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Abstract

This paper presents a precise characterization of the
underspecification found in Lexicalized Tree Adjoin-
ing Grammars, and shows that, in a sense, the same
degree of underspecification is found in Lexicalized
D-Tree Substitution Grammars. Rather than de-
scribing directly the nature of the elementary ob-
jects of the grammar, we achieve our objective by
formalizing the way in which underspecification in
the derived objects is interpreted: i.e., how trees are
read off from derived tree descriptions. Valid tree
descriptions for LTAG turn out to be those that have
a single acceptable interpretation, whereas those for
LDSG may have multiple interpretations. In other
respects, there is no difference in the way in which
LTAG and LDSG tree descriptions are interpreted.

1 Introduction

The main component of a Lexicalized Tree Adjoin-
ing Grammar (LTAG) (Joshi and Schabes, 1991) are
its elementary trees. These provide possible syntac-
tic contexts for the lexical items that anchor them.
One of the basic tenets of the formalism is that each
elementary tree should include direct references to
those components of derived trees that are in some
way dependent on the anchor. For example, the el-
ementary tree for a transitive verb would include
references to nodes that, in a derived tree, will be at
the root of the subtrees for the verb’s subject and
object.

In order to achieve this, the formalism is being
asked to perform a delicate balancing act: the el-
ementary trees should say everything that can be
said about the anchor’s context (given the identify
of the anchor); however, this should be done in such
a way that there are no unwanted side-effects. In
other words, in describing the relationship between
the anchor and one of its dependents, we do not
want the notation we are using to force us to make
commitments that, otherwise, need not be made.

For example, it would not be desirable if, in refer-
ring to a node for a verb’s extracted object (the node
marked with a 1 in Figure 1), we were forced to say
that, in every derived tree it must remain a sibling
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of the grandparent of the verb (the node marked
with ¢ in Figure 1): this would leave no room for
intervening structure.

If substitution were the only composition opera-
tion in LTAG, this would be precisely the kind of
problem that could arise. The LTAG formalism ad-
dresses this by including an second operation (ad-
junction) with which tree structure can be inserted
(adjoined) inside other tree structure. Adjunction
makes it possible for the relationship between nodes
to change during a derivation: for example, when
a tree for a raising verb is adjoined, the extracted
object will become the sibling of the verb’s great-
grandparent. Hence, the potential for adjunction at
nodes in a tree means that the domination relation-
ships among nodes in elementary trees are, in effect,
underspecified.

Underspecification can be exploited more explic-
itly by adopting an approach suggested by work on
D-Theory parsing (Marcus et al., 1983). The basis
of D-Theory is that, by manipulating descriptions of
trees rather than the trees themselves, it is possible
to use underspecification in the descriptions to avoid
the need to make unwanted commitments about tree
structure. Vijay-Shanker (1992) considered how this
methodology could be applied to LTAG, and in re-
lated work (Rogers and Vijay-Shanker, 1992), a logic
for tree description was developed that could be used
to formalize these underspecified tree descriptions.
Viewed from this perspective, the elementary ob-
jects of LTAG can be taken to be partial descrip-
tions of derived trees that the grammar could po-
tentially generate for a sentence containing the an-
chor of the tree. The elementary tree in Figure 1
can be viewed as describing a number domination
relationships, that could be further specified during
the derivation process.

When LTAG is viewed in this way, certain aspects
of the formalism appear somewhat arbitrary (for ex-
ample, the fact that the root and foot of auxiliary
trees must be labelled by the same nonterminal sym-
bol). This has led to the development of a variant of
LTAG called Lexicalized D-Tree Substitution Gram-
mars (LDSG) (Rambow et al., 1995). LDSG employs
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Figure 1: An elementary tree

only the substitution operation, since, by using de-
scriptions of trees as the elementary objects of the
grammar, the required underspecification is encap-
sulated directly in the description, making adjunc-
tion apparently unnecessary.

However, the added flexibility of this approach
gives rise to difficult design issues. By choosing
to express the elementary structures with a general
purpose tree description logic, the potential for un-
derspecification becomes enormous. Designing a for-
malism (as opposed to writing an individual gram-
mar) involves deciding on the degree of underspec-
ification to be allowed in the general case, and this
can call for what can seems like rather arbitrary deci-
sions. The goal of this paper is to explain the choices
made in LTAG and LDSG and to characterize the de-
gree of underspecification that they can tolerate.

Our approach revolves around the rather obvious
observation that, if fully specified trees are to be pro-
duced at the end of a derivation, any underspecifica-
tion in the elementary structures must be resolved
at some stage in the derivation process. There are
two places where this can happen: when the elemen-
tary descriptions are being combined by means of the
composition operations, or after all the elementary
objects have been assembled into a derived descrip-
tion. In the latter case, the formalism must provide
some way of interpreting any underspecification that
remains in the derived descriptions. This is not sim-
ply a matter of making valid logical deductions in
order to find all fully specified trees compatible with
the description.

The formalism embodies a set of assumptions
regarding how to interpret the underspecification
found in derived descriptions. These assumptions
are implemented in what we will refer to as the for-
malism’s derived description reader (ddr): a pro-
cess that reads off trees from derived descriptions. In
this paper, we specify the assumptions that deter-

mine how the LTAG ddr resolves underspecification.
We find that valid LTAG tree descriptions have the
property that the LTAG ddr gives them a single read-
ing. We find that the same set of assumptions can
be used to resolve a wider variety of underspecifica-
tion than is found in derived LTAG tree descriptions.
In fact, it is just this form of underspecification that
is to be found in the derived descriptions produced
by LDSG. Hence, by removing the requirement that
descriptions have a unique reading, we obtain a char-
acterization of the valid LDSG tree descriptions.

Earlier work has addressed the problem of char-
acterizing the tree descriptions of LTAG (Rogers
and Vijay-Shanker, 1992; Rogers and Vijay-Shanker,
1994). This work involved stating syntactic condi-
tions that apply to valid descriptions, but did not
manage to accurately capture the full range of tree
descriptions used in LTAG. The approach we take
here us more directly related to that of Rogers and
Vijay-Shanker (1993). Their goal was to describe
the nature of the nondeterminism resulting from un-
derspecification that D-theory parsers can accommo-
date. To do this they used the notion of the standard
referent of a description. Their claim was that those
tree descriptions that have unique standard refer-
ents are exactly the descriptions that satisfy the de-
terminism hypothesis of D-theory parsing. This re-
sembles the approach taken here, since it concerns
how underspecified tree descriptions are interpreted
as trees, however, no single notion of a standard ref-
erent was specified.

2 Tree Adjunction and
Underspecification

Consider the elementary tree v shown in Figure 2.
We can express this in a language of tree descrip-
tion (Rogers and Vijay-Shanker, 1992) with the
description d, below, where the expression z Ay
should be read as z is the parent of (immediately
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Figure 3: Adjunction of a Quasi Tree

dominates) y, and z < y should be read as the node
z precedes (is to the left of) the node y.

dy : zAyAzAzAy<2zA
z2AuUNzZAVAU <Y (1)

Let s, be a mapping from vars(d,) (the variables
in d,) to nodes in vy such that s,(z) = n1, s4(y) =
n2, $y(2) = m3, sy(u) = ns and s,(v) = ns. We
can express the fact that d, describes the tree y by
saying that v, s, satisfies d,, denoted v, s, = d,.

Suppose that the auxiliary tree 8 shown in Fig-
ure 2 can be adjoined into vy at n3 resulting in the
tree v'. Let dg be a description and sg be a variable
mapping such that 8, ss |= dg. Can we construct a
description d,/ and a variable mapping s+ such that
Y, 8y = dy?

To do this we need to clarify which nodes in '
correspond to 7y,... ,m5. For 1y, n2, ns and ns this
is unproblematic, but the node 73 has in effect been
equated with both the root and foot nodes of 8 and
therefore “corresponds” to two distinct nodes in 7.

If we want to think of elementary trees as tree
descriptions, and define adjunction as a monotonic
operation on tree descriptions, we need to anticipate
the possibility of adjunction at a node by using two
names for that node. In the event that an adjunction
takes place, these will refer to the root and foot of the
adjoined tree, respectively. When adjunction does
not occur, these two names are taken to refer to the
same node. Vijay-Shanker (1992) called these quasi
nodes, and descriptions involving such pairs quasi
trees.

In expressing the elementary tree v in the lan-
guage of tree descriptions, we are faced with the
problem of finding a single description that is com-
patible with both the adjunction and no adjunction

scenario. This is achieved by under specifying dom-
ination. Instead of statement 1, the following de-
scription can be used, where z A"y should be read
as: the node z dominates the node y.

dy @ zAyANzAzAy<2zA
PR
ZAuNZ AvAu<wv (2)

This description is shown graphically in Figure 3,
where n} and 7% are the two names used instead of
73 and a broken line is used to indicate domination.

Specifying that n} dominates 7} leaves open the
possibility that they refer to the same node, while
being compatible with the presence of intervening
nodes brought about by adjunction. Figure 3 illus-
trates adjunction graphically. Every node in an ele-
mentary tree at which adjunction can take place is
split in two in this way.

We now return to the problem of how to build a
description of 7', the result of adjoining 3 at 73 in
7. Let d/, and dj; be copies of d, and dg such that
VSTS(d;) Nvars(dj;) = 0. Also, let s, and sg be such
that

d,sy F v and dj, sg = B

and let z,y € vars(d,) and u,v € vars(dj) be such

that s, (z) and s, (y) are n} and n}, respectively, and
sg(u) and sg(v) are the 7, and 7y, the root and foot
of B, respectively (see Figure 3).

The description d, describing 7' is produced by
taking the conjunction of d/, with the result of sub-
stituting z for v and y for v in db. This description
is satisfied by the tree ' with the variable mapping
that is the union of s, and sg.
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Figure 4: Unreadable underspecification

The operation of substituting one tree description
into another can be defined in a similar way, again
involving taking the conjunction of two descriptions.
The only difference is that in this case, only one pair
of nodes are unified. Given a LTAG grammar, the set
of derived descriptions is produced by closing the
set of elementary descriptions under adjunction and
substitution.

How is the underspecification found in the elemen-
tary tree descriptions resolved: is it removed during
the derivation process? Although adjoining a tree
between two quasi nodes further refines the domina-
tion relationship that holds between them, the pos-
sibility that adjunction can take place in unbound-
edly embedded contexts means that, the derivation
process will not be able to complete the domination
relations once and for all. In other words, the result
of a derivation is not a fully specified tree, since they
can contain underspecified domination relations that
could get further specified by additional adjunctions.
That is, they exhibit exactly the same kind of under-
specification that was introduced in the elementary
descriptions.

So how should fully specified trees be read off
from these underspecified descriptions? We call the
process that achieves this the LTAG derived descrip-
tion reader (ddr). Obviously, since we are modelling
LTAG, we know that if no adjunction takes place at a
pair of quasi nodes, the LTAG ddr should take them
to refer to the same node. However, derived de-
scriptions describe an infinite number of trees. One
possibility is that a parenthood relation be assumed
between all pairs of quasi nodes; this is just as plau-
sible, from a logical point of view, as the assumption
that the two quasi nodes are the same node. In order
that the LTAG ddr produce only the desired readings
of derived descriptions, it must embody various as-
sumptions as to what kind of underspecification will
be encountered. We formulate this as a set of con-
straints applying to any description that determine
which readings are permitted.

3 The Derived Description Reader

In this section we specify exactly those trees that
LTAG ddr will read off from a derived description.
The language used for tree descriptions involves the
use of predicate symbols, A, A", and <. Clearly,
not all structures appropriate for this language cor-
respond to trees. We refer to Backofen et al. (1995)
for a characterization of those structures which cor-
respond to trees. The descriptions under consider-
ation are conjunctions of positive literals involving
the predicates A, A" and <. Suppose that dis such a
description. A tree  with associated variable map-
ping s will obtained from a derived description d by
the LTAG ddr if and only if the following conditions
hold. In what follows, d = d' is used to indicate that
the description d' logically follows from d, in other
words, that d' is known in d.!

1. v,s E=d.
This condition guarantees that vy is consistent
with the description d.

2. s(z) = s(y) implies d = (z A"y Vy A" z)
for all z,y € vars(d)

This condition states that all equated nodes are
known to be in a domination relationship in d.

3. yv,sEzAy iff s(2)=s(z),
s(y') = s(y) and
d=>2' Ny

for some z',y’ € vars(d)

This condition states that all parenthood rela-
tion in ¢t are known d. Note that this condition
prevents the inclusion of nodes in ¢ that have
no counterparts in d.

4. for all z,y,z',y' € vars(d),
if s(z) = s(z'),
s(y) =s(y’) and
d= (zAynz' Ay')
then
d=(z=2'Ay=1¢)
where ¢ = y is syntactic sugar for
c N yny Nz,

1d = d' iff d A —d’ is not satisfied by any tree model.
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This condition, in conjunction with condition 3,
states that there is a one-to-one correspondence
between the parenthood relationships found in
t and parenthood relationships known in d.

5. 7,8 E(zAzAzAyAz <Yy)
iff s(z) = s(z'),
s(y) = s(y"),
s(z) =s(2') and
d= G A ANZAY AT <7y')
for some z',y', 2" € vars(d)

This condition states that all siblinghood rela-
tions and precedence relations among siblings
found in ¢ are known in d.

In the remainder of this section we consider why
these conditions are needed in order to properly in-
terpret derived quasi trees. Condition 2 is a direct
way of indicating that the ddr should only consider
equating two quasi nodes that are related by domi-
nation in some way. This captures the fact that the
potential to equate quasi nodes is licensed by the
fact that they are put in a domination relation in an
elementary tree.

Condition 3 states that the ddr should not be al-
lowed to invent parenthood relationships that are
not determined in the derived quasi tree. This cap-
tures the fact that all parent relationships in derived
trees must be licensed by some parent relationship
in an elementary quasi tree.

Condition 4 indicates that all parent relations
should be treated as referring to distinct pairs of
nodes. The ddr should not be allowed to overlap
different different bits of tree structure.

Finally, condition 5 indicates that precedence rela-
tionships among siblings must be licensed by prece-
dence relationships among siblings in the derived
quasi tree, which in turn means that these prece-
dence relationships must have been licensed in ele-
mentary quasi trees.

Given a description d, we say that (v, s) € ddr(d)
iff v, s is obtained from the description d as stated
above.

4 Quasi Trees

Having specified the LTAG ddr we take the definition
of quasi trees to be those descriptions for which the
LTAG ddr gives exactly one tree.

In characterizing quasi trees in terms of unique
readability, we do not wish to distinguish between
structures that are isomorphic. We write y1 = 2
when the two structures are isomorphic. Given
two structures, y; and vy, let A be an isomorphism
from the domain of ; to the domain of v, wit-
nessing y1 & <vy2. Then, given a description d,
we say (71,81) ~q (72,s2) iff for all z € vars(d),
h(s1(z)) = s2(z). ~4 is an equivalence relation, and
let [{7, s)] be the equivalence class containing (v, s).
Finally, let ddr~(d) = {[{7, )] | {7, s) € ddr(d)}.

We can now state that a quasi tree d is a descrip-
tion such that the cardinality of ddrx(d) is one.

There are two important characteristics of quasi
trees given in Vijay-Shanker (1992): (1) top quasi
nodes (which dominate their bottom quasi node)
cannot, in addition, immediately dominate another
node; and (2) top quasi nodes cannot dominate more
than one node. Examples of this are illustrated
in the two descriptions shown in Figure 4.2 What
would the LTAG ddr make of these?

When presented with the description in Figure 4a
the LTAG ddr cannot add new parent relationships
between z3 and either y; or z; (see condition 3).
The only alternative would be to equate z3 with
one or both of y; or z;. Suppose z3 and y; are
equated, in which case, z; must be equated with z3,
y2 or y3. The first possibility (equating z; and z3) is

2Note that when we display a description graphically,
precedence among siblings is assumed to be fully specified,
and will correspond to the left-to-right order shown.
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ruled out by the fact that either condition 5 would
be violated because siblinghood relations would be
asserted that are not licensed in the description, or
the children of y; and z; would be merged violating
condition 4. Equating 2, with either ys or ys is ruled
out by condition 2, since there is no known domina-
tion relationship between these nodes. Thus, there is
no way that the LTAG ddr can interpret this descrip-
tion. Similar reasoning can be used to show that the
description in Figure 4b cannot be interpreted.

Notice that in reasoning that these two descrip-
tions are uninterpretable by the LTAG ddr, we did not
appeal to the unique reading condition. In the next
section we show that there are descriptions that can
be read by the LTAG ddr, but which are not given
unique readings? First however, we consider some
descriptions that the LTAG ddr gives a single read-
ing, but which are not normally considered to be
quasi trees.

N yAz Nz (3)
N ynzN'y 4)

Both (3) and (4) are given a single reading by the
LTAG ddr: a tree consisting of a single node. What
anomalous descriptions such as these have in com-
mon is that they involve nodes for which neither a
parent or child is known. This can be resolved by
including an additional constraint on quasi trees dis-
allowing descriptions involving nodes with neither a
parent or child. This is justifiable on the grounds
that each local tree in an LTAG elementary tree is
intended to involve the combination of a head with
a complement or modifier with underspecification
of domination being used to allow for structure be-
tween these local trees. As a result, only a single
quasi node would be permitted at the root or foot of
LTAG elementary trees. This is consistent with the
view that in producing elementary trees by project-
ing from the lexical anchor we have no information
about such quasi nodes, since they are not really be
part of the anchor’s domain of locality.

5 Beyond Quasi Trees

Consider how the LTAG ddr would interpret the de-
scriptions shown in Figure 5. In the case of the de-
scription in Figure 5a, the variables z3 and z, cannot
be equated since that would mean that the ddr would
have to merge the parent relationships between z;
and z3 and between z; and z5 which is not allowed
by condition 4. However, z3 and z; can be equated,
in which case y3 and z; can then be equated. This
gives a valid reading of the tree description. How-
ever, there is a second possibility: the variables y3
and z; can be equated, in which case z3 and y; are
also equated.

The description in Figure 5b can also be inter-
preted by the LTAG ddr despite the fact that 3 dom-
inates two distinct nodes. There are two valid inter-
pretations of this description: one that equates z3
with y; and y; with 2z; and 29 with u;; a second
that equates z3 with z; and 2o with y; and y3 with
u1. The crucial difference between this description
and the one given in Figure 4a is that the domination
statements involving y3 and 22 in Figure 5b have the
effect of licensing the exact positioning of the nodes
Y1, y2 and y3 under 2; (by allowing y; and z> to be
equated) or the positioning of the nodes 21, 22 and
z3 under y; (by allowing z; and y3 to be equated).

Thus, in Figure 5 we see examples of tree descrip-
tions that the LTAG ddr can interpret, but for which
it gives multiple readings. This gives us a precise
characterization of a set of tree descriptions that is
larger than the set of quasi trees: i.e., the set of
those descriptions for which the LTAG ddr gives at
least one reading. We define this set of descriptions
to be the valid LDSG tree descriptions.

The LDSG formalism is similar to LTAG except that
the only composition operation employed is substi-
tution. Substitution of descriptions is defined as
follows. For a description d a node z € vars(d) is
a substitution node of d if for all y € vars(d)
such that & # y it is not the case that d = = A" y.
Also, z € vars(d) is a component root of d if for
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y € vars(d) it is not the case that d = y Az. Sup-
pose we have two d-trees d; and ds where d; and dy
involve distinct variables. Let z be a substitution
node in d; and y be a component root of d. The
result of substituting node y of dy at node x of d;
is the d-tree that is the conjunction of dy with the
result of replacing all occurrences of z in d; by y.
An example of substitution is shown in Figure 6.

Note that, crucially, the set of valid LDSG trees,
as defined above, is closed under this substitution
operation. Hence, if the elementary descriptions of
an LDSG are all valid LDSG trees, then the result of a
derivation will necessarily be a valid LDSG tree, and
the LTAG ddr will be able to read off at least one tree
from it.

6 Underspecification of Linear
Precedence

This paper has been concerned with discussing the
kind of underspecification found in LTAG and LDSG,
and this has involved the underspecification of dom-
ination. Another candidate for underspecification
that is often considered is the underspecification of
precedence. One place where this has been partic-

ularly useful is in the description of languages in
which the order of symbols is very free.

While it would be relatively straightforward to ex-
tend the LTAG ddr so that it could interpret descrip-
tions in which precedence among siblings was under-
specified, we end this paper by showing that under-
specification of domination can be used to achieve a
similar effect.

Consider the LDSG elementary descriptions shown
in Figure 7a and Figure 7b. These generate the lan-

guage

{we {a,bc}t|
w contains an equal number of a’s, b’s and ¢’s}

The description shown in Figure 7c has one reading
for every possible ordering of the symbols.

7 Conclusions

The use of underspecified tree descriptions has been
suggested in the context of Tree Adjoining Gram-
mars and some of its extensions. However, there has
not been a precise characterization of exactly what
kind of underspecification is needed. In this paper,



we have addressed this question, offering a new ap-
proach which we apply to both LTAG and LDSG. This
brings out the relationship between the degree and
type of underspecification in these two frameworks,
and we believe that it could be applied more gener-
ally, and can be used to relate underspecification of
precedence and domination to account for construc-
tions involving flexible word order.
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