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Abstract

We suggest a way of bringing together type theory and unification-based grammar
formalisms by using records in type theory. The work is part of a broader project
whose aim is to present a coherent unified approach to natural language dialogue
semantics using tools from type theory.

1 Introduction

Uwe Monnich has worked both on the use of type theory in semantics and on
formal aspects of grammar formalisms. This paper suggests a way of bringing
together type theory and unification as found in unification-based grammar
formalisms like HPSG by using records in type theory which provide us with
feature structure like objects. It represents a small offering to Uwe to thank
him for many kindnesses over the years sprinkled with insights and rigorous
comments.

This work is part of a broader project whose aim is to present a coher-
ent unified approach to natural language dialogue semantics using tools from
type theory. We are seeking to do this by bringing together Head Driven
Phrase Structure Grammar (HPSG) (Sag et al.|2003), Montague semantics
(Montague|1974)), Discourse Representation Theory (DRT) (Kamp and Reyle
1993; ivan Eijck and Kamp|[1997, and much other literature), situation seman-
tics (Barwise and Perry|[1983)) and issue-based dialogue management (Lars-
son||2002) into a single type-theoretic formalism. A survey of our approach
to the semantic theories (i.e., Montague semantics, DRT and situation seman-
tics) and HPSG can be found in|Cooper| (2005b). Other work in progress can
be found on http://www.ling.gu.se/~cooper/records. We give a brief
summary here: Record types can be used as discourse representation struc-
tures (DRSs). Truth of a DRS corresponds to there being an object of the
appropriate record type and this gives us the effect of simultaneous binding
of discourse referents (corresponding to labels in records) familiar from the
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semantics of DRSs in|Kamp and Reyle|(1993)). Dependent function types pro-
vide us with the classical treatment of donkey anaphora from DRT in a way
corresponding to the type theoretic treatment proposed by [Monnich| (1985),
Sundholm! (1986) and |Rantal (1994). At the same time record types can be
used as feature structures of the kind found in HPSG since they have recursive
structure and induce a kind of subtyping which can be used to mimic unifica-
tion. Because we are using a general type theory which includes records we
have functions available and a version of the A-calculus. This means that we
can use Montague’s A-calculus based techniques for compositional interpre-
tation. From the HPSG perspective this gives us the advantage of being able
to use “real” variable binding which can only be approximately simulated in
pure unification based systems. From the DRT perspective this use of com-
positional techniques gives us an approach similar to that of [Muskens| (1996)
and work on A-DRT (Kohlhase et al.||[1996).

In this paper we will look at the notion of unification as used in unification-
based grammar formalisms like HPSG from the perspective of the type theo-
retical framework. This work has been greatly influenced by work of Jonathan
Ginzburg (for example, |Ginzburgfin prep, Chap. 3). In section 2] we will give
a brief informal introduction to our view of type theory with records. The
version of type theory that we discuss has been made more precise in|Cooper
(2005a) and in an implementation called TTR (Type Theory with Records)
which is under development in the Oz programming language. In section
we will discuss the notion of subtype which records introduce (corresponding
to the notion of subsumption in the unification literature). We will then, in
sectiond] propose that linguistic objects are to be regarded as records whereas
feature structures are to be regarded as corresponding to record types. Type
theory is “function-based” rather than “unification-based”. However, the ad-
dition of records to type theory allows us to get the advantages of unification
without having to leave the “function-based” approach. We show how to do
this in section [3] treating some classical simple examples which have been
used to motivate the use of unification. Section[6]deals with the way in which
unification analyses are used to allow the extraction of linguistic generaliza-
tions as principles in the style of HPSG. The conclusion (section [/) is that
by using record types within a type theory we can have the advantages of
unification-based approaches together with an additional intensionality not
present in classical unification approaches and without the disadvantage of
leaving the “function-based” approach which is necessary in order to deal
adequately with semantics (at least).
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2 Records in type theory

In this section!. we give a very brief intuitive introduction to the kind of
type theory we are employing. A more detailed and formal account can be
found in|Cooper| (2005a) and work in progress on the project can be found on
http://www.ling.qgu.se/~cooper/records. While the type theoretical
machinery is based on work carried out in the Martin-Lof approach (Coquand
et al.|[2004; Betarte| 1998}, Betarte and Tasistro||1998}; [Tasistro||1997) we are
making a serious attempt to give it a foundation in standard set theory using
Montague style recursive definitions of semantic domains. There are two
main reasons for this. The first is that we think it important to show the
relationship between the Montague model theoretic tradition which has been
developed for natural language semantics and the proof-theoretic tradition
associated with type theory. We believe that the aspects of this kind of type
theory that we need can be seen as an enrichment of Montague’s original
programme. The second reason is that we are interested in exploring to what
extent intuitionistic and constructive approaches are appropriate or necessary
for natural language. For example, we make important use of the notion
“propositions as types” which is normally associated with an intuitionistic
approach. However, we suspect that our Montague-like approach to defining
the type theory to some extent decouples the notion from intuitionism. We
would like to see type theory as providing us with a powerful collection of
tools for natural language analysis which ultimately do not commit one way
or the other to philosophical notions associated with intuitionism.

The central idea of records and record types can be expressed informally

as follows, where T'(ay,...,a,) represents a type 7 which depends on the
objects ay,...,ay.
Ifa:Th,ar: Ta(ay),...,a, : Ty(ay,az,...,a,—1), arecord:
[ 1 = a
153 = a
L, = a,
is of type:
[ ll . T1
lz . Tz(ll)
L ln . Tn(ll7127""ln*1)
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A record is to be regarded as a finite set of fields (¢,a), which are ordered
pairs of a label and an object. A record type is to be regarded as a finite set
of fields (¢,T) which are ordered pairs of a label and a type. The informal
notation above suggests that the fields are ordered with types being dependent
on previous fields in the order. This is misleading in that we regard record
types as sets of fields on which a partial order is induced by the dependency
relation. Dependent types give us the possibility of relating the values in
fields to each other and play a crucial role in our treatment of both feature
structures and semantic objects. Both records and record types are required
to be the graphs of functions, that is, if (¢,a) and (¢',B) are members of a
given record or record type then ¢ # ¢'. A record r is of record type R just
in case for each field (¢,T) in R there is a field (¢,a) in r (i.e., with the same
label) and a is of type T. Notice that the record may have additional fields not
mentioned in the type. Thus a record will generally belong to several record
types and any record will belong to the empty record type. This gives us a
notion of subtyping which we will explore further in section 3]

Let us see how this can be applied to a simple linguistic example. We will
take the content of a sentence to be modelled by a record type. The sentence

a man owns a donkey
corresponds to a record type:

x = Ind

¢; : man(x)

y = Ind

¢y : donkey(y)

c3 : own(x,y)

A record of this type will be:

[ x = a

¢ = D1

y = b

C2 = p2

3 = Pp3

where

a, b are of type Ind, individuals

p1 is a proof of man(a)

P2 is a proof of donkey(b)

p3 is a proof of own(a, b).
Note that the record may have had additional fields and still be of this type.
The types ‘man(x)’, ‘donkey(y)’, ‘own(x,y)’ are dependent types of proofs
(in a convenient but not quite exact abbreviatory notation — we will give a
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more precise account of dependencies within record types in section[3). The
use of types of proofs for what in other theories would be called propositions
is often referred to as the notion of “propositions as types”. Exactly what
type ‘man(x)’ is depends on which individual you choose in your record to
be labelled by ‘x’. If the individual a is chosen then the type is the type
of proofs that a is a man. If another individual d is chosen then the type
is the type of proofs that d is a man, and so on. What is a proof? Martin-
Lof considers proofs to be objects rather than arguments or texts. For non-
mathematical propositions proofs can be regarded as situations or events. For
useful discussion of this see Ranta|(1994)), p 53ff. We discuss it in more detail
in (Cooper] (2005a).

There is an obvious correspondence between this record type and a dis-
course representation structure (DRS) as characterised in [Kamp and Reyle
(1993). The characterisation of what it means for a record to be of this type
corresponds in an obvious way to the standard embedding semantics for such
a DRS which Kamp and Reyle provide.

Records (and record types) are recursive in the sense that the value corre-
sponding to a label in a field can be a record (or record type)?. For example,

'f_ ff = a
f = - gg = b
r= | &8 = ¢
= a
e = e R 28]
is of type ]
'f’ ff : T
f ) gg I
R= | g T3
: . g T
oo e 0]

given that a : 71, b: T;, c: T3 and d : Ty. We can use path-names in records
and record types to designate values in particular fields, e.g.

f_ff:a
rf= " | gg = b

g = ¢
REfff=T
The recursive nature of records and record types will be important later in the
paper when we use record types to correspond to linguistic feature structures.
Another important aspect of the type theory we are using is that types
themselves can also be treated as objects.> A simple example of how this



6 Robin Cooper

can be exploited is the following representation for a girl believes that a man
owns a donkey. This is a simplified version of the treatment discussed in

Cooper| (2005a)).
[ x : Ind i
cp : girl(x)
y = Ind
c3 : man(y)
cp . Dbelieve(x, | z : Ind )
c4 : donkey(z)
cs : own(y,z)

The treatment of types as first class objects in this way is a feature which
this type theory has in common which situation theory and it is an important
component in allowing us to incorporate analyses from situation semantics in
our type theoretical treatment.

The theory of records and record types is embedded in a general type the-
ory. This means that we have functions and function types available giving us
a version of the A-calculus. We can thus use Montague’s techniques for com-
positional interpretation. For example, we can interpret the common noun
donkey as a function which maps records r of the type [Xi]l’ld] (i.e. records
which introduce an individual labelled with the label ‘x’) to a record type
dependent on r. We notate the function as follows:

Ar: [x:lnd] ( [c:donkey(r.x)] )

The type of this function is

P= ([x:lnd] )RecType
This correponds to Montague’s type (e,?) (the type of functions from indi-
viduals (entities) to truth-values). In place of individuals we use records in-
troducing individuals with the label ‘x’ and in place of truth-values we use
record types which, as we have seen above, correspond to an intuitive notion
of proposition (in particular a proposition represented by a DRS). Using the
power of the A-calculus we can treat determiners Montague-style as functions
which take two arguments of type P and return a record type. For example,
we represent the indefinite article by

AR;:([x:Ind])RecType

ARy:([x:Ind])RecType
par o[ x ¢ Ind ]
(| restr : R; @ par )
scope : Ry @ par
Here we use F' @ a to represent the result of applying function F to argument
a.
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The type theory includes dependent function types. These can be used to
give a classical treatment of universal quantification corresponding to DRT’s
‘=". For example, an interpretation of every man owns a donkey can be the
following record type:

y : Ind
x : Ind
f : (r: [ ¢/ : man(x) }) ¢y : donkey(y)
c3 : own(rx,y)
Records of the type
o | X ¢ Ind ) Z f(Ij’gflke()
- ¢i : man(x) 2 Yy
c3 : own(rx,y)

map records r of type

x = Ind
c; : man(x)

to records of type

y : Ind
¢y : donkey(y)
c3 : own(r.xy)

Our interpretation of every man owns a donkey requires that there exist a
function of this type. Why do we use the record type with the label ‘f’ rather
than the function type itself as the interpretation of the sentence? One reason
is to achieve a uniform treatment where the interpretation of a sentence is al-
ways a record type. Another reason is that the label gives us a handle which
can be used to anaphorically refer to the function. This can, for example, be
exploited in so-called paycheck examples Karttunen| (1969) such as Every-
body receives a paycheck. Not everybody pays it into the bank immediately,
though.

The final notion we will introduce which is important for the modelling
of HPSG typed feature structures as record types is that of manifest field.
This notion is introduced in |Coquand et al.| (2004). It builds on the notion
of singleton type. If @ : T, then T, is a singleton type and b : T, iff b =a. A
manifest field in a record type is one whose type is a singleton type, e.g.

[ x T ]
written for convenience as
[ x=a : T ]

This notion allows record types to be “progressively instantiated”, i.e. intu-
itively, for values to be specified within a record type. A record type that only
contains manifest fields is completely instantiated and there will be exactly
one record of that type. We will allow dependent singleton types, where a in
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T, can be represented by a path in a record type. Manifest fields are important
for the modelling of HPSG-style unification in type theory with records.

3 Dependent types and the subtype relation

We are now in a position to give more detail about the treatment of depen-
dencies in record types. Dependent types within record types are treated as
pairs consisting of functions and sequences of path-names providing corre-
sponding to the arguments required by the functions. Thus the type on p.
corresponding to a man owns a donkey is in official, though less readable,

notation:
x : Ind
ci :  (A:nd(man(v)), (x))
y : Ind

c2 : (MAv:nd(donkey(v)), (y))
c3 : (A:nd(Aw :Ind(own(v,w))), (x,y))
This enables us to give scope to dependencies outside the object in which the
dependency occurs. Thus if, on the model of the type for a girl believes that
a man owns a donkey on p.[6] we wish to construct a type corresponding to a
girl believes that she owns a donkey (where she is anaphorically related to a
girl), this can be done as follows:
[ x : Ind
c1 : {(Av:Ind(girl(v)), (x))
z = Ind
ca :  (Mu:Ind(believe(u, | c4 : (Av:Ind(donkey(v)), (z)) |)),
cs :  {(Av:Ind(own(u,v)), (z))
(x))

There are two kinds of path-names which can occur in such types: relative
path-names which are constructed from labels, ¢;. ... .¢,, and absolute path-
names which refer explicitly to the record, r in which the path-name is to be
evaluated, r.¢y. ... .0,. A dependent record type is a set of pairs of the form
(¢,T) where ¢ is a label and T is either a type, a dependent record type or a
pair consisting of a function and a sequence of path-names as characterized
above. An anchor for a dependent record type T of the form

51 . T]
£, T
is a record, h, such that for each T; of the form (f, (ny,...,T,)), W; is either

an absolute path or a path defined in 4, and for each 7; which is a dependent
record type, A is also an anchor for 7;. In addition we require that the result
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of anchoring T with & as characterized below is well-defined, i.e., that the
anchor provides arguments of appropriate types to functions and provides
objects of appropriate types for the construction of singleton types as required
by the anchoring. The result of anchoring T with h, T[h] is obtained by
replacing

1. each 7;in T of the form (f, (m,...,m,,)) with f(7t;[A])... (T[h]) (Where
;[h] is the value of h.7; if T; is a relative path-name and the value of T;
if T; is an absolute path-name)

2. each T; in T which is a dependent record type with T;[h]

3. each basic type which is the value of a path  in 7 and for which A.7
is defined, with T, where a is the value of A.T, i.e. the singleton type
obtained from T and the value of A.7.

A dependent record type T is said to be closed just in case each path which
T requires to be defined in an anchor for 7T is defined within 7 itself. It is the
closed dependent record types which belong to our type universe. If 7" is a
closed dependent record type then r: T if and only if r: T[r].

Let us return to our type above for a girl believes that she owns a donkey.
An anchor for this type is

(x o= m]
(where m is an object of type Ind) and the result of anchoring the type with
this record is

x=m : Ind
C1 : girl(m)
z : Ind
C . believe(m, | ca : (Av:nd(donkey(v)), (z)) |)

cs : (Av:Ind(own(m,v)), (z))

Notice that the anchor has no effect on dependencies with scope within the
argument type corresponding to that she owns a donkey but only the depen-
dency with scope external to it.

We now turn our attention to the subtype relation. Record types introduce
a notion of subtype which corresponds to what is known as subsumption in
the unification literature. The subtype relation can be characterized model
theoretically as follows:

If 71 and T are types, then Tj is a subtype of T> (T1 C T>) just in
case
{ala:m T} C{a|a:y Tr} for all models M.
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where the right-hand side of this equivalence refers to sets in the sense of
classical set theory and models as defined in |Cooper| (2005a). These mod-
els assign sets of objects to the basic types and sets of proofs to proof-types
constructed from predicates with appropriate arguments, e.g. if k is a woman
according to model M then M will assign a non-empty set of proofs to the
type woman(k). Such models correspond to sorted first-order models. If
this notion of subtype is to be computationally useful, we need some way of
computing whether two types stand in the subtype relation without having to
compute the sets of objects which belong to those types in all possible mod-
els. Thus we define another relation C. which is computed without reference
to the models.

The approach taken to this in the implementation TTR is to instantiate
(dependent) record types, R, recursively as an anchor for R introducing ar-
bitrary formal objects guaranteed to be of the appropriate type. Basic types
and types constructed with predicates are instantiated to arbitrary formal ob-
jects guaranteed to be of the type (in the implementation, pairings of gensym
atoms with the type); singleton types are instantiated to the object used to
define the type; record type structures are instantiated to records containing
the instantiations of the types (or anchors for the dependent record types) in
each field; similar instantiations are given for other complex types. Thus the
instantiation of the record type

f . T]
g=b : T,
h . |: o rl(f’g) :|
L ‘ J : rZ(gi)
can be represented as:
[ f = a0#Ty
g = b
: i = al#r (a0#T,,b)
- {] = a2#ry(b,a0#Ty) }

We use Inst(T) to represent such an instantiation of type T. T} C. T5 just in
case Inst(Ty) : T>. One advantage of this approach is that the computation of
the subtype relation will be directly dependent on the of-type relation. If T}
is a record type containing a superset of the fields of the record type 7> then
T\ C. T; as desired for the modelling of subsumption in unification systems.
Thus, for example,
f: Tl :

C. {f. Ti ]

g1 )
hZT3 g'Tz
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This method of computing the subtype relation appears to be sound with
respect to the models but not necessarily complete since it does not take ac-
count of the logic associated with predicates. For example, later in the paper
we will make use of an equality predicate. The predicate eq is such that
a:eq(T,x,y) iff a = (x,y), x,y: T, and x = y. Now consider that the type
[x:T ]

y:T
| cir(x) |
is not a subtype of
[x:T ]
y:T
cir(y) ]
whereas according to the model theoretic definition
[x:T
y:T
c:r(x)

d:eq(T,x,y)
since anything of the first type must also be of the second type. The instanti-
ation of the first type

[ x=a0#T

y=al#T
c=a2#r(a0#T)
| d=a3#eq(T, aO#T, al#T)
will not, however, be computed as being of the second type unless we take
account of the import of the equality predicate. This is easily fixed, for ex-
ample by normalizing the instantiation so that all arbitrary objects which are
required to be identical are represented by the same symbols, in this case, for
example, substituting a0 for all occurrences of al:

x=a0#T

y=a0#T

c=a2#r(a0#T)
d=a3#eq(T, aO#T, aO#T)

This will then have the desired effect on the computation of the subtype re-
lation. However, there is no guarantee that it will always be possible to give
a complete characterization of the subtype relation if the logic of the predi-
cates is incomplete. However, we should not let this stop us exploiting those
inferences about subtyping which we can draw in a computational implemen-
tation.

x:T
C |\y:T
c:r(y)
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4 Records as linguistic objects

We will consider linguistic objects to be records. Here is a simple linguistic
object which might correspond to the word man.

phon = [man]
cat = n
num = sg
agr = gen = masc
pers = third

It is a record with three fields. The field for phon(ology) has as value
a (singleton) list of words (following the traditional HPSG simplifying as-
sumption about phonology). For the cat(egory) field we will use atomic cat-
egories like n(oun), although nothing in our approach excludes the complex
categories normally used in HPSG analyses. We include three agr(eement)
features: num(ber), in this case with the value s(in)g(ular), gen(der), in this
case with the value masc(uline) and pers(on) in this case with the value third
(person).

Not all words correspond to a single linguistic object. For example, the
English word fish can be singular or plural and masculine, feminine or neuter.
This means that there will be six records corresponding to the single record
for man. Here are three of them:

phon = [fish]
cat = n
[ num = sg |
agr = gen = neut
| pers = third |
[ phon = [fish] ]
cat = n
[ num = pl ]
agr = gen = neut
i | pers = third | |
i phon = [fish]
cat = n
[ num = sg
agr = gen = masc
| pers = third

Now let us consider types of linguistic objects. Nouns correspond to ob-
jects which have a phonology, the category n and the agreement features for
number, gender and person. That is we can define a record type Noun as
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follows:
phon Phon
cat=n Cat
Noun = num Number
agr gen Gender
pers Person
where:
Phon = [Lex] (i.e. type of list of objects of type Lex)
the, a, fish, man, men, swim, swims, swam, ...: Lex
n, det, np, v, vp, s, ...: Cat

sg, pl : Number
masc, fem, neut : Gender
first, second, third : Person
We can further define types for determiners, verbs and agreement:

phon . Phon
cat=det : Cat
Det = num Number
agr : gen : Gender
pers :  Person
phon : Phon
cat=v : Cat
V= num Number
agr : gen Gender
pers : Person
num : Number
Agr=| gen Gender
pers : Person

Now we can define the type of linguistic objects corresponding to the word
man.
phon=[man] : Phon

cat=n : Cat
Man = nums=sg Number
agr : gen=masc Gender
pers=third Person

This type identifies a unique linguistic object (namely the record correspond-
ing to man which we introduced above). It is a singleton (or fully specified)
type. It is also a subtype (or specification) of Noun in the sense that if an
object is of type Man it is also of type Noun. We define the type for the plural
men in a similar way.
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I phon=[men] Phon
cat=n Cat
Men = num=pl Number
agr gen=masc Gender
pers=third Person
The type Fish corresponding to the noun fish is a less specified type, however:
[ phon=[fish] Phon
cat=n Cat
Fish = num Number
agr gen Gender
pers=third Person

The objects which are of this type will be the six records which we identified
earlier. Fish is also a subtype of Noun.

We can also define two types IndefArt and DefArt corresponding to the
indefinite and definite articles which have different degrees of specification:

phon=[a] Phon
cat=det Cat
IndefArt = num=sg Number
agr gen Gender
pers=third Person
phon=[the] Phon
cat=det Cat
DefArt = num Number
agr gen Gender
pers=third Person

Both of these are subtypes of Det. IndefArt is specified for both number and
person whereas DefArt is only specified for person.

Similar differences in specification arise in verbs:*

phon=[swims] Phon
cat=v Cat
Swims = num=sg Number
agr gen Gender
pers=third Person
phon=[swim] Phon
cat=v Cat
Swim = num=pl Number
agr gen Gender
pers=third Person
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phon=[swam] : Phon
cat=v . Cat
Swam = num . Number
agr : gen . Gender
pers=third : Person

These three types are all subtypes of V.

5 A type theoretical approach to unification phenomena

The types that we introduced in section[d]lay the basis for a kind of unification
phenomenon in language which has been discussed in the classical literature
on unification approaches to natural language grammar (Shieber| 1986, e.g.).
The sentence (1) is underspecified with respect to number.

(1) The fish swam

Note, however, that either all the words are singular or all the words are plural.
It cannot be the case that fish is regarded as singular while swam is regarded
as plural, for example. This is because there are requirements that the de-
terminer and the noun agree in number and that the subject noun-phrase and
the verb agree in number. In a unification-based grammar this is expressed
by requiring that the number features of the relevant phrases unify. In the
terms of our previous dicussion it means that there are two linguistic objects
corresponding to (1) rather than eight. Note that the sentences in (2) are all
singular.

(2) a. afish swam
b. the man swam
c. the fish swims

However, the “source” of the singularity is different in each case. It is the
fact that a, man, and swims respectively are specified for singular, together
with the requirements that all the number features unify which have as a con-
sequence that all the words are specified for singular in the single linguistic
object corresponding to each of these sentences. Unification is regarded as
a useful tool in the linguistic analysis because it reflects the lack of “direc-
tionality” of the agreement phenomenon, that is, as long as one of the words
is specified for number they all have to be specified for the same number.
Unification is traditionally regarded as partial, that is, it can fail and this is



16 Robin Cooper

used to explain why the strings of words in (3) are not sentences of English,
that is, they do not correspond to linguistic objects allowed by the grammar
of English.

(3) a. *afish swim
b. *the man swim

c. *amen swims

On our type theoretical view the intuitive notion of unification is related
to meet (as in the meet, or conjunction, of two types) and equality. In the
definition of our type theory in Cooper(2005b) we introduce meet-types in
the following way:

If 77 and 7, are types, then 77 A T; is also a type.
a:TiNhiffa:Tyanda: T,

If 71 and T, are record types then there will always be a record type (not a
meet) 73 which is equivalent to 7y A T (in the sense that a : Tz iff a : T1 A T>).
Let us consider some examples:
U n o] o [ET]
[f.T]]/\[g.Tz] ~ g:Tz
(BT AED] ~ [T AT)

Below we present some informal pseudocode for a function g which will sim-
plify meets of records types, returning an equivalent record type. The algo-
rithm is similar in essential respects to the graph unification algorithm used in
classical implementations of feature based grammar systems (Shieber|1986).
One important respect in which it differs from the classical unification algo-
rithm is that it never fails. In cases where the corresponding unification would
have failed it will return a record type which is equivalent to the distinguished
empty type L. Another way in which it differs from the classical unifica-
tion algorithm is that it applies to all types, reducing meets of records types
to non-meet types and recursively performing this reduction within record
types and otherwise returning the original type. The algorithm that is infor-
mally presented here is a simplification of the one that is implemented in
TTR which has some additional special cases and also has an additional level
of complication for the handling of dependent types, using the technique of
environments which we referred to in section[3l In order to understand the
intention of this pseudocode it is important to remember that record types
are considered to be finite sets of ordered pairs (representing the fields) as
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described above in section |2l When we write Map(7T', AL, v[®]) we mean that
each field (¢,T’) in T is to be replaced by the result of applying the function
AL, v[®] to £ and T'. When we say that T.¢ is defined we mean that for some
T', (¢,T') € T. We assume that the type theory will define an incompatibility
relation which holds between certain basic types such that if 77 and 7 are
incompatible then there will be no a such that a : 71 and a : T>. For example,
one might require that all basic types are pairwise incompatible.

u(T) =
if for some T, T, T = T1 A'T» then
let
T =u(T)
D' =u(D)
in

if T]l C Tzl then T]l
elseif ' C Ty’ then 7>’
elseif 7" and T»’ are incompatible, then |
elseif 7' and 7>’ are record types then
Map(Ty/, M, v[if T»'.1 is defined then ([,u(v ATy'.1)) else (I,v)])
U
(I —{{l,v) € ' | T\l is defined})
else Ty AT
end
end
elseif T is a record type, then
Map(T’, A, v[{L, ()]
else T
end

If we know a : 77 and b : T5 and in addition know a = b then we know
a:Ti AT, and a : u(Ty A T). Intuitively, equality of objects corresponds to
meet (or “unification”) of types. We can exploit this in characterizing a type
NP which allows noun-phrases consisting of a determiner and a noun which
agree in number.
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NP =
[ phon=append(daughters.first.phon, daughters.rest.first.phon): Phon |
cat=np:Cat
first : Det
daughters: rest - first : Noun
rest=nil : [Sign]

agr=daughters.rest.first.agr:Agr
| c:eq(Number, daughters.first.agr.num, daughters.rest.first.agr.num)

Here Sign is to be thought of as a recursively defined type defined by:

1. if a: Det then a : Sign
2. if a : Noun then a : Sign

3. ifa: NP thena: Sign

and so on for other types corresponding to word and phrase types

n. no object is of type Sign except as required by the above clauses

The predicate eq is as defined in section

The type NP can be further specified to a type where the first daughter is
of type DefArt and the second daughter is of type Man since these types are

subtypes of Det and Noun respectively.
phon=append(daughters.first.phon, daughters.rest.first.phon): Phon
cat=np:Cat

[ _phon:[the] :Phon
cat=det  :Cat
first: num . Number
agr ;| gen . Gender
pers=third : Person
daughters: . phon=[man]:Phon
cat=n:Cat
first : num=sg . Number
rest:
agr:| gen=masc : Gender
pers=third : Person
rest=nil:[Sign]

agr=daughters.rest.first.agr:Agr
| c:eq(Number, daughters.first.agr.num, daughters.rest.first.agr.num)
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Note that this type represents that the singularity of the phrase has it source
in man. Similarly we can create the type corresponding to a fish where the
source of the singularity is the determiner.

 phon=append(daughters.first.phon
cat=np:Cat _

agr=daughters.rest.first.agr:Agr

[ phon=[a]:Phon i
cat=det :Cat
first: num=sg Number
agr gen Gender
pers=third Person
daughters: ) phon=[fish]:Phon i
cat=n:Cat
first num Number
rest:
agr: | gen Gender
pers=third Person
_rest:nilz [Sign] 1]

| c:eq(Number, daughters.first.agr.num, daughters.rest.first.agr.num)

, daughters.rest.first.phon): Phon

A difference between our record types and feature structures is that the
record types preserve the information of the source of the number information
in these examples whereas in feature structures this information is lost once
the feature structures have been unified. An additional difference is that we
are able to form types corresponding to ungrammatical phrases such as *a

men.
[ phon=append(daughters.first.phon, daughters.rest.first.phon): Phon i
cat=np:Cat
[ _phon:[a]:Phon i
cat=det :Cat
first: num=sg Number
agr gen Gender
pers=third Person
daughters: . phon=[men]:Phon i
cat=n:Cat
first num=pl Number
rest:
agr: | gen=masc Gender
pers=third Person
rest=nil:[Sign]
agr=daughters.rest.first.agr:Agr o
c:eq(Number, daughters.first.agr.num, daughters.rest.first.agr.num)
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This is a well-formed type but one that cannot have any elements since sg and
pl are not identical. This type is thus equivalent to L. Such types might be
usefully exploited in robust parsing. Note that even though the type is empty
it contains a great deal of information about the phrase. In particular if our
types were to include information about the meaning or content of a phrase
it might be possible to extract information about the meaning of a phrase
even though it does not actually correspond to any well-formed linguistic
object. This could potentially be exploited in a way similar to that suggested
by [Fouvry| (2003) for weighted feature structures.

6 Using unification to express generalizations

Unification is also exploited in unification grammars to extract generalities
from individual cases. For example, the noun-phrase agreement phenomenon
that we discussed in section [5] requires that the agreement features on the
noun be the same as those on the NP. This is an instance of the head feature
principle which requires that the agreement features of the mother be the same
as those of the head daughter. If we identify the head daughter in phrases
then we can extract this principle out by creating a new type HFP which
corresponds to the head feature principle.

HFP =
hd-daughter ;. Sign
agr=hd-daughter.agr : Agr
We also define a new version of the type NP, NP, which identifies the

head daughter but does not contain the information corresponding to the head
feature principle.

NP =
[ phon=append(daughters.first.phon, daughters.rest.first.phon) :Phon |
cat=np :Cat
hd-daughter=daughters.rest.first :Noun
first :  Det

daughters: rest - first . Noun

rest=nil : [Sign]
agr :Agr
c:eq(Number, daughters.first.agr.num, daughters.rest.first.agr.num)




TTR and Unification-based Grammar 21

The record type that characterizes noun-phrases is now u(NP' A HFC).

7 Conclusions

We have shown how a type theory with records gives us a notion of subtyping
corresponding to subsumption in the unification literature and a way of reduc-
ing meets of record types to record types which is similar to the graph uni-
fication used in unification-based grammar formalisms. Using record types
instead of feature structures gives us a kind of intensionality which is not
available in feature structures. This intensionality allows us to distinguish
equivalent types which preserve information which is lost in the unification
of feature structures, such as the source of grammatical information associ-
ated with a phrase. This intensionality can also be exploited by associating
empty types with ungrammatical phrases. Such types may contain informa-
tion which could be used in robust parsing. While it may appear odd to refer
to this property of as “intensionality” in the context of parsing, we do so
because it is the same kind of intensionality which is important for our ap-
proach to the semantic analysis of attitudes such as know and believe. The
type theory provides us with a level of abstraction which permits us to make
generalizations across phenomena in natural language that have previously
been treated by separate theories. Finally, this approach to unification is em-
bedded in a rich “function-based” type theoretical framework which provides
us with the kind of tools that are needed for semantics while at the same time
allowing us to import unification into our semantic analysis.

Notes

This work was supported by Swedish Research Council projects numbers 2002-4879
Records, types and computational dialogue semantics and 2005-4211 Library-based
Grammar Engineering. 1 am grateful to Thierry Coquand, Dan Flickinger, Jonathan
Ginzburg, Erhard Hinrichs, Bengt Nordstrom and Aarne Ranta for discussion in con-
nection with this work.

1. This section contains revised material from |Cooper| (2005a)
There is a technical sense in which this recursion is non-essential. These records
could also be viewed as non-recursive records whose labels are sequences of
atomic labels. See|Cooper| (2005a) for more discussion.
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3. In order to do this safely we stratify the types. We define the type system as a
family of type systems of order n for each natural number n. The idea is that
types which are not defined in terms of other types are of order O and that types
which are defined in terms of types of order n are of order n+ 1. We will not
discuss this in detail here but rely on the discussion in [Cooper (2005a). In this
paper we will suppress reference to order in the specification of our types.

4. We are making the simplifying assumption that all the verb forms represented
here are third person.

5. Any record type which has L in one of its fields will be such that there are no
records of that type and thus the type will be equivalent to L.
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