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Preface

This number of RUUL, Reports from the Uppsala University
Department of Linguistics, contains three papers on computa-
tional syntax and semantics by Mats Dahlléf. The first one
documents a feature-structure grammar system—a formalism
and a parser—called ‘Prolog-embedding typed feature struc-
ture grammar’. The system is put to use in the second paper,
‘Implementing token-based minimal recursion semantics’. A
companion piece, ‘Token-based minimal recursion semantics’,
which is intended for publication elsewhere, presents the theo-
retical background and motivation. (At present, it is available
from the author.) The implementation report in this volume
gives the technical details. The third paper, ‘Predicate-functor
logic’, is an introduction to Quine’s Predicate-functor logic and
its interesting variable-free treatment of quantification. (Some
of this material was also used in my dissertation On the Se-
mantics of Propositional Attitude Reports, Dept of Linguistics,
Goteborg University, 1994.)

Uppsala, September 1999

Mats Dahllof
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Mats Dahllof

Department of Linguistics, Uppsala University
E-mail: Mats.Dahllof@ling.uu.se
September, 1999

1 Introduction

This paper describes a Prolog-based typed feature structure
grammar formalism and a chart parser for it. The system pro-
vides some facilities for tracing the application of the grammar,
including a graphical interface to the chart. It is intended to
be tool for the implementation of constraint-based grammars,
useful for both research and teaching purposes.

The formalism will be referred to as “Prolog-embedding
typed feature structure grammar” (PETFSG). The formalism
is a typed and enriched variant of PATR-11 (Shieber 1986). It
uses typed feature structures as its data type, but these al-
low the embedding of ordinary (untyped) Prolog terms. Prolog
terms may consequently be used whenever convenient, for in-
stance, to make semantic representations more compact, and
in cases where the inventory of values is very large or hard to
predict (semantics). Typing may at the same time be used to
impose restrictions wherever useful. The PETFSG formalism al-
lows Prolog calls to be made from inside the grammar. In this
way, Prolog computation is allowed to take care of restrictions



which can not be expressed by means of simple feature unifi-
cation. This combination of typed Fss and Prolog terms and
of unification and general computation makes the formalism
powerful, flexible, simple, and easy to use. PETFSG is defined
in SICStus Prolog.

The PETFSG formalism and system have been designed with
Head-Driven Phrase Structure Grammar (HPSG, Pollard and
Sag 1994) in mind. The PETFSG system may be compared to
ALE (Carpenter 1997). The type system of PETFSG is more
restrictive than some of those used in the HPSG literature.

2 The structure of a PETFSG grammar

A PETFSG grammar contains:
e precisely one type hierarchy declaration
e at most one feature declaration for each type
e any number of FS definitions
e any number of grammar rules
e any number of word form entries
e any number of inflectional patterns

e any number of lezeme entries (each defining a number of
word forms with the help of an inflectional pattern)

e any number of lexical rules
e any number of internal predicate definitions

The items of the grammar are all Prolog terms, each delimited
by a full stop. The grammar file (or set of files) is compiled to an
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internal form by the parsing system. During the compilation
the internal coherence of the grammar is checked, and error
messages are issued if there is something wrong with type or
feature declarations and whenever grammar rules and lexical
entries fail to agree with them. Faulty items in the grammar
are otherwise ignored by the system.

2.1 Declaring the type hierarchy

A PETFSG type system is a simple type hierarchy without cross-
classification (i.e. a tree structure). Every type is consequently
the immediate subtype of at most one type. The type system is
based on a set of named most general types. The most general
type, which subsumes all types, is not named unless it is ex-
plicitly declared (in which case the set of most general named
types is singleton). Features may be associated with any named
type.

The type system is declared by a list of terms with
‘subsumes’ as the main (infix) operator. These subsumes-terms
are of the form ‘Type subsumes Subtypes’ where Type is an
atom which names a type and Subtypes is a list of subsumes-
terms. This term defines the type Type. The terms in Subtypes
defines the set of immediate subtypes to Type. The subsumes-
terms of Subtypes are interpreted in the same way. This nota-
tion allows us to represent the entire type hierarchy as a list
of subsumes-terms. The most specific types, i.e. those with-
out subtypes, are consequently defined by terms of the form
‘Type subsumes []1’.

A term of the form ‘type_hierarchy(7TH)’ declares TH as
the type hierarchy. (TH is a list of subsumes-terms, as de-
scribed above.) There is precisely one such term in a PETFSG
grammar, and it must be the first term.

RUUL 34 5



A very simple Sample Grammar (listed in Appendix 1) will
be used here for illustration. This is its type hierarchy declara-
tion. (Readability is improved by a suitable indentation.)

type_hierarchy ([
sign subsumes [],
head_type subsumes [
numbrd subsumes [
n subsumes [],
det subsumes [1],
v subsumes []],
tense_type subsumes [
present subsumes [],
past subsumes []],
number_type subsumes [
sing subsumes [],
plur subsumes [1]]).

Apart from the user-defined types provided by the
‘type_hierarchy’ declaration, PETFSG recognizes list and
Prolog term as separate types.

The data structures of the grammar will, as previously men-
tioned, be called feature structures (henceforth Fss), and are,
as we have seen, of three main kinds: attribute-value ¥Ss, which
are values of the user-defined types, lists, and Prolog terms.

In PETFSG, lists are represented as Prolog lists prefixed by
‘¢’. The Prolog terms are of the form ‘<>’. (The difference
matters in the formulation of grammar rules, where lists are
treated in a special way. See below. Prolog lists prefixed by
‘<>’ are treated like “ordinary” Prolog terms by PETFSG.)
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2.2 Representing types and values
The PETFSG-formalism represents types as follows.

e Types from the user-defined type hierarchy are represented
by their names.

e The Prolog term type is represented by the name
‘prolog_term’. Specific Prolog term values are of the form
C<> X"

e The name of the type of lists is ‘1ist’. Specific list values
are of the form ‘$¢ X'.

2.3 Declaring features

Features are associated with (user-defined) types by means
of declarations of the form ‘features (Type, Features)’, where
Type is a type and Features is a list of declarations of the
features that are associated with the type (and all its sub-
types). Every feature name is in this way associated with pre-
cisely one type and is thereby declared as appropriate for this
type and all its subtypes. A feature declaration is of the form
‘Feature: Type’, where Feature is a Prolog atom naming a fea-
ture and Type is the type of the values of this feature.

If there is no feature declaration for a type, Type, no feature
is associated with it. This situation can be made explicit by a
declaration of the form ‘features(Type, [1)’.

The Sample Grammar contains the following feature decla-
rations.

features(sign, [head:head_type,

spr:list,
sem:prolog_term]) .
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features (numbrd, [number:number_typel).

features(v, [tense:tense_typel).

2.4 Specifying values

The type and feature values of an attribue-value FS are speci-
fied by means of the relations ===/2 and denotes/2. The two
relations “mean” the same, but are used differently. Calls to
‘===" are presupposed to succeed. Otherwise, a warning is is-
sued. The relation denotes/2 (infix) is used to test values in
contexts where failures are anticipated. It is suitable to use
the predicate ===/2 (also infix) to specify constraints in rela-
tion to lexical entries and grammar rules (which, of course, are
intended to be internally coherent).

The internal structure of the Fss is not intended to be “vis-
ible” in the grammar. The predicates ===/2 and denotes/2
allow us to assign values to features and to “hide” their inter-
nal structure. (This kind of Prolog reconstruction of PATR-II-
style notation is described by Gazdar and Mellish 1989.) The
arguments to the two relations are translated into the internal
representation of the PETFSG-parser. The following kinds of ar-
gument are allowed and they are understood as follows, ===/2
and denotes/2 being sensitive to the current binding of their
arguments:

e Variables: A variable stands for any kind of object. Cooc-
currence of variables indicate sharing of substructure in
the usual Prolog way.

o Type names: A type name stands for a FS which is of the
type in question and not further specified.
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e Path expressions: A path expression is a term of the form
‘PathExp : Feat’, where Feat is a feature name and PathFExp
is a path expression or a Fs (represented by a variable in
the “normal” case). A path expression denotes the value
of the given path within the given Fs in the usual fashion
(cf. Sheiber 1986). For instance, ‘A:f:g:h’ would be the
value of the feature ‘h’ in the value of the feature ‘g’ in
the value of the feature ‘f’ in the FS represented by the
variable ‘A’.

e <>-terms: A <>-term (of the form <>X, where X is any
Prolog term) is treated like an ordinary Prolog term.

e $-terms: A $-term (of the form $ L, where L is any Prolog
term subsuming a list) stands for a list of arbitrary Fss.
The list structure can be indicated by means of the Prolog
symbol ‘|’. The elements of the list can be characterized
by further ===/2 or denotes/2 statements.

e A term of the form nfs(X) (Named Feature Structure)
stands for the Fs that has been given the name X (by an
is_short_for item). See below, section 2.5.

e The symbol ‘§" is used in word form entries, lexeme en-
tries, inflectional pattern definitions, and feature structure
definitions to stand for the FS associated with the word
form description about to be defined or the Fs about to be
named.

Note that sharing of substructure is indicated in the standard
Prolog way by means of variables.
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2.5 FS definitions

A FS may be named and thereafter recalled. This is useful in
cases where the same complex structure is used several times
in the grammar. A structure is given a name by means of a
grammar item of the form ‘Name is_short _for Conds’. In
the Conds context, ‘§’ stands for the FS to be named. (‘§’
is consequently a pronoun-like device.) (Note that the SICStus
Prolog syntax requires a space between ‘§’ and the ‘:’ operator.)
This is an example (from the Sample Grammar):

present_plural is_short_for

§ :head === v,

§ :head:tense === present,
§ :spr === $[Subj],
Subj:head:number === plur.

2.6 Grammar rules

The PETFSG rules are a kind of enriched phrase structure rules,
allowing also lists and Prolog calls to occur in the right-hand
sequence. The left-hand item of a rule is a Fs (corresponding to
the mother node). The right-hand term is a list, each of whose
members is of one of the following three kinds:

e Terms of the form ‘! F’, where F' is a FS, match a single
ordinary syntactic daughter (the “standard” kind of right-
hand item, in other words.)

e Terms of the form ‘+L’, where L is a PETFSG list, match
a number of syntactic daughters, one for each element of
L and in the same order. (The formulation ‘+ $[A]’ is
consequently equivalent to ‘!A’.) When a ‘+L’ term occurs
in this context, L is presupposed to be a list.
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e Terms of the form ‘?7T’, when encountered by the parser,
causes the parser to call the Prolog term 7'. Every solution
to the ?-call (or sequence of ?-calls) will be considered by
the parser (i.e. result in a separate edge of the chart). (It
should consequently have a finite number of solutions.)

Grammar rules are of the form ‘LH ===> RH where Conds’,
which connects the left-hand item, LH, with the right-hand
list, RH, of a rule. Constraints on the Fss involved are formu-
lated as a Prolog condition, Conds. In this context, the ‘===’
predicate is useful, but other kinds of condition may occur.
For instance, collections of ‘===’-constraints may be defined as

predicates directly in Prolog.

The conditions of the ‘===>’-rules are evaluated during com-
pilation. Each instance of ‘LH===>RH’ resulting from the eval-
uation of Conds will be stored as a compiled grammar rule in
the database.

Returning to our Sample Grammar, we find the following
rule:

Mtr ===> [!Spr,

'Head,

?compute_semantics (Spr,Head,Mtr)] where
Head:spr === §$[Spr],
Mtr:head === Head:head.

(This rule assembles a specifier and a head. When the two
constituents have been found by the parser, the Prolog call
‘compute_semantics(Spr,Head,Mtr)’ is made.) The compiled
form of this rule is the fact ‘LH ===> RH’, that is defined
when the Conds part of the rule is evaluated.
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2.7 Word form entries

A word form entry is of the form ‘Form >>> Conds’. Form
is the term representing the shape of the word. The system
assumes that words are represented as Prolog atoms, capturing
their orthographic forms. The condition, Conds, of an entry is
evaluated during compilation. In this context, ‘§’ stands for the
Fs describing the lexical item.

The following lexical entries (from the Sample Grammar)
provide some illustration:

every >>>
§ :head === det,
§ :head:number === sing,
§ :spr === $§[],
§ :sem === <> every.
sleep >>>
§ === nfs(present_plural),
§ :spr === $[Subjl,
§ :sem === <> sleep,
Subj:head === n,
Subj:spr === $[].

2.8 Inflectional patterns

The PETFSG formalism and system supports morphological
analysis of a primitive (but in principle powerful) kind.
Inflectional patterns are of the form
‘Name is pattern FList’, where Name is the name of
the pattern and FList a list defining the forms generated by
the pattern. The elements of FormList are terms of the form
‘p(Morph ,Conds)’ (one for each word form defined). Here,
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Morph is a morphological operation and Conds a condition
specifying the rs associated with the word form in question.
(‘§” stands for this Fs.)

The following pattern (from the Sample Grammar) illus-
trates the idea. (The morphology is described below.) It gen-
erates a singular form, identical to the stem, and a plural form,
with an “s” affixed:

noun_pattern is_pattern

[p(id,

(§ :head === n,

§ :head:number === sing)),
p(affx(s),

(§ :head === n,

§ :head:number === plur))].

2.8.1 Defining morphological processes

Morphological processes are defined directly in Prolog, by means
of the predicate morphology/3, relating a morphological pro-
cess, an input form, and an output form. The morphological
process is characterized by an arbitrary Prolog term.

For instance, the following clauses defines the morphology
needed above (‘id’ is identity, ‘affx(A)’ adds affix A, atoms
being used to represent words):

morphology(id,X,X) .

morphology (affx(A) ,X,Y) :-
b,
name (X,N) ,
name (A, AN) ,
append (N,AN,NN) ,

name (Y,NN) .
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2.9 Lexeme entries

In a lexeme entry, a stem is associated with an inflectional
pattern and a description applying to each of its forms. Such
an entry is of the form ‘Stem of_pattern Name >>> Conds’,
where Stem is the input to the morphological processes of the
(previously defined) inflectional pattern by the name Name.
Conds is a condition specifying the FSs associated with each of
the generated word forms. When the PETFSG compiler encoun-
ters a lexeme entry, the resulting word forms are generated and
stored in the lexical database.
This is an example of a lexeme entry:

dog of_pattern noun_pattern >>>

§ :head === n,

§ :head:number === Num,
§ :spr === $[Spr],

§ :sem === <> dog,
Spr:head === det,
Spr:head:number === Num.

When encountered by the compiler, this item causes two word
forms to be stored in the lexicon.

2.10 Lexical rules

New lexical entries may be derived by means of HPSG-style lex-
ical rules. A PETFSG lexical rule involves two feature structures
and a morphological process. Whenever the first unifies with
the description of a lexical entry, the rule “generates” a new en-
try from the second term of the lexical rule. Structure sharing
between the two feature structures of a lexical rule indicates
how the information from the input entry is rearranged into
a description of the new entry. The shape of the new entry
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is given by the morphological process, which is applied on the
shape of the input entry. As is the case with grammar rules and
(explicit) lexical entries, constraints on the feature structures
involved are formulated as Prolog conditions.

A lexical rule may, for instance, look like the one in the
Sample Grammar:

lexical_rule(A,B,affx(s)) where

A:head === v,

A:head:tense === present,
A:spr === $[ASubj],

B:spr === $[BSubjl,
ASubj:head:number === plur,
BSubj:head:number === sing,
A:head === B:head,

A:sem === B:sem,

BSubj:spr === ASubj:spr.

This rule derives a singular agreement present tense verb form
from the corresponding plural form (third person being presup-
posed in the toy Sample Grammar).

The application of the lexical rules is triggered by means of
a ‘:-expand_lexicon(/N)’ command, where N, is the number
of times the lexical rules are allowed to be applied (see Section
3.2).

2.11 Internal predicate definitions

Some Prolog predicates of the PETFSG system may be redefined
in the grammar. In this way, the user may modify some proce-
dural features of the system.

There are three predicates which may be redefined
in this way: report_look up/2, token description/3,
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and fs output_form/3. A term of the form
‘redefine_predicate(Clause)’ redefines one of these predi-
cates.

The predicate report_look_up/2 is called when the lexical
descriptions of an input string item have been assembled. Its
two arguments is the item in question and the number of lexical
hits. Its default definition is ‘report_look up(_,.)’, i.e. it
succeeds without making any difference. When a redefinition of
it is encountered by the PETFSG compiler, the previous (default
or user-defined) definition of it is retracted, and the new one
asserted. It is presupposed that precisely one clause defines this
predicate. By redefining report_look up/2, the user may have
the system report lexical look-up information when parsing is
performed, e.g. as follows:

redefine_predicate(
(report_look_up(L,N):-
(print (L),
print(’: ?),

print(N),
print(’ hit(s).’),
nl))).

The predicate fs_output_form/3 selects or mod-
ifies the information to be printed when the predi-
cate pp/2 (parse and print, see section 3.4) is used.
‘fs_output_form(SelectionType, FS1,FS2)’ holds when
FS2 is related to F'S1 in the way named SelectionType. If FS1
is the FS representing the actual description, then FS2 is the Fs
that is printed. This allows, for instance, a subset of the feature
values to be selected for printing. The default definition is
‘fs_output_form(all,X,X)’, i.e. identity is named ‘all’. (The
FSs are printed without being modified.) See Dahll6f (1999,
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this volume) for further illustration. It is presupposed that
there is one clause in the definition of fs_output_form/3 per
selection type name. When a redefinition of it is encountered
by the PETFSG compiler, the system retracts the clause for the
given selection type name, if there is one already.

The predicate token_description/3 is called just before
a lexical inactive edge is stored in the chart. Its arguments
are the FS, the number giving the position of the word in
the input string (an integer), and its graphical form (an
atom). The default definition of token description/3 is
‘token_description(_,_, )’ i.e. it succeeds without making
any difference. Dahllof (1999, this volume) makes use of a more
substantial version of the predicate. When a redefinition of it
is encountered by the PETFSG compiler, the previous (default
or user-defined) definition of it is retracted, and the new one
asserted. It is presupposed that precisely one clause defines this
predicate.

Attempts to use ‘redefine_predicate(Clause)’ terms to
redefine other predicates result in an error.

3 The PETFSG parser

3.1 Compiling a grammar

The PETFSG grammar must be converted to the inter-
nal form used by the parser by means of the predicate
compile grammar/1. In the process, the grammar is also
checked for consistency. (An overview of compilation error mes-
sages is given in Appendix 2.)

The compilation  must be preceded by a
‘:-prepare_compilation’ command. The predicate
prepare _compilation/0 erases the grammar, if there is
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one already loaded into the system, and prepares the system
for the compilation.

The grammar entries should (for obvious reasons) be com-
piled in the following order: (1) The type hierarchy, (2) the
feature declarations, and (3) the other grammar items. Named
Fss and inflectional patterns must be defined before they are
referred to. Error messages and warnings are issued when
contradictions and errors occur (cf. Appendix 2). User-
defined Prolog predicates used to define grammar rules and
lexical entries must, of course, be defined before they are
used. The contents of a grammar file are compiled by the call
‘compile_grammar (File)’, where File is the atom naming the
file to be compiled. The grammar may be dispersed over any
number of files.

3.2 Expanding the lexicon

The lexical rules are treated as redundancy rules, in the sense
that the lexicon is expanded before the parser is put to work.
This process is triggered by a ‘:-expand lexicon(/N)’ com-
mand. The integer N defines the number of times the lex-
ical rules are applied. The command ‘:-expand lexicon(1)’
means that every lexical rule is matched against every (explicit)
lexical entry, and ‘:-expand_lexicon(2)’ means that there will
also be a second cycle of application, in which the lexical rules
are applied to the new entries produced in the first cycle. Each
time a lexical rule matches a lexical entry a new lexical entry
(as defined by the sharing in the lexical rule) is added to the
lexicon. The new entry is not compared to the already present
ones before being added.
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3.3 Parsing mechanism

The PETFSG parser is an ordinary chart parser (cf. Gazdar
and Mellish 1989: Ch 6). This mechanism allows us to apply
the grammar to strings (needless to say) and to inspect how it
works or fails to work. The locations of words and substrings
are defined by pairs of vertices. A vertex is an integer: 0 is the
beginning of the input string. 1 separates the first word from
the second, etc. Inactive edges are defined by terms of the form
‘inactive_edge(A,B,Desc)’, where A is the start vertex, B is
the end vertex, and Desc is the associated feature structure
(linguistic description).

Active edges are of the form ‘active_edge (A,B,Desc,Acts)’.
The fourth item Acts is an action list, defining what is required
to complete the assemblage of an expression. Actions are repre-
sented by terms of three kinds: !-terms, +-terms, and ?-terms.
I-terms represent required daughter constituents. +-terms rep-
resent a sequence of required daughter constituents. ?-terms
represent Prolog calls.

A task comes into being whenever an active and in-
active edge meet (i.e. when active edge(_,V,_,) and
inactive_edge(V,_,_)). Tasks are the basic units of processing
in the parser.

A grammar rule LH ===> RH is said to be invoked at a
vertex, V', whenever an active_edge(V,V,LH,RH) is added to
the chart. (This means that the parser initiates the assemblage
of a constituent built according to the rule in question.)

The parsing process proceeds as follows:

e The input string is a list of Prolog atoms. The first step
of the parser is to perform lexical analysis. It adds one
inactive edge (with the appropriate span) for each lexical
description of each item in the input list.
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e The second step is to invoke each grammar rule at the first
vertex (0) of the chart.

e Each task (i.e. pair of an active and inactive
edge that meet) are then evaluated. When a
new active edge is added, all relevant rules are in-
voked. (When active edge(_,V,_,[!ToFind|_1) or
active_edge(_,V,_,[+ $[ToFind|]11]) is added, each
rule LH ===> RH such that LH is compatible with ToFind
is invoked at V.)

The parsing process stops when all tasks have been evaluated.
The grammar may however cause the parser to loop. This hap-
pens when the grammar assigns an infinite number of analyses
to some substring of the input string. Needless to say, this situ-
ation does not normally occur in grammars considered adequate
for a natural language.

3.4 Parsing and chart inspection predicates

The predicate pp/2 takes two arguments, a selection type name,
whose significance is as specified by the fs_output_form/3 (see
section 2.11) and an input list. A call ‘pp(SelectionType, Str)’
causes Str to be parsed, and the resulting feature struc-
tures to be printed as required by the SelectionType case of
fs_output_form/3. If the fs_output_form/3 call fails, pp/2
prints ‘fs_output_form failure on this one’.
For instance:

| ?- pp(all, [every, dog, sleepsl).
----- [every,dog,sleeps]
————— 1 parses. all selection:
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* sign #1
HEAD: * v #2
TENSE: * present #3
SEM: <> ((every@dog)@sleep) #4

yes
| 7-

This and subsequent examples presuppose that the the Sam-
ple Grammar is loaded into the PETFSG system.

In the output form each feature structure is introduced by
a ‘x¢” and a specification of its type. A number, preceeded by
‘#’ is used to refer to each substructure, and is of use in case
the substructure reenters the main structure by being shared.
The anaphoric references are of the form ‘> Number’ (examples
are found below). Feature names are converted to capitals to
enhance readability. (They are, otherwise, Prolog atoms.)

A survey of the edges forming the chart is given by the pred-
icate edge_count/0. Its output looks like this:

?7- edge_count.

|

0 to 0: 0 inactive, 1 active over [].

0 to 1: 1 inactive, 1 active over [every].

0 to 2: 1 inactive, 1 active over [every,dog].
0 to 3: 1 inactive, 1 active over [every,dog,sleeps].
1 to 1: 0 inactive, 1 active over [].

1 to 2: 1 inactive, 1 active over [dog].

2 to 2: 0 inactive, 1 active over [].

2 to 3: 1 inactive, 1 active over [sleeps].

3 to 3: 0 inactive, 1 active over [].

yes

| ?-
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The content of edges may be printed by means of the predicates
pri/2 (print inactive edge) and pra/2 (print active edge), which
take two node numbers as arguments and print the edges having
the span in question. For instance:

| ?- pri(0,2).
--- Inactive edge(s) from 0 to 2:
* sign #1
HEAD: * n #2
NUMBER: * sing #3
SEM: <> (every@dog) #4

yes
| ?- pra(1,2).
-—- Active edge(s) from 1 to 2:
DESC: * sign #1
HEAD: * head_type #2

ACTIONS:
' x sign #3
HEAD: -2
SPR: --—-- #4 ---<
*k*kk sign #5
HEAD: * n #6
NUMBER: * sing #7
SPR: ———- #8 --—<
*kkk sign #9
HEAD: * det #10
NUMBER: ~°7
S ——
SEM: <>dog #11
> ________

?7-call compute_semantics(...)
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yes
| 7-

Lists are printed with their items arranged vertically, between
e #N ---< and >-------—- ', N being the number index-
ing the entire list token.

The parser stores the tasks that have been evaluated. This
makes it possible to trace what has happened during the pars-
ing process. The predicate prtasks/4 is used to access this
information. The active edge has an action list, whose head
is a term of the form ‘! Desc’ or (as it were) ‘$[Desc|_1’ (i.e.
Desc corresponds to the constituent that is to be found. The
task fails if Desc is incompatible with the description on the
inactive edge. Those failed tasks whose active and inactive
edges span A to B and B to C (respectively) are listed by a
call ‘prtasks (A,B,C ,fail)’. An explanation of the unification
failure is also given.

| ?- pp(all, [every,dogs]).
————— [every,dogs]
————— 0 parses. all selection:
yes
| ?- prtasks(0,1,2,fail).
—--—- TASK concerning [every] + [dogs]
========== TRYING TO ASSEMBLE:
* sign #1

HEAD: * head_type #2

========== REQUIRED ITEM IS:

* sign #3
HEAD: -2
SPR: -——-- #4 ---<
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*kkk sign #5
HEAD: * det #6
NUMBER: * sing #7
SPR: []
SEM: <>every #8

========== [NACTIVE EDGE FOUND, FROM 1 TO 2:

* sign #9
HEAD: * n #10

NUMBER: * plur #11
SPR: —--—-- #12 ———<

*xkkk sign #13
HEAD: * det #14
NUMBER: ~11

SEM: <>dog #15
FATILTURE: sing contradicts plur at
<* :SPR:LI(1) :HEAD:NUMBER>.
yes
| ?-

The “failure explanation” tells us where the contradiction
causing the unification failure is located.  This location
is described by means of a path expression, where (the
dummy symbol) ‘*’ represents the top level and terms of
the form ‘LI(N)’ are used as features to refer to the Nth
item of a list. ‘<* :SPR:LI(1):HEAD:NUMBER>’ means the
‘<* :HEAD:NUMBER>’ value of the first item of the ‘<* :SPR>’
list.

Those tasks where the inactive edge is of the required kind,
i.e. which do not fail, are listed by ‘prtasks(A,B,C,0k)’. (Such
a task may still have failed to produce a new edge due to the
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failure of a Prolog call prompted by a subsequent ?-term in the
action list.)

3.5 Listing grammar items

The lexical information associated with a certain word is
printed by means of a plex/1 call. The argument is the word
in question.

| ?7- plex(dog).
——————————————— Entry: dog: 1 hit(s).

* sign #1
HEAD: * n #2
NUMBER: * sing #3
SPR: —----- #4 ---<

*kkk sign #5
HEAD: * det #6
NUMBER: ~3

SEM: <>dog #7

yes
| 7-

A list of the accessible lexical entries is printed if the predicate
words/0 is called.

| ?- words.
[dog:0,dogs:0,the:0,all:0,every:0,sleep:0,sleeps:1]

yes
| ?-
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The number associated with each word specifies in which cycle
of lexical rule application the entry was generated. The 0 words
are defined directly in the grammar file (by word form or lexeme
entries), while, for instance, ‘sleeps:1’ means that ‘sleeps’
was defined in the first cycle of lexical rule application.

The grammar rules are listed by means of ‘prules’. The
single rule of the Sample Grammar, for instance, appears as
follows:

| ?7- prules.
--— RULE:
LEFT: * sign #1
HEAD: * head_type #2
RIGHT:
I _166 #3
I * sign #4
HEAD: ~2

?7-call compute_semantics(...)

yes
| 7-

The rule is printed vertically: first the left-hand item, then the
items of the right-hand list. An ?-item is printed as ‘?-call’
followed by the functor of the Prolog goal.
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4 Graphical interface

The parser is equipped with a simple graphical interface, which
produces a picture of the chart. The graphics appear in a sepa-
rate window. The parser may also be used without the graphics.

The system enters the graphical mode when the predicate
show_chart/0 is called. A window showing the current chart
will then appear.

In the graphical mode, the ordinary text-based interface to
SICStus Prolog is used for textual output. The chart is drawn
in the conventional manner: The words of the input string are
printed along a horizontal line, and inactive edges are drawn
above them, while active edges appear below the line, like this:

Sl PETF3G CHART VISUALISED 2
9] 1 2

//4'\
_ ﬁeﬁ 7‘,09&_ /s;e}:‘%\
1K<1>/1\/
\’/

QUIT GO

A button is placed on the crest of each edge. When mouse but-
ton 1 is released over the edge button, the content of the edge
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is printed in the Prolog window (in the style of ‘pri’ or ‘pra’).
The buttons (between the words) on the chart nodes concern
the active edges running from and to the node in question.

The number printed below a node gives the number of such
edges (i.e. grammar rules invoked) at the node in question.
They are listed if mouse button 1 is released over the node
button.) (This is equivalent to the call ‘pra(N,N)’, if N is
the node number.) The node numbers appear above the node
buttons.

Input to the system, when it is in the graphical mode, is
entered through the entry widget. The following commands
may be given:

e A string of the form ‘?  Numberl Number2 Numbers’
(blanks separating) is interpreted as
‘:-prtasks (Number! , Number2 , Number3 ,fail)’).

e Other input is tokenized into a list of Prolog atoms and
parsed. The chart picture is then redrawn. Each substring
of characters without blanks counts as one token, blanks
separating the tokens.

A command is executed when the “GO” button is hit. When
the “QuIT” button is hit, the graphics window disappears and
the system returns to the non-graphical mode.

5 How to download and run the
PETFSG system

The URL ‘http://stp.ling.uu.se/ matsd/code/petfsg/’

contains the PETFSG system and the illustration files. The sys-
tem requires SICStus Prolog and Tcl/TK.
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A convenient way of starting a session with the system and
the Sample Grammar is to consult a file with the following
content (found in the file load_sample_grammar.pl):

consult(’petfsg.pl’).
consult(’sample_prolog.pl’).

:— prepare_compilation.

:— compile_grammar (’sample_grammar.pl’).

Here, the file petfsg.pl is assumed to contain the PETFSG
system. The file sample prolog.pl contains definitions of
predicates used by the grammar, and sample_grammar.pl
is the Sample Grammar used for illustration here. The
prepare compilation call erases previous grammar items (if
there are any), and declares the dynamic predicates required
by the grammar compilation. Multiple compile_grammar calls
are needed if the grammar is split into several files. The PETFSG
file petfsg.pl only has to be consulted at the start of the ses-
sion.

The Tcl/TK parameters which determine window size and
chart diagram proportions are defined by predicates collected at
the end of the file ‘petfsg.pl’. User preferences and/or screen
properties are likely to motivate modifications.
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Appendix 1: The Sample Grammar

The Sample Grammar (in the file ‘sample_grammar.pl’) covers
a very small fragment of English and gives it a HPSG-inspired
treatment. The only rule is a specifier-head rule. The subject-
VP connection is assumed to be a special case of its application.

type_hierarchy ([
sign subsumes [],
head_type subsumes [
numbrd subsumes [
n subsumes [],
det subsumes [1],
v subsumes []],
tense_type subsumes [
present subsumes [],
past subsumes [1],
number_type subsumes [
sing subsumes [],
plur subsumes []1]]).

features(sign, [head:head_type,
spr:list,
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sem:prolog_term]) .
features (numbrd, [number:number_typel) .

features(v, [tense:tense_typel).

Mtr ===> [!Spr,

'Head,

?compute_semantics (Spr,Head,Mtr)] where
Head:spr === $[Spr],
Mtr:head === Head:head.

present_plural is_short_for

§ :head === v,

§ :head:tense === present,
§ :spr === $[Subj]l,
Subj:head:number === plur.

noun_pattern is_pattern

[p(id,

(§ :head === n,

§ :head:number === sing)),
p(affx(s),

(§ :head === n,

§ :head:number === plur))].

dog of_pattern noun_pattern >>>

§ :head === n,

§ :head:number === Num,

§ :spr === $[Spr],

§ :sem === <> dog,
Spr:head === det,
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Spr:head:number === Num.

the >>>

§ :head === det,

§ :spr === $[],

§ :sem === <> the.

all >>>

§ :head === det,

§ :head:number === plur,
§ :spr === $[],

§ :sem === <> every.
every >>>

§ :head === det,

§ :head:number === sing,
§ :spr === $§[],

§ :sem === <> every.
sleep >>>

§ === nfs(present_plural),
§ :spr === $[Subjl,

§ :sem === <> sleep,
Subj:head === n,
Subj:spr === $[].

lexical_rule(A,B,affx(s)) where

A:head === v,
A:head:tense === present,
A:spr === $[ASubjl],

B:spr === $[BSubjl,
ASubj:head:number === plur,
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BSubj:head:number === sing,
A:head === B:head,

A:sem === B:sem,

BSubj:spr === ASubj:spr.

The grammar makes use of the following user-defined Prolog
predicate (found in the file ‘sample_prolog.pl’):

compute_semantics (Spr,Head,Mtr) : -

Head:sem === <> Headsem,
Spr:sem === <> Sprsem,
Mtr:sem === <> (Sprsem@Headsem) .
Here, the ‘===" predicate is used as the Prolog query in the

grammar rule is supposed to succeed.
The specifier-head rule could also have been formulated in
this way:

Mtr ===> [!Spr,
IHead] : -
Head:spr === $[Spr],
Mtr:head === Head:head,

compute_semantics (Spr,Head,Mtr) .

This formulation would be better from a computational point
of view as the ‘compute_semantics (Spr,Head,Mtr)’ call would
only be made once, during compilation, and would result in
structure sharing. This is more efficient and reflects the mono-
tonic nature of this semantic constraint.

Appendix 2: Error messages

The following is a short overview of the error and failure mes-
sages that are issued when the compiler encounters inconsisten-
cies and errors.
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A PETFSG grammar is presupposed to contain only Prolog
terms delimited by full-stops. Failures in that regard is dealt
with by the Prolog system.

An error will produce a report of this kind:

E R R 0 R: Unknown type (plru).
-—— Term in grammar, ending on line 70, was ignored
due to reported problem.

The grammar term producing this report was the following,
where ‘plru’ is an unknown, i.e. undeclared, type.

all >>>

§ :thead === det,

§ :head:number === plru,
§ :spr === $[1,

§ :sem === <> every.

A set of constraints (in a rule or lexical entry) that is presup-
posed to yield a coherent decription will trigger the following
kind of warning if they actually are contradictory:

FATILTURE: plur contradicts sing at

<* :head:number>.

——— Term in grammar, ending on line 61, was ignored
due to reported problem.

This message is produced when the grammar en-
counters a word form entry containing the contra-
dictory specifications, given the declarations of the
Sample  Grammar, ‘6 :head:number === plur’ and
‘¢ :head:number === sing’.

The following error and failure messages may be issued by
the PETFSG system during the compilation of a PETFSG gram-
mar:
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e Unexpected expression (X): X is a Prolog term not
expected to occur in a PETFSG grammar.

e Additional type hierarchy: An additional type hierar-
chy is found. There should be precisely one.

e Type name already used (Type): Attempt to declare
Type as the name of a type a second time.

e Illegal feature declaration (7ype): Attempt to as-
sociate the types ‘prolog_term’, ‘list’, or a variable with
a feature declaration.

e Features already defined for type (Type): An ad-
ditional feature declaration for the type Type is found.
There should be at most one.

e Feature name already used (Feat): Attempt to asso-
ciate the already used feature name Feat with another

type.

e "list" is a reserved type name: Attempt to define a
type with the name ‘1ist’, which has a reserved meaning
in the system.

e "prolog term" is a reserved type name: Attempt to
define a type with the name ‘prolog_term’, which has a
reserved meaning in the system.

e FS name already used (Name): A name, Name, al-
ready used to name a FS, is used a second time for that
purpose.

e Pattern name already used (Name): A name Name,
already used to name an inflectional pattern, is used a
second time for that purpose.
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e Unexpected kind of lexical shape (Lex): Lezr is a
non-atom appearing as the shape of a word form or lexeme.

e Unexpected variable where type was expected:
Variable occurring where a type specification was
expected.

e Unexpected variable where feature name was
expected: A variable occurs in a path expression in
a position where a feature name is required.

e Unexpected variable in right-hand list of rule:
A variable is found in the right-hand list of a grammar
rule. The elements in this list should be specified as
having ¢!’, ‘“+’, or ‘?’ as their main functor.

e Unexpected item in right-hand list of rule (A):
Another kind of faulty item in right-hand list of rule (i.e.

gy«

one which has not ‘!’ ‘+’ or ‘?’ as its main functor).

e Unknown type (7Zype): Type is not the name of a known
type.

e Unknown feature (Feat): Attempt to use Feat as a fea-
ture name while it is unknown as such.

e Unknown morphological process (X): X is occurring
in a lexeme entry or lexical rule as a morphological process,
while being unknown as such.

e Unknown fs name (Name): Attempt to access a FS by
the name Name, which is not known to name a FS.

e Unknown pattern (Name): Attempt to access an inflec-
tional pattern by the name Name, which is not known to
name an inflectional pattern.
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e Unknown entity, cannot evaluate (Val): The term
Val does not represent a known value in the context of

4

a ‘===" or ‘denotes’ statement that is being evaluated.

e Type does not allow feature (Feat): Attempt to as-
sociate feature name Feat with a FS of inappropriate type
(in the context of a ‘==="-statement).

e Wrong value for feature (Feat): Attempt to assign a
value of the wrong type to a feature by the name Feat (in
the context of a ‘==="-statement).

e Failure: Typel contradicts Type2 at Path: Unifi-
cation failure at Path, counted from the path given as the
first argument to ‘===". The main FS is represented as ‘*’.
The types Typel and Type2 are incompatible.

e Failure: 1lists of different lengths at Path:
Unification failure at Path due to lists of different lengths.

e Object description completely underspecified:
This error occurs when a word form , or lexeme descrip-
tion, or FS to be named is left completely underspecified.

e Not a redefinable predicate (7erm): Term
does not represent a definition of report_look_up/2,
token_description/3, or fs_output_form/2.
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1 Introduction

This report describes an implementation of the formal gram-
mar and semantics (henceforth TBMRS) introduced in my ar-
ticle ‘Token-Based Minimal Recursion Semantics: Davidson’s
Paratactic Treatment of Intensional Constructions in a Formal
Syntax and Semantics’ (Dahlléf 1999b). The relation between
the presentations is fairly direct. The present report gives a
technical account of the implemented grammar, whose linguis-
tic aspects are explained and defended in the other article. The
aim is to illustrate the treatment of intensional constructions,
and the grammar only covers toy fragments of other construc-
tions.

The grammar as implemented here uses the system and for-
malism “Prolog-Embedding Typed Feature Structure Gram-
mar”, henceforth PETFSG (Dahlléf 1999a, this volume). This
system uses typed feature structures in which Prolog-terms may
be embedded. The rules allow Prolog calls to be made. Here,
Prolog-terms are used to represent semantic objects. Prolog is



only used to append lists. Otherwise, the grammar relies on
unification.

The main part of this report is a listing of the PETFSG repre-
sentation of the TBMRS syntax and semantics, with some com-
ments and explanations added. This presentation presupposes
the linguistic and technical background given in Dahll6f (1999a,
this volume) and (1999b).

The files of the implementation are available at the URL
http://stp.ling.uu.se/ matsd/code/tbmrs/.

1.1 The sign type and its features

The type sign is a subtype of the type aops, to be understood
as absent or present sign. Its only other subtype is none, which
is used to negate the presence of a sign. This possibility is used
to prevent expressions from being associated with heads as a
pre- or postmodifiers. See below.

A sign Fs is associated with features as follows:

features(sign, [
token: prolog_term,
head:head_type,
spr:list,
comps:1list,
marking:marking_type,
cstr:cstr_type,
cont:cont]) .

The features are used as described in Dahlléf (1999b), with
the exception of cstr, whose value is the constituent structure
associated with the expression in question. See code for details.
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1.2 cont(ent) features and variables

The value of the sign feature cont(ent) has a value of the type
cont.

features(cont, [
1zt:1list,
wtop: prolog_term,
hcons: prolog_term,
varuse: prolog_term]).

The features 1zt (liszt), wtop (working top), and hcons (han-
dle constraints), are used as described in Dahlléf (1999b). The
TBMRS variables and underspecified handles are represented as
Prolog variables. The feature varuse carries a description of
their use. Its value is a list of terms, each of which is of the
form ‘thing(V)’, ‘event(V)’, or ‘handle(V)’, V being the
variable concerned. This information is used to improve read-
ability. In the printed form, the TBMRS variables and handles
appear as Prolog constants of letter-with-number form. The
three kinds of expression are distinguished by the choice of let-
ter, ‘x’ for ordinary objectual “thing” variables, ‘e’ for event
variables, and ‘h’ for handles. The varuse information origi-
nates from the lexicon. Its value on a non-lexical node is the
union of the the varuse values on its daughters.

1.3 Token identifier assignment

The TBMRS grammar presupposes that the tokens are referred
to by the grammatical descriptions. From a computational
point of view, this means that each token must be assigned
a unique identifier. This is done procedurally with the help of
the predicate token description/3, which is called just before
a lexical inactive edge is stored in the chart. Its arguments are

RUUL 34 41



the FS, the number giving the position of the word in the in-
put string (an integer), and its graphical form (an atom). The
token identifier is the constant consisting of a ‘t’ and the posi-
tion number, produced by the predicate token_identifier/2,
which is defined directly in Prolog (i.e. not in the PETFSG
grammar file) by the clause:

token_identifier(X,Id):-
name (X, Name) ,
name (Id, [116|Name]) .

This leads to  the  following  definition  of
token description/3:

redefine_predicate(
(token_description(Desc,N,_):-
(token_identifier(N,TokId),
Desc:token === <> TokId))).

2 The grammar file

This section exhibits the entire grammar verbatim, with a few
comments.

2.1 The type hierarchy
type_hierarchy ([
aops subsumes [ %%% absent or present sign
sign subsumes [], %%% present sign

none subsumes [1], %%/ absent sign

head_type subsumes [
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v subsumes [],
determin subsumes [],
nom subsumes [
commonnoun subsumes [],
perspron subsumes [],
propernoun subsumes [1],
adj subsumes [],
adv subsumes [],
prep subsumes [],
mark subsumes [1],

mod_type subsumes [],
cont subsumes [],

semrel subsumes [
semrel_qua subsumes [],
semrel_pred subsumes [
semrel_rel subsumes [],
semrel_pr subsumes []]],

boolean subsumes [
no subsumes [],
yes subsumes [1],

cstr_type subsumes [
leaf subsumes [],
hdstr subsumes [
hd_mod subsumes [],
hd_mark subsumes [],
hd_sp subsumes [],
hd_comps subsumes [1],
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coordstr subsumes []],

marking_type subsumes [
unmarked subsumes [],
marked subsumes [
to_marked subsumes [],
that_marked subsumes [1]1],

number_type subsumes [
sing subsumes [],
plur subsumes []1],

def_type subsumes [ %%’ definiteness
def subsumes [],
indef subsumes []],

case_type subsumes [
nomin subsumes [ %%k’ i.e. non-genitive
subc subsumes [], %%% subject form
objc subsumes []], %%% object form

gen subsumes [1], %k genitive
pers_type subsumes [ %kl person:
pl subsumes [], %%hh  first
p2 subsumes [], %h%  second
p3 subsumes [1], %h%h  third

vform_type subsumes [
finite subsumes [
present subsumes [],
preterit subsumes []1],
infinite subsumes [
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infinitive subsumes [],
supine subsumes []1]11]).

2.2 The feature declarations

features(sign, [
token:prolog_term,
head:head_type,
spr:list,
comps:1list,
marking:marking_type,
cstr:cstr_type,
cont:cont]).

features(cont, [
1zt:1list,
wtop:prolog_term,
hcons:prolog_term,
varuse:prolog_term]).

As mentioned in section 1.2, the feature varuse contains a list
that characterizes the use of Prolog variables as representation
language variables.

features(semrel, [
handle:prolog_term,
lo:prolog_term]).

features(semrel_qua, [
bv:prolog_term,
rs:prolog_term,
sc:prolog_term]) .
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features(semrel_pred, [
an:prolog_term]) .

features(semrel_pr, [
in:prolog_term]) .

features(semrel_rel, [
ev:prolog_term,
su:prolog_term,
cl:prolog_term]).

features(head_type, [
hdtoken:prolog_term,
inter:semrel,
mod:mod_type,
spec:sign]).

features(nom, [
num:number_type,
def:def_type,
case:case_type,
pers:pers_typel) .

features(v, [
vform:vform_typel) .

features (mod_type, [

pre:aops, %%% as premodifier
post:aops]).  %kk as postmodifier

features(hdstr, [
hd_first:boolean,
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hd_dtr:sign]).

features(hd_sp, [
spr_dtrs:list]).

features(hd_comps, [
comp_dtrs:list]).

features(hd_mod, [
mod_dtr:sign]) .

features(hd_mark, [
mark_dtr:sign]).

features(coordstr, [
left_item:sign,
coordinator:sign,
right_item:sign]).

2.3 Token definition

redefine_predicate(
(token_description(Desc,N,_) :-
(token_identifier (N, TokId),
Desc:token === <>TokId))).

2.4 The grammar rules
2.4.1 The head-complement rule

This version of the head-complement rule combines the head
with the first complement as required by the first item on the
comps list. This means that one application per complement
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is required. The append operations compute the mother’s 1zt,
varuse, and hcons values.

Mtr

48

Mtr:

Head:comps

Mtr:
Mtr:
Mtr

Mtr:
Mtr:

[!Head, !Comp,

head

comp

?append (HdLZ,CmpLZ,MtrlZ) ,

7append (VU1,VU2,VU),

7append (HAHC , CmpHC ,MtrHC) ]
where

=== Head:head,

$ [Comp | Comps],

s === $Comps,

spr === Head:spr,

:mark

cstr:

cstr

ing === unmarked,

hd_first === yes,
:hd_dtr === Head,

Mtr:

Mtr:cont:wtop
Mtr:cont:1lzt

Head:cont:1z

Comp:cont:1zt
Mtr:cont:hcons

Head:cont:hcons
Comp:cont:hcons
Mtr:cont:varuse
Head:cont:varus
Comp:cont:varus

Head:token
Comp:token

cstr:comp_dtrs

$[Comp],

=== Head:cont:wtop,

$MtrLZ,

=== $HALZ,

$CmpLZ,

=== <>MtrHC,
=== <>HJHC,
=== <>CmpHC,
=== <>VU,

<>VU1,
<>VU2,

e ===
e ==

<>HdTok,
<>CmpTok,
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Mtr

:token === <>(HdTok+CmpTok) .

The + operator represents physical aggregation.

2.4.2

The specifier-head rule

Mtr ===> [!Spr, !Head,

7append (HAHC, SprHC,MtrHC) ,
?append (VU1,VU2,VU),
?append (SprLZ,HdLZ ,MtrLZ) ]

Mtr:head === Head:head,
Head:spr === $[Spr],
Spr:head:spec === Head,
Head:comps === $[],
Mtr:comps === Head:comps,
Mtr:spr === $[],
Mtr:marking === unmarked,
Mtr:cstr:hd_first === no,
Mtr:cstr:hd_dtr === Head,
Mtr:cstr:spr_dtrs === $[Spr],
Mtr:cont:1lzt === $MtrLZ,
Head:cont:1zt === $HALZ,
Spr:cont:1lzt === $SprlLZ,
Mtr:cont:hcons === <>MtrHC,
Head:cont:hcons === <>HAJHC,
Spr:cont:hcons === <>SprHC,
Mtr:cont:varuse === <>VU,
Spr:cont:varuse === <>VU1,
Head:cont:varuse === <>VU2,
Head:token === <>HdTok,
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Spr:token === <>SprTok,
Mtr:token === <>(SprTok+HdTok) .

The equation Spr:head:spec === Head implements Pollard’s
and Sag’s (1994: 51) “Spec Principle”. The wtop value is left
an open issue.

2.4.3 The premodifier-head rule

Mtr === ['Mod, 'Head,
7append (ModLZ ,HdLZ ,MtrLZ),
?append (VU1,VU2,VU) ,
?append (HAHC ,ModHC ,MtrHC)] where

Mtr:head === Head:head,
Mod:head:mod:pre === Head,
Mod:comps === $[],
Mtr:comps === Head:comps,
Mtr:spr === Head:spr,
Mtr:marking === unmarked,
Mtr:cstr:hd_first === no,
Mtr:cstr:hd_dtr === Head,
Mtr:cstr:mod_dtr === Mod,
Mtr:cont:wtop === Mod:cont:wtop,
Mtr:cont:1lzt === $MtrlLZ,
Head:cont:1zt === $HALZ,
Mod:cont:1zt === $ModLZ,
Mtr:cont:hcons === <>MtrHC,
Head:cont:hcons === <>HdJHC,
Mod:cont:hcons === <>ModHC,
Mtr:cont:varuse === <>VU,
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Mod:cont:varuse === <>VU1,

Head:cont:varuse === <>VU2,
Head:token === <>HdTok,
Mod:token === <>ModTok,
Mtr:token === <>(ModTok+HdTok) .

2.4.4 The marker-head rule

Mtr ===> [!Mark, !Head] where

Mtr:head === Head:head,
Mark:head === mark,
Mark:head:spec === Head,
Mark:marking === marked,
Mtr:marking === Mark:marking,
Mtr:comps === Head:comps,
Mtr:spr === Head:spr,
Mtr:cstr:hd_first === no,
Mtr:cstr:hd_dtr === Head,
Mtr:cstr:mark_dtr === Mark,
Mtr:cont === Head:cont,
Head:token === <>HdTok,
Mark:token === <>MarkTok,
Mtr:token === <>(MarkTok+HdTok) .
The equation Mark:head:spec === Head implements Pollard’s

and Sag’s (1994: 51) “Spec Principle”.
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2.5 Lexical information
2.5.1 General definitions

lex_general is_short_for

§ :head:hdtoken === § :token,

§ :cont:wtop === § :token,

§ :cont:lzt === $[First_Semrel]|_],
First_Semrel:handle === § :token.

This applies to all basic lexical entries.

np_sub is_short_for %%/ subject form np:s

§ :head === nom,

§ :head:case === subc,
§ :spr === $[],

§ :comps === $[].

np_obj is_short_for %% object form np:s

§ :head === nom,

§ :head:case === objc,

§ :spr === $[1,

§ :comps === $[].
infinitival_phrase is_short_for

§ thead === v,

§ :head:vform === infinitive,

§ :marking === to_marked,

§ :spr === $[1,

§ :comps === $[].
no_mod is_short_for

§ :head:mod:pre === none,

§ :head:mod:post === none.
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2.5.2 Proper nouns

proper_noun is_short_for

§ === nfs(lex_general),

§ :head === propernoun,

§ :head:num === sing,

§ :head:pers === p3,

§ :spr === $[1,

§ :comps === $[],

§ === nfs(no_mod),

§ :marking === unmarked,

§ :cont:lzt === $[Rell,
Rel:bv === <>Var,

Rel:rs === <>nil,

Rel:sc === <>SC,

§ :‘head:inter:bv === Rel:bv,
§ :cont:wtop === <>Tok,

§ :cont:hcons === <>[],

§ :cont:varuse === <>[thing(Var) ,handle(SC)].

galileo >>>

§ === nfs(proper_noun),
§ :cont:lzt === $[Rell,
Rel:1lo === <>name(’Galileo’).

2.6 Personal pronouns

personal_pronoun is_short_for

§ === nfs(lex_general),
§ :head === perspron,

§ :head:num === sing,

§ :spr === $[1],
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§ :comps === $[],

§ === nfs(no_mod),

§ :marking === unmarked,

§ :cont:lzt === $[Rell,

Rel:bv === <>Var,

Rel:rs === <>nil,

Rel:sc === <>3C,

§ :head:inter:bv === Rel:bv,

§ :cont:wtop === § :token,

§ :cont:hcons === <>[],

§ :cont:varuse === <>[thing(Var) ,handle(SC)].
he >>>

§ === nfs(personal_pronoun),

§ :head:pers === p3,

§ :head:num === sing,

§ :cont:lzt === §$[Rell,

Rel:lo === <>perspro(’he’).

2.6.1 Determiners

determiner is_short_for

§ === nfs(lex_general),

§ :head === determin,

§ :spr === $§[1,

§ :comps === $[],

§ === nfs(no_mod),

§ :marking === unmarked,

§ :cont:lzt === $[Rell,

Rel:bv === <>Var,

Rel:rs === § :head:spec:cont:wtop,
Rel:rs === <>Restr,

54 RUUL 34



Rel:sc === <>Scope,

§ thead:inter:bv === Rel:bv,

§ :head:inter:sc === Rel:sc,

§ :‘head:inter:rs === Rel:rs,

§ :cont:wtop === <>Tok,

§ :cont:varuse === <>[thing(Var) ,handle(Restr),

handle(Scope)].

many >>>

§ === nfs(determiner),

§ :head:spec:head:num === plur,

§ :cont:lzt === $[Rell,

Rel:lo === <>det (many),

§ :cont:hcons === <>[].

2.6.2 Common noun morphology

noun_pattern is_pattern

[p(id,

§ :head:num === sing),
p(affx(s),

§ :head:num === plur)].

2.6.3 Common nouns requiring a specifier

common_noun_spr is_short_for

§ === nfs(lex_general),
§ :head === commonnoun,
¢ :head:num === _,

§ :head:pers === p3,

§ :spr === $[Spr],
Spr:head === determin,

§ :comps === $[],
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§ === nfs(no_mod),

§ :marking === unmarked,

§ :cont:lzt === §[Rell,

Rel:in === Spr:head:inter:bv,

§ :head:inter:bv === Rel:in,

§ :head:inter:sc === Spr:head:inter:sc,
§ :cont:wtop === § :token,

§ :cont:hcons === <>[],

§ :cont:varuse === <>[].

book of_pattern noun_pattern >>>

§ === nfs(common_noun_spr),
§ :cont:lzt === §$[Rell,
Rel:1lo === <>noun(book) .

2.6.4 Verb analysis: general aspects

verb_general is_short_for

§ === nfs(lex_general),

§ thead === v,

§ === nfs(no_mod),

§ :marking === unmarked,

§ :cont:wtop === § :token.

2.6.5 Verb form abbreviations

present_third_singular is_short_for
§ :spr === $[Subjl,
§ :head:vform === present,
Subj === nfs(np_sub),
Subj:head:pers === p3,
Subj:head:num === sing,

Subj:head:inter:bv === § :head:inter:su.

o6
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present_third_plural is_short_for
§ :spr === $[Subjl,
§ :head:vform === present,
Subj === nfs(np_sub),
Subj:head:pers === p3,
Subj:head:num === plur,
Subj:head:inter:bv === § :head:inter:su.

preteritum is_short_for
§ :spr === $[Subjl],

§ :head:vform === preterit,
Subj === nfs(np_sub),
Subj:head:inter:bv === § :head:inter:su.

infinitive_form is_short_for

§ :head:vform === infinitive,
§ :spr === $[1,
Subj:head:inter:bv === § :head:inter:su.

2.6.6 Intransitive verbs

verb_intransitive is_short_for

§ === nfs(verb_general),

§ :comps === $[],

§ :cont:lzt === $[Rell,

Rel:ev === <>VarkE,

Rel:su === <>Vars,

¢ :head:inter:ev === Rel:ev,

§ :thead:inter:su === Rel:su,

§ :cont:hcons === <>[],

§ :cont:varuse === <>[thing(VarS),event(VarE)].
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2.6.7 Ordinary transitive verbs

verb_transitive is_short_for

§ === nfs(verb_general),

§ :comps === $[Comp], Comp === nfs(np_obj),

Comp:head:inter:bv === Rel:cl,

§ :cont:1lzt === $[Rell,

Rel:ev === <>VarE,

Rel:su === <>VarS§,

Rel:cl1 === <>VarC,

§ :head:inter:ev === Rel:ev,

§ :head:inter:su === Rel:su,

§ :head:inter:cl === Rel:cl,

§ :cont:hcons === <>[],

§ :cont:varuse === <>[thing(VarS),thing(VarC),
event (VarE)].

reads >>>

§ === nfs(verb_transitive),

§ === nfs(present_third_singular),

§ :cont:lzt === $[Rel],

Rel:1o === <>rel(read).

2.6.8 Paratactic verbs

verb_paratactic is_short_for

o8

§ === nfs(verb_general),

§ :comps === $[Comp],
Comp:head === v,
Comp:head:hdtoken === <>HdTok,
Comp:comps === $[],

Comp:spr === $[],

§ :cont:1lzt === $[Rell,
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Rel:ev === <>VarkE,

Rel:su === <>VarsS,

Rel:cl === <>ltop(HdTok),

§ ‘head:inter:ev === Rel:ev,

§ :head:inter:su === Rel:su,

§ :head:inter:cl === Rel:cl,

§ :cont:hcons === <>[],

§ :cont:varuse === <>[thing(VarS) ,handle(HdTok),

event (VarE)].

said >>>

§ === nfs(verb_paratactic),

§ === nfs(preteritum),

§ :cont:lzt === $[Rell,

Rel:lo === <>rel(said).

2.6.9 Infinitival attitude verbs

verb_infinitival_attitude is_short_for
§ === nfs(verb_general),
§ :comps === $[Comp],
Comp === nfs(infinitival_phrase),
Comp:head:hdtoken === <>HdTok,
§ :cont:lzt === $[Rell,
Rel:su === <>Var$S,
Rel:ev === <>VarE,
Rel:cl === <>1top(HdTok),
:head:inter:ev === Rel:ev,

§

§ :head:inter:su === Comp:head:inter:su,
§ :head:inter:su === Rel:su,

§ thead:inter:cl === Rel:cl,

§ :cont:hcons === <>[],
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§ :cont:varuse === <>[event(VarE),thing(VarS),
handle (HdTok) ,
handle(VarH)].

intends >>>
§ === nfs(verb_infinitival_attitude),
§ === nfs(present_third_singular),
§ :cont:lzt === $[Rell,
Rel:lo === <>rel(intends).

2.6.10 Attributary verbs

verb_attributary is_short_for

§ === nfs(verb_general),

§ :comps === $[Comp],

Comp === nfs(np_obj),

Comp:head:hdtoken === <>HdTok,

§ :cont:lzt === $[Rell,

Rel:lo === <>rel(Verb),

Rel:ev === <>VarkE,

Rel:su === <>Vars,

Rel:cl === <>1top(HdTok),

§ :cont:hcons === <>[],

§ :head:inter:ev === Rel:ev,

§ :head:inter:su === Rel:su,

§ :cont:varuse === <>[handle(HdTok) ,thing(VarS),
event (VarE)].

seeks >>>

§ === nfs(verb_attributary),

§ === nfs(present_third_singular),

§ :cont:lzt === §$[Rell_],
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Rel:1lo === <>rel(seeks).

2.6.11 Sentence adverbials

sent_adv is_short_for

§ === nfs(lex_general),

§ :head === adv,

§ :spr === $[1,

§ :comps === $[],

§ :head:mod:pre:head === v,

§ :head:mod:pre:cstr === leaf,

§ :‘head:mod:pre:head:hdtoken === <>VHDT,
§ :head:mod:pre:marking === unmarked,
§ :head:mod:post === none,

§ :marking === unmarked,

§ :cont:lzt === $[Rell,

Rel :in === <>1ltop(VHDT),

§ :cont:wtop === § :token,

§ :cont:hcons === <>[],

§ :cont:varuse === <>[handle(VHDT)].

consequently >>>

§ === nfs(sent_adv),
§ :cont:lzt === $[Rell,
Rel:1lo === <>adv(consequently).

2.6.12 Subject-relative adverbs

sent_adv_subj is_short_for

§ === nfs(lex_general),
§ :head === adv,
§ :spr === §$[I,

§ :comps === $[],
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§ :head:mod:pre:head === v,

§ :head:mod:pre:head:hdtoken === <>VHDT,
§ :head:mod:pre:cstr === leaf,

g :head:mod:pre:marking === unmarked,

§ :head:mod:post === none,

§ :marking === unmarked,

§ :cont:lzt === $[Rell,

Rel:su === § :head:mod:pre:head:inter:su,
Rel:ev === § :head:mod:pre:head:inter:ev,
Rel:cl === <>1top(VHDT),

§ :cont:wtop === § :token,

Rel:su === <>Var§,

Rel:ev === <>VarE,

§ :cont:hcons === <>[],

§ :cont:varuse === <>[thing(VarS) ,event(VarE)].

intentionally >>>

§ === nfs(sent_adv_subj),
§ :cont:lzt === $[Rell,
Rel:1lo === <>adv(intentionally).

Produces a singular form identical to the stem and a plural
form with s-ending.

2.6.13 Markers

that >>>
§ :head === mark,
§ :head:spec ===V,
§ :marking === that_marked,
§ :spr === $[1,
§ :comps === $[],
§ === nfs(no_mod),
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V :head === v,
V :marking === unmarked,
V :spr === $[],
V :comps === §[].
to >>>
§ 'head === mark,
§ :head:spec ===V,
§ :marking === to_marked,
§ :spr === $[1,
§ :comps === $[],
§ === nfs(no_mod),
V :head === v,
V :head:vform === infinitive,
V :marking === unmarked,
V :comps === §$[].

2.7 Additional entries

2.7.1 Determiners

a >>
§ === nfs(determiner),
§ :‘head:spec:head:num ===
§ :cont:lzt === $[Rell,
Rel:lo === <>det(a),
§ :cont:hcons === <>[].
each >>>
§ === nfs(determiner),
§ 'head:spec:head:num ===
§ :cont:lzt === $[Rell,
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Rel:1lo === <>det(each),

§ :cont:hcons === <>[].
most >>>
§ === nfs(determiner),
§ :head:spec:head:num === plur,
§ :cont:lzt === $[Rell,
Rel:1lo === <>det(most),
§ :cont:hcons === <>[].
the >>>
§ === nfs(determiner),
§ :cont:lzt === §[Rell,
Rel:1lo === <>det(the),
§ :cont:hcons === <>[].
three >>>
§ === nfs(determiner),
§ :head:spec:head:num === plur,
§ :cont:lzt === $[Rell,
Rel:lo === <>det(three),
§ :cont:hcons === <>[].
two >>>
§ === nfs(determiner),
§ :head:spec:head:num === plur,
§ :cont:lzt === $[Rell,
Rel:1lo === <>det(two),
§ :cont:hcons === <>[].

catiline >>>
§ === nfs(proper_noun),

64 RUUL 34



§ :cont:lzt === $[Rell,
Rel:lo === <>name(’Catiline’).

cicero >>>
§ === nfs(proper_noun),
§ :cont:lzt === $[Rell,
Rel:lo === <>name(’Cicero’).

davidson >>>

§ === nfs(proper_noun),

§ :cont:lzt === $[Rell,

Rel:lo === <>name(’Davidson’).
john >>>

§ === nfs(proper_noun),

§ :cont:lzt === $[Rell,

Rel:1lo === <>name(’John’).
mary >>>

§ === nfs(proper_noun),

§ :cont:lzt === $[Rell,

Rel:lo === <>name(’Mary’).

oedipus >>>

§ === nfs(proper_noun),

§ :cont:lzt === $[Rell,

Rel:lo === <>name(’0Oedipus’).
tully >>>

§ === nfs(proper_noun),

§ :cont:lzt === $[Rell,

Rel:1lo === <>name(’Tully’).
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2.7.2 Common nouns

apple of_pattern noun_pattern >>>

§ === nfs(common_noun_spr),
§ :cont:lzt === $[Rell,
Rel:1lo === <>noun(apple).

boy of_pattern noun_pattern >>>

§ === nfs(common_noun_spr),
§ :cont:lzt === $[Rell,
Rel:1o === <>noun(boy) .

driver of_pattern noun_pattern >>>

§ === nfs(common_noun_spr),

§ :cont:lzt === $[Rell,
Rel:1lo === <>noun(driver).
file of_pattern noun_pattern >>>
§ === nfs(common_noun_spr),

§ :cont:lzt === $[Rell,
Rel:lo === <>noun(file).

groundhog of_pattern noun_pattern >>>

§ === nfs(common_noun_spr),
§ :cont:lzt === $[Rell,
Rel:1lo === <>noun(groundhog) .

student of_pattern noun_pattern >>>
§ === nfs(common_noun_spr),
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§ :cont:lzt === $[Rell,
Rel:1lo === <>noun(student).

teacher of_pattern noun_pattern >>>

§ === nfs(common_noun_spr),
§ :cont:lzt === $[Rell,
Rel:lo === <>noun(teacher).

unicorn of_pattern noun_pattern >>>

§ === nfs(common_noun_spr),
§ :cont:lzt === $[Rell,
Rel:1lo === <>noun(unicorn).

woodchuck of_pattern noun_pattern >>>

§ === nfs(common_noun_spr),
§ :cont:lzt === $[Rell,
Rel:lo === <>noun(woodchuck).

2.7.3 Intransitive verb forms

disappeared >>>

§ === nfs(verb_intransitive),

§ === nfs(preteritum),

§ :cont:lzt === $[Rell,

Rel:1o === <>rel(disappeared) .

sleep >>>

§ === nfs(verb_intransitive),

§ === nfs(present_third_plural),
§ :cont:lzt === $[Rell,
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Rel:1lo === <>rel(sleep).

sleeps >>>
§ === nfs(verb_intransitive),
§ === nfs(present_third_singular),
§ :cont:lzt === §$[Rell,
Rel:lo === <>rel(sleep).

2.7.4 Extensional transitive verb forms

ate >>>
§ === nfs(verb_transitive),
§ === nfs(preteritum),
§ :cont:lzt === $[Rell,
Rel:lo === <>rel(ate).

buy >>>
§ === nfs(verb_transitive),
§ === nfs(infinitive_form),
§ :cont:lzt === $[Rell,
Rel:1lo === <>rel(read).

denounced >>>

§ === nfs(verb_transitive),
§ === nfs(preteritum),
§ :cont:lzt === $[Rell,
Rel:1o === <>rel(denounced) .

erased >>>
§ === nfs(verb_transitive),
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§ === nfs(preteritum),
§ :cont:lzt === $[Rell,
Rel:lo === <>rel(erased) .

find >>>
§ === nfs(verb_transitive),
§ === nfs(infinitive_form),
§ :cont:lzt === $[Rell,
Rel:1lo === <>rel(find).

read >>>
§ === nfs(verb_transitive),
§ === nfs(present_third_plural),
§ :cont:lzt === $[Rell,
Rel:1lo === <>rel(read).

read >>>
§ === nfs(verb_transitive),
§ === nfs(preteritum),
§ :cont:lzt === $[Rell,
Rel:lo === <>rel(read).

read >>>
§ === nfs(verb_transitive),
§ === nfs(infinitive_form),
§ :cont:lzt === $[Rell,
Rel:1lo === <>rel(read).

saw >>>
§ === nfs(verb_transitive),
§ === nfs(preteritum),
§ :cont:lzt === $[Rell,
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Rel:lo === <>rel(saw).

2.7.5 Intensional verb forms

believes >>>

§ === nfs(verb_paratactic),
§ === nfs(present_third_singular),
§ :cont:lzt === $[Rell,
Rel:lo === <>rel(believes).

says >>>
§ === nfs(verb_paratactic),
§ === nfs(present_third_singular),
§ :cont:lzt === $[Rell,
Rel:1lo === <>rel(says).

tries >>>
§ === nfs(verb_infinitival_attitude),
§ === nfs(present_third_singular),
§ :cont:lzt === $[Rell,
Rel:1lo === <>rel(tries).

2.7.6 Adverbs

arguably >>>

§ === nfs(sent_adv),
§ :cont:lzt === $[Rell,
Rel:1lo === <>adv(arguably) .
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probably >>>

§ === nfs(sent_adv),
§ :cont:lzt === $[Rell,
Rel:1lo === <>adv(probably).

deliberately >>>

§ === nfs(sent_adv_subj),
§ :cont:lzt === $[Rell,
Rel:lo === <>adv(deliberately).

unintentionally >>>

§ === nfs(sent_adv_subj),
§ :cont:lzt === $[Rell,
Rel:1lo === <>adv(unintentionally).

2.8 Fs output selection

redefine_predicate(
(fs_output_form(all,ALL,ALL) :-
(ALL:’cont’:varuse === <>Varuse,
select_readable_vars(Varuse,1,_,1,_,1,_)))).

redefine_predicate(
(fs_output_form(lzt,ALL,SEL) :-
(ALL:’cont’:1zt === SEL:’cont’:1zt,
ALL:’cont’:varuse === <>Varuse,
select_readable_vars (Varuse,1,_,1,_,1,_)))).

The predicate fs_output_form/3 defines the output form of
the analyses. Here, all-type output gives the entire analy-
ses, whereas 1zt-type output is restricted to the 1zt value. In
both cases, the predicate select_readable_vars/3 unifies the
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Prolog variables representing the TBMRS variables with more
readable constants, as described in section 1.2.

3 Auxiliary Prolog predicates

The grammar makes use of three auxiliary Prolog predi-
cates: token_identifier/2 (see section 1.3), morphology/3
(see below and Dahlléf 1999a, this volume, section 2.8.1), and
select_readable_vars/7 (see section 1.2).

3.1 Morphology

The following Prolog clauses define the morphological processes
used by the grammar:

morphology (id,X,X) .

morphology (affx(A) ,X,Y) :-
name (X,N),

name (A, AN),

append (N,AN,NN),

name (Y,NN) .

4 Analyses of words and sentences

The following analyses are as produced by the present grammar.
The predicate pp/2 has been used for parsing. The examples
are the ones from Dahll6f (1999b), taken in the order in which
they appear there. In a few places, lines have been manually
broken.

————— [john,says,that,mary,saw,two,groundhogs]
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————— 1 parse(s). 1zt selection:

* sign #1
CONT: * cont #2
LZT: -——- #3 -———<
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xxxx gemrel_qua #4

HANDLE: <>t1 #5

LO: <>name(John) #6
BV: <>x1 #7

RS: <>nil #8

SC: <>h1 #9

*x*x* semrel_rel #10

HANDLE: <>t2 #11
LO: <>rel(says) #12
EV: <>el #13

SU: <>x1 77

Cl: <>ltop(t5) #14

*kkk semrel_qua #15

HANDLE: <>t4 #16

LO: <>name(Mary) #17
BV: <>x2 #18

RS: <>nil ~8

SC: <>h2 #19

*x*x* semrel_rel #20

HANDLE: <>t5 #21
LO: <>rel(saw) #22
EV: <>e2 #23

SU: <>x2 ~18

Cl: <>x3 #24

xxxx gemrel_qua #25

HANDLE: <>t6 #26
LO: <>det(two) #27
BV: <>x3 24
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RS: <>t7 #28

SC: <>h3 #29
*xxx gsemrel_pr #30

HANDLE: <>t7 ~28

LO: <>noun(groundhog) #31

IN: <>x3 ~24

----- [two,boys,ate,three,apples]
————— 1 parse(s). 1zt selection:

* sign #1
CONT: * cont #2
LZT: ----- #3 --—<

xxxx gsemrel_qua #4
HANDLE: <>t1 #5
LO: <>det(two) #6
BV: <>x1 #7
RS: <>t2 #8
SC: <>h1l #9

*k*kk semrel_pr #10
HANDLE: <>t2 ~8
LO: <>noun(boy) #11
IN: <>x1 °7

**kx* semrel_rel #12
HANDLE: <>t3 #13
L0: <>rel(ate) #14
EV: <>el #15
SU: <>x1 °7
Cl: <>x2 #16

*xxx gemrel_qua #17
HANDLE: <>t4 #18
LO: <>det(three) #19
BV: <>x2 ~16
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RS: <>t5 #20
SC: <>h2 #21

xxxx gemrel_pr #22

HANDLE: <>t5 ~20
LO: <>noun(apple) #23
IN: <>x2 16

————— [mary,says,that,two,books,disappeared]
————— 1 parse(s). 1zt selection:

* sign #1
CONT: * cont #2
LZT: ---—-- #3 ---<
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*xxx gsemrel_qua #4

HANDLE: <>t1 #5

LO: <>name(Mary) #6
BV: <>x1 #7

RS: <>nil #8

SC: <>h1 #9

**xx*x gsemrel_rel #10

HANDLE: <>t2 #11
LO: <>rel(says) #12
EV: <>el #13

SU: <>x1 77

Cl: <>ltop(t6) #14

*%%*% semrel_qua #15

HANDLE: <>t4 #16
LO: <>det(two) #17
BV: <>x2 #18

RS: <>t5 #19

SC: <>h2 #20

xxxx gemrel_pr #21

HANDLE: <>t5 ~19
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LO: <>noun(book) #22
IN: <>x2 ~18
**x* gsemrel_rel #23
HANDLE: <>t6 #24
LO: <>rel(disappeared) #25
EV: <>e2 #26
SU: <>x2 ~18

----- [many,books]
————— 1 parse(s). all selection:
* sign #1
TOKEN: <> (t1+t2) #2
HEAD: * commonnoun #3
HDTOKEN: <>t2 #4
INTER: * semrel_qua #5
BV: <>x1 #6
SC: <>h1l #7
MOD: * mod_type #8
PRE: * none #9
POST: * none #10
NUM: * plur #11
PERS: * p3 #12
SPR: []
COMPS: []
MARKING: * unmarked #13
CSTR: * hd_sp #14
HD_FIRST: * no #15
HD_DTR: * sign #16
TOKEN: <>t2 4
HEAD: ~3
SPR: —-——-- #17 --—<
***x*k sign #18
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TOKEN: <>t1 #19
HEAD: * determin #20
HDTOKEN: <>t1 ~19
INTER: * semrel_qua #21
BV: <>x1 °6
RS: <>t2 "4
SC: <>h1 7
MOD: * mod_type #22
PRE: * none #23
POST: * none #24
SPEC: ~16
SPR: []
CoMPS: [1
MARKING: * unmarked #25
CONT: * cont #26
LZT: ——————- #27 -——<
*kkk semrel_qua #28
HANDLE: <>t1 ~19
LO: <>det(many) #29
BV: <>x1 ~6
RS: <>t2 "4
SC: <>h1 7

WTOP: <>t1 ~19

HCONS: <>[] #30

VARUSE: <>[thing(x1),handle(t2),
handle(h1)] #31

COMPS: []
MARKING: * unmarked #32
CONT: * cont #33

LZT: —-—-—- #34 -—-—<
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*xxx gsemrel_pr #35
HANDLE: <>t2 "4
LO: <>noun(book) #36
IN: <>x1 76

WTOP: <>t2 "4
HCONS: <>[] ~30
VARUSE: <>[] ~30

SPR_DTRS: ~17

CONT: * cont #37

LZT: ----- #38 -——<
*kk ~28
**x* ~35

HCONS: <>[] ~30
VARUSE: <>[thing(x1),handle(t2),
handle(h1l)] ~31
————— [many]
————— 1 parse(s). all selection:
* sign #1
TOKEN: <>t1 #2
HEAD: * determin #3
HDTOKEN: <>t1 "2
INTER: * semrel_qua #4
BV: <>x1 #5
RS: <>hl #6
SC: <>h2 #7
MOD: * mod_type #8
PRE: * none #9
POST: * none #10
SPEC: * sign #11
HEAD: * nom #12
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NUM: * plur #13
CONT: * cont #14
WTOP: <>hl "6
SPR: []
coMPs: [1
MARKING: * unmarked #15
CONT: * cont #16
LZT: ---—-- #17 —-—<
xxxx gemrel_qua #18
HANDLE: <>t1 "2
LO: <>det(many) #19
BV: <>x1 °5
RS: <>h1 "6
SC: <>h2 77

WTOP: <>t1 ~2
HCONS: <>[] #20
VARUSE: <>[thing(x1),handle(hl),
handle(h2)] #21
————— [books]
————— 1 parse(s). all selection:
* sign #1
TOKEN: <>t1 #2
HEAD: * commonnoun #3
HDTOKEN: <>t1 "2
INTER: * semrel_qua #4
BV: <>_12928 #5
SC: <>_12925 #6
MOD: * mod_type #7
PRE: * none #8
POST: * none #9
NUM: * plur #10
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PERS: * p3 #11
SPR: ----- #12 —--<
*kxk sign #13
HEAD: * determin #14
INTER: * semrel_qua #15
BV: <>_12928 ~5
SC: <>_12925 °6

coMPS: []

MARKING: * unmarked #16

CONT: * cont #17

LZT: ———- #18 ———<
*xxx gsemrel_pr #19

HANDLE: <>t1 ~2
LO: <>noun(book) #20
IN: <>_12928 °5

WTOP: <>t1 "2
HCONS: <>[] #21
VARUSE: <>[] ~21
————— [galileo]
————— 1 parse(s). all selection:
* sign #1
TOKEN: <>t1 #2
HEAD: * propernoun #3
HDTOKEN: <>t1 "2
INTER: * semrel_qua #4
BV: <>x1 #5
MOD: * mod_type #6
PRE: * none #7
POST: * none #8
NUM: * sing #9
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PERS: * p3 #10
SPR: []
CcCoMPS: [1
MARKING: * unmarked #11
CONT: * cont #12
LZT: -———- #13 —-—<
xxxx gemrel_qua #14
HANDLE: <>t1 "2
LO: <>name(Galileo) #15
BV: <>x1 75
RS: <>nil #16
SC: <>h1 #17

WTOP: <>t1 "2
HCONS: <>[] #18
VARUSE: <>[thing(x1) ,handle(h1)] #19
----- [reads]
————— 1 parse(s). all selection:
* sign #1
TOKEN: <>t1 #2
HEAD: * v #3
HDTOKEN: <>t1 ~2
INTER: * semrel_rel #4
EV: <>el #5
SU: <>x1 #6
Cl: <>x2 #7
MOD: * mod_type #8
PRE: * none #9
POST: * none #10
VFORM: * present #11
SPR: ----- #12 ---<
*kxk sign #13
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HEAD: * nom #14
INTER: * semrel_qua #15
BV: <>x1 °6
NUM: * sing #16
CASE: * subc #17
PERS: * p3 #18
SPR: []
COMPS: []

COMPS: -———- #19 ———<
*kkk sign #20
HEAD: * nom #21
INTER: * semrel_qua #22
BV: <>x2 77
CASE: * objc #23
SPR: [1
CoMPS: [1

MARKING: * unmarked #24
CONT: * cont #25
LZT: ——--—- #26 -—-<
*xkx semrel_rel #27
HANDLE: <>t1 "2
L0: <>rel(read) #28
EV: <>el 5
SU: <>x1 ~6
Cl: <>x2 °7

WTOP: <>t1 "2

HCONS: <>[] #29

VARUSE: <>[thing(x1),thing(x2),event(el)] #30
————— [galileo,says,that,he,reads,two,books]
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————— 1 parse(s). 1zt selection:

* sign #1
CONT: * cont #2
LZT: -——- #3 -———<

xxxx gemrel_qua #4
HANDLE: <>t1 #5
LO: <>name(Galileo) #6
BV: <>x1 #7
RS: <>nil #8
SC: <>h1l #9

**kx* semrel_rel #10
HANDLE: <>t2 #11
LO: <>rel(says) #12
EV: <>el #13
SU: <>x1 °7
Cl: <>ltop(t5) #14

*kkk semrel_qua #15
HANDLE: <>t4 #16
LO: <>perspro(he) #17
BV: <>x2 #18
RS: <>nil ~°8
SC: <>h2 #19

**kx* semrel_rel #20
HANDLE: <>t5 #21
LO: <>rel(read) #22
EV: <>e2 #23
SU: <>x2 ~18
Cl: <>x3 #24

xxxx gemrel_qua #25
HANDLE: <>t6 #26
LO: <>det(two) #27
BV: <>x3 24
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RS: <>t7 #28
SC: <>h3 #29
*xxx gsemrel_pr #30
HANDLE: <>t7 ~28
LO: <>noun(book) #31

IN: <>x3 24
> ________
————— [says]
————— 1 parse(s). all selection:
* sign #1
TOKEN: <>t1 #2
HEAD: * v #3

HDTOKEN: <>t1 "2
INTER: * semrel_rel #4
EV: <>el #5
SU: <>x1 #6
Cl: <>ltop(hl) #7
MOD: * mod_type #8
PRE: * none #9
POST: * none #10
VFORM: * present #11
SPR: —--——- #12 ——-<
*kkk sign #13
HEAD: * nom #14
INTER: * semrel_qua #15
BV: <>x1 “6
NUM: * sing #16
CASE: * subc #17
PERS: * p3 #18
SPR: []
COMPS: []
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COMPS: --—-- #19 --—<
*kkk sign #20
HEAD: *x v #21
HDTOKEN: <>h1l #22
SPR: []
COMPS: []

MARKING: * unmarked #23
CONT: * cont #24
LZT: —-———- #25 —-—<
**kx* semrel_rel #26
HANDLE: <>t1 "2
LO: <>rel(says) #27
EV: <>el 5
SU: <>x1 ~6
Cl: <>ltop(hl) °7

WTOP: <>t1 ~2

HCONS: <>[] #28

VARUSE: <>[thing(x1),handle(hl),event(el)] #29
————— [john,intends,to,read,a,book]
————— 1 parse(s). 1zt selection:

* sign #1
CONT: * cont #2
LZT: -—-——- #3 -—--<

*xxx gemrel_qua #4
HANDLE: <>t1 #5
L0: <>name(John) #6
BV: <>x1 #7
RS: <>nil #8
SC: <>h1 #9

**x*xx semrel_rel #10
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HANDLE: <>t2 #11
LO: <>rel(intends) #12
EV: <>el #13
SU: <>x1 °7
Cl: <>ltop(t4) #14
**x* gsemrel_rel #15
HANDLE: <>t4 #16
LO: <>rel(read) #17
EV: <>e2 #18
SU: <>x1 °7
Cl: <>x2 #19
*kkk semrel_qua #20
HANDLE: <>t5 #21
LO: <>det(a) #22
BV: <>x2 ~19
RS: <>t6 #23
SC: <>h3 #24
*xxx gemrel_pr #25
HANDLE: <>t6 ~23
LO: <>noun(book) #26

IN: <>x2 ~19
S
————— [intends]
————— 1 parse(s). all selection:
* sign #1
TOKEN: <>t1 #2
HEAD: * v #3

HDTOKEN: <>t1 "2
INTER: * semrel_rel #4
EV: <>el #5
SU: <>x1 #6
Cl: <>1top(hl) #7

86 RUUL 34



MOD: * mod_type #8
PRE: * none #9
POST: * none #10
VFORM: * present #11
SPR: —-—---- #12 ———<
*kkx sign #13
HEAD: * nom #14
INTER: * semrel_qua #15
BV: <>x1 ~6
NUM: * sing #16
CASE: * subc #17
PERS: * p3 #18
SPR: []
coMps: [1

COMPS: —-———- #19 ———<
*kkk sign #20

HEAD: * v #21
HDTOKEN: <>h1 #22
INTER: * semrel_rel #23

SU: <>x1 °6

VFORM: * infinitive #24

SPR: []

coMPS: [1

MARKING: * to_marked #25

MARKING: * unmarked #26
CONT: * cont #27
LZT: -———- #28 —--—<
**x*kx semrel_rel #29
HANDLE: <>t1 ~2
LO: <>rel(intends) #30
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EV: <>el °b
SU: <>x1 76
Cl: <>ltop(hl) 7

WTOP: <>t1 ~2
HCONS: <>[] #31
VARUSE: <>[event(el),thing(x1),
handle(hl) ,handle(h2)] #32
————— [galileo,consequently,read,two,books]
————— 1 parse(s). lzt selection:

* sign #1
CONT: * cont #2
LZT: --——- #3 --—<

xxxx gsemrel_qua #4
HANDLE: <>t1 #5
LO: <>name(Galileo) #6
BV: <>x1 #7
RS: <>nil #8
SC: <>h1 #9
*kkk semrel_pr #10
HANDLE: <>t2 #11
LO: <>adv(consequently) #12
IN: <>1top(t3) #13
xxxx gemrel_rel #14
HANDLE: <>t3 #15
LO: <>rel(read) #16
EV: <>el #17
SU: <>x1 77
Cl: <>x2 #18
**kkk semrel_qua #19
HANDLE: <>t4 #20
LO: <>det(two) #21
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BV: <>x2 ~18
RS: <>tbH #22
SC: <>h2 #23
*¥kk semrel_pr #24
HANDLE: <>tb5 ~22
LO: <>noun(book) #25

IN: <>x2 ~18
S
————— [consequently]
————— 1 parse(s). all selection:
* sign #1

TOKEN: <>t1 #2
HEAD: * adv #3
HDTOKEN: <>t1 "2
MOD: * mod_type #4
PRE: * sign #5
HEAD: * v #6
HDTOKEN: <>h1 #7
MARKING: * unmarked #8
CSTR: * leaf #9
POST: * none #10
SPR: []
CoMPS: []
MARKING: * unmarked #11
CONT: * cont #12
LZT: ————- #13 -——<
xxxx gemrel_pr #14
HANDLE: <>t1 "2
LO: <>adv(consequently) #15
IN: <>1top(hl) #16

WTOP: <>t1 "2
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HCO

NS: <>[] #17

VARUSE: <>[handle(hl)] #18
--- [two,students,intentionally,erased,three,

-1

files]
parse(s). lzt selection:

* sign #1
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CONT:

LZT:

* cont #2

————— #3 ---<

*xxx gemrel_qua #4
HANDLE: <>t1 #5
LO: <>det(two) #6
BV: <>x1 #7
RS: <>t2 #8
SC: <>hl #9

*k*xk semrel_pr #10
HANDLE: <>t2 °8
LO: <>noun(student) #11
IN: <>x1 °7

**kx* gsemrel_rel #12
HANDLE: <>t3 #13
LO: <>adv(intentionally) #14
EV: <>el #15
SU: <>x1 °7
Cl: <>ltop(t4) #16

**x* semrel_rel #17
HANDLE: <>t4 #18
LO: <>rel(erased) #19
EV: <>el ~15
SU: <>x1 7
Cl: <>x2 #20

*kkk semrel_qua #21
HANDLE: <>t5 #22
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LO: <>det(three) #23
BV: <>x2 ~20

RS: <>t6 #24

SC: <>h2 #25

xxxx gemrel_pr #26

HANDLE: <>t6 ~24

LO: <>noun(file) #27
IN: <>x2 ~20

————— [intentionally]
————— 1 parse(s). all selection:
* sign #1
TOKEN: <>t1 #2
HEAD: x adv #3
HDTOKEN: <>t1 "2
MOD: * mod_type #4
PRE: * sign #5
HEAD: * v #6
HDTOKEN: <>_13205 #7
INTER: * semrel_rel #8
EV: <>el #9
SU: <>x1 #10
MARKING: * unmarked #11
CSTR: * leaf #12
POST: * none #13
SPR: []
coMps: [1
MARKING: * unmarked #14
CONT: * cont #15
LZT: --——- #16 ——-<
**kx* semrel_rel #17
HANDLE: <>t1 ~2
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LO: <>adv(intentionally) #18
EV: <>el "9

SU: <>x1 ~10

C1l: <>1top(_13205) #19

WTOP: <>t1 "2

HCONS: <>[] #20

VARUSE: <>[thing(x1),event(el)] #21
————— [two,students,probably,erased, three,files]
————— 1 parse(s). 1zt selection:

* sign #1
CONT: * cont #2
LZT: --——- #3 --—<

xxxx gsemrel_qua #4
HANDLE: <>t1 #5
LO: <>det(two) #6
BV: <>x1 #7
RS: <>t2 #8
SC: <>h1l #9
xxxx gemrel_pr #10
HANDLE: <>t2 ~8
LO: <>noun(student) #11
IN: <>x1 °7
xxxx gemrel_pr #12
HANDLE: <>t3 #13
LO: <>adv(probably) #14
IN: <>1ltop(t4) #15
**x* gsemrel_rel #16
HANDLE: <>t4 #17
LO: <>rel(erased) #18
EV: <>el #19
SU: <>x1 7
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Cl: <>x2 #20

*xxx gsemrel_qua #21
HANDLE: <>t5 #22
LO: <>det(three) #23
BV: <>x2 ~20
RS: <>t6 #24
SC: <>h2 #25

*kkk semrel_pr #26
HANDLE: <>t6 ~24
LO: <>noun(file) #27
IN: <>x2 ~20

————— [galileo,seeks,a,unicorn]
————— 1 parse(s). 1zt selection:

* sign #1
CONT: * cont #2
LZT: -—-——- #3 -—--<

xxxx gemrel_qua #4
HANDLE: <>t1 #5
LO: <>name(Galileo) #6
BV: <>x1 #7
RS: <>nil #8
SC: <>h1 #9
**x* gsemrel_rel #10
HANDLE: <>t2 #11
LO: <>rel(seeks) #12
EV: <>el #13
SU: <>x1 77
Cl: <>ltop(t4) #14
**kkk semrel_qua #15
HANDLE: <>t3 #16
LO: <>det(a) #17
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BV: <>x2 #18
RS: <>t4 #19
SC: <>h2 #20
*kkk semrel_pr #21
HANDLE: <>t4 ~19
LO: <>noun(unicorn) #22

IN: <>x2 ~18
Semmmm
----- [seeks]
————— 1 parse(s). all selection:
* sign #1
TOKEN: <>t1 #2
HEAD: * v #3

HDTOKEN: <>t1 "2
INTER: * semrel_rel #4
EV: <>el #5
SU: <>x1 #6
MOD: * mod_type #7
PRE: * none #8
POST: * none #9
VFORM: * present #10
SPR: —--——- #11 ———<
*xkkk sign #12
HEAD: * nom #13
INTER: * semrel_qua #14
BV: <>x1 6
NUM: * sing #15
CASE: * subc #16
PERS: * p3 #17
SPR: []
CoMPS: []
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COMPS: -——-- #18 —--<
*kkk sign #19
HEAD: * nom #20
HDTOKEN: <>h1 #21
CASE: * objc #22
SPR: []
comps: [1]

MARKING: * unmarked #23
CONT: * cont #24
LZT: --——- #25 ---<
**kx* semrel_rel #26

HANDLE: <>t1 "2
LO: <>rel(seeks) #27
EV: <>el 75
SU: <>x1 6
Cl: <>1top(hl) #28

WTOP: <>t1 "2

HCONS: <>[] #29

VARUSE: <>[handle(hl),thing(x1),event(el)] #30
————— [galileo,tries,to,find,a,unicorn]
————— 1 parse(s). 1zt selection:

* sign #1
CONT: * cont #2
LZT: -———- #3 ———<

xxxx gemrel_qua #4
HANDLE: <>t1 #5
LO: <>name(Galileo) #6
BV: <>x1 #7
RS: <>nil #8
SC: <>h1 #9
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**kx* semrel_rel #10
HANDLE: <>t2 #11
LO: <>rel(tries) #12
EV: <>el #13
SU: <>x1 °7
Cl: <>ltop(t4) #14

**kx* gemrel_rel #15
HANDLE: <>t4 #16
LO: <>rel(find) #17
EV: <>e2 #18
SU: <>x1 °7
Cl: <>x2 #19

xxxx gemrel_qua #20
HANDLE: <>t5 #21
LO: <>det(a) #22
BV: <>x2 ~19
RS: <>t6 #23
SC: <>h3 #24

*kkk semrel_pr #25
HANDLE: <>t6 ~23
LO: <>noun(unicorn) #26
IN: <>x2 ~19

————— [mary,believes,that,tully,denounced,catiline]
————— 1 parse(s). 1zt selection:

* sign #1
CONT: * cont #2
LZT: -———- #3 ---<

*xxx gemrel_qua #4
HANDLE: <>t1 #5
LO: <>name(Mary) #6
BV: <>x1 #7
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RS: <>nil #8
SC: <>h1l #9

**x* gsemrel_rel #10
HANDLE: <>t2 #11
LO: <>rel(believes) #12
EV: <>el #13
SU: <>x1 °7
Cl: <>1top(th) #14

xxxx gemrel_qua #15
HANDLE: <>t4 #16
LO: <>name(Tully) #17
BV: <>x2 #18
RS: <>nil 8
SC: <>h2 #19

*¥*kx semrel_rel #20
HANDLE: <>t5 #21
LO: <>rel(denounced) #22
EV: <>e2 #23
SU: <>x2 ~18
Cl: <>x3 #24

xxxx gemrel_qua #25
HANDLE: <>t6 #26
LO: <>name(Catiline) #27
BV: <>x3 24
RS: <>nil ~8
SC: <>h3 #28

{/modus/export3/staff/matsd/cs/code_toksem/
sentences.pl consulted, 2780 msec 97168 bytes}

yes
| 7-
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5 How to download and run the im-
plementation

The URL ‘http://stp.ling.uu.se/“matsd/code/petfsg/’
contains the PETFSG file petfsg.pl and the
other  necessary files are found in the URL

‘http://stp.ling.uu.se/ matsd/code/tbmrs/’. The
system requires SICStus Prolog (and Tcl/TK if the graphics is
used).

A convenient way of starting a session with PETFSG and the
present implementation is to consult a file with the following
content (found in the file load.pl):

:—consult (’petfsg.pl’).
:—consult (’tbmrspro.pl’).
:-prepare_compilation.
:—compile_grammar (’tbmrs.pl’).

Here, the file petfsg.pl is assumed to contain the PETFSG
system. The file tbmrspro.pl contains definitions of the predi-
cates used by the grammar, and tbmrs.pl is the TBMRS gram-
mar documented here. See the previous paper for details on
PETFSG. The example analyses above have been generated
from the file examples.pl, which contains the required pp/2
calls. When examples.pl is consulted the example analyses
are generated.
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1 Introduction

This paper is about the semantic work done by variables and
variable-binding operators in predicate calculus and similar for-
malisms. Quine has shown that variables can be replaced, with-
out loss or gain in semantic power, by other formal devices.
In this way we get a new “picture” of how predicate calculus
works. This investigation is motivated, on the one hand, by
the fact that variables are very important, and on the other
hand by the conceptually problematic “semantics” of variables:
They serve a semantic purpose, but do not have an ordinary
semantic value.

One way of investigating what a device is good for is to
remove it and see what other instruments would be needed to
do its work. Variables will be investigated in this way here.

2 Ordinary predicate calculus with
variables

Only atomic expressions denote predicates in standard pred-
icate calculus: It lacks a direct compositional semantics for



predicates and deserves the name “predicate calculus” only in-
directly: A formula with n different free variables does, in a
sense, stand for an n-place predicate, but not simply by de-
noting one. Compositionally derived predicates are “present”
as formulae which are true (or false) relative to variable-
assignment functions. Variables necessitate a notion of truth
(of formulae) as relative not only to an interpretation, but
also to a variable-assigment function. The notion of variable-
assignment-relative truth is necessary as a means of defining
the main (only interpretation-relative) notion of truth.

From the point of view of linguistics, interpretation-relative
denotations like truth values and predicates (extensions) have
a clear connection to intuitive semantic properties, whereas
interpretation-and-variable-assignment-relative truth is a much
more exotic notion, at least as used in predicate calculus. A
simple statement like “someone sleeps” would, for instance, be
rendered as “JzS(z)”. The introduction of variables here (and
in other semantic constructions) shows that predicate calculus
is very different from natural language with respect to its modes
of composition. (This use of variables and variable-binding op-
erators is due to Frege’s genial and ingenious logic Begriffs-
schrift.)

If we try to view open formulae as predicate-denoting expres-
sions, variables complicate the picture considerably: Formula
(1), for instance, may be intended to stand for the three-place
relation that holds of three objects when the first (x) is larger
than the second (y) and the second is larger than the third (z).

(1) larger-than(z, y) A larger-than(y, z)

The two subordinate formulae “larger-than(z,y)” and
“larger-than(y, z)” intuitively stand for the same two-place
relation. The important thing is that two different variables
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occupy the argument places (otherwise we would have defined
the property “larger than itself”). The choice of variables is
immaterial from the point of view of the subformulae them-
selves. When they are conjoined, however, the fact that the
second argument position of the first subformula is occupied by
a variable identical to that found in the first argument position
of the second subformula is crucial, as the two argument
positions thereby are connected in a semantically significant
way. The conjunction of two instances of a two-place predicate
in this way defines a three-place predicate. If we take the
semantic value (relative to an interpretation) of a formula with
free variables to be the predicate it in this way defines (given
an ordering of the variables), then we find that predicate logic
with variables does not possess a compositional semantics:!
The semantic value of the conjunction in (1) is not possible to
determine from the semantic values of the conjuncts, because
of the significance of the identity of variables. A formula like
(2), below, would define another predicate, but is just like
formula (1) a conjunction whose conjuncts (we have supposed)

1Tt might be objected here that variables are only a syntactic device and
that their only function is to define by which “mode of combination” pred-
icates are joined together. This suggestion implies that there is an infinity
of such modes of combination, as there is no upper limit to the number of
variables that may occur in a formula. (Compositionality is thereby in a
sense saved: The semantic value of the whole is determined by the seman-
tic values of its constituents and their modes of combination.) However,
having an infinite number of modes of combination is clearly unacceptable
and this view of the the syntax is inadequate: Variable cooccurrence is
not a matter of syntactic rule application. For instance, the conjunction
rule in an ordinary first-order logic syntax like the one given by Dowty,
Wall, and Peters (1981: 56-57) (rule B. 3) or by Allwood, Andersson, and
Dahl (1977: 71-72) (rule (g) (iii)) just says that two formulae joined by a
conjunction sign form a new formula. The syntactic combination rules do
not mention the variables occurring in the formulae.
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stand for the relation of being larger than.
(2) larger-than(x, y) A larger-than(z, z)

This lack of “naive” compositionality is, of course, due to the
presence of variables. There are two systems of semantically
significant structure in ordinary predicate calculus: the con-
stituent structure (as defined by the syntactic modes of combi-
nation) and what we could call the variable cooccurrence struc-
ture.

A variable does not contribute to the semantic value of an
expression by having a certain semantic value itself. Its signifi-
cance is due to its being bound from the outside, by being iden-
tical to another variable token occurring in another expression.
So, when we combine the two conjuncts in formula (2) into a
conjunction, the semantic value of the conjunction depends on
the semantic values of the conjuncts and on both the semantic
operation represented by conjunction and the identification of
two variable occurrences. The latter factor is reflected neither
in the syntactic operation (conjoining) or in the semantic values
of the conjuncts (as naively understood). The difficult situa-
tion lies in the fact that semantically significant links within
a formula are established both by means of constituent syntax
(as defined by the syntactic rules) and by means of variable
cooccurrence.

A traditional semantics for ordinary predicate calculus deals
with this situation and establishes compositionality with the
help of certain technical manceuvres, which invalidate the idea
that open formulae represent predicates. One method is to de-
fine semantic values as relative to an interpretation and a value
assignment, which is a function assigning values to variables.?

2See Dowty, Wall, and Peters (1981: 59-61) for a semantics for first-
order predicate calculus along these lines.
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(Other methods have to introduce some similar kind of further
relativity.) Open formulae are then taken to denote a truth
value relative to an interpretation and a value assignment func-
tion. The truth value of formulae without free variables will
not be sensitive to the value assignment, and their truth values
are consequently only interpretation-dependent.

This method saves variables and compositionality. The dis-
advantage is that the system of semantic values becomes more
complex and artificial: Instead of having the intuitively simple
picture with only true expressions (sentences), and expressions
true of extra-logical entities (predicates), we also have to accept
expressions true relative to variable assignments. This compli-
cation also comes with the restriction that predicate expressions
cannot be compositional. (Addition of A-terms may be a way
of removing that restriction in a variable-based calculus.)

The problems may be summarized as follows: The only kind
of interpretation-relative complex denotations are associated
with predicate constants, which are atomic symbols, and the
syntactically complex expressions (formulae) are only assigned
truth-values, which do not possess any significant structure,
by interpretations. Syntactically simple objects denote complex
ones, and syntactically complex objects denote simple ones, to
put it briefly.

Variables (and the difficulties they introduce) are in no way
essential to first-order predicate calculus (or to most other
variable-based calculi). Quine has shown this by inventing a
variable-free predicate calculus. His calculus uses a small num-
ber of functors, whereby new predicates are defined in terms of
primitive or already defined one. These functors are responsible
for cross-identification and rearrangement of argument places,
and quantification. They take over the tasks performed by
variables. This predicate-functor logic is precisely as powerful
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as ordinary first-order predicate calculus (with variables and
variable-binding quantifiers). This variable-free language is se-
mantically perspicuous: Every expression denotes a semantic
value of the intuitively right kind (i.e. a truth value, a pred-
icate extension, or an individual) relative to an interpretation
and the semantics is perfectly compositional. Quine’s calculus
consequently offers an alternative way of organizing the com-
positional semantics of first-order predicate calculus (viewed as
a category of calculus defined by its semantic power).

3 Predicate-functor logic

The most important aspect of a predicate-functor logic is its in-
ventory of predicate-functors. Quine (1960, 1971, 1976a, 1981a,
1981b, also cf. 1976b) has suggested a few alternative selec-
tions. Between four and seven predicate-functors are required.
Quine’s languages do not contain individual constants, but the
calculus presented below will.?

I will use Quine’s set of six functors from the 1960 paper
‘Variables Explained Away’. The notation will however be
slightly modified to suit my purposes (and taste) better. Quine
(1976a) has shown how to manage with only four functors, but
this gain in economy leads to a corresponding complication of
expression. I think that the 1960 set is easier to understand
and use. The language discussed here is a first-order logic with
identity (i.e. an identity predicate is included among the logi-

3For some results on predicate-functor logic, see Noah (1980), Griinberg
(1983), Kuhn (1983), and Bacon (1985). Predicate-functor logic is ap-
plied to natural language semantics by Grandy (1976), who suggests that
“linguists, psychologists and philosophers should pay more attention to
algebraic formulations of logic when discussing the logical form of natural
language sentences” [p. 398], and by Purdy (1991).
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cal constants). There are no other logical constants than these
seven (viz. the six functors and the identity predicate).*

There are two kinds of terms in the present predicate-functor
logic: predicate terms and individual constants. A predicate
term consists of a predicate constant or is a complex expression.
Predicate terms are of a certain degree (arity). Formulae may
be identified with predicate terms of degree 0. The six predicate
functors will here be represented by the symbols “2”, ‘2”7, “¥”,
“@” . “X”. and “J”. I will use a predicate-first notation, in order
to eliminate the need for parentheses. This means that a pred-
icate will precede its individual constant arguments, but that
predicate functors will be placed after the predicate term(s)
they operate on. (This notation makes it natural to think of
individual constants as being applied to predicate terms rather
than vice versa.) This syntax implies that complex predicate
terms are always formed by strings whose first element is a
predicate constant and whose last element is a functor or an
individual constant (as complex predicate terms are formed by
the application of a functor or an individual constant.) Reading
from left to right gives us a bottom-up perspective on how predi-
cates given by the predicate constants are modified or combined
into new ones by means of functor applications.

I

@, W=
7 7

The two functors and are used to permute argument
places in predicates. Applied to a predicate term they yield a
predicate term of the same degree. The minor inversion functor
“2” interchanges the two first argument places, whereas the ma-
jor inversion functor “2” puts the first argument place last, so to
speak. (Applied to a two-place predicate the major and minor
inversions are identical.) These functors are necessary because

4Those who are interested in the details of Quine’s languages and want
to compare them to each other and to the one defined here are referred to
his papers.
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the “X” and “J” functors (see below) operate on the first one
or two argument places of a predicate. It is therefore crucial
that any argument place can be “moved” to the position where
a “Y” or “1” functor can “reach” it. If we use a kind of mix-
ture notation we may describe the effects of the two inversion
functors as follows (taking variables to be implicitly universally
quantified and P to be an arbitrary n-place predicate).

Puroxizs ...z, & Prixoxs...x,
Pizsy...z,v1 & Prixy... 2,

The two kinds of inversion are sufficient to define any argument
place permutation. (There are n! such “permutations” of an n-
place predicate, including its original argument place ordering.)
For instance, the fact that all six argument place permutations
of a three-place predicate may be obtained by applications of
these two operators is illustrated by the following six equivalent
formulae (note that “((((P2)7)a)c)b” is the syntactic structure
of “Piiach”):

Pabc & Priach < Pibac < Pibca < Pricab < Pucba

It is easy to verify that the six formulae above are equivalent.
Note also that further applications of the “2” and functors on
the predicate terms can only yield a new predicate term whose
denotation is identical to the denotation of one of the formulae
above. So, if [z] is the semantic value (i.e. denotation) of
an expression x (relative to a given interpretation), [Pu] =
[Pm] = [P] (provided P is of degree 3). And, if P is a two-
place predicate, we have, for instance, [P] = [Pu] = [Pn] =
[P2x] and [P:] = [Pwi] = [Pua] = [Pz].

The reflection functor “X” is used to identify two argument
places (compare a reflexive pronoun). It operates on an at
least two-place predicate term, identifies the first two argument

(G
1
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places, and consequently yields a predicate term whose degree
is one step lower than the term to which it is applied. If “L”
is a two-place predicate symbol corresponding to the verb love,
“LY” corresponds to love oneself. Generally it holds:

PYx,...x, & Pxix1...2,

This functor (“X”) encodes information that is encoded by
means of variables in ordinary predicate calculus, where the
identification of argument places is achieved by associating
them with the same variable. One of the reasons that the in-
version functors (“2” and “7”) are of crucial importance is that
they allow any two argument places to be “moved” to the front
positions where the “>” functor may be used to unite them.
The complement functor® applies to a predicate term and
yields the predicate that holds in all those cases where the first
predicate does not hold. So, if “L” is as above, “L&” stands for
the relation of not loving. Applied to a formula, the comple-
ment functor yields one with the reverse truth value. The term
obtained by an application of the complement functor is of the
same degree as the operand term. The following formula (which
again is expressed in mixture notation) clarifies the semantics

of “¢:
PCxy ...z, < —(Pxy...124)

The Cartestan multiplication functor “X” is the only one that
operates on two predicate terms. The degree of the Cartesian
product is equal to the sum of the degrees of the operand pred-
icate terms. If the operands represent the predicates P and (@,
whose degrees are m and n respectively, their Cartesian prod-
uct is the relation that holds of m+n ordered individuals if and

5Tt is called “negation” in Quine (1960), but the term “complement” is
used in the later papers.
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only if P holds of the first m ones and @ holds of the remaining
n ones. This is made clearer by the following equivalence:

POQRzy...x0y1 - Yn S (PT1. o Ty A QY1 - - - Yn)

So, if “L” is as above, and “H” stands for the predicate of
being happy, “HLX"” stands for the three-place relation holding
of three individuals if and only if the first is happy and the
second loves the third. An application of “X” does not connect
any argument places. (To do that is the purpose of the “%”
functor.) No connection between the three argument places in
“HLX” example is consequently implied. By “concatenating”
argument sequences in this way, the Cartesian multiplication
functor makes it possible to apply the other functors in ways
that connect argument places. For instance, “HLXY” stands
for the relation that holds of two individuals if and only if the
first is happy and loves the second.

The cropping or derelativization functor “J”, finally, “re-
moves” the first argument place by introducing an existential
quantification. It consequently yields a predicate term whose
degree is one step lower than that of the operand term. In mix-
ture notation we may characterize its semantics in this way:

Plzy...x, < A21[Pxy ... 2]

If “L” is as before, “L]” stands for the predicate of being loved
by someone (the “subject” being the first argument of “L”),
and “LJJ” for the formula saying that someone loves someone.
The “J” functor only operates on the first argument place of
the predicate represented by the predicate term to which it ap-
plies. The importance of the inversion functors (“2” and “7”)
in this calculus is again illustrated: They can “move” an argu-
ment place to the position where the “J” functor may excise it
(by cutting off the first item on each n-tuple in the predicate

extension).
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The predicate-functor logic based upon the six functors in-
troduced here is as powerful as ordinary predicate logic (cf.
Quine’s papers on the subject). I will not produce a formal
proof of this claim, but the discussion here and the examples
in Section 3.3 should make this assertion convincing. A formal
and quite detailed definition of the syntax and semantics of the
present predicate-functor logic will now be given. We will then
return to the question of how this notation relates to that of
ordinary predicate calculus with variables. A few examples will
illustrate this.

3.1 A formal summary of the syntax

Let us call the present formalism Predicate-Functor Logic with
Individual Constants, abbreviated to PFLIC. The lexicon of a
logical formalism contains the non-logical constants of the lan-
guage. In the case of PFLIC, it contains two kinds of constants:
individual constants and predicate constants. A predicate con-
stant is of a certain degree (arity) » and n > 0. (A PFLIC
lexicon is just like the one an ordinary predicate calculus is
based on.)

The following principles define the syntax of an instance of
PFLIC if a lexicon is given. There are two kinds of expressions in
an instance of PFLIC, individual constants and predicate terms.
A predicate term is of a certain degree n and n > 0. Predicate
terms of degree 0 are formulae (definition).

In the formulation of the syntax and semantics, I will use
“P” and “Q)” as meta-variables standing for arbitrary predi-
cate terms, “7” to stand for an arbitrary individual constant,
and “®” and “U” to stand for arbitrary formulae. The six
predicate functor symbols and the identity predicate symbol
will be used in the meta-language to denote the typographi-
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cally identical symbols of PFLIC. A pair or triple of juxtaposed
meta-variables stands for the expression obtained by concate-
nating, in the given order, the expressions denoted by the two
or three meta-variables.

Individual constants are given directly by the lexicon, but
predicate terms may be syntactically complex. The following
rules define their syntax.

e A predicate constant of degree n is a predicate term of
degree n.

e The identity symbol Il is a predicate term of degree 2.

o If P is a predicate term of degree n, where n > 1, and
1 is a individual constant, then P7 is a predicate term of
degree n — 1.

e If P is a predicate term of degree n, where n > 2, then P»
(the minor inversion of P) is a predicate term of degree n.

e If P is a predicate term of degree n, where n > 2, then P2
(the major inversion of P) is a predicate term of degree n.

o If P is a predicate term of degree n, where n > 2, then PX
(the reflection of P) is a predicate term of degree n — 1.

e If P is a predicate term of degree n, then P€ (the comple-
ment of P) is a predicate term of degree n.

o If P is a predicate term of degree m, and () is a predicate
term of degree n, then PQX (the Cartesian product of P
and @) is a predicate term of degree m + n.

e If P is a predicate term of degree n, where n > 1, then PJ]
(the derelativization of P) is a predicate term of degree
n— 1.
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There are no predicate terms except those defined by these
principles.

3.2 A formal semantics

The semantics of PFLIC is to be defined with the help of ordinary
model-theoretic techniques. An interpretation of an instance
of PFLIC assigns semantic values to its non-logical constants
and the semantic rules then fixes the semantic values of the
composite expressions (all of which are predicate terms). An
interpretation is an ordered pair (D, F), where D is a domain,
i.e. the set of entities over which quantification ranges, and F
an assignment function assigning a semantic value to each item
in the lexicon. The two truth values are TRUE and FALSE. The
following restrictions hold with respect to any interpretation

M = (D, F):
e If 7 is an individual constant, then F(i) € D.

e If P is a predicate constant of of degree n, where n > 1,
then F(P) C D™.

e If P is a predicate constant of of degree 0, then F(P) €
{TRUE, FALSE}.

The following equations define the semantic values of composite
predicate terms (given an interpretation M = (D, F)). Cases
involving formulae are treated separately from those involving
other predicate terms.

e If ¢ is a non-logical constant, [c] = F(c).

o [I] ={{z,z) [z €D}.
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e If Piis a predicate term of degree n, where n > 1 and P is

114

a predicate term of degree n+1 and ¢ a individual constant,
then [Pi] = {{z1,...,2z.) | {[il, 21, ..., z,) € [P]}.

If P2 is a predicate term, where P is a predicate term of
degree n, n > 2, then
[P = {{xo, 21 ..., 20) | {1, T2,...,2,) € [P]}.

If P7 is a predicate term, where P is a predicate term of
degree n, n > 2, then
[P1] = {{(z2,...,Tn, 1) | {21, 29,...,2,) € [P]}.

If P¥ is a predicate term, where P is a predicate term of
degree n, n > 2, then
IPY] = {{z1, ..., 20} | (x1,21,.-.,2,) € [P]}.

If PC is a predicate term, where P is a predicate term of
degree n, where n > 1, then [P¢] = D" — [P].

If PQX is a predicate term of degree m + n, where
P is a predicate term of degree m, m > 1 and
@ is a predicate term of degree n, n > 1, then
[POX] = {{(x1,-- - T, Y1y~ Un) | (T1,-- - 2Zm) € [P]
and <y1: . -7yn> € [[Q]]}

If PQX is a predicate term of degree n, where P is a
formula (i.e. a predicate term of degree 0), and @ is
a predicate term of degree m, n > 1, then, if [P] =
TRUE, [PQX] = [Q], otherwise (i.e. if [P] = FALSE),
[PQX] = 0.

If PQX is a predicate term of degree n, where P is a
predicate term of degree n, n > 1, and @ is a for-
mula (i.e. a predicate term of degree 0), then, if [Q] =
TRUE, [PQX] = [P], otherwise (i.e. if [Q] = FALSE),
[PQX] = 0.
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e If PJ is a predicate term, where P is a predicate term
of degree n, n>2, then [PI] = {(zo,...,2,) |
there is an z; such that (z, 7y, ..., 2,) € [P}

o If Pi is a formula, where P is a predicate term of de-
gree 1 and i an individual constant, then [Pi] = TRUE, if
[:] € [P], otherwise [Pi] = FALSE.

o If ®C is a formula, then [®¢€] = TRUE if [®] = FALSE,
otherwise [®¢] = FALSE.

o If PUK is a formula, then [®UX] = TRUE if [®] = TRUE
and [¥] = TRUE, otherwise [®UX] = FALSE.

e If PJis a formula (where P is a predicate term of degree
1), then [PJ] = TRUEif [P] # 0, otherwise [PJ] = FALSE.

3.3 How the functors work

Ordinary predicate calculus with variables and PFLIC are se-
mantically equivalent in this sense: If they share a lexicon (of
non-logical constants), every PFLIC formula corresponds to an
“ordinary” formula with precisely the same truth-conditions,
and vice versa. (Interpretations may be shared by an instance
of PFLIC and one of ordinary first-order predicate calculus if the
two languages contain the same non-logical constants.) Some
discussion and examples should make the truth of this claim
easier to see and facilitate the understanding of the PFLIC se-
mantics.

A minor difference in notation is that in PFLIC predicate
terms combine with one individual constant argument into a
predicate term of a one step lower degree. So, “P(a,b)” in
ordinary notation corresponds to “Pab” in the notation intro-
duced here, “P” being two-place. In this formula, “Pa” is a
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subexpression denoting a one-place predicate (that of being
something which a is related to by the P-relation). In the
ordinary predicate logic notation no constituent corresponds to
this subexpression. (There are no composite expressions corre-
sponding to predicates at all, as mentioned previously)

Two functors in PFLIC do the work of the ordinary truth-
functional operators. They are the complement functor (“€”)
and the Cartesian multiplication functor (“X”), which corre-
spond to negation and conjunction, respectively, when applied
to formulae. These operators do not only operate on formulae,
but also on predicate terms (which denote predicates). This
means that we can conjoin predicate terms without having to
supply the arguments that would combine with them into for-
mulae.® So, if we assume that both “P” and “Q” represent
two-place predicates and that “a”, “b”, “c”, and “d” are indi-
vidual constants, the formulae “PabQcdX” and “PQXabed” are
equivalent. Any truth conditional composition of formulae can
be defined in terms of negation and conjunction and the absence
of disjunction, material implication and other truth-functional
operators consequently does not weaken the expressive power
of PFLIC.

The derelativization operator (“J”) represents an existential
quantification applying to the first argument place of a predi-
cate. Universal quantification is easily defined in terms of the
complement functor and existential quantification. (Remem-

6The Cartesian multiplication operator is in this respect closer to natu-
ral language conjunction than is the ordinary purely truth-functional con-
junction operator found in ordinary propositional and predicate calculus.
However, natural language conjunction of (say) two property adjectives
does not produce a two-place predicate expression. So, “ugly and ex-
pensive” corresponds to “UEXY” (the property of being both ugly and
expensive), rather than simply to “UEX” (the relation that holds between
any ugly thing and any expensive thing).
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ber that generally Vz®(z) < —3z—®(x).) The quantification
expressed by the “J” operator only involves the first argument
place. This means that we must be able to connect argument
places. This is done by means of the reflection functor “¥”,
which connects the first two argument places of a predicate.
The formula “PXJ”, for instance, corresponds to “JxP(z,z)”
in ordinary syntax, where the identification of the two argu-
ment places is expressed by associating the same variable with
the two places. In PFLIC this identification is performed by
means of an application of “¥”.

Argument places must often be “moved” to come within the
reach of the ¥ functor. This need motivates the inversion func-
tors “2” and They allow us to obtain a predicate term
standing for an arbitrarily permuted version of any predicate
defined by a predicate term. In particular, any two argument
places that we would like to identify by means of “¥” can be
“moved” to the two initial positions.

Uz
7.

If we consider formulae in a notation mixing elements from
ordinary predicate calculus and PFLIC in a way that allows
PFLIC predicate terms to occupy the position of ordinary pred-
icate calculus predicate symbols, we can show the stepwise pro-
cess of conversion from the one notation to the other. (The
semantics of this mixture calculus is intuitively obvious and it
would not be difficult to produce a formal semantics for it.) It
should be noted that the order in which these steps are exhib-
ited here is immaterial. Let us see how “Vxz[M(z) — L(z)]” is
recast to conform to the PFLIC syntax. (An expression within
a box is a PFLIC predicate term.)

RUUL 34 117



Va[Ml(z) — [Li()]
—3z=[M(z) — [L](z)]

[formula in ordinary notation]

[universal quant. eliminated]
—3z-—[M|(z ) —[L)(x)] [implication eliminated]
—3z[M)(z) A —L)(z)] [double negation eliminated]
—3z[M](z) A -(x)] [negation eliminated|
—32[MLEX|(z, 7) [conjunction eliminated]

) [
[
[

—JMLEXY|(x argument places identified]
—(MLEX>] existential quant. eliminated]

MLEX> J¢

negation eliminated|

If “M” and “L” stand for the predicates to be a man and to be
lazy, respectively, “MLEXYJE” says that all men are lazy. Let
us dissect this formula to examine its parts. The term “L&”
stands for the predicate of not being lazy, and “MLEX"” for the
relation that holds between any man and anyone who is not
lazy. “MLEXY”, then, stands for the property of standing in
this relation to oneself, i.e. for the property of being a man
without being lazy. “MLEXY]” is a formula saying that there
is at least one individual who has this property. “MLEXY]IE”,
finally, is the denial of this, i.e. it says that there is no individual
who is a man without being lazy. In other words: all men are
lazy.

This example illustrates the differences between the ordinary
notation for first-order logic and the PFLIC notation. In the
former, predicates are represented only by simple expressions.
Predicate symbols combine with individual constants and vari-
ables into atomic formulae and these formulae are combined
into more complex formulae by means of truth-functional com-
position, cross-identification of variables, and quantificational
binding of variables. In PFLIC, on the other hand, everything
is expressed by the modification or joining of predicate terms.
In the mixture notation above, this difference is made clear
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by the way the logical constants are successively incorporated
into the predicate terms and the predicate terms conjoined into
larger ones as we step by step transform a formula in ordinary
notation into one in the PFLIC notation.

Let us consider another example. The logical form
of one reading of a sentence like “Every logician has
read something written by Frege” may be rendered as
“Vz[L(z) — Jy[W(y,f) AR(z,y)]]” (constants being interpreted
in the obvious fashion). We may convert it into PFLIC notation
as follows:

Va[L(z) — Jy[Wi(y, f) ARz, y)]]
—Jz-[L(z) — Jy[W(y, f) ARl(z, y)]]
—~Jz—=[L(z) A =3y[Wl(y, f) A[Rl(z, y)]]
—Jz[L)(z) A =Fy[W(y, f) ARl(z, y)]]
—Jz[L)(z) A =Ty[Wal(f,y) A Rl(z, y)]]
—3z[L)(z) A —Jy[Wif|(y) A [Rl(z, y)]]
—Jz[L)(z) A -3y WafRR(y, z, )]
—3zL)(z) A ~FyWuRXil(z, y, y)]
—3z[L)(z) A ~FyWofRXl(y, y, )]
—3z[L)(z) A =3y Wi RKaX|(y, z)]
—3z[L(z) A (WefRRaXT](z)]
—3z[L)(z) A [WARK1ZIE](z)]

— Az LWfRX123IEX(z, )

—37{ LW fRX73-IEXY ()

—[LWifRKz2d¢X Y|
[LWf RX723¢XYI¢]

The constituent terms involved here may be interpreted as fol-
lows:

“Wif”: the property of being written by Frege.
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“WefRX”: the relation that holds of three things iff”
the first is written by Frege and the second has read
the third.

“WifRX2”: the relation that holds of three things iff
the second is written by Frege and the first has read
the third.

“WifRX7”: the relation that holds of three things iff
the first is written by Frege and the second has been
read by the third.

“WifRX12237: the relation that holds of two things iff
the first is written by Frege and has been read by the
second.

“WifRX2252]7: the property of having read something
written by Frege.

“WifRX25]€”:  the property of not having read
something written by Frege.

“LWfRXz2J€X”:  the relation that holds between
a logician and anyone who has not read something
written by Frege.

“LWfRXzYJEXY”:  the property of being a logi-
cian and not having read something written by Frege.

"The conjunction “iff” should be read as shorthand for “if and only if”.
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“LWifRXzXJ€KT": the truth-value that there is a
logician who has not read something written by Frege.

“LWefRXiz2J€XYIE”: the truth-value that there is
no logician who has not read something written by
Frege.

These examples show how a formula in standard predicate cal-
culus can be transformed into the PFLIC notation. An algorithm
spelling out the general procedure in detail could be provided,
but will not be specified here.

4 Concluding remarks

PFLIC is a semantically more parsimonious language than or-
dinary predicate calculus. The variable-relative aspect of the
semantics is eliminated. As usual, the price we have to pay
for a step from a semantically richer language to a more par-
simonious one is a certain complication of expression in some
cases. At least, PFLIC represents a “way of thinking” that prob-
ably feels quite awkward to people used to ordinary predicate
calculus.

It is consequently obvious that the variable-based notation
has some advantages. Variables give us a kind of graphical
overview of logical structure. They indicate each “unfilled” ar-
gument position and show how they are connected (by being
filled with the same variable). It may be quite difficult, by
contrast, to keep track of the effects of the permutational in-
version operators (“2” and “7”) in PFLIC. It is consequently not
a good idea to try to convince the logic community to abandon
variables in favour of predicate functors. However, variables do
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complicate semantics, and in some contexts it may be a good
idea to replace them by other devices (cf. Dahlléf 1995).

The main point of this paper has been to introduce the
reader to predicate-functor logic and to convince him or her
that it is a calculus of great theoretical interest. By seeing that
and how predicate calculus can be given a “purer” but equally
powerful semantics when variables are expelled, we elucidate
what variables are good for. This is important, as the Fregean
use of variables in the analysis of language has had a profound
influence. Twentieth century linguistics and philosophy of lan-
guage would certainly have looked quite different if some early
modern logician had convinced the logic community that the
predicate-functor-based way of dealing with quantification is
the natural one.
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