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ABSTRACT

Periodic signals can be decomposed into sets of sinusoids having frequencies that are integer multi-
ples of a fundamental frequency. The problem of finding such fundamental frequencies from noisy
observations is important in many speech and audio applications, where it is commonly referred to
as pitch estimation. These applications include analysis, compression, separation, enhancement, au-
tomatic transcription and many more. In this book, an introduction to pitch estimation is given and
a number of statistical methods for pitch estimation are presented. The basic signal models and asso-
ciated estimation theoretical bounds are introduced, and the properties of speech and audio signals
are discussed and illustrated. The presented methods include both single- and multi-pitch estima-
tors based on statistical approaches, like maximum likelihood and maximum a posteriori methods,
filtering methods based on both static and optimal adaptive designs, and subspace methods based
on the principles of subspace orthogonality and shift-invariance. The application of these methods
to analysis of speech and audio signals is demonstrated using both real and synthetic signals, and
their performance is assessed under various conditions and their properties discussed. Finally, the
estimators are compared in terms of computational and statistical efficiency, generalizability and
robustness.

KEYWORDS

estimation theory, spectral estimation, pitch estimation, pitch detection, fundamental
frequency estimation, statistical signal processing, order estimation, model selection,
audio processing, audio analysis, music transcription, speech processing, comb filtering,
subspace methods, optimal filtering
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Preface

This book is the result of four years of research that started with the publication of our first
paper on pitch estimation back in 2004 [31]. It contains a collection of methods for pitch estimation
(and detection), a pitch estimation toolbox if you will, based mostly on our own publications in
the area [21, 22, 23, 24, 25, 26, 27, 30, 31, 32, 33, 34, 81, 85] along with supplementary material,
based on the work of other authors, that fits within the framework, complements our work, and is
representative of methodologies commonly employed in practical pitch estimation algorithms. All
the methods presented in this book have in common that they are based on an estimation theoretical
approach to pitch estimation and a parametric model of the observed signal. This book does not
address all aspects in relation to pitch estimation, but it does contain a collection of tools that can
help in obtaining parameters that describe the important characteristics at signal level. It is our hope
that the book will provide the reader with a set of useful tools, inspiration for solving problems in
relation to pitch estimation, and an improved understanding of the fundamental problems in relation
to pitch estimation. In that spirit, MATLAB implementations of some of the estimators that can
be found in this book are available online’.

The book consists of five chapters: Chapter 1 is basically an introduction to pitch estimation,
containing the basic signal models, associated bounds on the accuracy of the parameters of such
models, and a discussion of the issues that one has to address in constructing and evaluating pitch
estimators. Chapter 2 contains a collection of methods for single- and multi-pitch estimation based
on statistical models, in particular maximum likelihood and maximum a posteriori estimation. In
Chapter 3, we present a number of classical methods based on filtering and some more recent
methods based on the principle of optimal filtering. These are loosely based on Capon’s classic
optimal beamformer design. Finally, subspace-based methods that rely on the principles of subspace
orthogonality and shift-invariance are presented in Chapter 4. In the last chapter, Chapter 5, the
parameterization of periodic signals is completed by a presentation of a number of methods for
finding the amplitudes and phases given a set of frequencies. Each chapter, except the first, ends
with first some experimental results and then a discussion of the fundamental properties of the
various methodologies and pitch estimators. It is not within the scope of this book to provide very
detailed simulations results; rather we will refer to the papers where such results can be found.

A number of people, our friends, colleagues, and present and former students, have contributed
to this work in various ways and deserve to be thanked. First of all, we wish to thank all the co-authors
on our papers on pitch estimation, namely Seren Holdt Jensen, Seren Vang Andersen, Petre Stoica,
Jesper Hojvang Jensen, Jesper Kjeer Nielsen, Jesper Rindom Jensen, Samuel D. Somasundaram, and
Pedro Vera-Candeas. Also, the following people volunteered (more or less) for proof reading the

1http ://www.morganclaypool.com/page/multi-pitch
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manuscript, and we are thankful for their contributions in the form of either countless corrections
or suggestions: Jesper Hojvang Jensen, Jan QDstergaard, Daniele Giacobello, and Jesper Rindom
Jensen®. Finally, Mads Grasbell Christensen also wishes to thank Dan P. W. Ellis, Ken Rose, Bob
Sturm, Giiel Richard, Betrand David, Roland Badeau, and A. Taylan Cemgil for hosting him on his
travels and for many enlightening discussions on speech and audio processing, estimation theory,

and music.

Mads Gresbell Christensen
Dept. of Electronic Systems
Aalborg University, Denmark

Andreas Jakobsson
Dept. of Mathematical Statistics
Lund University, Sweden

February 2009

2None of the people mentioned here are related, as far as we know, despite several of them sharing the same last name.



Symbols and Notation

Scalar

Vector

Matrix

kth source

ith iteration

Estimate

Transposition

Complex conjugation

Hermitian transposition

Probability density function

Likelihood function

Conditional probability density function
Expectation operator

Conditional expectation operator
Matrix determinant

Matrix rank

Subspace dimension

Range (column space)

Vector or matrix 2-norm

Matrix Frobenius norm

Identity matrix

Vector where [b;], = 0 forv # [ and [b;]; = 1
(J, k)th entry of matrix

Floor function

Number of sources

Number of samples (i.e., segment length)
Covariance matrix size/sub-vector length
Observed signal

Observed signal vector (length M)
Observed signal vector with M = N
Fourier transform of x(n)

Power Spectral Density of x (n)
Observation noise

Covariance matrix of x (n)
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Q

X (n)
Li

L

Covariance matrix of e(n)

kth source of observed signal

Number of harmonics of kth source

Total number of sinusoids Zle Lg
Fundamental frequency of kth source

Complex amplitude of /th harmonic of kth source
Amplitude of /th harmonic of kth source

Phase of /th harmonic of kth source

Frequency of the /th harmonic of the kth source
Frequency of the [ sinusoids (no source assignment)
Observation noise kth source

Covariance matrix of xy (1)

Covariance matrix of ey (n)

Parameters of all sources

Parameters of the kth source



AIC
ANLS
APES
CCA
CRLB
DFT
EAA
ECA
EM
ESPRIT
ESTER
EXTIP
FFT

LS
MAFI
MAP
MCA
MDL
MIDI
ML
MLE
MODE
MSE
MUSIC
NLS
PDF
PSD
PSNR
PSTN
RMSE
SAMOS
SNR
WLS

Abbreviations

Akaike Information Criterion

Approximate NLS

Amplitude and Phase EStimation method
Classical Capon Amplitude estimator
Cramér-Rao Lower Bound

Discrete Fourier Transform

Extended APES Amplitude estimator
Extended Capon Amplitude estimator
Expectation Maximization

Estimation of Signal Parameters via Rotational Invariance Techniques
ESTimation ERror

EXtended Invariance Principle

Fast Fourier Transform

Least-Squares

MAtched Fllterbank

Maximum A Posteriori

Multiple constraint Capon Amplitude estimator
Minimum Description Length

Musical Instrument Digital Interface
Maximum Likelihood

Maximum Likelihood Estimator

Method Of Direction Estimation

Mean Square Error

Multiple Signal Classification

Nonlinear Least-Squares

Probability Density Function

Power Spectral Density

Pseudo Signal-to-Noise Ratio (usually in dB)
Public Switched Telephone Network

Root Mean Square (estimation) Error
Subspace-based Automatic Model Order Selection
Signal-to-Noise Ratio (usually in dB)
Weighted Least-Squares







CHAPTER 1

Fundamentals

1.1 INTRODUCTION

In his attempt to solve the heat equation for a metal plate in the early 19th century, Jean Baptiste
Joseph Fourier inadvertently discovered what we now refer to as Fourier series, and in doing so, he also
revolutionized mathematics. A Fourier series is a decomposition of a periodic function into a possibly
infinite sum of sinusoids, i.e., simple oscillating functions. These sinusoids all repeat over the same
interval, meaning that they have frequencies that are integer multiples of a fundamental frequency.
This book is about estimation of this fundamental frequency from noisy observations, a task often
referred to as pitch estimation. Let us explore a bit further what is meant by pitch. In the context
of music, the American Standard Association defines the term pitch as “that attribute of auditory
sensation in terms of which sounds may be ordered on a musical scale” [4], while the American
National Standards definition is “that attribute of auditory sensation in terms of which sounds may
be ordered on a scale extending from low to high” [3]. The keywords here are auditory and sensation.
In the introduction of [129], this leads the authors to conclude that “the word pitch should not be
used to refer to a physical attribute of a sound” [129]. We will do exactly the opposite, although
not out of spite, and frequently use the word pitch synonymously with fundamental frequency to
refer to the physical attribute of signals associated with Fourier series. In fact, we will use it to refer
to the fundamental frequency of periodic signals of any origin. We should, perhaps, make use of
the less ambiguous term fundamental frequency, but it is a much less elegant term, especially when
considering the estimation of the parameters of multiple such periodic waveforms, i.e., multi-pitch
estimation. More specifically, we will use the terms pitch and fundamental frequency to refer to the
number of repetitions per time interval of a periodic signal and the term pitch period to refer to
the time interval between such repetitions. We will also use the term pitch estimation to cover both
single- and multi-pitch estimation.

Sometimes the problem of pitch estimation is referred to as pitch detection. Usually, a detection
problem is defined as the problem of accepting or rejecting a hypothesis or accepting one from a
set of hypotheses, while an estimation problem has to do with finding a certain number or quantity
(see, e.g., [89, 90]). Since pitch as per our definition is generally a continuous phenomenon, the
problem of finding the pitch is an estimation problem, while the problem of determining whether
any pitch is present is a detection problem. One could of course argue that the problem of finding
musical notes is a detection problem, since these are discrete, but pitch estimation extends beyond
this problem. Certain problems can be seen as either estimation or detection problems, like the
problem of determining the number of periodic components in an observed signal or detecting
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the presence of tones or ensembles of tones in music—sometimes we may not know whether the
underlying quantity we are looking for is, in fact, continuous or discrete. But since even musical
tones may be modulated due to, e.g., glissando or vibrato, the problem is generally a continuous one,
even if the estimates will later be quantized to a discrete musical scale.

The focus of this book is on high-resolution parametric methods for pitch estimation, i.e.,
methods based on parametric models of the observed signal that are able to come close to the optimal
performance. A second trait of the methods considered in this book is that they are all based on
rigorous mathematics, relying on such well-established methodologies as statistics, optimal filtering,
linear algebra, and convex and sometimes nonlinear optimization. This leads to an understanding
of the conditions under which the methods are expected to work and when and why they may
fail. Estimators are typically assessed in terms of bias and variance and the determination of these
quantities for various estimator are important tasks, since they provide insights into fundamental
properties of an estimator. Bias is defined as the difference between the true parameter value and the
expected value of the estimate and if this difference is zero for all possible true parameter values, the
estimator is said to be unbiased. When we say that an estimator is good, we generally mean that the
bias and variance are low. Sometimes estimators are also referred to as being robust. This generally
means that the estimator performs well under adverse conditions like a low number of samples, a
low signal-to-noise ratio, or that it is insensitive to assumptions being violated, e.g., the model being
wrong.

1.2 RELATED WORK

Beyond the methods discussed in this book, there are of course many others (our sincere apologies to
everybody whom we have forgotten to mention). We will now briefly discuss some of those. There
exists many so-called non-parametric methods based on, for example, the auto-correlation function
(e.g., [139]), the cross-correlation function [167], the averaged magnitude difference function [145],
the averaged squared difference function, or the cepstrum [1, 123]. All these methods are all based
on measuring the similarity of the signal with a delayed version of the same signal in some sense,
as is [117]. The difference between these methods lies essentially in terms of how the similarity is
measured. They generally suffer from the problem that the solution is not unique even in the ideal
case, i.e., there exists multiple lags for which the signal is similar to itself. Another example of a
non-parametric method is the so-called harmonic product spectrum of [124] (see also [42]). For an
overview of non-parametric methods, we will refer the interested reader to one of the few other books
on pitch estimation, namely [75] (see also [76]) and the classical paper [63]; for examples of more
recent work on methods of various origins, see [41, 49, 52, 104, 105, 130, 131, 168, 169, 175] and
the references therein. In some cases, it may be difficult to classify methods, like those of [92, 140],
which are based on various heuristics and ideas. Another class of methods that will not be treated
in this book, but yet deserves to be mentioned here, is the class of methods based on models of the
human auditory system. Rather than taking their starting point in the properties of the signal, these

methods are based on the properties of the human ear and brain. The rationale is that, apparently,
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the human auditory system has a remarkable ability to estimate multiple simultaneous pitches and
separate the various sources from each other, and, perhaps, by mimicking the process, we can design
a system that can do the same. For examples of such methods see [93] and the references therein,
and for an overview of all things related to pitch perception, see [129] and the more general text
books on psycho-acoustics [119, 181]. We would like to stress that the objective of such methods
may be quite different from the objective of the methods presented in this book. The former class of
methods may aim at modeling the human auditory system, e.g., predicting the outcome of listening
experiments for the purpose of better understanding the human auditory system or deriving models
that may be applied in various signal processing tasks in, for example, audio coding or hearing aids
[37,38,171, 172]. The latter class of methods, i.e., the class of methods considered in this book, is
concerned with finding the parameters that are most likely to explain the observed signal, and this
is generally a different concept altogether than modeling the peculiarities of the human auditory
system (see [20] for a discussion of this and [29] for some examples where it makes more sense).
Among the statistical parametric methods an important methodology is notably absent, namely the
Bayesian approach (aside from the occasional MAP estimator). The reasons for this are quite simple:
the topic is big enough to warrant a book by itself and does not lend itself to a short introduction
suitable for this book. Besides, other people are more qualified at writing a book on this topic. We
do, however, believe that the field is very promising and that many interesting results have already
been published, e.g., [15, 16, 40, 61, 62]. It is especially promising in terms of building hierarchies
of estimation and detection problems, incorporating prior information and at extracting abstract
high-level information. For examples of this see, e.g., [15, 94]. It should be stressed that many of the
methods discussed in this book may be combined with the other methods, which may be especially
beneficial for those operating on a higher (semantic) levels, like the Bayesian tracking methods that
deal with various aspects of pitch estimation, as these are basically complementary to ours.

1.3 SOME APPLICATIONS

There are many applications in which pitch estimation plays an important role. Below, some of these
are listed and discussed. While we will here focus on speech and audio applications, the methods
considered in this book can be used for any kind of periodic signal, like electrocardiogram (ECG)

signals.

Separation A parameterization of a signal into components allows for a natural separation of sources
if the signal components have a close relation to the sources. In the case of periodic signals, the
models employed throughout this book form such a model. Once the fundamental frequency of
all sources has been found, the remaining parameters are easily found and a full parameteriza-
tion of the individual sources is available, an idea that has been used in, e.g., [18]. Alternatively,
one can directly estimate the signals of the individual sources using the pitch [148, 149, 180].
The sources that can be separated using these models include voiced speech and tones of mu-
sical instruments. This means that important problems such as the cocktail party problem can

be solved, in principle, via source separation based on pitch estimation. This principle is also
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employed in many computational auditory scene analysis (CASA) schemes (see, e.g., [176])
and is also commonly believed to be a governing principle in the functioning of the human
auditory system [129]. The problem of classifying musical instruments is also easy, relatively
speaking, once the fundamental frequencies have been found [96].

Enhancement Signal enhancement, or de-noising, deals with removing unwanted noise from an
observed signal. This may be beneficial for many reasons. Human listeners will, for example,
tend to suffer from fatigue if they have to listen to noisy signals for an extended period of
time. Also, the perceived quality of a signal can often be improved by removing the noise.
Enhancement algorithms are commonly used as a front-end processor for speech recognizers
and coders so that these systems do not have to incorporate models of the background noise
in the processing. In this connection, it should be noted that the use of such pre-processing
only makes sense if the subsequent processing is suboptimal. Using parametric models, the
enhancement problem is almost trivially solved, meaning that it is a matter of finding good
estimates of the parameters that describe the signal of interest, whereby the effect of the noise is
minimized. In practice, this is done by taking the characteristics of the noise and the properties
of the signal of interest into account in the estimation process. An example of a practical speech
enhancement systems based on a parametric model can be found in [84].

Compression The signal models used in this book can also form a basis for signal compression.
Audio signals are often stationary (i.e., their characteristics stay the same) over about 30 ms
and sampled at sampling frequencies of 44.1 kHz, this leads to segments leading to segments
consisting of 1323 real-valued samples. If such a signal contains a single tone, it means that all
the samples can be represented by, and a signal reconstructed from, a fundamental frequency,
an amplitude and a phase for each harmonic. This may be useful for several purposes. First of
all, these parameters may be quantized and transmitted, i.e., an audio coder can be based on
this principle and several such coders exist, e.g., [78, 134] (see also [19, 28] for an overview
of the authors’ own contributions within this field). Also for coding of speech signals, where
voiced speech segments can be efficiently coded as a single periodic source, such models have
been applied [110, 115, 144]. Furthermore, pitch estimators are also often used in linear
predictive speech coding for so-called long-term predictors (see, e.g., [95]). But it may also
be useful for a different purpose, namely low-complexity signal processing. Because the signal
is represented using only few parameters compared to the number of samples, it may lead to
much faster algorithms by operating directly on the parameters instead of the samples and
then reconstruct the processed signal from the parameters (see also the next item).

Modification It is possible to perform many kinds of signal modification based on parametric
models. In fact, sometimes otherwise complicated signal modifications become simple when
using an appropriate model. Some classical examples of modifications that become relatively
simple for a model consisting of a sum of sinusoids is pitch transposition, also known as

pitch shifting or pitch-scale modification, and modification of the duration without altering
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the pitch, sometimes referred to as time-scale modification [57, 58, 113, 114]. Filtering, of
course, also becomes a simple operation asymptotically when dealing with sinusoids, and it is
also simple to apply dynamic range compression in the reconstruction of audio signals using
a parametric model. There exist also many more esoteric modifications, like voice morphing.
In the context of speech coding for packet-based networks, it is also possible to compensate
for packet losses using sinusoidal models by interpolation or extrapolation in the compressed
domain [110, 144].

Transcription The information required to reproduce a piece of music is represented by musicians
using sheet music. Transcription of music into sheet music is today mostly done by hand,
i.e., by musicians, and it requires years of training to do this, and it is a very time-consuming
and thus a costly affair. Sheet music contains such information as time signatures, chords,
scales, individual tones, duration, etc., information that is also the key ingredients of Musical
Instrument Digital Interface (MIDI) files. An important problem is thus the identification of
individual tones, simultaneous tones in chords and ensembles of tones over time that constitute
musical scales. The identification of such tones is the same as pitch estimation and detection.
Automatic transcription is, therefore, an important application of the methods considered in
this book, and it is sometimes considered the holy grail of pitch estimation. For more on the
specifics of automatic transcription of music, we refer the interested reader to [15]. A common
way of evaluating automatic transcription is by synthesizing the audio from the transcribed
data using MIDI synthesis.

Tuning In music, tuning is the process of adjusting a musical instrument such that tones produced
by the instrument obey certain relations, referred to as relative tuning, and are consistent with
a reference, like the tone A being 440 Hz (others are sometimes used). Tones that are too
high are said to be sharp, while tones that are too low are said to be flat. Depending on the
instrument, this may be simple or complicated, and the frequency at which this has to be done
may vary a lot, as, for example, the tension of the strings on a guitar may vary with the weather
and usage. An obvious application of pitch estimators is for tuning of musical instruments,
and as any musician will attest, it is critical that pitch estimators are very accurate for this
application.

Classification Since the pitch estimated over time essentially contains all tonal information of a
piece of music, it can also be used for identifying songs. Similarly, musical styles, periods and
genres can largely be recognized by features derived from pitch, such as musical scales. The
features of musical sounds is typically divided into pitch and timbre (aside from loudness and
spatial location), where timbre is defined as “that attribute of auditory sensation in terms of
which a listener can judge that two sounds similarly presented and having the same loudness
and pitch are dissimilar” [4]. Timbre is, therefore, related to the spectral envelope and to the
distribution of the amplitudes of the harmonics of a periodic source. Timbre forms the basis of

many music information retrieval systems, in particular genre classification applications (see,
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e.g., [170]), and the parametric representations used in this book may, therefore, directly or
indirectly, be used for this.

1.4 SIGNAL MODELS

We will now introduce the fundamentals of the signal model and notation that will be here along
with some assumptions that are often used. Throughout the book, we will be working on discrete-
time signals, i.e., signals that have been sampled, and we will assume that they have been done so
in an appropriate manner. First, we introduce a signal, termed a source, consisting a set of complex
sinusoids having frequencies that are integer multiples of a fundamental frequency wy > 0, corrupted
by an additive noise. The individual sinusoids are referred to as harmonics and the sinusoids are said

to be harmonically related. Such a signal can be written forn =0,..., N — L as
Ly
xe(n) =Y ar e/ + e (n) (1.1)
I=1
=sk(n) + ex(n), (1.2)

where a;; = Ak,lej Prl s the complex amplitude of the /th harmonic of the source, indexed by &,
and ey (n) is the noise, which is assumed to be zero-mean complex-valued. The complex amplitude
is composed of a real, non-zero amplitude A; > 0 and a phase ¢ ;. The number of harmonics, Ly,
is termed the order of the model and it may be considered either known or unknown. In either case,
it is required that wy Ly < 2. Here, we have implicitly assumed that the model in (1.1) is valid for
n=0,...,N — 1, ie, that the same parameters and noise characteristics accurately describe the
signal over that interval. We will refer to this property as stationarity. Note that the model in (1.1)
is sometimes referred to in the literature as the harmonic sinusoidal model. All the unknown real
parameters of interest we will organize in a vector defined as

O = [ ok Akt drt -+ AkLy Ly ]T , (1.3)

where (-)7 denotes the transpose. The exact definition of this parameter vector may vary depending
on the context and the signal model. Consider, for example, that we may also sometimes be interested
in the parameters of the noise ex (n).

Signals of the form (1.1) are periodic, except for the contribution of the noise, with s (n) being
the periodic part, which is sometimes also referred to as the deterministic part. In fact, any periodic
signal can be decomposed using (1.1), except for some pathological examples that, fortunately, are
generally not of interest in engineering applications, and the conditions for convergence of Fourier
series are trivially fulfilled when dealing with band-limited signals. We refer to signals of the form
in (1.1) as single-pitch signals, since all sinusoids can be described by a single pitch. Examples of
such signals are voiced speech, wind instruments like trumpets, ECG signals (except for pregnant
women), individual notes of guitars, violins, etc. In Figure 1.1, an example of a periodic signal is

depicted, more specifically a speech signal sampled at 8 kHz. It can be seen to consist of a basic
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Amplitude
o

_of

o 10 20 30 20 50 80
Time [ms]

Figure 1.1: Example of a real periodic signal, a voiced speech signal sampled at 8 kIHz, having a funda-

mental frequency of approximately 165 Hz.

repeating waveform. In Figure 1.2, the same signal is shown, but now with Gaussian noise added to
it, and its magnitude spectrum can be seen in Figure 1.3. The problem of finding the fundamental
frequency of such a signal is referred to as pitch estimation or fundamental frequency estimation.
Again, it must be stressed that what we here refer to as pitch is not necessarily the same as perceived
pitch. Some times the term pitch period is also used in the literature. Here, we will denote this
quantity 7 (in samples). It is related to the fundamental frequency as wy = 27 r—lk.The fundamental
frequency wy in radians is related to the physical frequency fi (in Hertz) as

o = 271%, (1.4)

c

where f is the sampling frequency, which is here the number of complex samples per second, as
indicated by subscript ¢ (see Appendix A for an explanation), which is related to the number of
real samples per second as 2 f. = f;. The signal models that are used in this book are all based on
complex representations. The reasons for this are twofold. Firstly, the complex representation leads
to a simpler notation and requires less bookkeeping, and, secondly, it leads to computationally more
efficient algorithms as only half the number of sinusoidal components is required and only half as
many samples are required — when using complex algebra. As speech and audio signals are real, we
will have to map the real signals to complex signals; this can be done using the discrete-time analytic
signal as described in Appendix A. It should be stressed that for very low fundamental frequencies,
it may be necessary to use the real signal model to obtain accurate estimates (see also Section 1.6).

Although the title of this book suggests that we are interested in the fundamental frequency,

we will also discuss methods for finding the other signal parameters and in some cases also the noise
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Figure 1.2: Example of a noisy periodic signal, here the signal in Figure 1.1 in additive white Gaussian

noise.
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Figure 1.3: Power spectrum of the periodic signal in Figure 1.2.

characteristics. This is useful for many applications, for example when the signal is to be reconstructed
using the signal model as is the case in coding applications. The reason for the emphasis on the
fundamental frequency is that this problem is much harder than finding the amplitudes and phases.
Indeed, for a known fundamental frequency the problem of finding the complex amplitudes is quite

simple in comparison, since these parameters are linear.
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In many cases, like in most music, the observed signal consists of many such periodic signals,
in which case the signal model should be written as

K K Lg

x(n) = Zxk(n) = Z Zak,le“"kl" +e(n) (1.5)
k=1 k=1 I=1

=s(n) + e(n). (1.6)

We refer to such signals at multi-pitch signals and the model as the multi-pitch model. For this
model, the full parameter vector is

o:[a{..-aﬁ]T. (1.7)

Chords played on an instrument are examples of signals that can be described by (1.5). In this sense,
the term source refers not to individual instruments but to individual notes played on instruments.
Recorded speech signals where many speakers speak at the same time are also examples of multi-pitch
signals. It is also important to note that even signals that originally are single-pitch may be rendered
multi-pitch signals by various processing or the environment. For example, reverberation in a room
may lead to the observed signal consisting of several single-pitch signals. The single-pitch case can
be described as either a special case of (1.5) with K = 1 or as the case where the individual sources
in (1.1) are observed. In Figure 1.5, an example of a multi-pitch signal is shown. It contains the
sum of the speech signal in 1.1 and the speech signal in Figure 1.4, the latter having a fundamental
frequency of approximately 205 Hz. As can be seen, the signal appears to be much more complicated
than any of the individual sources.

Sometimes it is useful to disregard the structure of the above signal model at first and consider
the following instead:

K L
x(n) = Z Zak,lejw"-’” + er(n) (1.8)
k=1 [1=1
L .
_ Zaleﬁ/nn + e(n), (1.9

=1

where we will use a single subscript when the source assignment is not important and a double
subscript for the frequency when it is. Based on this model, one could, for example, estimate the
L= Zlf:l Ly frequencies { wl}le and then fit these estimates to form an estimate of wy. We will
make use of this model from time to time and we will refer to {l/fl}lel as the set of unconstrained
frequencies and (1.9) as the unconstrained model.

As mentioned, we are here primarily interested in estimating the fundamental frequency.
However, it must be emphasized that even when only a subset of the parameters is of interest, the
rest may have to be estimated, implicitly, to yield correct estimates. For example, the background

noise, which may or may not be produced by the instrument or the speaker, can be white or colored
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Figure 1.4: Another periodic signal, also a voiced speech signal sampled at 8 kHz, where the fundamental
frequency is about 205 Hz.

Gaussian noise, and the number of sinusoidal components can be unknown and variable. These
conditions will in many cases affect our ability to estimate the fundamental frequency. The noise
characteristics is also important in certain applications, like analysis, classification and compression
of music signals.

At this point, it is to elaborate on the meaning of the noise term in our signal models.
In estimation theory, the sum of sinusoids is often referred to as deterministic signal components
characterized by deterministic but unknown parameters. If we know these parameters, we can predict
exactly what the signal will look like. In contrast, the noise is considered to be stochastic and it is,
therefore, not possible to accurately predict the observed signal, only its general characteristics. In
this terminology, all stochastic signal components are considered noise, even if they are desired parts
of the signal. In speech and music signals, stochastic signal components may be the bow noise of a
violin, or the unvoiced signal components of a speech signal, and these are very important parts of
the signal. However, in relation to estimating the deterministic signal parts, these are still referred
to as noise, since they will limit the accuracy at which we can expect to determine the parameters.

Many of the methods considered in this book operate on sub-vectors consisting of M con-
secutive samples of the observed signal as

x(n)=[x(n) - xn+M—-11", (1.10)

where M < N, and similarly for the sources x () and the noise e(n) leading to vectors x (n) and
e(n). We remind the reader that these signals were defined for n =0, ..., N — 1 and note that
the constant M may be chosen differently in the book depending on the context. Define a matrix
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Figure 1.5: An example of a multi-pitch signal consisting the two speech signals, specifically the signals
of Figures 1.1 and 1.4. Additionally, white Gaussian noise has been added.

Zy € CM*Lk having a Vandermonde structure, being constructed from Ly complex sinusoidal vectors

as

Zy = [ z(wr) z(wy2) --- z(wrLy) 1, (1.11)
with z(w) =[ 1 &/® - /*M=D T "and a vector containing the complex amplitudes as a; =
[ak1 -+ ak1, 7. Introducing zx = e/% the Vandermonde matrix can be seen to exhibit the

following polynomial structure:

B 1 1 o 1
e/ @k e k2 e el Lk
Zi = . . , . (1.12)
el M=) Ljor(M=12 . gjexLi(M=1)
B 1 1 e 1
1 2 Ly
Zk Zk e Zk
= . . . . . (1.13)
i Z](CM_I) Z]((M—l)Z . Z]((M_I)Lk

11
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Using these definitions, the signal model in (1.5) can be written as

p eja)kln 0
x(n) =Y Zi a; + e(n) (1.14)
k=1 0 eja)kLkn
K
S Z Ziai(n) + e(n) (1.15)
k=1
or as
K
x(n) £ Zr(m)ag + e(n). (1.16)
k=1

As can be seen, either the complex amplitudes or the Vandermonde matrix can be seen as being
varying over n, i.e., ax (n) = D,a; and Zy (n) = Z;D,, with
ejwk 1n 0

D, = : (1.17)
0 ejkakn

Regarding the dimensions of these matrices, we assume throughout the book that the number
of samples N and the sub-vector length M are chosen larger than the total number of unknown
parameters, i.e., the matrices Z as well as the augmented matrix Z = [ Z, - Zg ] are assumed
to be tall and have full rank for a distinct set of frequencies.

1.5 COVARIANCE MATRIX MODEL

We will make extensive use of the covariance matrix of the sub-vectors. This matrix is defined as

R=FE {x(n)xH(n)} . (1.18)

Here, E {-} and (-)# denote the statistical expectation and the conjugate transpose, respectively. In
practice, the covariance matrix is unknown and is generally replaced by the sample covariance matrix
defined as

N 1 N—M
R = N ;0 x(n)x (n). (1.19)

Clearly, for R to be invertible, we require that M < % + 1. In the following, we will assume that M
is chosen accordingly whenever the inverse of the covariance matrix is used. We will also generally
let the dimensions of the covariance matrix be proportional to the number of samples as the perfor-
mance turns out to depend on both parameters (see [157] for an explanation of this phenomenon).
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As is well-known, the covariance matrix estimate in (1.19) is the maximum likelihood estimate
for Gaussian distributed signals provided that the sub-vectors are independent. Furthermore, it is
generally consistent for ergodic processes regardless of their distributions, meaning that the estimate
will tend towards the true covariance matrix as the number of observations goes to infinity.

In deriving the estimators, we will make extensive use of the properties of the ideal covariance
matrix in (1.18), butin practice it will be replaced by the sample covariance matrix as defined in (1.19).
It should be clear from the context which of the two we are referring to. Assuming that the sources
are statistically independent, the covariance matrix of the observed signal can be written as

K K
R = Z R, = Z E {xk(n)x,fl(n)} . (1.20)
k=1 k=1
Inserting the signal model for the individual sources in this expression, we can write the covariance
matrix as
K
R =Y E{ @) + ec(m) Zea(n) + ex(n)” | (1.21)
k=1
K
= ZZkE {ak(n)a,fl(n)} Z,fl +E {ek(n)e,?(n)} (1.22)
k=1
K
=Y ZPZ{ + Q. (1.23)

~
Il
—

where Zj is assumed to be deterministic. The matrix Q_ is the covariance matrix of e(n), i.e.,

Q=E {e(n)eH (n)} (1.24)

K K
-y E {ek(n)e,ﬁ’ (n)} -y (1.25)
k=1 k=1

also referred to as the noise covariance matrix with Qy denoting the noise covariance matrix of the
kth source observation noise, ek (n). The matrix Py is the covariance matrix of the amplitudes, i.e.,

P,.=E {ak(n)af(n)} . (1.26)

If the phases of the harmonics are statistically independent and uniformly distributed on the interval
(—m, 7], this matrix can be simplified as

P = diag([ AL, AL ]) (1.27)

We will make extensive use of this assumption throughout the book. The more specific assumptions

with respect to the observed signal vary depending on the methodology in question. Some methods
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rely on the observation noise being white and Gaussian distributed, while others rely on it being
white. Some methods require that the number of harmonics and sources are known, while, in other
cases, these can be estimated jointly with the fundamental frequency, amplitudes and so forth. In
this section, we have only mentioned the most general assumptions and we will discuss the more
specific ones in the respective chapters.

Frequency [Hz]

05 1 15 2 25
Time [s]

Figure 1.6: Spectrogram of voiced speech signal, utterance: “Why were you away a year, Roy?”.

1.6 SPEECH AND AUDIO SIGNALS

Having introduced the fundamental signal model that we will use throughout this book, it is time to
discuss whether this model is appropriate for speech and audio signals. Audio signals are particularly
troublesome due to the wide variety of such signals. Even when considering only man-made signals
such as those produced by musical instruments the variation is overwhelming. It is perhaps impossible
to construct a signal model that can explain all phenomena that can be observed in audio signals
while also arriving at a useful estimator. In many cases, it is possible to construct dedicated solutions
that are based on the specific properties of the observed signals, like, for example, the methods based
on physical models of the piano. Such methods may be useful for tuning of pianos and automatic
transcription of solo piano music but may be entirely inappropriate for other musical instruments.
Below we list and discuss the major problems in relation to estimation theoretical approaches for

fundamental frequency estimation and the choices that the algorithm designer has to make.
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Non-stationarity Most methods rely on the signal being stationary within the observation time,
i.e. in a particular segment, but both speech and music may be subject to changes. The pitch
of voiced speech tends to evolve continuously and an extreme example of this are diphthongs.
This is illustrated in Figure 1.6, showing the spectrogram of a voiced speech signal. Music on
the other hand, is comprised of discrete tones and may thus be subject to discontinuous changes
from one tone to another, but it may also be subject to continuous changes in pitch when,
for example, vibrato or glissando is applied. These problems may often not be too much of a
concern and can be alleviated by simply using short segments, but, depending on the particular
kind of scheme, it may be possible to account for non-stationarity in the estimation process by
polynomial amplitude and phase models, e.g., [61] or the tracking schemes in [15, 35,46, 135].
Another possibility is to use an adaptive segmentation of the signal. It is, actually, possible
to do this in an optimal way for an additive cost function, like one based on log-likelihoods
(see [132] and [133] for some examples of this, though not based on a statistical framework).

Noise Characteristics Estimators are based, implicitly or explicitly, on various assumptions con-
cerning the observed signal and some of these assumptions pertain to the nature of the stochas-
tic signal components also known in estimation theoretical terms as observation noise. There
are several aspects of the noise characteristics that may be of concern to us, primarily the noise
PDF. It is highly estimator-dependent how critical these assumptions are. It is, for example,
well-known that for white Gaussian noise, the least-squares estimator is equivalent to the
maximum likelihood estimator and is thus optimal for sufficiently large number of samples,
but, for certain problems, it is still asymptotically efficient even if the noise is colored [153].
The subspace methods, on the other hand, are based on the noise being white, but do not rely
on it having any specific PDF. It does, however, appear that the assumption of the stochastic
signal components being Gaussian but colored is generally sufficient in speech and audio pro-
cessing, as these assumptions are very common in the literature. Sometimes, the noise is also
allowed to have a time-varying variance. In certain problems, the Gaussian assumption seems
to be a very poor fit of the observed data. This is, for example, the case when estimating the
parameters of an auto-regressive model for voiced speech segments. A Laplacian assumption
has been shown to lead to better and more robust estimates [59]. For an interesting read on
the history of the Gaussian distribution, its properties, and problems where it appears to be a
bad choice, we refer the reader to [91].

Order Estimation Determining the number of sources and the number of harmonics for each
source are at the heart of the pitch estimation problem. If these quantities are not known or
estimated along the way, the resulting pitch estimates may be non-unique. More specifically, in
the context of parametric pitch estimation, the much discussed problems of pitch halvings and
doublings' are often artifacts of erroneous order estimates. For speech and audio signals, the

IThe focus on these phenomena is a bit curious and sometimes distracting as the problem is more general than that and often only

a symptom of a more fundamental issue. In fact, spurious estimates may be obtained for integer ratios, i.e., % with g, p € N, of

the true fundamental frequency.
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model order may vary from one segment to another and it is, therefore, necessary to estimate
it on a frame-by-frame basis. This phenomenon can clearly be seen from the spectrogram in
Figure 1.6. It is also worth noting that the Cramér-Rao lower bound for the fundamental
frequency estimation problem indicates that it is actually beneficial to estimate the order
adaptively over time to achieve the highest possible accuracy (see Section 1.8). The number
of harmonics that can be said to be in the signal with any statistical certainty will also depend
on the SNR as harmonics having small amplitudes may be completely buried in noise.

Model Selection The problem of model selection is intimately related to the model order estimation
problem. As we have discussed, different models may apply to different kinds of signals. An
estimator that should be valid for a large range of instruments and signals should thus take
this into account. One way to do this is to test different models for a particular signal and then
use the one that is most likely to explain the observed signal. For example, speech signals are
often classified as either being periodic (voiced) or a realization of a stochastic process, e.g.,
a colored Gaussian process (unvoiced). A different approach is to use a very general model
that can account for all (or most) phenomenon from which it is possible to extract simpler
structures. An example of such a model is the perturbed model of [34], which reduces to the
usual harmonic model when the perturbations are small (see also Section 1.7 for more on this).

Overlapping Harmonics The next issue is that of spectrally overlapping harmonics, meaning the
problem of interaction between either the harmonics of one source or the harmonics of different
sources. This happens when the frequencies of two sinusoids are close to each other relative to
the number of observations. This can of course always happen for a multi-pitch signal, but it
may happen also for any single-pitch signal when the fundamental frequency is very low and/or
the number of samples is low. The problem is twofold. Firstly, a low number of samples will
cause spectral overlap, i.e., non-zero inner products, of the harmonics for a low fundamental
frequency. Secondly, it will cause spectral overlap between the low harmonics and their complex
conjugates. For some of the estimators considered in this book, it is straightforward, but
computationally demanding, to take this phenomenon into account, like for the least-squares
based methods, while it is more difficult for others. It should be noted that the accuracy
at which it is mathematically possible to estimate the fundamental frequency will depend
on such phenomena, and, as the fundamental frequency tends towards zero, it will, in fact,
become mathematically impossible to estimate the pitch [23]. Interaction between harmonics
is a fairly predictable phenomenon, though, for the single-pitch case, but, for multi-pitch
signals, it can become very complicated. This is especially true for music signals, since musical
chords are comprised of sources whose fundamental frequencies are related by simple relations,
like a root 5 chord where the second note of the chord has a fundamental frequency, which is
approximately 1.5 of the root. It is easy to imagine that this can cause all sorts of problems.

Inharmonicity The harmonic signal is based on the assumption that the harmonics have frequencies
that are integer multiples of the fundamental. This assumption does not always hold, for
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instance, as the stiffness of a string of a musical instrument may cause the harmonics to be
stretched meaning that they have frequencies that are higher than the integer multiples and
get progressively further from it for higher harmonics [53, 54]. This phenomenon is known as
inharmonicity and can be observed from the signal shown in Figure 1.7 as it is not perfectly
periodic. Both the problem of inharmonicity and non-stationarity can also be seen as problems
related to model mismatch, meaning that if the integer relationship between the fundamental
and its harmonics is used, the model we use does not fit the observed signal. Model mismatch
often leads to biased parameter estimates and this is exactly what happens if the inharmonicity
phenomenon is ignored for, e.g., a piano [34] (see also [92]).

Missing Harmonics It sometimes happens that a signal consists of only a subset of the integer
multiples of the fundamental. For example, in the PSTN telephone network, speech signals
are commonly high-pass filtered at about 300 Hz, meaning that the lower harmonics for
speakers having pitches below 300 Hz will be missing from the observed signal. Similarly, a
signal may consist of only even or odd harmonics, or some harmonics may be so buried in
noise that it is not possible to determine whether they are there or not. For some methods,
such phenomena may not cause any problems as a zero amplitude sinusoid does not make any
difference and the fundamental frequency capturing the frequencies of the harmonics is still the
same, while for others, like subspace methods, it may be critical to account for. In some cases,
like for the PSTN telephone network, we know that the harmonics are missing and can easily
take the high-pass filter into account. There may be cases, though, where we cannot know this.
Generally, these problems can be alleviated by considering different patterns, like only odd or
even harmonics, and then seeing the problem as a joint pitch estimation and model selection
problem. For the methods considered in this book that can take different model orders into
account, it is usually also straightforward to extend those principles to account for missing
harmonics, but it will usually lead to an unnecessarily complicated notation, which is why we
will not discuss the problem any further.

It is our opinion that estimation theory is the art of constructing simple and elegant methods
that solve real-life problems based on rigorous mathematics, be it statistics or linear algebra. To
arrive at such methods, it may be necessary to make a number of simplifying assumptions. But
by being explicit about these assumptions, an understanding of the properties of the method can
be achieved and it can be predicted, with high accuracy, when the method will work and when
it most likely will not and why. As an example of why simplifications are necessary, consider the
multi-pitch estimation problem. It is possible, in principle, to evaluate the likelihood function for all
combinations of fundamental frequencies, number of sources, number of harmonics, different noise
PDFs and so forth, but it is not simple and generally not useful in practice to do so; the necessary
computation time will be prohibitive for most real-life applications.

17
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Figure 1.7: A segment of a piano note illustrating the inharmonicity phenomenon.

1.7 OTHER SIGNAL MODELS

It has been observed by many researchers that speech and audio signals are not perfectly harmonic in
the real world [53, 58, 103] and this may be important in some applications, even if it does lead to a
reasonable fundamental frequency estimate. For example, if a full model of the individual sources is
desired, then also the amplitudes have to be estimated. It is easy to imagine that the amplitudes may
be wrong if the peak is not located exactly at an integer times the fundamental frequency. For audio
coding applications, such errors may be audible and have to be taken into account. A number of
phenomena may cause the signals to deviate from perfect periodicity. A well-known example of this
is stiff-stringed instruments that give rise to harmonics whose frequencies are not integer multiples
of a fundamental. An example of such a model for stiff-stringed instruments is

Vi = wrly/ 1+ Bil?, (1.28)

where By < 1 is an unknown, positive stiffness parameter that varies with the type of string being
used. This model is derived by solving differential equations for waves travelling along a string [146].
This model has been used in various methods, e.g., [34, 49, 62].

It is important to note that one can arrive at other models depending on the assumptions
one make, with some examples being given in [146]. Also, interaction effects between the bridge of
a guitar and its body occur, and these may cause the harmonics to have frequencies that are lower
than integer multiples of the fundamental. Interestingly, our terminology of k denoting the source is
consistent with this phenomenon as opposed to, e.g., k denoting a particular instrument. It is usually
straightforward to incorporate such models in estimators, only one has to either somehow find By a

priori or estimate it jointly with the other model parameters. The main problem with these models
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is that they are instrument dependent and sometimes also depend on other things too and one may
have to consider many such models to construct a fundamental frequency estimator that may be
applicable to a wide range of instruments. An alternative model is the so-called perturbed model
where the frequency of each individual harmonic may be shifted by a small perturbation Ay y, i.e.,

Vi, = pl + Ag. (1.29)

One may reasonably wonder how the introduction of Ly additional nonlinear parameters is supposed
to help solve our problem. First of all, this model covers, in principle, all other variations of the
harmonic models and the unconstrained model too, if one allows arbitrarily large perturbations.
Secondly, it is often possible to solve for the perturbations in a computationally efficient manner,
depending on the specific estimator under consideration. And in the sense of the set of perturbations
Ak, being stochastic, one can argue that an estimator should be robust to such phenomena. This is
the philosophy we will employ in the remainder of the book. It must be emphasized, though, that it
is possible to incorporate models like the one in (1.28) in all the estimators considered in this book.

There exists also a number of models and methods that take into account the non-stationary
nature of many speech and audio signals, e.g., [61], by introducing, for example, polynomial models
of the amplitude and phase. Some of these models can be incorporated in some of the estimators
considered in this book, although the use of more complicated signal models often lead to com-
putationally less efficient algorithms and are, therefore, best avoided. It is our opinion, and also
our experience, that the problem of non-stationarity is less important than the more fundamental
problems of finding the parameters, including the model order and the noise characteristics, that
characterize (1.5). More specifically, it is a matter of using short absolute segment lengths so that
the signal model is a good approximation of the observed signal. It may of course be the case that
the variations of the parameters are of interest as would be the case in transcription of music where
bends, slides and vibrato play an important role. In that case, the signal models should be modified
accordingly.

1.8 PARAMETER ESTIMATION BOUNDS

It is possible to derive various bounds on the accuracy at which it is possible to estimate some
parameters of a model. This is useful for evaluation purposes, but such bounds can also be quite
informative, which turns out to be the case for the fundamental frequency estimation problem.
When simple closed-form expressions for these bounds exist, one can determine how the problem
depends on various conditions, like the number of observations or the signal-to-noise ratio (SNR).
The Cramér-Rao lower bound (CRLB) is one such bound for unbiased parameter estimates and we
will now introduce the fundamental results related to this bound. For a comprehensive introduction
to the CRLB, we refer the interested reader to the excellent book [89] and for examples of other
bounds, see [116, 141]. An estimator is said to be unbiased if it results in an estimate 6; of the ith
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parameter 6; of the parameter vector @ € R” whose expected value is the true parameter, i.e.,
e8] =6 vo. (1.30)

and the difference ; — E { 6; ], if any, is referred to as the bias. The CRLB of the parameter is given
by
var(0;) > [1‘1(0)]__, (1.31)
12

where var(-) denotes the variance defined as

var@@) = E {(9} _E {éi})z} , (1.32)

and I(0) is the P x P Fischer information matrix evaluated for the true parameter vector @, which
is here considered to be deterministic but unknown. The Fischer information matrix is defined as

3% 1n p(x; 0)}

1.33
36,00, (1.33)

[I(a)]il = _E{
withIn p(x; ) being the log-likelihood function of the observed signalx € CV.The bound in (1.31)
holds under the so-called regularity condition (see [89]), which is

E{alnp(x; 0)

59 } =0 veo. (1.34)

Here, d In p(x; 0)/30 is defined to be a column vector. In both of the equations above, the expectation
is taken with respect to p(x; #). For the case where the observation vector is complex Gaussian with
mean () and covariance matrix Q_(0), i.e., x ~ N (n(6), Q_(#)), the CRLB is given by [153]

[I<o>],.,=Tr{Q (0)8Q(0)Q ()aQ“’)}

H
+2Re{ (0>Q ()Bu(f))}‘

(1.35)
Here, 9p(0)/36; is defined to be a column vector containing the entries of the vector u () differ-
entiated with respect to the ith parameter of 6 and similarly for the matrix derivative.

For the case where the covariance matrix Q_(#) does not depend on any of the parameters in
0, we denote it Q_. Furthermore, under the assumed conditions, (1.35) reduces to

O | _, BM(O)}
396; a0 |-

[10)],, = 2Re { (1.36)

We will now briefly present the CRLBs associated with finding the parameters of a periodic signal

from xy (n). For simplicity, we consider the case where ex(n) is white Gaussian and independent
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having variance akz. In this case, we have that Qg = Ukzl. Despite these seemingly restrictive as-
sumptions, we can still learn some interesting facts about our problem. For a single source and a high
number of samples, i.e., N > 1, the lower bound on the variance of unbiased parameter estimates

can be found using (1.36) and are given by (see [23] and [122] for details)

. 60,(2
var(wy) > T (1.37)
N(N?2— 1) 35 AL 12
2
A~ g
A > K 1.38
var(Ar;) = N (1.38)
2 2 2
. 1 312(N — 1
var(@e) = U—"<—2+ I ( ) ) (1.39)
AN \Air Yk Agmm?(N2 = 1)

The right-hand side of these equations are referred to as the CRLBs of the respective parameters.
The CRLB for the fundamental frequency can be seen to depend on the pseudo signal-to-noise

ratio (PSNR), defined in dB as

L 2 72
AL
Zl—;—z’“l[d]s], (1.40)
k

PSNR = 1010g10

while the bound for the phase depends on both this quantity and the local SNR, A,%’ ;/of. Under the
assumption that the sources are independent and that the harmonic frequencies are distinct, (1.37)
can also be expected to hold approximately for the problem of estimating the fundamental frequencies
in (1.5) for the multi-pitch case, only oy has to be replaced by . The bounds will not be valid, though,
when there is a significant spectral overlap of the harmonics, i.e., for low fundamental frequencies
(see [23]) and when the harmonics of a multi-pitch signal overlap. In these cases, the bounds will
be much higher, which will be revealed by the exact CRLB [107]. Also, it must be stressed that
for a low number of samples, the exact CRLB for the various parameters will depend on the other
parameters, including those of other sources.

Interestingly, the CRLBs associated with estimating the parameters of the unconstrained
model from xi (n) are somewhat different. More specifically, these are [88]

. 602
var(i) = b (1.41)
N(N2 - 1)AZ,
2
~ (o}
A k. 1.42
var(Ar;) > 2N2 (1.42)
n 207 (2N — 1)
var(gp) > —& (1.43)

AL NN+ 1)

As can be seen, the bounds are different for the frequency parameters and the phases with these

depending on the local SNR, while the amplitude bound is the same. This underlines that although
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the problem of fundamental frequency estimation is related to frequency estimation, the problems
and their properties and pitfalls are different. The bounds associated with the fundamental frequency
estimation problem suggest that this problem is simpler in the sense that we should be able to do this
more accurately than estimating any individual frequencies. Having pondered this, one may suspect
that it is a more robust procedure to search directly for the fundamental frequency, and indeed this
turns out to be the case. We will return to this later on.

1.9 EVALUATION OF PITCH ESTIMATORS

So how does one go about evaluating pitch estimators? There are several aspects of pitch estimators
that need to be evaluated to determine their properties and robustness. Below, some common test
methodologies and signals are listed and discussed.

Monte Carlo The Monte Carlo method is a method for random sampling, where the same exper-
iment is repeated many times and each time, all stochastic components are randomized. The
stochastic components could, for example, be the noise that is added to a signal or even model
parameters, such as the model order, fundamental frequency, amplitude or phase of a periodic
source. For each set of realization, parameters of interest are estimated and the statistics of the
estimates, like variance and bias, are calculated. The higher the number of times the experi-
ment is repeated, the better, but for complicated nonlinear problems, like the pitch estimation
problem, it is often only possible to do this in the order of hundreds of times. The Monte
Carlo method can be used in combination with either real or synthetic signals, but are most
often used in combination with synthetic signals.

Synthetic Signals Synthetic signals generated using the assumed signal model can be used for
answering the following questions: given that the signal model is correct, what is then the
accuracy at which we can determine the various parameters, and how does the performance
depend on various conditions and user parameters such as the segment length, the signal-
to-noise ratio, the sub-vector length, and other quantities. This is also a good way to ensure
that the estimators have been correctly implemented. One can experimentally determine how
close the estimator is to the optimal performance by estimating the mean squared estimation
error using the Monte Carlo method and compare it to the CRLB and the performance
of other estimators. More importantly, estimators frequently exhibit so-called thresholding
behavior for nonlinear estimation problems, meaning that below a certain number of samples
(or PSNR), the method ceases to work and results in non-informative estimates. Monte Carlo
simulations using synthetic signals can help to determine under which circumstances this
will happen. Using synthetic signals, it can also be determined how sensitive the method is
to various assumptions by violating these assumptions in simulations, for example, by using
colored noise instead of white noise.

MIDI Signals Signals generated using MIDI are, perhaps, best characterized as being somewhere

in-between synthetic and real signals, depending on the type and quality of the synthesizer used.
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The good thing about using MIDI generated signals is that the ground truth data (i.e., the true
pitch) is readily available and that the environment is fairly controllable and the experiments
reproducible. But it is not always simple to determine exactly what kind of synthesis is used
and/or how close to real signals the generated signals are; some may be based on real sampled
signals, while others may be based on physical models of musical instruments or extremely
simplistic mathematical tricks. One can, though, safely assume that they are generated using
a model that is at least as complicated as those of equations (1.1) and (1.5). To be safe, one
can of course use several different MIDI synthesizers.

Real Signals The synthetic signal methods do not answer the very important question of whether
the assumed signal model is in fact correct. Only the application of the algorithm to real signals
can answer that. There are many databases of real music and speech signals available on the
Internet, but there are two major problems with using real data: a) often no ground truth data
is available, meaning that we have nothing but our own expectations to compare the estimates
with, which makes the results rather subjective, and b) even when such ground truth data is
available, it is usually not available at the accuracy needed to determine whether an estimator is
optimal or how far it is from being optimal, and usually only crude performance measures can
be applied in these types of evaluations. Furthermore, even when some kind of ground truth
data is available, it may be of course be completely wrong, or the pitch may be ambiguous.
Consider, for example, a segment containing silence and then the onset of a tone. Is there a
pitch in such a segment or is an algorithm right in saying that there is only silence? Or what
about the more complicated creaky voice phenomenon (see [99])? It is often the case that
researchers have resorted to pruning such cases manually, as is the case in the results reported
in [41]. This, of course, introduces an arbitrary and subjective element in the evaluation and it
is then meaningless to compare results at a high granularity. In many cases, though, real signals
can be used for providing illustrative examples, which can be used for qualitative analysis of
the behavior of estimators. For example, by analyzing the examples where a particular method
appears to fail, care should, however, be taken in choosing the signals. Some signals exhibit
higher degrees of stationarity and inharmonicity than others. The Monte Carlo method can
be applied to real signals by adding, for example, noise to the signal to analyze the behavior of
the estimates as a function of the SNR or other parameters.

It is often recommendable to keep the experiments as simple as possible, at least at first; we
cannot possibly hope to solve complicated problems if we cannot even solve simple ones. The authors
of this book recommend that the following tests be performed when evaluating the performance
of pitch estimators: most importantly, the variance and bias of the estimator should be evaluated
under various conditions, like different N, M, wy, Lk, K, PSNR, SNR, and different amplitude
distributions using the Monte Carlo method and synthetic signals generated using the assumed

signal model. A good measure is the root mean square estimation error (RMSE), which is defined
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as

RMSE = SLK 3 (@,ﬁ” - wk)z, (1.44)

k=1 s=1

where w; and c?)]((s) are the true fundamental frequency and the estimate for source k in Monte Carlo
iteration s, and with S being the number of Monte Carlo trials. By comparing the RMSE to the
CRLB, this quantity determines a) how close the method is to being optimal under good conditions,
and b) the thresholding behavior of the estimators, i.e., under which conditions the estimator can be
expected to work and how it compares to other estimators. The robustness of the estimator towards
the issues discussed in Section 1.6 can also be evaluated using the Monte Carlo method based on
synthetic signals. In doing so, it is likely that several assumptions will be violated, and this will reveal
the robustness of the estimator towards such violations. The key point here is that these are likely
to occur when dealing with real speech and audio signals.
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CHAPTER 2

Statistical Methods

2.1 INTRODUCTION

The basic idea of statistical estimation methods is to pose a model of the observed signal in terms
of a probability density function (PDF), which is parameterized by in our case the parameters of
sets of harmonically related sinusoids. Within this framework, the parameters of these sinusoids are
often viewed as being deterministic but unknown, while the observation noise, i.e., any stochastic
signal components, are considered random. These deterministic but unknown parameters can then
be estimated by maximizing the so-called likelihood of the observed signal, i.e., the parameters that
are most likely to explain the observed signal are the maximum likelihood estimates. The objective
function is referred to as the likelihood function as it is viewed as a function of the unknown
parameters rather than the observed signal. The principle of maximum likelihood estimation is
probably the most commonly used and estimators based on it are well-known to have excellent
performance for a large number of samples. For certain cases, like the Gaussian case, the maximum
likelihood estimator also has a simple form, in fact, it is the minimizer of a weighted squared error
and for white Gaussian observation noise, it is the even simpler minimizer of the 2-norm, i.e., the
least-squares estimator. It is, however, complicated to derive computationally efficient methods for
finding nonlinear parameters like the frequencies of sinusoids and this is exactly the goal of this
chapter. We will first present the fundamentals of maximum likelihood estimation and maximum a
posteriori (MAP) estimation, and we then show how these principles can be used in various ways
for finding the fundamental frequency of periodic signals and solve some of the associated problem
such as model selection and order estimation.

2.2 MAXIMUM LIKELIHOOD ESTIMATION

It seems natural to adapt this well-merited scheme to our problem and we will here first consider
only the single-pitch case, i.e., K = 1. The method can be generalized to the multi-pitch scenario,
but in its exact form, it is not very useful, since it leads to a complicated multi-dimensional nonlinear
optimization problem, but later we will consider an approximate solution. We will now present the
maximum likelihood method for finding the parameters of a single periodic signal. The algorithm
operates on a signal sub-vector at time n, defined as

xe(n) = [xx(n) - xp(m+M—1)1", (2.1)

which is constructed from the observed single-pitch signal xy (n). For many signals, such a sub-vector

can be modeled as a sum of Ly harmonically related complex sinusoids in colored Gaussian noise
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e, having covariance matrix Qy, i.e.,

xi(n) = sg(n) + ex(n) (2.2)
= Zi(n)a; + ex(n), (2.3)
with ay = [ Ag1e/P%1 - Ap g, el P T being a vector containing the complex amplitudes. Fur-

thermore, Z; (n) is a Vandermonde matrix at time 7, defined as

Zimy =[ 2 - 2,0 |, (2.4)

where the mth entry of the column vector z;(n) € CM is defined as [z;(n)],, = /0! =1 Since
x;(n) has length M and we have N observations of x(n), we can thus construct a set of G =
N — M + 1 different sub-vectors {x (n)}f;_ol.

Next, we introduce the signal and noise parameter vector @ containing the fundamental
frequency wy, the complex amplitudes { Ay, 1e/%1) and thereby implicitly the order Ly and the noise
covariance matrix Qg of the model in (2.3). Assuming that Qy is invertible, the likelihood function
of the observed signal sub-vector x¢ (n) can then be written as

Pk (n): 03) = et QT ex(n), 2.5)

1
7Mdet(Qy)
with det(-) denoting the matrix determinant. Now, assuming that the deterministic part si(n) is
stationary and e () is independent and identically distributed over n, the likelihood of the observed
set of vectors {x (n)}fl;:_o1 can be written as

G—1

p(xc(m}; 00) = [ | poe(m); 61)
n=0 (2.6)
_ oy e
MG det(Qy)¢

Although the approach of splitting the signal into sub-vectors x(n) is inherently suboptimal, since it
ignores inter-vector dependencies, it is required in order to estimate the signal and noise covariance
matrices. Taking the logarithm of (2.6), we get the so-called log-likelihood function, i.e.,

G-1
LOx) =) Inp(n); 6;)
n=0 2.7)

G—1
=—GMInm — GIndet(Qy) — Z e,?(n)Qk_lek(n).
n=0

The maximum likelihood estimates of the parameters @ are then

0, = argmax L(0y), (2.8)
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which are found by estimating the noise vector as

ex(n) =xx(n) — si(n) (2.9)

where the deterministic part of the signal model §x(n) is constructed from the parameter estimates.

The main difficulty in evaluating this cost function is that the fundamental frequency is a
nonlinear parameter and that the noise covariance matrix Qg generally is unknown. The amplitudes
and phases, on the other hand, can be seen in (2.3) to be linear complex parameters that can easily be
found given the fundamental frequency and the noise covariance matrix. Given the (invertible) noise
covariance matrix Qy, the complex amplitudes a; can be found, for a certain candidate fundamental
frequency, using weighted least-squares (WLS) as

“lg_i

G-—1
a; = (Z ZHmQ, 'z, (n)) Z Z8mQ, 'x(n), (2.10)
n=0 n=0

where the inverse exists for tall or square Zy, i.e., for Ly < M, constructed from a distinct set of
frequencies.

2.3 NOISE COVARIANCE MATRIX ESTIMATION

Next, we will address how to estimate the noise covariance matrix in an efficient manner. Defining
Z; = Z4(0) and assuming that the phases of the harmonics are independent and uniformly dis-
tributed on the interval (—, 7], the covariance matrix Ry € CM*M of the signal in (2.3) can be
written as (see [155, 156]),

R, =FE {xk(n)x,f’ (n)} = ZPZF + Q (2.11)

where
Pe=E{aaf | =ding ([ 47, - 4%, |). (2.12)

The noise covariance matrix Qy is most often unknown and an estimate has to be obtained. Here,
we will do this based on the signal covariance model in (2.11). In practice, the signal covariance
matrix also is unknown and is replaced by an estimate, the sample covariance matrix, i.e.,

G—1

~ 1
R, = G HZ:(:)xk(n)x,f{(n). (2.13)

There are some inherent tradeoffs in the choices of N and M and thereby G. The number of
observations N should be chosen appropriately such that the signal x;(n) can be assumed to be
stationary, while M should be chosen such that all significant non-zero correlations in the covariance
matrix are modeled. On the other hand, M should also not be chosen higher than strictly necessary,
since the goodness of the signal covariance matrix estimate in (2.13) depends on G being as high
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as possible. Additionally, since the evaluation of the likelihood function requires the existence (and
calculation) of the inverse of the noise covariance matrix, it is required that rank (Q) = M. This in
turn implies that G > M and hence M < & + 1. For a particular candidate fundamental frequency,
we can construct the Vandermonde matrix Z; in (2.11). However, we also need an estimate of the
sinusoidal amplitudes in Py to obtain a noise covariance matrix estimate. An obvious approach is
to use the estimated signal covariance matrix instead of the noise covariance matrix resulting in a
Capon-like amplitude estimator or one of the other amplitude estimates discussed in Chapter 5. A
simple and asymptotically efficient estimate (see [155]) of the complex amplitudes for approximating
the likelihood for various fundamental frequencies and orders is

G-1 ~1G-1
= (Z z} (n)Zk(n)> > Z (), (2.14)

n=0 n=0

which can be approximated for large N as

G—-1
NS H
el HZ:(:) Z; (n)xk(n). (2.15)

This is a number of phase-shifted fast Fourier transforms (FF'Ts), since Zy (n) can be written as

eJwkn 0

Zi(n) =7y . (2.16)
0 ejkak"

Having found the complex amplitudes associated with a certain candidate fundamental frequency,
we can now estimate the noise covariance matrix from the order Lj sinusoidal model as

Ly
Q =Ry - ZPZ =Ry - Y A7 jzizf, (2.17)
=1
with ’ﬁk = diag ([ AAI% REE AA]% ; ]) The inverse noise covariance matrix may be needed for

and direct inversion for different model orders and fundamental frequencies poses a significant
computational burden. Therefore, it is advantageous to compute it using the matrix inversion lemma.
This leads to the following iterative expression for the inverse covariance matrix for/ = 1,2, ..., Lg:

@) =@ ) @) @) e

— —1
A2 H (=1
1= Ap iz (Qk ) z
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— o1~
with (Qk(0)> =Ry ! Similarly, the matrix determinant lemma can be used for computing the

determinant of Qk(l) in iteration / recursively as

det (@(”) = det (@("” — A2 ! ) (2.19)
- <1 — A2 (@("1))_1 z,> det (Q"7"). (2.20)

It must be stressed that the amplitude estimates used in updating the determinant and the inverse
noise covariance matrix estimates should be chosen with care, since particular estimates may lead

to rank deficiency in some cases. It can be seen that the likelihood function contains the term
ZSI_OI e}j (n)Qk_lek (n). If we replace the vectors ex (n) by estimates obtained as

e (n) =xx(n) — s¢(n), (2.21)

and the noise covariance matrix by its estimate Qg, we can write the term as

G-1 G-1
> el Qo) = Tr { > e (n)@lék(n)} (2.22)
n=0 n=0

G-1
=Tr {@1 > &mef! (n)} : (2.23)
n=0

Realizing that Z;?:_ol e (n)é/f] (n) is the scaled sample noise covariance matrix obtained using the
estimated deterministic signal components s (1), we get that

G-1

> & Qe =1 {Q, ' QG| = MG, (2.24)

n=0

which means that this term is constant. The likelihood function therefore only depends on the
determinant of Qg, but we can make use of the inverse noise covariance update formula for efficient
computation of this quantity so our efforts have not been futile. It should be noted that the matrix
btained from Y91 & (n)e (n) t be the exact i f the matrix obtained using (2.18)
obtained from ) "~y € (n)e;’ (n) may not be the exact inverse of the matrix obtained using (2.18),
since the latter is based on Py being diagonal.
An alternative approach to pitch estimation in the presence of colored noise is the method
of [48], which is also based on maximum likelihood principles.

2.4 WHITE NOISE CASE

In some cases, the stochastic part of the signal model in (1.1) is white or approximately so. Not only
can the computational complexity of the maximum likelihood estimator be reduced significantly,

but the inherent sub-optimality of covariance matrix-based methods can be avoided. For the white
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noise case, the structure of the noise covariance matrix is now known, i.e., it reduces to a scaled
diagonal matrix Qg = 071 where oy is the variance of the noise ex(n). This has the consequence
that we no longer need to estimate a full covariance matrix but only the variance, and, therefore,
there is no need to split the observed signal into sub-vectors, i.e., we can simply set M = N and thus
G = 1. For notational simplicity, we define €;(0) = €; and x;(0) = x¢. The log-likelihood function
can now be written as

2 L 2
L@ =-NInx — Ninof — — &l (225)
%%

It can be seen that the maximum likelihood estimator (MLE) is simply the minimizer of the 2-norm
of the modeling error €. Since the fundamental frequency is a nonlinear parameter, the method based
on minimizing the 2-norm is called the nonlinear least-squares (NLS) method. The noise variance
is generally unknown too, and we need to form an estimate of it to evaluate the log-likelihood, and,
like the noise covariance matrix estimate, this estimate will depend on the order L. For a particular
fundamental frequency candidate, assuming L harmonics, the maximum likelihood noise variance
estimate 1s

. 1
6f = Ik = Tz, (2.26)

where Iz, is the projection matrix defined as
~1
Ny =27 (2{2) Zf!. (2.27)

The estimate in (2.26) is basically obtained by replacing the amplitudes by least-squares estimates.
We note that, given the frequencies of the harmonics, the least-squares amplitude estimates can
be obtained in an efficient manner by a recursive implementation [39]. Complex sinusoids are
asymptotically orthogonal for any set of distinct frequencies, which means that the projection matrix
ITz, can be approximated as

—1
lim NIz = lim NZ (Z,{fzk) zH (2.28)
N—o0 N—o0

=770 (2.29)

Here, it should be stressed, that for a given N, this approximation will get progressively worse as
wy gets smaller and it may be quite poor for low wy. Using the approximation in (2.29), the noise
variance estimate can be simplified, i.e.,

o 1 1
6 ~ e = Nzkz,kau%. (2.30)

We then get the following log-likelihood function, which depends only on wy by inserting this

variance estimate into (2.25),

L(wg) ~ —NIng — NIng? — N. (2.31)
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We see that the amplitude can be found for various fundamental frequencies and orders using one
FFT, this time, however, we are ignoring the noise color. From (2.31), we can observe a problem
in relation to the model order. As the order Ly is increased, the log-likelihood is increased and
therefore the maximum likelihood estimator will lead to the choice of the highest possible order.
This phenomenon is illustrated in Figure 2.1 where (2.31) is shown as a function of the model order
for a synthetic signal with Ly = 5. We will return to this problem and its solution later on.

-100f

-150F

-200f

-250F

Log-likelihood

-300f

-350F

4005 2 4 6 8 10
Number of Harmonics

Figure 2.1: Typical log-likelihood function as a function of the model order for a synthetic periodic
signal with the true order being five in white Gaussian noise.

Writing out the log-likelihood function, we see that for a given model order Ly the estimator
reduces to

@ = arg max x,l:l Iz, xi (2.32)
ok

~ arg maxx;’ Zy Z x; (2.33)
K

= argmax | Z¢ x5, (2.34)

where the last two lines follow from the asymptotic approximation, while the first line is exact. In
practice, the estimator can be implemented by first evaluating the cost function on a coarse grid from
which an initial estimate can be obtained. This initial estimate can then be refined using various
numerical optimization techniques such as steepest descent and Newton’s method (see, e.g., [6]).
For the specific estimator considered here, such methods can be found in [33].
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The estimator in (2.34) can be implemented efficiently by forming such a coarse initial estimate
using an FFT. To see this, we introduce the Fourier transform of the observed signal xi () as

N-1
Xp(@) =Y xx(n)e /", (2.35)
n=0

from which we see that the cost function can be expressed as

Ly N-1
1ZF %3 =D 1D xw(mye /2 (2.36)
=1 =0
Ly "
= > 1 Xe(ex)|*. (2.37)
=1

The quantity | X (wil)|? is known in estimation theoretical terms as the periodogram (except for
a scale factor) when obtained from finite length data records. It can be seen that the estimator
reduces to a summation over the periodogram estimate of the power spectral density evaluated at
the harmonic frequencies. This shows that the so-called sub-harmonic summation method [74] and
the harmonic sum spectrum method [124] are asymptotically identical to the maximum likelihood
estimator, whose exact version has previously been proposed in [168]. The method of [136] is
essentially the same estimator, although modified to account for colored noise (on a historical note,
the interested reader may also wish to consult [70]). In Figure 2.2, the cost function (2.37) is plotted
for two different models orders for the noisy signal in Figure 1.2 having the spectrum shown in
Figure 1.3. A number of things can be observed from the figure. First, for the true model order,
Ly =5, the cost function has a global maximum for the true fundamental at w; = 0.3142, but for
Ly = 8 the global maximum is at half the true fundamental. This clearly shows the importance of
using the correct order. Second, it can also be seen that the cost functions are multi-modal, meaning
that they have multiple extrema. These extrema are all quite narrow making numerical optimization
difficult for large N. In Figure 2.3, the cost functions for the two signals in Figures 1.1 and 1.4 are
shown.

About the use of the asymptotic approximations, it should be noted that these may not be
very accurate for speech signals while this is often less of an issue for music signals, as music signals
frequently can be assumed stationary over longer time intervals. As we have already stated, the
approximation becomes increasingly worse the less separated the harmonics are in frequency. A
change of sampling frequency does not generally alleviate this problem, as the normalized frequency
is lowered by an increase in the sampling frequency. However, the CRLB does suggest that, with
respect to the influence of the noise, it is, in fact, beneficial to use a high sampling frequency.

It is straight-forward to incorporate the parametric inharmonicity model of equation (1.28)

in these estimators. Consider, for example, the cost function in (2.37).To apply the model of (1.28),
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Figure 2.2: Approximate maximum likelihood cost function (2.37) evaluated for different model order
for a synthetic signal having a fundamental frequency of 0.3142. The estimates can be identified as the
largest peak.

we only have to replace the frequencies wil by ¥ = wily/1 + Bil?, i.e., the estimator becomes

Ly

(k. Be) = arg max 3 [ Xi (Y )l (2.38)
Pk =1

Li
= arg max D Xkl v/ + B, (2.39)
PPk

which means that we, in principle, have to sweep over combinations of the two nonlinear parameters
to obtain the estimates.

It is worth noting that, because the white noise case is so much simpler than the colored
case, the estimator presented here may be preferred over the colored noise estimator in real-time
applications even if the noise is known not to be completely white, as it may still provide adequately
accurate estimates, especially so if the model order is known, since the nonlinear least-squares method
is asymptotically efficient for the parameters of the individual harmonics even for colored noise [153].

2.5 SOME MAXIMUM A POSTERIORI ESTIMATORS

An alternative to maximum likelihood estimation is maximum a posteriori (MAP) estimation, where
the so-called posterior PDF is maximized, i.e.,

0y = arg max POkIxp). (2.40)

k
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Figure 2.3: Approximate maximum likelihood cost function for the two signals in Figures 1.1 and 1.4,
respectively.

This means that the parameters that are most likely, given the observation x, are chosen as the
estimates. Bayes’ rule states that we may rewrite the posterior PDF as

0 0
PO = LIO0OPED) (2.41)
D (xk)

and, since p(xx) is constant once x; has been observed, we may maximize p(xx|0x) p(6x) instead of
(2.40), or, more conveniently, its logarithm, i.e.,

0, = arg rréax In p(xx|0%) + 1n p(0y). (2.42)
k

The density p(0y) is referred to as a prior on 6 as it incorporates prior information on the distribution
of the parameters, and this is exactly the strength of this approach. The estimator can be seen to
be comprised of two terms: a log-likelihood term and a log-prior term; in the case where p(6y) is
constant, the method essentially reduces to the maximum likelihood estimator.

As an example of its applications to pitch estimation consider the following: it has been noted
by many authors that the frequencies of the fundamental frequencies in speech and audio signals are
not uniformly distributed over the whole interval and this can be taken into account using the MAP
approach. Similarly, one may argue that the tones of music are more likely to occur at fundamental
frequencies equivalent to the tones of musical scales or tunings. There are, in other words, a myriad
of possible applications of this principle, but we will here consider only two.

First, we will consider the case of incorporating prior knowledge of the distribution of the

fundamental frequency in our estimation framework. Recall that the log-likelihood function of the
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observed signal for the case of white Gaussian noise is given by
In p(xglwx) = —NInw — NIng? — N. (2.43)

To be able to make use of the general MAP estimator in (2.42), we assume uniform priors on
the amplitudes and the noise variance, and that these parameters are mutually independent and
independent of the fundamental frequency. In that case, we can substitute the variance estimate

in (2.43) by
o1 -1
6 = lx— Z (z82:)  Z{'xu13. (2.44)

Next, we introduce a log-prior In p(wy) on the fundamental frequency. By combining these expres-
sion with the estimator in (2.42) and dropping all constant terms, we obtain

@ = argmax —N In 6,{2 +In p(wy) (2.45)
ok
~1
=argmax —N In ||x; — Zy (Z,fIZk> Z,f'ka% +In p(wy). (2.46)
ok

By writing out the 2-norm as in (2.34), we get
~1
@y = argmax —N In ||x; — Zy (Z,fIZk> Z,?ka% + In p(wy) (2.47)
ok
1
~ argmax —N In <x,f1xk — Nx,f[ZkZ,f[xk) +1In p(wy), (2.48)
wi

where we have used the asymptotic properties of the Vandermonde matrix like in (2.29) to obtain
the last line. Using Parseval’s relation, the estimator can also be expressed in the frequency domain
as

Ly

1 (7 1

&r = argmax —N In —/ Xk (W) Pdy — — > [ Xe(D)* | +1n p(an). (2.49)
wk 2 J_, Nl:l

It can be seen from (2.49) that the log-prior acts like a penalty term in the optimization problem
associated with the estimation problem. For most speech and audio signals, a good log-prior would
be one that emphasizes low frequencies. Priors that would achieve this could be Laplacian, Rayleigh
or Maxwell distributions.

We proceed to examine the perturbed signal model introduced in (1.29) where the frequencies
of the harmonics are allowed to deviate from being integer multiples of the fundamental. More
specifically, we will use the following signal model

Ly

xp(n) = Zak,lej(w"HAkJ)" + er(n) (2.50)
=1
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in combination with the MAP approach to solve the problem of finding the fundamental frequency.
We will assume uniform priors and independence of the fundamental frequency and the amplitudes.
Furthermore, we assume that the noise variance is known. The log-likelihood function is then given

by

1.
In p(x¢lwk, {Ak}) = —NInzx — Nlnof — ;nekn%, (2.51)
k

where

~1
er =x; — 2y (Z,?Zk) Z,f]xk. (2.52)

To be able to solve the problem of finding the fundamental frequency of (2.50), we need to impose
some restrictions on the perturbations, {Ag ;}. Specifically, if we allow these to become arbitrarily
large, any wy will fit. Therefore, the traditional ML method cannot be used. We expect that most
of the perturbations will be rather small, but also that a few large ones may occur. A PDF that
describes such distributions is the Laplacian PDF and this is what we will use here. Assuming that
the perturbations are independent, their log-prior is given by

L
1
In p({Ak1}) = —LiIn2y — " E | Akl (2.53)
I=1

1
=—LiIn2y — ;IIAklll, (2.54)

where Ay = [ Ag.1 ... Ak, 1and 2y? is the variance with y > 0. By combining (2.51) and (2.54)
using (2.42), we obtain the following estimator:

(@k, {Ak,l}) =arg max }111 PG|k, {Aka}) +1n p({ Ak} (2.55)
ko VR,
1 1
=arg max —Nlnw — Nlnof — — [[&ll5 — Ly In2y — —[|A¢]y
. { A1} o 14
. | . 1
=arg min — [[&ll3 + — [ Al (2.56)
oDk} o 14
2, 9%
=arg min [lell; + [ Akl (2.57)
o { Ar1} 14

This is a joint nonlinear optimization problem over the fundamental frequency and all the per-
turbations. Regrettably, it appears to be nontrivial to solve this problem. An optimization problem
of the form in (2.57) is also known as a regularized optimization where the last term is referred
to as the regularization term and sz /v as the regularization constant. It is worth noting that the
regularization constant depends not only on the variance of the perturbations but also on the noise

variance.
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Using the same asymptotic approximations as in (2.49), we can simplify the estimator some-
what, i.e.,

2

(6, (Aey) = are_min el + 1Akl (2.58)
—argwrr{lgx}—2|xk<wkl+m)| ——"me (2.59)
k k.l =1

It is perhaps still not clear how to solve this problem, but by substituting Ax; by ¥k ; — wil and
wil + Ay by ¥i 1 and observing that the inner multidimensional nonlinear optimization problem
can be decoupled into a number of one-dimensional problems, we obtain

o = arg max max Z | Xi(@xl + Ae)l = - Z Akl (2.60)
ki)
—argma;x{rghax—2|xk(wkz)| ——Zh/fkl—a)k” (2.61)
Ly
= argmax — Zmax (IXk(wk D> — —Ilﬁkl - wkll) (2.62)

The last line shows that it is actually possible to solve the problem for a given candidate fundamental
frequency by simply finding the peak of a modified periodogram | Xy (¥ ;)|* where a penalty term
has been added. The good thing is that the periodogram only has to be calculated once and the rest
is a matter of adding different penalty terms. Once the fundamental frequency has been determined,
the frequencies of the individual harmonics can be obtained as

R o} .
Vi, = arg leax (IXk(lﬂk,z)l2 — 7k|1/fk,1 — oyl (2.63)
k,l

and the perturbations as Ak,l = ol — I/A/k,l.

It is curious to note that the estimators in (2.49) and (2.62) are different. Suppose that we
had used a similar prior on wy in (2.49) as in (2.54). Then, (2.49) would consist of the logarithm of
the error norm and a regularization term consisting of merely a norm, as opposed to (2.62) where
both terms are simply scaled vector norms. Interestingly, the estimator in (2.62) is of the form
usually referred to as a regularized cost function in optimization, which is sometimes justified as a
MAP-like estimator. Also, the basic idea of the estimator proposed in [92], i.e., that amplitudes are
usually smooth over frequency, can also be cast in the framework of MAP estimation by introducing
a prior on the differences between the real amplitudes of adjacent harmonics. This can be realized
by introducing a so-called smoothing regularization term [14], although some additional work is

required, since this prior applies to the real amplitudes and not the complex ones.
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2.6 MAP MODEL AND ORDER SELECTION

We will now address the problem of choosing between different models and different model orders
from a statistical perspective. The problem of selecting between different model orders is a special case
of the general model selection problem, where the models under consideration are nested, meaning
that the simple models are special cases of the more complicated models. As has been discussed, the
problem of determining the model order and the number of sources is the key to solving the pitch
and multi-pitch estimation problems using parametric models. The model selection problem can, for
example, be used for determining which of the usual harmonic model or the inharmonicity model
should be used for a particular signal, whether there is just noise present and for taking missing
harmonics into account. The most commonly used methods for order selection are the Akaike
information criterion (AIC) [2] and the minimum description length criterion (MDL) [142, 143]
(see also [151]). These method comprise a “goodness of fit” term and an order dependent penalty
term that penalizes more complex models. It is easy to see why the penalty term is needed: a more
complex model is generally capable of fitting the data better than a simple one, even though the
simple model is the one that was used for generating the data. It was shown in [44] that linear
and nonlinear parameters should not be given equal weight, something which is easy to see for the
frequency estimation problem.

The subject of model and order selection is worthy of an entire book on its own, and we
will here only present some results and some brief arguments. More specifically, will derive model
and order selection criteria using the MAP approach of [43, 44] (see also [160]). For simplicity,
we will do this for the single-pitch case, i.e., based on x; even though the principles can be used
for multi-pitch signals too, for example in combination with some of the methods considered later
in this chapter. First, we introduce Z, = {0, 1, ..., ¢ — 1} which is the candidate model index set
with M,,,, m € Z, being the candidate models. Examples of candidate models that we would like
to be able to choose from are: white Gaussian noise, colored Gaussian noise, various numbers of
harmonically related sinusoids, sinusoids where the harmonics are not exact integer multiples of the
fundamental and so forth. The principle of MAP-based model selection is to choose the model that
maximizes the a posteriori probability of the model given the observation xi. It is easy to see that
this can be written as

—

M =arg max  p(M,,|x) (2.64)
m meZy
—arg ma P(Xk|Mm)P(Mm)' (2.65)
My, meZ, P ()

Assuming that all the models are equally probable, i.e.,

1
p(M,,) = . (2.66)
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and noting that p(x¢) is constant once x; has been observed, the MAP model selection criterion
reduces to

—

My =arg max  pGxx| M), (2.67)

My, meZy
which is the likelihood function when seen as a function of M,,. Since the various models also
depend on a number of unknown parameters, like amplitudes, phases, fundamental frequencies and
so forth, here denoted 0, we will integrate those out as

POk M) = /@ P k|0, M) p(O| M) dby. (2.68)
k
Note that the parameter vector 6; depends on the model M,,, but we have here omitted this
dependency in the notation. It is not generally possible to obtain any simple analytic expression for
the integral in (2.68), especially for complicated nonlinear models such as ours, and we must seek
another way of evaluating this integral. One such way is numerical integration, but we will here
instead use the approach of [43, 44] based on the method of Laplace integration. Assuming that the

likelihood function is highly peaked around maximum likelihood estimates @, which is usually the
case for high N, (2.68) can be written as [43, 44] (see also [160])

D2 PN ) . R
/@ POk, M) p Ok Mon)dBi = )P det (i) poxelde, M) p@xl M), (269)
k

where Dy is the number of parameters and

A, — _ 9°InpCul6s, M)

_ 2.70
¢ 20,007 (270

0,=0,

is the Hessian of the log-likelihood function evaluated at 8. Note that all parameters are real-
valued and that the expression for the real multivariate Gaussian PDF is therefore used. Taking the
logarithm of the right-hand side of (2.69) and sticking to tradition and ignoring terms of order
O(1) and % In (277), which is negligible for large N, we get

o~ N 1 —~
My =are min —In p(x|fx, M) + = In det (Hk> 2.71)
mamEZq —— 2

log-likelihood penalty

which can be used directly for selecting between various models and orders. Moreover, a vague prior
on p(0i|M,,) has been used to obtain (2.71) from (2.69) (see [43]). Now we will derive a criterion
for selecting the model order of the single-pitch model in (1.1) and detecting the presence of a
periodic source. To do this, observe that the Hessian defined in (2.70) is related to the Fischer
information matrix (1.33) in a simple way. Only, it is evaluated in ék and no expectation is taken,

and it is, therefore, often referred to as the observed information matrix. It was shown in [160] that
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(2.70) can be used as an approximation (for large N) of the Fischer information matrix, and, hence,
also vice versa, leading to the following approximation:

2
fi, ~ _E{ 0 1np<xk|0k>}

2.72
30,907 (272

0k=ék

The benefit of using (2.72) over (2.70) is that the former is readily available in the literature for
most models, something that also is the case for our model. The diagonal terms are therefore given
by (1.37)-(1.39) (the off-diagonal terms can be found in [23]), and we introduce the normalization
matrix (see [160])
N73/2 0
Ky = [ o NV ]

where Iisan 2L x 2Ly identity matrix. The first diagonal term is due to the fundamental frequency

(2.73)

with the remainder being due to the L amplitudes and phases. Using this normalization matrix, we
can write the determinant of the Hessian in (2.71) as

det (Fii) = det (K5?) det (KyFiKy) (2.74)

And, finally, by observing that KNﬁkKN = O(1) and taking the logarithm of (2.74), we obtain

In det (ﬁk) = Indet (K;,Z) + In det (KNﬁkKN) (2.75)
= Indet (Ky?) +O(1) (2.76)
=3InN+2L;InN + O(). 2.77)

When the additive noise is a white complex Gaussian process, the log-likelihood function in (2.71)
is N In o (see Section 2.4) where o then has to be replaced by an estimate for each candidate order
Ly, denoted as c?,g(Lk). Finally, when substituting (2.77) into (2.71), we obtain the following simple
and useful expression for selecting the model order:

o 3
Ly = argmiann&,?(Lk)+—lnN + LiInN (2.78)
Ly ——— 2
log-likelihood 1
pCl’lﬁ. fy

To determine whether any harmonics are present at all, i.e., to perform pitch detection, the above
cost function should be compared to the log-likelihood of the zero order model, meaning that no
harmonics are present if

o 3 o
N1Iné2(0) < NIn6Z(Ly) + SN+ LN, (2.79)

where &kz (0) is simply the variance of the observed signal. The rule in (2.79) is essentially a pizch
detection rule as it detects the presence of a pitch. It can be seen that both (2.78) and (2.79) require the
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determination of the noise variance for each candidate model order. The criterion in (2.78) reflects
the tradeoft between the variance of the residual and the complexity of the model. For example, for
a high model order, the estimated variance will be low, but the number of parameters will be high.
Conversely, for a low model order, there are only few parameters but a high variance residual. The
MAP order estimation criterion in (2.78) is shown, for a given fundamental frequency, in Figure 2.4
along with the log-likelihood term N In &lg (L) for a synthetic signal that consists of five harmonics.
It can be seen that MAP criterion leads to identification of the correct model order. In Figure 2.5,
fundamental frequency estimates obtained using a joint fundamental frequency and order estimator
based on (2.78) and (2.37) are shown in the bottom panel. The estimates were obtained from 30 ms
segments of the voiced speech signal having the spectrogram shown in the top panel. It can be seen,
that even when the number of harmonics varies greatly, the estimator is still accurate. It can also be
seen that the estimator is able to provide accurate estimates despite the rapid changes in pitch.

200

—No order penalty
- - MAP criterion

150F

100f

50F

Cost Function

-100f

-1 500
Number of Harmonics

Figure 2.4: MAP model selection criterion and log-likelihood term for a synthetic signal with Ly = 5.

Similar criteria can be obtained for other signal models, like the perturbed model or the
parametric inharmonicity model and the principles described here can be used for selecting between
the various models in a signal-adaptive manner, but one has to derive the exact criterion for each
such model. For linear models (in fact, for most models), the Hessian grows without bound as N
increases ([44, 160]). In that case, the determinant of the Hessian can be simplified as

N 1 ~
det (Hk> = det <NNH;<) (2.80)

— det (NT) det (%ﬁk> , (2.81)




42 2. STATISTICAL METHODS

4000 =

Frequency [Hz]
N w
o o
o o
o o

-
o
o
o

o5 1 15 2 25

o

Time [ms]
400
N
L. 300}
.9 * x
© XXt o«
S X * xm Pl
= 200} * o g i~
I s o, % »
w o B
100 . . . -
0 0.5 1 1.5 2 2.5

Time [s] '

Figure 2.5: Voiced speech signal spectrogram (top) and pitch estimates obtained using a joint funda-
mental frequency and order estimator (bottom).

where the identity matrix is Dy x Dy (again with Dy being the number of real parameters). It then
follows that

In det (ﬁk) — DgInN 4+ O(1), (2.82)

which can be used in combination with (2.71) to obtain order estimates.

In connection with the general problem of finding the number of sinusoids in noise using
statistical methods, the interested reader may also want to consult [55, 56, 68, 87] on the matter.
Later, we will show how subspace methods can be used for this.

2.7 FAST MULTI-PITCH ESTIMATION

We will now proceed to present a simple and computationally efficient method for multi-pitch
estimation based on the principles considered in this chapter. As we have seen, the maximum
likelihood estimator reduces to the minimizer of the 2-norm of the modeling error for white Gaussian
noise. The fundamental frequency estimator based on this principle is what we refer to as the
nonlinear least-squares (NLS) method. It turns out that the even when the noise is colored, the
NLS method is still asymptotically efficient meaning that it attains the CRLB for large N [153].
This means that for finding the fundamental frequency, we need not worry about the color of the
noise too much and this simplifies the problem significantly. However, it should be stressed, that for
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the problems of model and order selection the color of the noise is in fact important (see, e.g., [30]
for a demonstration of this) as it affects both the likelihood term and the penalty term in the MAP
method.

For convenience, we define a signal vector containing all N samples of the observed signal as
x = x(0) with M = N.The NLS estimates are obtained as the set of fundamental frequencies and
amplitudes that minimize the 2-norm of the difference between this signal vector and the signal

model, i.e.,
2

(2.83)

{wp} = arg mm
{ar} {wr}

X — szak

Assuming that all the frequencies in {Z} are distinct and well separated and that N > 1, (2.83)
can be well-approximated by finding the fundamental frequency of the individual sources, i.e.,

x = arg min |x — Ziagl3 . (2.84)

The minimizations of (2.83) and (2.84) are equivalent only when the matrices {Z;} are orthogonal.
This is only the case for peculiar special cases for finite length signals, but is true asymptotically in N
as long as no harmonics overlap. Therefore, the two cost functions can be expected to yield similar
results for large N.

Minimizing (2.84) with respect to the complex amplitudes a; gives the estimates ay =

(Z}?Zk)_l fo, which, when inserted in (2.84), yields

-1
= arg nz)azxxHZk (ZI?Z/{> fo (2.85)
~ arg maxxHZkZ}?x, (2.86)
o

where the last line follows from the assumption that N > 1. In Figure 2.6, the cost function of the
estimator in (2.86) is shown for the mixture of the two signals in Figures 1.1 and 1.4 in additive
white Gaussian noise. The fundamental frequencies can be identified as the two largest peaks, and
it can be seen that the fundamental frequencies of the two sources, i.e., 205 Hz and 165 Hz, are,
in fact, found using this method. However, it can also be seen that the cost function is extremely
complicated containing multiple very sharp peaks.

The first estimator in (2.85) is exact for the single-pitch case where x is replaced by x¢. The
resulting cost function can be written as || Z,fl X ||% where the matrix product Zf x can be implemented
efficiently for a linear grid search over wy using a FF'T algorithm. An alternative interpretation of
the approximate NLS estimator is as follows: the cost function can be written as ZIL:I lz(wr)H x||%,
which is the periodogram power spectral density estimate of x evaluated at and summed over the
harmonic frequencies wyl.

Interestingly, the cost function in (2.86) can be also be written as

1Zx|? = Tr [Z,?xxﬂzk] . (2.87)
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Figure 2.6: Approximate maximum likelihood cost function for the mixture of the two signals in Fig-
ures 1.1 and 1.4 having fundamental frequencies 205 and 165 Hz. Note that some noise has been added.

We can instead take the expected value after replacing x by the sub-vector x(n), with M < N, in
(2.87), 1.,

E {||Z,§’x(n)||§} —Tr [Z,?Rzk], (2.89)
which results in the following estimator:
@ = argmax Tr [Z,?RZ;{] . (2.89)
wk

Instead of matching the signal model to a single snapshot of x as in (2.87), this estimator matches
the model to the covariance matrix. Later, we will see that this leads to a filterbank interpretation of
this method and an asymptotic relation to optimal filtering methods.

2.8 EXPECTATION MAXIMIZATION

The next algorithm is based on the Expectation Maximization (EM) algorithm [101], whose name
is somewhat of a misnomer. The EM algorithm is an iterative method for maximum likelihood
estimation involving several nonlinear parameters. The method presented here is based on [33],
which may be considered a special case of [51]. More specifically, [51] deals with the general problem
of estimating of the parameters of superimposed signals. The curious reader may also want to
consult [159] for an alternative explanation of the EM algorithm. In our case, the superimposed

signals are the periodic sources.
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We will now prove the convergence of the EM algorithm following [111] before exploring
the details for the problem at hand. The log-likelihood of the observed data is defined as

L) =1n p(x; 0). (2.90)

We can rewrite this function by introducing the variable y, which we will then integrate out, as

Inp(x;0) = ln/ px,y; 0)dy (2.91)
—In / px,y: ) L0 4 (2.92)
p(ylx; 0)

where we have multiplied and divided by p(y|x; @) to obtain the last line. Next, we note that this
can be interpreted as a conditional expectation overy, i.e.,

’ 70 2 5 ;0
In / P&Yi0) | vix; B)dy = InE, {M
p(ylx; 0) p(ylx; 0)

X; é} : (2.93)

X; 0} is the conditional expectation over y conditioned on x. The key observation

where Ey {

regarding the convergence of the EM algorithm follows from Jensen’s inequality,, which states
that f(Ex{x}) > Ex{f(x)} for a concave function f(x). Therefore, we may rewrite the conditional
expectation as

In {p(x,—y,?) X; é} > Ey {ln (p(x,_y,?)) X; 9} (2.94)
p(ylx; 6) plylx; )
-0 .
— / In M) p(ylx; B)dy. (2.95)
p(ylx: 0)
The right-hand side of the last line, we can simplify further as
’ s 0 A A
/ln <M> p(ylx: 0)dy = fln p(x,y; 0)p(ylx; 0)dy (2.96)
plylx; 0)
- /hl p(ylx; 0) p(ylx; 8)dy, (2.97)

from which we define two quantities, namely
U®.6) = [ 1npy.x:0)piylx: Dy (2.99)

= Ey {ln p(y,x; 0)

X; é} (2.99)
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and
V9.0) = / In p(y: 0) p(ylx: §)dy (2.100)
=E, :m p(y; ) |x; é} : (2.101)
From these definitions and (2.94), it follows that
L£O)>U®,0)—V@®,0). (2.102)

Assuming continuity of the functions, we can choose a 8* such that U (6, é) >U (é, é), implying
the following relation between the log-likelihood of 6 and 6*:

L0*) > U®6*,0)—V(®@,0) (2.103)
>U@®,0)—V@,0) (2.104)
= L. (2.105)

This means that by maximizing U (0, 6) we also increase the log-likelihood of the observed data.
This is the fundamental idea of the EM algorithm.

We will now proceed to derive the specifics of the multi-pitch estimation problem based on
the parametric signal model. First, we write the observed signal model in (1.5) as a sum of K sources
in white additive Gaussian noise, i.e.,x = Z,le x; € CV,where the individual sources are given by

x; = Zrag + Pre. (2.106)

Here, the noise source is arbitrarily decomposed into K sources as ex(n) = fre where B > 0 is
chosen so that Z,le Bk = L. In the framework of the EM algorithm, the set of vectors {x¢} is
referred to as the complete data, which is unobservable, while the observed data is the vector x.
These vectors are assumed to be jointly Gaussian. The two data sets are related through a many-to-
one mapping and this vector is therefore referred to as the incomplete data. The problem of interest
is then to estimate the complete data set, or in our case its parameters, from the incomplete data.
We start out by stacking our complete data in a vector y as

y = [XIT XZT XIT(]T. (2.107)

We can now write the incomplete data as a function of this vector, i.e.,x = Hy, where H is composed
of K identity matrices having dimensions N x N, i.e, H=[I---T]. Note that his mapping is
completely arbitrary and that we could have picked others.

In each iteration, where (i) denotes the iteration number, the EM algorithm consists of two
steps. The first, termed the expectation- or E-step, is the calculation of the conditional expectation
of the log-likelihood function, i.e.,

U@®.0") = / In p(y.x; ) p(ylx; 0)dy, (2.108)



2.8. EXPECTATION MAXIMIZATION 47

where 8) is a vector containing the ith iteration estimates of the parameters and @ is the unknown
parameter vector that parameterizes the likelihood function. Note that the function in (2.108) may
be considered a function only of the complete data, since the observed data is completely specified
by the complete data. Using (2.108), updated parameters are found in the maximization- or M-step
by maximizing the above function, i.e.,

oUth — argmo'ale(0,0(i)). (2.109)

The two steps of the EM algorithm are particularly simple due to the noise term being Gaussian
and white (for additional details, we refer to [51] and the references therein). The E-step reduces to
the following where an estimate of the kth source in noise is obtained based on the parameters of
the previous iteration:

K
2 =22 + B (x - ZZ;(Z)ﬁ;E’)) : (2.110)
k=1

where Z( D is the Vandermonde matrix constructed from the fundamental frequency estimate a)( ),

The problem of estimating the fundamental frequencies then becomes

c?),(fH) = argmaxx,il) Zi (ZHZk> ZHx (’) (2.111)
A arg maxxk ZkZH g (2.112)
Ly )
= arg max > IXE (@), (2.113)
I=1

where X IEI) (w) 1s the Fourier transform of the source estimate, i.e. )2 2 (n). The amplitudes are needed

to form the source estimates in (2.110) and can be found, given a)(l+ ) ,as
A(H—l) (Z(H-l)HZ(H—l)) Z](€i+l)H§]£i)’ (2.114)

or using the asymptotic approximation a(l+1) 1 Z('—H)H (l) . The E-step in (2.110) and the M-
step (2.113) are then repeated until some convergence cr1ter1on is met. The M-step in (2.113) can
be seen to be identical to the NLS, except that (2.113) operates on the estimated source vector x( %
rather than the observed signal vector x(n). This has also led authors to use the EM algorithm to
separate multiple speakers [18]. It is worth noting that refined estimates can be obtained in this
framework using a numerical optimization approach, like Newton’s method, if desired.

As can be seen, the EM algorithm splits the difficult joint estimation problem into a number
of much simpler estimation problems by estimating the individual sources. In each iteration of the

algorithm, the log-likelihood of the observed data is increased and the algorithm is guaranteed to

converge, at least to a local maximum, under mild conditions. The main difficulty in using the EM
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algorithm is in obtaining the initial parameter estimates required to estimate the individual sources
in (2.110). One possibility is to use the fast multi-pitch estimation method discussed in Section 2.7
or the method considered next.

2.9 ANOTHERRELATED METHOD

Many different methods for pitch estimation have been proposed in very different contexts and many
are based on the nonlinear least-squares method. One such method that seems to have received some
attention stems from the research community devoted to wavelets and sparse decompositions (also
known as atomic decompositions). It is known as the Harmonic Matching Pursuit [66]. It is based
on the following idea: define the residual at iteration 7 as

i Ly
rOm) =x(m) =YY" age™", (2.115)
k=1 I=1
which can also be written as
L;
rOm) =r=m) =y e, (2.116)

=1
The idea is then to use this residual for estimating the model parameters iteratively for each source.
The residual can be thought of as a noise estimate, i.e., an estimate of e(n), that gets progressively
better as the number of iterations grows. It is initialized as ¥ (n) = x(n), i.e., we start out with
simply using the observed signal. The signal model is then built iteratively from this residual by
estimating the model parameters by solving the following problem:

min
w;,a;

’ 2.117
g 2117)

=D Ziai‘

where r) is a vector containing the residual. Solving first for the complex amplitudes a;, we get

-1 .
i = (202;)  ZF. (2.118)
Substituting this into (2.117), we get the fundamental frequency estimator
. -1 Nk
@; = arg min D 7, <Zl-HZ,~> Zl-Hr(l_l) (2.119)
w; )
, -1 .
= argmax ' ~VHZ, (Z[HZ,-) ZHi=D (2.120)
2
R argmaxr(i_l)HZiZflr(i_l), (2.121)
3

where the last line is only a computationally efficient approximation. The model parameters are then

obtainedfori = 1, ..., K byfirst generating the residual using (2.116), then finding the fundamental
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frequency that minimizes the 2-norm of the modeling error using (2.120) and the amplitudes using
(2.118). It is a simple method that overcomes some, but not all, of the shortcomings of the fast
multi-pitch estimation scheme in Section 2.7. It has the desirable property that the 2-norm, or
whatever norm is used, decreases in each iteration, i.e., we are certain that in terms of modeling the
observed signal, we are getting a better model. However, this is not to be confused with obtaining
good estimates of the underlying parameters! Comparing the Harmonic Matching Pursuit to the
EM algorithm in Section 2.8, we see that these methods are similar in structure; in fact, it is easy to
see that the former algorithm is just a cruder version of the EM algorithm in which the parameters
of early iterations are not re-estimated during later iterations. In this sense, one might consider the
Harmonic Matching Pursuit a poor man’s EM algorithm (except for the use of {fx} in forming the
source estimates). It will result in the maximum likelihood estimates under the same conditions as
the fast multi-pitch estimator in Section 2.7, i.e., asymptotically in N for Gaussian noise. It should
also be noted that the method, as presented in [66], does not address the very important related
problem of model order estimation. This can be solved by combining it with the approach described
in Section 2.6.

2.10 HARMONICFITTING

An alternative way to estimate the fundamental frequency is to first find the frequencies of the
unconstrained model using one of the many available methods for doing that and then find the
fundamental frequency that best match those frequencies. We will refer to such methods as harmonic
fitting methods. Such methods are based on a principle known as the EXIP (EXtended Invariance
Principle) [163] (see also [166]) where first the parameters of an unstructured models are found and
then fitted to a structured model. This methodology has been employed extensively in the literature
on pitch estimation (although its theoretical foundations have usually not been explored in detail),
and here we will present a representative method based on this principle. The method in question
is the so-called Markov-like weighted least-squares (WLS) method of [107] (see also the related
method [17]), and we will follow the derivation and definitions of that paper. Let {1y ;} be the
set of unconstrained frequencies estimated from x(n) and let {Ax ;} and {¢y ;} be the respective
amplitudes and phases of the complex sinusoids having those frequencies. We will here assume that
Ly is known and that the noise e (n) is white Gaussian having variance akz. Define

0, = A1 b1 Vi1 - Ak, Prory VoL ]T (2.122)

and
m = [ o A1 i1 - AkLy dk.L ]T . (2.123)

The basic idea of the method is that there exists a full rank so-called selection matrix S’ €

Z3Lkx QL+ that relates the vectors 0, and 1, as

0, =S'y,. (2.124)
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. . . . . Y . .
We can now use this relation to find an estimate of 1) using parameters estimates @, obtained using
the unconstrained model as

1 ~/ 2
fi, = argmin HW/f <0k — S/n;{)} : (2.125)
7 2
where W' is a weighting matrix defined as
W’ = CRLB~!(d)), (2.126)

and CRLB_I(é;C) is the inverse of the CRLB matrix. This estimator is known as the Markov-like
WLS estimator. The CRLB matrix for the unconstrained model is, fortunately, well-documented
in the literature and is asymptotically simple. Specifically, the matrix W’ becomes diagonal for large
N,1ie.,
Wi 0
W = . (2.127)
0 W/Lk
where the individual sub-matrices contain the inverse of the CRLB matrix for the individual sinu-
soids of the unconstrained model (see, e.g., [88, 153]), i.e.,

Llayoo 0
W=—| 0 2NAZ2, NZ2A2 (2.128)
1= 2 1kl kil :
K| 0 N2A7, SN3AL,

Since W] is also block diagonal, it follows that the weighting in (2.125) does not lead to refined
estimates of the amplitude and it may therefore be left out of our estimation problem. Consequently,
we define 0; € R** and n, € REAAH! like 0;. and n}. but without the amplitudes. Now we may
rewrite (2.124) as

0 10 0
1 00 0
0 0 1 0
0= 2 00 0 |y, 28y, (2.129)
0 00 - 1
| Ly 0 0 |

As before, we can state our estimator as the minimizer of the norm of the error between the left and
the right side of this expression, i.e.,

2
(2.130)

i)

1, = arg min ,
N 2



2.10. HARMONICFITTING 51

where 6, is a set of initial estimates found based on the unconstrained model. In this case, W is a
block diagonal matrix constructed from the sub-matrices W; defined as

1 2NAZ,  N2AZ,
Wi=—| \2 N (2.131)
N2A7, 3N3AZ,

Using these definitions, we can now simplify the cost function associated with our estimation problem
as follows:

[N 2
J = HW2 (0k - Snk) H2 (2.132)
Z s | _ [ Pr.i } 2NAY,  N?A7, $r | _ [ br.i }
2 V.1 wil N?A7, 2N3A,%l Y wil

ZAk 12N Brt = drr) + N> Wit — lo))(bes — i)

kll

203, _ 2 3¢ ;o
+ | N% (¢ ¢k,1)+3N (Yiep — lor) | Wrg — log)). (2.133)

Since we are only interested in the fundamental frequency, we will now proceed to substitute the
phases {¢ 1} by estimates obtained from a certain candidate frequency wy. We do this by differen-
tiating the cost function above with respect to ¢ ; and equating the result with zero, whereby we
obtain

~ N
ki = Pri + E(Wk,l — lox) (2.134)
forl =1, ..., L. By substituting this expression into (2.133), we get
ZAkl (1/fk1 - lwk) . (2.135)

k11

By differentiating this expression by wy and setting the resulting expression equal to zero, we obtain
the following estimate of the fundamental frequency:

Ly ;22 7
Zl:l lAk,ka,l

o = S (2.136)
l:kllek,l

This estimate is essentially closed-form, but it does require that the amplitudes and an initial set
of unconstrained frequencies are found. The method was demonstrated to have excellent statistical
performance approaching the CRLB for large SNRs and number of observations N [107]. In fact, itis
asymptotically equivalent to the maximum likelihood estimate even if the initial frequency estimates
are not statistically efficient, but only consistent as would be the case if the frequencies are found

using MUSIC [150], MODE [161, 162] or ESPRIT [147]. However, as was demonstrated in [23],
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the method is more sensitive to adverse conditions than methods that do not rely on intermediate
estimates of the unconstrained frequencies. It is easy to imagine that spurious frequency estimates
may cause large errors in estimates obtained using (2.136) and the same is likely to be the case for
similar methods based on harmonic fitting. Also, when some of the harmonics may be missing, the
optimization problem becomes complicated. It should be noted that the extension of this scheme to
the multi-pitch case is nontrivial, since it would require that the unconstrained model is partitioned
into sets of sinusoids belonging to different sources. For an overview of methods for finding the
unconstrained frequencies, see, e.g., [88, 135, 156].

0

10 :
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——ANLS (K=2)
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o EM (K=2
ol (K=2)

Figure 2.7: RMSE as a function of N with PSNR = 10 dB for one and two sources, respectively.

2.11 SOME RESULTS

In this section, we will report some basic experimental results regarding some of the statistical
methods considered in this chapter. The results are obtained from a number of experiments based
on Monte Carlo simulations using synthetic signals. In all experiments, signals were generated
using the model in (1.5) with a white complex Gaussian noise source and 100 iterations were run
for each free variable to estimate the RIMISE. The experiments have been run for a single source
having w1 = 0.2964 and for two sources where an additional source having fundamental frequency
wy = 0.2257. Both sources consist of three harmonics having unit amplitudes, i.e., Ay ; = 1, V k, [
and uniformly distributed phases that are randomized in each iteration. In the experiments, we show
the performance of the methods of Sections 2.4, 2.7 and 2.8 as these are representative of common
pitch estimators. Note that the methods of Sections 2.4 and 2.7 are denoted ANLS for approximate
(or asymptotic) NLS in the figures. In Figure 2.7, the RMSE is shown as a function of the number of
samples N for PSN R = 10 dB for one and two sources, respectively. Similarly, the RMSE is shown
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Figure 2.8: RMSE as a function of the PSNR with N = 200 for one and two sources, respectively.

as a function of the PSNR for N = 200 in Figure 2.8. Also shown in the figures, is the single-pitch
CRLB, which is also a valid bound for the multi-pitch case, although an overly optimistic one when
the harmonics of several sources overlap. Generally, one would expect the bound to be attainable
when the harmonics of the sources are well-separated in frequency. The conclusions are clear: for the
single-pitch case, the ANLS is actually very accurate, in fact, it attains the CRLB for the intervals
of N and PSNRs tested here, so it can be claimed to be optimal under these conditions. However,
when a second source is introduced, it does not perform well at all, as it ignores all interaction effects
between the two sources. The EM algorithm, on the other hand, is able to mitigate this and attain
the CRLB for reasonably high N and PSNRs. To investigate how the methods are able to handle
closely spaced sources, the RIVISE is shown as a function of the difference between the fundamental
frequencies, i.e., A = |w] — wz|,in Figure 2.9 for N = 250 and PSN R = 10 dB. In this simulation,
w; is kept fixed at 0.2964 while w; is varied from 0.2257 to 0.2964. It can be seen that the ANLS
method does not perform well under these circumstances, while the EM algorithm, which is just an
iterative NLS method, is, in fact, able to attain the CRLB until the two fundamental frequencies are
too close. In Figure 2.10 and 2.11, the performance of the MAP-based order estimation criterion
in (2.78) is shown in the form of the percentage of correctly estimated model orders as a function of
N and the PSNR, respectively. The experimental conditions were as follows. A single-pitch signal
having a fundamental frequency of 0.8170 and five unit amplitude harmonics in white Gaussian
noise were used and 1000 Monte Carlo iterations were run. Note that the orders were found given
the true fundamental frequency and that the noise variance was estimated using the exact ML
formulation in (2.26). As can be seen from the two figures, the MAP criterion is able to find the
correct model order almost all the time under these conditions.
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Figure 2.9: RMSE as a function of the difference between the fundamental frequencies of two source,
ie., A = |w) — wy| for N =250 and PSNR = 10 dB.
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Figure 2.10: Percentage of correctly estimated model orders as a function of N with PSNR = 10 dB.

2.12 DISCUSSION

The methods considered in this chapter have a number of desirable features. They are statistically
efficient when their exact formulations are used, i.e., without any use of approximations, meaning
that they attain the CRLB for a high number of samples. For the single-pitch case, the associated

optimization problem is one-dimensional nonlinear, something that, in principle, easily can be



2.12. DISCUSSION 55

110
100f _e@e---=- 0--=== ©O- = === O == --- 4
90} '
80} !
70} !
60} '
50F
40 )
30f

% Correct

20F 1
10},

0 10 20 30 40 50 60
PSNR [dB]

Figure 2.11: Percentage of correctly estimated model orders as a function of the PSNR with N = 500.

applied to real signals, although the complexity may be prohibitive for a large number of samples.
It is, however, more problematic for the multi-pitch case where the associated problem is multi-
dimensional. One can, of course, simply ignore that there are multiple sources, whereby one gets
the method of Section 2.7. However, as shown in [33], the statistical performance of this method
is, actually, quite poor, especially so for a low number of samples. This led to the use of the EM
algorithm, which, as was also shown in [33], performs excellently, even under adverse conditions
like when the fundamental frequencies of two sources are close. It does, however, suffer from two
major drawbacks: it requires a lot of iterations for such cases and is thus computationally complex,
and it has to be initialized appropriately or it will not converge to anything meaningful. It therefore
offers only a partial solution—and this problem turns even worse when also the model and order
selection problems are included. Another desirable property of the maximum likelihood methods
is that simple implementations based on FF'Ts can be obtained for the problem at hand when the
observation noise is white and Gaussian by asymptotic approximations that we know will get better
as the number of samples increase. Also, a number of the problems associated with pitch estimation
can be solved consistently within the framework of statistical estimation. This is, for example, the case
of model selection and order estimation. It is also fairly easy to incorporate prior knowledge in the
form of prior parameter distributions in the estimation process. When dealing with the estimation of
sinusoidal frequencies, it is also well-known that even if the noise is colored, the LS-based methods
are still asymptotically efficient, but the presence of colored noise may complicate the problems
of model and order selection [30]. Given a set of unconstrained frequencies, it is also possible to
combine these, in an optimal way, to form a fundamental frequency estimate, as we have seen in
Section 2.10. In fact, this method has excellent statistical performance, as reported in [107]. It does,
however, not perform well under adverse conditions (see [23]) as it turns out to be very sensitive to
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spurious frequency estimates. In the context of signal compression and modeling applications where
the signal is reconstructed from the parameters, the methods based on the white Gaussian noise
assumption also have the desirable property that they lead to a minimization of the reconstruction
error in the sense of the 2-norm.
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CHAPTER 3

Filtering Methods

3.1 INTRODUCTION

An intuitive idea for estimating the fundamental frequency is to filter the observed signal with a filter
whose frequency response contains peaks at the harmonic frequencies. The fundamental frequency
can then be found by maximizing the output power of the filter. Or, similarly, minimize the output
power of a set of filters having notches at those frequencies. One could, for example, use a number of
peak or notch filters for this, or perhaps design more flexible filters. Such a methodology has other
applications too. It can be used for extracting the periodic contents of a signal from the background
noise, i.e., signal enhancement or de-noising, or it can be used to extract one periodic source of many,
i.e., signal separation.

In this chapter, we will pursue these ideas and present a number of different methods based
on filtering. The first two methods are based on user designed filters, i.e., they are constrained to
particular kinds of filters. Then, we consider more complicated designs based on signal adaptive
optimal filters known from beamforming; i.e., spatial filtering and direction of arrival estimation.

The methods considered in this chapter can be applied both to single- and multi-pitch signals
and have been demonstrated to have good statistical properties, i.e., low variance and low bias, for
the multi pitch estimation problem, and we will, therefore, base our derivations on the signal x(n),
which may contain multiple periodic sources.

3.2 COMB FILTERING

That a signal is periodic means that some basic waveform repeats with a certain frequency. Mathe-
matically, we may express this as x (1) &~ x(n — D) where D is the repetition or pitch period. From
this observation it follows that a measure of the periodicity can be obtained using a metric on e(n)
defined as

e(n) =x(n) —ax(m — D), (3.1)

where the constant a € C is introduced to allow for some variation of the amplitude. Taking the
z-transform of this expression we get

E) =X@) —aX(@)z P (3.2)
= X(2)(1 —az D), (3.3)

which shows us that the process of matching a signal by a delayed version of itself can be seen as

a filtering problem, where the output of the filter is the modeling error e(n). More specifically, the
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transfer function H (z) of the filter that operates on x (1) can be seen to be

_E(2)

W _ -D
= X0 (1 —az77). (3.4)

H(z)
This mathematical structure is known as a comb filter. The comb filtering approach has a rich history
for fundamental frequency estimation and related problems, such as enhancement [109, 120, 122].
Usually, however, the comb filter in (3.4) is not used as it is restricted to integer pitch periods and is
rather inefficient. Instead, one can derive more efficient methods based on notch filters. For a good
introduction to notch and comb filters, we refer the interested reader to [126]. Notch filters are filters
that cancel out, or attenuate, signal components at certain frequencies. In the complex case, these
typically have the following form (see [122]):

—1
H(z) = 1+ Bz _ P@

T 14 pBz7 T P(plz)’ (3.5)

where B is a complex coefficient and 0 < p < 1 is real. Since a periodic signal is comprised of
possibly many harmonics, we can use Ly such notch filters having notches at frequencies {1/;}. Such
a filter can be factorized into the following form

Ly
PR =[]0 —eViz™h (3.6)
i=l1
=14z '+ Bz ..+ Br (3.7)

which has zeros on the unit circle at the desired frequencies and complex coefficients {8; }. For the real
case, the notch frequencies would come in complex-conjugate pairs {£/;} and the corresponding
coefficients would be real. The polynomial in (3.7) defines the numerator as in (3.5), while the
denominator is

Ly

P~y =[] = pel?iz™h (3.8)
i=1

=1+ ppiz + 0Bz 2+ ...+ oM Bz, (3.9)

where 0 < p < 1 is a parameter, which may be considered known or unknown, that leads to poles
located inside the unit circle at the same angles as those of P (z) but on a circle having a radius of p.
Typical values for p are 0.95-0.995 [122]. In our case, the desired frequencies are given by ¥; = wil,
where wy is considered an unknown parameter, and the zeros of (3.7) are then located with regular
intervals on the unit circle of the z-plane. In Figure 3.1, this is illustrated with the figure showing
the poles and zeros of the comb filter in the z-plane. The frequency response of the same filter is
plotted in Figure 3.2.

Note that in certain special cases, the polynomial defined in (3.7) reduces to a form similar to

that of (3.4), but those special cases are generally not of interest here. Combining (3.7) and (3.9)
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Figure 3.1: Z-plane representation of the zeros (circles) and poles (x-mark) of a comb filter for p = 0.95
and w; = 0.6283 and L; = 5.

in a manner similar to that of the notch filter in (3.5), we obtain the following filter:

P(2) 1+ Bz + Bz 2+ .+ Brz

= = . 3.10
P(p~'z) 14+ pBiz7t+p?Baz 2+ ...+ plfr,z7 1k (310

H(z)

By applying this filter for various candidate fundamental frequencies to our observed signal x (n), we
can obtain the filtered signal e(n) where the harmonics have been suppressed. This can be expressed
as

E(z) = X(2)H (2), (3.11)

which results in the following difference function from which the residual or error signal is readily
obtained:

e(n) =xn)+ Prx(n— 1)+ Pox(n —2) + ...+ B, x(n — Ly)
— pPre(n — 1) — p*poe(n —2) — ... — p"Bre(n — Ly). (3.12)

Finally, we can use this signal for defining the following metric:

N
J = Z le(n)|?, (3.13)
n=1

and this cost function can then be subject to optimization. The principle can be used for finding the
fundamental frequency by calculating (3.13) as a function of the unknown fundamental frequency,
1.e.,

@ = argmin J (3.14)
wk
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Figure 3.2: Frequency response (magnitude) of the comb filter for p = 0.95 and w; = 0.6283 and
L, =5.

and also p if desired. This is illustrated in Figure 3.3 where the cost function in (3.13) is shown
for a signal having a fundamental frequency of 0.3142 and five harmonics. The fundamental idea
of [122] is to use this principle in a recursive manner by minimizing (3.13) given an initial estimate
of the fundamental frequency and the model order. Hereby, a computationally efficient scheme that
can be used for either suppressing or enhancing the periodic contents of x () is obtained. Note that
in the scheme of [122], also the optimal p is found in the process. Interestingly, the comb filtering
approach has been used in EM-like iterations (see Section 2.8) for multi-pitch estimation in [18].

3.3 FILTERBANK INTERPRETATION OF NLS

Before moving on to signal adaptive optimal filter methods, we will explore the relation between the
maximum likelihood method for white Gaussian noise, i.e., the NLS method, and filtering methods.
First, we construct a vector from M consecutive time-reversed samples of the observed signal, i.e.,

x(n)=[x(m)x(n—1) - xn—M+ 11", (3.15)

with M < N. Next, we introduce the output signal yi ;(n) of the [th filter for the kth source having

coefficients hg j(n) as
M—1

Yea(n) =Y hgpm)x(n —m) = hffx(n), (3.16)
m=0

with hy ; being a vector containing the filter coefficients of the /th filter, i.e.,

hiy = [ hii(0) -+ b (M —1) ]H- (3.17)
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Figure 3.3: Costfunctionin (3.13) with p = 0.95 for a synthetic periodic signal. The estimate is obtained
as the fundamental frequency that minimizes the cost function, i.e., the output power of the comb filter.

Defining the covariance matrix as R =E {x(n)xH (n)}, the output power of the /th filter can be
written as

E {13002} = E{bfx(nx" ()b, | (3.18)
=h{Rhy ;. (3.19)

The total output power of all the filters is thus

Ly

Ly
> E{iveimP} =Y hf Rh. (3.20)

=1 =1
Defining a matrix Hy consisting of the filters {hy ;} as

Hy=[hei - her, |, (3.21)

we can write the total output power as a sum of the powers of the indivudal subband signals, i.e.,

i E {ka,z(n)lz} =Tr [HfRHk] . (3.22)
I=1

The task is then to design or choose a filter or a filterbank, and this can be done in several ways.
Suppose we construct the filters from finite length complex sinusoids as

. . T
hy; = [ edorl0 e—kaKM—l)] , (3.23)
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which is the same as the vector z(w!) defined earlier except for the complex conjugation. The matrix
H; is, therefore, also identical to the Vandermonde matrix Zy, although we will here define it as!

Zi =[z(wy) - z(wiLy) 1, (3.24)

withz(w) = [1e ? ... e J@M=D1T Then we may write the total output power of the filterbank
as

Tr [H,{f RHk] =Tr [Z,f’ RZk] (3.25)
_E {Tr [Z,{’ x(n)x"! (n)Zk]} (3.26)
—E {Tr [xH (n)zkz,f’x(n)]} (3.27)
—F {||Z,ffx(n)||§} . (3.28)

By replacing the expectation operator by a finite sum over the realizations x(n), we get the FF'T
method introduced earlier, averaged over the sub-vectors x(n). Furthermore, by using only one
sub-vector of length N, it becomes asymptotically equivalent (in N) to the nonlinear least-squares
method and the white noise maximum likelihood method.

3.4 OPTIMAL FILTERBANK DESIGN

We will now look further into designing filters that are optimal given some criteria picked by the
designer and given a sequence of the observed signal. The next couple of methods are based on
equality constrained quadratic optimization, i.e., convex optimization. For an in-depth treatment of
this subject, we refer to two excellent textbooks in the area, namely [14] and [6].

An intuitive approach is to find a set of filters that pass power undistorted at specific frequen-
cies, in our case the harmonic frequencies, while minimizing the power at all other frequencies. This
problem can be formulated mathematically as the optimization problem:

minTr[HfRH: | sc. HEZ =1, (3.29)
Hy

where I is the Ly x Ly identity matrix. Furthermore, the matrix Zy € CM*Lk has a Vandermonde
structure and is constructed from L complex sinusoidal vectors as

Zi =[z(wr) - z(wrLy) 1, (3.30)

with z(w) =[ 1 e/ ... e /@M=D T Tp words, the matrix contains the harmonically related
complex sinusoids. The constraints basically state that the Fourier transform of the filters have unit
gain at the harmonic frequencies. Using the method of Lagrange multipliers, the unconstrained

1 That Zj and z(wy!) are the complex-conjugate of the usual definitions is due to the sub-vectors x(n) being time-reversed.
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optimization problem can be written as

Ly
L), (D = Db Rhe = (hf!Zi b ) &y (3.31)
=1

with [b;], =0 forv # [ and [b;], = 1 forv =1, i.e,

bj=[0--- 010--- 0] (3.32)
~—— S~——
-1 Li—I

meaning that each individual filter is constrained to have unit gain for a certain harmonic frequency
and zero gain for the others. It is easy to see that this can be written using a more convenient form
as

L(Hy, A) =Tr{H,§’RHk} —Tr{(H,ka —I)A}, (3.33)

where the matrix A contains all the Lagrange multiplier vectors A; associated with the various filters
of the filterbank, i.e.,
A=[ki - Arg (3.34)

By differentiation with respect to the filters and the Lagrange multipliers, we obtain that the gradient
of the composite cost function is

VL(H, A) =[ l_{;l,’;l_ikzi‘\l } (3.35)
k
[ R -7z H; 0
_[—Z,{* 0 :||:A:|+|:I:|. (3.36)

By setting these matrix equations equal to zero, we readily obtain that the Lagrange multipliers that
solve the original problem are

—1
A= (Zf R’12k> , (3.37)
and that the optimal filterbank expressed in terms of the Lagrange multipliers is
H, =R™'ZA. (3.38)

By substituting the solution for the Lagrange multipliers, the filter bank matrix Hy solving (3.29)
can be seen to be given by

-1
Hy =R™'% (Z{R7'%) . (3.39)

This data and frequency dependent filter bank can then be used to estimate the fundamental fre-
quency by treating the fundamental frequency as an unknown variable and maximizing the power
of the filter’s output. This approach leads us to the following estimator:

-1
& = arg max Tr [(z}j R™'7) ] . (3.40)
wk
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This expression depends only on the covariance matrix and the Vandermonde matrix constructed
for different candidate fundamental frequencies. By tracking the covariance matrix (or its inverse)
over time, signal adaptive optimal filters can be found. Since the optimal filter design in (3.39) and
the estimator in (3.40) involve the inverse covariance matrix, R, this matrix is required to have rank
M, which is fulfilled for M < N/2 + 1. A practical way of implementing the estimator in (3.40) is
to first evaluate the cost function on a coarse grid and then use a numerical optimization method
for finding high-resolution estimates (see [33]).

In Figure 3.4, the output power of the optimal filterbank is shown as a function of the
fundamental frequency for the signals shown in Figures 1.1 and 1.4. It can be seen that the cost
function contains extremely narrow peaks and that the maximization of this cost function leads to
an accurate estimate of the fundamental frequency. The same thing is shown in Figure 3.5, only this
time for the mixture of the two signals in noise. From the last figure, it can be seen that the peaks
corresponding to the fundamental frequencies of the two sources stand out rather clearly, yet the
cost function is still very complicated.
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Figure 3.4: Cost function for the estimator based on the optimal filterbank obtain for the two signals in
Figures 1.1 and 1.4, respectively.

3.5 OPTIMAL FILTER DESIGN

There is an alternative formulation of the filter design problem that we will now examine further.
Suppose that we wish to design a single filter for the kth source, hy that passes the signal undistorted

at the harmonic frequencies and suppresses everything else. This filter design problem can be stated
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Figure 3.5: Cost function for the estimator based on the optimal filterbank for a mixture of the two
signals in Figures 1.1 and 1.4 having fundamental frequencies 205 and 165 Hz, respectively.

mathematically as
Irlllin hfRhy st hfz(awl) =1, (3.41)
k
for I=1,..., L.

It is worth noting that the single filter in (3.41) is designed subject to Ly constraints, whereas
in (3.29) the filter bank is designed using a number of constraints for each filter. Clearly, these two
formulations are related; we will return to this relation later on. First, we will derive the optimal filter.
Introducing the Lagrange multipliers A = [ A1 -+~ Az, ]T, the Lagrangian dual function associated
with the problem stated above can be written as

L(hy, 1) = hfRhy — (h,?z ~17)a (3.42)

with1=[1---1]%. Taking the derivative with respect to the unknown filter impulse response,
hy, and the Lagrange multipliers, we get

VL (hy, 3) =[ LR;’;;kZixl ] (3.43)
k
[ R -7 [ Ik 0
_[—Z,f' 0 j||:xj|+|:1j|. (3.44)

By setting this expression equal to zero, i.e., VL (hy, 1) = 0, and solving for the unknowns, we obtain,
as with the filterbank design, the optimal Lagrange multipliers for which the equality constraints
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are satisfied as

A= (z;?fR—lzk)_1 1 (3.45)

and the optimal filter as
hy = R71ZA. (3.46)

By combining the last two expressions, we get the optimal filter expressed in terms of the covariance
matrix and the Vandermonde matrix Z, i.e.,

—1
by =R™'Z; (z,f’ R*lzk) 1. (3.47)
The output power of this filter can then be expressed as
-1
h7Rhy = 17 (z,{f R*lzk) 1, (3.48)

which, as for the first design, depends only on the inverse of R and the Vandermonde matrix Z;. By
maximizing the output power, we readily obtain an estimate of the fundamental frequency as

-1
& = argmax 17 (Z,?R_lzk> 1. (3.49)
o

In Figure 3.6, the frequency response of the optimal filter in (3.48) is depicted for wx = 0.3142 and
Ly = 5 for white noise, i.e., R = 621, which leads to the optimal filter hy = Z; (Z,ﬁqZk)_1 1. The
filter length is M = 50.

20
15f

10f

Magnitude [dB]

0 1 2 3 4 5 6
Frequency [radians]

Figure 3.6: Frequency response (magnitude) of the optimal filter for wx = 0.3142 and Ly = 5 for white

noise.
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3.6 ASYMPTOTIC ANALYSIS

We will now relate the two filter design methods and the associated estimators in (3.40) and (3.49).
On the one hand, the optimization problem in (3.29) allows for more degrees of freedom, since
Ly filters of length M are designed, while (3.41) involves only a single filter. On the other hand,
the former design is based on L} constraints as opposed to the latter approach only involving L.
Comparing the optimal filters in (3.39) and (3.47), we observe that the latter can be written in terms
of the former as

-1
b =R™'Z (Zf'R7'Z,) 1 (3.50)
L
=Hi1=) M. (3.51)
=1

s0, clearly, the two methods are related. Using this to rewrite the output power in (3.48), we get

L L
h/Rh; = (Z h}j{,) R (Z hk,m) , (3.52)
m=1

=1

as opposed to
L
Tr [HfRH; | = > hf’Rh, (3.53)
=1

for the filterbank approach. It can be seen that the single-filter approach includes the cross-terms
h]f{ Rhy ,, for I # m, while these do not appear in (3.53). From this it follows that the cost functions
are generally different, i.e.,

-1 -1
14 (z}j R—lzk) 1#Tr [(z}j R—lzk) ] (3.54)
hRhy # Tr [H}j RHk] , (3.55)
with equality if the cross-terms cancel out or are zero. This means that the two filters will result in

different output powers and thus possibly different estimates. Next, we will analyze the asymptotic
properties of the cost function

1
lim M17 (Z,?R*lzk) 1, (3.56)

M— o0

where M has been introduced to ensure convergence. For simplicity, we will in the following deriva-
tions assume that the power spectral density of x(n) is finite and non-zero. Although this is strictly

speaking not the case for our signal model, the analysis will nonetheless provide some insights into
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the properties of the filtering methods. In the analysis, we will make use of the following result (see,

e.g, [7])

lim (AB) = ( lim A) < lim B) (3.57)

M— o0 M— o0 M— o0

where it is assumed that the limits lim;_, o0 A and limy;_, o B exist for the individual elements of
A and B. Furthermore, it can be shown that

-1
( lim A—1> = ( lim A) . (3.58)
M— o0 M— o0

Applying (3.57) and (3.58) to the cost function in (3.56), we get

M—o00 M—o00

1 1 -1
lim M17 (Z,{*R—lzk) 1=1" ( lim MZ,‘?R”&) 1. (3.59)
We are now left with the problem of determining the limit
1
lim —ZAR™'Z;. 3.60
Mgnoo M k * ( )

In doing so, we will make use of the asymptotic equivalence of Toeplitz and circulant matrices. For
a given Toeplitz matrix, here R, we can construct an asymptotically equivalent circulant M x M
matrix C in the sense that [65]

1
lim —||C—-R|f = .61
Ml_r)noomllc lF=0, (3.61)
where || - ||r is the Frobenius norm and the limit is taken over the dimensions of C and R. The

conditions under which this was derived in [65] apply to the noise covariance matrix when the
stochastic components are generated by a moving average or a stable auto-regressive process. More
specifically, the auto-correlation sequence has to be absolutely summable. The result also applies
to the deterministic signal components as Z;PrZ; is asymptotically the EVD of the covariance
matrix of Zyay (except for a scaling—see also Section 1.5) and circulant. A circulant matrix C has the
eigenvalue decomposition C = UT'U# where U is the Fourier matrix. Thus, the complex sinusoids
in Zy are asymptotically eigenvectors of R. This allows us to determine the limit as (see [65, 69])

| D, (wr) 0
lim —ZARZ; = - )
0 D, (wr L)

with @, (w) being the power spectral density of x (n). Similarly, an expression for the inverse of R
can be obtained as C~! = Ur—'u# (again, see [65] for details). We now arrive at the following




3.7. INVERSE COVARIANCE MATRIX 69
(see also [69] and [155]):

| O (wp) 0
lim —ZHR™'Z, = - . 3.63
MgnooM k k ’ | ( )
0 @ (wr Li)

Asymptotically, (3.49) can, therefore, be written as

L
—1
: H Hp -1 _
Jim w1 (R Zk> 1= ; @, (wxl), (3.64)
which is simply the sum over the power spectral density evaluated at the harmonic frequencies.
Similar derivations for the filterbank formulation yield

-1 Ly
lim MTr[(sz—lzk) ]:Zcbx(a)kl), (3.65)
=1

M— o0

which is the same as (3.64). Note that for a finite M, the above expression still involves only the
diagonal terms because of the trace. However, the diagonal terms are then not the power spectral
density @ (w) evaluated at certain points. Thus, from the above analysis, we conclude that the two
cost functions are different for finite M and may yield different estimates, but are asymptotically
equivalent. This equivalence is essentially due to (Z/ R_IZk)f1 being asymptotically diagonal. In
[26], the two approaches were also reported to have similar performance although the output power
estimates deviate. Another interesting consequence of the analysis in this section is that the methods

based on optimal filtering yield results that are asymptotically equivalent to those of obtained using
the NLS method as described in Section 3.3.

3.7 INVERSE COVARIANCE MATRIX

The two methods based on optimal filtering involve the inverse covariance matrix. We will now
analyze the properties of the estimators further by finding a closed-form expression for the inverse
of the covariance matrix based on the covariance matrix model introduced in Section 1.5. For the
single-pitch case, the covariance matrix model is

R, =E {xk(n)x,f’ (n)} (3.66)
=ZkPka:1 + Qy, (3.67)

and, for simplicity, we will use this model in the following. A variation of the matrix inversion lemma
states that for matrices A, B, C, D

(A+BCD) ' =A"' —A"'B(C" +DA‘1B>71DA‘1 (3.68)
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provided that the respective matrix inverses exist. It can be seen that (3.68) is of the same form
as (3.67). This provides us with a useful closed-form expression of the covariance matrix model, i.e.,

-1
= (zpzf + Q) (3.69)
—Q - Q 'z (P +20Q 'z 2, (3.70)

Note that P,:l exists for a set of sinusoids having distinct frequencies and non-zero amplitudes and
so does the inverse noise covariance matrix Qk_l as long as the noise has non-zero variance.

Now, to analyze (3.70) further, we evaluate the estimators for a candidate fundamental fre-
quency generating a Vandermonde matrix Zy. The cost functions of the estimators based on optimal
filtering then involve the following:

~ ~ ~ ~ ~ -1 ~
ZI'R'Z, =71'Q, 'Z - Z/'Q, 'z, (P,;1 + Z,?’Q,;lzk) z27Q, 'z, (3.71)

and we will normalize this matrix and analyze its behavior as M tends to infinity, i.e.,

17 —177
Mlinoo—z,f’R Zi = lim MZka Z 3.72)
-1
~ lim ~7Z 1Q, 'z ( 1im Loy im izHQk—lzk lim izHQ,;lzk.
M—oo M ¥ M—oo M ¥ Moo MK Moo M ¥

Noting that limp/— oo %Pk_l = 0, we obtain

~ 1 ~ ~
-1 . Hey -1
A/{h_r)réO —Z R, 'Z; = hrnoo MZ,( Q, 'Z (3.73)
1 - 1 ~
_ 1 . He -1 . Hey =1
Mh—lgo Zk Q% (Mll—rgo MZ" Q Zk) Mh—r>I<1>o MZ" Q- Zi

Furthermore, by substituting Zk by Zy in (3.72), i.e., by evaluating the expression for the true
fundamental frequency, we get

1 1
-1 . HA —1 . Hn —1
fim 2R 2= lim Z1Qu 2 Jim C7l'Q 7,

M—oco M 1
- 1
1 . —1
«(fim 2 Q) lim ziQ Z =0 674

which shows that the expression tends to the zero matrix as M approaches infinity when the ex-
pression is evaluated for the true fundamental frequency. The normalized cost functions of the two
optimal filtering approaches in (3.64) and (3.65), therefore, can be though of as tendmg towards in-
finity. The results of [65,155] can be applied directly to determine the limit limp—, oo MZH Q 1Zk,

which occurs in several of the equations above. This is because the autocorrelation sequence of the
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noise processes e (n) can safely be assumed to be absolutely summable and have a smooth and
non-zero power spectral density ®,, (@) for common noise sources such as stable auto-regressive
and moving average processes. Therefore, the limit is

] @, (@) 0
. S gHO -7 _ .
Jim MZka Z . . (3.75)
0 @, (@ Ly)

For the white noise case, the noise covariance matrix is diagonal, i.e., Q = UkZI. In this case, the
inverse of the covariance matrix model is

—1
R'=Q ' -Q 'z (P +2/Q'z) Z{'Q! (3.76)
-1
1 1 1 1
= 51— =1z (P,;l + Z,f’—ZIZk> Zi 1 (3.77)
Ok Ok Ok Ok
1 -1
== (1 — 7 (aksz_l + z,f’zk) z,?) . (3.78)
Ok

Next, we note that asymptotically, the complex sinusoids in the columns of Zj are orthogonal, i.e.,

1y
Jim - Z{7;, = 1 (3.79)

For large M (and thus N), the inverse covariance matrix can be approximated as
1 -1
Rk_1 N — (I -7 ((7,31’,:1 + Mlk) Z,f) . (3.80)
Ok

It can be observed that the remaining matrix inversion involves two diagonal matrices that can be
rewritten as

[ 52 o2
ofP + Ml =diag || S+ M - S+ M ||, (3.81)
A
L “ Tk, 1 k,Ly
which leads to the inverse
-1 i A? A?
(o2Py! + 1) =diag | 5l R (3.82)
_ork—I—MAk’1 o +MAk,Lk
5Ty (3.83)

Finally, we arrive at the following expression, which is an asymptotic approximation of the inverse
of the matrix covariance model:

_ 1
R'~ — (1-zTizf!). (3.84)
Ok
Interestingly, it can be seen that the inverse exhibits a similar structure as the covariance matrix
model.
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3.8 VARIANCE AND ORDER ESTIMATION

We will now show how to use these filters for estimating the variance of the signal once the harmonics
have been filtered out. This is useful for determining the number of harmonics using the methods
considered in Section 2.6. We will do this based on the filterbank design. First, we define an estimate
of the noise as

é(n) = x(n) — yr(n), (3.85)

which we will refer to as the residual. Moreover, yx (n) is the sum of the input signal filtered by the
filterbank, 1.e.,

M—1 Ly
W) =Y hia(m)x(n —m) (3.86)
e
= > hi(m)x(n —m), (3.87)
m=0

where hy (m) is the sum over the impulse responses of the filters of the filterbank. From the relation
between the single filter design and the filterbank design in (3.51), it is now clear that when used
this way, the two approaches lead to the same output signal yi(n). This also offers some insights
into the difference between the designs in (3.29) and (3.41). More specifically, the difference is in
the way the output power is measured, where (3.29) is based on the assumption that the power is
additive over the filters. We can now write the noise estimate as

M—1
én) =x(n) — Y hx(m)x(n —m) (3.88)
m=0
7y g;I:IX(n), (3.89)
where gy = [ (1 — hg(0)) — hi (1) -+ — he(M — 1) 17 is the modified filter. From the noise esti-
mate, we can now estimate the noise variance for the Lith order model as
62(Ly) =E {|é(n)|2} —F {g,f’x(n)xH(n)gk} (3.90)
= gl'Rgy. (3.91)

This expression is, however, not very convenient for a number of reasons: A notable property of the
estimator in (3.49) is that it does not require the calculation of the filter and that the output power
expression in (3.48) is simpler than the expression for the optimal filter in (3.47). To use (3.91)
directly, we would first have to calculate the optimal filter using (3.47), then calculate the modified
filter gx, before evaluating (3.91). Instead, we simplify the evaluation of (3.91) by defining the
modified filter as gx = by — hy where, as defined earlier,

by=[10---0]". (3.92)
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Next, we use this definition to rewrite the variance estimate as
6%(L) = g{' Rgk = (by —hp)"R(b; —hy) (3.93)
=bf1Rb1 —beth —h,?Rbl +h,€Ith. (3.94)
The first term can be identified to equal the variance of the observed signal x(n), i.e., b{{ Rb; =

E {|x(n)|2}, and thhk we know from (3.48). Writing out the cross-terms b{{ Rhy using (3.47)
yields

-1
b/ Rh; = b?RR'Z, (z,{f R*IZk> 1 (3.95)
-1

=bi'Z (2{R7'Z;) 1. (3.96)

Furthermore, it can easily be verified that b{{ Z; = 17 from which it can be concluded that

-1

b/ Rhy = 17 (Z,f R—lzk) 1 (3.97)
= h/Rhy. (3.99)

Therefore, the variance estimate can be expressed as
1
§2(Ly) = 62(0) — 17 (Z,?R—lzk) 1, (3.99)

where 62(0) = E {|x(n)|2}. The variance estimate in (3.99) conveniently features the same ex-
pression as in the fundamental frequency estimation criterion in (3.49). This means that the same
expression can be used for determining the model order and the fundamental frequency, i.e., the
approach allows for joint estimation of the model order and the fundamental frequency. The variance
estimate in (3.99) also shows that the same filter that maximizes the output power minimizes the
variance of the residual. A more conventional variance estimate could be formed by first finding the
frequency using, e.g., (3.49) and then finding the amplitudes of the signal model using least-squares
to obtain a noise variance estimate. Since the discussed procedure uses the same information in find-
ing the fundamental frequency and the noise variance, it is superior to the least-squares approach
in terms of computational complexity. Note that for finite filter lengths, the output of the filters
considered here are generally “power levels” and not power spectral densities (see [100]), which
is consistent with our use of the filters for estimating the variance. Asymptotically, the filters do
comprise power spectral density estimates [26].

By inserting (3.99) in (2.78), the model order can be determined using the MAP criterion for
a given fundamental frequency. By combining the variance estimate in (3.99) with (2.78), we obtain
the following fundamental frequency estimator for the case of unknown model orders (for Ly > 0):

3
@ = argmin nzin NIn6%(Ly) + 3 InN + LiyInN (3.100)
Wy "

. . A2 H Hp—1 -1 3
= argminmin N In (6%(0) — 17 (Z{'/R7'Z;) 1 +3IMN+LinN, (3100
Wk X
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where the model order is also estimated in the process. To determine whether any harmonics are
present at all, the criterion in (2.79) can be used. In Figure 3.7, a typical example of the cost
function in (3.101) is plotted along with the log-likelihood term N Ino?(Ly) for 100 samples of
a signal consisting of five harmonics having a fundamental frequency of 0.6283 in white Gaussian
noise. It can be seen that for Ly > 5, the log-likelihood term does not decrease significantly, and as
a result, the correct model order can be determined using the MAP criterion.
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Figure 3.7: MAP model selection criterion and log-likelihood term for a periodic signal having five

harmonics in white Gaussian noise.

3.9 FASTIMPLEMENTATION

Both the filterbank method and the single filter method require the calculation of the following
matrix for every combination of candidate fundamental frequencies and orders:

(ZfR‘lzk>_1 , (3.102)

where the respective cost function are formed as either the trace or the sum of all elements of this
matrix. Since this requires a matrix inversion and matrix multiplications, all of cubic complexity, for
each pair, there is a considerable computational burden of using these methods. We will now present
an efficient implementation of the matrix inversion in (3.102). The inverse covariance matrix is less
of a concern for two reasons. Firstly, it has to be calculated only once per segment, and secondly,
many standard methods exist for updating the matrix inverse over time (see, e.g., [73]).

The fast implementation that we will now derive, is based on the matrix inversion lemma,
which states that for a matrix partitioned into matrices A € C"*", B € C"", Ce C"*", D €
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C"*™ the inverse can be calculated as:

(5 6] [ S e o

To apply this principle to the calculation of (3.102), we first define the matrix composed of vectors
corresponding to the Ly — 1 first harmonics of the full matrix Z as

ZM Y = [ z(@p) - 2L — 1) 1, (3.104)
and a vector containing the last harmonic Ly as
Z]((Lk) _ [e—jkakO e—jkak(M—l)]T_ (3.105)

Using these definitions, we can now rewrite (3.102) into a form similar to the left-hand side
of (3.103), i.e.,

-1
1 (Li—DHp —17(Lg=1) (Li—DHp -1, (Li)
(Z’?R_IZO - |: Zk(Lk)H IE1 %ka—l) Zk(Lk)H IE1 (szk) :| (3.106)
7z, " RTZ, z, "Rz,
28, (3.107)
where E, is the matrix (3.102) calculated for an order Ly model. Next, define the scalar quantity
£, =z ORI (3.108)
and the vector
ny, = Z\H VIR (3.109)

We can now express the matrix in (3.102) in terms of the order (Ly — 1) matrix E7,_1, &7, and
1y, using (3.103) as

= _ [ EBn-1 0] [ —Er-10p, :| 1 [ _Hm ]
EL = + — n Er,—1 1| (3.110)
AR R O I VI 1 g =] Er-imy, e
[ Er—1 0] n 1 Er—0p 0 Erg-1 —Er-11p,
= — i
L O 0 . Slljc - nfk':‘kalnLk _”Lk"‘Lk—l 1
(3.111)
T = T H
A =L—1 0 1 CL/(CL _CLk
| O 0] B [ —¢f 1

This shows once E7, 1 is known, E, can be obtained in a simple way. To use this result to calculate
the cost functions for the estimators (3.40) and (3.49) for a model order L, we proceed as follows.
For a given wy, calculate the order 1 inverse matrix as

_1
g

[1]

1 (3.113)
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and then for / = 2, ..., L calculate the required quantities and update the inverse matrix, i.e.,

g = 2Rz (3.114)
n, = 2z VR7IZ) (3.115)
& = Eram (3.116)
B = &—nf'Eiim (3.117)
= -1 0 1 [ sgfl =4 ]

= = + — , (3.118)

l [ o 0 ] Bl ¢ 1

using which the estimators in (3.40) and (3.49) along with the variance estimate in (3.99) can be
implemented. We note in passing that, as usual, all the inner products involving complex sinusoids
of different frequencies can be calculated efficiently using FF'Ts.

---CRLB
—»— Opt. Filtering (K=2)
-o- Opt. Filtering (K=1)

Figure 3.8: RMSE as a function of N with PSNR = 10 dB for one and two sources, respectively.

3.10 SOME RESULTS

We will end this chapter by first investigating the statistical properties of the optimal filtering ap-
proaches. As was shown in [27], the filterbank and single filter approaches have similar performance,
although they appear to sometimes exhibit slightly different thresholding behaviour. For this rea-
sons, we will evaluate the performance of the filterbank method in Monte Carlo simulations using
synthetic signals generated from the ideal model in (1.5). The experiments are run for one and two
sources having fundamental frequencies w; = 0.2964 and w, = 0.2257, three harmonics each and
uniformly distributed phases and unit amplitudes, i.e., Ax; = 1, VY k,[. In each of the following
experiments, 100 iterations were used to determine the RMSE for each point on the curves and
a covariance matrix and filter length of M = [N /5] were used. First, the performance has been
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Figure 3.9: RMSE as a function of the PSNR with N = 200 for one and two sources, respectively.
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Figure 3.10: RMSE as a function of the difference between the fundamental frequencies of two source,
ie, A = |w] — wy| for N =250 and PSNR = 10 dB.

investigated as a function of N and the results are shown in Figure 3.8 for PSNR = 10 dB. It can
be seen that the optimal filtering method under investigation (the filterbank method, to be specific)
performs well for a single source, following but not attaining the CRLB. When a second source is
introduced, some thresholding behavior can, though, be observed. The same general observations
can be made of the RMSE as a function of the PSNR for N = 200 as seen in Figure 3.9; for one
source, it performs well for the entire test range, while for two sources, the method exhibits some

77
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thresholding behavior. In Figure 3.10, the performance is shown as a function of A = | — w3,
i.e., the difference between the fundamental frequencies for a multi-pitch signal containing two
sources with w being fixed at 0.2964 and w, is varied from 0.2257 to 0.2964. The curve is obtain
for N =250 and PSN R = 10 dB. It can be seen that the method performs quite well, in fact, quite
similarly to the ther other algorithms in terms of the thresholding behavior for closely spaced fre-
quencies. As was demonstrated in Section 2.11, the MAP criterion works extremely well under the
tested conditions, and we will now see what happens when the maximum likelihood noise variance
estimate is replaced by one obtained using the optimal filtering approach presented in Section 3.8
by carrying out the same experiment, as before for a given wy. Note that, as we have seen, it does not
matter, which of the two optimal designs is used for this application. 1000 Monte Carlo iterations
were run for a single-pitch signal having fundamental frequency 0.8170, five harmonics and unit
amplitudes. A filter length and covariance matrix of size M = N /4 was used in these experiments.
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Figure 3.11: Percentage of correctly estimated model orders as a function of N with PSNR = 10 dB.

In Figure 3.11, the percentage of correctly estimated orders is shown as a function of the number of
samples N for PSN R = 40 dB. Curiously, it can be observed that the method exhibits bad perfor-
mance for low N. Since the only difference between this method and the one used in Section 3.8 is
the noise variance estimate, we conclude that this estimate appears to be poor for low N. Note that
this will also depends of the fundamental frequency. But for high N the method tends to estimating
the true model order with a high accuracy. The method can be observed to perform well as a function
of the PSNR in Figure 3.12 for a high number of samples, here N = 500, with the method breaking
down when approaching 0 dB. Similarly, the importance of the choice of the filter length M has been
investigated by keeping the number of observed samples N fixed at 200 samples and the PSNR at 40
dB while varying the M. The results are shown in Figure 3.13 and show that the method is indeed
somewhat sensitive to the filter length, especially compared to other methods (see the respective
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Figure 3.12: Percentage of correctly estimated model orders as a function of the PSNR with N = 500.

chapters). More specifically, it shows that M should not be chosen too close to M /2 or too low, and
our prior choice of M /4 appears to be a good one.
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Figure 3.13: Percentage of correctly estimated model orders as a function of M for N = 200 and with
PSNR =40 dB.
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3.11 DISCUSSION

The filtering approach to fundamental frequency estimation is very intuitive and it is, therefore, not
surprising that such approaches have been used for a long time. As we have seen, the approximate
maximum likelihood method for single-pitch estimation can also be interpreted as a filtering method.
As a result, one would also expect these methods to have quite good statistical properties, and, as we
have seen, this also turns out to be the case. The methods are generally not optimal in an estimation
theoretical sense, i.e., they do not attain the CRLB, exhibiting a constant gap (in dB) as a function of
N and the PSNR [33] (for more on the performance of the comb filtering approach for the single-
pitch case, see [122]). They do, however, provide increasingly better estimates as a function of the
number of samples and PSNR, as expected. For the multi-pitch case, the optimal filtering approaches
have been shown to have some remarkable properties: it has excellent performance even under adverse
conditions, for example, for two closely spaced sources [33]. In fact, it performs almost as well as
the EM algorithm while being purely based on a single-pitch model, something that is not the case
for neither the EM algorithm or the MUSIC method?. This can be explained by some observations
that have been made in the application of similar optimal filters in array processing [106]. More
specifically, it has been observed that the optimization procedure will result in filters that seek to
suppress strong interfering sources, like other periodic sources. As we have seen, it is also possible to
use the filtering approaches to obtain order estimates (and joint fundamental frequency and order
estimates) by obtaining a variance estimate by filtering out the harmonics for different model orders
and using statistical order estimation methods. However, it has been reported in [27] that this results
in somewhat poor order estimates for a low number of samples. The major drawback of the optimal
filtering approaches is the associated computational complexity. But as we have seen, it is possible
to implement the methods recursively over the model order. Additionally, one can also use the FF'T
for calculating the cost function efficiently. In practice, it can sometimes also be quite difficult to
locate the global extrema of the cost functions associated with the optimal filtering approaches as
the peaks may be extremely narrow for large N and M. This requires that the cost functions are
evaluated on a very fine grid and it may also be a challenge to perform numerical optimization using
gradient or Hessian methods. Another drawback is that it is not always obvious how to incorporate
prior knowledge in a consistent way, something that was easily done for the statistical methods.

2The MUSIC method depends on knowledge of the total number of sinusoids.
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CHAPTER 4

Subspace Methods

4.1 INTRODUCTION

In subspace methods, the full space is divided into a subspace known as the signal subspace, that spans
the space of the signal of interest, and its orthogonal complement, the so-called noise subspace. The
properties of these subspaces are then exploited for various estimation and identification tasks (e.g.,
[71,86,98,173,174]). Subspace methods have a rich history in sinusoidal parameter estimation and
are among the most eloquent estimators available today. Especially for the estimation of sinusoidal
frequencies, a ubiquitous problem occurring in spectral estimation and direction-of-arrival problems
in array processing, these methods have proven successful during the past three decades. Perhaps the
most prominent subspace methods for frequency estimation are the Multiple Signal Classification
(MUSIC) method [12, 150] and the Estimation of Signal Parameters by Rotational Invariance
Techniques (ESPRIT) method of [147], while the earliest example of such methods is perhaps [128].
Fundamental frequency estimation, i.e., the problem of estimating the fundamental frequency of a set
of harmonically related sinusoids, is an important component in many speech and audio processing
systems. Until recently, however, this problem has not received much attention in the literature on
subspace-based estimation. In [23], a joint fundamental frequency and order estimator based on the
subspace orthogonality property of MUSIC was proposed and its application to analysis of speech and
audio signals was demonstrated. In later publications, this method was extended to the multi-pitch
case [21, 33] and the perturbed model [34]. In this chapter, we will present some subspace methods
for fundamental frequency and order estimation along with the required background material.

4.2 SIGNAL AND NOISE SUBSPACE IDENTIFICATION

We start out this section, in which we will present some fundamental definitions, relations and
results, by defining x(n) as a signal vector containing M samples of the observed signal, i.e.,x(n) =
[x(n) x(n+1) -+ x(n+ M —1)]7. Define the M x L Vandermonde matrix Z as consisting of
the Vandermonde matrices for all the sources, i.e.,

Z=[2 - Zx]. (4.1)

where L = Z,{;l Ly, and similarly a vector containing the complex amplitudes as

am =[alm) - alm ] . (4.2)
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In the following, we assume that the all the frequencies are distinct. This is the case as long as the
sources do not share any harmonics. We will start out by using our model of the observed signal, i.e.,

K
x(n) = Z Ziag(n) + e(n) (4.3)
k=1
=Za(n) + e(n), (4.4)

with Z; € CM>Lk and a;(n) € CLk. Assuming that E {e(n)eH (n)} = 021 and that the sources are
statistically independent, the covariance matrix R € CM*M (with L < M) of the signal in (4.4) can
be shown to be

R =E {x(n)xH (n)} (4.5)
K

=Y ZPZ{ +0°1 (4.6)
k=1

=ZPZ" + 671 (4.7)

where E {ak (n)a,f’ (n)} = Py. It is worth noting that the decomposition in (4.6) does not depend
on the noise being Gaussian, only on it being white. Assuming that the elements of a(n) are zero
mean and statistically independent, the matrix Py becomes diagonal, i.e.,

P, = diag ([ ALy AL ) (4.8)

and

P:d1ag ([ P1 PK ]) (49)

Also, here o2 denotes the variance of the additive noise, e(n), and I is the M x M identity matrix.
It is important to realize that Zle ZkPkZ,f[ has rank L = Zlf:l Ly, since all the columns of Z
are linearly independent when the frequencies are distinct. Let

R = UAUY (4.10)

be the eigenvalue decomposition (EVD) of the covariance matrix. Since the covariance matrix is
positive definite and symmetric by construction, U contains the M orthonormal eigenvectors of R,

e,

U=[u - uy |, (4.11)
and A is a diagonal matrix containing the corresponding positive eigenvalues, Ax, ordered as A1 >
A2 > ... > Apy.Additionally, it can be seen from (4.6) that Ay 41 = ... = Ay = o2 due to the noise
being white.

The subspace-based methods are based on a partitioning of the eigenvectors into a set be-

longing to the signal subspace Z, spanned by the columns of Z, and an orthogonal complement
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known as the noise subspace G. Let S be formed from the eigenvectors corresponding to the L most
significant eigenvalues, 1.e.,

S=[w - wu ] (4.12)

We denote the subspace that is spanned by the columns of S R (S) and henceforth refer to it as the
signal subspace. Similarly, let G be formed from the eigenvectors corresponding to the M — L least
significant eigenvalues, i.e.,

G=[uy - uy ], (4.13)

where R (G) is referred to as the noise subspace. Using these definitions, we can now manipulate

the EVD in (4.10) to obtain U (A — 021) Uf = Z,f:] ZkPkZ,fI and partition the EVD as

R=[S G]([‘(I]' g]—kozl)[g:}, (4.14)

where W = diag ([ A1 — 02 --- Az — 0% ]) is a diagonal matrix containing the eigenvalues of the
deterministic parts of the covariance matrix. From this it is clear that we can express the covariance
matrix of all the sinusoids as

K
sws” =3 "7,P, 7. (4.15)
k=1
It must be stressed that the space spanned by the L most significant eigenvectors is the same space

that is spanned by all the sinusoids and that a subset of either is not generally equivalent to a subset
of the other.

4.3 SUBSPACE PROPERTIES

From equation (4.15), it is easy to see that the columns of S, i.e., the signal subspace eigenvectors,
span the same space as the columns of Z and that the columns of Z, therefore, also are orthogonal
to the columns of G, i.e., the noise subspace eigenvectors. Mathematically, this can be written as

ZiG =0 (4.16)
and for sub-matrices corresponding to the individual sources as
ZHiG =0 Vi (4.17)

This is what we will refer to as the subspace orthogonality property. The idea of the MUSIC algorithm
[12, 150] and the later refinement root-MUSIC [11] (see also [77]) is to exploit this relation for
estimation purposes as follows: we can find an estimate of the matrix G from the EVD of the sample
covariance matrix for an observed signal. Given this matrix, we can find the nonlinear parameters
that characterize the columns of Z as the parameters that generate a Z that is orthogonal to G.

The remaining question is then how to measure orthogonality in a multi-dimensional space in a
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well-defined way. We will return to this question later on. The statistical properties of MUSIC for
a known order have been studied extensively in [50, 157, 158].

There is a distinct property of the signal model considered in this book that can be used for
estimation purposes and we will now explore this in more detail. By post-multiplication of (4.15)
by S, the following relation between the signal subspace eigenvectors and the Vandermonde matrix
can be established (see [156]):

S=7B (4.18)

with B = PZSW~!. Note that this expression can be used directly for finding parameter estimates
(see, e.g., [98]). Next, we define the matrices Z and Z, constructed by removing the last and first
rows of Z, i.e.,

Z=[10]Z and Z=[01]Z, (4.19)
where Iis now the (M — 1) x (M — 1) identity matrix. Similarly, we define from the signal subspace
eigenvectors S,

S=[I0]S and S=[0I]S. (4.20)
From these definitions and (4.18), the matrices S and Z can be related through the matrix B as
S = ZB. Then, due to the particular structure of Z, known as the shift-invariance property, the
following can be seen to hold:

Z=ZD and S=SE, (4.21)
with D = diag ([ e/V! --- /YL ]). The matrix relating S to S can be written as
E =B 'DB. (4.22)

The matrices E and D are thus related by a similarity transform. Note that it is not generally possible
to relate the sub-matrices Z associated with the various sources to sub-matrices in S and the relation
considered here thus applies only to the full matrix Z.

4.4 PRE-WHITENING

Perhaps the biggest weakness of the subspace methods is that they rely on the noise being white.
If the noise is not white, the decomposition of the covariance matrix and the partitioning of the
eigenvectors into signal and noise subspaces may not hold, and, consequently, the signal and noise
subspace eigenvectors cannot easily be identified from the eigenvalues. This is especially troublesome
in connection with speech and audio signals where stochastic signal components are inherent parts
of the signal and change all the time, often abruptly. In the array processing literature, where many of
the subspace methods were first published, this problem is often suggested solved by pre-whitening
of the signal, i.e., by applying a filter that makes the stochastic signal parts white. Consider the signal
model in (4.4) for the case where the noise is not white. In that case, the covariance matrix model is

R =E {x(n)xH(n)} (4.23)
=7ZPZ" + Q,, (4.24)
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where Q_ = E{e(n)e (n)} is the noise covariance matrix. Let
Q =vrv# (4.25)
be the EVD of this matrix and define the matrix W as
W= VH. (4.26)
By multiplying the observed signal vectors by this matrix, we get

E {wx(n)xH n)yWH } —WE {x(n)xH (n)} wH (4.27)
=WZPZ"WH + wQw# . (4.28)

By substituting the noise covariance matrix by its EVD, we get

wWQW# = wvrviw# (4.29)
— I :VHVIVAVT— = I (4.30)

So, by multiplying the input signal vector by the matrix W, the noise covariance matrix is reduced to
an identity matrix. One, therefore, refers to this matrix as a pre-whitening matrix. A computationally
less demanding alternative to the pre-whitener in (4.26) is the Cholesky factor. Since covariance
matrices are symmetric and positive definite, so are their inverses and the Cholesky factorization of
the inverse noise covariance matrix Q_~! is (see, e.g., [64])

Q '=LL", (4.31)

where L is an M x M lower triangular matrix also known as the Cholesky factor. This matrix can
also be used for pre-whitening by pre-multiplying x(n) by LA as

LAQL =LYL-AL-'L =1, (4.32)

and this is preferable, since, once the pre-whitener has been calculated, the matrix-vector product
L% (n) can be more efficiently implemented than Wx(n) due to the triangular structure of L. For
the special case of pre-whitening for rank-deficient covariance matrices, we refer the reader to [72].

The principles discussed here work well when the noise is stationary and where an optimal pre-
whitener can be found from measurements when only the noise is present, but as already mentioned
this may not be the case for speech and audio signals. It may still be possible, though, to apply a
fixed pre-whitening filter that works well on average. The optimal pre-whitener, though, is obviously
adaptive. An example of a pre-whitening system for audio signals can be found in [137]. It should
also be noted that, although described here in the context of subspace methods, the principle can be

applied to also the statistical methods and the filtering methods to obtain simpler estimators.



86 4. SUBSPACE METHODS
4.5 RANKESTIMATION USING EIGENVALUES

We will now show how to determine the dimensions of the signal and noise subspaces from the
eigenvalues of the sample covariance matrix, i.e., the ranks of the matrices Z and G. In the case of
single-pitch estimation, this amounts to determining the number of harmonics, since rank (S) = Ly,
while for the multi-pitch case, it is equivalent to estimating the total number of harmonics for all
sources as rank(S) = Zle Ly = L. We will do this by first deriving the log-likelihood function
based on the eigenvalues of the covariance matrix and later show how to use this for finding the
subspace dimension. Assuming that our signal vector x(n) is Gaussian and zero-mean, its likelihood
function is given by

1 H -1
. —x"(n)R™'x(n) 4.33

where ¢ contains our parameter set, here consisting of the signal subspace eigenvalues and eigen-
vectors along with the noise variance. For a collection of G such independent vectors, the likelihood
function is

G—1

pUxm}; &) =[] px(n); §) (4.34)
n=0
1

=70 de(R)C Eneox!! (ORlx(o) (4.35)
b €

By taking the logarithm, we obtain the log-likelihood function

L©) =In p(x(m)}; ) (4.36)
G-1

=—-GMInm — GlIndet(R) — Z xH(n)R_lx(n). (4.37)
n=0

By noting that xR x(n) = Tr{ix” m)R~x(n)}, we may rewrite this into

G—1
L&) =—-GMInzx — GIndet(R) — Tr { Z xH (n)R_lx(n)} (4.38)
"= G—1
=—-GMInnm — Glndet(R) — Tr {R—1 Z x(n)x? (n)} ) (4.39)
n=0

Next, we identify Z;?;ol x(n)x" (n) as the sample covariance matrix R scaled by G, whereby we get
L&) =—-GMInxw — GIndet(R) — G Tr {R—lﬁ} . (4.40)

From the derivations of the covariance matrix model and its eigenvalue decomposition in the previous
section, we know that for a candidate signal subspace dimension L', the covariance matrix can be
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written as
L/
R'=> " —ouuf +0°L (4.41)

v=1

The maximum likelihood estimates of the eigenvalues and the eigenvectors of (4.41) are obtained
from the EVD of the sample covariance matrix [5] (see also [13]), here denoted {Ay} and {G,},
respectively. For a candidate signal subspace dimension L', we readily obtain an estimate of the noise
variance from the eigenvalues as

) 1 A
6% = TR (4.42)

Substituting these into our expression for the log-likelihood function, we get

L&) =—-GMInxw — Glndet(R) — GTr {R’*lﬁ} (4.43)
=—GMInxw — Glndet(R') — GM, (4.44)
since
M a M N
- ) LA
Tr {R’*IR} =L+ » S=L+ ]Z“—LM“ v (4.45)
G L )
v=L"+1 M—-L’ ZU:L/-i-l v
v 4
LA
=L+(M—L)%=M (4.46)
v=L'+1 )‘U
and finally
L' M
L@)=-GMmx —GIn|[[4 [] &°|-GMm (4.47)
v=1 v=L'+1
L . M M—-L'
=—GMInz —GIn | []% T > ~GM,  (448)
v=1 v=L'+1

which is the log-likelihood function expressed as in [13]. To arrive at the expression used in [177],
we first observe that the determinant may also be written as

lL_/[A M, det®)

b _ . (4.49)
M M
v=1 Hv:L/—H Ay Hv:L/-H Ay
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Inserting this into the log-likelihood function leads us to the following:

M 3 M M=L!
- 1 .
L) = —GMinx —Gin | L=t > ~GM  (4.50)
i Ay \ M =L’
v=L'+1"v v=L'+1
s ﬁ ZM—L/H b
=—GMInwr —GIn[[h -G - L)In 2= U):_l/(M—L’) —~GM. (4.51)

v=1 v=L'+1"v

Since l_[ﬁ/lzl Ay is constant the log likelihood function depends only on the ratio between the arith-

metic and geometric means of the eigenvalues {)»U}ﬂ’[: /41 as shown in [177]. This expression can

now be used for determining the dimension of the signaf_subspace by combining the log-likelihood
function with an appropriate penalty function such as the AIC or the MDL criterion. But before
we can do this, we need to determine the number of free parameters in our estimation problem
(see [177] for details on this). Here, these consist of the L’ real eigenvalues, the noise variance, and
L’ complex eigenvectors of length M. This amounts to L’ 4+ 1 + 2M L’ degrees of freedom, but due
to the eigenvectors being constrained to unit norm and orthogonal, we are leftwith L'(2M — L') 4 1

degrees of freedom. Using the AIC or MDL in combination with (4.51), we obtain the following

cost function for determining the dimension of the signal subspace:

J(L)y=—=L&) + L' 2M —-L")+ 1 (4.52)
where
2 for AIC
”_{ lmN  for MDL (#:53)

By minimizing this cost function, the signal subspace dimension and thus the number of sinusoids
can be determined from the eigenvalues of the sample covariance matrix. This is illustrated in
Figures 4.1 and 4.2 where the eigenvalues of a typical sample covariance matrix are shown for a
signal containing five harmonics and the associated log-ratio between the arithmetic and geometric
means of the eigenvalues and the MDL cost function are shown, respectively. Note that additive
constants have been ignored.

It should be noted that AIC results in overestimation of the model order, meaning that it will
result in a model order that is higher than the true one. On the other hand, it can be shown that the
MDL is consistent [108], but both methods may fail in the presence of colored noise [178]. We refer
the interested reader to [108] for a detailed discussion and analysis of the behavior of such criteria.

4.6 ANGLES BETWEEN SUBSPACES

As we have seen, the orthogonality property states that for the true parameters, the matrix Z €

CMxL ig orthogonal to the noise subspace eigenvectors in G € CMxM-L The question is then
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Figure 4.1: Empirical eigenvalues of a typical sample covariance matrix. The signal subspace has dimen-
sion five in this example.

how to measure the extend to which this relation holds. The concept of orthogonality is, of course,
intimately related to the concept of angles, but it is a non-trivial question how to define angles in
multiple dimensions. We will now proceed to derive an appropriate measure based on the angles
between subspaces as known from linear algebra. The principal angles {6 } between the two subspaces
Z =R(Z) and G = R(G) are defined recursively fork = 1, ..., K as [64]

uHV

cos (fr) = max max uka, (4.54)

a —_— =
uez veg |lull2]|v]l2

where K is the minimal dimension of the two subspaces, i.e.,, K = min{L, M — L} and uf'u; = 0
and vflv; =0 fori =1, ..., k — 1. Moreover, the normalization in the denominator of (4.54) is
included to ensure that the vectors have unit norm.

The principal angles are usually defined using orthonormal bases for the two subspaces [64].
Here, we will instead use their projection matrices, since these are uniquely defined and will be useful
later on. The projection matrix for a subspace X is defined as

My =X <XHX>_1 X1, (4.55)

We note that such projections matrices are Hermitian, i.e., II¥ = Iy and have the properties
proj X prop
I =My form =1,2,...and |y ||%- = dim(X’) where dim(-) is the dimension of the subspace.
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Figure 4.2: Log-ratio between the geometric and arithmetic means and the MDL cost function for the
eigenvalues in Figure 4.1.

For subspace G, the projection matrix is

-1
;=G (GHG) GH (4.56)
— GG", (4.57)

due to the columns of G being orthonormal, while, for subspace Z, the projection matrix is
—1
n,=2(2"z) z". (4.58)

We can now write (4.54) into something more useful using the two projection matrices (4.57)
and (4.58), i.e.,

inzn
cos (0;) = max max y ~zrcr (4.59)
y oz yllz2llzll2
=y Mz Mgz = k., (4.60)
fork =1, ..., K. We also require that the vectors are orthogonal, i.e., yy; = 0 and z"z; = 0 for
i=1,...,k— 1. It follows that {«x;} are the singular values of the matrix product Il 7I1 ordered

by decreasing value, and the two sets of vectors {y} and {z} are the left and right singular vectors
of the matrix product, respectively. The corresponding principal angles, therefore, are ordered and
bounded as

0<6<...<0g < (4.61)

|
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The singular values are related to the Frobenius norm of the product Iz I in the following way:

i85 Pl =Tr{nzr[(;ngn§1} (4.62)
K

=Tr{MzMg) = Y _«}. (4.63)
k=1

Interestingly, this can be related to the Frobenius norm of the difference between the two projection
matrices, i.e.,

Mz — Og||3 = Tr{llz + g — 2Nz Mg} (4.64)
=L+M~—L)—2Tr{li;Ng} (4.65)
=M — 2|z Mg|%. (4.66)

As can be seen, the minimization of (4.63) is the same as maximization of the Frobenius norm of
the difference between the projection matrices. The Frobenius norm of the product Iz I can also
be rewritten as

||HZHG||%=Tr{HZHGHgH§} =Tr{nzr[g’] (4.67)
-1
—Tr {z (z"z) ZHGGH} . (4.68)
This expression can be seen to be somewhat complicated, since it involves matrix inversion. It can

be simplified by noting, as we have done numerous times, that the columns of Z consist of complex
sinusoids that are asymptotically orthogonal for any distinct set of frequencies, i.e.,

—1
lim MT, = lim MZ (ZHZ) zH (4.69)
M—o0 M— o0
=771, (4.70)

Using this as an approximation for finite M, we can simplify (4.68) into a familiar form:
~1
IMzMg|3 = Tr {Z (ZHZ> ZHGGH}
~ 1 H H _ 1 H 2
~ MTr{Z GG z} = 12" Gl (4.71)

Except for the scaling 1/M, this is the reciprocal of the original MUSIC cost function as introduced
in [150]. By combining (4.63) and (4.71), we get

K K

1

M||ZHG||% ~ Y k=Y cos’(6h). (4.72)
k=1 k=1
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This means that the original MUSIC cost function can be understood in the context of angles
between subspaces. Curiously, this interpretation holds only for signal models consisting of vectors
that are orthogonal or asymptotically orthogonal.

We now arrive at a measure of the extent to which the orthogonality property holds by
averaging over all the nontrivial principal angles K = min{L, M — L} between A and G as

K K
1 1 1
= 208’00 = = ) _w = <INzl (4.73)
k=1 k=1
1
~ WIIZHGIIZF 2. (4.74)

This measure has the desirable property that it is bounded and only zero when all angles are 7, i.e,,
when the subspaces A and B are orthogonal in all directions. Additionally, the intersection of the
subspaces is the range of the set of principal vectors for which cos(6x) = 1. The measure can easily
be seen to be bounded as

K
1 2
0< < ,;_1 cos (6) < 1. (4.75)

If the division by K is left out, the measure is, in principle, unbounded. Note that the bound is also
asymptotically valid for the right-most expression in (4.74).

It is also possible to express the measure in (4.74) in terms of the signal subspace eigenvectors.
More specifically, due to the columns of S and G spanning complementary subspaces, we have that

I=SS"+GG". (4.76)
Using this, we can rewrite (4.74) as
1
J = Wuzﬂcug (4.77)
_ H Hy ] H{(y_QgH
= Tr{z GG z} = Tr{z (1 SS )z} (4.78)
_ Hz| _ HegH
= g (Tr{Z z} Tr {z SS z}) (4.79)
_ . H 2
= (ML —1Z7813), (4.80)

where the last line follows from ||Z||% being M L. The relation extends beyond this measure. In
fact, we could have redefined the angles between the subspaces using (4.76) and arrived at similar
results, only the angle between the subspaces should now be minimized instead of maximized. It is
generally beneficial in terms of computational complexity to use (4.80) instead of (4.77) whenever
the dimension of the signal subspace is smaller than the dimension of the noise subspace (and vice
versa).
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The measure in (4.74) can be brought into a familiar form, similar to the statistical order
estimation criteria like the MAP criterion in Section 2.6 by taking the logarithm of (4.74), i.e.,

InJ = |ZAG|% — In(MK), (4.81)

which can be seen to consist of two familiar terms: a “goodness of fit” measure and an order-dependent

penalty function.

4.7 ESTIMATION USING ORTHOGONALITY

As mentioned previously, the MUSIC algorithm is based on the observation that R (G)
1 R (Z), i.e., that the matrix Z is orthogonal to the noise subspace. For the single-pitch case, the
covariance matrix model is

R, =E {xk(n)x,f (n)} (4.82)
=ZPZ + o1 (4.83)

Aswe have seen, the noise subspace eigenvectors in the matrix G are then orthogonal to the columns
of the matrix Zy, i.e., the complex sinusoids. This can be exploited for estimating the parameters
of Zx, in our case a single parameter, the fundamental frequency wy, by forming a matrix Z; for
different candidate frequencies and measuring the angles between the subspaces, i.e.,

r = arg min ||Z,fIG||%; (4.84)
(23
Ly
_ : H 2
= argmin ; Iz (k) GJ3. (4.85)

Or, in words, we find an estimate of the fundamental frequency by maximizing the angles between
the subspaces R(Zy) and R(G). Note that the normalization in (4.74) is excluded here, since it is a
constant. In Figure 4.3, an example of the cost function in (4.85) is shown for the signals in Figures
1.1 and 1.4, respectively. As can be seen, the fundamental frequencies can easily be identified as the
global minima of the respective cost functions.

As we have discussed, the number of harmonics in Zx and thus also the rank of G is generally
unknown and has to be estimated on a segment-to-segment basis. This can be done using the
eigenvalues as discussed earlier, but it is also possible to do so from the eigenvectors using the
concept of angles between subspaces. The key observation is that the subspace properties discussed
in Section 4.3 only hold when the matrices Zy, S and G are partitioned into subspaces having the
right rank, i.e., Z; will only be orthogonal to G and span the same space as S when the true model
order is used. This is essentially because the sinusoids are linearly independent but not orthogonal,
i.e., a subset of eigenvectors does not span the same space as a subset of sinusoids. By changing the

estimator in (4.85) to include also the model order as an optimization parameter, we can take this
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Figure 4.3: Cost function in (4.85) based on subspace orthogonality for the two signals in Figures 1.1
and 1.4, respectively.

into account, but now we have to include the normalization in (4.74), since this changes with the
model order. Using (4.74), we thus arrive at the following expression

1
D = in min — ||Z7 G2 4.86
Ok argnclotnnLukn T 1Z; Gll% ( )
1 &
_ co L L H 2
_argng)tnnllllkn E 2" (k) GI|5, (4.87)

=1

with K = min{Ly, M — L;}. Note that the model order is also found in the process. The interval
over which to optimize Ly must be chosen with care and depends on the fundamental frequency,
since, to avoid aliasing, wx Ly < 2. If the normalization is not used, the estimator will not work as
the error will grow as a function of the matrix dimensions. Minimizing the cost function of (4.85)
is equivalent to maximizing the average of the angles between the subspaces. Therefore, if the cost
function is exactly zero, all angles between the two subspaces are 7. An example of the cost function
as a function of the model order is shown in Figure 4.4 for a signal containing five harmonics, i.e.,
Ly = 5. More specifically, the function shown is arg min,,, ﬁ le‘:" ] |z (a)kl)GH%,which depends
only on the model order. As can be seen, the true model order can be identified quite clearly from
the curve. In Figure 4.5, estimates obtained using (4.87) are shown in the bottom panel for the
clarinet signal whose spectrogram is depicted in the top panel. The estimates were obtained from
30 ms segments and with M = N /2. As can be seen, the estimates are rather accurate following the
spectrogram as expected, even as the number of harmonics vary. It can also be seen that the signal
is, in fact, a multi-pitch signal during the transitions from one note to another.
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4
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Figure 4.4: An example of the cost function based on subspace orthogonality as a function of the model

order Ly for a signal where the true order is five.

We will now generalize the estimators to take into account the presence of multiple periodic
components at the same time. To recapitulate, the covariance matrix model for the multi-pitch case
is

K
R=> ZiPZ +0°1 (4.88)

k=1
=ZPZ" + o’ (4.89)

The subspace orthogonality property states that the matrix Z and all its sub-matrices are orthogonal
to G, i.e.,

Zi°G=0 and ZIG=0 Vi (4.90)
Note that the rank of G is related to the rank of Z and thus depends on all the sub-matrices Zy. First,

assume that the model orders are known and thus also the dimensions of the subspaces. Writing out
the formula for the angles between the subspaces spanned by the columns of Z and G, we get

K
1Z#GIF =Y IZI Gl (4.91)
k=1

which shows the cost function is additive over the sub-matrices associated with the individual sources.
The estimates of the set of fundamental frequencies that lead to orthogonal matrices Z and G are




96 4. SUBSPACE METHODS

Frequency [Hz]

Time [ms]
1000
N 800f* 1
y Sommmmemmme ]
2 600 )
g 2000NIIHINTNOK
= 400 —
L —
200 ———
0 1 2 3 4 5 6
Time [s]

Figure 4.5: Clarinet signal spectrogram (top) and pitch estimates obtained using the joint estimator
(bottom).

thus
K
{@x) = argmin | Z¥ G|} = argmin Y " | Z{ G|} (4.92)
{wx} {owk} =
K
- arancloikn 1ZEG|%, (4.93)
k=1

where the last line follows from the minimization being independent for each source k. This facilitates
estimation optimization of the cost function independently for the individual sources, i.e.,

o = argmin | ZH G||3  Vk. (4.94)
[or

It can be seen that the problem is effectively decoupled into a number of simpler problems. This
is a notable feature of the subspace method. Unlike the optimal maximum likelihood estimator, it
leads naturally to a set of optimization problems that each depend only on one single nonlinear
parameter, wy. The fact, or assumption, that leads to this, is that E {ak (n)ag(n)™ } = Py is diagonal.
In Figure 4.6, the cost function of the subspace-based multi-pitch estimator in (4.94) is depicted.
As can be seen, it does lead to accurate estimates, but the cost function can also be seen to be much
more complicated than for the single-pitch case.

For the case where the model orders {L;} and thus the rank of G are unknown, the problem
becomes more complicated, but can still be solved within this framework. As before, we include an
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Figure 4.6: Cost function (4.94) based on subspace orthogonality for a mixture of the two signals in
Figures 1.1 and 1.4 having fundamental frequencies 205 and 165 Hz, respectively.

optimization over the orders {L} to obtain the set of fundamental frequencies as

= —Z"G 4.95

(o) = argnal)inmlklg UK I ||p (4.95)
Ko

= arg min min — }:IGII%:, (4.96)

for} {Li} 2 MK

where K = min{z,f:1 Ly, M — Zf: 1 Li}, since the dimensions of the signal and noise subspaces
depend on the total number of harmonics. We see that the problem now requires an optimization
over the set of fundamental frequencies {wy} and the orders {Ls}, and needless to say, this is a
complicated problem. Fortunately, it is possible to simplify it somewhat, by realizing that given the
set of orders {Ly}, the noise subspace eigenvectors in G are given too and the additivity of the cost
function over the sub-matrices can be used, i.e.,
1 < al 1
2 . : H 2
min m1 — G|| =min Y min —||Z] G|%. (4.97)
() (L) MK — F {Lk}]; o MK' kTN

which facilitates optimization for each individual source given the orders.

An alternative to the joint optimization over the orders and fundamental frequency is to first
determine the subspace dimensions using the unconstrained model whereby the total number of
sinusoids can be found from the angles between the subspaces. However, the joint optimization

procedure is generally preferable, and especially so for the single-pitch case, because it has been
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observed to be more robust to adverse conditions. Nevertheless, it may still lead to a significant
simplification of the problem for the multi-pitch case, since the matrix G then is known (and fixed)
throughout the optimization. Additionally, knowledge of the subspace dimensions also limit the
optimization range for the set of orders {L}.

The major sources of computational complexity of the subspace method are the computation
of the EVD of the covariance matrix, the matrix product Zf G, and the evaluation of the Frobenius
norm. We will now show how the last two steps can be implemented efficiently using FFTs. First,
we define the Fourier matrix F € CF*F with F > N, as

1 1 1
1 Z1 Z2 . ZF*l
F=| . . . . : (4.98)
| fF-D 2=l (F-D)(F-1)

: 1 . . .
where z = ¢/>"F . Next, we define a matrix D € R¥*™ containing the squared absolute values of
the inverse FF'Ts of the zero-padded eigenvectors in U as

ERIN

with [D] im Deing the (I, m)th element of D. For a candidate pair of a fundamental frequency of

[D],, = : (4.99)

271'% and an order Ly, the Frobenius norm can be calculated as

M Ly
1ZEGIE = > > [P s (4.100)
m:Lk-i-l =1

Thus, the complexity of calculating || Z G||%r for different wy and Ly can be significantly reduced
by calculating the inverse FF'T of all the eigenvectors once for each given data set. We note that
some of the eigenvectors, corresponding to the largest eigenvalues, can be excluded from definition
of (4.99), since there is a lower bound on Lj. Here, we have included all of them for notational
simplicity. The FFT approach can then be combined with numerical optimization methods in order
to obtain estimates that are not restricted to the FF'T bins. For more on this, we refer the interested
reader to [21, 23, 33].

Regarding the calculation of the EVD of the covariance matrix, it is possible to update it
recursively over time using so-called subspace trackers (see, e.g., [36, 165]), which leads to a consid-
erable reduction of the required computation time. The computation of the EVD has complexity
O(M?3), while the most efficient subspace trackers are able to reduce the complexity to O(M L), with
L being the dimension of the signal subspace to be tracked, i.e., L = Zle Ly, in the most extreme
case. There is, however, one caveat: if the order is unknown and is determined using the angles

between subspaces, then the subspace tracker must track the eigenvectors and not just an arbitrary
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basis of the space. The reason is this: a sub-partitioning of the basis is not generally equivalent to
the sub-partitioning of the eigenvectors (see [85] for a detailed discussion of this). Some examples
of subspace trackers that track only an arbitrary basis are PAST [179], NIC [118], FAPI [8], and
FDPM [45], while the PASTd [179], SWASVD3 [10], LORAF3 [165], and FST [138] are ex-
amples of subspace trackers that track the eigenvectors and are thus applicable to the problem of
determining the model order from the eigenvectors. It should be noted that for the multi-pitch case,
the entire signal subspace has to be tracked.

4.8 ROBUST ESTIMATION

We will now show how to take into account that the harmonic frequencies are not exact integer
multiples of a fundamental frequency. We will do this for the single-pitch case, i.e., we will operate on
the signal x; (n) and also assume that the number of harmonics Ly is known or found a priori. It is,
however, straightforward to relax these assumptions. We are here concerned with a set of sinusoids
having frequencies {y ;} corrupted by an additive white complex circularly symmetric Gaussian
noise, ex(n),forn =0,..., N — 1,
L
xp(n) = Z ak,lejw"v’" +er(n), (4.101)
=1

i.e., we will use the unconstrained model. For the perfectly harmonic case, the frequencies of the
harmonics are exact integer multiples of a fundamental frequency wy, i.e., ¥x; = wil with [ € N,
in which case the signal model in (4.101) is characterized by a single nonlinear parameter. As
already discussed, this model is not always a good fit. Depending on the instrument, different
parametric models of the inharmonicity of the harmonics can be derived from physical models
(see, e.g., [54]). An example of such a model for stiff-stringed instruments is ¥ ; = wily/1 + Bil?
where By < 1 is an unknown, positive stiffness parameter. Allowing for this deviation, the model
in (4.101) now contains two unknown nonlinear parameters, namely wi and By, which complicates
matters somewhat. Instead, we will here use a model where the frequencies {w;} are modeled as
w; = wol + A; with {A;} being a set of small unknown perturbations that are to be estimated along
with the fundamental frequency wg. We refer to this frequency model as the perturbed model. The
perturbations {A;} should be small, since arbitrarily large perturbations will result in meaningless
estimates of wy.

Based on the angles between the subspaces, the fundamental frequency wy and the stiffness
parameter By of the parametric inharmonicity model can be estimated in a straight-forward manner.
Specifically, the Zj matrix is constructed from the two parameters as

Z, = [ z(w/T+ By) -+ z(wgLiy/1+ ByL}) ] (4.102)

Using this matrix, we can obtain estimates of the fundamental frequency and stiffness parameter as

(&, Br) = arg min | ZF G||%, (4.103)
g, Bk
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which has to be evaluated for a large range of combinations of the two parameters. Here, the matrix
G can be the noise subspace of either the covariance matrix of the single-pitch or multi-pitch signals,
whichever is available.

The more interesting question is how the fundamental frequency and the individual frequen-
cies can be found for the perturbed model where ¥ ; = wil + A, i.e., the Vandermonde matrix
containing the complex sinusoids is now characterized by wi and {Ag ;} as

Zi = zlox + Ak) - z(oLi+ Arp) . (4.104)

Regrettably, direct minimization of the MUSIC cost function will not only be very computationally
demanding, we now have L + 1 nonlinear parameters, but it will also not lead to any meaningful
estimates of the fundamental frequency as we have no control over the distribution of the pertur-
bations {Ag ;}. Instead, the idea employed here is to estimate the parameters by redefining the cost
function as

J (@, (Arg) = Tr {z,f’GGHZk} + P({Aw)), (4.105)

where P(-) is a penalty function; here a non-decreasing function of a metric with P ({0}) = 0. Also,
it is desirable that the penalty function is additive over the harmonics. Therefore, a natural choice is
P{Axi}) = ZlL=k1 Vi 1| Ak.1|P with p > 1 which penalizes large perturbations Ay ;. Also, {vg ;} is a
set of positive regularization constants. To simplify the estimator, we note that the Frobenius norm
1s additive over the columns of Zy, i.e.,

Ly
J(wk, {Ak 1)) =Tr {Z{IGGHZ/{} + Z Uk,1|Ak’l|p (4.106)
=1
Ly Ly
= ZZH(CUkl + A )GGH z(onl + Axy) + Z UNIAYNILS (4.107)

=1 =1

Furthermore, by substituting ¥ ; by wxl + Ag; and Ay by Yix; — wil in (4.107), we get the
following cost function

Li

T, (W) =Y 2" W) GG 2y 1) + vealows — ol | (4.108)
=1

It can be seen that the first term no longer depends on the fundamental frequency or the perturbations
but only on the frequency of the /th harmonic vy ;. Moreover, the first term in (4.108) can be seen
to be the reciprocal of the MUSIC pseudo-spectrum, which, conveniently, has to be calculated only
once for each segment. It can also be seen that the cost function is additive over independent terms
and, therefore, the minimization of the cost function can be performed independently for each
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harmonic. The fundamental frequency estimate can be rewritten as follows:

L

Wy =arg ngloikn {I]rplin} E 2" (Y VGG 2(Wie 1) + i Wi — ol P
k.l
D=

L
=argmin foﬁﬂn {ZH(lﬁk,z)GGHZ(W,z) + Vi1 Vk 1 — Cl)kl|p} ,
=1 "

where the frequencies {1/ ;} and thus perturbations are also found implicitly. It should now also be
clear why it is beneficial that the penalty function is additive over the harmonics. This estimator
is expected to be more robust towards model mismatch than the ideal model and the parametric

inharmonicity model. For a given &y, the frequencies can simply be found for/ =1, ..., Ly as
= argmin {2 (3 ) GGH 2) + v s — dxll” | (4.109)
k.l

where only the penalty term changes over /. The regularization constants can be interpreted in the
following ways:

* For large regularization constants v ;, the ensuing perturbation will be small and the model
reduces to the perfectly harmonic case, whereas for vy ; close to zero, the estimates reduces to
unconstrained frequencies, from which no meaningful fundamental frequency estimate can be

found.

* The combination of a log-likelihood function with a penalty term is equivalent to a MAP
approach with the penalty term being a log-prior on the perturbations. For a Gaussian prior,
for example, we would have p =2 and v, ; = 1/ (2,0,%’ ;) with p,%’ ; being the variance of the
perturbations of the /th harmonic (see Section 2.5 for more on MAP estimation).

* The regularization constants vk ; can also be interpreted as Lagrange multipliers. This means
that the estimator can be thought of as a constrained estimator with a set of implicit constraints.
In this sense, the method is conceptually related to the robust Capon beamformer of [164],
which is based on explicit constraints.

It may be worth modifying the penalty function such that less emphasis is put on perturbations for
higher harmonics or even use an asymmetrical penalty function, since the parametric inharmonicity
model suggest that the harmonics will be higher than the integer multiple of the fundamental. This
can be realized by, for example, using a piecewise linear norm (see, e.g., [14]). The main difficulty
of the approach discussed in this section is that one needs to pick the regularization constants,
something that may be difficult to do in practice.
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4.9 ESTIMATION USING SHIFT-INVARIANCE

Aswe have seen, it is possible to estimate the dimension of the signal subspace using the eigenvalues of
the sample covariance matrix. Interestingly, it is also possible to determine the rank of the matrices
from the eigenvectors by exploiting certain properties of the signal subspace, namely the shift-
invariance property. We will now review some methods for order estimation based on these principles,
namely the ESTER [9] and SAMOS [127] methods. The ESTER and SAMOS methods are derived
from the ESPRIT method [147], whichisbased on R (S) = R (Z) and the shift-invariance property
of the matrix Z. The sinusoidal parameters are found using (4.21) by constructing the matrices S
and S as shown in (4.20) and then solving for & in

S~ SE, (4.110)

in some sense. For instance,
) = arg min IS—SE|% (4.111)
- (§H§)_1 s”'s, (4.112)

where the sinusoidal frequencies are found from the eigenvalues of Z via the relation in (4.22). The
key observation is that equation (4.110) holds only when the eigenvectors of R are partitioned into
a signal and a noise subspace such that the dimension of the signal subspace equals the true number
of sinusoids. The argument is the same as before: the individual sinusoids in the columns of Z do
not span the same space as individual eigenvectors and the same goes for subsets of sinusoids.

An order estimate can be obtained using the ESTER method in the following way: First, the
sample covariance matrix and its EVD are found. Afterwards, the matrices S and S are constructed
for each L from the EVD and the matrix E is estimated. Finally, the order is found by measuring
the goodness of the fit in (4.110) as

J(L) =S —SE|3, (4.113)

for various candidate orders L and then picking the one for which the modeling error is minimized
in the sense of (4.113).

The SAMOS method works in a similar way. It is based on the rationale that the extent
to which the relation in (4.110) holds can be measured from the singular values {nk}lzi , of the

augmented matrix ® = [ SS ] for various L as

|2
_ 2
J(L) = 7 E Mic» (4.114)
k=L+1

since ® will have rank L when the columns of S can be described accurately as linear combinations
of the columns in S. The order estimate is then found as the minimizer of the cost function (4.114).
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This method requires that a singular value decomposition is calculated for each candidate order L.
The SAMOS and ESTER methods are based on the same principle and essentially use the same
measure and can, therefore, be expected to perform similarly. The ESTER method is, however,
preferably in that it allows for a wider range of candidate orders and an efficient implementation
exists as was shown in [9].

It is also possible to use the shift-invariance property of the signal model to estimate the
fundamental frequency. The method presented next applies to the single-pitch case and S, therefore,
in the following, denotes the eigenvectors of the signal subspace of the covariance matrix for the
kth source, i.e., Ry In practice, the expectation operator in (4.6) is replaced by a finite sum and
the right relation in (4.21) holds only approximately and the underlying assumptions may only be
approximations of the observed phenomenon. The sinusoidal parameters are, therefore, found by
constructing the matrices S and S and then solving for £ in S ~ SE like in (4.112) or using total
least-squares. The sinusoidal frequencies are then obtained using the empirical EVD of E via the
relation in (4.22), i.e.,

1)

= CDC™! (4.115)

with C containing the empirical eigenvectors of Z and
D = diag ([ PUARNP ]) , (4.116)

where {g&v}{)‘il is a set of unconstrained frequencies. It is not clear how to estimate the fundamental
frequency from these equations, since the eigenvalues are not constrained to be equally spaced on the
unit circle. We proceed as follows: We order the eigenvalues and eigenvectors in (4.115) by increasing
arguments, 1.e. U< ... <YL .- Using the shift-invariance property in (4.21) and (4.22), we can
write S = §B_1DB, and thus

S~ scDC . (4.117)
Defining the diagonal matrix containing the unknown fundamental frequency as
D = diag ([ L ]) , (4.118)
we introduce the cost function B _
J £ |S—SCDC |7, (4.119)

from which the fundamental frequency can be estimated as

@y = argmin J, (4.120)
o

where only D depends on wy. Note that also the order L can be estimated in this manner. It can be
seen from (4.21) that in the ideal case, we have equality in (4.117). So, instead we may introduce
the modified cost function as

J2|SC - SCD||F (4.121)
=V - WDIIF, (4.122)
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where V = SC and W = SC. As C is not orthogonal, the minimization of this expression generally
is not equivalent to minimizing (4.119). The cost function in (4.122) can be expanded as

J=—2Re <Tr {Vf)”w”}) (4.123)
+Tr {VVH} Tr {wf)f)HWH} . (4.124)

It can be seen that the last two terms are constant and need not be included in the optimization,
and we, therefore, introduce H = WV and redefine the cost function as

J2A _2Re (Tr {Hf)H }) (4.125)
= —2Re ihle_j‘”"l (4.126)

=1

with h; = [H] I and proceed as before and use (4.120) with this cost function for finding the
fundamental frequency. The cost function in (4.126) can be seen to consist of a polynomial, i.e.,
ZzL:kl hiz7". Tt is shown in Figure 4.7 as a function of the fundamental frequency for a signal having
fundamental frequency 0.3142 and five harmonics. It can be seen that the cost function is very
smooth, especially so compared to the cost function in Figure 4.3. Although it does not show here,
the cost function is, actually, multi-modal and can contain multiple minima.

(of
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-3}

Cost Function
&
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Fundamental Frequency [radians]

Figure 4.7: Cost function based on the shift-invariance of the signal subspace for a signal having fun-
damental frequency 0.3142.

We note that the method discussed here is superior to fitting the model matrix to the signal

subspace using the relation in (4.18) and the MUSIC method in terms of computational complexity;
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in fact, the method is quite simple and fast. The question is, however, how exactly the method differs
from direct fitting of the fundamental frequency to the unconstrained frequencies in (4.117), i.e.,

& = argmin [|D — D|3, (4.127)
Wi

To answer this question, we consider the ideal case, where the right relation in (4.21) holds exactly.
In that case, we may write

S=SE. (4.128)
Using this relation to rewrite (4.119), we get
J =|SE —scDC |3 (4.129)
= |[SCDC~! — SCDC! |3 (4.130)
—|ISC (f) - 13) c 2, (4.131)

which is different from the original cost function as defined in (4.127). The WLS method of Section
2.10 is essentially a closed-form fit of the fundamental frequency to the unconstrained frequencies
in a weighted least-squares sense, but it requires that the amplitudes are known or are estimated.
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Figure 4.8: RMSE as a function of N with PSNR = 10 for one and two sources, respectively.

4.10 SOME RESULTS

We will now present some experimental results from Monte Carlo simulations based on synthetic

signals. We will do this for the method based on subspace orthogonality and angles between subspaces
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Figure 4.9: RMSE as a function of the PSNR with N = 200 for one and two sources, respectively.
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Figure 4.10: RMSE as a function of the difference between the fundamental frequencies of two source,
ie, A = |w) — wy| for N =250 and PSNR = 10.

for signals generated using the model in (1.5) in additive white Gaussian noise (for a discussion for
the methods based on the shift-invariance property, see the next section). For each combination of
parameters, 100 iterations were run and the RMSE was estimated from these. The experiments have
been run for two sources, i.e., a multi-pitch signal, with the sources having fundamental frequencies
0.2964 and 0.2257, uniformly distributed phases, unit amplitudes and three harmonics, and for the
single-pitch case consisting of only the source having fundamental frequency 0.2964. A sub-vector
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length of N /2 has been used throughout these experiments. In the first experiments, we assume that
the model order is known and use the estimator in (4.94). In Figure 4.8, the RMSE is plotted as
a function of the number of samples N, while the PSNR is held constant at 10 dB. Similarly, N is
kept fixed at 200, while the PSNR is varied in the second experiment, with the results being shown
in Figure 4.9. In both figures, the results are shown for both one and two sources. Note the CRLB
shown here is the asymptotic CRLB, which is expected to hold for multiple sources as well when
these are well-separated in frequency. For one source, i.e., for single-pitch signals, the method can
be seen to perform well following the CRLB closely, although it does not attain it. When a second
source is introduced, it can be seen that the estimator now exhibits thresholding behavior at low
PSNRs and for low N, however this happens at very low N and PSNRs. In Figure 4.10, the RMSE
is plotted as a function of the difference between the fundamental frequencies for the two sources,
A = |w1 — w2|, where w; is kept fixed at 0.2964 while w» is varied from 0.2257 to 0.2964 with
N =250 and PSNR = 10 dB. This experiment serves the purpose of testing the estimator under
adverse conditions as closely spaced fundamental frequency will lead to interaction effects between
the harmonics. Like the other algorithms (see Sections 2.11 and 3.10), the subspace-based method
can be seen to perform quite well under these circumstances, below which the RMSE deviates from
the CRLB by an order of magnitude, can be seen to be occur at quite low differences betweent
the fundamental frequencies. Also, the ability of the method to estimate the correct model order
has been investigated in simulations. The subspace-based method for estimating the model order
is fundamentally different from those used in Sections 2.11 and 3.10 as these are both statistical
methods. In this experiment, we run 1000 iterations and assume that the fundamental frequency is
known, here 0.8170, and use the criterion in (4.87) for determining the model order for a single-pitch
signal consisting of five unit-amplitude harmonics and uniformly distributed phases. The percentage
of correctly estimated model order is shown as a function of N for PSN R = 40 dB in Figure 4.11
and as a function of the PSNR for N = 500 in Figure 4.12. The influence of the covariance matrix
size M has also been investigated for N = 200 and PSN R = 40 dB with the results being shown
in Figure 4.13. The method can be seen to perform extremely well, in fact, it performs just as well
or better than the MAP-criterion (see Section 2.11) estimating the correct order with a very low
probability of error. To summarize, the method based on the angles between subspaces performs
well both with respect to fundamental frequency and order estimation.

4.11 DISCUSSION

As we have seen in this chapter, the problem of single- and multi-pitch estimation can be solved
using subspace methods, and so can the associated problem of order estimation. In fact, several
ways of doing this through the eigenvalues or eigenvectors of the covariance matrix exist. The shift-
invariance principle of ESPRIT can be used for finding the fundamental frequency and the model
order jointly. The resulting cost function turns out to be very smooth, compared to those of, e.g., NLS
and MUSIC, as was observed in [22], and it is, therefore, both computationally and conceptually easy

to perform numerical optimization using this principle. But, while ESPRIT is an extremely elegant
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Figure 4.11: Percentage of correctly estimated model orders as a function of N with PSNR = 40 dB.
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Figure 4.12: Percentage of correctly estimated model orders as a function of the PSNR with N = 500.

and conceptually simple solution to the problem of finding the frequencies of an unconstrained
model, it is more complicated to apply it to pitch estimation and it does not easily lend itself
to generalization to multi-pitch estimation. Also, it has been found to be very sensitive to spurious
frequency estimates. Under good conditions, it does perform similarly to the MUSIC approach [22].
The MUSIC approach, which is based on the principle of measuring the angles between the noise
subspace and the candidate model, on the other hand, has been demonstrated in [23] to be robust
and provide high-resolution estimates of both the fundamental frequency and the model order for
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the single-pitch case. Furthermore, for the multi-pitch case, the MUSIC approach leads to a natural
decoupling of the multi-dimensional problem into a set of one-dimensional problems for the case
of the model orders being known [33]. When the model orders are not known, the decoupling is
only partial. A prominent feature of both the ESPRIT and MUSIC methods is that they offer a
geometric alternative to finding the model order using statistical methods, something that, as we have
seen, requires that many approximations be applied [44, 160]. It should be noted that the subspace
methods are generally suboptimal as can be observed from the constant gap (in dB) between the
RMSE curve and the CRLB [22, 23, 33], unlike the maximum likelihood methods of Chapter 2,
but their performance increases as a function of the PSNR and the number of samples. In real
applications, this is, however, less of an issue compared to that of robustness. The MUSIC approach
has been seen to be less robust to adverse conditions, and it requires knowledge of the number of
harmonics for all sources to work. For single-pitch estimation, the main drawback of the subspace
methods is the computational complexity, but this can be lessened using subspace trackers and the
use of FF'Ts and rootings methods. Also, the assumption that the observation noise is white may
cause a problem, although we have observed this to be much less of an issue for the pitch estimation
problem than the problem of finding unconstrained frequencies. Like for the filtering approaches,
it is not straightforward to incorporate prior knowledge in the subspace methods, although certain
relations exist between MUSIC and maximum likelihood estimation [157, 158].
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CHAPTER 5

Amplitude Estimation

5.1 INTRODUCTION

Often, it is not only important to know the fundamental frequency of a periodic signal, but also to
know the strength of such components. In some cases, even the phases of the individual harmonics
may be of interest, for example, if the signal is to be reconstructed from the model or a modification
thereof. The amplitude estimation problem is commonly recurring in a wide range of applications,
and several parametric and non-parametric approaches to form such an estimate can be found in the
literature. In this chapter, we will briefly review some such techniques, assuming that the frequencies
of these periodic components have already been determined using one of the techniques discussed
in the earlier chapters. As a result, we will here consider a slight generalization of the signal models
givenin (1.1) and (1.5), and instead study a signal consisting of L complex-valued sinusoids, namely
the unconstrained model

L
x(n) = Zalejw’" +e(n), (5.1)

=1
forn =0,..., N — 1, where L as well as {wl}lel are assumed known, with ¥ # i for k # [, and
where e(n) denotes a zero mean, complex-valued, and assumed stationary (and possibly colored)
additive noise. The complex amplitudes can also be expressed in terms of their (real) amplitude
and phase as a; = Ae/? . Thus, the problem of interest is given {x (n)}flV;Ol, estimate the complex
amplitudes {a;} lL=1' In the following, we begin by addressing this estimation problem assuming that
the corrupting additive noise has a known covariance structure, thus allowing for the forming of a
whitened signal. Then, we proceed to relax this often quite restrictive assumption, allowing for an
unknown coloring of the additive noise, something that is particularly relevant for speech and audio

signals.

5.2 LEAST-SQUARES ESTIMATION

We begin by examining the commonly used least-squares (LS) approaches to estimate the unknown
amplitudes. Consider the observed, and possibly pre-whitened, signal x (n), defined in (5.1). Then,

1 .. 1
el Vi o elvL a1 e(®
— o . S S (5.2)

x(N —1) G- gmv-n | Loan e(N =1

x(0)
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or, using a vector-matrix notation,

x=7Za+e. (5.3)

The well-known LS estimate of the unknown amplitude vector is then
—1
a= (sz) ZHyx, (5.4)

which is a statistically efficient estimator for all N > L for white Gaussian noise [155]. As is well
known, LS-approaches do not account for the (possibly existing) correlation of the additive noise,
and are, therefore, in general, suboptimal. However, as shown in e.g. [155], if the noise is Gaussian,
the above estimator is still asymptotically efficient, i.e., for sufficiently large data lengths, the variance

of a will reach the corresponding CRLB, given by (see, e.g., [152])
~1
CRLB@) = (Z”Q—‘ Z) : (5.5)

where Q_ = E{ee’’}, which for an additive unit variance white noise implies that Q_ = I. Alterna-
tively, an approximate LS estimate may be formed from the L largest peaks of the DFT of {x (n)} ,11\]:_01 ,

ie.,
| Nl ‘
&1=N2x(n)e_]w’", for I=1,...,L. (5.6)
n=0
In [155], the authors show that this computationally much simpler approximate LS estimator is also
statistically efficient asymptotically. The estimate in (5.4) often (but not always) yields preferable

estimates, i.e., having lower mean-squared error (MSE), as compared to the estimate in (5.6).

5.3 CAPON-AND APES-LIKE AMPLITUDE ESTIMATES

In general, the additive noise can not be assumed to be white or to have a predetermined noise
covariance matrix. We now proceed to examine possibilities to form Capon- and APES-like ampli-
tude estimators, allowing for an arbitrary coloring of the corrupting noise. Such estimators may be
formed in several ways, but all share the common characteristic that they form a bank of narrowband
filters designed such that the total power at the filter output is minimized whereas the frequency or
frequencies of interest are constrained appropriately. Splitting the measured datasetinto N — M + 1
sub-vectors of length M allows us to define

x(n) 2 [ x(n) ... xn+M-=1) ]T (5.7)
1 1 .
el oivL are/ " e(n)
B : : : : + : (5.8)
ejlm('M—l) eij(.M_l) apel/vin em+M-—1)

2 Z(n)a +e(n), (5.9)
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where .
e./ 1#1 n

Zin) =7 2 7D,. (5.10)
ej'(//Ln
By then introducing a set of narrowband filters, h;, designed such that a (generic) frequency of

interest, ¥, for ¥; € [0, 2], is passed undistorted by each filter, while minimizing the total power
of the filter output, we may form an estimate of the (squared) amplitudes as

A%:IEthXMNZ}=hﬁE{mﬁkonH}hléhﬁth (5.11)
forl =1, ..., L. The objective to minimize the total filtered power implies that the filters should
be designed such that

h; = arg nlllin h,HRhl, , (5.12)
[
while the requirement to pass the frequency of interest appropriately leads to the constraint
hf'z(yp) =1, (5.13)
where
2y =[1 et ... ein-1 " (5.14)

i.e., the filter only constrains the frequency of interest to be passed undistorted, while minimizing
the power from all other frequencies. We stress that for each frequency of interest, each filter is then
only constrained for this single frequency, effectively ignoring the finer structure of the signal. As an
alternative, one may instead impose L constraints to each filter, such that

hZ=[0 .. 010 .. 0]=b, (5.15)

-1 L—-I

which not only pass the /th frequency undistorted, but also actively places nulls at the frequencies
of the other (L — 1) frequencies. Using Lagrange multipliers, it is easy to show that the filter
solving (5.12), under the constraint (5.13), is found as (see, e.g., [6, 156])

_ R1z(yy)
2" (YR 1z(yy)’

suggesting the classical (power spectrum) Capon amplitude (CCA) estimator

R -1/2
Ar= bRy = (2" (y)R'2(00)) (5.17)

for/ =1, ..., L under the assumption that R is invertible, which is the case for M < % + 1. The
estimate in (5.17) is highly structured and allows for an efficient implementation by exploiting the

! (5.16)
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Gohberg-Semencul formula to find a closed-form expression for R™! or, alternatively, the general-
ized Schur algorithm to form an estimate of the Cholesky factor of R™!, in combination with fast
FFT-based matrix-vector multiplication techniques (see, e.g., [60, 102, 121] for further details).

Reminiscent to the derivations in Chapter 3, introducing the Lagrange multipliers A =
[ Moo AL ], the Lagrange dual function for solving (5.12) under the constraint (5.15) can
be written as

L(h;, ) = h/Rh, — (thz - b,) A (5.18)

Taking the derivatives with respect to the unknown filter impulse response, h;, as well as the Lagrange
multiplier, we get

R -Z hy 0
cemn=[ & 2[4 0] 530
which, if setting V.L(h;, 1) = 0, yields
ro= (Z"R7'Z) 7'y (5.20)
h, = R'Zx (5.21)
If combined, this implies that
b =R'Z(Z"R7'Z) b, (5.22)
which leads to the multiple constraint Capon amplitude (MCA) estimate given by
A= o] (ZHR-1Z) ', (5.23)
for/ =1,..., L. We note that using the matrix inversion lemma, the estimator in (5.23) may be

formed iteratively over / in a computationally efficient manner using the FFT [79].
As a third alternative, one may use (5.9) to instead form a weighted LS estimate of the
unknown amplitude vector [155]
-1

N-M e N—-M e
a= [Z ZH(n)Q“Z(n)} [Z Z”(n)Q—]x(n)}, (5.24)

n=0 n=0

where Q_ denotes an estimate of the noise covariance matrix, which is assumed to be invertible. To
form such an estimate, introduce the (forward-only) sample covariance matrix estimate

R 1 N—-M
H

which, for large (N — M + 1), converges to R = ZPZH + Q_, where
A} 0
P= : (5.26)
0 A2
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As shown in [155], for sufficiently large N and M,

Q 'z =R"'z(P2"Q 'z + I) D, ~R"'zD, (PZHQ'Z + 1) : (5.27)

where P is some initial estimate of P. Inserting (5.27) in (5.24), noting that pPzH /Q\_*IZ + I will
cancel out, yields the extended (amplitude spectrum) Capon amplitude (ECA) estimator

-1

N—M . N—M .
A= [Z zH (n)R_IZ(n):| [Z zH (n)R_lx(n):| , (5.28)

n=0 n=0

which, interestingly, does not depend on the initial estimate P. It is worth noting that the ECA
estimator can be interpreted as extending the CCA estimator in (5.17) to multiple sinusoids; however,
the ECA estimator yields an estimate of the complex-valued amplitudes, whereas the both the CCA
and MCA estimators instead estimate the magnitude of the amplitudes.

As a fourth option, one may define L filters for each frequency of interest, forming a matrix
filter, H=[ h; ... h; |, and express the design criteria as

mI_iInTr {HHRH} subject to HYZ =1. (5.29)

As shown in (3.39), this filter minimize the sum of the power from all the filters, i.e.,
{HHRH} Z h//Rh, (5.30)

whereas the constraint in (5.29) ensures that each of the L filters, for each frequency of interest,
passes a single sinusoid undistorted while nulling all the others. The filter minimization (5.29) is

given by (see, e.g., [6, 156])

H=R'Z(z"R"'2)"", (5.31)

which implies that
Te [HYRH| =Tr [ (27R7'2)"]. (5.32)

Filtering x(n), defined in (5.9), using this filter yields
z(n) 2 HYx(n) = Dya + HHe(n) D,a +w(n), (5.33)

implying that the noise covariance matrix, Q_,in (5.24) can be formed using an APES-like estimate
formed as [155]

L
- Z sist (5.34)
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where
| N-M
- — —jvin
s/ N M+l ’12_(:) x(n)e . (5.35)

Inserting (5.34) in (5.24) yields the extended APES amplitude (EAA) estimator. As suggested
in [155], an alternative APES-based amplitude estimator may also be formed by instead exploiting
the matched-filterbank (MAFI) approach. From (5.33), we note that

21(n) = aqie! V" + wi(n), (5.36)

where z;(n) and w;(n) denote the /th element of z(n) and w(n), respectively, will only depend on
one another via the correlation between w;(n) and w, (n), for I # p. Ignoring this correlation, one
may form a least-squares estimate of the complex amplitudes as

1 N-M
— — —Jjvn )
a N_MT1 ,12:(:) zi(n)e ) (5.37)

The resulting MAFT amplitude estimator offers both reliable and robust amplitude estimates, often
being preferable to the other Capon- and APES-based estimators for sinusoids in colored noise [155].
It is worth remarking that all the presented covariance-based amplitude estimators strongly depend
on the quality of the covariance matrix estimate. As is well known, the true covariance matrix should
be a Toeplitz matrix, whereas the estimate given by (5.25) will, in general, not be Toeplitz. Thus,
one could imagine that it would be preferable to instead form the estimate such that the inherent
Toeplitz structure is imposed on the estimate. In general, this is not the case, and such estimators will
commonly exhibit poor spectral resolution as compared to the outer-product estimate given by (5.25).
Instead, it is often better to only require that the covariance matrix estimate Ris persymmetric, i.e.,
being symmetric about the cross-diagonal®, such that

R =JR’J (5.38)
where J is the M x M exchange matrix
0 1
J= . (5.39)
1 0

As was shown in [83], one often obtain improved spectral estimates by using the persymmetric
forward-backward averaged (FB) sample covariance matrix estimate

R= % (ﬁ + JﬁTJ) (5.40)

IThis as every Toeplitz matrix is persymmetric, while every persymmetric matrix is not Toeplitz.
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where R is the forward-only (F) sample covariance matrix estimate given by (5.25). This is also
the case for the here discussed covariance-based amplitude estimators, which preferably should be
formed with an estimate of R being computed using (5.40) instead of (5.25). The only exceptions are
the EAA and MAFT algorithms, which, similarly to the F- and FB-APES versions (see also [106]),
require some further attention. Reminiscent to the FB-APES al}&orithm, one then needs to take the
structure of the backward data vector into account, estimating Q_ as

L
Q=R-> s/, (5.41)

=1

where
s Lis s (5.42)
= — | s s .
1 ﬁ l l
1 N-—-M
S - - < —jvin 4

S/ N M1 ,12:(:) x(n)e . (5.43)

with x(n) denoting the backward data vector

%) =[ x*(N—n—1) x*(N—n—-2) ... xX*(N—n—M) ], (5.44)

which is defined forn =0, 1,..., N — M.

10 | ’ ’ ’ —LS
——CCAFB
—+-MCAFB
——ECAFB
o EAAF
= MAFI FB
---CRLB

5 10 15 20 25
SNR

Figure 5.1: RMSE of the discussed amplitude estimators as a function of the local SNR for N = 160
and M = 40.
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Figure 5.2: Bias of the discussed amplitude estimators as a function of the local SNR, with N = 160
and M = 40.

5.4 SOME RESULTS AND DISCUSSION

The performance of the discussed estimators, and in particular the data-dependent Capon- and
APES-based estimators, will depend on the examined data set. However, some general conclusions
may be drawn from numerical studies. For cases with sufficient data lengths, containing well spaced
sinusoidal components corrupted by white noise, the LS estimators in (5.4) and (5.6) are often
preferable due to their numerical simplicities. For this case, the LS estimator in (5.4) is the maximum
likelihood (ML) estimator of the complex amplitudes, whereas (5.6) will only be approximately
ML, requiring the spectral lines to be well spaced. For the more realistic colored noise case, the
LS estimator in (5.4) will asymptotically achieve the same performance? as the ML estimator [153].
Similarly, the Capon- and APES-based estimators will both be asymprotically efficient. However, for
finite data lengths, the estimators have quite different properties. In particular, it was shown in [154]
and [106] that the Capon estimator will be biased downwards, whereas the APES estimator will be
unbiased (within a second-order approximation). In general, the APES spectral estimator will also
have better performance than the Capon estimator, although at the price of a somewhat lower spectral
resolution [82]. Examining the here discussed Capon- and APES-based amplitude estimators, one
may similarly conclude that the F-EAA and the MAFI estimators will have preferable performance
as compared to the Capon-based estimators, which will exhibit a bias downwards. As noted above,
the FB-versions are in general preferable, except for the FB-EAA, which suffers from occasional
numerical instabilities, making it unreliable. In terms of complexity, the MAFI estimator has a

2One way to interpret this result is to note that the sinusoidal components have a zero-width support, on which the additive noise
can be well modelled as having a flat spectrum.
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lower computational cost than the EAA estimator, as well as offering somewhat better performance,
suggesting that the former should be preferred in most cases.
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N

Figure 5.3: RMSE of the discussed amplitude estimators as a function of the data length, using M =
LN/4].
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Figure 5.4: RMSE of the discussed amplitude estimators as a function of the filter length, N = 160.
Using Monte Carlo simulations, it is easy to confirm the above conclusions on synthetic data.

For simplicity, we will here only examine the case of four complex sinusoids corrupted by white
Gaussian noise, examining how the performance of the estimators depend on the selected data and
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filter lengths, as well as the local SNR, defined as Al2 /o2 (see also Section 1.8). The simulation set
was selected (arbitrarily) to consist of the absolute frequencies ¥ = 2 f, with f = 0.12, 0.24, 0.36
and 0.48, with amplitudes 1, 0.7, 0.5 and 0.3, and with uniformly distributed random phase that is
randomized in each iteration. Figures 5.1, 5.3, and 5.4 show the RIVISE for the forward-backward
estimators (except for EAA) as obtained from 1000 Monte Carlo simulations of the amplitude
estimates for the first sinusoidal component as a function of the local SNR, N, and M. As expected,
being the ML estimate, the LS estimator in (5.4) offers preferable performance, but the MAFI
estimators can be seen to achieve almost the same performance. From Figure 5.1, one may note the
puzzling fact that the Capon-based estimators seems to have only a minor performance improvement
with increasing SNR. However, this should be expected as the Capon-based estimators will be biased
downwards, whereas the APES-based estimators will be unbiased [154]. This can also be seen in
Figure 5.2, showing the bias of the estimators. Finally, similar to result found in the literature for the
Capon- and APES spectral estimators, the figures also show that about M = | N /4] seems to be a
reasonable choice for the filter length, although this obviously will depend on the examined data to
some extent.
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APPENDIX A

The Analytic Signal

As we have seen, the signal models used throughout this book have been complex. We will now
show how to map a real signal to a complex one using the Hilbert transform (for an introduction
to the Hilbert transform, see [67]). We will now introduce the Hilbert transform and define the
so-called analytic signal. Let x,(n) be a discrete real signal. The discrete Hilbert transform, H{-}, of
this, denoted x; (n), is then defined as (see e.g. [125])

xi(n) =Hix:} = Y hm)x,(n —m). (A1)

m=—0oQ
where /1(n) is the impulse response of the discrete Hilbert transform given by

2sin%(rn/2)
h(n):{ o n#EO (A.2)

, n=0

A useful way of looking at the Hilbert transform, and perhaps a more intuitive definition, is in the
frequency domain:

—j, for 0 <
j, for —m <

Xi(w) = Hw)X,(w), with H(w)= { (A.3)

where X; (w) and X, (w) are the Fourier transforms of x; (n) and x, (n), respectively, and H (w) is the
Fourier transform of i (n). The so-called discrete-time analytic signal is then defined as

Xe(n) = x(n) + jxi(n). (A.4)
It is easy to see that x,(n) = Re{x.(n)}. By taking the Fourier transform of this expression, we get

Xe(w) = Xr(0) + jXi(w) (A.5)
= X, () + jH(0) X, (), (A.6)

and using (A.3), we obtain that the analytic signal has the following spectrum:

2X,(w), for 0 < w < =«
0, for -7 < o < 0

Xc(w) = { (A7)

It can be seen that the Fourier transform of the analytic signal in (A.4) is zero for negative frequencies
and equal to the spectrum of x, (n) times two for positive frequencies. In other words, a real signal
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contains complex sinusoids in complex conjugate pairs, while the analytic signal only contains the
positive frequencies. Thereby, we have removed half of the sinusoidal components. Since X.(®) is
only nonzero in half its spectrum, it is possible to down-sample it by a factor of two, i.c.,

x(n) = x.(2n) (A.8)

without loss, assuming that the real signal was obtain by appropriate sampling so that no significant
signal energy is present in X (77) and X (0). This also leads to a reduction in computational complexity
as signal vectors are now only half the length, although as a result the algebra is complex. It is not
only advisable to down-sample the signal by a factor of two for complexity reasons, it may also be
necessary to avoid rank deficient covariance matrices. If we have N, real samples of x,(n), then
we have N = N, /2 complex samples x(N) assuming that N, is even. Consequently, the sampling
frequency associated with the analytic signal is f. = f,/2, where f, is the sampling frequency at
which the real signal x, (n) has been obtained.

Caveat emptor! Solving estimation problems using the real and analytic signals do not always
yield identical estimates or estimators. If there exists considerable signal energy close to 0 and 7 in
X, (w) (relative to N), there will be interaction effects between the negative and positive sides of the
spectrum, and by using the analytic signal, this will be ignored. For example, consider a real signal
consisting of a complex sinusoid having a low frequency and its complex conjugate. Due to finite
window lengths, their side- and main-lobes will overlap and cause the peaks of the spectrum to shift.
If the frequency is estimated from the spectrum of the analytic signal, the estimate will be biased
due to this interaction. As the number of samples N is increased, these effects will be lessened and
we are able to estimate frequencies closer to DC, so under the condition that the number of samples
is high, and that usually only audio contents between 20 and 20 kHz is present (or can be filtered
out without loss), we should be safe. In many estimators, it is possible to account for the interaction,
but in most cases, it is simply not worth it in terms of the added computational burden.

The question remains how to actually compute the analytic signal. The impulse response of
the Hilbert transform filter in (A.2) is infinite and cannot be implemented directly. Fortunately, it
can be implemented efficiently using the fast Fourier transform (FFT) such that the implementation
satisfies that a) the real value of the analytic signal is equal to the original real sequence, and b) the
real and imaginary parts of the analytic signal are orthogonal (see [47] for an improved method).
More specifically, the down-sampled analytic signal x () can be obtained from N, real samples x; (1)
as follows [112]:

* The N,-point discrete Fourier transform X, (k) of x,(n) is computed using the FFT, i.e.,

N-1
Xp() = 37 xp(mye 2R, (A.9)
n=0

fork =0,...,N, — 1.
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* From this the N, /2 point discrete Fourier transform of the down-sampled analytic signal X (k)

is formed as
X0+ X(%) for k=0

2X: (k) for 1<k<2—1 (A.10)

X (k) = {

* Finally, we calculate the time-domain down-sampled analytic signal x (n) using an N, /2 point
discrete Fourier transform scaled by 1/2, i.e.,

N:/2—1 o
x(n) = — X (kye! " mn", (A.11)
N &

forn=0,...,N,/2 — 1.

The down-sampled analytic signal x(n) can now be used for estimation purposes based on the
complex signal models preferred in this book. To recover the original real signal x, (n) from x(n) or
a model thereof, the following procedure can be used:

* First, calculate the N, /2-point discrete Fourier transform of x (n), i.e.,

Ny/2—1 o
Xh= ) x(n)e WA, (A.12)
n=0

fork=0,...,N,/2— 1.

* Zero-pad this transform to obtain the N,-point discrete Fourier transform of x.(n), i.e.,

X(k) for 0<k<® 1
X (k) = 2 A.13
k) { 0 for X <k<N -1 (A.13)
* Calculate the analytic signal using the N,-point inverse Fourier transform, i.e.,
5 Nl .
xe(m) = - kX_:O X (k)e! ", (A.14)

* From x.(n) obtain the corresponding real signal as x, (n) = Re{x.(n)}.

At this point it should be stressed that this particular procedure, although simple, intuitive and
computationally efficient, is not without its problems, aside from the problems generally associated
with using the ideal analytic signal mentioned earlier. From filter design theory, it is well-known
that direct manipulation of the coefficients of a discrete Fourier transform is a problematic, yet
tempting, way of designing digital filters. It is sometimes referred to as the frequency sampling

design method. The resulting filters may have some poor characteristics such as excessive ripples
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in between frequency points and this is also the case for this Hilbert transform implementation.
Furthermore, aliasing phenomena may also occcur depending on the particular processing taking
place. Nonetheless, it is still often worthwhile to use the analytic signal as computed here due to
the savings in computation time. Finally, we note that it is possible to formulate a time-recursive
updating of the analytic signal [80].
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