two domains, Behavioral and the Timing domains.

A topological or logical organization is usually employed to facilitate the design
capture. To represent this logical organization the Structural domain is used. It is a
mapping of behavioral and timing representations onto a set of constraints such as
capacity and organization.

The Physical domain is used to represent clients’ and designers’ physical require-
ments and constraints and actual implementation.

There is no direct relationship among objects in different domains. The domains
can be partially or completely orthogonal to each other. Orthogonal domains mean
that the domains are independent of each other and changes in one domain do not
affect the other domain. For example, a single behavior, represented in the behavioral
domain, can be mapped to several different implementations in the physical domain.

Each element may be represented in all four domains. Some elements may not
have representation in some domains, especially in the physical domains if there are
not specified physical constraints.

3.1 Components

Components are the core entity in this model. They are used to organize the computa-
tion and data into parts that have well-defined semantic and behavior.



