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Abstract

In this paper we present an object-oriented approach and a development environment for
the system-level hardware/software co-design design of computation intensive applications
using reconfigurable computer architectures. We use the Unified Modeling Language for
the specification, modeling, and visualization throughout all phases of development. In this
way we address a number of problems which are common to system-level development, like
comprehensible and complete system representation, platform-independence, and seamless
transition from specification to implementation.

1 Introduction

HW/SW co-design for object-oriented (OO) systems became a topic of interest to the research
community during the last few years. The success of object-orientation for the development
of complex software systems suggests to investigate its usefulness also for the development of
hardware and mixed hardware/software systems. This requires the examination of specialized
methodologies, algorithms for design-space exploartion and synthesis and respective tools.

We have developed a process and a supporting tool for the object-oriented system-level
specification, design and implementation of applications for run-time reconfigurable computer
architectures (RTR). In our approach both, the application under development, the implemen-
tation platform (languages, tools, etc.) and the target computer architecture are specified using
models. The models are described with the Unified Modeling Language (UML) and an action
language [6]. A dedicated UML model compiler, MOCCA (MOdel Compiler for reConfigurable
Architectures), implements our methodology in that it automatically performs system validation,
platform mapping and application synthesis.

There are many approaches to the application development for reconfigurable architectures.
In [3] Chata and Vemuri presented the SPARCS design environment and a design flow. They
do not address system-level specification, but high-level behavior specifications. Eisenring and
Platzner [4] are developing an implementation framework for RTR applications. The system
specification is done at the task-level. Vasilko et al. developed a modeling and implementation
technique which builds upon the OCAPI-XL design environment [8]. The system is specified with



processes communicating through semaphores and mailboxes. In contrast to these approaches
we specify systems with objects communicating through structured messages.

In Section 2 we will give a brief introduction of our UML-based co-design approach, Section 3
presents experimental results and the final section concludes this paper. For further information
on issues related to modeling, design space exploration and synthesis see [1, 2, 9].

2 UML-Based Co-Design Approach

Figure 1 shows the basic activities and artifacts of our development approach. The illustrated
approach incorporates the general methodology of hardware-software co-design into the concept
of Model-Driven Architecture (MDA) [7]. It is a particular goal of MDA to separate the appli-
cation from the platform, comprising of hardware, operating systems, compilers etc., used for its
implementation. This not only supports the retargeting of the application but can also simplify
the mapping of a given application to a particular platform.
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Figure 1: Uml-Based Co-Design - Activities and Artifacts

In our approach the
application and the uti-
lized platforms, such as
design platform and tar-
get platform, are defined
by means of independent
UML models. The defini-
tion of the function, struc-
ture, and behavior of the
objects is captured in an
executable and platform
independent design model
(PIM). The model of com-
putation is objects com-
municating through struc-
tured messages. Non-
functional requirements on
implementation character-
istics, such as maximum
latency, and area consumption, are specified using the UML extension mechanisms. Detailed
behavior specification is done using a dedicated action language [1].

The design platform model makes all fundamental types and operation used for the specifi-
cation of designs and non-functional requirements explicit. The target platform model defines
an implementation of the design platform with the particular hardware architecture and de-
velopment environment. The implementation platform is represented by its provided services
(e.g. add, sub, mul, etc.) and service implementations (e.g. ripple-carry adder, carry-lookahead
adder, etc.), which are characterized by their quality of service (e.g. latency, area, power dissipa-
tion). Because the platform models can be exchanged this approach features a straightforward
notion portability of designs amongst different tool chains, libraries and hardware architectures.

Given a PIM of the application we transform it to a platform specific model (PSM) by
mapping the PIM to the target platform model. During mapping we explore the design space
defined by the target. For all behavioral and structural features of the application design we
allocate sufficient service implementations of the target and estimate the quality of respective
implementations. In order to improve implementation quality we perform structural and be-
havioral transformations. The best implementation is chosen for synthesis of a platform-specific
implementation (PSI). The synthesis of software and hardware modules is parameterized by



the implementation language specific patterns and rules which are described in the respective
platform models.

The methodological framework has been implemented specifically for reconfigurable archi-
tectures in the MOCCA environment. The specification of all models has several advantages in
comparison to present approaches based on programming languages: First, due to the expressive
power and generality of UML we can represent models of a system, from analysis to deployment,
in a consistent and comprehensive manner to the user. Second, this approach supports the vi-
sualization and manipulation of all models using ordinary modeling tools. Third, the approach
is independent from language specific semantics, libraries, and tools.

However, the object-oriented design space exploration and synthesis are not well researched
today. The application of OO for hardware specification does not come without cost. Typical OO
specifications are hard to analyze and to implement in hardware, due to their dynamic features,
such as dynamic message dispatch and the common utilization of dynamic data-structures. In
[1, 2, 9] we present particular transformations for UML-models and an approach to object-
oriented synthesis.

3 Experimental Results

We modeled the AudioPaK encoder/decoder for high-quality audio streams with UML and our
employed action language [5]. The application consists of a part that gathers the raw audio data
from the audio hardware, encodes it according to the AudioPaK algorithm, and distributes the
encoded streams over a network to a number of clients. The MOCCA compiler automatically
generates a C++ implementation for the software modules; for hardware modules it generates
VHDL-RTL implementations. The overall compilation/synthesis time of the design model into
the final hardware/software modules takes approximately 5..10 minutes, depending on the degree
of optimization. The generated implementations are, after a post synthesis/compilation pass,
directly executable.
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Figure 2: Experimental Results for AudioPaK Coder

The coder was tested on a
hardware platform comprising of
a Pentium IV processor running
at 2.4GHz (master) and a Xilinx
Virtex-II FPGA with approximately
3Mio gate equivalents running at
100MHz (slave). Master and slave
are connected with a 33MHz PCI
bus. The slave implements the Au-
dioPaK coder objects and the mas-
ter is responsible for the filtering and
distribution of the audio information
to the coder objects and the audio
clients in a network.

The FPGA implementation of
one coder object requires about 1800
slices, which corresponds to 12% of
the available area. Additionally two
16Kbit BlockRAMs are used to store the sample array. The majority of the resources is con-
sumed by the encode operation. The resources required for the PCI bridge are neglectable.
The FSM of the encode operation consists of 214 states, which results in a complex controller.
In Figure 2 the performance characteristics of the coder implementation is shown. The coder
implementation is efficient. Depending on the frame size between 15 and 20 audio channels can



be encoded concurrently with one coder object at 96KHz sampling rate. To avoid contention on
the objects we beneficially use a few coder objects that are executed in round robin order.

4 Conclusions

In this paper we presented an approach and a supporting environment for the object-oriented
system-level development of applications for reconfigurable computer architectures. To over-
come some of the drawbacks of approaches which use conventional programming languages for
system specification, we use the universal syntactic and semantic framework provided by the
Unified Modeling Language. This approach enables a seamless and comprehensible transition
of the system specification to a ready-to-run application, without the need to change the ap-
plied paradigms, methods, or language in between. This not only has the potential to decrease
overall development time and cost, but also improves the quality, because error-prone manual
translations and interpretations are avoided. The capabilities of the presented approach have
been demonstrated with a real world design of a coder for high quality audio streams. With this
example it has been shown that the approach provides significant gains in system quality and
development efficiency.
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