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Abstract

For advanced data-oriented applications in
distributed environments, effective informa-
tion is frequently obtained by integrating
or fusing various autonomous information
sources. There are many problems: how to
resolve their heterogeneity, how to integrate
target sources, how to represent information
sources with a common protocol, and how to
process queries. In this paper, we propose a
new language, QUIK, as an extension of a
deductive object-oriented database (DOOD)
language, QuzxoTe, and extend typical me-
diator systems. In this paper, we discuss var-
ious features of query processing facilities of
QUIK: reducing inconsistency among infor-
mation sources, identifying objects, searching
alternative information sources by hypothesis
generation, and applying multiagent-based
strategies.

1 Introduction

Recently information sources in network environ-
ments are rapidly increasing not only in their quan-
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tity but also in their variety. Especially people can
provide their own information easily through inter-
net or intranet. We can get more effective informa-
tion frequently by merging multiple sources, how-
ever, there are many problems for treating multiple
sources as a virtual integrated database. Many search
engines provide access facilities to multiple sources,
however most of them are superficial text search but
not content search.

In the Japanese FGCS project, we designed and
implemented a deductive object-oriented database
(DOOD) language or a knowledge representation lan-
guage, QuzxoTe [YY92, YNTTO94], and a heteroge-
neous, distributed, cooperative problem solving sys-
tem, Helios [Yokota94, AY95]. However, to cope with
integration of heterogeneous information sources, we
have to redesign a new language for representing var-
ious information sources including DOOD, integrat-
ing them, and searching lacking information sources
or alternative answers. In this paper, we discuss
extensions of query processing facilities in mediator
systems to integrate distributed information sources
flexibly: an exchange model and mediator specifica-
tion in QUIK, reducing inconsistency among infor-
mation sources, identifying objects, searching alter-
native information sources by hypothesis generation,
and applying multiagent-based strategies.

We discuss a mediator architecture and its exten-
sions 1n Section 2 and explain a new language QUIK,
as an extension of a DOOD language Quzxo7e in
Section 3. We describe merging of subsumption re-
lations in multiple information sources in Section 4
and extensions of query processing facilities in Sec-
tion b.
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2 Mediator Architecture

Generally, a mediator system consists of a wrapper
or an exchange model, which capsules an informa-
tion source and provide a common protocol, and a
mediator, which defined a view for related exchange

models, as in [PAGI6].

However, from a DOOD point of view, we can
conslder its various extensions as follows:

e Both an exchange model and a mediator should
have powerful representation capability includ-

ing DOOD.
e Integration of multiple information sources
should maintain  consistency of  object-

orientation features such as subsumption rela-
tion and property inheritance.

e Hypothetical reasoning such as
query processing and hypothesis generation as
in QuzxoTe should be applied to distributed
environments.

conditional

A mediator defines an integrated view for multiple
information sources as in [PAG96]. In this paper, we
consider the followings:

e As a mediator is a kind of information sources,
we use a common language between a exchange
model and mediator specification. That is, a
mediator system can become hierarchical as in
Figure 1. As we do not discuss transformation
between an information source and a QUIK pro-
gram in this paper, we use a term, mediator,
generally without misunderstanding their differ-
ences.

e We introduce deductive object-oriented features,
including object concepts, rules, and subsump-
tion relation into the above language.

e We can define multiple exchange models for a
single information source and parameterize their
identifiers.

e We extend a concept of a mediator identifier
or its name to search alternative sources, and
provide a framework of introducing multiagent-
based cooperation protocols and strategies in
QUIK as in Helios.

As QuzxoTe does not have features for describing
multiple information sources and merging subsump-
tion relations, we design a new language called QUIK
(QuzxoTe in Kyoto). By using QUIK, mediators are
also treated as (virtual) information sources.
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3 QUIK Program as a Mediator

An exchange model should be powerful and flexi-
ble for describing various information including semi-
structured data. We propose a new unified language,
QUIK, for describing an exchange model and medi-
ator specification. Further, QUIK has features not
only for describing complex objects, rules, and prop-
erty inheritance, but also for generating hypotheses
as alternative information sources.

3.1 QUIK Objects

A concepts of a QUIK object is taken from

QUIXOTE'S.

An object consists of an object identifier (oid) and
a set of properties. The subsumption relation among
oids makes property inheritance possible.

3.1.1 Object Identity and Subsumption Con-

straints

An oid is in the form of a tuple called an object term.
For example,

apple,
apple[color = red], and

cideralcohol = yes,
product = process|[source = apple,
process = ferment]]

are object terms, where apple is basic, but the
latter two are complez. Although an infinite struc-
ture and set constructors are introduced, we do not
explain them here for simplicity.

Given subsumption relation (partial order) C
among basic object terms, the relation is extended
among complex object terms as usual. For example,

apple 3 apple[color = red].

Congruence relation o; = o0 1s defined as o7 C
09 A 01 O oy. We assume that a set of object terms
with the subsumption relation and special objects, T
and L, constitutes a lattice without loss of general-
ity because it is easy to construct a lattice from a
partially ordered set, as in [ALN87]. Meet and join
operations of object terms are denoted by | and T,
respectively.

Properties are defined as a set of subsumption
constraints of an oid and used with the oid as fol-
lows:

applel{apple.species C rose,
apple.area Jg {aomori, nagano}},
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Figure 1: Hierarchical Structure of Mediators

where apple is an object term and the right hand
side of | is a set of properties: apple.species C rose
means that apple’s species is (subsumed by) rose
and apple.area Jg {aomori,nagano} means that
there are aomori and nagano in apple’s production
areas. Here a relation between sets is defined as

Hoare ordering based on subsumption relation:

S1 Ch S def Yeq € Sp,3eq € 59, €1 C ey,

Although Hoare ordering is not partial, we assume
it as a partial order because the representative of
an equivalence class modulo Cg is easily defined as
a set where any element is not subsumed by other
elements in the same set.

3.1.2 Property Inheritance

For property wnheritance, we assume the following
rule:

if 01 C 09, and neither o; nor os has labels,
land !
then 01.l C 0s.l and 01.l' Cg 05.0’,

where 0; and o; are object terms, [ and I’ are la-
bels, and [ and I’ take a single value and a set value,
respectively. According to the rule, we get, for exam-

ple,

if apple.species C rose,

then apple[color = red].species C rose,
and

if

apple[color = red].area g { fukushima},
then apple.area Jg { fukushima}.

That 1s, apple.species C rose 18 downward inherited
from apple to apple[color = red], while apple[color =
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red|.area Jg {fukushima} is upward inherited from
apple[color = red] to apple.

Note that there are two kinds of properties: prop-
erties in an object term and properties in the form of
constraints. The former are called nitrinsic and the
latter are called eztrinsic. Only extrinsic properties
(subsumption constraints) are inherited according to
the (extended) subsumption relation among object
terms.

Intrinsic properties interrupt property inheritance
as follows:

Even if apple has apple.color = green,
apple[color = red] does not inherit color C
green

because the intrinsic property color = red.

This corresponds to exception of property inheri-
tance.

Multiple inheritance is defined as the merging of
subsumption constraints. Such constraints are re-
duced as follows:

plCaNnollCh
aColAnbCol
0lCg s1 ANolC sy
siCgolAssCgol

olCalb

albC ol

0l LTy s1Uss
{rlylresi,y€sa} Ty ol

LUl

Note that the least upper bound of the two
sets, s; and s, 18 defined as s; U sy under
Hoare ordering, because s; U s2 Cy {ex 1
es| ey € sy,es € sy}, In the above example,
the merging of apple.area g {aomori, nagano}
and apple.area gy {fukushima} is reduced to
apple.area Jg {aomori, nagano, fukushima}.

The concept of an object identifier here is stronger
than other approache such as F-logic[KL89]: given
two attribute term, o|Cy and o|Ch, they should be
merged as o|Cy U Cs.
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3.2 QUIK Program

A QUIK program P consists of a data dictionary /
directory (DD/D) D, mediator relation M, subsump-
tion relation S, and a set R of rules:

P=(D,M,5S,R)

A QUIK program is defined, corresponding to an
(real or virtual) information source as in Figure 1.

S 1s a lattice of concepts, each of which is a basic
object. We can consider a lattice of object terms as a
conservative extension of the lattice of basic objects,
as in Section 3.1. Later we have to discuss treatment
of equivalence relation as a result of generation of a
lattice from multiple information sources’, differently
from QuzxorTe.

A DD/D, D, is a set of metadata, which con-
sists of mediator identifiers (MIDs), object identifiers
(OIDs), attribute names as follows:

D = (ID,{ID;,{0ij {Lijx}}}, E)

ID is a self-identifier, ID; is a MID, O;; is an OID
included in ID;, L;j; is an attribute name included
in O;;, and F is a set of equivalence relation. Here
we omit physical information such as TCP/IP ad-
dresses.

Each rule is in the following form:
a<=myay, -, myay|C

m; 18 an MID, a,a; are attribute terms, C a set of
constraints. When n = 0, a rule is called a fact.
By structuring an MID as in a module identifier
in QuzxoTe, we can differentiate multiple exchange
models on a single information source. As an at-
tribute term, am consists of an object term, o, and a
set of constraints, ', the above rule can be written
as follows:

olC<=my o, ,my:o,||CLU---UC, UC", or
olC<=my:op,--,my 0, || AUC".

The constraint part in the body can be divided into
related ones, C”, and other objects’, A. Object
terms, o1,---,0,, are considered as existence checks
of corresponding objects, C, a set of dotted con-
straints of o, is considered as assertional constraints,
C”, a set of variable constraints, is considered as a
set of constraints to be satisfied, and A 1s considered
as constraints of other objects’ extrinsic properties.

The procedural semantics of a specified MID in a
body of a rule is the same as the external reference
of QuzxoTte, that is, omitted MID is interpreted as
its own MID. Information source relation consists of
the followings:
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reference relation:
inheritance relation:

L Cr s
L Cpls

each of which means that I; refers Is or I; inherits
I, respectively.

One of the distinguished features of Quzxo7e and
QUIK 1s the declarative semantics, which is based on
ZFC~ /AFA, a hyperset theory proposed by P. Aczel
[Aczel88]. The domain is a set of labeled graphs in
the sense of ZFC™/AFA for treating circular struc-
ture [YY90]. Another distinguish feature is the pro-
cedural semantics with abduction, which we explain
in Section b.

4 Multiple Subsumption Relations

A mediator defines a integrated view from multiple
mediators and reduces redundancy and eliminates
their inconsistency. To issue a query to multiple
mediators, we must generate a global subsumption
relation to maintain their consistency by merging
them. When an mediator M refers M, M, -+, M,
let their corresponding subsumption relation be
L,Ly,Ls, -+, Ly. Then the subsumption relation of
M 1is generated by LU Ly ULy U ---U L,. Generally,
a union of lattices L; and Ls 1s not necessarily a lat-
tice, but a lattice generation algorithm is well known
as in [ALNS87]. However, as its automatic application
might destroy the relation. When a QUIK program
detects a circular relation such as ¢« C b Ab C a
from mediators m; and m;, we consider the follow-
ing three possibilities in an interactive environment

in QUIK.

1. a=2b
2. mp.a = mybAm;.b=mj.a
3. other relations

Depending on users’ decision, the resulting equiva-
lence relations are stored in DD/D.

Let L;ULs be a lattice generated from lat-
tices Ly and Ls. When P = (D,M,L,R),P; =
(Di, M, Ly, ;) (1 <4 < m), and

=LUlLiUlbu---UL,

L’ is defined as a global lattice among
P P, Py, -+ P,: that is, we can define the global
consistent lattice in a mediator. It is exported into
all lower mediators and used for constraint solving
and property inheritance in each information source.
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5 Query Processing

5.1 Deduction with Abduction

In general, derivation by query processing in CLP is
the finite sequence of a pair (G,C) of a set G of
goals and a set C' of constraints:

(Go,Co) = (G1,C1) = -+ - = (Gn1,Crt) = (m,cn),

where the given query is 7-Go|Cy. On the other
hand, derivation in QuzxoTe is a finite directed
acyclic graph of the triple (G, A,C) of the set G
of goals, the set A of assumptions, and the set
C' of constraints, because the concept of oid in
Qurxote/QUIK is stronger than other DOOD lan-
guages. Remember that a rule is in the following
form:

olC<=my:01, -, my 0, || AUCY

A query is also transformed in the form
of ?-o1,---,0, || Ao U Co, e, a triple
({o1, - 00}, Ao, Cy). For a node ({G} UGy, Ai, Cy),
arule G'|C" < B || AUC, and 30 GO =G"6, where
B is a set of object terms and & 1s a substitution, the
transformed node is:

(G UB)0, (A:0\ C'0) U A6, (C;UC U C")0).!

The derivation image is illustrated as in Figure 2.
If there are two nodes, (G,A,C) and (G, A", C),
where A C A’ then the derivation path of (G, A, C)
is thrown away. i.e., only the minimal assumption
is made. If there are two nodes, (G,A,C) and
(G, A, C"), then they are merged into (G, A,C'UC").

Conditional query processing is to insert hypothe-
ses incrementally into a mediator to control its pro-
cess as nested transactions. A query to a QUIK pro-
gram, P = (D, M,S, R), can have hypotheses: 7-¢
with (D', M',S', R"), which is equivalent to a query
?-¢ to a mediator, (DUD' MUM' SUS RUR)
The following 1s an example of a query sequence:

?-open(P). % Open a mediator named P.
?-begin_trans. % Begin a transaction (level 1).
7-q; with Hy. % Same as 7-¢; to PU H;.
?-begin_trans. % Begin a transaction (level 2).
7-go with H5. % Same as 7-¢q; to PU H U Hs.

% Hypotheses are incrementally inserted.
?-abort_trans. % Abort a transaction (level 2).
% H, is rolled back.

% Same as 7-q3 to PU H{U Hs.
% Commit a transaction (level 1).
% P is updated to PU H U Hs.
% Close a mediator P.

?—(J3 with H3.
7-end_trans.

?-close(P).

INote that, here, we ignore that some elements in (C; U

C U C')6 might be moved into (A;6\ C'8) U A.
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Query processing with hypothesis generation and
conditional query is effective for a partial informa-
tion database[YNTT94]. Differently from convention
constraint logic programming languages, a derivation
sequence for hypothesis generation is a triple as fol-
lows:

(GOaAOaw) = (GlaAlacl) == (waAnaCn)

where (; 18 a set of object terms to be solved, A;
is a set of constraints to be solved, and C; is a set
of solved constraints. When a set of object terms
is satisfied, a set, A,, of unsatisfied constraints is
generated as a set of hypotheses and an answer,
(0, A,,Cp), is returned. It does not take an exis-
tence of an object as a hypothesis to reduce a set of
answers.

As, in distributed environments, an object might
exist in another mediators, relaxation of such restric-
tions would be effective for many applications. Here,
we consider such relaxation in a hierarchical media-
tor system.

Let (D, M,S R) be a QUIK program, and N; =
(G, A, C;) be an unsatisfied terminal node in a
derivation sequence for a query 7-G. Let a DD/D,
D, return a set of MIDs. When G; = G} U{m; :
o},mj 1 0 & G and D returns {my,ms,---,m,} for
o0, we can generate the followings from N;:

Nil = (G; U {m1 : O},Ai, Cz)
Ni2 = (G; U {m2 : O},Ai, Cz)

Nin = (G; U {mn : O},Ai, Cz)

Further, after satisfying existence of objects, con-
straints about attributes might be solved by using
the DD/D. Variables for information sources can be
bound by using the DD/D.

1. (0,0,C,): success
2. (0, An, Cp):

(a) Search another information source for A4,
by using DD/D
(b) Sccording to the result, repeat 1 or 2.
(c) If A, is not satisfied, success with hypothe-
ses

3. (Gn, An, Cy):

(a) Search another information source for G,
by using DD/D

(b) If G,, =0, then go to 1 or 2

(¢) When G, is unsatisfied,
(Gn—laAn—la Cn—l)

(d) If n = 0, then failure

a

repeat 3 for
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(GOa AOa CO)

Figure 2: Derivation Network

For example, consider the following three media-
tors:

ms: p/ll=X]<m qll=X],ms:r/[l = X]

and a query 7-ms : p. If ms does not have any
information about objects in other mediators, ms
returns an answer, “If mq : /[l = a], then yes.” If
DD/D in ms knows which mediators have [-property
of o, an alternative query, 7-mx : r/[l = d] to a
mediator myx as in Figure 3.

As for the existence on an object, consider the
following:

ST T
{m Cgr my,mCgmy}
p<E=Emyigq,my T,

my o q.

msy : r.<: 5.

DD/D

Mediator rel.

Although a query 7-p for a mediator m fails, we can
get candidate answers by an alternative subgoals of
my : 7, because the DD/D knows that r exists in m;.

5.2 Extensions of Query Processing

First, we have to consider dispatching mechanism
among mediators. In Section 5.1, sub-queries are
sent according to mediator identifiers (MIDs) spec-
ified in the program. It is not flexible to specify
MIDs in a program explicitly, and it is difficult to re-
strict search space, if variables are used as MIDs. So
we allow to use function names instead of MIDs as
in [AY95], which are controlled by DD/D. Function
names are specified in a newly introduced self-model
in a QUIK program.

During the initialization of mediators, its corre-
sponding mediator constructs a map, called a media-
tor directory, of the mediator name and its physical
address (IP address, process identifier, and so on).
Then the mediator gathers information on objects
and attributes, and information on functions pro-
vided as function names in the self-model. Then two
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kinds of maps are constructed: a map of objects, at-
tribute names, and mediator names called an object
directory, and a map of function names and media-
tor names called a function directory. Such maps are
used in dispatching sub-queries between mediators.

Since a function name does not necessarily corre-
spond to a mediator uniquely, a message is possibly
sent to multiple mediators if a function name is used
to designate destination mediators. This mechanism
1s useful for the following reasons:

e It is unnecessary to specify a destination media-
tor name explicitly.

e It is possible to send a message simultaneously
to candidate mediators.

A mediator decides to send sub-queries sequen-
tially or simultaneously to candidate mediators listed
by the maps, and processes answers sequentially or
grouped as a set.

Secondly, we plan to introduce multiagent-
based cooperation mechanisms such as contract
net[Smith80], because some mediators might not
have all information about objects and could not
export their meta information because of their high
autonomy. In such a case, other mediators can user

only function names.

For example, the contract net protocol was pro-
posed as one of the protocols for a manager and
contractors to dispatch a job by the manager to a
contractor. This protocol consists of Task announce-
ment, Bidding, Announcement of award, and so on.
Basically, a mediator announce a task to candidate
mediators, get and evaluate their bids, and send a
query to selected mediators. This protocol is effec-
tive in the distributed environment where there are
many autonomous information sources that do not
export their contents to their corresponding QUIK
programs.

Generally, we consider to introduce other cooper-
ation protocols and strategies for more flexible query
processings.
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Figure 3: Abduction in Mediators

6 Conclusions

We are now implementing a QUIK system in Java
and designing various application such as a literature
database and workflow management. As a literature
database, we take the Deidre Legend, one of the
most famous Irish literature. In this application, we
show that QUIK mediators work effectively not only
for distributed information sources, but also for mul-
tiple layers from one source. As workflow manage-
ment, we show that QUIK mediators could serve as
an environment of computer supported cooperative
works, because a QUIK mediator encapsulates also a
human.

In this paper, we omit transformation between a
QUIK program and an information source. However
we are designing some algorhims for the above appli-
cations, but not for general sources.

As mentioned in Section 1, information sources in
distributed environments are autonomous and some-
times unstable. We have to consider the following
dynamic aspects:

e When does a DD/D get new information about
objects and their attributes under its informa-
tion source relation?

e When does a QUIK mediator inherit its related
rules?

e When is the global subsumption relation gener-
ated?

For such purposes, we are considering refreshing on
demand, automatic reflection, and instantiation of
mediators.

Further, we are discussing an extended strategy
for searching unsatisfied objects to upper mediators
and 1ts interactive environment.

In this paper, we introduce a new language QUIK
and describe its query processing facilities as an ex-
tension of an mediator architecture as follows:

e We propose a new knowledge representation lan-
guage QUIK as an extension of a DOOD lan-

K. Yokota, Y. Banjou, T. Kuroda, T. Kunisima

guage Quzxore. We extend an exchange model
by introducing rules and subsumption relation.

e We can define multiple exchange models of
a single information source by structuring an
MID.

e With capabilities of not only mediator specifica-
tion but also hypothesis generation, a mediator
can search alternative information sources auto-
matically.

e By generating the global subsumption relation
and export it to related mediators, and by con-
trolling syntactical differences among OIDs, we
can reduce inconsistencies among mediators.
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