ICOT Technical Report: TR-0889

TR-D889

Query Processing for Partial Information Data-
bases in QUIXOTE

by
K. Yokota, T. Nishioka (MRI), H. Tsuda
& S. Tojo (MRI)

August, 1994

© Copyright 1994-8-00 ICOT, JAPAN ALL RIGHTS RESERVED

Mita Kokusai Bldg. 21F (03)3456-3191~5

| G DT 4-28 Mita 1-Chome

Minato-ku Tokyo 108 Japan

Institute for New Generation Computer Technology




Query Processing for Partial Information Databases in QUIYOTE

Kazumasa Yokota
Hiroshi Tsuda

Toshihiro Nishioka *
Satoshi Tojo *

Institute for New Generation Computer Technology (ICOT)
Mita-Kokusai Bldg. 21F., I-4-28, Mita, Minato-ku, Tokyo 108, Japan
e-mail: {kyokota tsuda}dicot.or jp

Abstract

In advanced knowledge processing, partial informa-
fion plays an smportant role for coping with complex
data and Enewledge. To treat such information, we
developed o knowledge representation language (which
may be considered o deductive object-oriented databose
Innguuge ) Quzxore, The language has both features
af logic and object-orientation comcepts, as well as
datubase frafures.  In this paper, we introduce the
query processing mechanistn on partial nformation
databases of QuiaoTe, as a tool for effective dutu
processing, taking an ecumple of legal reasoning, and
show s applicablity to many applications in ertyficial
intelligence,

1 Introduction

According to the recent increase of database appli-
cations, a great variety of data came to be used and the
structures of knowledge represeutation became more
and more complicated. Especially, those data types
in new applications are often much different from the
conventional business applications. In the Japanese
Fifth Generation Cowmputer System (FGCS) and its
Follow-On projects [17], we have engaged in a vari-
ety of klmw?érdg:e inforination provessing systems such
as natural langnage processing, legal reasoning, and
genetic information processing. From this experience,
we can conclude that one of the major features of data
and knowledge in such new fields is partiality of infor-
mation.  For example, it is very difficnit (o define a
common schoma for a set of precedents in legal rea-
ﬂ-ﬂlljl'lg. or that for {']iﬁEnTI.THH;I. in matural lmwu‘ge pro-
cessing because of factors including the ambiguity in
natural language and the complexity of the knowledge
itaclf. That is. in many cases, a database schema {or
a prodicate with a fixed number of arguments) canunot
be defined in advance. Attribntes only have indefi-
pite values, such as coustraints, and the data itself
might be ambiguous or inconsistent. Partiality in this
paper is different from incompleteness in databases,
which have null values and information disjunclion or
negation. Partiality of information means that no one
can specify all hinportant information in sufficient de-
tail in advance. Even if the schema could be fixed at
some time, it might be frequently changed according
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to changes in the environment. Under environments
such as knowledge information processing, representa-
tion ol partial information is indispensable.

luference of partial information is also important
in knowledge information processing, where databases
and knowledge-bases are frequently used as simulation
or thinking experiment tools. From now on, we would
like to introduce an example of legal reasoning. We
issue the following queries:

¢ If we follow A's theory, what judgment will be pre-
dicted for a new case?

o If alegal precedent has fact B, how can we conelnde
that a new case is similar to the precedent and can
expect u similar judgment?

* What information is necessacy in the database to
judge that o new case is innocent?

Such queries are generally non-standard, viz., sub-
junctive, hypothetical, and conditional LT] Thiz leads
o the question: how can we represent them in partial
information databases?

From a representation point of view, there are
two major streams: value-based and identity-based
[18]. In valne-based representation, an object is rep-
resented by combination of values where lack of in-
formation is usually treated as a null value. Hela-
tional databases and deductive databases are typical
examples of this. However, such representation is very
ineticient for partial information becaise an object
must he separated inlo segments such as binary rela-
tion sets, and additional constraints among segments
are needed. Ou the other hand, in identity-based rep-
resentation, an object consists of an object identificr
amdl wn arbitrary number of properties, It is inore
appropriate to represent partial informstion. Object-
onented databases are an example of this. However,
as the semantics is not necessarily declarative, gnery
processing for partial information has not been miale
clear, DRecently, there have been many works on de-
ductive object-oriented databases (DOOD) as the new
database which integrate the features of value- and
identity-bases representation (10, 6, 4, 23, 8, @, 1, 3.
In the approach, query processing is defined declar-
atively. Because problems with partial information
result from both representation and query processing,
we adopt the DOOD approach.



Tn our project. we have desipned and developed a
DOOD language called Qurxore, which is a legie
programining language, into which object-orientation
concepts such as object identity, type hierarchy, p
erty inheritance. and method are cmbedded by sols-
sumption constraints [22, 12, 20, 21, 24]. From a rep-
resentation peint of view, value-based and identity-
hasedl reprosentations are integrated into the language.
From a viewpoint of reasoning of partial information,
bl lamguage has features such as bypothetical rea-
soning and abdoetion, The module mechanism con-
tributes to both objectives. Furthermore, there are
soine other features such as transaction and persis-
tence, We have shown its effectiveness and efficiency
on a variety of knowledge information processing ap-
plications [19, 14. 15, lﬁf

The contribution of this paper 15 to introduee the
mechanism of query processing for partial information
databases and shows itz effectiveness as a tool for fu-
ture various applications in arkificial intelligence.

I Section 2, we show an example of legal reasoning
to illustrate the sort of problems we are tackling. In
Section 3, we outline specific features of Qurxore,
particnlarly representation of partial information. In
Section 4. we explain query processing for a QuryoTe
datahase,

2 An Example from Legal Reasoning

I this section, to provide a concrete example of
what we mean by partial information pmi:ﬁ.si.n%. we
take the following new case related to “Roeesfie™ (death
from overwork):

Meary, a deiver employed by a compauny, “57
died from a heart-aftack while taking a break
between jobs. Can this case be applied to
the worker's compensation low?

We will first give o briel explanation of legal reasoning,
and then secondly. show the kind of knowledge-base
necessary for the example.

2.1 Legal Reasoning Process

Usually, the anaiyvtical legal reasoning process con-
sisks of three stops: freed ﬁnd{ﬂy\ statutory interpreta-
tion, and statufory application. Among them, we forns
on stalutory applications, which can be considered:

analogy detection: Given a new case, similar preeoe
dents to the case are retrieved from existing prece-
denls,

rule transformation: Precedents (interpretation rules)
extracted by analogy detection are alestracted nntil
the new case can be applied to them,

deductive reasoming: Apply the new case in oa e
ductive manner to abstracted interpretation rules
transformed by rule transformation.

In these three steps, the analogy detection stratepy
is essemtial in legal reasoning for mere efficient detec-
tion of better precedents, which decides the quality of
the results, To investigate the QuTyoTe's potential
fur legal reasouing, we developed an experimental sys
tom [19. 24|, Here we describe & simplified example of
legal reasoning.

ta

2.2 Example of Legal Knowledge

First., we consider legal knowledge,  Assume that
the {ebor low and the theory of the application of the
law is already formulated as follows:

labor lane An organization is responsible to compen-
sate ita em?loyee. if the judgment of the case is for
“insuranee,”

theorin If the judgment of a case is both job-cansality
andd job-gxccution at the same time, then the judg-
ment of the case is for “insuranece.”

Further, assume that there are two precedents re-
lated to the law and .a].rradar abstracted 1:

precedent I job-erecution): If an employes Z in the
status of ¥ canses X, then the judgment says that
X is considered part of “job-execution.”

precedent 2 {job-causalify )t If X occurs as the result
of & during an activity ¥ as a part of job, then the
jndgment says that X is considered “job-causal.”

Note that these statements are abstracted from cer-
tain concrete precerdents by mle-transformation, and
the variables X, Y, Z.- -+ are abstracted from concrete
concepts which appeared in original precedents. We
will show how they are abstracted in Section 4.4,

Next, we will divide the problem into twn parts:
knowledge representation and query processing. ‘Lo
represent the above knowtedge, we must prepare the
followings:

ftepresentation of conceptss Concepts, such as “com-
pany,” “hreak,” and “heart-attack,” shonld be de-
fined,

Representation of relotions befieen concepis:
Relations between concepts, such as “Mary is a
driver.” “hesrt-attack woa kind of disesse” and
“Mary is employed by a company 57 should be rep-
resentod,

Representation of intensional objects: Intensional de-

seriptions of objects, such as “if ~, then - -7 which
appear in statutes in the above example, shonld be

treated.
Clusszfication of kmowledge: Knowledge with proper
ties which differ depending on the situation should

b mamaged.

T Section 3, we will discuss how this knowledge is
effectively represented in urvoTe,
Finally, consider queries and answers for the above

dutabase.

query I Avcording Lo the past precedents, what kind
of jndgment can we predict for the new case?

query 2 According to labor law, what respousibility
does Mary's company have?

Considering partiality, the following features are re-
guired:

n chis paper. we omit the ealn transformation step and
meanime abatract interpretation rules are given.



Selection of resources: The part “according to the ~"
in the above guerics corresponds to selection of re-
sources for query processing, becanse snch knowl-
edge is stored ou the database.

Lucking information: As both information in a query
and a database might be partial, any information
which is lacking should be provided. This corre-
spouds Lo hypotheses in a query and assumption in
the database,

Tn Section 4, we will discoss how Quryvors query
processing effectively realizes these facilities,

3 Knowledge Representation in

rrxore

In this section, we overview the knowiedge repre-
sentation features of Quryore.

3.1 Object Terms and Subsumption Con-
straints

Simple concepts can be represented as hasie ohjects.
We assumw o set B of basie objects, For example, the
following are basic ohjects:

ey dviver, cinployee, male, female, person
The sct of basic objects are partially ordered hy =.
For example.
mary = driver, driver = employee,
male = person, female = person

ERelations between concepts such as “Mary is a driver,”
and “heart-atlack is a kind of disease” can be rep-
resented by this partial ordering. For simplicily, we
assiinie Ml = s strict order without circularity.

We represent complex concepts, such as a “com-
pany whose name is 8" by object terms:

cotpany|name = 5|,

where eormpany s a Lasic objeet, name iz a label, and
s i8 an object term as the valne of mame. There are
two kinds of labels: 1 £ L, takes a single value and
[* € L, takes a set value, where L; 1L, =0. [ is called
a single value label aued [* i a set value label, L, is a
subset of H. Similarly, there are two kinds of varinbles:
X e Vi (u single value variable) and X* ¢ V. (a set
value variable),

An ofpect form ia defined as follows:

Definition 1 Ohject Term
Leto © By, - [, € L, where I; and I; {1 £ 7) are
different, and #y,--- t,, Le object terms or variables
(€ V,). then

olly =ty da=t,] {0<n)
is an algect term. When no= 0, we simply write o
mstead of of |. o

For example, apple and apple|color = green| are ob-
Ject terms. An object terme with variahbles is called a
pernrmetrie object term,

Tartial order = amang basic obijeets is extended to
subsumption relation C amoug object terms as follows:

Definition 2 Subsumption Helation
Given two object terms without variables, ofly =

ilq'--'fllzrﬂ] ﬂﬂd ﬂr”;.-_t"'“'"f‘:“=t:"]-

ifo<o andVil, 3, L=1AtLLCH,

then ofly=t;, -+ dn=t,] C o[l = 's;""'ﬁr'l:t:‘“l'
where 1< j <mand 1 €1 < n. =

Example 1 Subsumption Relations
npp!e{[m!ar:grem] C apple,
mealefege =30, occupation = guitarist|
C person|occupation =musician]|,
where male C person and guiterist C musician. O

In the case of object terms with variables, usually
a co-reference relation is considered in the definition.
For example, ol =X. [ =X| C o[l =X, I; =Y]. For
iletails, see [20].

In a set of abject terms, we assume that there is no
common variables among elements. The subsumption
relation. among scis of abject terms is also defined.
Given two sets of object terms, {uy, - 0n) (= &)
and Joi.---.0l ) (= 53} subsumption relation Cg
among sets is defined in Hoare order as follows:

SiCu S Y Vo, €8,.30 €5 0,Ca
Although the Hoare order is not partial, the represen-
tative of an cquivalence class can be easily defined as
a 3ot where any two elements cannot be ordersd, and
the set of represenisiives iz partinlly ordered. So we
a_-.-;flume without loss of generality that Cg is a partial
order.

Sinee lattice construction from s partially ordered
set is a well known process, we assume that a set O of
ohject terins (withoul varables) with 7 and L is a lat-
tice (02, T, T, L) without loss of generality. The meet
and join operations of oy and op are denoted by o1 | oz
aned ¢y 1 oy, respectively. Sets of ohject terms without
variables constitute another lattice. Given two sets,
5y and Sy, we can define meet and join operations [
atd . respeetively ) under Hoare order as follows;

e def i
Syl & = e leg|e € 51,63 € 53}

sifs: < sus,
where {T} is the top of the lattice and | } is the

hottom,
3.2 Partial Information as Subsumption
Constraints

In the previous section. we showed how to repre-
sent so-called “is-a"” and “a-kind-of” relations belween
concepts in QuryoTe. To represent relations such as
“Mary is employed by company 5”7 we use a relation
hetween an object term and a property of another ob-
j:*.r:t term:

mary. employer = company[name = s,

Given an object term. o, the value of o label [ ([*)
of o is denoted by o {0id%). An object term also
may be used as a label: o0 denotes a value of o
ol o, where o' i considered a single value label. ol
{od" ) and o.0" are called dotted terms. Thus, the term
mary. emnploger can be read “Mary's employer.” The
subsumption constraints of an ohject term are defigel
by using dotted terms as follows:



Definition 3 Subsumplion Coustraink

Let £;.t; be object tevims, single value variables, or
dotted terms with single va.lueﬁahels, then t; C £y is
a subsumption constroind. In the case of a set, if £
and £] are sets of abject terms, set value variahles, or
dotted termns with sel value labels. then &5 Ty 13 is
also a subsumption constraint. 1f 4y (t7) or #; (t3) in-
clndes an object term o, its related constraint is called
a snbsnmption constraint of o (|

When ¢ C ta 0ty 2ty (1] Cx t3 At] Jg L3), we
denote £ 2ty (1] 224 13)

A set of subsumption consiraints is saturated and
reduced by applying the following rewriting rules:

wJy = yCr
rEp.yCz = 02
zCy. vCz = zE(yla)
yCz :Cx = (plzlCx
T2y y=Ez: = p=z
zCy, yCxr = r=y
of - =z, |C o =y, o C o
= Ly

where r C = and r© = & are remuoved in the procedure,
The termination and confluency of the above rules are
proved in [13]. Similar rules are also defined for set
comstraints,

Consider an nhject term with subsumption con-
straints (called attribute term), o|C. where o is an ob-
ject terin, and 7 is a set of snbsnmption constraints.
Au inlvingic property is a pair of a label and a value in
o An extrinste properly s g subswinption constraint
of o in € of an attribute term, If both an intrinsic
property and an extrinsic property have the same la-
hel, then the extrinsic property is removed. Thad is,

ol d=st). - Holoptat ),

then ed ap ta 1 removed,
where op is C. J.or =, That is. of--- 1=t [[[el=
EHUC is assunred i s« I=t, - ][{ed op '} UC where
does not contain a subsumption constraint for o,
When a lahel [does nol appear, neither in an intrinsic
property nor in an extrinsic property in an attribnte
ternn i, | C od C T is assmned. We also use the
following syntax sugars:
afed LI OO = offl = t}|C
of{od JHUC e ofll —t||C
ool Ty stuC = w/ll* =4 8)IC
ol{od” Dy stUC 4= of[I" =g 8|0
o [od = :i L = ofll=t]|C
olfel* gy s UC = of[I"=pys||C
For property inheritance, only extrinsic properties

2Although we do not describe the semantios of azvors.
they may be outlined o Lhree paris:

I} An object terp is tuspped inkbo a labeled graph as o subelass
ol 4 hyperaet.

2} The subsumption relation among object terms cartesponds
to o bistmudation relalion among labeled graphs.

31 A label or an ohject term waed as a label corresponds to a
Furietion om a set of labeled graphs. Here the subsumption
relation among labels is not considerad,

For details, sec [ZI:II

are inherited according to the subsumption relation
among object terms as follows:

Definition 4 Property Inlieritance
ol o and ¢ does not have an intrinsic property of
a label {, then ol C o' and o0 C o0, (|

That is, by applying of a label, which is not incheded in
an intrinsic property of the object terms, the subsump-
tion relution belween object terms makes its property
inheritance monotonic. Property inheritance ercep-
fion corresponds Lo the above restrietion of extrinsic
properties,

Example 2 Property Inheritance

1) 1 applef|eolor =ved),
then applefweight = heavy|/|color — red], but
applecolor = green) does not inherit color — red.

2} If apple|weight = heany I,":qu*r_«u" — {dmuﬂj‘i”
and applelcolor = green|f|orea” —p {nagano}],
then apple|area® — g {aomord, noegerg
{by the join operation between sets), O

Note that, in the cases of « and g, extrinsic prop-
erties are inherited vpward by the above rule, while
intrinsic properties are not. even though apple|color =
green| is apple{color = yreen| [|color = green).

As property inheritance 12 congtraint inheritance
in Qurxore, mulliple mheritanes corresponds to the
merging of constraints withont preferences.

3.3 Intensional Objects by Rules

An ohject in QurroTs consists of an object ferm
and a set of methods. An object term without vari-
ables plays the role of an object wenlificr (oid), while
cach extrinsic property plays the role of a method,
That s, a label (or an object terim wsed as a label)
corresponds to a inessage and the value corresponds
to the return value,

Such an object can be defined sntersionelly o U
Foru of a rule.

Definition 5 Rule

Let ay (=oy|Cy), ap (= |C), <o an [=0q|Ch} be
attribute terms and I be o sel of subsuption con-
strainta, then

g 4=y, || D

is a rule, where O may not coplan any subswuplion
velation between object terms. ag s called the head
wnil ay. - iy, || D ois called the bady. 0

The rule can be transformed into
oy |[Cy = oy Loy | O U, LR,

where O is called a fiend constrind and Cy U - C,UD
iz called a body constraintd. Further, a body constraint
can be divided into a set A of constraints containing
dotted terms and a set O of other constraints, where
A and C are disjoint. The restriction of ¢ in the
above definition is to aveid destrnction of the lattice by
assertion of & subsumption relation during derivation.
If & bedy is empty. it is called a foct, Tntnitively, a



rile means that if a body is satisfeed then o head s
satistied.

For the case in which there is no head constraint,
SurroTe may be considered an instance of CLP(X)
[11]. where o constraint domain is & set of labeled
graphs — as a subclass of hypersets and {extended)
subsumption relations — and constraints set A is ig-
noted in the procedural semantics. Without set sub-
sumption constraints, QuIyoT e becomes a subclass of
CLP{AFA), with a byperset constraint domain [[13].
The head constraint makes Chizvore different from
an ipstanee of CLE(X]).

Generation of oids during derivation and prop-
erty inheritance make the procedural semantics of
Qurxors nnique and complex, that is, synchronous
merge operations are needed in “OR parallel’”.

Example 3

1} T applef[toste — .vmr.ri] A frwit f[Laste — gurect] and
apple C fruit, then apple/!taste — sweet | sour).

a3 If Eotwr'y[ﬂum = X]I.I’[(n'zizc — ¥| = B A
!oticry[[num= X)f[prize =¥] <= [, then the possi-
bility of werging the two properties must be checked
after evaluation of both rules.

3) If doglbody = small]/[bark — notsy| A doglbody =
X}/[bark = ¥] «= B, then the subswinption relation
hetween doglbody = small] and doglbody = X| and the
related property inheritance are wot decided until X
i tustantinted, o

3.4 Madules
I Grervore, a set of rules ean be modularized:
mfry, )

where m is & module idenfifier (mid) {in the form of an
object term) and vy, - -1y, are rules. For simplicity,
we nse the notation a module m instesd of o maod-
ule with o mid . Modules can be nested. When
A mid has variables, it is called a parametric module,
Variables i st wid are global in the module, that is,
variables in a mid can be shared by vules in e -
ule. A maodule can be explicitly referred to by rules in
ofther modules. We extend the definition of & rule as
fosl Lo

Definition & Rules

Let mg. g, -+, oy, be mids, mgoeq. -0, ng abbribuste
terms, and D s oset of subsuinption constraints. A
riele i delined as follows:

my: {ag & mytay,- - my o a, || D)

The rule in the above definition means that & module
mig has a rule such that if ay is satisfied in a module
ey, oo, ol @y, 18 satisfied in a moduole m,,, then ag
is satisfied in & module . The rule may be trans
Forimed:

g JoplCo = my sy, my, og || AUC
where o, =00 (DS i< njand AVT=00 -0
Oy L L

We introduce the module concept for the followmg
ohjectives:

o modularization and classification of knowledge,

e co-existence or localization of inconsistent knowl-
edge,

s temporal storage of tentative knowledge, and

s introduction of & modular programming style.

Te meet these ohjectives, we define submodule re-
lation among modules:

Definition 7 Submodule Relations

Given two modules, my and mg, a submodule relation
ey Jg g means that my inherits all the rules in mo,
when vg is called & submnodule of ey rl

The submodule relation specifies mule mheritance,
while the subsumption relation specifies property in-
heritance, For exception, localily, and overriding of
rule inhieritance, see [22].

In the current implementation of Quivore, the
names of object terms, the subsnmption relation, and
the submodule relation are global in a database, while
the existence of objects and extrinsic properties are
loval. That is, if there is no {transitive} submodule re-
lation between two modules, then their extrinsic prop-
crtics do not mutually interfere. If there is no relation
hetween two modules, inconsistenl knowledge can co-
exist separately in them. Furthermore, answers to the
same query by different modules may be different.

1.5 Database

We define s dwlobese or o program as a triple
(&5 M, H), where S, M, R correspond to definitions of
subswwplion relations ¥ | submodule relations, and
rules. Definitions of rules can be considered defini-
tions of objects or definitions of modules.

An object term corresponds to value-based repre-
seqtbalion becawse cach property in it is intrinsic. Au
attribmte term, however, corresponds to identity- hased
represcntation because its oid does not change, even
if extrinsic properties do. In this sense, o QurxoTe
object has the features of both the representations de-
scribed in Section 1.

4 Query Processing

In this section, we will show Low QuryoTe can
effectively process queries on partial information, In
Section 4.1 we give further consideration about pag-
tiality of information, and show that hypothetical rea-
soming and abduction are wselul technigues for pro.
cessing partial information. In sections 4.2 and 4.3, we
H-Ill'l“' ]L{Jw I.]ICH! Ll:l.'!lll]lllllll:ﬂ Aare Il'!ﬂ]ll?.l'!d ill QLJIJ‘GT{.—.
Finally. in Section 4.4, we show how QuivoTs can
provess Lhe example given in Section 2.
4.1 What is Partial?

There are many pomts to be considered in a partial
information database. First, we must recognize that
database information may be partial or incomplete:

1] Necessary definitions might be lacking for any ele-
ment of {5, M, It).

2) Facts or rules might be ambiguous or indefinite.
Mutually inconsistent hypotheses inay oceunr.

JUI|'|._'|.- the j-:n::hx.tinu i dlefined in 8.



3] A Quivore object might be ncompletely defined:
indefinite numbers of extrinsic properties may be
present, each of which may be specified 1 the form
of & constraint,

For example, consider the analogy among legal prece-
dents {with incomplete descriptions) is indispensable
in legal reasoning and hidden knowledge {nndescribed
knowledge) is important in natural language process-
ing. lu such areas, complete description eannot be
expreetiod,

A second point that must be considered, is the spe-
vial query processing requirements when dealing with
thiz kind of partial information database:

1) What will be returned for this query if & user inserts
some infurmation (candidates for lacking informa-
tion} as hypotheses?

What information is lacking in this database [or
successfully answeriug this query?

3 When mutually inconsistent data or knowledge is
stored sepurately in different modules in a database,
which is better for this application?

4] When hypotheses generated during query process-
ing are used by successive queries, how are they
controlled and where are they stored?

5 Why is this answer {the constraint) returned as an
answer for this query? What knowiedge is used for
the answer?

2

e

A guery in QurxoTs is o the form of
guery if hypotheses
where hypotheses corresponds to 1) Such hypotheses
may be increinentally inserted into the database for
4). A guery may be issued to different modules for 3).
An answer in Quervery is in the form of
il assumptions then answer becanse exploralion
wheve assumptions corresponds Lo 2), cxplanation cor-
respouds to 5}, aind. as in CLP, answer is a sel of
subsuption coustraints. These two kinds queries are
relatedd as follows:
query, @ Y-query,
answer) : if asswme then answer,
query, : Tequery if asswm.

Yo ussumn in query, is used as hypotheses of query,.

anzwer: ;  (unconditionally) ansuer.
Yo The same answer is retnrmed without assum.
1.2 Hypothetical Reasoning
I peoeral, hypothetical reasoning in a database
DB s defined as reasouing in a database DB 0 JT
whore I is 5 set of hypotlieses [2].

Example 4 Pail Relation
Consider the following databose DE:
arel from=u, to="4:;
arc| from=r, to=d];
path|from=X.to=¥| sure(from=X,to=Y|::
path|from= X to=Y| arcfrom=X to= 2],
pulh[from=Z ta=Y|.
where 307 is a delimiter between roles, For a query -
path|from=u, te=d]. lhe auswer is simply ne. while.

for the same query under n hypothesis such that DI
has a fact arc[from =b.to=r], the answer is yes. O

Just as a QurxoTe datahase is defined as
(5. M, R}, a hypothesis also consists of a triple
(Hs, Hy, Hg), where Hg, Hy, and Hp are a set
of hypotheses for . M, and H. A query @ with
a hypothesis (Hg, e, Hg) to a database (8, M, )
is equivalent to a query @ without hypotheses to a
database (SU Hs. M U Hy, RU Hy). Hypothesis in-
seriion is done before processing query ¢J. Even if such
insertion requires reconstruction of the lattice of ah-
Jeet terms and the submodule graph of modules, there
are: no problemws logically, The only possible penalty
is in terms of performance efficiency.

Example 5  Cider Example
Cousider the following database on cider:

usa Jg west; ;uk Jg west: :

Jupi : (cider ([source = soda_pop| };

west | eider [[source = apple, process = Sferment]

uk : {eider [lalcohol = yes] )1

waa t {eider [n!f:r.lhu! =na|}.
For a query 1-japan - cider [[source = X, alcohal = ¥).
the answer is that X = soda_pop and ¥ is unbound
(LEY L T). Fora query ™japan ; cider[source =
X, aleohol = ¥] if japan g wsa. the xnswer is that
X =inconsistency and ¥ =no, o

Note that eider/|alcohol = yes] and cider [[alcohol =
no| are inconsistent but they are stored in different
madules {wk and wsa). neither of which is a submodnle
of the other. west is common knowledge of wl aud
W,

In the sequence of queries, such hypotheses are
incrementally inserted into a database. To control
such insertions, nested transaction is introduced into
Qeatroi g that is, even if a database is reorguuized by
hypotheses, the original image is recovered by rollback
operations,

Example & Cnery Sequence
The [ollowing iz an example of a query sequence:

% Upen a database named DB,

T-opendb{ D 2. y
% Begin & transaction [level 1),

Lhegin brans.

Ty My, % Same as ?-g) o DOUH,,
T-begin trans. 50 Degin a transaction {level 2).
Teigai Hy. % Same as T-qy to DBUHUH ;.

% Hypotheses are incrementally inserted.
T-abort_trans, % Abort a tranaaction {level 2,
Yo Hy s rolled back.

D Same as T-qy to DDUF U,
% Commit a transaction (level 1),
% D is updated to DBUTUH .
% Close a database DD

ToqaiiHy.
Toemd _trans.

Poclose_dbf L)

where "7 15 a deliiiter between a query and a hy-
pothesis. x|



4.3 Ahduction Cuon-

straints
First, consider a simple database consisting of a rule
and a fact;
_jc,lhnf [fry:: = ;"[I ejolonf [E weivs ot leer = plmfl .
paul/jage=AJ';:

of Subsumption

pal fage=130].

For a query T-john/[nge = X, what answer is ex-
pected?  Although poal’s ape is specifisd, there is
no fact stating that jolin and paal are twindrother.
Without making any asswmptions, the query fails
However, as we focus on the partiality of the infor-
mation, the lack of information suggests an assump-
tion be taken. So, in QuzxoTe, the answer is that if
Jofimtwin brother = paul then X is 30, that is, unsat-
isfied constraints of other ohjects’ extrinsic properties
in bodies are assamed.

In logic programming, finding a lack of informa.
tiom or unsabisfiable snbgoals corresponds o abiue-
tion, that is. hypothesis or explanation generation [5],
Temember Lhat o mole in QurxoTe can be represented
as follows:

"-"DIII:IJ =, iy ” Auc,

where object terms. o).---.0,, are cousidered exis-
tewce checks of corresponding objects, O, a set of
dotbed constraints of oy, 15 considered assertional con-
straints. and ', a set of vatiable constraints, is consid-
creed & act of constraints to be satisfied. A i3 consid-
ered constraints of other objecls’ exbrinsie properiics,
In Qurrore, only A s taken as assumption, that is,
even if body constraints abont dotted terms are not
satiafied, they are taken azs a conditional part of an an-
AW A.lr.]mllgh A and O are :lia-':inninlH when vartables
in " are bound by dotted terms during query process-
ing, coustrainls with the vanables in € are moved imto
A If the subsumption relativn between object terms
15 Laken as assamption. i might destroy the sound-
ness of the derivation because it affects property in-
heritance ad docs nol guarantee resnlts in the former
derivation.

Abduection is closely related to procedural seman-
tics, Here we will only briefly explain the relation, In
general, devivation by gquery processing in CLP s the
finile sequenee of a paiv (G C) of & set & of goals and
a set O of constraints:
(Cn. Tt = (GO = -
(O the other hand, derivation in QuiyoTs is a finite
directed acyelic graph of the tople (G, A, E_,'} of the sel
7 of goals, the set A of assumptions, and the set O of
;:unat.minhi. Remember that a rule is in the following
ori

op|lp &= oy || AUD
A query is also transformed
in the i{nm of Ty, a || Ag U Oy, de, a triple
({og, o onb. Ag. Opl. Fm' a nnde (G} LJG,. ALy
a rule C‘ [ = O || AU, and 3¢ G = G'H, where

{7 is a set of object terms and # is a substitution, the

TN s n simplifed vemion of a ruln Xfjape = A] &
A [twine drother =Y, Y/ nge= A].

= (Gnoy. Caey) = (8, Cn).

transformed node is:

(G U By, (A0 C80 A, (O U O uee).s
The derivation image is illusted as in Figure 1. If there
are two nodes, (&, A, C) and (7, A", '), where A © A",
then the derivation path of (G, A". C) is thrown away.
i.e., only the minimal assnmption is made, If there
are twn nodes, {7, A, ) and r{_' A, f"r} Lhen they are
merged into (G, A, 0 U7,

Consider the fullowmg example of two speakers
with different knowledge

Example T Cuine’s {modified ) example
There are two speakers, a and b

a: If Bizet and Verdi are compatriots, then Bizet is
Italian.

b Tf Bizet and Verdi are compatriots, then Verdi is
French.

Fach of the speakers has diffevent hidden knowledge,
that iz, 4 assumes that Verdi is Italian. Such hidden
knowledge is treated as an ssswnption in Quryors
query processing. The example is written in QuiyoTe
as follows:

nation 2 italy:;nation 2 france;
spealer_a g cominon: | speaker b g common
speaker |
bizet|[nationality —italy] <
compatriots[perl = bizet, per2 —=verdi]};
speaker b |
weveli [reationality = fronce] &=
comygntriotsiper 1 = hizet, perd=nerdi| b2,
comrton ;|
compatrictsperl =X per2=Y] «=
(ﬁmh enality=N1]. Y, [ﬂﬂ.h onality = N;’.]
1 Corntiome, N2 C nation, N1 = N2,
hizet; ; wprdi

For a query Y-speaker o : bizet/[nationality = X, the
answer 12 that

if B zet nationality = verdi. nationality

and verdinationalily =dtaly

then X =iftaly.
On the other hand, for a query Tespeakor b
werdi {[nationality = X, the answer is that

if verdinationalily =bizel nafionalily

and Fizetnationality = france

then X = france. 0

Even if therc is insufficient data in a database,
QuryoTe explicates hidden knowledge.

The guery processing process 5 omore compley
than conventional pr::ce.s.siug because modes may he
werged, Additionally, we might get different answers
fronn Ll sane query il Lhe guery is made o different
wodules. In such ecases, the derivation process of an
answer is returned including an explanation, if neces-
sary. By referring to this explanation, users can verify
which rules are nsed for the answer,

Mt Ehak, hore, wo ignore that some clements i (O UL
CN@ might he moved inga { A8 O8] L AR
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Figure 1: Derivation Network

4.4 Legal Reasoning

Now we are meauly to show how QuryoTe can ef-
fectively represent knowledge and process queries for
the legal reasoning example given in Section 2.

The new case in Section 2 is represented as a maod-
ule nete-case in Qurrors as follows:

new-case © |
new-case [who=mary, while = break,
result = heart-attack];
relation[state = emplay. cmployee = mary|
[affiliation=organizationjname= “5"|,
job— driver] }

The labor law and the theory in Section 2 are repre-
sented as the following Quzxore labor-law and theory
il fes;

tabor-law : |
organization|name = X|
/responsible — compensation|ohject =Y,
money = salary]]
=judgelease — case
[lwheo=Y.result — disease.
Fudge — insurance],
relation|state = Z, emplogee = Y]
f:ﬂ.ﬁﬁﬂh.uﬂ_ -:.":l'"qra'n.iar:ﬁma.{-fu;mf_- = X” },
theary @ 4
judge|rase = X|/[judge — tresuranen)|
< judgefonae =X l.i"[)udgt — job-erecution),
Judge|case = X| [ judge — job-cousality]
I{X C case}}.

Two abstracted precedents in Section 2 are ropre-
senited as follows:

oesey : f
Judgelease = X|[[judge — job-vrecution)
=relation[state =Y, employee = Z)/[cause = X|
I|{X C parm.casc. Y C parm.status,
Z L parm.cmployee} b,
cades ;|
Judge|case = X|/|indge — job-causality]
= X/flwhile =Y. result = Z),
[[{Y E job, X C parm.case,
Y C parmwhile, Z C parm.resndt})

Note that variables X. ¥, and Z in both rules are re-
stricted by the properties of the object parm. That is.

parm controls the abstraction level (the range of vari-
ables). Such precedents are retrieved from the prece-
dent module by analogy detection and are ahstracted
by rule transformation.
We define the parm object as follows:
parm : {parn/ease =case, state = relation, while = jol,
result =discase. employee = persom) ).
‘Ihis object is a result of abstraction of precedents and
is used for control of predicting judgments.
To wse parm fur easey and cases. we define the fol-
lowing submodule relation:
i g csey U caseg.
It is dynamically defined during rule transformation,
because the ehoice of precedents is cxperimental,
Furthermore, we define the snbsamption velations:

cage  J new-ouse
relation | Ernpfvy
disense 1 heart-atiock
Job 3 brealk
peErsme 1 mary
Jobecausality I inswrance
Job-exvcnlion 2 insurance

dnch relations are defined in advanee by the definition
of snbswnption relations,

Theu, we can make the following queries to generate
a hypothesis from the above database:

1} query I According to the past precedents, what
kind of judgment can we predict for the new case?

2) query 2 According to the labor law, what kind of
respongibility shonld the organization which Mary
is affilinted to have?

Lhey are represented and processed as follows:

1) If mew-cose inherits parm and theory, then wlid
kind of judgment can we predict?
Lnew-cuse : judge|ease =rnew-case]/|[judge = X|:;
new-case Jg parae U theory,
We can get three answers:

o X =jol-causality

o if new-cose @ judyelense = new-case] Las a prop-
erty judge C job-eirecution,
then X T insurance.

o il new-rase F'E‘fﬂf.l'm!!."i‘taﬁr. —= Er.upfny. employre =
mary| has a property ceuse =now-ca A,
then X 7 insurance.



The first answer is returned nnconditionally, while
the last two include assnmptions,

2} 1f new-case inherits labor-law and parm, then what
kit of responsibilily should the organization which
Mary is affiliated to have!

Temew-case @ orgondzation|nome = 57|
J[responaible =X|:;
new-ease Jg parm U labor-low.
We can get two answers:

# i newn-vnse jiufy;'f:m.ﬁﬁ = new-case] has a prop-
erty judge C job-erecution,
then X C r‘mrrr)rﬂt.ﬂutiml[nbj et = mary, money =
anlary|

o if new-case : relation|state = employ. employee =
mary] has & property cawse = new-case,
then X T eompensation|object = mary, money =
salary]

Hoth these answers include assumptions. ‘That is,
if hypotheses are not generated. no answers are re-
turned.

For analogy detection, the parm object plays an es-
sential rale in determining how to abstract rules, as in
case; and casey, what properties are to be abstracted
in parm, and what values are to be set as parm prop-
erties. In this experimental system, which has addi-
tionad Tunctions different from QutroTs, we have ex-
perimented with not only bhypothetical reasoning and
abduction, but also such abstraction, that is, a':miug‘.}l'
dleteotion.

5 Concluding Remarks

In this paper. we introduced a tool for coping with
partial information in databases. that is, the guery
processing in Quaacrre. The points we clained wre
smmiarized as follows:

o [eprescotalion wnd ference of partizl information
15 essential in knowledge information processing,

e Non-standard queries and answers which include
hypothetical reasoning and abduction are impor-
tant for thinking cxperiments in partial information
clatabases,

o QurroTts, o DOOD langnage based on subsump-
Lion consteaints, provides such quer lpmc'cﬂshlg fa-
cilities, which have shown their nsefulness in applh-
cations such as legal reasoning.

As database application fields diverse. we have con-
fronted the need of partial and incomplete informa-
o processing, especially in seientific databases, nat-
ural language databases. and knowledge-bascs.  Al-
though traditional databases apply the most simple
and clearly defined aspects of the real world, we have
to cope with other complex aned *gray’ aspects in more
vomplex applications. There are not always well-
defined borders between areas such as databases, pro-
pramming languages. and artificial intelligence.  As
OurreTe was designed to meet the requirernents of

varions applications in knowledge information pro-
cessing, 1t has many featurcs: it is more than just
a deductive object-orientedd database language, it is
also a language for knowledge representation, situ-
ated programuuing, database programming, and con-
straint logic programming. To examine the database
features alone i this paper, we could not explain all
of the features — such as updating, transactions, per-
sistence, and architectural characteristics  becanse
of space limitation. We plan to produce further refer-
ences on these details. In the meaning, please refer to
[22, 21, 24].

We started to design the QurxeoTe language in
1990 and we have buplewented several versions of
the system. QurxoTe, which can work under UNIX
environments, has been released as 1007 free soft-
ware for developing many knowledge information pro-
cessing applications. We plan to extend the lau-
guage further for heterogeneous, distributed, eooper-
ative knowledge-base, and problem solving environ-
ments.
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