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Abstract—This article reports on a study that involves im-
proving a tone label prediction algorithm. Tone is an important
prosodic feature for Bantu languages since these languages use
it to distinguish meaning. Studies have shown that text-to-speech
systems need detailed prosodic models of a language in order
to sound natural to native speakers of the language. Thus, text-
to-speech systems developed for Bantu languages need to have
tone implemented in them. In order to implement tone, it is
necessary for a tone modeling algorithm to receive as input the
tone labels of the syllables of a word. This allows the algorithm
to predict the appropriate intonation of the word. Our study is
concerned with improving an algorithm that predicts tone marks
of the syllables of a word. This algorithm uses three Sesotho tonal
rules to predict the tone labels on the syllables of polysyllabic
verb stems. We improve the algorithm by implementing another
tonal rule and extending the application of the tonal rules to
other parts of speech.

I. INTRODUCTION

“As information technology becomes increasingly pervasive
in society, there is a strong desire to support local languages
through technology” [1, p.248]. For speech technology, text-to-
speech (TTS) systems are useful human language technologies
for use in developing countries with typical applications in
health and education information circulation [2].

Text-to-speech systems convert input text to synthesized
speech that should ideally sound natural to native speakers
of the target language. These systems are useful in illiterate
communities, such as rural areas in South Africa, where
accessing information is difficult. In the developing world,
there are many such communities and the importance of
information dissemination is often greater. The main challenge
in developing text-to-speech systems is to build them in such
a way that the synthesized speech sounds as natural as human
speech. TTS systems require detailed prosodic models of a
language, such as tone for Bantu languages, to sound natural
and interesting [3].

Tone in Bantu languages is an important part of prosody as
it affects meaning. This is exemplified in (1)1, where the word
bona has two different tonal patterns. It is this difference in

1The Bantu languages usually have two tone levels, high and low. Accent
marks indicate a high tone and low tones are unmarked.

tonal patterns that affects the meaning of the word. We refer
to such words as tonal minimal pairs.

(1) bóna - “see”
boná - “they”

Sesotho is a Bantu language belonging to the Niger-Congo
language family. Since Sesotho is a Bantu language, it uses
tone to distinguish meaning. Bantu languages are mostly
spoken in Central Africa, East Africa, and Southern Africa.

According to [1], for TTS systems developed for tonal
languages, reliable tone and intonation models are of great
importance since the intelligibility of the system depends
heavily on them. However, there has not been much research
dedicated to the implementation of tone into TTS systems
developed for Bantu languages. According to our knowledge,
there is only one published attempt to implement tone into
a Bantu language TTS system, namely into a system for the
isiZulu language [4].

II. MOTIVATION

Extensive research has been dedicated to tone modeling for
East-Asian languages such as Chinese and Cantonese [5], [6],
[7], [8]. However, with only one published attempt by [4] to
model tone for a Bantu language TTS system, there is a need
for research based in this area of study.

We cannot employ the tone modeling methods employed in
East-Asian speech systems for Bantu languages since the tone
systems of East-Asian and Bantu languages are different. In
East-Asian languages, many words are differentiated solely by
tone [9]. In most Bantu languages, however there are fewer
tonal minimal pairs. Furthermore, Bantu languages have two
tone levels whereas East-Asian languages typically have four
tone levels [1], [9].

Louw et al. [4] suggests that in order to implement tone
into TTS systems for languages such as isiZulu, we need an
algorithm that predicts which of the syllables of a word are to
be marked for a high tone and the appropriate intonation of
the word. Louw et al. [4] argues that with such an algorithm,
a system would produce more “natural” tones.

Zerbian and Barnard [10] discuss the steps that are nec-
essary to develop such an algorithm for the Sotho-Tswana
languages. They are as follows:



1) Morphological analysis - It is important for part-of-
speech tagging as well as for the tagging of the tense,
mood and aspect of the verb stems. This process is
important because some tonal rules, such as the gram-
matical tone insertion rule, only apply to words of
certain grammatical categories [10].

2) Pronunciation dictionaries - These are important for the
assignment of tone patterns for noun, verb and adjective
stems as well as for grammatical morphemes such as
subject concord and tense markers [10].

3) Insertion for prosodic phrase boundaries - Tonal rules in
the Sotho-Tswana languages do not just apply anywhere
in a sentence where their phonological requirements are
met. They are constrained within certain domains. These
domains are referred to as the prosodic (phonological)
domains. It is important that the insertion of the domains
precedes the application of the rules since some of the
tonal rules are sensitive to these domains [11].

4) Application of the tonal rules - Once Steps 1–3 above
are implemented, the tonal rules can apply as described
in the literature. Khoali [12] would serve as the literature
specifying the tonal rules and their applications for
Sesotho.

A research study by [11] implemented Steps 3 and 4 of the
above hierarchy, using three Sesotho tonal rules as a basis
for the study. The algorithm developed by [11] has some
limitations which we aim to improve in order to achieve better
agreement between the tone labels produced by the algorithm
and the tone labels transcribed from natural speech. We
measure improvement by the number of matched tone labels
between the algorithm output and the transcribed sentences.

III. AIMS AND OBJECTIVES

Our study aims to improve an algorithm developed by [11]
that uses three linguistically-defined Sesotho tonal rules to
make tone label predictions on the syllable. The three tonal
rules are the high tone spread rule, the grammatical tone
insertion rule and the iterative high tone spread rule.

High tone spread (HTS1) involves the spreading of an
underlying high tone to the adjacent syllable as exemplified
in (2)2 (from [13, p.13]). In Example (2), the high tone in the
subject concord o spreads to the present tense marker a.

(2) ó á lema
SC1 PRS plough
“S/he is ploughing”

The grammatical tone insertion rule (GTI) associates the
second syllable of a verb stem with a high tone as exem-
plified in (3) (from [12, p.293]). This rule applies in certain
grammatical contexts, for more information see [12, p.243].

2Underlying high tones are underlined. High tones which are a consequence
of a tonal rule are not underlined. Glosses are as follows: INF = infinitive,
NP = noun prefix, FUT = future tense, OC = object concord, AC = adjectival
concord, SC = subject concord, COP = copulative, PRS = present tense
marker, PL = plural, PROG = progressive marker, CONJ = conjunction, PRN
= pronoun, PREP = preposition and ADV = adverb. Numbers indicate the
noun class to which different nouns belong (e.g. monna “man” = noun class
1).

(3) kgarákgarametsa-ng
push-PL
“push!”

The iterative high tone spread rule (HTS2) involves the
spreading of a grammatical high tone iteratively until the
end of the word as exemplified in (4) (from [12, p.293]). In
Example (4) a grammatical high tone surfaces on the second
syllable of the low-toned imperative verb stem. This high tone
then spreads iteratively until the penultimate syllable of the
verb stem.

(4) kgarákgárámétsá-ng
push-PL
“push!”

The algorithm developed by [11] predicts the tone labels
of a syllable based on the underlying tones according to the
lexicon as well as the tense, mood and aspect of the verb
stems. This algorithm restricts its applications to polysyllabic
verb stems.

The main objective of our study is to improve the algorithm
developed by [11] by implementing one other tonal rule,
namely the right branch delinking (RBD) rule, as well as
extending the application of the tonal rules to other word
classes.

The right branch delinking rule disassociates the right
branch of a multiply linked high tone if, and only if, there
is a high tone immediately after the target [12]. A multiply
linked high tone is a high tone that is linked to more than one
syllable after the application of a tone spread rule, such as
the high tone spread rule, where the high tone of the source
syllable will be multiply-linked to both the source syllable
and the target syllable. In Example (5) (from [12, p.143]),
the high tone on the second syllable be of the noun lebelete
spreads to le, the third syllable of the noun. The high tone on
the third syllable of the noun is delinked since it is linked to
the second and third syllable of the noun and the last syllable
is high-toned.

(5) lebéleté
NP5.untamed animal
“untamed animal”

This rule accounted for 1.69% of the 15.3% mismatched
syllables found in the study by [11]. The mismatches were
found by comparing the tone labels transcribed from natural
speech and the tone labels produced by the algorithm devel-
oped by [11].

IV. CORPUS COMPILATION

Forty-five Sesotho sentences have been chosen from various
Sesotho literature, mostly poetry, to be used as test data. Proper
nouns and/or loan words are excluded as the tone patterns for
these words are not available in the dictionary we used in our
study [15].

These sentences have been chosen in such a way that they
show the following occurrences:

• The present tense.
• The past tense.



• The perfect tense.
• The imperative mood.
• The future tense.
These tenses are relevant for the algorithm developed by

[11] and our improved version. Sentences have at most three
verb stems. Some of the verb stems have more than two
syllables in order to show the full consequence of the tonal
rules. Since we do not have prerecorded Sesotho sentences for
the transcriptions, the forty-five sentences have been recorded
by three native Sesotho speakers.

For the purposes of our research study, only one speaker
is needed for transcriptions. To choose the speaker with the
“clearest” tones in their speech, two processes of elimination
are employed.

• Nine tonal minimal pairs are used to determine the
speaker’s ability to distinguish tone.

• Another test involves perceptually and acoustically veri-
fying the clarity of the tones the speaker produces in their
speech.

V. APPROACH

Figure 1 provides an overview of the processes involved in
our study. The first two processes correspond to Steps 1–2 of
the study in [10]. Since we do not have access to tone marked
dictionaries or a morphological analyzer, these two steps have
been processed manually.

We illustrate the steps described by [10] in our context by
means of an example in Figure 1. The text in bold indicates
the output of each process. In the final process, the high tone
spread occurs within the phonological word domain for the
noun stem as well as the clitic phrase domain for the verb
stem and its preceding clitics. Subsequent sections describe in
detail the manner in which we implement these processes.

A. Preparations of Input Data

1) Labeling of Underlying Tones: According to [16], there
are two Sesotho dictionaries that have tone marks [15][17]. In
our study, we used [15] to label the underlying tones since the
version of [17] which is accessible to us does not have tone
marks on its lexical entries. [15] shows the consequence of
the high tone spread in its entries as exemplified in (6).

(6) rékéla
buy for
“buy for”

In Example (6), the high tone from the first syllable of the verb
stem re spreads to the second syllable of the verb stem ke. We
know that the high tone on the second syllable of the verb
stem is not underlying as it would have been deleted by the
Meeussens rule. The Meeussens rule deletes the second high
tone of two adjacent underlying high tones [Khoali 1991]. In
our tagging, we did not include the high tones which are a
consequence of the high tone spread since this rule forms part
of our analysis and is implemented by the algorithm by [11].
We only tag underlying tones.

The noun tebogo which is not a Sesotho word but a Northern
Sotho word was found in the data. This does not compromise

the results of our study since the languages are closely related
and its Sesotho counterpart is teboho. We used the Northern
Sotho dictionary by [18] to label its underlying tones.

In cases where words included in our corpus were not in
[15], other sources of literature, such as [12], were consulted.

2) Part of Speech (POS) Tagging: The parts of speech
have been tagged manually. POS tagging is important in our
study since the grammatical tone insertion rule applies only
to words of certain grammatical categories. Also, when insert-
ing phonological boundaries, our algorithm uses grammatical
information as cues as discussed in the Section V.B.1.

B. Explanation of the Algorithm

The algorithm assumes that there are no monosyllabic verb
stems in the data, since monosyllabic verb stems have a
complex tonal behaviour which exceeds the scope of our study.
The algorithm begins by inserting the phonological boundaries
within which the tonal rules apply.

1) Insertion of Phonological Boundaries: There are three
phonological domains within which the tonal rules apply,
namely, the phonological word, the clitic phrase and the
phonological phrase. The phonological domains are inserted
as follows:

• The phonological word ($).
– According to [12], in Sesotho there are particles

whose high tones spread to the next syllable as a
consequence of the high tone spread rule and those
that do not. A particle whose high tone spreads
as a result of the high tone spread rule forms a
phonological word with the noun class prefix of the
noun stem following it, as exemplified in (7) (from
[12, p.126]). In Example (7), the particle ho belongs
to the same phonological word domain as the noun
prefix mo.
(7) (hó mó)$-(rena)$

PREP NP1-king
“to the king”

– A particle whose high tone does not spread forms
its own phonological word domain as exemplified in
(8) (from [12, p.126]), where the particle ke belongs
to a different phonological word from the noun class
prefix of the noun stem following it.
(8) (ké)$ (morena)$

COP king
“It is a king”

– For verb stems, polysyllabic verb stems form their
own phonological word domain as exemplified in (9)
(from [12, p.224]). In Example (9), the verb stem
tsamaya forms its own phonological domain.
(9) ó tla (tsamaya)$

SC1 FUT go
“S/he will go”

• The clitic phrase (C).
– According to [12], the clitic phrase domain is not

necessary for noun stems.



Insertion of Underlying Tones

Nóha é falla metsí

 “The snake is moving from the waters”

Insertion of Phonological Boundaries

((Nóha)ω (é (falla)ω)C (metsí)ω)C)φ

NP9.snake SC9 emigrate NP4.water

Application of Tonal Rules

((Nóhá)ω (é (fálla)ω)C (metsí)ω)C)φ

NP9.snake SC9 emigrate NP4.water

Manual Part of Speech Tagging

Nóha é falla metsí

NP9.snake SC9 emigrate NP4.water

Fig. 1. Approach taken in our study

– The clitic phrase consists of the verb stem and all
the clitics (prefixes) to the left of the verb stem [12].
Example (10) (from [12, p.216]) shows a polysyl-
labic verb stem (rékisa) forming its own phonolog-
ical word and forming a clitic phrase with all the
prefixes to the left of it.
(10) (ke sá e (rékisa)$)C

1SG.SC PROG OC4 sell
“I still sell it”

• The phonological phrase (φ) is the domain within which
the finality restriction rule applies. We aim to implement
this rule in the near future since it accounted for most of
the mismatches found in the study by Raborife [11].

– The right edge of a phonological phrase domain is
inserted between a head and its modifier as exem-
plified in (11) (from [12, p.43]). In Example (11),
the noun lekala is modified by the adjectival phrase

le letle. Thus, the right edge of the phonological
phrase boundary is inserted between the noun and
the adjectival phrase.
(11) Ke na:lé lekala)φ lé letle

1SG.SC have NP5.branch AC5 nice
“I have a nice branch”

– The right edge of the phonological phrase is also
inserted on the last word on the right edge of a
sentence. This sentence can be either compound,
simple or complex as exemplified in (12)3 (from [12,
p.57]).
(12) Thabo ó ráta pódi mmé ó batla bá jé yoná

féla)φ
Thabo SC1 like goat CONJ SC1 want OC2

3In the original text, the English translation is given as “Thabo likes mutton
and wants them to eat it only”.



eat PRN ADV.only
“Thabo likes goat and wants them to eat it

only”
– By default, if there is a right edge, a left edge is

inserted immediately after the right edge as exem-
plified in (13) (from [12, p.43]). In Example 14, the
left edge is inserted immediately after the right edge
that is between the noun and the object concord le.
(13) Ke na:lé lekala)φ (lé letle)φ
The left edge of a phonological phrase is also in-
serted before the first word on the leftmost edge of
a sentence. This is exemplified in (15) (from [12,
p.43]). In Example (14), the left edge is inserted at
the beginning of the sentence.
(14) (Ke na:lé lekala)φ (lé letle)φ

2) Application of the Tonal Rules: The algorithm by [11]
locates the verb stem in a sentence. It then checks the tense,
mood and aspect (TMA) of the verb stem. If the TMA of the
verb stem falls in the category that allows for the application
of GTI, the algorithm applies GTI followed by the HTS2.
HTS2 is a strictly phonological word domain span rule. Else,
the algorithm applies the high tone spread rule. The high tone
spread rule is a clitic phrase domain span rule.

The improved algorithm searches for a clitic phrase in a
sentence, “looks” for the verb stem and checks its context. If
the context allows for the application of the GTI, the algorithm
applies GTI followed by HTS2. Else, it applies HTS1 and then
RBD if necessary. The algorithm searches for the next clitic
phrase in the sentence and does the same for all the clitic
phrases in a sentence.

Once all the clitic phrases have been searched and the
tonal rules applied in them, the algorithm searches for the
phonological word domains and applies the HTS1 accordingly
within this domain.

VI. ANALYSIS

The recorded sentences have been transcribed by three
independent labelers. The labelers have different backgrounds
with respect to tone in Bantu languages. Furthermore, the
labelers are sensitive to tonal issues. The transcriptions have
been compared across all labelers. In cases of disagreements,
the final tone label is based on the tone label that is agreed
upon by the majority of the labelers.

The output produced by the algorithm for each sentence
is compared to its transcribed counterpart. This analysis is
restricted to the phonological domains which are of interest in
our research study.

In the case of a mismatch between the output produced by
the algorithm and the transcription, we attempt to provide a
reason for it. The sentences are then grouped according to the
similarities of the mismatches observed in the analysis.

The data analysis phase is divided into four sub-phases. The
first phase will involve comparing the output produced by the
algorithm as already discussed. The remaining three phases
involve the following:

• Comparing the sentences with no tone labels to the
transcribed sentences.

• Comparing the sentences with underlying high tone
tagged to the transcribed sentences.

• Comparing the sentences with the three Sesotho tonal
rules implemented by [11] to the transcriptions.

VII. RESULTS

Comparing the transcription of the sentences to the sen-
tences with unmarked tone labels (tones are neither high nor
low) produced 59.6% matched syllables.

Our analysis shows that an improvement on unmarked tone
levels would be underlying tones. Comparing the sentences
with underlying tones to the transcribed sentences produced
65.5% matched syllables. This is an improvement of 5.9%.

Comparing the transcribed sentences with the output pro-
duced by the algorithm developed by Raborife [11] yielded
66.9% matched syllables. This is an improvement of 7.3% in
comparison to unmarked tone labels and an improvement of
1.4% in comparison to underlying tone labels.

Comparing the transcribed sentences with the output pro-
duced by our improved algorithm yielded 68.5% matched
syllables. This is an improvement of 8.9% in comparison to
unmarked tone labels and an improvement of 3% in com-
parison to underlying tone labels. The results show a slight
improvement of 1.6% between the output produced by the
algrithm developed by Raborife [11] and the output produced
by our algorithm.

The results show that our algorithm improves the algorithm
by Raborife [11] only slightly. This is due to the fact that
there are rules which apply immediately after the tone spread
rules but have not yet been implemented by our algorithm. The
mismatches found when comparing the transcribed sentences
with our improved algorithm are largely due to three other
tonal rules, namely, the finality restriction rule, the left branch
delinking rule and the specifier high tone delinking rule. These
three rules are ordered immediately after the tone spread rules,
that is, they “feed” directly from them.

The finality restriction principle exempts syllables at the end
of a phonological phrase from the application of tonal rules
[12], [14]. In Example (15) (from [12, p.38]), the high tone
on the first syllable of the verb stem reka does not spread to
the second syllable as expected by the high tone spread. This
high tone is blocked by the finality restriction rule. This rule
accounted for 7.63% of the 15.3% mismatched syllables found
in the study by [11].

(15) ((ho (réka)$)C)φ
INF buy
“to buy”

The left branch delinking rule delinks the left branch of
a multiply-linked high tone if it is preceded by a high tone.
This rule is a phonological word domain-span rule. In Example
(16) (from [12, p.254]), the high tone on the second syllable
of the verb stem kgurukgurumetse surfaces with a low tone.
This syllable is associated with a high tone by GTI since the
verb stem is in the negative form. This high tone then spreads



by HTS2 until the penultimate syllable. The last syllable is
at the end of a phonological phrase domain hence the high
tone does not spread to the last syllable. The high tone on the
second syllable of the verb stem is delinked by the left branch
delinking rule since the first syllable is high-toned.

(16) ha ké kgúrukgúrúmétsé
NEG 1SG.SC cover.NEG
“I don’t cover a bit”

The specifier high tone delinking rule delinks a high tone
on an object or reflexive prefix if the prefix is not within
the same phonological word as the stem. Example (17) (from
[12, p.274]) shows an underlyingly high toned object prefix
mo surfacing with a low tone. The high tone on the object
prefix spreads by HTS1 to the first syllable of the verb stem
kgarameditse. The high tone on the object prefix then delinks.
This example also shows GTI as well as HTS2 since the verb
stem is in the perfect tense. This rule did not account for any
of the mismatches found in Raborife’s [11] study since there
were no object prefixes in the data.

(17) ó mo kgárámédı́tsé
SC1 OC1 push
“He pushed him/her”

VIII. FUTURE WORK

We aim to implement the three Sesotho tonal rules which
are the finality restriction rule, the specifier high tone delinking
rule and the left branch delinking rule. These rules accounted
for the mismatches found in our analysis.

As discussed in [1], implementing detailed prosodic features
of a language in a TTS system enables the system to sound
natural. Currently, our algorithm is not fully integrated into
a TTS system. We only use the back end of Speect, a
multilingual speech synthesizer developed by [19]. Until our
algorithm is fully integrated into a TTS system, we cannot
verify the extent to which implementing such an algorithm
can affect the perceived naturalness of the system. Therefore,
future research should include conducting a perception test. A
perception test will allow native speakers of the target language
to grade the synthesized speech. This is important since the
synthesized speech has to sound natural to the native speakers
of the language.

IX. CONCLUSION

Our research study verifies the suggestion by [4] that to
implement tone into TTS systems for languages such as
isiZulu, as well as the Sotho-Tswana languages as shown by
[11], we need an algorithm that predicts the tone marks of the
syllables as well as the appropriate intonation of the words.
Our algorithm deals with the former, the latter can only be
dealt with once the relationship between the tone levels and
the fundamental frequency is known for Sesotho [20].
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