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ABSTRACT

This paper describes mechanizing abduction which means
hypothesis generation and selection for given observaticons. it
considers hypothesis generation and selection problems in a
similar framework to the theary formation system, Theorist, The
exporimental system is implemented in DEC-10 Prolog. It generates
hypotheses from a set of hypothetical formulas and selects cne to
form consistent explanations of given ohservations.

The differences between our system and Thearist are as
follows:
i1} In our system, hypotheses and given knowledge are represented
in an is-a hierarchical structure, and appropriate hypotheses for
given observations are generated based on the structure, In
Theorist,hypotheses are not supposed to have such a structure,
{2} If multiple possible hypotheses are to be generated by the
system, our system asks new observations of the user in order to
select one possible hypothesis, The important thing is that meta-
programming enables the user sasily to define the criteria for
hypothesis generation and selection mechanism,

13} Our system can make use of negative knowledge {integrity
constraints) in the same way as Theorist-5, Our system has
simple semantics and can be implemented easily, using meta-

programming in Prolog.



1. Introduction

According to the pragmatist, C.S. Peirce [18], there are three
kinds of inference processes in human problem-solving:
deduction, induction, and abduetion [1,8]. Te build a prototype
of a knowledge information processing system, the most impertant
research theme is to build such a system with deductive,
inductive and abductive inference capabilities. However, the
research themes in the knowledge information precessing system or
in artificial intelligence are mainly relatad to deduction and
induction, not related to abduction. Then, as one of basic
researches related to abductien, we investigate a hypothesis
generation and selection mechanism, which is the most typical
inference pattern in human beings. We propose an experimental
system for hypothesis generation and selection, implemented
in logic programming language Prolog, and alsoc clarify a
framework of abdutive inference,

The essence of the human problem-zolving processes consists of
a hypothesis generation process and a hypathesis salection
process. The former generates hypotheses which can explain giwven
observed facts by logical implications frem given hypotheses. The
latter selects a candidate hypotesis which verifies the derived
logical implications by some added gbservations {experiments)
from the user,

Tt is well-known that, from the view of computer science,
inductive inference mechanism aims at a formalization of learning

from examples, Note that inductive inference consists of



hypothesis generation and testing problems [2). The abductive
inference mechanism proposed by us aims at a formalization of
hypothesis creation which consists of several complex problems,

as described in section 2.2.

2. Abduction and Hypothesis-based Reasoning

2.1 Abduction

The most attractive theme of the human preblem-sslving and
inference processes is mechanizing abductive inference. Generally
speaking, abduction consists of complex wechanisms. We simplify
and elarify abduction, as a first step toward mechanizing it, as
in the following inference schema [B8,18], where the symbol
f means deducibility in first-order logic. The scheme shows that

mortal (socrates)

VX human(X)k ¥X mortal(x) {1}

human{socrates)

If the unknown fact 'socrates is mortal' is observed in a real
world, and the known fact 'every human is mortal' exists in
anocther real world, then we have evidence that the fact
'socrates is human' may be an unknown hyvpothesis of the

cbservation, This statement migh* be abstracted to the next

scheme.
B ophservation
AFE fact (2)
A hypothesis



The first gquestion is whether we can easily infer the other
solutions, for example, 'socrates is an ape' or ... or 'socrates
is a living-thing'. By intuition, we suppose that 'socrates is a
living-thing' is the mest desirabla hypothesis. Therefore, the
question gives rise to the problem of how ta ganarate hypotheses
systematically and to solect one of them efficiently in a given
knoewledge structure,

mortal{soccrates)

¥x foo(X)F ¥X mortal(Xx) {3)

foolsocratec)

apa(socrates)

possible hypotheses

living-thing(socrates)

2.2 Hypothesis-based Reasoning

In this section, we propose a framewerk of a hypothesis-based
reasoning system. The hypothesis-hased reasoning system uses
unknown {(possible) hypotheses and known facts te form consistent
explanations of observations. & hypothesis is a subset of the
possible hypotheses which are consistent for given faets, and a
unicon of the hypothesis and facts sheould imply given
observations. New, we can provide a theoretical framework of the
hypothesis-based reasoning system, as a generalization of the

theory foarmation system, Theorist [14].



Let 0, H and F be a set of given ohservations, a set of
possible hypotheses and a set of given facts, respectively,
expressed in the well-formed formulae of the clausal form of
first order logic. We say a hypoathesis h is explainable iff
there is a ground instantiation H' via unifier 8 of some subsek

H' of H such that

bhswledge base 1
Fa set of knewn - -— 0:a set of given st WD oresl werld
inowledge observed faets
b krpotkeiin
Fi. 1 A framework of hypothesis-based ressoning
F¥o ( where FF[J), and (4}
h=H'@, H'C H, F+hF O (whaere F+h}k[])} (5)

Here, the symbeol # means undeducibility, [J means
centradiectien, ¢ means a subset, and + means a set union.
For this scheme shown in Fig. 1, we propose several problems

on hypothesis-based reasoning as follows:



{1} Consistency Maintenance Froblem: How should the consistency
of knowledge base KB (£ F+h) be maintained?

(2) Hypotheses Generation Problem: What is the criterion of
hypotheses generation to generate adeguate hypotheses from
possible hypotheses set?

{3} Conflict Hypotheses FResolution Problem: What is the
criterion to decide what hypothesis is true, when
competetive multiple hypotheses are generated, because given
knoewledge is incomplete?

{4} Hypothesis Selection Froblem: What is the eriterioen of
hypothesis selection te identify a unigque hypothesis among
generated tentative hypotheses using new ohserved facts set, if
multiple hypotheses are generated?

{5) Inductive Inference Problem: How is it possible te infer
inductively possible hypotheses set H for given observed facts
set? In this case, it is supposad that F+H is consistent. Note
that, if F+H is inconsistent, the problem becomes non-monotonie,
(6) Frame Selection Preblem: PFirst of all, what F and H are
selected to explain chserved facts set 0 Note that we often

make use of analeogical reasoning to find such F and H.

In this paper, we propose a solution of the above problems,
{2}, (3}, and (4)., Later, we will discuss other problems in

chapter 5,

2.3 Relationship te Knowledge Acquisition Functions



This section describes the relationship between the
hypothesis-based reasoning system and the knowledge acquisition
support system [5,6,7] which were investigated in ICOT, as a
hasic function of the problem-solving and inference system and
the knowledge base management system in the fifth generation
computer systems. The systems are implemented in DEC-10 Proleg
on the DEC2060. To support deductive andfor inductive inference-
based knowledge acguisition, the system fundamentally employs
three kinds of knowledge zeguisitieon functions: knowledge
assimilation, knowledge accommodation, and knowledge transaction
control [5,6,7,9). As shewn in Fig., 2, knowledge assimilation
[7,9] means adding new facts or rules to the knowledge base,
without wvieclating its consistency. Knowledge accommodatian
[5,6,7] means consistently modifying the knowledge base, uszing
Shapire's model inference system [15], when adding new correct
facts or rules to it. In the knowledge accommodation process,
given added facts or rules are supposed to be absclutely true,
while, in the assimilation process, a given knowledge base is
supposed to be consistent. The essential problem in assimilation
and accommodation is to keep the entire knowledge base consistent
and non-redundant, ¥nowledge transaction control [&] means an
adjustment of knowledge assimilation and knowledge accommodation
in a given transaction span. If one knowledge assimilation
process is triggered, then often another related knowledge
accommodation process is to be applied, because they are mutually
dependent in the transaction span. Note that all functions are

implemented by using meta-programming technigues in Prolog [(7].
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3. Knowledge Eepresentation

3.1 Characteristics

We implemented the following hypothesis generation and
selectionsystem in DEC-10 Preolog, Itscharacteristics are
summarized as follows, compared with a similar theory formation

system, Theerist [10]. Fig. 3 shows a framework of ocur system.

frame
SLFUciure

|I hypothesis sebectio hywmulj.
echan identification
HI meghasiam meckenisa
\ boa 0 o
a ser o grven | s zed of addetional
b | cbserved faces 1 1 obnerved lacts
kmown knewledge
vpothesis

Fig.3 A framewark of hypothesis selection mecoanism

(1} In our system, hypotheses and given knowledge are represented
in an is-a hierarchical structure, and appropriate hypotheses for
given cbservations are generated based on the structure, In
Theorist, hypotheses and given knowledge are not supposed to have
such a structure, that is, they have a flat structure.

(2} If multiple possible hypotheses are to be given by the
system, our system asks new observations of the user in order to
select one possible hypothasis.

(3} Our system can make use of negative knowledge {integrity



censtraints) in the same way as Theorist-5 [3]. Our system has
simle semantics and is implemented easily, using meta-programming

in Prolog.
3.2 Frame-type Knowledge Representation

To handle a given problem in a framework of the first order
logic, we introduce such frame-tkype knowledge representation

with reference to [4,12] as follows:

{FRAME <frame-name>
hypothesis_of - <hypothesis—name > ;
<SLOT-NAME? , : slot—value,

<$LOT;Nﬁ.ME}. : slot—=value, ]

{a}
where we suppose that this hierarchical frame structure has ne
loop. In this frame scheme, we introduce a new relation,
hypothesis-of relation which gives a unigue name for the frame.
There are two types of slots. One is called an is-a relation, The
other is called a property-of relation. The starred property-of
relation has a default which value can be assumed until or unless
other information is available. The non-starred property-of
relation is a normal property-of relation. The above frams scheme
can be interpreted as the first corder formula for each 1.

¥ X {hypothesis_of (X, <hypothesis— name>}

sis_a (X, <[rame-nama>)) (7}

YX (ia_a (X, <frame=name>} 2
<SLOT-NAME> (X, slot=value, ) (8]



where =  means "if and only if".

Example 1 : Consider the next frame-type knowledge,

[FRAME alkaline_earth
nyvpothesis of @ “alkaline=earth-ion" ;
is_a :metal;
recipitate : ‘50 ,—on"]
P P i (9)

Thiz frame are translated intoc the following elausal formulas.

¥ X (hypothests_of (X, "alkaline=sarth-Llon"}

=is_ a (X, alkaline_earth )) {10}

YX (is_a (X, alkaline _earth 12
ig_a (X, metal)) {11}

YX {is_a (¥, alkaline _earth 12
precipitate (X, 50, —ion")) (12)

3.3 Relationship to Default Theory

As known knowledge set P and passible hypotheses set H have a
frame-like structure, we want to describe defaults with
exceptions to the structure. Therefore, the starred property-of
relation can be interpreted as follows:

i5_a (X, <frame-nam#e>)

M (<SLOT-NAME> (X, slot—value, )}
<SLOT-HAME> (X, slat—value, )

{13)
where a meta-operator M is a Reiter's normal default operator

[11,13].



Example 2 : Consider the statement "birds fly". This can be

expressed as the default:

WX {is_a (X, bird)AM (can_fly ( X.sky))
o ean_flv (X, sky)} (14)

It is difficult to handle the M aperator, as it is a non-
monotonic operater (11,13). However, if we restrict its semantics
as shown below, we can easily implement it, using Prolog's
negation as failure (7], This idea deoes not give rise to block
problems of inheritance in semi-normal defaults[14].

can_flv (X, sky) :=is_a (X, bird},
~ + (cannat My (X, sky) ). {15)
(16}

cannot _fly (ostrich, skyl,

4. Hypothesis Generation and Selection Problems

4.1 Hypothesis Generation Problem

We assume the frame-like knowledge representation introduced
in the preceding chapters. Let F., F;, and F, be a set of
hypothesis-of relatiens, a set of is-a relatiens, and a set af

property-of relations. Then, the following relationships hold:

FgF,*F,vF‘,EF;—P,,EF,_*F, (17}
F.,4F +F,(&F,)) (18)
F..8F,+F, (&F_,) (19}

Now, we can introduce observed facts cxpressed as the



conjunctions of property-of relations,
A IXT<SLOT-NAME> (X' slot—value, )
{20)
Let Nz and Ny be a finite set of all frame names and a finite
set of all hypotheses names in a given frame. In general,
hypothesis-of relation "hypothesis_of(X,¥)" { X¢Ns, YéNg) is
one-to-one mapping from X to ¥, because X determines Y. Then,
possible hypotheses set H is a finite set as follows:
H = {hypothesis _of (x,.¥,). - hypothesis _ of (x_, v.)) (21)

where |i|=|Ny|=|Ny|=m.

For a given frame, any selectable hypothesis is defined as an
element of a powerset of W,
he2* (22}
If the cardinality of h is equal te 1, then we call such h a
single hypothesis. If the cardinality.of h is larger than and
equal to 1, then we call such h a multiple hypothesis.
Therefore, the final geoal is to find a ground substitution of
logical variable X3(X',X*, ... ,X") that explains obhservation (20).
To clarify rational criteria for hypothesis selecticn and
hypothesis identification, we introduce an ordered ralation »
based on hypothesis_of relatiens and is_a relations among

possible hypotheses set 2%.

h 2h;2"h, & 2% hye= 2% Fu thy-h " (23)



These ordered relaticons constitute a partially-ordered
lattice, If one hypothesis is larger than another hypsthesis in
the meaning of this order, then the larger hypothesis is called
an upper hypothesis, Our search strategy is to generate
tentative hypotheses systematically along with the frame
structure, because this strategy preserves the above order. This
reduces the search cost.

Observations O are given by the facts of property-of

relations. We introduce a concept of "more general" hypothesis by

the fellewing definition:

h,€2¥ F+h,~0 (24)
h,=2% F+h,- 0 (25}
h|:-}hg_ {28)

If a hypothesis h; is more general than ancther hypothesis h,,
h, is not an unnecessarily concrete hypothesis. Then, our problem

is finding the most general hypothesis whieh explains

chservations,

P H h B i :-
living-thing tp;;tl!:;fthinq"
fg-a / moriaiity
. is-a morial
animal plant
i..'i-/ N-a
mammal hird
is*'/' \5_'
human ape

is-a /‘ .\is-a
man wWoman
hypothesis o hypothesis :

man™ Maamant

Flg. 4 Knowledge representation of “living - thing ™ frame



Example 3 : When the knowledge representation in Fig. 4 is
given, suppose that a fact “"mortality(socrates,mortal)”™ is
ocbserved. As a so-called property inheritance is supposed on this
frame, this frame has nine possible hypotheses. Our system is
expected to select the most general hypothesis. In this case, it
is "hypothesis_ofi(socrates, living thing)" for the observation

"mortality(socrates,martal ™,

4.2 Hypothesis Selection Problem

We can introduce a criterion for hypothesis identification with
gase. Suppose that both hypatheses hy and h: explain the same
observations O,

F+h, -0 (27}
F+h,~0 (28)

If hy explains new observations 0', and h: does not explain
the same observations 0', then h, i3 a more realistic candidate
for the hypotheses than ha.

F+h, 0" {29}
F+h,=0" (30}

If a proprty-of relation has the above properties, (29) and
(30), obtaining new observations with such properties can bhe
congidered as an experimental test for hypothesis identification.
Otherwise, obtaining new observations without such properties can
be considered as a belief test for certainty factor, which gives
more evidence that given hypotheses, hy and hy, are true after

the ktest,



4.3 Hypothesis Selection Procedure

We implemented a hypothesis-based reasoning system. Fig. &

shows the main flowchart of our hypothesis selection procedure,

l start I
}

input ohserved facts 07,

L

generate hypothesis “h”
according te an order "7,

selection < 1

check provability by
predicate “explain”.

| :
_ 2 number of candidate
hypotheses

SULCEEs

(output) fail

identification identify h}'pnthcfis ﬂnc:nrdmg as
observed facts 0O

|

nutput

are added.

Fig.5 A flowchart for hypothesis selection

5, Implementation

3.1 ¥nowledge Representation for Prolog



As our implementation language is DEC-10 Proleg, we adopt a
knowledge representation for meta<programming (6,7] in Prolog,
The hypothesis_of relation, is_a relation, and property_of
relation are desceribed as follows:

hypothesis_of {FrameMame, Hypolhesis), (31)
is_a (FrameName, SuperFrameName), (32)
property_of (FrameName, HornClause). {33)
where FrameName is the name of the frame in frame structure F,
and Hypothesis is an atomic formula corresponding to the name of

the hypothesis.

Example 4 : Consider an identification problem of the solution of
an unknown ion. For example, these are described as

hypathesis_of (‘Zn" ,zn (X)), (34}

15_a ('Zn’, transition_element}. {35)

property_of{"Zn',(precipitate_S_ion(X):= zn (X)), acidity (X))}, (36)

Expression (36) means "if there exists Zn-ion in any solution

¥ and X is acid, then X causes a precipitate with 5 ieon".

5.2 Main Frolog Program

The next program gives a shell meta-interpreter [6,7,15] of
the system. The first argument of the program is the name of a
given world, KB, The second argument is a list of given
observations, i.e, goals to be explained by the system. The third

argument i5 a work variable to handle exception knowledge, The



fourth argument is a pair of the current FrameName and
HypothesisName. The fifth argument is binding informaten to

explain the goals.

explain{¥B, trve, Excepr, 3. X) :- !, tree.

explain(KE, excepr{Goal), Except, X, ¥) .= I,
add _list{Goal. Except),
{ explain(KB, Goal, Ereept. X, &),
1. fail
so¥=K ).

explain(¥8, (P,Q), Except, X, 2) = I,
explain(KB, P, Preept, X, Y).
explain{kB, Q. Except, ¥, I).

explain{¥8, (P;Q), Excepr, X, Y) :-
{ explain(KB, P, Except, X, ¥) ;
cxplain{KB, Q. Except, X, ¥) ).

explain{kB, Goal. Except, X, X) =
default_with{Goal, X), !,

explain(KB,. Goal. Except, X, ¥) ;-
system{Goal), 1, Coal :
clause_of (KB, {Goal:=Body}),
explain(KB, Body, Erxcopt, X, Y).
check_exception(kB, ¥, Except).
explain{kB, Goal, Except, (Class. X}, ¥} -
is_aflow, Class),
hypothesis_of (Low, 1),
explain{kB, Goal. Except. (Low.Z), Y).

Fig. & “explain” program in Prolog

The first clause is a termination conditien. The second clause
is an exception handling part. The third clause is a procedure
for cenjunctive goals. The fourth clause is & procedure for
disjunctive goals. The fifth clause is the case in which the

current hypothesis explains goals, The sixth clause is the case



in which a normal explanation succeeds without exceptions.

The

seventh clause is the case in which a lower level hypothesis

tries to explain observations along with the frame structure,

Note that this pregram is a revised version of ocur system [17].

6. Examples

gur system can solve an
identification preblem of the
gsolution of an unknown ion. The
problem is characterized as a
compound hypotheses generation
and selection problem. When a
solution with unknawn compound
ions and a scolution with a
knewn ion are mixed, then it is
supposed that the wuser can
observe a result whether the
action causes a precipitate or
not. How, the problem is the
seclution of an unknown ion, X.

Three exapmles are given.
Fig., 7 shows given facts and
possibkble hypotheses represented
in the

is_a hierarchical

structure, Given facts consist

of beth 1is_a hierarchical
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Fig. T A part of knowledge base F



knowledge and property_of rule knowledge. Note that a property-

inheritance is assumed based on the is a hierarchy.

Example 5 : The first

. . .
execution example is shown in | ° Start. _ ,
observatiors ¢ precip_S04_ion.

Fig. 8. For given observations, )
Terntative hypotheses for precip S04 ion

the system generates the alkaline_earth :exist_ijon{alkaline_earth )

Pb:exist_ion(Pb)
simplest tentative possible

|s precip_S_ion right ? y.
explanations, In this case, the

) Rejected hypotheses ...
generated multiple hypotheses ’
are two single hypothescs. | ooi o nesis for precip_S04_ion
Then, the system asks new Phrexise_ion(Fb)
observations of the user to yes

select une of such possible Fig. B An examgle 1

hypotheses.

Example & : The second execution example is shown in Fig, %, For
two given cbservaticons, the system tries to plan a hypothesis,
exist_ion{Ba), which explains them, However, this hypothesis
should be back-tracking, because it deduceos exceptional
knowledge, exist_ion{Ba). The only hypothesizs that explains
these observations is the hypothesis, exist_leon{Cul.

I - miart.
ebhzervailons © precip O jom,
ohservalions @ flaas_green

hrrethesis exist_losila) deduces an prenptinas] knewlodgn exlst_ioalia)
should be back_traciing .. )
only ane hypolhesis for preclp O ion, [lase_gremn |

Cucexigl_ioniCu)

VL

Fig. 9 An example 2

- 19 =

alkaline_earth :exist_ion(alkaline_earth )



Example 7 : The third execution example is also shown in
Fig. 10. For two given observations, the system generates threa
tentative possible explanations. Fortunately, new observed input
by the user rejects these two single hypotheses., After the man-
machine interactions to the system, the system selects a rational
compound hypothesis, that is, "there exist alkaline earth ion and

transition_element ion in a given solution, X".

1 ?= start,
observation : precip_S04_ion(x).
observation : precip_Oll_ion(x).

diagnosing. ..
Tentative hypotheses for precip S04 _ion(x),precip 0N ion{x) .....

exist_Pb(x) —_—
exist_alkaline_earth<{z} & exist_transition_element(x) ¥
exist_Ca(x) ———

Is “precip_S_ion{x)" right ?
bb-y

Rejected Hypotheses. ..
Ca exist_Ca(x)

Is “precip_halogen_ion{x)” right ?
2> |

Rejected Hypotheses, ..
Pb exist_Pbix)

Verified hypothesis .....
{exist_alkaline_earth (x).exist_transition_element(x))

yes
1 7=

Fig. 10 An example 3



7. Conclusion

We described the hypothesis-based reasoning system which
generates tentative hypotheses from a set of hypothetical
formulae and selects one to form consistent explanations of given
observations. The characteristies of our system are as follows:
{1) In our system, hypotheses and given knowledge are represented
in an is-a hierarchical structure and appropriate hvpotheses for
given cbservations are generated based on the partial order 7
which is the criterion of hypohesis generation. In Thearist,
hypotheses are not supposed to have such a structure, Its
structure of hypotheses is flat.

[2) If multiple possible hypotheses are to be generated by the
system, our system asks new cobservations of the user to select
one possible hypotheses based on the hypothesis selection
criterion "the meost general™. Note that meta-programming
methedelogy enables the user easily to define the criteria for
hypothesis generation and selection mechanism.

{3) Our system can make use of negative knowledge (integrity
constraints) in the same way as Theorist-5. Our system has
simpie gemantics and can hbe implemented esily, using meta-
programming in Proleg.

The subjects for future study are as follows:

{a]) Establishing a logical approach to the problem of hypothesis
selection such as an algorithm for finding a gquery which
discriminates competing hypotheses [168];

(L) Integrating a truth maintenance system which enlarqges the



knowledge acguisition capability in the system.
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