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ABSTRACT. We study theoretical aspects of the approximale reasoning
within the framework of logic programming from a viewpeoint
of Al. Firstly, several new examples of the approsximale
reasoning are proposed. Then, three crucial issues, which
seem to have never been discussed (seriously) by any conv-
entional theory concerning the approxinate reasoning in
general, are argued. They would become essential when we
embody any approximate reasoning from an angle of our com-
mon sensc reasoning. The solution, which simultaneously
answer all of them, is briefly suggested. [t 1s given by
using the methodology of Boolean-valued semantics and the
strategy can be reviewed via the paradigm of the cooperat-
ively distributed AT ( problem-solving ).
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§0. Introduetion

In recent years, there are many Ltrials Lo incorporale a common sense
reasoning inte the parhdign of logic programming. For example, fuzzy
logic programming is the one to combine a fuzzy inference and a logic
progran. Yet another is the analogical reasoning based on a logic progr-
amming technique. Moreover, any logic program + an equational theory
may also fall into this category. From an abstract viewpoint, all these
programming strategies have a common framework such that

a logic program P <+ an inference rule based on
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the approximate reasoning

T A"~4 and B'~B = (1)

H.t

where ~ is a reflexive, symmelric relation over a set of all atoms gen-
erated from P.

Remark: Especially, in the case of P + an equational theory ( or TRS ),
~ hecomes an equivalence relation. MHowever, in general, -~ may nol
satisfy the transitive law. Precise examples are discussed in the next
section.

In the following, we investigate the Lheoretical aspect of this kind
of approximate reasoning from a viewpoint of Al.

§1. Several Examples of
Lhe Approximate Reasoning

In this section, we present several examples of the approximate reas-
oning in general. Since the cases of fuzzy logic and the equational the-
ory are rather familiar, we omit examples in these classes.

I . The case that ~ is an equivalence relation
(i) partial identification

Let A(x,*+) be a predicate whose arity is more than one. The simplest

of the notion of the “partial identification™ is, for example,
Als,=-)~A(u,#) iff s = u.

Though this kind of partial identification can be defined by means of an
equational theory, there are other examples in this category which can’t
be defined by any equational theory. For example,

Alg,=-)~A(u,8) iff both s and u satisfy a property P(x), say, 40=x=

50 when the terms represent ages.

Remark: In the abstract examples in this section, we intend that all
terns used are ground. In the case that a term contains variables, we
enmploy the technigue of lazy evaluation or constraint solving. The novel
and remarkable point of using constraint solving in this context is that,
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instead of using constraints as parts of prograns which are to be solved,
we use Lhem to define -~ at the stage of the approximate reasoning. Thus,
they might be in a position of the query-driven consirains for the same
prograe. Precise argument concerning this aspect of the approximsate rea-
soning will appear in the other paper. Also, see the discussion of §4.

Practically, Lhe number of the chosen predicates Ay, ,A. used in this
context are finite, and this concept of Lhe partial identification would
be useful for, say, a fuzzy deductive database query. ( Compare Lhis
technigue with the usual algebraic method employed by the relational
database. ) As a little nore flexible concept in Lhis direction, we get

{ii) partial pattern matching

In the sitvation of (1),
As,)~Alu, 8 ) iff 8 and u have Lhe sampe pallern.

Here, the notion of the “pattern” can be applied to not only a visual
and/or an auditory but also a literal and/or a symbelic pattern includ-
ing a chemical and/or a biological structure. Note that, in the above,
s(u) itself need not be any kind of pattern. It is sufficient that s
“points” a pattern. By using this notion,we can connect the approximate
reasoning with the conventional realizing algorithm of the mathematical
computation.

(iii) qualitative reasoning

Let D be a target domain of data or informations. Divide D into pair-
wise disjoint subelasses D;,--,D. by somehow or other. Let dy,-,d, be
the representatives ( typical exanples) or the class{ or the category or
the concept) napes of D,,-+,0,. Write a logic program P by using d,,-,
d.. At the same Lime, define — so that, for any s,t€D,

gs~t iff s and t belong to the same class, say, D:.
In this case, we naturally extend ~ so that, for any s< D,

g~d, iff scCD,.

This kind of qualitative inference is interesting from a viewpeint of
cognitive science.



I . The case that ~ is not transitive
(1) disjunctive inference

Let A(x,y,"-) be a predicate whose arily is more than two. Define ~ so
that

As,t,)~A{u,v,¥#) iff (s and u are partially identified) or
{t and v are partially identifiecd)

Obviously, thus defined relation ~ is nolL transitive. ( For example,
Aley,cpy)~A{cy,c3,°) and Aleq,ea, ) ~Alcy,c3,), where ¢y,€5,€5,Cq
are constants. However, Alcy,c2,-+)~A(cs,c1,) does not held. )

Let call an approximate reasoning defined by Lhe above kind technigue
“the disjunctive inference”. Again, a logic prograsming based on this
kind of approximate reasening is suitable for a Lheoretical background
of fuzzy deductive database query languages, and/or searching answers in
set form. One feature of this kind of approximalte reasoning is that, in
an inference step (1) , the similarity relation ~ of A,A" and that of
B,B’ can be defined independently as initial conditions (for each query).
S0, the connection between them is accomplished via — only through
nessage passing, triggered by substitutions which result the pairs (A,A")
and (B,B'). This property contrasts with the character discussed in the
following (iv).

(ii) generalized partial identification

In the situation of I (i},
A(s,)~A(u,3) iff an argument of A(s,++) = an argument of A(u,¥) .
Obviously, thus defined ~ becomes non-transitive. ( Compare with the

above disjunctive inferenee. ) Similarly, we can obtain the notion of
the generalized partial pattern matching.

(iii) the association based inference

In our daily life, we use, so Lo speak, the association in many situa-

tions. For example,

summer — hol = mustard
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is a typical case. Here, we usually can't directly associate “summer”
with “mustard”. Thus the relation ~ based on the associalion is not
transitive. The combination of the association and an inference gives us
an interesting way of reasoning like

suEper —* winter, hot hot — cold , coffee

cold . ice cream

winter = ski , cold

. {E]

SNOW ete.

0f course, Lhe crucial peint is how to embody this kind of associatien
hased inference. (ne important tactic would be to use the neural network
technigue at each association part. In this case, the result becomes the
combination of the logic programeming paradigm( inference part ) and the
neural network paradigs. However, any form of neural network is not good
at treating drastic change of concepts like summer — hot, owing Lo the
pature (, even if it can represent the notion of summer by somehow or
other ). Another is to employ symbolic methods. Any example belonging Lo
this latter category is included in the following more abstract class.

(iv) distance and direction stralegy

Suppose we can introduce the notion of the “ distamce " into Lhe set
of all atoms (or data or informations) by somechow or other,in accordance
with the mathematical structure. For example, analytic or probabilistic
neasure, topological metric, algebraic norm, geometrical or graphic
distance and statistical deviation etc play this role.

Now, in the form of (1) , supposc that A = B and a distance p over
the initially intended domain (or space ) S, including A is given. Let
d(x,y) be Lhe distance function over S,. Our aim ( or the program ) is
to try to find A’ in S such that d{A,A")S p . ( Or, given A€ S and
p, try to find & = B such that A€ S, and d(A,A’)=p . ) In Lhis case,
the candidate may not be unique. Suppose a candidate A’ is found. Then,
we define that A~A" holds. Next, depending on B, the new distance func-
tion g (B)(d) and a distance @ (B)(d(A,A’)) with respect to the domain
S, including B is obtained by using the “statc-changing meta-function™
u . Using this latter distance, we (Lhe program ) try to find B’ € S»
such that @ (B)(d)(B,B')= m (B)(d(A,A")). If such a B’ is found, then
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we define that B ~ B’ holds.

Remark® In the above, we have argued about the case of Lhe forward reas-
oning in the form of (1) . The sinilar argument can also be applied to
the case of the backward reasoning.

Here, there might happen cases that not only the distance but also the
notion of the “direction” had better be employed to search both A" and
B'. Tn these cases, we use the “direction fan or (more generally) dire-
ction corn” condition (constraint) & (o ,A,y) over S., which the candi-
date A'€ S . should satisfy, in addition to the distance function d(A,y).
( Tn some cases, d(A,y) might be absorbed into & (p ,A,y). Of course, in
general, two conditions & (o ,A,A") and & (p ,A’,A) are different. )

As the consequence, the state-changing meta-function g ought to treat
§(p,A,y) Lo obtain the new condition

p{B) (&) (u(B)(n),B,2")
with respect to Sa.

Note Lhe fact that not only the symbolic or numerical approach but a
kind of analogue approach (like fuzzy inference) and even some neural
network technigque can be classified to this general category,by suitably
defining di(x,y), u and & (p ,x,¥).

§2, The Non—-transitive Inference

From now on,we study a few interesting and important issues concerning
the approximate reasoning. We begin our argument by considering Lhe case
of an analogical reasoning as a typical example. ( In order to embody
this kind of reasoning, we can employ,say,the distance and the direction
stratcgy in the above example.) Suppose a rule A =+ B is given, and A ~
A’. The first step is to obtain B’ frem & based on A = B by somehow or
other, under the name of an analogy.

£ A % B
N L D —— L —x B’ = (3)

Now, suppose the desired A' — B' is admitted (by passing the check of
the plausibility and the legitimacy, if the program equips the testing
part). This mecans that the relation B ~ B’ is recognized. Next, suppose
also that A’ ~ A" is given. Since we already have the plausible rule

A' = B’, the program may deduce a consequence B” from A" by somehow or
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other. Here, the crucial point is that, from A ~ A" and A" ~ A", the
program may not always deduce A —~ A". Theoretically speaking, Lhis is
s0 because the similarity relation -~ is not transitive in gemeral.

- (4)

However,even if the relation A ~ A" holds, there often happens Lhe case
that we {our brain and Al program) can’'t, or more strongly, should not
directly deduce B" from A" based on A = B by an analogy.

~ (5)

That is, we can’t always obtain B ~ B” from B ~ B' and B’ ~ B". Here,
note that the non-transitivity of =~ in Lhe sense of the approximate re-
asoning is also applicable to some kinds of fuzzy inferences.

Since the above kind of limitations are often encountered in our daily
cOmmOn Sense reasoning, it surely need to be represented as an Al infer-
ence. However,neither the conventional analogical reasoning in the field
of machine learning nor fuzzy inference seems to be conscious of this
nen-transitivity.

§ 3. Two More Issues Concerning
LP + AR

So far, we study the notion of the approximale reasoning (AR for short)
alone. The similarity relation ~ among atems (,or more generally, among
formulas) can be defined as you like, without considering the logical
structure of the logic programming ( LP fer short ) part as a whole. Ho-
wever, any inference is a rule on which a logic program rumns, and a LP
+ an AR determine the total program as a theory. In this sense, the AR
part and the LP part work together cooperatively, and the former can't
escape from the influence of the latter and vice versa. In this situati-
on .

I. From (1) , we obtain A" — B’ as the plausible consequence. Since
the above is only one step inference, the validity of the clause A’ B’
itself (not the simple B’ } might be well preserved to a certain extent,
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because of the status of B'. ( Remember A'~A and B"~B ) However, after
syccessive n-step inferences based on, say, Ay = A, A2’ A5, =, A
Rosy and Ay ~ Ay'yhs ~ A7, = ALy ~ Ansy’, can we admit A" Ansy’
as a legitimate clause without hesitation ? [If the relations 4; ~ A7,
A. ~ A.", ==, Ans1 ~ MAasy’ are defined independently of the given
clauses A, — A,, A;"— Ay, -, A" A,.;, there seems Lo be no assura-
nce which elaims the logical validity of Ay" = Ansy’.

Remark: Even if —* does not represenl Lhe logical implication in its
rigid sense, we still hope that the resulting A" — An::' has some
reasonable meaning by itself which we can interprete and understand (
without asking for the formal relationship between the intermediate A, —
Az, 53’"" ﬂ?r '"l"lnr_]' ﬁ:m'{ and A‘] = !-111- ."12 AT, e A, A.n+1’ ).
This expectation is nothing bul Lhe backbone idea of the possibility of
pachine learning.

Here, note the fact that the above vagueness has nothing to do with the
condition of =~ being transitive or not.

To tell the truth, this phenominon is the starting point where the
scheme of LP + AR (which include the fuzzy logic programming in its real
sense, not the mere logic programming with the calculation of certainty
factors,)is perplexed. Nevertheless, owing to the nature, the similarity
relation ~ should be independent of the logical structure of LP part,
because we ought to expect to utilize the same relation —~ for different
logic programs. How should we solve this dilemma 7

2. Moreover, especially in the case that ~ is not transitive, the next
problem arises, too. Even if we obtain the suitable procedural semantics
of LP + AR, what amounts to the corresponding declarative semantics ?
Obviously, the logical consequence in the classical sense is not worth
being called the answer. Is there any good candidate for this concept ?
Surprisingly, there seems to exist no conventional theory which covers
and explains the topics of the model theoretic aspect of LP + AR. Since
the matter is so, theoretically important notion of the “completeness”™
( in what sense 7 } of LP + AR has never been discussed.

§4, Cooperatively Distributed
Logie Programming: CDLP

In [14]1,[15], we already give the ( possibly not unique, but highly
reasonable and convincing ) answer to the above three inevitable issues
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concerning LP + AR, not case-by-casely but theoretically. Our solution
is to use a nap [ I from the set of all ground atoms generated by the LP
part P to a completc Boolean algebra B which reflect the logical stru-
cture of P. The map [ 1 bridge the side of LP and the side of AR to
charge new constraints on bolh sides. As the consequence, we gain new
and legitimate concepts of both Lhe declarative and the procedural sema-
ntics and we can show that the crucial and interesting notion of the *
relativized completeness” of LP + AR is preserved , though we totally
omit the argument concerning this aspect of LP+ AR here in this paper.

Solving the above stated problems by giving the universal and general
answer and, at the same time, creating new and legitimate concepts for
the soluLion is the merit of our investigating such an abstract entity
like LP+ AR theoretically. Our methodology is to [ill up a gap between
LP and AR by inserting new censtraints, while preserving the autonomy of
both LP part and AR part. Talking with one rank higher level perspective,
we may obtain the following obsevation frem a viewpoint of Al or cognit-
ive science.

Through the methodology of studying the abstract,we can get an insight
that the above kind of scheme might be qualified to he a nember of the
programming paradigm of the cooperatively distributed AI ( or probles
solving ). That is, twe different and distributed problem solving categ-
ories of LP part and AR part work cooperatively to become a compound
programming technique. This viewpeinl can be easily gained by means of
the abstraction of each particular case. We believe that this idea of
the separation and Lhe combination becomes useful at the time of comstr-
ucting a prototype program which is rather big and practical. For examp-
le, instead of a usual logic program, say,

{ n-{_r [;I*-'r B{_Ai P‘-a }!
we can have a LP + AR such that
{ 0~, P<0 )} + { A~Q, B~P },

if there are any similarity ~ between A and (Q, as well as B and P, and
the similarity really happens among practical informations.

Furthermore, once we stand on this status of cooperatively distributed
logic programming { CDLP for short ), we ought to have an inclination te
expect that other strategies might be able to be combined with LP + AR.
For example,in a fuzzy inference, we calculate truth-values or certainty
factors or prierities at the Lime of AR, and the category of Lhe comput-
ation of truth-values { CT for short ) is confusingly mixed with that of
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AR in many cases. ([ This confusion is the one reason why the resulting
value becomes inappropriate to the supposedly expected semaniics. Hany
fuzzy theorists seem to forgel about the fact that CT, in addition to AR,
should reflect the logical structure of LP. ) However, there are a lot
of ways to compute a value consistently for each AR step, which are dif-
ferent from the analogue technique employed by the fuzzy inference. Mor-
eover, there is no necessity for us to restrict the truth-value to a
number. On the ground of this observation, we notice that the category
of CT is distinguishable from that of AR.Once we stand on this viewpoint,
there is no wondering that we try to connect an example of CT wiLh other
AR examples like an equational Lheory or even an analogical reasoning or
a hypothetical reasoning. Thus, we can obtain the resulting scheme LP +
AR + CT as a member of CDLP. In additien, if we hope, we might furLher
introduce the strategy of constraint solving to obtain CLP + AR + CT.
Yet other combinations are, of course, possible. In [14] and [15], we
already offer examples of LP + AR + CT + @, where a is closely related
to the notion of the “situation™ and that of the “hypothesis or assumpl-

ion™.
§5. Conclusion
In this paper, we abstractly discuss the crucial property of the logic

progranming ( LP ) based on the approximate reasoning { AR ) from a vie-
wpoint of AIl. The key points are;

1. The similarity relation —~ used at AR need not be transitive.

7. Several new examples of AR are proposed.

3. Three issues concerning AR are argued.

4. By separating the AR part from LP part, the total program can be seen

to be a member of the cooperatively distributed Al.

Horeover,we suggest a promising and systematic solution based on our
proposing Boolean-valued methodology, which answers the above J, though
we omit the precise investigation of our methodology here in this paper.
( See [14],[15].) The important point is that our Boolean-valued Lechni-
que is strong and general enough to not only be available for the solut-
ion of the three issues but be helpful for other topics in Al like hypo-
thetical reasoning (including ATHS), situation theory,semantic negation,
hierarchical inheritance, machine learning ete. (See [11],[17].) Further
arguments concerning these aspects of our Boolean-valued methodoliogy
will appear in future.
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