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Foreward

Speech processing technology has been a mainstream area of research for more than 50
years. The ultimate goal of speech research is to build systems that mimic (or potentially surpass)
human capabilities in understanding, generating and coding speech for a range of human-to-human
and human-to-machine interactions.

In the area of speech coding a great deal of success has been achieved in creating systems that
significantly reduce the overall bit rate of the speech signal (from order of 100 kilobits per second,
to rates on the order of 8 kilobits per second or less), while maintaining speech intelligibility
and quality at levels appropriate for the intended applications. The heart of the modern cellular
industry is the 8 kilobit per second speech coder, embedded in VLSI logic on the more than 2
billion cellphones in use worldwide at the end of 2007.

In the area of speech recognition and understanding by machines, steady progress has en-
abled systems to become part of everyday life in the form of call centers for the airlines, financial,
medical and banking industries, help desks for large businesses, form and report generation for
the legal and medical communities, and dictation machines that enable individuals to enter text
into machines without having to explicitly type the text. Such speech recognition systems were
made available to the general public as long as 15 years ago (in 1992 AT&T introduced the Voice
Recognition Call Processing system which automated operator-assisted calls, handling more than
1.2 billion requests each year with error rates below 0.5penetrated almost every major industry
since that time. Simple speech understanding systems have also been introduced into the mar-
ketplace and have had varying degrees of success for help desks (e.g., the How May | Help You
system introduced by AT&T for customer care applications) and for stock trading applications
(IBM system), among others.

It has been the area of speech generation that has been the hardest speech technology area to
obtain any viable degree of success. For more than 50 years researchers have struggled with the
problem of trying to mimic the physical processes of speech generation via articulatory models of
the human vocal tract, or via terminal analog synthesis models of the time-varying spectral and
temporal properties of speech. In spite of the best efforts of some outstanding speech researchers,
the quality of synthetic speech generated by machine was unnatural most of the time and has been
unacceptable for human use in most real world applications. In the late 1970s the idea of gener-
ating speech by concatenating basic speech units (in most cases diphone units which represented
pieces of pairs of phonemes) was investigated and shown to be practical once researchers learned
how to reliably excise diphones from human speech. After more than a decade of investigation as
to how to optimally concatenate diphones, the resulting synthetic speech was often highly intelli-
gible (a big improvement over earlier systems) but regrettably remained highly unnatural. Hence
concatenative speech synthesis systems remained lab curiosities but were not employed in real
world applications such as reading email, user interactions in dialogue systems, etc. The really big
breakthrough in speech synthesis came in the late 1980s when Yoshinori Sagisaka at ATR in Japan
made the leap from single diphone tokens as the basic unit set for speech synthesis, to multiple di-
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phone tokens, extracted from carefully designed and reaathpatabases. Sagisaka realized that

in the limiting case, where you had thousands of tokens of each possible diphone of the English
language, you could literally concatenate the “correct” sequence of diphones and produce natural
sounding human speech. The new problem that arose was deciding exactly which of the thousands
of diphones should be used at each diphone position in the speech being generated. History has
shown that, like most large scale computing problems, there are solutions that make the search for
the optimum sequence of diphones (from a large, virtually infinite database) possible in reasonable
time and memory. The rest is now history as a new generation of speech researchers investigated
virtually every aspect of the so-called “unit selection” method of concatenative speech synthesis,
showing that high quality (both intelligibility and naturalness) synthetic speech could be obtained
from such systems for virtually any task application.

Once the problem of generating natural sounding speech from a sequence of diphones was
solved (in the sense that a practical demonstration of the feasibility of such high quality synthesis
was made with unit selection synthesis systems), the remaining long-standing problem was the
conversion from ordinary printed text to the proper sequence of diphones, along with associated
prosodic information about sound duration, loudness, emphasis, pitch, pauses, and other so-called
suprasegmental aspects of speech. The problem of converting from text to a complete linguistic
description of associated sound was one that has been studied almost as long as synthesis itself;
much progress had been made in almost every aspect of the linguistic description of speech as in
the acoustic generation of high quality sounds.

It is the success of unit selection speech synthesis systems that has motivated the research of
Paul Taylor, the author of this book on text-to-speech synthesis systems. Paul Taylor has been in
the thick of the research in speech synthesis systems for more than 15 years, having worked at ATR
in Japan on the CHATR synthesizer (the system that actually demonstrated near perfect speech
guality on some subset of the sentences that were input), at the Centre for Speech Technology
research at the University of Edinburgh on the Festival synthesis system, and as Chief Technical
Officer of Rhetorical Systems, also in Edinburgh.

Based on decades of research and the extraordinary progress over the past decade, Taylor has
put together a book which attempts to tie it all together and to document and explain the processes
involved in a complete text-to-speech synthesis system. The first nine chapters of the book ad-
dress the problem of converting printed text to a sequence of sound units (which characterize the
acoustic properties of the resulting synthetic sentence), and an accompanying description of the
associated prosody which is most appropriate for the sentence being spoken. The remaining eight
chapters (not including the conclusion) provide a review of the associated signal processing tech-
nigues for representing speech units and for seamlessly tying them together to form intelligible
and natural speech sounds. This is followed by a discussion of the three generations of synthesis
methods, namely articulatory and terminal analog synthesis methods, simple concatenative meth-
ods using a single representation for each diphone unit, and the unit selection method based on
multiple representations for each diphone unit. There is a single chapter devoted to a promising
new synthesis approach, hamely a statistical method based on the popular Hidden Markov Model

Meta Platforms, Inc. Exhibit 1042
Page 6 of 58



Preface XXi

(HMM) formulation used in speech recognition systems.

According to the author, “Speech synthesis has progressed remarkably in recent years, and it
is no longer the case that state-of-the-art systems sound overtly mechanical and robotic”. Although
this statement is true, there remains a great deal more to be accomplished before speech synthesis
systems are indistinguishable from a human speaker. Perhaps the most glaring need is expressive
synthesis that not only imparts the message corresponding to the printed text input, but imparts
the emotion associated with the way a human might speak the same sentence in the context of a
dialogue with another human being. We are still a long way from such emotional or expressive
speech synthesis systems.

This book is a wonderful addition to the literature in speech processing and will be a must-
read for anyone wanting to understand the blossoming field of text-to-speech synthesis.

Lawrence Rabiner August 2007
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1 INTRODUCTION

This is a book about getting computers to read out loud. Itésettore about three things: the
process of reading, the process of speaking, and the issues involved in getting computers (as
opposed to humans) to do this. This field of study is known botspagch synthesighat is the
“synthetic” (computer) generation of speech, sext-to-speechor TTS; the process of converting
written text into speech. As such it compliments other language technologies sspeeth
recognition, which aims to convert speech into temtachine translation which converts writing
or speech in one language into writing or speech in another.

| am assuming that most readers have heard some synthetic speech in their life. We experi-
ence this in a number of situations; some telephone information systems have automated speech
response, speech synthesis is often used as an aid to the disabled, and Professor Stephen Hawking
has probably contributed more than anyone else to the direct exposure of (one particular type of)
synthetic speech. Thidea of artificially generated speech has of course been around for a long
time - hardly any science fiction film is complete without a talking computer of some sort. In fact
science fiction has had an interesting effect on the field and our impressions of it. Sometimes (less
technically aware) people believe that perfect speech synthesis exists because they “heard it on
Star Trek®. Often makers of science fiction films fake the synthesis by using an actor, although
usually some processing is added to the voice to make it sound “computerised”. Some actually
use real speech synthesis systems, but interestingly these are usually not state of the art systems,
as these sound too natural, and may mislead the vie@ae of the films that actually makes a
genuine attempt to predict how synthetic voices will sound is the computer HAL in the film 2001:
A Space Odyssey [265]. The fact that this computer spoke with a calm and near humanlike voice
gave rise to the sense of genuine intelligence in the machine. While many parts of this film were
wide of the mark (especially, the ability of HAL to understand, rather than just recognise human
speech), the makers of the film just about got it right in predicting how good computer voices
would be in the year in question.

1 Younger readers please substitute the in-vogue science-fiction series of the day
2 In much the same way, when someone types the wrong password on a computer, the screen starts flashing and saying
“access denied”. Some even go so far as to have a siren sounding. Those of us who use computers know this never
happens, but in a sense we go along with the exaggeration as it adds to the drama.

1
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2 Chapter 1. Introduction

Speech synthesis has progressed remarkably in recent peakst is no longer the case
that state-of-the-art systems sound overtly mechanical and robotic. That said, it is normally fairly
easy to tell that it is a computer talking rather than a human, and so substantial progress is still to
be made. When assessing a computer’s ability to speak, one fluctuates between two judgments.
On the one hand, it is tempting to paraphrase Dr Johnson’s famous remark [61] “Sir, a talking
computer is like a dog’s walking on his hind legs. It is not done well; but you are surprised to
find it done at all.” And indeed, even as an experienced text-to-speech researcher who has listened
to more synthetic speech than could be healthy in one life, | find that sometimes | am genuinely
surprised and thrilled in a naive way that here we have a talking computer: “like wow! it talks!”.
On the other hand it is also possible to have the impression that computers are quite dreadful at
the job of speaking; they make frequent mistakes, drone on, and just sounevpdaiin many
cases. These impressions are all part of the mysteries and complexities of speech.

1.1 WHAT ARE TEXT-TO-SPEECH SYSTEMS FOR

Text-to-speech systems have an enormous range of applications. Their first real use was in reading
systems for the blind, where a system would read some text from a book and convert it into speech.
These early systems of course sounded very mechanical, but their adoption by blind people was
hardly surprising as the other options of reading braille or having a real person do the reading
were often not possible. Today, quite sophisticated systems exist that facilitate human computer
interaction for the blind, in which the TTS can help the user navigate around a windows system.

The mainstream adoption of TTS has been severely limited by its quality. Apart from users
who have little choice (as in the case with blind people), people’s reaction to old style TTS is
not particularly positive. While people may be somewhat impressed and quite happy to listen to
a few sentences, in general the novelty of this soon wears off. In recent years, the considerable
advances in quality have changed the situation such that TTS systems are more common in a
number of applications. Probably the main use of TTS today is in call-centre automation, where a
user calls to pay an electricity bill or book some travel and conducts the entire transaction through
an automatic dialogue system Beyond this, TTS systems have been used for reading news stories,
weather reports, travel directions and a wide variety of other applications.

While this book concentrates on the practical, engineering aspects of text-to-speech, it is
worth commenting that research in this field has contributed an enormous amount to our general
understanding of language. Often this has been in the form of “negative” evidence, meaning that
when a theory thought to be true was implemented in a TTS system it was shown to be false; in
fact as we shall see, many linguistic theories have fallen when rigorously tested in speech systems.
More positively, TTS systems have made a good testing grounds for many models and theories,
and TTS systems are certainly interesting in their own terms, without reference to application or
use.
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Section 1.2. What should the goals of text-to-speech syseml@pment be? 3

1.2 WHAT SHOULD THE GOALS OF TEXFTO-SPEECH SYSTEM DEVELOPMENT
BE?

One can legitimately ask, regardless of what application we want a talking computer for, is it
really necessary that the quality needs to be high and that the voice needs to sound like a human?
Wouldn't a mechanical sounding voice suffice? Experience has shown that people are in fact
very sensitive, not just to the words that are spoken, but tavénethey are spoken. After only

a short while, most people find highly mechanical voices irritating and discomforting to listen
to. Furthermore tests have shown that user satisfaction increases dramatically the more “natural”
sounding the voice is. Experience (and particularly commercial experience) shows that users
clearly want natural sounding (that is human-like) systems.

Hence our goals in building a computer system capable of speaking are to first build a system
that clearly gets across the message, and secondly does this using a human-like voice. Within the
research community, these goals are referred totalligibility andnaturalness

A further goal is that the system should be able to take any written input; that is, if we build
an English text-to-speech system, it should be capable of reading any English sentence given to
it. With this in mind, it is worth making a few distinctions about computer speech in general. It
is of course possible to simply record some speech, store it on a computer and play it back. We
do this all the time; our answer machine replays a message we have recorded, the radio plays
interviews that were previously recorded and so on. This is of course simply a process of playing
back what was originally recorded. The idea behind text-to-speech is to “play back” messages
that weren't originally recorded. One step away from simple playback is to record a number of
common words or phrases and recombine them, and this technique is frequently used in telephone
dialogue services. Sometimes the result is acceptable, sometimes not, as often the artificially
joined speech sounded stilted and jumpy. This allows a certain degree of flexibility, but falls short
of open ended flexibility. Text-to-speech on the other hand, has the goal of being able to speak
anything, regardless of whether the desired message was originally spoken or not.

As we shall see in Chapter 13, there are a number of techniques for actually generating the
speech. These generally fall into two camps, which we can call bottom-up and concatenative.
In the bottom-up approach, we generate a speech signal “from scratch”, using our knowledge of
how the speech production system works. We artificially create a basic signal and then modify i,
much the same way that the larynx produces a basic signal which is then maodified by the mouth
in real human speech. In the concatenative approach, there is no bottom-up signal creation per
se; rather we record some real speech, cut this up into small pieces, and then recombine these to
form “new” speech. Sometimes one hears the comment that concatenative techniques aren't “real”
speech synthesis in that we aren’t generating the signal from scratch. This point may or may not be
relevant, but it turns out that at present concatenative techniques far out perform other techniques,
and for this reason concatenative techniques currently dominate.
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Chapter 1. Introduction

1.3 THE ENGINEERING APPROACH

In this book, we take what is known as angineering approachto the text-to-speech problem.

The term “engineering” is often used to mean that systems are simply bolted together, with no
underlying theory or methodology. Engineering is of course much more than this, and it should be
clear that great feats of engineering, such as the Brooklyn bridge were not simply the result of some
engineers waking up one morning and banging some bolts together. So by “engineering”, we mean
that we are tackling this problem in the best traditions of other engineering; these include, working
with the materials available and building a practical system that doesn’t for instance take days to
produce a single sentence. Furthermore, we don't use the term engineering to mean that this field
is only relevant or accessible to those with (traditional) engineering backgrounds or education. As
we explain below, TTS is a field relevant to people from many different backgrounds.

One point of note is that we can contrast the engineering approach with the scientific ap-
proach. Our task is to build the best possible text-to-speech system, and in doing so, we will use
any model, mathematics, data, theory or tool that serves our purpose. Our main job is to build an
artefactand we will use any means possible to do so. All artefact creation can be called engineer-
ing, butgoodengineering involves more: often we wish to make good use of our resources (we
don’t want to use a hammer to crack a nut); we also in general want to base our system on solid
principles. This is for several reasons. First, using solid (say mathematical) principles assures us
we are on well tested ground; we can trust these principles and don’t have to experimentally verify
every step we do. Second, we are of course not building the last ever text-to-speech system; our
system is one step in a continual development; by basing our system on solid principles we hope
to help others to improve and build on our work. Finally, using solid principles has the advantage
of helping us diagnose the system, for instance to help us find why some components do perhaps
better than expected, and allow the principles of which these components are based to be used for
other problems.

Speech synthesis has also been approached from a more scientific aspect. Researchers who
pursue this approach are not interested in building systems for their own sake, but rather as models
which will shine light on human speech and language abilities. As such, the goals are different,
and for example, it is important in this approach to use techniques which are at least plausible
possibilities for how humans would handle this task. A good example of the difference is in the
concatenative waveform techniques which we will use predominantly; recording large numbers of
audio waveforms, chopping them up and gluing them back together can produce very high quality
speech. It is of course absurd to think that this is how humans do it. We bring this point up
because speech synthesis is often used (or was certainly used in the past) as a testing ground for
many theories of speech and language. As a leading proponent of the scientific viewpoint states,
so long as the two approaches are not confused, no harm should arise (Huckvale [225]).
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1.4 OVERVIEW OF THE BOOK

I must confess to generally hating sections entitled “how to read this book” and so on. | feel that
if I bought it, | should be able to read it any way | damn well please! Nevertheless, | feel some
guidelines may be useful.

This book is what one might call aaxtended text bookA normal text book has the job of
explaining a field or subject to outsiders and this book certainly has that goal. | qualify this by
using the term “extended” for two reasons. Firstly the book contains some original work, and is
not simply a summary, collection or retelling of existing ideas. Secondly, the book aims to take
the reader right up to the current state of the art. In reality this can never be fully achieved, but
the book is genuinely intended to be an “all you ever need to know”. More modestly, it can be
thought of as “all that | know and can explain”. In other words: this is it: | certainly couldn’t write
a second book which dealt with more advanced topics.

Despite these original sections, the book is certainly not a monograph. This point is worth
reinforcing: because of my personal involvement in many aspects of TTS research over the last 15
years, and specifically because of my involvement in the development of many well-known TTS
systems, including Chatr [53], Festival [55], and rVoice, many friends and colleagues have asked
me whether this is a book about those systems or the techniques behind those systems. Let me
clearly state that this is not the ca3ext-to-Speech Synthe&sot a system book that describes
one particular system; rather | aim for a general account that describes current techniques without
reference to any particular single system or theory.

1.4.1 Viewpoints within the book

That said, this book aims to provide a single, coherent picture of text-to-speech, rather than simply
a list of available techniques. And while not being a book centred on any one system, itis certainly
heavily influenced by the general philosophy that | have been using (and evolving) over the past
years, and | think it is proper at this stage to say something about what this philosophy is and
how it may differ from other views. In the broadest sense, | adopt what is probably the current

mainstream view in TTS, that this is an engineering problem, that should be approached with the
aim of producing the best possible system, rather than with the aim of investigating any particular
linguistic or other theory.

Within the engineering view, | again have taken a more specialist view in posing the text-to-
speech problem as one where we have a single integrated text analysis component followed by a
single integrated speech synthesis component. | have called thistfmon form model (this
and other models are explained in Chapter 3.) While the common form model differs significantly
from the usual “pipelined” models, most work that has been carried out in one framework can be
used in the other without too much difficulty.

In addition to this, there are many parts which can be considered as original (at least to
my knowledge) and in this sense, the book diverges from being a pure text book at these points.
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Chapter 1. Introduction

Specifically, these parts are

1. the common form model itself
2. the formulation of text analysis as a decoding problem,

3. the idea that text analysis should be seen as a semiotic classification and verbalisation prob-
lem,

4. the model of reading aloud,
. the general unit selection framework.

6. the view that prosody is composed of the functionally separate systems of affective, aug-
mentative and suprasegmental prosody.

ol

With regard to this last topic, | should point out that my views on prosody diverge consid-
erably from the mainstream. My view is that mainstream linguistics, and as a consequence much
of speech technology has simply got this area of language badly wrong. There is a vast, confus-
ing and usually contradictory literature on prosody, and it has bothered me for years why several
contradictory competing theories (of say intonation) exist, why no-one has been able to make use
of prosody in speech recognition and understanding systems, and why all prosodic models that
| have tested fall far short of the results their creators say we should expect. This has led me to
propose a completely new model of prosody, which is explained in Chapters 3 and 6.

1.4.2 Readers’ backgrounds

This book is intended for both an academic and commercial audience. Text-to-speech or speech
synthesis does not fall neatly into any one traditional academic discipline, and so the level and
amount of background knowledge will vary greatly depending on a particular reader’s background.
Most TTS researchers | know come from an electrical engineering, computer science or linguistics
background. | have aimed the book at being directly accessible to readers with these backgrounds,
but the book should in general be accessible to those from other fields.

| assume that all readers are computer literate and have some experience in programming.
To this extent, concepts such as algorithm, variable, loop and so on are assumed. Some areas
of TTS are mathematical, and here | have assumed that the entry level is that of an advanced
high school or first year university course in maths. While some of the mathematical concepts
are quite advanced, these are explained in full starting with the entry level knowledge. For those
readers with little mathematical knowledge (or inclination!) don’t worry; many areas of TTS do
not require much maths. Even for those areas which do, | believe a significant understanding can
still be achieved by reading about the general principles, studying the graphs, and above all, trying
the algorithms in practice. Digital filters can seem like a complicated and abstract subject to many;
but | have seen few people fail to grasp its basics when give the opportunity to play around with
filters in a GUI package.

My commercial experience made it clear that it was difficult to find software developers with
any knowledge of TTS. It was seen as too specialist a topic and even for those who were interested
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Section 1.4. Overview of the book 7

in the field, there was no satisfactory introduction. | hops book will help solve this problem,

and | have aimed it at being accessible to software engineers (regardless of academic background)
who wish to learn more about this area. While this book does not give a step by step recipe for
building a TTS system, it does go significantly beyond the theory, and tries to impart a feel for the
subject and tries to pass on some of the “folklore” that is necessary for successful development.

| believe the book covers enough ground such that a good software engineer should not have too
much difficulty with implementation.

1.4.3 Background and specialist sections

The book contains a significant amount of background material. This is included for two reasons.
Firstly, as just explained, | wanted to make the book seem complete to any reader outside the
field of speech technology. | believe it is to the readers’ benefit to have introductory sections on
phonology or signal processing in a single book, than have to resort to the alternative of pointing
the reader to other works.

There is a second reason however, which is that | believe that the traditional approach to
explaining TTS is too disjointed. Of course TTS draws upon many other disciplines, but the dif-
ferences between these to me are often overstated. Too often, it is believed that only “an engineer”
(that is someone who has a degree in engineering) can understand the signal processing, only “a
linguist” (again, degree in linguistics) can understand the phonetics and so on. | believe that this
view is very unhelpful; it is ridiculous to believe that someone with the ability to master signal
processing isn’'t able to understand phonetics and vice versa. | have attempted to bridge these gaps
by providing a significant amount of background material, but in doing so have tried to make this
firstly genuinely accessible and secondly focused on the area of text to speech. | have therefore
covered topics found in introductory texts in engineering and linguistics, but tried to do so in a
novel way that makes the subject matter more accessible to readers with different backgrounds. It
is difficult to judge potential readers’ exposure to the fundamentals of probability as this is now
taught quite extensively. For this reason, | have assumed a knowledge of this in the body of the
book, and have included an reference section on this topic in the appendix.

The book is written in English and mostly uses English examples. | decided to write the
book and focus on one language rather than make constant references to the specific techniques
or variations that would be required for every language of interest to us. Many newcomers (and
indeed many in the field who don’t subscribe to the data-driven view) believe that the differences
between languages are quite substantial, and that what works for English, is unlikely to work for
French, Finnish, or Chinese. While languages obviously do differ, in today’s modern synthesisers
these differences can nearly all be modelled by training and using appropriate data; the same core
engine suffices in all cases. Hence concentrating on English does not mean we are building a
system that will only work on one language.
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COMMUNICATION AND
2 LANGUAGE

Before delving into the details of how to perform text-to-eple conversion, we will first examine
some of the fundamentals of communication in general. This chapter looks at the various ways
in which people communicate and how communication varies depending on the situation and the
means which are used. From this we can develop a general model which will then help us specify
the text-to-speech problem more exactly in the following chapter.

2.1 TYPES OF COMMUNICATION

We experience the world though our senses and we can think of this as a process of gaining
information. We share this ability with most other animals; if an animal hears running water it
can infer that there is a stream nearby; if it sees a ripe fruit it can infer there is food available. This
ability to extract information from the world via the senses is a great advantage in the survival of
any species. Animals can however cause information to be created: many animals make noises,
such as barks or roars, or gestures such as flapping or head nodding, which are intended to be
interpreted by other animals. We call the processdaliberate creatiorof information with the
intention that it be interpretedscommunication.

The prerequisites for communication are an ability to create information in one being, an
ability to transmit this information, and an ability to perceive the created information by another
being. All three of these pre-requisites strongly influence the nature of communication; for exam-
ple, animals that live in darkness or are blind would be unlikely to use a visual system. But despite
these restrictions, it is clear that they are still many possible ways to make use of the possibilities
of creation, medium and perception to communicate. We will now examine the three fundamental
communication technigues that form the basis for human communication.

2.1.1 Affective communication

The most basic and common type of communicatioafisctive communication, where we ex-
press a primary emotional state with external means. A good example of this is the expression
of pain, where we might let out a yell or cry upon hurting ourselves. A defining characteristic of

8
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Section 2.1. Types of communication 9

Figure 2.1  (British) road sign, indicating a slippery road and high chance of skidding.

this type of communication is that the intensity of the exaé¢fiorm is clearly a function of the

the intensity of feeling; the more intense the pain the louder the yell. Other primary mental states
such as happiness, anger and sadness can be expressed in this way. This type of communication
is one that is common to most higher animals. Whiledb#ity to express these affective states

is common among animals, the precise means by which these are expressed is not universal or
always obvious. A high pitched yell, squeal or cry often means pain, but it by no means obvious
that a dog’s wagging tail or a cat’s purring are expressions of happiness.

2.1.2 lconic communication

Though fundamental and powerful, affective communication is severely limited in the range of
things it can be used to express. Happiness can readily be conveyed, but other simple mental
states such as hunger or tiredness are significantly more difficult to convey. To express more
complex messages, we can make use of a second communication mechanism knmwicas
communication. An iconic system is one where the crefied of the communication somehow
resembles what the intendeteaning We use the term “form” here in a technical sense that al-
lows us to discuss the common properties of communication systems: in acoustic communication,
“form” can be thought of as a type of sound; in visual communication form might be types of
hand signals, facial expressions and so on. For example, it is common to communicate tiredness
iconically by the “sleeping gesture”, where someone closes her eyes, puts her hands together and
places her head sideways on her hands. The person isn't really asleep - she using a gesture that
(crudely) mimics sleep to indicate tiredness. Another good example of iconic communication is
the road sign shown in Figure 2.1.1. In this case, the form is the diagram, and the meaning is
slippery road and the fact that the form visually resembles what can happen when a road is slippy
means that this communication is iconic. Note that just with the sleep example, the form isn't a
particularly accurate picture of a car, road, skid or so on; the idea is to communicate the essence
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of the meaning and little else.

Anecdotally, we sometimes think of pre-human communication also working like this, and
in such a system, the presence of a saber tooth tiger might be communicated by imitating its growl,
or by acting like a tiger and so on. Such systems have a certain advantage of transparency, in that
if the intended recipient does not know what you mean, a certain amount of mimicry or acting
may get the point across. In essence, this is just like the road sign example, in that the form and
meaning have a certain direct connection. When travelling in a country where we don't speak the
language, we often resort to miming some action with the hope that the meaning will be conveyed.

Iconic systems though have several drawbacks. One is that while it may be easy to imitate a
tiger, itis less easy to imitate more abstract notions such as “nervous” or “idea”. More importantly
though, iconic systems can suffer from a lack of precision: when a first caveman imitates the tiger,
a second caveman may not get this reference exactly - he might be sitting there thinking, “well, it
could be a tiger, or perhaps a lion. Or maybe a large dog”. And by the time the first caveman has
mimed his way through this and the action of “creeping up behind”, both have probably departed
to the great cave in the sky. While useful and important, iconic communication clearly has its
limits.

2.1.3 Symbolic communication

In contrast to iconic and affective communication, we also lsgmeboliccommunication in which
we give up the idea that the form must indicate the meaning. Rather we use a series of correspon-
dences between form and meaning, in which the relationship is not direct. In symbolic systems,
a tiger might be indicated by waving the left hand, a lion by waving the right. There is no reason
why these forms should indicate what they do, it is merely a matter of convention. The advantage
is that it is easier to devise a system where the forms are clear and distinct from one another - less
confusion will arise. The disadvantage is that the fact that left-arm-wave means tiger, and right-
arm-wave means lion has to learned if you don’t know, seeing the movement in isolation won’t
give clue to the meaning. Despite the disadvantage in needing to learn, using conventions rather
than icons can be hugely advantageous in that the conventions can be relatively brief; one noise
or gesture may represent the tiger and this need not be acted our carefully each time. This brevity
and clarity of form leads to a swiftness and precision seldom possible with iconic communication.
Once a convention-based communication system is used, it soon becomes clear that it is the
notion ofcontrastin form that is the key to success. To put it another way, once the form no longer
needs to resemble the meaning, the communication system gains benefit from making the forms
as distinct from one another as possible. To show this point, consider the following experiment.
We grouped eight subjects into pairs, and in isolation, asked each pair to design a commu-
nication system based on colour cards. The premise was that the pair were in a noisy pub, one
individual was at the bar while the other was sitting down at a table. We said there were four basic
concepts to communicate: “I would like a drink of water”, “I would like some food”, “I would
like a beer” and “I would like to listen to some music”. Each pair was given a set of 100 different
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Figure 2.2  With three symbols in isolation only three meanings are possible. When we combine the
symbols in sequences the number of meanings exponentially increases, while the ability to uniquely
perceive the symbols is unaffected.

coloured cards arranged across the spectrum, and askedktorgccard for each concept and
memorise which colour was associated with which concept. In a simple test, it was clear that the
pairs could remember the colours and their meanings, and could effectively communicate these
simple concepts with this system. The real purpose of the experiment was different though. While
three of the groups chose a blue colour for the concept “| want a drink of water”, for the other cat-
egories there was no commonality in the choice. So “l want a beer” had two pairs chose green, one
yellow and one black. Interestingly most gave some justification as to why each colour was chosen
(green means “yes, lets have another”) and so on; but it is clear that this justification was fairly
superficial in that each group choose quite different colours. This demonstrates one of the main
principles of symbolic communication system, namely that the relationship between the form of
the symbol (in this case the colour) and its meaning is in geaebérary . These form/meaning

pairs must be learned, but as we shall see, in many cases the “cost” of learning the pairing to an
individual is less than the “cost” of potential confusion and imprecision that can arise from having
the form resemble the meaning. This simple study demonstrates another vital point. In each case,
the pairs chose quite different colours; so group A chose a blue, a red, a yellow and a green, while
group B chose a red, a yellow, a light blue and a black. In no case did a group choose say a green,
a light blue, a medium blue and a dark blue for instance. In other words, the groups chose a set of
colours that had clear contrast with each other. In a way this makes obvious sense; picking colours
that are significantly different from one another lessens the possibility that they will be confused,
but it does demonstrate a crucial point in symbolic systems, namely that the systems are based on
the notion of contrast between forms rather than the absolute “value” of each form.

2.1.4 Combinations of symbols

This simple communication system works well because we only have four concepts we wish to
convey. What happens when we need to communicate more concepts? We can see that the simple
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colour contrast will eventually reach its limits. If say 20ncepts are required, it soon becomes
a difficult task to associate each with just one colour. Setting aside the issue of whether the
individuals can remember the colours (let us assume they have a crib sheet to remind them), a
major problem arises because as more concepts get added, a new colour is associated with each
one, and as the range of colours is fixed, each new added concept increases the likelihood that it
will get confused with another concept which has a similar colour. While it may be possible for an
individual to distinguish 20 colours, asking them to do so for 1000 colours seems unlikely to meet
with success. We therefore need a separate solution. The obvious thing to doasniseations
of colour cards. For instance, we could associate the colour black with the coratgpink with
large, and then use these and one of the original colours to indicate a much larger range of concepts
(so holding a black card, pink card and blue card would say “I don’t want a large drink of water”).
Note that this is different from holding a single card that is a mixed combination of black pink
and blue (which might be a murky brown). The reason why the combination system works is that
each colour card on its own is clear, distinct and unconfusable, but by combining them, we can
generate a large number of concepts from a small number of form/meaning pairs. The power of
combination is considerable; in the limit, the number of complex forms exponentially multiples,
so that if we havé\ simple forms andvl instances of them, we have a totalNf complex forms;
so 10 forms combined in 10 different ways would produce over 10 billion different complex forms.
We call communication systems that use a fixed number of simple forms which can be com-
bined into a much larger number of formsymbolic language Here we use the term “language”
in both a very precise and general sense. Precise, in that it we use it only to mean this principle of
combination, but general in the sense that all human languages make use of this principle in this
sense, as are other systems, such as written numbers (we can create any number from a combina-
tion of the 10 digits), mathematics and even email addresses. Human language often goes under
the description ohatural language and we shall use that term here to distinguish it from the
principle of languages in general. One of the main distinctive properties of natural language is the
sheer scale of things that it can express. While we can talk of other animals having sophisticated
communication systems (bee dancing etc), hone has anything like the scale of natural language,
where a person might know say 10,000 words, and be able to combine these into trillions and
trillions of sentences.

2.1.5 Meaning, form and signal

In our discussion so far, we have been somewhat vague and a little informal about what we really
mean by “meaning” and “form”. The study of meaning (often called semantics), is notoriously

difficult, and has been the subject of debate since the earliest philosophy. It is an inherently tricky
subject, because firstly it requires an understanding of the world (what the world contains, how the
things in the world relate to one another and so on), and secondly, from a cognitive perspective,
it is exceedingly difficult to peer inside someone’s brain and find out exactly how they represent
the concept of “warm” or “drink” and so on. As we shall see, developing a precise model of
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semantics does not seem to be necessary for text-to-spawtispave shall largely bypass this
topic in a formal sense.

Our notion of “form” also needs some elaboration. A proper understanding of this part of
communicationis vital for our purposes, but thankfully we can rely on an established framework to
help us. The main issue when discussing form is to distinguish the general nature of the form from
any specific instantiation it may have. Going back to our simple colour example; it is important to
realise that when one individual holds up a red card, it isn't the red card itself that is the important
point, rather that red was used rather than the other choices of green, blue and yellow. So for
example, a different red card could be used successfully, and probably any red card would do, as it
is not the particular red card itself which is the form, but rather that the card has the property “red”
and it is this property and its contrasting values that is the basis of the communication system. In
some accounts, the tenmessages used instead of form.

We use the ternsignal to refer to the physical manifestation of the form. Here signal is
again used in a specific technical sense: it can be thought of as the thing which is stored or the
thing which is transmitted during communication. The idea of “red” (and the idea that it contrasts
with other colours) is the form; the physical light waves that travel are the signal. The above
example also demonstrates that the same form (red) can have a number of quite different signals,
each dependent on the actual mode of transmission.

It is important to see that the relationship between meaning and form, and form and signal
are quite separate. For instance, in our example we have associated the colours red, yellow, blue
and green each with a concept. Imagine now the sender holds up an orange card. Most likely the
receiver will see this signal and correctly interpret the physical light-waves into a form “orange”.
After this however she is stuck because she can’t determine what concept is matched with this or-
ange form. The signal/form relationship has worked well, but it has not been possible to determine
the correct concept. This situation is similar to that when we read a new word - while are quite
capable of using our eyes to read the physical pattern from the page and create an idea of the letters
in our head, if we don’t know the form/meaning mapping of the word, we can not understand it.

Finally, we use the terrahannelor medium to refer to the means by which we the message
is converted and transmitted as a signal. In this book, we deal mainly witsptileen channel
and thewritten channel.

2.2 HuMAN COMMUNICATION

The above examination of communication in the abstract has of course been leading us to an
explanation of how human communication operates. Taking spoken communication first, let us
make a primary distinction between the two main aspects of this, which we shall caéribe
component and thprosodic component. We use the term “verbal” to mean the part of human
communication to wittwords. In some books, the term “verbal” and “language” are synonymous,
but because “language” has so many other, potentially confusable meanings, we will stick with the
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terms “verbal” or “verbal component” throughout. The verbaimponent is a symbolic system
in that we have a discrete set of words which can be arranged in sequences to form a very large
number of sentences.

In contrast, the prosodic component (often just cafleasody) is different in that it is not
primarily symbolic. We use prosody for many purposes: to express emotion or surprise, to em-
phasise a word, to indicate where a sentence ends and so on. It is fundamentally different in that
it is not purely discrete, does not generally have units which combine in sequences and so has a
much more limited range of meanings that can be expressed. That said, prosody should not be
taken as a poor relative of the verbal component; if we say “its wonderful” with words, but use a
tone of voice that indicates disgust; the listener will guess we are being sarcastic. If the prosodic
and verbal component disagree, the prosodic information wins. To a certain extent, these systems
can be studied separately; in fact nearly all work in the field of linguistics is solely interested in
the verbal component. The two do interact though; first in the obvious sense that they share the
same signal (speech), but also in more complex ways in that prosody can be used to emphasise
one particular word in a sentence.

2.2.1 \Verbal communication

The symbolic model of the verbal component states that the principle unit of formpstmeme
Phonemes operate in a contrastive system of sounds, in which a fixed number of phonemes can
combine to a much larger numberwbrds (a vocabulary of more than 10,000 words is common,

but many millions of words are possible). Next, these words are taken as the basic units, and
they further combine int@entences Verbal language is therefore seen as a combination of two
systems; one that makes words from phonemes, and another that makes sentences from words.
As the word/sentence system has quite a large set of basic units to start with, the number of
combined units is vast. The two systems have different properties with regard to meaning. In the
first system, the basic building blocks, the phonemes, have no direct (arbitrary, iconic or other)
meaning, they are simply building blocks. These are combined to form words, and these do
have meaning. The relation between a word’s meaning and the phonemes which comprise it is
completely arbitrary and so the meaning and pronunciation of each word has to be learned. The
second system operates differently, in that the basic building blocks (the words) do have inherent
meaning, and the meaning of the sentence is related to the meaning of the components. Exactly
how the sentence meaning relates to the word meaning is still an issue of considerable debate;
one the one hand there is considerable evidence that it is a function, in the sense that if we have
JOHN KICKED MARY?! we can substitute different people fopHN andMARY (€.g. ANN KICKED

GEORGH, or different verbs (e.gJOHN KISSED MARY) and predict the sentence meaning from

the parts. On the other hand, there is also considerable evidence that sentence meaning is not a
simple function, in thatOHN KICKED THE BUCKET means John has died, and has nothing to do

1 From here we will use a small caps typeface when we refer to form/message sumhnaand a courier typeface
for the written signal, e.g. ohn.
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with kicking or buckets.

From this basic model, we can now explore some of the fundamental features of language. In
doing so, we follow Hockett [214], who stated the principle defining properties of verbal language.
Among these are:

Arbitrary

Phonemes do not have inherent meaning but words do; a word is in effect a form/meaning pair in
which the correspondence between the meaning and the form (ie. the sequence of phonemes) is
arbitrary. Because of this, there is no way to guess the meaning of a word if it is not learned, so as
areader, you won't know the meaning of the werdiDICULATION unless you are informed of its
meaning. From this, it follows that words of similar form can have complete different meanings,
soBIT andPIT mean quite different things despite only having a slight sound difference, whereas
DOG andwOLF are similar in meaning, but share no sounds.

Duality

The duality principle states that verbal language is not one system but two; the first system uses a
small inventory of forms, phonemes, which sequentially combine to form a much larger inventory
of words. The phonemes don'’t carry meaning but the words do, and this association is arbitrary.
The second system combines the large number of words into an effectively limitless number of
sentences.

Productive

The productive property means that there is an effectively unlimited number of things that one
can say in a verbal language. It is not the case that we have a fixed number of messages and in
communication simply choose one from this selection; rather many of the sentences we produce
are unique, that is, the particular combination of words we use have never been used before. Of
course many of the sentences we say are conventionalised (“How do you do?” etc), but most are
unique. It might seem questionable if this is really the case as most people don't feel they are being
particularly “original” when the speak. However, a simple examination of the combinatorics of
combining even a modest vocabulary of 10,000 words shows that a vast number of possibilities
exist (certainly larger that the number of atoms in the universe).

Discrete

Both the basic types of linguistic unit, the phoneme and the wordjiaceete Phonemes are dis-

tinct from one another and form a finite and fixed set. The set of words is less fixed (we can create
new words), but nevertheless all words are distinct from one another and are countable. What
is remarkable about the discreteness property of language is that the primary signal of language,
speech, is not discrete and hence there is a mismatch between form and signal. Speech signals
are continuous functions of pressure over time (see Chapter 10) and so speaking is a process of
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converting a discrete phoneme representation into a cantgacoustic one. This process is re-
versed during listening, where we recover a discrete representation from the continuous signal. As
we shall see, this is a remarkably complex process, and is one of the main reasons why automatic
speech synthesis and speech recognition are difficult.

2.2.2 Linguistic levels

Another common way to look at verbal language is as a series of so-called lindenstis So

far we have talked about the duality of form such that we have a phonemes which combine to
form words which combine to form sentences. In our model, sentences, words and phonemes
are considered the primary units of form, and suffice to describe the basic properties of verbal
language. It is however extremely useful to make use of a number of secondary units, which
we shall now introduce Morphemes are units used to describe word formation or the internal
structure of words. This describes for instance the connection between the three English words
BIG, BIGGER, BIGGEST, and the study of this is calledorphology. Next we havesyntax, often

defined as the study of the patterns of words within a sentence. Syntax describes the process of
how nouns, verbs, prepositions and so on interact, and why some sequences of words occur but
not others. The fundamental units of syntax aredietactic phraseand sentence. With these
levels, we can for a given sentence descrilsyr#actic hierarchy where a sentence comprises a
number of phrases, each of these comprises a number of words, which then comprise morphemes,
which then comprise phonemes.

We can also consider thghonological hierarchy, which is a different, parallel hierarchy
which focuses on the sound patterns in a sentence. In this, we have the additional sylisbtes
which are a structural sound unit used to group phonemes togethephandlogical phrases
another structural sound unit that groups words together within the sentence. Representations
using these units can also be expressed in a hierarchy of sentences, prosodic phrases, words,
syllables and phonemes.

The difference between the two hierarchies is that the phonological one concentrates on the
sound patterns alone, and is not concerned with any aspect of meaning, while the syntactic one
ignores the sound patters, and concentrates on the grammatical and semantic relationships between
the units.

Next we consider levels between the form and the signal, which in spoken communication is
an acoustic waveform. Here we hasgeech acousticsvhich involves working with the acoustic
speech sound signal. Next we halenetics which is often described as the study of the physical
speech sounds in a language. Phonetics is often studied independently of other linguistic areas, as
it is seen as part of the system which links form and signal rather than as part of the meaning/form
verbal linguistic systemPhonologyis the study of sound patterns as they relate to linguistic use;
in contrast to phonetics, thisconsidered part of the core linguistic system as phonology describes
the form in the meaning/form system. That said, phonology and phonetics are closely related and
phonology is sometimes described as the organisational system of phonetic units.
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Semanticsis sometimes given a broad definition as the study of “meaning” in the general
sense, but is sometimes given a much narrower definition, and is concerned only with certain as-
pects of meaning, such as analytic truth, reference, and logic. Fprallynatics concerns a num-
ber of related areas including the aspects of meaning not covered by semantics, the interaction of
language, a speaker’s knowledge and the environment and the use of language in conversations and
discourses. Sometimes pragmatics is described as being “parallel” to semantics/syntax/phonology
etc as it is the study of how language is used.

It is important to realise that these terms are used both to refer to the linguistic level and the
area of study. In traditional linguistics these terms are often taken as absolute levels that exist in
language, such that one sometimes sees “turf wars” between phoneticians and phonologists about
who best should describe a particular phenomenon. From our engineering perspective, we will find
it more convenient to adopt these terms, but not worry too much about the division between each;
rather it is best to view these levels as salient points in a continuum stretching from pragmatics to
acoustics.

2.2.3 Affective Prosody

We now turn to a different component of human communication. Broadly speaking, we can state
that prosody has two main communicative purposes, termafféctive andaugmentative The

affective use of prosody can be used to convey a variety of meanings: perhaps the most straight-
forward case is when is is used to indicate primary emotions such as anger or pain. Prosody is
particularly good at this; when we hurt ourselves and want to tell someone we usually let out a
yell rather than say “look, I've cut off my fingers” in a calm measured tone. The use of prosody

to convey primary emotion is also largely universal; when listening to someone who speaks a dif-
ferent language we find they use more or less the same form to indicate the same meanings. In
fact this extends to animals too; we are often in little doubt as to what an animal snarl or growl is
trying to convey. Beyond primary emotions we can consider a whole range of meanings that are
expressible via prosody. These include secondary emotions such as angst or distrust, speech acts
such as question, statement and imperative; modes of expression such as sarcasm or hesitancy and
SO on.

Many of these phenomena are language specific (in contrast to primary emotion), and have a
conventional or arbitrary character such that a speaker of that language has to learn the appropriate
prosodic pattern in the same way that they learn the form/meaning correspondences for words in
verbal language. In fact we can see these effects as lying on a scale with universal systems lying
at one end and conventional arbitrary systems lying at the other. In many languages, a rising pitch
pattern at the end of a sentence indicates a question; but this is not universally so. Ladd [269]
shows that the pattern is reversed in Hungarian such that certain questions are indicate by a falling
pitch.

One of the central debates in the field of prosodic linguistics is just how far this scale extends.
Crudely speaking, the argument concerns whether prosodhaisly a universal, non-arbitrary
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system, with a few strange effects such as Hungarian qudstiomation; or whether it is in fact
much more like verbal language in that itmginly arbitrary, and has rules of syntax and so on.

2.2.4 Augmentative Prosody

The second aspect of prosody is calleymentative prosody The basic purpose of this is to
augmentthe verbal component. Taking a simple example first, we see that many sentences are
highly confusable with respect to syntactic structure. In sentences such as

(1) BILL DOESN’T DRINK BECAUSE HE S UNHAPPY

we see that there are two completely different interpretations which depend on which syn-
tactic structure is used. The speaker can choose to insert a pause, and if she does so, she will
bias the listener’s choice as to which interpretation is intended, and hence facilitate understanding.
In addition to helping with phrasing structure, this component of prosody is also used to draw
attention to words by emphasising them.

This use of prosody is called augmentative because it augments the verbal component and
therefore helps the listener to find the intended form and meaning from the signal. In contrast to
affective prosody, the use of augmentative prosody here does not add any new meaning or extra
aspect to the existing meaning, it is simply there to help find the verbal content. One of the most
interesting aspects of augmentative prosody is that speakers show considerable variation in how
and when they use it. While one speaker may pause at a certain point, another speaker will speak
straight on, and we even find that the same speaker will quite happily use a pause on one occasion
and not on another. We can explain this variation by considering the range of conversational
situations where augmentative prosody might be used.

In general, when a speaker generates a message that is potentially ambiguous, it is often
entirely obvious from the form of words used, the background knowledge and the situation what
interpretation is intended, and in such cases no or little augmentative prosody is used. In other
cases however, we may find that the speaker suspects the listener may have difficulty in interpre-
tation, we find that here the speaker does indeed make use of prosody. In other words, prosody
is usually only used when it is needed. Hence if we consider a sentence in isolation, it is nearly
impossible to predict what prosody a speaker will use. A consequence of this is that it is clearly
possible to use more or use less prosody for any given sentence. We can think of this as a scale
of prosodic intensity, and this applies to both affective and augmentative prosody. In many cases,
speakers utter sentences at the lower end of this scale, in which case we say they are speaking with
null prosody or neutral prosody to indicate that there is no true prosody being used.

2.3 COMMUNICATION PROCESSES

In this section, we will build a general model of communication that will serve as a framework in
which to analyse the various communicative processes involved in spoken and written language.
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Figure 2.3  Processes involved in communication between two speakers.

For illustration, let us consider a dialogue between twoigiggnts, A and

B. In a normal con-

versation, A and B take it in turns to speak, and these are knowialgyue turns. Suppose, A
decides to say something to B. To do this, A firgigneratesa linguistic form, which we shall call
themessageHe thenencodeghis as aspeech signglwhich is a form which can beansmitted

to B (lets assume they are in the same room). On receiving the signal,

Bdastieshe signal

and creates her own message as linguistic form. Next she attemytsi¢éostand this message

and so find the meaning.

In line with our model of language explained before, we have three types of representation:
the meaning, the form and the signal. In communicating, A and B use 4 separate systems to move

from one to the other; these are:

generation : meaning to form
encoding : form to signal
decoding : signal to form
understanding : form to meaning

This model works equally well for written language; A converts his thought into a message,
then encodes this as writing and sends this to B (in this case the “sending” can be quite general,
for example an author writing a novel and a reader subsequently picking it up). Once received,
B attempts to decode the writing into a message, and then finally understand this message. A

diagram of this is shown in Figure 2.3.

2.3.1 Communication factors

We start our discussion by simply asking, why do the participants say the things they do? While
“free-will” plays a part in this, itit is a mistake to think that “free-will” is the sole governing factor
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in how conversations happen. In fact there are a number ofrguinciples involved, which we
shall now explore.

The first concerns the understood conventions of communication. In human conversation,
participants don't just say everything on their mind; to do so would swamp the conversation.
Rather, they only say what they need to in order to get their point across. We can state this
as a case oéffectivenessand efficiency, we wish to effectively communicate our message so
that it is understood, but also to do so efficiently so that we don’t waste energy. In fact it is
clear that conversation works by adopting a set of understood conventions that govern or guide
the conversation. The most famous exposition of these principles was by Grice, who defined
four main principles, of conversation which are now commonly knowG@se’'s maxims [184].

These principles state for instance that it is expected that one participant should not be overly long
or overly short in what is said; one should say just the right amount to make the thought clear.
Grice’s maxims are not meant as prescriptive guides as to how conversation should progress,
or even statements about how they do progress, but rather a set of tacit conventions, which we
normally adhere to, and which we notice when they are broken.

The second factor concerns tt@mmon groundthat the participants share. This is a general
term which covers the background knowledge, situation and mutual understand that the conver-
sational participants share. When in the same room, they can point to objects or refer to objects,
actions and so on, in a different way to how such things can be referred to if they are more distant.
If one says “have a seat” and there is a chair in the room, this means something straightforward.
The situation can significantly alter the intended meaning of an utterance. Take for instance the
sentence “my car has broken down”. Now this can be taken as a simple statement of fact, but if
someone says this upon entering a mechanic’s workshop, the implication is that the person’s car
has broken down and he'd like the mechanic to fix it. If by contrast, this is the first thing someone
says when arriving for dinner, the intention might be to apologise for being late because an un-
forseen travel delay occurred. To take another example, if two experts in the same research field
are talking, they can talk assuming that the other has a detailed knowledge of the subject matter.
This is different to when an expert talks to a lay person.

Finally, the knowledge of thehannelhelps form the message. Participants don’t generate
messages and then decided whether to speak them or write them down; they know what medium
is going to be used before they start. This allows the participants to best exploit the strengths
of each form of communication; in spoken language extensive use may be made of prosody; in
written language the author may take the liberty of explaining something in a complicated fashion
knowing that the reader can go back and read this several times.

2.3.2 Generation

In our model, the process of converting a meaning into a message is cakshge generation
(elsewhere the terfanguage generationis often used, but this is too potentially confusing for
our purposes). To demonstrate how generation works, let us use the above mentioned communi-
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cation factors to consider situation where a participant @em@versation wants to know the score

in a particular football game. We should realise that the participant has considehalide in
converting this thought into a message. For example, the participant can make a statement “l want
to know the score” or a question “what is the score”; the participant has choices over mood, and
may choose to say “can you tell me the score?”, may choose between active and passive “who
has scored?” vs “have any goals been scored?”. The participant has choices over vocabulary, may
well qualify the message, may decide on a casual, formal, polite, demanding tone and so on. In
addition the participant can choose to emphasise words, pick different intonational tunes, perhaps
make a pointing gesture and so on. The important point is that the participant have a wide range
of options in turning the thought into the message. The result is the message, and a perfectly
transparent communication system would send this to the receiver will all this detail and with no
chance of error.

It is sometimes assumed that messages themselves convey or represent the communicated
meaning. While in certain cases this may be possible, we have just demonstrated that in most
conversations, to extract (understand) the correct meaning one must know the situation and shared
knowledge.

2.3.3 Encoding

Encodingis the process of creating a signal from a message. When dealing with speech, we talk
of speech encodingnd when dealing with writing we talk @friting encoding. Speech encoding

by computer is more commonly known sgeech synthesjswhich is of course the topic of this
book.

The most significant aspect of speech encoding is that the nature of the two representations,
the message and the speech signal, are dramatically different. A wordHglg.0) may be
composed of four phonemes, /h eh | ow/, but the speech signal is a continuously varying acoustic
waveform, with no discrete components or even four easily distinguishable parts. If one considers
the message, we can store each phoneme in about 4-5 bits, so we would need say 2 bytes to store
/h eh | ow/. By contrast, a reasonably high fidelity speech wavefavould need about 20,000
bytes, assuming that the word took 0.6 seconds to speak. Where has all this extra content come
from, what is it for and how should we view it?

Of course, the speech signal is significantly me@@undant than the message: by various
compression techniques it is possible to reduce its size by a factor of 10 without noticeably affect-
ing it. Even so, this still leaves about three orders of magnitude difference. The explanation for
this is that the speech waveform contains a substantial amount of information that is not directly
related to the message. First we have the fact that not all speakers sound the same. This may
be a fairly obvious thing to say, but consider that all English speakers can say exactly the same
message, but they all do so in subtly different ways. Some of these effects are not controllable by

2 Say 16 bits dynamic range and 16,000Hz sampling rate. (See Chapter 10 for an explanation)
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the speaker and and determined by purely physiological meZorse are due to prosody, where

for instance, the speaker can have different moods, can affect the signal by smiling when talking,

can indicate different emotional states and so on. This fact is hugely significant for speech synthe-
sis, as it demonstrates that encoding the message is really only part of the problem; the encoding
system must do several other tasks too if the speech signal is to sound genuinely human-like to the
receiver.

2.3.4 Decoding

Decodingis the opposite of encoding; its job is to take a signal and create a mesSpgech
decodingis the task of creating a message from the signal; the technology that does this is most
commonly known aspeech recognition The challenges for speech decoding (speech recogni-
tion) systems are just the converse of speech encoding; from a continuous signal, which contains
enormous amounts of information, the system must extract the small amount of content that is the
message. Speech recognition is difficult because of the problembiguity. For each part of

a message, a word or a phoneme, if one studies the speech patterns produced from that one sees
that there is an enormous amount of variability. This is partly caused by the factors we described
above, namely speaker physiology, emotional state and so on, and partly from the encoding pro-
cess itself, where a phonemes characteristics are heavily influenced by the other phonemes around
it. This variability wouldn’t be a problerper se but it turns out that the patterns for each phoneme
overlap with one another, such that given a section of speech, it is very hard to determine which
phoneme it belonged to. These aspects make speech recognition a difficult problem.

Text decoding also calledtext analysis is a similar task where we have to decode the
written signal to create a message. If the writing is on paper, we face many of the same problems as
with speech recognition; namely ambiguity that arises from variability, and this is particularly true
if we are dealing with hand writing. Computerised writing is significantly easier as we are dealing
with a much cleaner representation in which the representation is discrete and each character is
uniquely identified.

For many types of message, the text decoding problem is fairly trivial. For instance, for
simple text such ashe man wal ked down t he street,itshould by possible for a simple
system to take this and generate the correct message all the time. Significant problems do arise
from a number of sources. First, ambiguity exists even in computerised written signals. One type
is homograph ambiguity, where two different words have the same sequence of characters (e.g.
pol i sh can mean “from Poland” or “to cleantonsol e can mean “to comfort” or “a part of a
machine”).

One final point should be made when comparing text and speech decoding. In speech recog-
nition, the problem is understood as being difficult, and so error rates of say 10% are often seen
as good system performance on difficult tasks. As we have seen text decoding is fundamentally
easier, but along with this so are expectations. So while for some tasks the vast majority of words
may be decoded successfully, the expectation is also high and so error rates of 0.1% may be seen
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as too hight.

2.3.5 Understanding

Understanding is the process of creating a thought from the message. Understanding can be
thought of as the reverse of generation and also bears similarity to decoding in the sense that we are
trying to recover a thought from a representation (the message), which also includes information
generated from other sources such as the background, situation and so on.

In understanding, we also have an ambiguity problem, but this is quite different from the
ambiguity problem in decoding. For example, it is perfectly possible when hearing a speech
signal to decode it into the correct message, but then fail to understand it because of ambiguity.
For instance, if someone says “did you see the game last night”, it is quite possible to correctly
identify all the words, but fail to determine which game is being referred to.

2.4 DISCUSSION

This chapter has introduced a model of communication and language that will serve as the basis for
the next chapter, which looks at text-to-speech conversion in detail, and the subsequent chapters,
which explore the various problems that occur and the techniques that have been developed to
solve them. We should stress that what we have presented here is very maztegthat is a

useful engineering framework in which to formulate, test and design text-to-speech systems.

In building this model, we have drawn from a number of fields, including semiotics, informa-
tion theory, psychology, linguistics and language evolution. These fields have overlapping spheres
of subject matter, but unfortunately are often studied in isolation such that none really gives as
complete and detailed a model of communication as we might wish for. Each of these separate
disciplines is a vast field in itself, so we have only touched on each area in the briefest possible
way.

Considering semiotics first, we should look at the works of Ferdinand de Saussure, who
is widely acknowledged to have invented the field of semiotics and is considered by many as
the first modern linguist. Saussure was the first to emphasise the significance of the arbitrary
nature of form and meaning in communication and proposed that the study of the relationship
between the two should be the central topic in linguistics [391], [392]. The philosopher Charles
Sanders Pierce also pioneered early work in semiotics and semantics, and gave us the framework
of iconic and symbolic semiotics which is used here [350]. The second main area we draw from
is communication theory or information theory, and from this we have the principles of encoding,
decoding, channels, messages and signals. The pioneering work in this field was produced by
Claude Shannon [400], who was originally interested in the problem of accurate transmission of
information along telephone wires (he worked for the telephone company AT&T). It soon became
clear that the implications of this work were much broader (Weaver [401]) and it has been widely
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adopted as an approach to the analysis of signals arising lingmistic sources, such that this
information theoretic approach is how dominant in speech recognition and many other fields.
Saussure did not in general deal much with signals, and Shannon and Weaver did not deal much
with meaning, but their work clearly intersects regarding the issue of form and message (the term
form is used in linguistics and semiotics and message in information theory, but they both refer to
the same thing.)

The field of linguistics is often described as the science of language, but in the main this
field focuses very much on just the meaning/form verbal part of language, as opposed to the
entire process which includes participants, conversations, signals and so on. Linguistics generally
approaches language without reference to use; the idea is that a language is an entity and it can
be studied independently of any purpose to which it i$ plihis approach is part tradition and
part pragmatic; as linguistics can trace its lineage back to the philosophical musings of ancient
Greek philosophers. In addition there is the practical justification that by isolating effects it makes
them easier to study. In modern times, the field of linguistics has been dominated by Noam
Chomsky[89], [90], [88], who in addition to many other innovations has championed the idea that
the primary function of language is not communication at all, but rather forms the basis of the
human mind; it evolved for this reason and its communicative purpose was a useful by product.
Despite this mismatch between linguistics and our more practical needs, this field does provide the
basics of a significant chunk of the overall picture of human communication, including the models
of phonetics, phonology, words, syntax and so on that are central to our problem. Many linguistics
text books tend to be heavily skewed towards one of the many incompatible theories within the
discipline, so care needs to be taken when reading any book on the subject. A good introductory
book which explains the “hard issues”, which is accessible to those with a scientific background
and which doesn't follow any particular theory is Lyons [290].

The study of human communication in terms of participants, conversations, background
knowledge and so on is often performed outside the field of mainstream linguistics by psycholo-
gists and philosophers. Good books on human conversation and language use include Clark [95]
and Clark and Clark [96], Searle [395], Grice [184] and Power [361].

2.5 SUMMARY

Communication

e A semiotic system has three levels of representation; meaning, form, and signal.
¢ in affective communication, the meaning, form and signal are continuous and simply related.

e in iconic communication, the form resembles the meaning in some way. Iconic systems can
be either discrete or continuous

3 In fact in surveying more than twenty introductory text books in linguistics found in the Cambridge University book
shop, | did not find even one that mentioned that language is used for communication!
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e in symbolic communication, the form does not resemble the meaning and the correspon-
dences between these have to be learned.

e Symbolic systems are discrete, and this and the arbitrary meaning/form relationship mean
that communication of complex meanings can occur more effectively than with the other
types.

e Human language operates as a discrete symbolic system.

Components of language

e Human communication can be divided into two main components:

— The verbal component describes the system of phonemes, words and sentences. Itis a
discrete symbolic system in which a finite number of units can be arranged to generate
an enormous number of messages.

— The prosodic component is by contrast mostly continuous, and in general expresses
more basic meanings in a more direct

o Affective prosody is when a speaker uses prosody to express emotion, speech act or other
information which is conveyed sentence by sentence

e Augmentative prosody is used to disambiguate and reinforce the verbal component.

e Both types of prosody are optional, in that speakers can choose to use no prosody if they wish
and just communicate via the verbal component. Writing in fact uses just this component.

Communication

e We can break communication into four processes in spoken communication:

1. generation is the conversion of meaning into form by the speaker

2. encoding is the conversion of form into signal by the speaker

3. decoding is the conversion of signal into form by the listener

4. understanding is the conversion of form into meaning by the listener

e The equivalent processes exist for written communication also, where we have a writer and
reader instead of a speaker and listener.
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THE TEXT-TO-SPEECH
3 PROBLEM

We now turn to an examination of just what is involved in perforg text-to-speech (TTS) syn-
thesis. In the previous chapter, we described some of the basic properties of language, the nature
of signal, form and meaning, and the four main processes of generation, encoding, decoding and
understanding. We will now use this framework to explain how text-to-speech can be performed.

In TTS, the input is writing and the output speech. While it is somewhat unconventional to
regard it as such, here we consider writing as a signal, in just the same way as speech. Normal read-
ing then is a process of decoding the signal into the message, and then understanding the message
to create meaning. We stress this, because too often no distinction is made at all between signal
and form in writing; we here about “the words on the page”. More often an informal distinction is
made in that it is admitted that real writing requires some “tidying up” to find the linguistic form,
for instance by “text normalisation” which removes capital letters, spells out numbers or separates
punctuation. Here we take a more structured view in that we see linguistic form as clean, abstract
and unambiguous, and written form as a noisy signal that has been encoded from this form.

The process of reading aloud then is one of taking a signal of one type, writing, and con-
verting it into a signal in another type, speech. The questions we will explore in this chapter
are:

e How do we decode the written signal?

e Does the message that we extract from the written signal contain enough information to
generate the speech we require?

e When someone is reading aloud, what are the relationships between the author, reader and
listener?

e What do listeners want from a synthetic voice?

3.1 SPEECH ANDWRITING

Itis clear that natural (human) language developed first using sound as its medium. While humans
clearly also communicate with facial and hand gestures and so on, these systems are not able
to express the same wide range of expressions as natural language wiyiteman language

26
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evolved using sound as its medium is not clear, perhaps it aas tb an ability to make distinct
patterns more easily with the mouth, than say by waving hands. It is important to realise that this
choice of sound may well have been a complete accident of evolution, today we communicate in
many different ways with vision either by reading or by interpreting sign language. For most of
human history, speech was the only (sophisticated) means of communication, but a second key
invention, perhaps 10,000 years ago, was that of writing.

To begin with, we need to look at the nature of speech and writing in more depth. We will
do this from a number of angles, looking first at the physical differences between these signals,
before moving on to look at how these differences influence communication.

3.1.1 Physical nature

The speech signal is a continuous, acoustic waveform. It is created by the operation of the vocal
organs in response to motor control commands from the brain. We only have a partial understand-
ing of how this process works, but it is clear that the coordinated movement of the vocal organs to
produce speech is extremely complicated. One of the main reasons why the relationship between
the speech signal and the message it encodes is that speech is continuous and the form is discrete.
In addition to this, speech is highly variable with respect to the discrete message as many other
factors, including prosody, speaker physiology, a speaker’s regional accent and so on all affect the
signal. A single message can generate many potential signals. Finally, speech is not permanent;
unless a recording device is present, once something is spoken, it is lost for ever and if no listener
is present or a listener does not hear the speech then the message that the speech encodes will
never be decoded.

Writing is fundamentally different from speech in a number of ways. Firstly writing is
primarily seen awisual: traditionally, writing always took the form of visible marks on a page
or other material, and today we are quite used to seeing writing on computer and other screens.
This is not however a complete defining property; we consider braille a form of writing and its key
benefit is of course that one does not need to be able to see to read it. It has been argued [199] that
the main defining feature of writing is that it jermanentin a way that speech is not. Whether
the writing is created with a pen on ink or impressions on a page, the key point is that once written
it does not disappear. We can of course destroy what we have done, but this is not the point; the
idea is that with writing we can record information, either so that we can access it at a later date,
or send it over some distance (as a letter for instance).

What then does writing record? Writing can be used to record natural language, but in saying
this we should make it clear that writing attempts to record the linguistic form of a message, rather
than the actual signal. That is, if we write down what someone says, we do not attempt to record
all the information in the speech, such that a reader could exactly mimic the original; rather we
decode the speech into a linguistic message, and then encode that. Of course quite often the
message we wish to write has never been spoken, and so when writing we generate a linguistic
form from our thoughts, and then encode this as writing without ever considering speech.
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We explained in Chapter 2 that spoken language had a duatwstuaf sentences made of
words, and words comprised of phonemes. We have a similar dual structure in written communi-
cation, where sentences are made of words (as before), but where words are gragdemes
Graphemes are in many ways analogous to phonemes, but differ in that they vary much more from
language to language. In alphabetic languages like English and French, graphemes can be thought
of as letters or characters (we will define these terms later); in syllabic writing like Japanese hira-
gana, each grapheme represents a syllable or mora, and in languages like Chinese each grapheme
represents a full word or part of a word.

It should be clear that even apart from the visual and permanency aspects writing signals
and speech signals are very different in nature. The most important differences is that writing is
discrete and “close to the message”, while speaking is continuous, more complex, and does not
encode the message in any trivial way. The complexities of the speech encoding and decoding
arise because we are using an apparatus (the vocal organs) for a purpose quite different from
their original one. In fact, one can state that it is a marvel that speech can be used at all for
communication messages. In contrast, writing is a cultural invention, and was designed explicitly
and solely for the purposes of communicating form. If we consider it a “good” invention, it
should not be surprising that the encoding mechanism between linguistic form and writing is much
simpler. This is not to say that the reading and writing process are trivial; it takes considerable
skill for the brain to interpret the shapes of letters and decode messages from them; but this skill is
one shared with other visual processing tasks, and not something specific to writing. The difficulty
of decoding a written signal depends very much on the specific message. Often the relationship
between the writing on the page and the words is obvious and transparent; but often it is complex
enough for the decoding and encoding processes to be non-trivial, such that we have to resort to
sophisticated and principled techniques to perform these operations.

3.1.2 Spoken form and written form

We have just explained the differences between spoken and written signals. Turning now to form,
we can ask how (if at all) do the spoken and written form differ? One way of looking at this is

to consider the combined generation/encoding process of converting meaning into a signal. In
general we can convert the same meaning into either a spoken signal or a written one, so we see
that speech and writing (in general) share the same meaning representation but different signal
representations. The question now is, how much of the overall language system do the two share?
It is difficult to answer this conclusively, as to do so (in humans at least) would require a much
more thorough understanding of the processes than we currently have. It is however possible to
consider a model where the meaning to form systems for both spoken and written language share
a common system from meaning to the second level of form. In other words, the meaning-to-word
system is the same for both. The divergence occurs when we consider the primary level of form;
in spoken language words are comprise of phonemes, in written language, they are comprised
of graphemes. From this point until the signal, the two systems are separate. Depending on the
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language, the primary forms may be broadly similar (for ins&in Spanish) such that one can
deduce the pronunciation from the spelling and vice versa, or quite different, (for example in
Chinese).

While a few problems certainly occur, this model seems to fit the facts very well. Whether
we write or say the sentend&E MAN WALKED DOWN THE STREET, there are six words and they
occur in the same order in the spoken and written versions. This fact may be so obvious as to seem
superfluous, but it is in fact vital to our discussion. One would find it difficult for instance to teach
someone to read French text and speak English words: even if we learned that the pronunciation
for chi en was /d ao g/, we would find it difficult to understand why the written French sentence
has different numbers of words in different orders from the spoken English version.

The main point in this realisation of the commonality between the first level of form in
written and spoken language is that it shows that if we can decode the form from the written signal,
then that we have virtually all the information we require to generate a spoken signal. Importantly,
itis notnecessary to go all the way and uncover the meaning from the written signal; we only have
to perform the job of text decoding and not text understanding. There are two qualifications we
need to add to this. Firstly, some understanding may be required, or may make the job easier when
we are resolving ambiguity in the written signal. For example, when encountering the homograph
pol i sh it may help in our disambiguation to know that the topic of the sentence is above people
from Poland. Secondly, we may need to generate prosody when speaking, and this may not be
obtainable from the writing. This issue is dealt with below (Section 3.5.5).

This conclusion is so important for our system that it is worth restating again; by and large,
the identity and order of the words to be spoken is all we require to synthesise speech; no higher
order analysis or understanding is necessary.

3.1.3 Use

Speech and writing are used for different purposes. When do we use one instead of the other? In
certain cases we have no real choice; in face to face communication it is normal to speak: while we
could write something down and pass it to our friend to read, this is in general cumbersome. When
writing a book, or an article we normally use writing; that is the standard way in which material is
stored, copied and distributed. Before the computer era it was fairly clear which communication
mode was used for what purpose.

Modern technology certainly gives us more choices; with telephones we can communicate
over distance, whereas in the past this was only possible by letter. We can also now quickly send
written messages electronically, by email, phone messaging, computer messaging and by other
means. Computer or “instant” messaging is particularly interesting in that it assumes many of
the characteristics of speech, but exists as a written signal. When phone messaging (“texting” or
“sms”) first arrived, many though the idea absurd; why would you ever want to send a message in
writing with a phone when you could simply call the person directly? In fact, many “functional”

uses have been found; a common one is for someone to send an address as a text message as this
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is easier for the receiver than having to listen and write tidress down in case it is forgotten.

Uses go beyond this though, and today we see “texting” as particularly popular among teenagers.
Anecdotally, we believe that by using text, teenagers can think about, plan and edit their messages
so as to seem more confident, funny and so on; this saves the embarrassment that may ensue from
having to actuallytalk to someone

One major difference is that speech is in genspntaneous During a normal conversa-
tion, we usually speak with little planning or forethought; we can't simply suspend the conver-
sation until we have thought of the best possible way to say something. This accounts for the
disfluenciesin speech, such as hesitations, pauses and restarts. Writiisgiadly free of these
effects, but it is important to realise that this is not because of any property of writing itself, but
more because the writer can spend time over difficult sections, or can go back and correct what
has been written.

Another significant difference is that in spoken communication the speaker can often see
or interact with the listeners. In face to face communication the speaker can see the listener and
see how they react to what is being spoken; in addition to the listener responding directly (“Yes,
| agree”), they may nod their head, give an acknowledgment or show confusion and so on. In
response, the speaker can alter or modify their behaviour accordingly. This also happens over the
phone, where verbal cues (“uh-huh”, “yeah...”) are given by the listener to help show the speaker
their level of comprehension and agreement. This is less effective than with the visual cues; anyone
who has taken part in a multi-person call can attest to the difficulty involved in sensing everyones
understanding and participation in the conversation.

If we compare this to a typical situation where written communication is involved, we see
some important differences. For example, imagine someone is reading a newspaper on a train.
Here the author of a particular column will not personally know the reader, in fact the author will
probably know only a handful of people who read the column. The author and reader are separated
in time and space and the communication is one way only (the reader may comment on the article
to someone else, but this will not reach the author). Because of these factors, the situation with
respect to common ground is very different. First, the author is writing for many readers, and all
will have somewhat different degrees and types of background knowledge. Secondly, as no feed-
back is possible, it is necessary for the author to “get it right first time”, there is no possibility of
starting an article and then checking to see if the reader is following. These situational distinctions
account for many of the differences in content between spoken and written language; for example,
because the level of background information can not be known, writing is often more explicit in
defining references, times and places and so on. Informally, we can describe the writing as being
“more exact” or “less ambiguous”. Of course, these terms only make sense when considering the
speech or writing in isolation; as explained above, most ambiguity is instantly resolved when the
situation is taken into account.
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3.1.4 Prosodic and verbal content

One of the most notable features of writing is that it nearly exclusively encodes the verbal compo-
nent of the message alone: the prosody is ignored. This feature seems to be true of all the writing
systems known around the world. Because of this it is sometimes said that written language is
impoverished with respect to spoken language as it can only express part of the message. It is of
course possible to represent effects such as emotion in written language, (one can simply write “I
am sad”) but this is done by adding information in the verbal component and is different from the
systematic use of prosody to indicate this emotion. Quite why prosody is not encoded in writing
is not well understood. Possible explanations include the fact that it is often continuous, which
creates difficulties if we are using a discrete coding system. Prosody is most powerful for emotive
language; and while this is an important part of literature, the ability to express emotion directly
is not needed so much for legal documents, newspapers, technical manuals and so on.

We do however have a limited prosodic component in written language. Punctuation can be
used to show structure; and underlined, italicised or bold text is used to show emphasis. These
are clearly encoding augmentative prosody in that the punctuation and italics are there to help the
reader uncover the correct verbal form from the writing. Affective prosody on the other hand is
nearly entirely absent; there is no conventional way to shown anger, pain or sarcasm. The only
aspect that is present is the ability to express sentence types such as question, statement and imper-
atives with punctuation at the end of a sentence. It is interesting to note that in most early writing
systems (e.g. Ancient Greek) no punctuation was used at all, but as writing evolved punctuation
appeared and more recently italics and other font effects have become commonplace due to the
wide availability of computer word processing. In the last few years, a system of “emotions” has
become common in email and other electronic communication, in which punctuation is used to
indicate happy faces :-) and other effects, which attempt to encode affective prosody. Quite why
this trend is present is again not clear; while we can ascribe the rise of smiley faces to writing
being used for more informal purposes, this doesn’t explain the trend from classical Greek to the
English of 200 years ago with its commas, semi-colons and full stops.

3.1.5 Component balance

From the outset, a person knows whether a message should be spoken or written: it is not the
case that the person first generates the message and then decides what channel it should be sent in.
This principle gives rise to another set of differences between spoken and written signals. Because
he knows that a certain message is to be written, the person will, from the outset, structure the
message so as to take account of the component balance available in that signal. So if for instance,
if a writer wishes to convey something happy, he is quite likely to express this happiness in the
verbal component, as the ability to encode affective prosody is not available. So he might say “I'm
thrilled that you got that place” instead of perhaps “well done that you got that place”, which could
give the impression of being somewhat unmoved. With appropriate expression, the “well done...”
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version may sound very enthusiastic if spoken. The diffetssat of components in written and
spoken language is calledmponent balance

Simply put, a speaker has a open choice of how much prosody or how much verbal content
to put in a message; they will balance these against each other, to create a final signal that conveys
the message they wish in a way that is balanced between efficiency and effectiveness. A writer
on the other hand has only a very limited ability to use prosody; and so has to rely on the verbal
component more. Because of this, he is likely to “beef-up” the verbal component, so that it is less
ambiguous and more explicit than the spoken equivalent. In addition, the writer will “verbalise”
any emotion if that is required (that is, explicitly explain the emotion by using words).

It is this awareness of the prosodic deficiencies of written language and the ability to get
around them that enables good writers to make themselves understood. It should be noted that the
majority of people don't really write anything more than the odd note or shopping list in their day
to day lives. While we all learn to read and write at school, resdingthat is the essential skill
to cope with modern life; only a few of us regularly write. This point is worth making because
writing well, that is so that one communicates effectively, is actually quite difficult. One of the
main aspects of this is that the ability to encode emotions, make writing unambiguous, and have a
good picture of a potential reader in mind while writing, are all skills that require some mastering.
We have seen this with the advent of email - many new users of emails send messages which are
far too brief (e.g. “yes” in reply to something that was asked days ago) or that come across as
being quite rude - the writer has written the words that he would normally use if he were speaking
face to face, but without the prosody, the emotion (which could be humour or politeness) is lost
and the words themselves seem very abrupt.

3.1.6 Non-linguistic content

In our discussion so far we have equated speech as being the signal used to communicate linguistic
messages acoustically and writing as the signal used to communicate linguistic visually or over
time. This in fact simplifies the picture too much because we can use our speaking/listening and
reading/writing apparatus for types of communication which don't involve natural language. Just
as we can use our vocal organs for whistling, burping, coughing, laughing and of course eating,
breathing and kissing, we find a similar story in writing, in that we can use writing for many other
purposes than just to encode natural language.

This is a significant concern for us, in that we have to accurately analyse and decode text, and
to do so we need to identify any non-linguistic content that is present. When considering “non-
linguistic” writing, it helps again to look at the evolution of writing. The key feature of writing
is that it is more permanent than speech it can be used to record information. Even the earliest
forms of Egyptian and Sumerian are known to have recorded numerical information relating to
guantities of grain, livestock and other “accounting” type information. Furthermore, there are
several cultures who developed methods for recording and communicating accounting information
without developing a system for encoding their language: the most famous of these is the Inca
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quipu system, in which numbers could be stored and arithrmpetiormed. This ability for writing
systems to encode non-linguistic information is therefore an ancient invention, and it continues
today in printed mathematics, balance sheets, computer programs and so on.[64], [19], [6]

Consider for a moment numbers and mathematics. Without getting to far into the debate
about what numbers and mathematics actually are, it is worth discussing a few basic points about
these areas. Firstly, in most primitive cultures, there is only a very limited number system present
in the language; one might find a word for one, two and three, then a word for a few and a word
for lots.

More sophisticated number communication systems (as opposed to numbers themselves) are
a cultural invention, such that in Western society, we think of numbers quite differently, and have
developed a complex system for talking and describing them. Most scientifically and mathemati-
cally minded people believe that numbers and mathematics exist beyond our experience and that
advancing mathematics is a process of discovery rather than invention. In other words, if we met
an alien civilisation, we would find that they had calculus too, and it would work in exactly the
same way as ours. Whigta cultural invention is our system of numerical and mathematical no-
tation. This is to some extent arbitrary; while we can all easily understand the mathematics of
classical Greece, this is usually only after their notational systems have been translated into the
modern system: Pythagoras certainly never wxdtey? = 72. Today, we have a single commonly
used mathematical framework, such that everyone knows that one number raised above another
(e.g. ¥%) indicates the power. The important point for our discussion is to realise that when we
write X2 + y? this isnotencoding natural language; it is encoding mathematics. Now, it so happens
that we cartranslate ¥ + y? into a language such as English and we would read this as something
like “x to the power of two plus y to the power of two”. It is vital to realise that-y? is not
an abbreviated, or shorthand form of the English sentence that describes it. Furthermore, we can
argue that while mathematics can be described as a (non-natural) language, in that it has symbols,
a grammar, a semantics and so on; it is primarily expressed as a meaningdttereform only;
the spoken form of mathematical expressions is derivative. We can see this from the ease at which
we can write mathematics and the relative difficulties we can get in when trying to speak more
complex expressions; we can also see this from the simple fact that every mathematically literate
person in the western word knows wh@t+ y?> means, can write this, but when speaking has to
translate into words in their own language first (&€gS SQUARED PLUS Y SQUAREDN English
IX QUADRAT PLUS YPSILON QUADRATIN German).

3.1.7 Semiotic systems

A semiotic systenis a means of relating meaning to form. Natural language is a semiotic system,
and probably has by far the most complicated form to meaning relationship, and as we have just
seen mathematics is another. Most semiotic systems are much simpler than natural language as
they are cultural inventions rather than biological processes (recall that while mathematics itself
may be a property of the universe, the mechanism we use for its form and encoding are cultural

Meta Platforms, Inc. Exhibit 1042
Page 40 of 58



34

Chapter 3. The Text-to-Speech Problem

inventions). In addition to these examples, we also have atenpanguages, email addresses,
dates, times, telephone numbers, postal addresses and so on. Just as with mathematics, a telephone
number is not part of natural language, it is a complete meaning/form/signal system in its own
right.

If it were just a case of each semiotic system having its own writing system, we could design
a separate system to process each. The problem arises because frequently we mix these systems
in the same signal and using the same characters to do so. For example, in the above text, we saw
the sentence

(2) Pyt hagoras certainly never wote xX2+y*=2.

in which we clearly mixed natural language text with mathematical text. There are many other
cases too; while the mathematics example uses different fonts and so on, many systems share the
same characters as natural language writing, so that we get:

(3) a.1 was born on 10/12/67
b. 1t wei ghed 23Kg
c.1'lIl send it to paul @ahoo.com

and so on. The point is that these numbers, dates and email addresses are encoded using the same
signal as natural language writing. To be able to process this type of writing, we have to identify
which parts of the text relate to which semiotic systems.

3.1.8 Writing Systems

To the best of our knowleddethe first writing system was that of Sumer which developed into
Cuneiform. Perhaps the best known early writing system is the hieroglyphic writing of the Ancient
Egyptians, although it is not entirely clear whether these two systems are related.

Initially these systems weregographic in nature, meaning that one symbol usually rep-
resented one word or one morpheme. Furthermore, the scriptspietographic meaning and
that the symbols were often iconic, ie pictorial representations of the entity the word stood for. As
these systems developed, the iconic nature became less obvious, developing into a more abstract
logographic script. Additionallrlphabeticelements were developed in the language that allowed
writers to “spell out” words. These developments should come as no surprise; in Section 2.1 we
saw that it is quite natural for a communication system to start highly iconic and then progress to
a state when the relation between meaning and form is more arbitrary as this general allows for
experienced users to communicate more quickly and more accurately.

Most writing systems can be described as belonging to one of the following groups, but
in some cases, e.g. Japanese, the complete writing system uses more than one of these types.
Logographic systems, as we have just seen use one symbols to represent words or morphemes.
Syllabic systems use one symbol per syllable, such as in Japanese hirAdamabetic systems

1 If only someone had taken the trouble to write down this key discovery!
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Figure 3.1 Basic model of reading aloud, which shows in the information flow between the author,
reader and listener.

use a small list of symbols which roughly correspond to thenghtes of a language. The latin
alphabet is of course the most widely used, but its relation to phonemes varies greatly from lan-
guage to languageAbjad systems are ones primarily based on consonants, vowels are usually
not written. It is a basic fact of human language that most information that discriminates words
is carried by the consonants, and so ignoring these in written language is possible (this is why the
abbreviation fobocToRis dr and notoo). The semitic family of languages, including Hebrew

and Arabic are abjads.

Writing systems are an important consideration in TTS as in general we have to be able to
design a system for any language, and this means being able to handle all writing systems. Prob-
lems that have to be solved include, identifying the language, identifying the writing system (for
example Japanese uses a logographic and a syllabic system), identifying the computer encoding
used, the writing direction and many other issues specific to each language.

3.2 READING ALOUD

We now turn to the problem akading aloud, that is, how to read text and then speak what we
have read.
3.2.1 Reading silently and reading aloud

The process of reading, as we normally understand it, is one of taking some text, decoding it into
a message, and then understanding it. For clarity, we call this prozadimg silently. By and
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large, the process of decoding the text is relatively sttéogivard for us, and in say a nhewspaper,

we can often successfully decode all the text without error. Understanding is more difficult, in
that we may not completely understand an article, and we can perhaps think of various degrees of
understanding that we might achieve with respect to a text.

The other participant in this process is the author, and exactly the same factors govern the
way she generates a message as with our conversation example of section 2; she assumes some
background knowledge on behalf of the reader, makes an assumption about the reader’s situation,
and is guided by the conversational principles outlined before.

In addition to all these though, she generally assumes that the reader will be reading in the
way just described; that is, decoding the writing into the message and then understanding this.
This last point is highly significant because this carries with it an assumption that the spoken part
of the communication process is not relevant to the task of normal, silent, reading. Examples
of the effect of this include a situation where a journalist may include the name of a foreign
person or place, but not have to explain how this should be pronounced. The word structure of the
sentences can be different, because unlike speaking, there is no need to limit the length of phrase
or sentences to chunks that are possible to say with one breath. Far more significantly though,
there is little or no specification of prosodic information; it is assumed that the verbal content is
enough to create the correct understanding, and emotional or other thoughts are communicated via
the verbal component. These problems cause no problem for normal reading, as this speech isn't
involved in this process.

Now consider the act akading aloud, that is, reading the text and simultaneously speaking
it. This is considerably more complicated in that it involves three agents; an author, a reader and
a listener, and two types of signal, text and speech. A diagram of this process is shown in Figure
3.1. This type of reading of courgiesinvolve speech; and herein lies the problem, because in
the majority of cases, the text that has been written has only been written to be read silently; it
was never intended to be read aloud. The problem is that as we explained in Section 3.1.5, the
component balance is now wrong; a message that was intended to be communicated by writing
is now being communicated by speech. While sometimes this is unproblematic, often difficulties
can arise from this mismatch, and we can class these difficulties into those to do with prosody and
those to do with the verbal content and style. We now investigate these in detail.

3.2.2 Prosody in reading aloud

We have seen already that the written signal contains little or no prosodic information, and when

this is decoded, it is decoded into a message that has verbal content only; the prosodic content is
generally missing. This is not a problem for reading silently, the reader can understand the thought
without needing the prosodic information, and the assumption is that the author has made strong
use of the verbal component to compensate for the lack of prosody. If the message is to be spoken
aloud we face the issue of what and how much prosody to use. For messages which have little
emotion and/or are highly propositional in content, there should not be much of a problem. We
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decide to use neutral prosody, and the suprasegmentalsefifettneed to be synthesised can be
found from the verbal part of the message. For more emotive messages, or in cases where we
think we need significant use of augmentative prosody, we have a fairly serious problem. This
is because we have no means of knowing what prosody the speech should be encoded with; the
message that we found from the text has no explicit clues as to what the prosody should be.

The only solution is for the reader to generate their own prosody. This is very different from
what they are doing with the verbal content; there they are simply decoding from one medium
and encoding in another, no imagination, creativity or understanding is required. With prosody
generation however, the message does not contain the necessary content, and so the speaker must
generate this themselves. We don't really know exactly how people perform this task, but it is
plausible that some understanding of the message is undertaken, and from this an attempt is made
to generate prosody that the speaker believes is appropriate for the verbal content. Another way of
looking at this, is that they in some sense attempt to reproduce the prosody that the author would
use if they had decided to speak the message rather than write it.

It is crucial to realise the difference between the process of finding the message by decoding
the writing, and the process of prosody generation. In the first, there is a clear right and wrong;
the source generated this partial representation, it was clear and specific, and it is our job to find it.
Any difficulties that may arise are solely because some distinctions in the structured representation
are lost when the message is encoded in the signal (they are ambiguous). In the case of prosody
generation, there can be no right or wrong; this information never existed in the first place and so
we cannot recover it.

3.2.3 Verbal content and style in reading aloud

Another issue concerns the situation where the reading process is taking place. In our canonical
example, the author is writing with the intent that the reader silently reads the text. If the text is then
read aloud, we face a potential problem in that the communication convention assumptions used
to generate the message have been violated, and we are now converting the message into a signal
that it wasn't intended for. A simple example will demonstrate this. Many written documents are
quite long; simplisticly we can say that this is necessary because the author has a lot to say and it
may not be easy to get this across except in a long document (say a book). The author of course
assumes that the reader will read this at a time that is convenient and at his own rate. Furthermore,
while the author may not explicitly desire this, it is understood that the reader can skip ahead,
glance through sections, or reread sections again.

If we now consider the situation of a human or computer reading this document out loud, we
see that many of these assumptions no longer apply; the speech progresses linearly from the start
of the book, the rate of reading is more or less constant, and that the reader doesn'’t directly decide
when the reading should start and stop. Potentially, this can cause severe problems and we may
find that although the system is reading and speaking the text perfectly adequately, the user is not
satisfied with the experience because of these violations of communicative norms.
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words
graphemes phonemes
text speech
decoding encoding
written spoken
signal signal

Figure 3.2 The common-form model showing the two processes of text decoding, which finds the
words, and speech encoding from those words. For illustration we have shown the different primary
levels of form for speech and writing as graphemes and phonemes to show that these are not|directly
connected.

3.3 TEXT-TO-SPEECH SYSTEM ORGANISATION

The above discussion shed light on some of the issues of spoken and written communication, and
the particular process of reading aloud. From our understanding of these processes, we can now
define a model of how text-to-speech conversion by computer can be carried out. The next section
describes the model we adopt throughout the book, and the sections after that describe alternative
models and how these compare.

3.3.1 The Common Form model

In the common form model, there are essentially two components; a text analysis system
which decodes the text signal and uncovers the form, and a speech synthesis system which encodes
this form as speech. The first system is one of resolving ambiguity from a noisy signal so as to
find a clean, unambiguous message; the second system is one where we take this message and
encode it as a different, noisy, ambiguous and redundant signal. The core idea is that writing and
speech share a “common form” and that that, and that alone is the single and correct intermediate
representation between the two types of signals. A diagram of this is shown in Figure 3.2.

For purposes of basic explanation, we should take the word “form” here to mean “the words”.
Hence, in analysis phase, we are trying to find the unambiguous, underlying words from the text;
and in the synthesis phase we are attempting to create a speech signal from these words. In the
basic common form model, we always read the words as they are encoded in the text; every word
is read in the same order we encounter it. No understanding or other higher level analysis is
performed, and as such everything is read with a neutral prosody.

The key features of this model are;

e There are two fundamental processes; text analysis and speech synthesis.
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e The task of analysis is to find the form, ie. the words, from the text.
e The task of synthesis is to generate the signal from this form.

e No understanding is required, an accurate decoding of the text into a linguistic form is suffi-
cient.

e Prosodic information can not in general be decoded from the text, and so everything is spo-
ken with neutral prosody.

3.3.2 Other models

A number of different models are found in TTS systems and we will briefly examine these now.
These models are not mutually exclusive and many real life systems are a combination of two or
more models.

Signal-to-signal modelIn this model, the process is seen as one of converting the written signal
into a spoken one directly. In such models, the process is not seen as one of uncovering a
linguistic message from a written signal, and then synthesising from this, but as a process
where we try and directly convert the text into speech. In particular, the system is not divided
into explicit analysis and synthesis stages.

Pipelined models Quite often the signal-to-signal model is implemented as a pipelined model
were the process is seen as one of passing representations from one module to the next.
Each module performs one specific task such as part-of-speech tagging, or pause insertion
and so on. No explicit distinction is made between analysis and synthesis tasks. These
systems are often highly modular, such that each module’s job is defined as reading one type
of information and producing another. Often the modules are not explicitly linked so that
different theories and techniques can co-exist in the same overall system.

Text as language modeldn this model, the process is seen as basically one of synthesis alone.
The text itself is taken as the linguistic message, and synthesis is performed from this. As the
text is rarely clean or unambiguous enough for this to happen dired¢dyt aormalisation
process is normally added, as a sort of pre-processor to the synthesis process itself. The idea
hear is that the text requires “tidying-up” before it can be used as the input to the synthesiser.

Grapheme and phoneme form modelsThis approach is in many ways similar to the common

form model in that first a grapheme form of the text input is found, and this in then converted

to a phoneme form for synthesis. Words are not central to the representation as is the case
in the common form model. This approach is particularly attractive in languages where
the grapheme-phoneme correspondence is relatively direct; in such languages finding the
graphemes often means the phonemes and hence pronunciation can accurately be found. For
other languages such as English, this is more difficult, and for languages such as Chinese
this approach is probably impossible. If it can be performed, a significant advantage of the
grapheme/phoneme form model is that, an exhaustive knowledge of the words in a language
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is not necessary; little or no use is needed for a lexicon. fHtismakes this approach still
attractive for small footprint systems.

Full linguistic analysis models The common form model is based on the idea that all we need to
uncover from the text is primarily the identity of the words; we don’t make heavy use of any
other linguistic form or meaning representations. Some systems go much further in terms of
linguistic analysis and perform morphological analysis, part-of-speech tagging and syntactic
parsing. To some extent, all these are useful for finding the words; the issue is really whether
these should be performed as separate stand-alone tasks whose output feeds in to the word
finding system, or whether we can find the words with a single, integrated approach. This
issue is addressed in detail in Chapter 5. In addition to word identity detection, parsing and
other types of linguistic analysis are often seen as being useful for helping with prosody.

Complete prosody generationThe common form model allows us to describe the three types of
prosody independently. Suprasegmental “prosody” is modelled by the verbal component,
and for utterances which have little affective prosody. This means that only augmentative
prosody has to be explicitly generated. This contrasts with many systems which state that the
FO, phrasing, stress and so on in an utterance are all directly determined by prosody, and so
to generate speech we have to generate all these quantities with an explicit prosodic model.
If this is the case, then the prosodic part of the system plays a much bigger role.

Prosody from the text Following from the assumptions of the complete prosody model, we find
that if every utterance requires a detailed prosodic specification, then this must somehow be
generated. A common assumption is that the text does in fact contain enough information to
determine prosody, and so many TTS systems have modules which try and predict prosodic
representations directly from the text, often with the assumption that this is an analysis pro-
cess with a right and wrong answer.

3.3.3 Comparison

While some of the above systems may seem quite different from the common form model that we
adopt, it should be realised that in many cases the differences can be somewhat superficial and
that “under-the-hood” many of the same underlying operations are being performed. It formulates
text analysis as a decoding problem, and this allows us to bring many of the powerful statistical
text processing technigues to bear on the problem. This is a more powerful approach than the
alternatives of either treating text as the synthesis input, which in some way must be normalised;
or the approach of performing a full traditional linguistic analysis, which can often be errorful
while the reason why we have chosen the common form model is that it simplifies the overall
design of the system. The text decoding approach allows us to focus on a single well defined
problem such that we are often able to perform this in a single, optimised system. Secondly, by
avoiding the “complete prosody” assumption, we bypass many of the difficulties (and we believe
impossibilities) that arise from trying to determine the prosodic content from the text.

The common form approach is what one can also ternmtagratedapproach. In many
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TTS systems, one often finds a huge list of modules arrangedpipedine; a typical system

of this kind might include modules for preprocessing, tokenisation, text normalisation, part-of-
speech tagging, parsing, morphological analysis, lexicon, post-lexical rules, intonation, phrasing,
duration, FO generation, unit selection and signal processing. The problem with this approach is
that if each module operates independently, it may only be marginally contributing to the overall
process. Each module will have to make “hard decisions” to generate its output, and this can
lead to a propagation of errors through the system. Furthermore, from an analysis of errors and
performance, it may in fact be clear that many of these modules (e.g. a parser) would only be of
marginal benefit even if their output was always correct. An integrated approach on the other hand
aims to avoid these problems by optimising the system performance on a single metric. In the case
of text decoding, the idea is to go from raw text to a word list in a single step. While some of
the tasks performed by modules in a pipelined system may still be performed, they will be done
implicitly, with few hard decisions until the final output is required.

3.4 SYSTEMS

3.4.1 A Simple text-to-speech system

To demonstrate the common form model, let us now sketch how a text-to-speech system actually
works. The input text arrives as a sequence of ascii characters, which can be of any length. To
make the processing more manageable, we break input text into separate sentences using a sen-
tence splitting algorithm. The input may only have one sentence, but we don’'t know this so we
always attempt to find sentence boundaries. For each sentence, we then further divide the input
into a sequence of tokens, based on the presence of whitespace, punctuation and so on. Often
tokens are just the written encodings of individual words, but can also be encodings of numbers,
dates and other types. Next we find the semiotic class of each token. For non-natural language
tokens, we use a separate system for each type to decode the text into he underlying form, and then
using rules, we translate this form into a natural language form with words. For natural language
tokens, we attempt to resolve any ambiguity and so find the words. We attempt a basic prosodic
analysis of the text. Although much of the information we might ideally like is missing from the
text, we do the best we can and use algorithms to determining the phrasing, prominence patterns
and intonational tune of the utterance. This concludes the text and prosodic analysis phase.

The first stage in the synthesis phase is to take the words we have just found and encode
them as phonemes. We do this, because this provides a more compact representation for further
synthesis processes to work on. The words, phonemes and phrasing form an input specification to
the unit selection module. Actual synthesis is performed by accessing a database of pre-recorded
speech so as to find units contained there that match the input specification as closely as possible.
The pre-recorded speech can take the form of a database of waveform fragments and when a
particular sequence of these are chosen, signal processing is used to stich them together to form a
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single continuous output speech waveform.

This is essentially how (one type) of modern TTS works. One may well ask why it takes
an entire book to explain this then, but as we shall see, each stage of this process can be quite
complicated, and so we give extensive background and justification for the approaches taken.
Additionally, while it is certainly possible to produce a system that spesaksethingwith the
above recipe, it is considerably more difficult to create a system that consistently produces high
quality speech no matter what the input is.

3.4.2 Concept to speech

It is not strictly speaking necessary to start with text as input in creating synthetic speech. As we
have clearly stated, our TTS model is really two processes, an analysis one followed by a synthesis
one, and these are quite different in nature. As the analysis system will never be perfect, it is quite
reasonable to ask whether there are situations where we can do away with this component and
generate speech “directly”. Often this way of doing things is caltmttept-to-speechin contrast

to text-to-speech. We shall stick with the generally used term “Concept-to-speech”, but we should
point out that this can however mean a number of different things which we will now explain.

Clearly, in our model, if we do away with text analysis, then the input to the system must
be the input to the synthesiser itself, that is, the word-based form or message. We could call this
“message-to-speech” or “form-to-speech” synthesis. The idea is that a message-to-speech system
would be a component in a larger computer natural language system, and that the message would
be generated by a natural language generation system. As this system knows whether it said
PROJECTNOUN Or PROJECTVERSB, it can pass this directly into the synthesiser and so bypass any
errors the text analysis system may make here. While this would certainly bypass any inadequacies
of text analysis, it does suffer from a significant problem in that we don’t have a standard definition
of what form actually is. Even with systems that conform to the common-form model, each may
have a slightly different idea of what this form should take; one system may just use words, another
may use syntax as well. We therefore face a situation of each system potentially exposing a quite
different interface to an external system developer. A standard interface could be designed, but
standardisations of systems often progress along a lowest common denominator strategy and may
end up being somewhat ineffective.

An alternative strategy is to propose a “meaning-to-speech” system, in which semantic rep-
resentations are the input. Here the message generation and speech encoding parts would be
combined into a single system. While this bypasses the nature of how the message should look,
it opens up an even thornier problem in that we have even less agreement about how semantic
representations should look. Such a system would have a significant advantage in that it could
solve the prosody generation problem. As we are synthesising directly from meaning, it would in
principle be possible to generate prosody in the signal directly, and so bypass problems of prosodic
impoverishment in the text, or problems with how to represent prosodic form.

A final solution is that we use a TTS system as before, but augment the input so as to reduce
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ambiguity and explicitly show the system where to generatsqatic effects. This can be done by

a number of means, including the use of XML or other markup (explained in Chapter 17). While
this will inevitably lack the power and fine control of the two above methods, it has the advantage
in that the input is in a more standard form, such that a system developer should be able to get this
working and switch from one system to another. It also has the advantage in that one can easily
vary how close the system is to “raw” text or “clean” text.

The message-to-form and augmented-text approaches are well covered in this book in the
sense that they can be adapted from our main common-form TTS system. Meaning-to-speech
is considerably more difficult and has only been researched in a very tentative manner to date.
Mainly for this reason, we do not cover this approach in any detail here.

3.4.3 Canned Speech and Limited Domain Synthesis

Today, most applications which use speech output do not use text-to-speech. Rather they make
use of a set of recordings which are simply played back when required. These areaaled
speechor pre-recorded promptsdepending on the application. A typical way these are deployed

is that a designer creates an exhaustive list of the utterances that are needed for an application.
Quite often these utterances are specific to that application and a new set will be created and
recorded for a different application. Once the utterances have been designed, a speaker is asked
to read these, they are recorded and then stored as waveform files. The application then plays
back the required file at the required time. A typical system of this kind might be deployed in a
train station announcement system or an automated credit card booking system, where the users
interacts with the system by speech recognition and automated dialogue control.

Such systems initially compare unfavorably with TTS in that they require a new set of ut-
terances for each application, compared to a TTS system which would just be deployed once and
can be used for any application. Furthermore, the canned speech approach can only say a very
fixed number of things, which can limit the scope of the application (for instance it would be very
difficult to speak a user's name). Finally, if the application has to be updated in some way and
new utterances added, this requires additional recordings which may incur considerable difficulty
if say the original speaker is unobtainable. Despite these apparent disadvantages, canned speech
is nearly always deployed in commercial systems in place of TTS. Part of the reason behind this
is technical, part cultural. Technically canned speech is perfectly natural and as users show ex-
treme sensitivity to the naturalness of all speech output this factor can outweigh all others. In
recent years, TTS systems have improved considerably in terms of naturalness, and so it is more
common to find TTS systems in these applications. There are other non-technical reasons; canned
speech is seen as a simple, low-tech solution whereas TTS is seen as complex and hi-tech. The
upshot is that most system designers feel that they know where they stand with canned speech,
whereas TTS requires some leap of faith. There may be purely business reasons also; while the
canned speech approach incurs up front cost in an application, it is a one off cost, and does not
increase with the size of deployment. TTS systems by contrast can often be sold like normal soft-
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ware where extra licences (and hence cost) is required wiesizb of the deployment increases.

The main technical drawback of canned speech is that it can only say a fixed number of
things. This can be a severe drawback in even simple applications where for example a telephone
number is to be read in an answer machine application. A common solution is to attempt to splice
together recordings of individual words or phrases so as to create new utterances. The result of
such operations varies greatly from acceptable (but clearly spliced) to comically awful. That said,
even the resultant poor naturalness of this is often chosen over TTS in commercial situations.

Faced with the choice between fully natural but inflexible canned speech, and somewhat un-
natural but fully flexible TTS, some researchers have propliséied domain synthesissystems
which aim to combine the benefits of both. There are as many different approaches to this. Some
systems attempt to mix canned speech and TTS. Black and Lenzo [52] proposed a system for clev-
erly joining words and carrier phrases, for use in applications such as a talking clocghiése
splicing approach of Donovan et al [139] used recorded carrier phrases and cleverly spliced with
unit selection synthesis from recordings of the same speaker. A somewhat different approach is
to use what is basically the same system as for normal unit selection synthesis but to load the
database of recordings with words and phrases from the required domain [440], [436], [394], [9].

3.5 KEY PROBLEMS INTEXT-TO-SPEECH

In this section we identify the main challenges in high quality text-to-speech. First we describe
four areas which we believe are the key problems that have been recognised as the main goals of
TTS system building (but note, the problems are not always described in this way). Then we go
on to describe two additional problems, which are starting to attract more attention and which we
believe will be central to TTS research in the future.

3.5.1 Text classification with respect to semiotic systems

As we explained, it is a mistake to think that text is simply or always an encoding of natural
language. Rather, we should see text as a common physical signal that can be used to encode
many different semiotic systems, of which natural language is just one (rather special) case.

There are two main ways to deal with this problem. The first istéx-normalisation
approach, which sees the text as the input to the synthesiser and tries to rewrite any “non-standard”
text as proper “linguistic” text. The second is to classify each section of text according to one of
the known semiotic classes. From there, a parser specific to each classes is used to analyse that
section of text and uncover the underlying form. For natural language the text analysis job is
now done; but for the other systems an additional stage is needed, where the underlying form is
translated into words.

Let us consider the semiotic class approach. Assume for a moment that we can divide an
input sentence into a sequence of text tokens, such that the input sentence
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(4) Tuesday Septenber 27, 10:33 am ET
would be tokenised as

(5) Tuesday
Sept ember
27,

10: 33
am
ET

Semiotic classification is therefore a question of assigning the correct class to each of these tokens.

This can be done based on the patterns within the tokens themselves (e.g. three numbers divided

by slashes (e.@0/ 12/ 67) is indicative of a date) and optionally the tokens surrounding the one

in question (so that if we find1'967” preceded by I' n” there is a good chance that this is a year).
Once the class has been identified, it is normally quite straightforward for classes other

than natural language to analyse this token to find its underlying form. In dealing with times for

instance, the text token might sa: 45amand from this we would find a form something like

(hours=10, minutes=45, timef_day=morning). Finally, we catranslate this into words. In one

sense this is often straightforward as there are often simple well-accepted rules which describe

this. In our time example, the word version could be reatEsFORTY FIVE A M, and it is fairly

easy to see how the form-to-words rules would be written for this example. Two issues complicate

the matter however. Firstly, often there are many different legitimate ways to translate the same

form; with our time example we could have

(6) a. A QUARTER TO ELEVEN
B. A QUARTER OF ELEVEN
C. A QUARTER TO ELEVEN IN THE MORNING
D. TEN FORTY FIVE IN THE MORNING
E. TEN FORTY FIVE

F. TEN FORTY FIVEA M

and so on. All are legitimate, but as the system can read only one, we have to be sensitive to which
one this should be. Sometimes preferences depend on the user; in particular a British English
speaker may prefer one, an American speaker another. In addition, the context and genre of the
text may have an effect; in an airline reservation system it would be useful to make absolutely sure
the user knows the time is in the morning, in a business appointment system this may be obvious.
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The important point to realise is that there is often no siegleect answer to the translation issue,
and so systems need to be sensitive to the user expectations.

A further difficulty with translation is that for some content there is no commonly agreed
rendering in words. While times, dates and currencies normally present no problem, classes such
as email addresses, computer programs and other technical information has no agreed reading. For
example, taking the email address:

(7) pat 40@am ac. uk
We can easily parse this into

user = pat 40
top level domain = uk
secondary domairr ac
local domain = cam

In effect as all email programs do just this. The problem is how should we read this? Should
pat 40 be read® A T FOUR ZERQ P A T FORTY, Of PAT FORTY?
In summary then, there are three tasks involved here.

1. Identify which semiotic class a token belongs to. This is often the most difficult task.

2. Analyse each token to find its underlying form. Apart from the case of natural language, this
is often quite easy as the semiotic systems are cultural inventions and have been designed to
be easy to understand.

3. Translate into natural language. It is often quite easy to generate ablealslgitimate
translation but sometimes difficult to generate the particular version that a user expects.

3.5.2 Decoding natural language text

While most semiotic systems have a fairly simple and direct signal-to-form mapping, this in gen-
eral is not so for natural language. Once the text has been properly classified in terms of its
semiotic class, the general level of ambiguity with respect to form is greatly reduced; it is only in
the area of natural language where significant ambiguity still remains.

Ambiguity occurs in many different guises. The most baslwisiograph ambiguity, where
two words share the same form. In cases such as

(8) l ets now project the imge
and
(9) t he project was runni ng behind schedul e

we see that two separate woreBOJECTVERB and PROJECTNOUN both share the same letter
sequence, but have different meanings and different pronunciations. In addition to homograph
ambiguity,syntactic ambiguity is also reasonably common. In the example (from [363])
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(10) Police help dog bite victim
we (at least) two different possible syntactic patterns that could give rise to these tokens:

(11) a. POLICE HELP DOQ BITE VICTIM
b. POLICE HELP(DOG BITE VICTIM)

The question when building a TTS system is just how much of this ambiguity we actually
need to resolve. A comprehensive approach would attempt to resolve all the ambiguity in the text
and create a rich, structure for the form. In recognition that the more we attempt the more likely
we are to make an error, and also in recognition of the basic engineering principle of efficiency,
we could also take a minimalist approach, which would adopt the principle that we should only
resolve those ambiguities that affect pronunciation. The ve@dis used in many different ways
in English, but it is always spelt the same and always pronounced the same, and so we can ignore
the multitude of meanings and uses. If we know that some text could be two or more underlying
forms, but realise that all these forms are spoken the same way, then we shouldn’t bother resolving
the ambiguity.

3.5.3 Naturalness

We take the view that a major goal of TTS research is to make the systeatuaal sounding as
possible. By natural we mean that the system should sound just like a human; and so eventually
we would like our TTS system to be able to create the full range of human speech.

Sometimes the question is raised as to whether we really want a TTS system to sound like a
human at all. The concern is raised that if the system sounds too much like a human listeners will
get confused and mistake it for a person. We think that in reality this is highly unlikely. All the
time we hear “perfect” recordings of people’s voices, view photographs, watch films and so on,
and are rarely confused. In fact, most of us are used to hearing recorded voices on the telephone
in the form of people’s answering machines, introductory messages or recorded prompts in IVR
systems. Rarely do these confuse us. So no matter how good a system is, it will rarely be mistaken
for a real person, and we believe this concern can be ignored.

We still have to ask however whether people realhntnatural sounding voices: wouldn’t
they be happy with a “robotic” sounding one instead? (which would after all be much easier for
us to produce). This is really an empirical question that needs to be resolved from user trials.
From what we know however, the answer is over whelming in that people give much higher
satisfaction and acceptance ratings to natural sounding systems. In fact we can go so far as to
say that most listeners are extremely intolerant of unnaturalness to the extent that they will refuse
to use non-natural sounding systems regardless of what other benefits are provided. Quite why
this should be so is somewhat of a mystery; after all in many situations we are quite happy with
visual caricatures of people as evidenced by cartoons and animation. Somehow we don’t consider
a drawing of Homer Simpson a pathetic rendition of reality, but we are insistent on him having a
natural voice, such that in the Simpsons (and all other cartoons) a real actor is used for his voice.
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What then makes one voice sound more natural than anotheli, Algia is a question that
we are not in a position to answer fully, but we can provide a sketch of the factors involved. Firstly,
any system that produces obviously non-human artefacts in the speech will readily be judged as
unnatural. It is all too easy to generate speech with pops, clicks, buzzes and an endless variety
of other mechanical sounds. Even speech that is absent from any of these “error” type of sounds
can readily sound unnatural. While speech exhibits considerable variability in the realisation of a
particular phoneme, this is controlled by a number of factors including phonemic context, position
in sentence, supra-segmental influence and so on. Getting this variation just right is a key task.
Beyond this, we can consider a number of issues which are related to individuality. In normal
speech, any given instance of speech is obviously spieshsomeornethere is no such think
as speaker-neutral speech. So in a sense, we are completely conditioned to the fact that speech
comes from people, all of whom sound slightly different. So when listening to a synthesiser, one
naturally thinks that it is from someone, and to sound natural, this someone must have a believable
sounding voice. This aspect of naturalness has virtually nothing to do with the message being
spoken, it is entirely a property of the system that encoded the speech. Hence we must make the
synthesiser sound like someone, either a copy of a real person’s voice, or the creation of a new
voice that could pass for a real person unproblematically.

3.5.4 Intelligibility: encoding the message in signal

The final central task imtelligibility . For our purposes, we define intelligibility as the ability of
a listener to decode the message from the speech. As such, this does not include any measure of
comprehension directly, but the idea is that if the listener can decode the message properly they
should be able to understand it with the same ability as they could the same message spoken by a
human. Because of that we can sometimes measure intelligibility with comprehension tests; this
is usually done with content that may be hard to decode, but is often not difficult to understand
(e.g. a simple sentence address or telephone number).

Of all the TTS problems, intelligibility is probably the easiest to solve. In fact, it is possible
to argue that this problem was solved some time ago, as was possible to generate fairly intelligible
sounding speech in TTS systems from the late 1970s onwards. In fact, it can be shown in tests
that the intelligibility of a modern TTS system is often only marginally better than much older
systems such as MITalk [10], once any text errors have been deaft viitbm this it is wrong
to conclude that little progress has been made on this issue. Crudely speaking, the story is that
while the intelligibility of older systems was reasonably good, research focused on improving
naturalness which was uniformly rated as being very poor with these systems. Hence the idea in
the research community (though rarely stated as such) was to improve naturalness without making
intelligibility any worse.

2 Today's systems are massively more accurate with respect to text analysis, and so any text processing errors in
systems such as MITalk have to be eliminated if a comparison of synthesis encoding with respect to intelligibility is to
be performed.
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The relationship is by no means deterministic or simple, tiatpossible to see that in many
synthesis paradigms there is an inverse correlation between naturalness and intelligibility. To
achieve high intelligibility, formant systems and early diphone systems used very “safe” speech,
which was well articulated and close to the average realisation for the message in question. In a
sense, this speech was too safe, and containing none of the fluency, slurring, rhythm and heavy
coarticulation found in real speech. As these effects are added, there is a chance that they will
be added inappropriately, and in so doing will actually cause a loss of intelligibility. The trick
therefore is to add in extra naturalness by synthesising variation more appropriately, but to do so
in a way that does not cause unnatural variation to occur.

3.5.5 Auxiliary generation for prosody

We now consider the first of the more advanced problems; specifically how to create speech that
encodes the full range of prosodic effects and not just the neutral prosody of most of today’s
systems. Recall that this is difficult because while the text encodes the verbal message that the au-
thor generated, it does not do the equivalent with prosody. The author of course (subconsciously)
knows this. As such, it is not the case that he generates a message with verbal and prosodic content
as he would do if speaking, rather he generates a message that only contains verbal content; the
prosody was neither generated or encoded, and so it we can never recover this from the writing.
How then are we to generate prosodic content if we can’t uncover it from the text?

Firstly, let us separate the issue of generating a signal which contains a particular prosodic
effect (for example surprise, or accentuation of a particular word) from the issue of deciding how
to do this automatically from the text. The issue of the realisation of a particular prosodic form
is by no means easy, but it is certainly more tractable than the second issue. In essence it is no
different from other parts of the synthesis problem in that we can collect data with this effect,
study how supra-segmental features vary with respect to this effect and so on.

It is really the second issue; that of how to determine automatically which prosodic effects
to use from the text that is the more difficult problem. We term this proaessiary generation
to show that it is a generation (and not text decoding) issue, and that this is done as a separate,
auxiliary task to the process of verbal decoding and encoding. How then are we to approach this
problem of auxiliary generation? First let us state that just because there is no definite right or
wrong, this doesn't imply an “anything goes” policy. One would not think highly of a system
that read a message “we are regret to inform you of the sad demise of Mr...” with a humorous or
flippant paralinguistic tone. Furthermore, we probably wouldn't think too highly of a system that
placed emphasis as follows “THE share price is AT and all TIME high because of uncertainties
caused BY the forecast of PROFESSOR Merton...” and so on. Now there is nearly always some
context which we can construct that makes the emphasis of any particular word seem reasonable.
However, using the same knowledge and context that we used to decode the writing, we can see
that some emphasis patterns seem more appropriate than others. This leads us to the proposal
that the approach to prosody generation should be oassfmed intenf which means that we
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have to make guessas to what the authanight have specified in the structured representation

if he had intended to speak rather than write the message. This is by no means a certain or easy
task but it does give us a reasonable basis on which to solve this problem. We should make two
final points about this. Firstly, as we are making an assumption as to what the author might have
done, there is no clear right or wrong about this task. Secondly, we have to from the outset build
the notion of generation choice into our model of auxiliary completion: just as the author can
choose to represent a thought in a number of different ways, we have to assume that he could have
exercised choice over the prosodic and paralinguistic components. Therefore, as well as being
uncertain because we are making an assumption, it is also perfectly valid to assume that there are
a number of equally valid choices.

3.5.6 Adapting the system to the situation

The issue here is that unlike the “normal” communicative situations of reading silently or having

a conversation; in the case of reading aloud we have three agents; the author, the listener and the
reader (i.e. the TTS system). Most text was never written with the intention that it be read aloud,
and because of this, problems can occur in that faithful readings of the text can lead to situations
where the reader is speaking something that the listener can not understand, has no knowledge of
or is not interested in hearing. When people take on the role of the reader, they often stray from
the literal text, using explanatory asides, paraphrasing, synonyms and other devices to make the
author's message understood. Just how faithful the reader is to the text depends very much on the
situation; we sometimes describe a good reader as someone who has a good awareness of both the
listener and the intent of the author and as such can steer a good compromise between faithfulness
and acceptability.

Very few TTS systems themselves make any serious attempt at solving this issue; it is nor-
mally seen as a problem for the application to resolve such issues. Even so, it is possible for the
TTS to facilitate better control; this can be done by providing natural and easy to control ways to
change the speed of the speaking, to have a phrase repeated, a phrase skipped and so on.

3.6 SUMMARY

Speech and writing

e We can consider both speech and writing/text as signals which encode a linguistic, or other,
message.

e The primary functional difference is that writing is an invention used to record messages; as
such it is significantly “closer” to the message than is the case with speech.

e Most writing is written with the intention that the reader reads it silently. This can present
difficulties if this writing is then read aloud.
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e Not all writing encodes linguistic messages, it is used to encode messages in many other
semiotic systems also.

Reading aloud

e To alarge extent, we can perform the task of reading aloud, by decoding a written signal into
a message, and the re-encode this into a speech signal.

e In many cases, no prosody is required, but in others a more sophisticate approach is to
attempt to generate prosody that is appropriate for the message. This can not however by
decoded from the text as that information was never encoded there in the first place.

e These observations lead us to build our system within the framework of the common form
model. This has two fundamental processes.

1. Text analysis; a decoding process that finds the message from the text
2. Speech synthesis; a encoding processes that creates a signal from the message.

Text to Speech Key Challenges

e We can identify four main challenges for any builder of a TTS system:

1. Semiotic classification of text

2. Decoding natural language text

3. Creating natural, human sounding speech
4. Creating intelligible speech

e We can also identify two current and future main challenges

1. Generating affective and augmentative prosody
2. Speaking in a way that takes the listeners situation and needs into account.
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