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ABSTRACT

Complex indeterminates and their notation are intro-
duced into Prolog. The syotax aod semantics of the pew
language are described. The Ianguage builds in an exten-
sion ta the usual wunifeation. A sel el eguality axioms
are given Lo make the semaniics clear. Some examples
are given to demonstrate ideas of discourse understanding
processing based on situation semantics in ouwr proposed
[anguage,

L INTRODUCTION

We proposed a programming larguage pamed CIL in
Mulksi 1985a. Maiz objectives of CIL are o support ideas
of situation semantics |Barwise & Ferry 1923, Barwise
1084| in application te dizcourss undersianding process-
ing. Az a first slep, complex indeterminates {indetermi-
nate: for short) were introduced ioto Prolog, and the ugifi-
caticn was extended to the indeterminates, Alse the con-
trol primitive "freeze” in Prelog IT [Colmerauer 1952] was
iztreduced to make CIL 2 kind of censtraint lanpuage. We
expressed these ideas in the equation:

CIL = Herp clause legic
- types and indsterminates

= [reaze

W= propote a reconstruction of the basic part of CIL
arpund the indeterminate. That is, the mzin points of this
paper are;

(1] Iotrodusing the netatien for compiex indeterminate.

Deseription ef the syrtax and semantics of CIL focus-
ibz on the indeterminate,

Ag the result of this reconstruetion, the two predi-
cates named “ipstance” and “def{declare]” in the previous
version become unlecessary.

In Section 2, we illustrate the motivation for CIL by
vety simplified example in discourse understanding process-
izg. It it @ revised verzion of the one in the previous
report (Muksi 1985a]. The aew example shows that CIL
iz simpler but has more expressive power, For instance,
the example ip the previous report used the twa primitives
“imstance” and “del” In Sestion 3, we give an outline of
CIL. Bome examples show the basie idea of our unification
over indetermizates and the way in which they are vsed.
Descriptions ef built-in predicates ineluding *freeze® in

CIL are omitted except two important primitive predi-
cates: "create type” and “type.ef”, which are explained by
& gquestion-answering example. In Section 4, we describe
a model theoretic semarntics for CIL. It is necessary for
the Herbrand universe Lo be extended to be the domain
of CIL. Roughly speaking, {be new demain is the set of
all directed graphs with labels which has a leop possibly.
The semantics of a CIL progratm is defined to be the min-
imal mede] saisfying the program. The sewmanzics of CIL
it described within the framework of the foundations of
logic programming language develeped in Jaffar & Lasces
£ Maher 1963, Emden £ Llovd 1984 apd Lloyd 1984, In
Section 5, we give computation rules for CIL. Then we
give the conjecture that the computation rules are com-
plete and sound, I Seclion &, we give some eoncluding
remarks.

We have omitted the description of the implementa-
tien of the extended unifiestion bezause it s essentialiy
the same as the one in the previous report [Mulkai 1585a].

2 UTTERANCE AND DISCOURSE SITUATION

We describe an illustrative program named “discourse
constratst® o detall, showing some ideas of situatisn sa-
mastics progiamming in CIL. The predicate disconrse,
copstraint i3 a fragment of the discourse analrsis model.
This example inelades the fellowing features in discourse
modeis:

{1} definitions of lexizal elements as “patameterized typos
iy pes ler shery),”

{2} & definition of a grammar, iacleding sFotax and ze-
mantics descriptions, as eonstrajnts over these types,

{5) the defnition of discourse situation as a type,

{4} the definition of meaningful opticn as a type,

{3} the simple cogversational constraiot over discourse
that the roles of hearer and speaker chasge from one
to the other 1o turn, and

{6} the interpretation of a sentence depends on the dis-
course situation,

The last featare will be demonstrated by the senlence
“i=I] love you" The sentence will have two izterprata-
tions depending on the discourse situaticas involved. The
definstions of disesurse tituation and meazingful option
are taken [rom Barwise & Ferry 1983, No connective
sitwations are included in the example for simplicity,



Mow, we review the definition of “Trpe” and Tinde-
terminate” in Barwise 1984 briefly, A ==zplex indeier-
minate isz an ordered pair of anether indelerminate and a
condition. I is writlen

xic

whare x and c are the indeterminate a=< the eondilion.
The complex indeterminate determines 12e type of which
it is an instance. The type iz written

[xe].

This wetaticn should not be confused wih a term for a
list in Preolog. The conditien ¢ i3 typi=ily the one oo
situations. A situation is 3 set of elemesis zzlled (abstract)
facis. A fact is an absiract located faz: or an absiract
wnlocated Fact. The example uses the {srzer only. The
form

{I: {I’, dlp---rﬂhln P}

is the notation for the abstract jocated facs that the ob-
jects ap, .., 8, stand (p = ordopst razd (p=10) in
the relation r at the location [.

We introduce the complex indetermizate inte Preleg
...« a slight modification for computatiszal eficiency as
seen below. Let s, i, you, exp, aod here be I=determinates.
The following type of discourse situation

discourse_situation = [xje],
where

¢ = in(s, (here, (speaking, i}, 1))&
in(s, (here, {addressing, you),1))&
in(s, (bere, {utter, exp},1}),

iz translated directly into a Horn clause of CTL as follows:

discourse_situation|
[E with speaker= [,
hearer:= You,
diseourse_ location:= Here,
expressioni= Exp
where
hes(5,(Here, (speaking I}, 1NE
bas(5,(Here, (addressing, Yoz! 1)&
has{S,(Here, [uster, EXF}, 10
J—true,

+alf Horn clause iz a declaration of the fodowing:

{11 Any situation 5 is an instance of the 7rpe “discourse
situation” if 5 has three circumstaze™ of the forma
{Here, (spesking, I}, 1],
(Here, [addressing, You),1), and
(Here, {uiter, Exp),1].

{2} The symhals “speaker,” “hearer,” “ciazurse losation,”
aml “expressicn” are oames of the roes of the objects
sachored by the indetermiaates I, Yoz Here, snd Exp,
respeetivaly,
¥or anv discourse situation D) 1o Lhis saxse, the values
of the roles speaker, hearer, discorsze rituation, and
expression coh be expressed by “speaes'D" “hearerl-
D" "discoursze location/D," and “exzreisn!D® respes-
tively.

Thus, 2 term of the form (X with ¥ wiere 2) above

s

are the potaticn for complex Indeterminates. The atomic
formula *has(5, X)° it a constraint (condition) which is
defined in CIL with the semantizs that the set § includes
¥ as a member.

The follewing Horn clause |s a deseription of the type
“meaniagiul_option” of 2 sentence,

menningiul_option(
{MO with discourse_situation:== D3
wheore
sentence(MO, expressien'Ds, | 1}
Y —true.

This clause states the fact that the meaningful oplion of
the given utterence depends on the discourse siluation,
The dependency constraint is described by the relation
*sentence”.

As explained above, the term "expression!DE" refers
to the value of the “expression slet™ ic the cemplex ia-
determioate DE,

The syntax categories in the example languege are
“spmtence,” “noun,” anpd *verb.” The lexical elements
ate *I," “you,” and *love” Each category iy defined by
the predicate with the same pame. Each predicate has
three arguments. The &rst argument it ap indeterminate
including all or part of the following roles depending on
the predicate.

(1} disceursesituation : the diseourse situation,
(2} agent : the agent case,
{3) objest : the object case,

(4) situation : the situation to which the category makes
some contribution,

(5) pclarity @ the pelarisy of the senteace

Tke last twn arguments taken together a5 o diference
list represent the given sequence of surface wards, Let p
and x be a syotax category symbel and a set of {eaturas
respectively, and let b snd t be two sequances of words.
The atomic formula of the form p(x,kt) meaas that the
sequence of the words given as the difference between b
and t i3 iz the phrase category p and that x is the features
for the sequence. This is the idea of the definite elavae
prammer embedded in Prolog [Pereira & Warren 1320

The senteatial ferm and its semontics allowed in the
suzmple languzge are deseribed by the predicate “sen-
tence.® Any sentence must be a seguence of moun, verb,
and another noun in erder. The sentence is assumed to
represent a meaningful option (deseribed situation). The
discourse situation is an enviropment for computing Lhe
option. The Horo clause of the form H<—DB is read * B
implies H. The symbol “&" is logizal copjunstion.



senience([MO with
discourse, situation;== DS} A B) < —
pnoun{ Apent with
discourse situation:= DS), A AL} &
verb{{MO with
discourse situation:= D35,
sgent:= Agect,
gbject= Object,
polarity= 1),
AlAZ) &
pounf{Chject with
discpurse tituation= D%}, A2 B).

The natatinn (X with ¥} above it a shortbasd for Lhe
complex indeterminate (X with ¥ where truel. This rele
means that the agent and chject cuzes of the verb are the
first and tecond mouns respectively and that the mean-
jmghal eption of the sentence contains this circumstance
withiz it

The noun category represeots an ahjeet standing in
some relation whish it the zterpretation of the verb phrase,
TLa poun calezary it arsumed to have a context playing

*dizcourse sityation™ role. The object is in this con-
text.

The funetion of the verb category is to add tke cir-
cumsianee 1o the given situation. The constituents of the
circumstance are integrated inte the verb categery. The
verh category itself represezis ihe situation, a situation
semantica terminolosy, the verb category i the indexed
type of situation parameterized by the roles “dizcousse,
situaticn,” "obiect,* and “agest™ The parameter “diz-

eaurse_sitnation” provides the locaticn of the circumstances.

ke following are the definitions of the lexical ele-
merts, The frst elause defines the promcun *i* as the
speaker of the given discourze situatiea. The others are
defined in similar ways.
poeni{speaker'DS with
dizscourse situation:= D5),
LA]A) e —true.

poun|{bearer!D's with
diszourse sitdation= D5},
{FoulA]A)<—1lrue.

werbl(S with
discourse_situaticn:= D35,
agent= Agent,
object:= Ohject,
palarity:= Fal
where
kas{5, [discourse location!DE,
{fove, Apent, Object],
Fall}},
lovelZ], &) < ==true

The predicate "discourse.constraiot™ is a consiralot
over the conversational discourse between two persoms.
Let D1, ..., Dn be a sequence of discotrse situaticns and
len M1, .., Mo be 3 sequence of situations. The conditica

dizcocrse.constraint{[D1, ..., Daj,
M1, ..., Mal)

|1

holds if for each I=< i =< &, Mi iz a mesningful option
of Di and for each 1< j=< n, Dj i2 the next discourse
situation to Dj-1. The constraint cencerning the conver-
satiopal roles iy deseribed hy the predicaze “change role”
below.
discourse, consiraint(f 1] <—true.
diseswrse_eonstraint (3], [M]] < —
meaningiel optiosi{(M with
diseourse, situaticn:=X]).
discourse constraint([X,Y]I},
My MyR])<—
change rele(X, Y&
meaningfel option|
{Mx with discourse sity a.t.i.::l]..‘:IJ:IE
discourse_constraint((Y 2],

(MyiR[.

The following is the copversaticoal "maxim” describ-
ing the fact that the roles of the speaker and the hearer
wust alteznate ia turn every time the speaker bas vitered a
sepience, The special form is introdeeed to represent sve-
cessive discourse locations for convenience, It is a diffcult
problem to handle lecation in detail and is euiside of the
scope of the paper.
change role(CDE,

(WD¥S:discourse_situation

where
speaker:= hearer!CDS,
Rearer= spoaker!GTIE,
dizeaurae, location
pext{discourse location!CDE])
}eo—true.

The notaticz of 1he form x¥ abave iz a shorthand for (x
where v(x}). Executior looks like this
1- discourse.coasiraiotf
ediscourse.situation with
expression = [i iove,youl,
speaker= jack,
keares:= beity,
dizeaurse Jecatizn= locOl),
(@discourse sitvation with
expression=[i love, youl}}}},
MOs)E
print(hOx}.
CUTPUT:
| (logGil, (love, jack, betty], 1),
{pext{locDl), (love, betty, jack}, 1) ]

The ootation of the form £p above is 2 shoriband fer (x
where p{x)), where x is an anonymous variable, The resul
shows that the same sentence hac different interpretation
dopeoding on the discourse situations.

i EXTENDED UNIFICATION

Here, we give an cudlice of CIL, focuricg oo extended
dnificasvien.

3.1 Owutline of CIL



CIL iz a Horo clause based programming lapguage
like DEC-10 Prolog [Bowen 1982]. A pregram consisis
of Horn ¢lanzes. CIL has some primitives to {reeas goals
and 1o access the parameters of complex indeterminates.
Conditional statements are used like that in Lisp instead
of *cut® statements. Complex indetermizates are central
ohiects of the language and can be written anpwhere freely
ip the program. The freeze statement is & contral primi-
tive to support delayed conditions specified in complex
indeterminates.

We provide examples o help explain some basic ele
meszts of CIL. The symbols '>" and "> =" are system and
user inpul prompl respectively,

3,2 Complex Indeterminnie

Az seen in the previous sestion, we have extended
the potien of eomplex indetermizate piven in Barwise &£
Ferry 1082 and Barwize 1584 su that the paramaters can
be accessed from ouiside it. The complex indeterminpate
looks like a frame. Howsever unification iz the only way te

wign a value o & slot. The current slot walue is always
instance of the previous ooe.

. Complex indelerminates will be weeful not omly for
semaptics =nd pragmatics but aleo for syntax. As poiated
out in Mukai 1985b, the complex indeterminate provides
a wrified view over the features of GPSG [Gazdar £ Kieln
£ Palium & Sag 1935 and the functicnsl structure of
LFG [Bresman 1983], A feature is s complex indeterminate
whase eondition part is trivial, ie,, “troe”, A Tunctional
structure is & complex indeterminaie whose conditiog is
composed of ealy equality, conjunction, disjunction, and
pegation, On the other hand, the condition of o compiex
indeterminate in CIL can have oy relations defined by
the lorn clayses as its constituents.

3.3 Unillention

The central idea of our extended vnification is shown
by the {ollewing clause:

{1} wsiiy((z with n=a, u=b where p), (¥ Witk 2:=e,
t:==d where gf) if unify{x, ¥) & wnily{b,e} & salve(p)
& salve(s) '

2} unifyi(x with g where p}, 7} if unifs{x, ¥} & solve(p],
provided ¥ is aoct a compicx iodelermizacs,

3.4 Tsing Indeterminater and Ttoles

The following example shows how Lo wse roles 1D cow-
plex indeterminates. Notice that the iadeterminates Doy
and Child in the example are unkoowrn except that they
are identical to each other, It i3 oot so straiphtforward to
represent the equivalert inference iz the usea! Horn clauze

% Jack=father!Doy & DBor==Child &
> Who=[ather'Chiid & prist{¥Whel.
jack

fussess

It iy potsible to leave the role pame unkoown:

> jack= What | B & Y= father! T &
B=hetty & B=17 I What={ather &
priot{(Y, What, Z}).

{jack father beity)

success

We will abuse the equality symbol in the following
scase. Let x apd b be a complex indeterminate and 2
constant, The cfect of the peal x==b is that the value of
¥ becomes the constant b, In ather words, x=h means
that x 1% anchored to the value b. For any complex in-
determinates x and ¥, Lhe efect of the goal x=F is that
¥ and v are unified with each olber including roles. That
15, X abd ¥ become identical to each other,

Of course, it is possible that twe distinct indeter-
minates bave the same valve, as 10 Lthe feliowing:
>al=1 Ea¥Y=21EX=T
fail
= oali=] & aY=1 & ¥X=3 & Y=3.
SUCCels

1.5 Equallty Theory

The following are the axicms for the unifzation in

CIL:

(1) x=x.

(3) x=y => y=x.

[2) =x=y & y=1 => x=1.

[4) ®1=71 & .. & xa=yz => {(xi, .., xe}=i{v1, ..,
¥o), for any unctor symbal I

[5) x=y =23 rlx==¢!y for any rele symbol r.

(8] == (x with ..., &2==p, ... where ¢} £ ¢ =2 alz=p.

(71 e==2 a! (xwith .., a=p, .. where c) = p.

{5) x=y Epl=qgl & .. L pe=gon & c&d=2 [xwik
u where ¢] = {y with v where d}, provided { pl=gql,
e PR==go } 15 the get of sgquatiops p==g meb that
(:=p} s ic u aod (ar=q} is i3 ¥ for some ol srmibsl
a.

(# ==7 & ¢ —> (x with g where e)=2y, provided v s
zot a compiex indelersinate,

These equalities muke the extended enifestion ciear, Lo

ever, there i3 a problem. The eguality theory above doe:

pot fall inte the frasework of the foundation of loghz btee

gramming with equality developed in saffar & Lasse: &

Maher 1683 and Emden ELloyd 1984 because the complex

indeterminate has o condition as a part, The Hilberi ep-

silan setation in Hilbert & Berpays 1939 [Mackara 157E]

sperts Lo pive the right interpretation of the complox io=

determipate, Further study is meedad on this topic,

3.8 Type and lustapce

The goal “create typeix, £, ¢, &7 creates a Lype t suzi
that the complex indeterminate *(x with g where e]® iz an
instanee of the type t. The goal *itype_affx, L}" succeeds
il x5 an instance of type L.

We give a question-answering processing example lo
show the following thres ideas from situation semantics,



(1) Duscourse strusture could be represented by s set of
situAlions.
{2) Question sentence i3 a type with a context parameter,

(3} The amswer 13 an instance of the typa.

Example. Given the following sentences:
*The aircraft 12 Aving in the sky." and
“The pacific ccean spreads below widely ",

Imagine the following "gquestion-answering.”

Question: Where i3 the aireraft fiyipg ?
Answer: Owver the pazific ocean.

The total process of thiz “stery understanding® ia described
using “kas,” “create type,” and “typeo™ predicates as
fallows:
has(80, (pacifc ocean log,
{zpread widely, pacific), 1)) &
haz(30, (the.sky los,
(fivieg, airerald) 1) &
hax(30, (v, {under,
pacific ocean, loe,
the_sky), 1)) &
areate ty pelM, sit=35,
in(5,(L (Erizg, ), )&
in(S,{ funder, M, L}, 1]},
T &
trpeof[{X with sit:=30), T).

CIL zata the "pacific_scean loc”® for X a3 the answer b,T
solving these poals.

4 MODEL THEORETIC SEMANTICS

We give a model theoretic semantics for & subset of
the Jsnguage. The sithzel is the pure Prolog plus complex
indeterminate in our secse. Let us fix a set of the following
symbols:

(1] aiomas,

{2} functors,
{3} precicates,
(4] wvariables,
5] raies,

constructors,

(7] deiimiters: [, ], feemma} , [, |, with, where, :=

BLl.

Jl.l

We zuppose eack symbol bas oly coe of these types.
"t %&" and “«<l=" are comstructor symbaol

A trotactical object constructed from these symbol
is called a form. A form is called a ground term |f and
ew¥ & it bas no symbols other than funetor symbals ot
stomic smbels, The Herbraod uwniverse is the sel of all
first crder ground terms.

Defnition. A form % is called a geperalized teem (torm
for share) if % is
[1) & wanabie,
[} nesmalex indeterminats,

(¥ a role indeterminate,

(4) an atemic symbel, or

(5} written hixl, 23, .., xn) for some fenctor b of arity
n and for some generalized terms, x1, ..., xo.

Diefinition. A for= is called a role indeterminate if it
is written

(1) (r!z) for seme rele symbeol ¢ and variable 1, or

[(2) (! u) for same role symbol 5 and role indeterminate
u.

Definition. A cemplex indeterminate i3 writlen [x
with [ where ¢}, where x_ g, and ¢ are a generalized term,
a role eonnection, and & condition rezpectivaly.

Definition. A forz x iz called an indeterminate if x iz
a variable, role indelerminate or complex indeterminate,

Definition, A liss ef pairs, which is possibly empty, is
called a role connection if it is writien:

(1) (ali==v1 .., am:=vn} for some positive integer n, some
list of distinct role symbels al, ..., an, and same list
ef generalized sz vi, .., vo, of

(2) -

A finite =et of atomic Tormulas is called a copdition.
We write al& ...& an for the condition {al, ..., an}. The
empty condition is wrisien {} or “true”.

Definition. An ordered pair of an atomic formuls and
& condition is called 2 Hars elauss, Ws write

awl-=bl& .. &bn (20}, or
Ce —itTue

for the sanditions {a, {81, .., ba}} and (2, {}), respectively.
Definition. A program is a finite set of Harp clautes,
Definitioz, A guestion is a set of atomic fermulas.

Defimition. An swomic formuls is called ground if it
has mo iodeterminsta. Herbrand base is the set of al]
grouad atomic formelas.

Given two sets X aed ¥, let [M->7Y] decote the set
eof all partial fnite fezctions from X inte Y, exeludizg the
e pty fuaction.

For two sets X and ¥, Xx7¥ is the Cartesiap product
{<x, 7> :xisinXandyisiz ¥ }.

Let Fi be the sex of fupctor symbels of arity i > =1,
Let A be the set of atemic symbols. Let Pj be the set of
j-ary predicates

Definition. Three sets D, K, and P defiped by the fol-
lowing domaln equaticns are called the deseription universe,
the extendad Herbrazd uaiverse and the sxtended Herbrand
base respectively:

D = K + Kx{R->D| {dizjcizt sum)
K=aA - FlzD L FIxDxD + ... . (digjoint sum)
F = F0 + Plal = F2xDxD + ... . (dizjoiznt sum)

Propesition. Az element of the extended Herbrand
universe can be writien h(al, .., an) umquely for some
fupetor b of 2rity o> =0 azd for some al, .., a& in D,



An element ef the extended Herbrand base ean be written
hial, ..., an) wniquely for seme n-ary predicate symbol b
and fer some al, ..., an in D, For aoy = in D, if % is Dot
in K then % is written <k, g2 uniquely for some x in K
end g in [R->D].

Suppose that ap element d jz D is written <k, g
for seme k iz K sxd g in [H->D]. It is possible that d
i5 the walue of the function applicatien gir) for some role
symbal £, That is, the domain D can represeot labeled
directed graphs which are possibly cyclic. However labels
are restricted Lo fnite ground terms. This conditien iz
expressmd as the existence of some projections from the
extended Herbrand urniverse and the extended Herbrand
base into the Herbrand universe and the Herbrapd base
respectively.

Definition. The function proj from the descriplicn
universe [ inte the Herbrand universe is defined to be the
solution of the following defining eguations.

1) proj(z) = x for any atom x.
(2} proj(hfal, .., 2n)) = bipraj{al), ..., proj(an)} for any
funcior b of arity n and al in D (I=<i=<n).
(2] prejl<kg>) = proj(k] fer any k in K and any g in
. [R-=D).
Definition. The function proj i extended Lo Lhe fune-
tion from the extended Herbrand base to the Herbrand
base naturally as follows.

{1} proj(p} = p for aoy predicate p ef arity O,
12} projlglal, .., an)}=qlpraj(al), ..., proj(an)) for any

predicate symbol g of arity v and ai in the description
toiverse (la=<li==«a).

Definition. A function { from a set of indeterminates
to the Herbrand univerze ia called an anchor, A fonetion f
from & set of indeterminates inlo the extended Herbrand
aniverse is called an extended anchor. Anextended ancher
is said to be tetal for & given ferm if the anchor is defined
at any indeterminate appearing in the form.

We put an restrietion on any ancher f.

{1} if fis defoed at the indeterminate (x with g where ]
then it is also defined al x.

- whenaewer {{[x with g where ¢))= <k, s> aznd fix} '

= | t> for some exiended Herbrand terms k and
lapd some s and t in [R-> D, then
2.1} proj{k)=peoj{l),
2.2) the et {(al.7(v17), ....(2m, f{*a))}
forms a function w, where the role
connection g it of the form
[al:==vl, ..., so:=vm), and,
2.2} s 15 exact!y the union of the fuzctions t and u.

Dedpizien. Given any form g and extended anchor
. the rasult of applicstion of [ te ¢, denoted by [[g), is
defliged as follows:

v

{1 flgl:if gis in the domain of T,

(2} hbif{al}, f{al}, ..., Faz)) : il @ = h{al, a2, ..., an) for
some functor o predicate b and generalized terms al,
a?, ..., ag;

(3} wodelined otherwise.

Definition. Given a subset M of the exteaded Herbrand
base, an extended anchor {2 said to satisfy M if 1) acd
2} haid:

(1) Fer any complex indotermipate of the form (% with
g where ¢} in the domain of [, fic} is = subzet of M,
where T{e) = { f{p} | p s an atomic formuia in the
condition e}.

{21 For aoy role indetermizaie of the form rls io the
domain of T, {{r's)= 7] provided fzl=<k, g> for
some k in the extended Herbrand universe and g in
[R-:‘—-D| with r in the domaia of g,

Defipition. A subset M of the extended Herbrand
base is called stable with regard to the given Horn elnuse,
he<—e, if 1) below implies 2) for any extended acchor f
which satisfes M and total for the clause.

(1) f{e) iz a subset of M,
(2) f{y) is in M.
Defizition, A suhset M of the exionded Herbrand

base is called an extended model of the given program P
if M i1 stable with regard Lo any clavse in P.

Propesition. The intersection of two gives cxtaated
medels is aleo ap extended model.

Definition. A subset N af the Herbrand basge iz esilzd
a model of the given program P il for seme extended
model M of the progeam P, N 15 the image of M uzces
the function proj, Le., N = proj(M).

Drefinition. The semantics of a program is the mini-
mum modef of the program,

Definition. A coodition ¢ i zaid to be zatisfizble if

" there is a total anchor f of ¢ such that T satisfes the

semaolics M of the given program and fc] 15 the subses
of M.

Fropesition, The semaptiss of the pregram exisis far
any program. Proof. Easy.

3 COMPUTATION MODEL
We formalize computation in CIL. Souzdoers and
ecmpletepess of the computation i net ebvieus, They
bave not besn proved vet,

Let T be the union of the seb of al! peneraiized terine
and the set of all atemic formulas in the lapguage. Az
element in T jz called a form. T is called the form universe.

Definition. An egquivalence relation E over the form

wniverse is called congruwnt if the foliowing hold:

(1) Efka(sl, ..., an}, gfbl, .., bm}) implies h=g and n=m
aod Efal, bl) and ... and E{an, ka}, provided b and
g are functors or predicates,

2] E{{x with g where ¢}, u) implies E{x, ),

{3} El{x with g where ), u) implies E{w, rlu), provided
1 is a variable or role indetorminate and the role eon-
noction g includes (r==w], and

{4) E{ ! (% with ..., n==w, ... where ¢}, w).



{3} Els, t} implies E(rs, r't), where and L are variables
or tole indeterminates and ris a rale 53 mbol.
Froposition. Given a set A of forms and a congraent

relation E ever the form universs, there iy a congruence

relation E' suek that E' i2 coarzer thaz E and A is a subset
of one of the equivalence elasses of E, Let 5 be Lhe setof
all these relations E'. Then 5 has the £nest relation.

Defnities. The finest congruence relation is called
the Bnest extension of E by A and is written A, E).

Defpitien. For a congruent relation E and a geoeral-
ized term b, led access(t, E) be the minimum et of all seis
& satisfying the follewing conditions:

(1) 5 isaselof generalized terms,

{2} & ineludes t.

(30 I § ipciudes x and Elx, ¥) taez 5 includes 7.

{4) ¥ 5 iocludes {x with g where ¢) then 5 includes x.

{sy It §izcludes (x with rl:=v1, .., tji=7], ..., rmi=vm
where ¢] then 5 includes ¥j for az¥ j (I=-<j=<m}.

Defoiticz. Let E ard t be a2 above, Let K{t,E] be the

Junciion of all conditions ¢ suck that < is the condition

at the condition part of some complex lzdeterminate
aczass{l, EJ.

Definition, An erdered triple (T, E, D) of a condition
C and & congruence relation E and acotber cordition ia
colied a computatien state [state for short),

A hinary relatien -~ hetween iwo states is defined
25 a computation rale a3 fellows.

{C1, E1, Di) -> (Cg, E2, D2} if and ey if at least
one of the followicg two conditions helds:
{1y For some equality x=7¥ in Cl,
E2 = M{x, 5}, Ei},
D2 = D1 & Klx E} & K[y, E} ), aad
C2 = (€1 - {x=7}) & {D2- D1}.
{2} Ea=El,
D2 =D1, end
f-- geme atomic lormula p in C1 azd for some new Io-
e, b<—h, of a Hern clause i the program.
02 = (Cl-{p}) & p=h & b
Defmition. A computation is & sequence ol states 50,

51, ..., possibly inficite, satisfring the trapsition relatiom:
sl-el, sla2vs2, 52- 283, L.

Defnition. A state g 16 called a failure state if thers
i= no state &' suck that 5 - > s,

Diefinition. A computation is fair i azy atomic for-
mula in the computation is “reselved upon” in Anite sleps.
Motice that the atomic formula can appear iz the sondi-
tion gait of some complex indetorminate.

Definition. A computaticn sucsesds if it codz with a
state of the form {{},..).

Now, we conjecture the jollowing thestems by anal-
opy wilh JaJar & Lasser & Lloyd 1553:

Conjecture. (Soundaess and completeness)
The following two conditions are equivalent:
{1] Seme fair computation succeeds.
{2} The goal copdition is satisfiable.
Conjecture. (Completeners of pegation as [ailure rules)

The lellowing two copditions about the ground goal
are egquivalent:

(1) All fals computations Tail.
{2} The goal condition is not satisfable.

§ CONCLUDING REMARKS

Complex indelerminates give the lagie PrOETEMming
language & great power for syotax, semantics, and prag-
matics processing of matural langusgs We thisk CiL
gives not ooly a grammar fermalism liks FATR-IT [Fereira
B Shieher 1954, Shieber 1954), for instance, but alse 2
general power Lo describe discourse models [Brady & Berwick
16582,

Suzuki 1084 suzsested a relation between types and
frames. Chur extesded unification realizes the relation.
The following features of frames are realized in our system
of complex indeterminates: “preperty iohesitance,” "il-
flied-demen” and “i-peeded-demon.® “lf-removed-demesn,”
however, is an lmpossible feature in cur language.

The target machize on which we plan to implemert
ClL efficiently is the PS! mackine [Uekida & Yokl 1924],
which is now available ta us. The P51 has mackize primi-
tivos for bind hook coatral, Merging two role connecticns
is ope of the key poiots of the eficient lmplementation of
CIL. Whez all of rele names afe known te the esmpiler,
the following are possible:

(1} Each role connection is represented by & vector with
the £xed size & where o is the gumber of all the roles.
{2} Each rels is assigoed unigue index in the vector.

Tiis reduces the extended unification to usual veeter
erification and alsn makes roles to be accessible directiy.
For example, the vmfcation:

wnify{ (x with ai=7F, br=1), (¢ Witk bi=v, a:= w]]
is eguivalent to

unily vector( <x, ¥, 2>, <u, W, ¥ )
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