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Digital Filter Design Using
Multiple Pareto Fronts

Introduction

Evolvable hardware(EHW )refers to one particular type of hardware whose architecture/
structure and functions change dynamically and autonomously in order to improve its per-
formance in performing certain tasks. The emergence of this new field in recent years has
been influenced profoundly by the progresses in reconfigurable hardware and evolutionary
computation.

Conventional and Evolutionary Digital Filter Design

Digital filter design has a number of features that make it very attractive as test prob-
lems for our research.

—The problem hasengineering relevance. Digital filters play an important role in com-
munication systems,often at the interface between digital and analog signal processing sys-
tems. Examples are mobile communications, speech processing, modems, etc.

—While the science of digitalfilter design is very well established and researched, there
are no‘conventional’design procedures that lead to optimal designs with acceptable effort in
the general case. A survey of relevant journals reveals that digital filter design is an active
area of research. For example, the leading IEEE Transactions on Circuits and Systems II pub-
lished 12 papers on different approaches to filter design in only two years(1998 —1999), to
name just a few. .

—The design space for digitalfilters is well defined but large and complex. A well
defined space facilitates comparison of different results. A large and complex design space
will challenge our evolutionary system and will be good at evaluating our system’s suitability
in dealing with tough design problems.

—A quantitative measure of filter performance is generally available, providing a fitness
measure for EAs that is relatively easy to compute. It also provides a straightforward metric
in comparing different designs. There are many different kinds of digital filters,depending on
types of components used(e. g. , linear or non-linear components ), restrictions on intercon-
nections(e. g. , with or without feedback)and the intended characteristics of the filters. The
difficulty in designing individual filters depends on the exact type of filters. For some,analyti-
cal methods are available. For others,approximavtion methods have to be used. In any case,
different filters generally need different design approaches. 44 A human designer specialized
in designing one type of filters might not be able to design an optimal filter of a different
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type. Since no general design methodology is available, evolutionary design will be a good and
automatic alternative to manual design.
Advantages of evolutionary design

Evolutionary Algorithms (EAs) refer to a class of population-based stochastic search
algorithms that are devéloped from ideas and principles of natural evolution. They include
evolution strategies(ES) ,evolutionary programming(EP) ,and genetic algorithms(GAs). One
important feature of all these algorithms is their population-based search strategy. Individuals
in a population compete and exchange information with each other in order to perform certain tasks.

An evolutionary design approach offers a number of advantages over the conventional
one used by human designers although there are some important issues that remain open. ©

First,the evolutionary design approach can explore a much wider range of design alter-
natives than those could be considered by human beings. This has been shown by many
experiments in other design tasks, such as evolutionary design of neural networks, or of
building architectures. These experiments demonstrated how evolutionary techniques could
be applied to evolving novel designs which were difficult to discover by human beings. ©

Second, the evolutionary design approach does not assume a priori knowledge of any par-
ticular design domain. It can be applied by users without resorting to domain experts. It can
be used in domains where little a priori knowledge is available or where such knowledge is
very costly to obtain.

Third, the evolutionary design approach is veryflexible. It can deal with non-differential
or even discontinuous objective functions. ® It can deal with various linear and nonlinear con-
straints as well as objectives. Its population-based nature makes it ideal in tackling multi-ob-
jective design problems. Although the evolutionary approach can work with little a priori
domain knowledge, it can incorporate domain knowledge in the chromosome representation
and search operators easily if such knowledge is available.

Limitations of Conventional Design

Designing digitalfilters, especially recursive filters,is not a straightforward problem. ®
For certain design problems with particular characteristics, it is possible to mathematically
derive the optimal filter configuration; but in the general case, no such method exists.
Instead,a number of approximation methods have been developed,usually applicable only for
a particular class of design problems.

There are two problems with this design method. First, for new problem classes, an
approximation approach has to be developed first. As the title indicates, the class of filters
that the method is applicable to is fairly limited. This is different from evolutionary approa-
ches, which can generally be written for much larger classes of problems, allowing it to be
used for many different filter design problems.

The second problem with the conventional approach is that, depending on the exact
approach taken, the resulting design is likely to be suboptimal.

—Linearization of constraints: All constraints have to be formulated as linear inequali-

ties. Constraints that are not initially linear have to be linearized. To ensure that the linear-
2



ized constraint still excludes all designs that initially violated the constraint, it has to exclude
some viable designs(otherwise the linearized version would have to be identical to the original).

—Objective as least-square problem: the objective has to be implemented as a weighted
least-square function. Often, this is not exactly the same as the actual design goal. While the
maximum deviation is the‘real’ design goal, the accumulated weighted square error is used for
the design algorithm.
Mathematical Description of Linear Digital Filters

Any linear digitalfilter can be mathematically specified by a complex-numbered polyno-
mial function,i. e. , the transfer function(Eq. 1. 1). This polynomial function,i. e. ,Eq. 1.1,
can be rewritten as the quotient of two product terms with the numerator specifying the
zeroes of the polynomial and the denominator specifying the poles. The function(i. e. ,Eq. 1.
2)usually has a scaling constant. The two descriptions are equivalent. It is easy to transform a
pole-zero description to a polynomial description,but not vice versa. The frequency response

can be derived from the transfer function by calculating the values for, z = ¢*T whereT =

2n/ ws.

- Eyzobizr—i
Y (1.1
H(z)=b, x ooz Zad(z—za) (e za) (1.2)

(2= 20 ) (220 ) (z2—2,)

Where nis the number of zeros,ris the number of poles,and n—r the number of poles at
the origin.

It should be noted that not all transfer functions are generally realizable in hardware.
Two main requirements have to be observed.
Real Coefficients

The coefficients in the polynomial description directly translate to multipliers in the
hardware implementation. Since it is very difficult to multiply a signal with a complex num-
ber,it is important that all coefficients are real. In terms of poles and zeroes, this can be
achieved if all poles and zeroes are either real,or exist in conjugate-complex pairs(i. e. a+ jb
and a—jb).
Stability

Because a general IIRfilter has feedback loops, the output may grow without bounds(or
in hardware until overflow) ,or oscillate. In a stable filter,a bounded input will always pro-
duce a bounded output. A filter is only stable if all poles are within the unit circle,i. e. || a+
jb |l <1. While there are uses for unstable filters in specific applications, most filters are
designed to be stable.
The Evolutionary Design Algorithm

The implementation of an evolutionary algorithm forfilter design faces a number of chal-
lenges. The space of possible filters is very large,and individual parameters are tightly cou-
pled,making it more likely for the algorithm to converge onto local, unsatisfactory sub-opti-
ma. For this reason, a number of new techniques have been introduced into the selection
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process. In this article, we will concentrate on the two main techniques, clustering and per-
cluster self-adaptive constraints.
Clustering Pareto Optimization

A selection scheme based on Paretofitness is a natural choice for our EA. In Pareto selec-
tion,any number of criteria can be used. Only a partial order among individuals, based on
dominance, needs to be established. One individual dominates another if and only if its fitness
is higher than the other’s according to at least one criterion and as good as the other’s
according to the rest of criteria. 1010 A population will usually contain a number of non-dom-
inated individuals,which are referred to as the Pareto front. Among individuals in the Pareto
front,it is not possible to say which one is better than the other.

Different individuals from different regions in the Pareto front can have very different
genotypes. Pareto selection allows individuals at the Pareto front to co-exist as long as they
are not dominated. Fitness sharing can help increase and maintain population diversity. How-
ever, these two techniques are not very good at helping dominated individuals to survive in a
population. We are interested in some of the dominated individuals because they may be on
different fitness peaks from those occupied by non-dominated individuals.

In order to allow more than one Pareto front to develop independently in the population,
we have introduced a clustering operation. This operation will separate the population into a
number of semi-independent sub-population according to their genotypes. Selection of parents
and for survival is performed on a per-cluster basis,individuals can therefore survive and cre-
ate offspring as long as they are on or near the Pareto front for that particular cluster.

The clusters in the population are initially established by applying the k-means algo-
rithm to the random;, initial population. The algorithm we implemented then distinguishes
between an early ‘exploration’ phase and a main°‘exploitation’ phase. In the exploration phase,
individuals will cover large parts of the search space, and we encourage exploration of the
search space by allowing unrestricted crossover. During this phase, we periodically re-cluster
the individuals using k-means clustering. At the end of the exploration phase,the population
should have discovered a number of promising areas in the search space,and the algorithm
switches to‘exploitation’mode. 1111 Here,crossover is restricted to parents of the same clus-
ter only.

Clustering has its largest effect during the selection of the next generation from the cur-
rent generation and the offspring. In this operation, the cluster memberships are established,
and an individuals chance of survival depends very much on which cluster it is in. The follow-
ing section describes the operation in detail.

Per-clusterParent Selection and Self-adaptive Fitness Sharing

As well as the selection for the next generation, we have also implemented versions of
fitness sharing and parent selection that are optimized for a clustered population.
Self-adaptive Fitness Sharing

Analyzing the runs using fitness sharing and clustering, we noted that within each clus-
ter, the population was quickly converging towards a small area of search space. Because each
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cluster only represents a fraction of the overall population, the number of individuals in the
cluster is small,and convergence is therefore more likely to occur prematurely.

To counteract this, we use a niche-count basedfitness sharing. The niche count produces
a measure of how many other individuals ‘inhabit’ the same niche in the population. To do
this,distances are computed between individuals and individuals already in the population.
This distance is based on a comparison of the genotypes, by computing the geometric distance
of the locations of the corresponding poles and zeroes. Since distance calculation i1s computa-
tionally expensive,each individual is only compared to a small random sample of individuals
in the population in our EA. This is somewhat similar to implicit fitness sharing. If the dis-
tance between two individuals as calculated above is below a threshold(i. e. ,the sharing radi-
us) ,the niche count of the individual is increased by a value inversely proportional to the dis-
tance. The niche count will be normalized by the number of samples this individual has been
compared with.

This niche count is used in selection of both parents and next generation, individuals
with higher niche counts are less likely to become offspring and to survive into the next gen-
eration.

An important parameter in niche-basedfitness sharing is the niche radius. This radius
defines the size of the niche,only individuals with a distance less than the niche radius are
counted in the niche count. The size of the niche radius is therefore critical for the success of
niche based fitness sharing. If the value is set too low, very few individuals will be defined as
‘sharing a niche’; the niche count therefore provides little information about the distribution
of the individuals. Similarly, with a niche size too high, most of the individuals would share
one or a few niches again the niche count provides little information about the individual distribu-
tion.

The optimal niche radius depends on the distance measure employed, and on the actual
distribution of individuals in the search-space. During any particular run, this distribution will
change, as the population moves from the random distribution of the initial population
towards areas of the search space with good fitness. This in itself is not a problem,as the pre-
mature convergence only becomes a concern once the population has concentrate on a few areas. ®
The niche radius is usually set so that it optimal for this phase of the evolutionary run.

In our cluster based implementation,each cluster contains only one or a few majorfitness
peaks,and the size of these peaks in the fitness landscape varies from cluster to cluster. As a
result, the distribution of the individuals in each cluster varies. The optimal niche size needs
to vary too. In order to have different niche sizes for different clusters, we have implemented
a new self-adaptive per-cluster fitness sharing algorithm.

In this algorithm,each cluster uses a different niche size. After the creation of new indi-
viduals, the new individuals are evaluated. For each individual, the niche count is then compu-
ted by comparing it to a number of individuals from the population. The individuals are only
compared to other individuals in the same cluster, using the cluster-specific niche radius. The
niche count has to be recalculated for all individuals in the population, not just for the new
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individuals, because the new individuals will have changed the overall distribution of the pop-
ulation. While computing the new shared fitness, the algorithm also computes the average

distance between individuals in each cluster. From these values,the new niche radius is com-

puted,simply as a fraction(for example 50% )of the average distance.
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12. Thisin itself is not a problem,as the premature convergence only becomes a concern once

the population has concentrate on a few areas.
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Transmission Line Basics

To understand the following sections,it is essential to fully understand a transmission
line and its properties. In broad terms,a transmission line is a uniform system or line consis-
ting of two parallel conductors. This means that the dimensions, materials,and cross-section
of the line and its surrounding environment remain constant throughout its entire length.
These conductors do not need to be the same material or similar in anyway between each oth-
er,but rather they,in and of itself,must remain the same for its length.

A second requirement is that the current flowing through the conductors flow in the
direction of the line,and that the instantaneous current in the two conductors are equal in
magnitude and opposite in direction.

Another requirement is that the transmission line can be completely described by four
electric circuit coefficients whose value per length are constant everywhere along the line.
These coefficients are inductance, resistance, capacitance, and leakage conductance. The
inductance and resistance are series coefficients, whereas the capacitance and leakage conduct-

ance are shunt. Below is a model of a transmission line using these four coefficients.
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Fig.1.1 Transmission line model with lumped elements

These parameters do vary with frequency, line voltage, or current and are explicitly
determined by the materials and dimensions of the line conductors and their surrounding
medium. The materials and physical geometry of the line determines the impedance of the
line, and therefore, any physical change made throughout the transmission lineaffects these
parameters and therefore its impedance. These changes in impedance are called discontinuities.

We are familiar with transmission lines,such as TV coaxial cable,being round and there-
fore contain long, round conductors. Conductors can be round, flat, hollow, solid, or any
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