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PREFACE

The objective of this dissertation is to provide the reader with sufficient background
to elucidate the motivation behind the current research and to provide adequate technical
detail so that the results of this research are accessible for use in practical applications and
continuing research efforts. To that end, this dissertation contains a significant extent of
background material intended to provide the reader with an overview of the more popular
conventional methods of active disturbance cancellation. Additionally, the documented
shortcomings of these methods provide motivation for the novel disturbance cancellation
techniques introduced in the later chapters.

The field of active disturbance cancellation has a substantial historical background.
In fact, the first patent for active control of sound was issued in 1936 although practical
means for its implementation were not available at the time {61][68]. Since then, a
tremendous variety of approaches have been developed. Chapter one is dedicated to
providing a brief overview of the most common of these techniques. As an introduction to
this subject, section 1.1 describes several classical approaches to disturbance rejection in
linear time invariant control theory. This objective of this section is to provide an
understanding of how the present research fits into the context of classical linear control
theory. However, the described methods are strictly limited in applicability to time invariant
systems. In contrast, most physical systems, particularly in acoustic and vibration control
systems, experience significant temporal variation. Sections 1.2 through 1.4 review several
active disturbance cancellation methodologies based on adaptive linear filter techniques
which allow their use in time varying systems. Particular emphasis is placed on
implementation of such approaches in systems containing significant transport delays,
resonance, and non-minimum phase dynamics. These conditions represent some of the

challenging aspects encountered in practical active vibration and noise control systems.
iv
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Special emphasis is placed on the acoustic cancellation problem although the presented
techniques are applicable to a wide variety of systems.

Section 1.6 begins with a derivation of the LMS algorithm for adaptation of discrete-
time linear filters. The LMS zlgorithm requires a measure of the filter error in order to
provide convergent adaptation. However, in disturbance cancellation algorithms this signal
is unavailable due to the presence of cancellation path dynamics and therefore, the LMS
algorithm can not be directly applied to such systems. Instead, an extension of the algorithm
known as the Filtered-X LMS method is commonly atilized. Section 1.6 provides a derivation
of the Filtered-X LMS algorithm for the case where the secondary path is represented by an
FIR filter. This algorithm serves as the basis for more analogous nonlinear techniques which
are introduced in later chapters. Section 1.6 also presents a variety of refinements to the
LMS update which-are commonly utilized in active disturbance cancellation systems. These
techniques serve as inspiration for the development of analogous enhancements of the
nonlinear neural network methods presented in later chapters.

Section 1.6 and 1.7 provide background on the field of application for active
disturbance cancellation systems. The two main categories of applications are active noise
control and active vibration cancellation. However, such techniques are also useful for
augmenting conventional control algorithms in order to enhance their robustness against
external disturbances. Examples are provided of typical applications in each of these
categories. Additionally, section 1.7 provides a tutorial review on the acoustics of active
noise control. This section describes the fundamental approaches to active noise control and
outlines the capabilities and limitations of each.

Chapter 2 is dedicated to providing a thorough background of the CMAC neural
network and its use in modeling nonlinear dynamical systems. Section 2.1 provides a basic
description of the CMAC algorithm and illustrates its relation to other feedforward neural
network architectures. In particular, it is shown that the CMAC is particularly well suited

to control applications due to its efficient implementation and robust convergence properties.
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Additionally, in such applications, the limited generalization capabilities of the CMAC are
readily surmounted by extra training given the large quantity of training data typically
available in such applications. Section 2.2 provides a detailed description of the CMAC
algorithm. The presented material is largely tutorial, but emphasis is placed on features and
extensions of the CMAC network which are of particular significance in typical disturbance
cancellation applications. Sections 2.3 and 2.4 describe the time delay neural network
architecture and illustrate its ability to model nonlinear dynamical systems. In particular,
these sections provide some fundamental guidelines as to the representational capabilities of
the time delay CMAC network, focusing primarily on those requirements which are
particular significance in active disturbance cancellation systems. Section 2.5 concludes the
chapter with an analysis of the convergence properties of a single input dimension CMAC
network. This section provides additional insight into the nature of the CMAC adaptation
algorithm.

Chapter 3 is devoted to an analysis of the use of time delay CMAC neural networks
for feedforward active disturbance cancellation in nonlinear systems. In this application, the
conventional CMAC weight adaptation cannot be utilized directly since the output error is
not known due to the presence of secondary path dynamics. Instead, suitable modifications
to the standard CMAC weight update algorithm are derived which provide convergent
adaptation for a variety of secondary paths. The simplest case is presented in section 3.2
which considers the case of a nounlinear forward signal path in combination with a purely
linear secondary path. Convergence of the time delay CMAC in this case is proven
analytically given a bound on the learning gain. This result is extended in section 3.3 to
provide a similar conclusion for a class of static nonlinear secondary paths.

Sections 3.4 and 3.5 consider the impact of time delays in the secondary path. The
presence of this delay adds a phase shift in the error signal path which can result in
instability of the weight adaptation. An algorithm for the stable adaptation of the time delay

CMAC in the case of secondary path delay is presented and an analytical bound on the
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maximum stable learning gain is derived. This result indicates that the maximum learning
gain must be reduced in proportion to the length of the delay and the number of overlapping
weights between nearby data points. The Band Limited CMAC introduced in this section
allows for this technique to be applied for use in the case of narrowband cancellation with a
general dynamical linear secondary path.

Section 3.6 describes the Filtered-X Backpropagation algorithm developed by Snyder
and Tanaka [97]. This technique allows a multi-layer perceptron to be trained for active
disturbance cancellation in nonlinear dynamical systems. A simplified derivation of the
algorithm is provided in order to show its relation to the analogous CMAC algorithms
introduced in later sections. The primary disadvantage of the Filtered-X Backpropagation
algorithm is its significant computational overhead which limits the upper boundary of the
effective cancellation frequency range. Additionally, the multi-layer perceptron often suffers
from slow and unreliable convergence in many practical systems. These shortcomings
provide motivation for introduction of the Filtered-X CMAC algorithm in section 3.7. The
Filtered-X CMAC algorithm utilizes a time delay CMAC network to model the secondary
path. Numerically determined gradients through this model are then used to provide a
means for adaptation of a second time delay CMAC network which serves as the active
disturbance cancellation compensator. Thus, the Filtered-X CMAC algorithm provides an
alternative means for implementing active disturbance cancellation in systems characterized
by a nonlinear secondary path which does not suffer from the limitations of the Filtered-X
Backpropagation algorithm.

In many practical applications, despite the presence of 2 nonlinear forward path, the
secondary path can be adequately modeled as a linear dynamical system. In such cases, the
Reduced Filtered-X CMAC algorithm offers the benefits of lower computational overhead and
more robust convergence properties. This algorithm is presented in section 3.9. Its use is
demonstrated via simulation for a variety of nonlinear systems. In section 3.10, the

convergence of the Reduced Filtered-X CMAC algorithm is considered analytically. It is
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shown that convergence of the algorithm is guaranteed given certain bounds on the learning
gain.

Chapter 4 presents three alternative approaches for utilization of the time delay
CMAC neural network in active disturbance cancellation systems. The regenerative CMAC
approach described in section 4.1 is an extension of the analogous technigue used in the case
of adaptive linear compensators. This technique eliminates the need for an estimate of the
original disturbance by functioning solely from the measured error signal. In section 4.2, a
reinforcement learning algorithm is presented which allows the time delay CMAC to be
trained without requiring any prior knowledge or model of the secondary path. However,
this significant advantage comes at the expense of substantially reduced rates of
convergence. Finally, section 4.3 describes the use of a recurrent time delay CMAC for
disturbance cancellation. As with the regenerative approach, this technique eliminates the
need for an estimate of the primary disturbance signal. The three techniques presented in
this chapter are more experimental in comparison to the feedforward techniques of chapter
3. Each presentation is limited to a basic description of the algorithm and a representative
simulation indicating basic feasibility of the concept.

Chapter 5 describes application of the Filtered-X CMAC algorithm to a laboratory
acoustic duct system. Section 5.1 provides a brief analysis of the acoustic environment
presented by such systems. In particular, the frequencies of higher order modes are
determined in order to be able to restrict experiments to the fundamental mode of operation.
Sections 5.2 and 5.3 provide two refinements to the algorithm designed to increase the
efficiency of the implementation. Specifically, section 5.2 describes a means by which the
computational overhead per iteration can be reduced at the expense of proportionally
reduced rates of convergence. Section 5.3 shows how the dimension of the CMAC can be
reduced in the case of narrowband disturbance cancellation. Finally, section 5.4 describes

details of the laboratory implementation and documents the performance of the system. The
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primary goal of this laboratory platform is to show that the Filtered-X CMAC algorithm can
be effectively applied to a practical physical system.

Chapter 6 provides a concluding commentary as well as a description of several
practical concerns regarding implementation of the Filtered-X CMAC algorithm. Section 6.2
provides an estimate of the computational requirements of the algorithm which is a key
factor in determining the upper frequency of cancellation given particular hardware
capabilities. These results reveal that the algorithm is only marginally more
computationally intensive than conventional linear adaptive techniques. Section 6.3
presents an overview of several means for continuous adaptation of the secondary path
which have been developed. The applicability of each to the Filtered-X CMAC and Reduced
Filtered-X CMAC algorithms is considered. Finally, section 6.4 reveals how the reduced
Filtered-X CMAC algorithm can be extended for application in systems requiring multiple

actuators and multiple error sensors.
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ABSTRACT

ACTIVE DISTURBANCE CANCELLATION IN NONLINEAR
DYNAMICAL SYSTEMS USING NEURAL NETWORKS
by
John C. Canfield

University of New Hampshire, December, 2003

A proposal for the use of a time delay CMAC neural network for disturbance
cancellation in nonlinear dynamical systems is presented. Appropriate modifications to the
CMAC training algorithm are derived which allow convergent adaptation for a variety of
secondary signal paths. Analytical bounds on the maximum learning gain are presented
which guarantee convergence of the algorithm and provide insight into the necessary
reduction in learning gain as a function of the system parameters. Effectiveness of the
algorithm is evaluated through mathematical analysis, simulation studies, and experimental

application of the technigue on an acoustic duct laboratory model.

xviil
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CHAPTER 1

ACTIVE DISTURBANCE CANCELLATION

1.1 Disturbance Cancellation in Linear Time Invariant Systems

In a general sense, the purpose of a control algorithm is to create activation signals
for some plant or process in order to achieve a desired behavior in the outputs of that system.
In open-loop control, the activation signals are created solely from an a priori model of the
system, whereas in feedback control systems, a measure of the system output is continuously
utilized to improve the performance of the controller. Generally, the use of feedback provides

superior performance particularly in the presence of modeling uncertainties and external

disturbances.
External External
Disturbance Disturbance
System Under Control
Command or .
Reference ——| Control Input TANon\l;neeﬁ , Output Output
Input . me Varying?
s A‘gonthm Possesses Unmodeled Dynamics? Sensor
Resonant?
Transport Delay?

Figure 1.1 — A block diagram illustrating the geperal control system.

An illustration of the generic control system is shown in figure 1.1. In practical
systems, there are often many factors which complicate the design of a suitable control

algorithm. One commonly faced difficulty is the presence of nonlinear plant characteristics
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as might be caused by actuator saturation and sensor limitations. Additionally, many
physical systems have time varying dynamics due to component aging and environmental
factors. However, even if the system is linear and time variant, the presence of unmodeled
dynamics, plant resonances, and transport delay commonly complicate practical control
system design. In addition to non-ideal features associated with the plant, another common
complication is the presence of external disturbances which can be introduced at different
points in the system. Such disturbances often represent actual external stimulation sources,
but can also be utilized to model quantization effects and measurement noise.

Under the assumption that the system is linear and time invariant, the compensator
and plant can be modeled by transfer functions and the feedback control system is concisely

represented by the block diagram of figure 1.2. In this case, U(s) represents the command
input, C(s) represents the compensator, and P(s) represents the plant transfer function.

Control systems possessing a single input and a single output can be classified into two
categories. Tracking controllers, or servosystems, are designed with the objective that the
system output follow the command input with as little error as possible. In contrast,
regulation controllers have a zero or constant reference input and the primary objective is to
maintain the system output at some fixed operating point in the presence of internal and

external disturbances.

D(s)

v

U(s) ~ - ()

P(s)

Y(s)

Figure 1.2 — Linear feedback control for disturbance rejection.

The most common approach to disturbance rejection in linear control system design
is the use of a local feedback loop to minimize the impact of the disturbance on the closed-
loop system output. As an example of this approach, consider the system of figure 1.2, where

an external disturbance, IXs), enters the system at the plant output. The compensator,
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C(s), can be designed so as to minimize the influence of the disturbance on the closed loop
system output, Y(s). For the sake of the present discussion, it is assumed that this system
represents a regulation controller with an input U{(s) = 0. In that case, the transfer function

from the disturbance input to the closed loop system output is given by equation (1.1).

_ Yl _ 1

HS) =56 ~ 13 00P0)

(1.1

Using the final value theorem, the steady state output for this system of figure 1.2
can be expressed as shown in (1.2). To achieve zero steady state error, the limit in this

expression must exist and be equal to zero.

lim y(t) = lim s ¥/(s) = lim sD(s) (1.2)

s=0 1 4 C(s)P(s)
In most introductory texts on linear control theory, the topic of disturbance
cancellation is primarily focused on the steady state error in response to signals which can be

represented as integrals of the impulse function. For a disturbance of this form, D(s) =s™*,

and the steady state error will be zero as long as the open loop transfer function, C(s)P(s),

contains a factor s™*. For example, in the case of a step disturbance, D(s) = s™', the steady
state error will be zero if the compensator contains a single free integrator. In general, the

steady state error can be reduced to zero for disturbances of the form D(s) = s™* simply by

adding free integrators to the compensator. However, this modification must be performed
while simultaneously ensuring that stability of the system is not adversely affected.

In many practical situations the disturbance signal can not be represented as an
impulse function or its integrals. For example, a common disturbance signal in many
practical applications is more accurately represented as a periodic noise source. In this case,
the disturbance can be modeled by a Fourier series and the resultant response of the system
in figure 1.2 is gauged by the frequency response given in equation (1.3).

Y(jw) 1

H(jw) = D(jw) 1+ C(jw)P(jw)

(1.3)
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Complete rejection of a periodic disturbance signal would require an infinite loop
gain at the frequency of each harmonic contained in the Fourier series representation of the
disturbance. Consequently, complete disturbance cancellation in the feedback architecture is
impossible for any periodic disturbance signal. However, it is possible to attain significant
attenuation of a periodic disturbance utilizing the feedback approach. The exteat of
cancellation is determined by the magnitude of the loop gain evaluated at the frequencies
contained in the disturbance. However, in practical applications, it is often difficult to
increase the loop gain while simultaneously maintaining stability of the feedback loop,
particularly in cases where the plant contains significant phase loss or transport delay.

In applications where an estimate of the disturbance can be obtained directly, an
alternate disturbance rejection technique is possible. In this case, a measurement of the
disturbance is utilized to create an additional plant input designed to reduce the effect of the
disturbance signal on the system’s output. This approach is depicted in figure 1.3 where

C(s) represents the compensator and G(s) represents the possibility of a linear

transformation between the actual disturbance and the estimated value available to the
control algorithm. This approach is known as feedforward compensation since the
compensator is not contained within a feedback loop. As a result, a significant advantage of
this technique is that it eliminates the possibility for system level instabilities. That is, the
only way in which the cancellation algorithm can become unstable is due to an instability in
the compensator transfer function itself, since the output of the compensator has no

influence on the signal at the input of the compensator.

D(s)

C(s)

A

Gls) =

Uls) — P(s) —*L@-» Y(s)

Figure 1.3 — Linear feedforward disturbance cancellation.
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The transfer function from the disturbance input to the system output for the

feedforward cancellation algorithm is given in equation (1.4). If the compensator is designed

such that C(s) = -G (s)P7'(s), then the overall resulting transfer function is identically zero.

Thus, a fundamental advantage of this approach over the feedback disturbance cancellation
technique is that, theoretically, the disturbance can be perfectly eliminated using a finite
gain compensator. However, in practice, since the compensator must be stable and causal,
complete cancellation is only realizable if the transfer function G(s)P(s) is proper and
minimum phase.

Yis)
D(s)

=1+ G(s)C(s)P(s) (14)

The fundamental distinction between the feedback and feedforward algorithms is
that the feedforward approach requires the presence of a direct estimate of the external
disturbance source while the feedback approach utilizes no knowledge as to the nature of the
disturbance signal. A third approach which represents a compromise between these
extremes is based on the development of a disturbance model which is used to create an
estimate of the actual disturbance signal. In this methodology, the form of the disturbance
signal must be known, but an actual estimate of the disturbance is not required. In practice,
there are many techniques which can be utilized to model the disturbance and the most
appropriate choice depends on the nature of the disturbance. In cases where the disturbance
can be represented as a combination of a small number of sinusoids or step functions, one
practical solution is to utilize an augmented state space observer as shown in figure 1.4.
This approach is based on the assumption that an e priori linear model for the disturbance
can be derived. The states of the disturbance model are appended to the plant state vector
and a linear observer is created for the augmented state vector. The original disturbance
signal can then be estimated directly from the augmented state vector. The primary
disadvantage of this approach is that it requires an accurate model of both the plant and

disturbance signal in order to provide effective cancellation.
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D(s)

+

U(s) + = P(s)

— Y(3)

Augmented
Observer

Figure 1.4 — Disturbance modeling via an augmented state space vector.

The disturbance rejection methods presented in this section are limited in
applicability to cases where the system is linear and time invariant. In the remainder of this
chapter it will be shown that these techniques can be extended for use in time varying linear

systems through the use of an adaptive linear compensator.

1.2 Broadband Feedforward Cancellation

The block diagram of figure 1.5 depicts the standard framework utilized for
feedforward disturbance cancellation. An acoustic cancellation system is illustrated to
provide an intuitive basis for the discussion. In general, however, the same techniques are
applicable to a broad range of applications beyond active noise control. A sampling of other
common applications will be presented in section 1.6. The acoustic system is of special
interest since it represents a particularly challenging application given the large transport
delays and sharp resonances typical of such systems. Furthermore, this context is directly
applicable to the experimental acoustic laboratory system introduced in chapter 5.

In the present section, it is assumed that all components of the system are linear and
can therefore be represented by transfer functions in the Laplace domain as shown in figure

1.5. An acoustic disturbance propagates through the forward path represented by P(s) to

create a residual error signal which is monitored by the error sense microphone. A second
microphone is utilized to obtain a direct estimate of the original disturbance which is used by

the compensator, C(s), to produce an appropriate cancellation signal. The compensator is

designed to produce a cancellation signal which minimizes the power in the residual
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disturbance at the error sense microphone. Notice that the compensator can only influence
the signal at the error sense microphone via the secondary path, F(s). This transfer
function is unavoidable in physical systems as it represenis the combined dynamics of the
cancellation actuator and the signal path from the cancellation source to the error sense

microphone.

Disturbance Error
Source [ Pl (s) —& Sense
O—

.

Source

Sense .
Cancellation

Source

Figure 1.5 — Broadband feedforward disturbance cancellation.

In most active noise and vibration cancellation systems, the dynamical properties of
the actuators and signal paths vary significantly over time. For example, in acoustic
cancellation systems, the dynamics of the system are generally a function of temperature,
humidity, and physical changes in the environment. Additionally, there are typically many
longer term changes in the system, including the effects of aging on the signal paths and
gradual changes in the bandwidth and sensitivity of speakers and microphone elements.
Furthermore, relatively minor parametric changes can lead to quite significant changes in
the signal propagation properties of many acoustic systems. This is particularly the case in
systems with significant resonances, where minor parametric fluctuations can lead to a shift
in the resonant frequencies, resulting in vast changes in the response at the disturbance
frequencies. The presence of time varying factors renders static model-based compensation
techniques inadequate for many disturbance cancellation problems.

A common means by which active disturbance cancellation can be effected in time
varying systems is through the use of an adaptive linear compensator. A discussion of
techniques which can be used for the adaptation of such a compensator is postponed until

section 1.5. In the present section, the discussion will focus instead on the fundamental
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limitations of linear feedforward disturbance cancellation under the assumption that a
means exists for providing convergent adaptation to the optimal compensator transfer
function.

Given the feedforward disturbance rejection system of figure 1.5, the error signal,

E(s), is given by equation (1.5) where D(s) represents the disturbance signal. It is evident

from this expression that complete cancellation of the disturbance occurs if the compensator

implements the relationship given in equation (1.6). If this is possible, the error signal will
be identically zero independent of the nature of the disturbance signal.

E(s) = D(s)B,(s) + D(s)C(s)Py(s) (1.5)

C(s) = —B(s)B(s)™ (1.6)

In acoustic cancellation systems, the relatively slow propagation speed of acoustic

disturbances results in transport delays which are generally a dominant feature of the

transfer characteristics of the signal paths. In such cases, both P(s) and P,(s) will have a

significant linear phase component. As a result, there is no guarantee that the ideal

compensator expressed in (1.6) is causal. For example, consider the simplified situation

where both the forward and cancellation paths are represented by pure time delays as given
by equations (1.7) and (1.8), respectively.

R(s)=¢™" @.mn

B(s)=¢e"" (1.8)

For this system, the ideal compensator transfer function is given by equation (1.9).

Notice that this expression is causal only under the condition 7, > T,. Therefore, in order

that the compensator may be implemented in hardware, the system must be such that delay
through the forward path is greater than the delay through the secondary path. In practical
applications, the transport delay associated with the secondary path includes the
computational overhead of the compensator implementation and any latency associated with

the input and output data conversions.
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—sT,

C(s) =<

%

- e—s(Tx %) (1.9

A complication commonly arises in broadband feedforward acoustic cancellation
systems due to the presence of a feedback path from the cancellation speaker to the
disturbance source sensor. Figure 1.6 depicts a feedforward cancellation system which

explicitly shows this feedback path as represented by the transfer function F(s). The

presence of this additive component in the source sense signal leads to two potential
problems. First, it corrupts the estimate of the disturbance signal thereby potentially
affecting the cancellation performance. Second, and potentially a more deleterious effect, is
that this extraneous feedback path creates the potential for an unstable feedback loop
consisting of the closed loop created by transfer functions F(s) and C(s). This problem can
be alleviated in some systems via physical modifications designed to reduce the efficacy of
the feedback path. For example, unidirectional microphones and directive speakers can
reduce the degree to which the cancellation speaker impacts the source sense signal.
Alternatively, an algorithmic solution to the problem is often utilized as illustrated in figure

1.7 [62]. In this case, a second adaptive linear filter, F'(s), is trained off-line to model the
actual feedback path, F(s). This model of the feedback path is used to estimate the

contribution of the feedback signal which is then subtracted from the compensator input.

Di b Error
Isstgllrl r?ence Py(s) b Sense
O

Cancellation
Source

¥

Source
Sense

C(s)

Figure 1.6 — The intrinsic feedback path in broadband feedforward cancellation.
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Figure 1.7 — Model based elimination of the acoustic feedback path.

The broadband feedforward cancellation approach described in this section has been
successfully employed in a variety of acoustic cancellation problems [26]{431[80]{104]. In
most applications the adaptive compensator is implemented as a Finite Impulse Response
(FIR) filter due to its advantages of unconditional stability and global convergence of the
adaptation algorithm. However, it is also possible to implement the compensator as an
Infinite Impulse Response (IIR) filter. The IIR compensator is particularly well suited for
use in resonant systems since the IIR filter provides a much more compact representation of
such dynamics as compared to the FIR filter. That is, the dynamical system can be
represented utilizing a smaller set of filter coefficients.

Utilization of a linear compensator results in the inability to provide effective
cancellation in cases where significant nonlinearity is present in the actuators, sensors, or
transmission paths of the system. For example, it is commonly the case that nonlinearities
in the forward path result in the production of harmonics of the frequencies present in the
disturbance signal. Since the linear compensator is able to produce a response only at the
frequencies represented in the original disturbance, it is not possible to provide cancellation
of such harmonics. In many acoustic environments, these harmonics can be even larger in
amplitude than the fundamental due to the presence of high frequency resonances in the
transmission path. To provide cancellation in such cases, a nonlinear dynamical
compensator is required. This provides the motivation for the use of neural networks in this

role as addressed in chapters 3 and 4.

10
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1.3 Feedforward Cancellation of Periodic Disturbance Signals

In this section, the feedforward cancellation system is reconsidered under the
assumption that the disturbance source is a periodic signal. This o priori knowledge of
periodicity in the disturbance source leads to several potential advantages over the
broadband feedforward cancellation system presented in the previous section. The resultant
cancellation algorithm is commonly referred to as narrowband feedforward cancellation.
However, the approach is applicable to any periodic disturbance source, even those

possessing broad spectral content.

Disturbance N Error
Source P1 (s) > Sense
ﬂ -

N

L cCancellation
Source

_______ Signal
" Generator

Figure 1.8 — Narrowband Feedforward Cancellation.

In many applications where the disturbance is known to be periodic, it is possible to
utilize a reference signal that is not a direct measurement of the disturbance signal, as
depicted in figure 1.8. For example, to cancel the fundamental tone produced by a piece of
rotational machinery, it is often possible to utilize a sensor to divectly generate a sinusoid at
the frequency of rotation. The resultant signal can then be utilized as the input to the
compensator. There are several advantages to the use of a non-acoustic reference signal
sensor in active noise cancellation systems. First, this eliminates the need for use of a
reference microphone in a caustic environment, for example, in the exhaust manifold of an
automobile engine in the case of an active muffler system. Second, non-acoustic sensors are
often more reliable and can eliminate the environmental variability associated with sense
microphones. Finally, the use of a non-acoustic reference signal eliminates the possibility for

the cancellation to reference signal feedback instability as described in the previous section.

11
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Another general advantage of narrowband feedforward cancellation is that it allows
for the selective cancellation of a periodic offending disturbance without interfering with
other sounds in the environment. For example, engine noise can be reduced for a heavy
equipment operator while other sounds, including warning alarms and even conversation,
are unaffected. The narrowband feedforward approach alsc eliminates the causality
constraint requiring that the delay through the forward path be longer than the delay
through the secondary path. To illustrate this point, consider a forward path represented by

—sT;

a pure time delay, P(s)=¢", and a secondary path represented by another pure time

delay, P,(s) = e¢*". Assuming that the reference signal is an exact replica of the disturbance

source, perfect cancellation will occur if the compensator implements the transfer function

given in (1.10).

5T}

Cls) = — S = —e 0B (1.10)

e

In the case of broadband feedforward cancellation, this led to the restriction that

T, > T,. However, if the disturbance signal is periedic with period T then the compensator

output can be delayed by any multiple of this period without affecting the output signal.
Therefore, the ideal narrowband compensator transfer function is given by (1.11) where

ke {0,1,---}. As a result, the parameter k can always be chosen to ensure that the

compensator is causal given any combination of forward and cancellation path delays.
O(s) = —e O Rlg T — _gme(h+kT-T) (111

An additional advantage in assuming periodicity of the disturbance signal results
from the fact that the transfer function implemented by the compensator is only required to
be valid over the range of frequencies present in the disturbance signal. Consequently, for
narrowband disturbance signals, the order of the compensator can be substantially lower
than the comparable compensator required in the case of broadband signals. This generally
leads to an improved rate of convergence and reduces the computational overhead of the

algorithm.

12
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1.4 Feedback Disturbance Cancellation

The feedforward disturbance cancellation techniques described in the previous
sections relied on the presence of an estimate of the disturbance signal. In contrast, the
feedback approach presented in this section provides disturbance cancellation utilizing only
the error signal measured at the location where the attenuation is desired. This is of
fundamental importance in applications where an estimate of the disturbance is not
available. For example, consider the case of an active noise cancellation system designed to
reduce the noise created by turbulent air flow around an aircraft cabin. In this situation, the
source of the acoustic disturbance is distributed over the entire surface of the aircraft and it
is not possible to provide a suitable reference signal.

The general feedback disturbance cancellation algorithm is presented in the block
diagram of figure 1.9. An unobservable disturbance source produces an undesired acoustic

signal at the error sense after propagating through the forward path, F(s). The active
compensator, ((s), is designed to produce an appropriate output signal such that after
propagation through the secondary path, PF(s), the resultant cancellation signal

destructively interferes with the original disturbance thereby reducing the magnitude of the

error signal.

Disturbance I {
Source P1 (s)

Cancellation
Source

Figure 1.9 — Block diagram illustrating feedback disturbance cancellation.

In acoustic applications, a fundamental limitation of the feedback cancellation
algorithm results from the transport delay which is present in the secondary path. This

delay between the sensing of an error and the guickest possible response at the cancellation

13
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point can not be compensated by a causal filter. Thus, feedback cancellation is not well
suited for broadband cancellation in any system where the secondary path delay is
significant. However, if the disturbance is known to be periodic, this architecture can provide
cancellation even in the case of substantial secondary path delay.

The feedback cancellation system can be represented by the block diagram of figure
1.10. Notice that this is simply a linear regulator control system with a zero reference input.
As a result, linear control theory can be utilized to explore the limitations of this

architecture.

D(s) —=  P,(s)

P,(s) o E(s)

C(s) <

Figure 1.10 — Block diagram of the linear feedback disturbance cancellation algorithm.

From the block diagram of figure 1.10, the closed loop transfer function from the

disturbance signal, D(s), to the error signal, E(s), can be written as shown in equation

(1.12). The disturbance rejection provided by the feedback loop is maximized by designing

C(s) in such a way as to minimize the magnitude of the overall transfer function, H(s). This
goal is attained by maximizing the magnitude of the loop gain term —C{(s)B(s). However, it

is not possible to achieve complete cancellation since this would require an infinite loop gain.
In practical applications, the feedback approach is often severely limited in terms of the
cancellation bandwidth and the degree of cancellation which can be attained. These
limitations are a direct result of stability and causality constraints imposed by the system.

_EBe___ R

= = 1.12)
D(s)  1-C(B()

H(s)

In order to ensure stability of the feedback loop, the open loop gain must fall below

unity at the point where the open loop path reaches 360 degrees of phase shift. This

14
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condition is given in equation (1.13) where the open loop transfer function is expressed for a
sinusoidal excitation of frequency w.

|C(jw)R(jw)| <1 Vw3 LC(jw)P,(jw) = 360 degrees (1.13)

To illustrate the effects of secondary path delay on the feedback loop stability,
consider the case of an acoustic cancellation system where the sense microphone is mounted
20 cm from the cancellation speaker. For the sake of this example, the cancellation speaker
resonances, secondary path dynamics, and microphone transfer function are ignored and it is
assumed that the entire secondary path can be represented by a pure time delay as given in
equation (1.14).

Pz ( s) _ e—s(snxm“ﬁ) (1.1 4)

The time delay in (1.14) corresponds to the transport delay associated with
propagation of the sound wave from the cancellation speaker to the error microphone. At
25°C and 50% relative humidity, this delay is approximately 571 ps as shown. The Bode plot

for this secondary path is depicted in figure 1.11.
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Figure 1.11 — Bode plot of pure time delay secondary path.

The magnitude response of the secondary path is simply equal to unity at all

frequencies, while the phase response is linearly increasing with frequency.
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compensator employs negative feedback and therefore will contribute a minimum of 180
degrees of phase shift. Therefore, to ensure stability, the frequency response of the
compensator must be designed such that its gain falls below unity well before the point at
which the secondary path approaches 180 degrees of phase shift. For the time delay
associated with 20 cm spacing, this occurs at about 800 Hz. Since disturbance rejection is
optimized by maximizing the compensator gain, this limitation puts a fundamental upper
limit on the useful frequency range of the feedback approach.

A suitable feedback compensator can be designed using the conventional frequency
domain appreach as illustrated in figure 1.12. Figure 1.12a depicts the secondary path Bode
plot for the case of a pure time delay. The compensator transfer function is designed with

the objective of maximizing the loop gain —C(s)F,{(s) at low frequencies but reducing the gain

below unity before the open loop phase shift reaches 180 degrees. A typical compensator
which achieves this goal is pictured in figure 1.12b, while the resultant aggregate open loop
transfer function is shown in figure 1.12¢c. Notice that the additional phase introduced by the
compensator must also be factored into the stability calculation. It is tempting to utilize an
extremely sharp cutoff characteristic for the compensator in order to extend the bandwidth of
the high gain region. However, the additional phase associated with the sharper roll-off

generally more than offsets the benefit of the faster magnitude roll-off {62].

|P(jw) ) \ [BUwC()| \

| Ay el \ o
logw logw logw
3 Y &
) £C(jw) LRGC()
ZR(jw)
) > A gl > B
og w logw logw

@ (b) ©

Figure 1.12 — Bode plots for secondary path (a), compensator (b), and open-loop transfer function (c).
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The fundamental point illustrated by this example is that the maximum cancellation
frequency is severely limited in cases where the secondary path has a substantial transport
delay. In fact, the cancellation bandwidth and extent of cancellation are inversely
proportional to the transport delay in the secondary path. This suggests that successful
application of feedback active noise control requires that the error microphone is placed as
close as possible to the cancellation speaker. However, in practice there is a limit on how
close the microphone can be placed due to the effects of non-uniform acoustic fields at close
proximity to the speaker. One application which is well suited to this approach is the case of
headphone active noise cancellation for personal hearing protection. In this application, it is

possible to locate the microphone in extremely close proximity to the cancellation speaker.

‘k\
B (jw)

logw

2B (jw)

logw

< >
Figure 1.13 — Typical secondary path with resonance and transport delay.

The difficulties associated with acoustic feedback cancellation are exacerbated
further in cases where resonances are present in the secondary path. Such resonant
properties often result from the speaker dynamics as well as cavity resonances in the
acoustic path. For example, consider the case of a secondary path characterized by a single
low frequency resonant peak as illustrated in the Bode plot of figure 1.13. Most wide range
speakers exhibit a significant resonant peak at a frequency between ten and several hundred
Hertz. The presence of this resonant peak has two complicating influences on design of the
feedback compensator. First, the resonant peak adds 180 degrees of phase shift at

frequencies above resonance. Second, the amplitude of the resonant peak must be reduced

17
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below unity or must be located at a frequency at which there is less than 180 degrees of
phase shift. One common alternative approach is to utilize an inverse notch filter which
reduces the impact of the resonance. This is often difficult in practice since the resonance is
likely to vary due to physical factors such as aging, temperature, and relative humidity.
Additionally, the high-Q nature of typical acoustic resonances requires a high degree of
accuracy in the inverse filter. Mismatch between the inverse filter and the resonance will
result in degraded cancellation performance or even instability.

The regenerative feedback disturbance cancellation algorithm provides an
alternative architecture which eliminates some of the limitations of the standard linear
feedback approach [3][4]. This method utilizes a more sophisticated model of the secondary
path enabling it to provide superior performance in cases where the secondary path
possesses complicated dynamics. The regenerative cancellation architecture is shown in

figure 1.14.

D(s) —»  B(s)

X(s)

!

E(s)

C(s) B(s)

5

B(s)

Figure 1.14 — Regenerative Feedback Disturbance Cancellation.
The regenerative cancellation algorithm utilizes a linear adaptive filter represented

by B(s) to model the actual secondary path dynamics, B(s). It is assumed that this model

is created off-line prior to use of the cancellation system. Technigues for continuous on-line
adaptation of the secondary path model will be presented in Chapter 6. The compensator

input, X(s), can be expressed as given by equation (1.15). Under the assumption that the

secondary path model is a perfect representation of the actual dynamics, B(s) = B(s), this

reduces to the result in equation (1.16).

18
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X(s) = —— DORG)

= - (1.15)
1+ C(s)By(s) — C(s)B(s)

B(s)=Bs) = X(s)=D(s)R(s) (1.16)

Thus, the regenerative architecture utilizes the secondary path model to eliminate
the effects of the cancellation signal from the measured error signal. The resultant signal is
used as input to the compensator. Consequently, X(s) is equal to the original error signal
independent of the output of the compensator and therefore, remains invariant during
adaptation of the compensator. The error signal is given by equation (1.17). For complete
disturbance cancellation E(s) = 0. This can be achieved if the compensator implements the
transfer function given by (1.18).

B(s) = D(s)P,(s) + D(&)P(YC(s)B,(s) (1.17)

DHP(s) |
C(s) = — = — 1.18
O = B epeee -~ BG (1.18)

Therefore, under the assumption that the secondary path model is ideal, complete
cancellation can be attained if the compensator implements an inverse of the secondary path.
However, in two cases of practical significance, an inverse model of the secondary path can
not be implemented. First, if the secondary path is non-minimum phase, then it will not
possess a stable inverse. Second, if the secondary path contains a pure time delay, then its
inverse will not be causal. However, when the inverse can be implemented, this approach
provides the fundamental advantage that it alleviates the potential for instability in the
feedback loop. This is due to the fact that the compensator output has no effect on the

compensator input as long as the secondary path model is sufficiently accurate.

1.5 Compensator Adaptation with Secondary Path Dynamics
In most active disturbance cancellation problems, the dynamics of the system are
significantly time varying as a result of changes in temperature, humidity, and the physical

structure of the cancellation environment. Additicnally, the signal paths encountered in
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typical applications are of high order and can not be conveniently derived via physical
models. As a result, most active disturbance cancellation systems employ adaptive linear
compensators which provide the capability to optimize the performance of the system
without a priori knowledge of the system. The most widely used algorithm for this task is
the Filtered-X Least Mean Square (LMS) algorithm which was developed independently for
control applications and active noise control [62]{107].

The Filtered-X LMS algorithm is an extension of the standard LMS algorithm which
is widely used for the adaptation of linear adaptive filters. The standard LMS algorithm will
be derived here for the insight it provides into the Filtered-X variant. Additionally, several
refinements of the standard LMS algorithm are presented which will also prove useful in

augmenting the performance of the Filtered-X Algorithm.

Linear Reference
Model

X
x[k] > B(z)=b,+bz " +..4+b, 2"

efk]

Figure 1.15 — The architecture of the conventional LMS adaptation algorithm.

Consider the adaptive linear filter shown in figure 1.15. The transfer function B(z)
represents an FIR filter whose coefficients, 0,,b,,...,b,_, , are to be adapted in a manner which
minimizes the difference between the filter output, y[k|, and the target signal d[k]. This
filtering operation can be represented over the time interval k € [0,M] by the single matrix

equation (1.19) using the definitions in (1.20) and (1.21).

y=Xb (1.19)

(1.20)
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b 40 o} e[
) ol a 1]

b= , y=142]|, d=[d]2]|, e=]¢2] (121
by M) dM) M|

The vector ¢ as defined in equation (1.22) represents the error in the output of the
filter over the time interval of interest. In addition, the sum squared error, 5, as defined in
(1.23) provides a single scalar error metric for gauging the performance of the adaptive filter

over the entire time interval, k € [0, M].

e=d—-Xb (1.22)

S =

k

kP = e"e = (d — Xb)" (d — Xb) (1.23)

M
=()
From equation (1.23), the aggregate error surface is a hyper-parabaloid in the filter

parameter vector, b. Therefore, there is a single value of the parameter vector which

minimizes the sum squared error of the adaptive filter over the entire time interval. The

solution, represented by the optimal parameter vector b, can be found via equation (1.24).
The result, given in (1.25), represents the standard least squares solution.

de’e

=-2X"d +2bX"X =0 1.24
5 + ( )

b=(X"X)" X"d (1.25)

This solution for the optimal filter parameter vector is known as the batch mode least
squares method since all available data is utilized simultaneously to derive the result. The
batch mode solution provides insight into the nature of the adaptive filter, but the storage
requirements and computational delay associated with this technique make it ill-suited for
real time implementations. Instead, an alternative approach known as the Least Mean
Square (LMS) algorithm is typically utilized in such cases. The LMS algorithm sclves this
optimization problem iteratively on a sample by sample. Specifically, the LMS algorithm is a

gradient descent approach whereby on each discrete time interval, all of the filter coefficients
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are updated with an increment that reduces the instantaneous squared error, ek’. As a

result, the update equation for arbitrary filter coefficient i takes the form shown in equation

(1.26). The learning gain parameter 7 controls the rate of convergence and must be

sufficiently small in order to ensure stability of the algorithm.

9e[k)
a0,

i

bi[k +1} = bi[k] /)

Vie{0..,N—1} (1.26)

The partial derivative term in (1.26) is computed as shown in equation (1.27). The
resulting LMS coefficient update is given in (1.28). This operation is performed on each filter
coefficient at each discrete time interval.

delk] 0O

_0 dylk]
ab, b,

dlk]— ylk]}’ = —2{d[k] - y[k}}—gb_— = —2e[klzlk — ] 127

7

b,[k + 1] = b,[k] + ne[kzlk — 1] (1.28)

There are several refinements to the LMS algorithm which are of particular use in

active disturbance cancellation applications. One category of enhancements is designed to

reduce the computational overhead required by the algorithm. Although the LMS update in

(1.28) is in itself quite simple, the presence of extremely long filters can still represent

unmanageable computational burden at high sampling rates. For example, typical active

noise control applications often require filters with hundreds of coefficients in order to model

resonances in the signal paths. One such technique for reducing the computational demand

of the algorithm is to eliminate the multiplication operations in (1.28). The resultant signed
error LMS coefficient update is given in (1.29).

bk +1] = bk] + nsgn (e[k]) z[k — 4] (1.29)

In fact, the update of (1.29) can be performed without any multiplication at all if a

binary shift operation is utilized to implement the learning gain scaling. As a result, the

entire weight update can be performed by a single addition or subtraction based on the sign

of the error signal. In addition to reducing the computational overhead, this variant of LMS

also allows the algorithm to be efficiently implemented in simple hardware which does not
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support intrinsic multiplication operations. The coefficient update can be further reduced by
utilizing only the sign of both the error signal and the delayed input as shown in equation
(1.30). This coefficient update can be implemented by simply utilizing an XOR logic gate to
determine whether the fixed increment 7 is added or subtracted from the coefficient.
bk +1] = b[k] + n sgn (elk]) sgn(zfk — i]) (1.30)
The computational reduction attained via the signed update LMS algorithms of (1.29)
and (1.30) is largely dependent upon the nature of the hardware upon which the algorithm is
implemented. For example, on a DSP with single cycle multiplications, these algorithms
provide little benefit. However, in such cases, the computational overhead of the LMS
algorithm can still be reduced through the use of partial update algorithms. Rather than
updating all coefficients on each discrete time interval, the partial update algorithms select a
subset of coefficients to be updated on each iteration. Therefore, in implementations on
sequential processors, the computational burden per discrete time sample can be
substantially reduced.
Two commonly utilized partial update algorithms are the periodic LMS algorithm
and the sequential LMS algorithm [33]. The periodic LMS algorithm is described in

equations (1.31) and (1.32).

k
I=N l—ﬁj (1.31)
b,[k]+ ne[llzll — 4] if(k+¢)mod N =0
blk+1]= b.[k] otherwise (1.32)

On each discrete time step, &, a subset of |%]| coefficients is updated, where N is a

fixed design parameter. For N =1 equation (1.31) is equivalent to [ = k¥ and this algorithm
reduces to the standard LMS update in which all of the weights are updated at each time
step. At the other extreme, if N = L then only a single weight is updated en any time step

and the computational burden is reduced by a factor of & . Additionally, as N increases, the

rate of convergence decreases proportionately. Thus, the parameter N controls the tradeoff
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between computational overhead and rate of convergence. Additionally, notice that this
algorithm only utilizes every Nth value of the error signal. This is a result of the
subsampling operation of (1.31). It has been shown that this algorithm is equivalent to
performing a standard LMS update of all the weights at a sub-sampled rate [33].

The sequential LMS algorithm is given by equation (1.33). Just as in the previous

algorithm, a subset of || coefficients is updated on each discrete time step. However,

unlike the periodic update algorithm, the sequential update algorithm always uses the
current value of the error signal on each update. This reduces the computational overhead

since it eliminates the need for subsampling the error signal.

b,[k] + ne[klzlk — i) if (k —i)mod N = 0
blk+1]= b[k] otherwise (1.33)

%

For a persistently exciting input signal, it has been shown that both of these
algorithms are generally convergent with a rate of convergence proportional to the fraction of
coefficients updated on each iteration. However, it has also been shown that the periodic
LMS algorithm suffers from instability in many cases where the input has significant
periodicity even in the case of signals for which the standard LMS algorithm is convergent
[33]. This effect results from the presence of correlations between the ¢ycling of the weight
updates and the periodicity present in the input signal. Therefore, in cases where the input
has limited spectral extent, the periodic LMS algorithm is a more appropriate choice.

An additional refinement of the LMS algorithm which is important in active
disturbance cancellation is the leaky LMS variant of the algorithm as given in (1.34). The
constant o represents a “forgetting” term and is usually picked to be slightly smaller than
1.0. Notice that in the absence of an error signal, the presence of o causes the coefficient to
decay to zero. As a result, this modification stabilizes the coefficient updates in cases where
the excitation signal is not persistently exciting. In contrast, the standard LMS update often
leads to unbounded coefficient growth in the case of an input signal with insufficient spectral

content.
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bk + 1] = ab,[k] + nelk]zlk — ] (134

With these refinements, the LMS algorithm provides a robust and computationally
efficient means by which to adapt the coefficients of a linear filter. Unfortunately, the
algorithm is not directly applicable to the compensators utilized in disturbance cancellation
since the error in the compensator output is generally unknown. This dilemma is illustrated
in the block diagram of figure 1.16 where the adaptive filter, B(z), represents a linear
compensator and F,(z) represents the secondary path. The goal in adaptation of the
compensator is to minimize the observed error signal, ¢[k]. However, the LMS algorithm
requires a measure of the error in the output of the compensator as represented by the
conceptual signal, e[k]. Notice that this situation arises in both the feedforward and the

feedback cancellation architectures due to the unavoidable presence of the secondary path

dynamics.

dlk]

ylk]
P,(2) e[k]

@mmmn

y'k]

¥

x[k] — B(z)

Figure 1.16 — Compensator adaptation in disturbance cancellation problems.

In order to modify the LMS algorithm for its use in the context of figure 1.16, the
coefficient update must be derived in terms of the accessible error signal, ¢k]. Thus, the
form of the modified LMS algorithm is given in (1.35) where b,[k],b [k],---,b,_,[k] represent
the coefficients of the adaptive filter B(z) at time k.

de* (k]
ob,[k]

v

blk+1)=b[k]—7 Vie {0,1,-,M —1} (1.35)
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In the present derivation, P,(z) is represented by an arbitrarily long FIR filter with
L constant coefficients, n,,n,,---,n; ;. This choice simplifies the formulation, but is also a

case of particular interest in disturbance cancellation problems since an FIR model of the
secondary path is often used in practice. Additionally, given that the FIR filter can be
arbitrarily long, this model can approximate any linear secondary path dynamics. However,
more general derivations utilizing arbitrary linear secondary paths are available in the
literature [391[62]1{107].

The partial derivative term in (1.35) can be expanded with the result given by

equation (1.36).

(dli) - ylk)) (1.36)

Equations (1.37) and (1.38) denote the filtering operations performed by the adaptive
compensator and secondary path model, respectively. Substitution of these results into

equation (1.36) yields the simplification expression given in (1.39).

gk = S bRl 1 (1.37)
ylk] = L}jn,»y’[k -7l (1.38)
362{k] 8 L-t M-l
A 2 [k]abi[k] d{kl‘;njgbl[k—]]x[k_J“” .39
= —2¢[k] _ an:lx[k - i=lgblh =

If the filter coefficients vary slowly with respect to the length of the impulse response

of P,(z) then the approximation in (1.40) is valid. Notice that this condition can be met by

reducing the learning gain parameter.

o o
= vie{0L---,L-1 1.40
o S an—g 0t } (140

With the approximation of (1.40), the expression for the partial derivative of the

instantanecus squared error can be rewritten as shown in equation (1.41).

26

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-

aez [k] L~ M1
=~2elk]> n.Y alk— j—1i] (1.41)
04,k [ = 5

-

Let V{(2) be defined as in (1.42). Notice that this equation represents the fact that
vk] is a filtered version of z[k] where the filtering is performed by a model of the
cancellation path dynamics, B(z).

V(z) £ P(2)X(2) (1.42)

With the definition in (1.42) and the result in (1.41), the coefficient update in (1.35)

can be written in its final form as shown in (1.43).
blk +1] = b [k} + nelklk — 7] Vie {0,1,---,M —1} (1.43)
Equation (1.43) reveals that the modified coefficient update is identical to the
standard LMS algorithm except that the input terms, z[k — i|, are replaced with their filtered
version, vk —¢]. This coefficient update is known as the Filtered-X LMS algorithm because
it uses a filtered version of the input signal which was denoted as z[k] in the original

Literature. The Filtered-X LMS algorithm is shown pictorially in figure 1.17b in comparison
to the standard LMS algorithm in figure 1.17a. The LMS block in these diagrams represents

the standard LMS update rule given in equation (1.28).

dik] dlk]

xik} B(2) A&»—» elk] x[k] B(z) = Py(2) ‘(’g_' efk]
4 4
LMS LMS
INPUT ERROR INPUT ERROR
P,(2)
(a (b}

Figure 1.17 — Standard LMS (a) versus Filtered-X LMS (b).

A common intuitive explanation of the Filtered-X LMS algorithm is presented in
figure 1.18. Consider the Filtered-X LMS algorithm of figure 1.17b. Under the assumption

that the adaptive compensator B(z) is slowly varying, it can be commuted with the

secondary path dynamics, F,(z). Notice that in general this is not possible since the adaptive
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filter is nonlinear. However, by making the assumption that the adaptation is performed
slowly, the adaptation inputs become decoupled in time from the input and output of the
filter. Therefore, under this assumption, the order of the blocks are able to be swapped. The
resulting block diagram is shown in figure 1.18a. If the secondary path model, Pz(z), is

identical to the actual secondary path, then the block diagram can be further simplified to

that shown in figare 1.18b. This final block diagram simply represents the standard LMS

filter update algorithm.
diki di
xIK P2 -+ B »é»—» elk] k| P.(2) B »é—» e[kl

) )

LMS LMS

INPUT ERROR INPUT ERROR
(X2 g !
@ (b)

Figure 1.18 — Equivalent view of the Filtered-X LMS Algorithm under the assumption of slow coefficient adaptation.

1.6 Applications of Active Disturbance Cancellation

Active disturbance cancellation techniques are utilized in a wide range of practical
applications. Additionally, the field of applications is likely to grow rapidly due to the
availability of low cost, high speed digital signal processors. In fact, the fundamental concept
of active sound cancellation was patented in 1936 [62][68], but practical applications of this
technology have been enabled only more recently due to the availability of low cost hardware
implementations for the required adaptive signal processing. This section provides a brief
overview of some existing and potential future uses of this technology.

One the most publicized applications of active disturbance cancellation is acoustic
noise control. In fact, many active noise control systems are presently available on the
consumer market. One rapidly expanding application is in the automotive industry. For
example, automobile manufacturer Honda provides an active noise cancellation system

designed to reduce road noise using microphones and speakers mounted under the vehicle’s
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seats. In addition, Siemens Automotive manufactures a system which utilizes a speaker
mounted in the air intake manifold to suppress low frequency engine noise. This system
provides significant attenuation at frequencies up to 600 Hz. Another commercial
application of significant recent interest is the use of active noise control for the reduction of
aircraft cabin noise. As an example, the Ultra Electronics corporation manufactures active
noise control systems which have been implemented on a number of small propeller driven
aircraft. A typical system on the Raytheon Beech 1900D utilizes 20 loudspeakers, 40
microphones, and a digital control system. Additionally, active noise control systems have
been available commercially in a variety of personal hearing protection systems for many
years.

The primary objective of most active noise control systems is the reduction of
nuisance noise for personal comfort and minimization of operator distraction and fatigue.
However, active noise cancellation can also lead to improved efficiency in many applications.
For example, active noise control can reduce the need for heavy passive sound dampening
materials allowing for lighter and more efficient vehicles and aircraft. Additionally, the use
of active noise cancellation is being explored for replacement of the traditional baffled
muffler found in automotive and small engines. The resultant reduction in engine back
pressure is expected to result in a five to six percent increase in fuel efficiency for in-city
driving [91].

It is likely that the demand for active noise control solutions will only expand in the
future given increases in the density of population centers and the proliferation of noise
generating devices characteristic of modern society. Additionally, there is a growing
awareness of the negative health consequences associated with excessive noise exposure. It
has long been known that prolonged exposure to sufficient intensity sound can result in
permanent hearing loss. However, many additional health effects have been discovered only
more recently. For example, recent studies have shown that exposure to loud noise increases

the blood pressure of Rhesus monkeys with the effect lasting months after exposure to the
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noise has ended [89]. Other studies have shown links between noise exposure and
gastrointestinal maladies {91] and anti-social behaviors including increased aggression [30].

Another significant area of application for active disturbance cancellation systems is
in active vibration control. In general, active vibration control systems are designed to
minimize the impact of mechanical disturbances in flexible structures. As an example, the
Micromega Dynamics corporation provides systems for active vibration damping of
suspension bridges using hydraulic actuators located within the cable terminations. Such
systems are able to greatly reduce the effect of traffic and wind induced vibrations. Active
vibration control is also becoming more commonly used in fabrication equipment for deep
submicron integrated circuits [55][98]. As the resolution of the photolithography increases,
minute vibrations represent a greater challenge in the manufacturing process. Active
vibration control is often necessary at frequencies below which passive techmiques are
effective. In the future, active vibration control algorithms are also likely to play a key role
in the design of smart structures. For example a identification algorithm can be utilized to
identify structural damage points and active vibration control techniques can be utilized to
reduce the stress within the damage zone. Such techniques provide a degree of fault
tolerance in the design and consequently allow for a less conservative initial design. Active
vibration has also been successfully applied to a variety of industrial processes. Omne
interesting example is the use of active vibration control to reduce vibrations in circular saw
blades during commercial sawing operations in order to reduce the saw kerf and thereby
minimize the wood waste [109]. Another common industrial application is the use of active
vibration control to reduce vibration caused by mass imbalance in rotational machinery.
This can provide improved machine performance tolerances and increased bearing life.
Active vibration control systems have also been proposed for reducing wind and even
earthquake induced vibrations in buildings [47].

Active noise and vibration cancellation systems represent applications where the sole

purpose of the control system is the reduction or elimination of the effects produced by an
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external disturbance. However, active disturbance cancellation techniques can also be
utilized to augment the performance of many standard feedback controllers by adding
immunity to external influences. As a simple illustration of this concept, consider the

heating system controller illustrated in figure 1.19.

P (2) >
-
———# Temperature

Sensor

Temperature
Set Point

D(s)

industrial
Process

Heater

G(z) e

Controller

> P,(z)

LMS

INPUT ERROR

rol 1

Figure 1.19 - Disturbance cancellation applied to a heating system.

A local feedback loop with compensator G(z) is utilized to maintain a constant

temperature at the sensor. An industrial process located within the room produces a
significant amount of heat as a byproduct of its operation. The heat produced by the process

varies over time and is represented by the function D(s). This extra heat production

represents an external disturbance to the primary heat source and its local feedback control

loop. For example, consider the effects of a step change in D(s). The resultant change in

temperature will propagate through the room as represented by tramsfer function P(z2).
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After a delay, this temperature disturbance will be recognized by the temperature sensor.
The control loop will then adjust the heater to reduce this error. Given the delays caused by
the dynamics of the heater and room, the disturbance can not be completely cancelled by the
feedback controller and temperature fluctuations will be observed at the temperature sensor.

One means by which the temperature control can be improved is through the
addition of an adaptive feedforward disturbance compensator as represented by the transfer

function B(z). The feedforward compensator utilizes information from the industrial process

to adjust the heater output even before an error is sensed at the temperature sensor. The
feedforward compensator must be adapted using the temperature error signal. This requires
application of the Filtered-X LMS algorithm since the error in the compensator output is not

available.

1.7 Principles of Acoustic Disturbance Cancellation

The research presented in this dissertation is primarily concerned with the control
theory utilized for active disturbance cancellation. As a result, little emphasis is placed on
the nature of the physical environment even though this factor is a crucial consideration for
practical application of these techniques. For example, in a vibration control problem, the
modal response of the structure generally must be understood in order to determine an
appropriate placement of actuators and sensors. Given the particular significance of the
active noise control application, this section provides a brief overview of the fundamental
acoustical issues governing implementation of such systems. The primary objective is to
provide a description of the basic categories of active noise control techniques and an
understanding of their fundamental capabilities and limitations.

A sound wave is a periodic longitudinal disturbance which propagates through some
compressible medium. An isolated acoustic disturbance in free space will create a spherical
wave front which propagates radially outward in all directions at the speed of sound. The

speed of sound is highly variable. In air, it depends on both the temperature and relative
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humidity. This is of particular concern in active noise cancellation systems as it represents a
significant variability in the characteristics of signal propagation in the system.

In a confined space, reflections from the boundaries of the region create modal
responses at sufficiently high frequencies. ¥ach modal response represents a particular
spatio-temporal distribution of pressure across the cavity. Modal responses are generally
present whenever the wavelength of the acoustic wave approaches or decreases below the
dimensions of the cavity. Consequently, the number of acoustic modes grows rapidly as the
frequency of the sound wave increases. The acoustic duct is one example of a system which
exhibits a modal response.  The acoustic duct is often utilized for active noise control
experiments, and additionally, there have been many practical active noise cancellation
systems designed for quieting noise in heating and ventilation duct systems. At sufficiently
low frequencies a duct is only able to propagate a plane wave in which the acoustic pressure
is uniform across the duct cross section. However, at higher frequencies ducts allow
propagation of higher order modes with much more complex wave fronts. For example,
section 5.2 presents an analysis of the modal responses of a cylindrical duct system.

The variety of behaviors characteristic of sound waves in different physical settings
allows categorization of active noise cancellation systems into three groups: global free space

cancellation, cavity and duct cancellation, and zone-of-silence techniques [63].
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Figure 1.20 — Free Space Sound Fields.

Figure 1.20a depicts a spherical acoustic wave front emanating from a point source in

free space. The gray and white circular bands represent alternating regions of compression
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and rarefaction. If a second acoustic source is introduced at some distance from the original,
a complex sound field results as shown in figure 1.20b. The aggregate sound field has
regions of intensity corresponding to the compression and rarefaction peaks of the original
disturbance but also regions with twice the intensity due to the constructive interference
between the two sources. As a result, the only case in which global reduction of the sound
field is possible in free space (using a limited number of cancellation sources) is when the
cancellation source is placed in close proximity to the source of acoustic disturbance. The
resultant acoustic fields with a nearby cancellation source are depicted in figure 1.20c. In
this case, waves from the two sources are largely in phase and cancellation is possible
globally, As a general guideline, the cancellation source must be located within 0.1
wavelengths of the disturbance source in order to provide 20 dB global reduction in sound
intensity at any given frequency {62].

In a confined space such as a room or equipment chassis, reflections from the
boundaries produce modal responses at frequencies where the wavelength of the acoustic
disturbance approaches the dimensions of the cavity. For example, figure 1.21 depicts two
possible modal responses for a rectangular cavity of dimensions 2 X 4 X 4 meters,

approximately the size of a typical household room.
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Figure 1.21 — Two Modal Sound Fields associated with a room of dimensions 2 X 4 X 4 meters.
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The modal responses shown in figure 1.21 are for an acoustic disturbance with a
frequency of 200 Hz and a corresponding wavelength of approximately 1.75 meters. The
results shown in figure 1.21 were produced under the assumption that the walls are perfectly
rigid. Notice that the room forms a cavity resonator with a complicated standing wave
pattern. In any given mode, there are regions of oscillating pressure as well as points which
experience no pressure fluctuations. It is possible for multiple modes to be excited
simultaneously leading to a much more complicated overall pattern. The number of
available modes increases rapidly with frequency. In fact, the number of modes below
frequency f in a cavity of volume V' is given by (1.44) where ¢ represents the speed of sound
[62]. Notice that the number of modes is proportional to the volume of the cavity and
increases with the third power of the frequency.

47V

N
3c*

e

b (1.44)

It is possible to design active noise cancellation systems to reduce the global
intensity of the sound field associated with some set of modal responses. As a general
guideline, an additional sensor and actuator is required for each additional mode {3l.
Additionally, care must be taken in placement of the sensors and actuators such that the
nulls of each mode are avoided. Additionally, in such cases, the cancellation system must be
designed to accommodate multiple sensors as well as multiple cancellation actuators.

The zone-of-silence approach to active noise cancellation provides a localized
cancellation of sound field intensity in the case of a complex wave pattern as produced by
free space emanations or modal responses of a cavity. In this case, a single speaker is
utilized to provide cancellation in a very small region of the overall sound field. Practical
examples of this approach include personal hearing protection and head rest cancellation
schemes which have been explored for use in automobiles and airlines. A typical cancellation

zone will only be about a tenth of a wavelength in diameter [62]. Therefore, it is required
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that the cancellation speaker be located in close proximity to the desired point of silence in
order to achieve any substantive cancellation.

Finally, it should be noted that active noise cancellation is most applicable at low
frequencies (usually below 600Hz) for several reasons. First, at higher frequencies, the
spacing requirements for free space and zone-of-silence techmiques become prohibitive.
Second, in acoustic cavity and duct based systems, the number of modes increases rapidly
with increasing frequency which quickly makes active noise cancellation techniques
unmanageable. Third, passive cancellation techniques become more effective at higher
frequencies and often provide an adequate solution without the need for active control.
Finally, most active noise cancellation systems are implemented digitally in hardware. The
computational overhead results in an upper limit on the frequency at which cancellation can

be performed.
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CHAPTER 2

THE CMAC NEURAL NETWORK

2.1 Feedforward Neural Networks

Artificial neural networks can be classified into two groups based on the architecture
of interconnections between the neurons. Recurrent networks are characterized by the use of
local feedback connections. This imbues the network with an intrinsic history dependence.
In contrast, feedforward neural networks produce a single output vector in response to any
given input vector and therefore represent a memoryless mapping operation. The
functionality of a feedforward neural network can be represented abstractly by the functional
relationship shown in equation (2.1). Disregarding the slow time scale adaptation of the
neural network relationship, this equation describes a static mapping between a between a

set of input variables z,,z,,---,z, and a scalar output y. A vector output can be

accommodated by utilizing multiple expressions of this form operating in parallel on a
common input vector.
Y = fun(@), By, Ty) 2.1
It is difficult to precisely define the factors which distinguish neural networks from
amongst the larger body of general function approximation methods. However, there are
several important factors which are typical of the majority of neural networks. One
important distinction concerns the manner of adaptation. Most neural networks are able to
adaptively improve their internal representations through training on individual input-

output exemplar pairs. This capability allows neural networks to be utilized for continuous
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adaptation in an on-line fashion and is in contrast to batch mode learning which requires the
entire training database to be present in advance. Additionally, a neural network is able to
generalize beyond the data pairs used in its training in order to provide reasonable responses
in areas of its input space which have not been explicitly trained. This feature distinguishes
the neural network from a multivariate lockup table which simply stores exemplar pairs for
later recall. Qualitatively, the neural network is generally comprised of a relatively simple
algorithmic structure. This property facilitates use of neural networks in real-time
applications as it represents a reduced computational complexity in comparison to other
function approximation methods. Finally, the neural network is distinguished by the fact
that it is a “black box” technique. That is, use of a neural network generally requires very
little a priori knowledge of the relationship that is being learned. This capability is achieved
by utilizing a function approximation with very flexible capabilities coupled with an
adaptation algorithm which operates directly from the exemplar pairs representative of the
relationship which is to be learned by the network.

These general properties of the neural network result from the use of processing
units often referred to as neurons, in loose analogy to the biological nerve cells. Each neuron
represents a single basis function defined on the input space and a combination of the active
basis functions forms the output of the neural network. The fundamental differentiating
factor between the different categories of feedforward neural networks is the nature of the
basis function implemented in each neuron. The choice of basis function determines not only
the representational capabilities of the network, but also the nature and extent of its ability
to generalize. Additionally, the nature of the basis function has direct implications on the
requirements of the training algorithm and therefore impacts the convergence properties of
the neural network.

A wide variety of basis functions are appropriate for use in neural network
algorithms. One of the most important considerations in this choice is whether the input

domain of the basis function is local or infinite in extent. As an example of the latter case,

38

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the multilayer perceptron (MLP) utilizes a sigmoidal nonlinearity as its basis function. This
results in neurons which are generally active over a large region of the input space. In
contrast, the radial basis function (RBF) network generally utilizes basis functions which are
active over only a very limited region of the input space. As a result, the impact of any given
neuron is limited to a relatively small portion of the input domain. This fundamental
difference in basis functions leads to several important tradeoffs in capabilities between the
RBF and MLP networks.

In comparison with the RBF network, the MLP is generally capable of providing a
more global approximation to the function being learned. As a result, the MLP can usually
be trained with fewer exemplar pairs and often provides better generalization in untrained
regions of the input space. However, the global nature of the basis functions can also lead to
difficulties in convergence of the learning process. The most common algorithm for
adaptation of the MLP is the backpropagation algorithm. This learning method is based on
the use of differentiable basis functions in order to derive analytical error gradients for each
weight as a function of the network output error. These error gradients are then utilized to
incrementally adjust the interconnection weights in a manner which minimizes the error in
the approximation. However, given the global extent and nonlinearity of the basis functions,
the error surface generally contains local minima which can result in failed convergence of
the training process. Many heuristic refinements have been proposed to speed convergence
and elude local minima. Two popular techniques are the addition of 2 momentum term in
the weight updates and the use of an adaptive learning gain. Despite these improvements,
convergence remains a significant challenge in many practical applications.

Given the local nature of its basis functions, the RBF network generally requires the
use of a greater number of neurons to cover a given region of the input space. Many RBF
networks utilize Gaussian basis functions and there are several different algorithms which
have been developed for the placement and shaping of the basis functions. In general, the

optimal arrangement of basis functions will depend on the nature of the relationship being
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approximated. In practice, the basis functions are often placed in advance and the on-line
adaptation is performed solely via adjustment of the weighting factors associated with each
basis function. As a result, the on-line adaptation is a linear operation and therefore offers
rapid and well understood convergence properties. However, if the initial basis function
placement is inadequate for the relationship being learned, the adaptation will fail to
produce zero error.

The Cerebellar Model Arithmetic Computer (CMAC) is a special case of a radial basis
function neural network [2][16][75]. The CMAC network utilizes a fixed placement of basis
functions distributed evealy across the entire input space. The CMAC basis function is a
hypercube in the input domain and has a constant activation value across its entire extent.
The fixed geometry and placement of the basis functions eliminates the computationally
intensive basis function placement required for the Gaussian RBF network. Figure 2.1
depicts a representative view of basis functions covering a two dimensional input space.
Figure 2.1a illustrates the irregular placement of Gaussian basis functions typical of the
standard RBF network. In contrast, figure 2.1b shows the footprints of the basis functions
defined for the corresponding CMAC neural network. In this two dimensional case, the
CMAC basis functions are implemented as an overlapping pattern of squares. In this
illustration, one set of basis functions is represented by the dashed lines and the other by
solid lines. The exact arrangement of the CMAC basis functions is controlled by the network

parameters and is fully described in section 2.2.
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Figure 2.1 — Representative basis functions for Gaussian RBF network (a) and CMAC Network (b).
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The fixed, regular structure of basis functions in the CMAC network results in
extremely efficient algorithms for computation of the CMAC output and for adaptation of the
mapping. In the RBF network, the most computational intensive aspect of these operations
is the determination of the active set of basis functions as selected by the input vector. For
example, in the Gaussian RBF network, this operation requires a search among all basis
functions to find the activated set. In contrast, the active basis functions in the CMAC
network can be computed directly from the input vector via an efficient calculation.
Additionally, the CMAC network does not consume any resources for the placement or
shaping of the basis functions, since these features are fully defined by parameters which are
selected in advance.

The fixed, regular basis function placement of the CMAC network also leads to some
potential disadvantages. One fundamental limitation is due to the fact that the degree of
generalization in the CMAC network is uniform across the entire input space. Consequently,
the CMAC basis function placement must be designed to provide sufficiently small
generalization at the most irregular region of the mapping. As a result, the generalization
will usually be suboptimal in more gradually varying regions of the mapping. Additionally,
the CMAC mapping has many more free parameters than most other neural networks. As a
result, the CMAC generally requires more training and offers more limited generalization
capabilities. Additionally, for high dimensional input spaces, sparse memory compression
techniques are often required to accommodate the large parameter space.

The advantages and disadvantages associated with the different feedforward neural
network architectures are summarized in the spectrum presented in figure 2.2. The left end
of the spectrum is characterized by the advantages of extensive generalization capabilities
and minimal memory requirements. The associated disadvantages are high computational
overhead and the potential for convergence difficulties. In contrast, the right end of the
spectrum represents solutions which provide computational efficiency and superior

convergence properties, but have severely limited generalization capabilities and substantial
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memory requirements. In addition, this spectrum represents the degree of parameterization
associated with each function approximation technique. On the right is the most over-

parameterized mapping while on the left is the least over-parameterized mapping.

A A

< Multilayer Gaussian CMAC Lookup >
Perceptron RBF Networks Table
¥ L
Slow Convergence Fast, Guaranteed Convergence
Fewer Free Parameters Many Free Parameters
Global Generalization Local, Fixed Generalization
High Computational Burden Low Computation
Small Memory Requirements Large Memory Requirements
Minimal Training Data Requires Much Training Data

Figure 2.2 — Spectrum of tradeoffs between different artificial neural network architectures.

The optimal choice from this spectrum of neural network approximations is
dependent upon the particular requirements of any given application. The most significant
tradeoff in many applications is between the required computational speed and the extent of
training data available. For example, consider the case of neural network handwriting
recognition. In this application, recognition speed is often important but is usually not a
fundamental limiting factor of the technology. Additionally, for a user customized system,
the training database is relatively small and therefore, it is important to achieve the
maximum extent of generalization possible. As a result, this application is best addressed by
networks from the left side of the spectrum. In contrast, consider the typical active noise
control application. In this case, computational speed is critically important in order to be
able to operate in high bandwidth cancellation loops. Additionally, the amount of training
data available is almost unlimited given the high sample rate of such systems. As a result,
additional training can be utilized to compensate for reduced generalization capabilities. For
these reasons, technigues from the right side of the spectrum are well suited to such

applications.
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2.2 The CMAC Algorithm

The RBF network is based on the fundamental principle that an arbitrary function
defined on a multidimensional input space can be approximated by some combination of
locally active basis functions defined on the same domain. In practice, the individual basis
functions are often implemented as Gaussian functions and their combination is achieved
through a weighted linear summation. The training or adaptation of the network involves
the adjustment of the placement and geometry of each basis function and selection of the
weighting received by each basis function in the output computation. This adaptation is
performed in a manner designed to minimize the network’s approximation error on a given
set of training data. In many cases, the placement of the basis functions is performed off-line
using the entire database of training data and the on-line adaptation is utilized solely for the
adjustment of the linear weighting associated with each basis function. This considerably
reduces the computational demand of on-line training at the expense of somewhat reduced
flexibility in the function approximation capabilities of the network. However, even with this
training procedure, the irregular placement of the basis functions results in a significant
computational burden associated with determination of the active set of basis functions.

The CMAC algorithm represents a specialized form of a radial basis function network
since it is based on the principle of function approximation through the weighted summation
of locally active basis functions. However, unlike the Gaussian RBF network, the placement
and geometry of the basis functions of the CMAC network are not dependent on the training
data but are instead a parameterized feature of the network. The CMAC neural network
operates under the assumption that the input space is bounded and the basis functions are
distributed in a manner which uniformly covers the entire input space. Parameters of the
CMAC network are used to control the degree of overlap and density of the basis functions on
the input space. This fixed basis function placement greatly simplifies both the training and

recall operations of the network.
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The CMAC algorithm was first proposed as a computational model of adaptive
control performed by the cerebellum {2]. Since then it has become popular in many
engineering applications primarily due to the efficiency of its implementation and its robust
convergence properties [23][6011701{731[76][771183]{92]. The remainder of this section will
provide a detailed description of the CMAC algorithm. This presentation is intended to serve
as a foundation for use of the CMAC for active disturbance cancellation in later chapters. In
addition, many refinements to the basic CMAC network have been proposed, and those
which are of particular significance to active disturbance cancellation will be addressed in
this section.

Consider a CMAC network with N inputs and a single scalar output. The mapping

performed by this network is described as f,_ :RY — R. In order to enable the a priori

placement of basis functions, the input space must be bounded in each dimension. In
addition, the CMAC algorithm utilizes a quantized representation of the input vector. Since
the CMAC inputs are bounded and quantized, there is only a finite set of possible inputs to

the CMAC. The set of all such possible inputs is often referred to as the input lattice [3] and

the actual map represented by the CMAC can be expressed as f,,. : NY — R. As a result,

the most general mapping that can be represented by the CMAC is the production of an
arbitrary output for each cell in the input lattice. This is exactly the capability of a look-up
table defined on the same lattice.

Consider the input vector x for an N input CMAC as given in (2.2). It is assumed

that each component of the input vector is bounded such that L <z, <U. In practical

implementations, each input would have unique bounds but a common bound is assumed

here to simplify the notation.
T N
X=r, % - Zy,| €R (2.2)

The CMAC operates on a guantized version of the input space. In the present

description, it is assumed that the quantization is uniform and is identical for all network
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inputs. As a result, the quantization can be completely described by a single guantization
width parameter, A . In a practical applications, it is often advantageous to implement the
coarse coding in a fashion which utilizes quantization levels which are placed optimally
across the range of each input. For example, depending on the nature of the input signals,
the quantization levels could be selected to provide logarithmic spacing or levels specifically
placed to take advantage of a priori knowledge as to the nature of an input variable.

Under the present assumption of uniform input quantization, the coarse-coded input
vector q is given by equation (2.3) where || represents the floor operation. Each element of
the quantized input vector is bounded as shown by (2.4).

2, — L
A

zz:l——Ll
A

_ _ “’N—l‘Ll 2.3
q 9 %vq} A ] 2.3)

v- L] (2.4)

0< g <|———
o

Computation of the CMAC output corresponding to a given input vector begins with a
determination of the set of basis functions which cover the active lattice cell. Once this set of
basis functions is determined, the associated weighting factors are summed to produce the
network output. In the CMAC network, the placement of basis functions is controlled by the
integer generalization parameter, G > 1. The generalization parameter directly determines
the area covered by a single basis function which in turn affects the degree of extrapolation
in the resultant function approximation. Generally, larger values of the generalization
parameter are appropriate for functions which are more slowly varying across the input
space. The generalization is a fixed feature and is uniform across the entire input space. As
a result, it must be selected to be appropriate for the area requiring the finest generalization
which can result in somewhat suboptimal performance elsewhere.

The arrangement of receptive fields in the CMAC network is conveniently viewed as

the combination of A conceptual overlays of the input space. Each overlay consists of a

subset of the entire set of basis functions. The collection of basis functions within each

45

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



overlay provides complete and non-overlapping coverage of the input space. Therefore, any
input vector will cause a single basis function from each overlay to be active and as a result,
each input to the network will result in the activation of exactly (8 basis functions. Each
basis function has a width of § lattice cells in each dimension and has a constant output of
value 1 for any input within its boundaries. Thus, for a two input network the basis
functions will have square regions of activation within the two dimensional input space. For
a three input network each basis function will be active in a cube of the input space with
dimension SxA3x 8. In higher dimensions each basis function will be a hypercube with
dimension (3 along each axis. Within each overlay, the basis functions are stacked adjacent
to one another across the entire input space. Additionally, the corners of the basis functions
are offset along the hyperdiagonal in each consecutive overlay in order to produce overlap of

basis functions between the different overlays.

Overlay 0 Overlay 1 Overlay 2

N A NENCI RN [ T O O RN DK
9> DN U O IO Y I 9> I ST I AR N LER N ol S N
I O |t

!

Figure 2.3 — The CMAC output calculation for a two input CMAC with 3 = 3.

In order to provide a qualitative understanding of the receptive field placement,

consider the example of a two input CMAC with generalization width of =3 as shown in

figure 2.3. In this case, there are three overlays and each basis function covers a square

region of the input space with dimensions 3 x 3 = 3x3 lattice cells. The boundaries of the
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basis functions are shown by the solid lines while the dashed lines represent the boundaries

T

of the lattice cells. Any given input vector for this network, x = [372 z,| , is quantized to

v
produce the vector q = [qz ql} . The quantized input vector uniquely references a single cell

on the input lattice as indicated by the arrows in figure 2.3. The active lattice cell is covered
by a single basis function on each overlay and therefore a total of three basis functions are
selected. These active basis functions are shaded gray in figure 2.3. Each basis function has
an associated weighting factor and the CMAC output is calculated by summing the

weighting factors associated with the active basis functions. The weight w[ is associated
with the basis function on overlay p at indices 4,75.

For the CMAC of figure 2.3, each overlay can be represented by a two dimensional

matrix of weights. In general, the weight matrix associated with overlay p can be

represented by the function W? (dp) where d, is a vector containing the indices of the

selected basis function for overlay p. That is, the function W? (dx,) references the weights
associated with the vector of indices, d,. In the CMAC algorithm, these indices are

computed from the quantized input vector by equation (2.5). Notice that there will be as
many indices as there are input dimensions, N, since each overlay is N dimensional.
Computation of the indices can be efficiently performed using fixed point hardware
implementations since an integer division intrinsically provides the floor functionality as
well. Additionally, if the quantization is restricted to a power of two, then the indices can be

computed using only a binary right shift operation.

o[l o

The described algorithm is known as the binary CMAC since the output of each basis

v 7P e §—
< H ¥ pe {0l f -1} @2.5)

function is binary valued. The recall algorithm is summarized in figure 2.4 for the general

case of an N dimensional input and a single real valued output. A vector cutput CMAC can
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be realized by utilizing multiple single output CMAC networks in parallel on the same input
vector. However, the overall computational burden can be reduced through realization that
the selection of the active basis functions is common to all of the parallel networks and

therefore needs to be performed only once.

Recall Operation in the Binary CMAC: Consider a CMAC network with a

real input vector x=|z, =z - z,,| and a single real valued output,

¥ = f,...® . Let the generalization parameter be 3 € N and 5> 1. Let input z,
be bounded such that [, <z, <U,. Additionally let the quantization interval of
input i be A,. Let W7()) represent an N dimensional array of weights for each
overlay pe {0,1,---,8—-1}. With these definitions, the following equations

describe the CMAC recall operation.

'TO-Lo zl—Lll Ty LN—]
Q=6 @&  Gya|=
{0 1 N 1} AO AI Nt
gy — P 49— P Iy — P
d’ = Vpe 0317"'713—1
{ B ’ i g } ‘ B l t :
B-1
y=) W (&)
p=0

Figure 2.4 — The binary CMAC recall operation.

The training or weight adaptation in the CMAC network provides a means of
adjusting the values contained in the p weight matrices W”(-) in a manner which minimizes
the approximation error of the CMAC across some training data set. Usually, the weight
adaptation is performed concurrently with recall operations on a sample by sample basis.
For each output, the active weights are adjusted in a manner which reduces the squared
output error associated with the present CMAC input. For example, suppose the current

input vector is x, and the desired output of the CMAC for input x, is d . The resultant
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error in the CMAC approximation for this input is defined as e=d -y, where y is the

p-1

CMAC output corresponding to input x,. There are 8 weights, v’ w',---,w”"' which were

used in computing the CMAC output. Therefore, to reduce the error associated with this
input vector, each of these weights is adjusted in the direction of the negative gradient of the

squared error. The resulting increment to be added to weightw' is given by (2.6) where 7

represents a learning gain parameter.

) 8é* Jy 8 &4 .
At = — g ) ) i P9 e{0,,---,3~-1 2.6
W= o =t = e ;w ne i€{ B-1} (2.6)

Thus, each of the selected weights is simply updated with an increment proportional
to the error in the output. Notice however that the contribution of each weight to the output
is dependent upon the generalization parameter. That is, with a larger generalization, a
fixed increment across all selected weights will have a greater influence on the output than
the same increment with a smaller generalization. As a result, the effective learning gain in
(2.6) varies with the generalization parameter. In order to make the learning gain
parameter independent of the generalization width, the weight update is usually normalized

by 5.

Weight Update in the Binary CMAC: Consider a CMAC network with output

Y = f... % and generalization parameter ¢ N and §>1. Let W”()) represent
the N dimensional array of weights for each overlay p e {0,1,---,5 -1} and let 4
be the desired or target output for the current input vector. Let d, represent the
pointers associated with the presented input vector. Then the following equation
describes the CMAC weight update operation.

for p=101,---,3-1

Ui

pre—update 18

wr(d,)

=W(4,)

Nea_ N —we
post—update pre—update + ﬁ (d y) =W (dp)

Figure 2.5 — The binary CMAC weight update.
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The CMAC weight update algorithm is given in figure 2.5. If the weight updates are
performed concurrently with the CMAC recall then the only additional computation
associated with the adaptation is the scaling of the output error by the learning gain and a
single addition per weight. Notice that the adaptation algorithm is intrinsically local in
nature since only weights within a § lattice cell radius are impacted by any weight update.

The selection of the active set of weights is a highly nonlinear operation. However,
once the active weights are defined, the recall and training operations are entirely linear.
This fact leads to analytical expressions for the CMAC recall and weight update operations
which are often useful in the derivation of theoretical results. In this representation, all of
the weights associated with the CMAC are represented by a single weight vector w. A

weight selection vector, a(x), is defined as a function of the current input vector, x. The

weight selection vector is binary valued and its length is equal to the length of the weight

vector, w. All elements of a(x) are zero valued except for 7 entries of value one which are

in locations corresponding to the active weights. As a result, the CMAC recall is simply
represented as the inner product of the weight selection vector and the weight vector as
given in (2.7). In this formulation, the entire nonlinear mapping operation performed by the

CMAC is contained within the weight selection vector.
y=ax)w (2.7)

With this convention, the weight update equation can be expressed as given in (2.8)
where e represents the output error. It is also possible to derive batch mode recall and
weight update expressions in the case where training and recall are performed
simultaneously across an entire training data set. The implications of this formulation are

explored further in section 2.5.

w =w + %a(x)e (2.8)

post—~updaie pre—update
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The computational efficiency of the CMAC algorithm results directly from the
uniform placement of the basis functions across the entire input space. However, this
architecture also results in the presence of basis functions and their associated weights in
regions of the input space which are never utilized in the mapping. Additionally, this feature
of the CMAC leads to an enormous quantity of weighting factors especially in the case of
large input dimensions. The dimensions of the weight matrices depend on the number of
inputs, the range of the inputs, the quantization levels for the inputs, and the generalization
parameter. The total number of required weights can be expressed as given in equation
(2.9). Assuming the same number of quantized levels per input, this can be simplified to the

expression given in (2.10).

N, =ﬁﬁ{

=0

1|U, -1,
3 n,

N, = -ﬁ—i_—l—(# of quantization levels per input)” (2.10)

+ 1} 2.9)

From the result in (2.10) it is evident that the number of required weights decreases
as the generalization width increases. Additionally, the number of weights required grows
drastically with increasing input dimensions and increased quantization levels per input. To
illustrate the rapid growth in the number of required weights with increasing input
dimension, consider the results presented in figure 2.6. This illustration depicts the number
of weights required for the case of 8 bit (256 level) inputs and various input dimensions, N .
For a single input CMAC, the generalization width has no impact on the number of required
weights. However, at larger input dimensions, increases in the generalization parameter
leads to a significant reduction in the number of required weights. However, regardless of
the value of the generalization parameter, the memory space required in high dimensions
can quickly become unmanageable. For inputs with finer gquantization, the problem is

exacerbated further. In addition to the large memory space required for storage of the
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weights, this also has implications for most real-time hardware in that larger memories must

often be implemented in slower off-chip memories.

Required Number of Weights

2
" |l ] H { L 1 1 1 —1
0 5 10 15 20 25 30 35 40 45 50

Generalization Width

Figure 2.6 — Required CMAC weights versus input dimension and generalization.

In many applications, the volume of the input space over which the function
approximation must be valid is a small fraction of the total input space. As a result, many
weights in the CMAC representation of such functions are never referenced. In such cases, it
is possible to reduce the memory requirements of the CMAC algorithm through the use of
sparse memory techniques. The basic premise behind such methods is that a large, sparsely
utilized memory can be adequately contained within a much smaller, more densely populated
memory. One manner in which this can be accomplished is by mapping the memory space
addressed by the CMAC into a much smaller physical memory space via a hashing function.
The hashing function is time invariant function which provides a mapping such that
consecutive addresses addressed in the virtual memory space are distributed in a random,
uniform manner across the smaller physical memory space. It is assumed that the physical
memory is chosen to be much larger than that required by the exercised portion of the input
space and therefore most addressed memories will be stored and recalled without error. The

occasional incidents in which two different virtual addresses map to the same physical
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address are referred to as a hash collisions and will result in a corruption of the CMAC
output. There are several means by which the random hashing function can be implemented
{791[95]. The CMAC implementations presented in later sections utilize either a fully
implemented memory space with no hashing or hashing via a pseudorandom linear feedback
shift register. There are alsc many lossless hashing algorithms which have been developed
to eliminate or reduce the possibility of hash collisions. However, such methods also impose
greater computational overhead on the algorithm.

There are many refinements which have been introduced to improve on different
shortcomings of the standard binary CMAC algorithm. One important enhancement is an
improved receptive field placement strategy [3]1{161[79]. In the original CMAC algorithm, the
receptive fields of the 3 overlays are offset along the hyper-diagonal of the input space. This
receptive field placement has the important property that for a single lattice cell movement
in any direction, exactly one weight will be dropped and one weight will be added to the
active weight set. This property is known as the uniform projection principle [16]. This
condition also ensures that there are no common edges of receptive fields between overlays.
For an input dimension of two or greater and generalization of three or greater there are
other possible offsets between the basis function layouts on the different overlays which still
obey the uniform projection principle. Given this extra degree of flexibility, it is necessary to
choose some criteria for deciding upon the optimal overlay placement from all those which
meet the uniform projection principle. To obtain the most spatially uniform generalization,
the optimal placement strategy is that which produces the most even distribution of basis
functions across the input space. The original diagonal displacement strategy is clearly a
suboptimal choice in this regard. For example, figure 2.7a depicts the total area of the input
space affected by a single training point denoted by the black square. This illustration is for
the case of two input dimensions and a generalization width of ten. As a result of the
standard receptive field placement, the selected basis functions are located along the

diagonal of the input space thereby creating a spatially non-uniform update in the input
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space. Different methods for determining the optimal overlay placement have been
presented {31{16] and are based on selecting the receptive field overlay offsets which
magximize the average distance between basis function centers. In the case of the previous
example, the optimal overlay placement found through these methods results in the
activation pattern of figure 2.7b. Notice that the total impacted area is much more uniform
than for the case of diagonal receptive field placement. This refinement in the CMAC
algorithm comes at almost zero additional computation. The only modification is in the

computation of the weight selection vectors as given in (2.11).
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In this equation o’ represents the ith element of the optimal displacement vector.

The superscript denotes the dependence of the optimal displacement vector on the input
dimension and the generalization parameter. Tables of the optimal displacement vector for

various values of the parameters exist in the literature {16].
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(a) Albus Receptive Field Placement (b) Optimal Receptive Field Placement

Figure 2.7 - Influence of a single training point for Albus (a) and optimal (b) receptive field placements.

In the standard CMAC weight adaptation, the same weight increment is uniformly
applied to the entire set of active weights. Although this is a computationally efficient

solution, this weight update often leads to a wide variation in nearby weight values even
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though the output error is reduced to zero. This large variability in nearby weight values
tends to reduce the generalization performance of the CMAC. Additionally, such weight
variations reduce the reliability of partial derivative information from a trained CMAC
model. In almost all applications, the standard CMAC algorithm is an over-parameterized
function approximation. That is, there are more degrees of freedom than required to
implement the desired mapping. As a result, the optimal weight vector solution is non-
unique and there are many different sets of weights which will be able to reproduce the given
set of training data with zero error. It is possible to utilize the extra degrees of freedom
afforded by this flexibility in the weight values to impose constraints which minimize the
differences between nearby weights. Such methods are known as weight smoothing
algorithms. For the case of batch mode CMAC training a weight smoothing algorithm has
been presented which provides a solution for the optimally smooth weight vector via a linear
optimization over the entire training data set [21]. This approach has also been extended for
use in on-line training [87]. An independent heuristic approach to weight smoothing has also
been presented [95]. In this method, all of the addressed weights are adjusted by a small
increment toward the mean value of the selected weights as given by (2.12). This additional
term in the weight update equation tends to move all of the weights toward the average
weight value thereby reducing weight differences. The parameter o controls the extent of
the weight smoothing. This approach has the advantage that it is a very modest extension of

the existing CMAC update rule.

w?|

smoothed
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1=0

There are numerous additional refinements to the CMAC algorithm which have been
developed. One of particular significance in many applications is the replacement of the
binary receptive field with a continuous valued basis function in order to produce a
continuous valued output [35]{64]. Adaptive coding algorithms have been developed which

enable CMAC input quantization to be adjusted to be finer in regions of the input space
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where greater resolution is required [34]. In addition, there have been many papers
reporting on implementation aspects of the CMAC network [51][531{74]. Finally, there are
many theoretical results regarding CMAC representational capabilities and convergence of
the adaptation process [14}1[151{171(23][251[42]{49]1671{86][95][108].

In concluding this introduction to the CMAC algorithm, it is important to consider
briefly the representational capabilities of the CMAC function approximation.
Fundamentally, the quantized input map of the CMAC results in a different class of function
approximation capabilities in comparison to those networks which utilize a continuous input
space. Specifically, the class of mappings which can be represented by a CMAC network is
necessarily a subset of a multivariate lookup table defined on the same input lattice. For a
single input dimension, it has been shown that the CMAC is a universal approximator in this
context [16]. That is, the CMAC can be trained to provide an arbitrary response at each
input lattice cell. This capability is enabled by the fact that there are as many free
parameters as there are input cells in the case of a single input dimension. However, for a
multiple input CMAC, there are fewer free parameters then there are input lattice cells if
the generalization parameter is greater than one. As a result, the CMAC is not able to
represent an arbitrary multivariate lookup table with zero error. In fact, it has been shown
that the only class of functions which can be represented with zero error are those which can
be expressed as the sum of univariate lookup tables [16]. However, this result is somewhat
pessimistic due to the fact that the complexity of the functional mapping increases with the
finer generalization CMAC parameters. This does not allow for scaling of the network
resources independent of the training data set. For example, in the MLP network, a well
known result is that the two layer MLP is a universal function approximator given a
sufficient number of hidden layer neurons. An somewhat analogous statement for the CMAC

network is that given any discrete mapping {q,,¢,,-'} — {¥, 4, -} this relationship can be

perfectly represented by a CMAC mnetwork given sufficiently small generalization and

quantization width.
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2.4 Time Delay and Recurrent CMAC Architectures

The feedforward neural network implements a static mapping from a vector x € R
in the input space to a vector y € R” in the output space. Assuming the network

parameters are fixed, a certain input vector will always produce the same output response
independent of the past history of inputs. Such a mapping is termed memoryless or static
and is well suited for pattern classification and other time independent tasks. However,
most control and identification tasks involve dynamical systems in which the response of the
system is based not only on the current input to the system but also on the past history of
inputs to the system. Neural network control and identification of such dynamical systems
requires an architecture which has the capability to model such history dependent dynamics.
In the case of linear discrete time systems, the finite impulse response (FIR) filter achieves
this capability by transforming the time domain signal into a vector space comprised of
delayed versions of the input signal as shown in figure 2.8b. This transformation to the
delayed coordinate space allows the original linear dynamical system to be represented as a
static linear mapping from a vector in the delayed coordinate space to the output space. The
required dimension of the delayed coordinate vector depends on the nature of the system
being represented, and it is possible for the FIR filter to model any linear dynamical system
if the input dimension is allowed to be arbitrarily large.

Given the ability of a feedforward neural network to implement a multidimensional
static mapping, it is possible to use it to replace the linear mapping of the FIR filter as shown
in figure 2.8a. The resultant structure is known as the time delay neural network or tapped
delay line neural network [90]. Given that the time delay neural network is a direct
extension of the FIR filter, it is expected that its minimal capability is the emulation of a
linear dynamical system. This will be the case as long as the neural network is capable of
representing a linear mapping and the number of delays is sufficient for the system being

modeled.
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Figure 2.8 ~ Time Delay network in comparison to an FIR filter.

The primary advantage of the time delay neural network is that in addition to
representing linear dynamical systems, this architecture also has the capability to model
nonlinear, history dependent dynamics. Theoretical support for this capability is provided by
nonlinear systems theory. In the study of nonlinear dynamical systems, it is commonly the
case that the only observable information from some nonlinear process is a single time
varying scalar function that is related in an unknown fashion to the state of the process. In
such cases, a state space representation of the system can be obtained via a state space
reconstruction which preserves the dynamics of the original system. Such a reconstruction is
not unique. One possibility is to utilize a reconstruction space which is comprised of the
signal and its derivatives [82]. Another choice which is generally more appropriate for
physical implementations is to utilize the signal and time delayed versions of the signal as
created by the tapped delay line in the time delay neural network. It has been shown that if
the embedding dimension is chosen sufficiently large then the dynamics of the original
system will be preserved in this reconstruction space [82]. The embedding delay is arbitrary
in the case of unlimited, noiseless data, but an optimal delay value can be found given an
actual data set. This result provides a secure theoretical basis for use of the time delay
neural network as a model of nonlinear dynamical systems.

The lack of a priori assumptions in the time delay neural network model provides the

capacity for modeling a diverse array of nonlinear dynamics. However, this flexibility also
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reduces the generalization capabilities of the model which will be an important consideration
in many disturbance cancellation applications. For example, the FIR filter provides a global
interpolation capability due to its assumption of linearity. This allows an FIR model to
provide the correct response across the entire input space even if the training is constrained
to a small region of the input domain. In contrast, the time delay neural network generally
must be trained with data that is quite representative of the relationship which is to be
implemented. Additionally, this implies that the time delay neural network generally must
be trained over the entire region of the input space where it is expected to later function. To
illustrate this point, consider the dynamical system described by (2.13) where z[k] is the
discrete time input signal and y[k] is the corresponding output.
ylk] = Lzlk] + L ok — 1) (2.13)
The FIR model of this system has exactly two free parameters and the static
mapping is a plane defined in the delayed coordinates space as represented by the coarse
mesh in figure 2.9. Once these two parameters are chosen, the response is fixed across the
entire input space. In contrast, consider the use of a two input Time Delay CMAC network
to model the dynamics of (2.13). In this example, the time delay CMAC is trained to
accomplish this task using the input signal given in (2.14).
zlk] = £ sin (0.0837k) (2.149)
This input signal creates a circular closed orbit in the delayed coordinate space. The
CMAC weights are adjusted in simulation to minimize the output error until reaching a total
error of less than 0.1% throughout an entire period. The CMAC utilized in this comparison
has an input quantization of 0.01 and a generalization width of 16. Upon completion of the
training, the resultant mapping implemented by the CMAC is shown by the fine mesh
surface in figure 2.9. Notice that the time delay CMAC mapping approximates the actual

linear mapping only along the trajectory created by the input signal, z[k]. Outside of this

trajectory, the network output is zero. This illustrates the fact that, unlike linear models,
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the time delay CMAC must be trained in all regions of the input space where it is expected to
operate. For example, the time delay CMAC will produce zero output for an input equal to
the training signal scaled by a factor of two. This fundamental attribute of the time delay
neural network will have many implications on its use in active disturbance cancellation

applications.
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Figure 2.9 — Time delay CMAC map approximation to an FIR filter.

Many active disturbance cancellation systems require the modeling of nonlinear
dynamical signal paths. The time delay CMAC can be utilized for this purpose given the
conventional system identification arrangement of figure 2.10. In this application, the
CMAC weights are continuously adjusted to minimize the difference between the CMAC
output and the target signal produced by the reference model. The time delay CMAC is
shown with a two dimensional input, but the same technique applies given any length
tapped delay line. In practice, the required length of the tapped delay line will be dictated by
the characteristics of the system being modeled. In general, systems containing transport
delays and resonances will require a longer tapped delay line for accurate representation. As

a reasonable guideline, in the case of linear systems, the delay through the tapped delay line

60

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



must be at least as long as the impulse response of the system. Since the memory storage
and computation of the CMAC are directly related to the dimensionality of the CMAC, the
implementation of such a model can become unmanageable for the identification of complex
signal paths. However, in many active disturbance cancellation applications, there are often
situations in which the frequency content of the disturbance is restricted to a narrow band of
frequencies. In such cases it is possible to develop a greatly simplified narrowband model
that is only designed to model the signal path over the frequency band of interest. In the
extreme case where the input signal is known to be a single fixed frequency sinusoid, the
signal path model needs to be accurate at only a single frequency. It turns out that, this
condition is directly applicable to many narrowband feedforward cancellation systems.
Additionally, if the signal path model is continuously adapted, this simplified model will be
able to track slow changes in the fundamental frequency. In this manner, the adaptive
nature of the reduced order model compensates for its inability to serve as a broadband

model.

ik
x[k] »| Signal Path k]

— CMAC

(

Figure 2.10 — Use of a TDCMAC as a dynamic signal path model.

To demonstrate the capabilities of a reduced order model, consider the corresponding

linear case shown in figure 2.11. The reference signal path is defined by a twentieth order
FIR filter with coefficients 50,51,---,519 . In general, an accurate broadband model of this path

would require a model of equal length as shown in figure 2.11a.
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Figure 2.11 — Broadband (a) and Narrowband (b) linear models.

However, suppose the model is only required to emulate the reference signal path for
a single sinusoidal input of constant frequency. Then, since the signal path is linear, the
output will be a single sinusoid of the same frequency with altered phase and magnitude.
This transformation can be accomplished using a two input FIR filter as shown in figure

2.11b with coefficients ¢,,c,. To prove this result, consider the input signal represented as

the sinusoid defined by (2.15). The corresponding output signal of any linear system will

have the same frequency but generally a unique phase and amplitude as given by (2.16).
zlk] = A, sin{wk + ¢,) (2.15)
k] = A, sin(wk + ¢,) (2.16)
Given a two input FIR model with transfer function H(z) = ¢, + ¢z, the filtering
operation performed on the input signal, z[k], results in the expression in (2.17). If the FIR
model is to accurately represent the linear mapping z[k] — 2[k], then the result of this

filtering operation must meet the condition given in (2.18).
ylk] = o4, sin(wk + ¢,) + ¢ 4 sin(w(k —1) + ) (2.17)
A, sin(wk + ¢,) = ¢, A sin(wk + ¢, ) + ¢, A4 sin(w(k —1) + ¢,) (2.18)
Thus, if it is possible to solve (2.18) for constant filter coefficients ¢, and ¢, then the

resultant transfer function H(z) will perfectly model the higher order system for a sinusocidal

input. To that end, the sinusoidal terms in (2.18) can be reduced using the trigonometric

angle difference relation which yields the simplified expression of (2.19). Equating
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coefficients of the time varying sin(wk) and cos(wk) terms yields the linear system of
equations in (2.20)-(2.21). The solution to this set of equations is given by (2.22) and (2.23).

A, cos ¢, sin(wk) + A, sin ¢, cos(wk) = [¢, 4 cos @, + ¢4, cos(§, — w)]sin(wk)

(2.19)
+ ey sing, + ¢ A sin{¢, — w)]cos(wk)
A cos P, + ¢ A, cos(¢, —w) = A, cos @, (2.20)
coA sing, + ¢ 4 sin(¢, —w) = 4, sin g, (2.21)
¢ = A, [cos ¢, — s.inqﬁ2 cot(g, — w)] (2.92)
A [cos¢, —sin ¢, cot(¢, — w)]
Asing, c sin g, (2.23)

T Asin(g —w) " sin(g —w)

This ’result indicates that a two input FIR filter is able to model any linear transfer
function in the case where the input is comprised of a single sinusoid. Additionally, if the
FIR filter is continuously adaptive, this filter can be used as a model of the full linear system
for any slowly varying sinusoidal disturbance. A similar, though somewhat more general,
result holds for the time delay neural network. In a qualitative sense, the two input time
delay neural network has the capability to represent a transformation from a periodic input
signal to a periodic cutput signal of the same period. This includes the important ability to
model the relationship between a fundamental disturbance as an input signal and an cutput
signal comprised of the fundamental in combination with its harmonics. There are, however,
certain constraints placed on the input and output signals which will be presented in more
detail in the following section.

If the transfer function being modeled by a time delay neural network or FIR filter
has a long duration impulse response, then the number of taps required in the model can
become quite large. In the case of linear systems, a more compact model is possible using an
infinite impulse response (IIR) filter as shown in figure 2.12b. The IIR filter utilizes internal
feedback to provide memory capabilities which exceed the length of the tapped delay line

input. It is possible to extend the IIR filter by replacing the linear mappings with
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feedforward neural networks as shown in figure 2.12a. The resulting recurrent neural
network extends the capabilities of the IIR filter and is therefore well suited to modeling
nonlinear systems with significant history dependence. However, online training of these
architectures is generally more involved then in the FIR counterparts. Additionally, these
architectures present the possibility of internal instability, which is not the case for the FIR

architecture.

Input l Input
A TAH A A
Feedforward &Y a v
Neural Network

QOutput
ot

Qutput
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LA% A

@ (b)

A A

Figure 2.12 — Recurrent neural network and linear IIR models.

In addition to its capability of modeling a dynamical signal path, the IIR filter is able
to function as a sinusocidal oscillator in the case where its poles are designed to be on the
imaginary axis. Similarly, the recurrent time delay neural network can function as a

nonlinear oscillator via the architecture shown in figure 2.13a.

A {AT N
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Figure 2.13 — Recurrent neural network and linear IIR oscillators.
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2.4 Representational Capabilities of Time Delay Neural Networks

In the previous section, it was shown that the time delay neural network can be
viewed as a generalization of a linear FIR filter. As a result, the time delay neural network
has the ability to approximate any linear transfer function, and also possesses the ability to
represent certain nonlinear dynamical systems. In this section, some basic representational
capabilities of the time delay neural network are considered. These results are intended to
provide some fundamental guidelines for application of the time delay neural network to
disturbance cancellation systems.

The first result given in theorem 2.1 simply formalizes the fact that the time delay
CMAC can represent any quantized FIR mapping with zero error. Since the CMAC operates
on a quantized input lattice, it cannot implement a real valued FIR filter perfectly. However,
the time delay CMAC does possess the capability to represent the FIR mapping with zero
error at every lattice point. Since the input quantization levels can be reduced to any
required level, this model can be made as accurate as required by the application.
Additionally, the effect of quantization on linear filters is well understood as this issue arises
in the digital hardware implementation of such filters. This result pertains to an ideal

CMAC without any hashing considerations.

Theorem 2.1 ~ Time Delay CMAC Representation of an FIR Relationship: Let Q{}
represent the quantization of a real valued vector into the respective point on the input
lattice of an ideal CMAC. Let coefficients b = [,b,,---,b,,| define an arbitrary linear FIR
filter. Then, an ideal time delay CMAC with M input taps can represent the quantized
mapping Q{x} — y = b"Q{x} with zero error.

Proof:

The FIR mapping to be represented by the time delay CMAC can be expressed as in

equation (2.24) where ¢,{} represents the CMAC quantization of the ith input.
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M1
y= Z b iz} = b {ze} +ha{z }+ -+ by {Z0 s} (2.24)

=0

Equation (2.24) shows that the desired mapping is the sum of univariate lookup
tables defined on the input lattice. It has been shown that an ideal multivariate CMAC can
represent any function which is the sum of univariate lockup tables with zero error [16].
This shows that the mapping Q{x} — y=b"Q{x}can be represented with zero error.

Therefore, the time delay CMAC can model the quantized version of any FIR relationship

with zero error.

A two-input time delay neural network has the ability to represent a relationship
between a periodic input and a periodic cutput of the same period, given certain conditions
on the nature of the input signal. This capability is of particular interest in the case of
narrowband disturbance cancellation since the reference signal in such systems is often in
the form of a non-sinusoidal periodic signal. The proof of this result, presented in theorem
2.2, is based only on the assumption that the neural network is able to represent an
arbitrary functional mapping, and does not directly address the capabilities of any specific
neural network architecture. As a result, the derived results are necessary yet not sufficient
conditions in the specific case of a time delay CMAC network. However, in practice this
result provides a minimal set of guidelines for assistance in choosing appropriate parameters

based on the nature of the input signal.

Theorem 2.2 — Representation of Periodic Signals with Time Delay Neural Networks:

Let f() be a universal function approximator used to create a two-input time delay network
with time delay T,. Let s(#) be a continuous periodic signal with period T > 0 and with a
time derivative 3(t) that is continuous. Let v(t) be a continuous and periodic signal of the
same period T . If the parametrically described contour {z, = s(f),z, = s(t + T)} is simple

(i.e. not self-intersecting) and the time derivatives #, and &, are not simultaneously zero for
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any t €[0,7], then the mapping [s(t) s(t — Ts)} — o(t) can be represented by the time delay
neural network.
Proof:

Consider the illustrative trajectory {z, = s(¢),, = s(t + 1)} shown in figure 2.14 and

notice that the trajectory does not intersect. Additionally, the trajectory must be a closed

orbit given that {z,(t +T),xz,(t + T)} = {z,(¢),2,(®)}.

=

X
Figure 2.14 — Trajectory in the neural network input space.
The magnitude of the tangential velocity along this trajectory is expressed in
equation (2.25). Given that the # and £, exist and are never zero simultaneously, the

magnitude of the tangential velocity must always be greater than zero as given in (2.26).

dr dz, Y [d:c2 ]2

2= = 2 2.25

dt [ dt ] + dt ( )
a0 (2.26)
dt

Also, given that the time derivatives #, and £, are continuous, the tangential

velocity is a continuous function as well. Since the tangential velocity is continuous and can
never equal zero by (2.26), it is therefore impossible for the {rajectory to reverse direction.

Additionally, the trajectory can not remain at any point for any finite amount of time given
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(2.26). Therefore, for any given time f,, the point {z,(t,) = s(t,),2,(t,) = s(t, — T;)} is unique
on the z,,z, plane within any period. In conclusion, equation (2.27) holds.

{z,(t + A),z,(t + D)} = {z,(t),z,(t)} Vtelo,T) (2.27)

Given (2.27), there are no two identical points in the domain of f(). As a result,

since a universal approximator can represent any proper function, f{) can map to an

arbitrary value for any point in the domain. As a result, the two input time delay neural

network will be able to represent the mapping {s(t) s(t — Tq)] — v(t) with zero error. o

The result given in theorem 2.2 is a direct result of the fact that the neural network
must implement a single-valued functional relationship. To illustrate the implications of
theorem 2.2, two individual cases will be considered. The first case fails to meet the
conditions of theorem 2.2 due to the presence of a self-intersecting orbit. The second case
fails due to the presence of zero time derivatives in the input and delayed input signals.

Consider the signal s(f) represented in (2.28) which consists of two harmonically
related sinusoids. Notice that the signal s(t) is periodic with a peried of one. Additionally,
s(t) is continuous and has continuous time derivatives. For this example, the delay utilized
in the tapped delay lineis 7, =14.

s(t) = %sin(%rt) + %sin(llwt) (2.28)

Figure 2.15 depicts the delay space trajectory {z, = s(t),z, = s(t — T)}. Notice that

the orbit is not simple and therefore the conditions of theorem 2.2 are not met. As a result,
theorem 2.2 does not guarantee that an arbitrary periodic function mapping can be

performed for the input signal s(t). Qualitatively, this is due to the fact that representation
of an arbitrary mapping [s(t) s(t — Ts)] — o(t) for an arbitrary periodic signal «(t), would

require the neural network to produce two different outputs for the same input vector at the
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point of overlap. Since this can not be accomplished by a single-valued functional mapping,

it can not be implemented using a feedforward neural network.

1 T T T T T T T
0.5 -
xz(t) oF - |
0.5F b
- ! ! ! \ L 1 |
}).8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
x, ()

Figure 2.15 — Delay space trajectory showing an intersecting orbit.

The problem in this case can also be observed in the time domain as shown in figure
2.16. In this figure, the tapped delay line outputs are shown as a function of {ime over a
single period of the input signal. At the two times marked by the solid vertical lines, the

input vector {z, = s(t),z, = s(t — T;)} is identical. This corresponds to the overlap point in
the delayed coordinate trajectory of figure 2.15. In general, the desired target signal o(f)

could be such that the neural network would be required to produce different values at each

of these times. For the special case that «(f) has the same value at both of these points, it
would be possible to represent the mapping [s(t) s(t -~ TS)] — v(t) , however, this is not true in

the general case.

0.6
0.4}
0.2+

0.2}
0.4+
0.6
0.8 L ! 1 I

Figure 2.16 — Time domain input signals.
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The geometry of the orbit in the embedding space is directly dependent upon the
delay utilized in the tapped delay line. Therefore, the conditions of theorem 2.2 can be
utilized to select an appropriate choice for the tapped delay line delay. For example, consider

the input signal s(t) from the previous example as defined in (2.28) but choosing 7, =1.0.

With this delay, the embedding space trajectory is given in figure 2.17 and the orbit is no
longer self-intersecting. Therefore, in this case, the time delay neural network can
implement an arbitrary periodic function mapping from this input signal to another periodic

signal of the same period.

-1 L L |
-1 -0.5 0 0.5 1

x(?)

Figure 2.17 — Delay space trajectory for T, = 1.0.

The previous example presented the case of a periodic signal which failed to meet the
non-self-interesting orbit property specified by theorem 2.2. The next example presents a
case where the failure is due to the presence of parametric time derivatives which are

simultaneously zero. The input signal s(t) is defined by the saturated sinusoid given in

(2.29). The tapped delay line delay is chosen as T, = 0.1.

3 if sin(278) > 4
sty =4 —1% if sin(2mt) < —3 (2.29)
sin(27t) otherwise

Notice that the signal s(t) is continuous and periodic with a period of one.

Additionally, its projection in the delay space forms a simple orbit as shown in figure 2.18.
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However, notice that the time derivative of s(t) is not continuous and additionally, there are
periods of time for which () =0 and $(t —T;) =0 as is evident from the time domain plots

of the signals in figure 2.19. Therefore, this input signal does not meet the requirements of
theorem 2.2 and in general, a periodic function mapping for this input function cannot be

represented by a two input time delay neural network.

0.5+ ]
x( Or }
-0.5 ,
_'I 1 I i
-1 -0.5 0 0.5 1
x, (1)

Figure 2.18 —~ Delay space trajectory for the system of equation (2.29).

The failure in this example occurs because the input space trajectory pauses at
certain locations in the limit cycle of figure 2.18. Specifically, over the time intervals when

both 5() =0 and (¢ —7;) =0, there is no movement along the orbit. Consequently, there
are periods of time when the orbit remains at points (z,,z,)=(L1) and (z,,2,)=(-1,-1).
Thus production of a different value of o(t) within these intervals would violate the

requirement that the neural network represents a proper function relationship.

0 0.2 0.4 0.6 0.8 1

Figure 2.19 — Time domain trajectory of the system given in (2.29).
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Another commonly utilized periodic signal which fails for the same reason is the
square wave. Notice, however, that it is often possible to utilize a simple transformation to
convert the input signal into one which meets the conditions of theorem 2.2. For example,
the square wave can be converted into a signal which meets these conditions through the use
of an appropriately chosen low pass filter.

In narrowband feedforward disturbance cancellation, the fundamental disturbance
source is often represented by a single sinusoid. Due to the presence of nonlinearities in the
system, the measured disturbance is often comprised by a linearly transformed version of the
original tone along with components related to its harmonics. As a result, it is commonly
necessary to represent such a relationship in the compensator of such a system. In such
cases, the input signal can be represented by (2.30).

3(t) = Asin(wt) (2.30)

The resultant cutput signal is comprised of Q sinusoidal components each possessing

an independent amplitude 4, and phase ¢,, as given by (2.31)

u(t) = i A sin(lwt + ¢,) (2.31)

=1
With appropriate choice of the tapped delay line delay, the signal s(f) meets the
requirements of theorem 2.2 since the orbit is a closed ellipse. Additionally, »(¢) is periodic
and has the same period as s(t). Therefore, by theorem 2.2, this mapping can be represented

by an ideal two input time delay neural network. This capability is of significant importance

in the case of narrowband disturbance cancellation using a time delay CMAC compensator.

2.5 A Linear System Analysis of the Single Dimension CMAC

Most applications of the CMAC neural network in disturbance cancellation utilize a
sequential training technique whereby the weights are updated upon presentation of each
individual exemplar pair. An alternative training method is batch mode adaptation in which

the weight changes associated with the entire training data set are made simultaneously. In
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this section, the convergence of the batch mode update is considered for a single dimension
CMAC and a bound on the maximum stable learning gain is established. This approach
provides additional insight into the nature of the CMAC representation. Furthermore, it is
shown that the sequential update converges to the same result as the batch mode update
given sufficient small learning gain.

For any given input vector, the CMAC output is a linear function of the active set of
weights. Thus, the linear portion of the output computation and weight adaptation can be
analyzed separately from the nonlinear mapping associated with the weight selection.
Consider the simplified CMAC representation of figure 2.20 which depicts the simultaneous
computation of all possible network outputs for a single dimension CMAC with seven
weights, five outputs, and a generalization width of three. For the results presented in this
section, it is assumed that sufficient memory resources are available so that hash coding is

not required.

w, ‘\
A

dpy~Ccanl
e

W2 LA
Weight Aggregate
Vector | W >y, f Noeut\;vortk
pu
. _/@ m Y S

Figure 2.20 — A simplified representation of batch mode CMAC recall.

The simultaneous cutput calculation of figure 2.22 is a linear operation and can be

represented concisely by the matrix equation (2.32) where y[k| represents a column vector of
outputs at time % and wk] represents the weight vector at time k. The matrix A

represents the aggregate weight selection matrix. Each row of A represents the weight
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selection vector associated with a single input. For the CMAC of figure 2.20, the A matrix is

given by equation (2.33).

y[k] = Awlk] (2.32)
1110000
0111000

A=0011100 (2.33)
0001110
0000111

The batch mode weight update can also be written as a matrix equation as given in
equation (2.34) where a represents the learning gain, and § represents the target output

vector.
wik +1] = wlk] + A" (7 — y[k]) (2.34)
Combination of equations (2.32) and (2.34) allows for the output vector to be
expressed as a linear difference equation as given in equation (2.35).
ylk +1] = [I— aAA” |y[k] + cAA"y (2.35)
From (2.35), the stability of batch mode learning is dictated solely by the eigenvalues

of the system matrix {I - aAAT] . If the eigenvalues of the system matrix are all stable then
the steady state solution is found by setting y, = y[k + 1] = y[k] in (2.34). Assuming that the
inverse [AAT rl exists, this results in equation (2.36) which shows that the steady state

output vector is equal to the target vector. Therefore, the batch mode learning will converge

to zero error as long as all eigenvalues of the system matrix are stable.

Vo =[I—cAA" ]y, +cAA"Y
o (2.36)
=y, =|AA"| AATy =7

From (2.35), it is evident that the stability of the learning algorithm depends only on
the learning gain and the nature of the weight selection matrix. To illustrate the structure

of this matrix, consider its value for the case of figure 2.20 as given in equation (2.37).
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(1-3e)

(2.37)

Notice that the system matrix of (2.37) is in Toeplitz form. This will be the case for

any single dimensional CMAC independent of the network size, generalization width, and

learning gain.

From the fact that the matrix is symmetrie, its eigenvalues are

unconditionally real-valued. Before analyzing the stability of the weight update equation in
general, consider the special case of a generalization width of one. In this case, the system
matrix reduces to that given by equation (2.38). The eigenvalues in this case are simply

equal to the diagonal entries of the matrix.

(1-a) 0 0 0 0
0 (1-a) 0 0 0
[I-0AA"|=| 0 0 (- O 0 (2.38)
0 0 0 (@-a) O
0 0 0 0 (1-o)

In this case, convergence of the weight update equation is guaranteed as long as the
learning gain is chosen according to the familiar bound given in (2.39).
O<a<?2 (2.39)

Derivation of a learning gain bound in the general case of § >1 is more complicated
since the eigenvalues can not be readily calculated directly from the system matrix in an
analytical fashion. However, given that the eigenvalues are all real valued, it is sufficient to
establish eigenvalue bounds on the real axis alone. To provide insight into the dependence of
the eigenvalue locations on the network parameters, the eigenvalues are calculated
numerically for several example cases. Figure 2.21 depicts the location of the system matrix
eigenvalues as a function of generalization width for a single dimensional CMAC network

with 50 weights and a learning gain, «, of 0.005. At a generalization width of one, the
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system matrix is diagonal and all of the eigenvalues are located at (1 — ) = 0.995. As the

generalization width is increased many of the eigenvalues become more negative and
eventually some number become unstable. It is important to note that none of the
eigenvalues become unstable by becoming greater than 1.0, but only by becoming more

negative than -1.0.

Eigenvalues

5 0 5 20 25 30 35 40 45 50
Generalization Width

Figure 2.21 — Eigenvalue locations as a function of generalization for a width 50 and a learning gain of 0.005.

Figure 2.22 depicts the eigenvalue locations as a function of learning gain, «, for a
single dimensional CMAC with 50 weights and a generalization width of 5. At a learning
gain of zero, the system matrix is diagonal and all eigenvalues are identically equal to one.
As the learning gain increases, the eigenvalues generally become more negative and
eventually some become unstable by becoming more negative than -1.0. Once again, no

eigenvalues become unstable in the positive direction.

Eigenvalues
s o o © o o
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Figure 2.22 - Eigenvalue locations as a function of learning gain.
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Figure 2.23 depicts a numerically calculated plot of the maximum stable learning
gain as a function of both the generalization width and network size. This chart was created
using a binary search algorithm for the learning gain within the range [0,2] to determine the
learning gain that yielded a marginally stable update (i.e. an eigenvalue at -1.0). This binary
search was repeated at every combination of generalization width and network size to
generate the following graph. Notice that the maximum stable learning gain depends

strongly on the generalization width, but only weakly on the network size.
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Figure 2.23 — Numerically determined maximum stable learning gain.

From the simulation results of figure 2.21 and 2.22, it appears that instability is
always caused by eigenvalues which become unstable in the negative direction. Under this

assumption, the stability of the weight update can be guaranteed by determining a lower
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bound for the eigenvalues of the system matrix on the real axis. Such a lower bound can be

established using the Gershgorin theorem presented in figure 2.24 {99][102][103].

The Gershgorin Theorem: Given the real valued matrix A € R, its
eigenvalues are all contained within the union U;Fi where T'; are circles in

the complex plane as defined by the following equation.

n

Ii={2€C:lz—a;i<n}, n= ) |yl i=1...n

=L =i

Figure 2.24 — The Gershgorin Theorem.

For the case of the general weight update system matrix, all of the Gershgorin circles
are centered at (1— fSa) on the real axis where § represents the generalization width of the
network and o represents the learning gain. Additionally, all eigenvalues are constrained to
the real axis since the update matrix is symmetric. It is assumed that instability is caused
solely by negatively decreasing eigenvalues as confirmed by simulation studies. Therefore,
the most negative eigenvalue is found by determining the intersection of the largest radius

Gershgorin circle with the real axis as shown in figure 2.25.

2
»

Gershgorin Circles

imaginary

real

3

v

Figure 2.25 ~ Gershgorin circles for the general CMAC update matrix.
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To determine the nature of the Gershgorin circles in this problem, the general single
dimension CMAC update equation matrix is given in equation (2.40). Notice that the width

of the band depends directly on the generalization width parameter.

(1-aB) —(B-Da —HF-2a :
~(B-Da (I-af) —(B-Da —(B-2a :
~(B-2a ~(f-Da (1-af) —(B-Da —(B-2a :

: ~B-2a ~(f-Da (A-af) —(B-Da —(B-2a

- 0

—

—a : ~(B-2a HB-Da (1-af) —H(B-1la
0 —a : —(B-2a —~(B-Da (1-af) (2.40)
0 0 —o : ~(8-2a —(B-1a
0 0 0 —a : —(6 = 2)a
0 0 0 0 —Q :
0 0 0 0 0 —x

As shown in figure 2.25, all of the Gershgorin circles are centered at the point

(1- af) since all of the diagonal entries are equal. As a result, the eigenvalue bound will be

solely determined by the Gershgorin circle with the largest radius. From matrix (2.40), the

largest Gershgorin radius can be written as given in (2.41).
Toox = 20(B —1) 4+ 203 — 2) + 20(B — 3) + -+ 2a = (B~ 1) (2.41)

Using the result in (2.41), the lower bound on the eigvenvalues along the real axis is

given by equation (2.42).
> (1—aB)—a(f-1F = 1—ag? (2.42)
Finally, to ensure stability it is required that A, > —1. This condition results in the
learning gain bound given in equation (2.43). Notice that for the case of §=1 this result

agrees with the earlier result of 0 < a < 2.

O<ac< —52— (2.43)

This result indicates that to maintain the stability of the batch mode update, the
learning gain must be normalized by the square of the generalization. Based on this result,

the weight update equation can be modified to eliminate the dependence of the
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generalization on the learning gain parameter as shown in equation (2.44). In this case, the
weight update will result in stable adaptation as long as the modified learning gain o' is
chosen according to the bound 0 < o’ < 2. It is interesting to note that this is smaller than

the maximum stable learning gain in the case of sequential update.

Wik + 1] = wik] + %;—AT & — y1k]) (2.44)

Figure 2.26 provides a comparison of the derived analytical learning gain bound
superimposed on the previous numerically derived bounds. Notice that the Gershgorin
bound is consistent with the numerical estimates. Additionally, the Gershgorin bound
appears to be equal to the infinite network size generalization of the numerical bounds. This

is a reasonable result given that the Gershgorin bound is independent of network size.
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Figure 2.26 - Analytical bound plotted with previous numerically determined bounds.
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The plot in figure 2.27 depicts the eigenvalues of a CMAC network of width 25 and
learning gain 0.005 for different values of the generalization parameter. Figure 2.28 depicts
the same results except for a network of width 100. The vertical line in each plot depicts that
maximum stable generalization width as calculated via the analytical bound. Notice that the
analytical bound provides an accurate bound in each case and the bound is closer to the

numerical result in the case of the larger network.
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Figure 2.27 — Eigenvalues versus generalization width for a network with 25 weights and leaming gain 0.005.
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Figure 2.28 - Eigenvalues versus generalization width for a network with 100 weights and learning gain 0.005.

81

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Another important aspect of the weight adaptation is the rate of convergence. In
general, the convergence is more rapid as the learning gain is increased. This can be
explained in terms of the eigenvalue plots by the fact that the eigenvalues move toward the
origin as the learning gain is increased. However, if the learning gain is increased
sufficiently, the most negative eigenvalues decrease to the neighborhood of -1.0 where they
represent very slowly decreasing underdamped eigenvalues. Consequently, this can lead to
an overall reduced rate of convergence. As a result, it is reasonable to expect that the
optimal convergence rate is obtained for some intermediate learning gain, rather than
exactly at the maximum stable learning gain.

The plot of figure 2.29 depicts the convergence rate versus learning gain for three
different CMAC networks with 50 weights and generalization width of three. In each case,
the initial weight vector is all zeros and the target vector is comprised of random numbers
uniformly selected from the interval [0,1]. Convergence is defined here as achieving a total
sum squared error over the entire vector of outputs of 0.01. The graph of figure 2.29 depicts
the number of iterations required to reach convergence as a function of learning gain. The
vertical line represents the analytical stability bound, above which the network is unstable.
The maximum number of cycles tested was 100,000 and this results in the flat curve seen in

the unstable region.
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Figure 2,29 — Rate of Convergence versus learning gain.
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This result suggests that the optimal convergence rate is attained using a learning
gain that is the largest gain which maintains stability. However, figure 2.30 presents rate of
convergence results for the same network except instead of having randomly generated
target vectors, the target vector is comprised of all ones. Notice that the convergence is much
faster in this case and the nature of the convergence curve is fundamentally different in that

the fastest convergence occurs at some point below the largest stable gain.

]05 -
Analytical /
Stability
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Bound

sl
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Attain Convergence

102k .
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10! 1 1 1 J
0 0.05 0.1 015 0.2 0.25

Learning Gain

Figure 2.30 — Convergence rate versus learning gain for uniform target vector.

In conclusion, despite the fact that stability of the CMAC update is independent of
the data being learned, the convergence rate is highly dependent upon the target data. At
first consideration this seems implausible since the nature of the transient response of a
linear system is determined by its eigenvalues, independent of the initial conditions and
external inputs. However, the explanation is that not all of the eigenvalues necessarily
contribute to the rate of convergence. Furthermore, the set of eigenvalues which are
expressed in the output is dependent upon the target vector. The reason for this is that each
eivenvalue governs the nature of the response in the direction associated with its
eigenvector. If the initial conditions are chosen to lie on a line defined by a single

eigenvector, then the dynamics will be governed solely by the associated eigenvalue.
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As an example of this phenomenon in a physical linear system, consider the simple
circuit of figure 2.31. Solving the circuit equations for the two node voltages indicates that

the system has two eigenvalues: one slow eigenvalue at 5+ and one fast eigenvalue at
7% —7z- If the system begins with initial conditions V; =1 and V, =1 then only the

dynamics associated with the slow eigenvalue will be expressed. However, if the initial

conditions are chosen as V, =1 and V, = -1 then the dynamics are totally governed by the

fast eigenvalue and evolve along its associated eigenvector.

R

Figure 2.31 - Simple circuit to demonstrate the dependence of initial conditions on the transient response.

The coupling in the circuit in figure 2.31 is qualitatively similar to the effect of
overlapping receptive fields in the CMAC weight update. Specifically, if training points with
overlapping receptive fields are similar in value, then the convergence will be more rapid. If
nearby training points are dissimilar, the convergence rate will decrease. As a result,
smoother functional relationships will generally experience more rapid convergence rates
than rapidly varying maps. This agrees with the previous simulation results for the cases of
a constant valued target versus the randomly generated target vector.

The batch mode update analyzed to this point is not well suited for use in real-time
active disturbance cancellation applications. Instead, in such cases it is advantageous to
utilize a sequential update algorithm whereby the error at each time interval is used to
update only the selected weights at that instant. This reduces the storage requirements and
distributes the training computation evenly over time. The weight dynamics associgted with
sequential update are different than for the batch mode updates even if the same training
data are utilized. This is due to the fact that in the sequential update there is an

oppertunity for interference between the weight updates produced by different training pairs
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within a single training epoch. However, it will be shown that for sufficiently small learning
gain, the sequential weight update algorithm converges to the batch mode weight update
result.

The sequential weight update will be considered for the case where the entire set of
M training pairs is presented to the network in a fixed sequence. The sequential weight

update is given in equation (2.45) where alk] represents the weight selection vector at

discrete time interval k. The weight selection vector is binary valued and contains exactly

3 non-zero elements. Additionally, y[k] and {[k] represent the scalar CMAC output and

scalar target value at time k. The CMAC output is calculated via the inner product of the

weight selection vector and the weight vector as given in (2.46).
wik + 1] = wik] -+ calk](9(k] — y[k]) (2.45)
ylk] = a[k]" wlk] (2.46)
Given that there are only M training pairs, there are also only M distinct values for
the weight selection vector and target output. These will be denoted as a,,a,,---,a, , and
Gos Uise> Uy, » Tespectively. As a result, an entire epoch of training can be represented by the

set of M weight update equations given in (2.47) — (2.50).

wk + 1] = wlk] + aa, (3, — ylk]) (2.47)

wik + 2] = wlk +1] + oa, (§, —y[k +1)) (2.48)

wik + 3] = wlk + 2] + aa, (§, — ylk +2]) (2.49)
wik+Ml=wk+M-—1+aa,  (§,, —yk+M-1]) (2.50)

Given that gk + i) = al wlk + 1] this set of weight updates can be rewritten as given
by (2.51) —(2.54).

wik +1] = aaj, + (I - aaoag>w[k] (2.51)
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wik+2]=caay, + (I —aaal )w[k +1] (2.52)

wlk+ 3] = aa,j, + (I - aa2ag)w[k + 2] (2.53)

wk+ M)=aa, §,,+ (I - aaMalaf‘Ll)w[k + M 1] (2.54)

This set of equations can be combined into the single result given in (2.55) which

expresses the aggregate change in the weight vector over an entire epoch of sequential

training updates.
7=0
(2.55)

-1 F=1

E

wik + M) = =) (I—cualjaf)aig}j + (I-—aajaf)w[k]

i

J=M—1—i j=M-1

i
o

Under the assumption that the learning gain is small, higher order terms in o can

be neglected. After elimination of terms of o’ and greater, this expression reduces to that

given in equation (2.56).

wik] (2.56)

M-l
T
I- O‘Z aa,

=0

M1
wik + M| = az a,j, +

i=0

The cumulative weight update equation can be further reduced via algebraic

manipulation to yield the expression in (2.57).
M1

wik + M| = W[k]—i—az

§=0

a, (Qi - aiTW[k]) (2.57)

The batch mode weight selection matrix, A, can be expressed as a composition of the

individual weight selection vectors as given in (2.58). Additionally, the batch mode output

vector, y, is given by (2.59).

a(l
al
A=1{ | (2.58)
T T T T ]T
y=lto % - | =|aiwlk] alwle] - al_wik] (2.59)
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Let k' denote a new discrete time index which is updated once per training epoch.

Then, using (2.58) and (2.59), the approximate sequential weight update equation is given by
(2.60) under the assumption that o« « 1.

wik' +1] = wlk'] + aA (§ — y[K]) (2.60)

Notice that equation (2.60) is exactly equal to the batch mode weight update equation

given previously in (2.34). As a result, this shows that for sufficiently small learning gain,

the sequential weight update algorithm will have properties which are well approximated by

those derived for the batch mode update.
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CHAPTER 3

FEEDFORWARD DISTURBANCE CANCELLATION

USING NEURAL NETWORKS

3.1 Introduction

The concept of feedforward active disturbance cancellation was introduced in chapter
two. In particular, it was shown that this approach is capable of effective cancellation in
many linear time varying systems through use of an adaptive linear compensator. However,
in many practical systems, the effectiveness of this approach is limited due to the presence of
nonlinearities in the actuators and transmission paths of the system. For example, one
common manifestation of nonlinearities in vibration and acoustic cancellation systems is the
presence of energy at harmonics of the fundamental disturbance source. Effective
cancellation in such environments is only possible by utilizing a compensator which is
capable of representing the nonlinear dynamics of the system. This provides the motivation
in the present chapter for considering the use of a time delay neural network as an adaptive
compensator in feedforward disturbance cancellation.

The feedforward time delay CMAC disturbance cancellation architecture is shown in

figure 3.1. The signal u[k] represents a disturbance which propagates through the generally
nonlinear history-dependent dynamics of g() and f() to produce the observed error signal,
elk]. Usually, an exact measurement of the original disturbance is not available and instead

some related estimate of that signal is used. This possibility is represented in the block

diagram by the function A() which represents a nonlinear distortion of the actual
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disturbance signal. The time delay CMAC utilizes the estimate of the original disturbance to
generate a cancellation signal which influences the original disturbance at the summing

junction. The functions f() and f£{) represent the path of the cancellation signal which is
commonly referred to as the secondary path. The first component of this path, f£(),

represents the dynamics associated with the cancellation actuator and the signal
transmission path which is unique to the cancellation signal. The second component,

represented by £(-), represents the portion of the secondary path which is common to both
the original disturbance signal and the secondary cancellation signal. Finally, f()

represents the possibility for dynamics introduced in the sensing of the error signal. This
includes any distortion produced by the error sensor as well as the delay and quantization

associated with conversion of the error signal into the digital domain.

+
ufk} > g(-) e + 56 » elk]
h(-) T &
INR
= CMAC = ()
A
A
I > FAONES

Figure 3.1 — The Time Delay CMAC feedforward disturbance cancellation algorithm.
In order to provide attenuation of the error signal, the CMAC must be trained such
that the combined cancellation path comprised of A(-), the time delay CMAC, and f(),
approximates the forward path, g¢(). Given the nonlinear mapping capabilities of the

CMAC, this architecture can be used to accommodate a wide range of nonlinearities in both
the forward path as well as the reference signal path. This architecture provides a particular
advantage in the case of narrowband feedforward cancellation since the time delay CMAC

allows for the use of a reference signal which is not linearly related to the actual disturbance.
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For example, a suitable reference signal can be provided by a sensor generated sawtooth
waveform at the fundamental frequency of the disturbance.

The usual method of training the CMAC neural network is via an incremental weight
adjustment designed to implement a stochastic gradient descent of the instantaneous output
error. However, in the present case, the output error is unknown due to the presence of the

secondary path dynamics represented by f() and f(). If an inverse model of the secondary
path were available, it could be utilized to transform the observed error signal, €[k], into the

corresponding error at the output of the compensator. However, the secondary path often
contains time delays and non-minimum phase dynamics which render the inverse noncausal
and unstable, respectively. As a result, in order to provide effective adaptation of the CMAC
compensator, the weight update algorithm must be revised to directly utilize the observed

error signal, ek]. In general, the modified weight update algorithm will be dependent upon

the nature of the secondary path. In this chapter, suitable modifications to the training
algorithm will be presented which ensure stability of the adaptation for a variety of
secondary paths including those characterized by: linear gains, static nonlinearities, time

delay, linear dynamical systems, and full nonlinear dynamics.

3.2 Static Linear Secondary Path

In this section, performance of the time delay CMAC compensator will be considered
in the case of a secondary path which is comprised solely of static linear gain elements.
Stability of the weight update algorithm will be considered in the confext of figure 3.2 where
the nonlinear portion of the forward path is itself represented by a time delay CMAC. This
technique has been utilized previously to attain convergence results for open and closed loop
CMAC learning [49]. In essence, this approach circumvents the issue of whether a particular
relationship can be represented by the time delay CMAC by focusing instead on the
convergence of the algorithm under the assumption that the desired relationship can be

modeled by a CMAC with appropriately chosen parameters. The parameters of the forward
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path model (CMAC A) are unconstrained and therefore, with appropriate choices, this model
can represent a wide variety of nonlinear dynamical signal paths. These parameters include
the CMAC receptive field placement, the generalization width, the input coarse-coding

structure, the tap delay, and the number of taps in the tapped delay line.

¥

ulk]

CMAC k ]

A LT —_@—» G, > k]
|

1———* w,alk] B

>
A

: cmac | I
A B

L’_' Wikl alk]
(

Figure 3.2 — Time Delay CMAC compensator with linear secondary path.

At each discrete time instant, the CMAC outputs are computed as a linear
combination of the [ active weights, where (3 represents the CMAC generalization
parameter. This is true independent of the input dimension of the CMAC. A convenient
representation of the CMAC is afforded by organizing the complete set of CMAC weights into
a single vector. Using this convention, the selection of the active weight set can be performed
by a time varying binary weight selection vector, alk], which contains exactly 3 elements of
value 1 at the locations of the active weights. As a result, the CMAC output at each instant
of time is concisely represented by the inner product of the weight selection vector and the
weight vector. Thus, the nonlinearity of the CMAC mapping is contained entirely in the

formulation of the vector a[k|. Utilizing this technique, the output of CMAC A is given by

equation (3.1) where w represents the weight vector for the forward path CMAC. It is
“assumed that the forward path model is not time varying and therefore, the weight vector is

constant valued.
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ylk] = alk]" w 3.1

The fundamental assumption to be utilized in this appreoach is that the architecture

of the compensator is a direct match to the forward path model. Specifically, it is assumed

that all parameters of time delay CMAC A are identical to the corresponding parameters of

CMAC B. With this assumption, and given that both networks have the same input vector,

the weight selection vector is also identical in both cases. As a result, the output of CMAC B
is given by (3.2) where w[k| represents the time varying compensator weight vector.

glk] = alk]" wlk] (3.2

The error signal to be minimized by the compensator is given by equation (3.3) and

the compensator weight update is performed using the standard CMAC algorithm given in

(3.4) except that the observed error signal, ¢k], is used to replace the CMAC output error.

The parameter « specifies the learning gain, while the parameter [ represents the

generalization width.

ek} = G, (G,ylk] — G,ik]) = G,G,a[k]" w — G,G,alk]" W[k] (3.3)
Wik -+ 1) = wlk] + %a[k]e[k] (3.4)

Given this description of the operation of the disturbance cancellation algorithm of

figure 3.2, it will be shown that the error signal €[k} is convergent to zero under the condition

that the learning gain parameter satisfies the bound given in (3.5).

9
0<a < — (3.5)
**ag,

Notice that the learning gain bound depends only on the gain within the path of the

cancellation signal. Additionally, for G, =1 and G, =1 this result reduces to the standard

CMAC output error learning gain bound of 0 < a < 2. Before presenting the proof of this
learning gain bound, Lemma 3.1 is derived as an intermediate result for use in this and later

theorems.
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Lemma 3.1 - Convergence of a Discrete Increment: Given a discrete time signal V[k]
such that V[k] is a decreasing sequence (i.e. V[k +1] <V[k]) and V[k] is bounded below (i.e.
Vik] > K € R Vk), then lim (ViE+1]—Vk})=0.
Proof:

Since Vik| is a decreasing sequence which is bounded below, its limit exists and is

finite as given by equation (3.6) [65].

Hm VK] =L>K (3.6)

k—oc
Let an arbitrary ¢ > 0 be given. Let ¢ =+1e > 0. Then statement (3.7) follows from
the definition of the limit in (3.6).

K5 |VEK]-L <& VE>K' 3.7

Use of the triangle inequality and the definition of £’ yields the inequality in (3.8).

Wik +1— VIk] = |(Vik + 1) - L) + (-V[k] + L)
<|Vik + 1= L] + |-Vk] + L] (3.8
=|Vik+1]—L|+|Vk]- L| < 2’ =¢

It has been shown that given any arbitrary &> 0, there exists K’ such that

Vik+1]—V[k] <& forall k> K’. Therefore, lim (VIk+1-Vk)=0.0

Theorem 3.1 - Convergence of CMAC with a Linear Gain Secondary Path: Consider
the block diagram of figure 3.2 with dynamics specified in equations (3.1) through (3.4).
Implicit in these equations is the fact that CMAC A and CMAC B have identical

architectures. Let (3 >0 denote the common CMAC generalization parameter. It is
assumed that the path gains are strictly positive. That is, G, >0, G, >0, and G, >0.

Under these assumptions, if the learning gain is chosen such that O0<oa <

then %im elk] = 0, thereby proving that the system is convergent.
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Proof:

Let D[k] be the weight difference vector scaled by the respective path gain to the
observed error signal as defined in equation (3.9). Additionally, let V{k| be as defined by
(3.10) and notice that it is non-negative for any % .

Dik] £ G,G,w — G,G,W[k] 3.9)
Vik] £ Dk['D[k] >0 (3.10)

Notice that V%] is a measure of the aggregate difference in the CMAC outputs over
all possible inputs. To determine the variation in V{k] per discrete time interval, its value at
time k£ +1 can be derived as shown in equations (3.11)-(3.15).

Vik +1] =Dk + 1" D&k + 1] (3.11)

= {G,G,w — G,G,#k +1]}" {G,G,w — G,G, %[k +1]} (3.12)

= {GIGBW — G,G,Wwlk]— G,G, %e[k]a[k]} {GlGSW ~ G,G, k] - G,G, %e[lc]a[k]} (3.13)

= V[k]+ G3G? -g; e [kJalk]” alk] - 2G,G, —;—e[k]a[k]T {G.G,w — G,G,#[k]} (3.14)
= V[k]+ G:G? g—i e [klalk]" alk] — 2G,G, %ez (K] (3.15)

It follows directly from the CMAC algorithm that a[k]"ak] = 8. With this result, the

expression in (3.15) can be further reduced as shown in (3.16). Additionally, with the given

bound on the learning gain, the increment Vik + 1]~ V][] is strictly non-positive although it

may be zero, specifically in the case where ¢k]=0.

Vik +1) - VK] = 2 G2G2e* K] [a -~ <0 (3.16)

B

G2G3
From (8.16), Vik] is a decreasing sequence and V[k] is bounded below by zero.

Therefore, the conditions of Lemma 3.1 hold and the limit in (3.17) exists.
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lim V[k+1] - V[k] = m%agag [a e ]62 k=0 (3.17)

Since the multiplicative constant of €’[k| is strictly non-zero, this result implies that
lim ¢’[k] = 0 and therefore, limefk] = 0. o

k—oo

Notice that the result of theorem 3.1 indicates that the stability of the compensator

weight update depends only on the loop gain of the secondary path, G,G,, and not on the
forward path gain G,. Additionally, for any finite value of gain in the secondary path, the

learning gain can be set so as to guarantee convergence of the algorithm. This result is
independent of the architecture of the tapped delay line and CMAC parameters.
For a qualitative explanation of this proof, consider the illustration of figure 3.3

which depicts Vik] as a function of time. Result (3.16) follows directly from the operational
equations of the CMAC and shows that V[k] is a decreasing function. That is, on each
discrete time interval, V[k] either decreases or remains the same value. Since V[k] is also

strictly non-negative by its definition, it must converge to some (unknown) limiting value,

L>0.

L+e

L-¢

=

KI

Figure 3.3 — Convergence of V[k].
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Given the existence of a limit for V[k], there exists some time K’ such that for all
k> K' the sequence V[k] is constrained to remain within the shaded region of figure 3.3. As
a result, any increment in V[k] must be bounded by 2¢. However, €’[k] is linearly related to
the increment in V[k] as shown by (3.16). As a result, ¢’[k] is also bounded. Since this
bound can be made arbitrarily tight by going out further in time, this proves that ¢’[k] — 0.

Notice that, despite the fact that V[k] is monotonically decreasing, the error signal ¢’[k] is

generally not monotonically decreasing.
As an alternative to the presented proof of Theorem 3.1, it is reasonable to consider

Vik] as an energy function and directly apply the second method of Lyapunov. However,

there are several difficulties associated with this approach. First, the energy function

increment, V[k +1]— V[k], can equal zero even if V[k] does not equal zero. Therefore, the

LaSalle Invariance principle must be employed to show that the increment could not remain

zero for all time [3]. Additionally, the discrete time system for D{k] is not an autonomous or

time independent system since the weight selection vector varies independent of the states

D{k] and therefore represents an external forcing term. That is, the next state vector
D{k +1] is not solely a function of D[k], but also depends on alk] which varies independent of
Djk]. This must be taken into consideration by utilizing the Lyapunov method for time

variant systems. Finally, a fundamental dilemma in this approach is that the successful
application of the Lyapunov method would show that D[k]—0 as k— oco. This is a
sufficient but not necessary condition to show that ¢k] — 0 as k£ — oo. Specifically, it is not
necessary for all weight differences to converge to zero in order for the observed error to
converge to zero. There are two reasons for this. First, there can be dormant weights which
are not accessed and therefore do not contribute to the output in the long term. Second,
there are different linear combinations of weights that produce the same CMAC output.

These two cases are demonstrated using a simplified three weight CMAC network.
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Consider the three weight reference and target CMAC weight vectors of figure 3.4
where the weights happen to have the values shown at some discrete time instant. It is
assumed that the CMAC input signal is a constant so that the same three weights are

selected at every time interval and let G, =G, =G, =1. Since the reference and
compensator CMAC have the same output, the error signal e[k] will be equal to zero for all

time. However, D[k]=[l 0 1]’ = 0. Thus, different linear combinations of weights can

yield zero error without requiring the weight vectors to match. Since the CMAC generally
represents a significantly under-specified function approximation, it will usually be the case
that there will be many weight vectors which produce the same outpuis over the training
data set. Therefore, the error can be reduced to zero without requiring that the reference

and compensator weight vectors match identically.

Figure 3.4 - Different weight vectors producing identical outputs.

A second example of this phenomenon occurs when certain dormant weights are not
accessed in the long term and therefore due not contribute to the long term error. Consider
the situation illustrated in figure 3.5 where it is assumed that the CMAC input is a constant
which addresses the first three weights as shown. With the weight values shown, the
outputs match and as a result, the error will be zero. However, the v&}eight vectors do not

match and therefore D[k]=[0 0 0 9] = 0. Such dormant weights can be produced in two

ways. First, they can be created as a result of differing initial conditions on weights which
are never visited. Second, they can result from weights which are visited a finite number of
times, but then never visited again (as perhaps on an initial transient response). As a result,
the weight values will never match, but since they are not accessed as time goes to infinity,

they have no contribution to the observed error in the long term.
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Figure 3.5 — Dormant weights with identical network outputs.

These examples indicate that there are many cases where the weight vector of the
compensator will not converge to the weight vector of the reference CMAC and yet the
observed error is still convergent to zero. To accommodate such situations, the proof of

Theorem 3.1 is based directly on the definition of the limit of the error signal, ¢[k].

In summary, it has been shown that the nonlinear feedforward CMAC cancellation
algorithm shown in figure 3.2 is asymptotically stable for appropriate choice of the learning
gain. The proof is based on the fact that the nonlinear signal path can be modeled as a time
delay CMAC. The Time Delay CMAC has the ability to model a wide variety of nonlinear
behaviors, and therefore, this is not an unreasonable assumption. Additionally, it was
required that the compensator CMAC have the same parameters as the reference CMAC. In
practical applications, this means that there may be some experimentation required to set
the compensator CMAC parameters to adequate values. Notice that the result of theorem

3.1 holds regardless of the length of the tapped delay line input to the reference CMAC.

3.3 Static Nonlinear Secondary Path

In this section, the approach used in the case of a linear secondary path will be
employed to determine the stability of the algorithm for a secondary path comprised of a

static nonlinearity. This situation is depicted in figure 3.6 where f() represents a
memoryless nonlinearity while linear gains G, and G, allow for a difference in gain between

the forward and cancellation paths. As in previous section, it is assumed that the
parameters of CMAC A are appropriately chosen to model the actual forward path and that

the parameters of CMAC B are chosen to maich identically.
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Figure 3.6 — Feedforward CMAC disturbance cancellation with a static nonlinear secondary path.

The operational equations for this system are given by equations (3.18)-(3.21). The
CMAC output equations are given in (3.18) and (3.19). The error signal is computed via
equation (3.20). The weight update in (3.21) is based on the standard CMAC algorithm

except that the observed error signal is used in place of the CMAC output error.

yik] = alk]" w (3.18)

jk] = alk]" w[k] (3.19)

dk] = f(a[k)) = £(Gylk]— G,g{k)) (3.20)
Wik +1) = wlk] + %a[k]e[k] (3.21)

It is necessary to impose certain constraints on f() in order to establish the

convergence of this algorithm. Specifically, it is assumed that there exists some parameter

m > 0 such that the nonlinearity is bounded according to (3.22)-(3.24).

mz > f(z) >0z >0 (3.22)
mz < f(z) <0Vr <0 (3.23)
f0) =0 (3.24)

If these conditions are met, then the error signal will be convergent to zero as long as

the learning gain is chosen according to the bound in (3.25).
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2
P (3.25)
“ mG,

Depicted graphically, the nonlinearity must be contained within the shaded region of
figure 3.7. Since the constant m can be chosen arbitrarily large, the region of allowable
nonlinear functions can be readily extended. However, an increase in the parameter m
requires a proportional reduction in the learning gain. Notice that there are no additional

constraints on f(-) aside from these bounds. In particular, it is not required that f() be

differentiable or even continuocus. The proof of this result is given in Theorem 3.2.

=2
o V=X

s y=f(x)

v

Figure 3.7 — Boundary of permissible nonlinear plant functions.

Theorem 3.2 - CMAC Convergence with a Static Nonlinearity in the Secondary Path:
Consider the feedforward disturbance cancellation system shown in figure 3.6 with dynamics
specified by equations (3.18)-(3.21). Implicit in these equations is the fact that CMAC A and

CMAC B have identical architectures. Let 35> 0 denote the common generalization width
parameter. It is assumed that there exists some m > 0 such that mz > f(z)> 0 Vz > 0, and

-—mz < f(z) <0 Vz < 0. Additionally, f(0)=0. It is also assumed that G, >0 and G, > 0.
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Under these conditions, if the learning gain parameter is chosen such that 0 <« <%, then
lim efk] = 0.
Proof:
Let D[k] be the weight difference vector defined by (3.26). Additionally, let V[k] be
defined by (3.27) and notice that V[k] is non-negative for all .
D] & G,w — G, Wlk] (3.26)
V[k] 2 Dk"D[k] >0 (3.27)
Using these definitions and the operational equations (3.18)-(3.21), it is possible to

derive an expression for the change in V{k] over any discrete time interval as follows.

V[k -+ 1] = Dk + 1" D[k +1] (3.28)

={Gw—Gwlk +1]} {G,w — G,k + 1]} (3.29)
=+Qw—@ﬁﬂ—@%d%%4{Qw~@ﬁﬂ-@%d%%4 (3.30)
= V[k]+ G} -g—z—ez [klak]" a[k] — 2G, %e[k]a[k]T {Gw - G,w[k]} (3.31)

Given that a[k]' alk] =3 and e[k]= f(z[k]) this expression can be utilized to derive
the following result for the incremental change in V{k] as given by equation (3.32).

2 2
Gya

B

2G,a

Vik +1]—Vik] = 3

f(alk)) -

ofk]f (z[k)) (3.32)

Inequalities (3.33) and (3.34) follow directly from the bounds on f(-). Additionally, a

combination of these inequalities provides the result in (3.35).

|f(alk])f < |malk] (3.33)
alk]f(alk]) 2 0 (3.34)
olkif(alk]) > - f(alF) (3.35)
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The inequality in (3.35) can be utilized to place a bound on the expression in (3.32) as
the following result shows. The final inequality in this expression follows directly from the

learning gain bound.

Vik+1]— VK] = 22 £ (afk])’ — 252 ofk]f (alk])

ggﬁj@wa%ﬁH@mf (3.36)
B Bm
G.ZZOL 2 2
= -—B—f(m[k]) [a - Gm <0

Since V[k] is a decreasing sequence by (3.36) and since V{k] is bounded below by
zero, the conditions of Lemma 3.1 are met and the limit (3.37) exists.

lim (Vik+1]-Vk])) =0 (3.37)

By the sequence squeeze theorem [65] and the inequality shown in (3.36), the limit in

(3.38) exists.

]émzu (3.38)

The multiplicative constant of €’[k] in (8.38) is strictly non-zero given the learning

gain bound, and therefore lim €'k} =0 and limek]=0. o

koo

3.4 Band-Limited CMAC Compensators for Dynamical Systems

The systems considered to this point in the chapter have been characterized by
secondary paths which contained only static or memoryless transfer properties. In most
practical applications, this is far from the case. In fact, most physical secondary paths
contain significant and unavoidable transport delay as well as phase delay which varies with
frequency. For example, consider the case where the signal paths are represented by linear
dynamical systems as shown by figure 3.8. In this illustration, the secondary path is

modeled by the linear transfer function F,(s) while P(s) represents the forward disturbance
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signal path. The transfer function F,(s) represents a linear distortion of the disturbance

source which accounts for the fact that the disturbance signal may not be directly accessible

to the compensator.

Disturbance Observed
Source . >‘ P.(s) Error
Dis) L Es)

™ CMAC

Figure 3.8 — CMAC Compensation with Dynamical Secondary Path.

Implementation of the pictured disturbance cancellation algorithm requires a means
to update the CMAC network in a manner which reduces the observed error signal. In the
previous two sections, the standard CMAC weight update was used directly with the
observed error signal. However, this was only possible because there was no phase delay
present in the secondary path in either of those cases. In the case of figure 3.8, direct use of
the CMAC will often lead to instability and lack of convergence. As an example, consider the

extreme situation where the secondary path, P,(s), is comprised of a 180 degree phase shift.

In that case, the error signal will be inverted, leading directly to instability of the weight
update.

The standard CMAC weight update requires a measure in the error of the CMAC
output. In the system of figure 3.8, this signal is not observable and the only available error
signal is that measured at the other end of the secondary path. One possible solution to
provide convergent adaptation is to utilize an inverse model of the secondary path to
transform the observed error signal into an error signal at the CMAC output by essentially
inverting the dynamics of the secondary path. This approach is shown in figure 3.9.

Unfortunately, this approach is not feasible in most active disturbance cancellation problems
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since a stable, causal inverse model of the secondary path does not exist. A causal inverse
will not exist if the secondary path contains a pure time delay as is commonly the case in
acoustic cancellation systems. A stable inverse will not exist if the secondary path is non-

minimum phase as is also common in active noise and vibration control applications.

Disturbance

S ! .
e L P® | ane
L-
"l CMAC

Y N 7 W

Figure 3.9 — CMAC adaptation with inverse secondary path model.

As described in Chapter 2, this same obstacle is faced in the case of a linear adaptive
compensator. In that case, a common and effective solution is to utilize the Filtered-X LMS
algorithm. However, this technique is not applicable to the case of a nonlinear adaptive
element. To demonstrate its failure in this case, consider use of the Filtered-X LMS

algorithm with the adaptive filter replaced by a time delay CMAC network as shown in

figure 3.10.
Disturbance ] Observed
Source » > >
i L P Y
P.(s)
X

® . TDCMAC

Adaptation

Algorithm

Figure 3.10- Attempt at using Filtered-X LMS Technique.
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The transfer function P,(s)’ is a model of the true secondary path F(s). The CMAC

adaptation is performed using pointers formed by a filtered version of the input. To achieve
perfect cancellation, the time delay CMAC must transform its input X(s) into the signal
Y(s)B'(s) as represented by the mapping given in (3.39).

X(s) = Y(s)B M (s) (3.39)

However, the actual input to output relationship being used to train the CMAC
network is given by (3.40), assuming B,(s) = B(s).

X(s)B,(s) — Y(s) (3.40)

Notice that these two mappings are linearly related since multiplying each side of
(3.39) by B(s) results in (3.40). Therefore, if the compensator is constrained to represent
only a linear relationship, the implementation of the mapping (3.40) implies that the
relationship given in (8.39) is realized as well. Thus, in the case of an adaptive linear
compensator, this algorithm is appropriate. However, a nonlinear compensator such as the
time delay CMAC does not have the constraint of linearity and therefore, training on the
relationship in (3.40) does not generally result in the implementation of the desired mapping
of (3.39).

However, it is possible to utilize this technique directly in the special case where the
secondary path is comprised of a pure time delay as shown in figure 3.11. In this case, the
desired mapping to be learned is given by (3.41) and the relationship used for the adaptation
is given by (3.42).

X(s) — Y(s)e'” (3.41)
X(s)e™" — Y(s) (3.42)

Notice that these two mappings represent the same functional relationship at two
different instants of time. Given that the CMAC mapping is time invariant (neglecting the
slow time scale adaptation), adaptation using a delayed version of the input and cutput

signals will produce the same final result as if the original signals were used. This technique
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can be directly extended to the case where the secondary path is represented by a pure time
delay in combination with a static mapping. As long as the mapping does not reverse sign

then there will generally be a learning gain which allows for stable adaptation in this case.

Disturbance

Source ol Pl(s)

D(s) i R A
Ps(s)

X TDCMAC

f

Adaptation
Algorithm

%TT

Figure 3.11 - CMAC compensation of a plant with transport delay.

Observed
—  Error
E(s)

Another potential application of this approach is the case of a narrowband
disturbance signal and a secondary path which has a relatively linear phase response across
the frequency band of interest. In this case, the secondary path can be adequately
approximated by a static gain in combination with a time delay. As a result, the time delay
method of figure 3.11 can be utilized if the training pointer delay is chosen to estimate the
average phase delay through the secondary path at the frequency of interest. However, it is
important to note that a stability problem can still arise in this case. This can occur if the
secondary path phase shift is sufficient to induce instability at any frequency, even outside
the frequency band of interest. Even though the fundamental disturbance may be well
removed from such unstable frequencies, it is possible that energy at the unstable
frequencies can be introduced by noise or as a result of the adaptation process itself. If
sufficient energy is introduced at the unstable frequencies, the architecture can become
unstable.

As an example of this phenomenon, consider the simulation result presented in
figure 3.12. In this case, the disturbance source is a single sinusoid and the secondary path
is represented by a second order linear transfer function. The phase delay of the disturbance

through the secondary path was used as a time delay for the training pointers. Notice that
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the error signal converges to near zero error initially. However, application of an external
noise source during the time interval t=190 to t=200 results in the introduction of noise at
frequencies which make the adaptation unstable. As a result, the weight update process
becomes unstable and remains unstable even after the disturbance is removed. In other
cases, the effects of this phenomenon are not so dramatic. Often it can result in a higher
level of residual noise rather than full instability. Additionally, the effects can often be seen

without the introduction of an external disturbance due simply to noise created by the

training process.
1.5 T T T
T
® 05}
=
g=)
o o Ao
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i
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Time

Figure 3.12 - Error signal for the case of a second order linear secondary path.

A means to eliminate this potential instability is provided by the band limited CMAC
presented in figure 3.13. In this algorithm, the input to the CMAC is filtered by a linear
bandpass filter designed to pass only the narrow frequency band of interest. Additionally,
the output of the CMAC is filtered so that it is unable to produce frequencies outside of the
range of interest. By using linear phase digital FIR filter implementations, the total phase
response of the filters is simply a time delay. This time delay can then be added te the plant
phase estimate time delay. As a result of the band pass filters, the CMAC input and output
are confined to the frequency band of interest. This reduces the possibility that the CMAC
training process will introduce noise which will result in unstable learning. Additionally, as
a result of the input and output filtering, noise from external sources will be eliminated from

the feedback path as well.
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Figure 3.13 - Band-limited CMAC Compensator.

Figure 3.14 depicts simulation results for the band limited CMAC implemented on
the same secondary path as used in the simulation of figure 3.12. Notice that in this case the
introduction of external noise at the CMAC output over the time interval of t=350 to t=375
no longer results in instability of the learning process.
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Figure 3.14 — Simulation of the band limited CMAC.

3.5 Time Delay Secondary Path

In the previous section, it was shown that the presence of a time delay in the
secondary path could be accommodated by the learning algorithm through the addition of a
model of that delay in the training input. In this section the convergence of this algorithm is
considered in more detail. In general the presence of the delay complicates the convergence
proof considerably. In fact, it will be shown the convergence no longer depends solely on the
learning gain but also on the degree of overlap in neighboring inputs, the length of the time
delay, and the rate of variation in the error signal.

Convergence of the algorithm will be considered in the context of figure 3.15. The

forward path is represented by the nonlinear dynamics of time delay CMAC A and linear
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gain G,. The secondary path is modeled by the linear gain G, and a pure transport delay of

M discrete time intervals. The compensator, realized by CMAC B, is represented by two
conceptual networks to indicate that the weight adaptation is performed using a different
input than is used for generating the compensator output. Specifically, the input used for
the weight adaptation is a delayed version of the compensator input where the delay is
chosen to match the secondary path delay. It is assumed that all parameters of the
compensator CMAC are identical to the corresponding parameters of the forward model

CMAC.

ulk) B

CMA k
N R e e O I e PN VE s ek
1 3
w,alk]
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Figure 3.15 ~ CMAC Disturbance Cancellation with Secondary Path Time Delay.

The reference and compensator CMAC outputs are given by equations (3.43) and
(3.44), respectively. The error signal is calculated via equation (3.45) and the compensator
adaptation is performed using the weight update given in (3.46). Notice that the weight

selection vector used for the weight update, alk — M|, is simply a delayed version of the

selection vector used for computing the compensator output.
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ylk] = alk]" w (3.43)

gik] = a[k]" wk] (3.44)
k] = G, (G,yk] - G,ilk) (3.45)
Wik +1] = w[k] + %a[k — Mlek ~ M] (3.46)

For any given input vector, the CMAC network references a set of § weights which

lie within the selected receptive field. In the case where the same weights are referenced by
two different inputs, there is said to be a receptive field overlap between those two training
inputs. In the present architecture, the CMAC parameters are generally picked such that
there is significant overlap between inputs which occur nearby in time. This provides
generalization between adjacent time instants which usually results in smoother and more
rapid convergence. However, in the case of the time delay update algorithm, overlapping
receptive fields can impair the stability of the algorithm. The reason for this is that any
given weight update is not reflected in the error signal until M samples after the
adjustment is made. Therefore, adjustments made on the weights referenced by multiple
nearby inputs will be performed without knowledge of previous updates already
implemented on those weights. As a result, weights which are referenced by multiple nearby
points can become over-compensated leading to instability in the adaptation process.

It will be shown that conditions for guaranteeing the convergence of this algorithm
can be established. In general the learning gain must be reduced based on the degree of
receptive field overlap, the amount of secondary path time delay, and the rate of variation in
the error signal. However, before considering the general convergence result, a simplified
case is considered where it is assumed that there is no receptive field overlap between any
two CMAC inputs within any M time step interval. In this case, it will be shown that the

algorithm is convergent as long as the learning gain is chosen such that 0<a <% .

Therefore, if there is no receptive field overlap, the learning gain bound is the same as in the

case where there is no time delay present. This indicates that the potential deleterious

110

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



effects to the convergence are directly a result of overlapping weights. In practice,
overlapping receptive fields could be eliminated in most cases by choosing sufficiently fine
input quantization and sufficiently small generalization with respect to the spacing of points
in the sampled disturbance signal. However, such parameter choices would limit the CMAC

generalization to the point where the convergence would be adversely affected.

Theorem 3.3 - CMAC Convergence with a Time Delay Secondary Path for the case of
Non-Overlapping Receptive Fields: Consider the feedforward disturbance cancellation
system of figure 3.15 with dynamics described by equations (3.43)-(3.46). Implicit in these

equations is the fact that CMAC A and CMAC B have identical architectures. Let >0
denote the common CMAC generalization parameter. It is assumed that there is no
receptive field overlap in any M time step window. More precisely, it is required that
ak]"ak—i]=0 Vie{,2--,M}. Tt is assumed that G, >0, G, >0, andG, >0. Under

these conditions, if the learning gain parameter is chosen such that 0<a <gz% then

lim e[k} = 0 showing that the algorithm is convergent.

k-0

Proof:

Let D[k] and V{k] be defined by (3.47) and (3.48) and notice that V{k] is non-negative
by its definition.
D[] £ G,G,w — G,G,Wlk] (3.47)
V[k} £ D[k]' D[k] > 0 (3.48)
An expression for the increment in V[k] can be derived as shown by the following

expressions, utilizing the fact that alk — M| alk — M]= 3.

Vik+1) = Dk + 1] D[k +1] (3.49)
= {G,G,w —G,G,Wwk + 1]} {G,G,w — G,G, W[k +1]} (3.50)
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= {GIGsw — GG,k — G,G, ek — Mlalk — M]} :
6 351
{Glcaw — G,G,Wwlk] - G,G, %e[k — Malk — M]}

2G,6,a ReRe

Vik+1]—-V[k] = ;—ﬁLLe[k — Mla[k — MY (G,G,w — G,G,#[k]) + Eflk—M) (8.52)

Notice that the last term in (3.52) contains the product of the weight selection vector
at time k— M and the weight vectors at time k. To simplify this expression, it is necessary
to derive an expression for the compensator weight vector at time &k as a function of the
weight vector at time k — M. To that end, consider equations (3.53) - (3.55) which depict the

weight updates performed at consecutive time instants.

Wik] = Wik — 1]+ %a[k — M — 1)k — M —1] (3.53)
Wik —1] = v?r[k—2]+%a[k—M——2]e[k—— M—2] (3.54)
Wk — M +1] = wlk — M]+ %a[k — 2Melk — 2M) (3.55)

These equations can be combined into a single expression by starting with (3.55) and
then back-substituting into each of the previous equations. The result of this operation given
in (3.56) represents the total change in the compensator weight vector from time k—~ M to

time k.

k] = Wik — M]+— Z alk — M —ilelk — M — i (3.56)

f==1
Substituting this result into equation (3.51) yields the modified V{k] update
equations given in (3.57) and (3.58).

—2G,G,x

Vik +1]— VK] = —-—-Tf‘—«e[k - Mlalk — MT"(G,G,w — G,G, W[k — M]) +
(3.57)
22 2 M 202 Y2
ZQEG el — Malk — M"S allk — M — iJelk — M — i] + 8% 2 _ ap)
t=]
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|= 2200 oy M)+ S 2 M)

Vik +1]-Vik
22°GiGE (3.58)
+1"‘T;i2a[k — MY alk— M — e[k — Mk — M — i

However, given the assumption of non-overlapping receptive fields,

alk]" alk — i) = 0 Vi € {,2,---, M}, the expression in (3.58) reduces to (3.59).

GG’ 2G,G;a P

VIk +1]— V[k] e[k — M] - [k — M)

. (3.59)
— GiGia

g

2
— 2k — M| <
[oz 2 3]e k-M <0

Since V[k] is a decreasing sequence by (3.59) and since V[k] is bounded below by

zero, the conditions of Lemma 3.1 are met and statement (3.60) follows.

2752
lim GyGya
ko 6

2
a —
G,G,

]62 k—M]=0 (3.60)

Since the multiplicative constant of &’[k— M] in (3.60) is strictly non-zero, this

implies Pm e’[k — M] =0 and therefore, %im ek}=0. o

In order to obtain a result a more general result, it is necessary to impose a bound on
the rate of change of the error signal. Specifically, it is assumed that there exists some value
of R which serves as a bound on the rate of change of the error signal over any M time step
interval as given in (3.61).

. Vie {1,2,-, M}
lelk — i < R|elk] VE > efk] = 0 (3.61)

The value of R can be made arbitrarily large to accommodate rapidly varying error
signals. Initially, with no contribution from the compensator, the error signal is completely
specified by the influence of the disturbance signal at the error sensor. Therefore, this signal

can be utilized to estimate the value of R. Additionally, if the convergence is reasonably
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uniform, this value will be a reascnable estimate of the parameter through adaptation of the
compensator.
It is assumed that the receptive field overlap in any M time step interval is bounded

by some constant ¢. Notice that this is not a restriction since it is possible to choose ¢ = 3

to allow for the maximum possible overlap. Under these conditions, it will be shown that the
algorithm is convergent if the learning gain is chosen subject to the bound given in (3.62).
The proof of this result is presented in Theorem 3.4.

2

0<ax< (3.62)
GG, |1+ 2MR[5Z—]}

This bound indicates that to ensure convergence, the learning gain must be reduced
given increased length of the delay A, the rate of change of the error signal R, and the

degree of overlap between receptive fields ¢. In the case of zero time delay this result

reduces to the bound presented in section two for the case of a linear gain secondary path.

Additionally, for zero overlap (¢ = 0) this result reduces to the bound presented for the case

of non-overlapping receptive fields given in Theorem 3.3.

Theorem 3.4 - CMAC Convergence with a Time Delay Secondary Path: Consider the
feedforward disturbance cancellation system of figure 3.15 with dynamics described by
equations (3.43)«(3.46). Implicit in these equations is the fact that CMAC A and CMAC B

have identical architectures. Let §>0 denote the common CMAC generalization
parameter. It is assumed that there exists some constant R such that |e[k —i] < R|e[k] for
all i€{1,2,---,M} and for all £ such that e[k]=0. Additionally, it is assumed that the
maximum receptive field overlap in any M time step window is limited to ¢. More

precisely, it is required that alk]"alk —i]<¢ Vie{1,2,---,M}. Additionally, let G, >0 and
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G, > 0. Under these conditions, and with the learning gain selected according to the bound

(3.62), then I%im e[k] = 0 showing that the system is convergent.

I<a< 2 (3.63)

o)

Proof:
Let D[k] and V[k] be defined by (3.64) and (3.65) and notice that V{k] is non-negative
by its definition.

Dk] £ G,G,w — G,G,W[k] (3.64)
V[k] £ DIk]'D[k] >0 (3.65)
The value of V{k] at time k +1 can be expressed using the weight update equation of

(3.46) to yield the following expressions in (3.66)-(3.68).
Vk +1] = {G,Gyw — GG, wlk + 1]} {G,G,w — G,G,wlk + 1]} (3.66)
= {Glew - G,G,Wwlk]— G,G, i;—e[k — Mialk — M]}T

(3.67)
{G,Gaw — GG, %[k] - G,G, %e[k ~ Mlalk — M]}

aZ

= VIkl+ GiG: — €’k — Mlalk — M|"alk — M-

g (3.68)
2G,G, %e[k — Mlalk — M]" {G,G,w — G,G,#[k]}

1t follows directly from the CMAC algorithm that alk — M[ a[k — M]= 3. Using this

fact and the previous result of (3.56), the expression in (3.68) can be rewritten to yield (3.69).

22 2
Vik =1 - Vi = 50 g a1y - 2552 g g
(3.69)
2092 2 M
1+ 2iG50 SNtk MY alk — M — il — Ml — M ]

/8 i=1
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From the assumptions on the maximum overlap and the maximum rate of change of

the error signal, inequalities (3.70) and (3.71) can be written.

ak—M|"alk—M—i<¢ Vie{,2- M} (3.70)
el — M — ilelk — M] < |e[k — M —ile[k — M| < Re*[k — M| (8.71)

These results can then be utilized to obtain a bound on the expression in (3.69) given

by expression (3.72). The second inequality is due to the bound on the learning gain.

242 2 292 2
wk+u—vmkggéﬁiéw»Aﬂ-g%%ﬁ&m~wﬂ+3§£#iwwﬂém—ﬂn
*Gx&ﬂy+”“w]a— 2 ¢k — M| < 0 o

B B8 GG, [1+ 2] -

Since V[k] is a decreasing sequence by (3.72) and since V[k] is bounded below by
zero, the conditions of Lemma 3.1 are met and statement (3.73) follows.

lim (V{k +1] - V[K]) = 0 (3.73)

k—oo
By the sequence squeeze theorem and the inequality in (3.72) the limit given in (3.74)

exists.

2 2
lim 2% [1 +2MR Q]
SN E

2

o —

Since the multiplicative constant of ¢’[k— M] in (3.74) is strictly non-zero, this

implies lim e’k — M] =0 and it follows directly that lime[k] = 0. o

It is expected that the learning gain bound derived in Theorem 3.4 is conservative
since the average overlap will generally be below the maximum overlap specified by the
parameter ¢ . Additionally, the parameter predicting the maximum rate of change of the
error signal, R, must be chosen for the worst case variation in the error signal and most
often, the actual variation will be less. These derived bounds are sufficient to guarantee the

stability of the algorithm in each case. However, they do not represent necessary conditions.
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As a result, the derived bounds could be quite conservative in nature. A brief consideration
of this subject is provided via comparison of the analytical bounds with simulation results for

the case of a time delay secondary path.

A S——
. & 1{0]
¢ I 6\ N w1
- 21
~§ T 3]
] w4
2 e
= |
=]

Figure 3.16 — Single Dimension CMAC used in simulations.
The presented simulations are for the single dimension CMAC as depicted
conceptually in Figure 3.16. The generalization width is 3 =30 and the input signal is
designed to sequentially activate receptive fields with an overlap of exactly ¢ weights. The

secondary path is comprised of a pure time delay of M samples. Notice that this simulation

corresponds to the block diagram of figure 3.15 with the gains chosen as G, =1 and G, =1.
The maximum stable learning gain for a given set of parameter values ¢ and M was
determined using a binary search algorithm over the range o € [0,2].

Figure 3.17 depicts the maximum stable learning gain as a function of the degree of
overlap for two different values of the secondary path delay, M . In each case, the solid line
represents the analytical result calculated via equation (3.63) while the dotted line is the
numerically computed bound from simulation. From these results, it is evident that in cases
where the overlap is comparable to the generalization width, the analytical and simulation
bounds are in close agreement. However, in the case of long secondary path delays and small

values of overlap, the analytical bound underestimates the corresponding simulation result.
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The explanation for this discrepancy is in the worst case assumption made by the analytical
bound that all receptive fields within any M time step interval necessarily overlap all other

fields within that window by an amount ¢. In practice, it is unlikely that such complete

overlap will actually occur. In the present case of a single dimension CMAC, it is not even
possible to achieve such an extent of overlapping receptive fields. In the case of a multi-
dimensional CMAC it is possible to have a greater extent of overlap. However, it still
becomes less likely to have complete receptive field overlap as the secondary delay increases

or extent of overlap decreases.

15 +

Maximum Learning Gain

0.5 r

0 5 10 15 20 25 30
Number of Overlapping Weights

Figure 3.17 — Numerical results for time delay secondary path.
Figure 3.18 depicts the maximum stable learning gain as a function of the secondary
path delay for two different values of the overlap parameter, ¢ . For the reasons previously

described, the analytical bound tends to be more conservative as the overlap decreases or the

secondary path delay increases. For example, in the case of ¢ =5, there is no overlap

between samples for a time delay of more than one. As a result, the maximum stable
learning gain does not decrease for delays of longer duration. In contrast, the analytical
result makes the assumption that even in the case of longer delays, all receptive fields within

any M sample window will have ¢ =5 overlapping weights. As a result, the analytical
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bound is more conservative. Tighter analytical bounds could be attained by utilizing more
realistic models of the overlap distribution throughout the M step time window. However,
such results would require more assumptions to be made regarding the nature of the input

signal.

1.5 +

Maximum Learning Gain

05

Secondary Path Delay (M)

Figure 3.18 — Numerical and analytical stability bounds.

In conclusion, the presented bounds provide a guarantee of stability in the case of
sufficiently small learning gain. Additionally, the derived results provide an indication of
the variation of the maximum learning gain with the degree of overlap, generalization width,
rate of change of the error signal, and secondary path delay. These parameters can be
estimated based on the characteristics of the system and used to appropriately de-rate the

learning gain to ensure convergence.

3.6 The Filtered-X Backpropagation Algorithm

This section presents a method for utilizing the multi-layer perceptron (MLP) in
feedforward disturbance cancellation for cases where the secondary path is nonlinear and
history dependent. This approach was developed by Snyder and Tanaka [97] and more

recent refinements have been proposed to improve its convergence [11]. It is included here
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as background material, but also to serve as inspiration for the Filtered-X CMAC algorithms
to be introduced later in this chapter. The basic architecture used by the Filtered-X

Backpropagation algorithm is shown in figure 3.19.

. Error

Disturbance Sense
D(s)

- O

Source
Sense Cancellation
Source
Compensator Secondary
Network Path Model

Figure 3.19 — The Filtered-X Backpropagation Algorithm.

The Filtered-X Backpropagation algorithm utilizes a time delay MLP network to
serve as a general nonlinear dynamical compensator. The most common technique for
training a MLP network is the backpropagation algorithm which is based on a gradient
descent of the error surface. That is, each weight is adjusted in a manner which reduces the
instantaneous error in the network output. However, in the system of figure 3.19, the error
in the compensator output is not directly known since the only available error signal is
located at the output of the secondary path. The solution proposed in the Filtered-X
Backpropagation algorithm utilizes a second time delay MLP network to model the
secondary path. This secondary path model is adapted off-line and its weights are assumed
to be constant during adaptation of the compensator. Assuming that this neural network is
an accurate model of the actual secondary path, it can then be utilized to backpropagate the
observed error signal to the compensator.: The resultant weight update rule for the
compensator will be derived in this section. However, the approach utilized here differs from
that used in the original derivation. This alternate approach, though only valid for a fixed
architecture, yields qualitative insight into the algorithm and provides a closer analogy to

the Filtered-X CMAC algorithm which will be introduced in the following section.
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The weight update utilized in the Filtered-X Backpropagation algorithm is an
extension of the standard backpropagation algorithm utilized for training a standard
feedforward MLP [44]1190]. Consider the single output, two layer MLP network as shown in

figure 3.20. The neuron activation function, f(), is assumed to be a differentiable sigmoidal
function. There are two layers of network weights. In layer one, weight w,[%] connects input
i to hidden layer neuron j. In the second weight layer, weight v[k] connects the output of

hidden layer neuron [ to the output neuron. It is assumed that there are M inputs to the

network and N hidden layer neurons.

=

Sy
N

(.

2N

=

Layer 1 Layer 2
Weights Weights

Figure 3.20 — A two layer MLP network with a single output.

With appropriate network weight values, the MLP network can represent a desired

static mapping between an input vector {uo[k] u[k] - uM_l[k}} and an output value ylk].

The operational equations for this network are given in (3.75) and (3.76).

ylk] = f {I:Z:; vz[k]wz[k]] (3.75)

x|k = f[MZ1 wﬂ[k]ui[k]] Vie{0l-,N-1} (3.76)

=0
The weight update algorithm must be derived separately for each layer. For a weight

ylk] in layer two, the weight update will take the form of (3.77) where 7 represents a

learning gain parameter.
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e’ k]

ylk +1) =y k] —n Bu[k]

Vie {01, N—1} (3.77)

Let f'() denote the derivative of the activation function. Then, the partial derivative

in the weight update equation can be reduced via the chain rule and equation (3.75) to

produce the result given in (3.78) and (3.79).

o€’ k] _ Vil B N-1
Bulk] 2¢lk] Bolh] (dlk] — y[k]) = —2¢[k Bv, [Zov ] (3.78)
= —2dk]f’ [Nz; ulHlz, [k]] k) 379

The weight update algorithm for each weight contained in the first layer is of the

form (3.80) where 7 again represents a learning gain parameter. The partial derivative can
be represented as given by (3.81) and reduced to the expression (3.85).

o) YV heE{0 L M -1}

whj[k+1]=whj[k]—nm V¥ jel0L N ~1} (3.80)
ae’[k) ] B o [ (= ikl
S — sty - i) = i oSt 3.81
— —2[K] f[i;‘l v,[k]:vi[k]] awa,[k] Nzo‘jv [k}, K] (3.82)
a -1 M-1
=l (S e b5 2 ot [ ] 389

= —2elk]f’ (5—: v, ] Z [k {5 ]ul[k}]—éwi[ki Z‘jl wy [k, k] (3.84)

hi =0

= —2elk]f’ [i v,lklz, [k]] v, k]f’ [2 w (ke [k]] 4, [k] (3.85)

1=0
Given these results, the weight updates can be written as (3.86) and (3.87) for first

and second layer weights respectively. In each case, the factor of two has been absorbed into

the learning gain coefficient.
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w,k + 1] = w,[k] + nelk]f’ [Z v, [klz, [k]] v, k]f’ [MZ~1 w, [klu, [lc]] u, [k] (3.86)

v,lk +1] = v [kl + ne[]g]f’[l\i—:l ylklz, [k:]] [k} (3.87)

These coefficient update equations can then be utilized to adapt the coefficients of the
network shown in figure 3.20 to minimize the mapping error across a training data set.
Notice that there are terms which are common to both weight updates. Standard
implementations of the gradient descent learning usually utilize a backpropagation of these
common terms to reduce the computational overhead of the algorithm., The general
backpropagation algorithm for any number of hidden layers can be found in numerous
sources {44][90].

The off-line adaptation of the secondary path model can be performed by direct
implementation of the standard backpropagation algorithm. However, the backpropagation
algorithm cannot be directly utilized to adapt the weights of the compensator network since
the error associated with the compensator output is unobservable. Instead, a modified
weight update must be derived based on a gradient descent of the observable error at the
output of the secondary path. Figure 3.21 presents a alternative block diagram to the system
of figure 3.19. In this figure, multiple conceptual compensator networks have been utilized
to eliminate the tapped delay line associated with the secondary path model. Each
conceptual network represents the operation of the actual compensator at a delayed instant
of time. Since the weights are updated on every discrete time interval, each conceptual

network has a slightly different set of weights. For example, the weight b,[k] in network I
becomes weight b,[k —1] in network II, the value of the same weight at the last discrete time

step. Notice however, that this block diagram is mathematically equivalent to the actual
block diagram of figure 3.19. The variable M representis the number of taps in the tapped
delay line of the secondary path model. Since each input to the secondary path model is fed

by a separate instantiation of the compensator network, there are exactly M conceptual
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compensator networks. The tapped delay line of the compensator has P taps and the

compensator has @ hidden layer neurons.

Figure 3.21 - Filtered-X BP Compensator Unwrapped in Time.

In figure 3.21, the weight o,[k] represents the connection between compensator input
i and hidden neuron j while weight b [k] represents the connection between neuron j and

the output neuron of the compensator. Additionally, let # denote the value of the respective

signal r before the sigmoidal nonlinearity. That is, 4,[k] is defined by 4,[k] = f(4,[k]) . With

these definitions, the output of the network is given by (3.88). Notice that since the weights
of the secondary path model are assumed to be fixed, they are represented without a time

index.
ylk] = f [”zf vz, [k]] (3.88)

The output, z[k], of each hidden layer neuron in the secondary path model is given

by (3.89). The output of each instantiation of the compensator network, sk — g|, is expressed
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in (3.90). Finally, equation (3.91) describes the output of each hidden layer neuron in each
instantiation of the compensator. Thus, equations (3.89)-(3.91) fully describe the mapping

through the aggregate signal path comprised of the compensator and secondary path model.

= f[% w,,slk — g]] (3.89)
sk —gl= [Zb,, [k — glu, [k~ g]] (3.90)
wlk—g]= (Zamh [k — glafk —g - m]] (3.91)

Given the analytical description of this mapping in (3.89)-(3.91), it is possible to
derive a gradient descent weight update rule for each layer of the compensator network.
This will be performed independently for each layer of weights in the compensator network.
For any given weight in the second layer of the compensator, the weight update will take the

form (3.92) where €]k} is not the error in the compensator output but rather the error as

measured at the output of the secondary path. In active disturbance cancellation systems,

the desired output is zero and therefore, e[k] = —yk].

b,lk +1] = b[k] - (3.92)

The partial derivative term of (3.92) can be rewritten using the chain rule to generate
equation (3.93). Notice that k] represents the signal in the output neuron immediately
after the summing junction.

O] __pg @82l o )=
oo~ Wanm [2 e ‘f[”}‘ 2elhS (31k) 3 o 2 v (3.93)

s
Using (3.89) to replace z [k] yields expressions (3.94)-(3.96).

3 N~ N-1 6 M-i

= —2e[k]f’ (z?{k])m;vef (.[k) = —ZE{k]f’(ﬁ[k]);vef’(“ [k])gm > e Slk—g] (3.94)
8 .
= —2¢[k ZU £ (3,1%] ;]wge EOT F(&k-g) (3.95)
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M-~1 8 Q-1
= —2¢[k Zv F1EIRDY D w, f (3l — gl) = ik — glu, [k — g] (3.96)
=0 0b,[kli=
Assuming that the weights change slowly with respect to the length of the secondary

path tapped delay line, the approximation in (3.97) is valid.

Ob,[k—g] _ b,[K]
ob[k] o, k]

7

2

=1 Vge{0L-,M—1} (3.97)

With this assumption, equation (3.96) can be rewritten as (3.98) and the weight

update rule for the output layer weights of the compensator is given by (3.99).

=2k \i v.f'( Df W (8l — gl) [k — g] (3.98)
bk +1] = b,[k] + nefk };v (% )fj w,f" (8l — gl)u; [k — g] (3.99)

In a similar fashion, given assumption (3.100), the weight update rule can be
expressed as given in (3.101).

aam [k - g]
da,lk] — Oa,[k]

=1 Vge{0l-M—1} (3.100)

a,, [k + 1] = a’tn[k] +

DS 0.8 (DS w7 (68— g)S b (i, — g))alk — g — ]

e=() g=0 h=0

(3.101)

Equations (3.99) and (3.101) represent the Filtered-X Backpropagation weight
updates. These equations show that it is possible to perform a gradient descent update on
the compensator using only the cobserved error signal. In a practical implementation, the
redundant computations in these weight updates can be eliminated by backpropagating the
common terms for use by both updates. In comparison to the standard backpropagation
weight updates of (3.86) and (3.87), the Filtered-X update equations have an additional
summation with M terms. In effect, this provides a parallel update of the M conceptual

compensator networks.
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The primary disadvantages of this approach are its large computational overhead
and the possibility of convergence problems. The likelihood of convergence problems can be
reduced by utilizing many refinements which have been made to the backpropagation
algorithm including the addition of a momentum term in the learning gain and
implementation of an adaptive learning rate. However, the computational overhead of the
algorithm remains a significant concern in real time applications. This is particularly true
given the significant order of typical secondary path models required for modeling time

delays and resonant dynamics.

3.7 The Filtered-X CMAC Algorithm

The Filtered-X Backpropagation algorithm introduced in the previous section extends
the Filtered-X LMS technique for use with a nonlinear compensator, in that case, the multi-
layer perceptron. This provides the capability for effective disturbance cancellation with
nonlinearities in the forward path as well as in the cancellation path. However, the Filtered-
X Backpropagation algorithm suffers from several deficiencies intrinsic to the multi-layer
perceptron. These include a slow rate of convergence, the potential lack of convergence due
to the presence of local minima in the error surface, and the significant computational
overhead of the algorithm which limits the maximum cancellation frequency in real-time
implementations.

This section presents a method by which nonlinear feedforward disturbance
cancellation can be implemented using a Time Delay CMAC neural network. The CMAC,
described previously in section 2.3, is a type of radial basis function neural network which
utilizes a uniform receptive field placement with static localized generalization. Through
this architecture the CMAC attains fast and robust convergence at the expense of reduced
generalization capabilities. This tradeoff is ideally suited to the case of active noise and

vibration control where there is typically an abundance of training data available and
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additional training can be utilized to compensate for the limited generalization capabilities of
the CMAC.

The Filtered-X CMAC algorithm utilizes two CMAC neural networks with tapped
delay line inputs as shown in figure 3.22. CMAC A is used as a nonlinear compensator
while CMAC B is trained off-line to represent the secondary path transfer function. The
number of taps in each delay line must be chosen appropriately based on the nature of the
system and the signal content of the disturbance source. This issue was previously discussed
in section 2.4. In this section, the general case is considered using a compensator with N
taps and a secondary plant model with M taps. For the system shown in figure 3.22, M=3

and N=2.

k] —¢ > R() > + e[k]

F(O) i > > EB()
A CMAC
A
L, ! > e[k}
CMAC 7
e d[k]
A
N

Figure 3.22 — The Filtered-X CMAC Algorithm.

The standard CMAC weight update requires a measure of the error in the network
output. Since this signal is unavailable here, a means of computing the necessary
compensator weight updates for the minimization of the observed error must be derived. If

CMAC B is a perfect model of the secondary path then the observable error,elk], can be

viewed as having been -measured at the cutput of CMAC B as represented by signal ék]. In

this case, d[k] represents the contribution of the primary disturbance as measured at the
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error sense. Thus, minimizing the instantaneous error signal &8k[* will be the same as

minimizing the error signal ek]*. The tapped delay line associated with the secondary path

model can be conceptually eliminated by unwrapping the compensator network in time as
shown in figure 3.23. The three conceptual networks represent the operation of the single
actual compensator at the present time and all of the delayed time instants as required for
input to the secondary path model. It is clear from this view that the current output error is
due not only to the currently addressed compensator weights but also to the M sets of

weights corresponding to previous compensator inputs.

k] = B0 >+ > di]
BO) LI N Y
} CMAC
AI
A k]
. k]
| cMmAC
g B
- y[k] dik]
A CMAC
A Al
Wikl
5 CMAC
Al L A
L,

Figure 3.23 — The Filtered-X CMAC Algorithm unwrapped in time.
Operation of the CMAC can be represented by the matrix equation (3.102) where
wlk| represents a single column vector of all of the network weights and afk| represents the

binary weight selection vector computed via the standard CMAC algorithm as a function of

the current inputs. The weight selection vector contains exactly § values equal to 1.0 and
all other elements are zero, where 3 represents the generalization parameter. Both wik]

and afk| are functions of the discrete time index k.
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ylk] = a[k]" wik] (3.102)

The standard CMAC weight update is based on a stochastic gradient descent which

incrementally reduces the instantaneous squared error in the output of the CMAC. This is

given in (8.103) where 3 represents the learning gain parameter and ¢fk] is a measure of the
error in the CMAC output.

de’[k]
owlk

wik +1] = wlk]— a (3.103)

—

If r[k] represents the target cutput value then the CMAC output equation in (3.103)
can be used to express the error as given by (3.104).
elk] = r{k] — y[k] = r[k] — alk]" wlk] (3.104)

Substituting (3.104) into (3.103) and combining scalar gain terms into the learning
gain results in the standard CMAC weight update given by (3.105).
wik +1] = wlk] — aclkla[k] (3.105)
Thus, on each iteration, the standard CMAC weight update increments each of the
selected weights with a term proportional to the present cutput error. However, in the
disturbance cancellation architecture of figure 3.23, the output error is not observable.
Instead, it is necessary to derive a weight update which incrementally reduces the
instantaneous squared error at the error sense, &'[k]. This is expressed in (3.106).

. a(e*[k})

wik + 1] = wik] - Dwii]

(3.106)

The partial derivative in (3.106) can be expanded via the chain rule with the result
shown in (3.107). Notice that the time index is fixed with respect to the gradient descent of

the error surface.

3(52[k]) o OAR] L ¥R O2[k] Dy[k]
T 2¢[k] ik ze[k]i=0 Bu.[k] OwlE] (3.107)
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The partial derivative terms related to the relationship between the inputs and
output of the secondary path model can be approximated numerically as given in (3.108).
These can then be computed via an additional perturbation and evaluation of CMAC B given
that the secondary path model is trained prior to adapting the compensator.

02]k]
oy,[k

Azlk]
Ay,[k]

e

= V,[k] (3.108)

—

Assuming that changes in the weight vector occur at a rate which is slow compared
to the length of the secondary path delay line M, then the approximation (3.109) is justified.
Notice that an analogous condition applies to the Filtered-X LMS algorithm in that the filter
coefficients are assumed to vary slowly with respect to the signal dynamics.

) )
Bwlk] ~ owlk 1]

114

Vie {01, M—1} (3.109)

With this assumption and the CMAC cutput equation (3.102), it is possible to write
expression (3.110).

Oy,lk] a

awlk]  owik]

(alk — i) wlk — ) = alk — 4" (3.110)

Finally, substituting (3.110) and (3.108) into (3.106) and absorbing the factor of 2 into
the learning gain constant allows the Filtered-X CMAC weight update to be written as in

equation (3.111).
M-1
wik + 1) = wlk] + oé[k]» | V,alk — ] (3.111)
4=0

Thus, the Filtered-X CMAC weight update is performed on M pairs of delayed
pointers with each update weighted by the respective numerically estimated gradient V,
through the secondary path model. This is in contrast to the standard CMAC weight update
in (3.105) which modifies only the weights associated with the current input. From a
computational point of view, there are M times as many weights to be updated on each
cycle. However, the weight selection vectors need only be calculated once and then shifted

for use on the lagged updates. The quality of the CMAC partial derivative computation can
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be significantly improved by CMAC weight smoothing methods which have been recently

introduced [21}[87][95].

3.8 An Alternative Derivation of Filtered-X LMS Algorithm

In this section, the approach developed for derivation of the Filtered-X CMAC
algorithm is applied to a linear FIR compensator. The result is an alternative derivation of
the familiar Filtered-X LMS algorithm. This reveals that the Filtered-X CMAC algorithm
represents a generalization of the Filtered-X LMS algorithm. Additionally, this derivation

provides additional insight inte the function of the Filtered-X LMS technique.

il k]

VK]

+ > 2 k]

>
>
>
2>
>
>
>
>

>

Figure 3.24 — A FIR cancellation system unwrapped in time.

Consider the linear cancellation architecture shown in figure 3.24. This corresponds
to the Filtered-X CMAC algorithm with the compensator and secondary path model replaced

by linear FIR filters. The compensator is described by the coefficients a,,4,,---,a,_, while the

secondary path model is described by filter coefficients b,,b,---,b,,_,. It is assumed that the

secondary path model is adapted off-line prior to cancellation so that the coefficients are
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considered to be constant during cancellation. The compensator filter is shown unwrapped
in time in order to depict the dependence of the present error on past compensator outputs.
The compensator coefficients can then be adjusted via a gradient descent of the
instantaneous squared output error. Assuming that the secondary path model is ideal,

minimization of é’[k] is identical to minimization of the observed error, ¢’[k]. In the

following derivation the general case is considered where the compensator has N coefficients
and the secondary path model has M coefficients. The form of the compensator coefficient

update is given in (3.112), where o represents the learning gain parameter.

9
gk +1]=qlk]—a vie{0,1,---,N -1} (8.112)

The secondary path model output, z{k], can be represented by the double linear

filtering operation shown in (3.113).

M~1 N-1

k= S by b =305,k — telk — 1 (3.113)

i=0 =0 =0
Using this expression for the secondary path model output, it is possible to simplify

the partial derivative in the update equation (3.112) as shown by the result in (3.114).
Notice that d[k] is independent of the compensator output and therefore its derivative with

respect to any compensator coefficient is zero.

(3.114)

a M-1 N-1

= -2kl b otk - ek~ g -]

=0 §=0

Assuming that the rate of change of the coefficients is relatively slow then the
approximation (3.115) can be made.

Oa,k —1]
DaF]

112

1 (3.115)

Application of this approximation to (3.114) yields the expression in (3.1186).
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o8] o RR,
_——aai[k] = Qe[k]g balk — ] (3.118)

Substitution of (3.116) into the learning rule of (3.112) yields the compensator

coefficient update given in equation (3.117).

o,k +1] = a,[k] + aé[k]fbim[k ~1] Vie{0L-,N-1} (3.117)

=0
Let z'[k] be equal the input signal, z[k|, filtered by a perfect FIR model of the

secondary path as given by (3.118).
k] =" balk — ] (3.118)

This allows the coefficient update rule to be written in its final form as shown in
equation (3.119). Notice that this is exactly the Filtered-X LMS algorithm. That is, this

result is the standard LMS update performed using a filtered version of the input signal.

alk +1] = a,[k] + odlkle Tk —1] Vie{0,L-,N -1} (3.119)

This result demonstrates that the Filtered-X CMAC algorithm can be viewed as an
extension of the Filtered-X LMS algorithm. Additionally, the conceptual block diagram of
figure 3.24 provides insight into operation of the standard Filtered-X LMS algorithm. It is
evident that the observed error signal at any instant is influenced not only by the present
contents of the tapped delay line of the compensator, but also delayed versions of that vector.
As a result, the compensator coefficients must be updated according to the error associated

with each set of delayed input vectors.

3.9 The Reduced Filtered-X CMAC Algorithm

In many practical applications, the secondary path can be modeled using a linear
dynamical system. This simplification results in reduced computational overhead and better
convergence properties in comparison to the use of time delay CMAC secondary path model
as described in section 3.7. In sections 3.4 and 3.5, it was shown that the time delay

secondary path could be used in the case of a linear secondary path and narrowband
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disturbance. However, in cases where the disturbance signal is broadband or the phase
characteristic varies rapidly with frequency, as in a resonant system, then the secondary
path cannot be approximated using a time delay model. The Reduced Filtered-X CMAC
algorithm presented in this section can be utilized with any disturbance signal in
combination with any linear dynamical secondary path, including those which contain
resonance and time delay. Additionally, the accuracy requirements of the secondary path
model are not stringent. As a result, in practice most mild nonlinearities do not have
significant impact on the convergence of the algorithm even when the secondary path is
approximated by a linear model.

The Reduced Filtered-X CMAC algorithm is depicted in the block diagram of figure

3.25. The forward path is represented by F() while the secondary path is represented by
the linear transfer function, P,(s). It is assumed that FIR filter B is adapted off-line to serve

as a model of the actual secondary path.

dikl +
ulk] » R0 LI WY
\ /‘WC] _
Al | cMAC B(s)
N A
Wk}, alk] :
| FIRFilter B | _
b()’bl"“’bM—l
( -
Filtered-X e — —ooticilents i
CMAC |

Figure 3.25 — The Reduced Filtered-X CMAC Algorithm.

The error signal is computed by the filtering operation given in (3.120) where b,

represent the secondary path filter coefficients for ¢ =0,1,---,M —1. The CMAC output is
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given in equation (3.121) using the standard notation for the weight vector and weight

selection vector.
M-1
elk] = > b, (dlk — i] — ylk — ]) (3.120)
=
y[k] = alk]" wik] (3.121)

The standard CMAC weight update algorithm incrementally reduces the error in the
output of the CMAC. However, in the present case, the desired CMAC output is unknown
and instead the objective is the minimization of the observable error, ¢k]. Therefore, the
CMAC weight update must be revised to directly implement a gradient descent of the

squared error signal e[k’. The modified adaptation takes the form of (3.122).

o€’ [k]
Owlk]

wik +1) = wik] - (3.122)

Using expressions (3.122) and (3.120), the partial derivative of the squared error can

be derived as given in the following result.

e k] _ . ae[k]___e g et
ol = 2¢[k] Sult] ~ Z[k]g p [k — i wlk — 4] (3.123)

Under the assumption that the weight vector varies slowly with respect to the filter
impulse response, the approximation in (3.124) is justified.

9 8 .
~ L M-1 124
i = ey e LMl 3.124)

Under this assumption the weight update of (3.123), can be expressed in its final
form as given by (3.125). In this expression, the factor of two has been absorbed into the
learning gain parameter. Additionally, the learning gain parameter has been normalized by

the generalization parameter.

wik + 1] = wlk] +%§ balk — ielk] (3.125)

i=0
This weight update algorithm reflects the fact that the output error at any time is a

function not only of the present CMAC output, but also the CMAC output at previous time
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instances. As a result, weight updates are performed for M sets of delayed pointers. This
technique is referred to as the Reduced Filtered-X CMAC algorithm since it can be viewed as
an extension of the Filtered-X LMS algorithm utilized in the case of a linear adaptive
compensator. An implementation of the Reduced Filtered-X CMAC algorithm is shown in
figure 3.26. A model of the secondary path, represented by FIR Filter B, is adapted offline
prior to operation of the compensator. The coefficients of the secondary path model are
utilized in conjunction with the error signal to update the compensator CMAC via the weight
update algorithm of (3.125).

Despite the use of a linear secondary path model, the reduced algorithm is stili
applicable in many nonlinear systems. In particular, the impact of nonlinearities in the

locations specified by dashed blocks in figure 3.125 will be considered here.

vik] —T——————E_j_:L———» B(s) »(+) > k]
B(s)
= 73
2T que TR
A A
. FIR oK)
i {
FX ¢-£°fff'c_ie_"£§_j d[k]
CMAC

Figure 3.26 — Nonlinearities and the Filtered-X CMAC algorithm.

The first nonlinearity to be considered is located in the forward transmission path as
indicated by block ‘1’ in figure 3.26. Its presence results in disturbance signals at the error
sense which are not linearly related to the reference signal and therefore require a nonlinear
compensator for their removal. However, given that the cancellation path is linear in this
case, there is no need for a nonlinear secondary path model and the reduced Filtered-X

CMAC algorithm is adequate.
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To llustrate a specific example of this case, we now consider a narrowband active
noise cancellation application in simulation. The reference signal is a single tone sinusoid
phase-locked to the primary 300 Hz disturbance. Often such a reference signal is generated
via a non-acoustic sensor such as a tachometer on a rotational disturbance source. The
forward path consists of a nonlinearity which passes the fundamental and generates the first
three harmonics with amplitudes equal to half the primary disturbance. The fundamental
and its harmonics then propagate through the remainder of the forward path which is
modeled by a first order linear low pass filter. The cancellation path is a resonant linear
fourth order system with a 2 millisecond transport delay which is approximated by a 300t
order linear FIR model. Figure 3.27 depicts the reduction in the measured disturbance e[k]
after the CMAC weight adaptation is enabled at time 50 milliseconds. Figure 3.28 shows
three periods of the fundamental disturbance overlaid on the reference signal. Finally,
figure 3.29 depicts the compensator output and secondary path output after convergence is

attained.

Error Signal

-2 I ! 1 i 1
0 0.1 0.2 0.3 0.4 0.5 0.6
Time {s)
Figure 3.27 — Error signal convergence for a feedforward harmonic-generating nonlinearity. Parameters for this
simulation are: N=2, p=20, quantization width = 0.03, n = 0.055, disturbance amplitude = 1.0, sample period = 50 ps.

Amplitude

1
0.55 0.555 0.56 0.565 0.57 0.575
Time {s}

Figure 3.28 - Reference Signal (dashed line) and compensator output (solid line). Note the harmonic content of the
disturbance which is not linearly related to the reference signal.
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Amplitude

0.55 0.555 0.56 0.565 0.57 0.575
Time (s)

Figure 3.29 — Compensator output (solid line) and secondary path output (dashed line).

The second nonlinearity to be considered is located in the reference signal path as
shown by block ‘2’ in figure 3.26. This nonlinearity represents a transformation of the CMAC
inputs. A thorough investigation of allowable nonlinearities in this location is beyond the
scope of the present research. However, simulations indicate that most soft nonlinearities in
this path can be accommodated. As a fundamental guideline, in order to ensure that the
desired CMAC mapping is one-to-one, the CMAC input vector should represent a closed non-
self-intersecting orbit in the embedding space with no regions of zero tangential velocity.
However, a fundamental point is that those nonlinearities in location ‘2’ which can be
accommodated are unaffected by whether a linear or nonlinear secondary path model is
utilized. Therefore, the Reduced Filtered-X CMAC algorithm is an appropriate choice in the
case of such a nonlinearity.

Finally, a nonlinearity located in the cancellation path is considered. This is
represented by block ‘3’ in figure 3.26. At first consideration, it might seem that the reduced
algorithm is not well suited to this case given its use of a linear secondary path model.
However, it can in fact be successfully applied in cases where the nonlinear secondary path
can be represented by a static nonlinearity followed by a linear dynamical system and an FIR
model of the linear portion of the secondary path can be extracted. A common example of
such a situation is the case of a static nonlinearity generated by the cancellation path

actuator (e.g. dead zone, nonlinear gain) followed by a linear transmission path.
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The process of modeling the linear portion of the cancellation path can be
complicated in such cases, however, it is often possible to either derive the linear portion via
a physical model or extract the model using a small excitation signal to reduce the impact of
a large signal nonlinearity. Additionally, simulation studies suggest that the secondary path
model does not require great accuracy to ensure convergence. As a guideline, in the case of
the Filtered-X LMS algorithm, the secondary path model can have phase errors up to =90
degrees and the system will still be convergent {62].

To illustrate a particular example, consider the case of a secondary path containing a
dead-band nonlinearity followed by a fourth order resonant linear system with transport
delay as used in the previous simulation. The dead-band nonlinearity is of width 1.0 and is
centered at the origin. The disturbance and reference signals are the same as used in the
previous simulation. Figure 3.30 provides an indication of the degree of distortion produced

by the nonlinearity by showing its effect on the disturbance signal.

Amplitude

1 1 1 i I ! { i L

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01
Time (s)

Figure 3.30 — This figure depicts the disturbance signal (dashed line) and the disturbance after passing through the

cancellation path nonlinearity (solid line).

Error Signal

i L I L {
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Time (s)

Figure 3.31 — Error signal versus time for the case of a deadband nonlinearity in the cancellation path. All parameters
are the same as used in the previous simulation. Adaptation is enabled at time 50 ms.
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3.10 Convergence of the Reduced Filtered-X CMAC Algorithm
In this section, the convergence of the reduced Filtered-X CMAC algorithm is
considered analytically. Figure 3.32 represents a typical application of the algorithm where

a disturbance source ufk] propagates through a nonlinear dynamical plant modeled by

CMAC A. The compensator is represented by CMAC B which monitors the original
disturbance source and influences the disturbance signal at the summing junction. To
facilitate the analysis, it is assumed that both the original distmjbance and the cancellation
signal pass collectively through a common secondary path represented here by M tap FIR
filter A. Thus, the block diagram considered by this proof is slightly less general than the
system used in derivation of the algorithm in section 3.9. The compensator is updated via
the reduced Filtered-X CMAC algorithm. It is assumed that a secondary path model has
been identified off-line as represented by FIR filter B. Additionally, it is assumed that the

secondary path model is a perfect model of the actual secondary path.

ulk] y—>
CMAC k] FIR Filter A
P T S () et > e[k]
y y b()’bl"”’bM—\
w,alk]
" / p
y cMAC | T | FIRFilterB |
A B Bysbyy s by
. /S
wikl,a[x] !
Coefficients E
Filtered-X [@ — —— —— == e e e e
CMAC |t

Figure 3.32 — Block diagram utilized in the convergence proof.

Given that both CMAC networks share the same input vector, the weight selection
vector for each network is identical. The output equation for CMAC A and CMAC B are

given by (3.126) and (3.127) respectively.
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ylk] = alk]"w (3.126)
ylk} = alk]" w[k] (3.127)
The weight update equation for the compensator CMAC is performed via the reduced

Filtered-X CMAC algorithm as given in (3.128). Operation of the secondary path filter is

defined in (3.129).

M-1

Wk + 1] = wlk] + % > balk —ilik] (3.128)
e[k] = fbiz[k —i]= ﬂfq (ylk — i) — 9k — i]) (3.129)

The present analysis requires an additional assumption on the nature of the error
signal. Specifically, it is assumed that the rate of change of the error signal is bounded over

any time interval of length M , as given in (3.130).

elk — i) < R|elk] Vie{L,2,--,M}

Vo ofk] = 0 (3.130)

Additionally, it is assumed that the maximum overlap between any two inputs in an

M time step interval is ¢ . For complete generality, it is possible to pick ¢ = 3 to allow any

possible overlap. To further simplify the results, the parameter b represents a bound on the

magnitude of the filter coefficients such that |b|<b Vi€ {0,1--,M —1}. With these

definitions, it will be shown that the algorithm is convergent as long as the learning gain is
chosen according to the bound given in (3.131). From this result it is evident that the
learning gain must be reduced to accommodate increased secondary path length, larger
degrees of overlap, increased filter coefficient magnitudes, and larger rates of change in the
error signal. The proof of this result is provided in Theorem 3.5.

i)

[L+($R(M —1)+ R+ 2)(M —1)]

0<ac< (3.131)
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In the case of M =1, this algorithm reduces to a simple linear gain secondary path

with gain b,. In this case, the learning gain bound reduces to that given in (3.132). This is
the same result as derived in the case of a linear gain secondary path given that G, =0 and
G, =0 and given the extra factor of j, inherent in the Filtered-X CMAC weight update.

0<a< 322— (3.132)

0
In the case where there is no restriction on the extent of receptive field overlap,

¢ = B, and the learning gain bound reduces to the expression given in (3.133).

I<acx 2 (3.133)

M [RM — R+1]

Theorem 3.5 - Convergence of the Reduced Filtered-X CMAC Algorithm: Consider the
feedforward disturbance cancellation system of figure 3.22 with dynamics described by
equations (3.126)«(3.129). Implicit in these equations is the fact that CMAC A and CMAC B

have identical architectures. Let >0 denote the common CMAC generalization
parameter. It is assumed that there exists some constant R such that |k — | < R|e[k] for
all ie{1,2---,M} and for all k¥ such that e[k]= 0. Additionally, it is assumed that the
maximum receptive field overlap in any M time step window is limited to ¢. More
precisely, it is required that alk["alk —i] < ¢ Vi€ {1,2,---,M}. Let b, represent the secondary
path coefficients for i € {0,1,---,M —1}. Additionally let these coefficients be bounded such
that |b| <b Vie {01, M —1}.

i)

(3.134)
[1+($R(M —1)+ R+ 4)(M —1)]

I<ax

Under the stated assumptions, with the learning gain parameter chosen according to

bound (3.134) then )%im\ e[k] = 0 showing that the system is convergent.
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Proof:
Let Vik] be the inner product of the weight difference vector as given by (3.135) and
notice that this quantity is non-negative.
VK] 2 (w — wk))" (w—w[k]) >0 (3.135)
Using the Filtered-X weight update of equation (8.128), an expression for V[k +1] can

be derived as shown in the following expressions.

Vik+1] = (w—wlk + 1)) (w—wlk +1]) (3.136)
M-1M- 1
= Eba[k — il Z balk -3 (3137

To simplify this expression further it is necessary to derive an expression for wik — 1]
as a function of wik]. To that end, consider equations (3.138)+(3.140) which represent the

weight updates performed at consecutive intervals of time.

Wk] = Wik — 1]+ %Mz_lbja[k —1— jlelk 1] (3.138)
Wk — 1] = w[k— 2]+ .gfjvj balk —2— flelk — 2| (3.139)
Wk—i+1]= v“v[lc—i}+%§bja[k—i—j]e[k—i} (3.140)

Combining equations (3.138)-(3.140) into a single equation yields the result in

(3.141). Notice that for the case 7 = 0 the last term in this expression is equal to zero.

wik] = wlk —i] +— f:Zba b —1— fle[k —1] (3.141)

I=1 j=0

Substituting this expression into (3.137) yields the result given in (3.142)

i

V[k+1]-V[k]_“2a; ‘)aﬂ‘j Aﬁjzzq k—1— fleft —1]

+ "222[]“] ZZb,bJa — 4l

(3.142)
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It is possible to split the summations in (3.142) according to whether the term

represents complete or partial overlap receptive field overlap. That is all terms containing
alk —i)"alk — j] for i=j are isolated from those terms containing alk —i| ak — j| where

i = j. The result is given in (3.143).

: —2aelk 200 Ml Ml
V[k+1}~V{k]:———B 7 =330 bbalk —if alk — 1 — jlelklelk — 1]+
i=1 [=1 j=0
gei—l
aZ M-1 2 22 M-1M-1 azez[k] M1 , (3.143)
——ZZ i le 7 _7 ]} bi
B i=1 l=1 i=0 j=0 18 i=0

FES]

Inequalities (3.144)-(3.146) follow dirvectly from the conditions on the maximum

coefficient magnitude, the maximum rate of change of the error signal, and the maximum

overlap.
o) <b=0bd <¥ (3.144)
lelk — 1] < Rlelk] = elklelk — ] < Re*[k] (3.145)
alk]"alk ~1] < ¢ (3.146)

With these inequalities, it is possible to establish a bound on the expression in

(8.143) as shown in (3.147).

G 2 2 M-1 5 M-l
V[k+1]—V[k]§:3o-g—L@+%M > b'¢Re k] +
j=] =1 ]::(')—I
i ﬁ:libQRe o Mi fb% . o] §b2 (8.147)
6 fe=1 =1 ﬂ2 =0 y:=0 ﬁ =0

Notice that all of the terms in (3.147) are independent of the summation indices.

Given this fact and the result in (3.148), this bound can be rewritten as shown in (3.149).

1= (M — M) (3.148)

Vik+1]-Vk] < (M (M —1)€’[k]
i 7 e . (3.149)
3 (M — M)e'[k]+ 7 M (M —1)e*[k] + 3 Me*[k)
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By factoring out common terms, the bound in (3.149) can be rewritten as given by

(3.150).

Vi +1]- V]k] g%e2[k]{~2 + (M +Mb2-giR(M-1)2
(3.150)

FMBR(M —1) + M %(M—l) +} <0

The second inequality in (3.150) follows directly from the learning gain bound. From
(3.150) and given that V{k] > 0, the conditions of Lemma 3.1 are met and therefore statement
(3.151) is valid.

lim (V[k + 1] = V[E]) = 0 (3.151)

koo
By the sequence squeeze theorem and inequality (3.150), the limit given in (3.152)

exists.

ko0

lim = ¢ [k][—Q + b’ R(M* — M) + 2 BoR(M? — M)(M —1)
p (3.152)
+aMb + %bquM(M - 1)} =0

Since the multiplicative constant of ¢’[k] is strictly non-zero due to the learning gain

bound, this implies Pm ¢’lk] = 0 and therefore, %un ek]=0. o
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CHAPTER 4

ALTERNATIVE NEURAL NETWORK DISTURBANCE

CANCELLATION ARCHITECTURES

4.1 Introduction

This chapter presents three additional architectures for active disturbance
cancellation utilizing the time delay CMAC network. Section 4.2 describes a regenerative
CMAC algorithm which provides narrowband cancellation without requiring a reference
signal estimate of the primary disturbance. This approach is an extension of the
regenerative technique described in section 1.4 for the case of linear adaptive systems.
Section 4.3 describes a disturbance cancellation algorithm in which the CMAC network is
trained via reinforcement learning rather than the conventional adaptation based on a
gradient descent of the error surface. This allows the compensator to be trained without
knowledge of the phase characteristics of the secondary path. Finally, section 4.4 describes a
means by which the time delay CMAC can be used as a recurrent nonlinear oscillator and
adapted to provide an appropriate cancellation signal. As with regenerative cancellation,
this technique does not require an estimate of the original disturbance. In addition, this
approach does not require a model of the secondary path in cases where the secondary path

does not introduce phase distortion in the error signal. The algorithms presented in this
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chapter are of a more experimental nature than the feedforward techniques described in the
previous chapter. The description of these techniques is limited to a brief presentation of the
algorithm and representative simulations indicating basic functionality of each technique.
General conclusions regarding stability, applicability, and utility of the presented techniques

have not been established.

4.2 Regenerative Feedback Neural Network Cancellation

In section 1.4, the regenerative approach to feedback active disturbance cancellation
was introduced. In the present section, this technique is extended for use with the time
delay CMAC compensator. The basic architecture is shown in figure 4.1. Notice that the
only input signal to the cancellation algorithm is provided by the error signal. This
represents a significant advantage over the feedforward approach since a reference signal is

often difficult or even impossible to obtain in many practical systems.

dik] —»  B(2)

> > B2
A CMAC /S
t = B@
f z[k]
FX-CMAC Coefficients
Update

Figure 4.1 ~ Regenerative Feedback Neural Network Cancellation.

Initially, it is assumed that the secondary path can be represented as a linear
dynamical system. An adaptive filter represented by 132(z) is trained off-line to serve as a

model of the cancellation path dynamics. During operation, the secondary path model serves

two purposes. First, it is utilized to remove the compensator’s contribution in the error
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signal. As a result, the signal z[k] remains equal to the original error signal efk]

independent of the CMAC output. Second, the coefficients of the secondary path model are
utilized to provide convergent adaptation of the CMAC compensator through use of the
Reduced Filtered-X CMAC algorithm which was presented in section 3.9. However, even
when utilizing the linear secondary path model, this algorithm is capable of functioning in a
variety of nonlinear systems. A preliminary survey of the nature of acceptable nonlinear

systems is presented in this section.

600 Hz @
0.05

400 Hz @ ° 1~1.927" 4095

200 Hz @

| 0.05
1-1.9z7'+0.95 o
A CMAC
. _/
> > B(z)

T /
FX-CMAC | Coefficients
Update

!

Figure 4.2 — Regenerative CMAC cancellation in a linear system.

Before considering the effects of system nonlinearities, the basic feasibility of this
approach is demonstrated via simulations of the system shown in figure 4.2. The
disturbance source is represented as the superposition of three harmonically related
sinusoids. This composite disturbance propagates through a forward signal path represented
by a second order resonant system in combination with a transport delay of 50 discrete time
intervals. The secondary path is represented by a resonant second order system in followed

by a pure time delay of 20 discrete time intervals. Given the significant resonance of the
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secondary path, the FIR model must contain a large number of coefficients. In these
simulations, a 300t order FIR filter is utilized.

Figure 4.3 depicts the convergence of the error signal during adaptation of the
compensator while figure 4.4 depicts the disturbance and cancellation signals after a
significant level of convergence has been attained. The parameters used in these simulations
were as follow: Sample Rate = 20 ps, Pointer Delay = 75 Samples, Learning Gain = 0.05,
Generalization = 50, Quantization Width = 0.02, Disturbance Frequencies = 200Hz, 400Hz,

600Hz, and corresponding Disturbance Amplitudes = 1.0, 0.5, 0.5.

Error Signal

1 1 ! 1 ] J
100 150 200 250 300 350 400
Time (ms)

Figure 4.3 — Error Signal during adaptation for the system of figure 4.2.

Amplitude

A I i
385 390 Time (ms) 395 400

Figure 4.4 — Disturbance signal (solid) and Cancellation signal (dashed) at the error sense summing junction. On this
scale, the two can barely be distinguished from each other.

Amplitude

384 380 400
Time (ms)

Figure 4.5 - CMAC inputs for the system of figure 4.2.
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One important aspect of the regenerative technique is that a nonlinear compensator
is not required in order to provide effective cancellation in the case of nonlinearities in the
forward path. This is due to the fact that the compensator must only represent the transfer
function relating the disturbance measured at the error sense to the required cancellation
signal. This transfer function depends only on elements in the secondary path. However,
nonlinearities in the cancellation loop generally do require the use of a nonlinear
compensator. In the remainder of this section the presence of nonlinearities in the locations

marked by dashed boxes in figure 4.6 will be considered.

dik] —=i 1 A@z)

R > ofk]
A CMAC
3
FX-CMAC - Coefficients
Update
5 |

Figure 4.6 - Regenerative Filtered-X CMAC with nonlinearities.

Location one and two represent nonlinearities in the forward path. Such
nonlinearities can be accommodated even in the case of regenerative cancellation using a
linear adaptive compensator. A nonlinearity in locations three or four will result in two
potential problems. First, this nonlinearity will result in a degradation of the regenerated
signal due to the mismatch between the actual secondary path and the linear model. Second,
for severe nonlinearities, this mismatch can lead to instability in the Filtered-X weight
update of the compensator. However, for many soft nonlinearities which do not introduce

phase distortion in the secondary path, this architecture can be utilized directly. As a
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particular example, figure 4.7 depicts the error signal for a simulation in the case of a
deadband nonlinearity of width 1.0 at location three. All other aspects of the system are

identical to that shown in figure 4.2.

Amplitude

1 | ; 1 )
200 300 400 500 500 700
Time (ms)

Figure 4.7 ~ Error signal for simulation with a deadband nonlinearity in the secondary path.

A nonlinearity in location five is generally handled adequately by the present
algorithm. This nonlinearity represents a transformation of the regenerated signal.
However, since this effect takes place after the removal of the compensator output, the
resultant regenerated signal will remain invariant during adaptation of the compensator.
Additionally, the nonlinear nature of the CMAC compensator can be utilized to reverse the
effects of this nonlinearity in order to create the appropriate cancellation signal. In
conclusion, the algorithm depicted in figure 4.2 is capable of compensating for a variety of
system nonlinearities. However, for sufficient nonlinearity in the secondary path, it is
necessary to utilize a nonlinear secondary path and implement the compensator adaptation

using the full Filtered-X CMAC algorithm as shown in figure 4.8. In this case, a second time
delay CMAC is adapted to model the cancellation path which is then utilized in place of }z,(z)

to create the regenerative compensator input. Additionally, CMAC secondary path model is
utilized to adapt the compensator using the Filtered-X CMAC approach described previously
in section 3.7. As a result, this allows the algorithm to be used in cases where the secondary

path is characterized by significant nonlinearity.
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Figure 4.8 — Regenerative Time Delay CMAC Disturbance Cancellation.

4.3 Reinforcement Learning Active Disturbance Cancellation

In this section, a novel approach to nonlinear disturbance cancellation is presented.
The proposed algorithm is based on the use of reinforcement learning to adapt the weights of
a time delay CMAC compensator. In contrast, all of the previous techniques considered in
this dissertation have utilized adaptation mechanisms based on gradient descent of the error
surface. Such gradient descent algorithms are characterized by the use of a continuously
available error signal in order to provide incremental updates to the CMAC weights. To
ensure convergence of the weights it was necessary for these algorithms to take account of
the dynamics associated with the secondary path. However, m the case of reinforcement
learning, it will be shown that such a priori knowledge is unnecessary.

Reinforcement learning is a technique for neural network training which is based on
experimentation rather than on a priori knowledge of the structure of the system which is
being controlled. The learning takes place in a trial and error fashion. As an example,
consider a hypothetical control task in which a given, finite set of parameters define the
operation of the control algorithm. Design of the optimal controller consists of choosing the

best set of parameters under some performance criterion. One means by which the optimal

parameter settings can be found is via reinforcement learning. The reinforcement learning
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algorithm begins with an initial set of parameter values. A small random perturbation is
made to each parameter to form a new experimental parameter set which is then utilized in
performing the control task. The performance of the experimental parameter set is gauged
through use of some predefined error metric. However, unlike the error metric availabie in
gradient descent methods, the reinforcement learning error metric is only required to provide
a single value as a measure of the performance of the system over the entire task. If the
experimental perturbation resulted in better performance according to the error metric, then
the current values of the parameter are replaced by those of the experimental parameter set.
Conversely, if the experimental parameter set resulted in degraded performance, then the
original parameter set is restored. After repeated trials of experimentation, it is generally
possible for the learning algorithm to converge to a parameter set which optimizes the error
metric over a range of control tasks.

The fundamental advantage of the reinforcement learning methodology is that it
requires very little knowledge of the system being controlled. This eliminates the potential
for instability resulting from modeling inaccuracies and generally simplifies the design
process. The primary disadvantage of reinforcement learning is its slow rate of convergence
due to the relatively small amount of information utilized by the controller. Additionally, the
reinforcement learning can fail to reach the optimal parameter set due to the presence of
local minima in the error metric.

Figure 4.9 depicts the reinforcement training variant of the time delay CMAC
compensator in the context of a feedforward disturbance cancellation system. It is assumed

that the disturbance source u[k]| is periodic and that the resultant trajectory in the CMAC

input space is not self-intersecting in order to provide an appropriate input signal to the
CMAC. The error metric used for the reinforcement algorithm is based on the average
power of the error signal. This is created by the operation of low pass filtering the absolute

value of the error signal, e[k]. The bandwidth of the error averaging filter is chosen such
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that the effective period of the averaging is long compared to a period of the disturbance

fundamental.
ulk] A0
+
R > 1)2 () - B e[k}
A
Reinforcement /
A CMAC
Error é\i\l/tzrraging ca{'c?}'n"f{ion

Figure 4.9 — The Reinforcement CMAC Method of Disturbance Cancellation.

Details of the reinforcement training algorithm are given in figure 4.10. At random
time intervals, small experimental perturbations are performed on the active set of weights
at that instant of time. After the perturbation is made, the impact of that modification is
evaluated by observing the change in the error metric over a duration of time which contains
many periods of the input disturbance. If the perturbation resulted in reduced power in the
error signal, the weight changes are made permanent. Otherwise, the weight changes are
eliminated by restoring the affected weights to their previous values. In this manner, the
CMAC weights are gradually adjusted in a manner which reduces the average power of the
error signal.

The error averaging filter is subject to conflicting constraints which can lead to a
significant implementation tradeoff. One important consideration is that the filter must be
designed to provide significant attenuation over the expected frequency range of the
disturbance. In particular, the residual ripple of the disturbance must be smaller than the
impact of a single experimental perturbation. If this is not the case, then the ripple will

interfere with the learning process. Additionally, it is generally desirable t¢ minimize the
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size of learning perturbations in order to improve the final accuracy of the solution. This
results in even tighter requirements on the residual filter ripple. The error averaging filter
is also subject to the opposing constraint of maximizing the speed of the transient response.
This is desirable since the transient response of the filter generally determines the maximum
rate at which consecutive experiments can be performed. As a result, a more rapid transient
response leads to the ability to perform experiments more rapidly and therefore leads to
more rapid convergence of the algorithm. These opposing constraints are best met by using a

low pass filter with a very sharp transition and significant attenuation in the stop band.

Reinforcement CMAC Algorithm: Let 7, specify the maximum settling
time of the error filter and let 5 represent the increment size parameter. Then,

the following steps describe the operation of the reinforcement learning CMAC

algorithm for disturbance cancellation.

1. Wait for a period of time, T, , chosen from a random uniform
distribution over the range [0,7,] where 7, should be chosen to be

similar to the period of the disturbances to be cancelled.
2. Store a pointer, P, to the set of referenced weights.

Update all referenced weights by an increment +7 where the sign is

chosen randomly.
4. Record error metric value, ¢, .
5. Wait time T, for effect of the change to be realized in the error signal.
6. Record new error metric value, ¢, .
7. If e, > €, Teset weights pointed to by P to their initial values, and

wait for period Tj.

8. Gotostepl.

Figure 4.10 — The Reinforcement CMAC Algorithm.

To provide an estimate of the required attenuation in the stop band of the error

averaging filter, consider the simplified case where the disturbance is a single sinusocid of
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unity amplitude and period one as shown in figure 4.11. The influence of a single weight
perturbation in the compensator cutput is approximated by the triangular region shown in
the figure. The amplitude of the experimental perturbation must be smaller than the
absolute error tolerance required at the CMAC output. In the present example, it is assumed
that a single experiment results in a triangular adjustment with an amplitude equal to 2% of
the disturbance signal and a duration equal to 2% of the disturbance period. As a result, the
total area of the perturbation is 200x10°. This area is the same area as created by a
sinusoid of period one and amplitude 314 x107°. Therefore, the disturbance signal must be
attenuated to an amplitude less than this in order for the impact of a single CMAC update to
be evaluated. In the present example, this translates into the requirement of 70.1 dB

attenuation at the frequency of the disturbance fundamental.

Disturbance
Signal

(4 -
o T \

Impact of a

single CMAC
Experiment

Figure 4.11 — Impact of a single experiment.

To demonstrate the basis functionality of this algorithm, simulations of the system
shown in figure 4.9 are presented. The disturbance signal is represented by a single sinusoid
of amplitude one and frequency 1 rad/s. The error averaging filter is implemented as a
fourth order Chebychev Type II digital filter. It has a corner frequency of 0.02
radians/sample and a designed stopband attenuation of 154 dB. The filter provides 84 dB
attenuation at the frequency of the disturbance fundamental (1 rad/s). The step response of
the filter settles within 10 cycies of the fundamental disturbance period and therefore this

value is used for the minimum time between experiments T,. The tapped delay line of the
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CMAC network has two taps with a delay of 1.5 seconds. The sampling rate of the filter and
CMAUC is set to 0.01 seconds. The generalization and quantization with used for the CMAC
are 100 and 0.05 respectively. In this system, the forward and secondary paths are

represented by the same continuous time rescnant second order system as given by (4.1).

B() = B() = 02

= e 4.1
st +10s + 625

Figure 4.12 depicts the averaged error signal for this system as a function of time.
The non-monotonic noise in the graph is the searching noise produced by the algorithm. The
convergence is quite slow since an experimental perturbation is only applied every ten cycles
of the disturbance signal. However these convergence rates are not unreasonable for may
disturbance cancellation applications where the disturbance changes only slowly over time
and the disturbance is of sufficiently high frequency. For example, in the case of a 10 kHz
acoustic disturbance cancellation system, the convergence time of this system would
correspond to approximately 2.1 seconds of training. Therefore, as long as the disturbance

source changed frequency much slower than this, the algorithm would be able to track it.

Error Metric

B N —

1 T 4 :
0 3,000 6,000 9000 12,000 15,000 18,000 21,000 24,000
Time (in cycles of the disturbance fundamental)

4 |

Figure 4.12 — Error signal for a typical simulation.

Figure 4.13 depicts a comparison of the disturbance source and the compensator

CMAC output after convergence has been achieved. Notice that since P,() = P,() the error

signal is zero if these two signals are equal in value. In this case, the two signals are so

similar that they can not be differentiated from one another on this graph.
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Figure 4.13 — Disturbance source (dashed line) versus cancellation signal (solid line).

The reinforcement learning algorithm can be viewed as a stochastic gradient descent
of the error surface. As a result, if there are local minima in the error surface, the algorithm
may not converge to zero error. Such an occurrence is common in the system of figure 4.9
and the presence and extent of the problem depends on the nature of the input signal and the
parameters of the CMAC. A typical demonstration of the local minima problem is shown in
the time domain waveforms of figure 4.14. In this case, the primary and secondary plant are
implemented as unity gains and therefore the error signal is equal to the difference between
the disturbance and the CMAC output. The CMAC output has converged to the point where
its output straddles the desired waveform but will converge no further given any amount of

additional training.

T T T T T T
Disturbance B
Signal

Error Signal

0.5

Amplitude
o

-0.5

cmac_—%
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Figure 4.14 — Iltustration of the local minima problem.

An intuitive explanation for this phenomenon is provided by the representative
drawing of figure 4.15 where the dashed line represents the desired output and the solid line

represents the actual CMAC output at some instant of time. Suppose an upward increment
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is made at the location indicated by arrow 1. This clearly would lead to the eventual optimal
solution. However, due to the generalization behavior of the CMAC, this increment produces
an increased output at points 2 and 3 as well. Often, the increase in error at points 2 and 3
will be more significant than the decrease in error at point 1. As a result the perturbation

will not be accepted even though it would have ultimately lead to a better overall solution.

Figure 4.15 — Representative drawing showing local minima problem.

One technique commonly utilized to elude local minima is to add noise to the
learning. This can be implemented in the reinforcement learning by occasionally keeping an
experiment even if the experiment was not beneficial. The drawback of this solution is that
it further slows the convergence of the network. Another possibility is to utilize multiple
CMAC networks of decreasing generalization width operating in parallel. As the
generalization of the CMAC is reduced, the periodicity and amplitude of the residual noise is
generally decreased. However, a CMAC with finer generalization width generally takes
longer to converge. By utilizing multiple CMAC networks with varied generalization, the
coarse generalization CMAC allows for rapid convergence for the bulk of the signal while the
fine generalization CMAC reduces the amplitude of the residual noise caused by the local
minima problem. Additionally, the residual noise can be shifted higher in frequency to the
point where it is filtered out by the secondary path.

A second refinement of the reinforcement learning CMAC algorithm is to utilize a
momentum term to speed the convergence rate. Specifically, the momentum term is

implemented by repeating successful experiments until that particular perturbation is no
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longer useful. Figure 4.16 depicts the result of adding the momentum learning to the

simulation of the previously described system.
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Figure 4.16 — Error metric with and without momentum learning.

4.4 Narrowband Cancellation using Recurrent Neural Networks

In section 2.3, it was shown that the time delay neural network could be configured
within a feedback loop in order to function as a nonlinear oscillator. It was also shown that
this capability can be viewed as an extension of the marginally stable IIR oscillator. In this
section, a recurrent CMAC network will be utilized for active disturbance cancellation in the
case of a narrowband periodic disturbance signal. A fundamental advantage of this approach
is that it allows cancellation to be attained using only the observed error signal. The basis

architecture to be considered is shown in figure 4.17.

+
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Figure 4.17 — Recurrent CMAC disturbance cancellation architecture.
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A periodic disturbance source denoted as the signal k] propagates through the
forward path represented by g¢() and f(). The recurrent CMAC compensator is

implemented using a time delay CMAC with a feedback loop consisting of a single delay
element. Cancellation of the feedforward disturbance is achieved by training the CMAC to
produce the limit cycle which produces an appropriate cancellation signal. Under the
assumption that the secondary path is represented by a linear gain or odd static
nonlinearity, the relatively simple adaptation algorithm of figure 4.18 is feasible. Since
there is no phase delay in the secondary path, the observed error signal, ¢[k], is proportional
to the error in the CMAC ocutput. As a result, the CMAC weight update can be performed
utilizing the observed error signal. The feedback loop filter represented by the Z domain
transfer function, I(z), improves convergence properties by attenuating high frequencies
induced by the CMAC learning. The filter must have low pass characteristics and the
bandwidth must be approximately equal to the upper frequency limit of the disturbance
signal. However, the precise nature of the filter response and its bandwidth are not critical

to convergence of the algorithm.
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Figure 4.18 —Recurrent NN cancellation for a static secondary path.

The simulation results of figures 4.19 and 4.20 attest to the basic functionality of the
recurrent neural network cancellation aigorithm. These results are for the simplified case of

a single tone disturbance source with all paths represented as unity gains. Thatis, f()=1,
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L) =1, and ¢()=1. The tapped delay line contains two taps and the CMAC parameters
are as follow: 10 ps sample rate, learning gain o = 0.01, generalization width 3 = 40, and

quantization width A =0.05. The feedback loop filter is implemented as a first order
continuous time transfer function with a single pole located at a frequency of 50 Hz. Figure

4.19 depicts the error signal, e[k], as a function of time for the simulation of the system of

figure 4.18. Adaptation of the CMAC compensator is enabled at time 0.1 seconds, after
which a rapid decrease in the error signal magnitude is apparent as the CMAC approximates
the limit cycle required to attain cancellation. The disturbance signal is comprised of a
single sinusoid of frequency 50 Hz and unity amplitude. At time 0.5 seconds in this
simulation the disturbance signal undergoes a step change in frequency to 100 Hz. As
result, the error signal increases momentarily and then is gradually reduced as the CMAC
adapts to the new limit cycle. This simulation demonstrates the basic convergence of the
algorithm and its ability to track changes in the disturbance signal. Additionally, it reveals
that the loop filter parameters are not critical since, in this case, the same loop filter provides

convergent adaptation of the CMAC at both disturbance frequencies.

Observed Error Signal
<

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time {s)

Figure 4.19 — Error Signal for the recurrent Neural Network Cancellation System.

Figure 4.20 depicts the original disturbance signal and the cancellation signal over a
small region of time about the transition in the disturbance frequency. Given the unity gain

nature of the signal paths, perfect cancellation occurs when these two wave forms are equal
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in value. This illustration shows the transient response as the recurrent CMAC adapts to

the new limit cycle required for the higher frequency disturbance.

1.5+ T ~
1 r— ﬁ =
o5l AN
©
9
2 op i
%
2
-0.5
B A
1.5 { i S
0.45 0.5 0.55

Time {s)

Figure 4.20 — Disturbance and cancellation signals near the frequency step.
Figure 4.21 depicts the trajectory of the CMAC input vector in the delayed coordinate
space for the same simulation. That is, z, and z, represent the CMAC inputs created by the

tapped delay line. The presence of two limit cycles corresponding to sinusoidal oscillations at

the two distinet disturbance frequencies is clearly visible.
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Figure 4.21 — Embedding space pointer trajectory.
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The stability of the limit cycle implemented by the recurrent CMAC is dependent
upon the nature of the trajectory and the CMAC parameters. However, the stability is also a
function of the rate of convergence during training. Consider the simulation result depicted
in figure 4.23. In this case, a two input recurrent CMAC is trained to produce a periodic
waveform which is the sum of two harmonically related sinusoids. Training is initiated at
time zero. In this simulation a relatively large learning gain (o = 0.2) was utilized. As a
result, the convergence is very rapid. At time 125 ms., the adaptation is disabled and it can
be seen that the CMAC output rapidly drifts away from the trained limit cycle. This shows
that the limit cycle is not very stable and continuous adaptation would be required to

maintain operation within the periodic orbit.

2 T i T T
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Figure 4.22 — Recurrent CMAC output (solid) and reference (dashed) for a learning gain of 0.2.
Figure 4.23 depicts the same simulation except for a reduction in learning gain to
a = 0.03. In this case, the same period of training results in a much more stable limit cycle
as evidenced by the fact that the CMAC output remains closely correlated to the reference
signal even after the CMAC adaptation is disabled at time 125 ms. This is a counterintuitive
outcome since it would be reasonable to expect that the higher learning gain should preduce

more rapid training and therefore result in a more stable limit cycle.
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Figure 4.23 — Recurrent CMAC output (solid) and reference (dashed) for a learning gain of 0.03.
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The explanation for this phenomenon is due to the different areas of the CMAC input
space which are visited in each case. Figure 4.24 depicts the input space trajectory of the
CMAC in the previous simulations. Figure 4.24a is for the case of the lower learning rate of
0.03 while figure 4.24b is for the higher learning gain of 0.2. Notice that the exercised region
of the map is greater in the case of the lower learning gain since there is more of a transient
response before the limit cycle is reached. As a result, the CMAC mapping is trained along a
wider region about the trajectories in this case. Therefore, slight perturbations from the
ideal trajectory will be corrected. In contrast, the faster adaptation rate results in training
only very close to the actual limit cycle. As a result, perturbations from the limit cycle can
result in inappropriate CMAC outputs due to a lack of training at nearby points. As a result,
slight perturbations can lead to a significant drift away from the limit cycle. More robust

training can also be provided through the utilization of additive noise during the adaptation

process.
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Figure 4.24 — Limit cycle trajectories for learning gain of 0.03 (a) and 0.2 (b).
In the general case where the secondary path has dynamical properties, the
recurrent CMAC algorithm can be combined with the Filtered-X CMAC or reduced Filtered-
X CMAC algorithms in order to provide convergent training. For example, figure 4.25

depicts the case of a secondary path which can be modeled by a linear dynamical system. In
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this case, a linear FIR filter is adapted to represent the characteristics of the secondary path.
The resultant model is then utilized to perform the reduced Filtered-X CMAC updates on the

recurrent CMAC compensator.
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Figure 4.25 — Recurrent CMAC cancellation using the reduced Filtered-X CMAC algorithm.

This approach requires a model of the secondary path dynamics and if such a model
exists, then it is also possible to provide cancellation via the regenerative techmnique
described in section 4.2. However, the recurrent CMAC approach has the advantage that a
relatively crude model of the secondary path can be utilized since it is only utilize to invert
the phase characteristics introduced in the error signal. In contrast, the secondary plant
model required in the regenerative approach must be a very precise model of the secondary
path in order to accurate estimate the exact value of the compensator contribution in the

error signal.
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CHAPTER 5

ACOUSTIC CANCELLATION LABORATORY

PLATFORM

5.1 Introduction

This chapter describes a practical implementation of the Reduced Filtered-X CMAC
algorithm on an acoustic duct laboratory model. The primary objective of this effort is to
confirm that the proposed algorithm can provide effective performance even when subject to
the constraints of a physical implementation. In typical active disturbance cancellation
applications, these constraints include: limited computation time, limited precision math
operations, limited sensor ranges, sensor noise, and the presence of unexpected higher order
vibrational modes. As in any acoustic cancellation problem, the efficacy of the solution
depends in large part on the nature of the acoustic environment. In the case of an ideal
cylindrical duct it will be shown in section 5.2 that there is a fundamental cut-on frequency
below which the duct is only able to sustain a fundamental mode. The fundamental mode is
characterized by equipressure across the duct cross-section and therefore fundamental mode
disturbances can be attenuated using a single speaker source. The present model considers
only the case of fundamental mode cancellation and the disturbance signal is limited in
frequency to ensure that higher order modes are not excited.

An additional outcome in development of the experimental model was the generation
of several refinements to the algorithm in order to make it more amenable to hardware
implementation. These modifications include a linear variant of the algorithm introduced in

section 5.3 and the use of partial updates to reduce the computational overhead as described
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in section 5.2, A detailed description of the actual hardware implementation and an

evaluation of the cancellation performance is provided in section 5.4.

5.2 Cylindrical Duct Acoustics

In order to understand the capabilities and limitations of single source active noise
cancellation in a cylindrical duct, it is necessary to have a basic understanding of the
behavior of acoustical disturbances in such an environment. For that reason, this section
reviews the fundamentals of acoustics in cylindrical ducts, focusing primarily on deriving the
modal responses of such systems and the cut-on frequencies associated with the higher order
acoustic modes.

An acoustic disturbance, or sound, is simply a minute fluctuation in air pressure
superimposed on the much greater background atmospheric pressure. When such a
disturbance is created in free space it travels outward in spherical wavefronts at a speed of
approximately 350 meters per second, although the exact velocity varies with temperature
and relative humidity. Air is unable to support a transverse wave due to insufficient binding
force between air molecules and therefore sound waves propagate as longitudinal
disturbances with alternating regions of rarefaction (regions of lower than background
pressure) and compression (regions with greater than background pressure). Acoustical
waves are completely specified by a single scalar function representing the differential air
pressure as a function of space and time as given in equation (5.1). The pressure distribution
must obey the scalar wave equation or Helmholtz equation given in (5.2) in addition to any

boundary conditions applicable to the region under study.

»(z,y,21) (5.1)

Vzp(:B’ya Z’ t) =

1 8 p(z,y,2,t
19peyzY 5.2)

c ot
In this section, the propagation of sound waves in a cylindrical duct of radius @ and
infinite length will be considered. The derivation wiil utilize the cylindrical coordinate

system depicted in figure 5.1. The speed of sound, ¢, is taken to be uniform and only time
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harmonic solutions to the wave equation are considered. It is assumed that the walls are

perfectly rigid and the effect of friction along the walls is neglected.

Figure 5.1 — Acoustic duct in cylindrical coordinate system.

The time varying distribution of pressure within the cylindrical duct is found via
solution of the scalar wave equation given in (5.2). For the special case of time harmonic
solutions the wave equation reduces to the expression given in (5.3). Additionally, given the
cylindrical geometry of the problem, it is natural to express the Laplacian in cylindrical
coordinates which produces the Helmholtz equation given in equation (5.4). Finally, care
must be taken to enforce the boundary conditions presented by the duct walls on the solution

of this partial differential equation.
Vip+uwip =0 (5.3)

&p &p 10p 10p
- —_— — i _.]... e = 0 5.4
ozt art  ror 1 08 twp (5.4)

Analytical solution of this partial differential equation can be obtained using the
separation of variables technique to yield the complete solution given in equations (5.5) [94].

The solution is time harmonic as assumed and has radial variation in the form of a varying

order Bessel function of the first kind. The constants « k_ are specified by the boundary

my 2
conditions and frequency of the harmonic solution while the parameters m and p are

integers related to particular modes where m = 0,1,2,--- and = 0,12,

p(:c, 7 6) = AJ, [M‘] COS(ma)e‘jkﬂejm 5.5)
a
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The present analysis assumes an infinitely long duct and therefore the only boundary
condition in effect is that presented by the cylindrical duct wall. This boundary condition
requires that the radial partial derivative of the pressure go to zero at the duct radius as
given by equation (5.6) [14].

Op
a1 = I (e,,)=0 (5.6)

r=g

In order to satisfy this boundary condition, o, must be chosen as the pth root of

the derivative of the Bessel function of the first kind and order m. These roots can be

numerically computed and are given in table 5.2 for several lower order modes.

m=20 m=1 m=72
H= 0 1.84 3.05
= 3.83 5.33 6.71
n= 7.02 8.54 9.97

Figure 5.2 —Roots a,,, of J) ().

The wave number in the direction of propagation is given by equation (5.7) which can
be found by substituting the solution (5.5) into the wave equation (5.4). If the wave number

is real for a given frequency w and mode m,u then the respective mode will be able to

propagate. If the wave number is imaginary, the solution will be an evanescent wave which

will decay rapidly.

N -y [ﬂ] —[%—} 5.7)

c a

The frequency above which a given mode will sustain a prepagating wave front is

known as the cut-on frequency of the mode. The cut-on frequency can be determined from

solution of equation (5.7) with k =0 given that this is the boundary at which the wave

number transitions from real to imaginary. This results in equation (5.8) for the cut-on

frequency f, in Hertz.
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fo=—" (5.8)

Ira

It is common to refer to the various possible modes by the designation P, .- Notice

that the mode number m indicates the number of half wavelengths contained in the
circumference of the duct while both wave numbers help specify the more complicated

behavior of the wave in the radial direction. The fundamental duct mode is the plane wave
mode F,. Notice that ¢, =0 and therefore the cut-on frequency for this mode is zero
indicating that any frequency acoustic wave can be propagated in this mode. Spatially, this

mode represents equipressure wave fronts across the duct cross section and time harmonic

traveling waves in the x direction.

m=0 m=1 m=2
pu=0 0Hz 2.02 kHz 3.34kHz
=1 4.20 kHz 5.85 kHz 7.36 kHz
u=2 7.70 Khz 9.36 kHz 10.93 kHz

Figure 5.3 — Cut-on Frequencies for Lower Order Duct Modes.

Cut-on frequencies for several of the lower order cylindrical duct modes are presented

in figure 5.3. The first higher order mode is F,, which begins propagation at about 2 kHz.

This mode is characterized by having no pressure variation in the theta direction but
variation in the radial direction. In order to visualize the pressure distribution for the
different possible modes, consider the plane cross section of the duct shown in figure 5.4.
Pigures 5.5 — 5.7 depict the pressure distribution on this cross section as surfaces where the
height of the surface represents the differential pressure. Notice that for the plane wave the
pressure is uniform across the duct and represents a traveling wave in the x direction. For

higher order modes, there is substantial variation in the pressure across the duct.
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Figure 5.4 — Planar cross section of duct.

Figure 5.5 depicts the pressure distribution associated with the fundamental mode of
the duct. Notice that the pressure is uniform across the duct and varies sinusoidal in the
direction of travel. To a first order approximation, a speaker located inside the duct with a
diameter approximately equal to the duct diameter will produce a uniform pressure
disturbance across the duct cross-section. Additionally, the uniformity of the pressure
distribution means that a single sensor located anywhere across the duct cross-section is

adequate for sensing the error signal.
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Figure 5.5— Plane wave (Poo mode) pressure distribution.
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Figure 5.6 — Mode Po1 pressure distribution.

Figures 5.6 and 5.7 depict the pressure distribution associated with two higher order
duct modes. Notice that in both of these cases, the pressure is not uniform across the duct
cross-section. In general, cancellation of these higher order modes requires an additional
cancellation source per mode in a location that is not located near a null of the mode to be

cancelled.
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Figure 5.7— Mode P pressure distribution.
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5.3 Partial Updates in the Reduced Filtered-X CMAC Algorithm

One of the fundamental limiting factors in realtime disturbance cancellation
implementations is the computational overhead of the algorithm. Even though the
computational overhead of the Filtered-X CMAC algorithm is modest in comparison to other
approaches, it is still a limiting factor at high frequencies as well as in the case of high order
compensators and secondary path models. For example, in the duct system described in
section 5.4, the secondary path FIR filter is required to have 500 taps in order to adequately
model the time delay and resonant structure of the secondary acoustic path. Consequently,
this results in the storage of 500 delayed sets of CMAC pointers and requires the updating of
500 sets of CMAC weights on each control cycle as can be seen from the Reduced Filtered-X

CMAC weight update shown in (5.9). This represents a substantial computational burden.

wik + 1] = wlk] + % e[k]§ balk — 4] (5.9

=0

At the expense of reducing the convergence rate of the algorithm, the computational
burden per control cycle can be reduced by performing only a subset of the weight updates on
each cycle. Such partial update algorithms are commonly utilized to reduce the overhead of
LMS coefficient updates in high order FIR filters as described in section 1.5. The
differentiating factoring in the different partial update algorithms is the means by which the
subset of weights to be updated is chosen. In the remainder of this section, three different
partial update algorithms will be considered. The first two are inspired by commonly
utilized approaches in adaptive FIR filters. It will be shown that these are generally not
appropriate for use with the Filtered-X CMAC algorithm. Finally, a random partial update
algorithm is proposed which is effective even in the case where the error signal is highly
correlated with the update pointer.

The first partial update technigue is given in equations (5.10) and (5.11). This
algorithm is based on the sequential LMS partial update method described in section 1.5.

On each iteration, a single delayed set of weights is updated using the appropriate secondary
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path filter coefficient and the current observed error. The index of the weight set to be
updated is incremented on each discrete time step so that the algorithm linearly cycles

through a single Filtered-X CMAC update in M iterations.

wik + 1] = wlk] + aelklb,, alk — i[k]] (5.10)
. qk+1 ik < M -1
ik +1) = 0 otherwise (511

Simulation and laboratory experiments reveal that this approach often resulis in
undesirable performance. In particular, this partial update technique can lead to instability
in cases where the standard update algorithm is stable. Additionally, in many cases this
update technique results in extremely slow rates of convergence. These problems occur due

to correlation between the error signal and the pointer update signal ik]. As a result, the

problems are most noticeable when the period of the pointer update signal is comparable to
the fundamental period of the error signal. This in turn depends on the length of the
secondary filter, the update rate, and the nature of the error signal. To illustrate the
problem, consider the extreme case where the disturbance is a single tone with a period that
happens to be exactly equal to the length of the secondary path impulse response. In this

case, the pointer update ik} will be exactly synchronized with the error signal. As a result,

each set of lagged values will only ever get updated with a single value of the error signal.
A second method which is based on the periodic update LLMS algorithm is shown in
equations (5.12)-(5.14). In this case, the error signal is subsampled at the rate of the entire

filter update and each value of the subsampled error signal is used to update the entire set of

weights.
elk] if K%M =0
elb+1= e, k] otherwise (5.12)
wik +1] = wik] + ae,[klby,alk — ik]] (5.13)
K] = k%M (5.14)
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In the case where the subsampled error signal has similar properties to the original
error signal, then this algorithm will have stability requirements which are the same as the
full algorithm. For example, if the filter is fed by a white noise source, this might be a good
approximation. However, in the Filtered-X CMAC algorithm, the error signal is often highly
periodic and therefore, the subsampled version of the error signal can have much different
properties than the full signal. Thus, this algorithm also suffers from the problem of
correlation between the updating and the error signal.

Due to the problems with the traditional approaches to partial updates, the
recommended partial update algorithm for use with the Filtered-X CMAC algorithm is given
in equations (5.15) and (5.16).

i{k] = random selection from {0,1,---,M —1} (5.15)
wik +1] = wlk] + aelkp,,alk — ik]] (5.16)

In this case, the index of the weight to be updated is selected randomly on each
iteration. As a result, every value of the error signal is utilized and given the random
selection process, each set of delayed pointers will on average get trained utilizing values of
the error signal evenly distributed across the period. As shown in (5.15) and (5.16), the
algorithm provides the largest possible decrease in computations by performing only a single
update per cycle. However, in general, any desired number of updates could be made per
cycle thus allowing a tradeoff between computational overhead and rate of convergence.

Figure 5.8 provides a comparison of the convergence rate of the Filtered-X CMAC
algorithm for different size updates using the random partial update algorithm. Each trace
shows the average power in the error signal as a function of time. The parameter R indicates
the number of randomly selected weights which are updated on each interval. These results
are from simulation with a resonant secondary path modeled by a 300 tap FIR filter and a
300 Hz sinusocidal disturbance signal. Notice that the time required to reach a certain error
threshold is inversely proportional to the number of pointer sets updated at each cycle. For

example, with B=150, the algorithm requires 0.5 seconds to converge to less than 0.001. In
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comparison, with R=50, the algorithm takes 1.3 seconds which is approximately three times

longer.

0
10

10

107

Average Power

Standard
Algorithm

0.5 1 1.5 2 2.5 3
Time (seconds)

Figure 5.8 — Convergence rate versus partial update size.

5.4 The Linear Filtered-X CMAC Algorithm

In chapter two, it was shown that the complexity of a linear model can be reduced by
utilizing a narrowband approximation which is accurate only over a limited range of
frequencies. In the case of a single sinusoid, a suitable model at any given frequency is
simply a two input FIR filter. Analogously, in the case of a time delay CMAC, a two input
Time Delay CMAC can represent a mapping between two periodic signals given that certain
conditions on the input are met. This capability is well suited for narrowband cancellation
since in such cases the models are only required to be accurate over a small range of
frequencies. In such cases, the time delay CMAC has a single closed orbit trajectory in its
input space as represented by figure 59. For a time invariant input, the CMAC is
constrained to this trajectory. As a result, the input space can be represented as a single

dimension thereby permitting the use of a single input CMAC for a compensator.

178

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CMAC —

Figure 5.9 — Typical input space trajectory.

This reduction in the input space dimension can be accomplished via the technique
demonstrated in figure 5.10. Figure 5.10a depicts a typical periodic input signal and its
corresponding input space trajectory. Suppose a repetitive ramp waveform can be generated
from the disturbance signal as shown in figure 5.10b. It is assumed that this sawtooth
waveform is synchronized to the fundamental period of the actual disturbance signal. For
example, such a waveform can be easily generated from a synchronization pulse provided by
a tachometer. The sawtooth waveform can be used as input to a single dimension CMAC as
shown. As a result, an entire period of the disturbance signal is mapped into a single pass

through the one dimensional CMAC input space.
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Figure 5.10 — Two and One dimensional input space trajectories.
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Figure 5.11 depicts a possible hardware implementation of the linear Reduced
Filtered-X CMAC algorithm. A synchronization pulse is provided by the disturbance source.

This pulse is used to reset an integrator which produces a repetitive ramp, r(t), that is phase

locked to the disturbance signal. Meanwhile, a counter generates an estimate of the

disturbance signal period which is then used to normalize the ramp signal. As a result, u(f)

represents a fixed amplitude sawtooth waveform independent of the period of the input
signal. This provides two advantages. First, this allows for full utilization of the CMAC
input space at all disturbance frequencies. Second, this allows the generalization to scale
with the period of the input signal. Specifically, the generalization width remains a constant

percentage of the disturbance period even as the frequency of the signal varies.

My = R
51
[+3
=4
st
|
L 0 u(?) al
L ___ b T ™A AB & CMAC B, (s)
T— Reset -
|
| FE B ( B(s) >
t- TLaten L Filtered-X
: f Weight Update
| [ A coefficients
R Counter
" Reset C i
it

Figure 5.11 — The linear Filtered-X CMAC Algorithm.

There are several advantages of the linear CMAC algorithm described in this section.
First, the reduced dimension of the CMAC compensator leads to decreased memory
requirements and reduced computational overhead. Second, this technique eliminates the
need to choose an appropriate delay for the tapped delay line in order to ensure an
appropriate input space trajectory under various conditions. Additionally, this approach
does not require an actual estimate of the reference input, but only a digital start-of-period

pulse, as could be produced by a tachometer. Additionally, this approach does not allow for
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interference produced by nearby trajectories. Finally, this technique provides for a
generalization width which automatically scales with the period of the disturbance.

However, there are disadvantages associated with this technigue as well. First, it is
only applicable to the case of periodic input to periodic output relationship. Additionally, the
CMAC must be retrained for any change in the relationship. Finally, the end points have
slightly different generalization effects then the rest of the network (i.e. there is no
generalization from the end of the cycle to the beginning of the cycle). However, this effect

can be eliminated through use of a circular CMAC structure.

5.5 Implementation Details and Results

This section presents results for application of the Reduced Filtered-X CMAC
algorithm to an acoustic duct laboratory model. This experimental platform is intended to
validate the basic functionality of the algorithm in the presence of practical limitations
presented by a realistic physical setting. Some common non-ideal features include
quantization effects, limited sensor range and resolution, limited computational capability,
and the presence of higher order dynamics. The results presented in this section reveal that
the Filtered-X CMAC algorithm is capable of providing substantial levels of attenuation even
in the presence of such factors.

The laboratory system used in this research is shown in the block diagram of figure
5.12. The duct is constructed from Schedule 40 PVC pipe with an inner diameter of four
inches. A midrange four inch polypropylene cone 40 Watt speaker is utilized to generate the
disturbance signal in one branch of the duct work while a second speaker of the same type is
utilized as the cancellation actuator. The speakers have a frequency response of
approximately 85 Hz to 10 kHz and have a significant resonance located at approximately
130 Hz. A wide bandwidth uni-directional condenser microphone element is used as the
error sensor and is located at the center of the duct cross-section. The microphone has a

sensitivity of -64 dB and a typical frequency response of 30 Hz to 10 kHz.
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Figure 5.12 - Block Diagram of Experimental Acoustic Environment.

The signal processing hardware is designed to restrict the frequency of the
disturbance and cancellation signals such that only the fundamental acoustic mode can be
excited. To accomplish this goal, both of these signal paths are filtered utilizing fourth order
active analog Bessel filters with a cut-off frequency of 600 Hz. The cancellation signal is
generated using a 16 bit Digital to Analog converter with a maximum sample rate of 150 k
samples per second. The cancellation and disturbance speaker are driven using high power
operational amplifiers with maximum output current of 2 amps and a gain-bandwidth

product of 1.4 Mhz. The error microphone signal is AC coupled and amplified by gain G, . A

fourth order low pass Bessel filter is utilized as an anti-aliasing filter. The amplified error

signal is converted to the digital domain using a 16 bit successive approximation analog to
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digital converter. The high resolution of this converter eliminates the need for an automatic
gain control on the error signal.

The control algorithm is implemented on the Texas Instruments Digital Signal
Processor (DSP) TMS320C6711. The ‘C6711 is a floating point processor with a clock rate of
150 Mhz in this application circuit. However, it superscalar architecture allows for
simultaneous execution of up to eight instructions in a single clock period. As a result, under
ideal circumstances, the ‘C6711 can operate at 1200 MIPS. The ‘C6711 variant used in this
research has 72 kB of on-chip memory which can be allocated to serve either as cache or
RAM. Additionally, the DSP is interfaced to an external synchronous dynamic RAM with 16
megabytes capacity. The on-chip memory has an access time of one to four CPU clocks
depending on whether it is located in the level 1 or level 2 cache memory. However, the
external memory can have up to a 16 clock cycle latency for single address accesses. This
overhead is a significant consideration in implementation of the memory intensive CMAC
algorithm.

The results presented in this section pertain to the linear Reduced Filtered-X CMAC
algorithm as aescﬁbed in section 5.4. This variant of the Filtered-X CMAC algorithm is
designed solely for cancellation of periodic disturbance signals. In this experimental
platform the periodic disturbance is generated by an arbitrary waveform generator which is
controlled by a PC through a GPIB interface. The only reference signal provided to the DSP
is a synchronization puise which is phase locked to the fundamental of the disturbance
signal. In practical applications, such a signal is often generated by a tachometer on a piece
of rotational equipment.

Figure 5.13 depicts the interrupt based execution flow of the algorithm as
implemented in the DSP. The implementation is based on the single dimension version of
the Filtered-X CMAC algorithm as described in section 5.4. In this case, the compensator
input is a ramp which is generated by an integrator. The integrator update loop increments

the integrator on 10 ps intervals while the integrator reset loop resets the integrator in
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response to receiving a synchronization pulse. The control loop is timer initiated at a 100 ms
period. The majority of the algorithm is performed in this loop and as a result, this execution
thread occupies most of the DSP execution time. The interrupt priorities are established
such that all other interrupts are capable of interrupting the control loop. During normal
operation, the control loop performs all of the functionality necessary to create the
cancellation signal and to update the CMAC compensator. During initialization, the control
loop drives the cancellation speaker with a random noise sequence and performs
identification of the linear FIR secondary path model. In this implementation, the secondary
path is represented by a 500% order FIR filter. This filter length allows the modeling of an
impulse response of 50 ms duration. In this application, the measured transient response is

approximately 42 ms.

High Priority Timer Interrupt
10 us Intervals

A

Integrator
Update Loop

Synch Pulse External Interrupt
High Priority

4

Integrator Reset
Loop

Integrator |

Low Priority Timer interrupt
100 ms Intervals

Control Loop

Reads ADC
value from error
microphone,
computes
CMAC
compensator
output, and
trains CMAC.

Figure 5.13 — Execution loops in the DSP implementation.

Figure 5.14 depicts the cancellation performance of the system as a function of

frequency. In this experiment, the disturbance signal is a single sinusoid which was swept in

184

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



frequency from 50 Hz to 800 Hz. At each frequency, a 100 ms pause was implemented to
allow the CMAC to converge and the average power at each frequency was recorded. This
experiment was repeated with the cancellation algorithm disabled. Comparison of the two
plots indicates that the algorithm provides over 30 dB attenuation over most of the frequency
range. The low frequency resonant peak in the uncancelled power spectrum is produced by
the speaker resonance and the gain roll-off above 600 Hz is due to the presence of the low

pass filter in the disturbance signal path.
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Figure 5.14 — Power Spectrum with and without cancellation enabled.

One principle advantage of the Time Delay CMAC compensator is its ability to
provide cancellation in nonlinear systems. This capability is demonstrated by the present
system given that the disturbance signal can be chosen such that it is nonlinearly related to
the reference signal. In practical applications, this situation often occurs when the
disturbance source contains harmonics of some fundamental frequency and yet the

harmonics are not represented in the reference signal. To illustrate the performance of the

185

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



present system in this case, the external disturbance was configured as a square wave as
shown in figure 5.15. The presence of ringing in this signal is a result of the low pass filter in
the disturbance signal path which eliminates some of the high frequency content of the
square wave. In this figure, the compensator is disabled and therefore the cancellation
signal is zero. The resultant error signal as measured by the error microphone is depicted in

the bottom trace.
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Figure 5.15 — Cancellation for a nonlinear disturbance signal.

Figure 5.16 depicts the same set of signals as shown in figure 5.15 after the CMAC
compensator has been enabled and given sufficient time to converge. Notice that the error
signal has been reduced to near zero indicating that the compensator output is producing an

appropriate cancellation signal. In particular, this reveals that the compensator is producing
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energy at frequencies which are not present in its input signal. This particular example is

for the case of a square wave with frequency 100Hz.
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Figure 5.16 — Cancellation for a nonlinear disturbance signal.
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CHAPTER 6

IMPLEMENTATION ISSUES

6.1 Introduction

This concluding chapter addresses several topics of concern to practical
implementation of the CMAC compensator in active disturbance cancellation systems. To
that end, section 6.2 provides an estimate of the computational requirements of the
algorithm. This topic is of particular importance since the computational efficiency is the
key factor in determining the upper operating frequency for the algorithm. The presented
results indicate that the time delay CMAC compensator requires only marginally greater
computation per control cycle then the conventional adaptive linear technigues.

In the development of the Filtered-X CMAC algorithms, it was assumed that a
secondary path model was developed off-line prior to use of the CMAC compensator. Since
the precision required of the secondary path model is quite minimal, this approach is
suitable for most systems. However, in cases where there is great temporal variation in the
secondary path, a means for continuously adapting the secondary path model during
operation must be utilized. In the case of linear adaptive cancellation, several techniques for
continuous secondary path modeling have been developed. In section 6.3, these techniques
are reviewed in order to consider their applicability in the case of a time delay CMAC
compensator.

The time delay CMAC compensator was developed in the context of single input,
single output systems. However, in many practical problems, effective cancellation requires

the use of multiple actuators. For example, in the case of acoustic cancellation within a
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cavity, at least one additional cancellation source will be required for each modal response to
be attenuated. In addition, it is often necessary to minimize the disturbance at an array of
error sensors rather than at a single location. Therefore, most practical disturbance
cancellation systems utilize an array of cancellation sources and minimize the error over a
set of error sensors. In general, it is possible for any cancellation source to influence any
error sensor. In section 6.4, a multi-channel extension of the Reduced Filtered-X CMAC

algorithm is presented which is suitable for such applications.

6.2 Computational Requirements of the Filtered-X CMAC Algorithms

The computational overhead associated with the CMAC neural network can be
divided into that required by three separate tasks: active weight addressing, output
calculation, and weight updating. Referring to the binary CMAC algorithm described in
section 2.2, the active weight addressing requires the computation of 7 indices. It is
assumed that the coarse-coding is performed via dedicated hardware and therefore, each
index is created via a single subtraction and division as shown in equation (2.3). Often, the
division is performed using a binary right shift operation, but in the present derivation it will
be considered as an additional computation. It is assumed that the floor operation in (2.3)
occurs intrinsically within the integer divide operation and therefore does not require a
separate operation. Therefore, for a CMAC with T inputs and generalization 3, the weight
addressing operation requires 207 computations. The output calculation involves a
summation of the § active weights which requires 7 —1 operations. Finally, the standard
CMAC error-based weight update requires a single multiplication and addition per weight
resulting in a total of 23 operations. Often, the learning gain is implemented as a binary
shift operation to reduce the computational overhead, but will be considered here as a
separate multiplication operation. Figure 5.1 provides a summary of the computational

requirements for the binary CMAC algorithm.
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Operation Computations
Active Weight Computation 26T
Output Calculation p-1
Weight Updates 28

Figure 6.1 —~ Computational requirements of the CMAC algorithm.

In the Filtered-X CMAC algorithm, there are two separate time delay CMAC
networks. One is used as the compensator while the other models the secondary path. Let
N represent the number of inputs o the compensator network and M represent the number
of inputs to the secondary path model. The compensator weights are updated via the
Filtered-X CMAC weight update which is repeated in (6.1).

wik +1] = wik] + %6[1:]%2—1 V.alk —1] (6.1

The secondary path gradients, V,, are numerically estimated using the secondary
path CMAC. The simplest method for attaining these estimates is via the single sided
estimate given in (6.2). In this equation, f,. () represents the recall operation of the
secondary path model CMAC and y,, represents the present input vector to the secondary
path with a perturbation Ay applied to the 7 th element. Since the perturbation magnitude
Ay is constant, a division operation is not required since this can be merged into the
learning gain.

V. = f;zma,c (yAi) _ f;mac(y)

3 ~ ©6.2)

From equation (6.2), computation of each gradient requires two evaluations of the
secondary path model CMAC. However, one evaluation is common to the entire set of
gradients. Therefore, computation of all M gradients requires M +1 evaluations of the
secondary path CMAC in addition to M subtraction operations. Using the results from
figure 6.1, the total computational requirement for calculation of the gradients is given in

(6.3).
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M+(M+1D)Q28M+8-~1)=28M" +38M + -1 6.3)
Computation of the current compensator output simply requires a standard CMAC
output calculation comprising 28N + (3 —1) computations. It is assumed that past values of

the weight selection vector are stored in a tapped delay line and therefore do not require

additional computation. As a result, the compensator weight updates requires 2M{ +1
operations. The additional operation is the multiplication of the error signal, €k], by the

learning gain which needs to be performed only a single time since that term is common to
all weight updates. The total computational requirements of the algorithm are given in
figure 6.2. Notice that the total requirements of the algorithm are proportional to the
generalization width and also increase with the square of the input dimension of the

secondary plant model.

Operation Computations
Gradient Calculations 28M* +38M + 3 -1
Compensator Addressing 26N
Compensator Qutput p-1
Weight Updates 2MB +1
Total 28M* +58M +28N +28~1

Figure 6.2 — Computational requirements of the Filtered-X CMAC algorithm.

The Reduced Filtered-X CMAC algorithm utilizes an FIR model of the secondary
path. The computational overhead is similar to the standard Filtered-X CMAC algorithm
except that the gradient calculations are not necessary. . This is due to the fact that the
gradients are simply equal to the coefficients of the secondary path model and therefore
require no additional computation. As a result, the total computation for the reduced
Filtered-X CMAC salgorithm are given in Figure 6.3. Notice that the reduced variant of the

algorithm has substantially less computational overhead than the full version. In particular
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this is the case for long secondary paths since the computational in the reduced algorithm

only increases linearly with this dimension.

Operation Computations
Compensator Addressing 26N
Compensator OQutput B-1
Weight Updates 2Mp+1
Total 28M + 206N + B

Figure 6.3 — Computational requirements of the Reduced Filtered-X CMAC algorithm.

To provide a context for these results, it is instructive to compute the corresponding
computational cost of the Filtered-X LMS algorithm. Consider the analogous case where the
secondary path filter has M coefficients and the linear compensator has N coefficients. The
compensator output is simply an FIR computation requiring 2N operations. The weight
updates are performed using the standard LMS update (2N operations) using a filtered
version of the input signal. The filtering is performed via the secondary path model which
requires an additional 2M computations. The total number of computations for the Filtered-
X LMS algorithm is tabulated in figure 6.3. Thus, the computational cost of the Reduced

Filtered-X CMAC algorithm is approximately a factor of § greater then the conventional
Filtered-X LMS algorithm. In the limit as g — 1, the computational requirements of the

Reduced Filtered-X CMAC algorithm are on the same order of magnitude as the Filtered-X

LMS algorithm.
Operation Computations
Compensator Output 2N
LMS Weight Updates 2N
Secondary Path Filter OQutput 2M
Total 2M + 4N

Figure 6.4 — Computational requirements of the Filtered-X LMS algorithm.
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6.3 Continuous Secondary Path Adaptation

In the CMAC active disturbance cancellation algorithms presented previously in
chapters three and four, it was assumed that a model of the secondary path was trained off-
line prior to activation of the cancellation algorithm. Given that the accuracy requirements
of the secondary path are not critical, this methodology is appropriate in many practical
applications. For example, typical results for the Filtered-X LMS algorithm indicate that the
secondary path model can have up to 90 degrees of phase error and the algorithm remains
convergent [62]. Additionally, in the majority of applications, there is more flexibility in the
design of the cancellation path than in the forward path and the physical environment can be
designed so as to reduce the time variability of the secondary path. In some applications, it
is also possible to provide occasional updates to the secondary path model in order to
accommodate long term changes in the environment. For example, a cancellation system can
be designed to provide identification of the secondary path on each initialization. However,
there are other applications in which the secondary path can vary drastically during
operation and the only feasible solution is for the secondary path to be adapted during
cancellation in order to track these changes and maintain stability of the algorithm. In the
case of a linear adaptive compensator, several techniques to accomplish this have been
developed [62]. In this section, a brief overview of the most popular approaches is presented
and the applicability of each to the Filtered-X CMAC algorithm is addressed.

Consider the standard feedforward cancellation architecture depicted in figure 6.5.

Off-line adaptation of the secondary path model, F(z), requires only a straightforward

application of linear system identification techniques. In particular, it is assumed that the

disturbance is not present, and therefore dfk]=0. Additionally, it is assumed that the
compensator, C(z), is disabled and has zero output. A whife noise source, represented by
N(z), is used as excitation for the secondary path. It is important that this excitation have

spectral content which extends over the entire frequency range over which cancellation is to
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be required. Since the disturbance signal is zero, the error signal, k], provides a measure of

the error in the secondary path model. As a result, this error signal can be utilized directly

to provide LMS adaptation of the secondary path model.

D | ¥(2) Ll s P(2) d[k]
ol
K+ ]
cr P S k]
+
ud
White Noi nlk] "
Slot')eurczlse N(z) > £(2)

( &k

Figure 6.5 — Off-line adaptation of the secondary path model.

This algorithm is not well suited for continuous adaptation of the secondary path due
to the fact that during cancellation the assumptions of zero disturbance and zero
compensator output are obviously invalid. Furthermore, the compensator and disturbance
signals will generally have magnitudes that are much larger then the white noise source in
order to ensure that the identification noise source contributes little to the overall error. In
terms of the secondary path identification, the disturbance signal represents a measurement
error in the output of the secondary path. If this additive error is uncorrelated with the
secondary path input, the secondary path model can still be adapted to the optimal solution
in a statistically average sense. However, in this architecture, the disturbance is always
highly correlated with the secondary path input whenever effective cancellation is achieved.
In fact, if the error signal has been driven to zero for completely cancellation, the disturbance
and cancellation signals are directly related by the secondary path transfer function. In this
case, the secondary path appears to take an input signal and produce zero output from the
perspective of the adaptation algorithm. This is obviously not at all indicative of the actual
characteristics of the secondary path. This problem generally renders the use of this

algorithm inadequate for continuous on-line adaptation of the secondary path.
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In acoustic cancellation applications, on-line adaptation of the secondary path can be
achieved using the third sensor method illustrated in figure 6.6 [62]. This approach is only
applicable in cases where the secondary path can be divided into two segments. The first is
represented by a static model while the second is modeled by a continuously adapted filter.
As its name implies, this method requires an additional sensor located at the summing
junction as marked by an asterisk in figure 6.6. The secondary path model is a series
connection of two separate transfer functions, P(z) and P(z). The first transfer function,
P,(2), models the cancellation actuator, the transmission path to the third sensor, and the
dynamics of the third sensor. This portion of the secondary path is modeled off-line using the
previously described approach and is then held constant during cancellation. The second
portion of the cancellation path model, P,(z), represents the transmission path from the
third sensor to the error sensor and the dynamics associated with the error sensor. This
portion of the secondary path is adapted continuously during operation. Notice that there is
no correlated disturbance associated with continuous adaptation of P,(z) since, in this case,
the disturbance is added at the input to the model rather than the output. The third sensor
method is most applicable to cases with long secondary paths in which case, the time

variability of the secondary path can be substantially reduced by using an adaptive model for

the majority of the signal path.

Disturbance
Source

V(2

Figure 6.6 — Three sensor algorithm for on-line secondary path modeling.
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The primary disadvantages of the third sensor method are its inability to provide

continuous adaptation of the entire secondary path and its requirement of an additional
sensor. Additionally, notice that the excitation signal used in adapting ﬁz‘(z) is dependent

upon the nature of the disturbance signal and the forward path dynamics. For example, in a
linear system with a single tone disturbance, this excitation source will be a single sinusoid
as well. As a result, the secondary path model will be narrowband and will require
additional adaptation to function at other frequencies. Additionally, the minimal spectral
content generally dictates use of the leaky LMS algorithm in order to maintain stability of
the coefficient updates.

It is possible to utilize the third sensor method for continuous adaptation with the

Reduced Filtered-X CMAC algorithm. Let p, Vi€ {0,1,---,P —1} represent the coefficients of
the continuously adapted portion of the secondary path and let b Vie{0,1,---,L—1}

represent the coefficients of the static portion of the secondary path. With these definitions,

the compensator output, z{k], can be represented by the sequential filtering operation given

in equation (6.4) where y[k] represents the output of the compensator.

!

-1 L-1

2k] = Z b ylk —n —mj (6.4)

n=0 m=0

fl
=)

From (6.4), the gradients through the complete secondary path model can be

calculated with the result shown in equation (6.5).

az{k] min{P-1,:}
= T = pnbi—n (6'5)
Aylk —1] ;

V. [#]
Using the gradients given in (6.5), the reduced Filtered-X CMAC weight update rule

for use with the third sensor method is given in equation (6.6).

wik +1] = wk] + né[k]Mz_1 {mgju) pnbi_n}a[k —1] (6.8)

=) n=0
Notice that the same result can be obtained by multiplying the Z domain polynomials

of the two secondary path models to obtain a single FIR filter with P+ L taps and then
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using that filter in the standard Filtered-X CMAC algorithm. However, the multiplication
must be performed on every iteration to ensure that the most recent secondary path model is
utilized. Notice also that this algorithm has more computational overhead then a fixed
length secondary path model of the same overall length.

In the case of a periodic disturbance source, a technique known as the time difference
algorithm can be utilized for continuous adaptation of the secondary path model [62]. It is
assumed that the period of the disturbance, T, can be estimated directly from the reference

signal. The time difference algorithm is depicted in the block diagram of figure 6.7.

v{k] 2@ dlk]

V(z)

A

X
C(2)

k]

¥

Figure 6.7 — Time Difference Algorithm for continuous secondary path modeling.

The time difference algorithm utilizes the a priori knowledge of periodicity in the
disturbance signal to remove the effect of the cancellation signals from the input and output
of the identification model. This is accomplished through the use of two comb filters as
denoted by the dashed lines in figure 6.7. The comb filter results in the elimination of any
signal content with period T'. Such filters are simple to implement but are only effective
given an accurate measurement of the fundamental period of the disturbance. By removing
the periodic portion of the secondary model input and output signals, the remaining portion
is uncorrelated with the disturbance and cancellation signals. Therefore, the standard LMS

algorithm can be utilized for adaptation of the secondary path model. However, since most of
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the input signal has been eliminated, there is a concern as to whether the residual noise has
sufficient spectral content to ensure convergent adaptation of the secondary path model. Use
of an additive white noise excitation and the leaky LMS algorithm can alleviate this problem.
The time difference algorithm can be used directly with the Reduced Filtered-X CMAC
algorithm. In that case, the time difference algorithm is utilized to adapt the secondary
model and the resultant coefficients can be used directly in the Reduced Filtered-X CMAC
weight updates.

The final on-line secondary path modeling technique to be presented in this section is
known as the additive noise method [62]. Figure 6.8 depicts an implementation of this
algorithm. In this approach, an additive small amplitude noise source is continucusly added
to the compensator output and the secondary path model is driven solely by the additive
noise source. Notice that the secondary path model does not receive the compensator output.

As a result, the disturbance signal, d[k], is uncorrelated with the excitation signal and the

resultant adaptation is convergent in a statistical sense. In the steady state case where the

disturbance is completely cancelled, the error signal, €[k], will reflect only the error due to

the white noise source. In this case, the algorithm reduces to the standard noiseless system

identification model.

i k dik
D:sstghrll:?:ce ) v k] o re) [£]
Pud
& C(z) P(z) elk]
+
+
X
White Noi nfk] "
S‘«geu rc?else N(2) > £()

( k]

Figure 6.8 — Additive noise technique for continuous secondary path adaptation.

There are several shortcomings associated with the additive noise technique. First,

the additive noise source places a limit on the maximum attainable cancellation. Second, the
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disturbance signal, although now uncorrelated with the model excitation, is always much
larger than the excitation signal and therefore represents a very significant interference in
the adaptation of the filter. This can result in a significant reduction in the rate of
convergence. However, even with these Limitations, this algorithm can be used without
modification for adaptation of the secondary path model in the reduced Filtered-X CMAC
algorithm.

The methods reviewed in this section provide the capability for continuous
adaptation of the secondary path model. Each of these techniques is applicable for training
of the secondary path model for use in the Reduced Filtered-X CMAC algorithm. However,
these techniques cannot be utilized for continuous adaptation of a nonlinear secondary path
model as required by the full Filtered-X CMAC algorithm. The reason for their failure in
this case is that each of these techniques relies on the linearity of the secondary path model.
In particular, each of these approaches is based on utilizing a linearly related set of training
signals. However, the greater flexibility provided by a nonlinear model requires that it be
trained with the actual signals which will present during operation. For example, a linear
model can be trained using a low signal level white noise source and the corresponding
secondary path output. Once the model converges, it will be accurate for any input signal.
However, training of a time delay neural network in the same fashion will not produce a
global model of the path. For example, the network would not produce the correct response
for a larger amplitude signal for example. As a consequence, none of the small signal
continuous identification techniques presented in this section are suited for on-line

adaptation of a nonlinear secondary path model.

6.4 A Multi-Channel Filtered-X CMAC Algorithm

In most active noise and vibration cancellation applications it is not possible to
achieve significant cancellation using a single actuator and single error sensor. For example,

any physical system which possesses a modal response will generally require the use of an
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additionally actuator per mode to be cancelled. Additionally, it is often desirable to provide
attenuation of the disturbance at multiple spatial locations. In such systems, each actuator
is generally able to influence each error sensor through a unique dynamical transmission
path. The disturbance cancellation algorithm must be capable of adapting all of the
cancellation signals in a manner which reduces the collective error over the set of error
sensors. In this section, an extension of the reduced Filtered-X CMAC algorithm is
developed for use in such multi-channel cancellation applications. The block diagram for this

system is shown in figure 6.9.

Disturbance vik]
Source

Pl
U(2) » TDCMAC 1

(s

TDCMAC 2

1

U,(z)

A A

X
Uy(2) TDCMAC N

Multi-Channel e,lk]
Filtered-X

Update e, 1K)

elk]

Figure 6.9 — The Multi-Channel Reduced Filtered-X CMAC Algorithm

The multi-channel cancellation system of figure 6.9 has N actuators denoted as

5,,8,,---,8y . Each actuator is driven by an independent time delay CMAC network. The

objective of the cancellation system is the minimization of the error signal at the set of M
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error sensors denoted T,,7,,---,T,,. In general, the forward path between the disturbance

source and each sensor is unique. These forward paths are represented in figure 6.9 by the

transfer functions R,(z),R,(2),"-,R,(2). The secondary paths consist of the transfer

functions relating each actuator to each error sensor. Assuming that each of these paths can
be approximated by a linear transfer function, the aggregate secondary path model can be

described in the matrix equation of (6.30). The element BY(z) represents the linear transfer

function from the output of time delay CMAC i to the error sensor 7).

E(2)] [D(2)] |B"(2) B®() -~ BY(2)|8(2)
z (2 1z 2(z V() Sy (z
E2:():D:()_B:() B*(2) ) B*(2) :() 67

Ey(z)| |Dy(2)| [B"(z) B™(2) B" (2)||5x (=)
The transfer function BY(2) is modeled as an FIR filter with coefficients 5™
Vi e {0,1,---,P —1}. For a simplification of the notation, it has been assumed that each of the

secondary path transfer functions BY(z) can be modeled by the same length filter. In a

practical application, the actual filters could be chosen of different lengths if that suited the
application. It is assumed that the matrix secondary path model is adapted off-line and is
then held constant during adaptation of the compensators. The off-line adaptation must be

performed in N phases. On phase i an excitation signal is presented at actuator S, and
transfer functions B?(z) Vje€ {1,2,---,M} are adapted.

The objective in adapting the compensator is to minimize the instantaneous sum

squared error, F, as defined in (6.8).

s

i
M=
Do
=

(6.8)

m=1
The weight updates for training of the N CMAC compensators are based on a
gradient descent of the sum of the instantaneous sum square error. Thus, the weight update

for CMAAC 1 takes the form of equation (6.9).
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The error signal at sensor M is given by equation (6.10) whered_[k] represents the

contribution of the original disturbance sense in the respective error signal.

"
-

=30 by 6.10)

[;

,.d
i
o

The partial derivative term of equation (6.9) can be simplified using this expression

for the error signal. The result is given in (6.11).

ae2 [k de, [k] i L=
nl) g6, (Ml = 96, (k] 2 by, b
8Wi[k] awz [k] awi [k] ﬂ§=‘; 1=0 (6 11)
N P-1 :
= ~2e,[ 9 }: bal [k k=1
i n=1 1=0

If the compensator weights vary slowly with respect to the secondary path filter
length P, then the approximation given in (6.12) is justified.

ow, [k —1]
oWl =l viefor-P-1 6.12
awik - €L P-1} 6.12)

With assumption (6.12), the partial derivative term of (6.9) can be further reduced

producing the result given in (6.13).

aefn[k] e © = mm, Try,
B[t Zem[k]gbl a, [k—1] (6.13)

Finally, substitution of this result into the weight update equation of (6.9) yields the
final form of the weight update equation for the multi-channel Reduced Filtered-X CMAC

algorithm as shown in (6.14).

M P-1
w,lk+1]=wlk]-a 9 ek bmal k-1 Vie{l2-,N} (6.14)
1=0

awi[k] ma=]
This weight update is valid for each of the N CMAC compensators. The overall
computational demand of the multi-channel algorithm is a factor of MN times the

computational requirements of the single channel variant with the same secondary path

filter length.
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CHAPTER 7

CONCLUSION

Neural network based active disturbance cancellation methods offer the ability to
provide effective cancellation in systems characterized by significant nonlinear dynamics.
This is a considerable advantage in comparison to adaptive linear approaches given that
such nonlinear dynamics are commonplace in many practical applications. In addition,
neural network approaches maintain the ability to adapt to changes in the structure of the
system and are able to function with little a priori information regarding the nature of the
system.

Of the many neural network architectures which have been developed, the CMAC
neural network has particular advantages in the application of active disturbance
cancellation. The primary strengths of the CMAC are its computational efficiency and robust
convergence properties which are generally offset by its limited generalization capabilities.
However, the typical active disturbance cancellation system has available an abundance of
training data and therefore, additional training can be used to compensate for the limited
generalization capabilities of the CMAC. Additionally, the high operational speed of the
CMAC network allows the algorithm to be utilized to attain cancellation at frequencies
which are not achievable via other neural network algorithms.

This dissertation has presented means by which conventional linear adaptive

disturbance cancellation architectures can be extended for use with the Time Delay CMAC
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neural networks. In general, the CMAC weight adaptation must be modified to take account
of the secondary path characteristics. For a general nonlinear secondary path, this resulted
in derivation of the Filtered-X CMAC algorithm while for a linear dynamical secondary path
the Reduced Filtered-X CMAC algorithm is appropriate. It was shown that these algorithms
could be viewed as an extension of the Filtered-X LMS algorithm which is used in the case of
linear adaptive compensators. Convergence of the Time Delay CMAC compensator was
shown analytically for cases where the secondary path is comprised of a linear gain, a static
nonlinearity, a time delay, or a linear dynamical system. Additionally, in each of these cases,
a bound on the maximum stable learning gain was derived. These bounds provide guidance
as to the necessary reduction in learning gain as a function of the system parameters.

Chapter 5 described a laboratory implementation of the Filtered-X CMAC algorithm.
This demonstrates the basic feasibility of the algorithm for application to practical systems.
Additionally, several practical refinements of the algorithm were introduced including the
partial update schemes of section 5.1, the single dimension variant of the algorithm in
section 5.3, and the multi-channel extension of the algorithm in section 6.2.

There are numerous directions in which the present research could be extended. One
potential research area concerns the representational capabilities of the Time Delay CMAC
network. The convergence proofs established in this research were based on the assumption
that the nonlinear system could be represented by a fully trained Time Delay CMAC.
However, it is evident that the Time Delay CMAC is not capable of representing any
arbitrary nonlinear system. Some preliminary results concerning the types of signals which
can be represented by the Time Delay CMAC were presented in section 2.3. Future work is
necessary to provide a more general answer to this problem. For example, it may be possible
to define certain class of periodic signals which can be represented by the Time Delay CMAC.
In addition to their theoretical significance, such results would be useful in guiding practical

selection of appropriate CMAC parameters for representing certain types of signals.
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Another potential research direction is the extension of the alternative neural
network architectures presented in chapter 4. The preliminary results presented indicate
the basic feasibility of these ideas, but no attempt was made toward theoretical analysis or
even rigorous empirical studies of these architectures. For example, in the case of the
recurrent CMAC approach, it would be beneficial to gain insight as to the requirements of
the loop filter in order to maintain stability of the algorithm.

The learning gain bounds derived for the cases of a secondary path time delay and
the Reduced Filtered-X CMAC algorithm are quite comservative in nature. This was
demonstrated via simulation in section 5.4. It is possible to refine these proofs so that they
are tighter bounds on the actual learning gain requirements. One possibility in this regard
is to implement more realistic assumptions on the overlap between nearby points. The
present derivation is based on allowing a fixed amount of overlap between all nearby data
points. However, in most practical applications, the degree of overlap is a function of the
time difference between the data points. Therefore, one could assume a linear decrease in
the degree of overlap as a function of temporal separation between the points. This should
lead to a less conservative bound on the learning gain.

In conclusion, there are a variety of directions in which the present research can be
extended to both increase the theoretical understanding as well as to improve the practical
application of CMAC based active disturbance cancellation. It is hoped that this dissertation

will provide useful assistance for such endeavors.
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