A D A T ABASE WITH

AN EXPLICIT SEMANTIC REPRESENT A TION

Norio Katay ama

1

, Atsuhiro T ak asu

2

, and Jun Adachi

2

1

Department of Electrical Engineering, University of T oky o,

Hongo 7-3-1, Bunkyo-Ku, T okyo 113, Japan.

2

R&D Department, National Center for Science Information Systems,

Otsuk a 3-29-1, Bunkyo-Ku, T okyo 112, Japan.

E-mail: fk ata y ama, tak asu, jag@nacsis.ac.jp

ABSTRA CT

In this pap er, we present a database with an explicit

seman tic representation. A semantic representation is

a mechanism to describ e the semantics of data. A new

t yp e of database, called the S-ob ject database, is pro-

p osed for this purp ose. In conv entional databases, the

seman tics of data is determined by the data’s p osition

in data structures. The S-ob ject database, how ever,

explicitly manages a semantic representation having a

net work structure. This approach improv es the ex-

ibilit y of a semantic representation; thereby making

the S-ob ject database esp ecially suitable for storing

data having complex structures and v arious seman-

tics, which arise in novel database applications such

as full-text databases. The ma jor adv antages of the S-

ob ject database are: (1) a semantic representation and

the physical data are managed separately

, (2) physical

data are stored based on abstract data types, (3) a se-

man tic representation has a network structure similar

to hyp ertexts and semantic networks, and (4) queries

and integrity constraints are describ ed with predicate

logic as in deductive databases. The S-ob ject data-

base accomplishes (1) { (4) by integrating the con-

cepts of abstract data typ es, hyp ertexts, and deductive

databases.

1 INTRODUCTION

This pap er presents an \S-ob ject (semantic ob ject)

database" which can explicitly represent semantic as-

p ects of data; thereby providing the management ca-

pabilit y for handling data with complex structures and

v arious semantics. The S-ob ject database integrates

the concepts of abstract data types, hyp ertexts, and

deductiv e databases; hence making it esp ecially suit-

able for a full-text database and other nov el database

applications.

Section 1 discusses the explicit management of a

semantic representation of data and compares our S-

ob ject database with related works. The applied \S-

ob ject mo del" is presented in Section 2, and the data-

base’s system structure is explained in Section 3. Sec-

tion 4 describ es the asso ciated notation and manage-

ment of constraints which are de�ned to preserve the

consistency of a semantic representation, while Section

5 outlines query pro cessing. F uture work and conclu-

sions are resp ectively contained in Section 6 and 7.

1.1 Semantic Representation of Data

As shown in Figure 1, when data is stored in a data-

base, its meaning must also b e simultaneously regis-

tered; otherwise the data’s meaning will not b e known

when retrieved. F or example, let us consider the small

relational database depicted in Figure 2, where two

data exist: \12345" and \J. Smith". In this case, the

meanings of these data are determined by where they

are contained in the table, i.e., \12345" is the stu-

dent’s identi�cation (ID) num b er and \J. Smith" the

student’s name. Such data can b e represented in the

form of the semantic netw ork [DK79, Leh92] as shown

in Figure 3.

Therefore, a database contains mechanisms to either

explicitly or implicitly represent the meanings of data.

W e term this representation as a semantic repr esenta-

tion of data. In conv entional databases, e.g., relational

or ob ject-oriented ones, data structures are sp eci�ed in

a �xed form of relations and ob jects, where the mean-

ing of data is determined by their p osition within a

data structure; hence these structures play the role of

a semantic representation.

This approach has distinct adv an tages for achieving

high p erformance using �xed data structures. On the

other hand, limitations arise when handling data with

complex structures or v arious semantics.

FIGURE 1: Data Registration and Retrieval Pro cess

FIGURE 2: Student Database

FIGURE 3: Netw ork Representation

1.2 Explicit Management of Semantic Repre-

sentations

T o day’s database applications are widely v aried. One

new application involv es the use of full-text databases

whic h store a do cument’s primary information such as

text and images, as well as secondary information such

as title, authors, and abstract. In this application,

stored data have the following characteristics:

{ V arious do cument structures

Do cuments consist of v arious comp onents (chap-

ters, sections, abstract, etc.) having non-uniform

structures (Figure 4).

{ V arious semantic relationships

An example of semantic relationships among do c-

uments, magazines, and research �elds is depicted

in Figure 5.

It is di�cult to �x data structures to this typ e of

data, and therefore it is impractical to apply conven-

tional metho ds such as relational and ob ject-oriented

databases.

Based on these considerations, we designed the S-

ob ject database which manages semantic representa-

tion explicitly

. This database is comprised of seman-

tic and data rep ositories (Figure 6), i.e., the seman-

tic rep ository contains a network-structured semantic

representation, whereas the data rep ository contains

physical data.

Adv antages and disadv antages of explicit semantic

representation management in comparison to conv en-

tional approaches are summarized as follows:

Adv antages

{ Increased exibility for handling a semantic repre-

sentation.

{ Separate management of physical data and a se-

mantic representation.

{ Queries can b e describ ed based on a semantic rep-

resentation instead of on data structures; thereby

making query descriptions easier and their seman-

tics clearer.

{ Integrit y constraints can b e describ ed based on a

semantic representation; thus making the descrip-

tions and management of integrity constraints eas-

ier.

Disadv antages

{ Due to the exibility of a semantic representation

b eing high, inconsistent or inv alid representations

may b e stored; therefore management of the con-

sistency of a semantic representation is necessary .

{ Regarding e�ects on the resultant system e�ciency ,

employing a exible semantic representation cre-

ates management di�culties b ecause data struc-

tures are not �xed.

FIGURE 4: Do cument Structures

FIGURE 5: Semantic Relationships

FIGURE 6: Database with Explicit Semantic Representation

3

Consequen tly , the S-ob ject database is ideally appro-

priate for data having complex structures and/or v ar-

ious semantics. Conv ersely

, relational databases and

ob ject-oriented databases are more suitable when the

stored data has a uniform structure.

1.3 Design Policy of the S-Ob ject Database

Design p olicy is outlined as follows:

{ Information to b e stored is classi�ed into physical

data or a semantic representation.

{ Physical data are managed based on abstract data

t yp es, with each physical datum b eing encapsu-

lated. This is accomplished by de�ning the typ e

of numerics, character string, text, image, etc.

{ The semantic representation is managed using the

S-ob ject mo del (Section 2).

{ The management of the consistency of the semantic

represen tation is realized by applying a predicate

logic-based metho d used in deductive databases.

1.4 Related W orks

Ob ject-Oriented Database

The di�erence b etw een an ob ject-oriented database

and the S-ob ject database is the separation of informa-

tion into physical data and a semantic representation.

In ob ject-oriented databases, the following class def-

initions of ob jects are declared [ABD

+

89, Kim90]:

(1) Attributes to play the role of internal data.

(2) Comp osite attributes to refer to other ob jects.

(3) Metho ds to de�ne op erations for manipulating ob-

jects.

(1) and (3) de�ne characteristics inherent to the ob-

jects, while (2) de�nes relationships among ob jects.

Therefore, two typ es of declarations are mixed into

one class de�nition, i.e., one is a declaration of the

prop erties which are inherent to each ob ject, and the

other a declaration relev ant to the relationships among

the ob jects.

In comparison, in the S-ob ject database, the prop-

erties inherent to physical data are encapsulated using

abstract data types; and other prop erties, containing

relev an t semantic relationships among the data, are

separated from the \inherent prop erties" and man-

aged as a netw ork-structured semantic representation.

In addition, data consistency is managed using predi-

cate logic, which is not employed in an ob ject-oriented

database.

Deductiv e Database

As in deductive databases, the consistency of a seman-

tic representation is managed in the S-ob ject database

with predicate logic [Ari90, GMN84]. Although this is a common prop erty

, a deductive database primarily

manages the deriv ation of data, whereas the S-ob ject

database instead uses predicate logic as the framework

for describing integrity constraints of a semantic rep-

resentation.

A deductive ob ject-oriented database [YY92] has re-

cently b een studied, b eing a deductive database that

intro duces an ob ject-oriented paradigm into predicate

logic. How ever, the separation of information is not

present.

Hyp ertext Database

Hyp ertext databases [TNH

+

91] have also b een inves-

tigated, with the main ob jective b eing the integration

of hyp ertext and database techniques. The S-ob ject

database contains a similar prop erty in that b oth have

a netw ork structure. On the other hand, in the hyp er-

text database the physical data and semantic represen-

tation are not managed separately and predicate logic

is not applied to manage semantic consistency .

Semantic Data Mo del

The semantic data mo del [PM88] is a general term ap-

plied to data mo dels developed for representing seman-

tics of data, e.g., the entit y-relationship mo del and the

functional data mo del are generally considered as such

mo dels. Because the S-ob ject mo del is designed to rep-

resent semantics of data, it could b e considered as a

semantic data mo del, yet it di�ers b ecause: (1) phys-

ical data and a semantic representation are managed

separately

, (2) in our semantic representation, an en-

tity

, abstract concept, and physical datum are treated

uniformly

, and (3) consistency is managed with pred-

icate logic.

2 S-OBJECT MODEL

2.1 Comp onents

The S-ob ject mo del is a data mo del representing se-

mantic asp ects of data, having a network structure

constructed similarly to the conven tional semantic net-

work (Figure 7). This mo del is comprised of S-ob jects,

P-data, S-relations, S-links, and S-constraints.

An S-obje ct represents a semantic unit in the data-

base, b eing a no de within the network structure, i.e.,

the smallest unit of a semantic representation. An

S-r elation is a semantic relationship among S-ob jects,

pro ducing S-links among S-ob jects which are links in

the network. An S-c onstr aint is a restriction against a

particular semantic representation, having the role of

preserving its consistency .

4

FIGURE 7: Semantic Representation with the S-Object Mo del

FIGURE 8: Pairs of P-data and S-object

FIGURE 9: S-link Betw een an Author and his Do cument

5

2.2 S-Ob ject

The role of an S-obje ct is to uniquely represent a data-

base semantic unit. These units can b e classi�ed as

follo ws:

{ Real W orld Entities

e.g., individual do cuments, p ersons, and pages

{ Conceptual Entities

e.g., sets (do cuments, p ersons, etc.) and abstract

concepts (signal pro cessing, image enco ding, etc.)

{ Physical Data

e.g., numerical, character string, text, and image

data

When the ab ov e semantic units are stored in a data-

base, S-ob jects are inserted to represent them within a

seman tic representation netw ork. Since an S-ob ject is

just a no de, it should not b e confused with the ob jects

in an ob ject-oriented database.

The uniqueness of an S-ob ject should b e esp ecially

noted, namely

, an S-ob ject which represents a seman-

tic unit must b e unique, and conv ersely

, a semantic

unit which is represented with an S-ob ject must b e

unique. Without this concept b eing true, a semantic

represen tation built using the S-ob ject mo del would

not b e unique.

2.3 P-Data

A P-data is a physical data. It is encapsulated based

on the concept of abstract data types. An abstract

data typ e is a subset of the ob ject-oriented data mo del.

It is a data type which is de�ned with two typ es of

de�nitions: one is the de�nition of a data structure

whic h provides an internal representation of the typ e,

and the other is the de�nition of op erations on the

data structures. Each P-data has an S-ob ject which

tak es the semantic role for the P-data. The mapping

b etw een a P-data and its corresp onding S-ob ject is

one-to-one (Figure 8). With this mechanism, P-data

can b e treated as an encapsulated comp onent of the

seman tic representation.

2.4 S-Relations

The role of an S-r elation is to uniquely represent the

seman tic relationship among S-ob jects. F or example,

consider that the author of \Paper A" is \J. Smith

" (Figure 9). Now, let hNAMEi stand for an S-ob ject

whose name is NAME, then, b etw een hPaper Ai and hJ.

Smithi exists a relationship in which \hJ. Smithi is

the author of hPaper Ai". This relationship, i.e., \X

is the author of Y", is describ ed with a predicate as

Is-Author-Of [ Author = X, Document = Y ]

where Is-Author-Of is a predicate name identical to

the name of the S-relation. Inside the brack ets is a list of terms. Each term has a lab el, i.e., Author and

Document. The number of terms for an individual S-

relation is assumed to b e constant, and must b e greater

than zero.

An S-link among S-ob jects is a link in a netw ork

structure. It can b e practically represented by setting

v alues to the terms of an S-relation, e.g., an S-link

representing \hJ. Smithi is the author of hPaper Ai"

is describ ed as follows:

Is-Author-Of [ Author = hJ. Smithi,

Document = hPaper Ai ]

2.5 S-Constraints

A semantic representation can b e constructed in a net-

work structure with S-ob jects, S-relations, and S-links,

yet when up dated, it may b ecome semantically incon-

sistent. Therefore, to preserve the consistency of a

semantic representation, S-c onstr aints need to b e de-

�ned. Because S-relations are represented with pred-

icates in the S-ob ject mo del, S-constraints can b e de-

scrib ed with predicate logic (Section 4).

3 S-OBJECT DA T ABASE SYSTEM

The structure of the S-ob ject database system is de-

picted in Figure 10. The semantic rep ository manages

S-ob jects, S-relations, and S-constraints; whereas the

data rep ository stores physical data and manages func-

tional S-relations.

3.1 S-Ob ject Manager

This mo dule manages the creation and deletion of S-

ob jects. Since S-ob jects are just no des of a seman-

tic representation, their management is carried out by

managing their identi�ers (S-ob ject IDs).

3.2 S-Relation Manager

This mo dule manages the creation and deletion of S-

relations and S-links. Three types of S-relations are

formed based on how they pro duce S-links:

{ Denotative S-relations

S-links are stored one by one.

{ Connotative S-relations

The existence of an S-link is determined by ev aluat-

ing a calculation pro cedure that corresp onds to the

semantics of the S-relation. F or example, the fol-

lowing Is-Sum-Of S-relation representing z = x + y

b elongs to a connotative S-relation:

Is-Sum-Of [ Sum = Z, Value1 = X, Value2 = Y ]

In addition, a deductively derived S-relation is con-

sidered as a connotative S-relation. F or example,

6

FIGURE 10: System Structure of the S-Object Database

the Is-GrandFather-Of S-relation is a connota-

tiv e S-relation since it can b e derived from the

Is-Father-Of S-relation as follows:

Is-GrandFather-Of [ GrandFather = X,

GrandChild = Z ]

Is-Father-Of [ Father = X, Child = Y ] ^

Is-Father-Of [ Father = Y, Child = Z ].

Is-GrandFather-Of [ GrandFather = X,

GrandChild = Z ]

Is-Father-Of [ Father = X, Child = Y ] ^

Is-Mother-Of [ Mother = Y, Child = Z ].

{ Comp osite S-relations

Both denotative and connotative S-links are pro-

duced by a comp osite S-relation. F or example,

the Is-Member-Of S-relation stores denotative and

connotativ e S-links. The connotative ones are re-

cursiv ely derived as follows:

Is-Member-Of [ Set = U, Member = X ]

Is-Member-Of [ Set = L, Member = X ] ^

Is-Kind-Of [ SuperSet = U, SubSet = L ].

S-relations are additionally classi�ed into two typ es

based on the num b er of S-links pro duced.

{ Finite S-relations

This type stores a �nite number of S-links, i.e., all

S-links can b e obtained from the S-relations. Al-

though all denotative S-relations are �nite ones,

connotativ e and comp osite S-relations are not nec-

essarily �nite S-relations.

{ In�nite S-relations

This type pro duces an in�nite num b er of S-links,

i.e., S-links cannot b e determined unless v alues are

inserted into the sp eci�c terms. F or example, the

Is-Sum-Of S-relation is an in�nite S-relation, since

an S-link cannot b e determined unless v alues are

inserted into any tw o of three terms.

3.3 S-Constraint Management

This mo dule manages de�nition, deletion, and ev alu-

ation of S-constraints, which are explained in Section

4.

3.4 Physical Data Storage

Abstract data types are employed in the S-ob ject data-

base to manage physical data. Data types are de�ned

according to their physical prop erties: num b er, char-

acter string, text, image, etc. F or each typ e, two typ es

of declarations are describ ed: one is the declaration of

a data structure to b e used as an internal representa-

tion, and the other is the declaration of op erations on

the data structure.

3.5 F unctional S-Relation Management

Relationships inherent to physical data need to b e pro-

vided for database users, e.g., the Is-Substring-Of

relationship:

Is-Substring-Of [ Part = "BC", Whole = "ABCD" ]

Because these types of relationships can b e considered

as a semantic relationship among S-ob jects, they are

treated in the S-ob ject database as comp onents of a

semantic representation, b eing termed as functional

S-r elations. And, since such relationships are usually

numerically resolved, they are in general connotative

S-relations.

4 NOT A TION AND MANAGEMENT OF S-

CONSTRAINTS

4.1 Classi�cation of S-Constraints

The S-constraints within the S-ob ject mo del are clas-

si�ed as follows (Figure 11):

Contradiction: The state of S-relations (�) causes a

contradiction.

�

Deriv ation: The S-links de�ned in an S-relation (R )

are derived from the state of S-relations (�).

R �

Equiv alence: The state of S-relations (�

1

) is equiv a-

lent to another state (�

2

).

�

1

$ �

2

The state of S-relations means what S-links are de�ned

in them, b eing describ ed based on predicate logic, i.e.,

expressed with predicates, v ariables, constants, logical

negations (:), and logical conjunctives (^). Predicates

are interpreted as true when the corresp onding S-link

exists, otherwise interpreted as false.

7

Contradiction: The S-ob ject in the Author term of Is-Author-Of must b e a p erson.

Is-Author-Of [ Author = X, Document = Y ] ^

: Is-Member-Of [ Set = hPersoni, Member = X ].

Deriv ation: Is-GrandFather-Of is derived from Is-Father-Of.

Is-GrandFather-Of [ GrandFather = X, GrandChild = Z ]

Is-Father-Of [ Father = X, Child = Y ] ^

Is-Father-Of [ Father = Y, Child = Z ].

Equiv alence: Is-Nth-Chapter-Of is equiv alent to Is-Chapter-Of and Is-ChapterNo-Of.

Is-Nth-Chapter-Of [ Document = D, Chapter = C, ChapterNo = N ]

$ Is-Chapter-Of [ Document = D, Chapter = C ] ^

Is-ChapterNo-Of [ Chapter = C, ChapterNo = N ].

FIGURE 11: Constraint Examples

4.2 Handling of S-Constraints

T o preserve consistency of the S-ob ject database, one

of the following pro cesses are executed for each S-

constrain t:

Con tradiction: Before up dates are committed, veri�-

cation is carried out to ensure that no contradiction

will o ccur.

Deriv ation: When information is retrieved from an

S-relation, asso ciated S-links are derived by ev alu-

ating corresp onding constraints.

Equiv alence: When an up date o ccurs for �

1 or �

2

, it

is resp ectively re ected back to the other.

The contradiction and equiv alence pro cesses can b e

simply pro cessed, whereas for the deriv ation pro cess,

w e apply the strati�ed program [Llo87, Ull88, Min88]

used in deductive databases.

In the strati�ed program, is interpreted as the

deriv ation of a new predicate and not as the logi-

cal implication. Moreover, a condition is imp osed on

predicates that there are strati�ed relationships among

predicates in terms of deriv ation. When this condition

is satis�ed, the inference b ecomes monotonic even if

the b o dy (the right side of ) includes negations (:)

and it is known that the �xed p oint exists.

4.3 Ev aluating the State of S-Relations

Since the state of S-relations is describ ed with pred-

icates, v ariables, constants, and logical op erators (:,

^), then in principle, only the S-links de�ned in the

S-relations need to b e check ed to ev aluate the descrip-

tion of a state. Howev er, the state’s description may

con tain in�nite S-relations which cannot b e directly

ev aluated. Therefore, we employ ed a metho d to ev al-

uate the description of the state.

Representation of the Ev aluation Mo des of an

S-Relation

Let us consider the following in�nite S-relation which

represents a summation relationship.

Is-Sum-Of [ Sum = Z, Value1 = X, Value2 = Y ]

This S-relation can b e ev aluated by two mo des: (1) In-

serting v alues into the v ariables X, Y, Z and chec king

if they satisfy the relationship, and (2) Inserting v alues

into tw o of three v ariables, with the S-relation identi-

fying the v alue of the remaining one. How ever, if we

want to identify two v ariables by inserting a v alue into

only one v ariable, then the resultant v alues of iden-

ti�cation will b e in�nite. Thus, as for an in�nite S-

relation, the ev aluation mo des are limited.

Consequently

, we de�ne an evaluation gr aph, which

represents a mo de to ev aluate an S-relation (Figure

12), where the arrows indicate how v alues are inserted

into the terms. F or a �nite S-relation, b ecause all the

v alues of terms can b e identi�ed, all arrows are p oint-

ing outward (Figure 13). On the other hand, for an

S-relation with negation (:), all arrows are p ointing

inward (Figure 14) b ecause the existence of an S-link

cannot b e determined unless the v alues of all terms are

inserted.

Determination of an Ev aluation Pro cedure

The search algorithm for v alid ev aluation pro cedures

is as follows:

(1) Rep eat the pro cesses (2) { (4) for all p ossible com-

binations of ev aluation graphs of the S-relations.

(2) Connect the ev aluation graphs through v ariables.

(3) T rav erse along arrows starting from the constants

and �nite S-relations to determine which v ariables

can b e identi�ed.

(4) The path identifying all v ariables gives the ev alu-

ation pro cedure.

F or example, the ev aluation graphs shown in Figure

15 were obtained for the following description:

8

(a) Inserting V alues into Three T erms (b) Inserting V alues into Two T erms

FIGURE 12: Representation of the Evaluation Mo des for the Is-Sum-Of S-Relation

FIGURE 13: A Finite S-Relation

FIGURE 14: An S-Relation with Negation

(a) Not Providing An Ev aluation Pro cedure

(b) Providing An Ev aluation Pro cedure

FIGURE 15: Determination of an Evaluation Pro cedure

define Query [ Document = D, Title = T ]

Is-Member-Of [ Set = hDocumenti, Member = D ] ^

Is-Title-Of [ Document = D, Title = T ] ^

Is-Substring-Of [ Part = "database", Whole = T ].

foreach Query [ Document = D, Title = T ]

print D, T

FIGURE 16: Example of a Query by De�ning an Ad-Ho c S-Relation

9

Is-Member-Of [ Set = hSet Ai, Member = X ] ^

Is-Member-Of [ Set = hSet Bi, Member = Y ] ^

Is-Sum-Of [ Sum = Z, Value1 = X, Value2 = Y ]

In Figure 15(a), the v ariable Z cannot b e identi�ed,

while in Figure 15(b), all the v ariables can b e identi-

�ed; thereby giving the ev aluation pro cedure.

5 QUER

Y PROCESSING

Na vigational Query

Because a network structure is employed for a se-

man tic representation in the S-ob ject database, the

na vigational query can b e implemented like hyp er-

texts, where target data is searched for by moving

from one S-ob ject to another by trav ersing along

S-links.

Declarativ e Query

The declarative query can b e executed by de�ning

a new S-relation whose deriv ation rule is the search

condition, e.g., to determine all do cuments whose

title contains a string \database", we describ e a

query as shown in Figure 16

6 FUTURE WORK

Dev elopmen t of a Prototyp e System

W e are now in designing a prototyp e system to ver-

ify the v alidity of the S-ob ject database, where a

full-text database is b eing adopted as the applica-

tion. Our e�orts are directed at the management of

structured do cuments, such as SGML do cuments

[ISO86], as well as implementing a user interface

that provides for b oth navigational and declarative

queries.

Seman tic Asp ects of Up dates

The present study do es not include the semantic

asp ects of up dates to a semantic representation,

and therefore we will fo cus on this asp ect in parallel

with prototype development.

Optimization

Because the S-ob ject database has a drawbac k from

the system e�ciency standp oint, it is necessary to

in vestigate corresp onding enhancement techniques.

One p ossible optimization metho d involv es caching

the result of the deriv ation of S-links.

7 CONCLUSIONS

An S-ob ject database is presented as a database with

an explicit semantic representation. The main char-

acteristics of the S-ob ject database is that a semantic

represen tation and the physical data are managed sep-

arately

, and that integrity constraints and queries can b e describ ed based on a semantic representation with

predicate logic. With this approach, a semantic repre-

sentation of a database can b e exibly handled. The

S-ob ject database is most suitable for the data hav-

ing complex structures and v arious semantics, which

arise in novel database applications such as full-text

databases.

REFERENCES

[ABD

+

89] Atkinson, A., Bancilhon, F., DeWitt, D., Dit-

trich, K., Maier, D., and Zdonik, S., \Ob ject-

Oriented Database System Manifesto," Pr o c.

of the 1st Int. Conf. on De ductive and Object-

Oriented Datab ases (Dec. 1989), 40{57.

[Ari90] Arisawa, H. (Ed.), \Deductive Databases," J.

Information Pr o c essing Society of Jap an, 31,

2 (1990).

[DK79] Deliyanni, A. and Kow alski, R. A., \Logic and

Semantic Netw orks," Commun. ACM, 22, 3

(Mar. 1979), 184{192.

[GMN84] Gallaire, H., Minker, J., and Nicolas, J.-,M.,

\Logic and Databases: A Deductive Approach,

" ACM Comp. Surv., 16, 2 (Jun. 1984), 153{

185.

[ISO86] ISO 8879, Standar d Gener alize d Markup L an-

guage (SGML), (1986).

[Kim90] Kim, W., \Intro duction to Obje ct-Oriente d

Databases," MIT Press (1990).

[Leh92] Lehmann, F., \Semantic Networks," Comput-

ers and Mathematics with Applic ations, 23, 2-

5 (1992), 1{50.

[Llo87] Lloyd, J. W., F oundations of L o gic Pro gr am-

ming, Springer-V erlag (1987).

[Min88] Minker, J. (Ed.), F oundations of Deductive

Databases and L o gic Pr o gr amming, Morgan

Kaufmann Publishers (1988).

[Nag90] Nagao, S. (Ed.), Iwanami Information Science

Dictionary, Iwanami Shoten (1990).

[PM88] Peckham, J. and Maryanski, F., \Semantic

Data Mo dels," ACM Comp. Surv., 20, 3 (Sep.

1988), 153{188.

[TNH

+

91] T anak a, K., Nishik a wa, N., Hiray ama, S., and

Nanda, K., \Query Pairs As Hyp ertext Links,"

Pro c. of the 7th Int. Conf. on Data Engineer-

ing, IEEE (Apr. 1991), 456{463.

[Ull88] Ullman, J., Principles of Datab ase and Know l-

edge-b ase Systems, Computer Science Press,

V ol. I/I I (1988).

[YY92] Y okota, K. and Y asuk aw a, H., \T ow ards an

Integrated Knowledge-Base Management Sys-

tem," Pro c. of the Int. Conf. on Fifth Gen-

eration Computer Systems 1992, ICOT (Jun.

1992), 89{112.

10