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f o deraia i ae

Absrracr: Yokota b has proposed his original semantic theory “Mental Image Directed Semantic Theory (BIDSTY
and has been challenging 1o model natural intelligence az o formal svatem. This paper presents the fundamentals of the
formial syatem and how to formalize mental operations and notwal concepts within it
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I INTRODUCTION

Im order for focilitating mbwtve and  coberend
human-robot imteraction, it B essential o develop a
syatematically computable  Enowledge  reprosentation
language (KRLY as well as  representation-froe
technologies such as neural networks Tor processing
unstmeeiured sensorvimoetory data. This bype of linguage
15 indispensable o knowledge-based processaing such s
understandding  sensorv  events, planning  approprigte
agtions  and  kewledgeable  communication  with
ofdinary peaple in natural language. and therelfoe i
nezds o have at least a good capabahity of representing
spaticdemporn] events that cormespond te humanrebatic
sensutions and actions i the real world, Yokota, 3. has
cmployed the Formal language so called “Mental-imags
Deseripdion Language (Ll proposed m bes onginal
semantic  theory  “Mental lmage Dirccted  Semantic
Theory (MITXSTY [1]. This language has already been
implemenied  on several  bypes  of  compulerzed
intelligent svstems melodmg IMAGES-M [ 2], The most
reimarkable feature of Lo i its capability of formalizing
apatictemporal  matter  concepts  grousded  in
humanfrobotic sensation while the other similar KRLs
are desypmed o desenbe the logical relations among
conceptual primitrves represented by lexical tokens |3
with the nsk of “predwote dott”™ [4].

Or final goal is to mede]l natural intelligence as a
formal avatem based on MIDST. A formal systein is
defimed as a pair of @ formal language and o dedwenve
syalom comsisting of the axuoms and mference rules
cmploved for theorem  derivation. Loy = a formal
lamguage For many-seried predicate logic with 5 tvpes
of terms specific to the mental imoage model. Therefore,
the deductive ayatem intended hese is o be based on the
deductive apparatias for predheate logie, This paper
amd  focuses on s

imirsdees  the fenmal

fmcdpmeninls

II. FORMAL SYSTEM BASED ON L,

A foginal system i defined as a pair of a formal
language amd a deduchive svstem consisting of the

syslem
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axioms and  miference mles emploved for  theorem
derivation. Ly is a formal language for mny-soried
predicote Jogie with 5 wpes of lenns specific o the
mendal image model. Therefore, the deductive svstem
intended here is to be bazed on the deductive apparatus
For predicate logic.

L. Syminx of L.y
The symbols of Ly for the dedoctive svstem e
listed p=s (iWix) below. These svmbols are possibly
subacripted just like A, 0. ate.
(1) logical connectives
(i guumkitiers %, 3
(i} awiliary eonstamds (L)
(v} menbenes variobles ;3
(v} predicate vanobles oy
(vi} individunl variables
ap matier variables :w, v, 2
by attribate variahles @ a
civalue vanahles (pog.ros

- N, T

3 pattem varables : g
e standard varables -k
(will sentence constants ;™
(v pradicate constants ¢ 1L, =, &, = < {and odhers b
b imtroduced where needed)
e individual eonstants
a) matber consianis
rseded
by atmbute constants - A, B
rvalue constants | to be mtreduced where needed
dy pattern constants @G
eystandard constants @ K

() funetion constants | anlaedie operators such as +, -,

ete, {and others o be introduced where needed)

(xiF mela-svmbaols: =, — & (and others o be

mtroduced where needed)

Cxi) others: e be defined by the symbaols above,

The system 15 a many-sorted predicate logic with five
kineds of isdividuals employed for one special predicate
constant "L so called “Atomic Locus". Excepd this point,
the syraciie rules and the theses of the system ane the
same as those of the comventiono] predicoie logie

to be introdoced where



The predicate ‘L’ is such a seven-place predicate that
is given by expression (1).

L(wi, Wa, Wa, Wy, Ws, W, W) ()]

Expression (1) is a well-formed formula (i.e. wff)
called ‘Atomic locus formula’ if and only if the
conditions below are satisfied. A well-formed formula
consisting of atomic formulas and logical connectives is
called simply ‘Locus formula’.

(a) wy is a matter term (variable or constant)

(b) W, is a matter term

(c) W is a value or a matter term

(d) wy is a value or a matter term

(e) Ws is an attribute term

(f) W is a pattern term

(g) Wy is a standard (or matter) term

2. Semantics of Lpy

The domain-specificity in the syntax and semantics
of Ly is exclusively related to atomic locus formulas
and the essential part of its semantics is subject to their
interpretation controlled by the family of domain-
specific constants, namely, Attributes, Values, Patterns
and Standards intended to correspond well with natural
or artificial sensory systems.

So far, dout 50 attributes (e.g. Color, Volume,
Taste) related to the physical world have been extracted
exclusively from Japanese and English words. The
values for each attribute (e.g. Red, Small, Sour) are to
be arranged so as to form a structure “Attribute Space”,
so called.

Correspondingly, six categories of standards (i.e.
Rigid, Species, Proportional, Individual, Purposive and
Declarative Standards) have been found that are
assumed necessary for representing values of each
attribute. In general, the attribute values represented by
words (e.g. Dark, Large, Bitter) are relative to certain
standards. These standards are to be utilized exclusively
for coping with vagueness and controlling granularity of
attribute values.

As for the pattern term, two constants have been
hypothetically provided, that is, G; (i.e. Temporal event)
and Gs (Spatial event) indicating temporal and spatial
change in an attribute, respectively.

[I1. DEFINED CONSTANTS

1. Tempological connective and Empty event

The deductive system employs ‘tempo-logical
connectives (TLCs)’ with which to represent both
temporal and logical relations between two loci over
certain time -intervals. The definition of a tempo-logical
connective C; is given by D1, where t;, ¢ and C refer to
one of purely temporal relations indexed by an integer
‘i’, a locus, and an ordinary binary logical connective
such as the conjunction ‘U’, respectively. The suffix ‘i’
(-6£ i £6) indicate 13 types of 1-D topological relation
(i.e. 0: EQUALS; +1: MEETS; -1: MET-BY; +2: STARTS; -2:
STARTED-BY; +3: DURING; -3: CONTAINS; +4: FINISHES; -
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4: FINISHED-BY; +5: BEFORE; -5: AFTER; +6: OVERLAPS;
-6: OVERLAPPED-BY [5]). The TLCs used most
frequently are ‘SAND (Uy)’ and ‘CAND (U,)’, standing
for ‘Simultaneous AND’ and ‘Consecutive AND’ and
conventionally symbolized as ‘P’ and ‘¢’, respectively.

D1. c1Cic U (¢ Cey)Uti(cy, co)

where
£(C2,C1) ° ti(C1, C2)
("l {0,£1,£2,4£3,£4,45, +6})

In order for explicit indication of absolute time
elapsing, ‘Empty Event’ denoted by ‘€ is introduced as
D2 with the attribute ‘Time Point (Asz4)’ and the
Standard of absolute time ‘Ktg’, where R and D denote
the total sets of real numbers and absolute time intervals,
respectively. (Usually people can know only a certain
relative time point by a clock that is seldom exact and
that is to be denoted by another Standard in the Lpy.)
According to this scheme, the suppressed absolute time-
interval [t,, t,] of a locus € can be indicated as (2).

D2.  d[titi)U $xy. QLY. tistj,Az4,2.Kn)

wherp A
[ti,t;]1 D={[t1, 2] | t1<ta (11, 2] R)}

cPE(tyts]) )

2. Mental Operations

People can tansform their mental images in several
ways such as mental rotation [6]. Here are introduced
two kinds of such mental operations, namely,
‘reversing’ and ‘duplicating’.

For example, people can easily imagine the reversal
of an event just like ‘rise’ versus ‘sink’. This mental
operation is here denoted as a meta-function ‘R’ and
recursively defined as D3, where c; stands for a
perceptual locus. The reversed values p® and q" depend
on the properties of the attribute values p and q.

D3.  (cic2)"U ¢y ®
(C]PCz)R U C]RPCZR
L' (x.y.p.g.:a.2k) U Lxy.q"p“.agk)

For another example, people can easily imagine the
repetition of an event just like ‘visit twice’ versus ‘visit
once’. This operation is also a meta-function recursively
defined as D4, where ‘n’ is an integer representing the
frequency of a locus formula c.

D4. c¢"U ¢
n 0 C.Cn—l

o (n=1)
o (n>1)
3. Natural Concepts

All the natural concepts of physical or metaphysical
matters and their relations are to be defined in
association with specific loci in specific attribute spaces
formalized by the four types of individual constant
stated above. These concepts can be introduced as non-
logical constants, namely, predicate constants (e.g. carry,
snow) or matter constants (e.g. Tokyo, Tom) and
defined in context of locus formulas as follows.



A Event Concepis

Adn event here, wsually referred by a verh, preposition,

adjective or s0 in matural language, 15 delimed as a
spaliotemporal relabiom among certam matlers n the
world, which i1z to b coneeptunlized as o genernlizotion
of 8 perceptual locus, namely, a combination of atomic
laci articulpded by tempelogical comunetions (1e. a0
with the obstraction eperator "4
For example, the English wverb concepls  “carmy
(=convey ) anmd “shuttle” are to b delined as {3 and (4,
meapectively . T tum, the expression (35 s the definition
of the English verb concept *fetch’, This imples such a
tenmporial event thiat “x" goes for v and then comes
back with it In the same way, the English verb concepd
Thard” or ‘receive’ is defined equivalently as i) or iis
abbreviation Ty These coneepis can be  graphically
interpreted as Fig.l.
R TR =R ST
oy i 3 pa kol pagafy o Gy kD
TGy g 206 Koy apeg (3
Chedshotile =G g k)
RS TETPLER
o ;"{:«u:,ﬁ:]:-,q,.l'k- - G KT A p#ganz]
=i gk
M ELES T TP 3
i g Py 2. Gk prganz] )
hzy ifebehd oy e ey W Ap) L pa K
Lo pa. A 2G KD
pu PR TN PLEEEN VR

DLy oy, A 2 G KD Axy Ay 22 (3}
Loy 2 thamd [y 2
=TT TG PR
iy 2Ry X2 A 2, G KD
DIy it 2 G K oy ooy 8 ety (6}
S EL E Y R RAF R TERCN 4
AU AR R (7
AT A3
q q =
i
4 s
X FR
P f;’f P A
T i'ht
(i) ik
Az A3
a ——
/ ¥ :
: 2
T Tim

(el )y
Fig 1, Pictarial interpretation of verh concepts: (a) “earmy”, (b))
shiginlie”, eh “Tetch’ and () hand recerve ™
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Such locus formulas thet comespond with natural
cvend concepds are called “Event Patlerns™ and about 40
kinds  have been found  concerning  the  attribuls
Phvsienl Location {4207, Tor example, move, sfay, star,
Flerp, e, separale, carry, e, ele

Emploving  TLCs,  twempoe-logieal  relationships
betwesn  miscellancous  event  concepis can be
formulated without explicit indication of fime intervals.
For example, an event C“fetchixy )y i necessarily

Sindghed Ieoan event Ccarmy(x,v)” as indicated by the

wmderline at &1 This faet can be formulated as &),
where ="

15 the impdicatien (20 fumished wath the
This kmd of
formula 1= not an axiom bt a thesten deducible from
the defimbiens of event concepts n the deductive
svatem imended here,
7wy Kiekehiy | = comvixy )
B Matter Coneepis
A matter, usually referred to by a poun in natueal
larguage, 15 o be concepualized as o conjunction of the
miental images of el and its relabiens wath others thod
in turn are ke be reduced oocerlam loct o attnbote
spaces, In the fonmal system, a maotter concept "y’ =
defined in such a context as (9, where ' and Sy
are fo represent the concepiunl imoges of sell ond 1=
relptions with others, respectively, and in tum o be
redused to atemie locus formulas of all the attributes .
G E R gy Ee () [
Whereas wizh must be a total description of all the
attributes, for simplicity here is o be given oaly ils
iportant part with the svmbol %" fepresenting its
abbreviated part. The part szl is given as a
combination of alomie kecws Famulas for the Alinbuale
Corner “x" without any other specific matier imvobved
unbike the other part g (2l For esmple, the matter
called “iee” con b conceplunlzed as (100, This formula
reads that 1ee 15 plwavs equal to or lessthan 0FC celd, 15
alwavs o mo vitelity and melis mie waler (or s
spmedhing from that Ha0) changes into water)”. [n tum,
the matter “anow” can be conceptualized as {11, reading
“Spow s powdered lce attracted froam tee sky by the
acarth’, The attributes "M, “Aae’ and Ay refer 1o
‘Tempernture’, " Vitality™ and  “Coality”, respectively
The speeial symbol ° ) defimed by (120, 15 0 vamable
boursd by an existential quantifier but does not refer to
any specific matter or 5o in the conbext while **" and “¢
represent Calways”  and  no ovalue  (or  mater)y’,
reapectively, defined by (13} amnd { 143
CRaicely e aee (Zaams (%)
fAxice X A L _xp.a.Aae .
ARSI Q2000 o L0 it e G 2
fAmoe (e 37 LN A 5, )
sowater] s oo Ha Oz

temporal relation  Cfiwishedfy (1407

(5]

{10

R o3

R T WL A G
LiEarh,x Sky Farh,Ag = G, b

Apowder(x) bico(x 1n%

{11



I—(,V\fl,_,\/\fj,)o ($W)I-’(9VVUW>V\69) (12)

c*U (" [p.q]) ¢ P &lp.q)) (13)

LW F W)U ~(Sp)L(. . WP W) (14)
As easily understood, matter concepts include

miscellaneous spatiotemporal relations (i.e. events) among
matters usually referred by verbs, prepositions or so.
Therefore, a matter concept is usually much more complicated
than an event concept in definition. By the way, a noun
originated or derived from a verb is to be conceptualized so as
to include the verb concept. For example, the concept of

‘conveyance’ is to be introduced as (15).

(I z)conveyance(z)

U (I 2conveyance'(z)Uconveyance ()

(I 2) conveyance '(z)

U (I 2L*(f zf,f,A5,G.FU%

(I Zconveyance " (2)U (I z)($xyy)

L, {xy},22.A01,Ge )P convey(x.y) {15)

It is well known that people perceive more than
reality, for example, ‘Gestalt’ so called in psychology.
A psychological matter here is not a real matter but a
product of human mental functions, including Gestalt
and abstract matters such as ‘society’, ‘information’, etc.
in a broad sense.

For example, Fig.2 concerns the perception of the
formation of multiple objects, where FAO (Focus of
Attention of Observer) runs along an imaginary object
so called ‘Imaginary Space Region (ISR)’. This spatial
event can be verbalized as S3 using the preposition
‘between’ and formulated as (16) or (17), corresponding
also to such concepts as ‘row’, ‘line-up’, etc. Employing
ISRs and the 9-intersection model [7] all the topological
relations between two objects can be formulated in such
expressions as (18) or (19) for S4, and (20) for S5,
where ‘In’, ‘Cont’ and ‘Dis’ are the values ‘inside’,
‘contains’ and ‘disjoint’ of the attribute ‘Topology
(A44)’ with the standard ‘9-intersection model (Kopy)’,
respectively. Practically, these topological values are
given as 3” 3 matrices with each element equal to 0 or 1
and therefore, for example, ‘In’ and ‘Cont’ are
transpositional matrices each other.

(S3) The square is between the triangle and the circle.

($x1,%,%,Y,P, DLy X1%,A12,Gs, )P
LL»Y:P»P:A 13 sGS s_))’\(LL5y9X2 3‘X3 aA 12 aF}S 9_)P
LL»}’,qu,A 13 ,GS:_))UISR(y)Up:q Utriangle(

x1 )Usquare(x;)Ucircle(x3) (16)
($x1,%.%3,y,p)LY.X1,%,A12,Gs,_)* .
L(_:Y9X2‘ax3 9A 12 9GS 7_))P L(_9y9p9pa‘A 13 9GS 9_)U
ISR(y)Utriangle(x; )Usquare(x;) Ucircle(xs) 17)
(S4) Tom is in the room.
($x,y)L(Tomx,y,Tom,A2,G;, )P
L(Tom,x,In,In,A 44,Gt,Koim)
UISR(x) Uroom(y) (18)
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($ XD )L(TomaxaTomay:A 12 aGS 9_)P
L(Tom,x,Cont,Cont,A 44,G;,Kopm)
UISR(x) Uroom(y) 19

(S5) Tom exits the room.

($x.y.p,q)L(Tom,Tom,p,q,A 12,G;,_ )P
L(Tom,x,y,Tom,A,,Gs, )P
L(Tom,x,In,Dis,A 44,Gt,Kopn)UISR(x)U

room(y) Up? q (20)

Imagingry Space Region

Fig.2. Row as spatial event.

V. CONCLUSION

The fundamentals of the formal system were
presented based on MIDST. The expressive power of
the formal language L,y was demonstrated with
linguistic or pictorial manifestations throughout this
paper. Its most remarkable point in comparison with
other KRLs resides in that it can provide natural
concepts such as carry, snow, etc. with precise semantic
definitions that are normalized by atomic locus formulas
and visualized as loci in attribute spaces in both
temporal and spatial extents (i.e. temporal and spatial
events), which leads to good computability and intuitive
readability of L,y expressions.

To be continued to another paper of ours [8] for this
session.
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