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Abstract

Automatic translation methodologies have been extensively studied for decades at
many academic research institutions around the world, and many companies have
also been developed machine translation (MT) systems as well. Some of them can
be considered successful, but they are not sufficiently advanced to be used instead
of professional translators. There is a large quality gap between outputs of 1
translators and those of MT systems. It is extremely difficult for MT systems to
match the quality of human translators, because they must simulate many processes
in the brain, such as common-sense reasoning using knowledge of the world, and the
mechanism of the brain has not yet been fully explored even in the field of medical

acience. Nonethelcss, there are various lines of research on improving MT systems.
One of them is the example-based approach, which uses translation examples directly
on the basis of the similarity, just as a person uses memories of past translations
when trying to translate a new sentence.

This thesis describes an example-based transfer system and proposes some method-
ologies related o example-based transfer. As a fundamental framework for a trans-
ducing mechanism, the pattern combination transfer or (PCT) model is proposed.
The PCT model produces an output structure by non-destructively combining tar-
get parts of translation patterns, each of which consists of dependency structures
in source and target languages and correspondences between them. This proposed
mechanism employs more extended mapping of correspondences than the one-to-one
mapping used in conventional transfer systems, to allow expression of some peculiar
or exceptional translation phenomena.

In addition Lo the PCT model, the construction of an example-based transfer system
requires a method for calculating the similarity between an input and translation
patterns, and a method for selecting appropriate translation patterns for the input.
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To meet the first requirement. a method
Japancse depende
patterns derived from translation examples and those derived from conven
transfer knowledge. even if they can be expressed as dependency structures. This
means that conventional transfer knowledge can be used as a fail-safe mechanism if
appropriate examples are not found. To meet the second requirement, an efficient
method is proposed for finding a set of translation palterns that are appropriate
from the viewpoint of their overall similarity.

is proposed for calculating the similarity of

Making a translation pattern from a translation example is not simple, because it
requires the parsing process to create dependency structures in the source and target
languages, and has to de i de between these . The cost
of this task must be reduced. T propose a method for creating (ranslation patterns
by comparing a MT result and its correct translation. This is not a completely
automatic system, bul it can greatly reduce the cost of creating such translation
patterns.

Since it is an open question how many translation patterns are sufficient for a partic-
ular domain of translation, we must consider how to oblain a translation even when
the number of translation patterns is not sufficient. One solution is o use transla-
tion patterns derived from i transfer knowled, fail-safe mech

But, this creates another problem called ezample interference in which side effects
are caused by the selection of inappropriate translation patterns. To avoid such

problems, I propose a method for identifying exceptional translation patterns that
may cause side effects.
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Chapter 1

Introduction

1.1 Difficulties in the Transfer Phase of MT

The transfer process in machine translation systems is, in general, more complicated
than the processes of analysis and generation. It must usually handle not only lex-
ical selection but also structural changes at the same time. A typical conventional
transfer system is configured as a tree-to-trce rewriting system, in which many mu-
tually dependent® rules are executed. This kind of system involves the problem that
a grammar writer cannot grasp the behavior of all the rules for a very wide variety
of input situations, with the result that a new rule may have unforeseen side effects.
The fundamental canses of this problem are that rules are mutually dependent and
that they rely heavily on human linguistic knowledge, or the linguistic intuition of
the rule writers, because no linguistic theory exists for lexical transfer [Melby 86] and
the transfer task is inherently a conglomeration of individual lexical rules [Nitta 86)
[Tsujii and Fujita 90). This implies that the transfer process falls into a class of

problem that cannot easily be controlled by the linguistic intuition of rule writers.

To overcome this transfer bottleneck, rules should be

 designed to be as mutually independent as possible, and

I This means that the calling sequence of rules constructs a complicated. huge decision netwark,
in which some rules are designed to be called before or after specific rules. In other words, most
such rules cannot perform a particular function alone.

15



16 CHAPTER 1. INTRODUCTION

o selected awcording to 4 criterion.

In with these obs i i ttempts have been made t

the problems of transfer: t

nclude the knowledge-based or interlingual approach
{MTJ 89a] [MTJ 89b] [Tomita and Carbonell §6], which arrives at an output via an
interlingual reprexentation of an input sentence: bilingual signs [Tsujii and Fujita 90],
which tries to formulate the transfer phase as logical inference; Synchronous Tree-
Adjoining Gramumar [Abeillé et al. 90], which expresses a transfer rule as a pair of
derivational trees in both languages and produces an output by synchronous deriva-
tion when the parsing is finished: and the Shake-and-Bake approach (Whitelock 92],
in which a powerful generation module creates an output from a set of lexical items.
in the target language derived from an input sentence. An emerging technology, the
erample-bascd approach? [Nagao 84) (Salder 89] [Sato and Nagao 90 [Sumita et al. 90]
[Furuse and lida 92]. is also suitable for constructing such a system. The essential
idea of this example-based approach is that the system chooses from a database of
examples some examples similar to the given input. and applies to the input the
knowledge attached to the chosen examples. In the next section, I describe the
framework of example-based translation more precisely.

1.2 Framework of an Example-Based Transfer
System

Supposing that there is a corpus of parsed translation examples in which correspond-
ing parts are linked to each other, we can regard those parsed translation examples
as translation rules (or translation patterns) in the transfer phase. A promising
approach s therefore to make a transfer process that (1) chooses a set of translation
examples, in each of which a source part is similar to a part of the input, and source
parts of which overlap the input, and (2) constructs an output by combining the
target parts of the chosen translation examples.

In Figure 1.1, for example, (a) is the parsed dependency structure of an input
Japanese sentence. “Kare ga kusuri wo nomn.” Suppose that (b) is selected from
the translation pattern-base as the most similar translation pattern for the part

"This approach can br regarded as an application of casebased reasoning
[Kolodner and Riesheck 89] to machine translation.
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Figure 1.1: Sample Japanese-to-English translation

“kare ga ... nomu,” and that (c) is selected as the most similar translation pattern
for the part “kusuri wo nomu,” even though there are several translation candidates
for the Japanese verb “nomu.” This figure illustrates what we would like to do; that
is, to construct (d), the translated structure, by combining the target structures of
the selected translation patterns.

Figure 1.2 shows the framework of an example-based transfer system, in which the
matching part calculates the similarity between an input structure and translation
patterns, the pattern selection part selects the most appropriate set of translation
patterns for the input, and the construction part deals with the transducing task;
that is, it produces an output structure from the selected translation patterns. To
develop this kind of system, we must cstablish

(1) a measure for similarity,
(2) a mechanism for selecting the most appropriate set of translation patterns,
(3) a mechanism for combining target parts of translation patterns, and

(4) correspondence between the source part and the target part of a translation
pattern.

Item (1) corresponds to the matching past, (2) to the pattern selection part, and (3)
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Figure 1.2: Framework of Example-based Transfer System

and (4) to the construction part. We have developed an example-based transfer sys-
tem, called similarity-driven transfer system or SimTran. For item (1), Sim Tran in-
cludes a similarity calculation method for Japanese dependency structures; for item
(2). an efficient method of searching for an appropriate set of translation patterns
[Maruyama and Watanabe 92): and for item (3) and (4), a model called Pattern
Combination Transfer (PCT). A detailed desecript
will be given in subsequent chapters.

ion of these elements of SimTran

1.3 Creating and Maintaining Translation Pat-
terns

Although the adoption of the example-based approach simplifies the transfer phase,
some problems still remain. One is the high cost of creating translation patterns.
The reason of this is that a translation pattern is configured as a pair of dependency
structures in the sonrce and target languages and requires correspondences among
nodes of these two dependency structures.” To creale such a translation pattern,

EY bl rs ol

system ly level transla-
tion pairs, and thus d require any parsing, Unf ely. such is almost impassible
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tnput
o Many Transtaton Examples

Figure 1.3: Framework of Creating and Maintaining Translation Pattetns

we need the help of the parsing modules for the two languages and a method for
finding correspondences.

It s thus important to reduce the cost of creating translation patterns. There are
two approaches to creating translation or

one is to create translation patterns from a large number of translation examples
((a) in Figure 1.3); the other is to create necessary translation patterns from wrong
translations and their corrections ((b) in Figure 1.3). The first must be used to
make a translation pattern database from scratch, while the second is suitable for
enhancing the current translation pattern database in a boot-strapping manner.
The latter method will be described in Chapter 4.

Further, there is another problem, that is, how many examples should be prepared.
This depends on the target domain of the translation, and is probably an open
question. An example-based translation system must be usable even in situations
where insufficient examples or translation patterns are provided. One approach to
meeting this requirement is to use translation patterns derived from conventional
transfer knowledge, which are wostly syntax-level descriptions. For example, the
Japanese pattern “NP ga V" is translated as the English pattern “NP(+subj) V,”

10 design at the current stage of processes in natural language processing technologies.
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as a fail-safe mechanism if no
be dealt with in Chapter 3.

lar translation pattern is found. This issue will

A different type of problem called crample interference is caused by a lack of suf-
ficient examples: in this case. selection of an inappropriate translation pattern has
side effects on an output structure. Since the example-based MT system selects
translation patterns simply according to similasity, this problem tends to occur par-
ticularly when there are not enough examples for a particular domain of translation.
To avoid this problem. it is necessary to identify translation patterns that might have
ide effects, that is, to find exceptional translation patterns ((c) in Figure 1.3). This
issue will be dealt with in Chapter 5.

1.4 Outline of the Thesis

Chapter 2 proposes a basic model for the transfer phase, called Pattern Combination
Transfer (PCT), which is suitable for example-based machine translation. PCT
includes a transducing mechanism and a definition of translation patterns.

Chapter 3 describes our example-based transfer system, called SimTran, as an in-
stance of a system using PCT. It also gives a measure for determining the similarity
between two Japanese dependency structures, and a method for selecting the most
appropriate set of (ranslation patterns.

Chapter 4 deals with how to make translation patterns, and describes a method for
constructing a new translation pattern from an MT result and its correction.

Chapter 5 deals with a problem called ezample interference, and describes a way of
identifying exceptional translation patterns in a translation pattern database.

Chapter 6 offers some concluding remarks.



Chapter 2

Pattern Combination Transfer
(PCT)

2.1 Introduction

This chapter describes a basic transfer model called Pattern Combination Transfer
(PCT),!, which is suitable for example-based transfer systems.

Basically, PCT is a transducing mechanism that, when supplied with a set of trans-
lation patterns cach of which is a pair of dependency structures in the source and
tasget languages, produces an output dependency structure by combining the target
parts of the given translation patterns. For instance, Figure 2.1 shows an example
of translation using this mechanism. Here, (a) is an input dependency structure, (b)
and (c) are selected translation patterns, and (d) is the output structure constructed
by combining the target pasts of (b) and ().

PCT also includes a representational framework for translation patterns. Transla-
tion patterns in the PCT model have a more extended correspondence between the
source and target parts than simple one-to-one mapping. This makes it easier to
create a concise translation pattern.

was previously called Rule Combination Transfer (RCT), but | have renamed it Pattern
n Transferin this thesis to avoid potential confusion resulting from the use of the word

21
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Figure 2.1: An example of example-based translation

The proposed model, PCT, is intended to be used as a foundation of example-based
transfer systems, but it does not assume that all translation patterns should be
extracted from examples; rather, it can accept any kind of translation pattern that
is expressed as a pair of dependency structures in the source and target languages.
Therefore, PCT can be used for any kind of transducing task, including example-
based MT.

The next section defines the basic data structure used in this model and the format of
a translation pattern. Section 2.3 describes the conditions that must be satisfied by
the selected translation patt

3. Section 2.4 describes the mechanism for matching
a dependency structure of an input sentence with the source parts of translation
patterns. Section 2.5 introduces a method for constructing a target structure from
the selected translation patterns. Section 2.6 gives examples of translation according
to the proposed model. Section 2.7 discusses related work and several issues. The
chapter ends with some concluding remarks.
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2.2 Data Structure

This section describes data structures and introduces several terms used in subse-
«quent sections.

The basic data structure used in this thesis is a labeled directed graph, or LDG,
which has directed, labeled ares and labeled nodes. We call an LDG that has only
one root a rooted labeled directed graph (RLDG). Further. we call an RLDG whose
axcs are acyclic a rooted labeled directed acyclic graph (RLDAG).2

An LDG G is defined, following Ehrig [Ehrig 79], as

G = (N, A5t fn, fa)
where N is a set of nodes, A is a set of arcs, s is a function giving the source node
of an arc, ¢ is a function giving the target node of an arc, fn is a function giving a

set of labels of a node (or node label-set), and fa is a function giving a label of an
arc.?

An input dependency structure is assumed to be an RLDAG whose node label-sets
are unique; that is, for any two
label-sets.

istinct nodes, there is no common label in these

2.3 Translation Pattern

A translation pattern pt consists of the following three components:
pt=(Gm. G M 11)

where G, is a matching graph, G, is  construction graph, and M 11 is a structural
mapping from Gy, to G.. The matching graph G., and the construction graph Ge

The term DAG is often used in the NLP world, and usually denotes a rooted connected
Iabeled (ss functional) directed graph. In this thesis, however, DAG denotes a directed acyclic
graph that may have multip \ is not necessarily ed graph, and does not necesarily
have labels. Therefore, a feature structure of the type used in LFG Kaplan and Bresnan 82}, and
other grammars is called an RCLFDAG in this thesis.

3Unlike in Ehrig's model, the label function /n is extended to return a set of labels for a node,
because nodes need 1o have more than one label in the model described in this section.
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must be RLDAGs.*

A structural mapping designates the correspondences from a subset of G nodes
to a subset of G, nodes. For instance. in Figure 2.2, the Japanese word “nagai”
(“long”) should correspond to both of the English words “have” and “long,” be-
cause if another word governs “nagai” then its English translation should be con-
nected to the word “have,” and if the Japanese word “itsumo” (“always”) modifies
“nagai” then its translation “always” must modify “have.” On the other hand, if
the Japanese word “totemo” (“very”) modifies “nagai” then its translation “very”
should be connected to “long.™ This shows that for a node in a source language, two
kind of connection points, for translations of both governing structures and governed
structures of the node, are needed in its translation structure.® We call a mapping
from a G node to a upper connection node in G, an upward mapping, and a

mapping from a G, node to a lower connection node in G, 2 downward mapping,
and denote these two kinds of mapping as follows:

Mil=(M1.M1)
where M 1 is upward mapping, and M | is downward mapping.

Not all kinds of mapping should be permitted as M 1 and M |. A translation
pattern pt = (Gm.G.M T1) must satisfy the following conditions:

(1) A 1 and M | are bijections between a subset of G and a subset of G,
and
(2) M 1(root(Gnm)) = root(Ge).

Condition (1) ensures that there is only one connection point in G, of a G, node
for upward and downward mappings, respectively, and condition (2) ensures that
the target part of the structure governing the G, root is connected to the root of

This translation pattern can be used bi-directionally. If the translation direction is

“Such graphs are suffcient to express almost all linguistic structures.

5We can consider the more complicated mapping such that a source node has more than two
corresponding nodes in the target structure. The more complicated the correspondences are, the
less efficient the system is. In other words, the expressive power of a translation pattern and the
efficiency of the system are the relation of trade-off. Therefore, PCT employs the upward and
downward mappings.
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Figure 2.2: A sample translation pattern for Japanese and English

from G, to G, then we can use a translation pattern by swapping both G,, and
G., and also the domains and ranges of the mappings. In what follows, we assume
that the translation direction is from G to Ge.

2.4 Matching

Given an input G,,, we must select a set of translation patterns whose source parts
completely cover the input.* There are several methods for selecting the most ap-
propriate set of translation patterns.” Therefore, in this section, we will not mention
a specific method, but will rather provide several conditions that the selected set of
translation patterns must satisfy.

First of all, we will define matching between the source part of a translation pattern
and aninput. AnLDG Gy(=(¥y.Arsrtr.fn1.far)) matches Go(=(No,Azsata.fn2,faa))
if and only if there is a mapping ¥, from an LDG G, to an LDG Gy, that satisfies

in real applications, there would be cases in which several paris of the input structure are

not covered by apptopriate translation patterns. To cover such cases, what are called catch-all

translation patterns should be supplied. Chapter 3 will describe our uwnuh which provides

syntax-level translation patterns that cover all kind of syntactic combinati

For instance, top-down or bottom-up searches can be easily comidered s meshods for finding

aset of translation patterns. Chapter 3 will describe an eficient search mechanism that can select
the most appropriate patiern set from several candidates.
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Figure 2.3: An isomorphic cover

the following conditions:

(1) ¥ is a bijection consisting of ¥,

— Nyand ¥,: A — Ay, and

(2) For each 7 in Ay, fay(sr) = far(¥a(2)), 5i(z)
ti(z) = U7 (to( Vo ().

(s2(¥a(2))), and

If an LDG G, matches an LDG G, then they are also said to be isomorphic. If
an LDG G, matches a sub-LDG G} on an LDG Gy, then the sub-LDG G is called
a projection of G,. If there is a projection pj of Gy on Gy, then G, is called an
origin graph of the projection pj and, for each node and arc in the projection pj,
their corresponding nodes and arcs in Gy are also called origin nodes and arcs,
respectively.

A set of projections on an LDG G is called a cover of G. What we need here is
a cover whose projections completely overlap an input LDG G, that is, a cover
such that the union of its projections is isomorphic to the input. We call such a
cover an i-cover, for simplicity. In Figure 2.3, for instance, the cover consisting of
projections 1 and 2 is an i-cover.

Therefore, G’s of selected translation patterns must construct an i-cover on an
input Gin.
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2.5 Transducing

Given a set of translation patterns whose projections make an i-cover on G,,,. we
must construct a target structure by g the target parts of the selected
patterns. There nay, however, be cases in which one translation pattern has more
than one projection on G,.. Therefore, before a target structure is constructed, a
copy of the original pattern must be produced for each projection. We call a copy
of a translation pattern a pattern instance.

mb

Basically, a target structure is constructed by combining the target parts of selected
pattern instances. To determine which nodes are to be merged into a single node,
node label-sets are used.

2.5.1 Node Labeling

We assume that each node in G, has a unique label-set, but the node label-sets
of Gm and G of ranslation patterns (precisely pattern instances) have not been
mentioned. This section describes how 1o determine the label-sets of Gm and G..

The label-sets of G and G nodes in given pattern instances are determined as
follows:

Gn Node Labeling: Each node in G is given the same label-set as its matching
node in Gia.

G. Node Labeling: The label-set of a node n, in G is  union of label-sets of
nodes (1) in G such that ne = M H(nm) o no = M I(nn).

Since we adopt upward mapping and downward mapping as correspondence between
G and G., there may be two distinct nodes of G, in a pattern instance that
are mapped by a node in G with M T and M 1, respectively. In this case, the
transferred labels of these two nodes are the same, but they should be different,
because these two mappings are used to designate two different nodes in a target
structure. We must therefore relabel all G's of pattern instances as follows:

G. Node Relabeling: Find alabel ! such that a G node having the label ! relates
to two distinct nodes in a G., and make a set ¥ of G, nodes that have the
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Figare 2.4: An example of node relabeling

label { from all pattern instances. For each node y in ¥, if y s related only by
M 1, or is related by both M { and M | and has no descendant nodes, then
the label I of y is changed to I

In Figure 2.4, (a) is an input dependency structure, (b), (c), and (d) are pattern
instances, and (e) is an output dependency structure produced from the target parts
of these pattern instances. In pattern instance (b), the label 1 of “yoi" is distributed
to “have” and “good.” In G.'s, the “have” of (b) and pred of (c) match the above
relabeling conditions, and their labels are changed from 1 to 1°

2.5.2 Gluing
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Eé’»

® (€) Gluing of (s) and (b)

Figure 2.5: An example of gluing

Here, we introduce gluing as a mechanism for connecting the target parts of trans-
lation patterns.

Unification is a well-known computational method for connecting graphs, and is
widely used in natural language processing. Usually, unification uses two functional
RLDAGS as data and unifies them from the root node down to the leaves (Knight 89].
In the model proposed in this section, we want to merge nodes having the same
label in several graphs, even if those graphs have different root nodes and are not
functional, as shown in Figure 2.5. Unification, however, cannot proceed in this
manner, because it unifies two nodes that occupy the same position, and always
starts from the root node. For instance, in Figure 2.5 (where A, B, C, and D are
labels), unification fails even if it starts from node B, since it tries to unify node D
of (a) and node C of (b) for arc y.

In Graph Grammars, this method ing two is called gluing [Ehrig 79].*
Gluing is a process tha, given two graph morphisms (roughly mappings) b: K — B
and d : K — D, where K, B, and D are LDGs, produces an LDG in which nodes
with the same colots (ot labels) mapped by b and d are glued.

The gluing used in Graph Grammars is not concerned with the contents of a node,
and assumes that a node has a single label. It must therefore be extended in order
to check the consistency among nodes to be glued, and to deal with label-sets. This

#A simila operation called join has been proposed (Sowa 84].
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structure of a node, and it is

checking. however. depends on the data
cope of this section o supply « definition of such a data structure and
Therefore, we simply state here that gluing

consistency

Figure 2.6 shows the procedure for gluing. This procedure has two parts: one for
g arcs (line 7-19). In the first part, the
ode St collects nodes to be ghued in N[} and their label-sets
in L,). We call this node st a gluing node set. After that, for cach gluing node
set, nodes are merged if they are consistent (lines 2-3). In the second part, all ares
are teattached to the original nodes. which may or may not be merged, ai
arcs that have the same label and that are attached to the same source and target
nodes are merged.

werging nodes (line 1-6). and one for m

function getGluing?

some.

Let us consider the complexity of this procedure. Let k be the number of given
RLDAGs, let n be maxr(|¥, | ¥el), and let a be maz(|A}.....|As]). Line 23
iterates at most kn limes, because the maximal value of N is kn. Since the maximal
value of Inun is also kn, line 25 iterates at most kn times. Therefore, the complexity
of the function getGluingNodcSet is O(k*n?). Further, line 10 iterates at most ka
times, and the idrs (line 11) and idst (line 12) searches at most k?n? iterations
each. Therefore, the complexity of the arc-merging part is O(kn%a). Hence, the
total complexity of this procedure is O(k*n%a).

As stated before, a target structure is constructed by gluing the G.'s of given pattern
instances so that nodes having the same label are merged into a single node. In
Figure 2.4, (¢) is the result of gluing the G.'s of pattern instances (b), (c), and
(d)."® Of course, it may be necessary to check the linguistic consistency of nodes to
be glued and of the glued graph. The details of such checking mechanisms, however,
are beyond the scope of this section.

Since the result graph of the above sequence is not necessarily a rooted acyclic
graph, several conditions for ensuring that an RLDAG is produced as a result of
gluing are described in the appendix. Therefore, PCT can be an RLDAG-to-RLDAG
transducer if the given pattern instances satisfy some conditions.

*Cnification, the ¥-term [Ait-Kaci 86]. or some such mechanism might be suitable for node
consistency checking.
19For convenience, some nodes are lexicalized.
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Figure 2.6: Procedure for Gluing
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2.6 Examples

This section gives several examples of translation according to the PCT model.

Figure 2.7 shows how the Japanese sentence “Kanojo no me ga tolemo kireina
no wo shitteir® is translated into the English scntence “(1) know that she has
very beautiful eyes.” In this figure. (a) is an input sentence structure, (b), (c).
and (d) are translation patterns (precisely, pattern instances), and () is an output
structure produced by PCT. In these patterns, mapping lines not marked M 1 and
M | have both M T and M [. Dotted lines designate matchings between nodes of
the input structure and nodes of matching graphs of patterns, and numbers in braces
denote node label-sets. In this example, we assume type hierarchies in which, for
instance, yoogen (predicate) is a super-category of keiyoo (adj), and “kanojo” (*she”)
is an instance of human. Note that the node labels of both “have” in pattern
instance (c) and the lower “pred” in pattern instance (b) are changed from that of
the corresponding Japanese word “kirei” (“beautiful®) by the G, node relabeling
procedure.

Figure 2.8 shows how the Japanese coordinate conjunctive noun phrase “bideo to
keisanki no kaisha” is translated into the English noun phrase “video and computer
company.” In this figure, (a) is an input sentence structure, (b), (c), and (d) are
pattern instances matching the input. and (¢) is an output structure produced by
PCT. Note that (c) and (d) are instances of the same translation pattern, which
matches a part of a coordinate conjunctive noun.

Figure 2.9 shows how an English sentence containing a relative clause, “The car
which he bought is expensive,” is translated into the Japanese sentence “kare ga
katta kuruma wa takai.” In this figure, (a) is an input dependency structure, (b),
(c). and (d) are pattern instances, and (e) is an output structure.

2.7 Discussion

Several models have been proposed for the transfer process. They can be classified
according 1o the following viewpoints: sequential or parallel production, destructive
or non-destructive transducer, and data structure. Sequential production means that
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Figure 2.7: Example 1 of translation according to the PCT model
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2.8: Example 2 of translation according to the PCT model

a part of the input structure is rewritten once and this process is continued until
all parts have been rewritten. Parallel production, on the other hand, means that
the whole input structure is rewritten by one application of rules. These terms are
used in the area of Graph Grammars [Ehrig 79]. Further, a destructive transducer
means that the input structure is rewritten destructively, whereas a non-destructive
transducer means that the input structure is never destroyed during transduction. In
this section, I will discuss several related studies with reference to the above points.

GRADE [Nagao and Tsujii 86] is a typical sequential destructive tree-to-tree trans-
ducer. It is a very powerful tree-rewriting system in which almost any kind of tree
operation can be written in rules, and in which most rules are mutually related.
ROBRA [Boitet and Nedobejkine 81] [Hutchins 86), developed in GETA, is also a.
tree-to-tree transducing system which has similar properties to GRADE such that
rewriting rules are mutually related and rules are grouped as sub-grammars. In
these systems, the application order of rules is critical. Therefore, rule writers must
be responsible for both controlling the order of rule application and ensuring the
production of a tree structure.
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Figure 2.9: Example 3 of translation according to the PCT model
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One of the problems of sequential destructive transfer systems is that they produce
matical relations of both source and
target languages in the course of the transfer process. I a rule needs to refer to

the features of a remote part of the inpnt data. it is difficult 1o specify the part,

a data structure that holds features and gr:

because it may or may not have been translated into the target language. Rules
Thi

can be said that non-destructive

must be ordered to avoid complicated specification. This makes the control of the
application of rules very complicated. Th

transfers have better properties than destru

e ones in terms of case of description
and modularity of rules.

Lexical functional transfer (LFT) [Kudo and Nomura 86] is a sequential top-down
tive functional- RLDAG-to-functional- RLDAG transducer, which is closely
related to the PCT proposed in this thesis. Rules are 3-tuples of source feature struc-
ture, target feature st

non-dest.

ure, and mappings between them, and an input feature
nto an output feature structure starting from the root and
proceeding down to the leaves. There is only one kind of mapping between a source
node and a target node, and if a source node has an ancestor then the governing rela-
tion of their corresponding nodes in the target feature structure must be preserved.
By using this restricted mapping. LFT ensures that a feature structure (functional
RLDAG) is produced.

structure is converted

MBT-II [Sato and Nagao 90| was the first attempt to implement a fully example-
based transfer system. Its transfer mechanism is a parallel non-destructive tree-to-
tree transducer, and has the almost the same properties as LFT except that it uses a
tree. MT by Lexicalized Tree Adjoining Grammar (or LTAG) [Abeillé et al. 90) uses
2 mechanism similar to the PCT, with paired derivation trees of source and target
languages as translation rules. An input sentence is parsed by the source grammar,
and at the same time, its output tree is generated by derivation pairs of trees used in
the parsing. The ROSETTA system (Schenk 86] maps a syntactic derivation tree of
a source sentence to a target derivation tree through a sort of interlingual semantic
derivation tree. Further, the transfer module of EUROTRA [MTJ 91a] [MTJ 91b]
generates a target interface structure (IS) by applying tree-to-tree translation rules
to a source IS from the root node down to the leaves. These systems are sequenti:
non-destructive tree-to-tree transducers adopting one-to-one correspondence.

In contrast, the proposed PCT is a parallel non-destructive RLDAG-to-RLDAG
transducer employing M 1 and M | mappings between a source structure and a
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target structure; these mappings are more flexible than those used in the systems
mentioned above. In general, if a word in the source language is translated as several
words in the targel language. the translations of its governing and governed struc-
tures are not necessarily connected to only one of the words used to translate it in
the target language. Therefore, we must designate the connections for those struc-
tures in the target language. As shown in Figure 2.4, one-to-one mapping cannot
express the fact that “always” modifies “have,” whereas M 1 and M | mappings
can. For a system that employs one-to-one maj

ng to express this translation,
it must have another mechanism for designating such connections, or a translation
pattern that translates (a) directly as (¢). Consequently, PCT has more expressive
power and that its translation pattern dalabase can be smaller than those of sys-
tems using one-to-one mapping. In example-based machine translation, whenever
an input cannot be cxpressed as a combination of examples (translation patterns in
PCT), a pair of the input and its translation should be added to the cxample-base
as a new translation pattern. However, this leads to an explosion in the number of

examples. To avoid this, we need an appropriate grain size for translation patterns.

PCT uses an RLDAG as a data structure. The main rcason for this is that graphs
are more flexible than trees for expressing translation patterns. In addition, recent
grammar theories, such as LFG [Kaplan and Bresnan 82], GPSG [Gazdar et al. 85,
and FUG [Kay 85}, use feature structures (functional RLDAGS) as basic data struc-
tures, and RG [Perlmutter 83| [Perlmutter and Rosen 84] uses graph expressions
(RLDAGS). PCT is intended to be used as a transfer mechanism in such systems. If
an RLDAG is used, however, it is necessary to ensure that this parallel production
produces an RLDAG. To preserve this RLDAG-to-RLDAG production, our model
clarifies the conditions that given pattern instances should satisfy.""

Another salient feature of PCT is that it is independent of the pattern selection
mechanism. Therefore, the most suitable pattern-selection mechanism for an ap-
plication can be used together with PCT. In most conventional transfer systems,
the pattern selection process and the transducing process are combined into a single
process, and the pattern search/application order is fixed as, for example, top-down
or bottom-up. In systems of this kind, the most appropriate pattern set is not neces-
saily found. On the other hand, systems using PCT can employ a pattern selection

ns. In this case,
the next pa is tried, if the pa can be ordered according to some criteria
by a pattern-selection mechanism.

ions. the given RLDAGs do not necessarily satisly the con
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Pl »

@ ®

Figure 2.10: Different covers

mechanism that finds the most appropriate set of translation patterns on the basis
of the total matching cost. In Figure 2.10, suppose that the malching cost of pl is
lower than that of p3, but that the matching cost of pl + p2 is larger than that of
53+ pd. In this case, if the search order is fixed as top-down, then (a) is found to
be the most appropriate pattern set, but if the total cost is considered, (b) is more
appropriate.

2.8 Summary

In this chapter, 1 have proposed a new model, called Pattern Combination Trans-
fer (PCT), of the transfer process used in machine translation systems. In this
model, which is a parallel non-destructive RLDAG-to-RLDAG transducing system,
we adopt extended mappings between the source and target parts of a translation
pattern, and show that thesc mappings are more fiexible and beneficial than one-
to-one mapping, and that such translation patterns can be used bi-directionally.

To embed PCT into a practical machine translation system, it is necessary to attach
a process that chooses an appropriate set of patterns for an input. Since PCT has
no restrictions necessitating that the pattern selection mechanism should be based
on similarity, any kind of selection method can be used with it. If PCT is coupled
10 a mechanism for selocting examples similar to an input, the system becomes
an example-based transfer system. The next chapler describes an example-based
Japanese-to-English transfer system, called Sim Tran, which incorporates this PCT
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model with the Japanese similarity calculation method and the selection mechanism
of appropriate translation patierns.
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Chapter 3

Similarity-Driven Transfer
System (SimTran)

3.1 Introduction

‘This chapter describes a Japanese-to-English transfer system called similarity-driven
transfer system (Simtran) as an instance of an example-based transfer system using
the PCT model.

As mentioned in the previous chapter, the PCT model does not deal with calcula-
tion of the similatity between the input and translation patterns, or with selection
of translation patterns to be applied for the input. This chapter therefore also
gives a method for calculating similatity in Japancse and a method for selecting an
appropriate set of translation patterns.

‘The PCT model is intended to be used as a foundation of an example-based transfer
system; however, this does not mean that existing transfer knowledge should be
abandoned. Rather, such transfer knowledge should be used as a fail-safe mechanism
if there are no appropriate examples, In the PCT model, both translation examples
and existing transfer knowledge can be expressed as translation patterns, because
PCT does not impose any restrictions on the contents of nodes. To deal with
these translation patterns, of which some are detived from examples and some from
transfer knowledge, the similarity calculation method of SimTran is designed to be

41
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able to deal with nodes that have -al-forms.

‘There are many matchings of translation patterns on an input structure. Therefore,

it is an important issue to seloct the most appropriate set of translation patterns to

create a targel st

re. This chapter also proposes an efficient method to obtain

those most similar to the input.

The next sec

n defines the format of a translation pattern extended from the one
deseribed in Section 2.3. Section 3.3 pres
between an inpnt and the source part of a translation pattern. Sect

1x a method for caleulating the similarity
n 3.4 describes
on patterns from a translation pattern
database. Section 3.5 describes the flow of the Sim Tran. Section 3.6 gives examples
of translation by SimTran, and Section 3.8 discusses several problems involved in
the example-based approach. and outlines related work. Section 3.9 offers some
concluding remarks on this chapter.

3.2 Translation Patterns

Since the tasks of a transfer

nclude lexicalization in a target structure,
the translation pattern described in Section 2.3 is slightly modified to include the
following mapping for lexicalization:

r=(Gm.Ge. M 11, M)

where G, is a matching graph, G, is a construction graph, M 1] is a structural
mapping from G, nodes to G, nodes, and My is a lexical mapping from G nodes
to G, nodes.

The only modification is the addition of a lexical mapping M. The lexical map-
ping M, designates lexical correspondences from a subset of G nodes to a subset
of G, nodes. In the construction of a target structure, there are cases in which a
G node must be lexicalized by consulting a translation word dictionary, because G
nodes may ot may not have a lexical-form. In this case, this lexical mapping is used
to retrieve the G, node's source lexical-form.

Therefore, the conditions for valid translation patterns mentioned in Section 2.3 are
modified as follows:
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(1) M 1, M L, and My are bijections,
(2) M 1(ro0t(Gn)) = root(G.). and

(3) let (a,b) be an clement of My then it is a member of either M 1 or M [.

Condition (1) ensures that there is only one connection point in G, for each mapping.
and condition (2) ensures that the result generated by using this transfer model be-
comes a rooted graph (sce the appendix for details). Further, condition (3) indicates
that a lexical mapping must be a subset of a structural mapping.

3.3 Similarity Calculation

‘This section describes how the similarity betwecn a translation pattern and an input
is calculated.

There are many possible matchings between a given input dependency structure
Gi» and a translation pattern. Thercfore, when the similarity between a G,, and a
translation pattern is calculated, for cach matching, a copy of a translation pattern
(which we call a pattern instance) is created, and the similarity between the
pattern instance and its projection on G, is calculated.

3.3.1 Graph Distance

As a measure of the similarity between a G and its projection on G, we use the
graph distance! between them. (The more distant two graphs are, the less similar
they are.) The graph distance of a G and its projection is the sum of the distances
between corresponding nodes. If there s a node in G that has no corresponding
node in its projection, a penalty value is added.

$The distances discussed in this section are not sctual distances in the mathematical sense.
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3.3.2 Node Distance

When c
semantic distance in a semantic hicrarc]

dering the distance between two words (nodes). we usually think of their
i distance is usually caleu-

© This sem:

lated according to lexical-forms that as pointers 1o a semantic hicrarchy.
SimTran, however.

Therefore, a node

-an wse 2 matching graph that does not have any lexical forms.
milarity be calculated according to both lexical forms and

syntactic features. In general, no matter what semantic hierarchy we use, it is in-
evitable that there will be some sort of distortion. Using both semantic distance and
syntactic distance has the effect of renedying that distortion to a certain extent.

The node distance between a G, node n, and a G node n,, is defined as follows:

where Dy is a feature node distance, D, is a semantic node distance, Ny is the
number of features in n,, for Dy, and §, is the weight of a semantic distance.

The semantic distance D, between & iy Word wiy and a G Word wp, is given by
the following equation. In SimTran, Bunrui Goi Hyou? [NLRI 64] code (or bghcode)
i used for calculating the semantic distance between two Japanese words.

0 Wi = W
Di(w, ) 0.5 W,q OF Wy, is unknown
(Win, W) =
1 win and wy, are unknown

lablelbrbolltls  opherwise

where bgh(w) s the fraction part of the bghcode of w, bghmasz is a constant that is
the greatest difference between any two distinct bghcode fraction pasts, and 6 is a
penalty incurred if two words are not identical.

The feature distance Dy between a Gin node n;, and a G node n, is given as

?Bunrui Goi Hyou (or BGH) is  Japanese semantic hierarchy forming a tree tructure, in which
words are located in leaf nodes, and have a fraction number (or Aghcode) indicating a semantic
code. The integer part of the bgheode roughly corresponds to  syntactic category, and therefore
only the fraction part of it is used.
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follows:
Dy(min.nn) = Tyen,, df(nin. f)
0 funlftun : frin) whose fr,o = fu. and
dy(nin, fn: fv) = Su is consistent with fo,,
1 otherwise
In the above equation, the consistency checking might depend on the application.
For instance, unification [Knight 89]. the u-term [Ait-Kaci 86], or some such mecha-
nism might be suitable for the consistency checking. Further, the consistency chieck-
ing mechanism might differ according to the features. Actually, in SimTran, the
checking of the consistency of part-of-specch feature assumes a hieraschy of parts-
of-speech, and two parts-of-speech are consistent if and only if one is an ancestor of
the other in the hierarchy.

3.3.3 A Problem of Exceptional Translation Patterns

When calculating the similasity between an input G,, and patterns in a translation
pattern database, we assume that each translation pattern has the same weight
in the translation pattern database spacc. This can be considered by using the
analogy of cells such as those shown in Figure 3.1. In this figure, a dot represents a
translation pattetn, and a cell represents the space in which an input is determined
to be similar. There are, however, some translation patterns that should be used
only for identical inputs, that is peculiar or ezceptional translation patterns, such
as colloguial or idiomatic expressions. Such translation patterns arc indicated by
shaded dots in Figure 3.1.

To handle this peculiarity, we introduce a distinction for lexical-form values: a single-
quoted string is used for a peculiar one and a double-quoted string for a normal one.
1f both nodes to be calculated have double-quoted strings as lexical-form values, the
equation for the semantic node distance given in the previous section is used. But,
if either has a single-quoted string as a lexical-form value, the following equation is
used as the semantic node distance:
_ [ 0w isidentical to wy
Duwn,wa) = { 1 otheruise

This equation means that the semantic node distance becomes 0 only when the
lexical-forms of both nodes are identical: otherwise, it becomes 1.
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Figure 3.1: A translation pattern database space
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1 pattern with a peculiarity

By using this distinction, it is possible to introduce a peculiarity into a part of a
translation pattern. Colloquial or idiomatic expressions are expressed as translation
patterns all of whose nodes have single-quoted strings as lexical-form values. But
not all nodes in the source part of an exceptional translation pattern are necessarily
single-quoted strings; single-quoted string nodes and double-quoted string nodes
‘may be mixed in a translation pattern. For instance, Figure 3.2 shows an translation
pattern that has a peculiarity in its source part; that is, the root node of the Japanese
part is the only single-quoted string, and it matches only an input whose root node
is ‘kyooyoosuru.”

By using this distinction of lexical-forms, we can integrate exception handling into
larity calculation framework without separating this task as a pre-process
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or post-process.

3.4 Efficient Cover Search

Given an input rldag G.n, and a set of projections of translation patierns, as men-
tioned in Section 2.4, we must choose an i-cover on G,,. However, there can be
several sets of projections that construct an i-cover on G,o. Therefore, we
select the most appropriate i-cover from among these candidates. This section de-
scribes an efficient method for selecting an i-cover.

st

3.4.1 Top-N Best Cover Search

Usually the best (minimum-cost) isomorphic cover to the input is sufficient. but. as
we shall see in a later section, there are cases in which the second-best or third-
best ones are required, because the similarity calculation described in the previous
section does not reflect the grammatical or semantic accuracy when it is used in a
target structure, and the accuracy becomes apparent only after a target structure
has been constructed. Therefore, we need the best N i-covers in order to obtain
the correct target structure. We have proposed an efficient cover search algorithm
[Maruyama and Watanabe 92 that finds only the best i-cover. In this section, we
will describe an extended version of the algorithm for obtaining the best N i-covers.

This algorithm assumes that an input structure is a tree, but in fact the input
structure we use is an rldag. Therefore, when searching covers, an input structure
must be expanded into a tree at nodes that have several ancestor nodes.’ This
expansion is, however, a trivial operation, because empirically there are few nodes
with multiple ancestors in our application.

Before going to the details of the algorithm, we will define several notions. Let n be
a node of the input, and C a cover: then n is said to be closed if and only if every
outgoing arc of n is covered by the cover C*, and  is said to be open if and only if

3We tried to extend this algorithm for a dag, but it became apparent that such an algorithm
would require too much computation. Therefore we chose 10 expand an rldag as a tree before

searching covers.
*In this context, an element 7 in a graph is said to be covered by a cover C if and only if z is
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(a) ill-formed (b) well-formed
cover cover

Figure 3.3: Well-formed and ill-formed covers

n is not closed. Further, a cover C is called well-formed if and only if it satisfies
the following conditions:

(1) C has the only one oot node.

(2) There ate no open nodes in C other than the root node of C.

A cover that is not well-formed is called ill-formed. In Figure 3.3, shaded nodes
represent open nodes; (a) is an ill-formed cover, because it violates the second con-
dition, whereas, (b) is a well-formed cover.

The type of i-cover we are seeking is a well-formed cover containing all arcs going out
from the root of the input. Therefore, given a projection (called a base projection)
we must make a well-formed cover based on it. This process is briefly described
as follows: Given a base projection P whose roof is m, if it has any descendant
open nodes, for cach open node z, a well-formed cover containing only ares that are
not covered by P is merged with P. This process is continued until there are no
descendant open nodes of P.

For this construction, each node has a table (called the minimum-cost well-formed

included in any projection of C.



34.

=

EFFICIENT COVER SEARCH 49

arc-coverings
(a) (b) (c)
(ab) (be) (ca)
(abe)

Figure 3.4: Arc-Coverings

cover table) which stores the minimum-cost well-formed cover for each element of
the power set of outgoing arcs other than an empty set. Each element of this set is
called an arc-covering. As an example. arc-coverings are shown in Figure 3.4.

The cost of a well-formed cover is the sum of the cost of a base projection and
the costs of merged well-formed covers, where a distance is used as the cost of a
projection.

The mini st well-formed (or me-well-formed) cover for an ing is not
necessarily constructed from a base projection covering arcs in the arc-covering.
There are cases in which it is constructed from a combination of several me-well-
formed covers for disjoint subsets of the arc-covering. For instance, in Figure 3.4,
the me-well-formed cover for the arc-covering (a b) might be constructed from the

Il-formed cover for the ing (a) and the me-well-formed cover for the

asc-covering (b). Therefore, for an arc-covering whose branching factor is greater
than 1, the costs of combinations of mec-well-formed covers for disjoint subsets of
the arc-covering must be compared.

As a result, the best i-cover is obtained by making a well-formed cover of the root
node of the input structure, which contains all outgoing ates of the root. To obtain
the best N i-covers, for each arc-covering the best N well-formed covers must be
stored. In this algorithm, shown in Figure 3.5,  is the number of input nodes,
N is the maximum number of well-formed covers stored in each arc-covering, and
we assume that input nodes are numbered in post-fix order. For each node n, the
number of arc-coverings is 24" — 1 (where d(n) is the branching factor of node n).
Therefore, we provide an array Cover{1..M][1..24")] for keeping information on the
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well-formed covers and their costs.

‘The main loop consists of two sub-loops: one is the construction of well-formed

covers of nade n from the well-fo
48). and the other is the merging of the well-formed covers of node u (lines 49-34).
The procedure product-corcr returns a list of pairs of a cover and its cost (called

a cover list) constructed from a Cartesian product of the given two lists, and the

e covers of descendant open nodes (lines 41-

procedure get-topN sorts the given cover list wi
specified er of elements of the given list.

respect to cost and returns the

Let us cousider the complexity of this algorithm. If we let p be the maximum

number of projections, then the complexity of the first inner loop (lines 41-48) is
O(pM NtlogN), becanse the upper bound of the number of descendant open nodes
£ is M (line 44), and the complexity of the procedure get-topN(product-cover()) is
O(N*logN), because the maximum number of input elements for the procedure get-
topNis N? (line 46). The complexity of the second inner loop (lines 49-54) depends
on the branching factor of nodes in the input. We can assume that this branching
factor of each node is a constant, because it is mostly limited to small integers in
our application. Therefore, the number of combinations in line 52 is also a constant.
Thus, the complexity of the second inner loop becomes O(N*logN). The overall
complexity of this algorithm becomes O(pM?N?logN). If only the best i-cover is
sufficient, then the complexity is O(pM?), because the complexity of the procedure
get-topN(product-cover()) is O(1) when N is 1.

3.5 Flow of SimTran

The previous two sections have described the two key methods in SimTran: the
similarity calculation method and the efficient cover scarch method. This section
describes the flow of the transfer processes of Sim Tran.

As shown in Figure 3.6, given an input G,a, for each sub-graph, possible projections
are constructed by translation patterns, and the similarity values of these projections
are also calculated by using the method described in Section 3.3. To reduce the
computational cost, we restrict the translation patterns that can be applied for
making a projection to (1) those whose root is adjacent® to the root node of the

-

contcolled by a parameter. In SimTran. two words are determined to be neighbors if
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procedure topN-hest-cover.search begin
Coverle]fe] — }
fori:= | to M begin

odesli)

for every projection p such that its root is n begin
D — the arc-covering of the root of p
Coverfnl[D] = ({p} cont(p))
for every open node x in p other than n begin

D — the arc-covering of a well-formed cover such that  is closed
Coverln][D] — get-topN(product-cover(Cover n]| D). Cover{z|[ D')).N)

end

end

for k:=1to 24" — | begin
cover — {}
for every i.j such that D, N ), =6 and D, U D, = Dy

cover — cover U product-cover(Cover{n](D,], Cover{n][D;])

Cover|n)[ D] — get-topN(Corer{n](Dg} U cover, N)

end

end
end

procedure product-cover(cover!, cover2) begin
cover — {(cvr,est)|3(evry, csty) € coverl, Hevrs, est2) € cover,
CUF = cury Ucurg, st = esty + est}
return cover
end

Figure 3.5: Algorithm of Top-N Best Cover Search

38)
(39)
(10)
“n
“2)
(43)
(44)
“5)
(46)
“7
(48)
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(50)
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Input Structure
Similarity Calculation and
Projection Creation

Toy
FO::‘.’ ‘Selection

|

Target Labeling
Pro-Lexicallzation

Structure Creation
(Glulnu) and Selection

f
Post-Lexicalization

Output Structure

Figure 3.6 Flow of SimTran
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current input sub-graph in the Bunrui Goi Hyon. and (2) those that do not have a
lexical-form and whose part-of-specch is equal 10 or a ancestor of the part-of-speech
of the root node of the current input sub-graph.

Next, the top-N best set of translation patterns is found by u

g the efficient cover
search algorithm described in Section 3.4, When this algorithm is applied. the
inverse of the similarity of a projection (or the graph distance) is used as a cost.

For cach of the selected translation pattern sets, all nodes in the target side of
translation pattern instance are labeled by using the labeling methods described in
Section 2.5.1.

3.5.1 Pre-lexicalization

It may happen that a lexical-form of a G, in the given pattern instance is not a
candidate translation of the corresponding word in the input, because the lexical-
form in the matching node in i ¢ the same as the input word.
In this case, such a node is lexicalized with candidate translation words, which are
obtained by consulting -a translation dictionary. A G, node to be lexicalized is
determined by the lexical mapping My.

G is not necessaril

3.5.2 Target Structure Creation and Selection

For each i-cover, after the G.s have been labeled and relabeled, the target structure
is built by gluing the Gs. In SimTran, node merging in gluing always succeeds;
consequently, if two features conflict, the feature whose pattern is more similar to
the input is adopted.® The feature conflict, however, is reflected as a penalty for the
similarity of the constructed structure, that is, the similarity of its i-cover pattern
set. If there is a feature conflict, the next best i-cover st is tried, if it is more
similar than the current i-cover patiern set. This is repeated until there are no more

they are in adjacent nodes in the Bunrui Goi Hyou hierarchy.

®This consistency checking depends on the features. For instance, part-of-speech feature values
form & hierarchy, 50 that if the values 1o be checked are on a path in the hierarchy, they are
consistent and the most specific value is used. Lexical-form feature values, however, are usually
consistent only if they are identical.
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similar i-cover candid: the

By ¢h
most appropriate target structures ¢

larity of the target structure, the
0 be selected.

3.5.3 Post-lexicalization

The constructed target structure m;

ill be imperfect; there might be a G, node
that has no lexical-form, because some translation patterns might be syntax-level
ones with no lexical-forms. Therefore, as in the pre-lexicalization phase, non-lexical

G, nodes are lexicalized with the translation words of their corresponding input

nodes, which are determined by the lexical mapping M;.

3.6 Examples

This section gives examples of translation by Sim Tran,

Figure 3.7 shows how the Japanese sentence “US ga ... wo fusegu tame ni
ni kanzei wo kakeru

uhin

translated into the English sentence “US imposes tax on
parts in order to protect .." In this example, (a) is an input structure, (b), (c),
and (d) are matched translation patterns (precisely pattern instances), and (c) is
the output structure produced. The Japanese verb “kakeru” has several translation
candidates associated with different governing words, as shown in Table 3.1. This
table lists the top five similar patterns for the part “buhin ni kanzei wo kakeru” of the
input. As shown in this table, pattern (c) is the most similar one. Note that this
similarity calculation was done for all patterns, including syntax-level translation
patterns. There were no approptiate example-based patterns for the part “US ga
kakeru,” and the syntax-level pattern (b) was therefore sclected. Further, note that
the lexical-forms in the *3 nodes of (c) and (c) are different, and that the *4 node
of (c) has no lexical-form other than a preposition, whereas the *4 node of (e) has
a lexical-form. The former was obtained by pre-lexicalization, and the latter by
post-lexicalization.

Figure 3.8 shows another example in which the Japanese sentence “kare ga saisin
no keisanki wo kau” is translated into the English sentence “he buys the latest
computer.” In this figure, () is an input dependency structure, (b), (c), (d), and
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Figure 3.7: Example 1 of translation by SimTran
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Figure 3.8: Example 2 of translation by SimTran
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Similarity Japanese-English

5088 (meishi) ni zekin wo kakeru
impose tax on (noun)

Sor (meishi) wo saiban ni kakeru
take (noun) to court

. (meishi) wo mado ni kakeru

) hang (noun) in window

2545 (meishi) wo sutoobu ni kakeru
put (noun) on stove

2,040 hankati ni kousui wo hken.l

spray perfume on

Table 3.1: Translation patterns and similarities for kakeru

(e) are matched translation patterns, and (f) is an output dependency structure
constructed from (b) (c) and (e). Note that the source part “saisin no keisanki™
has two matched translation patterns that have the same similarity with regard
to the source structure, but that translation pattern (d) incurs a penalty in the
construction of a target structure, because a noun translation of “saisin” does ot
exist. Therefore, if the translation pattern set {(b) (c) (d)} s applied first, it incurs
a penalty in the construction of a target structure, and another translation pattern
set {(b) (c) (e)} can successfully construct a target structure (f).

3.7 Implementation

SimTran is integrated as a transfer module into our Japanese-to-English machine
translation system called JETS." Figure 3.9 shows the system configuration of JETS.
SimTran currently has about 20,000 translation patterns in its translation pattern
database.

7JETS is & Japanese-to-Fnglish translation system that IBM Tokyo Research Laboratory has
been developing for over 10 years.
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Figure 3.9: The system configuration of JETS

3.8 Discussion

As mentioned in Chapter 1, it is important to make patterns mutually independent,
for reasons of maintenance, enhancement. and so on. In this respect, example-
based processing is very promising. [ is, howeve
therefore some problems remai

Il an emerging technology, and
In this section, we will point out several difficulties,
and describe our approaches to managing them.

We have already discussed the peculiarity of the examples in Section 3.3.3, and will
therefore not mention it again here.

In general, an example-based transfer system uses as transfer knowledge a pair
of corresponding fragments of a source sentence and its translation, which have
been more or less analyzed. Therefore, it is very difficult to collect a very large
volume of transfer knowledge. If a pure example-based method, which uses just
a pair of a source sentence and its translation sentence, is developed, collecting
transfer knowledge will not matter, but such an approach has not yet heen exploited.
Therefore, we need (1) a method for collecting such transfer knowledge automatically
from translation examples, and (2) & method for producing an output even if the
volume of translation knowledge is not sufficiently large.
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Since the former roquir
discussed here.

ement will be dealt with in the next chapter. it will not be

For the latter requirement, as Nagao pointed out (Nagao 92], a hybrid system that
uses a conventional method and an example-based methad complementarily is de-
sirable. The following three forms can he considered as categories of such lybrid
systems:

o The Conventional-Method-First Hybrid System applies a conventional
method first and then applies an example-based method only for parts that
cannot be dealt with by the conventional approach.

© The Example-Based-Method-First Hybrid System applies an cxample-
based method first and then applies a conventional method for parts that
cannot be dealt with by the example-based method.

o The Seamless Hybrid System unifies & conventional method and an example-
based method scamlessly: that is. knowledge for both methods is used evenly.

The first category is very straightforward when an example-based approach is used in
an existing conventional system. Several systems, such as that described by Uramoto
[Uramoto 91], have been developed in this way. Transfer-Driven Machine Transla-
tion (TDMT) [Furuse and lida 92| falls into the second category. On the other
hand, SimTran conforms to the third category, because it can deal with example-
based patterns together with syntax-level patterns uniformly, and manages to obtain
an output even if there are not many example-based patterns, because syntax-level
patterns are appiied for parts that do not have enough similar example-based pat-
lerns.

The processing speed is a weak point of the example-based approach, because it
requires an extensive search of the example base. Therefore, we must pursue efficient
algorithms for enabling technologies, and efficient ways of reducing the search space.
In this thesis, we have proposed an efficient algorithm for searching for
2 merging method called gluing, which is an efficient and fast operation in comparison
with unification. As for reducing the search space, generalization of patterns might
be required in order to reduce the size of the transfer pattern database. Nomiyama
has described one approach to generalizing of patterns [Nomiyama 92). Further, we
can expect that massively parallel processing will resolve this speed problem to some

cover, and
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extent {Kitano and Higuchi 91j. For silatity calculation and PCT can

be performed in parallel.*

Although there were several carly experimental proposals [Nagao 84) [Salder 89)
and projects {Sumita ot al. 90] [Sumita and Tida 91 [Furuse and lida 92] related to
EBMT, MBT-I Sato and Nagao 90) is the first working prototype of an example-
based transfer system. and demonstrates the promise of the EBMT approach. It
uses Japanese-to-English translation examples as translation patterns, chooses the
source trees of examples that are most similar to the input tree from the root node
down to the leaves, and assembles those target trees to produce an output tree.
As mentioned in the previous chapter, with respect to the transducing mechanism,
MBT-I1 is a tree-to-tree transducer using one-to-one correspondence. Further, it
differs from SimTran in that it uses only examples, and it dynamically constructs
translation patterns from examples (or extracts relevant portions of examples).

As mentioned earlier, TDMT [Furuse and Tida 92) is  hybrid example-based trans-
lation system, which is intended to enable the example-based transfer process to
take the initiative in translation: First of all, the example-based transfer system
attempts a translation, then it passes any parts that it cannot deal with to the con-
ventional MT system, and finally it combines both results. It differs from SimTran
in the way in which it combines the conventional approach and the example-based
approach.

In contrast, Sim Tran employs PCT, which is an rldag-to-rldag mmdum usmg up-
ward and downward ds The ded bl
for expressing the structural discrepancies that often occur in translation. Further,
SimTran can use not only example-based translation patterns but also syntax-level
translation patterns seamlessly.

3.9 Summary

In this chapter, we have described a transfer system, Sim Tran, that uses an example-
based approach. Its translation pattern is simply a pair of parsed dependency
structures in the source and target languages, and therefore both example-based

SPCTiscalled a
one execution of gl

rallel production system [Ehrig 79] that can produce an output structure in
all the s required 10 produce an output are supplied.
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translation patterns and syntax-level translation patterns can be treated seanilessly.
We showed that syntax-level translation patterns function as a fail-safe mechanism
if there ate no appropriate translation examples.

We also introduced (wo key components for an example-based transfer system: a
similarity calculation method and a cover search method. The proposed similarity
calculation method takes both semantic and syntactic features into consideration,
and can deal with excoptional translation patterns and general translation patterns
uniformly without destroying the whole framework of example-based processing.
Further, the proposed top-N hest cover search mothod can collect appropriate sets of
translation patterns for an input efficiently. Some of these components are designed
to be suitable for parallel computing.

Further, we pointed out several problems of the cxample-based approach, and ways
of circumventing them. We believe that the example-based approach is a very
promising technology for future machine translation systems, even though it poses
several problems.® The ability to add new translation patterns with far fewer side
effects than in conventional systems is very helpful for enhancing a tr:
tem.

Some of them are treated in later chapters.
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Chapter 4

Automatic Extraction of
Translation Patterns

4.1 Introduction: Automatic Creation of Trans-
lation Patterns

As mentioned in previous chapters, the example-based approach (EBA), an emerg-
ing technology proposed by Nagao [Nagao 84], has been extensively used in many
areas of machine translation. A problem in applying the EBA approach to a trans-
fer phase is that it is difficult and time-consuming 1o collect a large volume of
translation patterns from translation examples, because such patterns are pairs of
parsed structures in two languages, and are mostly constructed manually. There-
fore, a method for collecting and constructing translation patterns automatically or
semi-automatically is needed.

In considering the human task of acquiring translation patterns, we noticed that
there are at least two different approaches: one is to find translation patterns by
viewing many translation examples, and another is to find translation patterns by
comparing a wrong translation and its correction. Several studies [Kaji et al. 92]
[Utsuro et al. 92] [Matsumoto et al. 93] Utsuro et al. 94 have followed the former
approach. On the other hand, I have developed a system called TranPet that follows
the latter; that is, one that can identify new translation patterns by comparing an
MT result and its correction. In Figure 4.1, (a) is the dependency structure of

63
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=
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Figure 4.1: Example of extracting a new translation pattern

an input Japanese sentence, (r1), (12), and (13) are translation patterns used by a
translation system, and (b) is the English dependency structure produced by these
patterns. Clearly, (b) is not a correct translation of (a), whereas (c) is. TranPet
compares the current output (b) and a correct output (c), and finds a translation
pattern (rd).

Given an input string S, et S, be an output string produced by a translation system
TS, and let 5, be a correct translation of S,. The purpose of the proposed method
is to obtain translation patterns that produce the correct translation string S.. We
assume the following:

® TS is an example-based transfer system that can use translation patterns
directly.

® Parsing is error-free; that is, the parsed structures of the source and target
languages are correct.
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® The translation pattern database includes some translation patterns.

The second condition might sound rather severe. However it does not mean that
parsing must be done entirely by a parsing program, but rather that human s
vision is allowed. Thus, we can break down the problem of obtaining translation
patterns into the following two sub-problems:

« Making a mapping M. from D, to D,
« Finding translation patterns by comparing (D,, M, D) with (D, M., D)

where D, is a dependency structure of an input string S., D, is a dependency struc-
ture produced by TS, D, is a dependency structure of S,, and M, is a mapping from
D, to D, casily extracted from a set of translation patterns T, used in constructing
D, by means of TS.

An overview of the TranPet system is given in the next section. Section 4.3 de-
scribes a method for finding mappings, and Section 4.4 a method for finding transla-
tion patterns. Section 4.5 gives an example of the system, and Section 4.6 discusses
related work. Section 4.7 offers some concluding remarks.

4.2 System Flow

The system flow of TranPet is shown in Figure 4.2. An input Japanese sentence S,
is translated into an English sentence S, by a Japanese-to-English machine transla-
tion system called JETS, which incorporates Sim Tran as a transfer module. If the
translation is wrong,  user provides the system with a correct translation S, which
is then processed by a target-language parser to give a dependency structure D,.
Subsequently, the correspondence (mapping data) between D, and D, is determined
by the Mapper. Finally, the Pattern Extractor finds relevant translation patterns
by comparing D, and Dy with D,, T, translation patterns used when creating D,
and mapping data.

‘TranPet is an interactive system, which requires human interaction in all the sub-
tasks, because these tasks (parsing, finding mappings, and finding translation pat-
terns) are not error-free.
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Figure 4.2: Flow of the system

4.3 Finding a Mapping between Source and Tar-
get

This section describes how to find mappings between the two dependency structures
mentioned in the previous section.

4.3.1 Finding a Lexical Mapping

Utsuro et al. [Utsuro et al. 92] and Kaji et al. [Kaii et al. 92) proposed methods
for finding the correspondences hetween translation pairs. The former method finds
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procedure lexical-mapping( 1),.0);) begin

lexmap — &: openlist — o (56)

N — nodes of Dy (57)

for each node « in 1), begin (58)

13 — get Possible T'ranslation N ode (s, 1) (59)

if lts] = 1 then add (s, first(t2)) 10 lermap (60)

else if Jts] > 1 then add (s,1x) to openlist (1)

end (62)

for each (s,t+) in openlist begin (63)

loop begin (64)

' — getNeighbor NotVisited(D,.s) (65)

ifs' = 6 then break (66)

' — tsuch that (s',1) € lexmap (67)

ts' — getClosest Neighbor(D). 1x.1') (68)

if |ts'| = 1 then begin (69)

dd (s, first(ts)) to lezmap (10)

break m

end 12

end (1)

end )
return lezmap

end

Figure 4.3: Algorithm for finding a lexical mapping

a one-to-one correspondence between two feature structures of translation equiva-
lents, and the latter method finds a one-to-one correspondence between two phrase
structures. This one-to-one mapping corresponds to lexical mapping in Sim Tran.

Figure 4.3 shows an algorithm for finding lexical mapping. First, for each node,
possible translation nodes are checked by using a source-to-target dictionary (line
59). If the translation node is uniquely determined, then a pair of the source node
and its translation node is added to the M (line 60). For each node that has
multiple possible translation nodes, a check is made to establish whether the trans-
lation node of one of its neighbor nodes has already been determined, and if so, the
translation node nearest to that of the neighbor node is used (lines 63-74). The
function get Neighbor NotVisited(D,, s) returns a neighbor node of s in D, which is
not visited with regard to s, and the function getClosestNeighbor(Gy, ts,t) returns
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pre———— ]

da
(be)

Figure 4.4: An example of finding lexical mapping

the node of ts that is the closest neighbor to #' in G,.

Figure 4.4 shows dependency structures of a Japanese sentence “kanojo ga kalta.
kuruma ha akai kuruma da,” and its English translation “A car she bought is a red
car.” In this case, Japanese words “da.” “kau," “kanojo," and “akai” are uniquely
related to their corresponding words in English, but, n

ex instance of “kuruma”s
is ined, since there are two inst; f “car” in the English side. By using the
above-mentioned algorithm, the left “kuruma® is related to the left “car,” because
the neighbor word “kau" is related to “buy” and the “buy” is nearer to the left “car”
than the right “car.” Likewise, the right “kuruma” is related to the right “car.”

4.3.2 Finding a Structural Mapping

This section describes an algorithm for finding the upward and downward structural
mappings introduced in PCT.

Figure 4.5 shows an algorithm for finding structural mapping. Briefl, this algorithm
first finds a lexical mapping for  given translation pair (line 75), and then finds
structural mappings (lines 78-99). Structural mappings are found as follows: A
search is made for two correspondences (sy.t)) and (s, t;) causing head switching
such that s, is an ancestor of s, while {, is a descendant of t; (lines 78-81). I such
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procedure mapping(D,.;) begin

ML — lexical-mapping( D,.Di) ar (15)
M| —M (76)
M- M- an
for any node pair 4 and 3 in D, such that  is an ancestor node of s, begin (78)
f= M) (19)
2= M(sy) (80)
if £ is an ancestor node of f, then (81)
remove (31,4)) from M | (82)
=ty (83)
for each n in ancestors of (2 in D; begin (84)

if n s a root node, or n or one of its parent nodes
s related to by M { or M | then begin (85)
th—n (86)
break (81)
end (88)
end (89)
add (s1,15) to M | (90)
end (1)
R, — root(D,) (92)
Ry — root( D) (93)
if M [(R,) # R: then begin (94)
remove (R, M [(R,)) from M | (95)
add (R,.R) o M | (%6)
end (97)
end (98)
return (ML, M .M |} (99)

end

Figure 4.5 Algorithm for finding a structural mapping
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Figure 4.6: Example of finding structural mapping and phrasal correspondence

node pairs are found, the algorithm searches ancestors of f, for a node 5 such that
(1) 2 is a root node, or (2) f3 or one of its parent nodes is related to by another
source node (line 85), and then makes (s1,1) an downward mapping and (s, t;) an
upward mapping (lines 82 90). The last part (lincs 94-07) checks whether both root
nodes are related by an upward mapping, because a Sim Tran translation pattern
must satisfy this condition. If they are not related, then it relates them.

For instance, in the case of Figure 4.6, dotted arrows gives the following lexical
mappings:

M {(shiruknow).(kirci beautiful) (kanojo,she).(hitomi,eyes)}

Tn this example, head switching takes place for the node pairs (Kirei,beautiful) and
(hitomi.eyes), and these nodes hold true for lines 78-81. Therefore, (kirci.have) is
found as an upward mapping. As a result. the following upward and downward
mappings are obtained:

M 1: {(shiraknow)
M L: {(shiruknow),(ki

ave),(kanojo.she),(hitomi,eyes)}
eanliful),(kanojo,she),(hitomi,eyes)}
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4.3.3 Finding a Phrasal Mapping

For the sake of structural mapping. phrasal correspondence can be easily obtained
Dy exploring the neighborhood of two distinct nodes projected by upward and down-
ward mappings from one source node. For instance, in Figure 4.6, the source node
“kirei" is related to the target node “have” by upward mapping, and is related to
the target node “beautiful® by downward mapping. The minimum connected sub-
graph containing “have” and “beautiful” has another node. “eyes,” which is also
related to the source node “hitom

* This gives the phrasal correspondence between
the minimum subgraph including “kirei” and “hitomi” and the minimum subgraph
including “have," “eyes.” and “beautiful® (both are surrounded by dotted lines).

The algorithn for finding phrasal correspondence is shown in Figure 4.7. In this
algorithm, the function relatedNodes(M 1,M 1.s) returns a set of nodes related
from s by M T or M |, and the function nodcsOf MinimumSubgraph() returns a
set of nodes in the minimum subgraph consisting of the given nodes. Lines 104109
find a set of source nodes and a set of target nodes such that mappings whose sources
are those source nodes and mappings whose destinations are those target nodes ate
identical. These phrasal correspondences are limited in that they caunot include
extra element

the target part, that is, elements not related to any elements in
the source part. This issue will be dealt with in the next section.

4.4 Extracting Valid Translation Patterns

This section describes how to find new translation patterns.

The basic idea for finding new translation patterns is to check whether each trans-
lation pattern used in MT is the same as the corresponding correct translation
pattern. If they are not the same, then the correct one is a part of a new translation
pattern. Therefore, for each translation pattern used in MT, we must construct a
corresponding translation pattern in the correct translation. Since the source depen-
dency structure is the same, we must identify the tasget part in D, corresponding
to a translation pattern used in MT.

Given aset of nodes in D,, there is 4 set of nodes in D; or D projected by M, or M,
from those D, nodes. We call the minimum connected subgraph containing all of
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procedure phrasal-correspondence( DDy} 1M |) begin

phrases — o (100)
for each pair of a node , and its child node 5, of D,begin (101)
(102)

element (A1, X7) in phrases such that N, € N}
(103)
loop begin (101)

Ny — nodesOf Minimum Subgraph(E,e v, relatedNodes(M [.M |.s))  (105)
if there is a D), node »; such that »; ¢ N, and

relatedNode MIs)N N #6 (106)
then N, — N, U {s.) (107)

else break (108)

end (109)
add (N,.Ny) to phrases 10)
end )
relurn phrases (112)

end

Figure 4.7: Algorithm for finding phrasal correspondence

these projected nodes in a target structure a projected subgraph. In Figure 4.5,
the projected nodes of S1 and S2 are T3 and T4, respectively. Since the minimum
connected subgraph inclnding T3 and T4 must also include T2, a projected subgraph
of D, becomes a subgraph consisting of {T2. T3, T4}. Hence, for a translation
pattern p used in MT, its corresponding translation pattern in the correct translation
consists of the source part of p, a projected subgraph of p on D, and mappings
between them (a subset of ).

Next, the equality of the two translation patterns must be checked. Given two
translation patterns P, = (S, M,,T,) and P; = (S;, M,,T;), P, is identical to P, if
and only if the following conditions are all satisfied:

1. P, and P; ase structurally identical.!
2. 5; and S are identical.?
! This means that node contents are ignored but arc Iabels inust be checked.

?In this case, node contents are checked, but which features should be checked depends on the
application. In our system, the lexical-form and part-of-speech are checked.
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Figure 4.8: Example of projected subgraph

3. For each node s, of S, and its corresponding node s, in S, let the node
projected by M T, (si) be tu,, let the node projected by M |, (s,) be td;,
let the node projected by M T, (s,) be fu,. and let the node projected by
M 1; (s;) be td,: then tu, subsumes fu, and td, subsumes td,

An algorithm for finding translation patterns is shown in Figure 4.9. Lines 114-123
check, for each translation pattern p used to make Dy, whether the corresponding
translation pattern p' is the same as p or not. If p' is not identical with p, then
it is stored in the new translation paltern list; otherwise, it is stored in the same
translation pattern list.* After that, the translation patterns in the new translation
pattern list are merged if they share any common nodes (lines 124 129). Further,
for each subgraph g of D, that is included in neither the new translation pattern
list nor the same translation pattern list. the minimum subgraph g' such that ¢’
contains both g and any leaf node of p in the new translation pattern list is found,
and ¢’ is merged with p, (lines 131-135).

The result of this algorithm may not be a complete translation pattern in the view-
point of phrasal mapping. Therefore, a generated translation pattern by this al-
gorithm is changed to be a phrasal mapping by using the algorithm described in
Section 4.3.3 if it is an imcomplete phrasal mapping.

3Since a node consists of several features, the subsumption relations on feature siructures are

used.
“Actually, mappings are not stored. because they are constructed later from a pair of source
part and target part.
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procedure find-trnpat (1,1 De. e Mc.T,) begin
New — 6, Same — 6
for each pattern pin T, begin
Pa — source part of p
i — target part of p
my — mappings between p, and p;
Pe — projected subgraph of p, in D,
m, — mappings between p, and p,
if identical((p,.me. pi). (Ps. Me. pe))
then add (p,.pc) to Same
else add (p,.pc) to New
end
for each node n in N, begin
P — {(parP)l(psipe) € NewAn € p,}
remove P from New
(P, p) — merge(P)
add (p).p}) to New
end
D, — merge(all pis in New and Same)
for each disconnected subgraph g in D, — D, begin
4 — minimum subgraph of D that contains g and
any leaf node z of p in New
remove (p,, p1) from New
add (p,/merge(pi.g')) to New
end
return New
end

Figure 4.9: Algorithn for finding translation patterns

(113)
()
(1s)
(118)
)
(18)
(119)
(120)
(121)
(122)
123
(124)
123)
(126)
(127)
(128)
(129
(130)
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132)
(133)
(130)
(135)
(136)
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Figure 4.10: Translation patterns and dependency structures of input and transla-

tion by TS

4.5 Examples

This section gives an example of the use of this system to find new translation
patterns.

In Figure 4.10, D, is a dependency structure of the following Japanese sentence:

watashi no seibutugaku no tishiki ha hinjyakuda
(1 have little knowledge of biology.)

and D, is a dependency structure produced by T'S as an output by using the transla-
tion patterns pty, ptz. and pt;. Dotted lines d ppings between

For convenience, an unmarked dotted line is equivalent to a line marked M%, M 1,
and M |

Suppose that D, in Figure 4.1 is a correct English translation of D,. Then the
first step is to find mappings from D, to D,. By using the procedure described
in the previous section, the mappings expressed by dotted lines in Figure 4.11 are
obtained. In these mappings, note that the Japanese word “hinjyaku” (“poor”) is
related to the English word “have” even though it is not a translation word. This
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Figure 4.11: Translation patterns and dependency structures of input and correct

translation
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P a1

: Screen image of TranPet

Figure 4.1

relationship can be established in the last part of the mapping algorithm.

The next step is to find structural differences between the translation patterns for
(D., Dy} and for (D,, D,). The translation patterns corresponding to pty, ptz, and
pts are shown as pt}. pty, and pt} in Figure 4.11. Comparison of these corresponding
translation patterns shows that pt) and pt; are

ifferent, and they are stored in
the new translation pattern list. D, contains a portion, “little (mod),” that is not
covered by the translation patterns pt}, pt;, and pt;. This portion is attached to pt},
and becomes pt! in Figure 4.11. Finally, a new translation pattern pt, is obtained
by merging pt} and pt} in the new translation pattern list.

The actual screen images of TranPet for this example are shown in Figures 4.12
and 4.13. In Figure 4.12, the source dependency structure appears in the upper left
window, and the target dependency structure produced by SimTran is appears in
the lower left window. The upper right window contains a correct English transla-
tion input by a user. When the analysis button is pushed, its parsed dependency
structure appears in the middle window on the right. The Find Mapping button
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)
wing: <0 4> 1> a1 s

Figure 4.13: New translation pattern found by TranPet

executes the Mapper, and the mappings found by the Mapper appears in the lower
right window. Finally. the Find Patfern button executes the Pattern Extractor, and
the new translation pattern is displayed in another window, as shown in Figure 4.13.

4.6 Discussion

Strong recent interest in corpus-based processing has produced some results concern-
ing the extraction of relevant information from bilingual corpora. There has been
some research (Kaji et al. 92] [Utsuro et al. 92] [Matsumoto et al. 93] [Utsuro et al. 94]
on finding correspondences between translation pair sentences, and extracting trans-
lation patterns from them. If we consider human processes for acquiring translation
patterns, we can categorize them into two types: finding translation patterns by
viewing many similar translations, and finding translation patterns by comparing
a correct translation and a wrong translation. As an example of the former, we
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can easily imagine that, given any translation instances of the Japanese word
“toru” (“take”), one can obtain some translation patterns (or case frames) that are
relevant for translating sentences containing “toru.” The above-mentioned studies
(Kaji et al. 92) [Ttsuro ot al. 92) [Matsumoto et al. 93] [Utsuro et al. 94] deal with
the former type of process, whereas the method proposed in this chapter deals with
the latter; that is, the method proposed in this chapter differs from previous ones
in that it extracts new relevant translation patterns (which are not contained in the

current translation pattern database) by comparing the result output by a trans-
lation system with a correct translation. The former type of method is necessary
for creating a new translation pattern base from scratch: on the other hand, the
latter type is effective for enhancing an cxisting translation pattern database in a
bootstrapping manner.

Previous studies [Matsumoto et al. 93] [Utsuro et al. 94] have proposed a method
for extracting not only one-to-one correspondence but also phrasal correspondence.
As I mentioned in previous sections, our system also obtains structural correspon-
dence; limited phrasal correspondence can be obtained in the mapping phase, and
more global phrasal correspondence can be obtained by finding new translation pat-
terns.

Some may feel that the proposed method is peculiar to SimTran. Admittedly, the
method for finding structural mappings is ui to SimTran, but the method for
finding new relevant translation patterns is applicable to any type of example-based

transfer system, if lexical mapping is substituted for structural mappings in the
descriptions above.

Since this system is an interactive tool that helps to create translation patterns,
it is not easy to evaluate.® We have actually been using it for several months to
create SimTran translation patterns. Our experience indicates that, if the mapping
is correct, a result produced by the system can normally be used as a translation
pattern after a little editing. Most errors in the mapping phase are caused by (1) a
word used in a correct translation sentence not being registered in the dictionary as
a translation for its sonrce word, and (2) a single source word, such as a compound
noun phrase, being translated as scveral target words. Further, creating a translation

I is difficull 1o conduct an extensive test using many sentences, since the system depends
heavily on the capability of the source and target parsers, and corrections are needed for the
results of these parsers.
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¢ as creating one from scratch.
ity of pattern creation.

pattern by using this system takes half as
Therefore, this greatly improves the pro

4.7 Summary

In this chapter, 1 have described a system called TranPet that compares a wrong
translation and a correct translation in order to extract relevant translation patterns
that should be added 10 a current translation pattern database. To find mappings
between two parsed structures, I proposed a method for finding not only one-to-one
correspondence but also structural mappings employed in SimTran. To find new
translation patterns, I proposed a method for finding translation patterns from the
differences between translation patterns used in a wrong translation and those used
in a correct translation. This method is useful for extending or enhancing a current
translation pattern database efficiently in a bootstrapping manner.

In future work, besides improving parsers, we must enhance the part of the system
finding mappings, to reduce user interaction.



Chapter 5

Automatic Identification of
Exceptional Translation Patterns

5.1 Introduction: Side Effects of Exceptional Trans-
lation Patterns

As mentioned in the previous section, one of the bottlenecks of cxample-based trans-
lation is the collection of large numbers of translation examples consisting of pairs
of parsed structures in the source and target languages. By using some methods
‘mentioned in the previous chapter, however, we can now collect translation patterns
relatively easily.

There is another problem, though, called ezample interference, that an exceptional
(or idiomatic) translation pattern is selected when a general translation pattern
should be selected, and it has a side effect on the construction of a target structure.
Suppose that we have the following two examples of translation from Japanese to
English, (e1) and (e2),

(1) watashi(I) ha konpyuutaa(computer) wo kyooyoosuru.
I shae the use of a computer.

(e2) watashi(I) ha kuruma(car) wo tsukau.
Tuse a car.

81
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he following Ja

and that we are giv sentence (s1):

(s1) watashi(I) ha dentaku(calculator) wo shiyoosuru.

In the above examples. (s1) is likely to be more similar to (e1) than (¢2), because
the three Japanese verbs “kyooyoosuru.” “tsukau.” and “shiyoosurn” are all very
similar.! and “dentaku” (“ealculator”) is more similar to “konpynutaa™ (“com-
puter”) than “kurama™ (“car”). If this is the case, the English output obtained
by using (e1) is (11).? whereas it should be (t2):

(1) T use the use of a caleulator.

(12) T use a calculator.

This problem occurs becanse example-based transfer systems choose examples sim-
ply on the basis of similarity. T dered by using the analogy of cells
like those shown in Figure 5.1 In the figure, a dot represents a translation example,
and a cell represents a space in which an input is determined to be similar. Accord-

can be c

ing to this analogy, an example-based system checks the cell in which an input is
located, and uses an example governing the cell. If a new example is added in this
space, a cell for it is created as in cell division. If an input happens to fall into the
cell of an exceptional example, it is wrongly translated. There are two methods for
avoiding this phenomenon: one is to treat an exceptional example as a special cell
(a shaded dot of (a) in Figure 5.1) that has no extent in the example-hase space. so
that it cannot be used unless it matches the input exactly. The other is to surround
an exceptional example with many general examples ((b) in Figure 5.1) so that it
does not cause side effects. This is an ideal approach for example-based translation,
but not a practical one, since it is very difficult to enumerate all general exam-
ples surrounding an exceptional example. Thus, the former method must inevitably
be used; that is, an example-based translation system must deal with exceptional
translation patterns separately when calculating similarity.

Therefore, we need a method for dealing with exceptional translation patterns in
imilarity calculation, and a method for identifying exceptional translation patterns
TActually, they are
Goi-Hyou [NLRI 64).
*The main verb is changed from “share™ to “use.” because “share™ is not a translation of
“shiyousura.”

the same category (or the same leaf) in the Japanese thesaurus Bunrui-
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) . ©

Figure 5.1: An example-base space

in a translation pattern database. Since a method for the former is described in
Section 3.3.3, in this chapter we describes a method for the latter.

The next section describes a method for identifying exceptional translation patterns.
Some experiments are reported in Section 5.3, and some issues are discussed in
Section 5.4. Finally, Section 5.5 offers some concluding remarks.

5.2 Identifying Exceptional Translation Patterns

For most people, an exceptional translation pattern is likely to mean a pattern of
translation for an idiomatic or colloquial expression. In general, an idiomatic trans-
lation pattern is a translation pattern whose target part is markedly different from
those of translation patterns whose source parts are similar to that of the idiomatic
pattern. From the viewpoint of the transfer process. what we would like to identify
are translation patterns that may have side effects when they are selected instead of
general translation patterns. We call such translation patterns exceptional trans-
lation patterns. According to this definition, exceptional translation patterns are
not restricted to idiomatic patterns; in fact, the majority of translation patterns in
this category are not idiomatic. Here, we classify exceptional translation patterns
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into the following two categoriex:

@ Extra-Exceptional Translation Patterns: These have some extra clements in
the target part in addition to those in similar translation patterns.

o Intra-Exceptional Translation Patterns: These are almost the same as similar
translation patierns, but several 1argel words are different.

important to know whether

When exceptional translation patterns are found, it i
two translation patterns are equivalent or not. Therefore, equivalent translation
patterns are defined as follows:

Given two dependency structures dy and dy, then lhvy are called equivalent if and
only if they identical and nodes have similar semantic
codes.? Further, two given translation patterns tpy = (s),¢),m) tpr = (s2,t2.1m2),
is a target part, and m, is a mapping from s to ¢,, are

where s, is a source part, f,
called equivalent if they satisfy the following conditi

(1) Both source pasts are equivalent, and both target parts are structurally iden-
tical.

(2) The roots of f, and t; are the same string.
(3) For each node n in s, my(n) is one of the words used to translate n.
(4) For cach node n in s3, my(n) is one of the words used to translate n.
The algotithin for identifying exceptional translation patterns is as follows:
Step 1 Divide translation patterns into several groups, each of which consists of equiv-
alent translation patterns.

Step 2 For each pair of distinct translation pattern groups g, and g,, if any pattern
of gy is equivalent to any pattern of g, other than nodes governed by the root
of the source part, then the translation patterns in g, and g, are marked as

general.
3For instance, ic code in Jupanese is Bunrui-Goi-Hyou code. The extent to which

w0 words are determined to be alko a parameter. It may vary according to the system.
In our system, two words are determined to be similar if they have the same semantic code.
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Step 3 For cach pair of distinct translat; pattern groups ¢, and gy, if the source
part of any pattern (py) of gy is equivalent to the source part of any pattern of
g2, but their target parts are not structurally identical, because py has extra
elements, then the translati of gy are marked as ertra-erceptional.

patt

Step 4 For each non-exceptional translation pattern group gy. if there is another gen-
eral translation pattern group g, such that any pattern (p;) of g, is equivalent
to any pattern of g; other than the root node in the target part of py, then

the translation patterns of g, are marked as intra-ezeeptional.

Step 2 identifies possible general translation patterns if they are used in a relatively
wide range of words, because in general an exceptional pattern is restricted in the
usage of words. This approach, however, is not perfect for identifying general trans-
lation patterns, because there are cases in which the exceptionality derives from a
single special word. Therefore, in the next step, checking does not exclnde these

possible general translation patterns. Step 3 identifies cxtra-exceptional translation
patterns by checking the structure of the target part. Step 4 then identifies intra-
exceptional ones by comparing the root node in the target part with the toot nodes
in the target part of possible general translation patterns. The reason why this com-
parison is restricted to possible general translation patterns is that intra-exceptional
translation patterns have side effects only when they are similar to general transla-
tion patterns.

Figure 5.2 shows an example of the identification of exceptional translation patterns,
in which the Japanese verbs “kyooyoosuru” and “tsukau” have the same bghcode,
and the Japanese nouns “kuruma,” “ongaku" have different bghcodes, whereas,
“kuruma” and ‘jitensya,” and “ongaku” and “mahoo” have the same bghcode,
respectively. First, step 1 divides these translation patterns into four groups: group
1 consists of (tp1), group 2 consists of (tp2) and (tp3), group 3 consists of (tpd),
and group 4 consists of (1p5). Step 2 identifies group 2 and 3 as general translation
patterns, because “kuruma” and “ongaku” have different bghcodes. Subsequently,
Step 3 identifies (tp1) as an extra-exceptional translation pattern, because (tpl)
has the extra clements “the use of" for (tp2). Further, Step 4 identifies (tp5) as
an intra-exceptional translation pattern, because (tp5) is equivalent to the general
translation patterns (1p4) other than “use” and “practice” in the root nodes of the
target parts.
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WZ-_' i

3

“Jhen

Figure 5.2: Example of the identification of exceptional translation patterns
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- - No. of Percontage

Behcode Total Ro. | No-of | b tional | of Exceptional
of General
(example) Patterns Pattems
Pattemns | Patterns ‘

(extraintra) |  (extra only)

T5210(dowsura) | 247 1 292 (226.4) | 93% (92%)

15270(iku) 174 o 138 (137, 1) 79% (78%)

15310(torikomu) 165 ] 160 (150, 10) 96% (90%)

15600(tikazuku) 199 1 185 (178, 7) 92% (89%)

15710(kiru) 185 0 | 1s10s0.22) | on% (85%)

30110(kurushimu) | 192 8 | 1e3060,23) | 9% (83%)

30200(suki) 280 6 | enoses | 9% (2

30610(cmou) 180 o | 19069,10) | 99% (93%)

31200(iu) 191 0 173(173,0) | 90% (90%)

36700(hattyuy) | 162 o |egess) | 99% o)

38520(tsukau) 65 2 60 (53, 7) 92% (81%)

Table 5.1: Experimental results for transfer dictionary

5.3 Experiments

We have tested the above-mentioned algorithm with translation patterns in a Japanese-
to-English transfer dictionary that was previously used in our rule-based MT system.
For each bghcode, we collected translation patterns such that the root of the source
part has the code, and applied the algorithm to the translation pattern set of each
category. Table 5.1 shows the resulting top 10 categories with respect to the total
number of occurrences. In most categories, more than 90% of translation patterns
were identified as exceptional. The reason for the lopsidedness of this result is that
the translation patterns described in the previous transfer dictionary were althost
all exceptional cases that could not be dealt with by the default procedures coded
in the transfer module. Therefore, this result indicates that the algorithm is able to
identify exceptional translation patterns correctly.
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5.4 Discussion

In conventional transfer systems [Nagao and Tsujii 86). transfer rules are roughly
divided into general ones and exceptional (or idiomatic) ones. Such transfer sys-
tems usually check the exceptional cases first. and if these rules do not match the
, then apply general On the other hand. example-based transfer systems.
patterns (or examples) uniformly on the basis of similarity.
according to the example-based principle. Th 1 causes the example in-
terference problem. A very useful property of the example-based approach is that
it allows a sentence and its translation to be added as an example if it cannot be

translated correctly. However, if the same input as the newly added example is
given, but when the resolution of the similarity calculation is not high enough, an
input that is similar to but not exactly the same as the added example may not be
translated correctly, because there may be another similar example that is excep-
tional. Therefore, it is ve
exceptional.

portant to identify whether an example is general or

After application of the algorithm described in this chapter, translation patterns are
classified into the following categorics: general, exceptional (extra- and intra-), and
neutral. Neutral translation patterns, which are not marked general or exceptional,
are translation patterns that do not have side effects. They are not used for a wide
variety of words in the current translation pattern database. If more translation
patterns are added later, they may be identificd as general or exceptional. By
this method, one can enable the system 1o identify exceptional translation patterns
automatically by adding some general translation patterns similar to them. This is a
very useful feature for bootstrapping of a translation pattern database. A weak point
of this algorithm, however, is that it requires a large number of translation patterns.
If enough translation patterns are not given, exceptional translation patterns may
not be identified. However, collecting many translation patterns is no longer a
serious problem, since several methods for collecting them automatically have been
proposed in recent studies (Kaji ot al. 92] [Utsuro et al. 92] [Matsumoto et al. 93]
and in the previous chapter.

The method proposed in this chapter probably docs not comply with human intu-
ition regarding idiomatic translation patterns; rather, it detects translation patterns
that are idiomatic for the system, in other words, patterns that might have side ef-
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fects in the current sct of translation patterns. It probably requires deeper semantic

fy translation patterns that are idiomatic in the conventional

aportant for the system (o ide

ity exceptional translation pat-
may have side effects than to identify ones w

conforms to human
sense of idiomatic expres

don, except for special cases.

5.5 Summary

In this chapter, I have discussed a problem of example-based transfer systems, rxam-
ple mhr]rrmﬂr, that the selection of inappropriate translation patterns eventually
leads to a wrong translation. To avaid this problem, we need a method for identi-
fying exceptional translation patterns that may have side effects on the target side.
I have proposed a method for distingu

g exceptional translation patterns from
general translation patterns. In some cases. this method gives results that do not
match human intuition regarding idiomatic translation patterns. but it can detect,
from the viewpoint of example-based processing, translation patterus in the current
translation pattern database that might have side effects.

This ph , example i i also known as rule i in conven-
tional rule-based translation systems. Even if we adopt the example-based approach,
this problem still exists when there are not enough translation patterns. How to
collect sufficient quantity of translation patterns is an open problem. However, note
that in the example-based approach, this ph can easily controlled by using
the proposed method: in the conventional approach, on the other haad, it is hard
to control, because many rules are mutually related, and it is difficult to find how
and when a rule should be blocked.
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Chapter 6
Summary and Conclusions

‘The transfer phase in machine translation system has received less attention than the
parsing and generation phases, and has a much less detailed theoretical background.
‘Therefore, most conventional transfer systems consist of a huge network of mutually
dependent transfer rules. This makesit difficult to enhance and maintain the transfer
system, because it is very difficult to predict and block side effects that may be
caused by adding new rules. One of solution to these problems is to hide human
intuition and to use a sort of objective criterion in the rule selection phase. This
is one of principles of the example-based approach (EBA). By adopting the EBA
in the transfer phase, we can separate rule writing and rule selection; that is, we
use similarity calculation in place of the rule-writer's intuition. If the similatity
calculation can be properly designed. the EBA system has the great merits that if
a sentence is not translated properly, we can get a correct translation by simply
adding a translation pattern derived from the sentence and its correct translation,
and that the side effects of new translation patterns are fewer than in conventional
transfer systems.

Chapter 2 proposed a basic framework for the transducing system, called pattern
combination transfer (PCT). This framework is well suited to the example-based
approach. The PCT model, given some translation patterns that are pairs of de-
pendency structures in the source and target languages and correspondences among.
related nodes, constructs a target structure by combining the target sides of the
given translation patterns. The correspondence used in a translation pattern of the
PCT model is not just a one-to-one mapping: rather, it is extended to have an up-

91
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ward mapping and a dowunward mapping <o that it can express peculiar translations
of the type mentioned i

Chapter 3 described an example-based transfer system called Sim Tran, which

corporates the PCT wodel

alewlation method for Japanese, and a
patterns for the input. The similarity
chapter calculates the s

method for selecting appropriate tr

calculation method proposed

arity of two given
tures in which the nodes are a set of features, and does not im-
ion that a node must have a lexical-form. Therefore, the method
can deal uniforinly with translation pattes

derived from translation examples and
from conventional transfer knowledge. so long as they can be expressed as pairs of
dependency structures. It can also deal with exact matching for exceptional trans-
lation patterns. Further, a method for collecting translation patterns can find the
best set of translation patterns for the input from the viewpoint of the total cost of
y. But, this ¥ only reflects the source sides, and the final validity
can be determined only after a target structure has been constructed. For cases
in which the best translation pattern set does not create a valid translation, the
selection method can maintain the top-N candidates of the translation pattern set.

Adoption of the EBA simplified the transfer system and overcame some problems
in the transfer phase. However, other problems still remain, including the high cost
of producing translation patterns, for which parsing is needed in order to create
dependency structures. IL iy essential to reduce this cost. Chapter 4 dealt with
the automatic creation of translation patterns, and proposes a method for creat-
ing translation patterns by comparing an example-based MT result and its correct
translation. This method compares translation patterns used in a correct translation
with translation patterns used in an example-based MT system, and creates new
translation patterns by finding the changes needed to produce a correct translation.
It is not a completely automatic process, since it requires human intervention in
some phases such as paring, if there are ambiguitics. This, however, is not a draw-
back, as it makes it much casicr for humans to make translation patterns. In future,
it may be possible for an end user to add new translation patterns to the translation
pattern database by using this kind of tool.

Some other problems arise when there are not enough appropriate translation pat-
terns for an input. How many translation patterns should be provided? The answer
to this depends on the target domain of the translation and the expectations of
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users, and the question is prohably open. Therefore, we

t create an EBMT sys-
tem that can produce an appropriate output even in such a sitnation. One solution
to this problem i to nse syntax-level translation patterns used in conventional trans-
fer systems as a fail-safe mechanism. As mentioned in Chapter 3, the PCT model
does not require translation patterns to he constructed from a translation example.
and the similarity calculation method in Sim Tran can deal with translation patterns
derived from conventional transfer knowledge that do not have any lexig

-form.

However, there still remains the problem of crample interfercnce, that exceptional
translation patterns cause side effects in translation. Chapter 3 dealt with this prob-
lem and proposed a method for identifying exceptional translation patterns in the
current translation pattern database. The method can identify general translation
patterns that will not have side effects, and exceptional translation patterns that
may have side cffects, It detects a translation pattern that is exceptional in that
there is a possibility that it will have side effects. Therefore, exceptional translation
patterns detected by this method may be different from idiomatic translation pat-
terns in the human sense. But it is more important 1o detect translation patterns
that might cause problems for the system than idiomatic translation patterns in the
human sense. Further, as mentioned in Chapter 3, the exception is expressed as a
single-quoted string in a translation pattern, and the similarity calculation method
of SimTran can scamlessly deal with these exceptional translation patterns by per-
forming exact matching for single-quoted strings. Note that example interference is
relatively easy to control by the proposed method in the example-based approach,
whereas it is difficult to control in the conventional transfer approach.

In summary, this thesis has proposed a foundation model of the transfer phase
called PCT, that is suited to the example-based approach, and has described an
example-based transfer system called SimTran. Further, it has proposed a method
for creating translation patterns in order to reduce the cost of creating translation
patterns, and a method for identifying exceptional translation patterns in the current
translation pattern database in order to improve the translation quality even in
situations where the database does not contain enough translation patterns.

Since a machine translation system is a sort of simulation of the processes in a
buman brain and the behavior of the brain still not been fully explored, even in
the field of medical science, it is almost impossible to express all the possibilities or
situations in the translation as rules. A system which tries to deal with such a task
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must be fiexible <o that new knowledge can be casily added when necessary. The
example-based approach is more snitable than conventional approaches in this sense,
and has the advantage that knowledge necessary for translation can be accessible to
nsers can directly s

end users: that upply translation examples as translation
knowledge. The future di

that is

ection of example-hased translation will be to enhance this

capabil to pursuc a complete example-based approach that minimizes user

interactions in creating translation patterns from translation examples.




Appendix A

Conditions for Producing an
RLDAG

In this appendix, we will describe the conditions in which PCT can produce an

RLDAG.

Before going into the details, let us introduce several terms:

Definition
such that nx

1 (dumbbell) 4 dumbbell is a node-arc-node triad (nz a ny)
(a) Any = t(a) or nz = t{a) Any = s(a), where nz and ny are
nodes and a is an are.

Definition A.0.2 (node path, arc path) A node path is an ordered set of dumb-
bells such that ny, = nr,.). If we are not concerned with ares, then a node path
((ny @y n3) ... (ma_y @y n,)) is written as (ny ... n,). An arc path is a node
path such that cach dumbbell (nz a ny) satisfies nr = sa) A ny = t(a). Since all
nodes in a dumbbell are determined uniquely by its arc, an arc path ((n, ay nz) ...
(Rnoy @y 1)) is simply written as (ay .. a,).

Deflnition A.0.3 (matching pivot) Given some projections, we call a node con-
tained in intersections of any two distinct projections a matching pivot. An origin
node of a matching pivot is also called a matching pivot.

9
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Definition A.0.4 (gluing pivot) Grecn some G.'s g,. for any node n, of g,, n,
is called a ghuing pivot of there 15 a node g of ¢ (i # k and j # 1) such that
fry(n) 0 frulm) # 0.

Definition A.0.5 (gluing node) If fwo distinet nodes n, and n; are gluing pivots
such that fu(n,) 0 fn(ng) # 6, then n, is called o gluing node of n;, and vice
versa.

Definition A.0.8 (gluing node set) Let R,, bc a relation on a sct of gluing piv-
ots such that nrRyyny if and only if ny is a gluing node of nx or if nx is identical
with ny, and let R}, be the reflesire and transitive closure of Ryn. Then for a gluing
pivot n, a sct {|nR},+} is called a gluing node set, and a union of labels of nodes
in a gluing node set is called an identical label set.

Definition A.0.7 (virtual node path, virtual arc path) A virtual node path
over some LDGs is a list of dumbbells ((nzy ay ny)..(nz, a, ny,)) such that
In(ng) N fn(nz,) # 6, where nr and ny are nodes and a is an arc of one of
the LDGs.

A virtual are path over some LDGs is a virtual node path, each dumbbell of which
satisfies nz = s(a) Any = t(a).

In general, a graph produced by gluing RLDAG is an LDG, so we need to find the
conditions in which several RLDAGs may be glued to form an RLDAG. To prove
that the resulting graph is rooted and acyclic, we must consider the conditions that
RLDAGs have to satisfy.

First, let us consider the conditions for acyclicity.
Theorem A.0.1 (acyclicity) A glued graph of several RLDAGS becomes an acyclic
LDG if they satisfy the following conditions:

(1) The nodes of cach given RLDAG are labeled uniquely.

(2) Let P be a union of arc paths for cach given RLDAG such that both ends

are gluing pivots. Then there are no cycles in virtual arc paths constructed
from elements of P.
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[Proof of Theorem A.0.1]

Assume that there is a cyclic path in a glued graph.

Since there is no cyclie virtual arc path containing ghiing pivots (cor
obvious that there is no cyclic are path
pivot) in a glued graph. (pl)

n (2)), it is
including any glued node (which was a gling

Therefore, there must e a cyclic path that contains only nodes that are not ghiing pivots.
Since a node that is a ghiing pivot in an RLDAG cannot make a path withont gluing
pivots toa node in another RLDAG, there must be a cyclic path within an RLDAG. From
condition (1), there is no possibility of making a cyclic path in an RLDAG by ghiing. (p2)

From (p1) and (p2), the assumption is wrong. Hence. if some RLDAGs satisfy these con-
ns, a glued graph of them becomes an Idag. =]

A procedure for testing acyclicity is shown in Figure A.1. The function ge¢GluingNodeSet'
is the same as getGluing Node Set, which is used in the gluing procedure, but it re-
turns gluing node sets containing only gluing pivots. Lines 138 to 143 collect arc
paths whose ends are both gluing pivots for each given RLDAG, where we suppose
that the given RLDAGs have a table containing an ancestor-descendant relation-
ship for every node pair. The subsequent part searches nodes for cyclic paths in
depth-first order. Since each node has a stale representing whether it has been vis-
ited, is being visited, or has not been visited, the search's encountering a visiting
node implies that there is a cyclic path. The procedure visit is the main routine
in searching for a cyclic path. It searches child nodes for a node that has not been
visited and, for each node, this scarch is executed recursively until it reaches a leaf
node or a visiting node.

Let us consider the complexity of this procedure. Let k be the number of given
RLDAGS, let n be [maz(Ny, .., Vi), and let a be [maz(Ay. .., 4s)]. The complexity
of the function getGluingNodeSet' is O(k*n?). Since the maximal value of inum
(line 139) is kn and line 140 iterates at most k*n? times, the complexity of the part
collecting arc paths (lines 139-143) is O(k'n%). On the other hand, in the part
for searching for a cyclic path, the function visit is executed exactly once for each
arc path in A, because it is a depth-first search. The maximal value of 4 is kn?,
because there may be an arc path between all pairs of gluing pivots in the worst
case. Therefore, the complexity of the part for searching for a cyclic path (lines
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procedure test Acyelicity(Gy = { V1, AL},
(Inum . L[|, Nol]) — getGluing N ode Set'(N
A—o
for i = I 10 Inum begin

for each distinet gluing node r and y in N,[i} begin
if 2 is an ancestor of y then A — AU {(z.0)}

end
end
¥ — )
for each x in . flaglr) — NOTVISITED
for each 7 in N bey
if Jlaglz] =NO' ED then begin
re — visit(z, 4, Inum. Ny[])
if re =FALSE then return FALSE
end
end
return TRUE
end

procedure visit(n, A, Inum, N,[|) begin
i — j such that n € N,[j]
for each 7 in N,|i], flaglz] — VISITING
for each (z.y) in A such that 7 € ¥,i] begin
if flagly) =VISITING then return FALSE
if flagly] =NOTVISITED then begin
re — visit(y, A, inum, N,{])
if re =FALSE then return FALSE
end

Jlag[n] — VISITED
return TRUE
end

Figure A.L: Procedure for testing acyclicity
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146 151) is O(k*n?). Henee the total complexity ix O(k*n?).

Next, we must consider conditions that produces a rooted LDG.

Theorem A.0.2 (rootedness) A glucd graph of several RLDAGs g, becomes a
rooted LDG if the RLDAGs satisfy at least one of the following conditions:

(1) All root nodes are gluing pivots, and there is ezactly one gluing node set
whose clements arv. all roots.

(2) There is ezactly one root node that is not a gluing pivot, and all other root
nodes (which are gluing pirots) have at least one gluing node that is not a root
node.

[Proof of Theorem A.0.2]

Nodes except for roots in given RLDAGs never hecome roots in a glued graph, hecause
they have at least one governing node and this relationship is never changed in a glued
graph. Therefore, we consider the following cases of roots:

(a) All roots are gluing pivots.

(1) If all the roots have any gluing node that is not a root, then a glued
graph has no root, because all nodes have a governing node.

(a-2) If there is only one gluing node set whose elements are all roots, then a
glued graph has only one root. because roots that are contained i other gluing
node sets have a governing node and cannot be roots in the ghied graph.
(2-3) If there is more than one gluing node set whose elements are all roots,
then a glued graph has two or more roots, because they have no governing
node in a glued graph.

(b) Only one root is not a gluing pivot.
(b-1) If all other roots have at least one gluing node that is not a root, a glued
graph has enly one root, hecause the other roots never become roots in the
glued graph.
(b-2) If all gluing nodes of any other roots are roots, then a glued graph has
‘more than one root, because these other roots become roots in the glued graph.
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procedure test Rootdnes|(Gy. .. Gi) begin
(Inum., Ln[). Nyl)) — getGluingN ode Set
entl —ent —0
fori = 1 to Inum begin
num — | Nl
Jroot — fnotroot — TRUE
if num = | then begin
if rool(N,{1]) =TRUE then return FALSE
else begin
Jallroot — TRUE
for each z in Nyi) begin
if root(z) =FALSE then begin
Jallroot — FALSE
break
end
end

end
it fallroot =TRUE then entl — ent] + 1
ifent) > 1 then return FALSE
end
return TRUE
end
procedure testRootedness2(G), ., Gy) begin
(tnum, La[}, Nyl)) — getGluingN odeSet
for i = 1 to Inum begin
num — [Nyl
ifnum = | then begin
if rool(N,il) =TRUE then ent2 — cnt2 + |
end
else begin
Jroot — fnotroot — TRUE
for each = in N,i] begin
if root(z) =TRUE then froot — TRUE
else begin fnotroot — TRUE
end
end
if cnt2 > 1 then return FALSE

if fnotroot =FALSE & froot =TRUE then return FALSE

end
return TRUE
end

Figure A.2: Procedure for testing rootedness
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{(€) Two or more roots are not ghiing pivots.
In this case, they hecome roots in  glued graph.

Only (a-2) and (b-1) produce an LDG with only one root, and they correspond o (1) and
(2) in the rootedness conditions. respectively.

Therefore, if given RLDAGs satisfy the rootedness conditions. a glued graph of them
becomes a rooted LDG.

=]

Procedures for testing for rootedness conditions 1 and 2 are shown in Figure A.2.
These procedures also use the function ge/GluingNodeSet in order to collect gluing
node sets. The procedure tcstRootedncssl tests whether condition 1 holds or not.
1t returns false if there is a root whose gluing node set contains only the root itself
(line 170), which corresponds to the first part of condition 1. Further, cnfl repre-
sents the number of gluing node sets whose elements are all roots; if it is greater
than 1, this procedure returns false (line 181), becanse it violates the latter part of
condition 1. Lines 173-178 check whether such a node st exists. The procedure
test Rootness2 tests whether the condmon 2 holds or not. cnt2 is the number of
roots that are not gluing pivo!
(line 197), because it violates the first part of condition 2. froof represents whether
there is a root node in the current gluing node set: fnotroot, on the other hand,
represents whether there is a node that is not a root in the current gluing node set.
If froot is true and fnotroot is false, the procedure returns false (line 198), because
it violates the second part of condition 2.

is greater than 1 this procedure returns false

Let us consider the complexity of these d The complexity of the function
getGluingNodeSet is O(k*n?). Since the maximal value of Inum is kn and the
maximal number of nodes of N[ is kn, the outer loop iterates at most kn times
and the inner laop iterates at most kn times for both procedures. Therefore, the
complexity of the main loop of both procedures is O(k?n?). Therefore, the total
complexity of both procedures is O(k?n?).

Hence, if the given RLDAGs satisfy the above conditions for acyclicity and rooted-
ness, a glued graph of them becomes an RLDAG.
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APPENDIX A. CONDITIONS FOR PRODUCING AN RLDAG
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