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(57) Cette invention concerne des methodes et systemes
de traduction langagicre. Le traducteur est fond¢ sur des
machines d’¢tats finis qui peuvent convertir une paire de
scquences de symboles d’entrée en une paire de
scquences de symboles de sortie. Le traducteur
comprend un lexique associant une machine d’¢tat fin1 a
une paire de mots-vedettes ayant la méme signification
dans la langue de départ et la langue d’armvee. La
machine d’¢tat fin1 pour un mot-vedette w en langue de
deépart et un mot-vedette v en langue d’armivee lit les mots
dépendant de w a sa gauche et a sa droite dans une phrase
en langue de depart et propose des mots deépendants
correspondants a la gauche et a la droite de v dans la
phrase a construire en langue d’arrivée, en tenant compte
I"ordre appropri¢ des mots en langue d’arrivee. Les
machines d’¢tat fin1 sont utilis€es par un moteur de
recherche transductif pour génc€rer une pluralite de
traductions possibles selon un procéde¢ recursit dans
lequel un mot-vedette en langue de depart est d’abord
traduit de la facon décrite ci-dessus, suivi des mots-
vedettes de phrases dépendantes puis des mots
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(57) Methods and systems for language translation are
disclosed. The translator 1s based on finite state machines
that can convert a pair of input symbol sequences to a
pair of output symbol sequences. The translator includes
a lexicon associating a finite state machine with a pair of
head words with corresponding meanings 1n the source
and target languages. The state machine for a source
language head word w and a target language head word
v.reads the dependent words of w to its left and right 1n a
source sentence and proposes corresponding dependents
to the left and right of v 1n a target language sentence
bemng constructed, taking account of the required word
order for the target language. The state machines are
used by a transduction search engine to gencrate a
plurality of candidate translations via a recursive process
wherein, a source language head word 1s first translated
as described above, and then the heads of each of the
dependent phrases are stmilarly translated, and then their
dependents and so on. Only the state machines
corresponding to the words 1n the source language string

are activated and used by the search engine. The
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dépendants et ains1 de suite. Seules les machines d’¢ctat
fin1 correspondant aux mots de la chaine en langue de
départ sont activees et utilisees par le moteur de
recherche. Le traducteur comporte €galement une table
parametrique qui associe un colt aux actions prises par
chacune des machines d’¢€tat fin1 pour la conversion entre
la langue de depart et la langue d’armivee. Les colits
associes aux transitions machine mmdiquent la probabilite
de co-occurence de paires de mots dans la langue de
départ et entre les paires de mots correspondants en
langue d’arnveée. Le moteur de recherche transductif
¢tablit au moyen de la table paraméetrique un colt total
pour chacune des traductions possibles. Le colt total
d’une traduction représente la somme des colits associ€s
a toutes les actions prises par chaque machine d’¢tat fini
participant a la traduction.
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translator also includes a parameter table that provides
costs for actions taken by each finite state machine 1n
converting between the source language and the target
language. The costs for machine transitions are
indicative of the likelihood of co-occurence of pairs of
words 1n the source language, and between
corresponding pairs of words 1n the target language. The
transduction search engine provides a total cost, using
the parameter table, for each of the candidate
translations. The total cost of a translation 1s the sum of
the cost for all actions taken by each machine involved 1n
the translation.
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METHOD AND APPARATUS FOR LANGUAGE TRANSLATION

ABSTRACT

Methods and systems for language translation are disclosed. The translator is based on

finite state machines that can convert a pair of input symbol sequences to a pair of output symbol

sequences. The translator includes a lexicon associating a finite state machine with a pair of head
words with corresponding meanings in the source and target languages. The state machine for a
source language head word w and a target language head word v.reads the dependent words of w
to 1ts left and right in a source sentence and proposes corresponding dependents to the left and
right of v in a target language sentence being constructed, taking account of the required word
order for the target language. The state machines are usc;d by a transduction search engine to

generate a plurality of candidate translations via a recursive process wherein, a source language

head word i1s first translated as described above, and then the heads of each of the dependent
phrases are similarly translated, and then their dependents and so on. Only the state machines
corresponding to the words in the source language string are activated and used by the search
engine. The translator also includes a parameter table that provides costs for actions taken by

each finite state machine in converting between the source language and the target language.

The costs for machine transitions are indicative of the likelihood of co-occurence of pairs of
words in the source language, and between corresponding pairs of words in the target language.
The transduction search engine provides a total cost, using the parameter table, for each of the

candidate translations. The total cost of a translation is the sum of the cost for all actions taken

by each machine involved in the translation.
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METHOD AND APPARATUS FOR LANGUAGE TRANSLATION

Field of the ] '

The present invention relates to automatic language translation. More particularly, the

present invention relates to methods and apparatus for direct translation utilizing a probabilistic

lexical transduction model.

Background of the Invention
Language translation involves the conversion of sentences from one natural language,
usually referred to as the “source” language, into another language, typically called the “target”

langugge. When performed by a machine, e.g., a computer, such translation is refecred to as

automatic language translation or machine translation.

Many difterent methods for automatic language translation have been proposed and

" implemented over the last few decades. See Hutchins, W.J. and Somer, H.L., An Introduction to

Machine Translation, (Academic Press, N.Y. 1992). Most translation systems utilize mapping
via intermediate representation. For example, in the so called “interlingua” translation systems,
the intermediate representation is a language-independent representation resulting from an initial

analysis of the source language sentence. The intermediate representation is then converted into

the target language by a generation phase. See, for example, Nirenburg et al., Machine

anstation: A Knowledge-Based Approach (MorganKaufmann, SanMateo,CaL 1992). A

second example of mapping via intermediate representation are the “transfer” translation
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systems. Such systems include three phases; analysis of the source language sentence into a

source representation, conversion of the source representation into a target representation, and
generation of a target sentence from the target representation. See, van Noord et al., “An

Overview of Mimo2,” v.6 Machine Translation, pp. 201-04, 1991.
A second type of translation system can be classified as a “direct” translation system.

Such direct methods do not use intermediate representations. Some of the earliest translation

systems utilized direct methods; however, they were ad-hoc in nature, depending on large
collections of translation rules and exceptions.

Recently, more systematic direct translation methods have been proposed. One such
method is based on a statistical model for mapping words of the source sentence into words and
word positions in the target language. A drawback of that method is that it ignores the
arrangement of phrases in the source and target sentences when mapping a word into its
corresponding position in the target language sentence. The method therefore ignores lexical
relationships that make one position in the target sentence more likely than another. Brown et al.,
“A Statistical Approach to Machine Translation,” v. 16 Computational Linguistics, pp. 79-85,
1990. In another direct method, a syntax tree is built up simultaneously for the source and target
sentences, using special phrase structure rules that can invert the order of syntactic constituents.
A drawback of this method is that it does not take into account word to word associations in the

source and target languages. See, Wu, D., “Trainable Coarse Bilingual Grammars for Parallel

Text Bracketing,” 1995 Proc. Workshop Very Large Corpora, Cambndge Mass.
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A third direct translation system has been proposed that uses standard left-to-right finite
state transducers for translation. Using such standard finite state transducers limits the ability of
the method to allow for words in the target sentenc.e being arbitrarily far away from their onginal
position in the source sentence. This is because, for non-trivial vocabularies, the requ’ired
number of transducer states becomes too large for practical use. See Vilar et al., “Spoken-
Language Machine Translation in Limited Domains: Can it be Achieved by Finite-State

Models?,” 1995 Proc. Sixth Int’l. Conf. Theoretical and Methodological Issues in Machine

Translation, Leuven, Belgium.

Thus, there is a need for an improved system and method for automatic language

translation.

Summary of the Invention

An improved direct system and method for language translation is disclosed. According
to the present invention, the translator consists of a plurality of finite state transducers referred to
as head transducers, a bilingual lexicon associating pairings of words from the two languages
with particular head transducers, a parameter table specifying “cost” values for the actions taken
by the transducers and a transduction search engine for finding the lowest cost translation of an
input phrase or sentence. The action costs code lexical associations in the source and target
language; a lower cost corresponding to a stronger lexical assoclation.

The head transducers utilized in the present invention are distinct from the standard

finite state transducers known in the art. Standard transducers are typically limited to converting
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a single input sequence into a single output sequence, usually reading the input sequence from
left to right. The present head transducers have the ability to read a pair of sequences, one
scanned leftwards, the other scanned rightwards, and write a pair of sequences, one leftwards, the
other rightwards.

Each head transducer is associated with a pair of “head” words with corresponding

meanings in the source and target languages. A head word is typically the word carrying the

basic or most important meaning of a phrase. Head words are associated with dependents, which
are the head words of subphrases of the phrase. The purpose of a transducer for a particular
head word pairing is to (i) recognize dependent words to the left and right of the source language

head word and (ii) propose corresponding dependents to the left and right of the target language

head word in the target sentence being constructed.

A bilingual lexicon with associated head transducers will allow for many possible
translations of a sentence. This results from the many different possible choices for entries from
the lexicon, including choices of target words, choices of the heads of phrases in the source
sentence and choices of the dependent words in the source and target phrases. The parameter
table provides different “costs” for such choices reflecting association strengths, i.e., indicative
of the likelihood of co-occurence, for source-target word translations and for head-dependent
word pairs in each of the two languages. Thus, a total translation cost may be defined as the sum

of the costs of all the choices leading to that translation. The translation with the lowest total

cost is selected as the output of the translator, that is, the translation.
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The search for the lowest cost translation is carried out by the transduction search engine.

The transduction search engine utilizes the head transducers to recursively translate first the head
word, then the heads of each of the dependent phraées, and then their dependents, and so on.
This process is referred to herein as recursive head transduction.

The present system and methods do not requiring modeling of word positions directly,
avoiding the drawback of the method proposed by Brown. Furthermore, the present system and
methods are purely 'lexical. As such, unlike the method proposed by Wu, the present invention
does not require syntactic rules. Rather, the best translation is chosen on the basis of word-to-
word association strengths in the source language and the target language. Moreover, the head
transducers utilized in the present invention allows the words in the target sentence to be

arbitrarily far away from their corresponding positions in the source sentence without a

corresponding increase in the number of model states.

® » L
23113 & 18 1§
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Further aspect§ of the invention will becqme more apparent from the following detailed
description of specific embodiments thereof when read in conjunction with the accompanying
drawings in which:

FIG. 1 shows a preferred embodiment of a translator according to the present invention;

FIG. 2 1s a flow chart of a method for translation according to the present invention using

the translator of FIG. 1;
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FIG. 3 illustrates recursive transduction of a source language string to a target
language string;

FIG. 4 illustrates exemplary possible head transducer actions for two head
transducers used for generating part of the transduction shown in FIG. 3;

FIG. 5 1s a flow chart depicting an embodiment of the transduction search
engine;

FIG. 6 illustrates a method by which a target string 1s selected as the translation
from the output of the transduction search engine; and

FIG. 7 1s a flow chart used to explain a low cost method of string selection.

Detailed Description

The present invention relates to improved systems and methods for automatic
language translation. It should be understood that the present invention 1s applicable to
both written and spoken language. As such, the present invention can be utilized as the
translation component of a printed text translation system, a handwriting translation
system or a speech translation system. Moreover, the present invention relates to natural
language translation, as well as the translation of other types of languages, such as
programming languages and the like.

For clarity of explanation, the illustrative embodiments of the present
invention are presented as individual functional blocks. The functions these

blocks represent may be provided using either shared or dedicated hardware, including,

without limitation, hardware capable of executing software. Illustrative embodiments
may comprise digital signal processor (DSP) hardware, read-only memory (ROM) for

storing software performing the operations discussed below, random-access

memory (RAM) for storing DSP results and for storing data utilized by
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the translator for a particular translation and non-volatile memory for storing the complete data

set, i.e., full lexicon, cost parameters, and the like used by the translator.
In the balance of this Specification, the description of the invention will be presented as 1s

commensurate with descriptions in the art. For example, operations will be performed on a
“source language sen_tence” or a “source language string” or a “source language phrase,” for
generating a “target language sentence” or a “target language string” or a “target language
phrase.” It should b¢ understood that such source and target language sentences, strings or
phrases can be embodied as signals. Such signals are processed by the hardware described
above. Thus, as used herein, the phrases “source language sentence,” “source language string,”
and the like are interchangeable with the phrase “input signal.” Likewise, the phrases “target
language sentence,” “target language phrase,” and the like are interchangeable with the phrase
“output signal.”

By way of definition, the term “head word” is used herein to refer, typically, to the word
carrying the basic or most important meaning of a phrase for translation. For example, the main
- verb of a sentence may be selected as the head word. It should be understood, however, that the
present methods do not require any particular linguistic interpretation of the term. The
dependents of a head word are the head words of subphrases'of the phrase. For example, the
dependents of a verb heading a sentence might include the main noun of the subject noun phrase
of the sentence and also the main noun of the object noun phrase of the sentence. As used herein,

the terms word, symbol and character are interchangeable except as noted.
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FIG. 1 is an illustration of a preferred embodiment of a translator 1 according to the
present invention, and FIG. 2 is a flow chart of an embodiment of a method 1a for translation
utilizing the translator 1 shown in FIG. 1. The translator 1a includes an optional source language
preprocessor 5, a transduction search engine 10, a plurality of head transducers 13, a bilingual
lexicon 15, a parameter table 17 and a target string selector 20.

In step 101, a source language input is provided for translation. As previously described,
the source language may be written or spoken language. In a preferred embodiment, the source

language input is converted to a plurality of word position records, as indicated 1n step 105.

Each of such word position records consists of a source word, w, two position indicators / and J,
and a cost, ¢, e.g., (W, i, J, ¢,). The word position record indicates that there is a word, w, from
position i to positionJ in the input with certainty indicated by the cost c, , a lower cost indicating
a higher certainty.

The word-postion record format is used because it 1s a compact way of representing
possible input strings from a number of source language preprocessing components 5. Such
input strings can be in the form of plain text, or the output of a speech recognizer or the output of
a text segmenter for languages, such as Chinese, which do-not include spaces between the words.
In the case of plain text, there is one record for each input word, and the cost ¢, is zero for all
records. Thus, the record for an input word string “w,, w, ... w,” 1s (w,;, 0, 1, 0), (w,, 1,2, 0), ...
(w,, n-1, n, 0).

For preprocessing devices 5 with some degree of uncertainty about the identity of the

input words or their position, such as, for example, a speech recognizer or a Chinese text
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9
segmenter, there will typically be more input records than for plain text. In that case, the input
records are preferably organized as a word lattice data structure, which is a well-known construct
for storing a collection of possible strings, allowing substrings to be shared. In the case of
speech recognition, for example, the indices i and j may correspond to time points in the input
speech signal, and the cost ¢, indicates the degree to which the input speech signal between i and

j matches a reference acoustic pattern for w. One such language recognition system is described

in U.S. Patent No. 5,870,706.

In the case of spoken language translation, the input to the transduction search engine 10
can be either the plurality of word string hypotheses generated by the speech recognizer’s
acoustic model, or, alternatively, the “best” word string selected from the plurality of word
string hypotheses by the speech recognizer’s language model. Again, if the input is a plurality of
word string hypotheses, it is preferably organized as a word lattice, and if the input is a single
“best” string, it is organized as word-position records, as described above.

A set of indices [ for the start of the input and J for the end of the input must be
identified, as well. In the plain text example presented above, / = {0} and J = {n}. Any “path”

through the word lattice from a member of I to a member of J corresponds to a possible input

source string spanning the entire input. The output of the translator will be a target string “v,, v,
...” being the lowest cost translation of any such string spanning the entire input.
A detailed description of the various source language preprocessors S will not be

provided; such preprocessors are known to those skilled in the art. In essence, the source-
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language preprocessor 5 converts the written or spoken language for translation into a format
convenient for use by the transduction search engine 10.

The head transducers 13 are finite state machines. Each head transducer 13 1s associated
with a pair of head words with corresponding meanings in the source and target languages. For
example, one of the head words may be an English verb, w, and the other a Chinese verb, v.
When used for English to Chinese translation, the purpose of a head transducer 13 for w and v is
to recognize or read the dependent words of w to its left and right in the source sentence (“the left

source sequence” and “the right source sequence”) and propose corresponding dependents to the

left and right of v in the target sentence (“the left target sequence™ and “the night target
sequence”’) being generated. In proposing which sequence to write target dependents to, the head
transducer 13 takes into account the required word order for the target language. The heads of
each of the dependent phrases are similarly translated, and then their dependents, and so on, by
the transduction search engine. This process is referred to herein as recursive head transduction.
Recursive head transduction is illustrated in FIG. 3, wherein a source sentence “ww,
WW, WW, wow,” is converted to a target SENtence “vyVeV,VsV,Vy, VgVoVy .  The top-level
corresponding heads are w, and v,, and the pairs of corresponding dependent words are (w;, v;),
(wg, V) and (w, . v;). At the next level, w and v, have a single corresponding pair of dependents
(ws, vs), and so on. Note that in the example shown in FIG. 3, the word order of the target

sentence is different than that of the source sentence. This may occur since word order may vary

with language.
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The head transducer 13 is characterized by a finite set of states, O, and a tranducer action
table specifying possible actions that the head transducer 13 can take. One possible action
includes a start action; the head transducer can start in state g € ) with empty target sequences.
A second possible action is a stop action; the head transducer can stop in state g € 0, in which
case both target sequences are considered complete. Another possible action is a transition. A
transition will occur if in state g the head transducer 13 can enter state g’ after reading a symbol
w’ from one of the input sequences and writing a symbol v’ to one of the target sequences.

The positions from which symbols are read and written are also specified in the
transitions. To allow for translation of a source string into a target string of a different length, the
input and output symbols w’ and v’ are permitted to be the empty string, denoted ¢.

As previously described, the head transducers 13 utilized in the present invention are
different than “standard” finite state transducers known in the art. The latter are typically limited
to converting a single input sequence into a single output sequence, usually reading the input
sequence and writing the output sequence from left to right. Compared with such transducers, a

head transducer according to the present invention with the same number of states as a standard
transducer 1s capable of producing a greater degree of divergence between the ordering of words
in the input and output sequences. This additional ordering flexibility results from the ability to

write each output symbol, 1.e., character, identifier, word or the like, to the left or night output

sequence as necessary. An additional benefit of the present head transducers are that they work

outwards from the head of a phrase typically resulting in more accurate translations since

processing can start with a less common word, limiting the possibilities for translation.
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In a preferred embodiment of a translator according to the present invention, the reading
and writing positions for transitions are restricted to certain “directions.” In particular,
corresponding to the four source-target combinatiohs (-,=), (-,~), (=,~), (-,~) of the two source
and two target sequences shown in FIG. 4, a transition may specify writing to the right end of the
right target sequence 50, denoted -, or writing to the left end of the left target sequence 55,
denoted ~. Similarly, a transition may specify reading the next symbol of the right source
sequence 40 going rightwards from the left end of this sequence, denoted -, or reading the next
symbol of the left source sequence 45, going leftwards from the right end of this sequence,
denoted ~. Thus, in that preferred embodiment, there are four varieties of transitions. It should
be understood that in other embodiments, there may other varieties of transitions. For example,
in an alternate embodiment, there are eight varieties of transitions, wherein the head transducers
may read or write from the other ends of the sequences.’

Entries in the bilingual lexicon, 15, are records of the form (w, v, M). Such a record
“asserts” that the source word w can be translated into the target word v, and the dependents of w
may be converted into the dependents of v according to the head transducer M. When such an
entry is applied by the translator 1, the entry has “activated” the head transducer M.

As noted above, in a bilingual entry, one of the words w or v may be the empty string ¢

instead of a normal word in the vocabulary of the language. Entries with an empty string are

used for translations involving a word in one language without a corresponding word in the other -
language. Examples include the introduction of an article or the translation of a source word into

two target words. As used herein, the terms word, string and phrase can mean empty string,
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unless otherwise noted. In a preferred embodiment, the head transducer M of a lexical entry with
an empty string is restricted to having a single state g, and no transitions.

As previously described, the conversion of a pair of source sequences into a pair of target
sequences requires a series of actions by a head transducer 13. Such actions include a start
action, a series of zero or more transitions and a stop action. A cost can be assigned to each of
such actions. A translator according to the present invention generates possible translations by
applying head transducers 13 to convert the dependents of the head of the source sentence into
the dependents of the head of the target sentence, and recursively transducing the dependents of
these dependents using the transduction search engine 10. A total translation cost may be
defined as the sum of the cost of all actions taken by all head tranducers involved in the
translation. The translation with the lowest total cost is selected as the output of the translator,
i.e., the translation. The cost of the various actions taken by the various head transducers 13 are
provided in the parameter table 17.

Preferably, the costs specified in the parameter table 17 for a head transducer M take into
account the identity of the source word w and the target word v in the bilingual lexicon entry that
led to the activation of M. Specifically, the cost of a start action, £, is a function of M, w, v and
the start state g, 1e., f(M,w,v, g). The cost of a transition, g, is a function of M, w, v, the states g
and g’ before and after transition, the source and target dependents w’ and v’, and the reading and
writing directions d; and d,, i.e, g (M, w,v, q, q', w,w', v’ d,, d,). The cost of a stop action, A,

is a function of M, w, v and the stop state g, 1.e., h (M, w, v, q).
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Thus, the costs in the parameter table 17 include not only costs for the appropnateness of

translating one source language word into a corresponding target language word, but also the

cost of associations between head-dependent words in each of the two languages. The strengths
of these associations, i.e., the likelihood of co-occurrence of such words, can influence the
selection of the target sentence, a stronger association being indicated by a lower cost.

FIGS. 5A & 5B show exemplary possible transitions for head transducers M, and M,,

respectively, for generating part of the string transduction shown in FIG. 3. States are shown as

circles and transitions as arrows labeled with source and target directions. States at which stop

actions may take place are shown as double circles. The relevant parameter table entnes required

for this transduction are also shown below in Table 1. The actions of M, convert the dependent

sequences for w, into those for v, and the actions for M, convert the dependent source sequences

for w, into those for v,.
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Table 1
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Referring to FIG. 5A and Table 1, head transducer A, with states q,, ¢,, ¢, 1s activated
by a lexical entry (w,, v,, M), starting in state g, with cost ¢;. A transition from ¢, to g, with
directions (-,~) and cost ¢,, reads source word w, leftwards and writes target word v;, also

leftwards. A transition from ¢,to g; with directions (-,~) reads source word w, rightwards and
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writes target word v, leftwards. A third transition from state g, back to g, with directions (-,-)
reads source word w, rightwards and writes target word v, also rightwards. Transducer M, then
undergoes a stop action in state g; with cost ;.

Referring now to FIG. 5B and Table 1, head transducer M, is activated by an entry (w,,
v,, M,), starting in state g, with cost c,. M, makes a transition to state g, reading the empty
string € and writing the target word v, leftwards. It then makes a transition to state g,, reading
the word w, rightwards and writing the word v; leftwards. Transducer M, then undergoes a stop
action in state g; with cost cq.

Returning to FIG. 2, a transduction lattice 1s generated based on the input source
language in step 110. The transduction lattice is generated by the transduction search engine 10.

The target string selector 20 selects “the translation” from the output of the search engine 10.
FIG. 6 depicts an embodiment of a method by which the transduction search engine 10 constructs
the transduction lattice.

As indicated in step 200, the word position records or word lattice generated by the
source language preprocessor 5 is received. The method begins with an initialization step, which
1s accomplished in steps 205 through 220, collectively identified by t