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Abstract

Syllabification is viewed as a tagging task. Phonemes
constituting a syllable are treated like words in a
sentence. Each phoneme is annotated with informa-
tion representing the phoneme itself, and its posi-
tion within a syllable. Within a number of tagging
experiments, the specificity of linguistic information
represented in the tag set is varied. The annotation
scheme which encodes an onset-nucleus-coda model
is shown to lead to the best tagging results.

1 Motivation

In speech synthesis, knowledge of the syllable struc-
ture is indispensable, because:

1. Speech rhythm is related to syllable structure.

2. Stress and accent influences the realization of all
phonemes in a syllable.

3. Unaccented syllables following and preceeding
accented ones are potential targets for tonal
movements.

4. Final lengthening affects all phonemes of ac-
cented syllables, and the coda of unaccented syl-
lables.

5. [@] [r] sequences with and without syllable
boundary are differently realized; [@-r] — [@r],
[@r] — [6] (r-schwa in SAMPA).

For syllabification, the interplay of phonological
and morphological aspects must be considered, such
as:

Sonority: The sonority values of the sounds that
constitute a syllable peak in the nucleus, and
decrease towards the syllable edges (cf. [11]).
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Phonotactics: Languages are subject to con-
straints on permissible phoneme sequences at
specific syllable positions (cf. [11], [14]).

Morphology: Morphological processes influence
syllabification, e.g.: Syllables cannot span over

prefix or word boundaries. Suffixation may alter
syllable boundaries (cf. [14]).

In statistical approaches, as opposed to rule-based
approaches!, there is no need for explicit model-
ing of phonological principles such as maximal onset
and sonority, phonotactic rules, and morphological
boundaries. Comparable generalizations are induced
from specifically annotated training data. Thus, the
amount of linguistic engineering reduces to the con-
struction of a training corpus. This can be done auto-
matically, provided a sufficiently large word list with
syllable boundaries marked is available.

The work presented here is part of a concatenative
text-to-speech system for German which is currently
under implementation.

In the following, the underlying syllable model is
characterized (section 2). A Markov Model for tag-
ging syllables is specified in section 3.4. Tagset and
training corpus are described in sections 3.3 and 3.2.
Variations on annotation scheme and training mate-
rial, and their influence on tagging results are dis-
cussed in section 4.

2 The Syllable

The approach presented is based on the following
characterization of syllable:

e A syllable is a phonological unit organized
around a syllabic peak, such as vowel, diph-
thong, schwa or syllabic consonant (=C). During
syllabification, however, a syllabic consonant is
represented as schwa consonant sequence, see for
instance the German word [ze:-g@l] (Segel; En:
sail. After syllabification [@l] changes to [=l].

1See for instance (4], [15], [8].



o As basic, surface-oriented syllable model we as-
sume a C* V C* sequence where C stands for
consonant and V for vowel. * is the Kleene star.
For German, however, C* does not exceed 3 con-
sonants preceeding and 4 following the nucleus

(cf. [7])

e On a more abstract level the C* V C* sequences
are grouped into onset-nucleus-coda (onc) se-
quences with vowels, diphthongs and schwa at
nucleus position. For discussions of onc-models

see [7], [14].

¢ Ambisyllabic consonants, 1.e. intervocalic con-
sonants that belong to two syllables, are incor-
porated either into the coda of the preceeding
syllable or the onset of the following. As an ex-
ample see [fal@n] (fallen; En: to fall). Here [I]
phonologically belongs to [fa] as well as to [@n].
Thus, we have either [fal-@n] or [fa-1@n].

e Extrasyllabic elements are treated as coda ele-
ments. For a discussion of extrasyllabicity see
again [14].

3 Learning Syllabification
3.1 Tagging Syllable Structure

Similarly to the assignment of syntactic category to
the words in a sentence (part-of-speech tagging, cf.
(3]), the phonemes of a word are annotated with la-
bels representing the phoneme itself and its position
within a given syllable, such as nucleus, onset, coda.
In this model, syllable boundaries are identified be-
tween coda-onset, coda-nucleus, nucleus-onset, and
nucleus-nucleus tags.

3.2 Construction of the Corpus

Training and test data are automatically generated
from CELEX-2, a lexical database for Dutch, En-
ghish and German. Phoneme strings with syllable
boundaries marked are automatically transformed
into phoneme tag sequences, with tags representing
the phoneme ph and its position within a given syl-
lable. For illustration, five alternative annotations of
the German phoneme string [fal@n] (fallen, En.: to
fall) are given in table 1.2

The German corpus comprises a total of 320163
phoneme strings (word forms), consisting of 1149471
syllable tokens which reduce to 12159 syllable types.
Average syllable length as computed from syllable
types i1s 3.8 phonemes.

2We distinguish the following position tags: phoneme at
the beginning (b), the end (e), in the middle (m), onset (o),
nucleus (n), coda (c) of a syllable, ambisyllabic phoneme (a).

Phoneme M1 M2 M3 M4 M5

f fb fb fo fo fo
a am ae an an  an
1 le 1b lc lo la
@ @b @m @n @n @n
n ne ne nc nc  nc

Table 1: Phonemic transcription of fallen with five
different annotation models M1-5

3.3 The Tagset

In the case of the onc-model, a set of 66 tags is spec-
ified for the phonemes identified for German. If am-
bisyllabic elements are extra marked, the tagset in-
creases to 80 tags. Hence the maximum number of

tags per phoneme is three, the minimum number is
one (cf. table 2).

3.4 The Statistical Model

Currently, Markov Models are the most successful
approach to tagging. For the task at hand, a stan-
dard HMM tagger has been applied. Tags correspond
to the states of the Markov Model, phonemes to the
emitted signals. The probability of a particular an-
notation is defined as the maximized probability of
the tag sequence t; emitting the phoneme sequence
phi. Thus, we have

argmaxH P(ti|ti—2,ti—1) P(philts)
t:

Particular features of the tagger are described in
[1]. For a more general introduction to statistical ap-
proaches in natural language processing see [10].

4 Variation in Learning

In supervised learning, the statistical generalization
process is guided by explicitly annotated linguistic
information. Thus, deliberate selection of informa-
tion represented in the annotation of the training
data is of crucial importance for the learning result.

In experiments on PoS-tagging, it has been shown,
that the kind of linguistic information available to
the learner significantly influences the tagging result.
(Cf. (6], [2], [13].) In order to test the validity of this
claim for syllabification, training items and annota-
tion scheme have been systematically varied.

4.1 Variation on the Lexicon

In order to vary the lexical training material, two
strategies have been pursued:



Ambiguity Classes Max Number of Tags

Phonemes Position Tag(s)
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Table 2: German phonemes (SAMPA notation) and associated position tags according to the onc-model

1. Training and test material is equally distributed
over the alphabetically sorted corpus.

2. For testing, portions of 20000 adjacent
phonemes are extracted from the corpus. The
rest of the corpus is used for training.

4.2 Variation on the Tagset

As for the annotation scheme, a linguistically mo-
tivated onc-model and a simple positional syllable
model and are compared.

Onset-Nucleus-Coda Model: The phonemes
constituting a syllable are assigned to onset (o),
nucleus (n), and coda (c) positions. The follow-
ing restrictions hold: each syllable must have ex-
actly one nucleus element (recall: vowels, diph-
thongs and schwa are permissible nuclei); con-
sonants preceeding the nucleus are part of the
onset; consonants following the nucleus are part
of the coda. With respect to ambisyllabic ele-
ments three variations are tested:

1. The ambisyllabic element is attached to the
preceeding syllable (see M3 in table 1),

2. The ambisyllabic element is attached to the
following syllable (see M4 in table 1).

3. As extra condition, ambisyllabic elements
are explicitly marked (see M5 in table 1).

Simple Positional Model:

For control experiments, a simple positional an-
notation scheme is applied where the first (b)
and the last (e) phoneme of a syllable, and the
phonemes in the middle (m) of a syllable are dis-
tinguished. Ambisyllabic elements are attached
to the preceeding (see M1 in table 1) or the fol-
lowing syllable (see M2 in table 1).

4.3 Training Results

With respect to tagset variation, the onc-model
shows the best average® tagging results for ambisyl-

3The average is computed from the percent correct result-
ing from 50 training and test runs that partition the alpha-

lables tagged as coda or onset elements; cf. table 3,
M3 and M4 respectively. Additional tagging of am-
bisyllables further reduces the tagging result, cf. M5.
Tagging results become even worse when the model
distinguishes only phonemes at the beginning, the
end, and in the middle of the syllable, cf. M1, M2.

Extracting adjacent portions of 20000 phonemes
from the training set decreases the accuracy as well;
98,12% mean accuracy for the onc-model with ambi-
syllables attached to the coda.?

Model | % correct | min | max

M3 98,34 98,23 | 98,46
M4 98,26 98,15 | 98,37
M5 94,17 93,99 | 94,48
M1 93,56 93,37 | 93,78

M2 92,64 | 92,44 | 92,87

Table 3: Tagging results

4.4 Discussion

There are two main reasons why the best tagging re-
sults have been achieved by applying the onc-model,
namely: little ambiguity in the tagset, and adequacy
of the annotation scheme.

While in the simple positional model almost all
phonemes can be assigned three different tags, in the
onset-nucleus coda model 15 phonemes have exactly
one tag, only 14 phonemes are three times ambigu-
ous in case ambisyllabic elements are extra marked.
There is a clear correlation between the increase of
ambiguity in the tagset and the decrease in tagging
accuracy.

The interrelation between syllable structure and
sonority values of phonemes is best represented by

betically sorted corpus into 50 different pairs of training and
test sets.

4Differences in tagging accuracy are highly significant, as
for all pairwise comparisons of the outcome the percent correct
of the one is consistently higher than of the other.



the onc-model, as sonority peaks and nucleus po-
sitions coincide. Phonotactic constraints which are
also related to the syllable onset or coda are cap-
tured in the tri-grams.

In general, syllabification is well suited for statis-
tical modeling, as the number of phonemes and their
possible positions within syllables is small, and the
variety of permissible syllables is restricted by phono-
tactic constraints. On the other hand, large amounts
of training data can be easily constructed from word
lists with phonemic transcription and syllable bound-
aries marked.

5 Conclusion

Syllabification is treated as tagging problem. It is
shown that for the specific task state of the art tag-
ging techniques lead to accuracy results that are at
least comparable to or outperform other learning
models. For a comparison of connectionist and sym-
bolic approaches to learning cf. [5].

Learning models are preferable to rule-based ap-
proaches to syllabification as phonological and mor-
phological regularities are induced from linguistically
interpreted training data. Thus, explicit modeling of
maximal onset and sonority principles, phonotactic
rules, and the interaction of morphology and syllable
boundaries is not necessary.

An annotation scheme which distinguishes onset,
nucleus and coda positions and that treats ambisyl-
lables as coda elements is shown to lead to the best
training results (98.34 mean accuracy). This model is
also comparable to the set of universal constraints de-
termining syllable structure as specified within Op-
timality Theory, cf. [9], [12].
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