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Abstract

Recent developments in neural text-to-speech synthesis (NTTS) have been able to produce high-
quality human-like speech samples. However, these models require large amounts of studio-quality
recordings for training. As a result, training NTTS models to serve multiple speakers and styles is
resource intensive, both in terms of time and compute costs.

In this thesis, we discuss the data-efficiency methods for training an NTTS acoustic model with
limited data. We explore several data-efficiency techniques for speaker and style modelling with limited
data. We discuss multi-speaker training for NTTS model with limited data for each speaker, and speaker
adaptation for fine-tuning a pre-trained multi-speaker NTTS model with few minutes of training data
for the target speaker. Controllability is TTS systems refers to the ability of explicitly controlling the
prosodic variations of the synthesised speech. We explore controllability in NTTS with latent-variable
conditioning with variational autoencoders (VAE). These can be used for one-shot style transfer from a
reference speech sample. We further discuss improving the posterior flexibility of latent-variable from
VAE using normalising flows.

We adapt the multi-speaker training strategy to generate newscaster style speech with limited stylis-
tic training data. We first analyse prosodic variations in the neutral style, newscaster style, and mixed
expressive corpora. From this, we conclude that the newscaster style is more dynamic than the neu-
tral style, however with lower dynamic range and prosodic variations than a mixed expressive corpora
containing recordings with different emotions. The problem of generating newscaster style of speech
with limited training data is posed as that of creating a bi-style model in which a one-hot style ID can
be modified to generate either neutral or newscaster style speech. We only use a quarter of the data for
newscaster style as opposed to that of neutral style. Combining the two styles gives the model enough
volume of training data to learn the textual and acoustic alignments, while only a fractional amount of
stylistic data is required to factorise the two styles.

To further improve on the naturalness, we condition the NTTS acoustic model with contextualised
word embeddings (CWE). This gives the model additional syntactic and semantic context on the input
text. The proposed bi-style NTTS model conditioned is shown to improve on naturalness and style-
appropriateness for newscaster speech over both neutral NTTS and concatenative systems in MUSHRA
evaluations conducted with expert listeners.
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Chapter 1

Introduction

Speech is the most widely-used and the most reliable form of human communication. The ability to
communicate through speech is naturally acquired, doesn’t require specialised tools for production and
comprehension in most humans, is omni-directional, and is culturally ubiquitous. This makes speech
a prime candidate as an interface for accessible human-machine interaction. Modern AI assistants like
Alexa, Cortana, Siri, Google Assistant, Bixby, and Clova use speech as the primary mode of interaction.
In addition to lowering the barrier of usability for AI technology, speech interfaces are powerful acces-
sibility tools. Speech interfaces have wide-range of applications - voice search, translation, communi-
cation with smart devices, meeting summarisation, medical transcription, Interactive Voice Response
Systems (IVRS), travel announcements, audiobooks, reading aloud websites and labels for the visually
impaired, brain-computer interfaces, and advertising.

Speech, like other forms of communication, is symmetric, i.e. it requires perception of communi-
cated information, and transmission of information through intelligible generation. Automatic speech
recognition (ASR) systems convert speech from audio waveforms to lower-level representations, typ-
ically text. Speech synthesis systems generate speech waveforms given a lower-level representation.
Text-to-speech (TTS) is a sub-field of speech synthesis, which focuses on generating intelligible and
natural-sounding speech from text inputs.

1.1 Speech beyond linguistics

1.1.1 Information conveyed through speech

Communication is the act of transferring information from one entity (the sender) to the other (the
receiver). Communication has informative elements and communicative elements [62].
Informative element of communication is the information that the sender conveys, regardless of the
sender’s intention.
Communicative element is the information that the sender intentionally conveys to the receiver.
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In the context of speech, the sender of the information is known as the speaker, and the receiver
knows as the listener. Speech conveys a lot more information than the linguistic content it encodes.
Spoken language consists of linguistic, paralinguistic, and extralinguistic information [23, 57, 98].

• Linguistic information: Information that the speaker intends to convey in explicit verbal form.
Linguistic information uses both the phonetic and syntactic rules of language. It is the primary
communicative element of speech.

• Extralinguistic information: Residual information after the communicative elements of speech
are removed. Extralinguistic information encodes the long-term and habitual characteristics of
the speaker e.g. gender, age, identity, pitch (high or low), accent, and voice quality.

• Paralinguistic information: Information that conveys the speaker’s current affective or emo-
tional state, attitude, social setting etc. Paralinguistic information encodes non-verbal commu-
nicative element of speech.
The paralinguistic information in speech is also called its prosody. In speech signal processing,
prosody is characterised by the variation pitch or fundamental frequency (f0), intensity (measured
by amplitude), duration, and rhythm.

It is important for TTS systems to encode linguistic, paralinguistic, and consistent extralinguistic
information for it to better engage its users. Researchers in speech synthesis evaluate their systems on
intelligibility and naturalness. If the synthesised speech conveys linguistic content without any loss of
information, it is deemed intelligible. For a speech output to be deemed natural, it will need to convey
the desired paralinguistic and consistent extralinguistic information.

1.1.2 Speaking style

Speaking style defined informally is the ”way of speaking” in a linguistic environment or a social
context [4]. Despite the actual verbal content, the listener may still be able to distinguish among a
book being read aloud, a newscast, a formal interview, an informal conversation between friends, or a
monologue. Essentially speaking style forms the paralinguistic information conveyed through speech.

Eskenazi [25] analysed several speaking styles, and have classified speaking styles based on speech
variations in four categories:

• Voice qualities - breathy, creaky, whispery modal, and tense.

• Speaking rate - fast, very fast, and slow.

• Dimensions of speaking styles - careful, clear, formal, conversational, spontaneous, connected,
scripted, unscripted, normal (neutral), reading, and laboratory.

• Specific tasks - newscast, sports, professional, and interview.
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Figure 1.1 Speaking style hyperspace. From [25]

Based on the analysis above, Eskenazi also suggested that most speaking styles can be represented as
points in a hyperspace with three axes representing intelligibility, social strata, and familiarity [25].

In figure 1.1 Eskenazi have attempted to position some common speaking styles into the style hy-
perspace. However, this analysis is limited in terms of speaking styles, and the number of speakers and
variations for each style considered. It is still unclear whether all speaking styles can be positioned as
points in a speaking style hyperspace, or styles are arbitrary with no formal relation that can defined
between different speaking styles.

Several studies have attempted at more formal characterisation of speaking styles using segmental
(voicing/devoicing, phonological changes like - phoneme insertion/deletion, schwa deletion, coartic-
ulation etc.) and suprasegmental (amplitude, pitch, duration, speaking rate etc.) features of speech
[24, 60]. For example, careful speech has larger duration than casual speech, but is faster than read
speech, and read speech has more dynamic pitch range than careful speech. Speakers also tend to have
more phonological changes in casual speech than read speech [24].

1.2 Text-to-Speech

Text-to-speech systems model the conditional probability of acoustic features given an input text in
the form of a phoneme or character sequence. Conventional TTS systems consist of a front-end compo-
nent which generates the linguistic features from a given sequence of text, and a back-end component
generates audio waveforms from the given linguistic features. We describe the front-end and back-end
components of traditional TTS sytems below:
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1.2.1 Front-end component

The front-end component of TTS systems consists of a pipeline of text-processing components and
annotates text with specific linguistic information that can be processed by the back-end component for
generating speech.

First, the text is normalised - text is converted to lowercase, tokenized, numeric and alpha-numeric
components are converted to text, and the acronyms and abbreviations are expanded. Some front-end
components also involve part-of-speech tagging to resolve word ambiguity.

The words are then converted into their phonetic transcriptions using a pronunciation dictionary
(such as the CMU Pronunciation Dictionary 1). The words that are not present in the dictionary are
converted into phonemes using grapheme-to-phoneme (G2P) or letter-to-sound (LTS) systems.

Phonemes are the smallest units of sound that distinguish one word from the other. The CMU
Pronunication Dictionary uses a set of 39 phonemes, called the phone-set. For more natural sounding
speech, the processed text is annotated with prosodic markers. This can include information about the
pitch contour, amplitude, stress, segment duration, pauses, and voice quality.

1.2.2 Back-end component

The back-end component of a TTS system is responsible for generating speech waveform given the
linguistic information provided by the front-end system. There are broadly three paradigms of back-end
systems:

• Concatenative or unit-selection systems : Concatenative or unit-selection system [35] generate
speech by selecting and joining smaller units of speech from a large speech database. In most sys-
tems, these units are diphones. Diphones are combination of speech waveforms of two phonemes,
starting from the middle of one phoneme and ending at the middle of second phoneme. The se-
lection is done such that the concatenated units are similar to the surrounding units, and there’s
little or no perception discontinuities at the point of concatenation. This is done by minimizing a
combination of the target cost and concatenation cost functions.

Concatenative systems produce natural sounding speech because the units are actual recordings
of human voice. However, they suffer from the following limitations:

– Data requirement: The quality of the generated speech is dependent on the size of the
recorded speech database. A large database is required to ensure converage of all possi-
ble diphones.

– Flexibility and controllability: Concatenative systems also have difficulty in handling prosodic
variations, as the units in the pre-recorded database might not contain the variations in the
intended prosody. Furthermore, it is difficult to manipulate the prosody of the pre-recorded
units.

1Can be accessed at http://www.speech.cs.cmu.edu/cgi-bin/cmudict

4



– Scalability: Concatenative systems are also not scalable as these do not work on multi-
speaker, multi-style, or multi-lingual settings.

• Statistical Parametric Speech Synthesis (SPSS) : SPSS systems [11, 134] are inverse of ASR
systems, such that these generate series of acoustic representations, frame-by-frame (each frame
is a speech segment of a fixed duration, e.g. 10ms), given text or linguistic features as in-
puts. These acoustic representations are then passed on to a waveform generation module, called
vocoder[83, 69, 42], that outputs speech waveforms. SPSS are more flexible than concatenative
or unit-selection systems, because they require lesser training data, and the speech characteristics
of the output are not just limited to that of the recorded speaker in the database.
SPSS systems provide more flexibility and controllability than concatenative TTS systems. How-
ever, they rely on hand-crafted acoustic and linguistic features, and the output produced is not as
natural as that of concatenative TTS.
Hybrid unit-selection (HUS) systems [127, 66] combine both SPPS and concatenative systems
by using parametrical models (like Hidden Markov Models or neural networks) to predict acoustic
properties that inform selection of speech units. However, the problem of scalability persists.

• Neural Text-to-speech (NTTS) : NTTS systems use neural networks, like sequence-to-sequence
models [119, 102], or transformers [59, 58] to convert text into lower-level acoustic representa-
tions. These representations are then converted into speech waveforms using vocoders [39, 61].
Neural text-to-speech systems are more flexible than concatenative and SPSS systems, can model
complex segmental and supra-segmental variations in speech, and produce more natural sound-
ing outputs. However, NTTS systems usually require significantly more training data [56], are
expensive to train, and require longer processing times to generate speech waveforms.

1.3 Need for Data-efficient Neural Text-to-speech

Neural text-to-speech (NTTS) models are capable of generating high-quality speech almost indis-
tinguishable in quality from human speech. However, these models are data-hungry and require tens
of hours clean studio-quality recordings, with extensive phoneme-coverage, to train a speaker, style, or
language-dependant TTS models. [56]. Gathering training data in such magnitude is both expensive
and time-consuming, and in some case impossible.

With the advancement of speech interfaces, there’s a growing need for TTS models to support multi-
ple contexts - voices, speaking styles, emotions, and languages. The choice of these context enable better
user experience, and deliver more engaging conversation with context-appropriate synthetic speech.

As of 2023, there are over 7100 identified spoken languages in the world [22]. Most of these lan-
guages historically haven’t enjoyed the same attention from speech researchers as the 23 most popular
languages which account for more than half of the world population. Additionally, 42% of these are
endangered with fewer than 1000 living speakers. The challenge of collecting tens of hours of train-
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ing data for these languages is an obstacle in providing access to information to the speakers of these
languages, specially the ones with inability to read and write.

Our focus in this thesis is specifically speaker and style variations in NTTS systems. We discuss
transfer learning [56, 87], meta-learning [70], and voice-cloning [2] for generating synthetic speech for
speakers and styles with limited data. Although beyond the scope of this thesis, these techniques can also
be adapted for multilingual NTTS [136, 75, 13]. This helps in scaling NTTS systems to low-resource
languages.

1.4 Contributions

NTTS systems require vast amounts of clean studio-quality recordings as training data for generat-
ing high-quality speech waveforms. Procuring the training data for each speaker and style context is
resource-intensive. With this context, the core contributions of this thesis are as follows:

• We give an overview of data-efficiency methods for speech syntheis. Specifically, we look at
training NTTS models in a multi-speaker and multi-style settings. We also look at Bayesian Op-
timisation techniques for few-shot speaker adaptation, starting from a pre-trained multi-speaker
model. We also explore latent-variable conditioning using variational autoencoders (VAE) for
one-shot style-transfer, and improving posterior flexibility in VAE using normalising flows.

• We propose a bi-style NTTS model for synthesising newscaster style utterances with one-fourth
the data required for training a style-dependent NTTS model. The proposed model can generate
both neutral and newscaster style utterances. We show that our neutral utterances generated by
proposed model outperform a neutral concatenative TTS system on both prosody and segmental
quality. We also show that the proposed model can generate newscaster style utterance with
dynamic prosodic variations, and the two styles can be factorised with just a one-hot style ID.

• To improve the naturalness of the synthesised newscaster style utterances, we propose condition-
ing the bi-style NTTS model with contextualised word embeddings (CWE). For this we introduce
an additional CWE encoder as a conditioning network in the NTTS acoustic model. The proposed
bi-style NTTS model receives multi-scale conditioning on the input text, with phoneme-level con-
ditioning through the phoneme encoder and word-level conditioning from the CWE encoder. We
show that with CWE conditioning we can improve the naturalness and prosody modelling on the
bi-style NTTS model without CWE conditioning.

1.5 Thesis Organisation

This chapter introduces the information conveyed through speech beyond the linguistic content, and
defines the terms style and prosody which form the overall theme of this thesis. It also formalises the
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problem of text-to-speech (TTS) and gives an overview of different TTS paradigms. The rest of this
thesis is organised as follows:

Chapter 2 introduced Neural Text-to-speech (NTTS) and gives a detailed overview of the compo-
nents in NTTS. We discuss each step in the NTTS pipeline required to generate raw audio waveform
perceptible by humans from unprocessed text inputs. This chapter also introduces the evaluation strate-
gies and metrics used for NTTS models.

Chapter 3 focuses on the acoustic model of NTTS system and discusses the large-scale training data
requirements for training NTTS systems. We also look at common techniques used for data-efficiency
in training NTTS models. We discuss multi-speaker training of NTTS model by combining limited
training data from several speakers to build a robust acoustic model. These models however need to be
trained from scratch each time a new speaker is introduced. We also introduce Bayesian Optimisation
(BO) techniques for speaker adaptation for fine-tuning a pre-existing multi-speaker NTTS model, with
just few minutes of training data for the new speaker. The multi-speaker models generate an averaged
prosody for each speaker in its training set. This produces unsatisfactory results for stylistic speech
synthesis, specially in long-form content. To solve this, we discuss latent variable conditioning from
a reference speech signal into an NTTS model for controlling the prosodic variations in synthesised
speech. We also discuss improving the posterior flexibility of the latent variable model for one-shot
style transfer from a reference speech sample.

Chapter 4 adapts the multi-speaker setting for training NTTS acoustic model to generate newscaster
style utterances with limited data. For this, we propose a bi-style NTTS model trained with combined
neutral and newscaster style utterances from the same speaker. The proposed model synthesised both
neutral and newscaster style utterances with improved naturalness over the concatenative TTS system.
The experiments in this chapter also show that the styles can be factorised by using a one-hot style
conditioning, without the need for a reference speech sample from the target styles.

Chapter 5 discusses the relation between syntax and semantics of the text and the prosody of the
verbalised utterance. In this regard, we proposed conditioning the bi-style NTTS acoustic model with
contextualised word embeddings (CWE). We use CWE generated from unsupervised pre-training of
language model on a large-scale dataset to condition the NTTS model. The CWE conditioning gives
the NTTS model additional word-level and sentence-level context, thus improving the performance
on prosody modelling. We also present detailed objective and subjective evaluation to measure the
performance of the bi-style NTTS model with and without CWE conditioning.

Finally, Chapter 6 concludes thesis with the summary of the results and discussions in this thesis,
and also discusses the limitations of the proposed model and scope for future work.
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Chapter 2

Neural Text-to-speech

Neural Text-to-speech systems replace several components of conventional TTS systems with neural
networks. Neural SPSS systems [130, 122] have multi-stage modelling process for waveform genera-
tion. They use an external front-end model to predict linguistic features. These linguistic features are
input to a duration model that predicts the phone-duration for each phoneme. The duration models use
recurrent neural networks to predict the phone-duations [133, 131]. The linguistic features are then up-
sampled to frame-level and input to the acoustic model which uses Long-short Term Memory (LSTM)
networks [32] to predict vocoder parameters for each frame [130]. A signal-processing vocoder is then
used to generate waveforms.

Wavenet [78] uses a fully auto-regressive model to predict waveform taking linguistic features,
phoneme-durations and predicted acoustic parameter (like f0) from an existing vocoder as input, and
generates natural-sounding waveforms. It is essentially a combination of the acoustic model and the
vocoder. Wavenet has dependence on external hand-crafted linguistic features, and acoustic features for
its inputs. Wavenet also is slow and computationally expensive due to its auto-regressive nature, and
is impractical for real-time speech synthesis. Parallel Wavenet [77] uses Inverse Auto-regressive Flows
(IAFs) [46] and probably density distillation [31] process to address the speed of waveform generation
with Wavenet. However, the problem of dependence on external features still remains.

Sequence-to-sequence NTTS models are an attempt towards end-to-end models for TTS. For the
rest of this thesis, we will refer sequence-to-sequence models as NTTS. NTTS models are capable of
taking words, or characters as inputs to predict vocoder parameters, typically mel-spectrograms. Even
though NTTS models still require an external vocoder to generate waveform, they reduce the depen-
dence on hand-crafted features for speech synthesis, by having implicit linguistic feature extraction,
duration modelling, and acoustic modelling. Char2wav [104], Tacotron [119], and Tacotron 2 [102]
models use normalised grapheme (raw text and characters) inputs. These systems have an encoder
module that encodes the character inputs into rich intermediate representations. The attention module
aligns the intermediate text representations to acoustic features (mel-spectograms) during training and
inference. The alignment process enables us to work with different sequence lengths between the text
inputs and the acoustic features. The decoder uses the text-representations and alignment information
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to produce mel-spectrograms. A neural vocoder [61] is used to convert the output acoustic features to
speech waveform. The next sections will cover the individual components of NTTS in detail.

2.1 Preprocessing

The training data for NTTS models are 〈text, audio〉 pairs. Each pair is a text sequence, typically a
sentence or a paragraph, and its corresponding recorded audio waveform. Before these can be used to
train an NTTS model, the 〈text, audio〉 pairs need to be preprocessed.

2.1.1 Linguistic preprocessing

NTTS systems are capable of taking raw-text as inputs. However, the text needs to be normalised.
The first step is tokenisation. Tokenisation splits the longer text sequence into individual words or
word-like units (e.g. numbers, dates, currency symbols, abbreviations etc. are separated into individual
tokens.

This is followed by classification of tokens into categories. The categories may include standard
words, dates, punctuation, emojis, currency, time, distances etc. Based on the classified category the
normalisation process includes different rules for the verbalisation of the non-standard words. Recently,
neural sequence-to-sequence models [128, 37, 135] have been proposed for text normalisation. These
models treat normalisation as machine-translation process. The normalised text is then broken down
into characters before finally being input to the model.

Even though NTTS models can directly use character or grapheme inputs, there are certain limita-
tions that come along with such inputs. It has been shown [108] that even though grapheme inputs are
able to model pronunciation implicitly, the realisation of phonemes is unreliable and dependent on the
size of data for contextual modelling of phone-realisation. Using phonemes as input gives us the ability
to control pronunciations, while also significantly reducing the amount of training data required.

In this thesis, we will be using phonemes as linguistic inputs. After normalisation, we use a propri-
etary G2P system to convert text into phonemes, stress markers, and punctuations that are encoded into
one-hot vectors.

2.1.2 Audio Preprocessing

Ideally end-to-end TTS synthesis should be able to directly produce raw audio waveforms for the
syntheised speech. Raw audio waveforms are continuous time-domain representations of speech. To
convert these continuous waveforms to a discrete representation, the waveforms need to be sampled.
Each sample is a reading of the amplitude of the waveform at a certain time-step.
Sampling frequency refers to the average number of samples taken in one second. According to the
Nyquist-Shannon theorem [101] the sampling frequency should be at least double the highest frequency
in the audio waveform to accurately capture the information. Human ear can perceive frequencies
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between 2kHz and 20kHz. To accurately capture all the information in an audio waveform, 40, 000
samples per second need to be recorded. Most TTS systems work with sampling frequency upto 24kHz

as it has been shown to provide a good trade-off between quality and compute performance [1]. Even
with a 24kHz sampling frequency, the NTTS systems need to produce 24, 000 samples per second.
This requires enormous memory and makes training and inference computationally expensive.

Mel-spectrograms

Frequency-domain representation gives us the ability for compact representation of speech. Fast-
Fourier Transform algorithm [76] converts raw-audio from time-domain into frequency-domain. The
frequency-domain representation, also called the spectrum is graph between the individual frequencies
contained in the audio and their corresponding amplitudes.

The raw-audio can be split into shorter overlapping time-segments, called frames. For each frame
the spectrum is computed and the resulting spectrums is stacked together. This process is called the
Short-Term Fourier Transform (STFT). STFT return both the magnitude and the phase information
of the speech signal. The phase information is discarded, and the result of STFT is a 3-dimensional
representation of audio containing the frequency, amplitude, and time. The frequencies are quantised
into equally-spaced bands for easier representations. The resulting output is the spectrogram of the
audio.

The human-perception of frequencies is not linear. Humans tend to distinguish between lower fre-
quencies better than the higher frequencies. Mel-scale [107] is a logarithmic-function that attempts to
replicate the human perception of sound. The frequency, f , is converted into corresponding mel, m,
using the following equation [80]:

m = 2595. log10

(
1 +

f

700

)
(2.1)

The mel-frequencies are then quantised into bands by applying overlapping triangular filterbanks.
The filterbanks are designed such that their centers are equally spaced on the mel-scale, but logarithmi-
cally scaled on the frequency-scale. It is common-practice to choose 80 or 128 mel-bands for speech
synthesis applications.

The mel-spectrogram can be visualised as an image such that the horizontal axis represents time,
vertical axis represents the mel-scaled frequency bands. The intensity of each band corresponds to
the amplitude of the frequency band at a corresponding time. Figure 2.1 shows an example of visual-
representation of mel-spectrogram.
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Figure 2.1 An example of mel-spectrogram from [65] with 128 mel-bands. The audio is sampled at
22kHz, representing a maximum frequency if 8kHz. Note that the vertical axis shows frequency in
Hz and that the frequency-bands are are not linearly spaced.

2.2 Sequence-to-sequence Acoustic Model

Tacotron [119] and Tacotron 2 [102] proposed sequence-to-sequence networks for acoustic mod-
elling with implicit alignment between the linguistic and acoustic features. The model can be trained
both on raw-text and phoneme inputs, and produces mel-spectrograms as output. In this thesis all NTTS
models discussed are trained on phoneme inputs.

The NTTS model described in this thesis is similar to the Tacotron 2 architecture [102]. Figure 2.2
shows the architecture of an NTTS model with encoder, decoder, and attention modules. The training
and inference steps of NTTS models will be covered in chapter 4.

2.2.1 Encoder

The encoder takes the phoneme-sequence as inputs and embeds it into a 512-dimensonal embedding
using a fully-connected feed-forward layer with ReLU activation [72]. The embeddings are then passed
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Figure 2.2 Architecture of NTTS acoustic model with encoder, decoder, and attention modules.

on to 3 layers of 2-d convolutions with a filter-size 5 × 1. The convolutional layers capture longer
linguistic context. Batch-normalisation [36] and ReLU activation is added after each convolutional
layer. The output of the convolutional layers is passed onto a single layer of bi-directional [97] LSTM
[32]. The bi-directional LSTM (or bi-LSTM) layer contains 512 LSTM-cells.

2.2.2 Location-sensitive Attention

The attention module is responsible for alignment of the linguistic representation from the encoder
and the acoustic representations in the decoder. Both the encoder and decoder operate on different
sequence lengths. Therefore, it is important to summarise the relevant information from the encoder, for
each decoder step.

Sequence-to-sequence NTTS models map an phoneme input x of length m output mel-spectrogram
of y of length n. The encoder generates hidden-states of length m corresponding to the length of the
input vector x:

hi =

[−→
hTi ,
←−
hTi

]T
, i = 1, ...,m (2.2)

For decoder timesteps t = 1, ..., n, the context vector, ct, is defined by:

ct =

n∑
i=1

αt,i · hi, (2.3)
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αt,i = Softmax(score(st−1,h))i, i = 1, ...m (2.4)

st is the decoder hidden states at timestep t, and is a function of the previous hidden state st−1, context
vector ct, and the previous output yt−1:

st = f(st−1, ct, yt−1) (2.5)

The score function in Bahdanau-style additive-attention [6] is parametrised by a fully-connected feed-
forward layer. The score function can formulated as:

score(st−1,hi) = va
T tanh(Wst−1 + V hi + b) (2.6)

va, W , and V are parameters learnt by the alignment model. Figure 2.3 shows a representation of a
generic Bahadanau-style additive attention mechanism.

Figure 2.3 A generic framework for additive-attention mechanism [6]

Bahdanau-style attention computes attention over all encoder states. This is useful for applications
like machine-translation as languages often differ syntactically and could have different word orders.
Speech is inherently monotonic in nature. Looking at future timesteps for generating output at a partic-
ular timestep t is computationally expensive, and has no significant benefits. Also, it introduces potential
failures where some input states could be repeated or entirely ignored.
Location-sensitive attention [18] forces the attention to be monotonic, and consistently move forward.
This is done by computing the vector, ft,i by convolving a matrix F over the previous alignmentαt−1:

ft = F ∗αt−1 (2.7)

In our models, F is parametrised using 32 1-d convolutions of length 31. The vector ft,i is then added
to the scoring mechanism:

score(st−1,hi) = va
T tanh(Wst−1 + V hi +Uft,i + b) (2.8)

va,W , V and U are learnt parameters.
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2.2.3 Decoder

The decoder in our models predicts mel-spectrograms in blocks of 5-frames at each timestep. The
last frame of each timestep is passed through pre-net layers consisting of 2 fully-connected feed-forward
layers with 256 units and ReLU activation. It acts as an information bottleneck and helps in learning
attention alignments[102].

The output from the previous timestep processed by the pre-net, the context vector from the atten-
tion module, and the hidden-state from the previous decoder timestep is passed through uni-directional
LSTM, as shown in equation 2.5. The LSTM layers in the decoder consists of 2 uni-directional LSTM
layers each containing 1024 LSTM-cells.

The output of the LTSM-layer is projected through a linear fully-connected layer to predict the next
set of 5 mel-spectrogram frames. The last frame from each prediction is fed-into the next decoder step as
previosuly discussed. The linear layer also jointly predicts the stop-tokens during inference to indicate
when the prediction has ended.

The mel-spectrogram outputs from the linear projection layer are processed through a post-net layer
consisting of 5 layers of 512 convolutions with filter-size 5 × 1. The outputs of each layer are batch-
normalised [36] and all except the last convolutional layer have tanh activation. The post-net can take
into context the fully-decoded sequence, and predicts a residual that is added to the final output. This
has been shown to improve the overall reconstruction of the mel-spectrograms [119, 102].

2.3 Neural Vocoder

Neural vocoders are models that can convert mel-spectrogram or other acoustic features into raw-
audio waveforms. During the pre-processing, we discard the phase information in the audio after STFT,
focusing only on the spectral content. During the computation of mel-spectrograms, the frequencies
are mapped into mel-scaled spectral bins, losing more information. This makes the inversion process
non-deterministic, and the accurate reconstruction of audio waveform challenging.

Traditional methods of vocoding with mel-spectrogram inputs use Griffin-Lim algorithm [28, 83] for
estimating phase information, followed by inverse STFT for audio reconstruction. [119]. However, this
method produces characteristic artifacts and lower audio quality than the original waveform [102].

Neural vocoders are usually trained on waveforms sampled at 16kHZ or 24kHz. Each sample is
represented as a 16-bit or 24 -bit integer value. A softmax-layer would need to predict for each sample
65, 536 (216) probabilites for 16-bit audio, and∼ 16.8 million (224) probabilities for 24− bit audio. To
make computation more efficient, µ-law companding [92] is used. µ-law companding of a normalised
audio sample −1 > xt > 1 is given by:

f(xt) = sgn(xt)
ln(1 + µ |xt|)
ln(1 + µ)

(2.9)

For 8-bit quantisation (256 quantised levels), µ = 255.
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µ-law companding is a non-linear quantisation technique. It reduces the dynamic range of speech
providing better coding efficiency, and better signal-to-noise ratio than linear quantisation schemes.

Based on the mechanism of speech synthesis, recent advances in neural vocoders conditioned on
mel-spectrograms, can be characterised into: 1) Autoregressive vocoders [113, 41], 2) GAN vocoders
[54, 49, 126], 3) Flow vocoders [88, 86, 77], and 4) Diffusion vocoders [50, 15].

2.3.1 Neural Autoregressive Vocoders

Autoregressive vocoders are probabilistic models that perform sample-level predictions. These
model the probability of a sample conditioned of previously generated samples.

Wavenet

Wavenet [113] was the first-attempt at a neural vocoder. Although, initially designed to be con-
ditioned on linguistic, duration, and f0 features, Wavenet can be modified to be conditioned on mel-
spectrograms to produce high-quality audio waveforms [102]. Wavenet factorises the joint probability
of the waveform, x = {x1, x2, ..., xt}, into a product of conditional probabilities:

p(x) =
T∏
t=1

p(xt|x1, ..., xt−1) (2.10)

The conditional probabilities are modelled using stacks of dilated causal convolutions layers. The
causal convolutions force the output at timestep, t, to be only conditioned on the previous timesteps.
For 1-dimensional signals like speech waveforms, causal convolutions can be easily implemented by
the asymmetric padding of the input as shown in figure 2.4. Using convolutional layer help parallelise
the processing of the input.

Convolutional units with smaller filter-size suffer from the limitation of not being able to model
long-term context. Increasing the filter-size risks slower training and inference due to increased number
of parameters. Dilated convolutions [129] are effectively convolutions with larger filter-size, but with
sparse filters. Having sparse filters enables the model to increase its receptive field and model long-
term context, while keeping the number of learnable parameters low. With the depth of the model, the
dilation factor (sparsity) of the convolutions is progressively increased to increase the receptive field by
orders of magnitude, while keeping the number of learnable parameters low. Figure 2.4 depicts a stack
of causal convolutional layers, with the dilation factor doubled at each layer.

The output of each causal convolution is passed through a gated activation unit, consisting of tanh
and sigmoid activations. The output of the activations are then combined through element-wise multi-
plication. At this step, additional conditioning can be added in each layer. The additional conditioning
could be speaker-embedding for multi-speaker vocoder, or upsampled linguistic features for the original
Wavenet [67]. The residual from the previous layer is also added to the output of the dilated convo-
lutional layers. This speeds up the convergence and provides stability while training deeper models
[29].
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Figure 2.4 Visualisation of stacked dilated causal convolutional layers. The input is padded on the left
to make the convolutions causal. The solid arrows show the receptive field at each layer for the output
sample yt.

Wavenet is trained by minimising the negative log-likelihood loss. The output can be 16-bit audio
waveform, or can be µ-law quantised into 8-bit waveform. Due to its autoregressive nature, the inference
from a Wavenet vocoder is slow. For modelling global context, deeper networks need to be built,
increasing the total number of parameters.

To make the sampling using Wavenet faster, Parallel Wavenet [77] uses knowledge-distillation [31]
between a larger teacher and a smaller student model. An IAF network [46] acts as a student network,
which is fed with the mel-spectrogram input and noise. The output of the student network is fed to
a pretrained larger Wavenet model, which acts as a teacher. KL-divergence [53] between the output
distribution of the student network and the teacher network is minimised to train the student network.
The student network can then be used as a standalone vocoder, which is significantly faster, but with a
small loss in audio quality.
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WaveRNN

WaveRNN [41] uses layers of recurrent neural networks (RNN) for modelling the sequence of audio
waveforms. RNNs can inherently model long-range dependencies through their hidden states. This
allows us to train shallower models resulting in faster training and inference.

The WaveRNN model consists of a conditioning network and an autoregressive network. The con-
ditioning network takes in mel-spectrograms as input, and processes it through bidirectional Gated
Recurrent Unit (GRU) [17] layers. GRU is used to model the recurrence to alleviate the problem of
vanishing-gradients in RNNs. The output of the conditioning network is concatenated with the audio
waveforms and input to the autoregressive network.

The input to the autoregressive network is the concatenation of the sample generated from the pre-
vious timestep, and the output of the conditioning network. The input is processed through a single
layer of GRUs. The output of the GRU are then passed on to fully-connected (affine) layers with ReLU
activations. The network also contains residual connections for the conditioning network at each layer.
Finally, a softmax layer predicts the probability of each bit in the sample. WaveRNN can produce 16-bit
audio samples 10x faster than a large Wavenet model, and with better audio quality than the student
network of Parallel Wavenet [41].

The original implementation of WaveRNN proposes several optimization for faster inference and
more efficient sampling. This includes a dual-softmax layer, consists of 2 8-bit softmax layers, pro-
ducing 8 coarse bits, and 8 fine bits. The coarse and fine bits are concatenated to form a 16-bit audio
sample. The coarse bits for the current timestep are concatenated to the output (concatenation of coarse
and fine bits) from the previous timestep, to predict fine bits.The dual softmax layer reduced the out-
put space to 8-bits instead of 16-bits resulting in more efficient prediction. Weight sparsification and
batched sampling is also proposed for faster inference with lower memory footprint.

2.3.2 Universal Neural Vocoding

Wavenet and WaveRNN vocoders are trained for a single speaker, or for multiple-speakers with addi-
tional conditioning with a speaker encoding (embedding or categorical/one-hot values) for each speaker.
However, neural vocoders are prone to overfitting on speaker characteristics and fail to generalise on un-
seen voices and speaking styles. Training neural vocoders in multi-speaker setting requires procurement
of significant training data for each speaker. This makes scaling the NTTS systems expensive and time-
consuming.

Universal neural vocoders are attempts towards building robust speaker and domain independent
vocoders. Universal WaveRNN [61] proposed training a standard WaveRNN vocoder (without dual-
softmax, and weight-sparsification optimisations) with a diverse multi-speaker, multi-lingual, and multi-
style training set. They showed that exposing the WaveRNN vocoder to diverse training data helps us
generalise better to unseen speech-characteristics. The study also concluded that explicitly conditioning
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Figure 2.5 Network architecture of the Universal WaveRNN vocoder [61]
.

the vocoder with speaker and style characteristics (in the form of speaker/style embeddings) is not
required.

The network architecture for the Universal WaveRNN vocoder is shown in figure 2.5. The autore-
gressive network consists of a single GRU layer is 896 units. This is followed by two fully-connected
(affine) layers with ReLU activation between the two layers. The output of the fully-connected layers
is then passed through a softmax layer with 1024 units, for synthesising 10-bit µ-law quantised wa-
verforms at 24kHz. The conditioning network takes in mel-spectrograms as input, and contains two
bi-directional GRU-layers with 128 units. The output of the conditioning network is upsampled, and
concatenated with the audio sample output from the previous timestep.

The training data for the Universal WaveRNN vocoder are sourced from different datasets. It con-
sists of 149, 134 utterances from 74 speakers, spanning 17 languages. The training set has 22 male
speakers and 52 female speakers, with approximately 2000 utterances from each speaker. The vocoder
is evaluated on a variety of in-domain and out-of-domain speech scenarios. The out-of-domain scenar-
ios consist of unseen speakers, languages, speaking styles, and non-vocal realisations (like breaths, and
disfluencies).

The vocoder is shown to outperform speaker-dependant vocoders in out-of-domain speech scenarios,
while maintaining similar quality in in-domain scenarios. Universal WaveRNN is not robust to noise,
reverberations, and extreme energy burst (as in speech waveforms conveying excitement). However,
for NTTS systems trained on studio-quality recordings, Universal WaveRNN is capable of synthesising
natural-sounding waveforms. All experiments in this thesis use the Universal WaveRNN vocoder for
waveform synthesis.
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2.4 Evaluation

The goal of TTS systems is to accurately convey the informative and communicative element through
synthesised speech. To measure these, NTTS systems are evaluated on the intelligibility and naturalness
of the synthesised speech.

• Intelligibility is a measure of how accurately human listeners can perceive the information con-
veyed by the synthesised speech. Intelligibility evaluation can be automated, or through subjective
human evaluations.

Automated evaluation of TTS is done by having a pre-trained Automatic Speech Recognition
(ASR) system transcribe the synthesised utterances. Word-error rate (WER) [63] between the
actual transcription and the output transcriptions from the ASR system, is computed for each
utterances. The mean of WER over all utterances in the evaluation set measures the intelligibility
of the TTS systems.

Subjective evaluation of intelligibility is done by presenting the human listeners with utterances
that are syntactically correct, but semantically unpredictable [8]. The listeners are then asked to
transcribe the utterances, based on what they hear. Mean WER is then calculated between the
intended transcription and the actual transcription by human listeners.

It is uncommon to evaluate modern NTTS systems on intelligibility as state-of-the-art NTTS
systems are capable of producing high-quality waveforms with almost no gaps in intelligibility
[117].

• Naturalness measures how close is the synthesised speech to actual human speech. Naturalness
can be evaluated on several parameters like prosody, segmental quality, and appropriateness of
prosody in the intended context. Measures of naturalnesss are often comparisons between the
synthesised utterances and natural recordings.

The objective metrics for naturalness measure the prosody and segmental quality between the
synthesised sentences and natural recordings. These metrics are also used for monitoring the
training of NTTS systems.

Subjective evaluations of naturalness are done by presenting listeners with synthesised utterances,
and asking them to rate the utterances on quality, appropriateness, preference, speaker similarity
etc. Natural recordings are often provided as a reference, but are not always known to listeners.

The objective and subjective evaluation metrics used in experiments in this thesis are detailed in the
following subsections.

2.4.1 Objective Metrics

Objective metrics are comparisons of the acoustic parameters of the synthesised utterances against
those of natural recordings. It is possible that the sequence length of the synthesised utterance differs
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from that of the corresponding natural recording. To align two, dynamic time warping (DTW) algorithm
[7] is used.

Mel-spectrogram Distortion is used to assess the segmental quality of the synthesised utterances:

• Mel-spectrogram Distortion (MSD) [52] measures the distortion between predicted and ex-
tracted (from natural speech) mel-spectrogram coefficients and is defined as:

MSD =
α

T

T∑
t=1

√√√√D−1∑
d=1

(cd(t)− ĉd(t))2 (2.11)

α =
10
√
2

ln10
(2.12)

where cd(t), ĉd(t) are the d-th mel-spectrogram coefficient of the t-th frame from reference and
predicted. T denotes the total number of frames in each utterance and D is the dimensionality of
the mel-spectrogram coefficients. For experiments in this thesis, 80 coefficients per speech frame
are used. The zeroth coefficient (overall energy) is excluded from MSD computation, as shown
in equation 2.11.

For evaluating prosody, following metrics are calculated over the natural logarithm of fundamental
frequency lf0. Since NTTS models don’t explicitly predict lf0, it is explicitly extracted from natural
recordings, and synthesised utterances for computation of the objective metrics described below.

• F0 Root Mean Square Error (FRMSE) is defined as:

FRMSE =

√∑T
t=1(xt − x̂t)2

T
(2.13)

where xt and x̂t denote lf0 extracted from reference and synthesised utterances respectively.

• F0 Linear Correlation Coefficient (FCORR) is the measure of the direct linear relationship
between the predicted lf0 and the reference lf0. It is expressed as:

FCORR =
T
∑

(xtx̂t)− (
∑
xt)(

∑
x̂t)√

T (
∑
x2t )− (

∑
xt)2

√
T (
∑
x̂t

2)− (
∑
x̂t)2

(2.14)

If xt and x̂t have a strong positive linear correlation, FCORR is close to 1.

• Gross pitch error (GPE) [73] is measured as percentage of voiced frames whose relative lf0
error is more than 20%. Relative lf0 error is defined as:

GPE =
|xt − x̂t|

xt
× 100 (2.15)

• Fine pitch error (FPE) [51] is measured as standard deviation of the distribution of relative lf0
errors, for which relative lf0 error is less than 20%
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2.4.2 Subjective Evaluation

While objective metrics are useful for monitoring the training and for hyperparameter optimsation of
the NTTS models, they usually don’t correlate well with the perception of human listeners. Since end-
users of the synthetic utterances generated by NTTS systems are humans, subjective evaluation through
human listeners is the best estimate of the quality and usefulness of NTTS systems.

Subjective evaluations are often expensive and time-consuming to conduct, and need expert listeners
to accurately assess the naturalness of output of NTTS systems. It is important for the evaluation to
be diverse and with large sample sizes, for both the utterances in the evaluation set, and the listeners
conducting these tests. Since the evaluations are subjective to listener’s perceptions, it’s also important
to test the statistical significance of these evaluations [96, 121].

MOS

Mean Opinion Score (MOS) [112, 94] is the most commonly used measure for evaluating the natu-
ralness of the synthesised utterances. The listeners are provided with one utterance per screen, and are
asked to rate the utterance on naturalness. The utterances are randomised so that they aren’t repeated
for the same listener. The listeners rate the samples on scale ranging from 1 to 5. The recommended
mapping between the listener ratings and the quality is shown in table 2.1. Before beginning the test,
the listeners go through an “anchoring phase”, where they are presented with examples of utterances
that are expected to receive each rating. This is done in an attempt to standardise the ratings between all
listeners.

MOS is an absolute measure of naturalness. A relative variation of the MOS test is comparison mean
opinion score (CMOS), where the natural recording for the corresponding utterance is explicitly shown
the as a reference on each screen.

MOS Rating Quality
5 Excellent
4 Good
3 Fair
2 Poor
1 Bad

Table 2.1 Association between ratings and quality in MOS evaluation

MUSHRA

MUltiple Stimuli with Hidden Reference and Anchor (MUSHRA) [93] presents the listeners with
multiple variations of the same utterance side-by-side on a single screen. The variations of the utterance
are natural recording, and the synthesised samples from different TTS systems, or are utterances in
different speaking styles. The natural recording serves as the reference. The output of the baseline
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systems is the anchor. Both the reference and the anchor on each screen are unknown to the listeners.
The listeners are instructed to rate each utterance on a scale ranging from 1 to 100 based on its relative
perceived quality. In some evaluations, the listeners are also asked to rate one of the utterances 100, to
filter out any misjudgements. Since multiple systems are evaluated on a single screen, MUSHRA is a
relative measure of naturalness.

As each listener simultaneously rates all the systems present in the evaluation, MUSHRA tests re-
quire fewer participants than MOS tests, and it is easier to calculate the statistical significance of through
Student’s t-test [81]. For comparison between multiple systems, Holm-Bonferroni correction [33] is ap-
plied.

Preference Test

Preference tests are used to compare two TTS systems. The listeners are presented with the same
utterance synthesised from two different TTS systems on a single screen. The listeners choose the more
natural out of the utterance A and utterance B. The order between the two systems is randomised on each
screen to prevent any biases. The preference test, like MUSHRA, is a relative measure of naturalness.
Preference test is also called the AB test. In some evaluation settings listeners are also provided the
option, where they can indicate ‘No Preference’ between the two systems. This setting is also called the
ABX test. Binomial test is used to detect the statistical significance of a preference test.

2.5 Chapter Summary

In this chapter, we have provided a detailed overview of the components of Neural Text-to-speech
(NTTS) system. NTTS systems combine a Sequence-to-sequence Acoustic Model and a Neural Vocoder.
The Acoustic Model generates low-level acoustic features, like mel-spectrograms, given text/linguistic
features as input. The low-level acoustic features are transformed into audio waveforms using Neural
Vocoders, like WaveNet or WaveRNN. Universal Neural Vocoder demonstrates that training a vocoder
on diverse speaker data improves generalisation.

We have also discussed the evaluation strategies for NTTS systems. NTTS systems are evaluated on
their intelligibility and naturalness. NTTS systems are evaluated on their intelligibility and naturalness.
Modern NTTS systems produce high-quality audio waveforms with almost no gaps in intelligibility.
Naturalness is evaluated using various objective metrics and subjective evaluation. Objective metrics
for evaluating naturalness are good for monitoring the training and performance of the NTTS systems,
but often don’t correlate well with the human perception of speech. Subjective evaluation strategies like
MOS, MUSHRA, and Preference Test are used to evaluate quality, speaker similarity, context appropri-
ateness of synthesised speech. These involve presenting samples of recorded and synthesised speech to
human listeners, who are asked to rate utterances. Subjective evaluations are more accurate, but often
time-consuming and expensive to conduct.
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Chapter 3

Data Efficiency in Multi-speaker and Multi-style Neural Text-to-speech:

An Overview

The growing popularity of speech interfaces has established the need for TTS systems to support
multiple contexts - voices, speaking styles, emotions, and languages. Recording sufficient number of
samples, and training independent models for each context is expensive, both in terms of time and
resources. This makes scaling TTS systems in production challenging.

Data efficiency for NTTS systems is an active area of research. Several studies have proposed con-
ditioning the acoustic model in NTTS, with additional parameters to drive the speaker-identity and
speaking style of the synthesised speech. These parameters can be speaker characteristics [56, 38], or
style characteristics (derived either from a reference speech sample [38], or predicted from text [120]).
Another direction of research is voice-conversion [99], where the output of a speaker-dependent acous-
tic model is modified post-hoc with a small sample set of target speaker/style. Adaptive hyperparameter
optimisation techniques for speaker adaptation [70] are also used to fine-tune a pretrained multi-speaker
acoustic model with a small set of samples from the target speech characteristics. We will be exploring
a few of these methods in the following sections.

3.1 Multi-speaker Training for Data Efficiency

The idea of combining data from multiple speakers comes from SPSS paradigm [125, 118]. These
models work by mixing data from several speakers and training an Average Voice Model (AVM) [123].
During inference, the AVMs can be used to generate speech from any of the speakers in the training set,
or can be fine-tuned to a new speaker with limited training data. The AVMs benefit from the quantity
and diversity of data from several speakers. AVMs also help increase the robustness of the TTS system
making it capable of generating speech from a wide-range of speakers and speaking styles.

Multi-speaker and multi-style NTTS models rely on external embeddings to denote the speaker or
style identity. The embeddings can either be explicit, like the learnt representations from a speaker
verification system [38], or be implicitly trained with the NTTS model through a one-hot speaker ID
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Figure 3.1 Network architecture of the multi-speaker NTTS model
.

[113, 27, 85] or a reference from mel-spectrograms [103]. However, these models are trained on large
datasets containing several speakers, with comparable amount of data for each speaker.

Latorre et. al. [56] conducted extensive empirical evaluation on the amount of data required for
training a speaker-dependant NTTS model. They also evaluated the proposed model with a unbalanced
mixture of training data from one speaker, compared to other speakers in the training. They used the
NTTS acoustic model shown in figure 2.2 in chapter 2, with a one-hot encoding for speaker identity for
training the model in multi-speaker setting. The network architecture of the multi-speaker NTTS model
is shown in 3.1. The model was trained on natural recordings from 7 speakers (4 female, 2 male, 1
child-like).

The study showed that a multi-speaker model trained on 5000 (∼ 5 hours of data) utterances for
each speaker either outperformed or matched the performance of speaker-dependant models trained on
15000 utterances each. As the size of the training data for the speaker-dependant model was increased
to 25000 utterances, performance of the speaker-dependant model overtook that of the multi-speaker
model.

The authors also evaluated the training in multi-speaker setting for imbalanced mixture of speakers.
For this, 5000 utterances from 6 speakers were chosen. These were mixed with training data for the
target speaker in two settings - with 1250 utterances (mx6+1250), with 2500 utterances (mx6+2500).
The difference in performance between the two settings were insignificant. These were also compared to
multi-speaker models with balanced data, trained with 2500 utterances from each speaker (mx7-2500),
and with 5000 utterances from each speaker (mx7-5000). The systems mx6+2500, mx6+1250, and
mx7-2500 performed similar in terms of naturalness, with insignificant difference in performance. The
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two models with imbalanced training data (mx6+1250 and mx6+2500) scored 95% relative score on
MUSHRA compared to mx7-5000.

The experiments concludes that NTTS models should be trained in multi-speaker setting if the train-
ing data for a target speaker is less than 15 hours. For training a model for a target speaker with limited
data, at least 1250 utterances are required.

3.2 Adaptive Hyperparameter Optimisation for Few-shot Speaker Adap-

tation

Training multi-speaker NTTS models require re-training the NTTS model from scratch for each
new target speaker. Often these trainings are expensive and still hinder scalability. Speaker adaptation
[124] is a transfer-learning scheme, where a pre-existing model is fine-tuned for a new speaker. Through
speaker adaptation techniques, a new speaker can be generated with just few minutes of training data.

Existing speaker adaptation techniques can be classified into two categories - 1) learning new speaker
embedding from a pre-trained network for an auxiliary task (like speaker verification [38], or implicit
speaker embedding network [71]), and 2) fine-tuning a pre-trained multi-speaker NTTS model with a
small training set for a new target speaker [5, 16]. The fine-tuning approach outperforms the first in
terms of naturalness, and is more flexible as it does not require modifications in the multi-speaker NTTS
architecture.

3.2.1 Bayesian Optimisation for Hyperparameter Tuning

Hyperparameter tuning is the process of selecting the best configurations of a model to optimise
the performance on a validation set. The most common strategies of hyperparameter optimisation are -
manual search, grid search, and random search. Manual search is time-consuming, and requires manual
effort from the developer. Grid search, and random search are automated strategies that select the
hyperparameters from a manually pre-defined set of values. Grid-search and random-search techniques
do not keep a track of performance on the previous set of parameters, and spend a major amount of time
evaluating sub-optimal hyperparameters.

Bayesian Optimisation (BO) techniques [10, 100] are used to estimate the next best hyperparameter
configuration at step t+ 1, by building a probabilistic model of the performance of the hyperparameter
space on an objective function. This probabilistic model is called the surrogate model. Surrogate models
are estimated from the set Dt = {xi, yi}i=1,..,t, across the observed hyperparameter xi ∈ X and their
performance yi ∈ Y , till step t. The surrogate model is updated after each new observation of {xi, yi}.
Gaussian Process priors [91] are a common choice of surrogate models.

Based on the updated surrogate model, the next set of hyperparameters configurations xt+1 at step
is chosen by an acquisition function. The next best set of hyperparameter configurations for a Gaussian
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Process prior surrogate model is given by:

xt+1 = argmax
x∈X

Ey(x)|Dt [max(y′t − y(x), 0)|Dt] (3.1)

where y′t is the best objective score in Y observed till step t. Equation 3.1 has a closed-form for a
Gaussian Process prior, and can be computed using standard gradient-descent optimiser.

3.2.2 BOFFIN-TTS

Figure 3.2 Adaptation strategy on multi-speaker NTTS proposed by BOFFIN-TTS [70]
.

BOFFIN-TTS [70] is a few-shot speaker adaption framework that uses Bayesian Optimisation to find
the best hyperparameter configuration for fine-tuning a multi-speaker NTTS system for a new target
speaker. The base model used in BOFFIN-TTS is a multi-speaker NTTS model discussed in section
3.1.

For the adaptation phase, the parameters of the phoneme encoder and attention module are frozen
as shown in figure 3.2. This helps generalise the model better by leveraging the representations and
alignment learnt from a larger training set, and prevents catastrophic forgetting. The parameters of the
speaker embedding layer and the decoder are fine-tuned with the new utterances from the unseen target
speakers.

The set of tunable hyperparameters chosen for the adaptation strategies are - {learning rate, batch-
size, decay-factor, gradient-clipping threshold, dropout, zoneout, mixing ratio for the number of utter-
ances from the unseen speakers vs. the seen speakers, and epoch of the base model from which to begin
adaptation}. The first six are common hyperparameters that control the learning dynamics of the model.
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Mixing some utterances of the seen speakers during the adaptation phase is another commonly-used
strategy for preventing catastrophic forgetting. This is called the rehearsal method, in which samples
from the base training set are also shown during fine-tuning to retain previously learnt information. The
mixing ratio between utterances from the seen speaker vs. the unseen speaker is thus introduced as
a hyperparameter. The fully-converged base model might need a larger number of samples for robust
adaption. Fine-tuning a base model before full-convergence makes it easier to adapt with new target
speakers. Hence, the starting epoch for adaptation is also introduced as a hyperparameter.

Experiments are conducted on 3 settings trained on speakers from different corpora - base model
(trained on 8 high-quality speakers in the internal corpus), moderately-rich base model (trained on 14

speakers from the VCTK corpus [115], and 8 from the internal corpus), and rich-base model (trained on
200 speakers from the LibriTTS corpus [132]).

The baseline is a manually fine-tuned multi-speaker NTTS model. The base model is trained on each
of the 3 settings previously discussed. 20% of the utterances from each speaker in the training data are
held-out for validation, to prevent the model from overfitting. In each setting, 4 speakers are removed
from the training data to be used as unseen target speakers. For the 4 unseen speakers in each setting,
100 utterances are used for speaker adaption.

For BO strategy for speaker adaptation is similar to one introduced in subsection 3.2.1. A Gaussian
Process prior is fit on the configuration-evaluation pairs. The next set of hyperparameter confugration
are chosen by optimising the acquisition function in equation 3.1.

The 3 training settings on different corpora are evaluated on naturalness and speaker similarity in a
MUSHRA test. In the base model BO adaptation strategy improved 28% on the naturalness, and 22%

on speaker similarity over the baseline. In the moderately-rich base model BO adaptation improves 57%
on the speaker similarity and 13% on naturalness over the baseline. This is a more challenging setting
than the base model as VCTK corpus contains larger number of speakers and highly-expressive speech
samples. The rich base model is the most challenging setting as it contains a much larger number of
speakers than the previous settings, and highly-expressive speech samples recorded in noisy conditions.
The difference between the BO adaptation strategy and the baseline are not statistically significant both
in naturalness and speaker similarity.

The experiments conclude that BO adaptation strategy for speaker adaptation can generated new
target speakers with only 100 recorded samples. It outperforms manual fine-tuning in terms of speaker
similarity, naturalness, and time and computation costs, especially with clean recording and less-diverse
set of speakers.

3.3 Data Efficiency in Controllable NTTS Frameworks

Training or adapting NTTS models in multi-speaker setting gives us robust performance on target
speakers with limited data. When these models are applied to stylistic modelling, the prosodic variations
peculiar to the target styles are implicitly learnt. Often, this leads to generation of averaged prosody
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of the target style during inference. The averaged prosody does not always correspond to the prosodic
variations in human speech. This gap in prosodic behaviour becomes more apparent in highly-expressive
or emotional speech, and in long-form content like in audiobooks.

Contrallability in the context of speech synthesis is defined as the ability to explicitly control the
prosodic variations in synthetic speech through external conditioning. Disentangling prosody in from
speech is a challenging problem. The prosodic variations in speech are entangled in the linguistic content
[109] and the speech signal along with segmental and channel information [55]. Several attempts have
been made to drive the prosodic variations in synthetic speech for a given text input through the linguistic
content [87], and through a reference speech sample with similar prosodic variations [103, 120].

Skerry-Ryan et. al. [103] proposed conditioning a Tacotron 2 [102] model with reference mel-
spectrograms, along with linguistic input. The representations from the reference encoder are concate-
nated to output linguistic representations from the phoneme encoder. During training the reference
mel-spectrograms used are extracted from the recorded speech samples. This approach was extended by
adding an attention layer to the reference spectrogram to learn a code-book of stylistic variations, called
Global Style Tokens (GST) [120]. During inference, GST for an input sequence can be inferred either
through a reference spectrogram or through text. This approach has shown great promise in same-text
(parallel) prosody transfer. However, this approach fails to generate robust samples when the sequence
length of reference spectrogram varies from that of the generated sample.

Conditioning an NTTS model with a reference mel-spectrogram makes it a text-conditioned autoen-
coder. As such, it suffers from the limitations of a traditional autoencoder. The output of the reference
encoder is a latent representation of prosody. These representations are mapped on to discrete points
in the latent space. It is unlikely that the latent space will cover the entire range of prosodic variations
with the recorded samples. This limits us from interpolating between prosodic variations between dif-
ferent speech samples, and sampling from the latent space to generate unseen prosodic variations. The
coverage increases with the increasing the size and diversity of the training data. As it has been already
established before, procurement of larger training sets is resource-exhaustive and makes the training
computationally expensive.

3.3.1 Variational Autoencoders

Variational autoencoders (VAE) [47] are probabilistic models consisting of an encoder or a recogni-
tion model and a decoder or the generative model. The encoder maps the input, x, into a latent attribute
z. Unlike the traditional autoencoder in which the latent attribute is mapped as a discrete point in the
latent space, the latent attribute in VAE is modeled as a probability distribution pθ, parametrised by θ.

The inference process in a VAE refers to estimating the the posterior distribution of pθ(z|x). By
Bayes’ rule:

pθ(z|x) =
pθ(x|z)pθ(z)

pθ(x)
(3.2)

28



The denominator of equation 3.2. also called the evidence, can be computed by marginalising out
the latent variable z from the joint distribution pθ(x, z):

pθ(x) = pθ(x, z)dz

⇒ pθ(x) =

∫
pθ(x|z)pθ(z)dz

(3.3)

Computing pθ(x) is intractable in a closed form using equation 3.3. Variational inference allows us
to approximate the posterior pθ(z|x) using another distribution qφ(z|x). To make sure that the approx-
imated posterior qφ(z|x) is close to the true posterior pθ(z|x), we must minimise the KL Divergence
[53] between the two distributions 1.

KLD(qφ(z|x)||pθ(z|x)) = log pθ(x) +KLD(qφ(z|x)||pθ(z))− Ez∼qφ(z|x) log pθ(x|z) (3.4)

Rearranging the equation 3.4, we get:

log pθ(x)−KLD(qφ(z|x)||pθ(z|x)) = Ez∼qφ(z|x) log pθ(x|z)−KLD(qφ(z|x)||pθ(z)) (3.5)

Since, KLD(qφ(z|x)||pθ(z|x)) is intractable, and always positive, we can rewrite equation 3.5 as an
inequality:

log pθ(x) ≥ Ez∼qφ(z|x) log pθ(x|z)−KLD(qφ(z|x)||pθ(z)) (3.6)

The right-hand side of the inequality 3.6 is a lower-bound on the evidence, it’s also called the Ev-
idence Lower Bound (ELBO). The evidence is the log-likelihood of generating a real data sample,
which we’d like to maximize.
The negative of ELBO is used as a loss-function in VAE. The loss-function encourages the posterior
distribution to stay close to the prior pθ(z), and is a lower bound on the true log-likelihood of the data.

A standard VAE has the following components:

• Encoder: modelling the approximate posterior distribution qφ(z|x), often chosen to be in the
form of a multivariate Gaussian distribution with diagonal covariance:

z ∼ qφ(z|x) = N (z;µ, σ2I).

• Prior: describing the distribution pθ(z). We assume prior to be a spherical Gaussian,N (0, I), as
it gives us a closed-form solution to the termKLD(qφ(z|x)||pθ(z)), and also makes the sampling
process easier for generating new data points.

• Decoder: modelling the distribution pθ(x|z). The decoder, while training reconstructs the input
x, given the latent variable z.

.
1The full derivation can be found in [47]
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3.3.2 VAE Latent Conditioning for Controllable Speech Synthesis

The style representation of a reference speech in discrete space [103, 120], can be replaced by a
probabilistic representation through a variational reference encoder [137]. This not only allows us to
generate new speaking style by sampling from a continuous latent space, but also gives us the ability
to interpolate between two speaking styles seen during the training to generate an unseen style or to
control the intensity of the style unseen during training.

To generate the style embeddings, z, mel-spectrograms from reference speech are passed through
the reference encoder discussed in [103, 120]. The output of the the reference encoder is passed through
two separate feed forward layers to obtain the parameters, mean (µ) and variance (σ), of a Gaussian
distributions. The variational reference encoder thus maps each input spectrogram in a probabilistic
distribution given by N (z;µ(x),σ2(x)I). The latent representation, z is then sampled from this dis-
tribution, and the concatenated to each encoder state before passing on to the attention module as input.
The inference process for the latent representation, z, given an input mel-spectrogram, x ,is described
below:

e = RefEncoder(x)

µ(x) =W µe+ bµ

σ(x) =W σe+ bσ

z ∼ N (z;µ(x),σ2(x)I)

(3.7)

The parameters W µ,W σ are weights of the fully-connected layers representing the parameters of the
probabilistic distribution of z, and bµ, bσ are their respective biases.

Since sampling is a stochastic process and cannot be optimised by gradient-based optimisers, the
sampling process is reparametrised by introducing a random variable ε. The sampling process in equa-
tion 3.7 is replaced with:

ε ∼ N (0, I),

z = µ(x) + σ2(x)� ε
(3.8)

where � represents element-wise multiplication. The sampling process thus is transferred from the
parameter, z to a random variable ε with no trainable parameters.

The inference process of the latent variable z is shown in figure 3.3. The variational reference
encoder acts as the recognition model, qφ(z|x), discussed in subsection 3.3.1. The NTTS model with a
variational reference encoder, is a text-conditioned VAE that can be trained using the ELBO loss. The
loss function thus becomes:

L(θ, φ;x, t) = β KLD(qφ(z|x)||pθ(z))︸ ︷︷ ︸
KL regularization term

−Ez∼qφ(z|x) log pθ(x|z, t)︸ ︷︷ ︸
Reconstruction term

(3.9)

The input phoneme-sequence in represented by t in the equation 3.9. β is a a hyperparameter added to
the KL regularisation term to prevent KL collapse [30].

For style transfer during the synthesis process, the latent variable from a reference speech sample can
be used to condition the NTTS. This architecture also allows us to control the intensity of the style by
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Figure 3.3 Architecture of the variational reference encoder for inference of the latent variable z
.

interpolating between the latent variables from two or more reference speech samples. Since the latent
space is continuous, speech in unseen styles can also be generated by sampling the latent variable from
the prior pθ(z).

3.3.3 Normalising Flows

Normalising flows, like VAEs, are likelihood-based generative models. Both VAE and normalising
flows attempt to estimate the likelihood pθ(x) of the real data. However, as discussed in equation 3.6,
in the case of VAE we can only estimate the lower-bound of the likelihood of the data. Additionally, in
VAE, the prior is assumed to be a standard Gaussian. This is beneficial as the Gaussian distribution has
an analytical form and sampling from a Gaussian distribution is easy, The KL regularization term forces
the approximate posterior to be close to the prior. In case of complex distributions with non-Gaussian
features, this constraint results in poor representations, especially if the encoder is not powerful enough
to learn good posterior representations.

Normalising Flows [95] use a series of invertible transformations to map a complex distribution into
a simpler known distribution. In case of generative modelling and latent representation learning, this
translates to mapping the likelihood pθ(x) into a standard Gaussian distribution. This is possible with
the change of variable theorem.

Let f : Rn → Rn be an invertible function, such that x = f(z), and z = f−1(x). By change of
variables theorem:
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pθ(x) = pz(z)

∣∣∣∣det ∂f(z)∂x

∣∣∣∣
⇒ pθ(x) = pz(f

−1(x))

∣∣∣∣ det ∂f−1(x)∂x

∣∣∣∣ (3.10)

where ∂f(z)
∂x is the Jacobian matrix of the function f . We assume pz(z) to be a standard Gaussian, as in

the case of VAE, to benefit from it’s well-known analytical form and the ease of sampling.
A single transformation might not be expressive enough to learn more complex distributions of

pθ(x). To alleviate this, we introduce to series of K transformations, f = f1 ◦ f2◦, ..., ◦fk, such
that

x
f1←−−→ z1

f2←−−→ z2....
fk←−−→ z

Each transformation gradually changes the data distribution. Using a series of transformations also
allows us to use different transformation functions at each level to capture the intricacies of the data.
Change of variable theorem for a sequence of transformations can be expressed as:

pθ(x) = pz(z)
K∏
i=1

∣∣∣∣ det ∂f(zi)∂zi−1

∣∣∣∣,
log pθ(x) = log pz(z) +

K∑
i=1

log

∣∣∣∣det ∂zi
∂zi−1

∣∣∣∣
(3.11)

While choosing transformations f , we must adhere to following conditions:

1. The dimensions of x, z and the intermediate representations z1, ...,zk must be the same.

2. The function f must be invertible.

3. The computation of Jacobian determinant should be efficient and differentiable.

Normalising Flows make the computation of the exact log-likelihood of the dataset tractable, and the
log-likelihood of the dataset D can be optimised by a gradient-based optimiser, by directly minimising
the negative log-likelihood of each sample x:

L(D) = − 1

|D|
∑
x∈D

log pθ(x) (3.12)

Based on the value of Jacobian determinant, normalising flows can be categorised into volume-
preserving flows, and non-volume preserving flows. In volume-preserving flows [95, 110, 9], the dis-
tribution pz(z) has the same volume as pθ(x) and the Jacobian determinant is equal to 1. Non-volume
preserving flows [20, 21, 45] use non-linear transformations that change the volume of the data distri-
butions. However, the transformations are still chosen such that the Jacobian determinant is efficient to
compute, e.g. in affine-coupling transformation [21] the Jacobian is a lower-triangular matrix and the
determinant is the product of its diagonals.
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3.3.4 Style Transfer with Flexible Posterior Modelling with VAE and Normalising Flows

Normalising Flows can model the exact log-likelihood of the data. While these can act as indepen-
dent density-estimation frameworks, the dimensions of the data samples, and the latent representations
must be the same. This prevents us from learning low-dimension latent representations. With high-
dimensional data like speech, this adds to the computation cost.

VAEs learn compact low-dimensional latent representations of the data sample. In addition to a
simple prior, the approximate posterior is modelled using a normal distribution with diagonal covariance
matrix. The diagonal covariance might not be flexible enough to model complex distributions.

By using normalising flows, we can transform the posterior distribution of a VAE with diagonal
covariance matrix, into a distribution with full-covariance matrix. This leads to greater expressivity of
the latent representations. The eigendecomposition of Any full-covariance matrix σ can be represented
as:

Σ = UDUT (3.13)

whereU is an orthogonal matrix containing the eigenvectors of Σ along its columns, andD is a diagonal
matrix with the corresponding eigenvalues. By modelling the distribution ofU , we can use it as a linear
transformation to obtain a distribution with full-covariance matrix:

z1 = Uz, and

z1 ∼ N (Uµ,UDUT )
(3.14)

Since the value of the Jacobian determinant of an orthogonal matrix is 1, this makes the computation
easier. It has been shown [110] that any orthogonal matrix of orderK can be represented as a product of
K Householder Transformation (H1, ..., HK). Householder Transformation is defined as reflection
of a vector zi−1, along a hyperplane defined by a Householder vector hi orthogonal to the hyperplane:

zi =H izi−1,

where,H i = I − 2
hih

T
i

||hi||2
(3.15)

Householder matrices are orthogonal with Jacobian determinant equal to 1. By predicting the house-
holder vectors hi, for each transformation, we can use the Householder transformation as an invertible
transformation in flows.

In an NTTS model with variational latent conditioning, the reference encoder models the posterior
qφ(z|x). To convert this posterior distribution into a Gaussian distribution with full-covariance matrix,
Householder transformations as discussed in equation 3.15 can be used [2]. At each step of the flow, the
householder vectors for the corresponding step are predicted as a parameter. The householder vectors at
each step are shared globally across all samples in the dataset. In [2] the best performing architecture has
16 transformations. Figure 3.4 shows the architecture of a variational reference encoder with posterior
transformation using Householder flow.
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Figure 3.4 Inference of reference latent variable with VAE and Householder normalising flows [2]

The model was trained on a combination of recorded utterances from two datasets, an internal dataset
(containing ∼ 181 hours of data from 13 speakers), and English-speakers from the VCTK [115] (con-
taining 21 speaker, each with ∼ 23 minutes of speech). For style transfer, the target style is chosen
from a corpus containing ‘excited’ emotion. The samples in the corpus display three intensities - low,
medium, high. One sample from each of the three intensities if chosen as the reference sample and the
target for style transfer.

Posterior transformation of VAE reference encoder with normalising flows (VAE+NF) leads to im-
proved performance on both the reconstruction loss and the KL regularisation, compared to a vanilla-
VAE with no posterior transformation. Whether this translates to better naturalness and style transfer,
was evaluated in a MUSHRA test against natural recordings, synthesised speech with neutral emotion,
and style-transferred utterance using vanilla-VAE. The VAE+NF model performs better in both natu-
ralness and style transfer than a vanilla-VAE. However, both these result in reduced signal quality and
naturlaness score than neutral utterances. Even though significant progress has been made on control-
lable speech synthesis, generating high-quality samples consistently still remains a challenge.

3.4 Chapter Summary

In this chapter, we have explored techniques to used for data-efficiency in training NTTS models and
adapting NTTS models to new speakers and styles.

Multi-speaker training leverages training data from several speakers to build an average voice model
(AVM). Multi-speaker AVMs increase robustness and reduce per-speaker training data. Multi-speaker
AVMs, however, need to be trained from scratch each time a new speaker is introduced. Speaker adapta-
tion involves fine-tuning base AVMs to new speakers with limited training data. We discussed Bayesian
Optimisation (BO) strategy to automate the hyperparameter selection for fine-tuning NTTS models.
Using BO, AVMs can be adapted to a new speaker with just few minutes of training data.

AVMs generate an averaged prosody for each speaker in the training set. This produces unsatisfac-
tory results for stylistic speech synthesis, specially in long-form context. Controllable NTTS models use
probabilistic latent conditioning from a single sample of reference speech signal to drive the prosodic
variations. Variational Autoencoders (VAEs) are used to encode reference speech signal as a spherical
Gaussian distribution with diagonal covariance matrix, which is provided as conditioning to the NTTS

34



acoustic model. Encoding reference speech signals as a spherical Gaussian distribution limits expres-
sivity. We introduced Normalising Flows that can improve the posterior flexibility by transforming the
spherical Gaussian distribution into another distribution with full covariance matrix. With this, we see
an improvement in both the naturalness and style-transfer over VAEs. Controllable models, although
promising, show degradation in signal quality and result in lower naturalness over neutral utterances in
MUSHRA evaluations.
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Chapter 4

Synthesising Newscaster voice with Limited Data: A Bi-style Modelling

Approach

Newscasters have a clearly identifiable dynamic style of speech. As more people are using vir-
tual assistants, in their mobile devices and home appliances, for listening to daily news, synthesising
newscaster-style of speech becomes commercially relevant. A newscaster-style of speech gives users
a better experience when listening to news as compared to news generated in the neutral-style speech,
which is typically used in text-to-speech synthesis. In addition, synthesising news using text-to-speech
is more cost-effective and flexible than having to record new snippets of news with professional news-
casters every time a new story breaks in.

Several works have explored the controllability of style in NTTS models through latent-variable
modelling techniques [3, 34, 2]. These models not only enable us to jointly model different styles,
but also allow the user to control the style through modification of latent variable during the inference.
Although flexible, these models usually require a large amount of data to capture the idiosyncrasies of
speaking styles. Additionally, these models are slow to train and are potentially overly complex for
modelling styles of speech that are expressive, but do not display large prosodic variations. During in-
ference, the user would need to input the latent variables to synthesise, which is not ideal for production
systems.

In this chapter, we propose a model for synthesising speech in the style of a newscaster with just
few hours of data. We pose this problem of generating speech in a target style with limited data, as
building ‘bi-style’ model that can synthesise both “neutral-style” and “newscaster style”, similar to the
multi-speaker modelling approach discussed in section 3.1 in chapter 3. A one-hot style-ID is used to
differentiate between the two styles.

The contents in this chapter are published in [87]
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4.1 Data Exploration

This section aims at understanding the prosodic variability in neutral-style, and newscaster-style cor-
pora. For this purpose, we study the average variance in the natural logarithm of fundamental frequency
(lf0) for each utterance in the two styles. The values are reported in Table 4.1. For contrast, we also
study per-utterance lf0 in a mixed-expressive corpus from the same speaker. We notice that among the
three corpora, the neutral-style utterances have the lowest mean variance per utterance, making it more
tractable and easier to model with NTTS than the other two corpora. Newscaster-style has a slightly
higher mean variance given greater expressiveness, and the mixed-expressive corpus has the highest
mean variance.

Latent-variable models [3, 34, 120, 106] tackle the problem of modelling varied expressive corpora.
As we have already discussed, these models are slow to train, and require prediction or manual injection
of continuous latent variables during inference. These might not be well-suited for the task of modelling
newscaster-style, which even though is expressive, has much lower mean variance per utterance than the
mixed-expressive corpus.

Corpus Variance Range
Neutral 6.32 5.66
Newscaster 6.33 5.68
Mixed expressive 6.79 5.71

Table 4.1 Analysis of mean prosodic variations based on lf0 per utterance

Latorre et. al. [56] found that a minimum of ∼ 15000 utterances (approximately 15 hours of data)
are required to train a seq2seq acoustic model from scratch. Gathering 15 hours of data for each new
style is both expensive and time-consuming. Given that the mean variance for the newscaster-style
utterances is marginally higher than that of neutral-style utterances, we propose jointly modelling both
the neutral-style and the newscaster-style, with a one-hot style ID to differentiate between the two styles.
We hypothesise that the style ID will be able to effectively factorise the neutral and newscaster styles,
and generate style-appropriate samples for both. This will also alleviate the problem of prediction, and
injection of continuous latent variables, that might introduce additional latency in the system. During
inference, the style ID can be set by modification of simple binary flags.

From our internal corpus of female US-English voice, we use∼ 20 hours of neutral-style utterances.
For the newscaster-style, we use additional recordings from the same voice talent, approximating the
style of American newscasters. For experiments in this paper, we use 4 hours of recorded speech for
training the newscaster style. Using both these utterances to train a bi-style model provides us with
enough overall data to train the acoustic model, and also help the model learn to factorise the two styles
with the style ID input.
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Figure 4.1 Architecture of the bi-style NTTS acoustic model
.

4.2 Model Description

Our proposed model is composed of two modules - an NTTS Acoustic Model and a Waveform
Synthesis model. The NTTS acoustic model takes phonemes as inputs, and predicts temporal acoustic
features, e.g. mel-spectrograms. The predicted acoustic features are then converted to time-domain
audio waveforms by the Waveform Generation module.

4.2.1 NTTS Acoustic Model

The NTTS acoustic model consists of the phoneme encoder, style ID input, a single-headed location-
sensitive attention block, and the decoder module.

The style ID is a two-dimensional one-hot vector (representing whether the input utterance belongs
is in the neutral-style or newscaster-style), which is projected into continuous space by an embedding
lookup layer to produce a style embedding. The style embedding is concatenated at each step of the
output of the phoneme encoder.

Single-headed location-sensitive attention [18] is applied to the concatenated outputs. A unidirec-
tional LSTM-layer takes the concatenated vector of the output vector of the attention block and the
pre-net layer as an input.
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The decoder, in each step, predicts blocks of 5 frames of 80-dimensional mel-spectrograms. We
define a frame as a 50ms sequence, with an overlap of 12.5ms. The last frame of the previous outputs
is passed to the pre-net layer as input for generating the next set of frames. The architecture of the NTTS
acoustic model is shown in figure 4.1

4.2.2 Waveform Generation

We use the pre-trained Universal WaveRNN discussed in subsection 2.3.2 in chapter 2 to convert the
mel-spectrograms predicted by our context generation module into high-fidelity audio waveforms.

4.3 Experimental Protocol

The news stories are on an average longer than neutral-style utterances, and consist of multiple
sentences. Seq2seq models have a tendency to lose attention and have misalignment in longer input
sequences during inference. To alleviate this, we split the news stories into individual sentences in both
the training and the test sets. Splitting into individual sentences also enables us to train the model on
larger batch size, helping the model to converge faster and with lesser perturbation of the training loss.
To convert the utterances into phoneme sequences, we use our internal G2P tool, which encodes the
phonemes, stress marks, and punctuations as one-hot vectors.

4.3.1 Training

We train the model using an L1 loss in the decoder output for mel-spectrogram prediction. To indicate
when to stop predicting the decoder outputs, we have a linear stop token generator at the decoder outputs,
trained jointly with the context generation module. The stop token generator is trained with an L2 loss.
During training, the stop token is linearly increased from 0 at the beginning of the sentence to 1 at the
end.

ADAM optimizer [44] is used to minimise the training loss, with learning rate decay. The model is
trained with teacher-forcing on the decoder outputs. The attention weights are normalised to add up to
1 using a softmax layer.

The decoder is trained with dropout [105] regularisation (with probability 0.1). No dropout is used
in the encoder module. We use mel-spectrogram distortion [52] to monitor the input-output alignment,
and the training loss to get a rough estimation on the convergence of our model. We also synthesise some
held-out sentences to monitor the segmental quality and the prosody of our system, as the perceptual
quality of the generated samples does not always align with the lower training and validation losses, and
spectrogram distortion metrics.
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4.3.2 Evaluation

We use the objective metrics discussed in subsection 2.4.1 for evaluating the proposed model. We
compare the newscaster style generated by our bi-style NTTS model (News Bi-style) against a neutral
NTTS model (Neutral), and a concatenative TTS system (Concatenative). The neutral NTTS model is
trained in a single-speaker setting. The concatenative TTS systems is a hybrid unit-selection systems,
trained on neutral style of speech, driven by state-level parametric predictions, as described in [48].

We compare acoustic parameters extracted from the synthesised sentences, and the natural record-
ings for the analysis of prosody and segmental quality. To match the predicted sequence length to the
reference sequence length for all comparisons, we use the dynamic time warping (DTW) algorithm [7].
We use Mel-spectrogram Distortion to assess the segmental quality of the synthesised sentences.

We compare the models on prosody and segmental quality. We use the same text-prompts for gen-
erating speech with all the models in evaluation. All the systems use the voice of the same female
speaker.

4.4 Results and Discussions

Segmental Quality Prosody
System MSD (dB) FRMSE (Hz) FCORR GPE (%) FPE (cents)

Concatenative 6.07 44.85 0.28 33.58 5.68
Neutral 5.27 44.81 0.30 32.02 5.63

News Bi-style 4.52 42.90 0.35 28.89 5.57

Table 4.2 Objective metrics for analysis of prosody and segmental quality. High FCORR indicates
better prosody. For all other metrics, lower value indicates better performance.

The scores of the objective evaluation are shown in table 4.2. The concatenative TTS system pro-
duces characteristic artefacts at the points of concatenation, that affect the segmental quality. Through
NTTS modelling we can generate high-quality audio samples without the concatenation artefacts.

We have already discussed in section 3.3 that the prosodic variation are embedded in speech signal
along with segmental information, and it’s hard to entirely disentangle prosody with segmental qual-
ity. In terms of prosody, the concatenative and neutral NTTS samples have similar performance, with
differences driven mostly by the segmental quality of the synthesised speech samples.

Our proposed model (News Bi-style) obtains consistently better scores in both prosody and seg-
mental quality than neutral NTTS and concatenative TTS systems. This shows that high-quality audio
samples for a new speaking style can be generated with limited data for the target style, using bi-style
modelling with neutral data for the same speaker.

Additionally, we also show that using one-hot conditioning, we can effectively factorise the two
speaking styles. This shows great promise for the scalability of NTTS models in production, where a
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single multi-style model can be deployed to generate speech in several speaking styles. Bi-style training
approach also provides additional regularisation with varied training data, that improves the segmental
quality over single-speaker neutral NTTS system.

The objective metrics although do not always correlate well with human perception of speech, the
give us a good sense of initial progress without additional costs of setting up subjective evaluation.

Through manual inspection of generated newscaster-style samples from held-out data, we observe
that even though we are able to capture some prosodic variations of the newscaster style of speech, the
model still produces an averaged prosody of the target style. This affects the appropriateness of the style
in some samples. Further work is needed to control the prosodic variations in newscaster style, to suit
the context of the text prompts used for synthesis.

4.5 Chapter Summary

In this chapter, we adapt multi-speaker AVMs to propose a bi-style modelling approach to synthesise
newscaster style utterances with only 4 hours of stylistic training data.

We combine the newscaster style data with a large corpus of neutral utterances from the same speaker,
in a single NTTS model with one-hot style conditioning. Through object metrics, we show that the bi-
style model outperforms both neutral NTTS and concatenative TTS in both prosody and segmental
quality. We also show that the model effectively factorises the two styles through only one-hot style
conditioning without the need for a reference speech signal from the target style.
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Chapter 5

Improving Naturalness with Contextualised Word Embeddings

Prosody in spoken language is closely tied to both by the syntax and semantics of the linguistic
content being verbalised [116, 109]. Syntactic elements like word order and phrase boundaries in a
sentence affect the rhythm and intonation in speech. Semantics of a sentence relate to the emotional
information, stress pattern, and overall tone of the speech. The prosody of spoken content can also
help disambiguate homographs and homonyms. Thus, informing a TTS system with the syntax and
semantics of the linguistic content is important for natural-sounding speech synthesis.

Conventional NTTS acoustic models use a single encoder for linguistic inputs (phonemes/character
embeddings). With no explicit front-end processing of the text input, the phoneme encoder cannot be
solely relied upon to capture higher-level text characteristics like syntax or semantics.

Recent advances in representation learning for text [84, 19] have allowed us to come up with contex-
tualised linguistic representations that not only capture the syntax and semantics of a word, but also the
linguistic context of the word as a function of the entire sentence. These contextualised representations
can be effective conditioning information for long-form TTS content, as seen in news and audiobooks.

In this chapter, we propose conditioning the bi-style NTTS acoustic model discussed in chapter 4
with contextualised word embeddings (CWE), by introducing an additional encoder. The CWE encoder
provides additional linguistic context to the NTTS acoustic model without the need for explicit hand-
crafted front-end features.

5.1 Contextualised Word Embeddings

Word embeddings are dense continuous representations of words that capture the meaning of the
words and the context in which they are present. Traditional word embedding methods [68, 82] learn
these representations from large unlabelled corpora. These methods generate embeddings only for
words seen during training, and only a single embedding for each word is generated regardless of the
different contexts in which the words can be present (polysemy). Later methods alleviate some of these

The contents in this chapter are published in [87]
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shortcoming by either learning representations for subword unit [12, 40], or learning separate embed-
ding for each word sense [74].

Contextualised word embeddings (CWE) methods generate dynamic word embeddings for each
word, which is a function of the overall input sentence. CWE methods use sequence-learning archi-
tectures [32, 114] to encode the context around pivot words through unsupervised language modelling
[84, 19, 89, 90] or through an supervised downstream task like machine translation [64]. These embed-
dings are transferable on a range of downstream NLP tasks and applicable to any language with large
corpora.

5.1.1 Embeddings from Language Model

Figure 5.1 Visual representation of ELMo. From [79]
.

Embedding from Language Model (ELMo) [84] is a CWE method that uses unsupervised pre-
training via language modelling to generate contexualised embeddings for downstream tasks.

The input text in ELMo is processed through a character-level convolutional layer that captures
the subword information of the input. This is beneficial for representing morphological variations of
the words, and for generating CWE for out-of-vocabulary words. The output of the character-level
convolutional layer is passed to two bi-directional LSTM layers for capturing the context in which the
word is presented. This makes the CWE a function of the sentence. Each layer learns progressively
higher-level information of the word. It has been shown that the lower layers capture the syntactic
information, while the final layer captures the semantic information of the word. The final representation
is a linear combination of the outputs of the character-level convolutional layer, the first bidirectional-
LSTM layer, and the final bidirectional-LSTM layer. The architecture of ELMo is shown in figure
5.1

Using CWE generated from ELMo, the authors beat state-of-the art in six downstream NLP tasks
- question answering, textual entailment, semantic role labelling, coreference resolution, named-entity
recognition, and sentiment analysis.
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Figure 5.2 Architecture of the bi-style NTTS acoustic model with CWE Encoder
.

5.2 Model Description

We introduce a CWE encoder as additional conditioning to the bi-style NTTS acoustic model de-
scribed in chapter 4. For each sentence in the training set we extract ELMo features using publicly
available CLI tool [26]. This model is pre-trained on the 1 Billion Word Benchmark dataset [14].
During training these features are fed to CWE encoder. CWE encoder has a similar topology to that of
the phoneme encoder.

Encoded ELMo embeddings are passed to the decoder through Bahdanau-style attention [6]. For
CWE encoder, we choose Bahdanau-style attention instead of the location-sensitive attentions as the
syntax and semantic information in the input text isn’t necessarily monotonic. We hypothesise that this
can help the decoder consider broader context. The attention module of the CWE encoder operates
independently of the location-sensitive attention for the phoneme encodings.

The NTTS acoustic model, conditioned on the phoneme representations and the CWE of the input
text, generates frame-level mel-spectrograms. The proposed architecture, shown in figure 5.2, is a multi-
scale conditioning on the input text, focusing both on phoneme-level (through phoneme encoder) and
word-level (through CWE encoder) contexts. These spectrograms are then converted into raw audio
waveform using the Universal WaveRNN vocoder.
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System Description
Concatenative Concatenative-based unit selection system driven by state-level statistical

parametric predictions
Neutral Neutral-style NTTS speech
News w/o CWE Newscaster-style NTTS speech without CWE conditioning
News with CWE Newscaster-style NTTS speech with CWE conditioning
Recordings Natural speech waveforms

Table 5.1 Systems present in the MUSHRA evaluation

5.3 Experimental Protocol

The training setup for the proposed model is similar to that of the bi-style NTTS. The model is trained
on the neutral and newscaster style utterances, with each news story split into individual sentences.

We use L1 loss for the decoder output, and L2 loss for the stop-token prediction. The decoder is
trained using teacher-forcing of the mel-spectrogram. ADAM optimiser with learning rate decay is used
to minimise the training loss.

5.3.1 Evaluation

Objective Metrics

The objective metrics used for evaluating the proposed model are discussed in subsection 2.4.1 in
chapter 2. We compare the bi-style newscaster NTTS model with CWE conditioning (News with CWE)
against the bi-style newscaster NTTS model proposed in chapter 4 (News w/o CWE), neutral NTTS
model (Neutral), and a neutral-style concatenative TTS system (Concatenative). The models are eval-
uated on their prosody and segmental quality.

Subjective Evaluation

We conduct additional subjective evaluations with human listeners and consider these as the final
outcome of our experiments. We concatenate the synthesised news-style sentences into full news stories,
to capture the overall experience of our intended use-case. Each utterance is 3-5 sentences long, and the
average duration is 33.47 seconds.

We test our system with 10 expert listeners with native linguistic proficiency in English, using the
MUltiple Stimuli with Hidden Reference and Anchor (MUSHRA) methodology [93]. The systems
used in this evaluation are described in Table 5.1. The listeners are asked to rate the appropriateness of
each system as a newscaster voice on a scale of 0 to 100. For each utterance, 5 stimuli are presented to
the listeners side-by-side on the same screen, representing the 5 test systems in a random order. Each
listener rates 51 screens.
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5.4 Results and Discussions

5.4.1 Objective Metrics

Segmental Quality Prosody
System MSD (dB) FRMSE (Hz) FCORR GPE (%) FPE (cents)

Concatenative 6.07 44.85 0.28 33.58 5.68
Neutral 5.27 44.81 0.30 32.02 5.63

News w/o CWE 4.52 42.90 0.35 28.89 5.57
News with CWE 4.54 42.14 0.36 27.59 5.55

Table 5.2 Objective metrics for analysis of prosody and segmental quality. High FCORR indicates
better prosody. For all other metrics, lower value indicates better performance.

The scores for the objective metrics are shown in Table 5.2. We observe that both of our newscaster-
style models obtain consistently better scores on all metrics, than neutral NTTS and concatenative-based
system. Furthermore, we also observe that conditioning the newscaster-style model with CWE helps
improve the prosody of the synthesised utterances.
There’s a slight loss in segmental quality when conditioning the model with CWE, but it appears to be
imperceptible to human listeners in the MUSHRA test.

5.4.2 Subjective Evaluation

System Mean score Median score Mean Rank Median Rank
Concatenative 28.31 21.5 4.60 5

Neutral 42.44 37.0 3.86 4
News w/o CWE 68.15 76.0 2.67 3
News with CWE 72.4 80.0 2.41 2

Recordings 91.61 100.0 1.45 1

Table 5.3 Listener ratings from the MUSHRA evaluation

The listener responses from the subjective evaluation are shown in Figure 5.3. In Table 5.3 the
descriptive statistics for the MUSHRA evaluation are reported. The proposed model closes the gap
between concatenative-based synthesis for newsreading, which is still largely the industry standard, and
the natural recordings by 69.7%. The gap compared with the neutral NTTS voice is also closed by
60.9%. All of the systems present in the MUSHRA test are statistically significant from each other
at a p-value of 0.01. This significance is observed across the listener responses using a t-test. Holm-
Bonferroni correction was applied due to the number of condition pairs to compare. This significance is

46



Figure 5.3 Boxplot of the listener responses in the MUSHRA evaluation

also observed over the MUSHRA responses in terms of the rank order awarded by listeners. For this a
Wilcoxon signed-rank test applying Holm-Bonferroni correction was used.

The concatenative-based system is prone to audible artefacts at the concatenation-points, primarily
due to abrupt changes in fundamental frequency in voiced phonemes. This reduces the perceived natu-
ralness of synthesised speech. The neutral-style system is unable to model the prosody that is distinct
to the newscaster-style of speech. A higher score for the newscaster-style model with CWE condition-
ing with respect to the model without, provides evidence supporting the hypothesis that CWE features
help model the prosodic variation better given the additional information on the syntactic and semantic
contexts of words in the sentence.

We also generated a violin plot (Figure 5.4) depicting the distribution of the rank-order awarded
to the systems in the test. We notice that for some of the utterances, the listeners have ranked our
newsreader voice (both with and without CWE) higher than the natural recordings, showing that our
proposed models are able to closely mimic the recordings in terms of prosody and naturalness.

5.4.3 Effect of Contextualised Word Embeddings on Prosody Modelling

To further reinforce the effect of CWE on prosody modelling for newscaster-style, a preference
test was conducted comparing newscaster-style with and without CWE conditioning, using 10 expert
listeners. Listeners were informed to rate the systems in terms of their naturalness, and were asked to
choose between News with CWE, News w/o CWE, or indicate No Preference(NP).

The listener responses are shown in Table 5.4. The samples conditioned on contextual word embed-
dings are shown to be significantly preferred (43.2%) over the samples generated without (31%), with
p < 0.01. A binomial test was used to detect statistical significance.
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Figure 5.4 Violin plot of the rank-order awarded by listeners

Preference No. of Votes % Votes
News with CWE 259 43.2%
News w/o CWE 186 31%
No Preference 155 25.8%

Table 5.4 Preference test between systems with and without CWE conditioning

5.4.4 Analysis of Speech Tempo

System Neutral Newscaster
Recordings 11.63 14.02
with CWE 10.12 13.88
w/o CWE 10.11 13.65

Table 5.5 Speech tempo: recordings vs test systems

We define speech tempo of a corpus as the average number of phonemes present per second. Speech
tempo is a crucial aspect in differentiating between the neutral and the newscaster styles. The newscaster-
style is more dynamic than the neutral-style utterances, with higher speech tempo. In Table 5.5 we re-
port the speech tempo in the neutral-style, and the newscaster-style for natural recordings, and compare
those with our models with and without CWE. We observe that the model conditioned on CWE can
better model the speech tempo in both styles. This gives us additional evidence that conditioning the
model on CWE helps us synthesise samples that are not only more style-appropriate, but are also better
in naturalness with respect to natural recordings.
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5.5 Chapter Summary

In this chapter, we discuss the relationship between the prosody of speech and syntax and semantics
of the text. We showed that naturalness in NTTS models can be improved by conditioning it on linguistic
context beyond phonemes.

We used pre-trained Contextualised Word Embedding (CWEs) to extract syntactic and semantic
context from text. We introduced a CWE Encoder with Bahdanau attention as additional conditioning
the the bi-style NTTS model discussed in the previous chapter.

Objective metrics showed that CWE conditioning improves prosody of newscaster style utterances,
with similar performance on neutral style utterance as the baseline model. MUSHRA evaluation for
naturalness indicates that CWE conditioning closes the gap between the baseline model and recordings
by 60.9%. Bi-style model with CWE conditioning was also rated higher in context-appropriateness in
Preference Test.
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Chapter 6

Conclusions and Future Directions

In this thesis, we studied the components of a Neural Text-to-speech (NTTS) system and highlighted
the challenges of training an independent NTTS model for a new speaker and style. NTTS systems can
generate high-quality audio waveforms for a given text input. These implicitly learn the relationship be-
tween the text and acoustic parameters without needing multi-stage front-end and back-end processing,
or requiring any hand-crafted features. However, vast amounts of training data is required for training
NTTS model compared to traditional concatenative and SPSS systems. This affects the scalability of
NTTS systems to new speakers and styles, specially the ones with limited data.

We studied the data-efficiency techniques for scaling NTTS systems to new speakers and style. We
first studied training NTTS models in multi-speaker setting. Combining data from several speakers gives
the model the volume of data required to learn the text and acoustic alignments, while only requiring
fractional amount of data for each speaker compared to training a speaker-independent systems. With
a single multi-speaker in production, several voices can be generated. Although, for introducing a
new speaker, the model needs to be retrained. We discussed Bayesian Optimisation (BO) techniques
for adapting a multi-speaker model to new speakers. BO techniques automatically find the best set of
hyperparameters for fine-tuning a pre-trained multi-speaker NTTS model to introduce a new speaker
just few minutes of training data, without degrading the naturalness of the synthesised speech for pre-
existing speakers. We also studied using variational autoencoders and normalising flows for one-shot
transfer of speaker and style characteristics. These methods make the synthesis in a new speaking style
controllable. However, these come with significant degradation to naturalness and the signal quality of
the synthesised speech. These also require selection of appropriate reference audio for the injection of
the target style.

We propose a bi-style NTTS model for synthesising speech in newscaster style with one-fourth the
amount of data required for training a speaker and style-dependent model. We combine training data for
the newscaster style with neutral style recordings from the same speaker. We use a one-hot style-ID to
differentiate between the two styles. The proposed model outperforms concatenative TTS system in the
naturalness of the synthesised speech for both neutral and newscaster style utterances. The synthesised
newscaster style utterances also have wider prosodic range than neutral utterances. Through objective
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metrics, we show that a new target style can be generated with limited training data in a multi-style
setting. Further, the styles can be factorised with a single one-hot style-ID.

Finally, we propose conditioning the bi-style NTTS model for neutral and newscaster style, with
contextualised word embeddings (CWE) for each utterance. The CWE conditioning gives the NTTS
acoustic model additional linguistic context (both syntactic and semantic) for generating more natural
sounding speech. This also provides the NTTS model with multi-scale (phoneme-level and word-level)
information of the input text. We conduct extensive objective and subjective evaluations for measur-
ing the effect of CWE conditioning. With CWE conditioning, we significantly improve the prosody
modelling ability, and thus naturalness, of the NTTS acoustic model.

6.1 Future Directions

Through multi-style modelling we can effectively generate stylistic speech with limited data. How-
ever, the lack of controllability in these systems still remains a challenge. Latent variable conditioning
requires selection of appropriate reference speech samples for style transfer. Recently, dynamic selec-
tion of reference based on syntactic distance between the input text and the reference text has been
proposed [111]. We also saw a degradation is naturalness and signal quality in controllable speech syn-
thesis frameworks. There has been initial developments in the robustness of such models [34, 43], but
their performance in multi-style setting, especially with limited data is still an open problem.

Conditioning NTTS model with pre-trained CWE has shown promising results in improving natural-
ness and prosody modelling, in our experiments. However, unsupervised pre-training might not give us
the most appropriate representations for prosody modelling. Further research is needed in joint-training
or fine-tuning CWEs for guiding the prosodic variations in stylistic speech synthesis.

Computing CWEs through sequential models is a slow process and hinders real-time speech synthe-
sis, thus limiting their usefulness in production and streaming systems. A distilled version of BERT [19]
uses a 40% smaller model to produce CWEs that has shown comparable performance in NLP tasks that
use CWEs generated by a larger BERT [19] model, a slight degradation in performance. Using distilled
CWEs might help bring the synthesis time for NTTS with CWE conditioning closer to real-time.

Sequence-to-sequence acoustic models tend to lose attention over longer input sequences, making
alignment over longer text inputs difficult. Thus, long-form content is synthesised one sentence at
a time. A limitation that arises from this is not being able inform the model with broader prosodic
context. CWE only provide word-level and sentence-level context. Broader text representations need to
be designed that provide the acoustic model with paragraph-level or document-level context, which we
hypothesise will help further improve prosody-modelling in long-form content.
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[10] J. Bergstra, R. Bardenet, Y. Bengio, and B. Kégl. Algorithms for hyper-parameter optimization. Advances

in neural information processing systems, 24, 2011.

[11] A. W. Black, H. Zen, and K. Tokuda. Statistical parametric speech synthesis. In 2007 IEEE International

Conference on Acoustics, Speech and Signal Processing-ICASSP’07, volume 4, pages IV–1229. IEEE,

2007.

[12] P. Bojanowski, E. Grave, A. Joulin, and T. Mikolov. Enriching word vectors with subword information.

Transactions of the association for computational linguistics, 5:135–146, 2017.

53



[13] Z. Cai, Y. Yang, and M. Li. Cross-lingual multi-speaker speech synthesis with limited bilingual training

data. Computer Speech & Language, 77:101427, 2023.

[14] C. Chelba, T. Mikolov, M. Schuster, Q. Ge, T. Brants, P. Koehn, and T. Robinson. One billion word

benchmark for measuring progress in statistical language modeling. arXiv preprint arXiv:1312.3005,

2013.

[15] N. Chen, Y. Zhang, H. Zen, R. J. Weiss, M. Norouzi, and W. Chan. Wavegrad: Estimating gradients for

waveform generation. arXiv preprint arXiv:2009.00713, 2020.

[16] Y. Chen, Y. Assael, B. Shillingford, D. Budden, S. Reed, H. Zen, Q. Wang, L. C. Cobo, A. Trask, B. Laurie,

et al. Sample efficient adaptive text-to-speech. arXiv preprint arXiv:1809.10460, 2018.
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A. C. Courville. Melgan: Generative adversarial networks for conditional waveform synthesis. Advances

in neural information processing systems, 32, 2019.

[55] D. R. Ladd. Intonational phonology. Cambridge University Press, 2008.

[56] J. Latorre, J. Lachowicz, J. Lorenzo-Trueba, T. Merritt, T. Drugman, S. Ronanki, and V. Klimkov. Effect of

data reduction on sequence-to-sequence neural tts. In ICASSP 2019-2019 IEEE International Conference

on Acoustics, Speech and Signal Processing (ICASSP), pages 7075–7079. IEEE, 2019.

[57] J. Laver and L. John. Principles of phonetics. Cambridge university press, 1994.

[58] N. Li, S. Liu, Y. Liu, S. Zhao, and M. Liu. Neural speech synthesis with transformer network. In Proceed-

ings of the AAAI Conference on Artificial Intelligence, volume 33, pages 6706–6713, 2019.

[59] N. Li, S. Liu, Y. Liu, S. Zhao, M. Liu, and M. Zhou. Close to human quality tts with transformer. arXiv

preprint arXiv:1809.08895, 2018.

[60] J. Llisterri. Speaking styles in speech research. In Workshop on Integrating Speech and Natural Language.

Citeseer, 1992.

[61] J. Lorenzo-Trueba, T. Drugman, J. Latorre, T. Merritt, B. Putrycz, and R. Barra-Chicote. Robust universal

neural vocoding. arXiv preprint arXiv:1811.06292, 2018.

[62] J. Lyons. Semantics: Volume 2, volume 2. Cambridge university press, 1977.

56



[63] A. Marzal and E. Vidal. Computation of normalized edit distance and applications. IEEE transactions on

pattern analysis and machine intelligence, 15(9):926–932, 1993.

[64] B. McCann, J. Bradbury, C. Xiong, and R. Socher. Learned in translation: Contextualized word vectors.

Advances in neural information processing systems, 30, 2017.

[65] B. McFee, C. Raffel, D. Liang, D. P. Ellis, M. McVicar, E. Battenberg, and O. Nieto. librosa: Audio and

music signal analysis in python. In Proceedings of the 14th python in science conference, volume 8, 2015.

[66] T. Merritt, R. A. Clark, Z. Wu, J. Yamagishi, and S. King. Deep neural network-guided unit selection

synthesis. In 2016 IEEE International Conference on Acoustics, Speech and Signal Processing (ICASSP),

pages 5145–5149. IEEE, 2016.

[67] T. E. Merritt, A. F. Nadolski, N. Prateek, B. Putrycz, R. B. Chicote, V. Aggarwal, and A. P. Breen. Text-

to-speech (tts) processing, June 23 2020. US Patent 10,692,484.

[68] T. Mikolov, I. Sutskever, K. Chen, G. S. Corrado, and J. Dean. Distributed representations of words and

phrases and their compositionality. In Advances in neural information processing systems, pages 3111–

3119, 2013.

[69] M. Morise, F. Yokomori, and K. Ozawa. World: a vocoder-based high-quality speech synthesis system for

real-time applications. IEICE TRANSACTIONS on Information and Systems, 99(7):1877–1884, 2016.
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