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Preface

These proceedings contain the revised versions of the papers presented at the 5th
International Workshop of Finite-State Methods and Natural Language Process-
ing, FSMNLP 2005. The book includes also the extended abstracts of a number
of poster papers and software demos accepted to this conference-like workshop.

FSMNLP 2005 was held in Helsinki, Finland, on September 1-2, 2005. The
event was the fifth instance in the series of FSMNLP workshops, and the first that
was arranged as a stand-alone event, with two satellite events of its own: the T'wo-
Level Morphology Day (TWOLDAY) and a national workshop on Automata,
Words and Logic (AWL). The earlier FSMNLP workshops have been mainly
arranged in conjunction with a bigger event such as an ECAI, ESSLLI or EACL
workshop, and this practice may still be favored in the future.

The collocation of the three events promoted a multidisciplinary atmosphere.
For this reason, the focus of FSMNLP 2005 covered a variety of topics related
but not restricted to finite-state methods in natural language processing.

The 24 regular papers and 7 poster papers were selected from 50 submissions
to the workshop. Each submitted regular paper was evaluated by at least three
Program Committee members, with the help of external referees. In addition
to the submitted papers and two invited lectures, six software demos were pre-
sented. The authors of the papers and extended abstracts come from Canada,
Denmark, Finland, France, Germany, India, Ireland, Israel, Japan, The Nether-
lands, Norway, Spain, South Africa, Sweden, Turkey, and the USA.

It is a pleasure to thank the members of the Program Committee and the
external referees for reviewing the papers and maintaining the high standard
of the FSMNLP workshops. Naturally, we owe many thanks to every single
conference participant for his or her contributions to the conference and for
making FSMNLP 2005 a successful scientific event.

FSMNLP 2005 was co-organized by the Department of General Linguistics
at the University of Helsinki (host) and CSC, the Finnish IT center for science
(co-ordination). We thank the members of the Steering Committees for their
kind support in the early stage of the project and Antti Arppe, Sari Hyvérinen
and Hanna Westerlund for helping with the local arrangements. Last but not
least, we thank the conference sponsors for their financial support.

August 2005 A. Yli-Jyra
L. Karttunen
J. Karhumaki
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Characterizations of Regularity

Tero Harju

Department of Mathematics, University of Turku, Finland

Abstract. Regular languages have many different characterizations in
terms of automata, congruences, semigroups etc. We have a look at
some more recent results, obtained mostly during the last two decades,
namely characterizations using morphic compositions, equality sets and
well orderings.

1 Introduction

We do not intend to give a full survey on regular languages but rather a short
overview of some of the topics that have surfaced during the last two decades.

Customarily regular languages are defined either as languages accepted by
finite automata, represented by regular expressions, or generated by right linear
grammars. The most common approach is by acceptance using deterministic
finite automata, or a DFA for short. A DFA can be described as a ‘concrete
machine’ with a read-only input tape from which the head of the automaton
reads one square at a time from the left end to the right end. A DFA A can be
conveniently presented as a 5-tuple

A= (Q7A767q07F)7

where @) is the set of initial states, A is the alphabet of the inputs, and the
transition function §: Q x A — @ describes the action of A such that 6(q,a) = p
means that while reading the symbol a in state ¢, the automaton changes to
state p and starts consuming the next input symbol. The state qq is the initial
state of A, and F' C @ is the set of its final states. The action of the automaton
A is often written in the form ga = p instead of §(¢,a) = p. The transition
function é§ extends to words by setting §(g, wa) = 6(6(¢q, w),a). Thus for each
word w, 6(q,w) is the state where the automaton enters when started in the
state ¢ and after exhausting w. If w = ¢, the empty word, then 6(q,¢) = ¢ for
all states q.

More pictorially a finite automaton can be described as a directed graph,
where nodes represent the states of the automaton and each labelled edge ¢ — p
corresponds to the transition §(¢, a) = p. Then 6(q, w) is the state that is reached
from ¢ by traversing the edges labelled by the letters of w.

A language L C A is regular if it is accepted by a DFA, L = L(A), where

L(A) ={w e A" | (g0, w) € F}.

A. Yli-Jyrd, L. Karttunen, and J. Karhumiki (Eds.): FSMNLP 2005, LNATI 4002, pp. 1-8 2006.
© Springer-Verlag Berlin Heidelberg 2006



2 T. Harju

The family of regular languages is a neat family in the sense that it is closed
under many natural operations of languages: if L and K are regular languages,
then so are

— LUK, LNK, L\ K, catenation L - K, Kleene closures L* and LT, shuffle
KsL, quotients L~'K and LK ~!, complement A*\ L, morphic (and the in-
verse morphic) images h(L) (and h~1(L)), as well as the reversal L¥ (mirror
image).

This list could be continued much further.

Instead of deterministic finite automata one can also employ other finite mod-
els of automata for regular languages. For instance, a language L is regular if
it is accepted by a nondeterministic FA where the transitions are given by a
relation instead of a function.

We can extend the transition function (or relation) in several ways, say by
attaching conditions to the transitions that change the design of the states. As
an example, each state can have a sign, + or —, and the transitions can depend
on the signs and change them.

Also, one can expand the way how finite automata accept words. An alter-
nating finite automaton is a nondeterministic FA where the states are divided
into existential and universal states, and acceptance depends on the global tree
of behaviour.

By allowing finite automata to read the input word both to the left and right
does not influence the family of accepted languages, i.e., a 2-way FA accepts
only regular languages.

Decision problems for regular languages are, as a rule, decidable. However,
many algorithmic problems are hard for them. For instance, one can prove that
the problem of finding a nondeterministic finite automaton with the smallest
number of states accepting a regular language L is truly hard. The problem is
PSPACE-complete.

The syntactic characterizations of regular languages are originally due to
Myhill [I] and Nerode [2] as well as to Rabin and Scott [3] at the end of the 1950s.
These characterizations follow from analyzing the behaviour and structures of
finite automata.

For a language L C A* define the relation ~j, by

ur~p v = u 'L = v_lL7

where v 'L = {w | uw € L}. This relation is an equivalence relation on A*, and
thus A* is divided into equivalence classes w.r.t. ~p,.

Theorem 1. A language L is regular if and only if ~1, is of finite index, i.e.,
there are only finitely many equivalence classes w.r.t. ~,.

The idea behind Theorem [is that the set u~!L corresponds to the state 6(qo, u)
of the DFA accepting L. As an example, consider the language L = {a™b" | n >
0} which is well known to be nonregular. We notice that the sets u; 'L are all
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different for the words u; = a?, i > 1. Since there are infinitely many sets u 'L,
we deduce that, indeed, the language L is not regular.
Let
uZrv: xuy€L < zvy€e L

be the syntactic congruence of L C A*.

Theorem 2. A language L is reqular if and only if the syntactic congruence of
L has finite indez.

Using syntactic congruences one can study the fine structure of regular languages
more deeply. This approach leads to algebraic theory of regular languages. For
instance, Schiitzenberger [4] showed that a language L is star-free if and only if
its syntactic monoid is aperiodic, i.e., contains only trivial subgroups. Here we
say that L is star-free if it can be represented by a generalized regular expression
allowing complementation L€ but disallowing stars *. For instance, A* = ()¢, and

(ab)* = 1+ af N 0% N (0°aal®)° N (B°bbE°)°.

We also state an algebraic characterization of regular languages that is related
to syntactic congruences.

Theorem 3. A language L is regular if and only if it is recognized by a finite
monoid M, i.e., there is a finite monoid M such that F C M and

L=y '(F)
for a monoid morphism @: A* — M onto M.
We can restate this theorem as follows:

Theorem 4. A language L is reqular if and only if there exists a finite monoid
M such that

L=y 'p(L)

for a monoid morphism ¢: A* — M.

Regular languages can also be described by matrices. The following theorem is
due to Schiitzenberger.

Theorem 5. For each regular language L, there are 0, 1-vectors u and v, and a
matriz M (of finite sets) such that

L =u"M*v.

Regular languages have had connections to logic since the studied made by
Biichi [6], Elgot [7], and McNaughton and Papert [5].

Theorem 6. A language L is reqular if and only if L definable in the monadic
second order logic (which allows comparisons of positions of letters in words and
quantifiers over sets of positions).
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2 Morphic Characterizations

The topic of morphic characterizations of regular languages was was initiated
by Culik, Fich, and Salomaa [8] in 1982, and it was continued by several people
during the following years.

Recall that a mapping h: A* — B* is a morphism if

h(uv) = h(u)h(v)
for all words u,v. The inverse morphism is the many-valued mapping
h™H(v) = {u| h(u) = v}.

In the theorems that follow the morphisms h;, for i = 1,2,..., are between
suitable alphabets. Culik, Fich, and Salomaa [8] proved that

Theorem 7. A language L is regular if and only if there are morphisms h; such
that
L = hyhg  hohi ' (a*b).

This result was improved by Latteux and Leguy[9] in 1983:

Theorem 8. A language L is regular if and only if there are morphisms h; such
that
L = hzhy 'hyi(a*b).

We shall sketch the idea behind the proof of this theorem.

In the other direction the claim follows from the fact that regular languages
are closed under taking morphic images and inverse morphic images, and the
starting language a*b in Theorem [ is certainly regular.

Let then L be a regular language and let A be a DFA accepting L. Assume
that the states of A are

Q = {quq17"'aQTn}a
where ¢ is the initial state. Let
I'=A{la,z,q;] | 6(¢i, ) = g5}

be an alphabet that encodes the transitions of A, and let a,b and d be three
special symbols. Define our first morphism h;: {a,b} — {a,b,d}* by

hi(a) =ad™ and hy(b) =bd™,

Hence hq(a™b) = (ad™)™ - bd™ for each power n.
Let then hy: I'* — {a,b,d}* be defined by

diad™ 9 if j£m,

ha((gi x. 45]) = {dibdm if j =m
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Hence
u € hy'hy(a™b) <= wu codes the accepting computation of A of ajas ... ay.
Finally, let h3: I — A* be defined by

hs(lq, z,p]) = .

Then L(A) = hzhy ' hi(a*b).
Even a simpler variant was shown to hold by Latteux and Leguy [9):

Theorem 9. A language L is regular if and only if there are morphisms h; such
that

L = h3 hah ' (b).

The special case of regular star languages has especially appealing
characterization.

Theorem 10. For any language L, the language L* is regular if and only if
there exists a (uniform) morphism h and a finite set F' of words such that

L* = h™'(F™).
The morphic characterizations of regular languages extend partly to transduc-
tions, i.e., to many-valued mappings 7: A* — B* computed by finite transducers.
The following is due to Turakainen [I0], Karhuméki and Linna [IT].
Theorem 11. Let R be a given regular language. Then for all languages L,
LN R = hzhy hiu(L),

where p: A* — A*d is a marking defined by p(w) = wd for a special symbol d.
Latteux, Leguy, and Turakainen [9,[12] showed
Theorem 12. Fach rational transductions has the forms

hyhy *hoh 'y and hyi'hshy *hip,
where w1 1s a marking.

The following theorem of Harju and Kleijn [I3] shows that there is no algorithm
to decide whether the marking u is needed.

Theorem 13. [y is undecidable whether or not a transduction has a represen-
tation without endmarker .
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3 Equality Sets

In the Post Correspondence Problem, PCP for short, the problem instances are
pairs (g, h) of morphisms g,h: A* — B*, and the problem asks to determine
whether there exists a nonempty word w such that g(w) = h(w). It was shown
by Post in 1947 that the PCP is undecidable in general, that is, there does not
exist an algorithm for its solution.

The set of all solutions of an instance g, h: A* — B* is called the equality set
of g and h. It is the set

E(g,h) = {w € A" | g(w) = h(w)}.

Choffrut and Karhuméki [I4] have shown that the equality set (g, h) is reg-
ular for a special class of morphisms, called bounded delay morphisms. However,
for these morphisms the problem whether or not E(h,g) contains a nonempty
word remains undecidable! This means that there is no effective construction of
a finite automaton A accepting the regular language F(g, h) when the instance
g, h consisting of bounded delay morphisms is given.

A morphism h: A* — B* is called a prefiz morphism, if for all different letters
a,b € A, the image h(a) is not a prefix of the image h(b).

If A and B are alphabets such that A C B, then the morphism 74: B* — A*,

defined by
(a) a ifacA,
mala) =
4 e ifaeB\A,

is the projection of B* onto A*.
The next result is due to Halava, Harju, and Latteux [15,[16].

Theorem 14. A star language L = L* C A* is regular if and only if
L =ma(E(g,h)

for prefix morphisms g, h and the projection wa onto A*.

A morphism f: A* — B* is a coding, if it maps letters to letters.

Theorem 15. A star language L = L* C A* is regular if and only if
L= f(E(g.h))

for prefix morphisms g, h and a coding f.

4 Well Quasi-orders

A quasi-order p C X x X on aset X is a reflexive and transitive order relation:

Tpy
xzpx and = xpz.
P ypz } P
Moreover, p is a well quasi-order, wqo for short, if every nonempty subset Y C X
has at least one minimal element but only finite number of (non-equivalent)

minimal elements. In the below instead of p we use < for an order relation.
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Lemma 1. The following are equivalent for a relation < to be a wqo:

(1) Every infinite sequence of elements of S has an infinite ascending subse-
quence.

(2) If x1,x2,... is an infinite sequence of elements, then x; < x; for some i < j.

(8) There are no infinite strictly descending sequences, nor infinite sets of pair-
wise incomparable elements.

The following result is a special case of Higman’s [I7] theorem:

Theorem 16. The set of words A* is well quasi-ordered by the subsequence
order defined by

r=T1X2...Tnp

— r<y.
Y =Y1Z1Y222 . . . YnTnYn+1

The idea behind the proof of this theorem is gratifying: Let wi,ws,... be an
infinite sequence of words such that w; € w; for all i < j, and that the sequence
is ‘length minimal’ in the sense that the length of wy is as short as possible so
that wy,ws, ..., wy satisfies w; € w; for all ¢ < j < k. There is a letter a that
starts infinitely many w;, say

Wi, = avy, Wi, = avy,...

Now, w1, ws, ..., w; —1,v1,v2,... is a ‘smaller’ sequence satisfying the require-
ments; a contradiction.

For the theorem of Ehrenfeucht, Haussler, Rozenberg [I8] we say that a quasi-
order < is monotone if

r1 <1

= r172 < Y1yo.
m2<y2} a4

A language L is upwards closed closed w.r.t. the ordering <, if for all w € L,
w < v implies that also v € L.

Theorem 17. A language L is regqular if and only if it is upwards closed w.r.t.
some monotone wqo on A*.

The proof in the direction (=) uses the Myhill-Nerode characterization of
regularity: a language L is regular if and only if L is a union of equivalence
classes of some congruence of finite index. Note that a monotone equivalence
relation is a congruence.
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Finnish Optimality-Theoretic Prosody

Lauri Karttunen

Palo Alto Research Center, Stanford University, USA

A well-known phenomenon in Finnish prosody is the alternation of binary and
ternary feet. In native Finnish words, the primary stress falls on the first syllable.
Secondary stress generally falls on every second syllable: (v6i.mis).(te.li).(joi.ta)
‘gymnasts’ creating a sequence of trochaic binary feet. However, secondary stress
skips a light syllable that is followed by a heavy syllable. In (v6i.mis.te).(lem.me)
'we are doing gymnastics’, the first foot is ternary, a dactyl.

Within the context of Optimality Theory (OT, [5]), it has been argued that
prosodic phenomena are best explained in terms of universal metric constraints.
OT constraints can be violated; no word can satisfy all of them. A language-
specific ranking of the constraints makes some violations less important than
others. In her 1999 dissertation [2], A unified account of binary and ternary
stress, Nine Elenbaas gives an analysis of Finnish in which the alternation be-
tween binary and ternary feet follows as a side effect of the ordering of two par-
ticular constraints, *Lapse and *(L’. H) The *Lapse constraint stipulates that
an unstressed syllable must be adjacent to a stressed syllable or to word edge.
The *(L. H) constraint prohibits feet such as (té.lem) where a light stressed syl-
lable is followed by a heavy unstressed syllable. The latter constraint of course
is outranked by the constraint that requires initial stress on the first syllable in
Finnish regardless of the its weight. In his 2003 article on Finnish Noun Inflec-
tion [4], Paul Kiparsky gives essentially the same account of the binary/ternary
alternation except that he replaces the *(L’.H) rule by a more general
StressToWeight constraint.

Although OT constraints themselves can be expressed in finite-state terms,
Optimality Theory as a whole is not a finite-state model if it involves un-
bounded counting of constraint violations [3]. With that limitation OT anal-
yses can be modelled with finite-state tools. In this paper we will give a full
computational implementation of the Elenbaas and Kiparsky analyses using the
extended regular expression calculus from the 2003 Beesley & Karttunen book
on Finite State Morphology [I]. Surprisingly, it turns out that Elenbaas and
Kiparsky both make some incorrect predictions. For example, according to their
accounts a word such as kalasteleminen ’fishing’ should begin with a ternary foot:
(kd.las.te).(1e.mi).nen. The correct footing is (kd.las).(te.le).(mi.nen). There may
of course be some ranking of OT constraints under which the binary/ternary al-
ternation in Finnish comes “for free”. It does not emerge from the Elenbaas and
Kiparsky analyses.

This case study illustrates a more general point: Optimality Theory is com-
putationally difficult and OT theorists are much in the need of computational
help.

A. Yli-Jyrd, L. Karttunen, and J. Karhumiki (Eds.): FSMNLP 2005, LNATI 4002, pp. 9-[I0 2006.
© Springer-Verlag Berlin Heidelberg 2006
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Abstract. In this paper, we define a class of transducers closed under
intersection and complementation, which are the operations used for
contextual rule compilation. This class of transducers is not theoreti-
cally more powerful than the Epsilon-Free Letter Transducers most com-
monly used. But they are more convenient for morphological description
whenever the correspondence between lexical and surface forms is not a
symbol-to-symbol matching.

A complete set of operations on transducers is defined, including some
operations (projection and join) which change the number of tapes of the
transducers.

1 Introduction

Finite State morphology use contextual rules (rewrite rules or two-level rules)
which are compiled into finite-state transducers. The key idea of compilation, due
to Kaplan and Kay [3] is subtractive: first, compute a superset of the specified
language, namely the concatenation closure of the rule centers; then retract what
is not allowed by the contexts specified in the rules. At the operational level, the
fundamental operations are complementation and subtraction.

Finite State Transducers are not closed under complementation and subtrac-
tion in general. The subclass of transducers where the transitions are labeled by
exactly one symbol on each tape is closed under complementation, subtraction
and intersection. It is called Epsilon-Free Letter Transducer [5]. This subclass is
used for Finite State morphology. A special symbol 0 is artificially introduced to
represent the empty string using an ordinary symbol. Introduction and removal
of 0s are done as pre and post-processing when executing a transducer.

In this paper, we present another subclass of transducers that are closed under
complementation, intersection and subtraction, called the Partitioning Multi-
tape Transducers (PMTs). The relations defined are not necessarily same-length
relations. The transitions are labeled by an independent regular expression for
each tape. The same-length constraint does not apply on symbols but on parti-
tion components, which are possibly empty symbol sequences (i.e. strings). Each
transition defines a partition.

PMTs have the same expressive power as Epsilon-Free Letter Transducer
and regular languages. We give a compilation algorithm which compiles a PMT
into a Finite State Automaton. We also define a computation framework with
operations which change the number of tapes of the transducers.

A. Yli-Jyrd, L. Karttunen, and J. Karhumaéki (Eds.): FSMNLP 2005, LNAI 4002, pp. 1120} 2006.
© Springer-Verlag Berlin Heidelberg 2006



12 F. Barthélemy

PMTs are convenient for defining correspondences between strings which sym-
bols are not related. For example a feature structure associated to a morpheme
although there is no symbol-to-symbol relation between them. Another example:
words and their graphical representation in an ideographic writing system.

We first define the Partition Multitape Transducers and then, we propose a
compilation algorithm for one of the most sophisticated two-level formalisms:
the Partition-Based Two-Level Grammars by Grimley-Evans and al. [2].

2 Partitioning Multitape Transducers

2.1 Introducing the Concept

Epsilon-Free Letter Transducers generated by two-level compilers are two tape
transducers whose transitions are labeled by exactly one symbol on each tape.
We would like to extend the formalism in two ways:

— allowing the use of more than two tapes, with operations on transducers that
increase or decrease the number of tapes.

— labeling transitions with a string, or even a regular set of strings on each
tape.

We know that such transducers are not closed under intersection with respect
to the usual semantics of n-relations, where such a n-tape transducer defines a
set of string n-tuples.

Instead, we propose a new semantics based on the notion of partition. Any
success path in the transducer is labeled by a sequence of transition labels, i.e.
a sequence of regular expressions tuples. N-relations semantics assumes that the
concatenation operation is distributive with respect to the tuple construction.
The partition-based semantics does not.

For instance, the two paths (aaa,€)(a,bb) and (aa,b)(aa,b) are two ways of
denoting the relation (aaaa, bb) with the usual relation semantics. They are dif-
ferent elements for the partition based semantics. The transducer intersection
has different meanings in the two semantics. Transducers are closed under inter-
section using the second kind of semantics.

2.2 Formal Definition

Definition 1. Partitioning Multitape Transducer (PMT)
A Partitioning n-Tape Transducer is a 5-tuple A = (X, Q, 4, F,T) where:

— X is a finite set of symbols called the alphabet.

— Q s a finite set of states

1 € @ 1is the initial state

— F C Q 1s the set of final states

T C{(q1,€1,-- - €n,q2)|lq1 € Q,q2 € Q, €1, ...enare reqular sets over X*}.

We call n the arity of the transducer.



Partitioning Multitape Transducers 13

This is a standard definition of transducers, very similar to the one in [5],
except that it does not distinguish a separate alphabet for each tape, with no
loss of generality. The specificity of Partitioning Multitape Transducers lies in
their semantics.

Definition 2. N-tuple sequences defined by a n-tape transducer

Let s = (wi,...,w})...(wi,...,w}) a possibly empty sequence of string n-tuples
where wf € X* and A = (X,Q,i,F,T) a n-tape transducer. The sequence s
belongs to A if there exists in A a success path i 4, Q1 SN qr with q € F
such that Vi, 1 <i < k,t; = (g;_1,e},...e, q;) and

w} €el, .. wl € el

We call partitioned n-relation a set of string n-tuples. A regular partitioned
n-relation is a partitioned n-relation defined by a Partitioning Multitape Trans-
ducer. An example of transducer with some of the n-tuple sequences it defines
is given in figure [l

yy:e:

O—Q)

(€, a, aa)(yy, ¢, B)
($7 a7 aa)(?ly? 67 /3)
(zx,a,ax)(yy, ¢, B)
(€, a, aa)(yy, ¢, B) (2, cc, €)(yy, ¢, B)

Z:CC: €

Fig. 1. An example of PMT and some of its n-tuple sequences

Definition 3. String recognized by an n-tape transducer
Let w be a string of X* and A = (X,Q,i, F,T) a n-tape transducer. The string
w is recognized by A on tape j if there exists an n-tuple sequence

s=(wl,...,w?) ... (w),...,w}) of A such that w=wj..... wy.

We now briefly present a few operations on Partitioning Multitape Transducers.
The formal definitions are straightforward, so we do not detail them.

— tape reordering: changes the order of the tapes in the transitions. The op-
eration is defined given a transducer and a permutation upon tapes ranks.
Notation: reorders 1 3(A).

— projection: keeps the specified tapes and removes the others. Notations:
project{l’g}(A) which keeps tapes 1 and 3, and project{g}(A) which removes
tape 2 and keeps all the other tapes.

— union, concatenation, with the usual notations.
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Definition 4. Join
The join on k tapes of two regular partitioned relations r1 and ro having respec-
tively arity n and m is noted r1 Xy r2 and defined as follows:

Mg e = { (sh,. . stTMTRY L (sps-..sptm=h)|
(s1,-..87) . (spy-oysp) S,
(shhHL sty L (spht L sptmeR) C oy}

This operation is very general. It combines two transducers having possibly dif-
ferent arities. We restrict here to joins where the last k tapes of the first operand
are identified with the k first tapes of the second operand. This restriction is
made only to simplify the definition. Thanks to the reorder operation, however
there is no loss of generality.

The intersection is a join of two n-tapes PMT on all the tapes (r; Nry =
71 My, r2). This is a direct consequence of the join definition.

Relation composition may be described as the sequence of a join and a pro-
jection which forgets the tapes on which the join operates.

This join operation was described in [4] for n-relations. Here we adapt the
definition to partitioned n-relations. The name was chosen by analogy with the
join operation of relational databases.

Definition 5. Transducers join
Let A1 = (Z,Ql,il,Fl,Tl) and
As = (X, Qa, 12, Fa,Ts) be two transducers defining the partitioned relations rq
and ro. The following transducer A defines r1 Xy ro.
A= (X,Q1 % Q2 (i1,12), F1 x I, T) where
T ={ ((gi1,q2), €1, €nsnii-- Cnim—k, (qr1,qr2))|
(gi1,el, ... el qr1) € Ti,3(qin, €3, ... €2,,qp2) € To and

_ 1 _ _ 1 2 _ 1 2
€1 =2¢€,...Cnk =Cp_p, Cn—ktl = Cp_p1q ney,...,ep =¢€, Neg,
_ .2 _ 2
En+1 = €k+1, oy Cndm—k = €5,
yy:€:

a®o™11
O, ©
xha oo 11 yy:s:B:Z*

Fig. 2. An example of transducer join

bipt2*
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yy:€:p
Kfa: oo /—\ Regular expression: xxxy'z*y*
. @% @ gular expression: xxxy'z"y

XXX:a: 0oL yy:€:B Z:CC:E yy:e:
= 4

Fig. 3. An example of partitioning composition

Definition 6. Partitioning Composition

Let partition(«) be the partitioned relation {(a1,...,ar) such that

ay ...ay € a}t. The partitioning composition on tape i of a reqular expression o
and a PMT t is defined by:

ao;t =reorders  ;—1.1,. n(partition(a) xq reorder; 1, i—1,i+1,..n(t))

The partitioning composition is the operation of recognition of a regular expres-
sion on a tape. An example of partitioning composition is given in figure

3 Compiling Partitioning Multitape Transducers

Partitioning Multitape transducers are not convenient operational devices be-
cause the application of their transition is rather complex. It involves regular
expression matching, which may be achieved by finite state automata execution.
We propose a translation into a finite state automaton.
Conceptually, all the tapes are read in parallel with no synchronization within
a given partition. For instance, in the string 2-tuple sequence (zz, a)(y, be) (e, ce),

— there is a total order within each tape (we write as a subscript the occurrence
of symbols): 1 < 2zo <yand a <b<c¢; <cg <c3

— there is a partial order between symbols of different tapes: o2 < b, a < v,
Y2 < C2

— there is no order between symbols in the same partition: for instance, a is
not before or after x1 or x

Any letter n-tape transducer will encode a stronger partial order relation,
since at most one symbol of each tape is read at once. For instance, if a and x;
are read by the same transition, then a is read before zo. There are several ways
of encoding the significant partial order using an epsilon-free letter transducer.
For instance, the first partition of the sequence namely (zx, a) may be recognized
by any of the following transition sequences:

memgog  ogoeme  cgmeme  Temg  opog

We propose to choose an arbitrary canonical representation. The basic idea of
the compilation is to read on the tapes sequentially, one after the other, following
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the rank order. Each transition reads one symbol on one tape and nothing on
the other tapes.

Now, one can flatten all the tapes in just one tape, the limits of tape being
marked by two special symbols < and > not in . Similarly, the partitions
limits are marked by two special symbols <« and >, not in Y.

Definition 7. Compilation algorithm

Let A = (X,Q,1,F\T) be a partitioning n-tape transducer. For each transition
t = (qo,w1,-..,wpn,q1) in T, compile the reqular expression << wy > -+ <
wy, > into a finite state automaton and insert it between states qy and q.

Note that it is always possible to compile the given regular expression in a finite
state automaton having exactly one final state, thanks to the final transition
on >.

Property 1. Property of the compiled automaton
We note nboces(p) the number of occurrences of the symbol s in the path p.

1. For all path p starting in the initial state, (nbocc« (p) — 1) * n < nboces. (p) *
n < nboces (p) < nboce< (p) < nbocee (p) *n

2. All the strings recognized by the automaton begin with <« and end by an
occurrence of >>.

The property is obtained by construction, because each transition inserts one
occurrence of < and > and n occurrences of < and >.

Corollary. On each loop [ in the automaton, nbocc<(l) = nboces(l) = n *
nbocc« (1) = n * nboces (1).

Lemma 1. Every finite state automaton fulfilling the property[ encodes a Par-
titioning Multitape Transducer.

To retrieve the PMT from an automaton, one has to replace each path from a
< to a > by a single transition labeled by a regular expression n-tuple. The
only difficulty is that there must be a finite number of such paths to ensure the
termination of the process and the finiteness of the transducer.

The most import property of the automata fulfilling the property [l is that
either a loop has no < or > symbol, or it traverses one or several partitions. In
the first case, the loop concerns only one tape, it is translated with a star in the
regular expression recognized on this tape. In the second case, the star comes at
the partition level. It never happens that a loop contains a < or a > within a
given partition. Therefore, the number of transitions of the transducer is finite.

In the following, we call Partitioning Automaton and we write comp(t) a Finite
State Automaton encoding a Partitioning Multitape Transducer t.

We have now to implement transducer operations on the compiled form. For
this purpose, we use a few operations on finite state machines defined in [3]

and [2].

1 A single symbol marking the separation between tapes would be sufficient, but some
definitions are made simpler with two surrounding symbols.
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— The identity id is a 2-tape transducer which maps any symbol to itself.

— insertfreely inserts a regular expression e into a given automaton. It is a 2-tape
transducer where the empty string maps the inserted regular expression e.

— replace is an operation which replaces all the occurrences of a given regular
expression by another one in a regular expression.

— project is the projection on the first (project,) or the second (project,) tape
of the transducer.

The union (resp. the intersection, the concatenation) of two partitioning
n-tape transducers is performed using the union (resp. intersection, concate-
nation) of the two corresponding compiled automata.

The proof is straightforward using property [l

The complementation is slightly more difficult: the property [l does not hold
for the standard finite state automaton complement of a Partitioning Automa-
ton. In order to except all the strings in the complement which are not string n-
tuple sequences, the complement has to be intersected with the set of all the valid
string n-tuple sequences, which is the compiled counterpart of (X*,..., X*)*,
namely (€< X% > .. < 2* >3

comp(t) = comp(t) N (K< T* > - < T >>)*

The join operation of two PMT ¢; (arity n) and to (arity m) on k tapes is
performed as follows:

a; = pmject{l}(replace>>>’>(<2*>)nm>>(comp(tl)))
ag = projectoy (replace ¢ o (<55 yn—k<(comp(t2)))
comp(tl Xy ta) = a1 Nas

The replace operations are used to insert new tapes at the end of the first au-
tomaton and at the beginning of the second one in order to obtain two automata
having n+m-k tapes. The inserted tapes recognize the free language X*.

The partitioning composition on tape k of a PMT ¢ and a regular expression
e is obtained by the following;:

pbnd = (< I >kl s (< X% >)FL

prefiv =< (< X* >)k-1

suffiv = (< X* >)nhtl >

comp(e oy t) = comp(t) N (prefix insertpbnd(e) suffix)

The left-hand part of the intersection is the union of all the PMTs which
recognize e on tape k and X* on the other tapes. It is obtained by inserting
freely partition boundaries surrounded by the irrelevant tapes, i.e. all but the
tape k. The expressions prefiz and suffiz take care respectively of the first and
last partition boundaries, the only ones which are not surrounded on both sides
by tape boundaries > and <.

In the special case where the multitape transducer is a letter transducer, that
is, in any partition, at most one symbol is read on each tape, a more efficient
compilation algorithm may be used. The tape boundaries < and > are no more
needed. A new symbol 0, not in X, is inserted to represent the empty string
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on tapes which read no symbols. Then, one knows that the i** symbol after a
partition limit < is on tape ¢. This kind of compilation for letter transducers is
proposed by Ganchev and al. [IJ.

4 Using Partitioning Multitape Transducers for
Two-Level Morphology

In this section, we show how a partition-based two-level formalism may be com-
piled into Partitioning Multitape Transducers. This formalism was defined by
Grimley-Evans, Kiraz and Pulman [2]. We first recall the definition and then
describe the compilation.

4.1 Partition-Based Two-Level Formalism
Let X be a finite alphabet of symbols.

Definition 8. A Context Restriction Rule is a triple (I, ¢,r) where l,c and r are
three n-tuples of regular expressions over X. Furthermore, the regular expressions
of ¢ are finite.

The three n-tuples are called respectively the left context, the center and the
right context of the rule.

Definition 9. A Surface Coercion rule is a 4-tuple (I,cl,cs,r) where | and r
are n-tuples of reqular expressions over X, cl and cs are respectively a k-tuple
and an m-tuple of regular expressions such that k +m = n.

Here again, | and r are called the contexts, ¢l and cs are the lexical and sur-
face centers. A Two-Level Grammar is a set of Context Restriction and Surface
Coercion rules.

Definition 10. A Two-Level Grammar accepts a string tuple P partitioned as
Py, ..., P, if and only if:

1. Vi,3(l,¢,7) a CR rule such that Py ...P,_1 € l,P; € ¢,Piy1... Py er.
2. Vi, 4,1 < j, there is no SC rule (I,cl,cs,r) such that Py ... P;_q €1,
P; e Py € r,projectyy 1y (F;... Pj—1) € cl and
projectyyy1 3 (L. Pj—1) & Is.

Note that in this definition, the center of a SC rule applies on a possibly empty
sequence of consecutive partitions whereas centers of CR rules match exactly one
partition. This strange definition is designed to handle adequately epenthetic SC
rules, where the lexical center is a cross product of empty string €”.

4.2 Compilation into Partitioning Multitape Transducer

Partitioning Multitape Transducers are a natural operational device to compile
a partition-based formalism since they have the same notion of partition.
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Compiling the center of a CR rule is straightforward: the center is the descrip-
tion of exactly one partition. A two-state transducer with a transition labeled by
the center implements it. Compiling contexts is slightly more difficult because
the contexts may match a number of partitions. A different regular expression is
given for each tape, but all the tapes must be divided in the same number of par-
titions. Inserting freely partition boundaries everywhere would not ensure that
the result fulfills the property [[l The solution consists in cascading application
of the partitioning composition of X* ..., X* (n occurrences) on each regular
expression in the context.

The same idea works also for Surface Coercion rule lexical and surface centers
which also match a sequence of partitions. Furthermore, the lexical and surface
centers must match the same number of partitions: they have to be partitioning
composed to the same free partition sequence.

comp((c1y...,cn)) = (((( X, ..., X" Y o1¢1)...)0ncn)
—_———
n occurrences

Each part of a rule being compiled, we adapt the algorithm of [3] to the
semantics of the partition-based formalism. This algorithm is subtractive: we
first compute the closure under concatenation 7* of the set of CR rules centers
. Then we remove from this language the partitioned strings which violate at
least one of the rules of the grammar G.

= U c

(le,m)EG
violate( .,y = (comp(l) cm*) U (7 c comp(r))
violate (e cs,ry = comp(l)comp(cl x €8)comp(r)

system = 7 — U violate(, ¢ ry — U violate( oy cs,r)
(Lie,r)EG (l,cl,es,r)eG

4.3 Improving the Formalism

There is a restriction in the Two-Level Grammar definition which is related to
the compilation algorithm given by Grimley-Evans and al.: the centers of Context
Restriction Rules are compiled into letter n-tape transducers, by padding ends
of strings with 0s. Combined with the condition of independence of the tapes
within a given partition, it is a restriction to finite languages. In general, for a
given relation R, there is no same-length regular relation such that the elements
are the ones of R possibly lengthened with Os at the end of strings.

Using the compilation into Partitioning Multitape Transducers, one can relax
the restriction. The center of a CR rule may be any regular expression n-tuple.

The contexts of two-level rules are specified separately on each tape. No syn-
chronization between tapes is expressible using the formalism. It is possible to
change this and allow for synchronization at partition boundaries.

For instance, (X*, X*)(C,C) is a valid context since it may be rewritten
(X*C,2*C), but (X*,X*)(C,C)* is not a valid context because no pair of
independent regular expressions denotes the same language. There is a strong



20 F. Barthélemy

synchronization between the two tapes: there are the same number of C's on
both tapes. The definition by Grimley-Evans and al. does not allow such a syn-
chronization. Compilation into PMT is possible if and only if the loops begin
and end on a partition frontier. Contexts would be similar to the ones of Koske-
niemi’s original formalism: they would be regular expression over feasible pairs,
the pairs being now pairs of regular expressions.

5 Conclusion

Partitioning Multitape Transducers are the right operational device to imple-
ment a partition-based two-level formalism. There is still work to make such
formalism really attractive. First, the use of the notion of partition for morphol-
ogy and phonology is not completely clear. We believe that some phenomena are
well described in terms of partition whereas others are better described using
single symbols. So the two degrees of granularity have to coexist. Secondly, the
conflicts between two-level rules is a major difficulty in practice.

We are not aware of any attempt to define a partition-based formalism with
rewrite rules and we are not sure if the idea is pertinent at all, since the one-to-
one correspondence between pre and post rule application does not seem essential
to this approach.

By construction, the regular expressions characterizing the different tapes
within a partition are not related. It is a strong restriction, especially when the
lexical and surface representation are closely related, when they are basically
identical with only small local changes. It would be interesting to define a less
restrictive definition of partition, while preserving the uniqueness of canonical
representation which is essential for intersection.

Another interesting topic deals with composition of transducers having differ-
ent partitionings, without loss of information. At the moment, only partitioning
composition would work, and one of the two partitioning would be lost in the
operation. There are applications where forms are partitioned in a different way
using respectively a morphological or a graphemic point of view.

References

1. H. Ganchev, S. Mihov, and K. U. Schulz. One-letter automata: How to reduce k
tapes to one. Technical Report IS-Bericht-03-133, Centrum fiir Informations- und
Sprachverarbeitung, Universitat Miinchen, Munich (Germany), 2003.

2. E. Grimley-Evans, G. Kiraz, and S. Pulman. Compiling a partition-based two-level
formalism. In COLING, pages 454-459, Copenhagen, Denmark, 1996.

3. R. M. Kaplan and M. Kay. Regular models of phonological rule systems. Computa-
tional Linguistics, 20:3:331-378, 1994.

4. A. Kempe, F. Guingne, and F. Nicart. Algorithms for weighted multi-tape automata.
Technical Report 2004/031, XRCE, Grenoble, France, 2004.

5. E. Roche and Y. Schabes, editors. Finite-State Language Processing. Bradford Book.
MIT Press, Cambridge, Massachusetts, USA, 1997.
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Abstract. Finite State approaches to Optimality Theory have had two
goals. The earlier and less ambitious one was to compute the optimal
output by compiling a finite state automaton for each underlying repre-
sentation. Newer approaches aimed at realizing the OT-systems as FS
transducers mapping any underlying representation to the corresponding
surface form. After reviewing why the second one fails for most linguis-
tically interesting cases, we use its ideas to accomplish the first goal.
Finally, we present how this approach could be used in the future as
a—hopefully cognitively adequate—model of the mental lexicon.

1 Introduction

Although very popular in linguistics, Optimality Theory by Prince and Smolen-
sky (OT, [I7], [18]) poses a serious problem for being computationally very
complex. This fact could question the relevance of much contemporary linguistic
work both for cognitive research, and language technology. Is our brain doing
such a hard computation? Could language technology make us of OT models?
Fortunately, things are not so bad.

Figure [I presents the architecture of an Optimality Theoretical grammar,
which consists of two modules, Gen and Fval. The input—the underlying repre-
sentation (UR)—is mapped by the universal Gen onto a set of candidates. The
candidate set, or a subset of it, reflects language typology: for each language,
the language-specific Eval chooses the element (or elements) that appears as the
surface form SR. Eval is a function assigning a harmony value to each candidate,
and the most harmonic one will surface. Alternatively, Eval can also be seen as
a pipeline in which the constraints filter out the sub-harmonic candidates. This
second approach is most often used in practice, and the finite state realizations
presented in this paper are also based on this vision of an OT system.

In many models advanced by theoretical linguists, the set of candidates is infi-
nite, leading to serious questions. How could our brain process an infinite set? How
could language technology make use of a model involving an infinite set?

Different approaches have been, then, proposed in order to handle an infinite
candidate set. Chart parsing (dynamic programming) is probably the best known
among them (chapter 8 in [19] for syllabification; [16] for implementing it to OT

A. Yli-Jyrd, L. Karttunen, and J. Karhumaki (Eds.): FSMNLP 2005, LNAI 4002, pp. 2131 2006.
© Springer-Verlag Berlin Heidelberg 2006
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UR—~| GEN

Conl [—{ Con2 }—{ Con3 e SR

Fig. 1. The architecture of an OT grammar, which maps the underlying representation
onto the surface representation. Gen is followed by the Eval module: the latter is a series
of constraints, acting as filters.

LFG). It presupposes on the one hand that applying a recursive rule (usually
insertion) incurs some constraint violation; and on the other, that “all constraints
are structural descriptions denoting bounded structures”. The interplay of these
two assumptions guarantees that the algorithm may stop applying the recursive
rule after a finite number of steps, for no hope is left to find better candidates
by more insertions.

Alternatives include using heuristic optimization techniques. Genetic algo-
rithms were proposed by Turkel [20], whereas simulated annealing by Biré [5].
Such approaches involve only relatively low computational cost; nonetheless,
they do not guarantee finding the optimal candidate. Simulated annealing, for
instance, returns a “near-optimal” form within constant time, but you cannot
know if the algorithm has found the good solution. Even though Biré [4] argues
that this algorithm models language production, one may still wish to have a
perfectly working algorithm for language technology.

The present paper proposes an alternative: determining the optimal candidate
by using finite state technologies. We first present the previous approaches to
Finites State Optimality Theory (FS OT) in section [2, with an emphasis on
the matching approach. This is followed by a new proposal in section [3], further
developed into a model of the lexicon in section [l

2 Finite State Optimality Theory

The idea of computing the optimal candidate of an OT system by building a
finite state (F'S) automaton goes back to Ellison [1()] He requires the set of
candidates for a given input be a regular expression, and realizes the constraints
as transducers (weighted automata) assigning violation marks. The number of
violation marks assigned by a constraint to a candidate is reflected by the sum of
the weights along the path representing the given candidate. Ellison subsequently
proposes a series of algorithms resulting in an automaton in which “the only
paths from the initial state to the final state will be optimal and define optimal
candidates.” This approach builds a new automaton for each input.

! Eisner [O] summarizes existing work on FS OT, and proposes a framework very
similar to the one to be presented here.
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Later work in FS OT aims at realizing the OT-system as a regular relation
mapping any correct UR to the corresponding surface form. By compiling such
a transducer, one would enjoy all advantages of finite state techniques, such
as robustness, speed and relatively low memory requirements in both directions
(production and parsing). This approach includes Frank and Satta [11] and Kart-
tunen [I5], on the one hand (the counting approach), as well as Gerdemann and
van Noord [12], generalized by Jéager [13], on the other (the matching approach).
The hope for a regular mapping from the UR to the SR goes back to Douglas
Johnson [14].

In short, finite state approaches to OT require Gen, as well as each of the con-
straints be realizable—in some sense—as a regular expression or transduction.
In many linguistic theories, Gen produces a regular set, as exemplified by syllabi-
fication [I2] or metrical stress assignment [3]. However, many further examples,
such as reduplicative morphology or numerous phenomena in syntax, are not
finite state-friendly Concerning Eval, Eisner [7] [8] and Biré [3] discuss what
constraints can be realized as finite transducers. Eisner’s Primitive Optimality
Theory (OTP) [7] launches a challenging research program the goal of which is
to model as many phonological phenomena as possible by restricting ourselves
to finite state-friendly constraints.

Nonetheless, the more ambitious program of FS OT to create a transducer
mapping any underlying representation to any surface representation cannot be
fully carried out. Even with a F'S representation of Gen and of the constraints at
hand, filtering is not always possible. Frank and Satta [I1] (following Smolensky
and Hiller) show a simple counter-example:

Example 1: Let Gen map string a™b™ to the candidate set {a™b™,b"a™}, and
let the only constraint penalize each occurrence of a. The resulting language is
{a"b™|n < m} U {b"a™|n > m}, which is clearly not regular. And yet, Gen is
regular, similarly to the proposed constraint

Although Example 1 might look very artificial, its constraint, actually, is a pro-
totype form many constraints used in linguistics. In Syllable Structure Theory
[17], each segment may be parsed or underparsed, and constraint PARSE punishes
underparsing. Metrical stress may be assigned to each syllable, and constraint
WSP (“Weight-to-Stress Principle”) requires each heavy syllable to be stressed
(cf. e.g. [19]). In fact, most constraints in phonology penalize each occurrence
of some local substructure a (underparsed, unstressed,...), and prefer its alter-
native, substructure b (parsed, stressed,...). The above example shows that all
these constraints could realize a non-regular language with some specific input
(output of Gen and the previous constraints) [8].

% Albro [1] shows how to combine a non-finite state Gen with finite state constraints.

3 Authors differ in what is meant by a “regular constraint”. For Frank and Satta [T1],
the set of strings incurring exactly k violation marks should form a regular set,
for all k. Gerdemann and van Noord [I2] use transducers inserting violation mark
characters into the candidate strings. The given counter-example satisfies both of
these definitions, unlike that of Jager [13].
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The counting approach proposed by [I1] and [I5] requires an upper bound on
the number of violations a given candidate can incur. The matching approach is
closer to the model proposed by linguists: it can, in theory, distinguish between
any number of level of violations. Yet, in many cases, only an approximation
is possible, as we shall soon see. By supposing that the length of candidates is
bounded due to restrictions in the working memory, both approaches can be used
in applications. Nevertheless, not only do we lose here the linguistic “point”, but
the size of the automata also increases quickly.

2.1 The Matching Approach

Both the counting approach and the matching approach share the agenda com-
posed of the following three steps:

— first, formulate a finite state transducer Gen;
— then, formulate an optimality operator oo, which makes use of
— the finite state realizations Con-i of the constraints CON-i.

Once we have all these at hand, the grammar is realized by the finite state
transducer obtained after having compiled the following expression:

((Gen oo CON-1) oo CON—2> ...... oo CoN-N (1)

From now on, we suppose that a F'S transducer Gen is given. The task is to formu-
late the optimality operator oo; the latter will then determine what realization
Con-i of each constraint CON-i is required.

The key idea of the matching approach is to build a set Worse(Input, CON)
that includes all sub-harmonic candidates of the input Input with respect to
the constraint CON, as well as possibly other strings; but excludes all harmonic
candidates. This set will then serve as a filtering set in the definition of the
optimality operator oo:

Input oo CON := Input o Idm (2)

Here, the identity transduction filters out the elements of Worse(Input, CON),
only the elements of its complement may become outputs. This approach is a
straightforward implementation of the idea behind OT—supposing that the set
Worse(Input, CON) can be constructed.

Without referring to violation marks, Jager [I3] proposes to realize a con-
straint CON with a transducer Con; that directly will create the filtering set,
a superset of the sub-harmonic candidates. The candidate w is mapped onto a
set containing: (1) all candidates of Gen(Gen ' (w)) that are less harmonic than
w; and (2) possibly strings not belonging to Gen(Gen !(w)). Now, the range
of Input o Cony contains all sub-harmonic elements of Input but no harmonic
ones. Hence, it can serve as the filter in (2)):

Input oo CON := Input o Idm 3)

The draw-back of Jager’s approach is the difficulty of defining the required
transducers corresponding to constraints in linguistics. Even worse, it is not
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possible very often—otherwise a finite automaton could accept a non-regular
language in Example 1. A constraint that is finite-state in Jager’s sense would
lead automatically to a finite-state realization of OT.

It is more fruitful to realize constraints with transducers assigning violation
marks to the strings, as done by Ellison [10], Gerdemann & v. Noord [12] and
Eisner [9]. One can simply construct a finite state transducer that inserts a spe-
cial violation mark symbol after each disfavored substructure—supposing that
the latter are simple enough to be recognized with an FSA, which is usually the
case. In this sense, most constraints are ﬁnite—stateﬂ Can we make any use of
these transducers?

Suppose that for constraint CON, a transducer Con exists that introduces
the required number of violation marks into any candidate string. Importantly,
we only know that the output of Con includes the correct number of violation
mark symbols, but we do not know how these symbols are dispersed in the
string. Furthermore, let remove_viol denote the transducer removing all viola-
tion mark symbols from its input. The only task now is to define the transducer
make _worse, and then we can rewrite definition (2)) as follows:

Input oo CON := Input o Con o
o Id

Ran(Input o Con o make_worse)O remove viol (4)
Now, we have to define make_worse. Imagine that the set of candidates Input enter-
ing the constraint filter CON includes only candidates that are assigned N violation
marks, or more. Let us add at least one violation mark to each of them: we thus ob-
tain a set of strings with not less than N + 1 violation marks. If we ignored the
characters other than the violation marks, this latter set could simply be used for
filtering, because only the candidates of the input set with the least (namely, N)
violation marks are not element of the filtering set thus constructed. Consequently,
the finite state transducer make_worse will have to add any positive number of ex-
tra violation marks to the input, using a finite state transducer add_viol.

Nevertheless, we cannot ignore the characters in the candidate strings. The
filtering set will not yet include all the sub-harmonic candidates, because the
candidate strings vary not only in the number of violation marks. The different
elements of the candidate set have to diverge from each other, for instance, in
the position of parsing brackets. Most probably, the violation marks should also
be permuted around the segments of the strings.

Therefore, we redefine make worse: besides adding extra violation marks
(add_viol), it will delete all characters that are not violation marks using the
simple transducer delete_char, and then insert any new characters (transducer
insert _char) (cf. @) and (@) to the formalism in Eisner [9]):

make worse := delete_char o add_viol o insert_char (5)

The range of Input o Con o make_worse is now the set of all strings with more
violation marks than the minimal in the range of Input o Con: all candidates

4 Quadratic alignment constraints assigning a number of violation marks growing
faster than the length of the string, are not regular even in that sense [7] [§] [3].
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to be filtered out, further uninteresting strings, but no candidates to be left in.
This fact guarantees that the harmonic candidates, and only they will survive
the filtering in definition (). Or almost.

Yes, we still face a problem. Suppose that underlying representation Wi is
mapped by Inp o Con to candidates involving at least N; violation marks, and
wi is an optimal one. Further, suppose that UR W5 is mapped to candidates
containing Ns violation marks or more, with an optimal ws. Suppose also that
N7 < Ns. Because W is in the domain of Inp o Con o make_worse, the latter’s
range will include all strings with more than N; violation marks, ws among them.
Consequently, all candidates corresponding to Wy will be filtered out, and Wj is
predicted to be ineffable, without any corresponding output.

Gerdemann and van Noord [I2], therefore, define make worse such a way
that it will keep the underlying material unchanged. Suppose that what Gen
does is nothing but to add some extra material, like parsing brackets. In such a
case, deleting and reintroducing only the brackets introduced originally by Gen
ensures that different underlying representations cannot interfere:

make worse = add_viol o del_brackets o ins_brackets (6)

Nonetheless, a new problem arises! Let the underlying representation abab yield
two candidates, namely a[bJab and [alb[alb. Let the constraint insert a vi-
olation mark @ after each closing bracket, so the set entering make worse is
{a[b]@ab, [a]l@b[a]@b}. By applying the operation make_worse as defined in (@),
we get among others the strings [a]b@a[b]@or [a] @@ [a]b; but not [a]@b[a] @b,
the candidate to be filtered out. An extra operation is, therefore, required that will
permute the violation marks: in our case, we need to remove the @ between the
first b and the second a, and simultaneously insert a @ following one of the a’s; the
second violation mark will be inserted by add_viol after the other a.

The real problem arises when one has to compare two candidates, such that
the first one may have an unbounded number of violation marks in its first
part, while the second one any number of violation marks in its last part. This
happens in Example 1, and in the many analogous linguistic applications. Then,
the transducer should have to keep track of the unbounded number of violation
marks deleted at the beginning of the string, before it reaches the end of the
string and re-inserts them. That is clearly a non-finite state task.

If the transducer permuting the marks perm is able to move one violation
at the same time, then the following definition of make worse yields an exact
OT-system only for the case where not more than n violation marks should be
moved at onceé

5 The same transducer can move a second violation mark after having accomplished its
task with the first one. Note that such a finite-state friendly case can theoretically
result from the interplay of Gen and the previously ranked constraints; and not
only from restricting the number of violation marks assigned, due, for instance, to
a bound in the length of the candidates. Further research should reveal whether the
linguistically relevant cases are indeed finite-state, or languages do produce extreme
candidate sets, such as the one in Example 1. See the research line launched by
Eisner’s OTP [§].
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make_worse := add_viol o del_brackets

o ins_brackets o perm; 0 permg O...0 perm, (7)

Thus, we have run into the “permute marker problem”: only an approximation is
offered by Gerdemann and van Noord for the general case. Besides, introducing
perm n times makes the automaton enormous.

3 Planting the Input into the FST

The matching approach, as proposed by Gerdemann and van Noord [12], has
two main advantages over its competitors. First, it does not require the number
of levels of violations to be finite, as opposed to the counting approach. Sec-
ond, it makes use of transducers assigning violation marks to the strings, which
is much easier to realize than the transducers in Jéger’s generalized matching
approach.

Example 1 has shown that there is no hope for solving the “permute marker
problem” in general. Can we still bring out the most of the the counting ap-
proach? Maybe by stepping back to the lesser goal of Ellison: compiling an
automaton to each word, instead of creating a general transducer mapping any
underlying representation to the corresponding surface form? This is bad news
for people believing in F'S OT (despite Example 1), and yet, it opens the way to
a new model of the mental lexicon.

We have seen that the radical definition of make worse in (Bl creates a prob-
lem: the candidates corresponding to some underlying representation may dis-
card all candidates of another underlying representation. The solution by [12],
that is, to modify make worse as (@) and (), led to the “permute marker prob-
lem”. Another solution is to keep the more radical make worse transducer, as
defined in (@), for the definition (@) of the optimality operator; but, simulta-
neously, to introduce a filter at the beginning of the pipeline (or, into Gen,
as Ellison did). By restricting the domain of the transduction, this filter—an
identity transduction on a singleton—ensures that no other input disturbs the
computation. So, for hierarchy CON-1 > CON-2 > ...> CON-N, and for each
underlying representation W we have to compile the following regular expression:

(((Id{w} o Gen) oo Con—]) 00 Con—,?) ... oo Con-N (8)

Let us prove the correctness of this approach:

Theorem: Let all constraints CON-i be represented by a transducer Con-i in-
serting violation marks, and let

make_worse := delete_char o add_viol o insert_char

Input oo CON := Input o Con o
o Id

Ran(Input o Con o make_worse) o remove.viol
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If for hierarchy H = ( CoN-1 > CON-2 > . .. > CoON-N ) and underlying
representation W,

OTy = Idgwy o Gen OT; := OT;_1 oo Con-i

then the range of OTy is the set of outputs with respect to underlying repre-
sentation W and ranking H.

Proof: By induction on the number of constraints N. For N = 0: by definition,
the range of OTj is the candidate set corresponding to W.

For N = k > 0: We suppose that the range of OT)_; is the set of candi-
dates returned by the part of the pipe-line before constraint CoN-k. We have
to show that OTj is the optimal subset of OT)_1 with respect to constraint
ConN-k.

Let m denote the number of violation marks assigned by constraint CON-
k to the most harmonic candidates in the range of OT);_;. By the definition
of make worse, the range of OTy_10 Con-k o make worse includes all strings
(words and non-words) with more than m violation marks, and only them. Thus,
the identity transduction in the definition of the optimality operator oo trans-
duces all strings with no more than m marks, and only them. Consequently, the
range of OTj will include exactly those elements of the range of OTy_; that
violate CON-k m times. O

We have stepped back to the less ambitious proposal of Ellison [10]: we com-
pile a regular expression for each input. One first formulates a finite transducer
realizing Gen, as well as transducer adding each candidate string the same num-
ber of violation marks as the constraints of the linguistic model do. Then, the
range of the regular expression (&) has to be compiled and read. Compilation—
even if it is a computationally complex task, primarily due to the set comple-
ment operation—can be done automatically, with any package handling regular
expressions.

Is stepping back to a ten-year old result something worth writing a paper on?
The good news, however, is that the approach proposed opens new perspectives
about a finite-state model of the lexicon.

4 Modeling a Complex Lexicon

Many linguistic phenomena can be described by using “co-phonologies”, by re-
ferring to exceptions or to “minor rules”. The discussion about the interaction
between morphology and phonology (here we just refer to the well-known “past
tense debate”) has also affected OT [6]. On-going and further research shall
analyze whether a finite-state Optimality Theoretical approach has something
interesting to say about the issue. In the remaining space of the present paper,
we shall present the possible first steps of such a research line.

Equation (8) allows for generalization. If SL is a subset of the lexicon, the
following expression will define the surface representation of elements of SL:
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(((IdSL o Gen) oo Con—]) oo Con—?) ... oo Con-N (9)

Note that elements of SL may “extinguish” each other: if a candidate w; corre-
sponding to some element Wy € SL incurs less violation marks than the optimal
candidate corresponding to another W, then no output is returned for Wj.
Therefore, SL should be the set of “analogous” words in the language.

The phonology of the language is then modeled thus:

U(((IdSLi o Gen) oo Conil) 00 Coni2> ... 0o Con;, (10)

%

The lexicon is composed of subsets of words. Each subset SL; is associated
with a hierarchy Con;, > Con;, > ... > Con;, . Different subsets may be
associated with the same hierarchy, but cannot be unified, unless some words
are erased from the language, as explained. Yet, once we have this structure,
nothing prohibits us to associate different subsets with different hierarchies[d

Until now, if the sub-lexicons are finite, the complex expression in ([I0Q) is com-
piled into a simple finite set of UR-SR pairs. Yet, we claim that expression (I0)
together with linguistically motivated constraints have a cognitive explanatory
value by restricting the possible lexicons: what UR-SR mappings are thinkable?

Additionally, our on-going research tries to introduce some sort of generaliza-
tion into the sub-lexicons. Let the hash a# of an element a of the alphabet be
the following concatenation:

a#:= pcx | {a, pc} | pcx, (11)

where pc is a punished change: whatever character followed by a special punish-
ment symbol. Thus, the hash of a character is its generalization: you can replace
it, you can add anything before and after it, but whatever change introduced
is marked by a punishment symbol. In the next step, the generalization W#
of a memorized word W is the concatenation of the hash of its characters in
the corresponding order. Last, we propose that if a learned (memorized) word
W € SL;, then also W# € SL;.

With this generalization, the input of the grammar model ({I0) can also be
an unseen word—yet, not any unseen word. The punishment symbols mea-
sure the “distance” of the input from previously memorized, “similar” words,
in terms of letter changes. An input may match the hash of several learnt lexical
items, possibly in different sublexicons, in which case more outputs are generated

5 One can speculate about how co-phonologies have emerged in languages. Decom-
posing the lexicon into sub-lexicons is necessary, otherwise some words would be
ineffable, i.e., unpronounceable. Thus, an acquisition model should be able to open
new sub-lexicons. Then, as the constraint pipe-line is connected to each sub-lexicon
independently, nothing prohibits constraint re-ranking for certain sub-lexicons. A
prediction is that language varieties differ in the constraint ranking corresponding
exactly to these sub-lexicons, which reminds us the similar proposal of [2].
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simultaneously in various pipe—linesﬂ These symbols are preserved during the
transduction, and the output with the minimal number of punishment symbols
is the predicted form. We can use a FS OT-style filter on the punishment sym-
bols, and we obtain a sort of memory-based learning. The consequences of this
proposal, learnability issues and its possible cognitive relevance are subject to
future research.

5 Conclusion

In the introduction, we have raised the problem of how one can handle the in-
finite set of OT candidates appearing in contemporary linguistic work within
the framework of a plausible psycholinguistic model or a working language tech-
nology application. In this paper, we have proposed a new way of using finite
state technology in order to solve that problem. We have reviewed why it is
not possible to create a FS transducer realizing an OT-system in general, even
if Gen is a regular relation, and constraints are also regular (at least in some
sense). Subsequently, we have proposed to make the matching approach exact
by planting a filter before Gen.

This way we have obtained an alternative to Ellison’s algorithm [I0]. By com-
piling ([8) for each input separately, we can calculate the optimal element of
the possibly infinite candidate set. Finally, we have shown how this result can
be generalized into a model of the lexicon, yet further research has to prove
the cognitive adequateness of such a model. For instance, does it account for ob-
served morpho-phonological minor rules? Preliminary results show that different
hierarchies are compiled in significantly different time. If so, do less frequently
attested language typologies correspond to rankings more difficult to compile?

The present paper hope to have paved the way for such future research.
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Abstract. Computer-Assisted Translation (CAT) is an alternative ap-
proach to Machine Translation, that integrates human expertise into the
automatic translation process. In this framework, a human translator in-
teracts with a translation system that dynamically offers a list of trans-
lations that best completes the part of the sentence already translated.
Stochastic finite-state transducer technology is proposed to support this
CAT system. The system was assessed on two real tasks of different
complexity in several languages.

1 Introduction

State-of-the-art Machine Translation (MT) techniques are still far from produc-
ing high quality translations. This drawback leads us to introduce an alternative
approach to the translation problem that brings human expertise into the MT
scenario. This idea was proposed in [I3] and can be illustrated as follows. Initially,
the human translator is provided with a possible translation for the sentence to
be translated. Unfortunately, in most cases, this translation is far from being
perfect, so the translator amends it and asks for a translation of the part of the
sentence still to be translated (completion). This latter interaction is repeated
as many times as needed until the final translation is achieved.

The scenario described in the previous paragraph can be seen as an iterative
refinement of the translations offered by the translation system, that while not
having the desired quality, can help the translator to increase his/her produc-
tivity. Nowadays, this lack of translation excellence is a common characteristic
in all Machine Translation systems. Therefore, the human-machine synergy rep-
resented by the Computer-Assisted Translation (CAT) paradigm seems to be
more promising than fully-automatic translation in the near future.

The CAT approach has two important aspects: the models need to provide ad-
equate completions and they have to do so efficiently under usability constrains.
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To fulfill these two requirements, Stochastic Finite-State Transducers (SFST)
have been selected since they have proved to be able to provide adequate trans-
lations [I2/[13]. In addition, efficient parsing algorithms can be easily adapted
in order to provide completions.

The rest of the paper is structured as follows. Next section introduces the
general setting for MT and finite-state models. In Section[3] the search procedure
for interactive translation is explained. Experimental results are presented in
Section [ Finally, some conclusions and future work are exposed in Section [l

2 Machine Translation with Finite-State Transducers

In a probabilistic framework, given a source sentence s, the goal of MT is to find
a target sentence t that:

t = argmaxPr(t | s) = argmax Pr(t, s). (1)
t t

It should be noted that the maximisation problem stated above is NP-hard [10].
The joint distribution Pr(t,s) can be modelled by a SFST T [15]:

t =argmax Pr(t,s) ~ argmax Pr(t,s). (2)
t t

A SFST T is defined as a tuple (¥, A, Q, qo, F, 6,p, f) where X and A are finite

sets of source and target symbols respectively, @ is a finite set of states, qg is the

initial state, F' C @ is the set of final states, 6 C Q x X x A* x @ is the set of

transitions, p: Q X X' x A* x Q — [0, 1] is a transition probability function and

f:Q — [0,1] is the state probability function. The functions p and f satisfy:

fo+ >, pleawqd)=1 YqeQ. (3)

q'€Q,acX, weA*

SFSTs have been successfully applied into many translation tasks [IL[5]. Fur-
thermore, there exist efficient search algorithms like Viterbi [16] for the best path
and the Recursive Enumeration Algorithm (REA) [II] for the n-best paths.

A possible way of inferring SFSTs is the Grammatical Inference and Align-
ments for Transducer Inference (GIATI) technique [7]. Given a finite sample of
string pairs, it works in three steps:

1. Building training strings. Each training pair is transformed into a single
string from an extended alphabet to obtain a new sample of strings. The
“extended alphabet” contains words or substrings from source and target
sentences coming from training pairs.

2. Inferring a (stochastic) regular grammar. Typically, a smoothed n-gram is
inferred from the sample of strings obtained in the previous step.

3. Transforming the inferred regular grammar into a transducer. The sym-
bols associated to the grammar rules are adequately transformed into
source/target symbols, thereby transforming the grammar inferred in the
previous step into a transducer.
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The transformation of a parallel corpus into a corpus of single sentences is
performed with the help of statistical alignments: each word is joined with its
translation in the output sentence, creating an “extended word”. This joining is
done taking care not to invert the order of the output words. The third step is
trivial with this arrangement. In our experiments, the alignments are obtained
using the GIZA++ software [I4], which implements IBM statistical models [4].

3 Interactive Search

The concept of interactive search is closely related to the CAT paradigm. This
paradigm introduces a new factor t, into the general MT equation (Eq. [). t,
represents a prefix of the target sentence obtained as a result of the interaction
between the human translator and the MT system.

An example of this interaction is shown in Fig. [l In each iteration, a prefix
(tp) of the target sentence has somehow been fixed by the human translator
in the previous iteration and the CAT system computes its best (or n-best)
translation suffix hypothesis (t5) to complete this prefix.

ITER-0 (tp) |()
(ts) (Haga clic para cerrar el didlogo de impresién)
(a) (Haga clic)
ITER-1 | ) (on)
(tp) (Haga clic en)
(ts) (ACEPTAR para cerrar el didlogo de impresién)
a ACEPTAR para cerrar el
ITER-2 Ekg ( 8 ()cuadro)
(tp) (Haga clic en ACEPTAR para cerrar el cuadro)
(ts) (de didlogo de impresidn)
FINAL (a) (de didlogo de impresion)
(k) )

(tp =t)| (Haga clic en ACEPTAR para cerrar el cuadro de didlogo de impresién)

Fig. 1. Example of a CAT system interaction to translate into Spanish the English
sentence “Click OK to close the print dialog” extracted from a printer manual. Each step
starts with a previously fixed target language prefix t,, from which the system suggests
a suffix ts. Then the user accepts part of this suffix (a) and types some keystrokes (k),
in order to amend the remaining part of ts. This produces a new prefix, composed
by the prefix from the previous iteration and the accepted and typed text, (a) (k),
to be used as t, in the next step. The process ends when the user enters the special
keystroke "#”. In the final translation, t, all the text that has been typed by the user
is underlined.

Given tpfs, the CAT cycle proceeds by letting the user establish a new,
longer acceptable prefix. To this end, he or she has to accept a part (a) of t,t,
(or, more typically, just a prefix of t,). After this point, the user may type some
keystrokes (k) in order to amend some remaining incorrect parts. Therefore,
the new prefix (typically) encompasses t, followed by the accepted part of the
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system suggestion, a, plus the text, k, entered by the user. Now this prefix,
t, ak, becomes a new t,, thereby starting a new CAT prediction cycle.

Ergonomics and user preferences dictate exactly when the system can start
its new cycle, but typically, it is started after each user-entered word or even
after each new user keystroke.

Perhaps the simplest formalization of the process of hypothesis suggestion of
a CAT system is as follows. Given a source text s and a user validated prefiz of
the target sentence t,, search for a suffiz of the target sentence that maximises
the a posteriori probability over all possible suffixes:

Es = argmaXPl"(ts | S?tp) . (4)

s

Taking into account that Pr(t, | s) does not depend on ts, we can write:

ts = argmax Pr(t,ts | s) , (5)
ts

where t,t, is the concatenation of the given prefix t, and a suffix t,. Eq. Bl is
similar to Eq. [II, but here the maximisation is carried out over a set of suffixes,
rather than full sentences as in Eq.[Il This joint distribution can be adequately
modeled by means of SFSTs [9].

The solution to this maximisation problem has been devised in two phases.
The first one copes with the extraction of a word graph W from a SFST 7 given
a source sentence s. In a second phase, the search of the best translation suffix
(or suffixes) according to the Viterbi approach [16] is performed over the word
graph W given a prefix t, of the target sentence.

3.1 Word Graph Derivation

A word graph is a compact representation of all the possible translations that
a SFST T can produce from a given source sentence s [9,8]. In fact, the word
graph could be seen as a kind of weighted finite-state automaton in which the
probabilities are not normalized.
Formally, given a SFST 7 = (X, A,Q,qo, F,6,p, f) and a source sentence

S = S1,°",8;, - 8|g|, the constructed word graph is defined as a tuple W =
<A’ Q/7 Q(/)? Fl’ 6/7p’ f>:

Q' =Qxi:0<i<]s]

6/ = {((q,z - 1)7ta (q/a Z)) | (Q7 siatvq/) S 6}

4 = (90,0)
F'={(d.Is]) | (g;s/s:t.4") €S) A (¢’ € F)}

There are a couple of minor issues to deal with in this construction. On the
one hand, the output symbol for a given transition could contain more than
one word. In this case, auxiliary states were created to assign only one word
for each transition and simplify the posterior search procedure. On the other
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hand, it is possible to have words in the input sentence that do not belong to
the input vocabulary in the SFST. This problem is solved with the introduction
of a special generic “unknown word” in the input vocabulary of the SFST.

Intuitively, the word graph generated retains those transitions in the SFST
that were compatible with the source sentence along with their transition prob-
ability and output symbol(s). Those states that are reached at the end of the
parsing process of the source sentence, over the SFST, are considered final states
(as well as those states reachable with A-transitions from them).

Once the word graph is constructed, it can be used to find the best completions
for the part of the translation typed by the human translator. Note that the word
graph depends only on the input sentence, so it is used repeatedly for finding
the completions of all the different prefixes provided by the user.

3.2 Search for N-best Translations Given a Prefix of the Target
Sentence

Ideally, the search problem consists in finding the target suffix t; that maximises
the a posteriori probability given a prefix t,, of the target sentence and the input
sentence s, as described in Eq.[Bl To simplify this search, it will be divided into
two steps or phases. The first one would deal with the parsing of t, over the
word graph W. This parsing procedure would end reaching a set of states Q;
that define paths from the initial state whose associated translations include
t,. To clarify this point, it is important to note that each state g in the word
graph defines a set of translation prefixes F,. This set of translation prefixes is
obtained from the concatenation of the output symbols of the different paths
that reach this state ¢ from the initial state. Therefore, the set P, of each state
in Q;, includes t,. The second phase would be the search of the most probable
translation suffix from any of the states in Q). Finally, the complete search
procedure extracts a translation from the word graph whose prefix is t,, and its
remaining suffix is the resulting translation suffix t,.

Error-Correcting Parsing. In practice, however, it may happen that t, is
not present in the word graph Y. The solution is not to use t, but a prefix t;,
that is the most similar to t, in some string distance metric. The metric that
will be employed is the well-known minimum edit distance based on three basic
edit operations: insertion, substitution and deletion. Therefore, the first phase
introduced in the previous paragraph needs to be redefined in terms of the search
of those states in VW whose set P, contains t;,, that is, the set of states Q;,. It
should be remarked that t; is not unique, but there exist a set of prefixes in W
whose minimum edit distance to t,, is the same and the lowest possible.

Given a translation prefix t,, the computation of @}, is efficiently carried out
by applying an adapted version of the error-correcting algorithm for regular
grammars over the word graph W. This algorithm returns the minimum edit
cost ¢(q) with respect to t, for each state ¢ in W. To be more precise, this
minimum edit cost is the lowest minimum edit cost between t, and the set of
prefixes P, of each state ¢. Finally, Q}, is defined as:
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Q), = argmin c(q) (6)
qeqQ’

The asymptotic cost of this algorithm is O(|t,| - |Q'| - B), where B is the

(average) branching factor of the word graph W.

The implementation of the error-correcting parsing is further improved by
visiting the states in W in topological order, and incorporating beam-search
techniques to discard those states whose minimum edit cost is worse than the
best minimum edit cost at the current stage of the parsing by a given constant.
Moreover, given the incremental nature of t,, the error-correcting algorithm
takes advantage of this peculiarity to parse only the new suffix of t, provided
by the user in the last interaction, that is, the concatenation of a and k.

As mentioned before, once the set Q; has been computed, the search of the
most probable translation suffix could be calculated from any of the states in
Q- In practice, only one state g, from @, is selected to find the suffix t,.
This selected state g, maximises the a posteriori probability of the word-graph
prefix t; defined during the error-correcting parsing process. This maximisation
is performed according to the Viterbi approximation [16].

N-best Search. The actual implementation of this CAT system is able to
provide a set of different translation suffixes, instead of a single suggestion. To
this purpose, an algorithm that searches for the n-best translation suffixes in a
word graph is required. Among the n-best algorithms available, the Recursive
Enumeration Algorithm (REA) described in [I1] was selected. The main two
reasons that support this decision are its simplicity to calculate best paths on
demand and its smooth integration with the error-correcting parsing algorithm.
Basically, the interaction between these two algorithms, error-correcting and
n-best, consists in the supplement of the state g, by the former, so that the
n-best translation suffixes can be calculated from this state by the latter.

The version of REA included in the CAT system, which is being described,
stores for each state ¢ in W, the sorted list of current best paths (in the form of
next state in the best path) from ¢ to any final state. The length of this sorted
list depends on the number of transitions leaving ¢. During the initialisation
of REA, the initial sorted list of best paths for each state is calculated start-
ing from the final states and visiting the rest of states in backward topological
order. This last condition imposes a total order in @’ that favours the efficient
calculation of the sorted list of best paths. This is so because each state is visited
only once, and once the best paths of the preceding states have already been
computed.

Then, given a state g, from which the n-best translation suffixes need to be
calculated, REA first extracts the 1-best path from the state g,, since it was
precomputed during REA initialisation. If n > 1, then the next best path from
gp will be obtained. The next best path at state g, can be found among the
candidate paths still left in the sorted list of this state and the second best
path through the transition traversed in the 1-best path just extracted. This
fact requires the recursive calculation of the second best path (whenever exists)
through the states visited in the 1-best path. This same rationale is applied to
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the calculation of subsequent best paths until n-best different translation suffixes
have been obtained or no more best paths can be found.

4 Experimental Framework and Results

The SFST models introduced in the previous sections were assessed through
some series of experiments with two different corpora that were acquired and
preprocessed in the framework of the TransType2 (TT2) project [2]. In this
section, these corpora, the assessment metrics and the results are presented.

4.1 XRCE and EU Corpora

Two bilingual corpora extracted from different semantic domains were used in
the evaluation of the CAT system described. The language pairs involved in the
assessment were English/Spanish, English/French and English/German.

The first corpus, namely XRCE corpus, was obtained from a miscellaneous
set of printer user manuals. Some statistics of this corpus are shown in Table[Il

Table 1. The “XRCE” and “EU” corpora English(En) to/from Spanish(Sp), Ger-
man(Ge) and French(Fr). Trigrams models were used to compute the test perplexity.
(K denotes x1.000, and M denotes x1.000.000).

XRCE EU
En/Sp|En/Ge| En/Fr ||[En/Sp|En/Ge|En/Fr
Sent. pairs (K) 56 49 53 214 223 215
Run. words (M)|0.6/0.7/0.6/0.5] 0.6/0.7 ||5.9/6.66.5/6.1]6.0/6.6
Vocabulary (K) | 26/30 | 25/27 | 25/37 || 84/97 [87/153| 85/91
Sentences (K) 1.1 1.0 1.0 0.8 0.8 0.8
Run. words (K)| 8/9 | 9/10 | 11/10 || 20/23 | 20/19 | 20/23
Perplexity 107/60(93/169(193/135|| 96/72 |95/153| 97/71

Train

Test

It is important to remark that the English manuals are different in each pair
of languages. The size of the vocabulary in the training set is about 25.000 words
in most of the language pairs that can be considered to be a broad lexicon. In
the test set, even though all test sets have similar size, the perplexity varies
abruptly over the different language pairs.

The second dataset was compiled from the Bulletin of the European Union,
which exists in the 11 official languages of the European Union. This dataset is
known as the EU corpus and is publicly available on the Internet. A summary
of its features is presented in Table[dl

The size of the vocabulary of this corpus is at least three times larger than
that of the XRCFE corpus. These figures together with the amount of running
words and sentences reflect the challenging nature of this task. However, the
perplexity of the FU test set is similar to that of the XRCE. This phenomenon
can be intuitively explained through the more uniform grammatical structure of
the sentences in the EU corpus.



A Novel Approach to Computer-Assisted Translation 39

4.2 Translation Quality Evaluation
The assessment of the CAT system has been carried out based on two measures:

1. Translation Word Error Rate (TWER). It is defined as the minimum number
of word substitution, deletion and insertion operations required to convert
the target sentence provided by the translation system into the reference
translation, divided by the number of words of the reference translation. It
can also be seen as the ratio of the minimum edit distance between the system
and the reference translation, and the number of words of the reference
translation [11[6].

This metric is employed to evaluate the quality of the complete transla-
tions offered by the system when no prefix is taken into consideration, that
is, no interaction with the user is assumed.

2. Key-Stroke Ratio (KSR). Number of interactions, as the sum of mouse ac-
tions (to select a) and keystrokes (to type k), that are necessary to achieve
the reference translation plus the final translation-acceptance keystroke di-
vided by the number of characters of the reference translation [9,[8].

KSR reflects the ratio between the number of interactions of a fictitious
user when translating a given text using a CAT system compared to the
number of interactions, which this user would need, to translate the same
text without using a CAT system. Thus, this measure gives a clear idea of
the amount of work that a translator would be saving when translating using
a CAT system.

4.3 Experimental Results

These experimental results were obtained with GIATI transducers based on
smoothed trigram language models for the XRCFE corpus and smoothed 5-gram
language models for the EU corpus (see Table [2]).

The translation metrics presented in the previous section were calculated on
the test set for all the pairs of languages and both directions, translating from
English to a non-English language and from a non-English language to English,
as shown on the left-most column of Table[Z2l Moreover, the results were obtained
assuming two possible cases, the CAT system only offers the best translation or
the 5-best translations. In the latter case, the calculation of a given assessment
metric was conducted considering that translation out of the five suggested trans-
lations that most minimises the corresponding error measure. As expected, there
is a notable improvement when comparing 1 to 5-best translation error measures.

Analysing the results accomplished in the XRCE corpus, it is observed that
the TWER and KSR rates for English/Spanish language pairs are substantially
lower than those obtained in the rest of language pairs. A possible reason be-
hind the error rate discrepancies between English/Spanish pairs with respect to
English/German and English /French pairs could be found in the perplexity dif-
ferences shown in Table[Il The Spanish test perplexity is significantly lower than
that of the rest of languages and this fact is transformed into better translation
results. Another reason for the outperforming results of the English/Spanish
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Table 2. Results comparing 1-best to 5-best translations based on 3-gram language
models for the XRCFE corpus and on 5-gram language models for the EU corpus

1-best 5-best 1-best 5-best
XRCE|KSR TWER|KSR TWER EU |KSR TWER|KSR TWER
En-Sp|24.4 30.8 [21.7 25.2 En-Sp|38.9 54.5 [35.5 49.8
Sp-En|[30.1 33.5 [26.4 25.1 Sp-En|37.2 51.0 [33.6 46.8
En-Ge|52.1 70.7 [48.1 63.4 En-Ge|45.6 64.2 |42.4 59.2
Ge-En|50.7 64.0 [46.4 57.0 Ge-En|49.1 65.7 |45.6 59.2
En-Fr|48.7 63.2 |45.0 54.8 En-Fr |35.7 51.8 |32.3 47.6
Fr-En [ 52.2 57.8 |48.5 514 Fr-En |34.1 47.5 |30.7 43.2

pairs comes from the hand of the random partition in training and test datasets,
that could have been resulted in a simpler test set for the English /Spanish pairs.

This rationale is compatible with the results obtained for the EU corpus. In
these results, English/Spanish pairs exhibit similar error rates to those of the
English/French pairs, but significantly better than those of the English/German
pairs. This same tendency is followed by perplexity values appearing in Table [Il
As observed, the German language seems to be more complex than the other
languages and this is reflected in the translation results.

As the reader would notice, TWER results in both corpora are not suffi-
ciently good to support a pure MT system based on SFSTs inferred by the
GIATI technique. However, if the system is evaluated as a CAT system (KSR),
a productivity gain is clearly manifested. For example in the XRCFE corpus,
using five suggestions and translating from English to Spanish, the user would
only need to perform 21.7% of the interactions that would be required without
this CAT system. On the other hand, the KSR results are about 50% for the
English/French and English/German pairs. Even in these cases, the number of
interactions is halved with respect to the effort that would entail translating the
same test set without a CAT system.

In the EU corpus, the best KSR results were obtained for the English/French
language pairs, followed by the results in the English/Spanish language pairs,
and finally the worst results were achieved in English/German language pairs.
Despite the important difference in size between XRCE and EU, the results
are similar and for some language pairs even lower in the FU corpus. The per-
plexity numbers on both corpora partially explain these results being somewhat
correlated with the TWER and KSR results. For instance, the English/French
language pair presents lower perplexity and better results in the EU corpus than
in the XRCFE corpus.

5 Conclusions and Future Work

In the present work, SFSTs have been revisited and applied to CAT. In this
case, SFSTs that are easily learnt from parallel corpora were inferred by the GI-
ATT technique, which was briefly reviewed. Moreover, the concept of interactive
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search has been introduced in this paper along with some well-known techniques,
i.e. error-correcting parsing and n-best paths, that allow the calculation of the
suffix translation that better completes the prefix written by the user. It is fun-
damental to remember that usability and response-time are vital features for
CAT systems. CAT systems need to provide translation suffixes after each user
interaction and this imposes the necessity of efficient algorithms to solve the
search problem.

As preempted in the introduction, current M T systems are not able to provide
high quality translations and SFST techniques are not an exception. Neverthe-
less, the capability of SFSTs to suggest translation suffixes that aid a human
translator to increase his or her productivity in a CAT framework should not
be neglected. The results presented on two different corpora support the idea of
the benefits of the incorporation of MT techniques into the translation process
to reduce human translator effort without sacrificing high quality translations.

Finally, the introduction of morpho-syntactic information, bilingual categories
or more powerful smoothing techniques on the source and target languages, in
SEFSTs, are topics still to be explored in future research.
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Abstract. We extend finite-state registered automata (FSRA) to ac-
count for medium-distance dependencies in natural languages. We pro-
vide an extended regular expression language whose expressions denote
arbitrary FSRAs and use it to describe some morphological and phono-
logical phenomena. We also define several dedicated operators which
support an easy and efficient implementation of some non-trivial morpho-
logical phenomena. In addition, we extend FSRA to finite-state registered
transducers and demonstrate their space efficiency.

1 Introduction

Finite-state (F'S) technology is considered adequate for describing the morpho-
logical processes of natural languages since the pioneering works of [I] and [2].
Several toolboxes provide extended regular expression description languages and
compilers of the expressions to finite-state automata (FSAs) and transducers
(FSTs) [3/405]. While FS approaches for natural languages processing have gen-
erally been very successful, it is widely recognized that they are less suitable for
non-concatenative phenomena. In particular, FS techniques are assumed not to
be able to efficiently account for medium-distance dependencies, whereby some
elements that are related to each other in some deep-level representation are
separated on the surface. These phenomena do not lie outside the descriptive
power of F'S systems, but their implementation can result in huge networks that
are inefficient to process.

To constrain dependencies between separated morphemes in words, [6] pro-
pose flag diacritics, which add features to symbols in regular expressions to
enforce dependencies between separated parts of a string. The dependencies are
forced by different kinds of unification actions. In this way, a small amount of
finite memory is added, keeping the total size of the network relatively small.
The main disadvantage of this method is that it is not formally defined, and
its mathematical and computational properties are not proved. Furthermore,
flag diacritics are manipulated at the level of the extended regular expressions,
although it is clear that they are compiled into additional memory and opera-
tors in the networks themselves. The presentation of [6] and [7] does not expli-
cate the implementation of such operators and does not provide an analysis of
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their complexity. Moreover, they do not present any dedicated regular expression
operations for non-concatenative processes.

A related formalism is vectorized finite-state automata (VFSA) [§], where both
the states and the transitions are represented by vectors of elements of a par-
tially ordered set. Two kinds of operations over vectors are defined: unification
and overwriting. The vectors need not be fully determined, as some of the el-
ements can be unknown (free). In this way information can be moved through
the transitions by the overwriting operation and traversing these transitions can
be sanctioned through the unification operation. The free symbols are also the
source of the efficiency of this model, where a vector with k free symbols actually
represents t* vectors, t being the number of different values that can be stored
in the free places. As one of the examples of the advantages of the model, [§]
shows that it can efficiently solve the problem of 32-bit binary incrementor. The
goal of this example is to construct a transducer over X = {0,1} whose input
is a number in 32 bit binary representation and whose output is the result of
adding 1 to the input. The naive solution is a transducer with only 5 states and
12 arcs, but this transducer is neither sequential nor sequentiable. A sequential
transducer for an n-bit binary incrementor would require 2™ states and a similar
number of transitions. Using vectorized finite-state automata, a 32-bit incremen-
tor is constructed where first, using overwriting, the input is scanned and stored
by the vectors, and then, using unification, the result is calculated where the
carry can be computed from right to left. This allows a significant reduction
in the network size. The main disadvantage of VFSA lies in the fact that it
significantly deviates from the standard methodology of developing finite-state
devices, and integration of vectorized automata with standard ones remains a
challenge. Moreover, it is unclear how, for a given problem, the corresponding
network should be constructed: programming with vectorized automata seems
to be unnatural, and no regular expression language is provided for them.

Finite state registered automata (FSRA) ([9]) augment finite-state automata
with finite memory (registers) in a restricted way that saves space but does not
add expressivity. The number of registers is finite, usually small, and eliminates
the need to duplicate paths as it enables the automaton to ‘remember’ a finite
number of symbols. Each FSRA defines an alphabet, I, whose members can
be stored in registers. In this model, each arc is associated not only with an
alphabet symbol, but also with a series of actions on the registers. There are two
kinds of possible actions, read and write. The read action, denoted R, allows
traversing an arc only if a designated register contains a specific symbol. The
write action, denoted W, allows traversing an arc while writing a specific symbol
into a designated register. Then, the FSRA model is extended to allow up to k
register operations on each transition, where k is determined for each automaton
separately. The register operations are defined as a sequence (rather than a set),
in order to allow more than one operation on the same register over one transi-
tion. [9] prove that FSRAs are equivalent to FSAs, and use them to efficiently
describe some non-concatenative phenomena of natural languages, including in-
terdigitation (root-and-pattern morphology) and limited reduplication.
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In this work we extend the model of F'SRA to account for medium-distance
dependencies in natural languages. We provide an extended regular expression
language whose expressions denote FSRAs in section 2l Section Bl defines several
dedicated operators which support an easy and efficient implementation of some
non-trivial morphological phenomena. We then extend FSRA to finite-state reg-
istered transducers in sectiond. Furthermore, the model is evaluated through an
actual implementation in section Bl We conclude with a comparison with similar
approaches and suggestions for future research.

2 A Regular Expression Language for FSRAs

The first limitation of [9] is that no regular expression language is provided for
constructing FSRAs. We begin by proposing such a language, the denotations of
whose expressions are FSRAs. In the following discussion we assume the regular
expression syntax of XFST ([7]) for basic expressiond],

Definition 1. Let Actionsl = {R,W} x{0,1,2,...,n—1} x I", where n is the
number of registers and I is the register alphabet. If R is a reqular expression
and a € (Actionsf;)+ is a series of register operations, then the following are
also reqular expressions: a> R, a>>R, a< R and a <<R.

We now define the denotation of each of the above expressions. Let R be a
regular expression whose denotation is the FSRA A, and let a € (Actionsk )+
The denotation of @< R is an FSRA A’ obtained from A by adding a new node,
g, which becomes the initial node of A’, and an arc from ¢ to the initial node
of A; this arc is labeled by € and associated with a. Notice that in the regular
expression a < R, R and a can contain operations on joint registers. In some
cases, one would like to distinguish between the registers used in a and in R.
Usually, it is up to the user to correctly manipulate the usage of registers, but
in some cases automatic distinction seems desirable. For example, if R includes
a circumfix operator (see below), its corresponding FSRA will contain register
operations created automatically by the operator. Instead of remembering that
circumfixation always uses register 1, one can simply distinguish between the
registers of a and R via the a <<R operator. This operator has the same general
effect as the previous one, but the transition relation in its FSRA uses fresh
registers which are added to the machine.

In a similar way, the operators a> R and a>>R are translated into networks.
The difference between these operators and the previous ones is that here, the
register operations in a are executed after traversing all the arcs in the FSRA
denoted by R. It is easy to show that every FSRA has a corresponding regular
expression denoting it.

Example 1. Consider the case of vowel harmony in Warlpiri [10], where the
vowel of suffizes agrees in certain aspects with the vowel of the stem to which it
18 attached. A simplified account of the phenomenon is that suffixes come in two

! In particular, concatenation is denoted by space and e is denoted by 0.
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varieties, one with ‘i’ vowels and one with ‘u’ vowels. Stems whose last vowel is
‘i’ take suffizes of the first variety, whereas stems whose last vowel is ‘u’ or ‘a’
take the other variety. The following examples are from [10] (citing [11)]):

1. maliki+kili+Ji+Iki+ji+1i
(dog+PROP+ERG+then+me+they)

2. kudu+kulu+lu+lku+ju+lu
(child+PROP+ERG+then+me+they)

3. minija+kulu+Ju+lku+ju+lu
(cat+PROP+ERG+then+me+they)

An FSRA that accepts the above three words is denoted by the following complex
reqular expression:

define LexI [m a 1 i k i]; % words ending in ‘i’
define LexU [k u d ul; % words ending in ‘u’
define LexA [m i n i j al; % words ending in ‘a’
! Join all the lexicons and write to register 1
! ‘u’ or ’i’ according to the stem‘s last vowel.
define Stem [<(W,1,i)> < LexI] |

[<(W,1,u)> <« [LexU | LexAl];
! Traverse the arc only if the scanned symbol is
! the content of register 1.
define V [<(R,1,i)> > i] | [<(R,1,u)> > ul;
define PROP [+ k V 1 V]; % PROP suffix

define ERG [+ 1 V]; % ERG suffix

define Then [+ 1 k V]; % suffix indicating ‘then’
define Me [+ j vl; % suffix indicating ‘me’
define They [+ 1 V]; % suffix indicating ‘they’

! define the whole network
define WarlpiriExample Stem PROP ERG Then Me They;

Register 1 stores the last vowel of the stem, eliminating the need to duplicate
paths for each of the different cases. The lexicon is divided into three separate
lexicons (Lexl, LexU, LexA), one for each word ending (‘i’, ‘u’ or ‘a’ respec-
tively). The separate lexicons are joined into one (the variable Stem) and when
reading the last letter of the base word, its type is written into register 1. Then,
when suffixing the lexicon base words, the variable V uses the the content of reg-
ister 1 to determine which of the symbols ‘i’, ‘u’ should be scanned and allows
traversing the arc only if the correct symbol is scanned. Note that this solution is
applicable independently of the size of the lexicon, and can handle other suffixes
in the same way.

Example 2. Consider the following Arabic mouns: qamar (moon), kitaab
(book), $ams (sun) and daftar (notebook). The definite article in Arabic is the prefix
“al’, which is realized as “’al’ when preceding most consonants; however, the 1’ of
the prefiz assimilates to the first consonant of the noun when the latter is ‘d’, ‘$’,
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etc. Furthermore, Arabic distinguishes between definite and indefinite case mark-
ers. For ezample, nominative case is realized as the suffix ‘u’ on definite nouns, ‘un’
on indefinite nouns. Examples of the different forms of Arabic nouns are:

word ||n0minative deﬁnite|n0minative indefinite

qamar ‘algamaru qamarun
kitaab ‘alkitaabu kitaabun
$ams ‘a$$amsu $amsun
daftar ‘addaftaru daftarun

The FSRA of Figureld accepts all the nominative definite and indefinite forms
of these nouns. In order to account for the assimilation, register 2 stores infor-
mation about the actual form of the definite article. Furthermore, to ensure that
definite nouns occur with the correct case ending, register 1 stores information
of whether or not a definite article was seen. This FSRA can be denoted by the
following regular expression:

! Read the definite article (if present).
! Store in register 1 whether the noun is definite
! or indefinite.
! Store in register 2 the actual form of the
! definite article.
define Prefix [<(W,1,indef)> <« 0] |
[<(W,1,def),(W,2,1)> <« ’al] |
[<(W,1,def), (W,2,$)> < ’a$] |
[<(W,1,def),(W,2,d)> <« ’ad];
! Normal base - definite and indefinite
define Base [ [<(R,2,1)> < 0]|[<(R,1,indef)> < 0] ]
[[kitaablllgamar]];
! Bases beginning with $ - definite and indefinite
define $Base [ [<(R,2,$)> < 0]|[<(R,1,indef)> « 0] 1]
[$ amsl;
! Bases beginning with d - definite and indefinite
define dBase [ [<(R,2,d)> < 0]|[<(R,1,indef)> < 0] ]
[daftar];
! Read definite and indefinite suffixes.
define Suffix [<(R,1,def)> > ull[<(R,1,indef)> > un];
! The complete network.
define ArabicExample Prefix [Base | $Base | dBase]
Suffix;

The variable Prefix denotes the arcs connecting the first two states of the FSRA,
in which the definite article (if present) is scanned and information indicating
whether the word is definite or not is saved into register 1. In addition, if the
word is definite then register 2 stores the actual form of the definite article. The
lexicon is divided into several parts: the Base variable denotes nouns that do not
trigger assimilation. Other variables ($Base, dBase) denote nouns that trigger
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asstmilation, where for each assimilitaion case, a different lexicon is constructed.
Each part of the lexicon deals with both its definite and indefinite nouns by al-
lowing traversing the arcs only if the register content is appropriate. The variable
Suffix denotes the correct suffiz, depending on whether the noun is definite or
indefinite. This is possible using the information that was stored in register 1 by
the variable Prefiz.

. (?é(ﬁ?é))f» ) t a a
e (W1 indef)) 0~0—~0—~0=0
9, ((R,2,1))
al, (W, 1, def), (W, 2,1)) @, ((R,1,indef)) a m a
@) ©) O—0—0—=0/»

\/

(a$, (W, 1, def), (W, 2,9))

$,((R,2,$))
$,((R,1,indef))

T |fun, ((R, 1, indef))

a m s —
d (R O—0—0—0 ©
ad, (W, 1, def), (W2, \ O X«R’ e
T
a f t a
0O—0—0—0—-0

Fig. 1. FSRA-2 for Arabic nominative definite and indefinite nouns

3 Dedicated Regular Expressions for Linguistic
Applications

3.1 Circumfixes

The usefulness of FSRAs for non-concatenative morphology is demonstrated by
[9], who show a specific FSRA accounting for circumfixation in Hebrew. We
introduce a dedicated regular expression operator for circumfixation and show
how expressions using this operator are compiled into the appropriate FSRA.
The operator accepts a regular expression, denoting a set of bases, and a set of
circumfixes, each of which containing a prefix and a suffix regular expressions.
It yields as a result an FSRA obtained by prefixing and suffixing the base with
each of the circumfixes. The main purpose of this operator is to deal with cases
in which the circumfixes are pairs of strings, but it is defined such that the
circumfixes can be arbitrary regular expressions.

Definition 2. Let X' be a finite set such that O,{,},(,),® ¢ X. We define the
® operation to be of the form

R @ {(410y1)(B202) - - - (BmDOvm) }

where: m € N is the number of circumfizes; R is a reqular expression over X
denoting the set of bases and B;, v; for 1 < i < m are regular expressions over
X denoting the prefiz and suffix of the i-th circumfiz, respectively.
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Notice that R, (;,v; may denote infinite sets. To define the denotation of this
operator, let [3;,7; be regular expressions denoting the FSRAs Aiﬂ , A7, respec-
tively. The operator yields an FSRA constructed by concatenating three FSRAs.
The first is the FSRA constructed from the union of the FSRAs A’Y ... A%
where each A’ f is an FSRA obtained from Af by adding a new node, ¢, which
becomes the initial node of A’ f , and an arc from ¢ to the initial node of Af ; this
arc is labeled by € and associated with (W, 1, 5;00v;)). In addition, the register
operations of the FSRA Af are shifted by one register in order not to cause
undesired effects by the use of register 1. The second FSRA is the FSRA de-
noted by the regular expression R (again, with one register shift) and the third
is constructed in the same way as the first one, with the difference that the
FSRAs are those denoted by 71, ..., v, and the associated register operation is
((R,1, 3;0;)). Notice that the concatenation operation, defined by [9], adjusts
the register operations in the FSRAs to be concatenated, to avoid undesired
effects caused by using joint registers. We use this operation to concatenate the
three FSRAs, leaving register 1 unaffected (to handle the circumfix).

Example 3. Consider the participle-forming combinations in German, e.g., the
circumfiz ge-t. A simplified account of the phenomenon is that German verbs in
their present form take an ‘n’ suffiz but in participle form they take the circumfiz
ge-t. The following examples are from [10):

sauseln ‘rustle’ gesauselt ‘rustled’
briisten ‘brag’ gebriistet ‘bragged’

The FSRA of Figurdd, which accepts the four forms, is yielded by the regular
expression
[sdusel | briste]® {{On)(gellt)}

This reqular expression can be easily extended to accept more German verbs in
other forms. More circumfization phenomena in other languages such as Indone-
sian, Arabic etc. can be modeled in the same way using this operator.

g((W, 1, geOt))

a u s e
O e s ,0—0—0—0—0_1
N7 N H(R 1, gel)

© O\” /O (R, 1,[10n))
\—/ r i s t 5 n((R, 1, n
(W, 1,[]0n)) O—O0—0—0—0

]

Fig. 2. Participle-forming combinations in German

3.2 Interdigitation

For interdigitation, [9] introduce a dedicated regular expression operator, splice,
which accepts a set of strings of length n over X*, representing a set of roots, and
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a list of patterns, each containing exactly n ‘slots’, and yields a set containing
all the strings created by splicing the roots into the slots in the patterns. For-
mally, if X' is such that 00, {, }, (, ), ® ¢ X, then the splice operation is of the form

{<OZ1 1,001 2, ..., 01 n>7 ceey <O[m 1, 0m 25 00y Oy n>}
©

{(B1 1061 20...61 »OB1 nt1), -, (Br 1008k 20...8k nOBk nt1)}

where n € N is the number of slots (represented by ‘[0’); m € N is the num-
ber of roots; k € N is the number of patterns and «;;, 3;; € X*. This operator
suffers from lack of generality as the set of roots and patterns must be strings;
we generalize the operator in a way that supports any regular expression denot-
ing a language for both the roots and the patterns. This extension is done by
simply allowing c;, 5ij to be arbitrary regular expressions (including regular
expressions denoting FSRAs). The construction of the FSRA denoted by this
generalized operation is done in the same way as in the case of circumfixes with
two main adjustments. The first is that in this case the final FSRA is constructed
by concatenating 2n + 1 intermediate FSRAs (n FSRAs for the n parts of the
roots and n 4+ 1 FSRAs for the n 4+ 1 parts of the patterns). The second is that
here, 2 registers are used to remember both the root and the pattern. We sup-
press the detailed description of the construction. The circumfixation operator
may seem redundant, being a special case of interdigitation. However, it results
in a more compact network without any unnecessary register operations.

4 Finite-State Registered Transducers

We extend the FSRA model to finite-state registered transducers (FSRT), denot-
ing relations over two finite alphabets. The extension is done by adding to each
transition an output symbol. This facilitates an elegant solution to the problem
of binary incrementors which was introduced in section [

Example 4. Consider again the 32-bit incrementor example mentioned in sec-
tion[dl Recall that a sequential transducer for an n-bit binary incrementor would
require 2" states and a similar number of transitions. Using the FSRT model,
a more efficient n-bit transducer can be constructed. A 4-bit FSRT incrementor
is shown in Figure [3 The first four transitions copy the input string into the
registers, then the input is scanned (using the registers) from right to left (as
the carry moves), calculating the result, and the last four transitions output the
result (in case the input is 1, an extra 1 is added in the beginning). Notice that
this transducer guarantees linear recognition time, since from each state only one
arc can be traversed in each step, even when there are e-arcs. In the same way,
an n-bit transducer can be constructed for all n € N. Such a transducer will have
n registers, 3n + 1 states and 6n arcs. The FSRT model solves the incrementor
problem in much the same way it is solved by vectorized finite-state automata,
but the FSRT solution is more intuitive and is based on existing finite-state
techniques.
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Fig. 3. 4-bit incrementor using FSRT

It is easy to show that FSRTS, just like FSRAs, are equivalent to their non-
registered counterparts. It immediately implies that FSRTs maintain the clo-
sure properties of regular relations. Thus, performing the regular operations on
FSRTs can be easily done by converting them first into finite-state transducers.
However, such a conversion may result in an exponential increase in the size
of the network, invalidating the advantages of FSRTs. Therefore, as in FSRAs,
implementing the closure properties directly on FSRTs is essential for benefiting
from their space efficiency. Implementing the common operators such as union,
concatenation etc. is done in the same ways as in FSRAs ([9]). Direct imple-
mentation on FSRTs of composition is a naive extension of ordinary transducers
composition, based on the intersection construction of FSRAs ([9]). We explicitly
define these operations in [12].

5 Implementation and Evaluation

In order to practically compare the space and time performance of FSRAs and
FSAs, we have implemented the special operators introduced in section sec:
regular expression for nl for circumfixation and interdigitation, as well as direct
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Table 1. Space comparison between FSAs and FSRAs

|Operation |Network type |States | Arcs | Registers|File size
Circumfixation FSA 811 3824 — 47kb
(4 circumfixes, 1043 roots)|FSRA 356 360 1 16kb
Interdigitation FSA 12,527 | 31,077 |— 451kb
(20 patterns, 1043 roots) |FSRA 58 3259 2 67kb
10-bit incrementor Sequential FST|268 322 - kb
FSRT 31 60 10 2kb
50-bit incrementor Sequential FST|23,328 |24,602 |- 600kb
FSRT 151 300 50 8kb
100-bit incrementor Sequential FST|176,653| 181,702 | — 4.73Mb
FSRT 301 600 100 17kb

Table 2. Time comparison between FSAs and FSRAs

200 words 1000 words 5000 words

Circumfixation FSA 0.01s 0.02s 0.08s

(4 circumfixes, 1043 roots)|FSRA 0.01s 0.02s 0.09s

Interdigitation FSA 0.01s 0.02s 1s

(20 patterns, 1043 roots) |FSRA 0.35s 1.42s 10.11s

10-bit incrementor Sequential FST|0.01s 0.05s 0.17s
FSRT 0.01s 0.06s 0.23s

50-bit incrementor Sequential FST|0.13s 0.2s 0.59s
FSRT 0.08s 0.4s 1.6s

construction of FSRAs. We have compared FSRAs with ordinary FSAs by build-
ing corresponding networks for circumfixation, interdigitation and n-bit incre-
mentation. For circumfixation, we constructed networks for the circumfixation
of 1043 Hebrew roots and 4 circumfixes. For interdigitation we constructed a
network accepting the splicing of 1043 roots into 20 patterns. For n-bit incre-
mentation we constructed networks for 10-bit, 50-bit and 100-bit incrementors.
Table [ displays the size of each of the networks in terms of states, arcs and
actual file size.

Clearly, FSRAs provide a significant reduction in the network size. In partic-
ular, we could not construct an n-bit incrementor FSA for any n greater than
100 as a result of memory problems, whereas using FSRAs we had no problem
constructing networks even for n = 50, 000.

In addition, we compared the recognition times of the two models. For that
purpose, we used the circumfixation, interdigitation, 10-bit incrementation and
50-bit incrementation networks to analyze 200, 1000 and 5,000 words. As can
be seen in Table 2, time performance is comparable for the two models, except
for interdigitation, where FSAs outperform FSRAs by a constant factor. The
reason is that in this network the usage of registers is massive and thereby, there
is a higher cost to the reduction of the network size, in terms of analysis time.
This is an instance of the common tradeoff of time versus space: FSRAs improve
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the network size at the cost of slower analysis time in some cases. When using
finite-state devices for natural language processing, often the generated networks
become too large to be practical. In such cases, using FSRAs can make network
size manageable. Using the closure constructions one can build desired networks
of reasonable size, and at the end decide whether to convert them to ordinary
FSAs, if time performance is an issue.

6 Conclusions

We have shown how FSRAs can be used to model non-trivial morphological
processes in natural languages, including vowel-harmony, circumfixation and in-
terdigitation. We also provided a regular expression language to denote arbitrary
FSRAs. In addition, we extende