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Abstract

The paper addresses the problem of analysis of al-
ternatives in the design of distributed real-time sys-
tems. In the design of such a system, a hardware
architecture needs to be chosen; then the system
algorithm must be mapped onto the chosen archi-
tecture. As a result, the design space is very large,
and evaluation of alternatives is very expensive. We
propose an approach to an approximate analysis of
alternative design decisions, which allows to elimi-
nate infeasible solutions faster.

1 Introduction

Following the advances in processing and sensor
technologies, more and more powerful tasks can
be implemented by embedded real-time systems.
Operational requirements, especially timing con-
straints, for such systems become ever more strin-
gent. Parallel and distributed processing has to be
used in order to meet these requirements.

Because of this, design and implementation of
embedded systems is a very challenging task. With
multiple processors in a system, the number of
alternative implementations of an algorithm that
have to be considered by designers increases dra-
matically. On the one hand, a hardware architec-
ture has to be selected along with a target platform.
On the other hand, the algorithm has to be mapped
onto the chosen architecture, which can be done in
several ways. All of these choices can have dramatic
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impact on the system performance, which may be
hard to estimate in advance. It would be, of course,
prohibitively expensive to implement several alter-
natives and evaluate them later. System analysis
techniques have to be used in order to estimate per-
formance of each alternative.

The most commonly used technique currently in
use is simulation [2]. Simulators capable of very
detailed modeling of an algorithm mapped on a
distributed system are available, and allow design-
ers to achieve highly accurate estimates. Unfor-
tunately, detailed simulation is a very lengthy pro-
cess. It would be infeasible, timewise, to analyze all
design alternatives by simulation. Complete simu-
lation of just one alternative can take months to
complete. Therefore, there is a need for an alter-
native analysis technique that would yield results
fast, even if these results would have less precision
than simulation.

This paper proposes, as an alternative to sim-
ulation, an analysis methodology based on formal
methods. Formal methods, a collection of specifi-
cation and analysis techniques based on a mathe-
matical description of a system, provide a rigorous
way of exploring behavior of a system specification.
Numerous tools are available to help the user in this
exploration.

In the proposed approach, an algorithm is parti-
tioned into a set of tasks. Each task can be run on
a single processor, competing for processing time
with other tasks assigned to the same processor.
The user specified the amount of processing time
necessary for the completion of the task, and the
interconnection between tasks - that is, the size of
data elements exchanged between tasks and the fre-



quency of exchanges. Data is exchanged between
processors along communication channels. Several
tasks may have to share a channel.

Based on this description, a formal specification
of the system is constructed and analyzed by a for-
mal methods tool. The specification is formed by a
number of building blocks, each representing a sys-
tem component: a processor running a certain task
or set of tasks, a communication channel shared
by a set of tasks, a queue for temporary storage
of data, etc. Each of these components is repre-
sented by a parameterized specification, which can
be instantiated according to the description of the
algorithm. Since we are interested in an approx-
imation of the system behavior, the specifications
do not have to be detailed and their analysis can
be performed fast, compared to simulation.

As a case study of the possibilities of this
methodology, we performed analysis of an auto-
matic target recognition (ATR) system for an Army
ground vehicle. The tool used for analysis is
PARAGON [3], a toolset for formal specification
and analysis of real-time systems.

2 The Problem

Many mappings of an algorithm onto a multipro-
cessor system are usually possible. Simulation is
traditionally used to evaluate different mappings
and choose those that meet timing requirements
for the system. However, simulation of a multipro-
cessor system is a laborious task, and the number
of alternatives precludes us from evaluating all of
them within the design cycle. Performance differ-
ences between implementations resulting from dif-
ferent mappings can be very significant. It is there-
fore important to identify those mappings that may
yield feasible solutions early in the design cycle.

We approach this challenging problem by means
of high-level modeling of the embedded system.
Models of the system implementations are con-
structed and analyzed for their parameters, such
as the number of processors necessary to meet the
timing requirements. This analysis yields very ap-
proximate results, which nevertheless allow us to
identify and discard infeasible solutions early in the
design cycle.

The algorithm of the embedded system is mod-
eled as a collection of tasks, each task assigned to

a certain processor. A task corresponds to a step
of the algorithm applied to a fraction of the input
data. A task interacts with other tasks by sending
results of its computation to the processor respon-
sible for the subsequent round. Interaction between
tasks is performed by communication channels on
the processor board, or by inter-board channels.
These channels are modeled to reflect their latency
and transmission times. In addition, data trans-
mitted between tasks has to be buffered to allow
each task to proceed at its own speed.

The specification of an embedded system is con-
structed from a set of building blocks that represent
commonly occuring system components. When
modeled in this way, an embedded system is rep-
resented as a parallel composition of a number of
similar processes. We were able to categorize the
several kinds of processes involved in this kind of a
specification. As mentioned above, commonly used
kinds of processes are (1) computation tasks as-
signed to a processor, that consume inputs from
one channel and produce outputs on another chan-
nel; (2) communication channels that transmit data
between processors; (3) shared channels that can
carry data from multiple sources to multiple desti-
nations; (4) queues or buffers for temporary storage
of data.

For each of these types of data, we defined a
parameterized process template that can be easily
reused in many specifications by modifying its pa-
rameters. Parameters of a template depend on the
kind of a process it represents. For example, com-
putation tasks are parameterized by the duration
of the task and the processor resource that runs
the task; communication channels are parameter-
ized by their latency and bandwidth; buffers have
their capacity as parameters.

This categorization of the specification compo-
nents allowed us to try different system configura-
tions quickly. Indeed, to construct a specification of
a new system configuration, we just need to instan-
tiate appropriate process templates and describe
their interconnections. The process templates are
organized in a library, and an intuitive user inter-
face for instantiating and connecting templates can
be provided. This turns a general-purpose formal
analysis tool into a framework for analysis of em-
bedded system designs.



3 Application

3.1 System description

We tested the described methodology in a case
study involving an implementation of a specific em-
bedded system. The algorithm used in this study
is an Army Research Laboratory (ARL) sponsored
ATR algorithm named the ATR Relational Tem-
plate Matching (ARTM) algorithm [1]. At a high
level, the ARTM algorithm operates on input im-
ages looking for edges and boundaries which, when
combined, have the shapes of targets. Initial tar-
get templates are used to look for gross shapes to
separate target-like regions from clutter regions. As
the algorithm progresses, the target templates used
are refined to separate target classes and eventu-
ally individual targets. The ARTM algorithm con-
sists of six stages, referred to as Rounds. Rounds
0 and 1 are for screening potential target pixels
from background clutter pixels (target screening).
Rounds 2 and 3 perform operations on pixels that
pass Rounds 0 and 1. Rounds 2 and 3 are designed
to converge on a specific target pose (target separa-
tion) while Round 4 verifies the target pose (target
verification). The last Round performs proximity
completion, i.e. a nonlinear form of spatial inte-
gration, and outputs a final target designation list
for the input image. Algorithm control flow from
Round 0 to Round 4 proceeds irregularly along a
conditionally branching target hypothesis tree for
each pixel in the input image. Control passes to
the next Round only if the latest Rounds’ results
exceed the threshold, else it terminates. If control
terminates, the pixel under test is no longer consid-
ered as a potential target pixel. Proper threshold
design permits each Round to operate on progres-
sively fewer pixels. The image pixels included in all
of these computations vary in location depending
on the particular target template. The total num-
ber of operations necessary to process a single 1315
pixel by 480 pixel image according to the ARTM al-
gorithm is approximately 8,500 million. It should
be noted that this operation count includes each
addition necessary to address a particular pixel lo-
cation as well as operations necessary to perform
mathematical computations.

The operational scenario sets overall require-
ments such as frequency of results, which input
data, and the ultimate format of the output data.

The primary function of the ATR in this case is
to cue the human operator as to the location and
presence of potential targets. This aids the human
operator in the fatiguing task of manual search and
detection. This is also necessary to meet the short
timelines of target detection. It is the responsibil-
ity of the human operator to identify and prioritize
targets among multiple target cues. For this study,
the input data are digital InfraRed (IR) images that
have 480 rows of 1315 pixels with each pixel rep-
resented by 12 bits. The input frame rate is 10
frames per second. This translates into a latency
of 100 ms which represents the total time allotted
to process the frame according to the algorithm.

In order to satisfy the stringent timing require-
ments, an implementation of the ATR system must
be distributed across several processing compo-
nents. The target multiprocessor system of this
case study is based on 6U VME boards by Mercury
Computing Systems, each containing four 400MHz
PowerPC 750 processors. All integer instructions
are taking 1 clock cycle, except multiplication (5
clock cycles) and division (19 cycles). Memory
writes take 2 cycles. For this series of experiments,
it is assumed that the superscalar integer unit of
the processor allows it to execute, on the average,
1.5 integer instructions per clock cycle. The impact
of cache misses degrades performance by 1.5. The
bandwidth of the communication channels on the
board is 160 Mbytes/s.

3.2 Analysis

The specification of the ATR system was con-
structed using the specification and verification
toolset PARAGON [3]. PARAGON provides the
means to write formal specifications and explore
their behaviors. Analysis of the ATR algorithm was
undertaken for several system configurations, fea-
turing one, two and three processor boards. A sam-
ple two-board configuration is shown in Figure 1.
One processor is responsible for distributing pixel
data to processors on both boards. Five proces-
sors (three on board 1 and two on board 2) handle
Round 0, one processor is dedicated to Round1, and
all remaining rounds are processed on the last pro-
cessor. While transmissions of data between pro-
cessors on the same board can be carried out con-
currently, inter-board transmissions all go through
the same channel and are serialized. For simplicity,



all transmissions between the boards are assumed
to take the same amount of time. described below.

The same hardware architecture has been ana-
lyzed with a different mapping of the tasks to pro-
cessors: six processors were assigned to Round 0,
while Round 1 was bundled on the same processor
with all other rounds.

3.3 Analysis results

Each configuration has been applied to images of
different sizes and analyzed to determine the frame
rate that can be achieved by the configuration. Re-
sults of the experiments are summarized in Fig-
ure 2, showing the frame rate as a function of the
number of processors dedicated to Round 0.

4 Conclusions and Future

Work

We presented an approach to a rapid approximate
analysis of alternatives in the design of safety-
critical real-time systems. The goal of analysis is
to obtain estimates of the computational resources
needed to implement the system, and to eliminate
infeasible alternatives. Alternatives that survive
this approximate analysis are then evaluated in
more detail using more precise - and more expensive
- techniques. Preliminary results obtained through
the case study suggest that this approach will be
helpful in design of large safety-critical embedded
systems.

Our future research on this topic will pursue sev-
eral directions in order to make this approach more
helpful and easy to use.

e An intuitive front-end to the analysis tool will
be designed, to shield the user as much as pos-
sible from the low-level details of the specifica-
tion and analysis techniques.

e The set of process templates will be enlarged
and refined. The goal of this is twofold: on the
one hand, new types of templates are needed
to enlarge the scope of this technique; on the
other hand, templates need to be made more
flexible to allow different degrees of precision
during analysis.

e Additional case studies need to be performed
to gain more experience, which will allow us to
improve the technique further.
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Figure 1: Sample ATR architecture

45

12000 ——

Figure 2: Frame rate as function of Round 0 processors



