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Forew ord
(to be lled in)

Intro duction

This standard proposal results from the agreemem betweenthe Text Encoding Initiativ e
Consortium and the ISO committee TC 37/SC 4 that a joint activity should take place to
revisethe two existing chapters on Feature Structures and Feature Structure Declaration in
the tei guidelines. This work should lead to both a thorough revision of the guidelinesand
the production of an ISO standard on Feature Structure Represetation and Declaration.

This standard is organized in two separate main parts. The rst part is dedicated
to the description of what feature structures are, providing an informal and yet explicit
outline of their basic characteristics, aswell asan xml -basedstructured way of represening
feature structures. This preliminary task is designedto lay a basisfor constructing an xml -
basedreferenceformat for exdhanging feature structures betweenapplications. The second
part aims at providing an implemertation standard for XML-based feature structures, rst
by formulating constraints on a set of features and a set of their appropriate values and
then by introducing a set of wellformednessconditions on feature structures for particular
applications, especially related to the goal of languageresourcemanagemen

1 Scope

Feature structures are an essetial part of many linguistic formalisms aswell asan underly-
ing medhanism for represetting the information consumedor producedby and for language
engineeringcomponerts. This international standard provides a format to represer, store
or exdchange feature structures in natural language applications, both for the purpose of
annotation or production of linguistic data. It also provides a computer format to describe
the constraints that bear on a set of features, feature values, feature speci cations and op-
erations on feature structures, thus o ering meansto ched the conformanceof ead feature
structure with regardsto a referencespeci cation.

2 Normativ e References

| To be checked by LR

ISO/IEC 639, Information technology { ISO 639: 1988, Code for the represenation of
namesof languages.

ISO 639-2: 1998, Code for the represettation of namesand languages{ part 2: Alpha-3
code.

ISO/IEC 646: 1991, Information technology{ ISO 7-bit coded character setfor information
interchange.



ISO 3166-1:1997,Code for the represenation of namesof courtries and their subdivisions
{ Part 1. Country codes

ISO 8601: 1988, Data elemeris and interchangeformats - Information interchange{ Rep-
reseriation of datesand times.

ISO 8879: 1986 (SGML) asextendedby TC2 (ISO/IEC JTC 1/SC 34 N 029: 1998-12-06)
to allow for XML.

ISO/IEC 10646-1: 2000, Information technology - Universal Multiple-Octet Coded Char-
acter Set (UCS) { Part 1. Architecture and basic multilingual plane.

ISO 12620,Computer applications in terminology { Data categories.

Erja vec: Lou complains that the TEI is not in the bibliography. But
shouldn't it actually be in this section, as the normative part frequently
refers to it?

Also, whyis [ISO 3166 (names of countries) needed?

3 Terms and De nitions

KA TS: The current list of terms listed here is restricted to those in
Section 4. It should be augmented with key terms in other sections,
especially  Section 5.

3.1 atomic value

In a feature structure, the value of ead feature is either atomic or complex. An atomic
value is someprimitiv e type of object without internal structure. Seecomplex value.

3.2 attribute-v alue matrix

avm
a very common notation in a matrix form which represens a feature structure consisting
of pairs of an attribute, namely feature, and its value

Note: The acronym avm stands for \A ttribute-V alue Matrix" where ead row represerts a
pair of a feature and its value, separatedby a colon (), space( ) or the equality sign (=).

3.3 boxed integer

integer in a box like[1] which is usedfor marking structure sharing in an avm
Note: The index neednot be an integer, but can be any alpha-numeric symbol that can be
usedas a corefererial index.



3.4 compatibilit vy

Two feature structures are compatible if and only if none of the featuresthat they havein
common has a con icting value. On the other hand, two incompatible feature structures
contain at least oneidentical feature which hasa con icting value.

3.5 complex value

The value of a feature in a feature structure canbe complex. The complexvalue is normally
afeature structure, thus making a feature structure cortain another feature structure within
itself in a recursive manner. It can, however, be a list, a set or a bag for someextensions.

3.6 directed acyclic graph

dag

graph on which eat node, except for the terminal ones,points to other nodesor at least
one other node, but it disallows any path or any of its segmets that points to itself

Note: A feature structure is often represerted by a dag.

3.7 empty path, the

path corresponding to the root node of a graph which represens the empty feature structure
without any feature speci cation

Note: It is represetted as a single dot, possibly labelled with the name of a type, on a
graph. It may alsoberepresened as[ ]Jor[ ] labelledwith the nameof atype in the
avm notation.

3.8 feature

attribute or property of an object being described
Note: By taking an appropriate value for the described object, it constitutes part of a
feature structure.

3.9 feature specication

assignmen of a particular value to a feature in a feature structure

3.10 feature structure

a set of feature speci cations which carry partial information about some object being
described by assigninga value to ead of its features

Note: The feature structure is de ned in set-theoretic terms as a partial function from
featuresto values.

3.11 identit y element

The empty feature structure is an identity elemen of the operation called uni ¢ ation on
feature structures, sinceit yields the identical result when unied with any other feature
structure just as the number 0 is an identity elemert for the algebraic operation called
addition on natural numbers.



3.12 graph notation

A single-rooted, labelled and directed graph is often usedto represent a feature structure.
Each graph represerning a feature structure starts with a particular single node called the
root. From the root, more than one arcs, ead of which is labelled with the name of a
feature, may branch out to other nodes. Thesenodes may ead terminate with an atomic
value or someof them may again branch out to other nodes. For a typed feature structure,
ead node including the root is labelled with the name of a type.

3.13 multiple inheritance
3.14 path

sequenceof feature nameswhich label ead of the arcsin a descendingorder from the root
on the graph notation
The notion of path can also be extendedin the samemanner to other notations.

3.15 reentrancy

structure sharing in a feature structure

It may be represenied in the graph notation astwo or more paths pointing to the same
node. Thesepaths are then called equivalent, having the samevalue. As a result, thesetwo
or more paths leading to that intersecting node share their values. In the avm notation,
reertrancy is corventionally marked by a boxed integer or alphabetic symbol like |3] by
tagging it to the left of the feature structure or the type name of that node and also at
the place of the value being shared by the other paths without copying the sharedfeature
structure or feature value. Seeshared value.

3.16 root, the

topmost node on a graph or an (upside-down) tree that has no ancestors

3.17 shared value

feature value sharedby two or more featuresin a feature structure

In graph notation, a node to which two or more paths merge represens the value shared
by the paths. In matrix notation, the shared value is represened by an identical boxed
alpha-numeric index. Seereentrancy .

3.18 subsumption

are exiv e, symmetric and transitiv e relation betweentwo feature structures

A feature structure A is said to subsumea feature structure B, formally represerted asA v
B, if A is not more informativ e than B, or A contains a subsetof the feature speci cations
in B.

3.19 type

Elemens of any domain can be sorted into some classesin a structured way, basedon
similarities of properties. Theseclassesare called \t ypes".
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Note: In linguistics, for instance, classnameslik e phrase word, pos (parts of speed), noun,
and verb are often taken astypes.

3.20 typed feature structure

feature structure that is labelled by the name of a type
In the graph notation, ead node on a graph is labelled with the name of a type.

3.21 type inheritance hierarc hy

Typesare orderedin somehierarchical order sothat objects of a lower type inherit proper-
ties of their super-types. In linguistics, thesehierarchiesare often usedto organizelinguistic
descriptions, especially lexical information.

3.22 unication

a binary operation on feature structures that combine two compatible feature structures
into one represetting exactly all the information contained in the feature structures being
uni ed

4 General Characteristics of Feature Structure

4.1 Overview

A feature structure is a general-purposedata structure that identi es and groups together
individual featuresby assigninga particular valueto ead of them. Becauseof the generality
of feature structures, they can be usedto represen many dierent kinds of information.
Interrelations amongvarious piecesof information and their instantiation in markup provide
a metalanguagefor represening linguistic content analysis and interpretation. Moreover,
this instantiation allows a speci cation of a set of features with valuesto be of specic
types and also a set of restrictions to be placed on the values for particular features, by
means of feature system declarations, which are properly discussedin the secondpart of
this standard. Sud restrictions provide the basis for at least partial validation of the
feature-structure encadings that are used?

4.2 Use of Feature Structures

Feature structures may be understood as providing partial information about someobject
which is described by specifying valuesof someof its features. Supposewe are describing a
female employee named Sandy Joneswho is 30 yearsold. We can then talk about at least
that person'ssex,nameand agein a succinct manner by assigninga value to ead of these
three features of hers. These piecesof information can be put into a simple set notation,
asin:

(1) About an employee
f<sex, female>, <name, Sandy Jones>, <age, 30>¢g

!Seeillustration examplesin non-normative Annex A.



The use of feature structures can easily be extended to linguistic descriptions, too.
The phoneme/p/ in English, for instance, can be analyzed as a complex of its distinctiv e
features. It can be partially described asa consonaral, anterior, voiceless,non-cortinuant
or stop sound segmen. By introducing the boolean values plus(+) and minus(-), these
features can then be listed as a set consisting of pairs of a feature and its value:

(2) Distinctiv e features of the sound segmem /p/
f<consonant al , + >, <anterior , + >, <voiced, - >, <continuant ,->g

As aresult, it can be distinguished from other phonemesexactly in what aspect they are
dierent from ead other. It diers from the phoneme/b/ in voicing , while it diers
from the phoneme/k/ in their articulatory positions: oneis articulated at the anterior |,
namely lips of the mouth and the other at the non-arterior part, namely bad of the oral
cavity.

This feature analysis can be extendedto the description of other linguistic ertities or
structures. Consider the verb like “love'. Its features can be divided into syntactic and
semartic properties: asa transitiv e verb, it takesan object aswell asa subject asits argu-
ments, expressingthe semariic relation of loving betweentwo personsor animate beings.
The exact represenation of these feature speci cations requires a detailed elaboration of
what feature structures are. For now, we can roughly represen thesegrammatical features
in a setformat like the following:

(3) Grammatical features of the verb “love'
f<pos, verb>, <valence , transitive>, <semantic _rela tion , loving>g

Sinceits rst extensive usein generative phonology in mid-60's, a feature structure has
becomean essetial tool not only for phonology, but also for doing syntax and semartics
as well as building lexicons, especially related to computational work. Feature structures
are used to describe and model linguistic ertities and phenomenaby analyzing them as
complexesof their properties. For this purpose,it is considerednecessaryto specify some
of the formal properties of feature structures and ways of represetting them in a systematic
manner.

4.3 Basic Concepts

Feature structures may be viewed in a variety of ways. The most common and perhapsthe
most intuitiv e way is to view them in one of the following ways:

(i) setsof feature speci ¢ ations that consist of pairs of features and their values

(ii) lakelled directed graphswith a single root where ead arc is labelled with the name
of a feature and directed to its value.

In set-theoretic terms, a feature structure F S canthus be de ned asa partial function
from a set Feat of featuresto a set FeatV al of values, where FeatV al consistsof a set
AtomV al of atomic valuesand a set FS of feature structures.
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(4) Feature structure asa set or partial function

FS f<Fj;v; > |F; 2 Feat;v; 2 FeatV alg
or

FS:Feat ! FeatVal,

where FeatV al = AtomV al [ FS.

In a feature structure, feature values are either atomic or complex. Atomic values are
linguistic ertities without internal structure, while complex values are themseles feature
structures.

Here is a linguistic example. The part of speet feature, abbreviated as pos, takesthe
name of an atomic category like verb as value. The agreemen feature agr in English, on
the other hand, takesa complex value in the form of a feature structure wherethe features
person and number are appropriately specied. The word ‘love', for instance, is here
analyzed as having the value of its pos feature speci ed as verb and the value of its agr
feature speci ed by a feature structure consisting of two feature speci cations: onespeci es
the value of person with 3rd and the other, the value of number with singular.

4.4 Notations

As has beenshawn, a feature structure doesnot simply list feature speci cations. It can
recursively embed another feature structure into itself becausesome of the features take
featur structures asvalues. Hence,to represett thesecomplexfeature structures in a manner
easyto understand, clear and exact notations are necessary

Just asthe notion of feature structures may be conceived in di erent ways, there are
a few dierent ways of represening them. Here are the three notations that are most
commonly used: a graph, a matrix and an xml -basednotation. Graphs are for mathemat-
ical discourses,matrices for linguistic descriptions, and xml notations for computational
implementation.

4.4.1 Graph Notation

For conceptual coherenceand mathematical elegance,feature structures are often repre-
serted as labelled directed graphs with a single root.?

Each graph starts with a single particular node called the root. From this root, any
number of arcs may branch out to other nodes and then someof them may terminate or
extend to other nodes. The extensionof directed arcs must, however, stop at someterminal
nodes. On such a graph which is represering a feature structure, ead arc is labelled with
a feature name and its directed node, labelled with its value

Hereis a very simple examplefor a directed graph represeting a feature structure.

(5) Feature structure in graph notation

2This graph can be either (1) acyclic, thus allowing the acronym dag for feature structures or (2)cyclic
for handling caseslike the Liar's paradox.
dags are of course by de nition not cyclical. And feature structures are usually represerted as dags;
but there have been some suggestionsthat cyclical feature structures should be intro duced to model some
linguistic phenomena.

11



fea ture value;

value,

fea ture values;
{re;z:valueu
In this graph, the two featuresfea ture ; andfeature , are atomic-valued, taking value;
and value, on the terminal nodes respectively as their value. The feature feature 3 is,
however, complex-valued, for it takes as its value the feature structure which is repre-
sented by the two arcs feature 3; and feature 3 with their respective values, values;
and values,.

A graph may just consist of the root node only, that is, without any branching arcs.
Sud a graph represens the empty feature structure.

From the root, more than one arcs may branch out and ead of them forms a sequence
of feature namesof length 1. Here, ead sequenceconsistsof a single feature name. Some
of theselabelled arcs originating from the root may again stretch out to another node and
then from this node to another, forming an inde nitely long sequenceof feature names.
Such a sequenceof feature names, labelling the arcs from the unique root node to ead of
the terminal nodeson a graph, is called path. For example, there are four paths in (5):

feature 1, feature », feature sz.feature 3; and feature s.feature 3.
Here is a linguistically more relevant example.

(6) Linguistic examplein graph notation
“love’
ort

pOS verb

Synt ax

valenc transitive

This graph consists of three paths: orth , synt ax.pos, and synt ax.valence . The
path consisting of a single feature nameor th is directed to the terminal node “love’, which
is an atomic value. The path synt ax.pos terminates with the atomic value verb and the
path synt ax.valence with the atomic value transitive. The non-terminal feature synt ax
takesa complexvalue, namely a feature structure consistingof the two feature speci cations,
<pos, verb> and <valence , transitive>.

4.4.2 Matrix Notation

Despite its mathematical elegance,graphs causeproblems of typesetting and readability
when they get complex. To remedy some of these problems, feature structures are more
often depicted in a matrix notation called attribute-value matrix, or simply avm.2

3The term ‘feature' is sometimes called attribute .

12



(7) Matrix notation

2
feature 1 value;

fea ture , value,
2 3
fea ture 31 values;

fea ture 3> valuesy
feature 3

feature 3k valuesy

fea ture , value,

Each row in the squarebracket with afea ture namefollowedby its valuenamerepreserits a
feature speci cation in afeature structure.* Feature valuescan be either atomic or complex.
Each row with an atomic value terminates at that value. But if the value is complex, then
that row leadsto another feature structure, asin the caseof fea ture 3 above.

The notion of path is also important in the avm notation for its applications that will
be discussedpresertly. A path in an avm is a sequenceof feature names, as is the case
with feature structure graphs. If an avm has no row and thus no occurrencesof features,
being represerted as| ], such an avm represerts the empty feature structure and only has
the empty path of length 0. But if an avm has at least one row consisting of a feature
name and its value, then there is a path of length 1 corresponding to ead occurrenceof a
feature namein ead row. Given a path of length i, if the last member of that path takes
a nonempty feature structure asvalue, then that path forms a new path of length i + 1 by
taking ead one of the featuresin that feature structure asits member.

For illustration, considerthe following avm which represerns exactly the samefeature
structure asis represenied by the graph notation (6).

(8) Example of an avm notation

2 . 3
orth “love'
pos verb #é

synt ax .
valence transitive

This avm hasthree paths: or th , synt ax.pos and synt ax.valence . Note that the third
path starts with synt ax, although it doesnot occur in the third row.

443 XML-based Notation

Represeting feature structures in xml notation is possible and rather straightforward,
although a fuller implementation might involve various problems and possibilities. For
example, the feature structure in the following shows a way to represen the samefeature
structure givenin (6) and (8) in the above.

(9) Feature structure in xml notation

4A colon, an equality sign or a little empty spaceseparatesa feature from its value on eac row of an
avm.

13



<fs>
<f name="orth"><str>love</str></f>
<f name="syntax">
<fs>
<f name="pos"><symvalue="verb"/></f>
<f name="valence"><sym value="transitive"/></f>
</fs>
<[f>
</fs>

The feature structure in xml notation is surroundedin <fs> tags, and ead of its fea-
tures with <f> tags. Note that despitethe apparernt di erence betweenthe represertations
(6), (8) and (9), the information contained in ead structure corresponds quite systemati-
cally with that in other structures. For example,arc labelsin graph notation like or th and
synt ax are now represened by <f> tags with appropriate names. A detailed discussion
including ways to simplify the represenation in (9) will be provided in Section5.

4.5 Structure Sharing

The graphic notation can clearly represen structure sharingalsocalledreentrancy. Consider
the following:

(10) Merging paths in graph notation
determiner

‘an
number — singular

“apple’

noun

Here, the two specifier.a gr and head.a gr paths mergeon the node number , indicating
that they shareone and the samefeature structure astheir value.
Sud structure sharing can also be represerted in an avm.

(11) 2Structure sgaring in avm notation

pos determiner
specifier Eo”h an’ é
agr number singular

2 3
pos noun

head gor th ‘apple‘é
agr

The two occurrencesof the identical boxed integer, namely [1], in the above represen-
tation show that those two occurrencesof the feature agr sharethe samevalue, namely
singular, for the feature number .

14



The xml -basednotation can also handle such sharing or reertrancy by introducing a
global attribute n on elemer f.

(12) Structure sharing in xml notation

<fs>
<f name="specifier">
<fs>
<f name="agr' n="@1">
<fs>
<f name="number"><synmvalue="singular"/></f>
</fs>
<[f>
<f name="pos"><symvalue="determiner"/></f>
</fs>
</f>
<f name="head">
<fs>
<f name="agr' n="@1"/>
<f name="pos"><symvalue="noun"/></f>
</fs>
<[f>
</fs>

Reertrancy is symmetric and there is no distinguished represeniativ e amongthe di eren t
occurrencesof a sharednode. In particular, this implies that a value may be attached to
all occurrencesof a sharedlabel:

(13) Specifying sharedvalues

<fs>
<f name="specifier">
<fs>
<f name="agr' n="@1">
<fs>
<f name="number"><synvalue="singular"/></f>
<[/fs>
</f>
<f name="pos"><symvalue="determiner"/></f>
<[/fs>
</f>
<f name="head">
<fs>
<f name="agr' n="@1">
<fs>
<f name="number"><symvalue="singular"/></f>
</fs>
</f>

<f name="pos"><symvalue="noun"/></f>

15



<[fs>
<[f>
<[fs>

Related to structure sharing are at least the following two issues:underspeci ed values
and cyclic feature structures.

45.1 Sharing Undersp ecied Values

Two nodesof a feature structure may be shared, even if their value is underspeci ed:

(24) 2Sharing of underspeci ed values

agr

pos determiner

specifier
" #

agr
pos noun

head

In that case,aswill be discussedin Seciton5 more in detail, the elemen any may be
usedto denote underspeci ed valuesfor a feature for xml notation:

(15) Useof the elemeri any for underspeci ed values

<fs>
<f name="specifier">
<fs>
<f name="agr' n="@1"><any/></f>
<f name="pos"><symvalue="determiner"/></f>
<[/fs>
</f>
<f name="head">
<fs>
<f name="agr' n="@1"/>
<f name="pos"><symvalue="noun"/></f>
</fs>
</f>
</fs>

The atomic value any can be literally any value and its dual is none.®

45.2 Cyclic Feature Structures

The current proposal doesnot forbid the represettation of cyclic feature structures, even if
not handled by most FS implementations.
The most straightforward caseis provided by direct embedding:

5SeeShieber (1986: 43-44) for a fuller discussion.
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(16) Direct embeddingin avm

TR

a
(17) Direct embeddingin avm
h i
A B

(18) Direct embeddingin xml

<f name="a" n="@1">
<fs>
<f name="b" n="@1"/>
</fs>
</f>

However, a cycle may be indirect as follows:
(19) Indirect cyclein avm
2 h i3

gA hB ig

C[2 D[

(20) Indirect cyclein xml

<fs>
<f name="a" n="@1">
<fs>
<f name="b" n="@2"/>
</fs>
</f>
<f name="c¢" n="@2">
<fs>
<f name="d" n="@1"/>
</fs>
</f>
</fs>

These equivalent examplesshow that the two structures tagged by |1| and |2 ]| share their
valueswith ead other in cycle.

4.6 Multi-v alued Features

In feature-basedgrammar formalisms, such ashpsg and If g, multi-v alued featuresare very
common. Somefeaturestake list valuesand others set or multiset values® All the elemers
in a list are ordered, while there is no such ordering in a set or multiset. In this sense,
multisets are still sets. Nevertheless, multisets di er from ordinary setsin that multisets

5The term “multiset', with its notation f. .g or fgm, is often called “bag'.
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allow the occurrenceof identical elemers in them aslists do. The multiset f. a, a .g, for
instance, is not the sameasf. a .g, but the ordinary setsfa, ag and fag are the same
becauseof the principle of extensionality.

46.1 List-v alued Features

Perhapsthe most famous example of a list-valued feature is the subcat feature in hpsg.
It is usedto describe the kind of a grammatical subject and objects that a verb expects
(\sub categorizesfor"). For example,to represen that the English verb form “gives' asused
in structures like “John givesMary a kiss' expects a nominative noun phraseasthe subject,
an accusative noun phrase as its indirect object, and another accusative noun phrase as
the direct object, and expectstheseelemers in this order, the feature subcat is giventhe
value:

(21) subcat asa list-valued feature

D E
subcat np[nom], np[acd, np[acd

Here, eat of the nps may carry a label in the form of a boxed integer to indicate structure
sharing with the argumerts of a predicate that expresseshe semariics of the verb, asshawvn
in gure NN.

In a more recert version of hpsg, the feature subcat is replaced by a new name,
valence , that takesasits value a feature structure which consistsof two list-valued features
specifier and comps, complemens.’” They are then linked to another list-valued feature
ar g-str , argumert structure. Hereis an example:

(22) List-valued features

2 3
or th ‘gives'
3

D =
synax § specifier np[3sing]
valence § D E %
comps np, B np

D E
ar g-str [, [2],
2

os verb
P 2

D B
rela tion act, giving
giver

recipient

given

semantics

The order of complemerts is crucial in English. The indirect object of a ditransitiv e
verb like "give' or "buy' precedesthe direct object, asin "John bought Mary a doll'. Hence,
the value of the feature comps must be preseried asa list where ead of its membersforms
an ordered sequence.

"The feature spec is treated as a list-valued feature becausethe feature ar g-str is treated as the
concatenation of the two list values of specifer and comps.
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Note that a list as a feature value may consist of either atomic or complex values, as
shown below.

(23) List asa feature value

2
F<a b>

g i %

GAaBb

Here, the feature F takesa list of two atomic objects asits value, whereasthe feature

G takesa list of two feature structures asits value.
List valuescan also be represerted recursively as shovn below:

(24) Recursive represenation

2 5 3 3
first a
first b #2
est
rest null
2 i 3
first
Gg h i3§
flrst Bb 5
rest null

According to this represeration, lists asfeature valuesmust be viewed assimply serving
as a shorthand notation for represering recursively built complex feature structures.®

4.6.2 Set-valued Features

Somegrammatical featuresmay take setsastheir values. In free or semi-freeorder languages
like Japanese Korean or even German, for instance, the subject and the verbal complemeris
in a sertencehave no xed order.? Hence,for theselanguagesthe feature comps aswell as
the feature ar g-str may betreated astaking a set, not a list of complemerts or argumerts
asits value. For the German equivalent of “gives', the verb form “gibt', we would have the

following:

(25) et-valued features 3
or th “gibt'
2 3
pos verb
2 D E 3

synt ax E specifier np[nom]
valence § D

comps np[dat], 8] np[acd
n )

ar g-str  [1, 2],

8SeeShieber (1986: 29-30) for the recursive de nition of list.
®There have been some controversies among practicing linguists concerning the validity of preserting
semi-free or free word order as supporting evidencefor the intro duction of sets as feature values.
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The proper description of relative clauseslike "who runs' may require a multi-v alued
feature restriction that provides a set of restrictions on someindividual parameter

(26) Setvalue for the feature restriction

2 3
parameter
restriction rela tion <property, human> rela tion <activity, running> ~
inst ance " runner ;

Here, the set value for the feature restriction contains two feature structures as its
members10

4.6.3 Multiset-v alued Features

Someset-valued features are known to take a particular sort of set called multiset or bag
astheir value. The set-valued feature slash in hpsg, for instance, is usedfor dealing with
wh-movemert and other extraction-lik e phenomena,wherethe valuesof slash contains the
(properties of the) extracted gapsand thesegapscan at times be identical.

For illustration, consideran example of so-called ller-gap constructions.!t

(27) Filler-gap construction
f This busgy, | don't think fPalo Alto g, is very easyto getto t, onty?

It has beenclaimed that the gapsor tracest; and t, in this example require the feature
speci cation like [slash f. np, np .g].
Here is a more corvincing example?

(28) Coreferenial pronouns
John;=» is anidiot. But he; thinks he, is smart.

The two occurrencesof the pronouns above should be corefererial. So to be able to
capture this coreferetialit y, a multiset like the following must be set up for somefeature
speci cation.

(29) Coieferertial mult?gt 3
f. pos pronoun pos pronoun _ .g
person 3rd %gperson 3rd
number sing 5§ 2Anumber sing
gender masc gender masc

4.7 Typed Feature Structure

In many of the recert grammar formalisms, typed feature structure has becomethe main
tool for their linguistic descriptions and implementation.

01n Pollard and Sag(1994), so-called nonlocal features like que stion, rel ative and slash are treated as
taking setvaluesfor analyzing so-called ller-gap or unbounded dependency constructions. The feature que
takes as value a set of non-pronominals, the feature rel a set of referential indices, and the feature slash
a set of local structures.

" Taken from Pollard and Moshier (1990: 291).

12 Again, taken from Pollard and Moshier (1990: 294).
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47.1 Types

Elemens of any domain can be sorted into some classescalled typesin a structured way,
based on commonalities of their properties. Linguistic ertities, for instance, like phrase
word, pos (parts of speed), noun, and verb are treated as features in non-typed feature
structure. But in typed feature structure they are rather taken astypes.

By typing, ead feature structure is assigneda particular type. Each feature speci cation
with a particular value is then constrained by this typing. A feature structure of the type
noun, for instance, would not allow a feature like tense in it or a speci cation of its feature
case with a value of the type feminine.'®

4.7.2 De nition

The extension of non-typed feature structure to typed feature structure is very simple in
a set-theoretic framework. The main di erence betweenthem is the assignmen of types
to feature structures. A formal de nition of typed feature structure can thus be given as
follows:1#

(30) Formal de nition of typed feature structure

Givena nite setof Features and a nite setof Typ es, a typed feature structure
isatuple TFS = < Nodes;r; ; > suc that

i. Nodesisa nite setof nodes.

ii. risaunique member of No des called the root.

iii. is a total function that maps No des to Typ es.

iv. is a partial function from Features No des into No des.

First, eat of the No des must be rooted at or connectedbadk to the root r. Secondly
there must one and only oneroot for ead feature structure. Thirdly , eat of the No des,
including the root r node and terminal nodes,must be assigneda type by the typing function

. Finally, ead of the Features labelling ead of No des is assigneda unique value by the
feature value function 1%

4.7.3 Notations

The typing of feature structures can easily be treated in our notations. A graph for atyped
feature structure will have the following form:

3Note that atomic feature values are considered types too.

1 glightly modied from Carpenter (1992: 36).

5The unique-value restriction on features doesnot exclude multi-v aluesor alternativ e valuesbecauseeven
in these casesead feature ultimately takesa single value which may be considered complex in structure.
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(31) Typed feature structure in graph
fea ture value;

values

fea ture values;
type3o<:
fea ture 33— values;
The only di erence betweenthe typed graph (31) and the non-typed graph (31) is that

ead of the two nodeshas beenassigneda type: oneis of type0 and the other of type30Q.
Corresponding to the non-typed avm (8), hereis a typed avm:

fea ture

(32) 2Typed feature structure in avng
word

or th ‘que'
verb

synt ax .
valence transitive

Here, the ertire avm is assignedthe type word, whereasthe inner avm is assignedthe type
verb. Unlike the non-typed (8), this typed avm carries an additonal piece of information
tells that the featuresor th and synt ax are of the type word and the feature valence of
the type verh.

The sametype of information can be encaded in an xml notation, as below:

(33) Typed feature structure in xml notation

<fs type="word">
<f name="orth"><str>love</str></f>
<f name="syntax">
<fs type="verb">
<f name="valence"><sym value="transitive"/></f>
</fs>
</f>
</fs>

Note herethat the line <f name=\p 0s">< sym value=\v erb"/ >< /f > in the embedded
feature structure <fs> hasbeenreplacedby typing that <fs> asin <fstype=\v erb">.

The use of type may also increasethe expressive power of a graph notation. On the
typed graph notation, for instance, multi- valuescan be represetted as terminating nodes
branching out of the node labelled with the type set, multiset or list. This node in turn is
a terminating node of the arc labelled with a multit-v alued feature, say slash . Each arc
branching out of the multi-v alued node, say set, is then labelled with a feature appropriate
to the type.

(834) Set-valued feature slash in graph notation
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np
slash_, get er;
member

np

The features like member; and member, here should be consideredappropriate for the
type set

4.8 Type Inheritance Hierarc hies

Typesorganizefeature structures into natural classesand perform the samerole asconcepts
in terminological knowledgerepresetation systemsor abstract data-typesin object oriented
programming languages. It is therefore natural to think of typesas being organizedinto
an inheritance hierarchy basedon their generality.

The type inheritance hierarchy is de ned by assuminga nite set bf Type of types,
orderedaccordingto their speci city, wheretype is more specic than type if inherits
all properties and characteristics from . In this case subsumesor is more geneal than

.for ; 2Type; v .If v ,then isalsosaidto bea supertypeof , or, inversely
is a subtype of

The standard approacd in knowledge represenation systems, which is adopted in the
de nition of type hierarchies, has beento de ne a nite number of isa arcs which link
subtypesto supertypes. The full subsumption relation is then de ned asthe transitive and
re exive closure of the relation determined by the isa links. A standard restriction on the
isa links is that they must not be cyclic, i.e. it should not be possibleto follow the links
from a type bad to itself. This restriction makesthe subsumption relation a partial order.

4.8.1 De nition

An inheritance hierarchy is then formally de ned as follows:

(35) De nition of inheritance hierarchy
Given a nite set Typ e of typesand the subsumption relation v over Type, an
inheritance hierarchy is a nite bounded complete partial order<Type, v >.

This de nition simply says that a type hierarchy forms a tree-like nite structure. It must
have the following properties:

(36) Properties of type hierarchy
Unique top: It must beasinglehierarchy containing all the typeswith a unique
top type.
No cycle: It must have no cycles.

Unigue greatest lower bounds: Any twocompatibletypesmust haveaunique
highest common descendan or subtype called greatest lower bound.® Incom-
patible typesshareno common descendats or subtypes.

161f the most general type is depicted not as the top, but asthe bottom such that the hierarchical tree
branches out upward like a real tree with the root at the bottom, then this property must be restated as:
Any two compatible types must have a unique least upper bound.
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Here is an example of a type hierarchy depicting a part of the natural world:

(37) Type hierarchy for someanimals

top
/\
plant animal
I \
fish  bird mammal
/| \
canine humanbovine

Here, while the typeshuman and canine are not compatible, the typesanimal and human
are compatible and thus must have a unique greatestlower bound. Being in the hierarchical
relation, the type human becomesthat lower bound in a trivial manner.

A linguistically more relevant example can be given as below: 17

(88) Lingusitic examplefor type hierarchy

feature-structure

/ \
sign pos
[\ \
I ]\ \
/A \
adj agr-pos conj prep
A

det noun verb

Here the type feature-structure is treated asthe unique top type. The typesdet, noun and
verbare treated as subtypesof the type agr-pos, sincethey are governedby agreemen rules
in English.1®

4.8.2 Multiple Inheritance

Unlik e phrasetrees, type hierarchiesallow common parents or supertypes. Considera naive
mediewal picture of entities as depicted as below:

(39) Medieval hierarchy of entities
entity

/ \
inanimate  animate

I\
animal spiritual
/\ |

/ \ rational

" Taken modied from Sag, Wasav and Bender (2003: 61).
81n a language like French or Latin, the type adj should be also be treated as a subtype of agr-pos.
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canine \ / \
humanangel

Subtypesinherit all the properties from their supertypes. The type human, for instance,
inherits all the properties of its supertypes, both animal and rational, spiritual, animate
and the top type entity. Note that it hastwo immediate supertypesor parents, thus being
entitled for so-calledmultiple inheritance. A human thus is a spiritual and rational animal
animate being.

Linguistic signsmay also allow multiple inheritance like the following.®.

(40) Multiple inheritance

sign
[\
expression  lex-sign
T U

phrase word lexeme

Here, the type word inherits all the properties from both of its immediate supertypes ex-
pressionand lex-sign Hence,a word is a lexical expression.

4.8.3 Type Constrain ts

In the feature structures discussedso far there is no notion of type constraints or simply
typing: although the nodesin a feature structure graph were labelled with types,arbitrary
labellings with type symbols and features were permissible. What is missing is appropri-
atenessconditions which model the distinction betweenfeatureswhich are not appropriate
for a given type and those whosevaluesare simply unknown.

The extensionto feature typing is bound to the type hierarchy: for eadt feature there
must be a leasttype wherethe feature is intro ducedand the type of the value for the feature
is speci ed. Furthermore, if a feature is appropriate for a type, then it is appropriate for
all of its subtypes.

Consider featureslike case and aux for English. The feature case may be appropriate
for the type noun, while it may not be so for the type verb. Likewise,the feature aux is
appropriate for the type verb, but not for the type nominal. Hence, ead type is closely
assaiated with a set of appropriate features.

The valuesof eat feature are again restricted astypes. The appropriate or permissible
values of the feature case are nom, dat, acc etc., but cannot be boolean values, namely
+ and -. On the other hand, the appropriate values of the feature aux are only boolean
values.

Consider the following type hierarchy for agreemett: 2°

(41) Agreemert type hierarchy

feature-structure

agr-cat

19SeeSag, Wasav and Bender (2003: 470-475)
2 copied from the type hierarchy preserted in Sag, Wasown and Bender (2003: 492).
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[PERSON
NUMBER]
/\
3sing non-3sing
[GENDER] / \
1sing non-1sing
[\
2sing plural

Here, the type agr-cat and its left daughter 3sing are annotated with a set of appropriate
features f person ,number g and f gender gfor their respectivetype. By suc an annotated
hierarchy, the construction of well-formed feature structures is strictly constrained. In
constructing feature structures, the type agr-cat licensesthe speci cation of the features
person and number only, while the type 3sing allows the speci cation of the feature
gender as well as those two inhertied features person and number from its supertype
agr-cat.

Furthermore, ead feature is assigneda particular set called library of feature values.
The following would be an example:

(42) Feature value library

features admissible values
person f 1st, 2nd, 3rdg
number f singular, pluralg
gender | ffeminine, masculine, neuterg

These two working together lay a basisfor deciding on well-formed feature structures
For example, the following would not be a well-formed feature structure:

(43) 2III-formed featurg structure
agr-cat
gperson 3rd Z
tense singular

The feature tense is not appropriate for the type agr-cat nor the value singular can be
admissible for the feature tense . Thus, the feature structure above is declared to be
ill-formed.

On the other hand, the following is a well-formed feature structure:
(44) QNeII-formed featurse structure

1sing
person 1lst é
number singular

Being a subtype of agr-cat, the type 1sing inherits two of its appropriate features. These
two features are then assignedadmissible values.
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4.9 Subsumption: Relation on Feature Structures

The primary goalin constructing feature structures is thus to capture and represen partial
information. No feature structure is expectedto represet the total information describing
all possibleworlds or states of a airs. It may be of greater interest and value to focus on
particular aspects of interesting situations and capture various sorts of related information.
The relation of subsumptionon feature structures is thus intro ducedto be ableto tell which
feature structure carries more information than the others.

Somefeature structures carry lessinformation than others. The extreme case,perhaps
the most uninteresting case,is the empty feature structure [ ] sometimescalled variable
that carries no information at all. For more interesting cases,consider the following two
feature structures:

" #
(45) a. word
orth “loves'
2 3
b. word
or th" “loves'
verb
form nite

The feature structure (a) says that the word is a string consisting of 5 alphabets spelled
as 'l-o-v-e-s'and that's all. But the feature structure (b) says more than that by providing
the additional information that it is a nite verb. Hence,(a) is said to be lessinformativ e
than (b).

To describe such arelation amongsomefeature structures, atechnical term is introduced
that is called subsumption In the above case,(a) is said to subsume(b).

49.1 De nition

Intuitiv ely speaking, a feature structure A subsumesa feature structure B if A is not

more informativ e than B, thus subsumingall feature structures that are at least equally

informativ e asitself. Sinceit carriesno information, the empty feature structure [ ] subsumes
not only the feature structures (a) and (b), but also any other feature structures including

itself. More strictly speaking, the subsumption relation is a partial ordering over feature

structures and is de ned as follows:?

(46) De nition of Subsumption
Given two typed feature structures, FS1 and FS,, FS; is said to subsumeF S,,
written asA v B if and only if the following conditions hold:

A. Path values Every path P which exists in FS; with a value of type t also
existsin F S, with a value which is either t or its subtype.

B. Path equivalences Every two paths which are sharedin FS; are alsosharedin
FS,.

ZlCarpenter (1992: 43) claims that the subsumption relation is a pre-ordering on the collection of feature
structures. It is transitiv e and re exiv e, but not anti-symmetric becauseit is possibleto have two distinct
feature structures that mutually subsumeead other. But these are alphabetic variants.
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C. Type ordering Every type assignedby FS; to a path subsumesthe type as-
signedto the samepath in FS, in the type ordering.

Each of the three conditions A, B, and C can be illustrated as below:

49.2 Condition A on Path Values

(47) Eﬁ(ample satisfying Conditign A,
verb v verb2
§ agr-cat agr-cat
agr .
number singular agr 9person 3rd é
number singular

3

A

tense presert
B p

There is only one path in A: <agr .number >. This path existsin B and their values
are the same?? Hence, Condition A is satis ed. Condition B is inapplicable here, since
there is no structure sharingin either of the two feature structures. Condition C is satis ed

becauseevery type assignedby A to a path is identical with the type assignedto the same
path in B. Hence,A subsumesB.

49.3 Condition B on Structure Sharing

(48) Cgsesatisfying Conditon B 3
syn-cat %
y 2 3
val-cat
valence gspecifier <[ NP >Z
comps < >
ar g-str <[1]>
A g

2 3
syn-aat

or th "‘walks'

verb

head .
fo;m nite

3
val-cat

valence gspecifier <[ NP >Z
comps < >

g & g-str <[>

This examplelooks a bit complicated. But one can easily ched that the structure sharing
tagged by [1]in A alsoexistsin B and the other two conditions are also satis ed. Hence,
this subsumption relation holds here.

Consider the following pair of examplesrelated to the structure sharing condition:

2The indices A and B are tagged to the features structures for our presert discussionsonly.
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(49) Another caseinvolving structure sharing

2 3
word
2 3
syn-aat
2 3
noun
d g agr-cat #é
agr
syn person 3rd
2 3
val-cat
" #
valence § - noun Z
specifier < >
agr
C
2
word
2
syn-cat
2 3
noun
head E agr-cat #é
person 3rd
2
syn
y val-cat
2
noun
valence .
specifier < agr-cat
agr
person 3rd
D

3
3

"

Here, D subsumesC becauseit satis es Condition A and C, while Condition B is not
relevant. On the other hand, C doesnot subsumeD becauseCondition B applies hereand

is violated.

4.9.4 Condition on the Type Ording

This condition appliesonly to typed feature structures under the assumption of somekind
of type inheritance hierarchy assumed. Pronouns, proper nouns, and common nouns are
subtypes of the supertype noun. Hence, all these subtypes share some properties of eath
being a noun. Thus, the following is a simple example of subsumption:

(50) Caseinvolving type ordering

2 2 3
noun v name
orth "Mary' or th ; Mary'
person 3rd person 3rd
number smgular number smgularé

gender feminine

where noun v name
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Sincethe type noun of A is a supertype of the type name of B, A subsumesB. Further-
more, B has an extra piece of information about the gender. Hence, A properly subsumes
B.

4.10 Operations on Feature Structures and Feature Values

As a corollary to subsumption, uni cation is the main topic of this section. Compatible
feature structures can be uni ed to carry a more increasedpiece of information in general.
Generalization is its dual and will also be discussed.In addition, someoperations like the
concatenation  of list values, alternativ e feature valuesand conjunctive typeswill alsobe
topics of this section.

Kiyong: this section hasn't been completed yet.

4.10.1 Compatibilit vy

Somefeature structures are compatible with someothers, while there are con icting cases.

Consider the following three avm's:23
3

2
51 a.
(51) 4nourh is

agr person 3rd

3
num Sg #2

gender feminine

A2
b. noun

SO

agr

2 3
C. noun

person 3rd #é
gender masculine

The feature structure A is compatible with B and alsowith C. But the feature struc-
tures B and C are incompatible becausetheir information about the gender of a noun is
conicting. Incompatibilit y may also arise when there is a type di erence, as showvn below:

(52) Incomzpatible feature structure%
a. _noun
person 3rd #2

number singular

2 3
b. verb

person 3rd #é

e number singular

The feature structures E and F may have the sameagreemen features, but they are
incompatible becausetheir typesare di erent: oneis a noun, but the other a verb.

BType labels like syn-cat, val-cat and agr-cat are not very informativ e, so they will be omitted from now
on.
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4.10.2 Unication

Compatible feature structures often represen di erent aspectsof information from di erent
sources. Merged together, they may corvey a more coherent picture of information. This
processof information mergeis captured by the operational processof unifying two com-
patible feature structures, FS; and FS;, represerted FS; u FS,.?* Compatible feature
structures can be uni ed together to form a more (or at least equally) informativ e feature
structure. The uni cation of two typedfeature structures FS;1 and F S; is the most general
typed feature structure which is subsumedby both FS; and FS;, if it exists?®

(53) Formal de nition of uni cation

The uni cation of F;uF, of twotypedfeature structures F 1 and F » is the greatest

lower bound of F; and F in the collection of typed feature structures ordered by
subsumption.

The feature structure A, for instance, can be uni e d with C, yielding a little bit more
enriched feature structure D.

(54) UEi ed feature structure

noun
2 3
numer singular

agr 9person 3rd é
gender masculine

Uni cation normally addsinformation asillustrated just now. But the identical features
may unify without adding any further information. The empty feature structure may unify

every feature structure without changing the content of the latter, thus formally treated as
the identity elementof uni cation.

4.10.3 Unication of Shared Structures
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This and the following de nition are copied from Copestake (2002: 55, 61).
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