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ABSTRACT

We investigate the acoustic realisation of tone in short contin-
uous utterances in Yorùbá. Fundamental frequency (F0) con-
tours are extracted for automatically aligned syllables from
a speech corpus of 33 speakers collected for speech recogni-
tion development. Extracted contours are processed and anal-
ysed statistically to describe acoustic properties in different
tonal contexts. We demonstrate how features useful for tone
recognition or synthesis can be successfully extracted from a
corpus of this nature and confirm some previously described
phenomena in this context.

Index Terms— Yorùbá, tone language, fundamental fre-
quency

1. INTRODUCTION

Many African tone languages of which Yorùbá is a well
known example from the Niger-Congo family, distinguish
words based on two or three distinct level tones (register
tones) realised on each syllable. In a three-tone system, asin
the case of Yor̀ubá, these tones are labelled high (H), mid (M)
and low (L) relying on changes in pitch between consecutive
syllables. Such a system stands in contrast to contour tone
systems (for example in Chinese languages) where tones are
identified by changes in pitch within a syllable.

Given the significance of linguistic tone in the interpre-
tation of semantic information (amongst others), it is impor-
tant for the development of speech technology in these lan-
guages to understand the tone system in detail [1]. Devel-
oping systems such as text-to-speech (TTS) and automatic
speech recognition (ASR) requires knowledge in two areas,
namely (1) deriving surface tone assignments from text, i.e.
tone assignments of syllables in target context after linguistic
processes (e.g. sandhi) have been applied and (2) understan-
ding the relationship between acoustic parameters (such as
pitch) and these surface tones.

Yorùbá is a relatively well studied African tone language
of which the linguistic details of the tone system have been
thoroughly described. The result is that tones are marked ex-
plicitly on the orthography, making the automatic derivation
of surface tone from text relatively simple (compared to other

African tone languages [1]). Consequently, in this work we
focus on the acoustic realisation of tones (specified in this
fashion) in continuous utterances.

In the following section we will briefly present related
work, and state the approach and contribution of the cur-
rent study. In Section 3 we summarise relevant details of
the Yor̀ubá tone system and describe the speech corpus and
methodology used, followed by results in Section 4. We
conclude in Section 5 with an outline for future work.

2. RELATED WORK AND CURRENT APPROACH

Recent work on the realisation of tone in Yorùbá for the
development of a speech technologies has been described
by O. dé.jo. b́ı et al. Their work involved the development of
prosodic models (using Stem-ML [2] and a novel approach)
for the synthesis of F0 contours suitable for use in a speech
synthesiser [3][4][5]. The work of O. dé.jo. b́ı et al draws pri-
marily on previous acoustic analyses by Connell and Ladd [6]
and later by Laniran and Clements [7] which aimed to system-
atically investigate linguistic concepts such asdownstep and
high tone raising alongside effects such asdeclination. These
studies relied on relatively small samples (3 to 4 speakers)
based on carefully designed corpora in order to investigate
these specific properties of tone realisation.

In the current work we attempt a general description
of tone realisation based on statistical analysis of a (multi-
speaker) speech recognition corpus, relying on automatic
alignments and feature extraction methods that are expected
to be applicable in eventual systems. In doing this, we inves-
tigate relevant methods for manipulation of F0 contours and
highlight aspects of tone realisation such as speaker-specific
variation and co-articulation in natural continuous utterances
that need to be addressed for the development of speech
systems.

3. EXPERIMENTAL SETUP

3.1. Language details

Literary or Standard Yor̀ubá has a fairly regular orthography
with graphemes generally corresponding directly to underly-



ing phonemes with the inclusion of a few simple digraphs
(such asgb and certain vowels followed by ann). The syl-
lable structure is relatively simple, with all syllables being
open or consisting of syllabic nasals with no consonant clus-
ters; thus any of consonant-vowel (CV), vowel only (V) and
syllabic nasal (N). A more detailed description of the relevant
language details can be found in Section 2 of [3]. The Yorùbá
tone system is based on 3 tonemes (H, M and L), with ris-
ing and falling tones considered to be phonetic variations of
H and L in certain contexts respectively [6]. These tones are
marked in the standard orthography using diacritics on vow-
els and nasals, with the acute accent (e.g.ń), grave accent (e.g
ǹ) and unmarked letters representing H, L and M respectively
(in the case of M-toned nasals the macron (e.g.n̄) is used).

These properties of the language were used in the auto-
matic alignment and tone assignment process described in the
following section.

3.2. Corpus alignment and F0 estimation

The speech corpus used in this study consisted of a subset
of 33 speakers from an ASR corpus currently under devel-
opment at the University of Nairobi, Nigeria and North-West
University, South Africa. Each speaker recorded between 115
and 145 short utterances from the pool of selected sentences,
amounting to about 5 minutes of audio per speaker. Audio is
broadband, collected in Nigeria using a microphone attached
to a laptop computer. In some cases significant amounts of
background noise is present; data from one speaker was omit-
ted because of the presence of power line noise which greatly
affects F0 estimation.

For this analysis a set of basic hand-written rewrite rules
were used for grapheme to phoneme conversion based on a
description of the Standard Yorùbá orthography. In addition,
a simple syllabification algorithm was implemented based on
the description presented in the previous section. Syllable
tones were obtained from the orthography (diacritics). Using
this, we performed automatic phonemic alignment of the au-
dio by forced alignment of Hidden Markov Models (HMMs)
as described in [8] on each speaker’s audio separately.

Lastly, in an attempt to discard samples where automatic
alignment might have failed (due to for example mismatches
between transcriptions and audio), we only retained utter-
ances where all syllables have durations of more than 30ms.
This might have the additional side-effect of discarding ut-
terances which tend to be relatively fast, this was deemed an
acceptable compromise for the current study.

The resulting usable corpus amounted to 33 speakers,
each having between 82 and 127 single-phrase utterances.
Utterance lengths ranged from 2 words (4 syllables) to 10
words (28 syllables) with an average length of 5 words (10
syllables). The total number of syllables amounted to 34570
(H: 12777, M: 10743, L: 11050).

To extract F0 contours, we usedPraat [9], specifically

the autocorrelation method, and applied a small amount of
smoothing to reduce measurement/estimation noise (in this
study we are not considering the finer movements in F0 due to
the segmental make-up of syllables, i.e. microprosody). Pitch
ranges were determined for each speaker manually, by plot-
ting histograms of F0 samples extracted using the range 60
to 600 Hz and subsequently resetting and re-extracting con-
tours for a narrower, more suitable, range. For each utterance
contour extracted, we use cubic spline interpolation to obtain
non-zero F0 values for unvoiced regions (see Figure 1).
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Fig. 1. Example of spline interpolation for utterance contours,
the originally estimated contour is inblue with the interpo-
lated contour inred.

For an indication of the reliability of this process we
randomly selected a short sample; one utterance from each
speaker, manually determining and counting the number of
gross errors in alignment and F0 extraction. Syllables were
inspected in Praat (using spectrograms and F0), counting
gross errors when a significant part of the syllable is misrep-
resented (approximately 50% or more). This is reported in
Table 1.

Alignment error rate 5%
F0 error rate 8%
Number of syllables 355

Table 1. Gross error rates observed in a small subset of the
corpus.

In the following section we describe the details of further
investigations along with results.

4. EXPERIMENTAL RESULTS

We start our investigation to see if phenomena similar to those
that were observed for Sepedi (a Southern Bantu language



with a 2-tone system) hold for a 3-tone system [1]. Thus,
whether it is the general trend that H> M > L with regard
to mean absolute pitch values of syllables and whether mean
pitch change is a good indicator of tone.

Calculating the mean pitch for syllables based on inter-
polated contours (as in the red curve in Figure 1) results in
31 of the 33 speakers indeed showing this trend, with typi-
cal distributions as shown in Figure 2 (using speaker08 as
an example). Most speakers seem to have very similar dis-
tributions where H tones show a higher degree of variance
(in some cases more skewed towards the higher parts of the
speaker’s pitch range) and L tones generally concentrated in
the lower part of a speaker’s pitch range. In the case of most
speakers the L and M means are relatively close while H is
somewhat higher.
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Fig. 2. Example of mean F0 distributions for syllables of dif-
ferent tones by a female speaker (x is the mean pitch in Hertz
andy the fraction of samples).

In [1], overlap between mean absolute pitch values was to
some degree explained by the general trend of declining pitch
within an utterance and the difference in mean F0 between
syllables was thus found to be a good indicator of tone. The
general trend of declining pitch (referred to asdowntrend) is
also found in our corpus: we performed a least-squares linear
fit for each utterance with the result that 2949 of the 3435
utterances have a declining trend with a mean gradient of
about -12 Hz/s over the complete corpus. Obtaining a robust
utterance-wide estimate for expected pitch level due todown-
trend is however reliant on understanding phenomena such

asdownstep andpitch reset, which should be investigated in
future work (see Section 5).

In Figure 3 we thus plot the distributions of change in
mean F0 for different transitions. Histograms obtained for
single speakers are generally similar in nature to the corpus-
wide distribution. Interesting features of these distributions
are that MM transitions are relatively flat, and that the contrast
between M tones and other tones in terms of mean change is
more consistent than HL and LH transitions.

Connell and Ladd [6] specifically mention HL and LH
transitions as cases where the L and H tones are realised by
falling and rising tones. In Table 2 we present the mean sylla-
ble gradients for different tones (and also with different pre-
ceding tone contexts), confirming that HL and LH cases ex-
hibit the steepest gradients.

Tone and context F0 gradient (Hz/s)

H 62.2
H-H 22.1
M-H 77.7
L-H 80.3
M -21.3
H-M -72.7
M-M -12.1
L-M 20.3
L -96.1
H-L -154.7
M-L -93.8
L-L -53.5

Table 2. Mean F0 gradient within a syllable for different
tones, including different preceding tone contexts.

As it seems clear that the perception of tone is in some
instances reliant on the movement of F0 within the syllable
depending on tonal context, we attempt to investigate the gen-
eral properties of contours of tri-tones by calculating mean
contours over three syllables sequences in the corpus as fol-
lows:

1. We extract all contours of three-syllable sequences
from the corpus, labelling each according to tone se-
quence (e.g. HLH) to form a set ofK contours for each
context.

2. Each contour is resampled using cubic-spline interpo-
lation to normalise lengths toN samples.

3. A mean contour is calculated from each set of contours
(each context) as in (1), wherep is the pitch value.

p̄j =
1

K

K∑

i=1

pij ,where1 ≤ j ≤ N (1)
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Fig. 3. Distributions of change in mean F0 for different tone transitions; blue bars are calculated over the entire corpus, while
green and red bars are examples of a female and male speaker respectively (x is the change in mean pitch in Hertz andy the
fraction of samples).

From plots of these mean contours (Figure 4) we observe
a few general properties of tone realisation of the three tones
in different contexts. We note the following:

• L tones generally have a negative F0 gradient regardless
of different contexts, with mean slightly higher when
preceded by a H tone, in which case it generally has the
steepest gradient. This is in line with the falling tone
described in [6].

• M tones generally have a relatively flat to slightly de-
clining contour, with notable exception when preceded
by a H tone. Inspection of the MMM sequence seems to
confirm the slightbackdrop declination found by Con-
nell and Ladd [6].

• H tones generally have steep positive gradients when
preceded by L tones and peaks seem to be relatively
raised when followed by L tones (rising tone [6]).
Peaks are generally realised late in the syllable (pos-
sibly even in the following syllable), especially in the
case of LHL sequences. It also seems to be the case
that the final H in a HLH sequence is not generally
raised to the same level as the initial H tone.

• Comparing the beginnings of these mean contours with
their endings, we see indications that the tone of the
current syllable has a greater influence on F0 pattern in

the following syllable than in the preceding one. This
is similar to the finding by Xu [10] thatcarryover as-
similation is more significant thananticipatory effects
in Mandarin tone realisation.

We performed two further investigations; plotting mean
contours as in Figure 4, firstly for each individual speaker
and secondly on the complete corpus after separating con-
tours from different parts in an utterance (i.e. initial, medial
or final). Mean contours determined for individual speakers
generally followed the same patterns seen in Figure 4 (see
Figure 5 for two examples; one female and one male speaker)
with some variation in the location of peaks, presumably due
to the effect of speech rate variation. Mean contours origi-
nating from different sections of an utterances seemed to vary
primarily with regards to level, with little if any variation in
shape or range of pitch change.

5. CONCLUSION AND FUTURE WORK

In this work we have presented some general properties of
the acoustic realisation of tone in Yorùbá based on the analy-
sis of a multi-speaker speech recognition corpus using auto-
matically extracted phonemic alignments and F0 extraction.
This demonstrates that certain phenomena described in the
published literature can be observed through the analysis pro-
cedure presented here and that these phenomena seem to hold
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Fig. 4. Mean contours for three-syllable sequences with the different tones H (red), M (green) and L (blue) in different tonal
contexts (x is the normalised time andy the pitch in Hertz).

in the case where a larger sample of speakers are considered.
Finally we have highlighted features and presented “canoni-
cal contours” of local tone realisation in terms of F0 that may
be used in tone recognition and synthesis algorithms.

Further work is needed to understand the influence of
speech rate variation on these “canonical contours” in par-
ticular as preliminary analysis of the distribution of peak
positions within the sets of contours indicate significant vari-
ation (which might also be in part explained by fine alignment
errors). Furthermore, in this work we have not explicitly in-
vestigated linguistic phenomena such asdownstep, although
the pattern observed in HLH contexts seems to indicate that
downstep specifically might be measurable in our corpus.
Future work should include an explicit investigation and
quantification of phenomena such asdownstep and decli-
nation involved in the generaldowntrend observed in the
corpus. As the eventual aim is to enable speech technologies
such as recognition and synthesis systems, we plan to exper-
iment with and evaluate such systems based on the features
presented here.
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