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Preface

From theoretical linguistics to computational models of natural language, unification-based
processing has become a central methodology in many research efforts. In theoretical linguis-
tics, unification-based formalism has become one standard form of representation; many the-
ories such as LFG ([Bresnan and Kaplan, 1982]), HPSG ([Pollard and Sag, 1987]), and JPSG
(|Gunji, 1987]) use feature structure and unification as the .base of constraint postulations. In
computational linguistics, unification is used as the central constraint processing mechanism
during parsing based upon the unification-based grammar analyses. In artificial intelligence,
unification-based natural language is often used as an integral part of inference and learning
mechanisms. Recent efforts in massively parallel artificial intelligence have also demonstrated
the strength of graph unification as a uniform constraint processing mechanism for natural
language in a massively parallel environment.

Despite the popularity of unification-based processing, graph unification, which is the com-
putational method' of unification-based processing, has remained a bottleneck of the unification-
based systems. For example, in unification-based grammar parsing using pa.rging algorithms
such as Earley’s algorithm and Tomita’s algorithm, unification operafions often consume 85 to
95 percent of the total cpu time devoted to a parse. In one large-scale unification-based spoken

!, sometimes 98 percent of the elapsed time is calculated to be devoted to uni-

language parser
fication operation alone ([Kogure, _1990]). Furthermore, the number of unification operations
tends to grow as the grammar gets larger and more complicated. Thus, an unavoidable paradox

is that when the natural language systém gets larger and the covéra.ge of linguistic phenomena

is increased as an attempt to bring performance to a practical level, the number of unification

1ATR’s HPSG-based spoken Japanese analysis system.




operations increases rapidly and the performance of the systems degrades to an impractical
level. Thus an availability of efficient graph unification is of paramount importance both to
theoretical natural language research as well as to practical natural language systems.

Overall parsing efficiency is crucial when building or experimenting with both practical
and experimental natural language systems. For realtime practical systems, parsing speed is a
prerequisite. For theoretical experimentation, the efficiency of hypothesis testing depends on
the speed of constraint processing. In the modern linguistic framework, most parsing systems
consist of two basic constraint processing mechanisms: 1) context-free parsing algorithﬁxs and
2) graph-unification algorithms. This thesis focuses on the efficiency gain of graph-unification
algorithms. Given that most of the parsing time is consumed by graph-unification in large-scale
NL systems, the benefit of improving graph-unification algorithms seems apparent. '

The Center for Machine Translatioﬁ of Carnegie Mellon University provided me with both
the environment and the funding for pursuing my Ph.D. research at Ca.rnegie Mellon University.
The Laboratory for Computational Linguistics of Carnegie Mellon University was the base
of the theoretical exploration of unification-based linguistic processing. ‘Masaru Tomita was
the chairman of my committee and provided me with everything I needed for pursuing my

goals at Carnegie Mellon University, including the thesis topic. Jaime Carbonell, director

of Center for Machine Translation and also one of my committee members, deserves ma.nyje.\

thanks for his support, advice and encouragement throughout my days at Carnegie Mellon

University. Without his strong support, I would not have been able to continue my research at
Carnegie Mellon. Also, without Tommy and Jaime, I would not have joined Carnegie Mellon
University in the first place. ‘David Evans, my advisor and also the director of the Laboratory for
Computational Linguistics‘and of the Ph.D. program in Computational Linguistics, supported

me throughout my graduate student years and also provided me with linguistic and philosophical




insights into natural language. Alex Waibel, also my advisor, provided me with an excellent
opportunity to work on spoken language input for the parsing systems. He is the head of the
JANTUS project which is the CMU side of the Japan/US/German trilateral video-interpreting-
telephony project which uses the unification algorithm described in this .fhesis. He has also
contributed greatly to my research in the neural net frameworks which is not covered in this
thesis. Junichi Tsujii, professor at UMIST (University of Manchester Institute of Science and
Technology, U.K.) and the only non-CMU member pf my committee, has been providing me with
new insights for natural language and machine translation for almost ten years. Carl Pollard,
a former faculty member in the Computational Linguistics Program, my teacher of HPSG, and
my advisor for my master’s level thesis, originally introduced me to unification-based linguistics.
Bob Carp.enter and Rich 'i‘homa.son were among other faculty members who gave me useful
comments and support when I needed them. I wish also to thank Sergei Nirenburg, Lori Levin,
Eric Nyberg, Teruko Mitamura, and Todd Kaufmann at the Center for Machine Translation
for all the help and advice they gave me while I was at the Center. Radha Rao, the Business
Manager of the Center, always handled my last minute requests with generosity, as did current
and the past secretaries of the Center, namely, Cerise Josephs, Joan Maddama, and Barbara
Moore. The former and the current members of the Laboratory for Cox’nﬁuta.tiona.l Linguistics
and the Department of Philosophy also contributed greatly to the research contained in this
thesis. Among them are Ted Gibson, Alex Franz, Margalit Zabludowski, Sondra Ahlen, Marion
Kee, and Renee Schafer. Important parts of the thesis research were conducted during the
two periods when I was a Visiting Research Scientist at ATR (Advanced Telecommunication
Research) Interpreting Telephony Research Laboratories in Kyoto, Japan twice (10 and 8 month
stays iﬁ 1990 and 1991). Akira Kurematsu, Tsuyoshi Morimoto, Hitoshi Iida, Kiyoshi Kogure,

Osamu Furuse, Susumu Kato, Masaaki Nagata, Toshiyuki Takezawa, Kenji Kita, Genichiro




Kikui, Toshihisa Tashiro, Kazumi Ohkura are among the researchers at ATR who contributed
significantly to this work.

Makoto Takahashi, Hidehiko Matsuo, and Kyoko Sagi, of Toyo Information Systems worked

with researchers at ATR and did their fully separate and independent implementations of my
algorithms for ATR’s large scale speech-to-speech translation systems (SLTRANS and AsURA).
They have provided me with invaluable feedback for developing the later versions of my al- i

gorithms. Among their contributions were extremely detailed experimental results on the al-

gorithms’ behaviour under different environments (memory management, data structures, GC

methods/timings, number of function calls, different parsers, different rule granularities, etc.)

and comparisons with other unification algorithms which were conducted for almost two years '
using ATR’s grammar (probably the largest Japanese grammar ever developed). Their test

results confirmed my smaller scale experiments based on my implementations which are re-

ported in this thesis. Marie Boyle of the University of Tuebingen, Peter Neuhaus of Universitit \
Karlsruhe, and graduate students at Tokushima University are among other researchers who
independently implemented the early versions of my algorithms and provided me with many

useful and important suggestions. I am also indebted to the members of ICOT (Institute for
New Generation Computer Technology) Natural Language Group for useful discussions, espe-
cially in the framework of unification and constraint-based natural language processing. Satoshi
Tojo of Mitsubishi Research Institute, Hiroaki Kitano of NEC, Koiti Takeda of IBM, Akihir§ -~
Hirai, formerly with Hitachi, Hidefumi Sawai and Toru Matsuda of Ricoh, and Tsuyosi Kitani
of N'i‘T Data Communications Systems are among the members of the industrial affiliate pro-
gram of the Center for Machine Translation who contributed greatly to the research contained -
in this thesis. Finally, special thanks to the following professors and researchers in Japan for

their suggestions and help: Makoto Nagao, Hozumi Tanaka, Hidetoshi Shirai, Yuji Matsumoto,




Jun-ichi Nakafnura, Koiti Hasida, Jun-ichi Aoe, Takako Fujioka, Keiichi Sudo, and Katashi Na-

‘'gao. Mario Tokoro, Eiichi Osawa, and Katashi Nagao of Sony Computer Science Laboratories

provided me with the environment for preparing the later versions of this thesis as well as an
opportunity to test my algorithms on their multimodal systems. I originally éame to the United
States as é.Fulbright Scholar in 1985. Thanks are due to the members of the Fulbright Com-
mittee and Senator Fulbright for giving me the opportunity to pursue my graduate research
in the United States. (first at Yale and then at CMU). Roger Scha.nk, Christopher R.iésbeck,
and Lawrence Birnbaum were among my first teachers of AI/NLP. Finally, David Rockefeller,
Jr., Richard Vofvell, Jotaro Takagi, Koyata Hosokawa, and Kiyoaki Hara are among the people
outside of the natural language community who contributed greatly to my stay in the United
States. Some parts of this thesis were written while I was visiting the Department of Eﬁ-
vironmental Information of Keio University and while I was a member of the faculty in the
Department of Information Science and Intelligent Systems of Tokushima University. Kazuhiko
Tsuda, Alfred6 Maeda, Hideki Mima, Koiti Iriguchi, and Akiko Kita of Tokushima University
and Lonnie Bartusis, Yukiko Uehara and Imari Karasawa of Carnegie Mellon University were

extremely helpful in preparing the final version of this thesis.
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Chapter 1
Foundations

1.1 Introduction

A variety of grammatical formalisms have been proposed historically in computational linguis-
tics, natural language processing, and artificial intelligence to capture the phenomena called
‘language’. Kay proposed Functional Grammar and Functional Unification Grammar (FUG,
[Kay, 1984]) motivated by the notion of functional description of language. Bresnan and Kaplan
devéloped the Lexical Functional Grammar (LFG, [Bresnan and Kaplan, 1982]) based on the
framework of lexically-orientgd linguistics. In the aritificial intelligence community, Definite
Clause Grammar (DCQG, [Pereira and Warren, 1980}) was developed by Pereira and Warren
in the logic programming framework. Légic programming and DCG later became the base of
natural language research efforts in the J apaneée fifth generation computer research (ICOT).
Gazdar developed Generalized Phrase Structure Grammar (GPSG, [Gazdar, et al, 1985)) in
the nontransformational model of linguistic analysis. Pollard and Sag developed Head-driven
Phrase Structure Grammar (HPSG, [Pollard and Sag, 1987]) in the similar nontransformational

framework centered around the notion of the linguistic head of a phrase. Gunji developed the




Japanese Phrase Structure Grammar (JPSG, [Gunj, 1987)), which is a Japanese cousin of
HPSG. JPSG later became the central linguistic processing framework in the Japanese inter-
preting telephony research efforts (ATR). | | -~
In the more computational and implementational aspects, PATR-II ([Shieber, et al, 1983))
was developed at the SRI A Center as a theory-neutral simple and mathematically well-founded
tool for natural language processing. At Carnegie Mellon University, to address the inefficiency -
of unification algorithms, pseudo unification and Pseudo Unification Gramma; were developed
as a part of machine translation research ([Tomita a,nd’Knight, 1987)).
All these grammatical formalisms (at least the modern versions of them) use feature stru? A
ture as objects for capturing linguisi.:ic objects and use unification as the central constraint |
processing mechanism. In this chapter we would like to review both basic and formal proper-

ties of feature structures and unification.

1.2 Feature Structures

Despite the variety of analysis captured in modern theoretical and computational models of

language, the so-called feature structure has been accepted as the common object for repre-

sentation. Pollard and Sag expiain, “Instead of the NASA Physicists’ Euclidean spaces and
differential equations, though, the formal object of choice in information-based linguistics af\ E -
things known as feature structures”. kA feature‘ structure is a strugf.ured object that represents
bin‘forma.tional content by specifying a set of features and their values pairs. Fea.ture structures :
provide partial information about the information-bez;ring entities guch as linguistic objects. In
other words, feature sfruétﬁres are partia.l descriptions of things that are c#ptured in different

theories of language. Formally, feature structures can be understood as partial functions from
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features to their values where the underlying domain® of the partial functions is provided re-
cursively. Conventionally, feature structures are represented using the matrices of feature value
pairs. For example, a feature structure representing the linguistic object for a female professor

named Madoka may be represented as below.

name Madoka
sex female

occupation professor

For the sake of economy of type-setting as well as of consistency with the sample feature
structures in the appendix taken from the actual computer outputs, we also represent the same

feature structure as below in this thesis.

[[name madoka]
[sex female]
[occupation professor]]

which can also be represented graphically as:

female professor madoka

Figure 1-1: Graphical Representation of a Feature Structure

Since we will be representing feature structures in any of the above three ways in this thesis,

Ne., As originally defined by Russell for domain of relations.

11




we will be using the terms features, labels, and labels on the arcs intercha.ngea.blj.

A fundamental property of feature structures is their potential for hierarchialily ([Pollard
and Sag, 1987]). Thus, the value of a feature itself may be another feature structure embedded
within. For example, below is a feature structure providing a partial description of a linguistic

entity for a third person singular feminine noun:

category N
i i
number singular
agreement person  third
L gender feminine ((
Or in our alternate notation:
[[category NI
[agreement [[number singular]
[person third]
[gender feminine]ll]
Which can be graphically reprti;ented as Figure 1-2:
singular  third feminine

| Figure 1-2: A third person singular feminin noun entity

Feature structures can be understoodv ag partial functions mappihg features to values. For

example, in the example for Madoka provided above, the feature structure defines the mapping

12
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of the feature name to the value madoka, of sez to the value female, and of occupation to
professor. The partial descriptions by feature structures can be understood as “descriptions
participating in a relationship of partiality with respect to each other” ([Pereira and Shieber,

1984]). Formally, feature structures can be defined as below:

Definition 1.2.1 (Feature Structures) Let F be a possibly infinite set of features and C a
possibly infinite set of atomic values. We first define special feature structures {T, L}. T
represents “no information” and L represents “inconsistent information”. The set I of feature
structures can be defined by:

I'= Gf‘.-u{.l.}

1=0

The set I'; is defined recursively such that

To=CU {T}
i-1

Fori>1,T;={yly: ¥4 T} where Dom(y) € P'(F).
k=0

Here Dom(y) denotes domain of the partial function v* and P'(F) denotes a non-empty power

set® of F and B notates partial mappings.

This way, the features (I3, ..., I ) of a feature structure  are mapped to the values (v(); ey Y(Im))

for which the feature structure, as a partial function, is defined.

NotaTiON. Following Pereira’s notation ([Pereira, 1985]), we represent the value of the
feature I; of a feature structure 1, i.e., 7(I;) by 7/1}.

For example, y/category = N represents the feature structure provided above for the partial

description of a third person singular feminine noun.

2Recall that in set theory, domain of a partial function f:A — B is the set {aja € A and f(a) € B}. Also
image of f, written Im(f) is the set {f(a)la € Dom(f)}.

*Recall that power set of A is the set of all subsets of A. For example, if A={1,2,3}, power set of A is
{112»3}:{1’2}»{2:3}:{1»3}1{1}’{2}1{3}1 and 0.

13




NoTATION. Following the standard notation of set theory, weshall write Dom(7) to denote
the domain of the mappings from features to values for a feature structure «. In other words
Dom(7y) represents the set of features on the feature structure 4. These features are not
recursive, i.e., only the highest features are elements of Dom(7). For example, Dom(~) of the
feature structure provided ‘previously for the description of a third person singular feminine
noun is {category, agreement}.

“For embedded fea.ture structqres, we generalize tl{e notiqn vafeatures and introduce the
notion of path. A path is a sequence of features Ifrom the outermost feature structure of the
embedding to the feature of the innermost feature structure. In our vocabulary, it is a sequence .
of features from the highest to the lowest in tile feature structure hierarchy. For instance,‘

< agreement, number > is a path for the sample feature strﬁéture provided above for a third
person singular feminine noun.

NOTATION. We generalize the notation v/l representing the value of the feature I of feature
structure 7 to apply to the path of features, written v/p. Therefore, given the path p € F*,
which is p =< I, ..., I, > embedded in 4 € T, then v/p = (...((v(11))(12))...)(I»). For instance,
with the above feature structure for a third person singular feminine noun,

v/ < agreement, number >= singular.

1.3 Four Types of Feature Structures

We have four types of feature structures: atomic, complez, variables and inconsistency. Atomic
feature structures are feature structures with constant atomic values. Complex feé.ture struc-
tures are feature s‘tructures which contain feature structures wifhin.‘ Thus, to be precise, only
complex feature structures can be viewed a.Srp&ftia.l functions from feaﬁuiés to values. The

values of complex feature structures themselves are always feature structures (complex, atomic,

14
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or variable). Variables are the special feature structures with an empty domain. Variables are
also called Top in this thesis?. Variables are the least informative feature structures indicating
no information at all. Inconsistency are those that indicate inconsistent information. The idea
behind inconsistency is that such feature structures represent more information than any fea-
ture structure possible. It indicates too much information to the extent that it is inconsistent.
Inconsistency is also called Bottom in this thesis. Care needs to be taken in reading Top and
Bottom, since due to historical reasons for looking at the hierarchy of iﬁformation content‘, Top
are somtimes called Bottom in the literature (and vice versa).

NoTATION. We shall denote variables by either [| or T and inconsistency by L.

1.4 Generalization and Unification

We can define two classical operations on feature structures: generalization and unification.
Generalization is the operation to find a feature structure that contains only the information
that is common in two feature structures. When common paths contain conflicting information,
generalization introduces a variable and makes an abstraction. Unification is the operation to
find a feature structure that contains the information in both feature structures but no addi-
tional information. If inconsistency of information is found at any depth ‘of the paths, unification
immediately returns inconsistency for the highest feature structure (the root feature structure).
When a unification returns inconsistency, we say that the uniﬁcatior; failed. This way, unifica-
tion is a operation to determine the consistency of information between two feature structures.
Informally, if  is a feature structure ( v € T'), generalization of v and T always returns T since

by definition no information is common between the two. Alternatively, unification of ~ and

Note that [Tomabechi, 1991a] and [Tomabechi, 1992] called it bottom instead of top.

15




T always returns « since by definition, v contains the information of both and nothing more.
Generalization of two atomic feature structures is T if they are not the same. That is, it has
the property of making an abstraction by returning a fariable‘for inconsistent information. If
they are the same then the generalization is also the same. Unification of two atomic feature
structures are L if they are not the same. If they are the same then unification is also the same.
Generalization of two complex feature structures is the feature structure only with paths that
are common to two feature structures and unification of two complex feature structures is the
one that contains both the unique paths and the common paths.

NOTATION. We shall denote generalization operation by I] (or U ) and unification operation
by I (or M) in this thesis. c (

More formally, generalization ]| and unification ] operations on feature structures I' are
defined below: But first, it is useful to define the two operations Complementarcs and Inter-

sectarcs between feature structures. These operations were originally provided in [Pereira, 1985)

and are central to unification-based algorithms including the one we are proposing in this thesis.

Definition 1.4.1 (Complementarcs and Intersectarcs) For two featureﬁtructures Y1, 72 €
T, the following two operaiions are defined corresponding to the aet-diﬁ'erence and set-intersection
:bperationa on domains of thé fariial functions.

Complementarcs('yl,'yg) = {(1, 'y) €11 |1 &€ Dom(v2)} @(

Intersectarcs(y1,12) = {(bY) €M |1 € Dom(v2)}

Notation. We shall denote Complementarcs(y1,72) by 71 © 72 and Intersectarcs(m,v2)
by 11 < 72.
Complementarcs(y1,72) is the set of mappings of 1 from fea.tures to values with features

that exist in 7; but not in 4. Since mappings are often represented by arcs, they are called

16
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Complementarcs. Intersectarcs(vyy,vz) is the set of mappings of 74 from features to values with
features that exist in both v, and in ~,. Note that values of Complementarcs and Intersectarcs

are sets of mappings (i.e., partial functions) and not domains.

Definition 1.4.2 (Generalization) Let T' be the set of feature structures as defined previ-
ously, then below is the definition of the generalization operation ( [] ):

)Vyel, y[IT =T

YvnecVpeC\{n}, nllvn=T

3)VyeT, ylIv =7

4) V711,72 € T\{T, L,}\C, Vl1 € Dom(m1 < 72), (11 LI 72)l1 = 1 () (1)

Definition 1.4.3 (Unification) Let ' be the set of feature structures as defined previously,
then below is the definition of the unification operation ( [] ):
I)VyeT, y[IT =¥
2)Vn €TV €C\{m}, mIl7v =L
3)VyeT, vIly =1
4)Vr,12 €T\ {T, L,}\C,
if 31 € Dom(m1 4 72), n(N () = L
then y1J[72 = L

else Vl; € Dom(y1 < 72), V2 € Dom(v2 6 m1)

(mIIv2)h = n(l) Mye(lh) and (m 172z = v2(l2)

Below is the example of unification and generalization:

i.
[Lcategory N]
[agreement [[number singular]

17




[person third]]l]1]

2.
[[category NI
[agreement [[number singular] -
[gender feminine]]]l]

3. Unification of 1,2:
[[category N]
[agreement [[number singular]
[person third] -
[gender femininel]]l]

4, Generalization of 1,2:
[[category NI 1
[agreement [[number singular]]]]

5.
[[category NI
[agreement [[number plurall
[person third]]]]

6. Unification of 3,5
Inconsistency
7. Generalization of 3,5
[[category N]
[agreement [[number [1] -
[person third]]]] :
"
1.5 Some Formal Properties of Feature Structures T A
From the definition of genéra.lization and unification, we can easily see that unification and
generalization satisfy the usual formal laws of idempotency, COmmutativity, associativity and
absorption. However, distributivity is not satisfied. -
18 =
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Idempotent :

Yallva =74
Yallva =174
Commutative :

Yallve =v81l74
Yallve =v81l7a
Associative :
(vallva) ve = va (78 I 7c)
(vallv8) M ve = vall(vB I 7c)
Absorptive :
Yall(vaIlv) = 714
vaTl(rall78) = 74
not Distributive :
vall(va 1 ve) = (vallvB) (74 L 7c)
Yall(ve l7c) = (vaIl v8) L(va Il vc)

Unification and generalization are not distributive since the generalization introduces
variables for inconsistent information and therefore, order of unification and generalization
changes the results. For example, Figure 1-3 is the example where distributive law does

not hold for unification and generalization.

Note that when [b n] and [b o] are generalized [b {]] is returned. This ability to generalize
inconsistent information makes unification and generalization not distributive to each

other.

19




All(sUC) = (AN B)U (AN C)
| -uJ N —n )
|

| |

m) 1‘ . 4 .
) | L . A

* O

m

n_J

I m n :
| m ‘ ‘

Figure 1-3: Unification and generalization are not distributive %

However, since commutativity and associafivity are satisfied, as lohg as unification is the
ohly qpératior_l on feature structures,. the order of unification does not matter regardless o( (
" the number of unifications pérformed on a set of feature structures. This is one important
reason that feature structures and unification are used as formal tools for representing
constraints in many linguistic theories, since cdnéttaints cé,n be described declaratively

without worrying about the order in which feature structures are combined by unification.
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lattice theoretic When two operations such as V and A are defined for some set £ and if
these two operations meet the laws of commutativity, associativity, and absorption, then

we know in set theoretic terms that:

1. aVb=>band a Ab=a have the same values;
2. if we define as a < b then L is a ordered set and forms a lattice.

3. AlsoaVband a Ab are equivalent to join and meet operations on a lattice.

This way, from the properites we saw so far, we know that feature structures I' forms
a lattice (< T, II,I] >) and that generalization is a join and that unification is a meet
operations on lattice of feature structures. Here, the naturally defined order for feature
structures corresponds to the order based upon how much information is contained in
the feature structures. By definition of our generalization and unification operations, the
maximum element of the lattice is T and the minimum is the L. In other words, more

general elements are put toward higher>parts of the lattice.

1.6 Reentrancy

An additional characteristic of feature structures that is found useful in modern theoretical
and computational models of language is reentrancy. A reentrant feature structure contains
another feature structure embedded within that is sﬁa.red by two or more distinct paths within
the feature structure.

NOTATION. We say that the values of two paths are “the same” when the two values are
token identical. We use the notation =r for this relation. Thus, v;/p; =p 7y/P2 when they are

“the same”, i.e., when 7, /p1,v,/p2 are actually the single 7; € T'.
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Definition 1.6.1 (Reentrancy) Distinct paths py,...,pm (all of them in a single v € T) are

said to be reentrant iff v/p1 =r 7/p2 =r) ..y =r V/Pm-

NoTATION. If paths py,...,pm of a feature structure v are reentrant we shall denote the
reentrancy by [p1, ..., Pm)y
More informally, two or more distinct paths in the same feature structure are said to be
reentrant when they share “the same” value. As an example, the feature structure below is not
reentrant:
?
q%b P

<P \® (¢

Tokyo Tokyo

Figure 1-4: Non-reentrant feature structure

But the following is a reentrant feature structure:

Tokyo

Figure 1-5: A reentrant feature structure
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In our bracketed notation, the non-reentrant feature structure is:

[[born Tokyol
[home Tokyol]

The non-reentrant feature structure above indicates. the “similar value” but not the “same
value”. Thus, the above indicates the value Tokyo as the same type but not the same token.
More precisely, the value may or may not be of the same token (i.e., the values may indeed be
the “same”, but they are only guaranteed to be “similar”).

The reentrant feature structure in our bracketted notation is:

[[born X01 Tokyo]
[home X01]]
Here, X01 shows that what follows it is reentrant with some other paths. If there is more
reentrancy, more reentracy marks X01,...,Xmn will be tagged before the values. The tagging is
valid only within one highest level feature structure (“highest” meaning the top level feature

structure of the embedding). Therefore, the values with the same tagging X01 in the distinct
feature structures do not indicate the ’same value.

We could also use the notation

born Tokyo
home

for representing the reentrancy.
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Finally, below is an example of a reentrant feature structure with a complex value (embed-

ding) using the three alternate notations.
-, 0\ o
As a graphic figure in Figure 1-6: g\;o\e'

singular third feminine
Figure 1-6: A complex reentrant feature structure

Using common notation found in linguistic literature:

number singular

subject agreement person  third

gender feminine

L L =

predicate | ggreement 1

-

and in our bracketted notation.

[[subject [[agreement X01 [[number singular]] ((
[person third] ‘
[gender feminine]ll]
[predicate [[agreement X01]1]]

The ability to represent reentrancy has been useful and used standardizedly in many lin-
guistic theories to capture phenomena such as agreement provided above. Also, by specifying
the value of certain paths, the equality relation between the paths is an important tool for

having different theoretical constraints interact. For example, an enﬁty filling the position of
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a syntactic subject may be reentrant for an entity filling the semantic agent position of the

feature structure.

1.7 Extention and Subsumption

“Some feature structures are more informative than others” ([Pollard and Sag, 1987]). As we
saw previously, there is a natural partial order defined for feature structures forming a lattice.
This ordering is based on the amount of informational content the feature structure carry.
Informally, a feature structure v, is considered more informative than vp if it is at least as

informative as yp by containing at least all paths in 5. Such a relation is called eztention and

it is said that y4 extends vp.

NOTATION. If 44 extends g than we shall denote the relation by v4 % 7B.

Definition 1.7.1 (Extention Partial Order) The natural partial ordering < on T for
<T,ILII > can be precisely defined as belou’:

1, Vk.EC,_Ljnjan,

2.¥yeT\{L,T}, LXyx9<T,

3. if y4,78 €T are complez then y4 < vp iff

(a) for each path < my,...,m; > of yp, there is a path < ly,....l; > of Y4 such that
Yaf <oyl > < vB/ < mi,..,mp > where1 < k < 1,

(b) for every reentrancy [p;, ..., px]yp of vp there is a corresponding reentrancy [pj, .., Prlya

inv4.

The effect of the condition 3(b) above is that

®This definition is essentially the dual of Pollard’s definition of C in [Pollard, 1984] except for the reentrancy
handling part.
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[[born X0i Tokyo]
[home X01]]

extends (=)

[[born Tokyol
[home Tokyol]

This is so because the feature structure with the reentrancy is more informative than the
one above without the reentrancy. In other words, a feature structure with “the same value”

extends the feature structure with “the similar value”. Because reentrancy is included in our

definition of <X, the set < T', <> is not exactly the same as the lattice < T, I, II > which

we discussed previously, that is so because our original formulation of unification operation
provided at the beginning of the chapter did not take care of reentrancy. However, it is easy to
see that < I',X> isa lattice, given that it is closed for Tand L (ie,7zVyyand =AY exist
for any ¥z,7vy € I' where V denotes join (least upper bound) and A denotes meet (greatest lower
bound) . We will also provide a framework for unification operation that handles reentrancy in
the later parts of this thesis. Then < T, 11, II > will be the same lattice as < T, <>.

Our definition of extention makes it clear that X is a partial order. This is so because we
can see from our definition that for 74,78 € T, it follows that (1) 74 =X 74; (2) v4 X v and
v X Y4 = Y4 = 7B; (3) 714 2 7B and g X 7c = 74 < v¢. It is not a complete order(—
however, since not every feature structure in T'isin an exteption relation. ‘

The dual of the extention relation is the subsumption relation. y4 subsumes p if 4 is less
informative than yp.

NOTATION. If 74 subsumes yp than we shall denote the relation by v4 E vB-
Definition 1.7.2 (Subsumption Partial Order) The partial ordering C on T can be defined
as the dual of X, that is, for v4,78 €T, 74 E 1B iff 7B 2 74
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Figure 1-7 is a conceptual diagram of a lattice of feature structures. Note that [] is put at
the top of the lattice. Therefore, the higher the location of the lattice, the less informative (or

more general) the feature structure becomes.

[1]

less informative

C

< = .
subsumption

extention

more informative

V

Figure 1-7: Lattice of Feature Structures

Below are the examples of the subsumption relation taken from [Shieber, 1986] (but using
our notational convention). The feature structures provided earlier subsume all the feature
structures provided later in these examples. In other words, the subsumption relation 1 £ 2 C

3C 4C 5 C 6 holds.

1.
[

2.
[[category N1]
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3.
[[category N]
[agreement [[number singular]]]]

4,
[[category N]
[agre ement [[number singular]
[person third]1]]

5
[[category N] ,
[agreement [[number singular]]
[person third]l]
[subject [[number singular]
[person third]1]]

‘. (
[[category N] ' :
[agreement X01 [[number singular]]
[person thirdl]
[subject X01]1]

1.8 TUnification and Generalization Revisited

Unification is the least informative feature structure which contains all the information from
both feature structures (but no addltmna.l 1nforma.t10n) By usmg the notion of extention
partial order, we can say that umﬁcatlon is the least mformatlve feature structure that

«

structures with respect to the extention ordering <.) Thus, unification of two fea.ture structures

extends the two feature structures. (That is, it is the greatest lower bound of two feature

74 and 7p is the least informative feature structure yc that y¢ < 74 and y¢ X B. Since
extention and subsumption are duals, unification can also be defined as the most informative
feature structure which is subsumed by two feature structures. That is, the unification operation

returns the most informative feature structure ¢ such that y4 C vc and 75 E ve-
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Similarly, generalization can be defined using the notion of extention partial ordering. Gen-
eralization is the most informative feature structure that subsumes the two feature
structures. That is, y¢c = 74 N vp if ¢ is the most informative feature structure with which
7c C 74 and ¢ € vp holds.

Note that by our definition of the subsumption relation, a reentrant feature structure extends
a non-reentrant counterpart with similar values. Therefore, the unification of y4 and v in

Figure 1-8 is vp.

TA I's

a b

a b

o

X X
TallTs X

a b
X

Figure 1-8: Unification of same values with similar values

The important propefties of the operations on feature structures are that unification always
adds information and generalization always subtracts information (unless two feature structures
are already in the subsumption relation). Because of the monotonic information combining na-
ture of unification, unification has been chosen as the _cent;'al and often only operation on

feature structures in many theoretical and computational models of language. The linguistic
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theories that use unification as the central (of only) method of capturing linguistic constraints
are collectively known as “unification-based” theories. GPSG, LFG, FUG and HPSG are some
of the well-known examples of unification-based theories. Below is the summary of the prop-
erties of unification which form the basis of formal representation of linguistic constraints in

unification-based theories.

Monotonicity: Unification always adds information and never subtracts information. By
definition, the result of unification is always subsumed by the two input feature structures.

This property of unification is the reason that unification is used as the basic tool of

combining information in many linguistic theories. (

Order Indepenﬂency: Since the unification operation meets the laws of idempotency, com-
mutativity, and associativity, the order of unification operations is unimportant. This
makes the feature structure and unification operation useful tools for capturing linguistic

constraints declaratively.

Undecidability: The unification of two feature structures may be inconsistent (L). Two
feature structures may contain incompa,tible information (incompatible paths). When
the unification of two feature structures is inconsistent, it is conventional to say that the
unification fails. We also say that the unification is undecided when it is L. Because
the unification ma;)7 fail, the unification operation can be used as an apparatus to check

_ constraint satisfaction as well as to combine and propagate constraints.

We have seen that the usual formal laws of idempotency, commutativity, associativity, and
absorption hold on unification forming a lattice. However, one final note here is that as we have
seen before, feature structures are not distributive on unification and generalization. Therefore,

if the generalization operation is adopted as a part of a constraint checking mechanism, the
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order of the applying generalization and unification would become important. This is part of

the reason that generalization is not commonly used in computational models of language. ©

®Disjunctive operations however, would be distributive with unification forming a ditributive lattice with
unfication. For example, Pollard and Sag say about the distributive nature of unification and disjunction of
feature structures that the extention ordered lattice of feature structures form a distributive lattice, ie., 71 V
(72ly3) = (71 V72)U(11 Vy3) and v U(ya Vs ) = (71Uy2)V(71Lbys). Thus many systems that use feature structures
use disjunctive feature structures. However, the feature structures in this thesis are not disjunctive. That is
because non-disjunctive unification algorithms can be extended into disjunctive ones by either 1) modifying the
algorithm itself, 2) opening the disjunctive feature structures into cross multiples, 3) treating the disjunctive part
and non-disjunctive part separately, The third method was developed by [Kasper, 1987] and our experiments
show that it is the best method for a large scale grammar. We have seen that the major portion of the unification
operation during a parse of a large-scale grammar is occupied by processing the non-disjunctive part (normally
more than 95 percent) while very little is occupied by processing the disjunctive part (less than 4 percent or o).
Thus, it makes sense to adopt Kasper’s method and process the disjunctive part separately instead of making
unification algorithms heavy by introducing the capability to processing disjunctive feature structures.
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Chapter 2

Graph Unification in Natural

Language

2.1 Feature Structure Graphs

Feature structures were chosen as the formal objects for representation of linguistic entities in
modern theoretical and computational linguistic theories such as Functional Unification Gram-
mar (FUG [Kay, 1984]), Lexical Functional Grammar (LFG [Bresnan and Kaplan, 1982)),
Generalized Phrase Structure Grammar (GPSG [Gazdar, et al, 1985]) and Head-driven Phrase ;

Structure Grammar (HPSG [Pollard and Sag, 1987]) and are commonly known as feature struc( (

tures which are feature-theoretic structures of feature/value pairs. For example, an HPSG-like

lexical entry for the word laughs may look like this:

[[PHON laughs]
[CAT [[HEAD [[MAJ verbl]
' [VFORM finite]
[AUX ‘minus] -
[INV minus]
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[PRD minus]]]
[SUBCAT [[FIRST [[CAT [[HEAD [[MAJ noun]
' [NFORM nom]
[PERS third]
[NUM sing]]111]
[CONT [[ARG1 X01]111]
[REST end]11]1
[CONT [[RELATION laugh]
[ARG1 X01331]

By representing mappings captured by feature structures as arcs on nodes, directed graphs
are commonly used for both graphic and computational representation of feature structures. In
directed graph representations, features are fepresented as labels on the directed arcs and values
are represeﬁted as nodes. Generally the labeled directed graphs used to represent linguistic

feature structures have the following properties:

¢ Arcs represent features: FEach feature in a feature structure is explicitly represented

by a corresponding arc in the graph representation of feature structures.
¢ Arcs are labelled: Arcs are labeled to represent feature labels.

¢ Arcs are unordered: The order of arcs in the same level of a feature structure graph
is irrelevant to the expressed content of the feature structure. Thus, the order of arcs
contained in the nodes has no significance. (That is, arc lists in the nodes are actually

sets, not lists) .

¢ Arcs are directed: Feature siructures are partial functions mapping features to values.

Since this mapping is unidirectional, the arcs representing the mappings are directed.

¢ The number of arcs is not fixed: The number of mappings from features to values
captured by a feature structure can be finitely many. There is no fixed limit on the

number of arcs in a feature structure.
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|
o Nodes represent feature values: A node represents either: 1) an atomic value 2)
a complex value or 3) a variable. Variables need to be represented specifically as nodes
(feature structure) since a variable may be shared by multiple paths (reentrancy). -
¢ Graphs may contain convergence: A feature structure may be reentrant; therefore i
a feature structure graph may contain a convergence. 3
1«
- o Graphs may contain cycles: A path in a feature structure may be cyclic either |

because grammar allows for cyclicity or because the unification of two reentrant feature

structures created a cycle.

The last point about cyclicity requires some explanation. Our definition of feature structure™ (
in the previous chapter did not include the nature of cyclicity. In fact, most unification-based
theories assume feature structures to be acyclic. However, some grammar formalisms allow for
cyclicity in constraint grapvhs. The ATR grammar that we used for experiments for this thesis is
one of them. Also? it is often easier to represent some linguistic phenomena using cyclic feature
structures such as constraints on relative clauses even with grammaﬁcal fdrmaJisms that assume
no cyclicity. Finally, uhiﬁca.tion of two reentrant feature structures may result in a cyclic feature
structure even if the inpﬁt grammar specifications did not have cyclic paths at all. Thus, it is
safe to assume that feature structures may be cyclic even if the gfamn'iatical formalism did not,
assume cyclicity. Therefore, feature structures need to be represented as directed graphs (dgs)‘:'
and not as directed acyclic graphs (dags) if we would like to design a unification-based systems
with robust behaviour. In fact, our definition of extention and subsumption in the previous

chapter already included the possibility of cyclic feature structures. Hereafter in this thesis, we

assume feature structures to be directed graphs and not acyclic directed graphs.

Below is an example of grammatical rule entries taken from ATR’s grammar [Takahashi,
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et al, 1992]. The first rule formalizes the subcategorization principle and the second rule
represents the adjunct (or COH) principle in JPSG. Although neither of the rules are cyclic
(only reentrant), a cyclic feature structure will result when these rules are combined (unified).
Given that these are very frequently used rules, it is important that natural language systems

using a grammar like this one accept cyclic feature structures and handle them efficiently.

1) <syn subcat> = <dtrs 2 syn subcat rest>
<dtrs 1 syn head coh> = <dtrs 2 syn sub cat first>

2) <dtrs 1 syn head coh> = <dtrs 2>

These path equations indicate the convention that paths equated by =»point to the same
node (variable). That is, 79/ < syn subcat >= v/ < dirs 2 syn subcat rest >, etc. The
resulting graph of the unification of the rules looks as the following (taken from [Takahashi, et

al, 1992]):

Figure 2-1: Grammatical rule with a cycle
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2.2 The Nature of Graph Unification | i

While the unification operation has been popularly adopted as a basic tool in theoretical and

computatioﬂa.l models of language, the design of an efficient unification mechanisms has not

beeﬁ an easy task. Normally, unification is by far the most computationally expensive part
of natural language systems.b For example, considering the time-efficiency problem alone, in
typical large-scale systems such as [Morimoto, et al, 1990], 75 to 95 percent of parsing time is
occupied by unification alone. Also,' designing an eﬁ'icient; uniﬁcation operation that meets the
properties of feature structures listed in the previous section is not an easy task. Recall that
these properties include 1) order independence, 2) unfixed number of arcs, 3) convergence, a.n(’
4) cyclicity. Below are some of the essential criteria that a graph unification method for natural

language processing must meet:

¢ The input graphs should not be destroyed: The input graphs must bevpreserved
because constraints are represented by feature structures as rules that are unified against
the feature structures that are produced by input. Since rules are used many times, the
original graph representing the rule needs to be preserved. Also, during the analysis of the
input language, constitﬁent graphs representing the current hypothesis of the constituency
are created. Since these constituent graphs are also apphed many times against different
hypotheses, these graphs need to be preserved as well. Consequently, in most umﬁcatxog(
algorithms, nodes are copied prior to or during unification causing a heavy overhead on

unification operations.

¢ Graphs may contain convergénce' and cyclesi As discussed in the previous sections,
feature structures may be reentrant and even cyclic. As we have seen, the possibility of

reentrancy complicates the nature of the subsumption relation as well as introduces the
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bidirectionality of the information flow, since different parts of a feature structure may
be connected by reentrant paths and since whatever happens in one reentrant path must
also be reflected in other reentrant paths. The difficulty of handling cyclicity is even more
problematic, since 1) cyclicity also changes the nature of the subsumption relation and
consequently the nature of unification; and 2) cyclicity may cause an infinite loop during
a unification. With respect to the problem of a loop: If we perform a vanilla ‘occur check’
to avoid the loop, this check would require a scan through the entire graph for one extra
pass; this can be very expensive if a graph is large. Therefore, an efficient method for

graph unification must have a built-in and cheap mechanism for handling cycles.

¢ Graphs may contain variables: Some feature structures are variables. Often vari-
ables are introduced to capture the reentrant constraints on the equality of path desti-
nations. Such a construct is frequently used in grammatical specifications of phenomena
such as agreement. As we have seen in the previous chapter, variables ([],T) have peculiar
behaviour for subsumption (and therefore for unification). Again, correct and cheap han-

dling of such a behaviour is a basic requirement for an efficient graph unifiction method.

The difficulty of handling reentrancy, cycles, and variables becomes even more problematic
when they are combined. Below is an example taken from [Pollard and Sag, 1987] (with a

different notation).

dgi
[[a [[a X01]]]
[b X01]]

dg2

[[a X02]
[b [[a X02111]
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dg3 :
[[a x01 [[a X02]1]
[b x02 [[a X01]1]]

The unification of dgl and dg2 will result in dg3. However, Pollard and Sag would not count
dg3 as a valid feature structure! because they define subsumption differently, and cyclicity is
not allowed in the graphs. Therefore, this uniﬁcation would be counted as a ‘fail’ by them.

Let‘ us examine the above three feature structures graphically. Figure 2-2 is the directed
grapfl représéntaﬁon of the' three featﬁre stfuctures:

As we can see from the figures, clearly, dg3 extends both dgl and dg2, using our defini-
tion of extention/subsumption. Viewing dg3 as the least informative feature structure that is”
subsumed by both dgl and dg2 seems perfectly reasonable. In fact, in the current framewofksb
of unification-based processing, our definition of subsumption is often adopted and has been

“proven useful in many systems (including CMU, ATR, and Tokushima. systems). Whether

cyclicity in the graphs is originally assumed or whether it is an avoidable result of allowing for

reentrancy and of providing a definition of subsumption that covers reentrancy, the above uni-

fication result must naturally be accepted as a unification success. Otherwise, reentrancy is not

fglly__ processed in uniﬁcationgbased systems. In other Words, once a unification-based frame-
W_Ol,'k adopts geentranc.y and variables, it has no choice but to aﬂopt cyclic feature structures in
order to handle reentrancy and variables adequately. | | - | /

It should be easy to imagine that the design of a unification methodology that covers the
unification of dgl and dg2 to result in dg3 is not trivial. Once cyclicity is allowed for feature

structures, we can have a multiple loops in different places of a feature structure. Thus, it

is important that an efficient unification method provide natural and cheap functionalities for

!The recent versions of the HPSG theory, however, also treat dg3 as the valid unification of dgl and dg2
(according to Bob Carpenter, personal communication).
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dg2 dgi
a [a X01]
b
b Xo1
b a
dg2
a a X02

[ []

X01 X02
dg3
a dg3
a  Xo01 [a xoz]
X01 o
a b X02 [a xo1]
a
[]
X02

Figure 2-2: Unification resulting in a cycle

handling cycles adequately. We will see in Chapter 4 that one of the main advantages of the

algorithm described in this thesis is the ablility to handle cycles naturally.

2.3 Unification and Parsing

Before discussing the actual unification algorithms, we would like to briefly review a repre-
sentative methology in unification-based natural language processing. At least three methods

are common in using unification during natural language processing. The first method is em-
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ployed when linguistic theories such as HPSG are directly implemented. Lexically-oriented
theories such as HPSG assume no separate context-free rule for phrase structures. Phrase
~ structure rules are implicitly contained in subcategorization lists which are lexically stored.
Therefore, combined with universal principles such as the Head-Feature Principle ([Pollard and
Sag, 1987]), which are also represented through feature structures, parsing is performed purely
thfough graph uniﬁca.tion [Franz, 1990]. The second method which is most popular ([Shieber,
et al, 1983],[Tomita aﬁd Carbonell, 1987],[Morimot_o, et al, 1990]) is employed when grammat-
ical theories such as LFG and GPSG, which assume context free rules, are adopted. Also,
some systems (such as [Morimoto, et al, 1990]) use this method for speed, although they adopt 7
lexically-oriented formalisms (such as HPSG) by extracting lexically-specified subcategoriza-((
tion constraints as context-free rules. In these systems, cqntext-free rules based upon major
grammatical categories (parts of speech) are augmented with unification-based constraints that
specify actual consfra.ints for building up phrase structures. The third method is employed
when graph-based constraints are used in the conceptual memory-based recognition of natural
. language inputs. In these systems (which often assume massively—parallel spreading activation
architectures) graphs are propagated in the network of sema,ntic memory nodes to provide syn-
tactic constraint application while performing spreading activation-based conceptual memory
recognition. Here, we' would like to examine the second method, which is the method adopted
in the majority of natufa.l language systems. We will not discuss the first method in this thesis.( ( 1
Because the first method has no separate control structure other than the unification operation
itself. We will not discuss the third method iﬁ thié thesis either. kPléa.se réfer to [Tomabechi
and Levin, 1989], [Tomabechi, 1991b], [Tomabechi, 1991c] for discussions of the third method.)
In the so-called augmented context-free parsers, grammar rules are provided to postulate

how major grammatical categories (phrase types) combine to create larger phrasal structures
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through context free grammars (CFGs). But whereas a context-free grammar allows only a finite
number of predefined atomic phrase types or nonterminals, a unification-based (augmented)
context-free grammar implicitely defines an infinity of phrase types ([Pereira, 1985]). A phrase
type is specified for type X0 by postulating the context free rule X0 = X1, ... ,Xn (where
X1, ... , Xn represent its conétituents), which is augmented by equations specifying values for
x0/P1,...,X0/Pn. The values for X0/P1, ..., X0/Pn may be atomic as well as complez specified

by Xm/Pm. Thus a rule entry may look as Figure 2-3.

X0 => Xi,...,Xn

X0/P1 = ai
Xo/P2 = Xi/P1
= Xm/Pm

Xo/Pi =

Figure 2-3: An augmented CFG rule entry

Here al is an atomic value and Xn/Pn represents the node at the end of Xn through the
path Pn. A sample rule entry using the commonly adopted PATR-II ([Shieber, et al, 1983])

notation for augmented context free rules looks follows:

X0 => X1 X2

<x0 cat> = VP
<xi cat> =V
<x2 cat> = N

<x0 head> = <x1 head>

<x2 head case> = objective
<x1 head vtype> = transitive
<x0 cont> = <x1 cont>

Figure 2-4: An augmented CFG rule using PATR-II notation

Here ( Xn .... ) specifies the paths.

41




Most implementations omit { Xn cat ) = Cat and specify the major categories directly in
the context-free parts (e.g. VP => V N) so that parsing algorithms ([Earley, 1968], [Tomita,
1985], etc.) can be directly used on the context-free portion of the rule entries. Therefore, rules

in most systems look like Figure 2-5:

VP => VK

<x0 head> = <xi1 head>

<x2 head case> = objective
<xi head vtype> = transitive
<x0 cont> = <x1 cont>

Figure 2-5: a standard ACFG notation ((

The augmentation path equations are converted to graphs when the grammar is read into
the system. These graphs are stored along with the context-free rules. For example, the graph
provided in Figure 2-6 representing the path equation above is stored with the rule VP = V
N.

Furth}ermore, lexical entries (i.e., terminal symbols) are augmented with path equations.
Augmentations are also converted into graphs when the grammar is read into the system.
Figure 2-7 is a sample lexical entry for the verb laughs based.on fhe HPSG framework.

Whenever a context free parser fires the rule VP = V N, (the subgraph of x0 of) the
constituent graph, which was stored along with the lexical entry (such as laughs) that ﬁreg(
V, is unified with (the subgraph of) x1 in the augmentation, and the constituent graph for N
is unified with (the subgraph of) x2 in the augmentation. If unification fails, then the rule is
killed. If unification succeeds then (the subgraph of) x0 is the result of the rule application. If
VP is used subsequently (for example by a rule S = VP), then the x0 path of the result graph

will be unified with the rule augmentation graph.
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case

transitive

[]
Figure 2-6: An augmentation graph for VP = V N

This way, parsing of the augmented context free grammar continues by repeatedly firing rules
and unifying constituent graphs with the rule augmentation graphs. Graph unification performs
the functions of 1) applying constraints (blocking unacceptable constituents and inapplicable
rules) 2) building the larger information contents by unifying two graphs and 3) propagating
information upward in the constituency (the bar levels [Jackendoff, 1977]). Everytime a rule is
fired, graph unifications between a rule and a constituent occurs for each Xn and therefore, the

number of unifications performed during a parse can be massive.
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V-><laugh s>

<x0 head vform> = finite

<x0 head aux> = minus

<x0 head inv> = minus

<x0 head prd> = minus

<x0 subcat first cat head nform> = nom
<x0 subcat first cat head pers> = third
<x0 subcat first cat head num> = sing
<x0 subcat first cont argl> = <x0 cont argi>
<x0 subcat rest> = end

<x0 cont relation> = laugh

Figure 2-7: a lexical entry for laughs
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Chapter 3

Past Representative Methods

3.1 Pereira’s method

Pereira ([Pereira, 1985]) proposed a method of directed acyclic graph (dag) unification based
upon the notion of structure-sharing. The basic idea behind his scheme is that an original
dag and the result dag can share the information (structure) except for the information that
modified the original dag as a result of unification. Therefore, a result graph is represented as
a combination of the original graph and the information that represents the changes that are

caused by unification.

+

|  skeleton | <== Pointer to the oi-iginal dag structure

1 | rerouting | <== forwvarding pointer

+ environment + +

[ | arc-binding . | <== new arcs to be added to create result

Figure 3-1: Pereira’s Data Structure

In this scheme, a dag is represented by a skeleton and an environment. Skeleton represents
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the (pointer to the) original dag. Environment contains the information that represents the

changes to be made in order to create a result dag.

(¢

Figure 3-2: Forwarding Operation

Speciﬁcally environment contains rerouti;zg and arc binding, which represent the forwarding
information and new arcs to be added to create the result, respectiveiy. Forwarding redirects a
reference c;f a particular gra.ph node to some other node. In Figure 3-2, the reference to the top
node of the left graph is forwarded to the right graph; therefore externally the content of the
left graph looks like the content of the right graph. This operation of putting the‘forwarding
pointer on a node is called a fort.uar;ling operation; following the poihter to refurn the intended
content is called dereferencing. In Pereira’s method, when two graphs (dagl and dag2) are
unified and if recursions into shared arcs succeed, then dagl’s highest (root) node is forwa,rde((
to dag2’s highest node (as in the figure). This forwarding pointer is saved into the rerouting
content of the environment. Also, the complementarcs! in the highest noée in dagl and the
highest node in dag2 (i.e., the arcs with labels that exist in dagl but not in dag2) are added

to the arc-binding field of environment to represent necessary changes for producing the result

" 1Ag we defined in Chapter 1.
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graph based upon dag2’s skeleton. This adding to the binding content of the environment is
performéd at all depths of recursion so that a result graph can be created (when necessary) by
looking at the dag2 nodes and referencing the environment. This way, no copies at all are made
in his method. Instead the result graphs are dynamically created when the graph is needed
later. Below is Pereira’s algorithm taken from [Pereira, 1985] (slightly modified to make it

up-to-date):

[ Peremra’s ArcoriThM |

FUNCTION unify (dagl-underef,dag2-underef);
dagl « dereference(dagl-underef);
dag2? «— dereference(dag2-underef);
IF (dagl =r dag?) THEN
return(dag?2);
ELSE IF (dagl =r Top) THEN
forward(dagl,dag?);?
return(dag?);
ELSE IF (dag2 =r Top) THEN
forward(dagl,dag2);
return(dagl);
ELSE IF (dagl and dag2 are atomic and the values are equal) THEN
forward(dagl,dag2);
return(dagl);
ELSE IF (dagl and dag2 are complex) THEN
shared « intersectarcs(dagl,dag2);
new « complementarcs(dagl,dag2);
forward(dagl,dag?2);
FOR EACH arc IN shared DO
_ unify (destination of
the shared arc for dagl,
destination of
' the shared arc for dag2);
If all recursive calls returned successful THEN
put new in the arc-binding of dag2 in ¢;
return (dag2); '
ELSE return 1 immediately
END;

This way, the structure-sharing scheme essentially avoids copying of nodes since original
nodes are preserved using the skeleton and environment. However, the cost for these char-

acteristics is rather steep. That is so because there is an inevitable drawback of this scheme

?In Pereira’s data structure, forwarding is done to add the rerouting information to the environment e.
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due to the environment storage scheme. The drawback is the fixed cost log(d) overhead that
is required for all node accesses. The reason for the cost is that the information concerning
each node is represented distributively in the environment; every time a node is accessed, the
environment has to be looked up in order to update the skeleton associated with the node so
that the required feature structure is dynamically created. In other words, for any operation
accessing or manipulating a graph, there will be a fixed log(d) overhead (where d is the number
of nodes in the graph) associated with each node in the entire graph in order to assemble the
whole graph from the skeleton and the environment. Thus, although Pereira’s scheme effectively

avoids excessive copying, the trade-off required for his scheme is expensive.

3.2 Karttunen’s method

Karttunen introduced an a.lgorithm based upon the notion of reve@ible uniﬁcation ([Karttunen,
1986b]). He reports in [Karttunen, 1986a) that this simple revefsibié method is more effective in
reducing parsing time than the previous methods [Karttunen and Kay, 1985] and [Pereira, 1985).
The basic idea behind reversible unification is that’whe‘n a de-s‘tnylrci';li‘vé cha.ngeris' about to be

made, the contents of the original graph are saved, then so that after a destructive unification, .

copies can be created from the result of the destructive uhiﬁcatioﬁ and all destructive changes
can be undone by restoring the graphs; using the mformatxon saved prior té the destructwt (;"t
operations. In his D-PATR implementation of reversible umﬁcatlon3 Karttunen uses two arrays
to save the original informq.tion. In one array, (pointers to) node structures are stored prior
to a destructive oberation. In anotl;er array, th;aétué,l conteﬁt of the node structures, i.e.,

the attribute value pairs, are stored for each of the node structures (since the contents of the

3The discussion of Karttunen’s method is based on the D-PATR implementation on Xerox 1100 machines
([Karttunen, 1986a]). : ’
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structures are going to be changed). After the top-level unification operation is done, the
nodes are restored by setting the values saved in the array. Copies are made after a successful ‘
unification and only the necessary nodes are copied to create a new dag. Since Karttunen
actually creates a copy after a successful unification (whereas in Pereira’s scheme no copies are
created and a dag is assembled every time it is needed), once the copy is created there will be
no log(d) overhead for node accesses associated with Pereira’s algorithm. On the other hand,
there will be a cost of saving the dag structures and their values prior to destructive operations
which is proportionate to the size of the input graph. There is also a cost of reversing the
unification operation every time unification is performed which is also proportionate to the size
of the input graph. Thus, if the size of the input graph grows then the cost of saving and

reversing changes can be high.

3.3 Wroblewski’s method

Wroblewski[1987] introduced a different scheme based upon the notion of incremental copying.
His algorithm is known as “Wroblewski’s nondestructive unification scheme” and has been con-
sidered as the fastest graph-unification algorithm. The basic idea behind his scheme is to create
copies incrementally during unification only when such a need arises. It is a combination of a
destructive unification algorithm unify1 (similar in its control structu.re to Pereira’s algorithm)
and a nondestructive algorithm unify2 in which copies are created incrementally. Unifyl is
called only when either (or both) of the highest nodes of Athe input graphs are current copies
of other nodes (sq that they can be modified destructively without losing the original grammar
and constituent graphs). |

As a data structure, a node is represented with four fields: ‘forward’, ‘arc-list’, ‘copy’, and

‘status’. ‘The forward’ field contains (a pointer to) another node which the node is being
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forwarded to. Arc-list contains the list of arc structures (i.e., mappings to other nodes). In
addition to these two fields common in graph-based algorithms, Wtoblewski’s scheme has the
added fields called ‘copy’ and ‘status’. In ‘copy’ fields, the pointers to copy nodes that are
created incrementally during unification are stored. ‘Status’ field contains a flag that indicates
whether or not a particular node is part of an original graph (i.e., whether it is an original
node or a copy of some other node). Later ’implementations of his algorithm (such as the
one implemented in [Morimoto, et al, 1990]) use mark (or generation) field in place of status
field. The mark field contains an integer which determines the currency of the copy node by
comparing it to a global counter which is incremented every time the top level unification is
called. The representation for an arc is a standard one. It is a pair of ‘label’ and ‘value’. ‘Label’((\T v

contains an atomic symbol (i,e, a feature) which labels the arc, and ‘value’ contains another

node structure.

NODE
; forward ;
| arc-iist | ARC
Tl copy I ; - label ;
; status ; ; value ;
Figure 3-3: Wroblewski’s Data Structure ‘ (

In Wroblewski’s algorithm, unify2 first receives the input dags. If both of the highest nodes

do not have copies then one copy node is created. This copy node is stored in the ‘copy’ field

S S

of the two input dag nodes. Also the ‘status’ of the copy node is set to be “copy”. Then two

set-complement operations are performed to produce two sets, i.e., newd! and newd?2. Newd1

contains the set-difference arcs of dagl and dag2 (i.e., arcs with labels that exist in dagl but
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not in dagZ). Newd2 contains the set-difference of dag2 and dagl. Also another set shared
is created which contains a set-intersection of dagl and dag2 arcs. Then for all arcs in the
set shared, the destinations of the shared arcs from the dagl and dag2 are recursively unified.
Every time one recursion to a shared arc succeeds, the shared arc with the new value (result
of recursion) is added to the copy node. If all recursion succeeds copies of arcs in both newd1
and newd?2 are made while the ‘copies’ of nodes contained within the arcs are respected. The
copies of the union of newd! and newd? are placed in arc-list of the copy node. This is the
nondestructive incremental copying scheme in Wroblewski’s unify2 algorithm. Also, if either
(or both) highest input graph nodes is a copy, then all of this is bypassed and the destructive
unifyl is called, adding the changes directly on the copy nodes._

Below is Wroblewski’s Unify2. Unifyl is the same as Pereira’s algorithm. The only difference
from Pereira in Unifyl is that in Wroblewski’s algorithm, forwarding is done by directly putting
the forwarded node in the ‘forward’ field of a node instead of storing it in a environment. Also
when complementarcs (dagl,dag2) are stored into dag2 after successful recursive calls, ‘new’ is
stored directly into the ‘arc-list’ of dag2. Thus, Wroblewski’s Unifyl is a destructive version of
Pereira’s algorithm. In the Wroblewski method, Unify1 is called only when either of the input
graphs is a copy. Therefore, there will be no modification made to the original graph. Below is

Wroblewski’s Unify2, which copies incrementally while unification progresses:

[ WroBLEwskr's Uniry2 |

FUNCTION unify2 (dagl-underef,dag2-underef);

dagl «— dereference(dagl-underef);

dag2 + dereference(dag2-underef);

IF (dagl =r dag?) THEN
return(dag2);

ELSE IF (dagl =r Top) THEN

" forward(dagl,dag2);

return(dag2);

ELSE IF (dag2 =r Top) THEN
forward(dagl,dag2);
return(dagl);

ELSE IF (dagl and dag? are atomic and the values are equal) THEN
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forward(dagl,dag2);
return(dagl);
ELSE IF (dagl.copy and dag2.copy are empty) THEN
copy + (create-node);
copy.status « “copy”;
dagl.copy + COPY;
dag2.copy « coPY;
newdagl «~ complementarcs(dagl,dagZ);
newdag2 « complementnrcs(da.gz,dagl);
shared + intersectarcs(dag2,dagl);
FOR EACH arc IN shared DO
result «— unify2(destination of
the shared arc for dagl,
destination of
‘the shared arc for dag2);
copy.arc-list «— result;
FOR EACH arc IN (union newdagl,newdag?) DO
recursively copy the value of each arc
honoring existing copies within, and place
this value in copy

return(copy) ( ( :

ELSE IF (dagl.copy xor dag2.copy is non-empty) THEN
unifyl (dagl.copy,dagZ)
return(dagl.copy); :
ELSE IF (dagl.copy and dag2.copy are pon-empty) THEN
unify1(dagl.copy,dag2 .copy)
END;

Below is an example of his nondestructive unification taken from [Wroblewski, 1987]. In
the following series of figures, dashed lines indicate the contents of copy field. Darkened circles
represent original input nodes and hollow circles represent nodes which are current copies. We
quote (with slight modification in terminology) his explanations in order to walk through his

unification algorithm.

«First figure shows (Figure 3-4) the state of unification after the path < a,b > has bee( '

followed during unification. Unify2 has recursed twice and returned to the top node; three new
nodes have been created, one a copy of the root, one a copy of Vthe node on the pdth < .a. > and
the last a copy of the node on the path < a,b >. The copy field of the appropriate nodes in
dagl and dag2 have been ﬂlled> with the c;)py nodes, as indicated By the dashed lines.”

“In Figure 3-5, Unify2 has follwed the path < d > on the argument dags. But notice that

the nodes at the end of path <a > and at the end of path < d > in dag2 are the same; a cCOpy
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Figure 3-4: Wroblewski’s method: Snapshot 1

of this node was previously made when traversing the path < a,b >, and so this copy is reused
rather than allocating a new node. Subsequently, an arc labeled ‘e’ is added to this reused copy.

Finally, Unify2 recursion unwinds back to the root node of both dags.”

Figure 3-5: Wroblewski’s method: Snapshot 2

“In Figure 3-6, Unify2 has added the arc labeled ‘g’ in dag2 to the result graph, making a

copy of the subgraph at the end of that arc and placing it in the result graph. Notice that the
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subgraph dag2/< g,h > was copied even though there existed no corresponding subgraph in

dagl.”

Figure 3-6: Wroblewski’s method: Snapshot 3

As discussed by Wroblewski [1987] only 6 new nodes and 6 new arcs are created in the above
unification. In a naiive destructive unification which uses Unify1, 10 nodes and 9 arcs would be
created as copies of dagl and dag2 prior to calling unifyl. This way Wroblewski successfully
reduced the number of wasteful operation (unnecessary copYing) by introducing the incremental
copying scheme. Since Wroblewsk1 d1rectly places nodes in the copy and arc—lisf. of the nodes,

no structure-sharing based on environment i 1s performed. Therefore, there is no ﬁxed cost log(d)

overhead as associated with Pereira’s algorithm for accessing the nodes. Also, changes in th('(
copy field can be cancelled constant time by invalidating the copy field (for example, by using
generation counters), therefore, there will be no cosf. for reversing the destructive changes which
were associated with Karttunen’s reversible unification.

Thus, the nondestructive unification algorithm was an immedia.te success and was immedi-
ately adopted by natural language research la.bora,tones around the world. Of course there was

some dlsadvantage to Wroblewsk1 8 scheme Over-copying does occur in some cases, for exam-
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ple, in some configurations where dagl contains a variable and dag2 contains a convergence on
a variable ([Wroblewski, 1987]). Also, we will be discussing the inherent ‘early copying’ prob-
lem of the incremental copying scheme. However, despite the shortcomings of his methodology,
until recently his method has been accepted as the most efficient method for graph unification.
Later, Kogure and Kato ([Kogure, 1989]) developed a version of Wroblewksi’s algorithm which
extended it to handle cyclic feature structures. Their method was to check whether an arc with
the same label already exists (i.e., so called “occur check”) when an arc is added to a node. If
such an arc already exists, destructive unification (unify1) is called for the destination of the
existing arc unified against the destination of the node beeing added. If such an arc does not
exist, the arc is simply added. Fortunately, their scheme for handling cycles in Wroblewski’s
framework is not costly (since it does not need to scan through the entire graph for occur check).
Thus, Wroblewkski’s method is also used by projects (such as ATR) that require cyclic feature

structures.

3.4 Kogure’s Method

The success of the incremental copying scheme proposed by Wroblewski led to a few research
efforts based upon the incremental scheme. Among them, Godden ([Godden, 1990]) introduced
a version of the incremental copying scheme in which he used a lazy evaluation technique for
programming languages (Such as in delay, force in Scheme) and treated dags as active data
structures. In Godden’s method, evaluation for copying was delayed, using delayed streames,
until.a. destructive change to the node is to be performed. At that point, copying is forced
to perform the necessay copy operation of the original node. This way, copies are created
incrementally during unification using lazy evaluation. Although using lazy evaluation to delay

copying seemed a straightforward answer to some of the problems of Wroblewski’s method,
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Godden’s method was never favorable to efficient implementations of Wroblewski’s original
method. First of all, delayed evaluation is not a cheap operation. The cost of creating delayed
closures is a potentially costly operation. Secondly, some of the burdens of excessive copying
were simply reblaced by creating closures using lazy evaluation. Since delayed closures may not
be needed at the end of a unification to create a result graph, some closures delayed on a lazy
stream simply get wasted. Thus, although, some copies that were originally wasted by creating
structures for nodes were avoided, other wastes were produced by closures that were not forced.

Kogure [1990] introduced a different lazy incremental unification scheme by using depen-

dency pointers instead of delayed closures. In his scheme, nodes to be copied contain a backward

pointer (called copy dependency link) to the mother node of the graph, so that copies are not ™

created from higher regions in the graph to the lower regions in the graph; instead, copies are
created from the lower region in the graph. This scheme avoids copies of nodes whose subgraphs
were never modified. As a result, an unmodified subgraph of the input graph is shared with the
original input graph. Thus, Kogure introduced structure-sharing to the incremental copying
scheme. He found that some subgraphs copied in Wroblewski’s scheme did not actually need
to be copied. Figure 3- 7 is the example taken from [Kogure, 1990]:

Since the subgraphs E F, D, in the figure were never modified, Wroblewsk1 s scheme clearly

overcopies them. Kogure introduced the copy dependency pointers stored in the nodes to ensure

that copying of the nodes was delayed only until the children nodes were modified and virtually

eliminated the redundant copying in Wroblewski’s algorithm. Unfortunately, Kogure’s method
also has its trade-offs. They are due to the need to mamtam the copy dependency pointers in
each of the nodes in the entire graph. In Kogure’s method each node has an added field called
the copy-dependency slot, in which the list of pairs of mothers and the arc structures connecting

mothers to nodes are stored. Thus, in addition to the need for an added field, this list of the
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copying copying dg2

Figure 3-7: Kogure’s method avoids copying E,F,D.

garbage-collectable additional ‘conses’ (node arc pairs) are stored in copy-dependency. Thus,
by making incremental copying, in order to avoid redundant copying of unmodified subgraphs,
Kogure had to introduce a bidirectionality in the entire directed graphs of feature structures;
this could be steep if graphs are very large. Furthermore, there will be a need to traverse the
graphs upward the dependency pointers to make the copies which in return may result in another
traversal to make further copies. In other words, his algorithm can avoid redundant copying of
unmodified subgraphs, but it will need to traverse twice on a modified subgraph — once to unify
and once to copy, traversing the dependency pointer backwards. Therefore, in the worst case,
his algorithm becomes a two-pass operation, when the advantage of incremental copying was

that it was a one-pass operation (once to traverse down to unify and copy incrementally). Thus,
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Kogure’s algorithm should be favorable to Wroblewski’s when the input grammar contains large
subgraphs which are rarely modified, then gains by structure-sharing of unmodified subgraphs
more than offset the need for added data-structure and added garbage collections. However, -
if the grammar’s behaviour was designed to modify graphs frequently, then the need for extra
traversal can be considered very costly, making it disadvantageous compared to Wroblewski’s

Origina.l algorithm. - ' -

3.5 Emele’s Method

Emele1991 also introduced a method based upon incremental copying and lazy operation o(

copying. He called his scheme Lazy Incremental Copying. His method is a combination of
Wroblewski’s incremental scheme >a.nd the structure-sharing idea of Pereira. The incremental
copying algorithm itself is similar to Wroblewski’s; however, lazy copying is introduced to delay -
the copying of nodes so that copying is done only when the destlructive change is about to hap- |
pen. Godden used delayed evaluation for delaying copying, and Kogure used copy-dependency
pointers to delay c_opying. Emeie uses a series of what he calls chronological dereference chains -

in order to make delayed copying possible. In order to evaluate Emele’s scheme, we need to

separate the incremental copying part of his algorithm and the data structure based upon
~ chronological derefence chains which resembles the last-call optimization technique of Prolo(i ( | Q
(asv in [Warren, 1983]). As is the case with Pereira’s environment and skeleton method, Emele’s
scheme for chr‘oxiological dereference is a data.-stfucture technique and is independent of the ac-

tual unification algorithm itself. In other words, it is possible to combine Emele’s chronological

dereference scheme with any other unification algorithms including the one we are proposing in
the next chapter in this thesis. Whether such a combination is a good idea or not is a different
question. ‘1t would probably depend on the kind of grammar with which that unification is

—~

58




I

intended to be used.

What Emele does in his chronological dereference scheme is to adopt Pereira’s structure-
sharing idea, but instead of using a global branch environment, each node records its own
environment. The chronological dereference is performed by following the chain of forwarding
pointers based upon the environment list which decides whether a forwarding pointer should
be followed or not. An environment is represented as an ordered sequence of valid generation
counters (such as < 1,2,3,4,5,6... >). The current generation is defined as the last element in
this sequence.

Figure 3-8 taken from [Emele, 1991] is an example of a chronological dereference chain.
It illustrates how dereference works with respect to the environment: “Node b is the class
representative for environment < 0 >, node c is the result of dereferencing for environments
<0,1>and <0,1,2 >, and finally node f corresponds to the representative for the environment
<0,1,2,3 > and all further extentions that did not add a new forwarding pointer to newly

created copy nodes”.

O, >0, >0y >y =00

Chronological dereferenéing

<0>=Db
<0 1>=¢
<012>=¢
<0123>=f

Figure 3-8: Traversing forwarding links according to environment

With this method of chronological dereferencing and locally represented environment, Emele

effectively attained a data structure that supports structure-sharing and avoids the potentially
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complex operation of merging environments in Pereira’s structure-sharing scheme. He com-

bined this data-structure with Wroblgwski’s incremental copying scheme and called it a “Lazy

Incremental Copying” scheme. ; _
What follows is a walk-through of how this happens in his Lazy. Incremental Copying scheme |

using the example input graphs below (Figure 3-9).

dag1 dag2 1 -
<0> <0>

[1 [1 (* ‘

Figure 3-9: Sample input graph

D

R i g

Figure 3-10 shows that copies with generation 1 are created incrementally while unification

progresses. Since everything needs to be copied there is no structure-sharing of nodes. Note

e e R

St

that in Emele’s scheme, as in Pereira’s scheme, arcs are not copied. Instead the result graph
dag3 comes with the environment < 0,1 > so that subgraphs of dag3 are created by looking at 4 o
the environment and tra.versmg down dagl

Figure 3-11 shows the umﬁcatlon of the result graph dag3 with a new gra.ph dagd.

Note that arcs (a 0) and (b 0) of dag3 are simply placed in dag5. Some copies are mad(
(the ones numbered with generation 2) since destructive changes were to be made. After the '
unification dagh can be constructed by following the original graphs stored in dag3 (which is

actually dagl) and by performing the chronological dereferencing on the subgraphs.

This way, Emele successfully combined Wroblewski’s incremental scheme with Pereira’s
structure sharing scheme to combine the advantages of the two. On the other hand, he also
]
|
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Figure 3-10: dag3 = dagl I dag2

combined the disadvantages as well. The disadvantages of Wroblewski’s incremental scheme,
which is inherent in incremental method and is shared by Godden, Kogure, and Emele, will be
discussed in the next chapter. The disadvantage of the structure-sharing scheme is that there
will be a cost for sharing structures which could be expensive. In Emele’s method this shows
as the cost for traversing the chronological dereference chain. As we have seen in the above
example, every time a destructive change is to be made to a node, a copy of the node is created
and put at the end of the chronological dereference chain. Figure 3-12 is a picture of dag5 from
the above example.

After only two successful unifications, with a graph containing only 3 non-root nodes and 3
arcs, we need to follow the derefence chain 4 times. Since every unification in a shared arc is a

destructive operation, this dereference chain is extended every time a unification is performed
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Figure 3-12: dagd = dag3 M dag4

in a shared arc. Since some constituent graphs are unified a great number of times in typical _ ;

large scale natural language systems, the cost of this can be very high. A long chronological 4

dereference chain may be needed to be followed in order to get the node that is ‘needed. Note
that the chain must be followed every time the graph is needed fgxf @ch and every node in
the entire graph. Since each constituent graph built during unification can grow extremely
large in large scale systems, and since uniﬁca.tion between them escalates the complexity of

traversing the chronological dererence chain, the question of whether the introduction of this
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data structure scheme is desirable is an open question dependent upon application areas. If
we could find an application where graphs contain only few shared arcs and where graphs are
rarely reused once unified, then Emele’ scheme could be an ideal option. In such a case, as
we have discussed above, his scheme can be adopted to any existing unification algorithms,

including the one we are proposing in this thesis.
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Chapter 4

Quasi-Destructive Graph

Unification

4.1 Introduction -

In designing an efficient graph unification algorithm, we have made the following observation

which influenced the basic design of the new algorithm described in this thesis:
Unification does not zﬂways succeed.

In a typical natural language system with a relatively small grammar size, 60 to 80 percent

of unifications attempted during a successful parse result in failure. As the grammar siz( ( N

increases, the number of unification failures for each successful parse increases. For example,
in our large-scale speech-to-speech translation system jointly under development by CMU and
ATR Iﬁterpreting Telephony Research Laboratories, we estimate more than 90% of unifications
to be failures during a successful parse. If a unification fails, any computation performed and

memory consumed during the unification is wasted.
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Another observation about the behaviour of graph unification which seems well accepted in

the existing literature is that: |
Copying is an expensive operation.

Copying a node places a heavy burden on the parsing system. Wroblewski[1987] calls it a
“computational sink”. Copying is expensive in two ways: 1) it takes time; 2) it takes space.
Copying takes time and space essentially because the area in the random access memory needs
to be dynamically allocated, which is an expensive operation. We calculated the computation
time cost of copying to be more than 90 percent of the total parsing time in our large-scale
speech-to-speech translation system. This time/space copying burden presents problems in an
environment where computational resources are limited due to the size of the grammar and
other knowledge sources. (Also, the creation of unnecessary copies eventually triggers garbage
collections more often in a Lisp environment, which also degrades the overall performance
of the parsing system.) In general, parsing systems (such as large LR tables of Tomita-LR
parsers, expanding tables and charts of Earley, and active chart parsers) are always short of
memory space. Our own phoneme-based generalized LR parser for speech input is always
running on a swapping space because the LR table is too big, and the marginal addition or
subtra_.ction of memory space consumed by other parts of the system often has critical effects
on the performance of these systems. An experiment conducted at ATR showed that in order
to attain a stable performance of a parser, a physical memory épace required for the sentence
that requires the most memory needs to be guaranteed to the system. We have seen that the
amount Qf memory (conses) consumed by copying operations during a parse determines the

necessary physical memory.! With the aforementioned observations, we propose the following

1For example, as we will see from the data in Chapter 6, the memory needed for Wroblewski’s algorithm
was 5 to 6 times greater than the proposed scheme., This means that not only were sentences faster with our
scheme, but also that some sentences could not be parsed at all using Wroblewski’s algorithm on our machine
environment due to the physical limit of memory speed.
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principles to be the desirable conditions for an efficient graph unification algorithm:

¢ Copying should be performed only for successful unifications.

¢ Unification failures should be found as soon as possible.

By way of definition, we would like to categorize excessive copying of graphs into Over
Copying and Early Copying. Wroblewski[1987] also defines Over Copying and Early Copying.
Our definition of over copying is the same as Wroblewski’s; however, our definition of early

copying is slightly different.

¢ Over Copying: Two graphs are created in order to create one new graph. This typicall
happens when copies of two input graphs are created prior to a destructive unification

operation to build one new graph.

¢ Early Copying: Copies are created prior to the failure of unification so that copies

created since the beginning of the unification up to the point of failure are wasted.

Wroblewski defines Early Copying as follows: “The argtiiﬁent dags are copied before unifi-
cation started. If the unification fails then some of the copying isk wasted effort.” He restricts
early copymg to caees that only apply to copies that are created pnor toa umﬂcatmn Restrict-
ing early copylng to represent copies tha.t are created prior toa umﬁca.txon lea.ves a number o(_
wasted copies that are created dunng the same unification up to the pomt of the detection of

-failure. Therefore, these Wasted copies will not be covered by either of the above two definitions
for excesstve copymg We would like Barly Copying to mean all copies that are wasted due to

a umﬁcatlon fa.llure, whether these copies are created before or durmg the unification.
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4.2 The Quasi-Destructive Graph Unification Algorithm

We would like to introduce an algorithm which addresses the criteria for fast unification dis-
cussed in the previous sections ([Tomabechi, 1991a]). It also handles cycles without over copying
(without any additional schemes such as those introduced by Kogure[iQSQ]).

As a data structure, a node is represented with six fields: ‘type’, ‘arc-list’, ‘comp-arc-list’,
‘forward’, ‘copy’?, and generation.® The data-structure for an arc has two fields, ‘label’ and
‘value’. ‘Label’ is an atomic symbol which labels the arc, and ‘value’ is a pointer to a node

structure.

NODE

type

_— -

arc-list

-—

comp-arc-list

—_—

— e e o e e = e o

forward ARC
copy } | label I
| | value

generation |

+ -

Figure 4-1: Node and Arc Structures

The central notion of the Q-D algorithm is the dependency of the representational content
on the global timing clock (or the global counter for the current generation of unifications).
Any modification made to comp-arc-list, forward, or copy fields during one top-level unification

can be invalidated by one increment operation on the global timing counter. Contents of the

?Martin Emele of University of Stuttgart suggested that a separate field for ‘copy’ may be saved by using a
forward link only, since copy link is needed only when forward link is not used.

*Note that [Tomabechi, 1991a} used separate mark fields for the comp-arc-list, forward, and copy; currently
however, only one generation mark is used for all three fields. Thanks are due to Hidehiko Matsuo of Toyo
Information Systems for suggesting this.
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comp-arc-list, forward and copy fields are respected only when the generation mark of the
particular node matches Vthe current global counter value. Q-D graph unification has two kinds
of arc lists: 1) arc-list ‘a.nd‘2) comp-arc-list. Arc-list contains the arcs that are permanent (ie.,
ordinary graph arcs) and comp-arc-list contains arcs that are valid only during one top-level
unification operation. The algorithm also uses 1_'.wo kinds of forwaa“ding.links, i.e., permanent and
temporary. A permanentforwarciing link is the usﬁa.l forwarding link fou;xd in other algorithms
([Pereira, 1985], [Wroblewski, 1987],v‘etc). Temporary fomarding links are links that are valid
only during one top-level unification. The currency of the. terﬁpdrary links is determined by
matching the content of the generation field for the links with the global countér;‘ if they match,
the content of this field is respected?.

As in Pereira[1985], the Q-D algorithm has three types of nodes: 1) :atomic, 2) :Top®, and
3) :complex. The :atomic type nodes represent atomic symbol values (such as ‘Noun’), :Top
type nodes are variables, and :complex type nodes are nodes that have arcs coming out of
them. Arcs are stored in the arc-list field. The atomic value is also stored in the arc-list if
the node type is :atomic. :Top nodes succeed in unifying with any nodes and the result of
uniﬁcatibn takes the type and the value of the node with which the :Top node was unified,
:atomic nodes succéed in ﬁnifyi,ng with ‘:Top nodes or with :atomic nodes with the same value
(stored in the arc-list). Unification of an :atomic node with a :complex node immediately fails. _
:corﬁplex nodes succeed in unifying with :Top nodes or with :complex nodes whose subgra,phs. |

all unify.® What follows are the central quasi-destructive graph unification algorithm and the

“ 4We do not have a separate field for temporary forwarding links; instead, we designate the integer value 9 to
represent a permanent forwarding link. We start incrementing the global counter from 10 so that whenever the
generation mark is not 9, the integer value must equal the global counter value in order to respect the forwarding
Tink. : : - ’ o :

5We called this :bottom in [Tomabechi, 1991a] and [Tomabechi, 1992]. - Also it is called leaf in Pereira’s
algorithm. ) R S

S Arc values are always nodes and never symbolic values because :atomic and :Top nodes may be (or may
become) pointed to by multiple arcs depending on grammar constraints.” We do not want arcs to contain
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deréferencing7 function. Following that is the algorithm description for copying nodes and arcs

(called from unify0) while respecting the contents of comp-arc-lists.

terminal atomic values.
"Dereferencing is the operation of recursively traversing forwarding links to return the target node of the
forwarding (as presented in discussions of Pereira’s and Wroblewski’s algorithms in Chapter 3).
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[ Quasi-DESTRUCTIVE GRAPH UNIFICATION |

FUNCTION unify-dg(dgl,dg2);
result « catch with tag 'unify-fail
calling unify0(dg1,dg2);
increment *unify-global-counter*; ;; starts from 10 & - : E
return(result);
END;

B

FUNCTION unify0(dgl,dg2);
if ™T* = unify1(dgl,dg2); THEN
copy +— copy-dg-with-comp-arcs(dgl);
return(copy);
END;

W

FUNCTION unifyl (dgl-underef,dg2-underef);
dgl dereference-dg(dgl-underef);
dg2 « dereference-dg(dg2-underef);
IF (dgl.copy is non-empty) THEN
dgl.copy « nil; j; cutoff uncurrent copy
IF (dg2.copy is non-empty) THEN
dg2.copy + nil;
IF (dgl =r dg2)’THEN
return("*T*);
ELSE IF (dgl.type = :Top) THEN
forward-dg(dgl,dg2,:temporary);
return("*T*);
ELSE IF (dg2.type = :Top) THEN
forward-dg(dg2,dgl,:temporary);
return("*T*);
ELSE IF (dgl.type = :atomic AND
dg2.type = :atomic) THEN
IF (dgl.arc-list = dg2.arc-list)’*THEN
forward-dg(dg2,dgl,:temporary);
return("*T*);
ELSE throw' with keyword ’unify-fail;
ELSE IF (dgl.type = :atomic OR
dg2.type = :atomic) THEN
throw with keyword ’unify-fail;
ELSE shared « intersectarcs(dgl,dg2);
FOR EACH arc IN shared DO
unify1(destination of
the shared arc for dgl,
destination of
the shared arc for dg2);
fox*ward-dg(ng,dgl,:i;empom.ry);u
new + oomplementarcs(dg2,dg1);“
1F!4(dgl.comp-arc-list is non-empty) THEN
IF (dgl.generation = *unify-global-counter®) THEN
FOR EACH arc IN new DO
push arc to dgl.comp-arc-list;
ELSE dgl.comp-arc-list « nil;
ELSE dgl.generation — *unify-global-counter®;
dgl.comp-arc-list «— new;
return (™*T*);

4
k.
&f°
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END;

[ GRAPH NODE DEREFERENCING ]

FUNCTION dereference-dg(dg);
forward-dest « dg.forward;
IF (forward-dest is non-empty) THEN
IF (dg.generation = *unify-global-counter* OR
dg.generation = 9) THEN
return(dereference-dg(forward-dest));
ELSE dg.forward « nil;
return(dg);
ELSE return(dg);
END;

The functions Complementarcs(dgl,dg2) and Intersectarcs(dgl,dg2) return the set-difference
(the arcs with labels that exist in dgl but not in dg2) and intersection (the arcs with labels
that exist both in dgl and dg2). During the set-difference and set-intersection operations, the
content of comp-arc-lists are respected as parts of arc lists if the generation mark matches the
current value of the global timing counter. Forward(dgl, dg2, :forward-type) puts (the pointer
to) dgé in the forward field of dgl. If the keyword in the function call is :temporary, the current
value Of, the *unify-global-counter* is written in the generation field of dgl. If the keyword is
:permanent, 9 is written in the generation field of dgl.}® The temporary forwarding links are
necessary to handle reentrancy and cycles. As soon as unification (at any level of recursion

through shared arcs) succeeds, a temporary forwarding link is made from dg2 to dgl (dgl to

%9 indicates a permanent forwarding link.
®As discussed previously, this represents ‘equal’ in the ‘eq’ sense. Because of forwarding and cycles, it is
possible that dgl and dg2 are ‘eq’. ’

1% Arc-list contains atomic value if the node is of type :atomic.

! Catch/throw construct; i.e., immediately return to unify-dg.

12This will be executed only when all recursive calls into unifyl have succeeded. Otherwise, a failure would
have caused an immediate return to unify-dg.

*Complementarcs(dg2,dgl) was called before unify1 recursions in [Tomabechi, 1991a), Currently it is relocated
to after all unify1 recursions successfully return. Thanks are due to Marie Boyle of the University of Tuebingen
for suggesting this.

This check was added after [Tomabechi, 1991a] to avoid over-writing the comp-arc-list when it is written
more than once within one unify0 call. Thanks are due to Peter Neuhaus of Universitit Karlsruhe for reporting
this problem.

1%The Q-D algorithm itself does not require any permanent forwarding; however, the functionality is added
because some grammar reader modules that read the path equation specifications into directed graph feature-
structures use permanent forwarding to merge the additional grammatical specifications into a graph structure.
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dg2 if dgl is of type :Top). Thus, during unification, a node already unified by other recursive
calls to unifyl within the same unify0 call has a temporary forwa.rding link from dg2 to dgl (or
dgl to dg2). As a result, if this node becomes an input argument node, dereferencing the node
causes dgl and dg2 to become the same node and unification immediately succeeds.

subgraph below an already unified node will not be checke

graph has a cycle.1®

r QuAsI-DESTRUCTIVE COPYING J

FUNCTION copy-dg-with-comp-arcs(dg-underef);
dg «~ dereference-dg(dg-underef);
IF (dg.copy is non-empty AND
dg.copy.generation“: *unify-global-counter*) THEN
return(dg.copy);'®
ELSE IF (dg.type = :atomic) THEN
NEwCopy ¢— create-node();*’
newcopy.type + :atomic;
newcopy.arc-list « dg.arc-list;
newcopy.generation «— *unify-global-counter*;
dg.copy « newcopy;
return(newcopy);
ELSE IF (dg.type = :Top) THEN
newcopy « create-node();
newcopy.type « :Top;
newcopy.generation + *unify-global-counter®;
dg.copy + newcopy;
return(newcopy);
ELSE .
newcopy « create-node();
newcopy.type +- :complex;
newcopy.generation «— *unify-global-counter*;
dg.copy + newcopy;
FOR ALL arc IN dg.arc-list DO
newarc + copy-arc-and-comp-arc(arc);
push newarc into newcopy.arc-list;
IF (dg.comp-arc-list is non-empty AND
dg.generation = *unify-global-counter*) THEN
FOR ALL comp-arc IN dg.comp-arc-list DO
newarc « copy-arc—and-comp-arc(comp-a.rc);
~ push newarc into newcopy.arc-list;
dg.comp-arc-list « nil; :
return (newcopy);
END;

Thus, a

d more than once even if an argument

16 Als0, during copying subsequent to a successful unification, two arcs converging into the same node will not

cause overcopying simply because if a node already has a copy then th
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FUNCTION copy-arc-and-comp-arc(input-arc);
label « input-arc.label;
value + copy-dg-with-comp-arcs(input-arc.value);
return a new arc with label and value;

END;

Let us walk through a simple unification example first. What follows in the following two

pages is simple unification of two graphs dgl and dg2 which represent feature structures:

dgi
[[a s]
(v [11]

dg2

[[a x01 []1]
[b X01]
[c t]1]

First, top-level unify-dg calls unify0 which in turn calls unifyl. Unify0 will perform quasi-
destructive copying operation after the top level call to unifyi successfully returns. Now top-
level unifyl finds that each of the input graphs has arcs with labels a and b (shared). For
now we represent arcs with label a as arc-a. Then unifyl is recursively called (unify1(2,5)).
At step two, the recursion into arc-a locally succeeds, and a temporary forwarding link with
time-stamp(n) is made from node 5 to node 2. At the third step (recursion into arc-b), by the
previous forwarding to node 2, node 5 already has the value S (by dereferencing). Then this
unification returns a success and a temporary forwarding link with time-stamp(n) is created

from node 3 to node 2. At the fourth step, since all recursive unifications (unifyls) into shared

207 e., the ‘generation’ field of the node stored in the ‘copy’ field of the ‘dg’ node. The algorithm described
in [Tomabechi, 1991a] used ‘copy-mark’ field of ‘dg’. Currently ‘generation’ ficld replaces the three mark field
described in the article.

211 e., the existing copy of the node.

22Creates an empty node structure.

#3This operation to set a newly created copy node into the ‘copy’ field of ‘dg’ was done after recursion into
subgraphs in the algorithm description in [Tomabechi, 1991a] which was a cause of infinite recursion with a
particular type of cycles in the graph. By moving up to this position from after the recursion, such a problem
can be effectively avoided. Thanks are due to Peter Neuhaus for reporting the problem,
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arcs succeeded, top-level unifyl creates a temporary forwarding link with time-stamp(n) from
dg2’s root node 4 to dgl’s root ﬁode 1, and sets arc-c (new) into comp-arc-list of dgl and
returns success ("*T*). At the fifth step, a copy of dgl is created respecting the content of
comp-arc-list and dereferencing the valid forward links. This copy is returned as a result of
unification. At the last step (step six), the global tifning counter is incremented (n = n+1).
After this opération, temporary forwarding links and comp-arc-lists with ﬁhcurrent time-stamp
(# n+1) will be ignored. Therefore, the original dgl and dg2 are recovered in constant time
without a costly reversing opération. (Also, note that recursions into shared-arcs can be done

in any order, producing the same result).
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As we just saw, the algorithm itself is simple. The essential difference between our unifyl
and the previous ones such as Pereira’s is that our unifyl is non-destructive. That is so because »
the complementarcs(dg2,dgl) are set to the comp-arc-list of dgl and not into the arc-list of

dgl. Thus, as soon as we increment the global counter, the changes made to dgl (i.e., addition

of complement arcs into comp-arc-list) vanish. As long as the generation value matches that
of the global counter, the content of the comp-arc-list can be considered a part of arc-list and
theref;re, dgl is the result of unification. Hence the name quasi-destructive graph unification.
In order to create a copy for subsequent use, we only need to make a copy of dgl before we

increment the global counter, while respecting the content of the comp-arc-list of dgl.

This way, instead of calling other unification functions (such as unify2 of Wroblewski) for

incrementally creating a copy node during a unification, we need only to create a copy after

R
Al

unification. Thus, if unification fails, no copies are made at all (as in Karttunen’s scheme).

Because unification that recurses into shared arcs carries no burden of incremental copying
(i.e., it simply checks whether nodes are compatible), as the depth of unification increases
(i.e., as the graph gets larger) the speed-up of our method should become conspicuous if a 2

unification eventually fails. Since a parse that does not fail on a single unification is unrealistic,
the gain from our scheme should depend on the number of unification failures that occur during
a unification. As the grammar size increases, the number of failures per parse tend to increase

and the graphs that failed get larger, and the speed-up from our algorithm should become more

apparent. Therefore, the characteristics of our algorithm seem desirable. 5

What follows is a sequence of examples showing the way that temporary forwarding and

comp-arc-list work to perform efficient unification. The quasi-destructive copying after uni-
fication copies the dgls by simply following temporary forwarding pointers. Unlike Emele’s

method, the temporary forwarding does not glow since there is no chronological derefencing.
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After a successful unification, one increment in the global counter invalidates all changes made
to the graph.

First we will start with another simple example as shown in Figure 4-2 and Figure 4-3. Note
that unify-dg(dgl,dg2) and unify-dg(dg2,dgl) get the same results. The result should be as in

Figure 4-4. We can see that only a minimum number of copies are created.

dgt

Figure 4-2: Another simple example

cmp-arc-list
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forward(n)

Figure 4-3: At the end of time n

Now, for a bit more complicated example (Figure 4-5, Figure 4-6), but one that works in a

similar manner.
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Figure 4-4: and the result
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Figure 4-5: A little more difficult example

And the result in Figure 4-7 . o ( ~
as |

Now comes a difficult example. Not only might its workings be difficult to follow, it w

5 i o s st

impossible for most past unification algorithms. But if you follow the simple rule of traversing
the arcs, and if you find [], just forward it to the counterpart. Add the complement arcs
into comp-arc-list, and it turns out that the unification is rather straightforward in the QD
framework. We will use four figures (Figures 4-8, 4-9, 4-10, and 4-11) to depict this one. The

first step is to forward the dg2/< a > which is [] to dgl/< a > (Fig 4-9). -
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tmp-arc-list(n)
d [
v%&&xwh %mzs&ww Mp‘
forward(n)

forward(n)

Figure 4-6: At the end of time n

dg3(result) __C

Figure 4-7: and the result

Then we unify dgl/< b,d > and dg2/< b,d >. Since both are [], dgl/< b,d > gets
forwarded to dg2/< b,d > (see the algorithm). Now we traverse into arc-c and unify dgl/< ¢ >€
and dg2/< ¢ >. We find that dgl/< c > is already forwarded to dg2/ < b,d > so actually we 2
are unifying the dg2/< b,d > with dg2/< ¢ >. Since dg2/< b,d > then is [], it succeeds and
dg2/ < b,d > is forwarded to dg2/< ¢ >. This is the end of the recursions into the shared arcs.
Now, arc-f is the complementarc(dg2,dgl) therefore, it is put into the comp-arc-list of dgl. This
is the end of the recursive calls to unifyi (Figure 4-10).

Now unifyl returns and unify0 makes a copy of dgl respecting the current forwarding and
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dgt
d
b C

df .
forward(p)
[1

Figure 4-9: First step

comp-arc-list (Figure 4-11).

One final note is that when Q-D copying recurses into the arc-e of dg2 by following the
temporary forwarding links while making a copy of dgl, the top node of dg2 will not be copied
twice. This is so because when the top-level unifyl returns, the temporary forwarding from
the top node of dg2 to dgl is made, therefore, when the cyclic arc-e tries to make a copy of
the top node of dg2, it finds that the top node is already forwarded to the top node of dgl.
Since the top node of dgl was already copied at the beginning of the Q-D copying of dgl, the

already-made copy is simply returned (see the first IF in the Q-D Copying algorithm).
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forward(n)

Figure 4-10: At the end of time n

Finally, we would like to provide the example of another .cyclic graph unification (Figure 4-
12), one which we a.lreadyisaw in Chapter 2 (Figure 2-2). It is the unification of the cyclic
graphs which Pollard and Sag once regarded as not unifiable. We already claimed that from
our definition of the subsumption relation, the unification of these graphs should be perfectly
reasonable.

We promised in Chapter 1 and 2 that we would provide an algorithm that supports our

d’g3(resu|t)

Figure 4-11: and the result
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dg1 dg2 dgi

. ' a [a X01]

b b X01
b a
dg2
a a a X02
. b [a xoé]
o
[] [1]

Figure 4-12: Unification of another cyclic feature structure (Figure 2-2)

definition of the subsumption and extention relations regardless of the existence of cycles. Here,
we can see easily that the Q-D algorithm fulfills the promise. Actually, you will probably see
that unification of these sturctures is rather trivial if you follow the steps of Q-D unification
by hand. First we do unifyl(dgl/< a >,dg2/< a >). Since dg2/< a > is [] we forward from
it to dgl/< a > as in Figure 4-13. Next we do unify1(dgl/< b >,dg2/< b >) and this time

dgl/< b > is [] and we forward it to dg2/< b > such that the result is as in Figure 4-14.

dg1 dg2

~ []
X01 X02
Figure 4-13: Putting temporary forwarding links
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Finally, we esimply make a copy of dgl as usual.2! When we Q-D copy dgl/< a,a > since
it is forwarded to dg2/< b > we copy the arc below which points to dg2/< b,a >. Since it
is forwarded to dgl/< a >, we can copy that node. Now we find that this node was already
copied when we traverse down the arc-a on dgl, so we simply return the copy that is already
stored in the ‘copy’ field of dgl/< a >. This way, we can see that unification of these feature

structures is possible and actually trivial using the Q-D scheme.

dg3

X01 o
a  XOi [a xoz]

b X02 [ a X01]

[1]
XQZ Figure 4-14: and the result

4.3 Discussion

Incremental copying has been accepted as an effective method of minimizing over copying and(v 2

eliminating early copying, as defined by Wroblewski. However, while being effective in mini-
mizing over copying (it over copies only in some special cases of convergent arcs), incremental

copying is ineffective in eliminating early copying as we define it.2%

21Recall that in our notation, the values with the same tagging X01 in the distinct feature structures do not
indicate the same value. the taggings Xmn are simply put in order of appearance from the root nodes within
one graph. Therefore, the node X01 of dgl and node X01 of dg3 are distinct nodes. Actually, as a matter of
correspondence in this figure, X02 of dg3 corresponds to X01 of dgl.

22¢REarly copying’ will henceforth be used to refer to early copying as defined by us.
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Incremental copying is ineffective in eliminating early copying for two reasons. First, when
incremental copying unification is performed, any copies created up to the point of failure in

the same subgraph of a shared arc will be wasted, as seen in Figure 4-15.

if inconsistency is found here
all this is wasted
Figure 4-15: Early copy of incremental scheme within the same subgraph
Second and more significantly that since the recursive calls into the shared arcs are non-
deterministic (independent of each other), there is no way for one particular recursion into a
shared arc to know the result of future recursions into other shared arcs. Therefore, even if a
particular recursion into one arc succeeds (with minimum over copying and no early copying
in Wroblewski’s sense), other arcs may eventually fail; thus the copies that are created in the
successful arcs are all wasted. Figure 4-16 shows such an example. If incremental unification
proceeds unifying the subgraphs E,X,Y, and then Z. At some deep position of Z, if unification

failure is found, not only are nodes in Z wasted (as we saw in Figure 4-15) but all of the copying

85




created in E,X;Y will also be wasted. By structure-sharing of unmodified graphs, Kogure’s and
Emele’s schemes can avoid wasting the subgraph E (i.e., 2 complement graph), but their scheme
cannot avoid wasting X and Y (Figure 4-16). Note that this is inherent and unavoidable in
incremental schemes, since by definition, these schemes must produce copies as they proceed.
Since each recursive calls to shared arcs are non-deterministic, future event in other recursive
calls are not predictable. In order to avoid this problem, incremental schemes will have to delay
all copying until after entire top-level unification. This will mean that these unifications will
no longer be increiﬁental. Thus, fully delaying copying in incremental schemes to avoid early
copying would make their control structures essentially no different from Q-D and reversible
(Karttunen) schemes. In other words, we can also view the Q-D scheme as a fully lazy scheme
without overhead for delaying.

The difference between the Q-D scheme and the incremental scheme becomes apparent when
the used grammar is sufficiently large, containing large subgraphs which may be over-copied by
the incremental scheme. As we will see in the data in Chapter 6, by avoiding the Early Copying,
the proposed algorithm runs at about twice the speed of Wroblewski’s[1987] algorithm. The

| éontrolnst}ructure of our algorithm is identical to that of Pereira[1985]. However, in Pereira’s

‘method, a result graph is represented as a combination of the original graph (‘skeleton’) and

the updates (new arcs to be added to create the result stored in ‘environment’). Thus the result .

graph is dynamically created whenever it is needed. This causes the log(d) overhead (where d
is the number of nodes in a graph) to assemble the whole graph everytime the node is accessed.
In the proposed scheme, instead of storing changes to the argument graphs in the environment,
.. we store the changes in the graph structure themselves (non-destructively); therefore, there
-will be no overhéad associated with node accesses. We share the principle of storing changes

in a restorable way with Karttunen’s[1986] reversible unification and copy graphs only after a
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Suppose X, Y were successful but unification failure was found
somewhere in Z; then X, Y and Z until detection of failure are
wasted. Kogure and Emele avoid copying of E but X, Y, Z will be
copied and these copies are all wasted.

Figure 4-16: Unavoidable massive early copying of incremental schemes

- successful unification. In the Karttunen’s method, whenever a destructive change is about to
be made, the attribute value pairs?? stored in the body of the node are saved into an array.
These values are restored after the top level unification is completed. (A copy is made prior to
the restoration operation if the unification was a successful one.) Thus, in Karttunen’s method,
each node in the entire argument graph that has been destructively modified must be restored
separately by retrieving the attribute values saved in an array and by resetting the values into
the dag structure skeletons. In the Q-D method, one increment to the global counter can

invalidate all the changes made to the nodes.

.., arc structures: ‘label’ and ‘value’ pairs in our vocabulary.
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Chapter 5

'Quasi-Destructive Graph

Unification with Structure-Sharing

5.1 Introduction

In the previous chapter, we presented the following observation about graph unification:

Unification does not always succeed, and
Copying is an expensive operation.

We proposed the following two principles for fast graph unification based upon the above

( :
L
E§

observations:

s Copying should be performed only for successful unifications.

¢ Unification failures should be found as soon as possible.

Thus, we eliminated Over Copying and Early Copying (as defined in the previous chapter).
In this chapter, we propose another design principle for graph unification based upon yet

another observation :
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Unmodified subgraphs can be shared.
At least two schemes (namely [Kogure, 1990] and [Emele, 1991)) have been prbposed recently
based upon this observation; however, both schemes are based upon the incremental copying
scheme. As described in previous chapter, incremental copying schemes inherently suffer from
Early Copying, as defined in this thesis. This is because, when a unification fails, the copies that
were created up to the point of failure are wasted if copies are created incrementally. By way of
definition we would like to categorize the sharing of strﬁctures in graphs into Feature-Structure
Sharing (FS-Sharing) and Data-Structure Sharing (DS-Sharing). Below are our definitions:
¢ Feature-Structure Sharing: Two or more distinct paths within a graph share the same
subgraph by converging on the same node — equivalent to the notion of structure sharing
or reentrancy in linguistic theories (such as in [Pollard and Sag, 1987]).

¢ Data-Structure Sharing: Two or more distinct graphs share the same subgraph by
converging on the same node - the notion of structure-sharing a;t the data étructure level.
[Kogure, 1990] calls copying of such structures Redundant Copying.

Virtually all graph-unification algorithms support FS-Sharing and some support DS-Sharing
with varying levels of overhead. In this chaptef, we propose a scheme of graph unification
based upon a quasi-destructive graph unification method that attains DS-Sharing with virtually
no overhead for structute-sharing. Henceforth, in this thesis, structure-sharing refers to DS-
sharing unless otherwise noted. We will see that the introduction of structure-sharing to quasi-
destructive unification attains another two-fold increase in run-time speed. The graphs handled
in the scheme can be any directed graph and cyclicity is handled without any algorithmic
additions.

Our design principles for achieving structure-sharing in the quasi-destructive scheme are:
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¢ Atomic and Top nodes can be shared! : Atomic nodes can be shared safely since

they never change their values. Top nodes can be shared? since Top nodes are always

forwarded to some other nodes when they unify. -
¢ Complex nodes can be shared unless they are modified : Complex nodes can be
considered modified if they are a target of the forwarding operation or if they received the

current addition of complement arcs (into comp-arc-list in a quasi-destructive scheme).

By designing an é,lgorithm based upon these principles for structure-sharing while retaining
the quasi-destrucfive nature of our algorithm, our scheme eliminates Redundant Copying while
eliminating both Early Copying and Over Copying.

Figure 5-1 shows how structure sharing in the proposed scheme will be attained. All the

subgraphs which are not modified are shared by the result graph. In the subgraph where

modification occurred, only the path above the modified node is copied and the nodes in the B
path below the modified node are simply shared with the original graphs. In the next section,
we will see how this can be done in the Q-D scheme.

5.2 Quasi-Destructive Graph Unification with Structure-Sharing

In order to attain structure-éharing during Quasi-Destructive graph unification, no modification
is necessary for the unification functions described in the previous gection. This section describes
the quasi-destructive copying with structurg-sharing (QDSS) which replaces the original copying
algorithm. Since uniﬁcatiog functions are unmodified, the Q-D unification without structure-

sharing can be mixed trivially with the Q-D unification with structure-sharing if such a mixture

1Recall that atomic nodes are nodes that represent atomic values. Top nodes are nodes that represent

variables.
2 As long as the unification operation is the only operation to modify graphs.
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these nodes and arcs
are newly created

modified

these nodes and arcs
are shared

Figure 5-1: How Redundant Copying is Eliminated

is desired (by simply choosing different copying functions). Informally, the Q-D copying with
structure-sharing is performed in the following way. Atomic and Top nodes are shared. A
complex node is shared if no nodes below that node are changed (a node is considered changed
by being a target of forwarding or having a valid comp-arc-list). If a node is changed then
that information is passed up the graph path using a multiple-value binding facility when a
copy of the node is recursively returned. Two values are returned, the first value being the
copy (or original) node and the second value being the flag indicating whether any of the nodes
below that node (including that nodes) have been changed. Atomic and Top nodes are always
shared; however, they are considered changed if they were targets of forwarding, such that the
‘changed’ information is passed up. If the complex node is a targét of forwarding, and if no node

below that node is changed, then the original complex node is shared; however, the ‘changed’
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information is passed up when the recursion returns. Below is the actual algorithm description

for Q-D copying with structure-sharing.

[ Q-D COPYING WITH STRUCTURE-SHARING J

FUNCTION copy-dg-with-comp-arcs-share(dg-underef);
dg « dereference-dg(dg-underef);
IF (dg.copy is non-empty AND
dg.copy.generation = *unify-global-counter*) THEN |
values(dg.copy, :changed);®
ELSE IF (dg = dg-underef) THEN
copy-node-comp-not-forwarded(dg);
ELSE copy-node-comp-forwarded(dg);
END;

FUNCTION copy-node-comp-not-forwarded(dg);
IF (dg.type = :atomic) THEN values(dg;nil);
:; return original dg with ‘no change’ flag.
ELSE IF (dg.type = :Top) THEN values(dgnil);
ELSE '
IF (dg.comp-arc-list is non-empty AND
dg.generation = *unify-global-counter*) THEN -
newcopy « create-node();
newcopy.type + :complex;
newcopy.generation «— *unify-global-counter®;
dg.copy « mnewcopy;
FOR ALL arc IN dg.arc-list DO
newarc
+ first value of copy-arc-and-comp-arc-share(arc);
push newarc into newcopy.arc-list;
FOR ALL comp-arc IN dg.comp-arc-list DO
newarc
«~ first value of copy-arc-and-comp-arc-share(comp-arc);
push newarc into newcopy.arc-list;
dg.comp-arc-list + nil;
values(newcopy,:changed);
ELSE '
state «~ nil, arcs « nil;
-dg.copy « dg*, dg.generation « *unify-global-counter*;
FOR ALL arc IN dg.arc-list DO
newarc,changed + copy-arc-and-comp-arc-share(arc); 5
push newarc into arcs;
IF (changed has value) THEN
state — changed; ‘
IF (state has value) THEN
newcopy + create-node();
newcopy.type < :complex;
newcopy.generation + *unify-global-counter*;
newcopy.arc-list « arcs; ‘
dg.copy + newcopy;
values(newcopy,:changed);
ELSE dg.copy + nil; j;reset copy field
values(dg,nil);

END;
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FUNCTION copy-node-comp-forwarded(dg);
IF (dg.type = :atomic) THEN values(dg,:changed);
33 return original dg with ‘changed’ flag.
ELSE IF (dg.type = :Top) THEN values(dg,:changed);
ELSE ,

IF (dg.comp-arc-list is non-empty AND
dg.generation = *unify-global-counter*) THEN
newcopy + create-node();
newcopy.type + :complex;
newcopy.generation « *unify-global-counter*®;
dg.copy +— newcopy;

FOR ALL arc IN dg.arc-list DO
newarc

+ first value of copy-arc-and-comp-arc-share(arc);

push newarc into newcopy.arc-list;
FOR ALL comp-arc IN dg.comp-arc-list DO
newarc
+ first value of
copy-arc-and-comp-arc-share(comp-arc);
push newarc into newcopy.arc-list;
dg.comp-arc-list + nil;
values(newcopy,:changed);
ELSE

state + nil, arcs + nil;

dg.copy + dg, dg.generation « *unify-global-counter*;

FOR ALL arc IN dg.arc-list DO

newarc,changed « copy-arc-and-comp-arc-share(arc);

push newarc into arcs;
IF (changed has value) THEN
state « changed;
IF (state has value) THEN
newcopy + create-node();
newcopy.type + :complex;
newcopy.generation «— *unify-global-counter*;
newcopy.arc-list + arcs; '
dg.copy « newcopy;
values(newcopy,:changed);
ELSE dg.copy « nil;
. values(dg,changed); ;; considered changed
END;

FUNCTION copy-arc-and-comp-arc-share(input-arc);
destination,changed
+— copy-dg-with-comp-arcs-share(input-arc.value);

IF (changed has value) THEN

label « input-arc.label;

value + destination;

values(a new arc with label and value,:changed);
ELSE values(input-arc,nil); ;; return original arc
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END;

Let us review a few examples. Figure 5-2 represents a unification between two graphs, each

4]
A

containing large subgraphs (shown as triangles).

dg1
m | b
[1] fj []

Figure 5-2: A simple input example with large subgraphs
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R

W]

dg2

+Y)

The Q-D algorithm without structure sharing described in the preﬁous chapter would copy
these subgraphs. However, with the introduction of the structure-sharing scheme, only one
node (i.e, the top node of the result graph dg3) and only two arcs (arc-a and arc-b) are copied

(Figure 5-3). The subgraphs dg1/< b > and dg2/< a > are not copied at all since there was

no modification in these subgraphs. Therefore, the original top nodes of the subgraphs are
directly pointed to by the newly created arcs arc-a and arc-b for dg3. The arcs arc-a and arc-b

are copied since the top nodes of the subgraphs were targets of férwarding; therefore, :changed

R R T

information is passed up. In our algorithm, if a complex node is a tirgét of forwarding although
no copies are made of that node; it is considered modified and the arcs and nodes above that
node are copied. Therefore, there will be one copy node, the top node of dg3, and two new arcs
pointing to the original nodes created in this unification. |

We would like to provide one more example of Q-D structure-sharing (QDS). This one is

3¢Values’ return multiple values from a function. In our algorithm, two values are returned. The first value
is the result of copying, and the second value is a flag indicating if there was any modification to the node or to
any of its descendants.

“Temporarily set copy of the dg to be itself.

5Multiple-value-bind call. The first value is bound to ‘newarc’, and the second value is bound to ‘changed’.
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Figure 5-3: The result of Q-D with Structure-sharing (QDS)

bit more complicated (Figure 5-4).

First, Q-D unification is performed on the input graphs, as we already learned in the previous
chapter putting temporary forwarding links and a comp-arc-list (Figure 5-5).

Now, after Q-D unification we do the QDS Copying (Figure 5-6). The top node dg3 will be
created since changes below will return the :changed flag upwards when recursive unification
returns. The arc-e is not copied at all since there was no change and therefore, the entire arc-e
is simply put in arc-list of dg3. dgl/ < a > is not copied but the arc a of dgl is copied since it
is the target of forwarding. By the same token dg2/< b > is not copied but the arc-b of dg2 is
copied. This way, only one node (i.e., the root of dg3) and two arcs (a and b) are created to
produce the result graph as seen in the figure.

The following two figures (Figures 5-7, 5-8) show the similar structure-shariﬂg. First tempo-

rary forwarding is performed after successful unifications (Figure 5-7). Then this time because
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