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A Methodology for Implementation of a Tnowledge Acguiaition System

H.Kitakami, S.FKunifuji, T.Miyachi and K.Furukawa,
Institute for New Generation Computer Technolegy (ICOT)
Mitakokusai Building (21F)
1-4-28, Mita, Minato-ku, Tokye, 108, Japan
[Abstract]

This paper describes an investigation conducted on Knowledge Acguisition
System for a Knowledge Basze System, and discusses a conceptuzl configuration and
implementation method for some mechanisms in  this system. These mechanisms
include & meta inference mechanism, inductive inference mechanism, knowledge
amsimilation mechaniam and knowledge accommodation mechanism. These mechanisms
enable this system to turn the knowledge into the user's purpose, The
diacusaion of the implementation method éar the inductive inference mechanism
attempts to explain speeding up strategy.

These mechanisms include the manipulation of faets, rules and integrity

constraints as knowledge.

Finally, the authors present certain some execution traces of this system.

1. Introduction

To approximate human mentzl processes, 3 computer zystem must bDe equipped
with wvarious mechanisms. One 1is & mechanism for systematically storing and
managing human knowledge. This mechanism is known as the knowledge base aystem
[1]. Az part of our research, we are studing methodeclogies for implementing a
knowledge acquisition system [5]. [Knowledge aequisitiom [2,3,8] means the

funetion of collecting knowledge by asaimilation and accommodation in a

knowledge base.



In this paper, «<nowledge stor=d in 3 knowledge base is regarded as
faets [individual Tfaets), (1i; rules (general rules) and {iii) integrity
eonstraints (integrity constraints con facts and rules) ; and the knowledge base
format, as a deductive question-answering system for relatiopnal databases,

felational databases which support 3EQUEL, QUEL or other languages a&as a
deductive [unctlon bhandle nmainly facts as knowledge [6,7]. 4 knowledge bese,
however, also treats rules as knowledge on a full secale basis.

Thi= paper discusses the conceptuzl configuration and methodology for the
implementation of 2 knowledge=bazed knowledge zequisition =zystenm,

The results of its implementatien in Prolog are also reported. The

programs were all interpreted under the Edinburgh Proleg-10 {8].

2. Configuration of the knowledge acquisition aystem
This section discusses the conceptual configuration of a knowledge
acquisition saystem, Knowledge in Lhe knowledge base will basically take the
form of Horn clauses. In order to systematically acguire expert knowledge,
wunowledge acqguiszition system repeats assimilation and accommodation in the
knowledge base. The user then monitors the knowledge base using a deductive
question answering pechanism. These operations enable this system to turn the
knowledge intoc the user's purpose.
Figure 1 :tllustrates the concept of a knowledge zequisition system
constructed for knowledge base systems.
This system inecludes a2 meta inference mechanism whiech is defined a= an
amalgamation af objest language| Frolog) and meta language( including
demo-predicate). The theoretical study of meta inference 1s described by

Kowalski et al [9,10]. Implementation of this mechanism is discussed in the

next chapter.
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The inductive inference mechanism iz treated as
[17,18] in Prolog.

from Shapiro's research
dcguisition can play a rele in the fellowing operaticns
(1) Creation of knowledge =zuited to user's intentions.

{2) Revislon of existing knowledge({mainly rules and facts).

{3) Self-organizing of existing knowledge.
redundancy, and

We are capable of obtaining useful resultz for {1) and (2) now, but (3) required

further research.
function for eliminating

Redundancy contrel iz the
present

solving wvariou=s past,

carried
for

History control is the function

the knowledge base.

is

out at the user's discretion each time new kXnowledge is acquired by the
and

knowledge base,
future propositiocns by recording the assimilation and accommodation processes in



Consisteney control is the functiom for defernse zgzinst inconsistesncies 1in
the knowledge base,

Assimilation is used to store knowledge suited to the user's intentions in
the knowledge base. User's intentions are defined by integrity constraints. In
this case, existing knowledge is not revised by zssimilating external knowledge.

Accommodation is used te revise existing knowledge using external knowledge
supplied by the user, which iz always regarded as being correct in this

operation. Some accommodation methods are listed helow:

(1) Revising existing knowledge based on facts provided by the user;

(2) Revising carried out directly by the user;

(3) Revisions carried out by combining methods (1) and (2)}:

{U) Deletion of existing knowledge which subsequently becomes unnecessary.

Far details, refer te [11].

When two or more assimilations and accommedations are used as a single
unit, the oaperation in a single unit may not satiafy intermediate integrity
fonstraints,  Transaction control is required te provide facilities for this
purpose.

Intelligent question-answering provides a anwledge base question-answering
capability based on meta predicates. |

Other functions include those designed to prove inclusion and equality
related to knowledge base rules, These are important functions for effective

utilization of knowledge bases built in cther fields.



3. Meta irferepce mechanism
A denoc-predicate used as a2 metz Infersnce i3 used to sclve the following
problems:
{1) Prove existential propositions.
(2} Prove universzl propesitions.
{3) Prove gozls (Proleg interpreter in Prologl.
{4) Others,

This chapter discusses the implementation of a meta predicate "demonstrate®
whieh solves problems (1) and (2). Existential prepositions don't contain
variaoles but universal propositionsa contain a variable in the argument. The
"demonatrate™ predicate is used as knowledge assimilation in chapter 5. Froblem
{3} is described in the next chapter.

Figure 2 illustrates an implementation of the "demonstrate® predicate to
prove propesitions (1) and {(2). Thesze propositions{clauses) are assumed to take
the following form:

1) Head: =-Goals.

2) Head.

However, "Head"™ represents ane predicate and "Ooals" consists of the
logieal s=um and 1ogiecal product of predicates. "Goals" is allowed to contain
the cut operator and the system predicate.

The "demonstrate® predicate in Figure 2 has three arguments. The first
argument gives the name 1list, KENL, of the knowledge bases tc be used; the
second argument specifies the existential/universal propesition to be proved;

the third argument specifies identifieation(ID) of knowledge in the existing

knowledge base which is not useful to =olve this problem.
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The "demo"™ prediczte in Figure 2 is known as a Prolog interpreter {15] in
Prolog amd {s improved by the authors. This "demo™ predicate has four
arguments. The first and second arguments have the same apecifications as the
"demonstrate™ gpredicate; the third argument gives the following infermaticn to
control the reselution process:

(1} Temporary knowledge(Goals) used in this process.
(2) Identification(ID) of knoewledse as not useful,
(3) Working variable to rontrol the out oparataor,

(4) Number of maximum resalution steps.

The fourth argument returns the following resolution resulbs:
{1) Truth value{true/overflow).
(2) Proof tree, if truth value is overflow.

The "select variable_list" predicate is the predicate that selects Lhe
varizbles frem the clause given by the user.

The "skolem" predicate i=s predicate Lo provide constants{unique in sysbem}
te the variables,

The "clause kb" predicate is the predicate that seapohes for Lhe Mggals"
which  ¢orresponds the ‘VHead"™ from the knowledge base list, KBNL. The
"next_clause" predicate is the predicate that searches for the "géalsﬂ which
corresponds the "Head" from the knowledge base, KEN.

The physical structure of knowledge is as follows:

KEN{P1,P2,P3,Clausze),
Each piecc of knowledge in the knowledge base is linked by a before pointer P3
aod forward pointer P2, P1 is the address pointer of the clause. Identifier ID

of knowledge is defined by the three pointers [F1,P2,P3].
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J® Demonstrace eziscentialSuniverssl Clause

demonscrate(¥slL,Clause, Cond) =
verify( (zelesct_varizple list(Clause,Varizble list),
skolem( Variable_list]},
(Clause=z{P:=Q)=~>demo{KBNL,P,[5,Cond, Cut,50]) ,[true, [ ]]);
demo({KENL,Clavse,[[],Cond,Cut,507, [ true,[]100) 1.

verifyi{P)i- +(%+(P)),

demo({KBNL, true, [ Res, Cond , Cut, Count ], [ brue, [ J]):-1.
demo{KBNL,Goals, [Fes, Cond, Cut 0], [overfleaw,[ 11):=1.
demof¥BYL,!,[Res,Cond, Cut, Count ], Result, Stack]).
demo{KENL, !,[Fes,Cond, cut ,Count ],{ Result,Stack] ).
demo(EENL,(P:5),[Res,Cond, Cut,Count], [ Result, Stack]):-1,
{demo{KBMNL,P,[Re=z,Cond,Cut,Count],[Pesult,Stack]) ;
demo(KBNL, d,[ Res,Cond, Cut,Count],[Result,3tack])}.
demo{¥ENL,(P,3),[Res,Cond,Cut,Count ], [ Result,Stack]}i-1,
demo(KBNL,P,[Res, Cond, Yalue,Count 1, Result1,Stack1]),
{Value==scut,lut=cut,Result=Resultl,S5tack=S8tackl,! ;

Resultlstrue->demo({¥BHL,J,[ Res,Cond, Cut,Count],[ Reault,Stack])

Result=Hesultl,Stack=5Stack1).
demo(KBNL,P,[Res, Cond, Cut,Count ], [ Result,Stack]}:-
system{F)->»F, Result=true, Stack={] ;
Countl is Count-1,
clause_kb{KBNL,P,ID,d,[Hes,Cond]),
demo(KBMNL,E,[ Res,Cond,Cut,Count?],[ Resultl ,Stack1]),
fCut=seut,!,fail ;
Resultl=true-*Resul tz=true,Stack={] ;
Fesult=overflow,Stacks[{P:-Q) !5tack1]).

clause_kb{ (KBN,KBNL),Head, ID,Goals,[Res,Cand]):=1,
( elause_kb{EBN,Head,ID,Goals,[Res,Cond]) ;
clause_kb{KBNL,Head,ID,Goals,[fes,Cond]) ).
clause_kb({KBN, Head, ID, Goals,[Res, Cond ] ) =
next_clause(KBN,ID,Clau=e,Cond),
{ Clause={Head:-Goals) ;
ClausesHead,Coals=true ) ,
clauze_kb{XBN,Head,[],true,[Rea,Cond]):-
Hesh\==({],unify{Hes,Head).

Figure 2. A Prolog Program for the "demonstrate® Predicate

for Praof of Exiastential/Univerzal Propositions.

Fage 7
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Y, Inductive inference mechanism

The inductive inference mechanism in Figure 1 will be treated as a problem
concerning induective model inferenee from facts, This concept of model
inference draws on Shapiro's research [17,18].

This section discusses our research into model inference, and presents the

relations between "demo® predicate and the model inference. We also discuss a

speeding up strategy for the medel inference.

4.1 Model inference
Figure 3 shows an incremental model JInference algorithm presented by

Shapiro. This algorism is given cbservation data Fn=<0B2,V>.

Sfalsez{[]},5true={ }.
Lo={[]},mark [] "false".
repeat
Read the next observation data Fn=<0BS,V> and add OBS to Sv,
repeat
while { Derive OBS frem conjecture Lp, OBS belongs to Sfalse } do
By contradiction backtraecing,
discover the refuting hypotheses H and delete H from Lp.
while { “{Derive 0BSi from conjecture Lp), OBS5i belongs to Strue } do
By refinement operation,
discover hypotheses Hi which is satiafiable to derive Hi to OBSi and
add Hi to Lp { Lg = Lp " Hi, g=p+1 ).
until { Neither of the while loops is entered ]
output Lp
forever

Figure 3. An Incremental Model Inference Algorithm.

The observation sentence OBS iz a fact and V 13 the truth value of Mtrue®
or "false™. The set of inferable hypotheses is the procedures (=et of rules and

facts) programmed in Prolog,
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The derivaction problem in Figur 2 2zp be ipplemented by toe “demol®
predicate snown in Figure 4, In :his way, the physiczl separation of the
knowledge base can be obtained [or the model inference system. Figure $ shows a
Prolog program whieh applies a "demo!" predicate to Figure 3.

demo! (KBNL,Gogls):-
depo{KBEL,Goals, ([ 1,0 ],cut,50]), [ Pesult, 3tack]),

{Resulthy=s=true, ! ; srue),
{Result=overflow ->nl,stack_overflow{KBNL,Goals,3tack],
demol1({KBHNL,Goals) ; true).

Figupre 4. A Prolog Program for The "demo1® Predicate.

model_inference{KBN,FN) :=

nl,ask_for{'Next lact{sentence,true/false) or end ",Fact],

{ Fact=aend

{ Faect=check = model_inferencei{KBN,_) :

{ Fact=(P,V),P=..[FNI¥Y]:
nl,write(' Error Functor Name.'),fail },!,
Fact=(P,V}, (V=true ; V=False) -=»
assert_fact{F,V), oodel_inferencel (KBN,P) ;
write("!Illegal input'}, nl },!',nl,next_time,
model_inference{KDN,FN)).
model_inflerence{KBN,FN):-

nl ,ask_fer( 'Hext fact{zentence,true/false) or end ',Fact),

[ Fact=end :

( Factzecheck=rmodel_inferencel(KBN,_J;
Fact=(P, V) ,(V=true;V=False) =3
assert_fact(PF,V),model_inference! (EBN,F);

write( "!I1lepgal input'),nl },!,nl,next_time,

model_inference(KBN,FN1).

model_inferencel (KBN,P) :-
write( 'Checking faet(s)...'), ttyflush,
{ faect{P,true),not{demol (KBMN,P)}->

nl,misaing _solution{KBN,F),model_inferencel (KBN,_) ; 7 (Too Weak)
fact{P,falsae),demol(KEN,F)=>

nl, false_solution{KBN,P}, model_inferencel(KBN,_ ) ; % (Too Strong)
write{'no error fourd.'),nl .

Figure 5. A& Prolog Program for Model Inference System,
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Tie reflnement cperstion in Figure 3 is eapable of refining predicate "p"
te predicate "g" in the following four ways:
(1) qiX1,%2,X3y0004Xn), 18 p=[].

{2) g=Unify ( p(X1,%2,%3,...,%n) ).

[Xi=%3)
{3) g=Instatiate{ p(X1,%2,X3,...,%n) I.
{(Xi=t{¥i,¥2,...,tm))

(48) g=Add_gmo=l{ p{X1,%2,%3,...,%0) J.
{Subset of p)
4.2 Speedup strategies
The speeding up strategy for model inference is as fellows:
(1) Type{structural) specifieations of predicate arguments.
(2) Specifications of the incorporating predicate.
(3) 1/C specifications of predicate arpuments.
(&) Selecting a hypothesis with z simple structure.
{5) Preventing recomputation by keeping refuted hypotheses,
(6) Others.

Az strategies (1)-(4) have already been discussed in model inference system
[17], this section will discuss strategy (S) in Figure 6. We assume that the
search strategy for the refinement graph in Figure 5 is a breadth-first search
and our goal is to search for hypothesis "Hi". If the hypothesis is refuted by
a false sentence, the system can search for a new hypothesis, ®"HA", without
recomputaticon from "H1" by keeping hypothesis PHAT. The results of this

axperiment are shown later.
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Figure 6. The Zpeeding up Strategy in Refinement Graph.

5. EKnowledge smsimilation

This section deseribes an algorithm for assimilation as shown in Figure

1

on the basis of FKowalski's idea [12,13]. The algorithm is predicated on the

foellowing major assumptions:
1) The closed-world assumption iz emploved.
2) The knowledge base under considerstion iz consistent.
(Integrity constraints are also consistent.)
3} Knowledge (rules, facts and integrity constraints) in the

knowledge base are described in Proleg.
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azsimilate the knowledge.
(A2) Remove redundancy from the knowledge base on the assumption that inmput
knowledge has been aszimilated into the knowledge base.
However, redundancy remeval processing depends on user's intention.
[A3) If the integrity constraint conecerned can't be proved from the
knowledge base on the assupption that input knowledgze has been
aszsimilated intc the knowledge base, restore the knowledge base to
ita eriginal state because it is inconsistent.
{ In (A3}, redundancy may be removed. )
(&) If input Knowledge qualifies for assimilation under all of
procedures (A1} through (45) , insert the input knowledge
into the knowledge base,

Figure 7 shows a Prolog program for assimilation by this algorithm.

£. Knowledge accommodation
Knowledge accommodation for a knowledge base is similar to the debugging of

& logic preogramming and this accommodation includes the functions of revising
existing knowledge from facts and replacing directly existing knowledge with new
knowledge. For this operation, this accommodation is necessary in the following
procedures:

(1) Revision of Knowledge in the knowledge base,

{2) Redundancy elimination (depends on user's intention),

(3} ¥nowledge baze recovery bHy mean of discovering contradictions.



: Is "Izoui® aerivable frop TEZINT 7 r
LR | I'.l"l
assimilate({K5N, IC_pame,Input):=-
demonstrate{{BN, Input, (1],
mezsage(derive, Input).

/% (A2} : Does "Input"™ imply information already L
i implicitly contazined in "KBM™ 7 #y
assimilate(EBN,IC_name, input);:-
insert_knowledge{¥EBY, Input,ID},
assert{inzerted(¥EN, TD, Input)},
query redundancy_elimination,
eliminate_redundanecy(X3M, ID),fail.

/% {A3) : Is ["EBN™ + "Input®) inconsistent y
fE with nICcm 7 #f
aszimilate(XBN,IC_name, Tnput):-
IC namet==[],
next_clause({IC_name, ID,Clavse,[]),
head_part{Clause,Head),
not{demonstrate((IC_name,KBN),Head,[]1)],
restore_kb(KBN),
message( inconzist, Input),

/% (A4} : "Input" is logically independent from gy
P "EBN" . ®/f
aszimilate{KEN,IC_name, Input):-
post_processing(KBN, Input )},
message( independ, Input),

/* Eliminate redundaney #/

eliminate redundaney{¥DBN,ID):=
next_clause(KBN, ID1,Clause,[ID]),
demonstrate(KBM,Clause,[ID1]),
update knowledge (KBN,(],ID1),
assert{updated(KBN, ID1,Clause)],
message(redundant,Clause),
fail.

/® Head part #/

head_part{Clause,Head) :=
{Clauses(Head:-0Ooala), ! ;Clause=Head}),

Figure 7. A Prolog Program for Knowledge Assimilation.



7. Example cof znowledge zequizition program sxscutions
This chapier presents two exacples usios the welli-known ouilding block
oroblem, One 15 a knowledge assinilation preblem and the other is model

inference problem used in the previgusly described speedup strategies.

7.1 Problem setting

Figure 8 shows an arrangement of building %locks. Suppose thet towers are
built on floor &, using building blocks b, e,..., h and i. Building block £ is
rectangular, the athers square, Assume further thats building blocks j and k are
in hand, echaracterized by the abzence of data related to J and k in the
predicate called the relation "on". J is rectangular, k square.

The Prolog program in Figure 9 shows location relations of the building
blocks presented in Figure &, Ezeh building block is represented by the
predicate "bloek™; their stack relatiens, by the predicate "on".

The facts in this knowledge base are the predicates "rectangular_block®,
"square_block"™, "fleoor", and "on"; and the rules are the predicates "block™ and

"tower". The knowledge base is named "huild@,

-
| 8 ]
i v P2
1
——
i : '
!
'C': 2 ol
I
1 :I
b 4 | =
I
I | .
| |
a

Figure 8, Arrangement of Building Blaeks,



Tlgeriaj.
rectEngular_blocki(f).
rectangular_block{ j}.

/% square blocks %

aquare_Gloek{h].
square_block{e).
squere_nlock{d).
asguare_hblocki{al.,
square_blockig).
square_hlook{h).
square_block(di).

A% block %/

blogk{x):=
square_blookix):
rectangular blocki{x):
floor{x).

A on(X,T) @ X ia on ¥ ¥y

an(b,a).
on{d,a).
onfe,b).
on(f,e).
an(e,b).
on{f,el.
onf{g,ajl.
enlh,g}l.
on{i,h).

f*  tower{¥,Y) : The tower consists of block X */
P on top of tower Y, s

tower(X,¥):-towerl{¥X,¥), ¥iz==[].
tower{X,[]):-floor{X).
tower(X,[YIZ]):=block(X),on(X,Y), towerl (Y, 2).

Figure 9, EKEnowledge Dase Represented Location Relations of
Building Blocks.

oy
B
&
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Thne Tollowing restricticns sre zzsumed 2s lategriiy comstraints (TCz).

{1y "™floorf{a)"™ is never deiatad,

(2} "rectangular_block™ is supported 5¥ two or more "towers",

{3) In the "tower” in (2} there azre one or core "tower™ aonsisting solely

al "sgquare_block",

Figure 10 shows thesze relations.

/% Integrity Constraints #/

consistent{1}:=-floar(al.

consistent{2):-
\+{demol(build, (restangular blook(X),
setof kb(build, (Y], (tower(X,¥),ne(¥,(1)),5),
length{S,N},N<2)) ).

consistent(3):-
‘+{demot(build,{rectangular_block(X},
setof_kb(build,[¥],{tower{X,¥),ne(¥,[1)},3),
length(S,N1),Mm<2,
setof _kb(build,[V],{tower{X,V),an{¥, %),

square_bleck(W),ne(V,[1)},32},
length( 32, N2} ,82=0])).

The "setof_kb" predicate iz the predicate defined below:
ﬁetcf_kb{KBHL,I,GGals,Setj:-setnffx,demui{KHHL,GnaIE},Eet}_

Figure 10. Integrity Constraints on Building Block Enowledge Base,

From the foregoing, the program is executed to solve the
probl ems:
(Problem 1) Problems of integrity constraints related to aasenhly
of building hlocks.
(Problem 2) Accommodaticn of the predicate "above®

(Problem 3) Model inference problem of "arch®.

fellowing
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Fesulis eof the sxecutlon 2re given in tbe Appendix. Aceoommedation cmits
integrity constraint checks for simplicity's sake. The Shapirc's nDodel
inference system cant't solve the Problem 3 under the Edinburgh proleog-10 but

the our system can solve it inm 64,852 CPU seconds from 2 facts.

8. Conclusion
We have discussed & conceptual configuration for a  knowledge-based
knowledge acguiszition system and presented results of its implementation in
Prolog. The implementation parts in this system are demo-predicate,
asszipilation and model inference system modified for speed.
All programs are interpreted under the Edinburgh Prolog-10 on a DEC2060Q.
Cur future research plans will concern the following subjects:
(1) A method for implementing knowledge assimilation whiech allows
input of two or more clauses of the *nawledge, instead of only one
az discussed nere, in each processing run.
(2) OGenerzlization and speedup of redundancy removal.
({3} Speedup of induetive model inference.
(%) Inductive inference for integrity constraints Irom facts,
[5) The problem of proving equality between concepts in knowledge bases,

{6) Speedup of proceasing through introducing a parallel computation

mechaniam.
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