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ABSTRACT

The apid giowth in capability and performance of modern computer systems can batattrib the underly-
ing \ery Lage fale Intgration tetinolagy, which enables an ungcedented number of components to fit ohip ¢
and clo rates to incease Howerer, such a remarkable pogress in modular systems construction, usegtcess-
fully in the ecent ewlution in digital telecommunications, has yet to be imadcby softwa design (@en) in the
same field. This paper discusses softwatkevelopment issues on two-dimensional digital signacpssing and
assesses the edentials of dva as a pactical plogramming languge Using pevous work as a case study
attempts to further undstand the faggoing architectural evolution whid may bring about a corergence of the @&-
ditionally dispaate appoades of softwar and hadware design.

1. Introduction

The past decade has witnessed impvesaivances in lage-scale intgrated circuit (IC) engineering which has
brought home to engineers the custospcifiable technology of application-specific ICs, or ASIOslike gan-
dard ICs, the construction of ASICs eggs the designer into a rigorous frarmk of detailed assessment and criti-
cal appraisal for composing the comphtectronic systems at hand&iven the outstanding architecturalve#op-
ment ofprogrammable logics #@&es (PLDs), one could gue that useful lessons be learnt, particularly in sofw
development, by designers and researchers in component-basedrsoémgineering(CBSE), to #cilitate con-
struction of compbe and high functionality softare by lilding systems with components as described@bihis
paper &amines this fundamental tenet of CBSE within the cdrdEtwo dmensional digital signal processing.

Engineering softare by virtue of modular designs with component reuterfn architectural framerk
which has gisted since the earliest day of computirihe e/er-increasing demand foublding complex and high
functionality softvare in @er shorter time periods has created avramd challenging need for a moreganised
approach to systemswi#opment [2]. In the general conte of software deelopment, object-oriented programming
offers a technical frameork whereby programs are so created thay #xe more amenable to be reused, thereby
aiding the process of systems gr&tion. Inthis respect, we lva dhosen for this wrk an object-oriented program-
ming languageJava [3], which is widely kna/n for its compactness and portabilityhe ubiquity of high quality
Java Virtual Machine (JVM) on computersondwide, the popularity of the (Maoriented) Internet computing, and
the rapid grath of commercial APIs, he dl contributed to increased adoption ofvdaamongst academic and
industrial computer userdndeed, these attritbes hae long made the industrial-strength, standardised ANSI C the
‘established’ high-leel programming language for practical signal processing applications.

A further description of Ja daracteristics instrumental to their support for signal processing and compo-
nent-based softare design are discussed, alongside, where appropriate, features of C that are corpiodtel. e
The concurrent programming framerk is then introduced as a disciplined approach to systems construction. An
illustration of the concepts disscussed is presented in section 4., usimyprsork on complg moments genera-
tor. Realisation of the proposed generator architecture by aftaomponents is described and demonstraiea-
cluding remarks summarising¥ points of this paper are included at end of this paper

2. Javavs ANS| C - a Comparative Study

Practical signal processing softie deelopers tend to adopt a more traditional approach and prefer using a high-
level procedural language such as ANSI C, which is bafiressie and relatvely terse [1]. In addition, lav-level
facilities such as byte manipulationsasvcomeniently accessible toxperienced programmers to fine tuned pro-
grams dwn to hardvare architectural detailsyen to the detriment of program portabilityThese tw facets of
applications programming produce conflicting requirements; on the one hand, the language should beatsds to e
all possible high-leel procedural constructs so that the underlying architectu@divbe suiciently transparent.

On the other hand, the language should alse lav-level tools and capabilities, to permit direct access of specific
hardware at the programmers’ will. This widenedpghas, in time, hampered the systematic amxibfée develop-

ment of comple, high functionality softare required of modern applications.

L http://www.sei.cmu.edu/cbs/icse99/cladeshp.html, August 1999.
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Java adopted the widely used, object-oriented and industrygor&€++ programming language. The inherent
pitfalls and compbety in the evolution of the ‘heay-duty’ implementation language of ANSI C, upon which its
superset of C++ as basedhave forced upon manrefinements of the ¥a tchnology to mad it compact, compat-
ible and &miliar. The rapid deelopments of Jea in the computer science and engineering communities, particu-
larly in terms of the continuous impraments in performance, ¥ snce made Ja the primary choice of language
for implementing Internet/Intranet-based applications and orktaware devices;eg. cellular phones and digital
TVs. Theobject-oriented, JVM-boundedwdalanguage is a major asset characterised withy reinbutes which
are vital for practical signal processing. These are discusset belo

» Portability and Inteppembility - Portable C/C++ programs were written in the past by strictly adhering to ANSI
features. Br mary years, portability of these programssvicilitated by the \@ilability of good compilers,
which «ist on maw different combinations of hardwe and operating systems.w#wer, as multimedia capa-
bilities are becoming indispensable, applications that were oncew@ilbée on specialised platforms, canano
be found running on the Internet, often communicating with other distdbapplications.The adoption of
GUIs, for xample, is almost umérsal. Neitherof these languages, nor the combination of both, couiéd af
capability in such a ay that applications can run without modification (eenere-compilation) on aariety of
platforms. Jaa, on the other hand, is becoming a standard technology foredatj cross-platform by virtue of
its bytecode architectural model [7]. It decouplegeltmment from deplpgment, and realises the fundamental
basis for Jea's "Write Once, Run Aywhere" philosopi

* Quality and Rrformance -The in-tuilt memory management, the thread handling capabilities (see)belod
the proper object-oriented programming techniques that @dorces, all contribtes to its superiority ver
C/C++. Inaddition, the J&a exception model forces a function that generatesxaepgion to add @hrows
clause to the function declaration, rendering it superior t@th®-based macro mechanism of @/here per
formance is of prime consideration, highly optimisegldy code could be incorporated intovdaprogram as
native codewnhich permits intgration of the risting C/C++ codesFurther full Java compilers hae been writ-
ten for most popular platformdn general, compute-intensi Java gplications and appletsauld have o be
compiled into an intermediary between bytecode interpreters and compilers, destdraTime (JIT) compiler
[7]. Interactvity and response of multi-tasking applications can be iwgoroasing the multi-threading supports
of Java language. Thiigh-level programming é&cility allows Jaa threads to bexecuted concurrentlyand,
where necessarin parallel, to eploit multi-processor platformsThis represents a significant departure from
the traditional approach whereby multiple threads were programmed with operating system supports, most com-
monly via system librariesThis way, portable concurrent programming can be agdeby leaving hardvare
mapping decisions entirely to the JVM on which an application réngurther discussion of this topic is
included in section 3.

» Program Interfaces and Specificationé\s well as being freed from the restraint of compatibility (with C/C++),
the object orientation of ¥ya renders a consistent\@ronment complete with class hierarchies for input/output
(I/O), GUI design, netarking, and may other utilities. Through class management and a consistent object
interface, the language pides a technical frammrk within which applications can be specified using generic
programming designs and constructed with portable programs. In the former cas@niptee the jea /O
packagejava.io, manipulates file and netwk data I/O collectiely as stream without directynlvement of its
source. Themegent of Jaa API-compliant packages, such as media-baseal A&l [8], provides both a start-
ing point for lilding extensible and portable applications that encourages reuse, and sysieimsnuent by
components intgration.

3. A Concurrent Concurrent Systems Development Dimension

Java, like C, was originally deised as a programming language for operating systamsrba much larer and
ambitious scale.As such, the object-oriented concurrgri@as emeged primarily to optimise performance and
response of real-time systemA.distinct adwantage of object-oriented concurrent programming, is thatitithates
different styles and capabilities pided by diferent concurrent paradigms including semaphore, monitor and and
CSP (Communicating Sequential Processes) T4js is in sharp contrast to concurrent C/C++ programming, which

is derived from the traditional libraries-based, multi-threaded concurrent systems programming, and consequently
inferior to Jaa in such important characteristics as encapsulation, security and, sadeliylarity and gtensibility.

Concurreng is £en as an indispensable ingredient for systewaagenent, which enables co-operating sys-
tem components be designed, constructed and composed, to rendet system that meets a set of specifications.
The VLSI technology described earlier is a case in point. In aoétengineering, concurrgnopens up design pos-
sibilities that are either impossible or impractical in sequential programs -aseftparticularly those constructed
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under the the traditional framverk for procedural design and programming, is peetkss largely sequential. Clas-

sic exkamples of compleand lage-scale concurrent softme systems arexemplified by modern operating systems
such as UNIXM, and contemporary GUI programming. In the latter case, #yeattvantage of concurrent systems
design is that it dérs a natural means and analytical techniquessfmtive programming; a compositional method-
ology which controls and synchronizes reaetesponses (and outputs) to multiple, independent and (often) simul-
taneously operated inputén the broader conté concurrent programming promotes a highly disciplined approach
to constructing systems with cooperating procesgadmch are characterised bgcalability (which facilitates reuse),
livenesqwhich specifies functional compositiorand,safety(which stipulates security).

As with the scalability of design, the techniques for ensuring safety generally rely on good engineering prac-
tices, including seeral with a foundation in ‘formalism’, rather than formal methods theraseOnthe design
level, they necessitate a clear understanding of required properties and constraints surrounding representations of a
system componenfThe constraints typically stem from the definitions of higrelleonceptual attribtes during the
initial design (of classes), and thasually hold rgadless of hw these attribtes are represented and accessed via
methods and their daté&similarly, liveness concerns, demand that system resources management be optimised for
the gven target loads, thus requiring the careful use of suitable synchronisation constructs, and impacting upon the
interactions between coopexaticomponents. This has lead to a wealth of general-purpose (concurrent) techniques
for structuring and managing the intrinsic comxile of interactions among multiple, coopevatioftware compo-
nents [6]. This issue, which is barely of concern to sequential programming, could be critically importantfor man
(real-time bounded) signal processing designs, in widthré to &ecute within a gren time could lead to catas-
trophic system errors.

4. Building Component-Based Systems - a Pilot Study

Previous work on two dimensional generators for complmoment descriptors (CMD) has demonstrated a de/com-
position technique for constructing higher order moments using a linear combinatieveofolder moments [5].

This feature description method is typical obtdimensional signal processing algorithms in terms of the amount of
data processed, multi-dimensional representations, and similarities and/or relationships with 1-dimensional signal
processing. Byexploiting the duality description of Infinite Impulse Response (lIR) filters and moment equations,
and the separability of moment computations, it realisesithgil generators through a cascade nétwof basic
single-pole filters; an important and widely used structure for one dimensional signal processing (by virtue of the z-
transform characteristics). Mathematically given the equwiaent relationship of the impulse responses

hy(t) = tPu(t), u(t) = unit step sequence, and th-order moments of the input sequencex( evaluated at the
end-pointt = N, higher order moments could be generated in one dimensional case using single-pole filters of the
form Z "} 1/(z- 1)} = u(t - 1) and epressed in the irerse Z transform as:

: =5 t - p)<u(t - >1 1
W}—glck( pfut-p), p=z1 ..(1)

wherecy is a constantEquation (1) vas etended to etract moments of higher dimensions, using synchronous and
orthogonal computation of moments along the separable dimensions of the CMD reljuitesitwo dimensional
case, therefore, a specific momay, can be logically constructed as 2-Dvoand columns of single-pole filters,
wherebyO ,, are combined according to a matrix specifications defined by (1J{glre 1. illustrates the 2-D con-
struction described alse.

Any set of 2-D moments could be generated by mapping the required set of identical single-polefilters (
basic lilding blocks), each characterised by the transfer fundii(e) = 1/(z- 1), onto the corresponding 2-D grid
network (of Jara threads) as depicted in Figure Hor each thread, the multiple outputs that it generated by comput-
ing H(2) were ‘feed’ (= read) synchronously into itaro unit-delayed feedback loop and the ratw In addition
to the correct ordering @, the requirement for distrilted synchronous controls is essential, far teasons; (a)
Non-deterministic objects interference and/or data access by the asynchronously opexatedatis were elimi-
nated, and, (b), thevait and notify methods could be used in conjunction with thealdasyndironizedqualifier to
specify the correct ‘data fid (control flow) within the 2-D grid [7]. The latter is particularly important for the
individual filters composing the firstwoof the netvork, where the 2-D input imagi(x, y) is read succesgly in a
row-major order

ZY

5. Design Validations
The design s \alidated using three criterion: portabilitpbustness and performance.

» Portability was further demonstrated by porting the moments generatoorefvom a SUN Ultra5 host -
dows/Linux PC with practically no modification required of thealJdasses implemented.
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Figure 1. Composinyyl ,q usingH (z) components on a 2-D grid.

* Rolustnesavas assessed by generatingfdient sizes of the 2-D nebnks, with the intention of rendering a rea-
sonably lage number of objects and data access (towb#ie machine-specific limits)Different sizes (up to
768x768) of the 2-D inpuf (X, y) were also applied without gproblems.

» Peformancehas been measured primarilyasigst a direct implementation of CMD of (p,q)-ordered moments,
with f(x,y) fixed (at 256«256). wo dbsenations were noted; firstiyor small combined alues of , q), the
direct implementation as a clear winner;var 30% in the trvial cases wherep( q) = (0, 1), (1, 0). This trend
continued for lager \alues ofp and g, but with noticeably narmeing gaps. Thenarraving could be attribted
by the fct that, as [§, q) increases, a significant part of theetheads due to the management of cante
switches and startup/shutdie of Java threads vas ofset by the high number of combinations for thg ()
pairs. This suggested that the netkvis more scalable to Ige& (p, q). However, a ®mprehensie performance
analysis depends on mafactors, which are outside the scope of this paper

6. Concluding Remarks

There hae been strong guments andwdence for softwre component producers to falldhe path of hardere
producers in engineering complend high functionality softare. D this end, concurrent programming combined

with objects orientation is seen tdefa paverful methodology for systemsopment that emphasizes re-usable
components, and rigorous techniques for composing thierctiedly to meet specificationsin this paperwe have

examined this proposition in the cortef practical 2-D signal processing, demonstrating the generation of comple
moments by a netwk of basic IIR filters.Within the design, these filters were constructed as agftaomponents,

which define their functionality and intede, and arevailable for use in mancombinations. Eacfhilter details the

methods that it may applgnd the interfice necessary to agtie such methods in an applicatiorvieonment. This

approach to systems engineering is completely at one with the principles and practice that are long established by
hardware designers avking in the field of VLSI technology
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