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There are at least two ways of handling lexical ambiguity in a tree adjoining grammar. One of them seems to be
computationally intractable. The other is computationally efficient. This paper describes these two methods with algorithms

and their analyses.
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1. Introduction

Lexical ambiguity is a major problem in natural
language parsing [2,11]. Parsing is always based on
a finite description of the language called gram-
mar. Tree adjoining grammars (TAG’s) developed
at-the University of Pennsylvania seem to have the
essential features necessary for natural language
parsing [6,9]. TAG’s define a finite set of elemen-
tary trees and an adjunction operation that pro-
duces composite trees through the combination of
simple (elementary) ones. The trees are taken to
be structural descriptions of sentences in the lan-
guage. The central module of the parser is a
pattern matcher that finds every tree that matches
the input string. If there is only one tree that
matches the input, then the input is structurally
unambiguous. If the input matches more than one
tree, it is structurally ambiguous. Structural am-
biguity often results from lexical ambiguity, that
is, when a word belongs to more than one cate-
gories (e.g. the work flies is a noun and a verb)
[2]. Two algorithms for processing lexical ambigu-
ity in TAG’s are described with their analyses.

2. The TAG parser

The major components of the TAG parser are
shown in Fig. 1.

(1) Fig. 1.

The tree bank has two types of trees: initial
trees and auxiliary trees. Auxiliary trees are used
in a composition operation called adjoining to
account for recursion; they do not occur indepen-
dently in the language. We describe auxiliary trees
with adjoining operation at the end of this section.
Before that we present a simplified version of
TAG’s for expository purposes. You may assume

LEXICON INPUT (string)

MATCH j—————>OUTPUT (tree-structures)

/

TREE BANK
Fig 1.
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for the time being that the tree bank has only
initial trees such as those in (3) and (4) whose
tip-nodes (frontier nodes) are preterminal sym-
bols. The categories of the lexicon are also pre-
terminal symbols. The lexicon looks like (2):

(2) LEXICON
(a DET)
(an DET)
(arrow N)
(flies (V N))
(like (P V A))
(machine N)
(the DET)
(time (N A V))

The tree bank for English includes the two
initial trees given in (3) and (4). (N = Noun, V=
Verb, DET = Determiner, A = Adjective, P =
Preposition, PRO = Pronoun, NP = Noun phrase,
VP = Verb phrase, S = Sentence.)

(3) Treel =

/N

DET N

(4) Tree2 =
S
NP/\VP
VAN
PRO v NP
DET/\N
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These two trees match a large number of

sentences in English. For example, Treel matches
sentences like (5) as shown below.

(5) The machine runs the program.
Treel =

S

/NP\ /W\
DET N oV NP

DET N

machine runs the program

In the match phase the tip-nodes of the trees
are matched against the categories of words. Sup-
pose that the input is the .sentence given in (5).
There is a procedure in MATCH called “CATE-
GORIES” that returns the lexical categories of the
input string as shown in the list form below.

(CATEGORIES
*(The machine runs the program))
= (DET N V DET N)

When a lexical item belongs to two or more
lexical categories it gives rise to lexical ambiguity
which is a source of inefficiency in traditional
parsers. We address the problem of lexical am-
biguity in considerable detail in Section 3. There is
a procedure in MATCH called “TIPNODES” that
returns the tip-nodes (frontier nodes) of a tree.
Thus,

(TIPNODES Treel) = (DET N V DET N)

MATCH simply asks if the categories of the
input string are equal to the tip-nodes of a tree.
This type of parsing is different from traditional
parsing with grammar rules [1,5,11] and it has at
least two advantages: (i) the trees are not built at
run time, so it is fast, (ii) the parser can be
developed incrementally by adding new trees to
the tree-bank.
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2.1. Factoring recursion by adjoining

The parser outlined above works well if an
additional problem is solved: that of embedded
clauses. An unbounded number of embeddings
can occur in English. An example of embedding is
given in (6) where “which compiles the language”
is an embedded clause.

(6) The machine which compiles the language
runs the program.

This phenomenon is handled in TAG’s by a
composition operation called adjoining. Adjoining
is comparable to transformations of early trans-
formational grammars [3]. We mentioned earlier
that the tree bank has two kinds of trees: initial
trees and auxiliary trees. Examples of initial trees
are given in (3) and (4) above. An example of
auxiliary tree is given in (7). Lexical items are
inserted into this tree for expository purposes;
usually trees are stored without lexical items.

(7) Tree3 =
NP
/\
NP S
/\
NP VP
| /\
RE v NP
DET N
which compiles  the  language:

Unlike initial trees, auxiliary trees have a tip-
node which is identical to its root. This tip-node is
called a hook and plays an important role in
adjoining. An auxiliary tree can be adjoined at
any node of a nonauxiliary tree (initial or com-
posite) if that node is labeled by the same symbol
as the root of the auxiliary. An example of adjoin-
ing is shown in (8) in which Tree3 is adjoined at
an NP node in Treel. The auxiliary tree is marked
by a dotted line in the resulting composite tree
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and lexical items are inserted for the purpose of
demonstration.

" .. . VP
T
L)
.
\ /\ . /\
/ /S\ \' V /NP\
DET NP VP b DET N
. . : :
. ‘.
v Ny p
=. N
1 DET T 1
\ |
machine EW|Iil.'|I. compile Jle language i runs the proéram

If Tree3 is adjoined at the NP dominated by
VP of Treel then we get sentences like (9). If
Tree3 is adjoined at both the NP’s of Treel then
we get sentences like (10).

(9) The machine runs the program which com-
piles the language. ‘

(10) The machine which compiles the language
runs the program which computes an answer.

It is to be noted that the adjoining can be
applied before run-time (e.g. during compile-time)
to generate a large number of trees. Since people
ordinarily use short sentences, all the trees with up
to a fixed number (say 25) of tip-nodes can be
pre-generated. This reduces run-time computation
of parsing to pattern match. Only on rare occa-
sions will the purser use run-time adjoining.

3. Lexical ambiguity and match

Lexical ambiguity is often the source of inef-
ficiency in a parser. In this section we describe
two methods of processing lexical ambiguity in
TAG’s: (1) Distribution Method, and (2) Mem-
bership Method. We present two algorithms and
analyze their time complexity. We show that the
latter is more efficient than the former. The
parameters used in the expressions of the time
complexity are:

* n: the length of the input string,
 [: the number of entries in the lexicon,
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« x: the number of nonauxiliary trees in the
tree-bank,
+ k: the number of categories in the lexicon.

3.1. Distribution Method

We explain the Distribution Method with an
example from [11,92] which is reproduced in (11).

(11) Time flies like an arrow.

If a word belongs to k lexical categories, then
we say that the word is k-way ambiguous. Accord-
ing to the lexicon given in (2) the word “Time” is
three-way ambiguous. The word “flies” has two-
way ambiguity and the word “like” has three-way
ambiguity. For the sentence in (11) the procedure
CATEGORIES returns the following sequence of
categories:

(12) (N A V) (VN) (P V A) DET N)

In order to match against the tip-nodes of the
trees the categories of ambiguous words are dis-
tributed creating 18 sequences:

((N VP DET N) (A N V DET N) (V N P DET
N) (N V V DET N) (N N P DET N) (N N V DET
N) (A V P DET N) (A V V DET N) (A N P DET
N) (V V'V DET N) (V V P DET N) (V N V DET
N)(NVADETN)(NNADETN)(AV A
DETN)(ANADETN)(VVADETN)(VNA
DET N))

Two trees that match the first two sequences of
categories are given in (13) and (14).

(13)
/S\

NP VP

|l

N A% PP

P NP
Dh
Time flies like a'n ar!-ow
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(14)
S

NP VP

e
VAN

DET N

Time flies like an  arrow

Processing lexical ambiguity after distribution
of categories is extremely costly. If each work is
k-way lexically ambiguous, then for each tree the
algorithm has to do at most nk" comparisons. The
worst-case complexity of such a matching for a
k-way ambiguous language can be expressed as:
O(xnk"™) where x is the number of trees consid-
ered.

3.2. Membership Method

We develop a MATCH process that is
quadratic. It does not distribute the categories. It
takes a sequence like (12) and compares it with
the tip-nodes of a tree by membership. For exam-
ple, the first tip-node of the candidate tree must
be a member of the first subsequence of (12). The
proceduce is given below:

Procedure MATCH(TREES, W)
4/ Input: TREES = {TREE,, TREE,,...,

TREE, },
a finite sequence of trees //
/ W= (W, W,,...., W,},
(input string (a sequence of
words) /
4/ Output: MTREES = the set of all trees that
match W

1 CAT « CATEGORIES(W)

2 MTREES « ()

3 for i=1 to x do:

4 TIPS « TIPNODES(TREE),)
5 if |TIPS| = |CAT| then do:
6 if, for j=1 to |TIPS|,
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MEMBER(TIPS;, CAT)),
then MTREES « MTREES U TREE;
end if
end for
7 return MTREES

This MATCH procedure is efficient. It needs at
most O(xkn) comparisons. Certain types of lexical
ambiguity can be resolved by contexts as sug-
gested in [8,10,11] which will further improve the
efficiency of the system. This latter improvement
will not, however, be reflected in the worst-case
analysis. Considerable speed-up can be achieved
by doing parallel matching [4]. We did not include
adjoining in the above algorithms because we as-
sumed that run-time adjoining can be avoided.

A comparison of the membership method with
some popular methods of dealing with lexical am-
biguity follows. Earley’s algorithm can parse any
context-free language with lexical ambiguity in n?
time [S]. Earley’s method is not related to the
methods described in this paper. Earley’s method
uses a set of states obtained from the production
rules of a context-free grammar. Shieber presents
an algorithm for parsing ID/LP (immediate
dominance and linear precedence) grammars and
claims that its time complexity is bounded by n?
{7]. ID/LP grammars are context-free and
Shieber’s algorithm is based on Earley’s [7]. How-
ever, Shieber did not consider lexical ambiguity in
his algorithm. Parsing ID/LP grammars is shown
to be NP-complete when lexical ambiguity is pre-
sent [2]. It is shown that Shieber’s algorithm suffers
from combinatorial explosion in the state set due
to lexical ambiguity [2]. The net effect is similar to
that of the distribute method described above. The
time complexity of the ATN (augmented transi-
tion network) based parsers is exponential [12].
The standard ATN deals with lexical ambiguity
by chronological backtracking which is computa-
tionally inefficient. However, the ATN formalism
can parse unrestricted languages because it has the
power of a Turing machine. TAG’s are mildly
context-sensitive because they generate all of the
context-free languages and a small subset of the
context-sensitive languages [6,9]. Although lexical
ambiguity has not been explicitly discussed in any
earlier paper on TAG, it is provable that a parsing
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method described by Joshi and Vijay-Shankar [9]
is capable of parsing lexical ambiguity in TAG’s
in n% time. The method uses a dynamic program-
ming technique based on the Cocke—Younger—
Kasami algorithm [1]. The membership method
presented in this paper is a viable alternative to
the method of [9].
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