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Abstract

This paper presents an application of
finite state transducers weighted with
feature structure descriptions, follow-
ing Amtrup (2003), to the morphology
of the Semitic language Tigrinya. It
is shown that feature structures pro-
vide an efficient way of handling the
templatic morphology that character-
izes Tigrinya verb stems as well as the
complex Tigrinya verb morphotactics.

1 Introduction

1.1 Finite state morphology

Morphological analysis is the segmentation of
words into their component morphemes and
(usually) the assignment of grammatical mor-
phemes to grammatical categories and the as-
signment of the lexical morpheme to a partic-
ular lexeme or lemma. For example, the En-
glish adjective prettier could be analyzed as
pretty+COMPARATIVE. Morphological gener-
ation is the reverse process. Both processes
relate a surface level to a lexical level. The
relationship between these levels has been the
concern of many phonologists and morphol-
ogists over the years, and traditional descrip-
tions, since the pioneering work of Chomsky
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and Halle (1968) have characterized it in terms
of a series of ordered content-sensitive rewrite
rules, which apply in the generation, but not
the analysis, direction.

Within computational morphology, a very
significant advance came with the demonstra-
tion that phonological rules could be imple-
mented as finite state transducers (Johnson,
1972; Kaplan and Kay, 1994) (FSTs) and that
the rule ordering could be dispensed with us-
ing FSTs that related the surface and lexi-
cal levels directly (Koskenniemi, 1983). Be-
cause of the invertibility of FTSs, “two-level”
phonology and morphology permitted the cre-
ation of systems of FSTs that implemented
both analysis (surface input, lexical output)
and generation (lexical input, surface output).

In addition to inversion, FSTs are closed
under composition. That is, if FST f; out-
puts string s9 for input string s;, and FST
fo outputs string s3 for input string so, then
the FST which is the composition of f; and
fo will output ss for input s;. A second
important advance in computational morphol-
ogy was the recognition by Karttunen et al.
(Karttunen et al., 1992) that a cascade of
composed FSTs could implement the two-
level model. This opened up the possibil-
ity of quite complex finite state systems in-
cluding ordered alternation rules represent-
ing context-sensitive variation in the phono-
logical or orthographic shape of morphemes,



Gasser: Semitic Morphology

the morphotactics characterizing the possible
sequences of morphemes (in canonical form)
for a given word class, and one or more sub-
lexicons. For example, to handle written En-
glish nouns, we could create a cascade of FSTs
covering the rules that insert an e in words like
bushes and parties and relate lexical y to sur-
face i in words like buggies and parties and an
FST that represents the possible sequences of
morphemes in English nouns, including all of
the noun stems in the English lexicon. The key
feature of such systems is that, even though
the FSTs making up the cascade must be com-
posed in a particular order, the result of com-
position is a single FST relating surface and
lexical levels directly, as in two-level morphol-
ogy. This is illustrated in Figure 1. Figure 2
shows one of the FSTs in the cascade.

1.2 Finite state approaches to
non-concatenative morphology

These ideas have revolutionized computa-
tional morphology, in the process making
languages with relatively complex morphol-
ogy, such as Finnish and Turkish, far more
amenable to analysis by traditional computa-
tional techniques. However, finite state mor-
phology is inherently biased to view mor-
phemes as sequences of characters or phones
and words as concatenations of morphemes.
This presents problems in the case of non-
concatenative morphology, which is famil-
iar from discontinuous morphemes (circum-
fixation); infixation, which breaks up a mor-
pheme by inserting another within it; redupli-
cation, by which part or all of some morpheme
is copied within the word; and the template
morphology (also called stem-pattern mor-
phology, intercalation, and interdigitation) that
characterizes Semitic languages, and which is
the focus of much of this paper.

The stem of a Semitic verb consists of a
root, essentially a sequence of consonants,
and a pattern, a sort of template which inserts
other segments between the root consonants
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and possibly copies certain of them.! For ex-
ample, the Tigrinya verb root \/sbr ‘break’
can be combined with some seven different
patterns to form the stems that actually occur
within verb wordforms; here are some exam-
ples of stems: seber? ‘broke’, sib_er ‘is bro-
ken’, s_ebaber ‘break one another’, asbir ‘hav-
ing caused to break’.

A number of approaches that are still within
the finite state framework have been proposed
to deal with Semitic template morphology.
The most familiar ones are characterized by
the explicit separation of roots and patterns
into distinct sublexica and devices for combin-
ing a root and pattern together during process-
ing. One approach is to make use of separate
tapes for root and pattern at the lexical level
(Kiraz, 2000). A transition in the FSTs that
are compiled from such a system relates a sin-
gle surface character to multiple lexical char-
acters, one for each of the distinct sublexica.

Another approach is to have the transduc-
ers at the lexical level relate an upper abstract
characterization of a stem to a lower string
that directly represents the merging of a par-
ticular root and pattern. This lower string
can then be compiled into an FST that yields
a surface expression (Beesley and Karttunen,
2003). Given the extra compile-and-replace
operation, this resulting system maps directly
between abstract lexical expressions and sur-
face strings. In addition to Arabic, this ap-
proach has been applied to a portion of the
verb morphology system of the Ethio-Semitic

"For some languages, the pattern is often viewed as
further consisting of a template with positions for conso-
nants and vowels and a separate “vocalism”, consisting
of one or more vowels that are inserted into the tem-
plate. We will not be concerned with this three-way root-
template-vocalism distinction in this paper, which is not
particularly useful for Ethio-Semitic languages such as
Tigrinya in any case.

%In this paper I use i for the high central vowel of
Tigrinya, ¢ for the mid central vowel, g for the velar ejec-
tive, a dot under a character to represent other ejectives,
a right quote to represent a glottal stop, a left quote to
represent the voiced pharyngeal fricative, and _ to repre-
sent gemination. Other symbols are conventional Inter-
national Phonetic Alphabetic.
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buggy+PLUR

Morphotactics

Noun Stems buggy+PLUR

(=)

.0. I:> English Nouns

y—i i

.0. buggies

e Insertion

:

buggies

Figure 1: Composition of FSTs for English noun morphology. “.0.” denotes the composition

Figure 2: FST which converts surface y to lexical i following a consonant and before an e. On
each arc the input character appears to the left of the colon, the output character to the right. The
arc label “a:b” means that input character “a” corresponds to output character “b”. The labels
“C” and “V” mean that an input consonant corresponds to the same output consonant and an
input vowel corresponds to the same output vowel, respectively.
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language Ambharic by Saba and Girma (2006).
Ambharic is characterized by all of the same
sorts of complexity as Tigrinya; this complex-
ity is the topic of the next section.

This paper proposes a different approach,
one that starts with another familiar extension
to FSTs, weights on the transitions. The next
section gives an overview of Tigrinya verb
morphology. The following section discusses
weighted FSTs, in particular, with weights
consisting of feature structure descriptions.
Then I describe a system that applies this ap-
proach to Tigrinya verb morphology.

2 Tigrinya Verb Morphology

2.1 Dimensions of variation

Tigrinya is an Ethio-Semitic language spoken
by 4.5-7 million people in northern Ethiopia
and central Fritrea. Given the number of
speakers (about the same as that for Finnish or
Danish) and its role as the most significant lan-
guage in Eritrea, Tigrinya clearly belongs to
the set of severely under-resourced languages.
There has been almost no computational work
on the language, and there are effectively no
corpora or usable digitized dictionaries. For a
language with the morphological complexity
of Tigrinya, a crucial early step in computa-
tional linguistic work must be the development
of morphological analyzers and generators.
The morphology of the Tigrinya verb
(Leslau, 1941 is a standard reference) can
be described in terms of six orthogonal di-
mensions: root (the only purely lexical com-
ponent), tense-aspect-mood, derivational cat-
egory, subject agreement, object agreement,
and polarity. With respect to the dimension
of TENSE-ASPECT-MOOD (TAM), there are
four possibilities: the three categories famil-
iar from other Semitic languages, tradition-
ally referred to as PERFECTIVE (PRF), IMPER-
FECTIVE (IMF), and JUSSIVE-IMPERATIVE
(J-1), and a fourth common to several
other Ethio-Semitic languages, conventionally
called GERUNDIVE (GER). Within each of

these four categories, the realizations of each
of the other dimensions differ significantly, so
it is useful (and conventional) to treat the cat-
egories separately. The distinctions are illus-
trated in the following example, for which the
values on the other dimensions are identical:
PRF: feleta ‘he knew her’, IMF: yifelta ‘he
knows her’, J-1: yiflet_a ‘that he know her’,
GER: felituw_a ‘he knowing her’. Wordforms
within these basic four TAM categories com-
bine with auxiliaries to yield the full range
of possbilities in the complex Tigrinya tense-
aspect-mood system. Since these auxiliaries
are written as separate words, or in the case
of deleted initial vowels, separated from the
main verbs by an apostrophe, they will not be
discussed further.

In this paper, we will only be concerned
with the Tigrinya imperfective, the most com-
plex of the four TAM categories. This form,
alone or in combination with auxiliaries, con-
veys various present and future tense possibil-
ities. An imperfective verb consists of a verb
stem, one or more prefixes and zero or more
suffixes. The stem, as in other Semitic lan-
guages, consists of a verb root appearing in
one or another of a set of patterns. A verb
ROOT in Tigrinya, the second dimension of
variation in the verb, is made up of a sequence
of three, four, or five consonants. In addi-
tion, as in other Ethio-Semitic languages, cer-
tain roots have inherent vowels and/or gemi-
nation (lengthening) of particular consonants.
Thus among the three-consonant roots, there
are three subtypes: CCC, CaCC, CC_C. Roots
are described in more detail in Section 4.2 be-
low.

As we have seen, the combining of a root
and a pattern can be viewed as the “inter-
calation” of pattern vowels and the copy-
ing of root consonants in particular posi-
tions. In Tigrinya, and other Ethio-Semitic
languages, these patterns represent different
DERIVATIONAL possibilities, the third dimen-
sion along which verbs vary. A Tigrinya verb
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root can appear in up to eight different deriva-
tional patterns within each of the TAM cate-
gories. The patterns can be characterized in
terms of four binary features, which I will
refer to as PASSIVE-REFLEXIVE (ps), TRAN-
SITIVE/CAUSATIVE (tr), ITERATIVE (it), and
RECIPROCAL (rc). The eight possible com-
binations, along with their rough semantic
correlates and the corresponding imperfective
stem of the root | At are as follows. No-
tice that the [+ps,+it] and [+tr,+it] combi-
nations are roughly equivalent semantically
to the [+ps,+rc] and [+tr,+rc] combinations,
though this is not true for all verbs.

1. simple: [-ps,-tr,-it,-rc], felt ‘know’
2. passive or reflexive: [+ps,-tr,-it,-rc], fil_et
‘be known’

3. causative or transitive:
aflit ‘cause to know’

[-ps,+tr,-it,-rc],

4. frequentative: [-ps,-tr,+it,-rc],
‘know repeatedly’

felalit

S. reciprocal 1: [+ps,-tr,+it,-rc], f_elalet
‘know one another’

6. causative reciprocal 1: [-ps,+tr,+it,-rc],
af_elalit ‘cause to know one another’

7. reciprocal 2: [+ps,-tr,-it,+rc], falet

‘know one another’

8. causative reciprocal 2: [-ps,+tr,-it,+rc],
af_alit ‘cause to know one another’

All finite Tigrinya verbs must agree with
their subjects in person, number, and (for 2nd
and 3rd persons) gender; SUBJECT thus rep-
resents a fourth dimension along which verbs
vary. There are 10 combinations of person,
number, and gender in the Tigrinya pronom-
inal and verb-agreement system. For imper-
fective verbs, as in other Semitic languages,
subject agreement takes the form of prefixes
and for some person-number-gender combina-
tions (2nd person singular feminine, 2nd per-
son plural, 3rd person plural) also suffixes.
The follow illustrate some of the subject af-
fixes the simple form of the root , /flt “know’:

ifel_it ‘I know’, tifelti ‘you (sg., fem.) know’,
yifelta ‘they (fem.) know’.

A transitive Tigrinya verb may also include
an object suffix (or object agreement marker),
which appears in one of the same set of 10
possible combinations of person, number, and
gender as the subject agreement markers. OB-
JECT thus represents the fifth dimension of
variability within Tigrinya verbs. There are
two sets of object suffixes, a plain set repre-
senting direct objects and a prepositional set
representing various sorts of dative, benefac-
tive, locative, and instrumental complements.
The following illustrate some of the possi-
ble object suffixes for the simple form of the
root . /fit ‘know’ with a 3rd person singu-
lar masculine subject: yifelten_i ‘he knows
me’, yifeltel_ey ‘he knows for me’, yifelta ‘he
knows her’, yifeltel_a ‘he knows for her’.

The sixth dimension of variation of a
Tigrinya verb is its POLARITY; it is either
AFFIRMATIVE or NEGATIVE: yifelteni ‘he
knows me’; ay_ifelten_in ‘he doesn’t know

’

me .

In addition to the six basic dimensions men-
tioned so far (TAM, ROOT, DERIVATIONAL
PATTERN, SUBJECT, OBJECT, POLARITY), an
imperfective Tigrinya verb may take the REL-
ATIVIZING prefix (z)i-, for example, zifelten_i
‘(he) who knows me’. The relativizer can in
turn be preceded by one of a set of six PREPO-
SITIONS, for example, kabzifelten_i ‘from him
who knows me’. Finally, there is the possi-
bility of one of three CONJUNCTIONS at the
beginning of the verb (without the relativizer),
for example, kifelten_i ‘so that he knows me’.

Given the eight possible DERIVATIONAL
patterns, the 170 possible combinations of
SUBJECT agreement affixes with the two sets
of OBJECT agreement suffixes, the two pos-
sible values each of POLARITY and RELA-
TIVIZATION, and the nine possible PREPO-
SITIONAL or CONJUNCTIVE prefixes, each
Tigrinya verb root may appear in as many as
31,280 different imperfective wordforms (and
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of course many more in the three other TAM
categories).

2.2 The stem

Most of the complexity of a Tigrinya verb
is centered on the stem. We have seen how
the stem can be seen as the result of the
non-concatenative process of intercalation of
a root with a derivational template. Tigrinya
verb roots group into about eight conjuga-
tion classes, each with its own set of deriva-
tional patterns. Three of the eight tem-
plates feature reduplication of the penultimate
consonant (-felalit, -f_elalet, -af_elalit), and
“anti-reduplication” appears in several of root
classes (for example, the second and third con-
sonants in the four-consonant roots must be
distinct). Furthermore, the second consonant
of the most important conjugation class (as
well as the consonant of most of the object
suffixes) geminates in certain environments
and not others (Buckley, 2000), a process that
depends on syllable weight. Finally, as in
other Semitic languages, the presence of “la-
ryngeal” (glottal or pharyngeal) consonants
or semivowels within a root leads to some
changes in the derivational patterns (most of
which can be captured in phonological rules).

2.3 Dependencies and ambiguity

The morphotactics of the Tigrinya imperfec-
tive is replete with dependencies which span
the verb stem.

e Negation in non-subordinate verbs is sig-
naled by the circumfix ay-n.

e Subordination, which is indicated by the
relativizing prefix, with or with preceding
prepositions, or the conjunction ni/nixi,
precludes the negative suffix -n.

e The 1st person subject agreement pre-
fixes i/ni preclude the 2nd person and
3rd person plural subject agreement suf-
fixes a/u.

e The 2nd person singular feminine subject

agreement suffix i can only appear with
the 2nd person subject agreement prefix
ti.

e Ist person subject agreement prefixes
preclude 1Ist person object suffixes, and
2nd person subject agreement prefixes
preclude 2nd person object suffixes.

There is some ambiguity in the system. For
example, the forms for 2nd person mascu-
line singular and 3rd person feminine singular
subject agreement are identical (tifel_it *you
(masc., sing.) know; she knows’) and the 2nd
person and 3rd person feminine plural subject
suffix is identical to one allomorph of the 3rd
person feminine singular object (yifelta) "he
knows her; they (fem.) know’).

Tigrinya is written in the Ethiopic (Geez)
syllabary, which fails to distinguish between
syllable final consonants and consonants fol-
lowed by the vowel i and fails to mark con-
sonant gemination. In the absence of lexical
information, this leads to additional ambigu-
ity. For example, the orthographic form that
would be romanized as 'nflet has different in-
terpretations depending on whether it is pro-
nounced ‘in_ifil_et ‘which we , /flt + PASSIVE’
or ‘iniflet ‘T, /nflt + PASSIVE’ (though only the
former root actually exists).

Finally, a number of alternation rules are
needed to specify various phonological and
orthographic regularities. For example, the
vowel sequence ia, which may occur at the
boundary between two prefixes or between a
prefix and a stem, is realized as ¢: ti+afil_it —
tefil_it ’she causes to know’.

In sum, the considerable complexity of
Tigrinya verbs presents a challenge to any
computational morphology framework. In the
next section we consider an augmentation to
finite state morphology which offers clear ad-
vantages for this language.
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3 FSTs with Feature Structures

3.1 Weighted FSTs

A weighted FST (Mohri et al., 2000) is a fi-
nite state transducer whose transitions are aug-
mented with weights. The weights must be
elements of a semiring, an algebraic struc-
ture with an “addition” operation, a “multipli-
cation” operation, identity elements for each
operation, and the constraint that “multipli-
cation” distributes over “addition”. Weights
on a path of transitions through a transducer
are “multiplied”, and the weights associated
with alternate paths through a transducer are
combined with “addition”. Weighted FSTs
are closed under the same operations as un-
weighted FSTs; in particular for our purposes,
they can be composed. Weighted FSTs are fa-
miliar in speech processing, where the semir-
ing elements usually represent probabilities,
with “multiplication” and ‘“‘addition” in their
usual senses.

3.2 Feature structures as weights

Amtrup (2003) recognized the advantages
that would accrue to morphological analyzers
and generators if they could accommodate
structured representations. One produc-
tive and popular approach to representing
linguistic structure is typed feature struc-
tures (FSs) (Carpenter, 1992; Copestake,
2002). A feature structure consists of a set
of attribute-value pairs, for which values are
either atomic properties, such as FALSE or
FEMININE, or feature structures. For exam-
ple, we might represent the morphological
structure of the Tigrinya noun gezay ‘my
house’ as [lexeme=geza, number=singular,
possessor=[person=1, number=singular]].
The basic operation over FSs is unification.
Loosely speaking, two FSs unify if their
attribute-values pairs are compatible, and
the resulting unification combines the fea-
tures of the FSs. For example, the two FSs
[lexeme=geza, number=singular] and [posses-
sor=[person=1, number=singular]] unify to

yield the FS [lexeme=geza, number=singular,
possessor=[person=1, number=singular]].
The distinguished FS TOP unifies with any
other FS. Variables in FSs permit a straightfor-
ward implementation of agreement and other
constraints within linguistic units (though
these will not concern us further in this paper).
A typed feature structure has a type from
which it inherits a set of default feature values.

Amtrup shows that sets of typed FSs con-
stitute a semiring, with pairwise unification as
the““multiplication” operator, set union as the
“addition” operator, TOP as the identity ele-
ment for multiplication, and the empty set as
the identity element for addition. Thus FSTs
can be weighted with FSs. In an FST with FS
weights, traversing a path through the network
for a given input string yields an FS set, in ad-
dition to the usual output string. The FS set is
the result of repeated unification of the FS sets
on the arcs in the path, starting with an initial
input FS set. A path through the network fails
not only if the current input character fails to
match the input character on the arc, but also
if the current accumulated FS set fails to unify
with the FS set on the arc. Consider again the
simple example of singular Tigrinya nouns.
The network shown in Figure 3 will analyze
nouns whose stems consist of sequences of
consonants and vowels (but without multiple
vowels in succession), ending in a vowel, with
or without the accusative prefix ni and one of
the possessive suffixes y (first person singular)
or xi (second person singular feminine).® For
example, given the input string nigezay and
TOP as the initial weight, the network yields
as output string geza and as output weight
[case=acc, poss=[prs=1, num=sng]]. Because
any FST (including any weighted FST) can be
inverted, we can utilize the network in the re-
verse direction for generation. For example,
given the input string dim_u and the initial

3For all of the examples mentioned in this paper, each
FS set weight on an arc is a singleton, so for simplicity
the braces indicating the set are omitted from the figures
and examples in the text.
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weight [case=nom, poss=[prs=2, num=sng,
gen=fem]], the inverted network would yield
the output string dim_uxi and the initial weight
unchanged as output.

Using examples from Persian,
demonstrates two advantages
weighted with feature structure sets. First,
long-distance dependencies within words
present notorious problems for finite state
techniques. Such constraints are common in
languages with complex morphology, includ-
ing Tigrinya, as we have seen. For generation,
the usual approach is to overgenerate and then
filter out the illegal strings below, but this may
result in a much larger network because of
the duplication of state descriptions. Using
feature structures, enforcing long-distance
constraints is straightforward. Weights on the
relevant transitions early in the word specify
values for features that must agree with similar
feature specifications on transitions later in the
word (see the Tigrinya examples in the next
section). Second, many NLP applications,
such a machine translation, work with the sort
of structured representations that are elegantly
handled by feature structure descriptions.
Thus it is often desirable to have the output of
a morphological analyzer have this richness,
in contrast to the string representations that
are the output of an unweighted finite state
analyzer.

Amtrup
of FSTs

4 Processing Tigrinya Verbs Using
FSTs Weighted with Feature
Structures

4.1 Long-distance dependencies

As we have seen, imperfective Tigrinya verbs
feature various sorts of long-distance depen-
dencies. The circumfix that marks the negative
of non-subordinate verbs, ay...n, is one exam-
ple. Figure 4 shows how this constraint can
be handled naturally using an FST weighted
with FS sets. In place of the separate neg-
ative and affirmative subnetworks that would
have to span the entire FST in the abscence

of weighted arcs, we have simply the nega-
tive and affirmative branches at the beginning
and end of the weighted FST. In the analy-
sis direction, this FST will accept forms such
as ay-ifeltun ‘they don’t know’ and yifeltu
‘they know’ and reject forms such as ay_ifeltu.
In the generation direction, the FST will cor-
rectly generate a form such as ay_ifeltun given
a initial FS that includes the feature [pol=neg].

4.2 Stems: root and derivational pattern

Now consider the heart of the Tigrinya verb
and the source of most of its complexity, the
stem. The stem conveys two types of informa-
tion: lexical (the root of the verb) and deriva-
tional (one of the eight derivational categories
described in Section 2 above). Analysis of
a stem should return the root and the deriva-
tional category; generation should start with a
root and a derivational category and return a
stem. It is possible to group Tigrinya roots into
eight categories which cover all but a few ex-
ceptional cases. We can represent each root as
a sequence of consonants, separated in some
cases by the vowel a and in one case by the
gemination character.

These root patterns, and examples of each,
are as follows:

CCC, sbr ‘break’
CC_C, dg_s ‘sleep’
CaCC, bark ‘bless’
CCCC, mskr ‘testify’
CCaCC, klakl ‘prevent’
CCCCC, nqtqt ‘tremble’
CCCaCC, nslalw ‘be shaded’

8. CC|aCC, ns|aff float’
The extra character (|) in pattern 8 is necess-
sary to distinguish it from pattern 5, which has
the same sequence of segments but interacts
differently with the derivational patterns. In
pattern 8, the two initial consonants are never

separated by a vowel; in pattern 5, they are al-
ways separated by the vowel e. Further sub-

Nk Wb
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[case acc] ﬁ
[poss=[prs=1,

V:Vv

’/////)', num=sng]
[case=nom] [poss= n11]

[poss= [prs 2,
num=sng,
gen=fem]

Figure 3: FST weighted with feature structures for analyzing a small subset of Tigrinya nouns.
Feature structure weights are indicated in brackets next to the corresponding arcs. Arcs with no
weights shown have weight TOP.

[po1 neg] [po1 neg]
[po1 =aff] [pol aff]

Figure 4: Handling Tigrinya (non-subordinate, imperfective) negation using feature structure
weights. Arcs with uppercase labels represents subnetworks that are not spelled out in the figure.
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divisions within the eight patterns derive from
the presence of laryngeal consonants (h, h, ’,
‘) and/or semivowels (w, y) in one or another
position. These variations can be handled by
phonological/orthographic alternation rules.

Given a particular derivational pattern, ex-
tracting the root from the stem is a straightfor-
ward matter with an FST. For example, for the
passive pattern, root pattern 2 (CC_C) appears
in the template CiC_eC, and the root is what is
left if the two vowels in the stem are skipped
Oover.

However, we want to extract both the
derivational pattern and the root, and the prob-
lem for finite state methods, as discussed in
Section 1.2, is that both are spread throughout
the stem. The analyzer needs to alternate be-
tween recording elements of the root and clues
about the derivational pattern as it traverses
the stem, and the generator needs to alter-
nate between outputting characters that repre-
sent root elements and characters that depend
on the derivational pattern as it produces the
stem. The process is complicated further be-
cause some stem characters, such as the gem-
ination character, may be either lexical (that
is, a root element) or derivational, and others
may provide information about both compo-
nents. For example, a stem with four conso-
nants and a separating the second and third
consonants represents the iterative form of a
three-consonant root if the third and fourth
consonants are identical (felalit) and a four-
consonant root (CCaCC root pattern) in the
simple derivational pattern if they are not (ke-
lakil).

As discussed in Section 1.2, one of the
familiar approaches to this problem, that of
Beesley and Karttunen (2003), precompiles all
of the combinations of roots and derivational
patterns into stems. The problem with this ap-
proach for Tigrinya is that we don’t have any-
thing like a complete list of roots; that is, we
expect many stems to be novel and will need
to be able to analyze or generate them on the
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fly. Another approach, that of Kiraz (2000), is
closer to what is proposed here. He processes
the root and patterns using separate tapes, each
working with its own sublexicon.

As in Kiraz’s system, the approach used
here divides the work of processing the root
and the derivational patterns between two
components of the system. However, instead
of the additional overhead required for im-
plementing a multi-tape system, this system
makes use of the existing FSTs weighted with
FSs that are already motivated for aspects of
morphology, as argued above. In this ap-
proach, the lexical aspects of verb morphol-
ogy are handled by the ordinary input-output
character correspondences that are part of all
FSTs, and the grammatical aspects of verb
morphology, including the derivational pat-
terns with the verb stems, are handled by the
FS weights on the FST arcs and the unifica-
tion that takes place as accumulated weights
are matched against the weights on FST arcs.
Unlike Kiraz’s system, this system also does
not require an explicit root lexicon.

As explained in Section 2, we can represent
the eight possible derivational categories in a
Tigrinya verb stem in terms of four binary fea-
tures (ps, tr, rc, it). Each of these features is
reflected more or less directly in the stem form
(though in some cases differently for different
root categories). However, in some cases, they
are distributed across the stem: different parts
of a stem may be constrained by the presence
of a particular feature. For example, the fea-
ture +ps (abbreviating [ps=True]) causes the
gemination of the stem-initial consonant under
various circumstances and also controls the fi-
nal vowel in the stem, and the feature +tr is
marked by the vowel a before the first root
consonant and by the nature of the vowel that
follows the first root consonant (¢ where we
would otherwise expect i, # where we would
otherwise expect ¢.) That is, as with the verb
prefixes and suffixes, there are long-distance
dependencies within the verb stem.
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Figure 5 illustrates this division of labor for
the portion of the stem FST that is responsible
for root pattern 2, CC_C. This FST (including
the subnetwork not shown that is responsible
for the reduplicated portion of the iterative pat-
terns) handles all eight of the possible deriva-
tional patterns. For the root . /fsm ’finish’,
the stems are simple ([-ps,-tr,-it,-rc]): fis_im,
passive/reflexive: fis_em, causative/transitive:
afes_im, frequentative: fesas_im, reciprocal
1: flas_em, causative reciprocal 1: af as_im,
reciprocal 2: f_esas_em, causative reciprocal
2: af_esas_im What is notable is the rela-
tively small number of states that are required;
among the consonant and vowel positions in
the stems, all but the first are shared among
the various derivational patterns (with the ex-
tra consonant and vowel that are part of the the
three +it patterns sharing the additional states
in the reduplication subnetwork).

Of course the full stem FST, applying to
all combinations of the eight root categories
and the eight derivational categories, is much
larger, but the FS weights still permit a good
deal of sharing, including sharing across the
root categories.

4.3 Architecture

The full morphological processing system
consists of four FSTs, two that analyze sur-
face word forms and two that generate surface
word forms, the surface forms appearing in
orthographic representations in the one case,
phonemic representations in the other. The
analysis FSTs are the result of the composition
of a cascade of 15 FSTs (13 for the phonemic
FST and two additional for the orthographic
FST). The generation FSTs are created by in-
verting the analysis FSTs. Figure 6 gives an
overview of the entire architecture.

At the most abstract (Iexical) end is the heart
of the system, the morphotactic FST, and the
heart of this FST is the stem FST described
above. The stem FST is composed with two
FSTs representing phonological processes that
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flt
[der=[+ps,-tr,-it,-rc],
sbj=[+2p,+plr,-fem],
obj=nil,-rel,+neg]l]

Morphotactics

Stem
(Root+Pattern)

Prefixes

Allomorphy

Phonology

Orthography

"aytfletun

!

ALtaam7

Figure 6: Architecture of the system. Each
rectangle represents an FST. The large rectan-
gle with the solid border is the orthographic
FST, and the rectangle with the dashed bor-
der is the phonemic FST. “.0.” denotes com-
position. The example shown is the word
‘aytifil_etun ’you (plr., mas.) are not known’.
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Figure 5: FST for imperfective verb stems of root type CC_C. <CaC:C> indicates a subnetwork,
not shown, which handles the reduplicated portion of +it stems, for example, sebabir,

apply only to the stem. A prefix FST and
a suffix FST are then concatenated onto the
composed stem FST to create the full mor-
photactic FST. In the analysis direction, this
FST takes as input words in an abstract canon-
ical form and an initial weight of TOP; that
is, at this point in analysis, no grammatical
information has been extracted. The output
of the morphotactic FST is either the empty
list if the form is unanalyzable or one or more
analyses, each consisting of a root string and a
fully specified grammatical description in the
form of an FS. For example, given the form
‘aytifil_etun, the morphotactic FST would out-
put the root fIt and the FS [der=[+ps,-tr,-rc,-it],
sbj=[+2p,+plr,-fem], obj=nil, -rel, +neg] (see
Figure 6). That is, this word represents the
negative, non-relative passive of the verb root
fIit Cknow’) with second person plural mascu-
line subject and no object: *you (plr., mas.) are
not known’. The system has no actual lexicon,
so it outputs all roots that are compatible with
the input, even if such roots do not exist in the
language. Given the current state of Tigrinya
digital lexicography, this seems like a reason-
able approach.

In the generation direction, the opposite

happens. In this case, the input root can be any
legal sequence of characters (there are some
constraints on what can constitute a root), not
necessarily an actual root in the language.

The remaining 12 FSTs are responsible for
the realization of several morphemes and for
phonological or othographic alternations. The
two highest FSTs below the morphotactic FST
handle allomorphy; for example, one of these
is responsible for the two allomorphs of the
relativization prefix. Below this are 10 FSTs
handling phonology; for example, of these
converts the sequence ai to €. The most com-
plex of the phonological FSTs is the metrical
FST that governs gemination of certain conso-
nants: the second consonant in root pattern 1
(CCC, the most common of the root patterns)
and the initial consonant in most of the ob-
ject suffixes. At the bottom end of the cas-
cade are two orthographic FSTs which are not
part of the overall phonemic FST but are re-
quired when the input to analysis or the output
of generation is in standard Tigrinya orthogra-
phy. One of these is responsible for the inser-
tion of the vowel #, which is not indicated in
the orthography, the other for consonant gem-
ination, also not indicated in the orthography.
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The full phonemic FST consists of 7,865
states and 35,172 arcs, and the full ortho-
graphic FST consists of 8,097 states and
36,501 arcs. The system handles imperfective
verbs in all of the root classes discussed by
Leslau (1941), including those with laryngeals
and semivowels in different root positions and
the three genuinely irregular verbs.* It han-
dles all grammatical combinations of subject
and object affixes, negation affixes, the rel-
ativization prefix, prepositional prefixes, and
conjunctive prefixes. It does not accommodate
all of the possibilities that Leslau (1941) in-
dicates for the realization of stem vowels for
roots that include laryngeals and semivowels.
It would be a simple matter to include these al-
ternatives, but it would slow down generation.

4.4 TImplementation details

The program in written in Python. The FST
module is based on one (author uniden-
tified) that is part of the distribution for
the Natural Language Toolkit (NLTK),
an open-source suite of Python tools for
computational linguistics applications
(http://nltk.sourceforge.net/).
The author corrected some bugs in the NLTK
FST module and implemented a facility for
handling weights on transitions, including FS
weights. Composition of weighted FSTs has
been implemented but not determinization and
minimization, which could significantly re-
duce the number of states in the FSTs. Feature
structures and unification are implemented as
in the NLTK modules; the author added types
and inheritance to these.

For the orthographic version of the analyzer,
the user enters a word in Ethiopic script (UTF-
8 encoding). The program romanizes the in-

“The only exception is the small set of verbs whose
transitive-causative pattern begins with the root-external
sequence as and whose passive pattern begins with a
root-external s. This unproductive category was appar-
ently borrowed from Ambharic (Leslau, 1947). Since it
is difficult to know how many verbs belong to this cate-
gory, they have been left out of the system in its current
form.
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put using the SERA transcription conventions
(Firdyiwek and Yaqob, 1997), which represent
Ethiopic characters using the ASCII character
set, before handing it to the orthographic anal-
ysis FST. For each possible analysis, the out-
put consists of a (romanized) root and a fea-
ture structure set. Where a set contains more
than one feature structure, the interpretation is
that any of the feature structure elements con-
stitutes a possible analysis.

Input to the phonemic version of the ana-
lyzer conforms to SERA conventions, except
that the vowel i, not normally represented in
SERA, is always indicated (by /), and gemi-
nation, also unmarked in SERA, is always in-
dicated (by the _ character). Output is as with
the orthographic version.

Input to either version of the generator con-
sists of a romanized root and a single feature
structure. The program rejects roots which do
not match one of the eight root patterns. The
output of the orthographic generation FST is
an orthographic representation, using SERA
conventions, of each possible form that is
compatible with the input root and FS. These
forms are then converted to Ethiopic orthogra-
phy. The output of the phonemic generation
FST is a phonemic representation of each pos-
sible form, using SERA conventions, except as
noted for analysis above.

4.5 Evaluation

Systematic evaluation of the system is diffi-
cult since no Tigrinya corpora are currently
available. Instead the program was tested in
both directions on words belonging to all com-
binations of the root categories discussed by
Leslau (1941), including not only the eight
categories listed here but categories 1, 2 and
3 with laryngeals in any position, w or y in
second or third position and categories 1 and 4
with labialized consonants in first, second, and
third positions. For each of these categories,
the program was asked to generate all possible
derivational patterns and then to analyze the
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resulting surface outputs. The program was
also tested on all relevant combinations of the
subject and object affixes® and on eight combi-
nations of the relativization, negation, prepo-
sitional, and conjunctive prefixes. In all cases,
the program was tested with both the phone-
mic and orthographic FSTs.

For each of the 320 tests, the generation
FST succeeded in outputting the correct form
(and in some cases a phonemic and/or ortho-
graphic alternative). In the analysis direction,
there was much more ambiguity, with up to
four different outputs. This is as it should be
given the lack of a lexicon of roots in the sys-
tem and the fact that for some derivational cat-
egories the same form is shared across mul-
tiple root categories. For example, the stem
form C}_eCyaCyeC's represents the reciprocal
2 form of verbs in root categories 1, 2 and 3.
Though many of the roots that are output do
not actually exist in the language, all of the
results of analysis conform to the morphotac-
tics and morphophonology of Tigrinya imper-
fective verbs. Figure 7 shows a screen dump
with the program generating and analyzing the
orthographic form of the word yit_chagageza
"they (fem.) help one another’.

5 Conclusion

Progress in all computational linguistics ap-
plications for a language such as Tigrinya is
held back to the extent that verb morphology
is not dealt with adequately. Tigrinya mor-
phology is complex in two senses. First, like
other Semitic languages, it relies on template
morphology, presenting unusual challenges to
any computational framework. This paper
presents a new answer to these challenges, one
which has the potential to integrate morpho-
logical processing into other knowledge-based
applications through the inclusion of the pow-
erful and flexible feature structure framework.

>With respect to their morphophonological behavior,
the subject affixes and object suffixes each group into
four categories.
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Second, Tigrinya verbs are simply very elab-
orate. In addition to the stems resulting from
the intercalation of eight root categories and
eight derivational patterns, there are up to four
prefix slots and three suffix slots; various sorts
of prefix-suffix dependencies; and a range of
interacting phonological processes, including
those sensitive to syllable structure, as well
as segmental context. Just putting together
all of these constraints in a way that works
is significant. Since the motivation for this
project is primarily practical rather than the-
oretical, I consider this the main achievement
of this paper; it demonstrates that, with some
effort, a system can be built that actually han-
dles Tigrinya verbs in detail. Future work will
focus on implementing the remainder of the
verb system and noun morphology and on de-
veloping a Tigrinya corpus.
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»»» from ti_ipf import *

Creating feature structure type hierarchy for wverbs

Loading FST for analysis of phonemically represented verbs

Loading FST for analyis of written verbs

Creating inverted FSTs for generation

»=»» F5 = ipf_features{'ti') # Simple imperfect FS for Ti
=»» F5['der']['ps'] = F5['der"]["it"] = True # Reciprocal 2

»»= FS['shi'1['plr'] = F5['sbi']['fem'] = True # Subject: 3p plur fem

»»» FS = F55et(F5) # FS set from this FS

=== gen_word( 'Hg_z', F5, written=True) # Cenerate word in Ti orthography
Generating Hg_z : Features: shi:3prs,plr,fem; drv:pas/itr

-> Word form: #4.amu || Features: sbi:3prs,plr,fem; drv:pas/itr

[["yxelixBbiyxadi\xel\x89xb0hxel  xBE8 x93\ xel\ xBc \ xBb  xel \ xBc\ kBB \ xel\xBb \x9b " , [%ti
_ipf cnj=nil, der=[%der +it, +ps, -rc, -tr], -neg, obj=[%obj -expl, -fem, -pl, -p2
, -plr, -prpl, prp=nil, -rel, shj=[%agr +fem, -pl, -p2, +plr], -subl]l]
==x anal_word( ' #+amu’ | written=True) # Analyze the output
Analyzing S4+h7riH
-» Root: Hg_z || Features: sbj:3prs,plr,fem; drv:pas/itr

sbj:3prs,sng,mas; obj:3prs,sng,fem; drv:pas/itr

Root: Hagz || Features: shi:3prs,plr,fem: drv:pas/itr
sbj:3prs,sng,mas; obj:3prs,sng,fem; drv:pas/itr
Root: Hgz || Features: shj:3prs,plr,fem; drv:pas/itr

sbj:3prs,sng,mas; obj:3prs,sng,fem; drv:pas/itr
[['Hg_z"', [cnj=nil, der=[+it, +ps, -rc, -tr], -neg, cbj=[-expl], prp=nil, -rel, sh
j=[+fem, -pl, -p2, +plr], -subl:[cnj=nil, der=[+it, +ps, -rc, -tr], -neg, obj=[+ex
pl, +fem, -pl, -p2, -plr, -prpl, prp=nil, -rel, sbj=[-fem, -pl, -p2, -plr], -sub]]
, L'Hagz', [cnj=nil, der=[+it, +ps, -rc, -tr], -neg, obj=[-expl], prp=nil, -rel, s
bi=[+fem, -pl, -p2, +plr], -sub];[cnj=nil, der=[+it, +ps, -rc, -tr], -neg, ohi=[+e
xpl, +fem, -pl, -p2, -plr, -prpl, prp=nil, -rel, shj=[-fem, -pl, -p2, -plr], -sub]
1, ['Hgz', [cnj=nil, der=[+it, +ps, -rc, -tr], -neg, obj=[-expl], prp=nil, -rel, s
bj=[+fem, -pl, -p2, +plr], -sub]l;[cnj=nil, der=[+it, +ps, -rc, -tr], -neg, ochj=[+e
xpl, +fem, -pl, -p2, -plr, -prpl, prp=nil, -rel, shi=[-fem, -pl, -p2, -plr], -sub]
1]

e

A

Figure 7: Screen dump of the program generating and analyzing orthographic form of
yit_ehagageza 'they (fem.) help one another’
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