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Preface

Learning has always a goal. For this reason, for a given process, the question is
what can we learn about it? Despite the diversities in processes, one can find out
the common principles underlying them. Therefore, we discuss stochastic processes
from a general point of view, first. As for practical applications, we will consider
them through the lens of historical developments by considering the following
aspects:

1. The invention of numbers and number systems is our starting point. From
numbers and their representations, humans invented the theory of signals and
systems. Signals do not occur isolated but within a process.

2. The naturally occurring processes are not deterministic but rather stochastic.
Hence, the underlying states are often unknown. That means those processes are
mostly described with hidden stochastic models (HSM).

3. Signal processes contain information. However, this information is not directly
visible or understandable to humans. The information is hidden in properties of
the processes. Properties of signal processes are mostly not directly measurable,
and we have to find them out, at least approximately.

4. Information about the unknown elements is necessary. One needs methods to
capture them, and here lie the major challenges. To address these challenges, we
concentrate on machine learning techniques.

Real-world problems are conceptualized, explained in applied domains. The
book is intended for persons interested in the techniques and foundations related
to signal processing. As mentioned previously, signals occur within processes and
are considered not to be fully observable and predictable; hence, they are ruled by
probabilities. Therefore, they are termed stochastic processes. We concentrate on
properties of signals that are useful for practical applications. One has rather to
manipulate the information available about processes using computations. Doing
this properly is a major challenge. The computations needed depend very much on
the type of signals and the application domain.

The development of practical applications was foremost in our mind when
writing this book. principles where the problems and differences are exhibited
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vi Preface

in their realizations. today one is deploying robotic systems to perform various
tasks. This in turn requires solving communication problems between humans and
machines. communicate. Humans and machines can communicate, for instance,
using speech, images, and videos. These all have in common that a physical
exchange has to take place. At the lowest level, it requires use of elementary signals
that could be re-interpreted on higher levels of abstraction. We describe our methods
as organized in a machine learning process. There, one records many examples
of signals in order to use them when applying machine learning techniques. The
techniques involve several transformations. A major difficulty is to find out which
transformation one should apply in which situation.

• First, audio typically uses cascaded IIR filters to obtain high performance with
minimal latency. Noting that each filtering stage propagates the errors of previous
stages, a high degree of precision in both the signal and coefficients is required
in order to minimize the effects of these propagated errors.

• Second, the signal accuracy must be maintained, even as its magnitude
approaches zero (this is necessary because of the sensitivity of the human
ear).

The signals occur in sets, and these sets contain information and have special
structures. Important structures are governed by logic. Often, the signals arise from
some events and are not part of a systematic communication. Sometimes they are
represented in a linear ordering. However, typically they are not ordered and are
often described through general stochastic processes.

Humans are interested in the information contained in any process, be it discrete
(e.g., digital) or continuous and modeled by deterministic or stochastic processes.
One can employ machine learning methods to find the information governing
stochastic processes. Here, one needs to employ some combinatorial, probabilistic,
and learning algorithms. Learning in particular is needed if the signal sets are
complex, or the signals are corrupted by noise. is for efficiency reasons very
restricted by the large number of occurring signals and by the noise. explore
systematically these topics. Therefore, we show their usefulness in a number of
widely reaching application areas. We intend to represent the whole picture of signal
processing instead of restricting it to special aspects. Then we look at recognition
problems. For both, machine learning provides a wealth of important techniques.
Machine learning is a wide area. In this book, we discuss aspects of it related to
signal processes. These are mainly supervised and unsupervised learning methods.
Finally, we discuss real applications. Noise is one of the main issues when we
apply theoretical aspects to solve real-world problems. take place in a clean (noise
free) environment and noise often corrupts it. Therefore, we included the study and
handling of noise. Then, we discussed multiple application areas. A very important
such area is speech processing.

The book is written for students, scientists, researchers, engineers, and practi-
tioners. The readers should have an understanding of basic computational methods
as they are taught in the first three semesters of computer science undergraduate
curricula. For usage as a textbook, lectures are supported by a systematic presenta-
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tion of the material with examples and exercises including background information
accompanied with literature discussions.

This work was produced by the authors and was put together in a coherent form.
We did our best to give credit to the materials owned by others. We have a reference
section at the end of each chapter. In case of any unintentional omission of any
work or any part of the text owned by others, we will remain deeply apologetic
for this. We read, used, and followed many materials from earlier works done by
many other contributors in signal processing and machine learning and generated
our work uniquely. We acknowledge these learning and knowledge sharing and
remain thankful to all these many contributors.

We would like to thank Ronan Nugent for all supportive arrangements, Bijoy
Paul and Michael Sintek for the help from time to time as needed. We also would
like to thank the involved Springer team, Celine Chang, Paul Drougas, and Shina
Harshavardhan, during this critical transition period for their understanding and
cooperation as needed to complete the task.
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Problems, Challenges, and Principal
Methods

A very first question is what a signal is. There are different interpretations of this
term. The definitions are mainly motivated by the area in which one is interested.
Examples are

• Digital signals, such as Boolean values, integers, or real numbers
• Arbitrary objects like words, documents, messages, and images, etc

In this book, the focus is on digital signals. They have no parts and cannot be
decomposed, they are simply units. However, several signals, when viewed together,
gives rise to a signal process. Signals usually do not occur isolated but rather
organized in processes. Mostly, such processes are ruled by probabilities, i.e., they
are stochastic processes. These occur in two ways: with fixed probabilities (e.g.,
Markov processes) and with unknown probabilities (Hidden stochastic processes,
HSM). We concentrate mainly on the latter ones because this is what we get from
the applications. Signal processes contain information. However, this information is
not directly visible and is not directly understandable to humans. The information is
hidden in properties of the processes. Properties of signal processes are in the initial
phase mostly unknown, and we have to find them out, at least approximately. For
this, one does not only consider signal processes as they are given, one has rather
to manipulate the processes using computations. It is a major challenge to do this
properly and depends very much on the type of signals and the application domain.

We view our methods as organized in a machine learning process. To perform
this task, one has to deploy many examples of signals. The deployed signals
undergo several transformations as necessary. A major difficulty is to find out which
transformation one should apply in which situation.

From the hardware point of view, a digital signal processor is a specialized
microprocessor with its architecture optimized for the operational needs of digital
signal processing. However, this is not the main topic of the book.

Machine learning is a wide area. In this book, we discuss aspects of it related to
signal processes. These are mainly unsupervised learning methods.

The properties of signals lead to abstractions. On a more abstract level, one can
define properties interesting to applications. In evolution, living organisms have
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developed such levels and abstractions over time. Of course, one cannot repeat the
evolution. However, it can still be studied because many of the primitive organisms
are still alive today. Here, we do not consider evolution, but we can still make use
of the observations and results.

The problem is that even a perfect solution to a sub problem is not very useful
if it does not help with solutions to other sub problems. The reason is that the sub
problems are not contained in modules that can be treated in isolation. Each solution
of a sub problem is affected to a degree by the system, or as a whole part.

In a book, one faces therefore the following difficulty:

• How to formulate the overall perspective?
• How to combine solutions to the sub problem in the view of the overall

perspective?

The readers should have understanding of basic computational methods as they are
taught in the first three semesters of computer science.

Some History The origins of signal processing go back to previous centuries,
around the seventeenth century. At that time, it was considered as a part of
mathematics, in particular, numerical analysis. In modern times (after 1970) several
digital processors have been developed, like in Lincoln Laboratories. In the 1980s,
the first chips were developed as Intel 2920, TMS32010 from Texas Instrument,
and NEC μPD7720. In each chapter, there is a section on background information.
It contains mainly historical remarks and references for further reading. Here, the
discussed choice was the “Dynamic Automatic Noisy Speech Recognition System”
(DANSR). The system was devoted to tackle the problem of noises of different
kinds that occur simultaneously. This is a major task in the dissertation of the author
Sheuli Paul.

A Guide to Different Chapters In each chapter, one finds illustrations of different
kinds. The illustrations typically are figures. They may be derived from the peak
period when the machine was functional, and also when the machine is working
at standard level. Sometimes, illustration is not understood by itself. Therefore, we
added some explanations in the figure, for instance in terms of colors. There will be
many such figures in the book. For most illustrations, MatLab was used.

Applications are an important part of the book. They are given in the second
half of the book. Part C contains the description of several real situations where
stochastic processes play a role. In real situations, there is always noise disturbing
the stochastic process. The noise can be of a different level. Based on the noise
level, we termed the noise as mild, strong, and steady-unsteady. Therefore, we see
the probability density function (pdf) of such noisy commands, classified in the
legend as mild, unsteady, and strong.

The structure of all chapters is essentially the same. They are structured as

• Overview
• Main text
• Background information
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• Exercises
• Reference

We comment shortly on the just-mentioned structure. The overview contains
indications of what the reader should study for better understanding before reading
the chapter. In addition, this allows finding topics of interest quite fast and it helps a
lecturer to select topics for a discussion in class.

The main text contains the contribution of the chapter. In the background, we give
the origins to the discussed topics as well as suggestion for further reading. Here,
we also present the links to the references. In the main text, there are no references.
Please observe that each chapter contains its own list of references. This means that
references are listed at the end of each chapter, for the related work discussed in the
corresponding chapter text.

The exercises do not contain solutions so that a lecturer can use them in class. In
a short way, we now comment on each chapter. This is intended for the readers who
want to see what is close to their special interests.

Part I: Realms of Signal Processing

The first part consists of seven chapters, and provides a survey of mathematical and
engineering foundations assumed to be known by the reader.

Chapter 1: Digital Signal Representation The details of digital representations of
discrete-time signals are presented in this chapter. This includes bridging the gap
between the abstract discrete-time signal notation presented in the book, x[n], and
its representation in a digital processor.

Chapter 2: Signal Processing Background This chapter introduces briefly the
signal processing discipline. It contains the problems and the principal solution
methods. In addition, some history is given as well as a short description for the
intended readers.

Chapter 3: Fundamentals of Signal Transformation This chapter gives an
overview of processing and transforming signals. Here, some basic signal pro-
cessing formulations are introduced. It is said how the signal processing is an
integral part of machine learning and how these two areas are related and how
the related outcome of these two areas generates a successful application. In this
chapter, we deal with the decomposition of a signal and techniques used. The signal
is decomposed into some basic functions and the coefficients. Furthermore, the
coefficients then can be used as linear combinations of the signals representing
the signal. Transformations such as the z-transform, Fourier transform, discrete
cosine transform, local trigonometric transform, and wavelet transform are briefly
discussed.
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Chapter 4: Digital Filters Digital filters are some mathematical operations to
manipulate or analyze the signals. The filter coefficients are generally not variable
like in adaptive filters. We introduce the chapter with fundamentals of finite impulse
response (FIR) filter and infinite impulse response (IIR) filter, and discuss the
applications of some advanced filters.

Chapter 5: Estimation and Detection This chapter discusses some commonly
used filters, methods, and techniques to analyze the signal adaptively. The filters
use optimization approach in order to analyze the signals. In this chapter, the
optimization techniques with examples are discussed. Such techniques are minimum
variance unbiased estimation (MVU), best linear unbiased estimator (BLUE),
maximum likelihood estimator (MLE), least squares estimator (LSE), minimum
least squares estimator (LMSE), and the Bayesian approach.

Chapter 6: Adaptive Signal Processing This chapter has general information
about signal modeling using parametric and non-parametric types. It introduces
adaptive filters mainly Wiener filter, Kalman filter, and Particle filter.

Chapter 7: Spectral Analysis This chapter considers the problem of the spectral
content of the signals by means of parametric and non-parametric signal modeling.
In a parametric signal modeling, a signal is analyzed using only few parameters.
A non-parametric method has no such parameters quantification. Techniques such
as linear prediction analysis using auto-regressive (AR) signal modeling, moving
average signal modeling (MA), and auto regressive moving average (ARMA) signal
modeling are introduced. Non-parametric signal modeling such as subspace signal
analysis applying sub-band coding, discrete cosine transform, and discrete Fourier
transform for spectral signal analysis are outlined.

Part II: Machine Learning and Recognition

The ideas of learning with a particular insight into the influence of the learning goals
are discussed in eight chapters in this part.

Chapter 8: General Learning This chapter includes the general aspects and
principles of learning. An important aspect is the improvement of the learner after
learning. In this part, we emphasize on aspects related to stochastic processes as
applied to learning.

Chapter 9: Signal Processes, Learning, and Recognition Learning is a very
wide and complex area. We cannot give a complete introduction into the subject.
Therefore, we restrict ourselves to aspects and methods related to signal processes
and signal recognition. The learning considers in particular hidden stochastic
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models. Besides a general introduction into the topic, the main topic is Bayesian
Learning. Fundamentals of machine learning and its role for signal processing are
briefed here.

Chapter 10: Stochastic Processes Here, we introduce the readers to signal
processes, in particular to stochastic signal processes. These are partially ordered
sets of signals. In the stochastic situation, there is no deterministic rule governing
the process. This is rather of statistical character. Here, the main topic is hidden
stochastic model. Their main characteristic is that the involved probabilities are
unknown.

Chapter 11: Feature Extraction Features are short vectors describing processes.
They have to be extracted. This requires techniques described in this chapter.
Basic techniques include spectral shaping, windowing the signals, pre-emphasis,
folding operators, unfolding, and spectral analysis and its envelope extraction. These
techniques are again used in discussed methods such as linear prediction, search,
mean squared error minimization, the Baum–Welch algorithm, and the Viterbi
algorithm.

Chapter 12: Unsupervised Learning Unsupervised learning techniques such as
clustering are introduced here. They are related to learning methods as applied to
signal processes. Included in this discussion are K-Means, VQ, EM, and GMM.

Chapter 13: Markov Model and Hidden Stochastic Model (HSM) The topics
such as Gaussian mixture models (GMM), the autocorrelation, the Yule-Walker, the
co-variance, and the unconstrained least squared (ULS) approach are discussed in
this chapter.

Chapter 14: Fuzzy Logic and Rough Sets When dealing with signals, uncertainty
is unavoidable. One general method is to use fuzzy sets. In order to obtain decisions
that are mostly of binary character, rough sets are introduced. We also discuss fuzzy
clustering and fuzzy probabilities.

Chapter 15: Neural Networks This chapter introduces neural networks. In addition
to the basics, it includes feed forward networks. Simulation of how the human brain
processes the information (biology) is presented briefly, as well as the use of neural
networks in machine learning (computers).

Part III: Real Aspects and Applications

Here, the reader is informed about many topics that occur in applications. It contains
the required extensions or modifications of techniques that have been introduced in
earlier parts.
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Chapter 16: Noisy Signals Noise can corrupt the message contained in a signal to
a large extent. We discuss different kinds and properties of noise. This is strongly
connected to some measurements criteria. Signal-to-noise relation is a basic noise
property. This is measured by the average relation of the noise signals to the
original signal. There are different kind of noises that require individually tailored
techniques.

Chapter 17: Reasoning Methods and Noise Removal Often, an aim is a noise-
free signal, thus a main task here is to minimize or remove the noises. An important
part of this is noise removal. Noise removal depends very much on noise types. We
restrict ourselves to the noise types introduced so far. Each type requires different
removal techniques. A major problem occurs when different types of noises occur
simultaneously, which requires appropriate removal techniques.

Chapter 18: Audio Signals and Speech Recognition The handling of audio signals
has motivated many progresses in signal processing. Speech processes have specific
aspects. These are introduced in some details in this chapter.

Chapter 19: Noisy Speech Speech is a major example where noise plays a role.
Noise disturbs the reception of speech independent of the type of receiver, which
can be a human being or a machine. If a machine is the receiver, some response is
expected.

Chapter 20: Aspects of Human Hearing A main characteristic of hearing is its
temporal character. This is quite different from dealing with images. The topic is
studied because one can obtain elements of recognition of machines from looking
at the human ear.

Chapter 21: Speech Features The speech features contain a short and compact
representation of the speech. The main condition is that no important information is
lost. The term “important” differs from situation to situation and therefore there are
several feature extraction algorithms.

Chapter 22: Hidden Stochastic Model for Speech Speech is a typical example
for hidden stochastic models. If a person speaks the same words twice, the uttered
signals are not the same. The probabilities over the speech elements are unknown
and they need to be determent. This chapter delves into mathematical techniques
used to model those processes.

Chapter 23: Different Speech Applications—Part A Here, one finds some typical
applications. The applications have in common that the speech receiver is a machine.
This machine is supposed to execute a command that is contained in the speech.
Therefore, the machine has to be embedded in another complex structure that is
responsible for the execution as discussed here.
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Chapter 24: Different Speech Applications—Part B Different aspects of machine
learning of a few practical examples such as Wake-Up-Word (WUW) are intro-
duced. In addition, the Speech Analysis and Sound Effects Laboratory (SASE Lab),
Wake-Up-Word: Tool Demo, and Elevator Simulator are presented in this chapter.
The aim is to give an essence of understanding, namely how humans communicate
using spoken language.

Chapter 25: Biomedical Signals: ECG, EEG These signals are generated by the
human body and contain hidden information about it. A major task is to extract such
information and to derive the information they contain. There two types of signals
that are studied:

• ECG signals
• EEG signals

Chapter 26: Seismic Signals The source of seismic signals is an event that occurs
inside the Earth. They contain important information; we can predict the future
behavior of the Earth using digital signal processing techniques. A major aspect
is to use seismic signals for prediction of earthquakes.

Chapter 27: Radar Signals Radar is an electromagnetic system that detects and
locates objects using electromagnetic waves. Transmitter, receiver, and target are
basic components of a radar. Radar is categorized in different ways based on areas
of application, system types, wave-forms, frequency bands, and antenna types. This
chapter is an introduction to radar sensing attached with an application.

Chapter 28: Visual Story Telling is a visual perception of the world. An informed
decision about the situation can be made through an effective communication
following the perception. Understanding the context, selecting the right tool to
display, right selection of data visualization by removing redundancy, orientation,
and focus are important for data visualization. This chapter provides essence of
VST.

Chapter 29: Digital Processes and Multimedia At the low level, one presents
multimedia by using signals. Traditionally, they can be one, two, or three dimen-
sional. Images are a specific example of this, where the signal corresponds to pixels.
A major task is to transform signal processes into multimedia representations.
Examples of multimedia, techniques, and principles can be seen in this chapter.

Chapter 30: Visualizations for Emergency Operation Centre A visual story
is told to manage an emergency environment. This chapter is based on actual
emergency situations. The importance of visualization in emergency situations is
outlined here. How the visualizations and visual analytics are applied in a typical
emergency situation management center, such as an emergency operation center
(EOC), is briefly introduced in this chapter.
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Chapter 31: Intelligent Interactive Communications Multi-modal communica-
tion combines multiple data sources for an effective and meaningful interaction.
A concept of multi-modal intelligent interactive machine is proposed in this
chapter. This applies automation capabilities to communicate interactively applying
verbal and non-verbal multimodalities of human-to-human and human-to-machine
communication. The modes of communication can be speech, text, gesture, images,
graphics, and visualization.

Chapter 32: Comparisons This chapter presents the main distinctions of the
presented chapters.
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