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ABSTRACT

The real-time signal and image processing applications make
the parallel processing architectures inevitable. Here a
one-dimensional multiprocessor array architecture using ADSP 2100
DSP chips as processing elements (PEs) is proposed and designed.
The processor array is interfaced to PC-AT. There is a broadcast
channel which is used for down/up-locading of program and data to
the PEs. Other two channels have been provided for interprocessor
communication. One of them, namely X-channel, is also used for
systolically passing input data to the PEs. Additional hardware
has been included to facilitate the array with single-cycle
multiple-destination data transfer <capabilities-the facility
lacked by DSP chips. This facility enables the matching of
communication bandwidth to the computational throughput of the
processor. The design has been accomplished upto the PCB level,
part of the system has been assembled and partial testing has also

been carried out.
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CHAPTER 1

INTRODUCTION

Digital Signal and Image Processing operations are usually
computationally intensive, because of the huge amount of data that
must be processed and of the complexity of the elementary
operations involved. Typically the image size varies from 256 X
256 to 1024 X 1024, and so it means that about 3 Mbytes of data
has to be processed for a single colour image. And when it comes
to applications like digital video processing or robotic vision,
all these calculations must be performed in real-time, i.e. at a
rate of 25 to 30 images per second. A computation rate in excess
of a billion operations per second may frequently become necessary
for real-time performance [1l]. For instance, in linear.operations
like spatial filtering, convolution and edge detection, the
necessary throughput rate is as high as 10° to 10° MOPs. The
minimum required throughput climbs up to about 10° to 10’ MOPs for
second order operations like sorting operations, median filtering
and nearest-neighbour classification. The higher order operations
such as spectral processing, adaptive operations and the matrix
based operations require a terrific 10* to 10° MoPs throughput.
Based on the speed requirement, the computational complexity and .

the data volume, it can be seen that the limit of general purpose



computers can easily be reached in digital signal processing

applications. Parallel processing provides the mainstream

solutions to fast image processing and computer vision.

Although computationally intensive, signal and image
processing algorithms involve a relatively small set of core
operations which are repetitive and regular in nature, requiring
only local communication. Architecture of the processor can,
therefore, be optimized for efficient execution of these
operations at the expense of the more general features offered by
a general-purpose computing system but not required in these
applications. For scientific computations and real-time signal
processing applications, special-purpose processor arrays like
systolic/wavefront arrays have been found to offer a

cost-effective solution [1].

1.1 Characteristics of Signal and Image Processing Algorithms :
Parallelism suits well to the tasks of signal processing and

to the nature of digital images [2]. Following are the various

types of parallelism that can be identified in image processing :

* Geometrical parallelism

* Neighbourhood parallelism

* Pixel-bit parallelism

* Operator parallelism

As the digital images are usually sampled on a rectangular
grid and are stored as a 2-D array, they posses an inherent
geometrical parallelism. This parallelism can be exploited by

employing a large 2-D array of processors, preferably with



one-processor-per-pixel configuration. For large image size,
however, this becomes impossible, the current technological
standards being the 1limit. As a compromise, segments (either
squares or strips) of the image are assigned to each processor.
This image split might create the problem of border effects.

Many digital image processing algorithms are essentially

neighbourhood operations of the form :

Y= F( X or, yos ) (r,s) € A
where X, ,yUare the input and output images respectively, F is
an operator (linear or nonlinear) and A is its processing window.
This parallelism denotes the parallel execution of 1local
neighbourhood operations. In this case, a local processor must
have access or communication to its neighbours’ data.

Pixel-bit parallelism exploit the fact that an image can be
decomposed int b bit planes, where b is the number of bits in the
image pixel (usually b=1 or 8). Several image processing
operations, notably the linear operations, can be performed on
each bit plane independently. The arithmetic that is performed on.
bit planes is called distributed arithmetic.

Two types of operator parallelisms exist in image processing
operations : pipelining and parallel decomposition. Pipelining is
the most commonly used and can be expressed as :

Y = F(X) = Fn-( Fn-1 (...F2 ( F1 (X))...))
where X is the input image or image subregion, Y is the output
image, F is an operator and F1 , i=1l,...,n are its cascade

decomposition. Typical example of pipelining is the cascade

realization of linear digital filters.



Parallel Decomposition involves operators of the form :
Y = F(X) = F1(x) I Fa(X) I ... 1l Fn (X)
where I denotes parallel execution. A typical example of this type

of parallelism is the parallel realization of 2-D digital filters.

1.2 Parallel Architectures:

Parallel Architectures can be classified in two broad
categories : Single Instruction Multiple Data (SIMD) and Multiple
Instruction Multiple Data (MIMD) machines [2]. SIMD computers
consist of arrays of simple processing elements, which are
connected to their immmediate neighbourhood to form a processor
grid. They exploit both geometrical and neighbourhood parallelism
at the same time. Instructions are broadcasted by the host to all
PEs. These are ideally suited for low-level vision applications.

MIMD machines for signal processing applications have had a
widespread use in the last decade (Ref to Ch.2). They can be
divided in two large classes : distributed memory and common
memory machines. In the case of common memory architectures, the
images are stored in the common memory and can be accessed by any
processor anytime. They suffer from conflicts in memory access. In
the case of distributed memory architectures, each processor has
its own 1local memory and communicates to the other by using
communication links and/or a common bus. Communication by parallel
or serial links is widely used in machines based on transputers or
on certain Digital Signal Processors (Ref. to Ch.2). The mixed
topologies having both communication links (for message passing)

and a high speed common bus (for image transfer) are preferable



for such applications .

1.3 Objectives of the Thesis:

(a) To design and implement a multiprocessor array using
DSP microprocessor (Analog Devices ADSP 2100) as the processing
element (PE) and interface the array to a host computer (PC-AT/386
in this case).

(b) To map a few signal processing algorithms onto this

array and evaluate its performance.

1.4 Organization of the Thesis :

Chapter 2 gives a general view of the architectural
requirements for signal and image processing applications. It also
briefly reviews the various approaches and the consequent existing
architectures customized for signal processing domain.

The proposed architecture of this thesis is then introduced
in Chapter 3. The different modes of operation of our architecture
are also discussed.

In Chapter 4, the detailed design of the PC-plug-in card that
interfaces the proposed multiprocessor array to the host is dealt
with.

Chapter 5 discusses in detail the various issues involved in
the design of the processing element (PE) card. This includes the
design of the interprocessor communication links and the
broadcasting facility from the host to the PEs.

In chapter 6, we discuss the initial testing steps that have

been carried out and give the present status of the work.



CHAPTER 2

ARCHITECTURES FOR SIGNAL AND IMAGE PROCESSING APPLICATIONS

Very high performance computer systems must rely heavily on
parallelism, since there are several physical and technological
limits on the wultimate speed of any single processor. The
challenge with parallel system is to distribute the processing
load, programs and data, among the PEs in such a balanced way that
the resources remain active during as much time as possible. The
two main paradigms of programming parallel systems are data
parallelism and task parallelism.

In data parallelism, the data to be processed is distributed
among the PEs all of which execute the same program. With task
parallelism, an algorithm is split into sub-tasks which are
assigned to different PEs and run concurrently. As the maximum
number of sub-tasks found in a single algorithm is limited, the
task parallelism is difficult to apply when the number of
processors grows. Most often it is the data parallelism that is
more adequate for implementing low-level image and signal

processing algorithms on parallel computing systems [2].

2.1 Characteristics of Low-Level Image Processing and Signal

Processing Algorithms :

Most low-level image processing algorithms have some common



features which influence the choice of image processing parallei
systems [2]. As an example, most of these algorithms are
context-intensive and position-invariant. The first feature means
that the algorithm’s features are fixed beforehand independently
of. local image features. The second feature makes the processing
in dependant of the location of the image pixels. Moreover, the
image is represented by a regular structure. These characteristics
influenced the first generation of specific parallel image
processing SIMD (Single Instruction Multiple Data) and pipeline
architectures. Recent technological advances have led to the
developement of more powerful and flexible processors, some of
which have been adapted to MIMD (Multiple Instruction Multiple
Data) architectures , thus spreading the use of distributed memory
architectures.

Low-level 1image processing operators can be classified
loosely as local, point-wise and global operators [2]. With local
operators, the value of a processed pixel depends only on its
value and on the values of the pixels placed in its neighbourhood.
They generally have a square or rectangular geometry. Examples are
image convolution (with local kernels) and image corelation. The
implementation of local operations on ©parallel computing
structures is usually done by splitting the images into sub-images
which are distributed by the PEs.

With point-wise operato?s, the value of a processed pixel
depends only on the original value of that pixel, or on the value
of that pixel in different images. Useful point-wise operators are

the difference between time-sequenced images (for movement



detection or inter-frame coding) and the modification of the image
quantization levels. Parallel point-wise algorithms do not require
any communication between PEs. Their simplicity leads to the
direct implementation onto the hardware or firmware in a large
number of image processing systems.

A global operation uses the information spread in the image
pixel array to compute the value of each pixel of the processed
image. Histogram equalization, image coordinate transformations
and component labeling are come examples of global operations

usually applied in low and intermediate level image processing.

2.2 Approaches to Parallel Architectures for Image and Signal
Processing :

Various architectures have been proposed for parallel
implementation of image and signal processing algorithms using the
concepts of pipelining and multiprocessing. SIMD arrays, MIMD
arrays and special-purpose VLSI arrays are representative of

various attempts at solving parallel processing problems.

2.2.1 SIMD Arrays

SIMD computers (Fig 2.1) are implemented as an array (usually
2-D) of locally-connected processors each with its local memory.
The host broadcasts the instructions to all the processors, and
all of them execute the same instruction simultaneously. Examples
of SIMD machines are the ILLIVAC IV system, NASA’s Massively
Parallel Processor (MPP) and ICL’s Distributed Array Processor

(DAY 7171 .



2.2.2 MIMD Arrays :

MIMD computers consist of a number of PEs, each with its own
control wunit, program and data (Fig 2.2). For the purpose of
increasing processing parallelism, the overall processing task may
be distributed among the PEs. There may result a decreased
throughput when multiple PEs try to access the shared memory
simultaneously. Nevertheless, the flexibilities in MIMD structures
are often essential in order to deal with irregularly structured
algorithms, such as those appearing in intelligent image

processing and vision analysis applications [1].

2.2.3 VLSI Arrays

A new approach based on VLSI array processor 1is becoming
increasingly competitive. These arrays maximize the strength of
VLSI in terms of intensive and pipelined computing and vyet
circumvent its main limitation on communication. As illustrated in
Fig 2.3, the massive concurrency in VLSI arrays such as
systolic/wavefront arrays is derived from pipeline processing,

parallel processing, or both [1].

2.2.3.1 Systolic Arrays :

In systolic arrays, data flows from the computer memory in a
rhythmic fashion, passing through many processing elements before
it returns to memory [3]. To implement a variety of computations,
data flow in a systolic system may be at multiple speeds in
nultiple directions - both inputs and (partial) results flow,

whereas only results flow in classical pipelined systens.
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Generally speaking, a systolic system is easy to implement because
of its regularity and easy to reconfigure (to meet various outside
constraints) because of its modularity. The Warp computer at CMU
is an operational systolic array [4]. It is a one-dimensional
array of powerful, programmable processing elements and is capable
of efficiently implementing both data-parallel and purely systolic

computation.

2.2.3.2 Wavefront Arrays :

The major feature distinguishing the wavefront array from the
systolic array is the data driven property, i.e. there is no
global timing reference in the wavefront array [1]. The
information in the wavefront array is transferred by mutual
convenience between a PE and its immediate neighbours by means of
a simple handshaking protocol. The wavefront array processors
posses most of the advantages of the systolic arrays, such as
extensive pipelining and nmultiprocessing, regularity and
modularity. More significantly, it also possesses the asynchronous
data-driven capability of data flow machines and can, therefore,
accommodate the critical problem of timing uncertainty in VLSI

array systems.

2.2.4 Summary

A critical survey of image processing algorithms and
architectures has been made by Cypher et al [5]. It reveals that
mesh connected SIMD computer is clearly very efficient at

performing local neighbourhood operations. It 1is, however
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inappropriate for performing high-level computer vision tasks as
it is inefficient when data has to be moved long distances in the
pointer-based communication. The pyramid computer seems to be
comparable in power to a mesh connected computer that has been
augmented with a tree of processors. The hypercube, on the other
hand is better suited to high-level computer vision. The hypercube
with independent communication is found to be the strongeét model
of the parallel computers studied. However, it is more difficult
to build than the other types of parallel computers. The hypercube
with SIMD communication and the shuffle-exchange and
cube-connected cycles computers, are less expensive options that
also perform long distance communication efficiently. However,
these computers are less efficient than the mesh and pyramid

computers at performing neighbourhood operations.

2.3 Architectural Decisions :

In designing a multiprocessor array for signal processing and
low-level image processing applications, two crucial architectural
decisions have to be made at the outset
* array topology (including interconnection scheme)

* architecture of the processing element.

2.3.1 Array Topology :

Among the various toplogies proposed [5], it has been found
that 1-D and 2-D arrays are ideal for matrix-vector and
matrix-matrix multiplications - the core kernels in many signal

and image processing applications. A 2-D mesh connected array is a
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natural choice for low-level image processing applications
involving data-parallelism mode of computation. However, it has
been found that many image processing algorithms can efficiently
be mapped onto a 1-D array as well, as demonstrated in the Warp
Computer [4]. This has also been borne out by a preliminary study
in [6] and a recent simulation study on a similar DSP-based 1-D
array architecture [7]. Moreover, compared to a 2-D array, akl-D
array 1is more efficient from the point of view of array
utilization as defined in ([8] when solving a host of matrix
problems commonly encountered in signal processing. Furthermore,
the interconnection between PEs are less complex, and the I/O
bandwidth requirement between the host and the array is lower in a
1-D array as compared to a higher dimensional array.Based on these

arguments, we have opted for a 1-D array architecture.

2.3.2 Processing Element Architecture :
The ability of a fixed topology array to efficiently map a

wide variety of problems depends on :

* the degree of programmability and computational power of the
PE, and
* the various communication patterns the array architecture can

efficiently support.

The most important computational models in linear array are
the local (oxr data-parallel) and pipelined (or systolic)
computational models [9]. Local and point-wise operations, and
matrix multiplication are examples of the former while 1-D

convolution is an example of the latter. In the local model,



