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Abstract
This paper presents a systematic methodology aimed at rapid and cost-effective re-engineering of distributed embedded systems. We deﬁne
embedded system re-engineering as an analysis and alteration of a legacy system to guarantee newly imposed performance requirements
such as throughput and input-to-output latency. Our methodology pinpoints performance bottlenecks of a system and selectively upgrades
processing elements at the least cost. Inputs for our methodology include a system design speciﬁed by a process network over a set of
processing elements and a new throughput requirement. The output is a set of scaling factors that represent the ratios of the performance
upgrades for processing elements.
Our methodology works in two steps. First, it estimates the latency of each process and identiﬁes bottleneck processes. Second, it derives
a system of constraints with scaling factors being free variables and formulates an optimization problem. Then, it solves the optimization
problem for scaling factors with an objective of minimizing upgrade cost. For this methodology, we propose an accurate latency analysis
technique for precedence-constrained tasks under preemptive ﬁxed priority scheduling. We also propose a k-level diagonal search algorithm
that allows us to trade optimality for search time. Our experimental results show the effectiveness of the proposed re-engineering approach.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction
Due to the diversity and complexity of embedded systems and due to increased competition in the associated
industry, developers are under very stringent requirements
for increasing production speed. Many techniques and
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methodologies have been proposed to assist them in
designing, analyzing, and testing embedded systems
[11,18,21,23,24,28]. Recently, component-based software
design approaches have been widely adopted for the rapid
development of application-speciﬁc embedded systems.
In these approaches, an embedded system can be prototyped by composing reusable components. Such a development prototype is often subject to design modiﬁcation when
it fails to meet a given performance speciﬁcation. In that
case, the developer should locate performance bottlenecks
in the prototype system, explore design alternatives using
component libraries, and replace the bottleneck components
with new ones at the least cost. Similar problems are encountered in industry during the re-engineering of a legacy system, when a product with additional features and enhanced
performance is developed by modifying an old design.
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Generally, the re-engineering problem is deﬁned as a
sequence of activities involving reverse engineering, system alteration, and forward engineering [11]. During a reengineering process, the reverse engineering captures an understanding of the behavior and structure of the system, the
system alteration modiﬁes the structure and components of
the system for enhanced performance, and the forward engineering creates new functionalities. Using this terminology,
we deﬁne the performance re-engineering of an embedded
system as a speciﬁc instance of the re-engineering problem,
such that the reverse engineering corresponds to the bottleneck process analysis within the system, and the system alteration performs the latency reduction of the system. Such a
performance re-engineering problem is of the utmost practical importance during the production of embedded systems,
since it can lead to signiﬁcant reduction in development time
and cost.
Unfortunately, the performance re-engineering problem
for an embedded system poses serious challenges to developers. First, it is quite difﬁcult to accurately estimate the
latency of an embedded system, since this requires extensive static timing analysis of the system. Because embedded systems often consist of a network of processes that
run on a heterogeneous distributed multiprocessor platform
composed of microprocessors, microcontrollers, digital signal processors, and application-speciﬁc instruction set processors, the complexity of this task is considerable. Second,
it is fairly difﬁcult to eliminate performance bottlenecks in
the system since system resources are shared in a complicated manner, thus minor changes in a single processor may
affect the synchronization and timing behavior of the entire
system.
While there exist plenty of design techniques and software tools for embedded systems which are based on realtime scheduling theory and formal methods [2,5,6,8,9,20,
22,24,27], relatively few approaches address the performance re-engineering aspect of embedded systems. Without
the help of systematic re-engineering methodologies, developers often resort to the ad hoc iteration of system analysis
and re-design that often leads to over-optimization of the
system. It is fairly obvious that this approach will fail when
the system to be re-engineered becomes complex.
In this paper, we present a systematic methodology that
allows rapid and cost-effective re-engineering of distributed
embedded systems. A distributed embedded system is modeled as a process network and task graphs, where tasks
are executed by a priority-based preemptive scheduler, as
in many embedded systems. A performance requirement is
given as the throughput of the system. For rapid performance
re-engineering, our approach attempts to upgrade only the
processing elements that execute bottleneck processes, while
leaving the architecture and implementation intact. Inputs to
our re-engineering problem are as follows:
(1) A process network and task graphs representing the
underlying system.
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Fig. 1. Overview of the approach.

(2) Task allocation and priority assignment.
(3) A desired throughput requirement.
(4) Hardware upgrade cost tables at various performance
proﬁles.
With the above inputs, the objective of our approach is to
ﬁnd speedup ratios of processing elements that satisfy the
new throughput requirement with minimal hardware upgrade
costs. Our approach is based on latency analysis and a cost–
beneﬁt optimization. We identify performance bottlenecks
of the system by estimating the latency of each process and
eliminate such bottlenecks by formulating and solving an
optimization problem. To do so, our approach employs the
following two techniques:
(1) An accurate latency analysis technique that estimates
the latency of each process.
(2) An effective heuristic search algorithm that solves the
optimization problem.
The proposed re-engineering method works in two steps,
bottleneck identiﬁcation, and bottleneck elimination, as
shown in Fig. 1. First, it estimates the latency of each process and identiﬁes bottleneck processes. Second, it derives
a set of latency constraints for each bottleneck process and
formulates an optimization problem with an objective of
minimizing the re-engineering cost. Then, it ﬁnds optimal
speedup ratios for processing elements that need speedups
to improve the performance of bottleneck processes.
1.1. Related work
Existing re-engineering methods primarily deal with
functional and structural analysis and modiﬁcation of software systems [11,13,21] and hardware systems [18,28].
Madisetti et al. [18] propose a systematic technique for
rapidly upgrading electronic systems. They propose using
virtual prototyping accompanied by their tools and libraries

