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Abstract: Yokota, M. has proposed his onginal semantic theory “hental Tmage Darected Semantie Theory (MIDST
and bas been challengimg te maode] natural intelligenee as a fommal svstem, This paper presents a boel sketch of the

allempd om systemate representation and computation of subjective spaticlemporal knowledpe based on certain

hyvpotheses of mental imoge i humon

Kepivardy Matural language, Multiedia understanding, Robotic sensation and action

L INTRODUCTION

Another paper of ours fog this session | 1] presents the
fumsbamentals  of  the  formal  system for natural
ntellipgence amd how e formaolize mental operations amd
matur] concepts within it The formal system consists of
the formal language L [1] and the deductive syvatem.
The latter s based on te deductive apparatus for
predicate bogic and i3 1o be provided with postulates
concerming human empimcal knowledpe of space and
tmme ps owell This paper foewses on systemabic
formalaton of human empinenl knowledpe pleces of
apace and time as postulates for the deductive system
and its application 1o satural language understanding
(ML For spatiotenporal expressions.

I1. PROVISION OF POSTULATES

The deductive system muost by as well provided with
knowledpe pieces in order to solve cerfain problems i
ita world or task domain. Such knowledge pieces as
cilled “postulates™ here stand fos human intuitive laws
af the world and are 1o be treated as equivalents
axtoms, Those pressnfed below concern exclusiely
spage and time in erder tor spaticdemporal longusge
ursderstanding.

1. Fumslamental Properies of Locus

The postulates F1 and P2 state that g awaifer mever

difiEr v i Wi i

fimar, These pre called “Postulates of Identity
Assigned] Yalues” P iz employed exclusively o detect
somantie anomaly in such a sentence as “The red box i3
black™ while P2 15 vseful o detect event gaps in such a
context as “Tom was i London vesterday and he s m
Puns today ™

The syitax of Lo allows Batter terms 1o appear at
Values and Btandard in order to represent their values in
cach place at the time and over the time-interval
respectively . This rule cam be formulated as B3 and P4
The postulate P30 o be utihzed for sseh inference as
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“Belury went o Tom when he was in the garden
Therefore, Mary went to the (same) ganden.” while P4
ig for such inference as “Jun is taller twan Tom. Toem is
2o tall, Theretore, Jan is taller than 2m.”

Pl Ly guas kil y,pegeag k)
L PR =
P2, Lixypaqagkelisy.pgq.eek)

o~ 15

P30 Loy ez KOy e g e Kl
Livg 2o pr a2 K 2o Ligy.prqa.e k)

M. Logy.prmagalllis 2gqagk)
oLy, prapaALE )

[0 is quite subjective how o arbeulate a Jocus, For
expmple, whether the point (x ) in Fig. l-a s
significant or nod 5o as in Fig. I-b, more generally, bogus
arficulation  depends  on the  precisions  or  the
cranularities  of  these  standards,  which  can  be
formulatied as PS5 and P6, s6 called, - Posmaloiss of
Artsitvariness in Locws Arvienlation”,

PR 0epr ki 3ROLGy A e g KeLly g ag k)
s LAY sk e 2k
Ph, iepr ke Jqk Ly prag ki sy,
Ly sp g kel g ap K s K2k
These  postulotes  affect  the  process  of

conceptualization on g word based on its referents in the
world  and  morcover  they  are very  useful  for
spatictemporal infercnce i sueh a context as “Tom
Mlied from Tokvo o Magove and consecutively from
Mogovn o Osoka. Therefore, be moved from Tokvoe to
Osakn”™ or “Tom mowved rom Tokvo do Oiapko
Therefore, he passed somewhere (hetween the two
placesy”.



Time

b

) t2 i3 Time

(a) (b)
Fig.1. Arbitrariness in locus articulation due to standards:
Standard K, (a) is finer than k; (b).

2. Perception of Time

A perceptual locus can be formulated with atomic
locus formulas and temporal conjunctions such as
SAND (U, or P) and CAND (U, or ). This is not
necessarily the case for a conceptual locus
corresponding to such a generalized mental image or
knowledge piece. For example, people usually interpret
the construction B happens before A happens’ as a
general causality, namely, as ‘If A happens, B happens
in advance’. Whereas this should be formulated with
logical connectives other than conjunctions also
involved, D1 [1] is exclusively for perceptual loci so far
as it is because there is no interpreting a negated locus
formula as a locus with a unique time-interval
necessary to determine a unique temporal relation t;.

Considering such a definition as ‘AEB U ~AUB
(°.~(AU~B)Y in standard logic, it is not unnatural to
assume the identity of a locus formula with its negative
in absolute time-interval, that is, negation-freeness of
absolute time passing under a locus referred to by its
suppressed absolute time -interval. Therefore, in order to
make D1 valid also for conceptual loci, we introduce a
meta-function d defined by D5 and its related postulates
P7 and P8 as follows, where d is to extract the
suppressed absolute interval of a locus formula c.

D5.  dc)=tats]( D)

where CPgq([t,.ty]).
P7. d~a)=da)

where a is an atomic locus formula.
P8 cXC):[tmina tmax]

where tmn, and tye are respectively the
minimum and the maximum time-point
included in the absolute time-intervals of the
atomic locus formulas, either positive or
negative, within C.

These postulates lead to T1 (Theorem of absoluteness
of time passing (or negation-freeness of absolute time
passing)) below. This theorem can read that absolute
time passes during an objective event whether it may be
perceived subjectively as ¢ or as ~C.

T1.  d~c)=dc)

(Proof)
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According to P5 and P6, the time-interval of
each atomic locus formula involved in C is
negation-free and therefore so is for [tpin, tmax ] of

dc). [QED]

The counterpart of the contrapositive in standard
logic (i.e. AEB.°.~BE~A) is given as T2 (Tempo-
logical Contrapositive) whose rough proof is as follows
immediately below, where the left hand of :” refers to
the theses (e.g., PL is a subset of those in pure predicate
logic) employed at the process indicated by the
conventional meta-symbol ‘® > or ‘« ’ for entailment
(left-to-right or bi-directional).

T2. CIEiCZ.O .NCZE,i~C1
(Proof)
D1:cEico« (ciEc,)Uti(c),c))

PL: « (~C,E~c))Uti(cy,C0)

T1: « (~C2E~C1)Uti(~C1,NC2)

D1: « (NCzENCl)Ut_i(NCZ,NCI)
D1: « ~Cy Ej~Cy [Q.ED.]

Therefore, S1 and S2 are proved to be paraphrases
each other by employing T2 while S3 and S4 are proved
so by the definition of tempological conjunctions (i.e.
U).

(S1) It gets cloudy before it rains.
=If it rains, it gets cloudy
(°RainingE _s Getting_Cloudy)
(S2) It does not rain after it does not get cloudy.
=Unless it gets cloudy, it does not rain later.
(°~Getting_Cloudy Es ~Raining)
(S3) It got cloudy before it rained.
(° RainingU.sGetting_Cloudy)
(S4) It rained after it got cloudy.
(° Getting_CloudyUsRaining)

in advance.

3. Reversibility of Spatial Event

As already mentioned in [1], all loci in attribute
spaces are assumed to correspond one to one with
movements or, more generally, temporal events of the
FAO. Therefore, the L,y expression of an event is
compared to a movie film recorded through a floating
camera because it is necessarily grounded in FAO’s
movement over the event. And this is why S5and S6 can
refer to the same scene in spite of their appearances,
where what ‘sinks’ or ‘rises’ is the FAO as illustrated in
Fig.2 and whose conceptual descriptions are given as
(1) and (2), respectively, where ‘A;3’, - > and ¢ ’ refer
to the attribute ‘Direction’ and its values ‘upward’ and
‘downward’, respectively.

(S5) The path sinks to the brook.

(S6) The path rises from the brook.

($Y9Z7p )L(_ NAY 929A 12 aGS 9_)P

L.y, 5 »A13,Gs,_)Upath(y)Ubrook(z)Uzt p M
($yﬂzop)1-’(_7¥az7p aAlzzGS 7_)P .
LL:Y; I 9A 13 9GS 7_) Upath (Y)UbrOOk(Z)U 7t p (2)



Such a fact is pencralized as P9 (Postwlate of
Reversility af Spatial Event (PRS0, where 3, and ;.;.3
arg o percepiual bescus and its “reversal” for a cerlain
apatial evend, respectively. and they are substitutable
with sach other because of the property of 5, This
postulate can be one of the principal infesence rules
belomgmg o people s common-sense knowledpe abour

aeography
M. ;.;.3,:.; Ta

This postulation is alse valid for such a pairof 87 and
S8 s anterpicted approsimately  into (37 and (4
redpectively. These pairs of conceptual descriplions are
ailled equavalent in the PRS, amnd the pamed sentences
are treated as parnphmses epch other

{871 Rowte A and Route B mest at the city,
{581 Rowe A and Boute B separute at the eity.

(SpyalsBoute Apy g, il

Li_ Route By G, weityvinpsq {3
(ZpyalsBoute Ay patya G, il
L4 Route By.gas G, weityvinpq (4]

m/
- I:':t,

FAD
Figa. Shlape as spatial event

4. Partiality of Matter

Any matter 15 assumed fo consist of its parts in oa
stpucture (Le. spatial event), which is generalized as PLO
(Pasnilare of Partiality af Waner) bere, For example,
Fig. 3 shivws that an [5R % can be deemed as a comples
af 158Ks % and %, This postulate, in coopembon with P2,
& utilized for translating such a paradexical sentence as
“The Andes Mountains run north and south.” inte such
a plavsible interpretation as “Che pait of the  Andes
Mountains runs nosth (from somewbered and the ether
prarl runes south”

Fin. L s g an i KoLy v a8 KD

=n Liv s G KUY e a8 K

e ; e f::'_fj‘_?\

[SH: imagisary space reglor

xk

ISE

15K
Fig 3. Fartiahiny of 155
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I APPLICATION TO NLU

Chir indel lgent system IMAGES M 1] can translate
svstemapbically notural language o Leg expression mis
cach other by utilizing  syntactic rulos amd  word
meanimng deseriptions of natral linguage
Aoword meaning descriphion M s given by (50 ns o pair
of "Concept Part (O, and “Unification Par (03

My [Cp:li] (3]

The ©; of a word W i3 a locus formula about
properties and relations of the matters involved such as
shapes, colors, Dunchions, poleniialines, eie while 11s Ll
15 sl of operations for wnifving the Os of Ws
symipetie governors or dependents. For example, the
miganing of the English verb “camy ™ can b given by (61

[y e K0 L0y e 2GRN
Lizx oy peat = Gk voety ap #ps ARG Dep 130
ARGIDep. 2.y (3}

The U above consists of two operations o unify the
first dependent (Dep 1)y and the sceond dependent
(e, 20 ol the current word with the vanables x and v,
respectively. Here, Dep. ] and Depl ane the “subjeet”
and the “object” of “eamy”, respectively, Therefory, the
surfaee structure Moy careles @ boak” is translated into
the concepiual structuse (7 via the surface dependency
striscture shown in Figd, This process 18 completely
reversible

{3V po kL Mary My py A 2 GLET
Libary v ooy Gl s Mary 2y
Ay 2P hooky)
For ancther exomple, the meaning deseription of the
English prepoesition “through” is also given by (#5
[y apakpa ko WLy oy 28 s g Kow
Limyzpad @ Kl TLEy papaso sl ko)
A EEsEEp ARG Dep. 2]
[FChov=Yerb i PAT G i 1,000,
L= oum = ARG Giow v 1|

(7

by

Mary canies the book, =0 Surface Stroctune

!

carfes

oy Mooz | s
Mary baak

1 Strucbure
the
Ceonceptual
# ™ Structure
{* ¥,p1 pE KILMany, Mary, pi,p2 A12, GLE]
LiMary,y.p1.p2A12 Gt k) Mary~y~ p1- p2- booky)

Frg A Mutual tromslatien bebween text and L

The L, above is for unifying the Cs of the very word.
ita gowverned (Goy, a verb of a noun) and its dependent
(e, 0, a nouns, The secomd argument (1,05 of the
command PAT indicates the onderlined part of (91 omd
in general .7 refers o the portel fermu la covenng
from the fth 1o the gh atomic formula of the current .



This part is the pattern common to both the Cgs to be
unified. This is called ‘Unification Handle (Un)’ and
when missing, the Cgs are to be combined simply with
‘. Therefore the sentences S9, S10 and Sl1 are
interpreted as (9), (10) and (11), respectively. The
underlined parts of these formulas are the results of
PAT operations. The expression (12) is the Cp of the
adjective ‘long’ implying ‘there is some value greater
than some standard of ‘Length (Ay,;)’ which is often
simplified as (12”).

(S9) The train runs through the tunnel.

($xy,p1,2P3.Kpako ) LxY.p1.ZA 2.Gtk)-
L(’SY;?;P 3 aA 1 g 9Gt9k))‘P L(Xay3p 4 ‘ap 49A 13 9Gtak0)
Up,* z Uzt p3Utrain(y) Utunnel(z)

(€

(S10) The path runs through the forest.

($xy.p1.2p3.kpako)(Lxy.pizA12.Gs.k)-
L(xy,z,p3,A12,G8.K)P L(Xy,pa.pa,A13,Gs.ko)
Up,t z Uz p; Upath(y) Uforest(z) (10)
(S11) The path through the forest is long.
($X7y sP1,Z,P3,X] sksqakl sp4sk0)
(IJ(XaY»P 1 ,Z,A 1 23G3>k)' I;(Xa}’aZ,P3 ’A 1 z,GS,k))
PL(xy.pa,pa,A13,Gs.ko) UL(x1,y,0,9,A 02,Gt.ky)
Up;t zUZ p; U g>k; Upath(y) Uforest(z)
($x1,y 1.9.k1)L(x1,Y 1,9:9,A02,Gtk; )Ug>k,
($x1,y 1,k )L(x,y1,Long,Long,A ¢,,Gt ki)

(11)
(12)
(127)

For simplicity, we have recently employed such a
format for text meaning representation as shown in
Table 1, so called, ‘Discourse Image Tree (DIT)’. This
table represents the meaning of S12 where all the
formulas are expressed in Polish notation. In general,
the leaves of a DIT consist of atomic locus formulas,
labeled as ‘L,’, and connectives such as CANDs and
SANDs. Table 2 shows the DIT for S13.

Table 1*. Discourse Image Tree of S12
Discour se Image D:=US;:S;
Sentence Image || S:=C: S=C
Clause Image C:=P P,P, C2=P3
Phrase Image Pi=L, P2=L> Ps=L3
L ocus Image L1 L Ls
Causer X X x1
Attr Carrier road Py it
IntVal Tokyo west very. long
FinVal Osaka west very. long
Attribute Al Az Aoz
Event Type Gs Gs Gt
Standard k ki k»

* P;=($x,y,k)L(x,y,Tokyo,Osaka,A |5,Gs k)Uroad(y)
PZ:($X7k1 )IJ(Xﬂ Pl,WCSt,WCSt,A 13 ,GS,k] )
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Table2. Discourse Image Tree of S13
D1=' 8182
S1=' 0201 52=C3
C1:P P P1P2oP3 C2=Ps4 Ca=Ps
P=PPLiL, P2=Ls | Ps=L4 Ps=Ls Ps=Ls
L1 L, Ls L4 Ls Le
tom tom X1 X2 he X3
tom book book Py he book
qi qi red very.fast | q 2q
OSK OSK. red very.fast | TKY 2q
A App As, Ajg App App
Gt Gt Gt Gt Gt Gt
ki ki k> ks ki ki

A DIT can realize hierarchical representation and
computation of text meaning consisting of five levels of
image: 1) Locus level image, 2) Phrase level image, 3)
Clause level image, 4) Sentence level image and 5)
Discourse level image and thereby can cope with
higher-order meaning representation as shown just
below Table 1.

(S12) The road runs west from Tokyo to Osaka. It is

very long.

(S13) Tom carries the red book very fast to Osaka

after he reaches Tokyo. Then, where is the
book?

V. CONCLUSION

Most of computations on L.y are simply for unifying
(or identifying) atomic loci and for evaluating
arithmetic expressions such as ‘p=q’, and therefore we
believe that our formalismcan reduce the computational
complexities of the traditional ones when applied to the
same kinds of problems described here. Moreover,
recent employment of DITs has enabled us to program
in procedural languages and thereby remarkably
reduced computational complexity for Lpy expressions
while the earlier version of IMAGES-M was
programmed in PROLOG and therefore inefficient in
computation. This advantage of ours comes from the
meaning representation scheme normalized by atomic
locus formulas, which has come to facilitate higher-
order representation and computation as shown in
Tables 1 and 2.

Our future work will include further elaboration of
the deductive system, improvement of DIT processing
algorithms and establishment of learning facilities for
automatic acquisition of word concepts from sensory
data and more powerful interfaces for human-system
communication by natural language under real
environments.
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