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Abstract

We present methods for modelling and synthesising fundamen-

tal frequency (F0) contours suitable for application in text-

to-speech (TTS) synthesis of Yorùbá (an African tone lan-

guage). These methods are discussed and compared with a

baseline approach using the HMM-based speech synthesis sys-

tem HTS. Evaluation is done by comparing ten-fold cross val-

idation squared errors on a small corpus of four speakers. We

show that the proposed methods are relatively effective at mod-

elling and generating F0 contours in this context, achieving

lower error rates than the baseline. These results suggest that

our methods will be useful for the generation of improved syn-

thesis of tone in African languages, which has been a challenge

to date.

Index Terms: speech synthesis, text-to-speech, fundamental

frequency, tone language, under-resourced, Yoruba, HTS

1. Introduction

Increasingly powerful and efficient models and algorithms for

speech and language processing have resulted in a suite of open

source tools that have enabled the construction of successful

corpus-based speech synthesis systems in under-resourced en-

vironments [1, 2]. In many cases, acoustic models for a basic

speech synthesiser in a new language can be constructed auto-

matically from a relatively small corpus of speech recordings

and little language-specific development; typically less than 1

hour of audio, a phoneme set, small pronunciation dictionary or

hand-written grapheme-to-phoneme rules and a simple syllabi-

fication algorithm will suffice.

Building basic speech synthesis systems of this nature for

tonal languages, however, presents a distinct set of challenges.

These systems often require additional resources; tonal infor-

mation needs to be present in pronunciation resources and lin-

guistic processes affecting tones in speech (e.g. tone sandhi)

need to be modelled to determine a surface tone specification

that may be used during speech synthesis. Furthermore, pitch,

the main acoustic correlate of tone (measured as fundamental

frequency or F0) is known to have several additional linguistic

and para-linguistic communicative functions [3]. This multi-

plexing of information in the pitch feature poses a challenge to

robust acoustic modelling, especially in under-resourced envi-

ronments. For these reasons, basic systems built in this context

often do not include tonal information at all [4, 5]. This may

result in degradation of intelligibility as well as naturalness of

resulting speech in language-dependent ways.

In this work, we focus on the modelling and synthesis of

pitch contours for an African tone language (Yorùbá) given lim-

ited resources, investigating approaches that we expect to gener-

alise to other African tone languages. Yorùbá is a relatively well

studied African (register) tone language of which the linguis-

tic details of the tone system have been thoroughly described.

Three level tones, labelled High (H), Mid (M) and Low (L) are

associated with syllables and have a high functional load [6].

Tones are marked explicitly on the orthography (shallow mark-

ing), making automatic derivation of surface tone from text pos-

sible. These aspects of Yorùbá in particular make it an attrac-

tive proxy for studying tone realisation in African (register) tone

languages. In previous work we investigated the shapes of pitch

contours in different tonal contexts and the movements of syl-

lable pitch targets in complete utterances respectively [7, 8].

In this paper we propose and evaluate methods of synthesis-

ing complete pitch contours that may be used in text-to-speech

synthesis systems directly.

In the following section we briefly present some back-

ground on Yorùbá and discuss our approach, followed by de-

scriptions of the proposed pitch contour generation methods. In

Section 4 we provide details of our experimental setup followed

by a discussion of the results in Section 5. In the final section

we conclude with avenues for future work.

2. Background and approach

The three-tone register (level) tone system of Yorùbá is consid-

ered to have a terracing nature [6]. This refers to an utterance-

wide trend where tones are not realised at fixed pitch levels,

but at systematically decreasing levels through the course of an

utterance, depending on the effects of mechanisms including

downstep, declination and pitch resetting. Downstep and pitch

resetting are pitch changes occurring in local contexts, while

declination refers to a gradual lowering of pitch independent

of local context. Extensive investigations into the effects of

these mechanisms on pitch contours in utterances suggest that

the utterance-wide trend is largely dependent on a combination

of these local pitch changes and that gradual declination plays a

minor role at best [9, 10]. In addition to significant pitch levels,

distinct intra-syllable patterns occurring in Yorùbá are falling

and rising contours when L and H tones are realised after H and

L tones respectively [9]. These local patterns are also consid-

ered to be perceptually important [11].

The nature of pitch contours in Yorùbá presented here leads

us to investigate two broad approaches to synthesising pitch in

this work:

1. Modelling salient syllable pitch targets in utterance con-

text (as in [8]) and using these targets to synthesise ex-

plicit contours.

2. Extracting relevant pitch contours (such as described in

[7]) from utterances and using these directly to synthe-

sise new contours.

In the following section we discuss these approaches and
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the baseline HTS approach in more detail.

3. Pitch contour generation

In this section we propose methods for contour modelling and

synthesis. The proposed methods may be seen as belonging to

two broad approaches; target-based methods (3.1) and methods

based on extracting and using contours directly (3.2). These

methods are compared with a baseline HMM-based approach

described in Section 3.3.

3.1. Target-based methods

The target-based methods assume a pitch value or underlying

target function associated with each syllable being responsible

for the encoding of tone. Given this assumption, we can formu-

late the problem of modelling and synthesis of pitch contours as

shown in Figure 1.

Figure 1: F0 model estimation and synthesis using target-based

methods.

During the training stage, utterances that have been anno-

tated by a TTS system and phonetically aligned are used as in-

put data. Target extraction or estimation is performed by taking

syllables (any features of the syllable that are available and may

be relevant for target prediction) and F0 contours as input and

outputting parameters of targets for each syllable. A regression

model is then estimated to predict target parameters given syl-

lable features. For synthesis, an utterance would be constructed

by the TTS system, generating the features required by the tar-

get model (including syllable durations). Targets are predicted

and a contour synthesis algorithm is used to convert the target

specification into a complete F0 contour.

In the following subsections we describe the specifics of

two target-based methods evaluated in this paper.

3.1.1. Quantitative target approximation method

This method is based directly on the parallel encoding and tar-

get approximation model presented in [3], where targets in each

syllable are represented by a linear function. We implemented

the quantitative target approximation (qTA) model as described

in [12], including the analysis-by-synthesis method for parame-

ter extraction. In this model, each syllable is described by three

parameters; target height (b), target slope (m) and articulatory

effort or approximation rate (λ).

In this work we reduced the number of parameters per syl-

lable describing the target function to one (the target height b).

This is done by assuming the slope parameter m to be zero

for all syllables (i.e. static or level targets consistent with the

theoretical expectations of a register tone language) and pre-

estimating the λ parameter and keeping it constant during train-

ing. Another value that needs to be estimated is the initial pitch,

this is the pitch level at the beginning of an utterance from

whence pitch movements commence and is required during tar-

get extraction and contour synthesis (Figure 1a and b)).

Syllable features employed in the target regression model

were the pre-previous syllable tone, previous syllable tone, cur-

rent syllable tone, whether the syllable is first in the current

breath group, whether the syllable is last in the current breath

group and the previous target height. These features were in-

vestigated in [8] and the previous target height was found to be

particularly important.

The complete training and synthesis (testing) process for

this method can thus be described as follows:

1. Estimate the initial pitch by taking the mean F0 in the

first half of initial syllables in all training utterances.

2. Pre-estimate λ by performing extraction and resynthesis

(Figure 1a and d) of the training set for a range of fixed

λ values and choosing the value with the lowest mean

squared error (MSE).

3. Figure 1a: Extract feature vectors and target heights for

all syllables in the training set using the analysis-by-

synthesis method described in [12].

4. Figure 1b: Estimate a regression model for syllable tar-

get heights (target model). We used support vector ma-

chines (SVMs) as in [8].

5. Obtain syllable features and durations from TTS natural

language processing (NLP) modules and duration mod-

els. For testing we used durations from phone align-

ments of test utterances directly.

6. Figure 1c: Predict syllable targets given the initial pitch

and target model. Predicted targets are fed back as in-

put for prediction of subsequent syllable targets (previ-

ous target feature).

7. Figure 1d: Synthesise contour as described in [12] with

fixed λ and slope parameters, initial pitch, predicted tar-

get heights and syllable durations as inputs.

3.1.2. Point target method

This method represents a simplification of the qTA model de-

scribed above. A single pitch target value is extracted from

each syllable directly by obtaining the maximum, minimum and

mean F0 values for H, L and M tones respectively. Values ex-

tracted in this way may be interpreted as approximations of the

underlying targets (as in the qTA model) and would correspond

theoretically, assuming level target functions, if the speaker em-

ployed sufficient articulatory effort (larger values of λ).

In this paper we extract and model only the pitch targets,

discarding the time instants at which they occur. These extreme

points in the case of H and L tones will generally be realised

late in the syllable, in the syllable nucleus, and often at the syl-

lable boundary (from observations in [3, 7, 11]), while M tones

generally exhibit a level contour [7]. During synthesis, we use

these observations heuristically to define time instants where

predicted pitch targets should be realised. Points are placed at

the end of syllables (only one point for H and L syllables) and

an additional point at the same pitch at 1/3rd of the syllable

duration for M (thus 2 points for M syllables). To produce a

complete contour we linearly interpolate these points as sug-

gested in [11] and apply smoothing. As in the previous method

we need to determine an initial pitch value which is here only

used during synthesis.
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The complete process is then similar to the one described

above for the qTA method (3.1.1), with the differences in pitch

target extraction (Figure 1a) and contour synthesis (Figure 1d)

processes as described.

3.2. Contour template method

The notion of tonal complexes [11] and the stable three-syllable

contours described in [7] suggests another method for F0 syn-

thesis based on such “contour templates”.

In this work we implemented a simple method for synthe-

sising F0 contours based on this idea. The process is as follows:

1. Extract all phrase-internal three-syllable contours, nor-

malise lengths by resampling using cubic-spline interpo-

lation and determine the mean contour for each unique

tone sequence as described in [7].

2. Synthesise a “standard length” utterance contour by

overlapping and adding the first and last thirds of consec-

utive mean contours stored in the previous step. A linear

transition function is used to decrease and increase the

weights of the respective overlapping regions resulting

in a smooth transition (see Figure 2).

3. Adjust the durations of syllables as required by resam-

pling using cubic-spline interpolation.

We evaluated two variations of this method; the first simply as

described above and the second adjusting the level of subse-

quent three-syllable contour templates by a fixed offset so that

the mean F0 of the overlapping regions match. To set the ab-

solute position of the resulting contour (for both methods) we

shifted it by a fixed offset to match the initial pitch estimated as

done in Section 3.1.1.

Figure 2: Example of the contour template synthesis process

for a 6 syllable utterance. Diagonal lines illustrate the transition

function applied and “A” refers to any syllable.

3.3. HTS method

The standard method for modelling and generating F0 contours

for HMM-based speech synthesis (HTS) employs multi-space

probability distribution HMMs, that is HMMs that are able to

handle discontinuities due to unvoiced regions. The single mix-

ture HMM state densities represent log F0 and its first and sec-

ond derivatives. HMMs are estimated using maximum likeli-

hood with a large number of contextual features (specialised

models) and states are tied using decision trees to deal with

data sparsity. Contours are generated from these models using a

parameter generation algorithm based on maximum likelihood

and taking into account dynamic features and global variance

of the static parameters. For the specifics of modelling and syn-

thesis in HTS refer to [13].

In this paper we used the standard set of HTS (version 2.2)

demonstration scripts1 with all its associated default parameters

and the HTS engine2 (version 1.06). Two systems were tested:

1available at: http://hts.sp.nitech.ac.jp
2available at: http://hts-engine.sourceforge.net/

1. A baseline system system without tonal information,

only containing basic phone identity, syllable, word and

phrase positional features.

2. A system including all of the features in the baseline sys-

tem with the addition of pre-previous syllable tone, pre-

vious syllable tone and current syllable tone identities.

While this is by no means an exhaustive attempt to model F0

contours appropriately within the HTS framework, we consider

the proposed systems a reasonable baseline in this context.

4. Experimental setup

We test the contour generation methods proposed on a small

speech corpus of 4 speakers. These speakers (2 male and 2 fe-

male) were selected from a broadband speech recognition cor-

pus of 33 speakers currently under development at the Univer-

sity of Lagos, Nigeria and North-West University, South Africa.

Each speaker recorded about 100 short utterances from a pool of

selected sentences using a microphone attached to a laptop com-

puter, amounting to about 5 minutes of audio per speaker. Auto-

matic phonemic alignment was performed using HMM forced-

alignment and alignments were manually inspected for gross er-

rors by the authors. If F0 extraction was particularly unreliable

or transcriptions were completely erroneous, we discarded the

utterance (a total of 10 utterances were discarded in this way).

Table 1 shows the resulting corpus properties.

Speaker Gender F0 range
Number of Number of syllables
utterances H M L

013 female 100 - 350 136 534 462 444
017 female 120 - 300 136 540 441 458
021 male 70 - 220 129 486 397 417
024 male 100 - 220 126 477 381 417

Table 1: Corpus properties with syllable counts by tone re-

flected in the last three columns. F0 ranges are reported in

Hertz.

F0 contours were extracted using the Praat software pack-

age [14] with a small amount of smoothing and converted to

semitones relative to 1 Hz (ranges are reported in Table 1).

Results in the following section are labelled according to the

method and parameters used:

• qta: as described in Section 3.1.1 with λ ∈
{20, 30, . . . , 80} and a coarse grid search of the SVM

meta-parameters using 3-fold cross-validation in the

training set (C ∈ {2−2,...,4}, γ ∈ {2−5,...,1} and

ǫ ∈ {0.01, 0.02, . . . , 0.05}).

• ppt: as described in Section 3.1.2 with SVM training as

for qta.

• ct1: as described in Section 3.2 without adjustment of

contours.

• ct2: as described in Section 3.2 with adjustment of con-

tours.

• htsbase: HTS system without tone information.

• htstone: HTS system with tone information.

5. Results and discussion

To measure the effectiveness of the proposed methods we cal-

culate the root mean squared errors (RMSE) and Pearson cor-

relation coefficient between synthesised and actual F0 contours
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using ten-fold cross-validation. Experiments are repeated six

times with different randomisations for splitting training and

test sets. Results are presented in Figures 3 and 4.
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Figure 3: Mean RMSE values in semitones for each speaker

and method for repeated cross-validation experiments. Error

bars indicate the 95% confidence interval.
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Figure 4: Mean correlation coefficients for each speaker and

method for repeated cross-validation experiments. Error bars

indicate the 95% confidence interval.

It is clear that the HTS system lacking tone information re-

sults in the highest error rate and that by simply adding this

information to this system as described, a significant improve-

ment can be seen. The use of mean contours directly provide

variable results, resulting in lower error rates than htstone in

this context on our male speakers but higher for female speak-

ers. This is understandable given the nature of the model and

larger pitch ranges (variance) for female speakers. Further in-

spection of resulting utterance contours seemed to suggest that

ct1 underestimates overall declination while ct2 fails to ac-

count for pitch resetting.

The target-based methods evaluated here consistently have

lower error rates than the baseline tone-aware HTS system in

this context. One possible reason is the fact that we have re-

duced the number of parameters per syllable to only one value

– making models more robust given the small amount of train-

ing data. An interesting result here is the fact that qta has a

lower RMSE and ppt a higher correlation. Inspection of con-

tours suggest that qta generally results in faster pitch change

to flat targets (minimising error) while ppt is probably more

suitable in HL and LH contexts where rising and falling con-

tours are seen. These observations motivate further work on

these models; allowing more parameters per syllable, λ and dy-

namic targets in the case of qta and temporal locations of max-

ima in ppt and optimising these parameters more appropriately

(see Figure 5 for synthesis examples). It must be noted that the

HTS-based contours in taking into account detailed segmental

structure of syllables generates more appropriate local patterns

which are ignored by the other proposed methods and might be

incorporated (along with voicing decisions) when building TTS

systems.
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Figure 5: An example of synthesised contours for a specific ut-

terance. Blue contours represent the reference extracted from

the original speech sample. Grid lines indicate syllable bound-

aries with tones indicated on the x-axis.

6. Conclusions and future work

In this work we have proposed methods for modelling and gen-

erating utterance pitch contours in Yorùbá based on predicting

syllable pitch targets [8]. The results presented here suggest

that these methods will be useful for rapid development of TTS

systems in this context; our work thus represents a step towards

incorporating more accurate prosodic models for African tone

languages.

While an HTS-based solution will certainly be more com-

petitive with larger amounts of training data and further devel-

opment effort with respect to synthesis for tone languages, the

approaches followed here may also potentially allow more nat-

ural or efficient prosodic modification (e.g. to implement focus

[3]) in systems built with larger amounts of data.

We have seen that significant gains in mean-squared error

can be achieved with the methods that we have proposed. It

would be interesting to see whether these gains can be improved

further by more detailed modeling of the contours, and also to

see whether these gains translate into perceptual improvements

in the quality of synthesized utterances. We intend to investigate

both of these matters in the near future.
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