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Abstract
A lexical transducer is a language technology resource that is typically used to predict the orthographic word forms
and to model the relation between the lexical and the surface word forms of a morphologically complex language. This
paper motivates the construction of tone-enhanced lexical transducers for tonal languages and gives two supporting
arguments for the feasibility of finite-state compilation of autosegmental derivations. According to the Common
Timeline Argument, adding a common timeline to autosegmental representations is crucial for their computational
processing. According to the Compilation Argument, the compilation of autosegmental grammars requires combining
code-theoretic and model-theoretic research lines.

Keywords: lexical transducers, tonal languages, autosegmental phonology, compositionality, origin correspondence

Résumé (in Swahili)
Makala hii inahamasisha umuhimu wa transdyusa za kimsamiati zinazoainisha pia toni kwa lugha zenye toni, (kama vile
lugha nyingi za Kibantu), na inadai kwamba sasa kuna uwezekano wa kuunda fomalismu ya finite-state kwa sarufi za
autosegmentali na kwa transdyusa za kimsamiati zinazoainisha pia toni.

1. Motivation
Lexical transducers (LT) are finite state machines that
are specialized to the description of the relation be-
tween the word forms and the corresponding morpho-
logical analyses. They constitute, for many languages,
the main approach to implement the Morphological
Component in the conservative BLARK scheme for
language technology development. Thus, they are to
be considered an essential resource for language tech-
nology development of any synthetic (fusional, agglu-
tinative and polysynthetic) language.
In the era of statistical natural language processing and
highly successful neural network models, it is relevant
to ask whether we still need lexical transducers that
are typically constructed manually by a linguist and a
lexicographer. The answer is clear: lexical transducers
have particular strengths when there are very limited
resources, such as annotated texts, available. In this
context, lexical transducers are very useful as a mini-
mal adequate teacher, or in producing gold morpheme
annotation to texts of agglutinative languages in order
to train statistical models that learn to produce simi-
lar morpheme labels. For the same reason, they have
been used to establish an orthography and to main-
tain the prescriptive spelling of languages that have a
scarse written tradition.
Lexical transducers are more compact, efficient, inter-
pretable, testable and debuggable than most statistical
models. They can be used in checking and validating
morphological and phonological grammas and statisti-
cal models. Besides this, a lexical transducer can serve
as a distilled alternative for a functionally equivalent
neural network that has a large memory footprint and
whose behaviour needs to be tested and verified against

linguistic parameters and new observations.
Tone (Yip, 2002) is a phonologically meaningful pitch
distinction that complements vowels and consonants in
some spoken languages, forming an autonomous string
in the whole phonological representation of sentences.
Up to seventy percent of the world’s languages are
tonal, i.e. they use tone to encode important lex-
ical and grammatical distinctions. To describe the
word forms of these languages precisely, one needs to
model the relation between the lexical forms and the
surface tone melodies. This relation is complex, es-
pecially when one considers morphologically rich tone
languages in the Bantu family and the context depen-
dent, morpho-syntactic tone alternations.
Because tone disambiguates the meaning between oth-
erwise similar word forms, a phonologically motivated
orthography explicates the tonal distinctions between
similar word forms of a tonal language. This means
that if we build a lexical tranducer for a tonal lan-
guage, the computational and linguistic description of
its word forms should include the meaningful tone dis-
tinctions in the surface word form representation. This
is especially important if the morphology is complex
and the tone is subject to complex phonological alter-
nations that do not allow treating tone as a segmental
feature of the lexical word forms.
A lexical transducer that is describing morphologi-
cal and morpho-syntactic tone variation will be called
tone-enhanced. Although tone is not always indicated
in the adopted orthographies, tone-enhanced lexical
transducers with tone markup are very valuable tools
in the development of models that restore the morpho-
syntactically determined tone melodies in texts that do
not yet indicate tone melody contrasts.
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Construction of a lexical transducer is typically a very
practical effort. Traditionally, practical resource con-
struction has been based on Two-Level Phonology and
Morphology, Paradigmatic Morphology, or classical
forms of Generative Phonology. More advanced the-
ories such as Autosegmental Phonology, Optimality
Theory, Correspondence Theory, Domain Theory, Q-
Theory, and Harmonic Serialism do not yet facilitate
a regular construction of lexical transducers.
Autosegmental Phonology (AP) (Goldsmith, 1979) is
the first major extension of Generative Phonology to-
wards tonal grammars, having such innovations as
morphemic tone and the autonomy of the tonal tier.
Today, AP is still one of the most useful and most
widely understood phonological theories for the de-
scription of tonal alternations in field linguistics. Be-
sides this, AP provides us an important multi-tiered
phonological representation that forms a starting point
for the development of more recent phonological rep-
resentations and theories. It is, therefore, natural that
we develop some AP-based lexical transducers before
trying to construct lexical transducers that are based
on more advanced theories.

2. The Prior Work
In Computational Morphology and Phonology, one of
the most fundamental findings has been that phono-
logical derivations correspond to finite-state relations.
This result has led to the development of finite-state
methods in natural language processing, including the
method that constructs lexical transducers. Muhirwe
(2010) treated tone as a segmental phenomenon in a
lexical transducer. However, we have not yet been able
to compile a large-scale, autosegmental tonal grammar
and lexicon into an equivalent finite-state transducer
– a tone-enhanced lexical transducer. This is due to
three major AP-related computing challenges:

1. the storing of the autosegmental representations

2. the formation of the underlying representations

3. the input-output correspondences in transducers.

Previous research has aimed at storing autosegmental
representations for algorithmic manipulation. The ap-
proaches include codes (Kornai, 1995; Yli-Jyrä, 2015;
Jardine and Heinz, 2015; Yli-Jyrä, 2016), strings of tu-
ples (Kiraz, 2000), multi-grained strings (van Leeuwen
and te Lindert, 1991; Eisner, 1997; Yli-Jyrä and Niemi,
2006; Barthélemy, 2007; Yli-Jyrä, 2013), tuples of
strings (Kay, 1987; Wiebe, 1992), and string sets (Bird
and Ellison, 1994). Ideally, the encoding function
should be a concatenation homomorphism, but Wiebe
(1992) showed that no linear encoding satisfies this re-
quirement when the tiers are not synchronised. How-
ever, there are restricted subsets of single-timeline au-
tosegmental representations that are both closed un-
der concatenation and homomorphically i.e. composi-
tionally encodable (Yli-Jyrä, 2015; Jardine and Heinz,
2015; Yli-Jyrä, 2019a).

Computational formation of underlying representa-
tions (URs) has been addressed in Yli-Jyrä (2013)
with a naive and deterministic association rule that
works for a finite set of previously known morphemic
melodies. Alternatively, the lexicon can consist of se-
quences of ready-made underlying representations of
morphemes or local patterns.
The input-output correspondences and the expressive
power of autosegmental grammars and their learning
problem have been studied recently from the perspec-
tive of finite model theory and grammar inference (Jar-
dine, 2014; Jardine, 2017a). Yli-Jyrä (2013) presented
a practical transducer compilation method under cer-
tain restrictions on tone patterns. This method treated
tone and associations naively as span markup in the
segmental tier. This paper demonstrates a powerful
method for compiling multi-component autosegmental
rules over encoded grahs.

3. This Paper
Besides giving the motivation to build tone-enhanced
lexical transducers, the current short work aims at ar-
guing that the recently found string encoding for ar-
bitrary single-timeline graphs (Yli-Jyrä, 2019b) opens
a new technological opportunity. Investment in this
opportunity extends the current finite-state technol-
ogy for lexical transducer construction with the notion
of rewritable and constrainable graph structure over a
(discrete) timeline.1
The Common-Timeline Argument. Section 4. ar-
gues that (i) by storing the melody and the segments of
underlying morphemes on a single timeline, we finally
obtain an encoding for the graph structure of the un-
derlying representation, and that (ii) the timeline can
be maintained during the phonological processing.
The Compilation Argument. Section 5. argues
that (i) a previously developed compilation method for
a family of autosegmental rewriting rules can be gener-
lized, but we need (ii) a higher-level logical formalism
whose formal semantics links the specified rules into
such low-level rules that we currently can compile.

4. The Common Timeline Argument
In the construction of lexical transducers, the de-
scribed sets and relations over phonological representa-
tions need to have good closure properties. Especially
concatenation and Boolean operations are extremely
important.
Untamed autosegmental phonological representations
are an impractical idea. They can be viewed naively as
a logical description for an equivalence class of graphs
or association drawings that differ with respect to the
linear representation of the floating tone autosegments
and unassociated segments. Such drawings and their
classes are deficient wrt closure properties as their con-
catenation is not compositional (Wiebe, 1992). Mor-
ever, while we can use multi-tape finite-state machines

1The current work considers only finite graphs with lin-
early ordered nodes (=discrete bounded timeline) but is
extensible to infinite graphs over a discrete timeline.
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to recognize associationless autosegmental representa-
tions, such two-tape machines are not closed under
Boolean operations as their emptyness is decidable but
their equivalence is not (Griffiths, 1968).
Consequently, autosegmental representations need
some form of internal synchronisation to be computa-
tionally well-behaving and closed under important op-
erations. A natural way to introduce synchronisation is
to assume morphemic (Yli-Jyrä, 2013) or otherwise lo-
cal tone association patterns (Jardine and Heinz, 2015;
Jardine, 2017b), or by specifiying the linearisation of
unassociated elements (inertial autosegmental repre-
sentations) (Yli-Jyrä, 2015). With synchronisation,
the tiers of the underlying autosegmental represen-
tations can be interleaved to a single timeline. This
common timeline for the underlying tiers should not
be confused with the notion of the timing tier. Un-
der a single timeline, autosegmental representations,
viewed as graphs, have a string encoding that is bi-
jective and respects concatenation (Yli-Jyrä, 2019b).
This enables the description of regular subsets of the
code strings and corresponding single-timeline graphs
and gives these subsets their good closure properties.
The single underlying timeline fixes the origin of tones
but allows the independence of tiers: floating means
lack of association, and linking, shifting, spreading,
reduplication and metathesis are processes that alter
the association edges without affecting the timeline.
The altered associations indicate the remapping of the
timeline of the underlying tone tier to the timeline
of the segmental tier, but both tiers originate from
a shared underlying timeline.
The separation of the origin information from the as-
sociations has advantages: (i) the shared timeline en-
codes input-output correspondences. (ii) One may also
combine the input and output autosegmental graphs
of a phonological mapping and build a union graph
that is represented in a single timeline and subject
to well-formedness or faithfulness constraits. (iii) One
may observe machine learnable local patterns in differ-
ent stages of the phonological processing, in the origin
structure, and in the correspondences.

5. The Compilation Argument
Lexical transducers of Bantu languages contain an in-
finite number of (compound) words and millions of in-
flections. Due to all these word forms in the trans-
ducer, it is not feasible to apply classical graph rewrit-
ing methods. Instead, the lexicon has to be con-
structed by composition of regular, possibly infinite re-
lations that are recognized by finite-state transducers.
With the single-timeline encoding, we can construct
constraints and conditions of phonological alternations.
In particular, we can

1. compile one-level autosegmental constraints and
context conditions, including graph-based local
constraints

2. describe feasible changes between input and out-
put autosegmental representations

3. compile constraints on input-output correspon-
dences.

The conditions of rules are the basis for their practical
compilation. Yli-Jyrä (2013) presented a method for
compiling conditions of autosegmental rewriting rules
into finite-state transducers. This method is a com-
bination of (a) optional parallel rewriting with two-
level context conditions (aka two-level context restric-
tions) and (b) a comparison-based output optimisation
that converts the optional replacements into obligatory
ones.
A tone can have an unbounded number of associations.
Multiple association can correspond to edges in a graph
(Yli-Jyrä, 2019b) or spans in the timeline (Yli-Jyrä,
2013). Using edges makes the specification of a spead-
ing rule is more complex than the specification where
the span boundary is simply moved. Therefore, with
the new encoding, a high-level formalism for autoseg-
mental rewriting rules is necessary.
It is pretty likely that in real languages, autosegmental
representations of their phonology can be embedded to
a regular subset of code strings. Regular subsets of this
space are closed under all important operations that
are needed to define, for these relations, a specification
formalism (such as Monadic Second-Order Logic over
restricted autosegmental representations) that is me-
chanically compiled into finite-state transducers. This
is the point where the encoding research (Yli-Jyrä,
2019b) can be expected meet research on phonologi-
cal model-theory and learnability (Jardine, 2017a).

6. Conclusion
This article has explained why tone-enhanced lexical
transducers are needed and why they can be now be
constructed, using a combination of the code-theoretic
and model-theoretic perspectives to the AP research.
In particular, the article presents two supporting ar-
guments for the feasibility of practical implementation
of autosegmental derivations when constructing lexical
transducers.

1. The Common Timeline Argument of this arti-
cle states that it is computationally beneficial to
assume that there is an underlying timeline that
represents the temporal origin of the tones and
segments. Having an underlying timeline that is
shared through the derivation steps is consistent
with the idea of having independent tiers whose
associations can be missing and do not need to
respect accurately any underlying timeline.

2. The Compilation Argument of this article
states that the existing knowlegde on rule com-
pilation and the specification formalisms can be
applied in order to develop a practical formalism
for two-tiered AP.

The author is looking forward to possibilities to imple-
ment practical tone-enhanced lexical transducers for
tonal languages, especially for morphologically com-
plex ones such as found among the Bantu family that
contains some 500 languages.
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