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JIPDEC Information Systems Seminar on Semantie Aspects of
Databases,
JIPDEC, Tokyo, Feb., 21-22 1930

Program

I. General Topies Feb.2l 13:10-14:10
Chairman Osuga,S., Univ.of Tokyo

. 1. « ""?"\ 101{“1‘7)4{,{:"‘”
Kambayashi, Y., Kyoto Univ.

2. wEnp o L7, .
Kambayashi, Y., Kyoto Univ.

II. Data Models-1 14:10-15:00
Chairman Ohsuga,S., Univ. of Tokyo
3. "Infomation Space Model of a Database,”
Tanaka,Y., Hokkaido Univ.

III. Knowlege Bases and View . 15:20-17:50
Chairman Kambayashi,Y., Kyoto Univ.
4."Uses of Knowlege Bases in Data Base Management Systems"
Ohsuga, S. Univ. of Tokyo
5."An Appllcatlon of an External Virtual Relation and
a Kowledge Filter to Deductive
Question-Answering,"
Kunifuiji,S5., Wakagi,T., Fujitsu
6."LUP:A Vehicle of Impelementing a View
Support Subsystem of a Relational DEMS ,"
Masunaga,Y,. Tohoku Univ.

Iv. Data Models-1I Fab,22 9:00-10:40
Chairman Kunifuji,S., Fujitsu
7."Logical Design of a 4NF D-tree Schema for a
Relational Database,"
Tanaka,Y., Hokkaldo Univ. :
8."Preserveness of Data Dependencies for Relational
Operations "

Tanaka,K., Kobe Uniwv. -

V. Infomation Systems-I . 11:00-12:40
Chairman Tanaka,Y., Hokkaido Univ.
9."4 Database System for Processing of Skull Line
Drawing in Orthodonitics,"
Kanamori,Y., Tohoku Univ.
10."Implementation and Evaluation of Relational
Inverted Structure(RIS)Files,"
le -Viet Chung, Kambayashi,Y., Tanaka,K.,
Yajima,S., Kycto Univ.
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VI. Information Systems—II  Feb.22 13:40-15:20

Chairman Masunaga,¥., Tohoku Univ.
11."A Requirements Engineering Approach for Database
Design,;"

‘Agusa,K., Tabata,K., Ohnishi,A., Ohno,Y., Kyoto Univ.
12."Distribution Problems +in Distributed Databases:Integration

and Query Decomposion,"” ' '

Takizawa,M., JIFPDEC

vir._Free Discussions ' : 15:20,15:00
Chairman Ohsuga, 5., Univ. of Tokyo

"Relatinal Model and Dependency Theories”
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INFORMATION SPACE MODEL

Yuzuruy Tanaka

Graduate School of Information Engineering
Hokkaido University
Sapporo, 060 Japan

The importance of the semantic theories of databases has come to be
recognized in varicus problems of databases. This paper proposes

an infosemantic framework based on the relational model that has

béen an infological framework of database theories. In a relational
database, semantic relationships are partly embedded in attribute
rames and partly embodied by intrarelational semantics. However,
most of them axre hidden in interrelational relationships that are

not explicitly specified by a relational schema. There are two

kinds of interrelational structures, analytic ones and synthetic
ones. Among them, the synthetic structures play especially important
roles in semantic problems. However, there are no proper theoretical
basis to deal with these structures. The informaticn space model

(R, M) gives an infosemantic framework of this problem, where
synthetic structures are formalized as morphisms hetween relations.
The paper gives detail formalization of this model and examples of
its applications. ’

1. INTRODUCTION

Recent studies on databases indicates the necessity of a new theory about
formal semantics of databases. Although the lack of formal semantics of
databases has come to be noticed through the studies on relational databases,
it is not only a problem of this special model but also a mere general
problem invelving all kinds of data models. This problem unfortunately
attracted very little attention before because of its difficulties.

Various approaches are possible to cope with this problem, however, we will
choose the relational model as the basis of our approach to a new semantic
model since the relatiocnal model has contributed a lot for these ten years
to the development of database theories and we should nct neglect this fact.

In a relational database, semantics of information is partly embedded in the
names of attributes and partly in the intrarelational relatioships. However,
most part of the semantics is hidden in the interrelational relationships
that are not explicitly defined as a part of schema description. It may
sound reasonable that someone says the interrelational semantics is described
by relation names. However, this is the most common misunderstanding of
relational semantics, Wwhile we can infer the_semantic-relationship between
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two relations from their names, it is absolutely impossible for the computer
System that manages these relations to do the same inference.

To cope with the interrelational semantics of relational databases, we
propose the information space madel (#, M )}, where R is a set of Eirst
normal form relations of an object database, and ¥ is a set of elementary
morphisms among elements in #. An interrelational relationship is described
by a morphism between relations that is either elementary- or derived from
elementary ones by composition. Since the number of elementary meorphisms

is proved to be always finite, there always exists a finite description

(7, MO) for any database.

The elementariness of a morphism is clearly defined. For each morphism ¢ in
M., we define a label L{0). A set L(Y) denotes {zto)fcem }. A semantic
agtribute is a concatenation of an attribute and a list of Qabels,_i.e.,
Al(o,}l(o.) ... 1(0_ ). Let w(0) denote the semantics of O that may be
informally interpreged 4s an English noun representing the relationship
denoted by 0. Then the semantic attribute AZ(Gl)Z(U ) ... 1{0_ ) may be
informally interpreted as an English noun phrase A prep, wio. ) prep2 W(Uz)

++. Prep wl(g_}, where prep. is one of the following preposi%ions; of',

‘in', ‘at', 'én', and 'by!' gtc. .

For an information space schema (R, M ), a set M generates a set of semantic
attributes {Apl P is a finite sequence of elemengs in LM}, i.e., pe:L*UVOJ}.
This set is dencted by f1*, where ! denotes a set of all the attributes ]
appearing in some relation in K. For each G in MO, we can define a morphism
“g between semantic attributes such that

“g : Ap — AlL(g)p for AEQ and PEL*().

A set of morphisms {“o|oeM } is denoted by “M.. While (R, M} is a Ffinite
category, the category {(f*, “Mo) is infinite, "It should be noticed here that
an infinitely large space (R*, AMb) can be defined by a finite description

(7, Mb).

In the following sections, after informal introduction of information space
model, its formal semantics is formalized. Recursive morphisms and their
relationships to schema design are detailed. and finally, denotational
semantics of query language vocabulary is explained.

2. INTERRELATIONAL SEMANTIC STRUCTURE

2.1. Analytic Structures and Synthetic Structures
t

Interrelational semantic structures of a relational database are classified
into two categories, i.e., analytic structures and synthetic structures.

Fig.l (a) shows an example relation in the first normal form. This can be
decomposed into two relations shown in (b} because of the existence of a
functional dependency /department/—/floor/. This decomposition process
defines an interrelational semantic structure between R1 and R2 that reflects
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R . employee department floor

J. Smith A 2
. K. Jones A 2
F. Brown B 3

. o .
. . © -

{a) an ecriginal relation

Rl | employee department R2 | department floor
J. Smith A a 2
K. Jones | - A . - B . 3
F. Brown B . . .

{b) two relations chtained by the decomposition of (a).

Fig. 1. An example of an analytic interrelational
relationship.
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the dependency structure they had in (a) before the decomposition. This kind
of’interrelatiohalrelationships is determined by the analysis of the intra-
relational dependency structures of the original relation, and hence it is
called an analytic structure. The original relation is a so called universal
relation of Rl and R2. : '

However, we can not always assume the existence of a universal relation.
Fig.2 (a) shows the instances of two relations for which there exists no
universal reélation. They are projections of a relation with a lot of null
values (Fig.2 (b}}. Fig.3 (a} shows an instance of a relation for which we
can define a relation with infinitely many attributes (Fig.3 (b)) . 1In these
two examples, interrelational relationships are defined by something other
than analytic dependency structures., Since their semanties is defined by
the way of synthesizing an integrated view of information from original
relations, we call such a structure a synthetic structure. Especially, the
relationship in Fig.3 (a} is called a recursive synthetic structure.
Recursive synthetie structures form a very interesting and important class of
synthetic structures. .

While there may exist more than one synthetic relationships between two
relations, the analytic relationship between them is always unique if any.
While analytic structures concern the decomposition of a first normal form
universal relation, synthetic structures concern the overall semantic
structures of a set of constituent first normal form relations. This paper
deals with the synthetic structures. Our approach to analytic structures
is detailed ir [TANA77] and [TANAT79].

2.2. Hecessity of Denotational Interrelational Semantics

We show examples of three kinds of problems concerning the necessity of
denotational description of interrelaticnal semantics.

The first problem concerns the isomorphic relationship between a query language
and a natural language. In Fig.4 (a), we show four example queries to a
database in Fig.3 (a) written in both English and 'a SEQUEL like language
[CHAM76). While the representations of these queries in English are
isomorphic, their representations in a SEQUEL like language have different
forms. If we view this database as an infinite relation in Fig.3 (b) with
an extended set of attributes then the representations of these queries in
this query language become isomorphic as in Fig.4 (b). In these example
queries, there appears two extended attributes, i.e., /name of the parent/
and /birth date of the parent/. They have the phrase "of the parent" in
common.' In English, these two appearances of “of the parent” have the same
meaning. Obviously, the phrase "of the parent” is a kind of synthetic
structures in this database. What is the formal semantics of "of the
parent™ in this database?

The second problem concerns the formal description of a subspace that is
semantically meaningful in a real world of information. In the database in
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novel

author

The adventure of Tom Sawyer
Crime and Punishment

For Whom the Bell Tolls
Gone with the Wind

Mark Twain
Féodor Dostoyevsky
Ernest Hemingway

Margaret ¥Mitchell

Robert Jordan

character novel
Porfiry Crime and Punishment
Ishmael Mohy-Dick

For Whom the Bell Tolls
Philip Carey Of Human Bondage

Pilar Yor Whom the Bell Tolls

‘{a) two relations with a synthetic interrelational
relationship between them

character novel author
The adventure of Tom Sawyer | Mark Twain
Porfiry " Crime and Punishment - ' Feodor Dostoyevsky| -

Robert Jordan-

For Wnom the Bell Tolls

Ernest Hemingway

Pilar For Whom the Bell Tolls Ernest Hemingway
Gone with the Wind Magaret Mitchell
Ishmael Moby-Dick

Philip Carey 0f Human Bordage

{b) an integrated view of two relations in {a}

Fig. 2. A synthetic interrelational relationship and
an integrated view.




sex

name parent birth date
J. Smith A. Smith Dec. 11 1940 ] male-
R. King S. Brown Mar. 20 1920 | male
J. Smith B. Wilson Dec, 11 1940 | male
P. Scott L. SCOtE_ May 9 1970 female
¥. Tanaka K. Tanaka Feb. 17 1230 | male
A. Smith T. Smith Nov. 15 1915 | male
B. Wilson K. Wilson Jun. 8 1918 | female
H. King R. King Jul. 1 1950 male

{a) a relation with a recursive relationship.

name_of parent birth_date of parent sex of parent

PP

-

-

-

"

-

-

name birth_dete sex name of child birth_date of child

-~

~

-

.

Lol
-]
-

(b) a view of (a) with infinitely many attributes.

Fig. 3. A recursive relationship and a view with infinitely
many attributes.
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{1} Find the name and the sex of a person whose birth date is Feb. 17
1950. : .

select name, sei
where birth date = 'Feb. 17 1950'.

(2) Find the name of the parent and the sex of a parson whose birth date
is reb. 17 1950. ’

select

where

(3) Find the name and sex of a person whose parent's birth date is

pareﬁt, sex .
birth date = 'Feb. 17 1950'.

Feb. 17 1950.

select name, sex
where parent in
select name .
where birth date = °*Feb. 17 1950°.
or . o i
select el.name, el.sex
where el.parent = e2.name

{4} Find the name of the parent and the sex of a parson whose parent's

and e2.birth date = 'Feb. 17 1950'.

birth date is Feb. 17 1950.

select .e2.name, el.sex
o2 . ~where el.parent = eZ. name

{a) four gqueries written in English and a SEQUEL like language.

and e2.birth date = 'Feb. 17 1950"."

(1) select namé, sex
where birth date = "Feb. 17 1950'.
(2} select name of parent, sex
whera birth date = 'Feb. 17 1950'.
{3} select name, sex
where birth date of parent = ‘Feb. 17 1950'.
{(4) select name of parent, sex
where

birth date of paremt = 'Feb. 17 1950°.

(b) queries based on the view in Fig.3 (b).

Fig. 4. Various queries of a database in Fig.3 (a) and those
based on the view of this database shown in Fig.3 (b).
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Fig.3 (a), the information about the antecedents of . Smlth forms a
semantically meaningful subspace. It is very reasonable in some posslble
applications to restrict the access right of each user within information
about his own antecedents. How can we formally specify this kind of subspaces?
Relaticnal model can not answer this question since every subspace describable
by this model is a subpart of some single relation or a union of such subparts
{(Fig.5).

The third problem concerns the formal semantics of natural language vocabulary.
If we can formally define the semantics of the phrase "of the parent" in Fig.3
{a), then we can also define the semantics of “"of the father”, "of the brother",
"of the sister", etc. However, no single phrase of the latters defines the
former. In this database, "of the parent" is an elementary synithetic
relationship, while the others are derivable from this. It may be expected
that we will be able to define formal semantics of various vocabularies from
the semantics of elementary synthetic interrelational relationships.

All these problems above concern synthetic structures amoﬁg relations rather
than analytic structures. They prove the importance of the formalization of
synthetic interrelational relationships. :

3.MORPHISM BETWEEN RELATIONS

3.1. Formal Interpretation of a Synthetic Interrelational Relationship.,

Fig.6 shows an example of synthetic:interrelational relationships. Suppose
that Rl is a relation about the managemental information of an institute and
RZ is a relation about biblicgraphic information for reference use in this
institute. The relation R2 includes not only papers written by staffs in
this institute but also those by authors outside of this institute. These
two relations are related synthetically but not analytically. Integration
of these two relations enables us to search papers written by a project in
a focus. These are papers written by such authors who are staffs of this
project. Such papers are "papers of the project”. This adjective phrase
"of the project" can be considered as a morphism, i.e., a relational
morphism, that relates two relations Rl and R2, i.e., O:R2—Rl.. This
morphism induces a mapping that maps information about documents to
information about documents of the project. The latter might be considéred
as a part of the information of the project.

As is shown in Fig.7, a morphism 0:R2—> Rl relates two tuples p in Rl and

d in R2 in such a way that /staff/-value of p is equal to Jauthor/-value

of 4. It conceptually extend a tuple p to p' that is a concatenation of

P and the image of d mapped by 0. An extended tuple p' represents
information of the project in a focus. For an attribute A in Rl, A-component
of p' represents information about A of the project, while, for an attribute
B ih R2, B-component of p' represents information about B of a2 document of
the project. Since obviously pf represents information of the project, we
omit the last phrase "of the project" from the names of each component of p'.
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rRiAJB C|D|RIEJF[G]H]!
ffﬁ:fﬁ% e 7oA
AV) 1174108777
R3| Y J K
FLL007
{a} a subspace of an {b) subparts of relations.

information space.
Fig. 5. Difference between a subspace of an information space
and a union of subrelations.
R1(/project/, /budget/, fstafi/)
R2(/author/, /title/, /journal/)

Fig. 6. An example database with a synthetic interrelaticnal
relationship.

Fig. 7. Pictorial interpretation of an interrelational morphism.
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Therefore, A and B-components of p' above can be denoted by ‘A’ and 'B of
document' respectively. A set of such extended tuples as p' forms an
information space represented by a cloud in Fig.7. Between each attribute

B of R2 and its counterpart °'B of document' in this cloud, we can define

a2 morphism "¢ such that “0: B—B of document. This morphism is called

a4 labeling morphism since it labels B with. "of document”.- Labeling morphisms
should be one-to-cne. We can define the morphism 0 in the above example in
such a way as

morphism ¢: R2— Rl
where *0(/author/}=/staff/.

For each morphism 0, we can define its reverse a . For G above, 0 is egual
to the following definition; '

morphism U:: R1—*+ R2
where g {/staff/}=/author/.

3.2, Formal Theory of Morphisms and Semantic Attributes
In the sequel, we use the following notations;
{1) Pred(X), Predi(x)

"

a predicate about attributes in an attribute

set X, . ‘ T ’
projection of a relation R to an attribute set X,
restriction of a relation R with respect to the
condition Pred(X)=true,

Cartesian product of two relations,

intersection and union of two relations R and §
with a same attribute set,

{2} IxIr .
(3) [Pred(X)]R

(4) RS
{5} "Rrs, VYRs

[T

(6) ©4RS : natural join of R and S with respect to the
_ common attributes, ‘
(7) <x> : a relation over an attribute set X,
(8) Q(R? : the set of all the attributes of a relation R,
(9) |s] : the number of elements in a set §.

Let R denote all the first normal form relations of a database and M a set

of morphisms in X. It is assumed that, for each morphism & -in M,_a_special
morphism 0 called a reverse of ¢ is also included in M, where (0 ) =0. We
assume that each relation in R has different attributes disjoint from those
of the other relations in R. This condition is always satisfied after proper
renaming of attributes. The world W is a Cartesian product of all the
relations in R, i.e., T

W= . - .
HReRR (3.1}
We denote this by <R>O, where
=\
Q RERQ{R}. (3.2}

Let I(u) denote a label corresponding to a morphism ¢ such that the labeling
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morphism “¢ mapps any attribute A in @I to AL(T). We define semantic
attributes as follows;

{1} attributes in ? are semantic attributes,

{(2) if A is a semantic attribute and ¢ is in M, then AL(T) is a semant;lc
attribute,

{3) only those obtained by finite applications of the above two rules
are semantic attributes.

We denote the set of finite sequences of labels by L*(Y) and the set of
semantic attributes by Q%, i.e.,

7 Q* = {mp] AeQ and peL*{N}. {3.3}
By Xp, we dencte a set {Ap|Ae %} for any XeQ* and pE L* ().

A morphism ¢ between relation R and 5 is defined by a statement:

morphism ©: R— 5
where Pred ("o (X), Y), (3.4}

where X< Q(R), Yc{(S), and “g(X)=X1{g). It is denoted by ORS that R and S
are related by a morphism ¢: R— §. Relations R and § are called a domain

relation a.nd a codoma:.n relation of O.

The formal semantics of ¢ is defined by its natural extension 8: 2Q —*29

as
oRS Z OQR(R)N(S). - £3.5)

Let a(p) denote a unary operator that renanes every. semantic attribute A in
the immediately following term to Ap. The natural extension & of ¢ is
defined by a A-expression:

§ = Axy. <{xL{o)yVy>. {3.6)

The relation <x> over an arbitrary subset x of f0* is recursively defined as
follows;

(1) Yxe, <o=oey =Ix1<0>),

(2) Yx,yeQ* s.t. y N (Q*110))=9,
<(xllchHVVy> - 3.7
=1(xZ(c)) VY yllrred(Xilo), Y}] (a(l{c))'fx\fxxyu‘f));

(3 Yxen*, <xl{o)>=a(l(o))<x>.

Let g and T be two morphisms in M defined as
morphism ¢ : Rl—>5l1
where Predl{"o‘ LXI) ' Yl:

{ chﬂ(Rl), YlC €(s1) )

and

e ———— e - s e i = o e e oo - - R U |




morphism 1 : R2— 52
where Predz(“otle. Yzl

(xzcmkm, Y,<q(s2) ).
The composite morphism tg is defined as
~~ .
(vag) (R1) (52) = (va)Q(RL)Q(52),

where I(rqg} is defined to be 1{71) I(g). Independently from the above
definition, we define the composition of the natural extensions & and ¢ as

T°0 = Axy. [(xI(T) UG}V ylea { LoD ) (2D (BRy) . (3.8)
Then the following theorem holds.

Theorem 3.1
For any g, T in ¥, it holds that

16 = t-a. _ (3.9)

Eroof
Since it holds that

T = <(xUTHV >
and
By = <@ UV y>,
the following equalities hold;
o {Z (o) ) (2x) (B0dy)
=< (x2 (1) 2 {0) } V (QZ (0) ) >< (L (0) } U y>
=<(xZ(1)1(0)) V{QL(0)}Vy>.
Hence, the theorem is proved as follows;
(T-8)xy
=[{xL (1)1 ()} Vylbsa(l (a]) (xQ) (O%y)
=[{xZ{TIL(0) IV yl<(x1(T)2{a)} V (QL{o}) V y>
=<(xZ{112{c) )V y>
=<(xZ (g} )V y>
=Toxy.
Q*' Q*
Now we extend the definition of a labeling morphism “g as g : 2" —2% .
From the fact that Z{1gl=7(1)Z{g), it should be defined as
“u{xp) = xI(g)p for any subset x of 0* and any p in L* (V). (3.10)
The identity morphism T in 29* is defined as
T = hxy. <xVys. - : (3.11)
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For a morphism g defined by (3.4}, we define its reverse g as follows;

morphism a_ : S—)-R_ )
where Pred(x g (Y)). - {3.12)

1t should be noticed that c ‘@=1 does not always hold. In fact, it holds-
if and only if

(1) Yxe<n, 3ye<y> Pred(x, y)=true

and .
(21 Vx, x'e<n, Yye<n
{ Pred(x, y) M Pred(x', ¥) )2 ( x=x' }.
et (2 / 1,1 /I —_— } be a unary operator that renames every
semant.u: a%trxgute Rol.,. t!]ie Jmmedlately following term to Apl Let
g and 1 be same as before. The conjunction Agr of g and 1T is defmeé as
Aot =Agt
= axy. [(xZ{(AoT)) Vy]
N (2 AgT) /L (o)) @xy) (2 haT) /T (1)) (?xy)s {(3.13)
while the disjunction Vgt is defined as
—~ ;
Vot = V6?
= xxy. [{xZV¥oT1)) V¥l ‘
V (7 (VaT) /1 (0)) (Bxy) (2 VoT) /2 (1)) R=xy) . (3.14)
Here we also extend the definitién of a restriction operator [Pred(X)] as
IPred(X)] = Ax. [x}[Pred(X)]l<xV . : £3.15)
Example 3.1

For a database with a single relation
R{/name/, /parent/, /birth date/, /sex/],

we can define the following morphisms, where w(g} denctes the English word
such that "of y{o!" corresponds to (o). '

1) w{ogl) = ‘parent’, wiol™) = ‘'ehild!

morphism ol : R—R
where ~gl({/name/}=/parent/.

(2) w(o2) = ‘father’

morphism o2 : R—R
where {62 {/name/)=/parent/} A ("g2(/sex/)='male").

(3} wi{g3) = 'mother’
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moyphism g3 ; R— R
where ¢ U3(,name/)~/parent/)ht_GB(/sex/)-'female Y.

The morphlsms g2 and g3 can be defined by o1, i.e.,
' 82 = [/sex/l(g1}="male']131,

83 = [/sex/l(0l)='female’]31. o S
On the other hand, it holds that '

81 =V3g233.

With gl and ol”, we can define various English words as composition of these
morphisms.

{4) w(c4) = *son'
. 84 = I/sex/L(o17)="male’]81 .
(5} w(GS)-= 'daughter’
= [/sex/l{ol )="female']81 .
{6) w(ub} = 'brother’
86 = [/sex/I(ol )1(ol)="male'] (81781).

If a boy is not considered as a brother of himself, then 06 is
expressed as follows, where diff(R) (5) denotes set difference
of two relations with a same attribute set.

86 = Axy.diff [/sex/l(gl )1 (gl)="male'] (§1 81)xy ixy
(7) w(o7) = 'grandfather!'
87 = 1/sex/L(01)1(0l)="male']B181.

These examples give answers to the third gquestions in gection 2.2,

Example 3.2

Suppose we have the following two relations:
Rl(/project/, /staff/, /budget/)
R2(/title/, /author/, /journal/)

We can define the following morphism:

w(g) = 'document’, wig ) = Tproject’

morphism g : R2Z—R1 .
where “g{/author/}=/staff/. ‘

In this database, the composite morphism 0o or ¢ 0 is nonsense. However,

we do not prohibit the use of these composite morphisms since it is not
hammful to formally define these. For example, 33{/title/}{/project/} is
defined as follows from the definition of morphisms and their interpretation.
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86{/title/}{ /project/}
= /title/l (0}1 (0}, /project/> o
«[/staff/1=/author/1]¢/staff/1, /project/></author/l, /titlefl ()>
=[/staff/)=/author/1} ([/staff/1l, /project/]Rl) .
([/staff/2=/author/2) fauthor/1, /staff/Z</author/2, /title>)
=[/s:aff/1=/author/13(I/;taff/l, /project/1R1) '
({/staff/2=/author/2] {[/anthor/l, /staff/2]1RLR2)

{{/author/2, /title/IR2)).

Since a cartesian product RIR2 appears at the end of the second line of the
last transformation and no interrelational restriction is specified between
Rl and R2, the /title/ and the /fproject/ in 88{/title/H /project/} do not
have any significant relationship between themselves.

The composition T is meaningless iff the codemain relation of O is equal to
the domain relation of T.

EXamEle 3.3

In the following database, there are subcrdinate relationships between
attributes, i.e., drivers and secretaries are alsoc employees.

Rl{/employee/, /salary/, /faddress/)

R2{/driver/, /license no./)

R3{/secretary/, /typing speed/)  ~
/employee/

/driver/ : /secretary/
These subordinate relationships are also representéd by morphisms below.

ol morphism O0l1 : R2—R1
where “gl{/driver/)=/employee/.

g2 morphism g2 : R3I—R1
where “g2(/secretary/) =/employee/.

We will return to these subordinate relationships afterwaxds in section 7.
4. INFORMATION SPACE MODEL

4.1. Elementary_Morphism
We say a morphism O is elementary if it is defined in the following form;

morphism g : R=r§ o
where “a(a)=8, {4.1)
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where A and B are elements of Q(R) and R(s) respectively, In most of the
applications, tha most general form of morphism definitions may be as

- follows;

morphism ¢ : R— 5 '
= = A A
where (0 (X)) ¥,)APred (o (X,0) A Pred (v,), (4.2)
< £ R = .
{ X, €Q(R), ¥ cO(s) ]xll |Yll )
For such morphisms, the following theorem holds.

Thecrem 4.1 ‘
Any morphism with the form

morphism ¢ : R—§ . :

‘ k _ .
where Ai=l ("G(Ai}—Bi) A Predl Cox)) A Pred2 (¥) (4.3)
{ AiEQ(RJ, BiEQ(S), XcR(R), YcfU(s) )

can be defined using elementary morphisns.

proof

Let Ci denote an elementary morphism defined as

m ni . ¢t R—+
orphism 01 S

where "ai(Ai)=Bi.' . (4.4)
Then it holds that
8 = IPred (“1(x))]1IPreq, (¥)]¢, 3 (4.5)
where ' ’ ' S
k
t=A,, 0. : (4.6)

This theorem indicates that only a set of elementary morphisms is sufficient
to describe synthetic interrelational relationships in an object database.

A set of elementary morphisms from which any rnorphism in M can be derived

is denoted by Mb.

For a given set R of relations, a set ¥ of morphisms is said to be sufficient
if any synthetic interrelatiocnal relationships in R can be represented by
elements of this set. A& pair (R, M) is called an information space schema

if M is sufficient with respect to R. In most of the applications, a schema
(R, M) has an equivalent schema (R, M), where M_ is a set of elementary
morphisms. The schema (B, M) is cal?ed a norma? form schema of (R, M). It
should be noticed that the number of elementary morphisms is always finite.
Therefore, we can always define informatien space schema with finite
description. '

4.2, World and View Point

For each p in L*(Mb)' the set {ip forms a world of information labeled with p.
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We denote this world by Wp. Let fb be defined as
f =Ax. Ox. ' (4.7

~fThe morphism f, is interpreted as a view point shlfter that moves the view
point from the world WZ(o)p to W. The world W is especially called a base
world.

Example 4.1
I = (R, B%l
= {Rl r2}

Rl(/project/, /budget/, /manager/, /e.mployee/ /salary/, /depa.rtment/,
/location/, /subproject/}

R2{/report no./,/title/,/author/,/journal/, /key word/)

M, = {o1, o1~, a2, g2~, g3, 03}

ol wiol) = 'project’, w(o1 ) = 'document’
morphism gl : R1—R2
where “ol(/employee/)=/author/

g2 wi{o2} = 'manager"®, w(02 ) = ‘subordinate’
morphism g2 : RI—R1l .
whare g2 (/employee/) =/manager/

03 w(03) = ‘subproject®, w(03 ) = ‘superproject’

" morphism g3 : R1—™R1
where “g3(/project/)=/subproject/

The diagramatic representation of this schema is shown in Fig.B. 1In Fig.?2,
we show the pictorial representation of the relationships among worlds. An
eye in Fig.9 indicates the yiew point,

4.3. Formal Description of an Information Subspace

By semantic subspace, we mean a relation over a subset X of semantic attributes
that satisfies the condition Pred(Y)}, where Y is also a subset of semantic
attributes. Let this subspace be named W. Then W is defined as

W= [X]IPred(y)]<xVy>, {4.8)
We formally describke V as

S-subspace "4

over X

where Pred(Y). ' (4.9)
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g2~
_ al

Rl — Rr2
o3 o1

a3

Fig. 8. Diagramatic representation of
the schema in example 4.1.

fo:s‘ : 'fca

R2:document:superproject

o ol

- P
f03 . a3 Vlew oint

‘ » R1: manager ' R2: @
fG'Z
O'l
- £
b - - 7

f - ! ol

' R2:document: subproject
e

o1

oy f

G3

It is assumed that Rl is in a focus. _
Meanigless composition of morphisms is neglected.

Fig. 9. Pictorial representation of the relatxoshlps among
worlds.,
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Let ¥, and &, be a semantic subspace. Then the intersection of these
relatlons

Therefore W is alsc a semantic subspace described as

However,

Hence, 5&}) ¥, is not a semantic subspace unless one of the followings holds;

(1)
(2}
(3}
{4}

We define an information subspace as follows;

{1)
{2)

(3)

(4)

This definition of an information subspace is a very natural formal definition
of a meaningful subspace of information mentioned in section 2,2. The above
observation indicates that any information subspace can be defined as a union
of finite number of semantic subspaces in such a way as follows;

a semantic subspace is an information subspace,

i§ equal to a relation ¥ defined as
v [ nv .
W ufl Jz .
<x Vy. >
!‘-([xl] [Predl(Yl)]Q{l‘J ¥, > X, ) [Pred, (¥,) 1<%,V ¥,>)

n ’ Jy >
x2] [Predl(‘fli A Pred2(Y2) ]<xlU Yl‘J X,V >,

It

le

S-space = W
ovar | xln xz )

' A . 4.10
where Predl(Yl) Predz(Yz) { )

the union of two semantic subspaces can not be described as (4.9).

2

WlD sz

B'Zj Wl:
Xl='er

Pr_edl{Yl} = Pr::ad2 (.Yz) .

if ¥, and FJZ are information subspaces then WIU W2 is an information

1
subspace.

if Wy and {Jz are information subspaces then er‘ Wz is an information

subspace.
only those obtained by finite applications of the above rules are

information subspaces.

I-subspace ¥
where W =y. ., . (4.11)
——— ie I i A .

for every i¢1I,
S-subspace Wi

over xi
' 4.12
where Predi(Yi) . { )
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For example, in a database in example 3,1, the information about the
antecedents of J, Smith and that about the descendants of R, Xing forms the
information subspace ¥ described below;

I-subspace ¥

where K= WLU P/‘z,
S-subspace Wl ]
over /name/{1(5,))*, /birth date/(l (a,0)*,
/sex/(l(dl))*
where /name/ = 'J. smith',
S-subspace Vz
. over /nane/ (1@, 1) *, fbirth date/(l(crl”;)*,
/sex/(Z(Ul )} *
where /name/ = ‘R, King',

where Al* denotes a set of all the semantic attributes Ap such that p is a
list of finitely iterated 7.

This'facility to define information subspaces enhances the capability of the

database management system in access control by query medifications proposed

in [ASTR76] [CHAM76]. This problém as well as other applications of this
facility will be reported elsewhere. '

5. RECURSIVE MORPHISM AND DIRECT SUM DECOMPOSITION ‘

In this section, we further investigate semantic structures induced by
recursive morphisms. We restrict our discussion to such a case with only
one first nermal form relation. Since this section deals only with the
decompositicn of a relation with a recursive morphism and a recursive
morphism is defined within a single relation, the following result is also
applicable to the cases with moxe - than one relations.

Let R be an object first normal form relation. A recursive attribute is
defined if there exists two attributes A and B in the attribute set Q(R},
such that ‘

(1) the domains of these two attributes Dom(A) and Dom(B) intersect with
each other, :

(2} we can assume for any XeDom(A) x is also a member of Dom(B) without
any contradiction and vice versa,

(3) either of the following two MVDs holds;

ARy | q, 8,
B0, | a, a,
where {a}, {EB}, 91’ 92 are partition of {(R).

33




A pair of these attr;butes A and B is called a recursive attribute paix.
Suppose that A and B is a recursive attribute pair satisfying A-++Q I Q. B,
where {3}, {B}. 2., O, form a partition of {I(R). Then B is called & reciuirsive
attribute, and A a superordinate attribute. We introduce a new attribute B
correspondlng to the antonvm of B. The superordinates attribute of B is

denoted by B .

For example, /name/ and /parent/ form a recursive attribute paxr in example
3.1. Since it holds that

/name/%-/b1rth date//sex/ I /parent/
but that
/parent/ > /name//birth date//sex/,

/parent/ is a recursive attribute. We can introduce /child/ as an antonym
of /parent/.

Suppose that there exists no such subset ' of {i that satisfies an MVD
¢+-Q* in Q, ‘

where ¢ denotes an empty‘set. If there exists one, then we can apply the
following result to Q' and Q(R)-2' independently because R is a Cartesian
product of these in such a tase.

Suppose that there exists h recursive attributes Bi (1<ich) . Let {I° denote
6 = y a s
Q 1] ('Ulsish {Bi, Bi s Bi h.
. We call the following condition an S-condition;
Jl1sisnb+{8,} in {B_S! B, | 1<ish},
Suppose that a set of h recursive attributes {B ] 1<1<h} in @ satisfies 5-

condition. Let % denote Q°- (k11<i<h {B %h, ana &F be a minimal subset &'

including Bi such that
Y

{B.S}HQ' in @,
Let Q be deflned as

2, at U{B 2}t 1disn),
n0 (UISiSh Qi). |
Then §I° is represented as a direct sum of Qi { 0%ish ).

]

Theorem 5.1 :
& = N & ... . 5.1
ﬂ‘noel eﬂh {5.1)
This means that Iﬂi]OSiSh} is a partition of 2°, Fig.l0 shows an example
relation with 2 refursive attributes and its direct sum decomposition.

We can define a recursive morphism Oi for each recursive attribute pair (Ai,Bi)
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aitribute set -
Q= {/person/,/project/,/section[./departmént/,/company/,/subsidiary/,
/location/./subprojéct/./subprojectvname/}

We assurme that a project is called by differernt names under different
superproiacts.

" recursive attributes :
Al'= /subsidiary/
AZ = /subproject/

h=2
antonym :
Ala = /parent company/
Aza = /supe;project/

superordinate attributes :

e
It

1 Jcompany/

b
1]

2 /project/

Q° = GVY{/parent company/, /superproject/}
N .

Q =4

S~condition : . . .
{/company/, /project/} ++ {/subsidiary/} | {/subproject/}
in {/company/,/project/,/subsidiary/,/subproject/}

direct sum decomposition :
ﬂl : {/company/} ++ {/subsidiary/} in ot
Ql = {/subsidiary/, /parent company/}
92 : {/project/} ++{/subproject/, /subproject-name/} in ot
92 = {/subproject/,/superproject/,/subprojec;—name/}

90 : QO = Do - Ql - 92

Fig. 10. Direct sum decomposition of a relation with
two recursive attributes.
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as follows, where Bi is assumed to be a recursive attribute.

morphisn Gi : R—R

where ' aliz,) =B.. : {5.2)

—_— i i i )
It is recommended by various reports that the information about a recursive
pair (A,. BiJ should be separated from the rest of R. This is done by
decomposing <{l°> into {<Qi>| 0<ich}. If some Q has a set of recursive
attribute pairs satisfying S-condition then Q, Is further decomposed by the
direct sum decomposition method mentioned above. The original relation <>
is related to {<Qi>} by the following relation;

<@ = @A < ¢, 8,5 <>, | (5.3,

6. DESIGN OF AN INFORMATION: SPACE MODEL

Suppose that set I of first normal form relations are given, and that, for
any two different relations R and 5 in R, the attribute sets of these are
mutually disjoint. This condition is always satisfiable by proper renaming
of attributes. ’ '

The procedure for the design of an information space schema for R is
surmarized helow.

(1y ¥ =IH;€R R .[ the base world ). ‘
" {2} For each 'R in R, find out -a set of recursive attributes {Bir 1<i<h}
_satisfying $-condition and decompose R Ey the direct sum decomposition
" method. For esach component of the decompdsition of R, apply this stép
recursively until all components can not be further decomposed.
Define a set P of recursive morphisms each of which corresponds to
some recursive attribute found by this step.

(3) Find out other elementary morphisms in R. Let F denote a set of them.
Let MD be the union of P and E. A pair (A, MO) is the designed
information space schema,

After the third step, we can apply our 4NF D-tree schema theory [TANATO] to

decompose each first normal form relatien in R into the fourth normal form

relations. D-tree schema theory gives us the clear description about

analytic interrelational relationships among the fourth normal form
relations obtained by the decomposition.
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7. QUERY LANGUAGE AND VOCABULARIES

Queries using semantic attributes can be described in the following form;

select X
where Pred(Y),.

where X and Y denotes subsets of Q*. The execution of this query corresponds
to the evaluation of

XY Pred (¥ I<xV Y.
The relation <XV ¥> can be evaluated following the definition in section 3.2.

However, gqueries vsing semantic attributes are not sufficient to make them
easy to understand. ’

Consider the database in Fig.2 (a). This has two relations below;
Rl(/novel 1/, /author/)
R2{/charactexr/, /novel 2/).

In this database, there are two morphisms g and ¢ defined as

morphism ¢ : Rl1— R2

where “o{/novel 1/) = /novel 2/, .
In this case, it is very difficult to find out a proper adjective pﬁrase for
1{o). To solve this problem, we define vocabularies used in queries of this
database with attribute names and morphisms. ‘This.is. done as.follows; .. :

author ::= Jauthor/I(c),
novel ::= /novel 1/7(g),
character ::+ /character/.

i

Queries are written with these vocabularies. They are translated into the
right hand sides of definitions by a query translator. '

However, the definition of a word 'novel' as aboye may lead to wrong
evaluation. Consider a guery: '

select novel, character.
This is evaluated as

<novel, character>
=</novel 1/1(g), /character/>
={/novel 1/1(c}, /character/][/novel 1/1 (g)=/novel 2/]
alzlg)i</novel 1/></novel 2/, /character/>
=[/novel 1/7 (g}, /character/][/navel 1/1(g)=/novel 2/3
a(z(0)) [/novel 1/JR1 R2, :

This is not equal to the desired result R2. Same is true with respect to the
definition: '

novel ::= /novel 2/,
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This problem occurs if two attributes A in R and B in $ are related and either
of <A> or <B> is a subset of the other. This is solved by considering a new
relation RO that is a unary relation V<A><B>. Then the new information space
schema of this database becomes as follows;

R =1{ro, r1, rR2}

RO(/novel/} = VI/novel 1/JR1 [/novel 2/iR2
Rl (/novel 1/, fauthor/) '
R2{/character/, /novel 2/),

M. = {o1, o2}

1]
morphism ¢l : R1L— RO
where “gl{/novel 1/} = /novel/

 morphism ©2 : R2—* RO
where *g2{/novel 2/} = /novel/.

The vocabularies are defined as

author ::= Jauthor/l (91},

no?el 1:= fnovel/,

character ::= /character/L (02).
The query is evaluated as '

<novel, character>

=</novel/, fcharacter/l (a2}

=[/novel/, . /character/l (62}] [/novel 2/1{02)=/novel/):
a{l (02)}</novel 2/, /character/>R0

=a(l(02))</novel 2/, /character/>

= {l (02} )R2.

Example 7.1
Consider the database with subordinate relationships between attributes shown
in example 3.3. Since it holds that .

</employee/>::</driver/>,1
and
</employee/> D</secretary/>,

we can define the vocabularies of this database as follows;
employee ::;= /employee/,
salary ::= fsalary/,
address ::= Jaddress/,
driver ::= fdriver/Il(ovl},

‘license no. ::= flicence no./l(m),
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secretary ::= /secretary/1{g2),

typing speed ::= /typing speed/l (02) ..

Example 7.2

The final example is a case with recursive morphisms shown in example 3.1.
The vocabularies of this database are as follows;

name ::= /name/

parent ::= /parent/
birth date ::= /birth date/
sex ::= /sex/

father ::= /name/Z(UQ)

mother ::= /name/l(03)

child ::= /fname/l(01")

son ::= /name/l (04)

daughterx ::= /name/l{05)
grandparent ::= /parent/I (01)
grandfather ::= /name/l (32)1(0U1)
grandmother ::= /name/l (03}1 (01}

descendant ::= /name/(l(ﬁld))*.
antecedent ::= /name/(l(01))*

. of parent ::=-1{01}
of father ::= L(02)
of mother ::= 1(03)
of child ::= 1 (J17)

As shown above, the vocabularies of a database consist of the noun
definition and adjective definition. The detail formalization of wvocabularies
is reported elsewhere.

8. CONCLUDING REMARKS

While the relational model has been an infological framework of database
theories, the information space model in this paper has been proposed as an
infosemantic framework of database thecries. Various semantic problems need
theoretical basis for semantics, especially interrelational semantics. The
1dea of this model is very simple, i.e., a pair of ¥ and M . The model is
sufficient to solve various semantic problems shown in secgion 2.2,

The informatien space model should not be confused with the studies of
functional programming in data bases [BUNE79] [SHIP79]. Their main concern
is the guery program manipulating information. The information space model
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concerns the description of infosemantic structures of a schema as well as
the improvement of guery languages. While our model can cope with query
programming problems as shown in section 7, recent studies on functional
query lamguage can not cope with the general description of information
structures. Especially, they can not describe meaningful subspaces of
informaticn. :

The use of a dictionary that defines nouns and adjectives from attribute
names and morphisms may be a new approach to database semantics. This
_approach is enabled by the finiteness of the definition of an infermation
space schema. We eall this approach a denotational semantic approach to
database semantics.
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This paper describes a knowledge based system named the KAUS (Knowledge Acquisition and Utflization System}
designed to aid man-in his intellectual works such as scientific research, decision making, engineering

design and medical diagnoesis,

In particular, its subsystem named the SBDS(Structure Based Deduction Sys-

tem) is discussed In detail, which takes charge of handling both the kaowledge base and the data bases.

- In this system, information is processed by being converted among four different forms, i.e.,
nal representation such as natural language and graphic representatiaon,
Some important mappings between different forms and the deductive infer-—

the vepresentation of knowledge.
ence algorithm are defined. :

1. INTRODUCTION

This paper deseribes 2 system named the SBDS(Struc~
ture Based Deduction System). This is a subsysten
of a knowledge systém named the KAUS(Knowledge Acqui-
-sition and Utilization System) that is being devel-
oped as an intelligent interactive system to aid man
in his works such zs industrial design, decision mak-
ing, medical diagnosis and so on. The KAUS is expec-
ted to accept, understand and reply user's request
presented in a natural-(like)-language and/oxr in a
simple graphic form, or in other words, in man's
everyday forms of representations. We call represen—
tations. in these forms. the external.representations.

The SBDS takes charge of handling the knowledoe bases -

and the data bases in the KAUS. It adopts, as its
basic formalism for representation of knowledge, an
extended form of the first order predicate logic be-

cause it is considered very sulted for conversion to/ '
from any of three major forms of information appear-

ing in and arround the computer systems; i.e., (1)
external representations, (2) data bases and (3) pro-
gracs. Informpation is processed by being converted
"freom one form to another among them. In the KAUS,
all conversioens are achieved via the representatlon
of knowledge as is shown in Fig. 1.

Note here that there is no exact ene-to-one corre-
spondence among expressicns in these dlffercnt forns
because of the difference in the expressive power of
and redundancy contained in each’ representation. In
general, the expressive power of the external repre-
sentation is the largest among all. Therefore, it is
-often necessary to change a tepresentation of infor-
mztion in the same formalism preserving its meaning
wntil, at last, a representation is reached which has
a corresponding representation in another form. This
is the role of the deductive inference mechanism.

The advantage obtained by using the representation of
knowledge is that it can be defined to have aspects
very close to every other form so that the conversion
to/from the other forms can be cleary defined.

Another advantage is in the fact that it can also be
defined s0 that the inference algorithm can well he
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From the discussion above and Fig.l,

div u; y 2)

exter—
data base and

program ,

defined to it.

The mappings that the system should be prcvlded ulth
are thaose listed in Table 1. .

In this papexr, the outline of the 5BDS 1s presented.
The data bases viewed through representatian of
knowledge and the conversion algorithm from the lat~
ter to the former is discussed with a simple example.

2. REPRESENTATION OF XNOWLEDGE

the requirements

for the representation of knowledge are as follows:

(1)} Conversion to/from external representation are
possible and its algorithm can be obtained,

(2) Conversion to program is possible and its algo-
rithm can be obtained,

(3) Comversion to/from data bases are possible and
its algorithm can be obtained and

(4} Deductive inference algorithm can be well defined.

The basic configuration of the KAUS 1s as is shown in
Fig.2 in which the first order predicate logic is
adopted as the kernel concept of knowledge represent-—
ation. We say it the kernel because, in the yeal
system, it is extended towards higher order logic

and also it is modified and combined with a concept
of hierarchically structured universe to get high
logical and physical performances. Since, however,
our primary ebjective is to shou how information.is
processed by being converted zwmong different forms,
we first discuss the simpler case of the first oder
logic.

2.1 Representation of knowledge in the predicate form

We first show an example of representation of knowl-
edge in the KAUS as follows:

(Vx/PHYSOB)(Vy/RE\L)(vz/REAL)(Vu/REAL)[(mass x y)ﬂ
(vol x z) A(div u; y z)= {spc.grv % u)]

where each predicate has the following meaning ;
(mass x y): "mass of x is y"

{vel =x y): "volupe of x is 2"

tyfe=u"  and
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External Kepresentation

‘Knowledge Representation -

| ‘ .
S‘:;\\ Natural Language Data Base

3 ————> boﬁbl :—....@ bn__,;p
Parsing Deductive - .. Program
Inference Ceneration

Fig.l Relations zmong various representations

1 | E»K : Parsing, Pattern Classification etc.
2 K—*E : Output Ceneration

3 { K*P : Program Generaticn

4 |(K>D): Data Base Description :

5 | DK : Generalization of Representation

6 | K=K : Deductive Inference )

Table 1 Necessary onversions

{spc.grv x u):"specific gravity of x is u".

his formula is read as "for every physical object x
end 211 real values y, 2 and u, if mass of % is y,
ralume of x is z and the quotient of y divided by z

is u, then specific gravity of x is u." It gives the
definition of "specific gravity'. In general, defi-
nitions of concepts, mathematical theories, physical
laws, facts and so on can be represented in the same
style. The collection of such the formulas forms a
knowledge base, and so, each formula as this example -
is called the knowledge element. - '

Note that, in this formula, 2 domain is explicitly
specified to each varizble and the formula is defined
only over the specified domains of wvariables. It is
very natural way of representarion because these do—
pains are brought in by the external words when a
knowledge element is given by man in the form of ex-
ternal representation. In the KAUS, the logical
structure of the matrix of a formula is representsed
by an AND-OR tree as shown in Fib 3(b). Information
on the variables are collected in a table called the
variable table or V-tahle in short as is shown in the
figure,

2.2 FKnowledge structure

A universe 1s defined as the set of all objects re-
ferred in the system. Then a domain of variable in
the predicate is one of its subsets. The universe
itself forms a2 hierarchical structure based on the
set—-theoretical relatioans between sets in it.

In the KAUS this structure is represented by a graph

L2

“f Problem :
Source(tlan) -

Problem .
Saurcefian)

T E Computer

Man: )
#Analysis &
Solution
*Programming.

*Coding etc K

- Program

Computer lgl!!!!!!!I )
P P o
}-1{ Program [Program- _ Y .Progran
Compilation Compilacionji- ase
P! i P’ P
Progran iny ‘ Pragran |1 {Data
Execukion | . . Execution -
R 1 R :
Output ) Qutput
Generation Ceneratidn
E E
{2)Conventional {b)ew System
- System

E; External Representation

K; Knowledge Representation

P; Program

R; Result

Fig.2 Conventicnal and new <omputer system

composed of nodes and twe types of arcs. Each nede
represents a defined set and arcs represents two
types of the set-theoretical relations between nades;
inclusion and disjointuness. The structure thus for-
med is called the skeleton structure and is illustra-
ted in Fig.3(a). To each node corresponds one or
more external word(s). The association is made by a

dictionary each eatry of which.contains.a_character .|

string and a pointer to the corresponding node.

Every knowledge element is connected to one or more

" nodes in the structure in such a way that if the

knowledge element has a domain X, then 1t is linked

" to the node X (ref. Fig.3(b)).

" 2.3 Procedural Type Atom (PTA) and Non-procedural

Type Atrom :

In a practical applieation, there mway be a lot of
knowledge elements in the system. RBecause the system
must allow user to define and use his owm predicate,

" the set of predicate symbols is kept open. However,

some predicates of which predicate symbols are de-
fined by some external words such as verbs, adjec~
tives, prepositions and some nouns are defined in
advance. ’

All atomic formulas or atoms in short are classified
into two classes: procedural type atonms{PTAs) and
non-procedural type atoms(NTAs). To each PTA a pro-
cedure is defined, which evaluates the loglical value
of the predicate as well as the value of some vari-
able(s) in it. A few examples are as follows;

{add z; x y):"if x + y = =z, then true',

{div z; x y):"if =/y = z, then true”,

{g-than x y):"if = y, then true”,

(sin y; %) t"if sin x = y, them true”.

The set of these praécdures forms the procedure base.
Each praocedure is evoked when a PTA in a formula be-
comes ready and is picked out for evaluation, that
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X Kl

e - -

foTE m—wy 1
~

{mather~x-

R e e T g U —

{Yy/CHLD) (Ix/FML) {mother x y)  BRD :BIED
(:"every child has mother™) MM, sMAMMAL

‘ - FSH. :FISH
I-Relation; PRS :PERSON

ML > PRS,CAT,DGG, —— . ADLT:ADULT

PES DADLT, CHLD, ML, FML, — " CHLD:CHILD )

CHLD 2 BOY, GRL,—- . ML :MALE PERSON

ML D BOY,~— : : FML :FPMALE PERSON
: GRL :GIRL

D-Relation;
PRSACAT = &
PRSADOG = b
ML ARML =ch

INT :INTEGER

Fig.3 Structure of concepts and lmowledge

is, a value has bzen given to every independent vari-
able (underlined in the above examples) during the
deductive operation as will be described in Sec.3. If
a PTA includes one (or more) dependent variable(s),

..the result of the operation of the procedure defined
to the PTA is substiruted imto it (them).

Besides these PTAs defined in the system, user can
define his awn FTA by wrxting and registering a pro-
cedure for ir.

An NTA, on the other hand, is the one the logical val-
ue of which can not be obtained by itself. Its truth-

_hood is proved if and only if ft is implied by another
formula that has already been asserted true.

3. DEDUCTIVE INTERENCE
3.1 Principle of deductive inference

Deductive inference zlgorithm is definad to the set of
knowledge elements. There are two types of knowledge
€lements; simple assertion type written in the form
of A1nApN---NA, and conditiconal type written as
B#C and read as "if B then C" or, in the logical
term, "B implies C" where B = By NByN—— NEy.

Suppose a query Q is presented. If it is proved that
Q is implied by some Aj, ie{l 2,...,k}of the asser-
.tion type knowledge élement, i.e., A{%Q, then Q is
‘proved true. On the other hand, if Q is implied by
the consequense of a conditional type formula, that
is, C2Q , then the truthhood of Q depends on that of
B. Hence Q can be replaced by B. We say that P sat-
isfies the implicative condition to Q if either P;A;
~—— n&y and A;5Q ,i€ [1,2,--,k,} or P; By BaN--B
2 Q and C3Q .

In many cases, the query Q includes more than one

" atoms. .Then, .some atoms, say Dj,

is selected out of’
them, and ahove test is applied te it.  That is, if

Ai ?Dj holds to the knowledge of the form Ay —=NAg.
then Dj is true. In this case, a label T 'is given to -
the node D: in the AND-OR tree. On the other hand,

"if C 2 D %olds ‘to the knowledge of the form By n—--1

By % C, Yhen Dy s replaced by BiA—==(1Bg aid the
new AND-OR tree Q' is obtained to which the same pro-
cedure as above is repeated. ’

Thug the deductive prdcedure is formed of four major
routines as shown in Fig.4 in which,

(1) SR(Selection Routine) selects some atom Dy out of

.atoms in the query,

(2) TIC(Test for Implicative Condlcion), given a que~ .
* xy Q, searches and retrieves o krmouledge element ~
P. that satisfies the implicative condition to

the query,
(3) RR(Replacement Rule), given the query and the
"knowledge element P retrieved in the TIC above,
replaces the old query by a new formula Q' which
is obtained by modifylng Q depending on P, and
(4} TT(Test for termination} evaluates the logical
* value of the query Q' above and determines if the
process terminates. ;

3.2 SR

The SR selects an NTA in the query which includes the
largest number of universally quantified variables or. -
constants or both among all NTAs not evaluated: yet. '
A variety of strategies can be applied at thls stage
to select one out of many ( abbreviated here).

3.3 TIC

3.3.1 Test for the implicative relation

7Su§po§e a couple of single atom fbrmulas,‘say, P and

@, is presented, The TIC determines if the implica- .
tive relation, P 3-Q, holds between them by resolving
the logical implicative relation into a set of set-
theoretical relations between domains of each corres-
ponding variables and as well into the condition on
the orders of variabled in the prenex of each formula.

Let P; (Qpllxltfxl. --(Qplﬂxln!xin)(F X, +r Xy and
Q; (QqJ )’J,/Y_-,;)--(Qq] Y_],L/Yj“_) (Fy, - }',L)

then P 3 Q holds if

(1) for every pair of wvariables (xy yi ), the condi—

tion shown in Table 2 holds, and

(2) there does'nt exist any such indices pair (1 j)

that {a) in P, the wniversally quantified xj pre—
cedes the existentially quantified x;, Lf.e. Pj...’
ealyng /R  @xg /X))o (F x, -2 ox ), while (b) in
Q, the existentially quantified Yj precedes the
unlversally quantified y;,i.e., Q; ...(HnyYJ)

S VyL/YL) (B oy e )

This process. 18 equivalent to the unification of the

‘resolution principle.

o - Conditions
Qpi Qq1.{Qqi? on Domains

¥y [v {8)]X27Y

V& (v)| XAV AP
2 | v ( %)| Non Implicative
T la (v)|¥cy;

Table 2. Implicative rule
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*
[D:] ﬁ/ﬂ Search region

Fig.4 Deductive

Fig.5 Searching a candidate
drocedure

and its test

3.3.2 Searching the relevant knowledge element

The knowledge element that satisfies the implicative
condition to the given query is effectively found in
the knowledge base usirng the conditions in Table 2.
¥ote that the set-~theoretical relations in the table
are the ones that are used to form the skeleton struc~
ture. Suppose somz atom Di of the guery is selected
by SR and it contains a universally quantified vari-
able_yj with the domain Y3;. If there is a knowledge
element that satisfies the implicative condition to Df
then its variable x4 at the corresponding position to
74§ must also be universally quantified and its domain
X3y must include Y; (Table 2). All formulas satisfying
this condition are connected to the node X; in the
skeleton structure, which can be reached by following
the inclusion type arcs upwards starting from given Yj
(Fig. 5). Among these formulas, those of which the
predicate symbols are the same with that of Dy have. -
possibility to satisfy the impritative conditidd t& Dj.
¥e call such the knowledge elements the candidates to
Dj. Since the skeleton structure expands rapidly
dovn-word , the search region is considerably limited.

¥ext, suppose a candidate is found. Then all the re-
maining variables besgides Xy in this formula must be
tested for the lmplicative condition of Table 2. This
time, both the query and the candidate are in hand and
therefore, both domains of all cerresponding pairs of
warlables are in hand. Then the set-theoretical rela-
tions between domains can be changed to the positional
telations between corresponding nodes im the skeleton
structure. Its algorithm is so simple that it can be
Tealized in hard wired legic.}’ ) o

The TIC process is equivalent to the unification in ~
the resolution principle. -

3.4 RR

Suppose P of the form Bin**aBg #€ includes the set of
wvarizbles, x={x **+xyl, of which the domain of each
variable %y is X{, i=1, 2, <<« , m. let the single
1icteral farmula composed of the literal € and includ-
ing only those variables contained in C be denoted €.
Suppose Eu?ﬁj ta Dj in Q of the form Diny'-*nDp and Q
includes the set of variables y={w ' 'ya}. yieY¥y,
=1, 2, *+*n. Then a new formula R is generated from
P and @ according to the following rules of the RR.
First, the matrix of R is obtained by replacing Dy in
Q by BbneenB; ¢f P. R inherits 21l vardables jin-.
cluded in P and Q except those which disappear by the
replacement operation. Let those variables be divid-
ed into two classes: those included in C (and D;) de-
noted 2, and the remainings denoted z,, Then the

[9p { %1 @a1) | s Qs poms 2

¥ v(a) viz) |1y :
zyezy ¥ g (v) V) | XAy o

| a{v> vex) Ixg .

= v (T2 v (30 Ty

-1 2LV a2 (v vy
3 & », - -

4 | - - vi(3) ii

vi=- = ¢y |73

Table 3. FRule fer generating new formula

ﬁuéntifier and the domain”of each variable in R is
obtained as shown in Table 3. ‘

3.5 1T

_ The deductive procedurc terminaces either when the

logical value of the query. ¢an be determined or when
an AND-OR rree with no RTA 1s reached. An atom at the
‘jeaf of the AND-OR tree is labelled T meaning " TRUE"

if it is evaluated as true while it is labelled F
mearing TFALSE" if its negation is true. If no knowl—
edge element could be fouad satisfying the iwplicative
condition to the atom, then this is labelled U mean-
ing MUNRROWN'. Then an intermediate node is-
"evalvated using values of nodes below that by the rule
shown in Fig.6. In this figure, the quantifiers at
the lefr side and right side of slant symbol show the
cases of the nodes belng conjunctive node-and dis—- -
Junctive nbde respectiveély. Sitce the reot nede |
representes the query itself, if it is evaluated, then
the deductive operation terminates. On the other
hand, if there is nmo NTA remained in the query at ail
after the finite repetitlions of deductive cycle, then
the deductive process terminates too. Now, here is a
question. Is every deductive process terminates in
finite rime?

Suppose a sequence of knowlsdge elements used for a
deductive process for a glven query is obteiped. If,
in this seguence, every predicate symbol once appeared
in the consequence of a formula never appears in the
premise of any of succeeding formulas, then the
deductive process terminates in finite time because
of the finiteness of the knowledge base, Resultant
AND-OR tree with only PTA's corresponds to a preogram
structure and it is not difficult to convert it to the
program. To the contrary, if some predicate symbol
ever appeared comes agalm in the succeeding or in the
same formula, an . endless repetition can happen teo be.
"This is the case of recursive definition of knowledge
element. Even in this case, however, if the recursive
form is properly defined, the deductive procedure ter-
minates in finite time. As an example, a recursive
definition of the factorial function is given as;
(4) (et 1 0) ’ '
~(B) W/D¥y/D) /I f{eql n 0) A(svb min 1)
#(mult x:y n} (fet ¥y m) = {fct x v)],
whece (fet x n) means “nl 2 x™ and #  on the left
shoulder of some atoms denctes that .these atoms are
PTA's. Its.deductive process is shown in Fig.7.
assuming that 2's factorial 1s asked by the query.
The figure shows how the non-procedural form of the
query is converted to the set of PTA's. Thus the
deductive procedure acts also as the program generator.

AR A vt mmr pm it

SO —




- "4.1 Meaning and description of files

.n~tuple each of which is an instance of objects being
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n : node to be evaluated (L]ﬁr?\)

! Q:@x/I)(fet % 2)?:"whatris 2's factorial?”l
mi: nede below n (i = 1,2,....,k)

[Oth} TT: Is thece any atom that can be evaluated’

e o A -—— No. Next
CHYE TR {n:n fn:y) {1st] SR: D = Q (Select Q as D)
if far Vi “mi=T/m=F) th =T Ja= , - TIC: (A) D
2) e (mi=T/m3=F) then (a=T /n=F) 1. _ RIGHT. HAND FORMULA OF (B)
b} if for di,s.t.  (m3=F/mi=T) then (n=F /n=1) '|" - S : (=(Vxll)(Vn/I)(fct xn)) 2D
e} if for Vi, {mi#F/my#T} and : n& z
b Hj,s.t. (m%aufm%=0) then (n=U /n=U) RR: ~.(eql 2 0)(\(sub m; 2 1) O (mult x5 ¥y 20
’ J ] . (fct y m) A
- T: True, F: False, U: Unknown - T TTi~(eql 2 OYBT. (sub m; 2 ®T, mel
L : e 4 ANTA_O . . S then Q@ -3 (wolt x; y 2} (fct ¥ 1)
) Fig.6 Fvaluation of nodes in AND-OR tree ) C (eliminate atons thar have been evaluated)
T . ;D' 1) (Eet
=%, ACCESS TO DATA BASES | ' ‘ [an] SR: D CIy/ ) (fe Y 2 -

(Repeat similar’ procedure to [lst] s and obtain)
then Q —% (mult x; y 2)(mule y; z L)nf{fét z Q)
‘[3rd] SR: D"'= { z/I)(fect z 0)
TIC: (A) > D", z ¢— 1, (fet 1l 0)@1‘
TT: Q — (muelt x5 ¥ Z)H(mult ¥; 1 1)
END
where (——~)()T (—=) is labelled T,
X ¢—A 1 A 1is substituted to x, h
Q -3 (Formula); Q is changed to (Formula),

Thus we.could.realize the path from bg to.p in Fig.l.
_Next‘pg'wiil discuss on the relatioanship between the
representation of knowledge and databases. ' There are
‘a nunber of different data models proposed within the
database technology, each of which has own scheme for
representing meaning. -Here we.will, among them, con-
siderithe relational model as an example.

“{A) (fer 1 0)

(B) (Vx/D)(Vy/1ii(¥o/I)(¥Vn/I) [~(eql n 0)(subm; n 1)
) (mult x; ¥y n)nlfet ¥y m} = {fct x n)
where (fet x n); "n! = x"

In this model a relation is defined as a set(file} of

in a relation"f. Let i-th component in the n-tuple be
confined to some set Xj. We say in this case, the 1-

th attribute of the relation f has the domain Xj. Then ' Fig.7 Definition of factorial function and its

an n-tuple is considered as a point, in geometrical evaluation through deductive operation

sence, in the Cartesian product space X = Xjx¥px ——

= %xXh. - . 4.3 Generation of database access procedures
. Suppose the set of all n—tuples in the relation £ Suppose the deductive process terminates leaving a
.covers the whole space X. Then the relation f repre- formula conposed only of PTA's ineluding FGET atom(s)
‘seat§ the same meaning as- the single atom formula,n‘ ] T Elural ECETs are then-united to a single FCET teo. ~
(w1l - - (vxp/ %) O£ x1euen %) - ) /which ‘the’ riew .£11& 18 .defined tRidugh’ the set opera~
In this case, a relation f in the relatiopal database ‘tions to the files in the original FGETs.

corresponds te the single atom formula in- the log;cal

form.

.In general, however, the set is a proper subset og the - Suppose the formula (¢ is composed of N FGET atoms and
product space. In this case a special procedural type rEPTESE“tEd as

aton denoted FGET is defined and used to deseribe the (lelfxl)---(ann/XnJISI(FGET Rjs xjt"'xJkH)j]!
relation. It's format and meaning are, (3 = 1,2,..4,0), _

V(FGET Ri;%] X2 .+» Xp); "a tuple (x1-..%) 1s included where @y denotes either Y or 3 and S Z{ represents a
in the flle Ri (and retrieve ft)". By using this,an ° -structure of AND-OR tree of this formula consisting of
arbitrary relation R can be definad and written as, the literals 23, j = %,...,N. Then it is transformed
(Vxlixl)...(Vrn/xn)[(FGET R jxle.-x0) 3 (£ x3...%0)) to the access procedure to the databases as follows:
that is read as "for every tuple (x]...xp)such that (1) First of all, every FGET in the original formula
%] € Xl:--',xnﬁlxn9 if it is included in a file R, .is normalized. Let the set of all variables of this_
then ir satisfies the velation (f XLeeoXp 3. o Earmula and the set of wvariables in the j-th FGET be

. oo le,...,xn and &y = I Xj1 -0 0§y respectively.
4.2 Basic database operators o Then J-th file’By in the ~th FGET 1g ‘expanded by be-—

t ing multiplied by the domains of variables in x - xi.

A set of primitive operators is defined as is shown It is dencted as Ry* = ij(! = ¥4) vhere X and Xj are
in Table & foar the relational model. Note that the. the set of domains of variables in ¥ and =y respec—
set of primitives are defined differently from that tively. Then the origimal (FGET R;- Xjp 2 e raXj &) is
of the conventional DBMSs but the set has the same - equivalent to (FGET Ry*; x1,...,%n) 1n a logical sence
effect as the latter. For example, the conventional , Provided the ordering of colum in Ry is insignificant.
JOIN operation is formed, in this system, as a combi- - (2) After all FGETs were motmalized, they are united
nztion of an AND operation and twe MULT operations. te one FGET. A structure of set DPerﬂtiG“S s { ]is

-derived from the structure SI Jof the AND-OR tree by
- first replacing every conjunctive node by the set

In the ordinary database systems, a user manipulacés theoretical intersection and every disjunctive node
the databases using the primitive operators. In oder’ by the set theoretical union and then replacing every
for the knowledge system to be the intelligent inter- FGET atom at the terminal node by the expanded file
active front end te the conventional database systems, R:*, (5 = 1,2,...,N). Then 2 sequepce of set opera-—
it must he able to gonvert user's request represented tions can be obrained from the structure thus obtained
in the knowledge form to a sequence of defined primi- and it will produces a flle R* defined in the space
tive operators X)X...2¥p- That is, R¥* = le } =% {Rjﬂ(&_ XJ)}
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“Then,

(lelfxl)...(annlwn)[s{(FcFT Rj* ,xJ,,.,xJLJ)}] is

1og1cally equivalent to' - . )

xllxl)...(ann/kn)(FGET L R (#A}.

} Then this formula is transformed to a sequence of
‘the basic operators lisred in Table & uvsing the fol-
“liwing equations; ’

‘ (lelfxl)...(Qn_lxn_lfxnul)cvxnlxn)(FGET R*,xl,..,,xn)
=(0Q1x1/X1) s« - {Qu-3¥n-1/Xn~1Y (FGET DIV(R* X,);%¥1,.ss,%n-1)
(lellxl) (Qn-1%q-1/%n~1) @2 /XY (FGET R¥*;xy,...,%p)
=(Qx1 Ki)...(Qn_lyn_lfxn_l)(FGET PRI(R* X¥3%7,s0eyXp-])
. These equations are ) apglled to the formula un~
til fTnaly the form of (¥FGET F ,?) is reached vhere

T is a sequence of basic operators applied to R*.

has value either 1 or 0 depending on whether the
derived .sequence of operations ends successfully,
that is, ends ‘without having resulted in khe eapty set
{file) or ends unsuccessfully. Here, if F=1, thean the
formula (*A) and, therefore, the original query is
.proved true, while, if F=0, then it is.untrue.

{4) Though é gives a mapplng from the knowledge ele-
‘ment to a database operation, this is not always an

optimal one, but it can include redundant file opera-

tions and generate ineffective intermidiare files.

It is, therefore, aptimized. The optimizing rules
listed in Table 3 are used. These rules exchange the
oder of operators in F to minimize the ineffective
operations and are equivalent to that of [16].

Examgle
G=(vx/%) (zy/Y) (szz)l(FGET Fi; x y)n(fGET Fas y 2)1
= (% /%) (2y/Y) (v2/2) ((FGET Fyx2; x y 2)(]
(FGET FoxX; x v z)]
- =wR/X) Ay /0 (¥2/Z) [(FGET FixZAFoxX; x y z)]
. =(FGET. DIV(PRJ(DLV(AND(MULT(FI_Z)MULT(Fz\XL))Z)Y)K) H N
.= (FGET DIV(PRJ(AND(Fl MULT{X DIV(F2 ZINININY &

(5) In real problems, both FGET type atoms and ordinary
PTAs may be included in an AND-OR tree. Then ordering
of artoms is necessary becavse a PTA can be evaluated
when a value is assigned to every independent variable
and, if some inedpendent variable of a PTA is alsa the
dependent variable of another ¥TA, then the latter PTA
must precede to the former.

Yote here that to execute a FGET type atom has the same
effect as to assign values to variables xj ,—~~—=,xi
included in the FGET. We call such the variables the
evaluated variszbles. A PTA of which =~ every independ-
ent varisble is the uevaluated wvariable . ’
can be evaluated. Inversely, it is possible to
select minimum set of FGETs in the AND-OR tree such
that the union of the set of all variables included in
ther and the set of already evaluated wvariables include
the set of all independent variables of some PTA(s).
To such the set of FGET atoms, the procedure (1) throu-
gh (4) above are applied and to the end of the subse-
" guence of file operations thus obtained the PTA{s) 1is
appended. After then the set of the variables in those
FGETs and the dependent variahles of the PTA(s) are
added to the set of evaluated variables. This process
is rvepeated wntil all atoms are transformed to tha SE-
quence of operations.

(6) When the programming stapge ends, the system enters
the exccution stage. Some variable(s) will be used to
generate the answer and, therefore, must be saved to
the end of the exccution of the program. However, both
DIV and PRJ erase, by definition, .not conly all the
tuples that do not satisfy the conditions shown in
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‘Table 4 but also the key vafiables (and their values) .

‘ables used as rthe divider in’the DIV and the one used

vii) EXPD(Fy,X )

S

irrespective of the variables being asked by the query
or not, where by the key variable we mean the vari-

In order te save these
another set of cerators denoted as VPV

for projeetion in the PRJ,
variables,

_and VPRJ are provided. These are defined similarly to

DIV-and PRJ respectively except they do not erase the
key variables but give them a special flag.

At the programing stage each wvariable is checked and
determined 1f its values are to be saved or they can
be erased at the execution stage. There are two cases
of 2z variable to be saves. Lf it is Included in the
query then it should be saved until the answer is gen-
erzated and (2) if a variable is included in some FTA

“as the independent variable but is not directly’

included in the query, then it is saved until the FPTA
is fabricated in the generated program.

5. SIMPLE EXAMPLE

The system thus obtained satisfies xhe basic require-

ments for it being an intelligent interactive system.
To show how the system works, we will present a very

simple example.

Suppose a sct of laowledge elements(l) through (5}
shown in Fig.8 exists in the knowledge base,where
(lyand (2)represent facts such- 2s "everyrhing lighter
than fluid float on it "and” the specific gravity of
an ebject ean be obtalned by dividing the weight of
the object by its volume" respectively.

The system is assumed to have three different files
representing the relations holding berween "sample

1) ANDCFL,EBp) = (G kb TG kiR ARy
i=1,2
f(x,... xﬂ}/(x,....x”}eFlsz,
LoiFm L2,
l(){a “ x-n }’ )/(xl -rfx-n)eFliy éY
1,2,..., i = 1,2,.-. }

i,

yec e

it

41} OR(Fy,Fp)

1i1) MULT(Fy, Y) =

iv) DIV(Fy,xg) = {(x,...x‘a,xﬂ4.r.x,)/(Xr...xﬁ)
- xXEF; 1o1,2,..}
PIV(R: X&) = 1 (if X*2X*) or 0 (1f MapXa)
¥) PRI(F1,X) = i(x,..rxi,,v{u,.,x“}/(x,...Xn)éFln
. - S Y -
PRIRR, X&) = 1 (1€ XerXu#d) or 6 (1F XeA¥e=9)
vi} CLP(Fy,%) = 1(x .:.nQ,..xhjf(x}‘g.xk.,.x#}éFl,

xheXy, i =1,2,..
1(2\‘..xu x )/(x,.a.xh}efl,x eX,
171,200 | _

t

where
{(x,.‘.xdjlxyexr,
Fz ; {(x,...x N

1,2,.. .Nl’i
1,2,..,02 1

ldrgn, 1
l<t&n, 1

not

Table & Primitive database operations

(1) DIV{MULT(X,E)},Y) ={ MOLT{X,DIV(F,¥)), if X* X
F FX=Y

(2) DIV(AND(F),F2},X} = AND(DIV(Fy,X]), DIV(Fz,X))

{3) PRJ(HULT(X FY,Y¥) ={ MULT(X,PRI(F,Y)), i; i £ :
F . =

) PRJ(OR(Fl,Fg) Xy = oq(PRJ(Fl ¥),PRI{F2,%X))

{5) DIV(OR(F;,MULT{X,F2}), ¥) = OR(DIV{F.X),Fz}

(6) PRJ(AND(F1,MULT(X,F2)).X) = AND{PRI(¥1,X),F2)

(7) AND(MULT(X,¥3),MULT(X,Fp)}= rmLT(x,AND(Fl,FZ)}

(8} OR(MULT(X,Fy),MULT(X,F2)) = MULT(X,0R(F1,F2))

Table $ Optimizing rules

A
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{material) number and its (measured) weight","sample‘

{material) number and its {measured) volume” and sam— !Knowledge. ) ) - ) IR |
‘ple (liquid) number and its specific gravity” respec- (Vx/P) (Vy/F) (vz/R) (vuIR)[(spc—grv x z)n(spc-—grv Y U)
tively. The formula (3) through (5) are descriptions ~ (less~than z u)=> (float x y)] (1)|
.of these files in the logical form. These are a por- - ‘(vx/P) (vy/R) (vz/R) (vu/R) [{mass x ¥)n (volume x z} .
tion of system's knowledge and user is not required © .. nfdiv u; y z) => {spc—grv x u)] (2)t -
to be aware of. them. " He can only ask the system like (Wx/P}{vy/R} [(FGET Fp; % y¥) => (mass x y)] . {3
“Which sample material floats on all liquid sample?” Cyx/PY(Wy/RY[(FGET Fy; % y) =3 (volume x ¥)] &)
(Q in Fig.8 ). Since there is no such dara file (de- I(Vx/L)(vy/R)[(FGET Fl, x y) => (spc—zt‘\? x y)l {5):
seription) that contains data to reply this query di- - — A
rectly, the system try to resolve the query into an- . Q: @x/PY(Vvy/L)(float x y) ; "which material floats
other formulas with equivalent meaning. "float on” : on all liquid samples" . (6)
is equivalent fo a certain relation to hold between - : @x/P)(yy/LY @z R) Qu/R) [(spc—grv % 2)
the specific gravities of two objects (Ql). The sys—- -~ n{spe~grv y u)n(less —-than z u}]

~ tem tries to find answer té this new ' “{from (1) and Q)

. query but fails again because there is no data file on o Q (Ix/P) (¥y/L) @z/R) Tu/R) @Ev/R) @w/R) [ (mass x z)

the specific gravity of the sample materials. Thete-
fore, it resolves the query agaln and replaces the
specific gravity of the sample material by

its equivalent definition, i.e., the relation between
the waight and the volume of the materlals (Q2).. This
time, both weight and volume of materials are given in
the  files, and Q3 is-cbtained. Since Q3 contains no
NTA at all, the deductive process terminates and a pro-
gran including the file manipulations is obtained.

This 1s—converted to the database operations.:

n(volume % wn(div v; z unspe-grv y v)
. n(leass-than v w) ] {from {2) and Q1)
foP)(VyIL)(HZIR)(HulR)(Hv/R)(H‘-'/R)
[(FGET Fp; x z)}a(FCET Fy; x uln(div v; z u)
{FGET Fl, y win(less—than v w)]
(from (3), (4), (5} 31‘ld Q2)

Fig.8 An Example of query processing

Fig.9 shows the results of this example obtained by

our experimemtal system. -This result is optimal in  LEA/POILAY/LIGICFLT, 557D 7
the sende that no ineffective file operation 1s o1 (PFGET 24T PO1  RNUMF  #WAX1?
achieved. . S €23 CUPRJ =WRK1 "RailmMy +4341)
- £ IK ; : €33 (6FGET #VOL POL RNUMIO *JRK2)

‘ 6 CREDIBILITY OF INFORMATION S tm) CUPRJ sdRKE  RAUAIO  +WRKD)
In many cases, information im the real world contains €31 CAND #Wakl #=WAAZ2 *JRd3)
ambiguity to some extent and also is not fully cred- ° (6l CEAPD #+A43 RIUM4  #JRA3)
ible. In the KAU system, ambiguity 1s considered as - €73 CsDIV  RANUM4 HNUAY?  RANUM10  *JdRA3)
a kind of incredibility. To utilize incredible 1nfor—- ) £33 (PRJ *4RA3 R¥UWMI +JRA3)
mation, its credibility wmust be evaluated. (21 (PRJ *WRAI RNUMID #JRK3)

. . £101 C#FGET #S+ L1@2 RNUMS  #drK1) .
s Thetre are two lines of approaches.touevaluate the-cred— - CIET CUPRJ - #4BRAL AVUMS  edBEIM ] N

~ibility. In the First approach the logical value of . £121 CVUPRJ #4RX3 RANUM4 #WEKD)
information and its credibility 1s Inseparable and are . £13] ¢MULT #WRAL - POL  =4RRD)
‘gevaluated -2t the same time. The wmulti-valued logic, - Clal CMULT +WRA3 LIQ2 *JRAD
the Fuzzy logic and 'so on belong to this class of ap- - L15) cadD #WRA1 SWRA3 *WRK2)
proaches. The second method evalusates the credibility 16 ¢4GT RAIUNS RIWG  *WRK2)
of informaticn independent of logical wvalue. The prob- £17) (PRJ #JREK2 RNUI4 #URK2D)
ability method belongs to this approach. According to {181 (PRJ *4JRHXS RANUMS #WAX2)
the probability theory, a probability is defined to [121 (DIV #JRK2 L1Q2 =JRA2)
each (logical) event which is obtained as.a conse- (201 CUPHJ #WARKZ2 POl #JRK2)
quence of logical cperation. The KAU system adopts ’ © 211 COUT *WEK2 *TTY?

the latter approach because the former approach is
anticipated to cause the system unnecessarily compli—
cated. With the probability method, every logical Fig.9 Result of example problem

formula is considered as an event and is assigned =z )

‘real value in [0,1] as a credibility of the formula.

The rule of evaluating the credibility decrement . ‘ i

caused by the change of the formula at the deductive alone is P(A}, then that of B alone, P(B), is obtained

operation is defipned. There are at least four causes by the rule of conditional probabiliFy as P(A)P(B/A).
of deteriorating the credlblllty for 1nformat10n. The fuzziness of (3) is just the definition of the
These are; ‘ membership funection in the fuzzy set theory. Though
(1) incredibility of knowledge element itself because it 1s not the same as the probability in the Stréclgil—
of ambiguity in the knowledge source, - ] sense, we regard them the seme and apply the proba

(2) ambiguity implied in the conditional type knowl- ity theory as an approximation.

a i 1 tai 3 . . .
:ici ;};mz:;; ;?1; ;z,cziiagzcertainty contained in B - Then the credibility of the given query is evaluated
(35 fuzziness existing in the,set theoretical incld- in parallel with the evaluatlen of its tryth value In
sion, x€ X, and “ such a way that, each time information in the system
(&) error contained in each data in databases such as is used in the deductive process, the credibility of
ohservation errcor - the information is multiplied to update the Interme-

i ) diate value of the credibility of which the inicial
The ambiguity implied in the conditional knowledge of’ value was one. When the logical value of the query Is
{2) above is defined as the conditional probability determined, the current intermediate value gives its

-and denoted P{B/A). Then, if the credibility of A . credibility. -
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-processing algorithm must also be modified.

o Setsuo.OHSUGA
~ USES OF KNOWLEDGE BASES

7. EXTENSION OF FORMALISHM .

The first order logic is very suitable for represcnt-
ing knowledge, in partisular, for defining conversions,
K-K, K-P and K-D in Table 1, as has been shown up to
fiew. 1ks expréssive pOwWEr, however, is not good enough
te allow rich eclass of the external representations.
S50 we need to expand it. We first define the minimal
set of allowable etternal expressions denoted here E#
as follows;

(1) E* should be iarge enough so that every expression
necessary for representing knowledge for incended ap-
plication is to be included, and

{2) E* should be such that any user c¢an easily under-
stand without, any special training how to express his
knowledge or query by using it.

The fact that most knowvledge element can be expressed
in patural language tells us that system should be able
to accept all basic syntactic patterns of language.
Since every <omplex sentence can be analyzed to the
lagicalfy commected set of basic sentences,the necessary
condition of the system for representing knowledge is
that the syscem can accept baslc patterns of sentences
and phrases.

in case of English,the simple sentences can be classi-
fied into ahout twenty—five classes of different pat-.
terns, : . Omly one-third of these
patterns can be representad in the framework of the
first order predicate.

To_eqund the framework for,represgntigg the rich class

Io DATA BASE MANACEMENT SYSTEMS

(1') for every corresponding palr (xg ¥i), either the
condition of Table 2 1s satisfied or the implicative

cendition (xl)7(Y1) nolds depending eon both x; and ¥y,
being the simple variables or the inner formulas.

To realize this algorlthm, the control structure of the

deductive procedure is modified so that the TIC is re-
cursively applied to the nest form of representation.

'8.. CONCLUSTON ) . . :
The outlime of the first verslon of the KAUS(Knowledge
Aecquisition and_Utilization_SyStem) has been presented
This system is_designed to bridge over the gap between
man and. conputer_and to_aid_man_dn_his_intelligent
works. . In this system, informaiion is processed by
being transforiad among four different forms; external
representation, program, databases and knowledge rep-
resentation. The mappings between different forms and
the deductive procedure to the representation of

' knowledge have been designed.

of knowledge elerent, we extendithe.definition. of:atemss--

So far, an atom is defined as an ordered set of simple
variables preceded by the predicate sywbol. The first
extention 15 to allew the predicate symbol itself

to be a variable. By this extention, a query of which

_tha predicate syrbol is the interrogated term cdn be

represented. An example is " Ia what relation is A to
B?" represented in a fornm ngfRELATION)(x A BY?T.

“The second extension is te allow such an atom of which
some positioms are occupied not by simple variables
‘but by some formulas. That is, the atom.cf the form
(Varisblep, Variable;/{Formula)j,...,Variable, [/ (For-
mula) ) is allowed where VarlabIell(Formula) means
that either a simple variable or a formela tan occupies
An example is(dx/PERSON){kuow #Tom
((sick )N (family x #Jim}}};"Tom knows that somecne of
Jim's family is sick.".

Accompanying to these extensions in the formalism, the
‘ Especially
to modify the deductive algerithm is inevitable. This
nodification in algorithm is not so difficult. But its

foundation is on a deep theoretical consideracion on
the structure of the world treated in the system.

Since the topics is too specific for the purpase of the
paper, we only mention here that, according to the ex-
tention of the formalism, the TIC of the deductive
algorithn is mainly affected. Let

P:(Qpirxplflxplf)---(Qplnxplnfhplﬂ)(xlxzb..Xm] and
Q:(Qqj, Yqj1 /¥qj1) - - (Qqin¥ain/ Yaqid (Y1Y2: - Yu) ©
Vhere eacﬁ

£ Ry,e %, ¥Y1re-es¥n is either a simple
variable or a formula. As a formula includes more than
one variables, n is ‘equal to or larger than m. Then
the rule (1) in Sec. 3.3.1 for the condition of Piq

is modified toj ) :

[13)

L8

136]

An experimental system has been implemented, which g
realized some important basie procedures as has been
deseribed in Sec.2 through Sec.6. The preocedure to
svaluate the. credibility of information and the expan~
sion af the framevork are not realized yetr but is in
plaoning stage.
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Ahstréct

- In this paper, an architecture of implementing =z view
support subsystem of 2 relational DBMS is described by intro—
ducing the LUP(Local view Update grocéssor) concept with the
view defining tree. That is, the IUP is a processor handling
the translation of update, which initially stays at the root
(ive. the view) and then comes up step by steﬁ to a leaf (i.e.
2 base relation which is used to define the view) of the tree.
If all LUP's in the tree succeed in reachiﬁg certain leaves,
then the update execution.will be initiated. The induced
.structural integrity constraint, the update modification rules
and the augmentation rule are introduced as theoretical basis
for describing the actions taken bj a LUP. The actions of a
LUP are described in detail, and the updaté execution control
+1s also described. It is noted that the formal description of
the meaning of a view is essential to define such IUP fgnc-
tions. Two examples are given to demonstlate this architecture,.
It should be stressed that thé behavior of IUP's on the view
défining tree just corresponds to a way of implementing the

view update translation mechanism.
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1. Introduction

| Modern DBMS architecture‘tends to take fhe three level
construction to prov1de the phy51cal and the logical data 1nde~
‘pendence as proposed in the ANSI/X3/SPARC report [TSICTB] ‘

In this framework, there are external, conceptual and
internal schema'which describes the ohjecte in the‘realms of
interest according to the three levels. It is understood that
the physical data 1ndependence will be achleved by specifying
a mapplng between the conceptual schema and the internal schema,
while the logical data independence will be achieved by specify-
ing a mapping between the extefnal schema and the conceptual
schema. However it is said that moet of the present commercial
or institutional DBMS's hardly provide any external schemz views
and therefore they provide almost no logical data independence
(Ts1C77, ®RINTY]. | |

Usuzally the external schema consists of the virtual data
which are defined in terms of the datza in the conceptual schema.
It is understood that one of the most serious reasons why the
.present DBMS's hardly provide any external sehema views is that
there are many difficulties in defining =& mapping between the
external schems and the conceptual schema.

In the relational data modei, the conceptual schema
consists of a set of relations, called base reletions, and the
exfernal schema consists of relations, called {(user's) views,
whieh éfe derived from the base relations or other views by

applyihg a sequence of the relational zlgebra operations and




the computing functions such as AVERAGE. Therefore the update

to a view is only effected if the ﬁpdate to a view is transla-
table to the updates to the base relations which define the
. view and results the_igtended update result without causing
any side—efféct. There are at least two main issues in this
problem. That is, the first one is to meke it clear when and
only when the updéte is-translatable. ‘The second one is to
make it clear how the translation is done. Of course those
two problems are closely connected.. |

In this paper, we try to make the secona problem clear
and give a solution to the first problem through the investi-
gation to the second one. In the previous work [MASU79], we
have investigated the first problem particuraly from the seman-
tic point of view snd showed that the meaning of & view should
essentiallj be tzken into account. Of course this paper stands
on this point of view. However the main interest of this paper
is to show hoﬁ the second problem ﬁill be made clear from the
algorithmic poiﬁf of vieﬁ. The new concept, LUP(.Local view
deate'groéessor)-is ipntroduced as a vehicle of implementing
a view suppbrt subsystem, by which we‘ban describe the mapping
between the external schema and the conceptual Schema.. The LTUF
traverses the view defining tree from the lower level to the
highér level and translates the update zgeinst the view step
by step.. | |

The following of this paper consists of as follows:

In section 2, how views are defined is reviewed and the view
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defining tree is introduced. In section 3, the traditional

view update problems are shortly re—examined and see the'point
wiy the meaning of.a view should be taken into account to disf
cuss those problems. In section 4, the LUP is introduced aﬁd
an architecture of implementing the viéw support subsystem 1is
described using the IUP concept with the view defining tree.

A few theoretical foundations'are given, IUP functions are
describea in detail, and the update execution under the LUP
concept 1is described; In section 5, two examples of update

translation is demonstlated. Section 6 concludes this paper.
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2e Views

2.1 Definition

In the relational data model, relationships among at- '
tributes of an eﬁtity.set and the éssoéiations_ﬁetween entity
sets are represented as relations. As defined in [GODD?O],
a relation R(A1, A2, ..., &n) on n attribute domains dom(Al),.
dom{A2),. <+., dom{An): {(where dom(Ai} represents tﬁé domain of
the attribute Ai,) is a finite subset of the direct product
dom(Al1) x dom(A2) x ... x dom(An}. (We call this-derect product
the domain of R and denote it by dom(R).)

A relation which is physically realized on a certain
storage device such as a disk is called a base relation.
L set of base relations with integrity constrazints consists of
the conceptual schema of a relational databese system. A view
is a relation derived from the base relations (or other views)
by applying a sequence of relational algebra operations and
computing functions such as AVARAGE. (However, in this péper,
we exclude views derivead by computing functions to make our
discussion simpler.) A view is a virtual relation and a set
of views consists of an external schema of a relational data-
base system.
2.2 View Defining‘Tree

In order to introduce.the view defining tree, let us
here review more precisely how views are defined: Originally
the following eight operations are introduced as elements of

the relational algebraz, i.e. four traditional set operations
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{the éxpanded direct product, union, intersection, difference)

and other~four_l§§s traditional operations on relations (pro-
jecfion,.jnin, division, restriotionﬁ[QODD72], However as it
is known those eiéht operations are not mutually independent.
. Among them we deduce five operation, i.e. the expanded direct
product (&), union{l)), difference(—), projection(R{A)) and re—
striction(R{AB8EB)), as a minimal set of operations. The reason
of this selection is that the expanded direct product opera- |
tion is essential to expand a relation, the projection and the
restriction operationgare easential to restrict a relation in
the virtical and the horizontal difection respectively., It is
clear that in this framework the @-join of relation R on domainl
A with relation S on domain B is defined by R[A6 B)S = (R ® S)
(A B) and the division of R on 4 by S on B is defined by
R(A=B)S = R(A)-((R(L]® S(E) J-R)(1] opD72) -
Now, the view defining tree is defined zccording to the
defining expression of the view. For example, let us suppose
that there are two base relations ED(EWP, DEPT) and DM(DEPT,
MGR). In our framework, the natural join of ED on DEPT with

DM cn DEPT is defined by ED»DM = ((ED ®DM)5[DEPT1

= DEPTZ))
[EMPﬁDEPTZ“MGR], where the superscripted number 1 and 2 aré
used to distinguish that DEP?' belongs to ED and DEPT? belongs
to DM.. | |

The view defining tree of this view is shown in Fig.1.

Notice that the notion of tree was found in [OSMAT9].




e View Update Problems

In this section we shortly review the traditional view
update problems and see why the meaning of a view (or a rela-
tion) should be introduced to treaté thdse probiems. We do it
by taking a simple but typical example: |

Let the extensions of the base relation ED, DM and the
natural join view EDM be as shown in Fig.2. (Those are denotéd
by ed, dm and edm respectively.))

(a) Suﬁpose_one wants to delete a tuple (el, 41, m1) from
the view edm, Then three alternatives are considerable for _
this update translation: (1)) delete the pair (el, 41) from ed,,
(2): delete the pair (4?1, ml1)! from dm, (3): delete (el, 41) and
(a1, m1): from ed and dm respectively. But no alternative is
adoptable without causing the side-effect.

(B): Suppose one wants to¢ insert a tuple (e5, &3, m4) to edm.
To effect this update, one might translate it into two insert
. statements, each of which inserts the pair (e5, a3): to ed and
the pair (43, m4) to dm respectively. But this translation
causes the additive side=effect. |

(c): Suppose one wants to delete & tuple (e3, d2, m3) from
edm. In this case, any one of the following three alternatives
is adoptable: . (1) delete ghe pair (el3, d2) from ed, (2) delete
the pair (d2, m3) from dm, (3) delete (e3, d2) and (42, m3)
from ed and dm respectivel&. But oné can not decide uniquely "
which alternative shoulc_be chosen. This is one of the unique-

ness problems,
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Many investigations have been done to those problems (DATE?j,
CoDD74, CHAMT5, STONTS, FERNT6, PAOLTT, DAYATS, BANCT9, OSMAT9,
MASUTQJ; Among them, a semantic: aspect of thése problems was;
investigated in [ PAOLT7 , BANCT9 =nd MASU79J.. Particularly,
in (MASUT9] the "meaning" of a relation was introduced and it
played. an esséntial role to characterize the franslatable up-
datesolﬁ For example, the meaning of the base relation ED is

a2 semantic nature of it by whiéh we can see that "the employee
el works in the depértment d1" as long as the pair (el, dﬁﬁ
belongs to ED. This is formally denoted by MEnﬁﬁ The main
results there were shown taking EDM as an examples

(a) Let M, 2nd Mpyy be the formal descriptions of the mean-

ED
ing of the base relations ED and DM respectively. Then the

meaning of the natural join EDM is defined by
T ’ : ‘;';‘ i ;- Y
(E1) (¥t ¢dom(R) x dom(S))(MEDMQt)_.MED&t(EMP DEPTIN A
My, ($(DEPT MGRJ)). | |
Now suppose one wants to delete a tuple (el, 41, m1)) from edm.
Then the next statement holdsy
(E2) "MEDMQeq’ d1, m1) is false if and only if either MEnﬁeJ,
@1) is false or Mp,(dal, m1) is false or both.™
If the intention of deleting the ﬁuple (e1, 41, m1) from edm
were comming from the fact that the pair (el, @1} had lost the
mezning Li.e;'MEDQeﬂ, dJ)EiSIfalse), then the correct delete
statement to be issued against edm should be a delete state~
ment, which is capable of deleting all tuples having el and

d1 as the EMP value and the DEP?T value respectively. The
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similar arguments hold for other two cases, Therefore the
tuple delete requirement of deleting a tuple (el, 41, m1) from
edm was nonsense. As a result, this enables us to characterize
the set of all translatablé.delete statements against EDM.

(b) So far as we are concern with_ﬁhé meaning of a view,
the uniqueness problem stated previously doces not arise.

(cj Hﬁwever; there exists:yet another aspect of the view
update problem;.( This means that the previous addifive side-~
effect comes from the nature of the natural join Operation;)

We note here that the meaning of a relation approach is still

essential in the following investigations;
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4. View Support Subsystem
4.1 LUP

LUP(Local view Update Processor) is a vehicle of imﬁle—
menting a view sﬁpport subsystem of a,rélational DBMS;
Generally, as 6bsérve® in the previous section, the view updaté
problems are complicated and therefore it seems #ery difficult
to presenﬁ a simple view update translation mechanism.

However, it seems that one can possibly implement a view support

- subsystem if we first observe what happens when an update

against a view is translated, and then identify some principles
which rule the translation.

In 6ur approach, a view is defined as a relation derive&
frbm the base relations by applying a sequence of five relational
algebra operatioﬁs and the derivation is shown as a tree which

root represents the view, which leaves represent the base rela-

tions and which intermediate nodes represent certain intermediate

relations. ( We call the root is in the lowest level and there-

- fore others are in higher level.)' Therefore we can fdllow

faithfully how the update against the view will be translatable

to the updates to leaves by identifying when the translation

'is possible and how the translation is done, where we can find

the conceptlof a processor which'handles the translation.

That is, the LUP is a processor which is allocated to a node,
it governs the update translation at this”node and can move

on the tree. In our architecture, obviously an ﬁpdate is first

issued against the root where a LUP stays initially. The general
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form ogﬂigput to a LUP is a guadruple, the precise definition
of which is given in section 4.3.1. The IUP output is the
translated update statement(s) against its one level higher
‘node(s) if the translation is possible and if not the announce-
ment of the impossihility of translation. The LUP (if neces-—
sary the LUP is.duplicated@) comes up to the higher node{s)
when the translation was succeeded. The same action will be
taken until all IUP's in the tree have reached to certain
leaves., The precise description of the LUP actions is given
in section 4.3.2 and 4.3.3. Next, if all IUP's in le2Vves suc-—
ceed in executing updates, then they come down to the root
Where the expeéted update result will he obitained. This update
execution is described in section 4.4 in detail. It should bhe
noted here that the formal description of the meaning of a view
is gsserntially takem into aecount in characterizimg the ILUP,
funection.
As: a summary, the LUP concept with the view defining

tree 1is mélid particuraly from the Eollowing points of viewr

(a): The LUP concept with the view defining tree enables us
to handle the view update translation just by looking at rela-
tions of one level higher and lower., This means that at most
a finite numbﬂr of actions of LUP's are definable (because
only five relatlonal operations are used to define the view
defining tree and only two types of updates (deletlon, inser-—
tion) are considered), while those actions are capable esnough

t0 handle the translation.
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(p) LUP*s process the view update t?anslation.étep by step;
whichlin turn means that the LUP concept with the view defining
tree can handle the translation ;n a unified-manne;;

(¢) The behavior of IUP's on the view defining tree just
corresponds fo a way of implementing the view update trans-
lation mechanism..

4,2  Theoretical Foundations

“ Before descfibing the functign‘of IUP's in the following
sections, we state a few theoretical foundations which are |
necessary to describerthe function..
4,2.1 Induéed Structural Integrity Constraint

Let us suppose that the expanded direct product of
relation R(A1, A2, ..., An) and S(B1, B2, ..., Bp) is defined.
Then the following integrity constraint should hold for R @ S:
(E3) (V%, t% dom(R) x dom(S))(t, t'eR @ S))> ((t{ar1 a2"...”

s (B B2 . Ep))eR @ S))- |
Obviouély this is induced from the syntactic nature amoﬁg tuples
of the expanded direct product view. Therefore we call this
the induced structural integrity constraint of the view.

Now, let us suppose that a tuple delete étatement D is
issued against the view. By res(D, R(:jS),‘wé denote the
expeated result relation. By diff(D, R & S), we denote the
set of all tuples of the view which should be deleted by D,
i.e. Aiff(D, R(®S) =RE®S - res(D, RE)S). To effect this
tuple deletion, D should be translated into two tuple delete

statements Dh and DS {(one of those may be empty) against R and
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S resﬁect;vely. ( Here we &o not want to say anything about
how the translation will be done.) However, the point is that
if D were effected, then the update result, res(D, R@® S),
should again satisfy the induced structural integrity con-
straint. That is, the following should hold: '
(E4) (V+t, t'c dom(R) x dom(S))((t, t'eres(D, R ®S)) D
O (s(arTa L an) (B RS . ) heres(D, R @ S)0)
Now, the fdllowing is almost obwvious:
Theorem
A delete statement D egainst B (X)S is translatable to the
delete statement(s) against R andfor S (wifhout causing any
side~effect) if and only if (E4) holds.
_We—should note here that there is an exact correspondence
between this theorem and the result of the characterization
of the translatable delete statement D against B(@}S done from
the semantic point of viéw (MASU79]. Because this investiga-
tion is valid in the following sections, a short summary 1is
given below:
First, the meening of R(® S is formally defined hy
(85) (Vt€&don(R) x dom(8))(iy g 5(¥)= it (8478275 an )\
Mg (%t (B B2, e_f‘ﬁ'p] ) ) |
Second; the tuple delete statement D is issued against R & S,
because every tuple of diff(D, R @ S) has lost the meaning of
R @ S.
 Then the following is ohtained by (E4A): and the particu-

larization rule of the quantification theory:
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(B6) "l g 5(diff(D)) is false if end only if either (Mp(aiff
(D, R® ) ( £17427. .. Tan])). is false or MS.(_&'iff(;D', R ® s))_

(B B2"... Bp)) is false or hoth.™ |

ThHerefore the wvalid delete statement D égéinst B.@;S sbould
intend to delete either (a) any tuple of ﬁ(g)S'which projection
on 47 42".. n belongs to diff(D, R @ S) (a1 a2, . an),
(b)) any tuple of R @ S which proj.ec-tion' on Bi B2 .. JBp belongs
to aiff(p, R @ S)(® B2 ... BpJ, or (c) both. It is mow clear
that = delete statement D against R @ S satisfies the induced
structural integrity constraint if and only if D is either one
of the akove three statements. Notice that if a delete state-~
ment satisfies this constraint, then no side-effect occurs.

The same argument holds for insertlstatements.
4.2.2 Update Modification Rule |

Let Vi be a view which is associated with a certain

intermediate node of a view defining tree. Moreover, let us -

ISupPOSe that the one level lower relation of V is defined as

a restriction V(A §B)of it for certain A, B:iand @ .

Now, suppose a2 delete statement against V is D.
Then one can modify D %o D* such that (2) diff(D*, V):2diff(D,
¥): and (b)) Aiff (D', VINV[AOB]) = aiff(D, V). This is called
a tuple delete statement modification rule. This modification
is possible because V. is an intermediate (therefore virtual):
relation. However, in ordér not to cause any side—effect,
the modification should be minimal (See section 4.3.2.1).

An example of applying this rule is seen in example 5.1,
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For a tuple insert statement I, one can modify I whenever
V is a direct product view. The rule is called the insert statement
The modification should 2lso be minimal by the same reasone.}
modification rule.y A simple example of this case is given in

Fig.3, where the fuple insert statement I of inserting the

pair (3,3) to R @ S is modified to the stétement of inserting
a set of pairs {(1r31; (2,30, (3,3)}, by which modificatior
the insertion,requiremént of inserting a peir (3;3)‘t0 the view
R[A=B]S is effected.
4.2.3. Augmentation Rule _

This fule is used to modify an insert statement against
a projection view. Suppose an insert statement I is issued
against the projection view R[4A]. Aé will be shown in section.

4.3.3.4, in principle, I is not trénslatable to the insert

nstatement against R because of the semantic ambiguity.
Hnwevér, when it is possible to determine u(A])(where uedom(R))
from res(I, R(A}) for any t in diff(I, R[A]) such that t = u[A},
then we can translate I +o an insert statement against R which
realizes the insertion in R[A)

For example, the statement of inserting a tuple (e5, 43,
-m4) is translatable to the insertion against E[D:Q}M:because
the DEPT ' value is always. determined By the DEPT? value.
( That is, those two values are always equal.)
4.3 IUP Functions

In this section we describe how LUP's behave,
4.3.1 Preliminaries

We associate a distinguifished non negative integer with
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each node of a view defining tree (in a certaiﬁ order)-..
( An example is shown in Fig.1, where O is associated with the
roof and.so on.) Generally, node n has one ancestor (ioe.
the node of one level lower) except:the root, and at most two
descendant nodes (i.es. tﬁe nddes of one level.highe?)- By
an¢(n), we dEnoté the ancestor of node n; and by désﬁnﬁ; we
denote the descendant of node n. ( If there are two descendants,.
then by desL(nh and de;R(n), we denote the upper left and the
upper rigﬁt node of node n.) By rel(n), we denote the relation
defined at node n of the view defining tree. By reldef(n), we R
denote the defining expression of rel(n) in terms of its descend-
ant relation(s). By U{n)), we denote the update statement |
against rel(n)), which is initially given by the user to the
root and may be given by ILUP's to the higher node(s).

General form of an input to a IUP is a guadluple (rel
(a2ne(n) ), rel(n), reldef(nJL U£nJﬁL For example, suppose a
LUP stays at the root of the view EDM defining tree (Fig;1)}:
and a delete statement D is issued against the view,. Then the
input to the LUP is (¢, edm, EDNM=(E(D=D)M)(EMF DEPT ' uGR],
Djh where:#denotes an empty relation; i.e. the relevant node
.is the root. | ..

The output of the LUP at nede n is the translated update
statement(s) against its one ‘level higher node(s): if the trans-
lation is possiblé and if not the announcement of the impossi-~

bility of translation..
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4.3,2 Deletions

Suﬁpose a IUP stayslat node n and U(n) is a delete
statemént D. The followiﬁé states how the ILUP functions in
this case.. 7 | |
4.3.2.1 ThenExpanded Direct Product

Suppose nel(n)#'rel(desiﬁrjﬂ C)rel(@esRﬁnﬁﬁ. Now, two
types of inputs to IUP are considerable corresponding to (i))
‘anc{n)=9 (i.e. n is the root) and (ii) ane(n)4¢p(i.e. n is an
intermediéte,nod&n.

(i) Case of anc(n)= ¢
 In this case, the input to the IUP ig a quadruple (¢)
rel(n)) rel(desL(n)O‘éa:rel(desR(n)Dh D).
Actlon D-1-1

"Check whether (E4) holds. If so, then output the translatead
update statements Dl out and'DRout to desL(nL'and desR(mﬁ respec~—
tively. { One of the outputs may bg empty.) Dy ot end P out
are: determined as stated in section 3. In this case the ILUP
moves to desL&n)QdeSR(nJﬁawhenever Diout GDRout» is not empty.
(. If both are non empty then the LUP is duplicated and those
move to desLQn)ﬁand desR(nIm Otherwise the LUP anmounces that
the translation is impossible.ﬁ

(i1)) Case of and( n)#Q}

The 1mput to the LUP is a quadruple (rel(anc(n)), rel(n}),
rel(desL(nN)()I@l(desR(nlly D)
Action D-1-2

"Check whether (E4) holds. If so, then do the same as stated.
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in Action D-1-1. Otherwise, begin to apply the update modi-
fication rule (in.section 4,2,2) to D so that the LUP may
possibly find out D' which is a minimal modification of D.
(. Here the term “minimal? means that there dbes-not exist any
other modification D" of D such that . res(Dd", rel(n)) satisfies
(E4). and diff(D*, rel(n))Z aiff(D", rel(n))z diff(D, rel(n)).)
Thiis condition is searched exhaustively. If such D' is found,
thenrdo the same as stated in Action D~-1-1, Otherwise the LUP
anmournces’ the impossibility of translation.®
44030202 Union

Suppose reldefInJE-rel(desL(n)Oljrel(desRGn)ﬁo
The formal description of rel(n) is defined by

(E7) (VY te dom(rel( de'sL_(_n)}) ) x dOm(frel(:deSR‘(n)') ) (‘mrel,(,n))(t =

: Mrel’( desL(fn))) ("’5 U Mrel& desR(n) )\Qt)))l.
Then the following holds: :

rel(n)ﬁt)'is false if and only if both

- : %) n
Mrel(desLﬁnn)(t) and Mrelﬁdesﬁ(nD(t) are false.".
This means that to effect D against rel(n), all tuples of

(E8): "“For any tuple t, M

Aiff(D, rel(n)) should be deleted both from.rel(desL(n)) and

Lout and DRout

ments against the left and the right descendant relation which

rel(desﬁ(h)). Let D be the tuple delete state-

deletes diff(D, rel{n)). Those two tuple delete statements
are always definable. '

Action D=2

"Output D and D “to desL(nﬁ and desR(n» respectively.

Lout Rout
The LUP is duplicated and those move to corresponding descend—
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ant nodes.,™
4.3.2.3 Difference
Suppose rel(n); rél(desLQnﬁI— rel(désﬁ(n))}°
The meaning of rel(n) is formally defined by
(E9) (VY tedom(rel(desy(n))) x dom(rel(desp(n))) )Moy (n)(+)=
Mrel(desL(n)WﬁtJA/\’Mrel(desﬁ(h))*tﬁ}'
Then, |

(E10): "For any tuple t, M (t) is false if and only if

rel(n)
Mrel(desn(nﬁnct» is false or Mrel(desﬁ(nﬁh(tn is true or both,"

This means that to delete a tuple t from rel(n), one can delete

t from rel(desL(nﬁ) or insert % to rel(deSR(n)onr doing both

simaltanecusly. There is no mathematical reason to decide

which alternative should be chosen. However, notice that those

have different meanings. That is, the first one means that ¥

has lost the meaning of rel(desLﬁn)ﬁ, while the second one means

that t Becomes to satisfy the meaning of fel(desﬁﬁn)yf

Therefore, essentially the LUP. here can not choose arbitrarily

and. should ask td the user which one should be chosen.

Action D=3

"Ask to the user Which alternative should be chosen. - Accord-
ing to the anéwer, the LUP (if necessary it is duplicated):
moves to the descendant node{s)."

However,‘if we do not want to haﬁe:a IUP-user conversation,
theﬁrwe should give up to translate the delete statement:

Action D-3t

YAnnounce that the translation is impossible.™
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Notice again that the IUP should .10t be allowed to choose an

alternative arbitrariiybecause it may cause semantic incon-
sistency;
4.3.2.4 Projection
Suppose rel(n)h—rel&des(n)){AJ, where A is a list of
attributes.
The mearing of rel(n) is formally defined hy
(E11) (Vtedom(rel(n)) )(Mrel(n)‘(t)]*‘(au & dom(rel(des(n)) ):
wld)l=1t A Mrel(de:-s_(n))(‘-m') ) )
Then, ' . .
(E12} "For anj tuple %, Mrel(nﬁﬁtﬁ is false if and only if for
‘every u of dom{rel(n)), if u(A)=t then Mrel(des(n)ﬁ
(u); is false."
This means that to delete a.tuple t+ from rel(n), it is suffi-
cieﬁtly enough to delete all tuplé u of rel(desa(n)): such that
ufd)= t. In this case D-is always translatable to Dout againét
rel(des(n))) straightforwardly so that it deletes all desired
tuples. The LUP takes the following action:

Action D=4

"Output D as the delete statement against rel(des(n))

_ out
and the LUP moves to des(n)."

4.3.2.5 Restriction. -

Suppose rel(n)= rel(des(n)){A0 BJ, providing A and B

are union-compatible.

The meaning of it is formzlly defined by
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(B13). ( tedom(rel(n)) (M., ) ()= (5(A]G (B)) A

Mrel(des(n))(t))e
Then, '

QEJ@)E "For ény tﬁple t, Mrel(n)ﬁtykis false if and only if,

if t(A)§ t(B), then Mol (aes(n))(t) is false.
This indicates the translation of D td the delete statement
-Dout.against rel{des(n)), which is directly obtained by using
the guery modification method‘of [STON75)m The LUP action here

is stated as followse

Action B-5

"Output D, &s the delete statement against re}(des(n)) and
the IUP moves tc¢ des(n).™ |
4.3.3 Insertions
Suppose a IUP stays at node n and U(n)' is an insers
statement I. The following states how the IUP funcfions in
this case.,.
4.3.3.1 The Expanded Direct Product
Suppose rel(n); rel(desL(n))?C)rel(desﬂ(n)).
(i) Case of anc(n)= ¢ '
In this case, the input to the LUP is a quadruple (4>,
rel(n), rel(desL(nJﬂ @Q:rel(desB(n)); I}, From the meaning
point of view, the following is observed.

(E15) "For any t, M )ﬁt)‘is true if and only if both

rel(n
Mrel(désL(n))('t [O( J) and Mrel(desﬁ(n) )(t [/SJ)‘, are true."

This means that if we want to insert a tuple t to rel{n), then

we should insert t(K ] and t(fgj'to rel(desL(n)) and. rel(desR
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(n)) respectively, where & and £ denote the list of all at-
tributes of rel(desL(n)J and rel(deSR(n)) respectively.

Action I-1-1

"Check whether (E3)} holds for res(I, rel(n)). If so, out-

pat Ip o6 204 Ipous

ILout and IRout

(oL} and Aiff(I, rel(n))[B]) to rel(desL(n)) and rel(desR(n))

to desL(n) and desR(n) respectively, where

are the statements of inserting diff(I, rel(n))

;reSpectively; .The LUP is duplieated and each moves to desﬁ&n)
and desR(n) respectively. If not, announce that the transla-
tion is impossible.”
(ii) Case of anc(n)i ¢>‘
In this case, fhe update modification rule is appli-
cable.
The action of IUP is as follows:

Action I-1-2

"Check whether (E3) holds for res(I, rel(m)). If so, do fhe
same as stated in Action I-1-1. Otherwise, begin to apply the
update modification rule (in section 4,2.2Y to I 2nd findé out
I' which is the minimal modification of I. {The term minimal
ie defined analogously as did in Action D-1-2., In this case,

such I' is always found.) Then do the same as stated in Action

I-1-1."

4.3.3.2 Union |
| Suppose rel(n)= rel(desL(n))Ljrel(desR(n));

In thisécase, the following holds from the meaning point of view:
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(E16) "“For any t, Mrel(n)(tyiis true if and only if either

Mrel(deSL(n))(t)ior Mrel(desﬁ(nJ)(t}Lor both are true.™
This means that.to effect I against rel(n), diff(I, rel(n))
should be inserted in either rel(desL(n)O or rel(desﬂ(n)) or
both. But notice that there is no mathematical reason which
alternative should be chosen. This is completely a semantic
issue as discussed already-in the case of deletion against the

difference view. ( See section 4.3.2.3.)

Action I-2

"Ask to the user which alternative should be chosen., Accord-
ing to the answer, the IUP (if necessary duplicated) outputs
the translated insert+ sStatement(s) and moves to the relevant
descendant node(s)."

If we do not want tc have such LUP-user conversation, the
following is taken:

Action 1-2'

"Announce that thé translation is impossible"
Notice here that the ILUP should not be allowed to choose an
alternative'arbitrary because it may cause semantic incon-
sistency. | |
4+3.3.3 Difference
Suppese reldef(n)= rel(desL(nj)— rel(desR(n)).
By (E9) we obtain the following:

"y 3 i i
(E17)  "Por any %, Mypoj(py(t) is true if and only 3f Mpoj(ges

(n)ft) is true and Mrel(des

(n))(t) is false."
R
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This means that to effect I against rel{n}, Aiff(I, rel(n))
should be inserted in rel(desL(n)) and it should be deleted

frOm rel(desR(n)) The insert . and‘the delete statement

: agalnst those two relations respectively are definable stralght—
forwardly. ( We denote those by Ip,ut 204 Tp ooy respectively.)

Action I-3

"Cutput I and I %0 des.(n) and des,(n) respectively.
. L R . bantd

Lout Rout
The ILUP is duplicated and each moves to the corresponding de-
scendant node."
4.3.3.4  Projection
Suppose - rel(n)= rel{des(n))[4), where A is a list of
attributes. By (E11) we have the following:
(E18)} "For any t, Mrel(n)ﬂt) is ture if and only if there
exists a tuple u of dom(rel(dés(n))) such that u[4)=
"t and M el(des(n))(u) is true.”
This means that to insert a tuple t in rel(n), the LUP shOuld
find out a2 tuple u satisfying (E18).. However, there may not
be possible to find out an unigue u. The uniqueness is essen-
tial because different tuple represents. different occurance of
the entities and the relationships among them. Therefore, in
priﬁciple, insert - statements against the projegtion view
is not translatable except the statement‘tb which the augmen=---
tation rule is applicable. ( Seé section 4.2.3.) In order to
check whether the augmentation rule is applicable, the LUP
should see the definition (i.e. intention) of rel(des(n)) in

this case; Now the ggtion of the IUP is made clear.

107




Action I-4

"Check whether the auvgumentation rule is applicable. If so,
output the augmented insert statement Iout 2nd moves to des(m).
Otherwise, announce that the translation is impossible.™

7 The problem here deeply relates to the null value issuer
in a relational data model (CODD75, ZANI77) which is another
aspect of the view update problems ( MASU79). But here we do
not discuss this problem further.
4-3.3-5 - Restriction _

| Suppose rel(n)= rel(des(n))(4f B), providing A and B
are union-compatible. By (E13), we obtain the following:
(E19) "For any t, Mpe1(n)f¥) is true if and only if t(4) @

t(B] and Mrel(des(n)ﬁat”are true,"

This indicates-that we can translate I into the inserte state~
.mént iout’ which inserts diff(I, rel(n)) to rel(des(n)), accord-
'ing to the guery modification method of‘(STONTB).
Action I-5

"Output Iyt Fo rel(des(n)) and moves %o des(n).”
4.4 Update Bxecution |
4.4,1 Execution Control

In section 4.1 and 4.3, we have described how LUP'S

behave. After a certain period of tiﬁe, if all update trans-
lations are succeeded, then all ILUP's stay at certain leaves.
By the "LUP orbit", we mean a set of all paths, each of which
begins at the root and ends at a certain leaf where a IUP reach-

ed, Then the LUP ofbit consists a subtree of the view defining
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itree. ( For example, as shown in Fig.4{a), the LUP orbit is the
étraight_line from node 0 to node 4, i.e. the set (o, 1),

(1, ZP. (2, 4) , in Example 1 of section 5.1, ) If the LUP
orbit is a straight line, then the update execution is stralght-
forwardly done in such a way that first execute the update
statement against the leaf relatlon, and then compute the
extension of the view except using the new value of the leaf
relation. However, if the IUP orbit is not a straight line

but a ﬁroper subtree, them IUP's which stay at the upper nodes
of a branching node should communicate each other to synchro-
nize the execution of the update statement. For example, in
Example 2 of section 5, IUP's at node 3 and 4 should be Syn-
chronized in the sense that the restriction_ogeration EDDM

(pEpr?

= DEPTEJis executable after both IUP's come down to node
2. In order to realize the synchrohization, we associate.é -
"milestone™ at each branching node of the IUP orbit. { In
Example 2, as shown in Fig.4(b)), nodé.Zlhas a.milestone;)
When a LUP first comes down to the node with a milestone, then
the LUP should wait the pair IUP to come down the node. Except
synchronizatiop! the execution is done in ordinary manner.
4.4.2 | Additive Side—effecﬁ Control |

| The additive side-effect may occur ﬁhen one wants toA
insertla set of tuples‘to a certain view. In our framework,
it may happen if there exists a LUP which took Action I;1—2
with thg insert stétement modification rule. However, we can

Observe that the rule is essentially necessary to effect a tuple
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insertion to a certain view which is derived from aﬁ expanded
direct prﬁduct view., The modified insert stétement ihserts
more tuples than thosé which are inserted by the original
statemént; The problem here is to invéstigate how the addi-
tionally inserted tuples interact with the view which is
derived from the expanded direct product view. ( In Example 2
of secfion 5.2, the quadruple (e4, 83, d3, m4) should be dis-
tinguished among the additionally inserted tuples, which causes
the additivefside—effect because it can pass the restriction
EDDM(DEPT1= DEPTzJ.) As investigated in [MASU79], the additive
sidéfeffect issue is rather a strﬁctural issue than a semantic
one in the sense that the additionally inserted tuple has cor-
rect meaning. Therefore, whether the use of the insert state~
ment modification rule causes any additive side-efféctmshould_
be checked exhaustively. That is, when a LUP uses the insert
statement modification rule, the ILUP associates a star mark(x)
to the node (of the IUP orbit) to indicate the use of it.

VIn update execution, IUP's should éheck whether the additive
side-effect occur or not if they come down below the star

marked node,
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5. Examples
Let us now demonstrate how the updéte translations are
done under the IUP concept with the view defining tree.
5.1 Example 1 -Deletion- _
Suppose the view EDM is defined as shown in Fig.1 and
the extensions are as given in Fig.2. Suppose a delete. = state-
ment ﬁo is issued against edm:
(E20): Dyt “Deiete,every tuple from edm having d1 and ml as
DEﬁ’T2 and MGR value respectively."
Initially, a2 WP stays at node O and then translate Dy to Dy,
which is the deleite statement against e(d: djm, and moves to
node 1 (Action.D—d): _
(®21) D, "Delete every tuple from d[d= d)Jm having 41 and ml
as DEPTZ and NGR value respectively."
Next, the IUP at node 2 decides to translate D, to D,, which
~ is the delete statement against eddm, and moves to node 3
(&ction D~5): | |
(E22) D,: "Delete every tuple from eddm having d1 and ml as

DEBT? and MGR value respectively and having the same

DEPT' and DEPT® value."
The LUP at node 3, first examiné whether (E4) holds for res(D,,
eddm). However the IUP see that it does not hold in this case.
Then the IUP tries to apply the update modification rule (sec~
tion 4.2.2) to Dy In this case, the IUP succeeds in finding

out such a2 statement which is D3. ( Notice that D3 is obtained

jﬁst by loosing the gualification part of D, such that the
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condition of "having the same DEPT1 andlDEPT2 value" is omitted).

(Update modification rule):

(E23) D3: "Delete every tuple from eddm having 41 and mt as’
DEPT2 and MGR value respectively.“ 

Then the LUP examines D3 and translates it to the delete state-

ment D4;against dm and moves to node 4 (Action D-1-2): |

(E24) D4: "Delete every tuple‘frOm dm having d1 and.m1 as

2

DEPT“ aznd MGR value respectively."

Now, the LUP recognized that it is in a leaf. Therefore it

begin to execute D4.

down to the root where it can show the desired result.

As stated in seetion 4.4, the IUP comes

5.2 Example 2 =Insertion-

Suppose the view EDM is defined as shown in Fig.1 and
the extensions are as given in,Fig.2} Suppose an insert
statement I, is issued against edm(cf. section 3).

(E25) Iyt "Insert a tuple (eb, 43, m4) to edm."

The LUP stayed initially at node O translates it to I,, which
is an insert statement against e(d= d)Jm.  This is possible
because of the auvgumentation rule (section 4.2.3) and moves fo
node 1 (Action I-4):

(E26) 1I,: "Insert a tuple (e5, 43, 43, m4) to efd= d)m."

Then the LUP at node 1 translates I1 to-IE, which is an insert
statement against eddm, znd ﬁoves to node 2 {(Action I-5):
(E27)" I,: "Insert a tuple (e5, 43, 43, m4) to eddm.”

Now the LUP first sees that (E4) does not hold for res(I2,

eddm). Therefor the insertion modification rule is used so that
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12 is translated into two insert- étatements 13 against ed
, and 14 against dm:
(E28) Iy: n"Insert a tuple (e5%, 43) to ed."
(E29) 14: "Inseft a tuple (43, m4)-to dm.ﬁ
As stated in section 4.2, node 2 is éssociated with a star mark.
The IUP is duplicatea and each of which comes up %0 node 3
and 4. |

Now the LUP-af node 3 and the IUP at node 4 begin to
 execute Ig and I, respectively. Both IUP's come down and
synchronized at node 2. Then two LUP's are marged into one,

1 _ pEpr?

~and execute the restriction EDDM(DEPT ]. The LUP comes
down to node 1 and because the upper node 2 is associated with
the star mark, the LUP begins to check whether there exists

an additionally inserted tuple which can pass the restriction.
If there does nof, then proceed execution, otherwise announce
that the translation is impdssible ( The azdditive side-effect
occurs.). In this case, as stated'iﬁ section 4.4.2, the addi-
tionally inserted-qﬁadruple (e4, 43, 43, m4) passed the re-—

striction. Therefore the translation of our insertion is

impossible because of the additive gide=effect.
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6.

Concluding Remarks

The LUP Which is a vehicle of implementing a view sup-

port subsystem is introduced and the architecture of imple-

menting the subsystem is described in detail. Through the

investigation, the followings are observed with relation to

the update translatability problem.

(a) .

()

(c)

In characterizing the actions taken by a IUP, the mean-
ing of a view played an essentiél role. The ambiguity
of the update translations is also.characterized under
it.

The translatability and the translation mechanism of
tuple delete statements sre completely characterized
from the meaning pointrof view, While this is not true
for those of tuple insert statements. That is, the
additive side-effect can not be controlied from this
point of wview, because this comes from the structural
nature of the relational algebra. The null velue issue
closely relates to this problem.

The: LUP concept provides a very strong tool to dis-
tinguish such semantic and structﬁral aspects of

the view update problems.
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, MGR)
L

ED(EMP, DEPTY) | DM(DEPT
5 .

EDDM(EMP, DEPT-, DEPT®, MGR)

EDDM[DEPT1=DEPT2] = — restriction)

1 & E[D=D]M(EMP, DEPTl, DEPTZ, MGR)

E[D=D]M[EMP " DEPT " MCR] {projection)

0 ¢ EDM(EMP, DEPTZ, MGR)

Fip. 1. The view defining tree of the view EDM.
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I

ed: EMP
el
e?
el
ek

ceddm:

DM
DEPT" DEPT
d1 d1
a1 a1
a2 42
a3
EDDM

EMP DEPT® - DEPT MGR

el dr a1 ml

el dl dl m2

el a1 a2 m3

e? a1 a1 ml

e2 a1 4l m2

e2 a1 d2 m3

e3 d2 dl ml

e3 d2 ai m2

el d2 d2 m3

el d3 di ml

eb a3 d1 m2

el d3 d2 m3

e{d=d]m: This consists of five tuples df'eddm'marked *,

EDM

edm: EMP DEPT2 MGR
el dl ml
el dl m2
e? d1 " ml
e2 o dl m2
e3 d2 m3

MGR
ml

m2

Fig. 2. Extensions of ED, DM, EDDM, E[D=D]}M and EDM.
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3 - k& (3, 3)
3 * £ (3, 3): I &~ Original insert
B
1 Update modification rule
2 (1, 3
* * &= 4(2, 3)p: 1I'

3, 3

Fig. 3. Update modification rule,
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.(a) Case of Example 1. {b} Case of Example 2.

-~Fig. 4. The LUP orbits.
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1. Introduction

In relational model ¢f data [CODD7006}, data dependencies are useful tools
to describe thé semantics of data. Data dependeﬁcies are used as integfity
constraints to specify a set of ﬁeaningful relations ;ﬁ £he database. Various
kinds of data dependencies have been introduced such as fuﬁctional [copD7105],

multiﬁalued [ZANI?ﬁOS][FAGI7709], nutual [NICO7809]), join [RISS7809], Boolean
[SAGIF7903] and generalized mutual dependencies [MENDM7910].

In this paper, we.mainly discuss the preservability of data'dependenéies
{especially, functional, multivalued and generalized mutual dependeneiesj for
the well-known relational database operation called natural joins.

A central problem of relational database design is ho% to select a
relational databasge scheﬁe consisting of relation schemes (sets of attributes)
and data dependencies. It is often the case thal we start the design from
giving an initizl relation schemerR (a-set of aill the attributes in the database)
and a set D of data dependencies defined on the initial relation écheme.

In order to reduceithelredundqpqy ofﬂd;?a and-s0 ca;&gd,”storage anomaligsé._
[DATE?77]), it is often useful to decompose R inté a sef bf relétion schemes
Rl,..L,Rn. According to the deéomposition, the set D of data dependencies
defined on R is transformed inte {Dl,tﬂ[,an ; where each Di_denotes a set 6f
gata dependencies defined on Ri’ that are implied by D. The contents of felations
(iﬁstances) may vary due to several storage operations, such as insertions,
deletions and updates. In order to guarantee the gi&en sett D by Rl"”"’Rn’
if each sto:ége operation is allowéd't§ be performed for any instéﬁce T of R,,
then it must transform L into ri , where both T, and ri satisfy Di,

Th?refore, it is necessary to decompose R into Rl,...,Rn so that the given‘set
D may hold in r. *r *...‘krn (* denotes a natural join operator) for any instance

1 "2
r, of Ri (i=1,...,n).
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In this paper, the preservability of a data dependency for a natural join

is defined as follows: Consider two relation schemes Rl and RZ’ where two sets

Dl and D2 of data dependencies hold in R' and R2, reSpectively Atcording'to

the notation in [BEERM7904], SAT(D Y (i=1,2) is assumed to denote a set of

p0551ble'1nstances of Ri that_satlsfy Di. A data dependency d in D1 is said to

be preserved in R that belong

lnR if and only if d holds in r, r2 for any Tt

to SAT(D}) and SAT(D, ),'respectiveiy.

2

For example, let R {A B,C,D} and R —{B C E} be two relation schemes with

D {Aﬂ+BICD1 and D = {BCéE} Here, A%b81CD is a multivalued dependency om Ry

(T_ [FAGI??OQ] and BCOF is a functiomal dependency on Rz.‘ Fig.l shows example

instances r and r, such that rl,and r, belong to SAT(Dl) and to SAT(DZ),

respectively. 1f we take a natural join for these ekample instances rl'and Iys

then we can find that the multivalued dependency A-»B[CD in Dl does not hold in

the instance r_ *r That is, the data dependency A-%»B|CD in D, is not preserved

1727 1

in le-R2 On the other hand, from the results of this paper, we can fiand that

the functional dependency BCPE iIs preserved in Rl“R2 ’

The preservablllty of data dependenc1es for natural joins is a useful 7 TS

-criterion for designiug a relational database scheme. The concept of our
"preservability” is different from the various well—knowﬁ criteria as followé:
(: - (2} Lossless join [AHO~B?909],

(b) Independent components [RISS7712], and

_(c) YPreservation qf data dependencies” in [BEERM7904].
Fig. 2 {a), (b),{(c) and (d) illustrate these threé-well—knowh criteria and our
"preservability", respectively.

As shown in Fig.2 (a), the lossless join pronerty guarantees only Fhé fact

that it is possible to reconstruct any instance I of an initial relation scheme
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R without loss of information by joining the projections of I on Ri (i=1,...,0).

That is,
1=I[Rl]*I[R2]*..a*I[Rn],

where I[Ri] denctes a projection of 1 on Ri. Since ;hg 1ossless'join property
- is concerned with only the projections of instances of R, it does-not'élwayé
imply the fact that every depeﬁdency in D holds in rl*rz*,...*;rn for any instance
T, that belongs to SAT(Di)ﬁ |

As shown in Fig.2 (b}, the concept of independegt componenets by Rissanen
impliés the lossless join property and the féct that the given set D of‘fﬁntionél

dependencies is equivalent to the union of D ,L,Dn {(sets of functiomal depend- .-

1 {

encies implied by D). The preservability in this paper is implied by the concept

of the independent components in special cases. In fact, as shown later, if

R,,...,R_ are the independent components, then any functional dependency in D is
1 n P S

preserved in RlnRzn.,

L*Rn. When D includeds multivalued dependencies, however,
Rissanen's definition of the independent components is insufficient [BEERB730%9],
[ZAN1M78][TANAK79OS].

| Rgzgtly, Beeri et.al, discﬁssea thg preservability of dé;é dependen&ies
uﬁder the universal relation (instance) assumption [BEERM7904]. The universal
relation assumption enforces that each instance T, of Ri‘in any database should be{w
-8 projection of a same instance I of R on Ri., As shown in Fig.2 (e¢), for a given(m
set Rl""’
IR JFTIR,I*.LLALIR ]

Rn » they examined the problem whether the joins of these projections

belongs to SAT(D) for any instance 1 in SAT(D).
We believe that the universal relation assumption is too strict since it
leads to the introduction of more interrelation constraints: If an attribute A

belongs to two relation schemes R, and R,, then this assumption enforces that

1 2’

the two sets of A-values in rl and r, should be the same. Fven if we have a
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tuple t to.be inserted into T, we cannot insert it until we have somertuple of
r, whose A-value is>thé same as the A—value of t.  This may cause fufther
insertion/deletion anomalies shown in [DATE77].

As shown in Fig.2 (d), in this paﬁer, we do nof have the uniﬁerSQl relation
assumption. We are céncerned with the problem'Wﬁether-each data dépehdency in D
of an initial relation sheﬁe R is preservedlinvrl*rz*...*fn; where‘eaqh rl is
any instance Belquging to SAT(Di).
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2. Basic Concepts

A relational database scheme consists of a finite set of relation schemes,
sets of data dependencies defined on each relation scheme and a set of inter—
relati@n dependency;“;éﬁéfréints. Each relati§n scheme is a finitevset of
attributes. An initial relation scheme is a set of all the attributes apbearing

- in the database. Uppercase letters from the beginning of the alphabet are used

‘to dencte names for attributes, and those from the end of the alphabet are names -

for sets of attributes. In this paper, concatenation of sets of attributes
denotes union, such as R=XY. |

"An ipstance (or a relation) r of a relation scheme R with nrattributes is
a finite mathematical n~éry relation, which is a subset of the Cartesian prdduct
of n corresponding_domains. Let R be an initial relation scheme and R

12t
1

be relation schemes such that igl RimR;‘ A database for the relation schemes

R
n

Rl,...,Rn is a set of instances Tiseeeyt such that each . is an instance of

Ri.

La.'Fcr'ah instéﬁéélf;df“a'reiatibﬁ scﬁeme:R, the projectioﬁ of r on a set X -

of att;ibutes (X¢R) is defined as {t[X]; t&ry denoted by r{X]. Here, t[X]

- denotes a subtuple of a tuple t, which consists of values aséociated.with each

attribute in X. Let r ans s be instances of relation schemes R=XY and S=YZ

Sﬁch that X, Y and 72 are mutué§>fisjoint sets of attributes. The (natural}

join of r and s, denoted by r*s, is a relation {(x,y,z); (x,y)é r and (y,z)€& sl;

r[x,Y] denotes a set {t[Y]; t[X}=x, tegr and X,YE_R]. - _ |
A func?.:ional dependency (FD) X —>‘Y holds in a relation scheme R (R2 XY)

iff every two tuples'of r that have the same X-value also have the same Y-value

for any instance r of R.
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A multivalued dependency (MVD) X>—¥ holds in ﬁ iff for every instance r
of R, rix,¥YZ)=r[x,Y] x r[x,Z] holds for‘any X—value x in r[X]. Here, X; Y and
Z are subsets of R and Z=R-XY. When Xf+Y holds in R, weralso aenote the MVD by
X++Y|Z (Z=R-XY) since X++f implies the other MVD X++Z_to coﬁplementarilﬁ ﬁqld
in R. If Y or Z‘is an empty set or X2Y, then XY is_called a trivial MYD;.
otherwise a nontrivial MVD. | . | -

Léf r[XYZj be a prbjéction of r of R=XYZW, where XYZ(\Q=¢, W and7 ‘
XY(\Z=¢. An embedded multivalued dependency (EMVD) X+ |z holds on R=XYZH iff
for évery instance r of R, r[X¥z] is equallto the natural join of r[XY]_énd
r[XZ]. If Y or Z is an empty .éet or an. , then the EMVD X»Y|Z is called a
trivial‘EMVD; otherwise a nontrivial EMVD. |

A mutual dependency (MD) m X, ¥, Z} holds in R (RDXYZ) iff the following

- condition is satisfied [MENDM7910]: Whenever any instance r of R contains

three tuples tis tys t3 (not necessarily distinct) such that tl[X]=t2[X],
t2[Y}=t3[Y], and t3[Z]=tl[Z] » then threr must be some tuple t in r such that
t[x]=tl[x}, t[Y]=t2{Y] and t[Z]=t3[Z].

- Let. S be'éjset of Sij (1£§<j¢n)_such—that.eachfsij iéran,arﬁftréff*set _,':;F
of attributes. A generalized mutual dependency (GMD) of order n holds im R iff
for every instance r of R, the following condition holds [MENDM7910]:

Whenever r contains n tuples t ,...,tn such that

1
t = 2i<iZn. %
i[Sij] tj[Sij} for all 1%i<j ? (%)
and there exists a tuple t (not necessarily in r) satisfying
= l B eIV 4L V ' b3
t{Sij} tJSij] for all 1€i<j#n, (%%)
then there must be some tuple in r that satisfies (%%),

A multiboolean dependency {MED) Xr+'Y + Z holds in R iff for every instance

r of R, every pair of tupless of r that agree in all attributes in X either agree

in each of Y, or. in each of Z [SACIF7903].
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3. Projections of Data Dependencies

When we decompose a given initial relation scheme R with a set D of data
dependéncies into a set of relationrschemes Rl,...,Rn, it is often necessary
to compute the projections of D on each R .

The projectability of FDs and MVDs have been already well studled in
[FAGI7709] [ZANI7606] [AHO- B7909][ULLM80] Especially, Aho, Beeri and Ullman

showed how to compute the progectlon of = set of FDs and MVDs as follows:

Theorém 1: [ULLM80]

Let D be.a set of FDs and MVDs thaf hola-in R. For any subset & of'ﬁ, the‘sét

of FDs and MVDQ that hold-in S is computed éé follows:

(1) Cémpute the closure ﬁ% of I, that is a sét of all the FDs and MVDs implied
by D.

{2} For each X > Y in D+, if X & S,.then X + ¥ 8 holds in S.

(3) For each ¥»Y in D+, if X € 8, then ¥»¥Y N § holds in 5.

(4) Nofbther FDs or: MVDs for S may be deduced from the fact that D holds in R.

Several compléte sets of inference rules for ¥hs and MVDs are known ,
which are useful to'compute the closure D+ of D in [ARMS7408)[BEERF7708].
As for the case of mutual dependencies, however, - any similar preojection rule

as Theorem 1 does not always hold as shown below.

Theorem 2: Assume that only a mutual dependency m{X,Y,2} holds in R=XYZ. For

SN

any proper subset § of R with X NStd, YNS#E, and Lf\5%¢ there exists an instance.

I of R such that 1 satisfies m{X,Y,Z}, but not mX NS, NS, ZASY.
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Proof: It is sufficient to construct such an instance I for any subset §.

Let X=X X,, Y=Y,Y,, 2=2,2,, 1> YNS=Y, and zNs=Z .

(Case 1) When S does not include any one of X, Y and Z, the'instahqe I1 in

Fig.3 (a) is an example in which m{xlxz,ylyz 2)Z,} holds, but m K AS,YAS,Z AS)=

XNs=X

Hkﬁl,Yl,Zl} does not hold. | | |
(Case 2) When only one of X, Y and Z, for example X, is included by S, the

instance 12 in Fig.3 (b) is an example in which m{X X } holds, but

1%2°%1%90%1%
m {X X.‘Z’ l,Z } does not hold.
(Case 3) When only two of XY and Z, for example X and Y, are included by S,

the instance Il in Fig.3 (a) is also an example in which m{X XZ’ Y. Y 2} holds,

1 2’
but m!Xlxz, 1 2,Z } does not hold.
For other cases, such instances are easily cdnstructed in the similar maunner.
Q.E.D.

Example 1: Let D be a set of the MVD A>>D and the MD m {A,B,CD} thst hold in
R=ABCD. Since ﬁ{A,B,CD} is a mutual dependency,.anj instance I of R can be
decomposed without loss of infﬁrmation into three.of its projections, That is,

S I=1 [AB]*I[ACD]*I[Ecb] e e e e ‘
holds for any instance I of R. Furthermbré,.since A+~D|BC alsé ﬁolds in R,
any instance I of R can be decomposed without loss of information into two of
its projections. That is,

I=I[AD)}*I[ABC]

holds for any instance I of R. Fig.4 (a) shows an example instance I of R.
It should be noted that m{4,B,C} does not hold in the instance I. That is,
| 1[ABCI#I[ABJ*I[AC]#I[BC]. |
As shown in Fig.4 (b), if we decompose R=ABCD into'{AD,ABC}.by the MVDVAﬁ+D,

any information of m{A,B,CD} is not transferred to the relation scheme ABC.
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On the other hand, if we first decompose R into {AB,ACD,BCD} by m {A,B,CD\ as

shown in Fig.4 (e¢), then the MVD A>»DIBC is projected on ACD as A>CID, and

further decomposition is possible. That 1is, D implies |
I=I[AB]*I[AC]*I[AD]*I[BCD]

holds for any instance 1 of R.

M

!
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4., Preservability of Data Dependencies

In [RISS7809], Rissanen introduced the concept of join dependencies.
The concept of join dependencies is cloself relétéd ﬁo the concept‘of léséléss
join prbperty in [AHO—B790913_ A joiﬁ dependency proviaes a mecessary and
sufficient condition for a relation to be decomposable witﬁout loss of information
into n projections of ﬁhé relatién. Récently, Mendélzéﬁ énd Maief sﬁoﬁed
‘;hat any join dependency can be represented by a‘generaiized mutual dependeﬁcy

(GMD) and some MVDs [MENDM7910]. 1In this section, we show various conditions

(i for several types of data dependencies (FDs, MVDs, MDs and GMDs) to be preserved

for natural join operations, We also discuss the roles of multiboolean depend-
encies (MBDs) by Sagiv and Fagin in testing-the preservability of data depend-
encies.

Consider two relation schemesR, and RZ’ where two sets D. and D, of data

1 1 2

dependenc1es (FDS, MVDs and GMDs) hold in Rl and RZ’ respectlvely. For each

type of data dependen01es (FDs, MVDs and GMDS), we deflne its preservablllty

ey - Comag T TEA R E L i

uras follows:

(1) FD-preservation: An FD X + Y in Dl is preserved in R1 9 if X =+ Y holds

P - ) - . '
: {f. in rl r, such that r, and r, are arbitrary instances beleonging to SAT(Dl) and
to SAT(DZ), respectively.
(2) MVD-preservation: An MVD, XY in Dl‘ls preserved in R R,

holds in r_ *r, such that ry and r, are arbitrary instances belonging to SAT(Dl)

if X++Y|R1-XY

12
and SAT(D2), respectively.

(3) GMD—preservation:l A GMD m{5) in D1 l 2

rl*r2 such that r, and r, are arbitrary instances belonglng to SAT(Dl)'and

is preserved in R_%

if m(S) holds in

SAT(DZ).

0

Here, SAT(Di) (i=1,2) denotes a set of all the instances that satisfy Di'
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Tt should be noted that the definition of the MVD-preservation does not

necessrily require the fact that X>+Y holds in rl*r2 for any instance r;€ SAT(Dl)

and'r2€ SAT(DZ). It only requires that X++Y]R1~XY holds in rl*rz, which is an

EMVD of Rle 1f we extend the definition of the MVD-preservation into the

one descrlbed above, the f0110w1ng property of EMVDS [TANAK7908] is useful to
check the extended MVD—preservatlon. Let XY be an MVD deflned on Ry (R 2XY).

Suppose that R, is a relation scheme such that R,2R,- Then, the MVD XY holds

1e_R2 if and only if Rl

~¥>¥ holds in R, -

Examgle 2: Let Rl=ABCD and R2=CDE with Dlé{ﬁ + B, A»>C} and D2$¢. Example

instances r.c SAT(Dl) and r

1 £ SAT(DZ) are shown in Fig.5 {a) and (b}, respectively.

2

The instance rl*r2 is shown in Fig.5 {c). Obviously, in this example, the

FD A > B holds in rl*r2 and the (EMVD) A»»C|BD does not hold in rl*rz. Therefore,

the MVi;ig Dl is not preserved in Ri*RZ‘ Consider another relation scheme

R3=CF with D3=¢.' Fig.S (d) shows an example instance t, in SAT(D ) and Fig.5 (e)

- shows. the instance rl-\r3 Wote tHat: the MVD A++C does not- hold in rlnr3, But”

_that A++C|BD (EMVD) holds in 2 ' From the results shown later, we can show.

T3

that A>>C|BD holds in r *r,

the MVD A+—C in Dl is preserved in Rl*RB.

€ SAT(DI) and f

3€ SAE(D3). Therefore,

for any ry

The problem of testing the preservability differs from the prchlem of
testing implications of data dependencies in the following respects:
Consider two relation schemes R1 and R2 with D1 and DE’ respectlvely. Here,

we assume that D and D2 are sets of FDs and MVDs. Even if a data dependency

X>»¥|2z (R.R2 XYZ) is implied by D,V D, \J{Rlﬂ R, IRZ—Rl}, X+Y|Z does

Rl“Rz

not always held in some rlhrz such that rle SAT(Dl} and r2

12—
£ SAT(DZ), Because
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Proof: Assume that some FD X - Y does not hold in some r.*r. such that

Theorem 4: [TANAK7901]

Proof: Without loss of generality, we can assume that R.=X_ X Y Y Z Z_ and

some data dependencies in D, or D, may be violated in ry*r, for some ry in o

SAT(Dl) and r,

The following theorem shows that any ¥D in D

in SAT (152) )

of a relation scheme R

1 1

is always preserved in Rl*RZ.

Thecrem 3: :Let R1 and R2 be two relation schemes. D, and D, are sets of FDs,

1 2
MVDs and GMDs that hold in Rl and RZ’ respectively. Then, any FD X > Y in
+ SR ' T
D1 or Dl is preserved in Rl R2'

172

r,e SAT(Dl) and r,e SAT(DZ). ‘There must be two distinct tuples t in

2
r *r, such. that tl[X]=t2[X] and tl[Y]%tz[Y]. Since v *r, contains such tuples

1 and t

1

e 1 Voo ;zr 1 v
tl 1 musF contéln a tuple t] and t2 such that tl[X] tz[X] and tl[Y]%tz[Y].

This leads to the fact that X - Y does not hold in r

and t2, r

1° A contradiection. Q.E.D.

The following theorem provides a sufficient condition for am MVD to be

preserved in RlﬂRZ. - : 7 _ o : B

Let Rl and Rz be two relation schemes. D1 and D2 are sets of FDs, MVDs and

GMDs that hold in R, and RZ’ respectively. Any MVD XY in D, is preserved

1

. % .
in Rl R2 if

(1) either the FD X - YOR, or X > Z(R, holds in R, or
1

. . h Z=R.-XY. |
(2) kﬁRz-HY(\RZIZ{'\RZ holds in R, , WHETE 7% i

117271 2%1%2 ]

Y ,zZ

R, =WX ¥ Zl, where W,X 1°¥502

25Ty and 22 are disjoint sets of attributes.

12 %Y
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It is sufficient to show that X1X2++Y1¥212122 holds in Ty50, for ;ny_lnsténce
r€ SAT(Dl) and T,E SAT(Dz). Let X:Xlxz, Y=Y1Y2 and Z=2122f
(Case 1) Assume that the FD X = YNR,, that is, XX, + ¥, holds in R;. From

. +. . . %
Theorem 3, the FD xlxz - Yl in Dl { or Dl) is always preservedlg Bl R2.

Since the FD X1X2 -+ Yl in R1R2 implies the MVD Xl 2++Y1]Y22122W.. From Theorem 1,

we can find that the EMVD X1X2++Y1|21 always holds in any ¥, Ty ané r, are

and X1X2++Y

Jplned on only XlYlZl 1Y2lZlZ2 holds in aay T - Iherefore, in any
* : .
. *1,, xlxz—wl‘lezlz2 holds.

9> that i=, Xl++YliZl ho;ds in R

Let r be an instance r *r, such that r, and 1, are arbitrary instances in SAT(D,)

(Case 2) Assume that X(\R2++Yf\R2|Z€1R 1

and in SAT(DZ),'respectively. Let t be an arbitrary tuple in r such that

9 Since r, contains a tuple whose Xlxz—vglue is X%, and X1X2++Yllzl

holds in Rl by Theorem 1,

t[XlX2]=xlx

rl[xlxz,Y121}=rl[xlx2,Yl]x rl[xlxz,zl].

From the assumption of that X —>—>Y1|Z1 holds in RZ’ we have

1l

-

_f?ixl’¥12Il%F2%Xﬁ*¥f}T%JIZEXI*ZIL“"“

In r=rl*r2, we have

rlx;xy,¥,2, 1=z (%%, ¥, 2 A, I3, Y, 2, ]

SR LA R (r) 0,2, 20 I 0T[5 29 D)
=r[ilx2,Yl] X I[XIXZ’ZI]'

Therefore, X1X2++Yllzl holds in any rl*rzn Since ry and T, are joiped ?n only

Y7, XX ++Y1Y2|Z holds in any

Xy Q.E.D.

+*
122 1 Fg-

The following theorem provides a sufficient condition for a GMD m(S5) to

be preserved in Rl*Rz.
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Proof: For simplicity, let m(S) be a mutual dependency nr{X,Y,Zi? Let R, =
.not presérved in RI*R

contain t.‘:Since:nﬁgY,Z}holds in R

Theorem 5: Let Rl and R2

FDs, MVDs GMDs), respectively. A GMD m(8) in D

be two relation schemes with D

and D2 (sets of

1

- : ) - * -
; 1s preserved in Rl R2 1£ a

GMD m(S') holds in R, such that s'={sijna ; 1%2i¢i€n and S;5€ sY. .

2

1

WNXYZ=P, X) NX,=P, ¥, AY,=$ and zlnzz=§. ‘S‘uppose that m(s)=m{>;,Y,z] is

WX ¥, Z), X=X

That is, some r= contains three tuples tl, t2

9 r *r, ;
an@ t3 such that tl[X}=t2[X}, tz[Y]=t3[Y], t3[Z]=tl{Z], and it is possiblg to

construct a tupl€ t such that t[X]wtl[X]', t[Y]=t2{Y], e{z]=t,[Z], but r does mnot

Y must contain a tuple t' such that

t' Xj= ! = ' = : ot .
[X] tl[X], t'{Y] t2[Y]’ t'iz] t3[Z]. From the éssumptlon that m{kl,Yl,ziﬁ .
holds in R., i " "X, )= "lY, 1= |
olds in R,, r, contains a tuple t" such that t [Xll t1[X1], t_[Yl] t2[Y1]’

t"[Zl]=t3[Zl]. ¥, and r, are joined on only X

1 s £ must be in r *rz..

191724 1

A contradiction. It is possible to prove the general case in the similar’

manner. . Q.E.D.

R N X PR . PR .- s L ey

i“.Next, we discuss the roles of multiboolean dependefcies (MBDs) for the

MVD-preservation. Let us consider the case when Y2=22=¢ in Theorem 4.

Obviously, we have the following theorem concerned with MBDs:

Theorem 6: Let R15X1X2Y121 and R2=WX1Y121 be: two relation schemes with Dl

and D2 (sets of FDs, MVDs, GMDs), respectively. An MVD X1X2++Yl in Dl preserved
' ' - is
in R %R, if X X > Y, K6 + Z (MBD) holds in R

1 2 172 1 1 1

This theorem implies that there are cases such that XY in Dl is preéerved ,

in R *Rz even if none of X > Y\R,, X ~+ Z(\R2 and X(\R2+¢Y[\R2!Zf\R2 holds.

1 2’
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Consider the following four statements:

(1) XIX

2 - Ylor XlXZ - Zl holds,

(2) X > Y, + Z. holds.

1X2 1 1
(3) X; > ¥, + 2 holds.
(4) X;»Y |z, holds. o T |
Tbe sta;ements (1) and (4) appeared in Tbeorém 4, énd the statement ké) appeared
in Theorem 6. It should be noted that (Z)VimpliES,neither (1) nor (4), while
(1) implies (2), (3) implies both (2)rand {4); Fig¢6 (a) Sho&s example instances
I and T, which satisfy the.conditionstatediﬁ Theﬁrem 6 and do noﬁ satisfy
either (1) or (4). The problem here is whether or not some MBDs maf be deduced
from séme set of FDs, MVDs and GMDs. |

Itcizfg}itkg also noted that xlxz - Yl + Zl does not imply X1X2 *.Yin + 2122
(Y2¥¢ and Zz¥¢). However, when Yz#é or 22%¢ in Theorem 4, it is easy to

extend the result of Theorem 6 as follows:

Theorem 7: Let R; and-Ry bertuo: relation: schemes:with. 0y and Dy (setsrof s . |

1 o i

MVDS;GMDS),'respectivei?f&'An'MVD“X4+Y'in D'1 is presefved ih'Ri#Ré"if" '

X > YﬁR2 -+ ZﬁRz holds in Rl.

166 -




~ -

References

(AHO-B7909]

[ARMS7408]

[BEERF7708]

[BEERB7809]

[BEERM7904]

. [BERN7612]-

[BISKD7905]

[CODD7006]

[coDD7105]

Symp. on Theory of Computlng, pp 319 329 Aprll 1979.

Aho, A. V., Beeri, C;land Ullman, J. D.,‘"The Theory of Joins in
Relational-Databases", ACM Trans. Database Systems;>V01f4, No.3,
PpP.297-314, Sept. 1979.

Armstrong, W. W., "Dependency Structures of Daté Base ﬁelatioﬁ—‘
ships", Proc. IFIP 74 Congress, PP-580-583, Aug. 1974.

Beeri, C., Fagin, R. and Howard,-J. H., "A Complete Axiomatization
for Functional and Muitlvalued Dependencies in Ddatabase Relafions";
Proc. ACH—SIGMOD 1979 International Conference on Management of
Data, pp.47-61/ Aug. 1977, |

Eeeri, C., Bernstein, P. A. and Goodman, N., "A Sdphiéticate'S'
Introduction to Database Normalization Theor?", Proc. 4th
International Conference on VIDB, pp.113—12§, Seﬁﬁ..l978.
Beeri, C., Mendelzon, A. 0., Sagiv, Y. and Uliman, J. D.,

"Equivalence of Relational Database Schemes™, Proc. 1lth Ann. ACM

‘Bernsteln P. A "Synth95121ng Thlrd Normal Form Relatlons from

Functional Dependencies", ACM Trans. Database Systems, Vol.l, No.4,
pp-277-298, Dec. 1976.

Biskup, J., Dayal, U. and Bernstein, P. A., "Synthesizing Independeﬂt
batabase Schemas', Proc. ACM—SiGMOD International Conference-on
Management of Data, pp-143-151, May 1979.

Codd, E. F., A Relational Model of Data for Largé Shared Data Baunks™,
Comm. ACM, Vol.13, No.6, pPp.377-387, June 1970.

Codd, E. F., "Further Normalization of the Data Base-Relationél
Model", Proc. Courant Computer Scieﬁcé Symposium 6, Data Base Systems,

pp.34-64, May 1971.

167 |




[DATE77]

[FAGI7709]

[FAGI7905]
[KAMB7906]

[KAMBf7911]
[MENDM7910]
'AI§I?O7$O?]

[PARKD7910]

[RISS7712]

{RISS7809]

[SAGIF7903)

Date, C. J., "An Introduction to Database Systems", 2nd ed.,

Addison~Wesley, 1977.

~ Fagin, R., "Multivalued Dependencies and a New Normal Form for

Relational Databases', ACM Trans. Database Systems, Vol.2, No.3,

pPp.262-278, Sept. 1977.

_Fagin, R., "A Normal ,Form for Relational Databases That is Based 7

on Domains and Keys", IBM Res. Rep., RJ2520, May 1979.

Kambayashi, Y., "A New Synthetic Apbroach for Relational Database

_ Design™, bresented ét AFIPS NCC, Jume 1979.

Kambayashi, Y., Tanaka, K. and Yajima, S., "Semantic Aspécts of
Data Dependencies and Their Application to Relational Database
Design', Proc. COMPSAC'79 , pp.398-403, Nov. 1979.

Mendelzon, A. O.-and Maier, D., "Generalized Mutual Dependencies
and the Decomposition of Database Relations", Pfoc. 5th International
Conference on VLDB, pp.75-82, Oct. 1979,

Nicolas, J. M., “Mutual Degendenbies and Some. Results on Undecomposable. .|

' Relétions”; Pfocu'4thriﬁtérnatibnalfGonferéncé~on,VLDB;'ﬁpn360~36?,1

Sept. 1978}l

Parker, D. S. and Pelobel, C., "Alporithmic Applications for a New
Result on Multivalued Dependencies', Préc. 5th International Confereéj
on VLDB, pp.67-74, Oct; 1979.

Rissanen, J., "Independent Components of Relations™, ACM Trans.
Database Systems, Vol. 2, No.4, pp.317-325, Dec. 1977.

Rissanen, J., "Theory of Relationé for Databases — A Tutorial Survey",
Proc. 7th Symp. on Math. Found. of Computér Science, Lecture Notes in
Computer Science 64, pp.536-5-1, Sept. 1978.

Sagiv, Y. and Fagin, R., "An Equivalence between Database Dependencies
and a Subclass of Propoesitional Logic", IBM Res. Rep., RJI2500,

March 1979,

168




[TANAK7901}

ITANAK7908]

[ULLM80]

[ZANI7606]

[ZANIM78]

- Systems", Computer Methodology Group Report, Computer Science Dept.,

Tanaka, K., Kambayashi, Y. and Yajima, S., "On the Representability
of Deéompositional Schema Design with Multivalued Dependencies",
Kyoto Univ., Yajima Lab. Res. Rep., ER79—01; Jaﬁt 1979,

Tanaka, K., Kambayashi, Y. and Yajima, s.,??Properfieé of Embedded
Multivalued Dependencies in Relafional Databases', Trams, of Institute
of Electronicé and Communication Enginéers of Japan, Sectioﬁ E,
Vol.E62, No.8, pp.536-543, Aus. 1979.

Ullman?_J. D., "Principles of Database Systems”, Computer Science
Press, Inc., 1980.

Zaniolo, C., "Analysis and Design of Relational Schemata for Database

UCLA, UCLA-ENG-7669, June 1976.

Zaniolo, C. and Melkanoff, M. A., "Relational Schemas for Database

- Systems", Technical Report, UCLA-ENG-7801, UCLA, 1978.

169




Fig.l ZExample instances and the preservability of functional

depéndencies.
ry A B
1 0
1 0
1 1
1 1
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Fig.? Various criteria for designing a relational database ‘s'cheme-.

(a) Lossless join property o (b) Independent co_mpo'nen.ets
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Fig.3 Example-instapces in which ﬁ{X,Y,Z} holds, but m{¥NS, YNS, ZNS} does

not hold. ‘

.-

“'>'(a) Case 1 and Case 3. . “(b) 6553‘2}\:' iﬁ |

Xl XZ Yl Y2 Zl .22 Xl XZ Yl YZ Zl 22

11 0.0 1 1 1:91-0-0 1 0

1 11 1 0 9o “tio1r 1 civo o

o o 1°1 1 o |- ¢ -0 1 0 11 o
; ” (O

Fig.4
(a) An example instance r in which - (b) Décomposition-of R by A+D.

both A+D and m{A,B,CD} hold, but
m{A,B,C} does not hold.

A B C D

1 o 1 1%

1°1 0 1

6 1 10

(c) Decompoéition of R by w{A,B,CD} and
- A-plc. . R

ABCD -

... AB ACD BCD T —

AD
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Fig. 5

(a) An example. instance r
with A +B and A--C.

{c) r. *r

A

1

of R‘1

(e ry*ry
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(b)- An example
with D=

instance r2 of R2

(d) An éxample
with D3=¢.

instance r3 of R3




Fig.6

(a) 'Example instances rl and 1:2 which satisfy the condition in Theorem 6.

o | X, Y, % r, |x ¥, 2z W
1 1 0 1 11 00
1 1 0 0 1 .0 1 1
10 1 o 16 0 0
1 0 0 0

(b) Example instance 1, in which Xl}cZ«—»Y \Z Z “and XlXQm-? Yl + 2 hold
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Abstract
A database System.was designed_for processing of the skull

line draw1ngs used in orthodontlcs° The relational model was

adopted as a data model, Twelve relatlons in the thlrd normal

form ware deduced from the skull line draWLngs and the data on

dlagnoses and treatments of orthodontlcs.,

In the database system, be51des retr1ev1ng and updating data, the

functlon called LINKER is attached’ to 11nk the retrleved data
with appllcatlon programs used in- orthodontlc research
The database system 15 now under the 1mnlementatlon whlch is

prlmarlly prOgrammea in FORTRAN u51ng a mlnlcomputer system,
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1. Introduction

Roeutgen cephalograms are generally used tc analyze the
morphologlcal characterlstlcs of the cranlofac1al skeleton in
orthodontlcs.‘ To 1nvest1gate such analy51s, we have been'
developing a system whlch 1nputs the skull llne drawings traced ,
from the roentgen cephalograms by spec1allsts and analyzes. the
-morphologlcal features of the skeleton applylng some klnds of
pattern proce531ng technlques[l 21 . From the experlences of the
system development the follOW1ng problems have been found°
(1) Almost all the requests de51red to pick up some spec1f1c'

skull line drawxngs whlch satlsfy a certaln quallflcatlon;

(2) _The system should provrde such fac111ty that the orthodontic
spec1allsts who are unskllled in u51ng computer can ea51ly
produce appllcatlon programs for thelr research |

(3) The features representing the skull llne draw1ngs were
frequently rep1aced appended and deleted with Lhe research
progreSSLOn, because the analysis method of the skull line’
drawings is not yet perfectly clear at present"‘As a result,u'
appllcatlon programs, were frequently 1ewr1tten Therefore,d'
it is de51rable that the system prOV1des such facility that
the application programs are immune- o Lhese updates. . |

{4} The applicatiou_programs frequently 1ntended to comblne the

- skull line drawings'with the diagnosis and/or treatmeutir

- informations on orthodontics organically.

To solve these problems, it seems to be natural to 1ntroduce,
a database system, where not only the skull line drawings can be
retrieved, but also the pattern prooess;ngs and the application

programs can be executed using the retrieved data.
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In this study, we describe a database system for processing,
of skull line draw1ngs based on the relational model. In sectiocn
2, the outline of the skull llne drawings processing is described
and the proce551ng‘resu1ts to be stored in the database are
characterized. In section 3lil2 relations in-the third normal
.form are proposed as the conceptual schema of the database.

In section 4, the_outllne of query proce551ng is shown utlllziag'
a typlcal example. Flnally, in section 5 the implementattoa of .
the system is dlscussed._' | |

A

2. BSkull Line Drawings Processing

The outline of the skull line drawings processing is shown
in Figure . -
The-skull line drawings are input using a drum scanner with
0.2 X 0.2 mm accuracy. An example of input image is illustratedr‘
~in Figure 2. | | |
After the input, thinning, construction of gtapﬁ data structure
and preprocessihg are performed. After the preprocessing, the
information of oﬁe'skull line drawing occapies about 32 KB.
In the'struoture anaiysis process, the input image is divided
into 11 components(s'to K) whichlconsist of mandible, maxiila and
SO on as shown in Figure.3. | |
In the next process, the features of each component and those
rEpresentlng the relatlonshlps among components are extracted.'.'
- The feature extractlon process has two stages;
feature point detectlon and feature productlon._ An_example
of feature ooints and featuresris illustrated in Figure .4 in the

case of mandible. Marked X represents the feature points and
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a; £, vy and 8 show feateres. After the feature extraction,

many kinds of application'programs, for example, pattern classifidatioﬁ,
hultivariate statistiCai anelysis and:ethj ere carried eut ecchding
to the research purposesgl‘ |

From such proce551ng, lt rs found that the ‘imagz data to be stored

'1n the database conelst of (a) X and Y coordlnates of the skull

line drawrngs after the structure analysrs, and (b) b’ dnd ¥

-coordlnates of feature p01nts and the featuresu In addltlon to these
data, the cllnlcal data whlch are usefu1 w1th relation to the skull

line draw1ngs retrleval must also be stored in the database
3. Data Model-

© The relatieﬁal model [31] wae adopted as a data nodel of éﬁf
system from the follow1ng reasonS‘ | |
‘(l) Orthodontlc spec1allsts who are unskilled in using computer
Coﬁld ea511y use the database syetem,when the relational model -is
adopted. o | _
(2):.The7featuree‘and-the feature‘peinte may be appended, deieted
-_and replaced accordlng to the development of orthodontlc researches,_
and therefore the application programsmuSEbe immune to these |
modificetions. A high degree of deta independence is easily e

cbtained bj the relational model.

lIn addltron to data of the skull line draw1ngs determlned
in sectlon 2, necessary data on dlagnoses and treatmente were
deduced from the dlSCUSSlonS with orthodontlc spec1a11sts,
After the‘normalizatlon, the follow1ng 12 relations in Lhe third

normal form were deduced:
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(1)

CASE MANAGEMENT (CASE NO., NAME, SEX, BIRTHDAY, CASE DIVISION,

INTERRUPTION, COMPLETION, 'STORED X RAY FILMS)

(2} DIAGNOSIS (CASE NO., DIAGNOSIS TIME, SEX, DIAGNOSIS AGE,
HORTZONTAT, FACIAL TYPE, VERTICAL FACIAL TYPE, FACIAL SYMMETRY,
X RAY FILM NO. )
(3) GROWTH (CASE NO., DIAGNOSTS TIME, SEX, AGE, BONE AGE,
| DENTAL AGE, BODY HEIGHT, CAST DATA KO., ORTHOPANTONO,
X RAY FILM NO.)
(4) OPERATION (CASE NO., OPERATION DATE) |
(5) TREATMENT INTERRUPTION (CASE NO., INTERRUPTION DATE)
(6) TREATMENf COMPLETION (CASE NO., COMPLETION DATE)
(7)  ORTHODONTIC APPLIANCE (CASE NO., APPLIANCﬁ NAME, srART,DATE,
 FINISH DATE)' | | e
' (8) TOOTH EXTRACTION (CASE NO., TOOTH NAME, EXTRACTION DATE)
(9) FEATURE (X RAY FILM NO., GONIAL ANGLE, CHIN ANGLE,- - -
o BODY_LE&GTH,* - -, F80) .
(10) FEATURE POINT COORDINATE (X RAY FILM NO., FEAT TURE_POINT NAME,
X COORDINATE, Y COORDINATE)
(11) LINE DRAWINGS (X RAY FILM NO. COMPONENT NAME, LOCATION)
(12) TRACER & x RAY FILM ENLARGEMENT FACTOR (X RAY FILM NO.
- TRACER NAME, FACTOR)
Attribute némes uﬁderlined show keys. The relation on the
skull line dfawings ére-(9) to‘(li). Relation (2) represents‘

initial diagnosis. Relation (3j shows the change qf‘growth at

‘an interval of one year.

It is meaningless to retrieve individual X and ¥ coordinates

constituting a component, because a retrieval unit of the skull
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llne draWLngs is component for 1nstance, maxilla or mandible.

Consequently, reélation LINE DRAWINGS in the relatlonal database does
not contain X and Y coordlnatee of skull llne draw1nqs, but ‘has an
attrlbute LOCATION. A value of LOCATION 1ndlcates the start place
from Wthh X and Y coordlnates of a component are stored

Examples of relations (1), {(2) and {9) are 1llustrated in Fignre

5, 6 and 7 reepectively.
4. Query Processing

Query language used in the database system is ezmllar to QUEL
of INGRES[4] In our system, one of the important problems in cuer§
proce581ng 15 how to link an apleCdtlon praogram to the retrleved
data. This linkage is the most 51gn1f1cant property for the
‘skull line drawings processing. i o
Figure'Beillustretes the:ontline of the query processing.

. To make our oiscussion more cleerlyy-let us observe‘the processing

‘forithe following query example:

" The case 1is mandlbular prognathlsm, the 1n1t1al diagnosis- age
is l4 to 25 years old sex is female, the vertlcal faclal type
and the horlzontal one, are everaqe and class 3 respectlvely,_.
and Gonial angle(GOA) and Chln engle{CHA) of features are

120° s GOA < 140° ahd 70° siCﬁA 5‘85°'re5pectively. o

Flnd the mandlble line drawings of the lnltlal cases Wthh

satlsfy these quallflcatlons, and dlsplay the retrleved mandlble

‘on the Space of which X coordinate and the origin-are Mandlbular

W

Plane and Menton respectively.
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Note: Mandibular Plane means the line connecting between Gonion (GO)
and Menton (ME} in orthodontics(see Figure 4). Conseguently,

" the coordinates of the feature_points GO and ME must be retrieved.

Notlce ‘here that the underllned part of the query corresPonds tol.-
‘the appllcatlon program which is named MADISP.

The former half of thelquery is written by QUEL as follows:.

RANGE OF X1 IS D
RANGE OF X2 IS F‘.
© RANGE OF X3 IS FPC
 RANGE OF X4 IS LD
RETRIEVE INTO. Y {x1.xmo.,.x3.oox, X3.G0Y, X3.MEX,
X3.MEY, X4.LOCATION) | A |
. WHERE X1.DTIME="1" AND X1.HFT-"CLASS 3"
AND X1.SEX="F" AND Xl}VFT:PAVERAGE"_ANb
14" £ X1.DATE € "25" AND
"120°" < X2.GOA € "140°" AND "70°" < X2.CHA S "g5e™
AND X3.FPN="ME" AND X3.FPN="GO" AND X4.CN="MANDIBLE"
AND X1.XNO.=X2.XNO. AND X1.XNO.=X3.XNO.

AND X1.XNO.=X4.XNO.

where,relationS(afDIAGNOSIs, FEATURE, FEATURE POINT COORDINATE

and ‘LINE DRAWINGS are expressed by D, F, FPC and.LD respectively.

Now, to process the latter half of the quely, the following command
is input after the above query was processed.
// LINK(A}

// MADISP
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where'LINK command performs to link the retrieved data to applioation
program MADISP. LINKER of Figure 87retrieves X and Y coordinates

of the mandible line draw1ngs from the skull llne draw1ngs

database referrlng to the value of attrlbute LOCATION of the

result relatlon Y, and stores these in the llnkage file together

w1th X and Y coordlnates of GO and ME feature pOlntS‘ Here,

the structure of the 1lnkage flle depends on the applloatlon

program.

Therefore, variable A in LINK command_indicates'the'fiie_'
structure for application program MADISP. In our system,

. several types of,linkageifiles are provided_and'aeoordingly_'

users should choose which structire is suitable for an application
program.

An ekample of display output is illustrated in_Figure 9.
5. Implementation

The database system 1s.under now. the 1mplementatlon on
top of the DPS operatlnq system for PANAFACOM Corporatlon U3co
mlnlcompqter system- ‘The 1mplementatlon ‘is prlmarlly programmed
in FORTRAN. =

" As is evident from the'abOVeumentioned example, it should

be emphasized that the skull line drawings are frequehtly

retrieved by specifying the features.; Therefore, inverted files
for some important features should,be'provided to improve a

retrieval efficiency. To make inverted files, the value of

" these features will be gquantized, for example, Gonial anqie_
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feature will be quantized with 10 degreedstep as shown in

100° £ GOA < 110°.

6. Conclusion

The' design-of‘a database syStem'for processing of the
skull line draw1ngs used 1n orthodontlcs was descrlbed
The relatlonal model was adopted as a’ data model because of
- a hlgh degree of data 1ndependence and the ea51ness of developlng

‘appllcatlon programs by orthodontlc spe01allsts

-As the conceptual schema of the database, 12 relatlons in the
~third normal form were deduced from the skull llne drawings and.
the cllnlcal data on dlagnoses and treatments. The database
system has the functlon called LINKER whlch links the retrleved
data to appllcatlon programs by LINK command
The LINKER plays the most important role in proce551ng of the
gquery which 1ntends to both retrleve the skull line draw1ngs and
'process its results. B |

The database:system is now under the'implementationhusing
dFORTRAN, and.could.stote aboot'EOO-skull-line'drawings ia our

minicomputer system which has a disk file of 30 MB capacity.
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Skull Line Drawings

| INPUT |

THINNING

CONSTRUCTION
' | OF GRAPH DATA
| STRUCTURE

" [ PREPROCESSING |

STRUCTURE
ANALYSIS
|
FEATURE
EXTRACTION

EXECUTION .OF
APPLICATION
PROGRAMS

Figure 1 Outline of skull line
drawings processing
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Figure 2 An example of skill line
' drawings '

" Figure 3 Eleven components of skull
' line drawing

'
t
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FH Plane .

. Mandibular
Plane

an example of features and feature
points on mandible :

Figure 4
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CASE NO. NAME SEX | BIRTHDAY | CASE DIVISION INTERRUPTION
1000 Tanaka Taro M 1970.3.5 General No
1001 Yamada Hanako F 1965.5.1 .General. No
- 1002 Nakamura. Jiro M 1966.9.6 Educational Yes
1003 | - Suzuki Mariko F ] 1957.1.9 Surgical No
1004 Sato Akiko F 1960.7.2 Research . No
COMPLETION | 30" b1, e - o |
- ‘Figure 5 The relation CASE MANAGEMENT
No -3 ' B '
. No b
~ No 4
Yes 2
- No 1
‘ DIAGROSIS ' . DIAGNOSIS | HORIZONTAL | VERTICAL
CASE NO. | ™ ypyg SEX 1 agE FACIAL TYPE | FACIAL TYPE
1000 1 M 7.2 Class 3 tong
1001 1 F 9.4 Class 3 Average
1002. 1 M 6.9 Class 1 Average
1003 - 1 F 21.5 Class' 3 Short
1004 i F 18.7 Class -2 Average
. FACTAL X_RAY
SYMMETRY FILM NO, o ' o
Figure 6 The relation DIAGNOSIS
.S 5300 C '
.S 5303
S . 5309
AS 5313 -
) 5315




"X RAY. COMPONENT |

FILM NO. NawE - | LOCATION
5300 | Maxilla 9800
5300 | = Mandible 9801
5300 Soft Tissue| 9810
5301 Maxilla 9811
5301 Mandible 9812
5301 Soft Tissue - 9821 .

Figure 7 The relation LINE DRAWINGS
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{ INKAGE -

192

Query | quERY j LINKER
T PROCESSOR |

SN

RELATIONAL .~ SKULL LINE DRAWINGS'
DaTaBASE ¥ DATABASE **

* This consists of diagnosis and treetment data,
features, feature point coordinates and
location of skull line drawings.

** This-consists of the X and Y coordmates of
skuH 1ine drawings.

Figute 8 Outline of guery processing
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Figure 9 Output of guery processing
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1. INTRODUCTIGON

The design and implementation of very iarge database systems’
are currently of growing interest.. Particuiarly,'in a felationaiu>
database system the 1mplementatlon of a flle organlzatlon or,.
an access path structure sultable for relatlonal operatlon is
1mportant,_51nce a well‘deslgned and ;mplemented flle_otganlza~_
tion can increase the efficiency of the system. | |
| - By "access pathe“ we mean phy51cal connectlons, e. g
pointers or adjacency, between data [TSIeL 77)1. Two kinds of
access pathsP secondary lndexes and poxnter cha1ns(l3nks)are
proposed for relatlonal databases [ASTRB?GOG], ITSICL77},
[STON?SOQ]; Many 1mp1ementat10n technlques for the two access

paths are proposed Howeverp the following problems are not

solved completely:r-

Y. The full inversien problemz In order to suppoft all
operatlons equally (e.q. selectlons), all of attrlbutes some—i-'
tlmes need be lnverted"' ThlS lead to a very large storage
space requlred for all 1ndexes, and in thls caser the matntenanee
of these 1ndexes can become very 1nv01ved | |
| 2 Access Path manaqement overhead: In some’ ysteﬁ.sueh-

as System R {ASTRB7606}, 1ndexes and llnks are reallzed by d1f~

ferent 1mplementat10n technlques‘* Therefore,'creatlon and 1r_1a1':a-= e

gement of these access paths are difficult'ahdrcostly.
3. Eff1c1ency problem of relatlonal operatlons- Basicallyff

1ndexes and llnks are used to support Selectlons, and join,

respectlvely, However, the_proceSSLng eff1c1eney of joins.when

using links sometimes is not preferrable. Moreover, divisions

A
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are not supported efficiently using the two access paths. Among

aCcess paths/file organizations proposed so far, no one is con-
sidered to be suitable for diviéions.

In order to deal with theéé problems, we have proposed a
filé organizétioﬁ éalled Rélationél Invefted Structure (RIS)
[TANAL7808]. The main features of RIS éan be summarizéd as
fbllows:. |

1. Domain oriented Qrganiiationi A RIS file is»organizgd
as é collection of indexes of»attributes bélonging to conceptu—
ally joinable domains. 1In this meaﬁing,»é RIS file can be said
to be a mérqed,type index. By using a RIS file, both selections
and m-way jQins as well as binary joins can be supported-efficiently.

2. Pseudo-operations [TANAL?SGB]:A‘In a RIS file, hashed |

values of attribute values are incorporated to support pseudo-

operafionsL In pseudofoperations, fhese hased values are com-
pared insﬁead of the attribute valués thémselves in proper ope-
rations. Byfusiﬁg hashéd values, pseudo—oéerations especially
pseudo-division can be carried out. Furthermére, paftial match
can alsoc be performed by choosing propef hash functions. |

3. Realization of abstracted charactéristics of data
[LEVIK7911]: Some cﬁaractefistics abstracted from the daté which
are needed for high level operations,.such as improvement df null
reséonses, intEgrityicheck, view update check, éfc. can be stored
in the directory part of a RIS file. |

The main idea in designing RIS files is similar to that of
Haerder's Generalized Access Path Sﬁfucture [HAER7610], [HAER7809]
and otﬁer implementation technigues for links [TSIC7502], [CODATl]

-

However, the use of hased values for pseudo-operations and the
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abstracted_characteristics described'above make RIS files more

powerful than others.

In this paper, the implementation and evaluation aspects
of‘RIS files are disqussed. 'Evalﬁaﬁion 6fi§torage spacg,'retrie—
val and update costs are cérfiedrout for 2 versiéné‘éf RIé filés
and coﬁventional iﬁdexes.- It will be shown that using RIS files, .
stdrage spaée'can be saved in compared with full”ihVersion index
systems. For rgtrieval costs, consider only basic operétions
{without combiﬁation wiﬁh pseudo-operations), wheﬁ-the numﬁer_of
attributes in a RIS file is smail, RIS fiies are p:eferable.than
" Indexes. In pariicular, in orderrto‘process joiné efficiently
conﬁentional indexes apprdach‘mﬁst deal with the arrangement
problem of indexes on disé packs. For update 6peration§, espe-
cially updétes of hashed values in RIS files the costs are not
preferable. However, it wili be shown that the difference between
update costs of‘domain values and:pointers ftupie id*s) for RIS
files and indexes cén,be neglected. | |

'As-a reéults of our evaluation, the problem.of clustering
of attributes belonging to a RIS file, and the problem of.arrang—
ing RIS files on disc packé are briefly disq§5sed‘ Clﬁsteriﬁg
and arranging RIS fileé properly when designing them, processing
:efficiency ié considered to be increased much mdre‘i |

The implementéiton‘of a Data Storage and Retrieval Subsystem
(DSRSJ.fér-a.relational‘databése system qalied AEIS (A Relatidnal
Information System) will éiso be discussed. Usiﬁg RIS files as

the main acdess paths, DSRS realizes the following retrieval

facilities:
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(1}
(2)
(3)
(4)

Selections and m-way joins,
Pseudo-selections and pseudo-joins,

Logical operationsl, e.g. AND, OR, and

.

Access to relatioﬁ,files and checking for hash collision.

Finally, query proaessihg method in DSRS is presented

using a sample query on our database.
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2. BASIC DEFTNITIONS

2.1 Relational Operations
Given sets D1, D2, ..., Dn{(not necessarily distinct), R is a
relation on these n sets, if it is a subset of the Cartesian

product D12D2x..han; Set D1, D2, ..., Dn are called the

domains of R. When implemented, each tuple can be identified '

by an ldentlflcatlon code{(TID). A relation is ﬁsuaily iepre—
sented by a table, whlch has n columns correspondlng to the n
domalns, and many rows, each of whlch replesents one n-tuple.
A column is called an attrlbute and a domain is the set of
p0551ble Values of 1ts_assoc1ated attrlbute(s)fl’The range éf
_an'attribute is defined for each COmbination of an attribute
and a relation to be the set of all values‘appearing in the
_attribuﬁe;_-

Let é‘be any élement in {=,#,<,??;>,>=1 and.ﬂf B be
attributes of relation R. The e?restriction of R on attrib-
utes A, B is defined by RiAGB] ; [r: rée R, rla] e_riB}}
where evéry element of R[A} is efcompérable with every

element of R[B], that is for every r[A], s[Bl, r[A] © s[B]

is true or false(not undefined). Here, r[A] denotes the value

of the attribute A of tuple r. R[A] denotes the set

{ r[A]: re R} that is the.projection of R on A. When @

is =, we simply call o- comparable domains “comparable
domdins“. A spec1a1 but usually used_case of restriction
isrdéfined by R[ABc]l; where ¢ is a'cbnstant é—comparabie
with R[A]~fSuch'a restridtion is &alled-a éelecﬁion;

Tﬁe 8~-join of relation Rl on attribute A with relation

R2 on attribute B is defined by
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R1[A6BIR2 = {(r,s): reRl, s €R2, and r[A] © siB]}

where (r,s) denotes the concatenation of tuples r and s.
3

Providing Rl {A] and R2{B} are comparable, the division
of RI(A,E) on A by R2(B,B) on B is defined by

Rl [A+B]R2 = {rial: r eri, rR2(B] gRl[i',r(K)‘]}'r

where R[A,r(E) 1= {r'[al: r"€Rl, r'[A] = r(Al},

2.2 Abstracted Chafactefisticsr

In Ehis seqtion,rthé conce?t of abstracted charaéteristics
"(AC's) of data{LEVIK79ll] is presented. The introduction of AC's
aims at (1) Increasing the efficiency of query procéséing, (2)-
Improving thé meaﬁihg-of null responses, and.(3) Pfoviding a

powerful view update checking facility.

AC's are defined to be the characteristics éxtracted from sets

of tuples in relation(s). AC's have the following characteristics:

(1) There is not always one-to-one corresponding between AC's and

their underlying data. In other word, underlylng data cannot be
recreated us;ng some AC, the underlying data are more 1nformat1ve
than their AC's.

(2) AC's must always reflect their underlying data: some
AC s are time- 1ndependent- some of them are time- dependenf AC's
of the latger class must be updated when the underlying data are
changed. |

(3} AC's are useful for guery processing;.update ope£a£ions
and cother high;level operations | | R

There exist éeveral methods of'abétraction, therefore Qe

can have Several different AC's. But in order to keep small the |

maintenance cost of AC's, we use only AC's which are easy to

compute and maintain.
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. A characteristic is global if it concerns all tuples in

a snap-shot of a relation scheme and is satisfied by all the
tuples, and is local'if it conCefns only a subset of tuples in

a snap-shot of a relation scheme and is satisfied by all the

“tuples in the sﬁbsét,

A characteristic is time-independent if it is satisfied at
all'Snap—shots of the corresponding relation scheme,; and 1s

time-dependent if it is satisfied at some snap-shot(s) of the

_relation scheme but hot all..

Here, we, discuss only AC's which will be used in this paper.

For other Ac's'[LEVIK791l]‘can be referred. 'One important BC

is the time-independent global functiconal dependency (conventio- -
nal FD) [CODD7105F]. The concept of FD can be generalized to

define time-independent local FD, which is always satisfied by

a specific subset of tuples in a relation, time-dependent global/ ..

local FD, and bound numbers. Fig. 2.lillustrates an example of
these FD's. The maximum (minimum)'bouna.number of attribute'B
éssociated tb_attribute A in relation R(A, Ej is the maximum
(miniﬁum) nuﬁbér of;B valueé.asé§¢ia£éd to every A Value._In.
the casevof FD, S6und numbex becoﬁes 1. ‘The rangerand caiéiu"
nality (the nﬁmber éf_différent ﬁaiues) of an aﬁtribute‘A are

also useful AC's.
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characteristics, partial matching and relationship retrievals,

3. ORGANIZATION AND CHARACTERISTICS OF RELATIONAL INVERTED

STRUCTURE (RIS) FILES

In this section, we intro&uce a new file organization called
Relational Inverted Structure (RIS), which is the access path
structure used in ARIS. The main design objectives of RIS files

are as follows: (1) To increase.the processing efficiency of

conventional relational operations (restriction, join and division}, -

(2) To decrease'the overhead caused by introducing higher level

relational operations such as query prdcessing using abstracted

(3) To obtain an easy access path generatioﬁ/maintehance
mechanism, and (4) To cope with some problemé of partial
inversion systeﬁs. o | |

| The major characteristics of RIS-fileé are (1) To iﬁtroaucé

theconceptof "pseudo-operations” using hashed wvalues of

‘'origirnal attribute values, and (2) To embed some of abstracted

characteristics in order to achieve the objectives described

above.

In order to improve the efficiency of sequential searches
in RIS files, partition and arrangement of domain values are

proposed and discussed. o _ | ‘ o
3.1 RIS File Organization

Usually, two kinds of accesses aré,required in a relétional‘
détabése: ti) Direc£ access to a certain tuple having a specified
attribufe value in‘a‘relation, and (2) Navigational access from
tuples to tuples of different.relations. ihe'first kiﬁd of
aécesses can be implementedlby indexes 6n attribute values.

\
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Each value is associated with a list of TID's (Tuple IDentifica-

tion Code) whose corre5ponding ‘tuples have the value. The
second kind of accesses can be represented by the Connectlon of

TID's whose correspondlng tuples match on some attribute values

These two methodslare 1mp1emented in System R as-Images and
LlnkSLASTRB7606}, respectlvely. |

The characteristics of RIS files can be summarized aé
follows:. | | | |

(1) Domain—brieﬁted organizatibnz A RIS Eile is
organized as a éolléctioh of indexes of attributes belonging to
éonceptuallf joinéble dbmainsi RIS files can be said td.be.a
merged type index. _Conventiohal facilities-bf indeﬁes;and-
links .are realiZéd by this orgénizétiOn, aﬁd ﬁ—éry joins can be
supported efficiently as well as binary joins; Furthermore,
domain—oriented querieé such as.relafiénship_retrieval fér'
example retrleval of names of relations and attributes by
spec1fy1ng some domaln values, can, also be eff1C1ently supported R

(2) Pseudo operatlons[TANAL7808] In RIS files, hashed |
valués of attrlbute values are also lncorporated to support
pseudo 0peratlons. In pseudofoperatlons, these hashed values_-
are compared instead of the attribute vélueé themselves in
proper operations. The résults obtained by pseudo~operations;
always contain those‘iﬁ propef 0pe¢aﬁions- rBy usiﬁg sevefal
pseudofoperations; such as pseﬁdo;restriétion; pseﬁdo-joiﬁ,.and
pseudo—division, wé can rédﬁce the number of accessions to ba$e
relation f{lesu Furthermore, partial match één alsc be performed

efficiently by the method.

St
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- {3) Use'of abstracted characteristics of data[LEViK79ll}:

Some abstracted characteristics needed for high level operations
described iﬁ Section 2 can be stored in RIS files, and can be |
rapidly retrieved from RIS files. Some'of them are time—dependent
functional dependency,-bound number5,>attr1bute range, cardlnallty
of attrlbute, etc. -

A RIS file is a modified inverted structure of Haerder;s‘
"Generalized Access Path Structufe“[HAER?élO],[HAER?SOQ], whieh
is a unified access path structure‘to support both indexes and
links. The use of hashedlvalues for peeudoeoperatiqns and the
abstraeted characteristics described above make RIS-files more
powerful than Haerder s Ceneralized Access Path Structure.

Let the domaln of a glven attribute A be denoted by D(A ).
The term.domaln—related is deflned as_tellows: (1) 1£f D(Ai)(\D(Aj)
# $ then A end Aj are.domaie—related, denoted by AiﬂJAj, (2) For
~distinct i,j and k, if A;/~VAL, and AjAVAy, then /A . '
A RIS file, RIS(Ai) is created for a set of domain-related

attributes {A ee-s A Hereafter, the term "domain value x"

-
in RIS(A ) means a value whlch belongs to at 1east one D(A, j)
(3=1, ..., k).

A RIS file consietsrof two parts: the aeeession'data ?att
and the directory part. |

The accession data part is a set of records each ef which
correponds to aldomein value in the RIS file. These recordslare
sorted on the doﬁain values. A record consists of the domain
value and a number of accession lists. Each accessien list corresf
ponds to a relation and an attribute,.and has a list of TID's

whose corresponding tuples have the domain value on the attribute.

Incorporated into each TID‘is'a list_df hashed values of attributes
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other than the attribute Aij in the relation. Fig.3.1 illuys-

trates the structure of a record of RIS accession data part.
The directory part of a RIS filg is a set of tuples from the
following relation:

RIS#DER(REL~NAME;ATT_NAME,RIS NAME;RIS_ATT,MAx;VALUE,

_MIN_VALUE,ATT_CARDINALITY,MAX_BOUND,MIN_BOUND)"

where ATT NAME is the name of attribute in the relatlon glven in
REL NAME; MAX VALURE and MTN VALUE are the maximum and mlnlmum
valugs of the attrlbute, respectlvelyu Slmllarly, ATTMCARDINALITY
is the numbér ofndifferént'valueso In the case of binafy relations;‘
MAX_BOUND and'MIN_BOUND are the maximum and minimnm hound numbers
' associated to tne invérted.attribute in RIS ATT.
The following cnérécteristics are realized in RIS files:
- {1) Time-dependent fundtibnal dépendency and bound numberSf.in'ﬁhe
case of binary relations, if the bound numbers given_in MAX_BOUND
and MIN BOUND are 1 then time dependent fungtional de?endency
‘betwwen the two atﬁributes can be obtained. This can be expanded
' to the casé of‘compdund attributes, (2] Time-dependent attribute
range, MAX VALUE and MIN VALUE glve the range of correspondlng 7
attribute, (3) Number of attribute values(CARDINALlTY},'; '
From the dlrectory part of a RIS file, time dependent

global characterlstlcs of attrlbutes in the qu file can be
‘obtalned. These characteristics can be accessed by relatlon h
and attribute names. When the nnderlying data afe changed theée
characterlstlcs can be updated u51ng accession data in the RIS flle;
Other time dependent local characterlstlcs can be obtained 7
directly from the accession data pdrt.

" Using ;ne sample data in Fig.3.2, an egample illustrating

a RIS file is presented in Fig.3.3.
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The basic gquestion of what set ofraemain related attributes
.to be inverted in a RIS file is very important at the design
time of RIS filee for a given database.

In order to keep smell the update maintenance eost of RIS
files but remain their effectiveness for a given data bese,'the
followieg considerations can be used as design criteria of RIS files

(1) 7o p:oﬁide a partial inﬁersionr.fdr each releﬁion.rlThat
is not all attribgtes have a RIS file,

(2) To provide one RIS file for a set of‘domain—related
attributes. ' -

The siee of a RIS file is directly proportional to the
number of attributee having heshed #alues in the file. mTo keep
the size of RIS files under an allowable llmlt 'only the follewing
attrlbutes are selected to have hashed values. o :

(3) Attributes with high access frequency, and (4) Attributes

whose values can be partially matched.

In fact, the selection of hashing'function accoraing to
attribute types, and‘the objectiﬁes to have hashed values is
also importeht because the length of hashed valuee is ‘a main
faetor'which affects.the,eize_of a RIS file.

. A number of hashing'funetions can be constfucted according
to the following objectives: | |

(1) brder preserving, |

(2) Partial matchiné, and

(3) Data compression.

Based on the type of data, and using query statistics, the

selection of hashlng functlons must be carried out carefully.

As will be discussed in following sections, processing
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efficiency of relational 0perétions, especially the join opera-

tions can be increésed if the set of attributes to invert in a
RIS file is chosen pr0per1j. Moreover, by partitioning
attribute ?alues in a RIS file according to “sharéd degree™,
and arranging these partitions, the efficiencyiof sequential
searches of RIS files can be improved considerably. . This will

be discussed in detail in the next section.

3.2 Partition and arrangémentibf doﬁainlvalﬁes

When using a RIS file to sﬁpport a join operation, all the
RIS file must be searched_sequentialiy} Evén the search ranges
can be reduced‘using abstracfed characteristics, when the
ranées of attributes are almost the same, AC's can not be
utiliééd.

Given a set of n attributes belonging tblthe same domain.
For an attribute wvalue, its "shared degree" is defined to be
the number of different aﬁtributes sharing the value. There
exists n shared degrees for a set of n attributes. Using this
concept, we can partifion domain values into partitionslof
different degreeé. Iﬁ addition; there exist n!/ki{n-k)!
different combinations of k attributes. -Therefore, a dbmain
contéining‘n attributeé can be partitipned.into 21 different

partitions.

'For example, domain containing two attributes, say A and B, .

can be partitioned into three partitions, two of shared degree
1 and one of shared degree 2. |

When paftitioning domain values, values belonging to Fhe
same attribute are devided into different partitions. Howeﬁer,

in order to suppdrt sequential search concerning that attribute

208 |




efficiently, these partitions are required to be arranged

consecutively.

Ehrich and Lipski[EHRIL7601] proposed an algorithm which
arranges partitions optimally with redundancy. Fig.3.4 shows
an example of arrangement 6f three attributes by théir algo-
rithm. |

Applying thé parfition and érrapgement of domain values
to out RIS design,.the:Search range of.each m-way join can be
reduced .considera!oiy. In order to distinguish RIS files withoutl
and with. domain value p'artit-iqn-'and aJ;rangement in the evalu;

ation in Section 5, we call the former RISL and the latter RIS2.




4. PSEUDO-OPERATIONS

In this section,-ﬁe describe the query processing me thod
us1ng the follow1ng pseudo operations: (llpseudo selectlon,
(2)pseudo—301n D1v151on‘1s also eff1c1ent1y proceased by trans—‘
lating it'into pseudo-division using RIS files[TANAL?BOS],_

For simplicity, we only consider a two-variable query
Q(X) AND Q(Y) AND P(X, Y) Herey (X) and 0{Y) are conjunctlons
of selectlon querlesu That is, o(x) = évQ.(X) and each Q (X) is

K
a selection gquery such as X. A, “'constant' P(X Y} is a conjunction
of jOln querles. That is, P(X,Y)= f\P {X,Y} and each Pk(X Y} is -

a 301n such as X. =¥ .B Accordln to the allowable access.
1 g

k2"
modes of RIS flles, we have two major query proce531ng methods=
Dlrect Access Method and Sequential Access Method.

The main idea of both methods is that we :emqve the TID‘S
whose tuples can be proved not to be conﬁainedlin the ans@er by
by the COmparlSlOn of hashed values, when searchlng RIS files.
Based an thlS ldea, we can reduce the number of accesses to the
relation fllesu_ | |
fDirect Acéess Method]

Step 1: Select some Q {X) and Q (Y) ln the query such that RIS -
files ex1st for attrlbutps in. 0, (X} and Q {Y) .

Step 2; (Proce551ng df selectlons and pseudo restrlctléns)
From the RIS flle for Q (X} (Q.(Y}),'select TiDh's, whose:
correspondlng hashed values satlsfy Q! (X)(Q (Y)), together

' with the hashed values of attrlbutes 1n p! (X Y) .

Step 3: (Proce531ng of pseudo—jolns, velatlon file access and check

From the obtained two sets of TID' 5, select only TID's

1
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_which satisfy P'(X,¥). By using the remaining TID's,

access corresponding relation files to obtain tuples,. and
examine whether each pair gf tupiés satisfies Q(X) AND-V
0(Y) AND P(X,Y). - |
Rere, ' (%)=, 05 (0 and §' (1)=/301 (1) . 0 (X) is a pseudo-
selection H(X.A€)=H('cohstant') which means that the hashed wvalue
of X.Aa.is equal to thé haéhed véiue of the given constant.
Q&(Yj is also defihed in the same mannér; _PZ(X,Y)=JSPA(X,Y);

Pn'(X,Y) is a pseudo—join.H(X.Anl)=H(Y-B At the final step,

| n2)'
the examination of Q(X)-AND Q(Y) AND P(X,Y} is required bacause
of the p0551b111tles of hash collisions in evaluatlng Q' (X) AND

[} (Y) AND P’ (X,Y).

[Sequential Access Methdd]‘ |

Step 1: Select some Pk(X,Y}-in the query such that a RIS file
exists for the attributés in Pk(X,Y). Accesélseguentially
the RIS file. |

Step 2::(2r9ceséing of‘join Pk(X,Y), pseudo—selectiohs and
pseudo—joihs) Af éach aomaih value, if‘there exist TID's
~of both relaﬁions and if the corresponding hashed
values of these pairs of TID‘s-satisfy Q' ({X) AND Q' (Y).
AND §'(X,Y}-theﬁ séiect these pairé of TID's. Repeat
this step for all domain values in the RIS file.

Step.3: (Relationrfile'access and check) Using £he selected pairs
of TID‘S, aécess the corresponding relation fi}es;to'
obtain tuples and examine whether.each pair of tuples
satisfies 0(X) AND Q(Y} AND P(X,Y).

Here, Q' (X)=/Qi(X), © (Y)—f\Q (1') and P' (X, Y) E#k e“‘ Y). Other
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notations are similar to those in the Direct Access Method.
Partial matching queries, for example X.TITLE='*database*'
are usually translated to pseudo—seléction, where hashed values

can be applied.
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5. EVALUATION OF RIS FILES

5.1 Model of the Relationai Inverted Structure files
- In this section, we describe a Simple model of the thsical
structure of the RIS file on which_the evaluations followed

will be based,

In our model, a RIS file is assumed to be built on a Bitree

like data structure [COME7909] of order 4. It consists of two
parts, the directory part and the leaf part(see Fig.5.1). The
depth of the index part is known as logdm, where m.is the

number of keys in the leaf part. |

There can-be two reaiizations of a logical record of-RIS

file which differ from each other in choosing the kefz {a) Key=
domain value, and (b) key = domain,value, relgtion number,
attribute number. In thermethod (a), a phical fecofd realizes a
- logical record and less storage space is required than in the
method (b). In the method (b), a number of consecutiverphysical
records realize a logical récord. In order to compare RIS files

with conventional secondary index files, we choose the method

(b) , because this organization can also be applied for}the latter.

In the evaluation followed,h RIS file for a set Ai of
attributes is considered. The file is denoted by RIS{Ai), and -
attributes in Ai are denoted by Aij' =1, ..., k. Table I

summarizes the parameters used in the following Section.

5.2 Storage Space Evaluation
In this section, the evaluation of storage space for RIS(Ai)
"is discussed and compared with that of conventional secondary

indexes., For simplicity, only storage space for leaf pages
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associated with logical records 6f RIS(Ai} iz taken into consi-
deration. |

A physical recora of a RIS file consists of a doméih value
an an accession list(concerning only this.part; this organization
is similar to that of secondary indexes). In an accession list,
there are a felation-nﬁmﬁér, an attribute numbe?, the number of
tuples, a number of TID's and associated hashed values.

In RIS(A ), the number of phy51cal records is given by

2 D(A
3=

whére D(Aij) _is the number of different values of attribute

Aij' Then average storage needed for n. records is:

= % ' | -
SDv n, 1d (5-1)

" Note that if we choose the organization (a) in Section 5.1, n;

must be less than or equal to that in this case_of organization
(b) . |

The stqrage ﬁeed for nij accegsion list of relation Rj is
given by- |

S . = (1

*1 o -
Rj } + n..*1 {5-2}

h h] ij e
Then the total storage S needed for ng records becomes:

!
i D + E:ES

€3]
fi

b

ng*Lg E(N * (141
L
j=1

* ' -
- Thy } o+ n; J 1.} (5 3)

As mentioned in Section 3, a RIS file has the access ability
of both index and link. Therefore, the storage Si should be
compared with the total stbrage of?corresponding indexes,
provided that. link is realized by a number of indexes.

Here, assume that the index for attribute Aij has a set of
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records, each consists of one domain value, a tuple number
1nd1cator and a number of TID's. 1In thls_case, relation and
attribute number are not necessary to be consiaered.

The storege I.. needed for the index of Aij is given by

1]

= *
Il] Nj lT + nij (1d + lnt)

(5-4)
The total storage I, for all indexes, each for one Aij

becomes

k. Xk _ -
%; 3| - Egi(Nj*lT trgglla Yl 579

In case of complex queries where hashed values can be used
for pseudo operations, RIS files can be compared with a full

inversion system, whose storaqe is as follows:

I, = n1§: I, = m*I
£ 5=1 i
k -
= * -_
IiFEKNJ l + nij(ld + lnt)) N : {(5-6)

where m is the average number of attributes in a relation.

The difference Di between (5-3) and (5-5) can easily derived:

X _
= *] % x71 -
_ Egi (Nj*L*rp ) + ng o *10 (5-7)
]
where 1c = lc - lnt'

The difference Df hetween (5-3) and (5-6} is:

It

D; - (m—l)Ii (5-8)
From (5~7) and (548), it can be concluded that an amount
of D space is paid for hashed values in a RIS flle, however

by the sake of this, we can save Df space in comparison with

a full inversion system.
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5.3 Retrievél Costs

Retrieval costs for selections and join when using RISL,
RIS2 (RIS1 with domain values partitioned), and conventional
secondary index, or.index for short, are derivea'and compared
below. First, préceséing procedures are explained for each
casé. Then the costs are derived aﬁd compared. Basically, the
number of pages fetched is assumed to be the relevant meaéure
in our évaiuatione Table II summarizes ?arameters will be'uée&

in the evaluation.

5.3.1.Retrieval Costs for Selection

Consider the selection Rk,Aj:'a'= The following procedure
is applicable to all the access paths RISi, RISZ, and Index.

| Step 1l: The éccess path (RISl, or RIS2, or Index) is

directly accessed to fetcﬁ.the desired sets of TID's.

Step 2: The corresponding relation file is accessed using
the set of TID's obtained iﬁ Step 1.

Let the cosﬁsfin accessed paées) requifed by step 1 for
. 2 and SI' respéctiveiy. In ﬁhe

case of RIS1 and Index, the directory is accessed only once, thus

RISi, RIS2, and Index be Si, 5

5, and SI?become:

1

1 logd(m) + 1

0
i

,SI§= logd(mj) + 1

where m and m is the number of different values in RIS1(RIS2Z}
and in the Index of Aj, respectively.

In the. case of RISZ, the direcfory is accessed once for
each partition in the worst case. Let h be the number of

partitions containing R .Aj values, the directory 1is accessed

k

)
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(h+1} /2 times in average. Therefore,

52 = h*logd(m) + 1 ‘ in the worst case,
S5 =(1/2) * (h+1) *log, (m) + 1 on the average

- The cost:Sr required by step 2 is the same for all the

three access paths:

= Xx » a
Sr logd(Pk) + Fk Pk_ 1f R, is cluste?ed on'Aj
= ‘ xp. * : :
Sr (logd(Pk) + l)'Fk_Nk if Rk is not clusted on Aj

We can compared the three costs.concerning only step 1.
For RIS1 and'Index,‘in case the RISl file contains values of
other attribqtes; nx?hﬁ. However, if we choose 4 to be as

large as possible, e;g, d=200, the difference between S, and S

-

(which 'is of log order) becomes small. In the case of Sl and S2r

when hz 2, 527'51. However, 52 can be improved if a directory

index on domain values, which gives the identifier of the parti-

“tion containing the corresponding domain value exists. By using

this directory, redundant accesses when using RIS2 can be reduced..

5.3.2 Retrieval Costs for Join

We consider the join operation Ri.a, = RZ.Ah, the case of
m-way joins can be deéerived similarly. The.RIS files of Ay and
Ah are denoted by RISi(a)(i.e. without domain valuelpartition},

and RIS2(a)(i.e. with domain value partition). The Index files

of A and Ay are denoted by INDEX(A,) and INDEX(Ah), fespectively.

We consider.the procedure and retrieval costs in pages for each
cése. For simplicity, we assume block facfor'I in RIS1, RISZ
and Indeﬁ are the same {(For parameters used in the evaluation,
see Table II).

(A) Procedure using RISI1({A)
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Step 1: RIS1(A) is accessed sequentially to obtain a set

of (R1.TID,R2.TID) pairs in whichr R1.TiD and R2Z.TID are corres-—
ponding to the tuples having the same value on Ak and Ah in R1
and R2, respectively,
Step 2: Relation files of Rl and R2 are directly accessed
using the TID's obtained in Step 1. |
In order to sequentially search éil the file RIS'ZL(A);,P ste? 1
requires to fetch m/I rages. |
Suppose we use TID's ocbtairned in step 1 to access relatlon
flles directly, step 2 costs
Jl*Pl_*(logd(pl)gu) + J2*P2*(logs (B2} +1)
if the t&o files are clusteéred on the join‘attribﬁteé, and
Jl*m*(logd{'_my + 1) + J2*N2*(log, (P2) +1)
if the two files are not clustered on the join attributes.
-In the following cases of RIS2 and INDEX, Ehé costs of
step 2 are fhe same as glven above, therefore we will not derived
them again.
(B) Procedure using RIS2(A)
The procedure is similar.to that of RISLl, except for that
in step 1, not all the RIS2 file is required-to be searched.

and R2.A

only those partitions containing values of both Ri.A H

k
are accessed, Let Ckh be the numher of domaih valﬁes must be

read to perform step 1, we have the cost of step 1 as follows:

Ckh/I.

(C) Procedure using Indexes

Step L:_INDEX(Ak) and INDEX(Ah) are accessed parallely in
sequential mode. As the two files are. accessed, the TID's of

common domain values in both indexes are obtained.
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Step 2: see-step 2 in (A).

In this case, step 1 costs:

mk/I +'mh/I

In order to compare access costs for join uéing RIS1, RIS2
and Indexes, we must take into consideration the fact that using
indexes, at least two indéxes are sequentially accessed at
the‘same time. But in the cése of RIS1 and RIS2, only one file
is accessed at the same time. |

Let T, be the average time tb read the next record in a
sequential access mode. ILet TS be the‘average time to move
‘the discﬂhead from a.record of one file to a record in another
file. |

Th; time needed to fetch the next page when sequentially‘
search RIS1(A) or_RISZ(A) can be considgr?d as Tr' To read
the first page of RIS1(A), it costs T, + Tr*Logd(m) to traverse
the index part, therefore cést in time Ty for join overation
using RIS1(A) becomes as follows:

= ' ' *
Tl T +(logd(m) + m/1) Tr

Similarly, cost T, for the case of RIS2(A) is:

T, = Tg + (logg(m) + C,/T)*T_

In the case of indexes, suppose that-the values of Ay and
Ay in both indexes are uniformly distributed. That is,jin
order to process the join, they can be read interchangeably one
‘block after another. Then the cost in time TI when using indexes
‘becomes:

TI ; 2;Ts + (lOgd(mk) + logd(mh) + mk/I + mh/I)*Tr

1 * 2% .
+ d;h*mln(mk/I, mh/I) 2 Ts-
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where

0 if the two indexes are on different disc packs

g -

kh

1 if the two indexes are on the same disc pack
We use the féllowing'example to compare the three cases.

For simplicity, we suppose m=2m, =2m _=1000, C, =2*m/3, I=2d=20.
. P Km0

kh

Ts can be taken as average seek time, approcimataly‘ZS msec.
Tr is the sum of latency time and transfer time, which is
approcimately $ msec, suppose that the record size is of 300

byte length for both RIS and index. Then we have the ratio

DlI and D21 between Tl an@ TIF.and T2 and Tlr respectively as
follows: ' '
= = ) *
Dy q Tl/TI (T, + (log,,(1000) +50)*T )

/(2¥Tg + (27109; 4 (500) + S0)*T, + é;h*ov

0.90 if c?kh = g

= 0.27  if <f£h =1

where 0OV stands for min(mk/I,mh/I§*2*TS.

5.4 TUpdate Costs

In a RIS file (RISl or RIS2), there exist three basic
-update operations:

1. Updates caused'by the delefion/inseﬁtion of a tuple in
the underlyingrrelation file,

2. Modification of domain valuég caused by the update of
some tuples in the underlying relation files, and

3. modification of hashed values.

In the following we consider only updates of the class 1, which

-
-

- will become the basic for those in'classes 2 and 3.
(A) Update Costs for RIS1l: Consider the deletion/insertion of

a tuple t into relation R with R.Ah = "al'_ The updates of RIS1L
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file caused hy this update will be conéidered.
Step 1l: Locate the record wﬁose_domain is 'é',.assume
that there exists such a record in RISl(Ah)).
Step 2: Delete/Inéert the TID from/into the located record.
In order to aelete a TID or a doﬁéin value, a mrking bit‘
is used. For simplicity, it is assumed that there is enough
spacé in the located record to insert a new TID, and no compactioﬂ
of record is considered when a deietion is carfied out.

Let I, and D, be the costs in pages of insertion and

1
deletion, resPectively. They can be givén as follows:

Il = Pli: 2*(logd(m) +1)

(Bi Updéte'Costs for RIS2.

O;é property of the structure of ﬁIS? is that the inter-
section of domain Vélue sets of every two partitions is empty.
Therefore, update of a tuple in RIS2 ﬁé§-;ause the corresponding
record be deleted and another be insertea. These "chaining
updates" occur when the update of a tuplé changes the shared
degree of the correqunding recordf'

Ip the case of.deletion, if there is no "chaining updateé"
the procédure given in (A) can be applied. Then the average

cost D, can be readily derived as follows:

2

D, =((k+3}*1pgdkm) + 2) /2

where k is the number of partitions containing vélues of R.A, -
In the case that there exists féhaining update",; the

procedure requires one more write, thus the éveragé ¢ost'Dé in

this case is% : : | -

D} = ((k+5)*logd(m))/2 + 3

For insertion, there may be three possibilities:
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(a) Insertion of a new record with a domain value already

existed,

(b) Insertion. of a new record with respect to an attribute
in the RIS2 file, and

(c) Insertion of a new record with a new domain value.

The costs I2a' IZb, and I2c of the cases (a), (b), and‘(c)

respectively, can be summarized as follows:

Toa = ((k+3)*1ogd(m)}/2 + 2 on the average
Iop = ({k+5) *logg(m))/2 + 3 on the average
I,. = (k+l)*109d{m) + 2

From Ehé expressions derived above, it is clear that if k
‘is large, the update efficiency of RIS2 is not desirable. In
this case, a directory index on domain values, which givés the_
éddress of the partition éontaining-the corresponding domain

value can be created to improve update efficiency=

(C) Update Costs for Indexés
The procedure for index is the same as in (A). Tﬁelinsertion
and deietidn costé iI and DI‘in this case are: |
I, = Dp =‘2*{logd(mh) + 1)
where m, if the cardinality of Ah‘
7 The differenge betwéen update costs of RIS1 and Indgxes

is of log order, theréfore if we choose d to be iarge, it can be

neglected.

5.5 Comparisons
We hava;derived‘and compared storage spaces, retfieval and
. update costs of RIS, RIS2 and indexes. Fhe follbwings can be

concluded from our evaluation:




(1) In the case of indexes, in order to perform m-way joins

efficiently, the m corresponding indexes must be arranged
properly on different disc packs to decrease the seek time from
one file to another. This is an,interééting problem that we
call the file'arrangément'problem.

(2) A RISl file of n attribute is mpch more suitable for
m-way joins in compared with binary joins. -

(3) RIS2 files are useful when the.number of partiﬁions'is
small and when there are not ﬁany update requests. 1In
particular, efficiency is increased when the cardinalities of
partitions with ‘shared degrees ‘ greatef than 1 are small in
compared‘ﬁith'm, the total cardinality of the set of attributés.

(4) One tfade~6ff'is paid for the power of RIS files due
to pseudo—oPQraEions is the update cost concerﬁing hashed'vaiues.

(5) Finally, we note that at the design time of RIS files,
the preblem of selecting proper domain related set of attributes
is very important. Our apprbach to thié problem is to use a
clustering algorithm to divide the original domain related set
to smaller subsets, and then arrange the RIS files corresponding
to these subsets on different disc packs so that the navigation
accesses between these RIS files can be carried out efficiently
like the case of indexes above. |

In conclusion, we can say tﬁat RIS files with pseudo—oﬁera—
tions, and useful design approach, e.g. domain clustering,
file arrangement, are believed to be powerful access path

structures and are suitable for relational operations.
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6. IMPLEMENTATION OF A DATA STORAGE AND RETRIEVAL SUBSYSTEM

We have been developing a relational database system called
ARIS (A Relational Information System). ARIS is a database
system based on the relatiocnal data modeltCObD?OOG}. This system
is designed and implemented to handle bibliographic data as well
as ordinary business oriented data, and it provides\flexible
and efficient data management faéilitiesl

ARIS consists of the following major parts: User Interface,
Information Retrieval Support Subsystem, Data Language Sub—
system, Language/Access Path Interface; and Data Storage and
Retfieval Subsystem. Fig.6.1 shows the configuration of ARIS.
A defail deécription of ARIS can be found in [KAMBK7911]
[YATIK8001].

| In this .section, the-implementation aspect of Data Storage

-and Retrieval Subsystem‘which uses RIS files-as the access path
structure is discussed. Query processing method in Data

Storage and Retrieval Subsystem(DSRS) will alsoc be presented.

6.1 System Description

The system works on a database constructed by a set of
relations. In order to support accessés to the database such
as data retrieving, updating, etc., the relational Inverted
Structure (RIS) files are used. Using RIS files as the méin
access paths{ADSRS realizes the following major facilities:

(1) Pseudo;selections and pseudo-joins which are based on
selections,‘ |

{2) Pseﬁéo—éelections and pseudo-joins which are based on

joins,
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(3) Logical operations, e.g. AND, OR,

(4) Access to relation files and checking for hash collision,
and, (5} Creating and updating relation files and RIS files.

The ﬁajor'characteristiés bf DSES are as follows:

(1) Simultaneous prbcessing of'ﬁ—way joiﬁs}'aﬁd

(2) Realization of.pseudb—relational operations using hashed
vélues; | | |

DSRS consists of the following modules: Access Path Manager
(APM) , Data Retrieval Module(DRM), Déta Storage Module(DSM),:
File Generator (FG), and Cutput Module (OM) (see Fig;G.l). Expla-
nétion ofrthese and other related mddulés is folléwea. |

In therLénguage/AcceSS Path Interface, the Access Path
Selectgg(APS) receives the parsed query from the Data Language
Subsystem, and selects an_bptimal access path uéing information
about RIS files with the aid of Physical dptimizer(PO).
(1) AccessrPath Manager (APM): APM receivesrthe access path
consisting of a ﬁﬁmber of access sequences froﬁ APS and call
DRM and DSM to perform thé'sbecified operations, APM élso
performs logical operations combining the_access sequences.
Finally, APM calls the Output Module to oﬁtput/display the
- results. . |
(2) Data'Retrieval Mbdule (DRM) : DRM consists of.Direct Access
Module, Séquential‘Access_Moaule, Scan‘Module'énd TiD—Access
Module (see Fig.6.2). Direct Access Module (DAM) aécess directlf
to RIS files and process‘selecfiohs, pseudo-selections, pseudo-
joins and some logical operations.- Sequential Access Module(SAM)
perform sequential access to RIS fiies and has the ability to

_process joins, pseudo-join, pseudo-selections and some logical
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operations. Scan Module (SM) makes sequential access to relation

files and has the ability to process relational operations and
loéical operations. TID-Access Module access relation files
rdirectly/sequentially through TID's and chécks for hash collision
due to pseudo-operations. | | | |
(3).Daté Storage Module {DSM}: DSM performs inséftion, deletion
and update of relation files.and RIS files. As ;elation files
are updéted, iﬁtégrity check 1s carried out by Integrity.chegk
Module. ' |

(4) File Generatcr (FG) : FG consists of Rélation File Generator
(RELGEN), and RIS file Générator(RISGEN). RELGEN receives a |
set'of tﬁﬁies corted on some attribﬁtes énd creates one file for
eqch relation. 'Each_paqe in a relation file has the organization
shown in Fig.6.3. RISGEN receives a numher (may_be one) of |
rélations and creates a RIS file for specified attributes in

these relations. For organization of a RIS page, see Fig.6.4.

6.2 Query Processing Method
| In ARIS, a ﬁserlquery is evaluated in five pﬁéées:
(l} Query.interpretation, (2) Access Path Selecfion, (3} Access
to RIS files, (4) Access to relation files, and {5) Post~
processing and.oufputting" These phases may be repeated iﬁ
evaluating‘a user query. | |

The Data Language Subsystem performs operatibns in phase (1).
Phase.(Z)_is'due ﬁo Acceés Path Seléctor(APs)} DSRS performé~
operations in remaining phases. ‘The Data Language Subsystem
carried out both semanﬁic and synt;ctic ChecksMon_the user
. guery énd pfocduces to fhe‘LanguégéfAccess Path Interface a-

parsed query expressed in an internal data structure. The parsed
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query is constructed by relational operaﬁions and logical opera-
tions such as AND, OR, etc.

Each access path selected by APS corresponding to a user
guery has some or all following access sequences:

(a) Direct Access Sequénce,

(b) Sequential Access Sequence, and

(c) Scanning Access Sequence,
where. (a) and (b) include access to RIS files in direct access
mode and sequential access mode, respectively, and (c) includes
sequential access to relation files.

(a), (b) and (c) are processed by Direct Access Module (DAM),
Sunenti&erCCESS Module (SAM) , and Scan Module (SM), respec-
tively. |

In fact, APS décompdses the parsed guery into subqueries
which can be processed efficiently by DAM, SAM énd SM. In
order to reduce the sizes of intermediate results, these sub-
queries may overlap with each otﬁer.

For example, consider the sample database and RIS files
given in Fig.6.5. We will'use the query given in Fig.6.6 and
' Fig.6.f to illustrate the query processing method in DSRS.

In SM, relation files are segquentially seérched and tuples
are checked for whether or not they satisfy the corresponding
subquery. Intﬁitively, SM is not efficien£ as DbaM, and SAM
because SM searches relation files exhautively, where DAM and
SAM with péeudo-operations need only to access relation files
directly. 1In the first version of ARIS, SM is only caleed to
process highéloW) selections, operations withgut RIS file, etc.

In the following, DAM and SAM will be presented in detail.
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Direct Access Module (DAM): This module realizes the facility of

Direct Access Method discussed in Section 4. However, DAM does

not access

relation files, it only produces the TID set of tuples

may satisfy the direct access sequenée(subquefy).

Subquery of n variables to be processed by DAM must include

a set S of
A subquery
tions both
operations

where R is

at least n selections, one or more for each variablé.
can include a set PJ of joins and a set PS8 dflselec—'
to be processed by pseudo-operatiohs; These se%s of
must be connected by logical AND's. let R.E R;

the set of the n relations. Let S.;€ S by S, we

mean a selection of relation Ry similarly, Pstké.PS stands for

a selection (to be processed by pseudo-operation) of relation R, .

t

The subguery must be in the following conjunctive normal form:

/o Disy

where D(Sti

1) BT ([ Dy (PS L))

) is a disjunction of Sgq of the same attribute in

(6-1)

Ry ; DQ(PStk} is a dlsjunctlon of Pstk€.PS; and PJjéiPJ.

In our example, the subquery in Fig.6.8 is processed by

DAM.

In order to process a subquery, DAM uses the RIS files for

attributes

contained in selections belonging?tq S, and performs

the following steps:

Step l: For each sieis, access directly the corresponding RIS file

to

used in pseudo operations later.

obtéin a set of TID's and hashed values which will be

Step 2: Using hashed values to perform pseudo-selections which

belong to PS. TID's of hashed values which do not

match the hashed value of the given'constant in a pseudo-

selection are omiited at this step. As hashed values
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are checked, logical operations are also carried out.

Step 3: Using hashed values to perform pseudo-joins in PJ. The

‘only permitted logical connection in this case is AND,

thereforé, pseudb joins can.be processed serially and

at each stép, each join is précessed using the results

of the joins already performed until that step.
Sequential Access Module(SAM):_fThis module réalizes the fééility
of Sequential Access Method 'discﬁsséd in Sectiﬁn 4, SaAM
performs m-way joins vasicéllyq An m~way Jjoin joins m‘relations
‘at the same domain. Using RIS file of the domain, this operation
can be performed readily and efficiently. |

SubQueries of m variables processed by Sam include an m-way
join, and a set PS of pseudo-selections to be performed by
pseudo—operatioﬁs, The subgquery must be in the foilowing
conjunctive normal forﬁ:
EERARIRAREAL T RN (6-2)
where /AJ. stands for the m-way join.

In our example, the subquery in Fig.6.9 is procéssed by.

SAM. The SAM procedure is similar to that of Sequential Access
DhthodAinSection 4, thus it is not considered again here.

Both DAM and SAM produce the set of TID's of tuples satis-
fying the corresponding subqueries. As described in Section 6.1,
APM receives these sets of TID'S and perfofms logical operations.
In our example, APM must process the AND operation which coﬁnects
the two subgueries in Fig.6.8 and 6.9. In fact, APM produces
the interseption of the two TID sets provided by SAM and DAM.

Finaliy, the TID—AcCess quule.is bélled to access relation

files using the resulting TID sets produced by APM, and to check

229




for hash collision and other operations which are not processed

by DAM and SAM.
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I_l

PROFESSION

NAME |aAcE COMPUTER
2(|{BILL 10 STUDENT TI
‘ LEE [{14 STUDENT €MD
KING [J45 | PROFESSOR NEC
KING {{45 | Musician NEC
3 ' T

. ——

Tl

*1._FUNCTIONAL DEPENDENCY(FD) :NAME —>AGE

2, LOCAL Fp: NAME — (AGE,PROFESSION)
WHERE AGE £ 15
3. BLOBAL TIME-DEPENDENT FD:

T

NAME — COMPUTER, NAME

Fig.2.1 An example of functional dependencies

-

Yo ¥, coMPUTER

"

I]
/
1, .

2 [Fp.

Key

O JANO(NT|TID|HVI{...l HV

TIDJHV [..

HV |.

. Jl’{
4
TIDiHV|...|BV

A

an accession list

Fig.3.4 Structure of a RIS file record.
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AUTHOR | DOCUMENT | NAME PUBLICATION | DOCUMENT | PUB_NAME | DATE
§1 D1 Henri |  #1 " Ip1 CACM 7806
§2 ID1 Bell #2 ID2 IEEE 7311
#3 Ipl Goodman #3 ID3 TODS 7709
#4 ID2 Goodman
#5 ID2 Ullman Fig.3.2  sSample relations, .
#6 . ID3 Codd | '
RIS1: ID1! AUTHOR| DOCUMENT | 3 #1 #2 #3 PUBLICATION|DOCUMENT 1| 41 |
' H(Henri){ H(Bell)|H (Goodman) H (CACM)
| . |H(7806)
| ID2[ AUTHOR|[DOCUMENT] 2 44 45 PUBLICATION| DOCUMENT|L[ #2
- H (Goodman)| H (Ullman) H({IEEE)| -
“ : | H(7911)|
- [LID3[AUTHOR|[DOCUMENT|1] ¢6 PUBLICATION|{DOCUMENT|1| #3 '
H (Codd) ' H (TODS)
H(7709)

RIS_DIR | REL NAME |ATT NAME|RIS_NAME | RIS_ATT|MAX_VALUE |MIN VALUE ATT_CARDINALITY|MAX BOUND|MIN BOUND
AUTHOR NAME RISI |DOCUMENT| Ullman Bell 5 3 1
PUBLICATION|PUB_NAME| RIS) | DOCUMENT TODS CACM 3 1. 1
PUBLICATION|DATE . RISl [ DOCUMENT| 7911 . 7709 3 1 1

Fig. 3,3 A RIS file for aftribute_s DOCUMENT's, ~




A 1 "_A 10 A 100
| AC 101

A 11 AB 110

aBC 111

B . 01 B 010

BC 011

c 001

ac 101

ABC 111

Fig.3.4 Consecutive arrangement algorithm.

directory part

leaf part

' o+ )
Fig.5.1 B tree data structure.
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Fig.6.1 ARIS system configuration.
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DATA ANALYSIS

MODULE

INFORMATION RETRIEVAL
SUPPORT SUBSYSTEM




ACCESS PATH

DATA RETRIEVAL MODULE

Fig.6.2 Configuration of data storage and retrieval subsystem.
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Fig,6.3 Page organization of _rerlr;-.\f.iqpmfiles-
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DOMAIN |[RELATION |ATT. ] OVF.

} VALUE NO, |NO. |PNO,
TID

PAGE OV, PAGE [LINE [ MARK ] —. DOM, | REL.| ATT, | OVF, | REC.

NO. NO., |No. |BIT (XA VAL.|NO, [ NO. |PNO.|NUM.

6£¢C

LINE
PO,

NUM
ATT

LOW
HAS

HI
HAS

SP,
ADD

UPD
™

HASHING

e

LINE

NO.

MARK

gr7 | H(A)

MARK
BIT

REC,

ST

PAGE

OV, PAGE
NO.

Fig.6.4 Page organization of RIS files.
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DOCMNT (ID, DA, TI, PA)
AUTHOR (ID, AU) '
CATEG (ID,CA)

REFER (ID, IDF)

RISl (DOCMNT.ID, AUTHOR.ID, CATEG.ID,
REFER.ID, REFER.IDF)
RIS2 (DOCMNT.PA}

Fig.6.5 A sample database and RIS files.

RANGE OF X IS DOCMKT
RANGE OF Y IS AUTHOR
RANGE QF V IS CATEG

RANGE OF W IS REFER

GET (X.TI, Y.AU, V.CA)

WHERE W.IDF = 'FAGI7906"'

AND X.ID = W.ID |

AND X.DA = '1979°

AND (X.PA = 'COMPSAC' OR X.PA = FNCC')
AND X.ID = Y.ID

AND . X.ID = V.ID

L

Fig.6.6 An example query.
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1979 'COMPSAC' OR 'NQC'

DA

"FAGI7906"

I1DF

Fig.6.7 A graphic representatiourof
the query in Fig.6.8.

‘W.IDF = 'WAGI7906?

AND X.ID = W.ID
AND X.pA = 1979 .
AND (X.PA = 'COMPSAC' OR X.PA = 'NCC')

Fig.6.8 Subquery to be processed by DAM.

, X.DA = 1979
AND (X.PA = 'COMPSAC' OR X.PA = 'NCC')
AND X.ID = Y.ID
AND X.ID = V.ID

Fig.6.9 Subquery to be processed by SAM.
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Table

average length of a stored domain value.

length of a tuple identification code (TID).
length of a hashed wvalue.

the number of hashed attribuéeé in relation Rj'
corresponding to a RiS file.

total length of a relétion number, attribute
number and tuple number indicator.

length of tuple number iﬁdicator,

the number of tuples in relation Ry

"I: the list of parameters used in Section 5.2.

the number of tuples in relation Rj‘
average number of tuples of relation Rj in a page

the number of pages of relation Rj’ ijwj/Ej‘

the ratio of tuples which satisfy the selection
cperation to Nig

the ratio of tuples which satisfy the join operation
to Nj,

IT: the list of parahéters used in Section 5.3.
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A REQUIREMENTS ENGINEERING APPROACH

FOR DATABASE DESIGN

Kiyoshi AGUSA, Koichi TABATA,
Atsushi OHNISHI, and Yutaka OHNO

Kyoto University

Abstract

An approach to a support system for the DB design hased on

requirements engineering is presented. It includes three steps;
to define the requirements of the target system, to derive ‘the
fequirements conceptual schema and the :equirements external
schemata and to calculate an actual weight of an access path to
optimize the DB system.

The primary design example derived automatiéally will help
the‘logicai DB designers' activities such as view moaeling‘ and
view integfations. The designér can utiliéé‘ . the :acdess

frequencies for view restrcturing.
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1. XINTRODUCTION

Today} it is recognized that all stages of the life ecycle
of the information systen including the requirements describing
stagershould be properly maintained to get the reliéble system.
If the system now under designing is used by only designers and
implementers, the devéloped systeﬁ will work as intended. 1In
usuél cases, however,' iﬁs user is neither-the_designe: nor a
specialist about the information sysﬁem, A close cbmmunication
between a system designer and uéers is required to realize such
a syétemd Almost all DB systens beiong tQ the- ciass of .such
systems, | - |

‘Iﬁ is easier fof non-specialists to express their intension
about a target system with their mother languages,rioe‘, natural
languages than with a special languége such as a programming
language. Daily conversations often includé émﬂiguous meanings
which we can suppose with its context. Since this ambiguousness
should be deleted for the system 'specifidatiohs, we use an
artificial language whose meanings afe well defined.

Several languages'for.requirements descriptions are 'pfo—
posed. For instance, P8L(Prcblem Stétement Languaqe) of Micﬁigaﬂ
Univetsity[ISDOS(1975}FTeichroew(l“??}}, RSL{Regquirements State-
‘ment Language) of TRW [Bell(1976}}, BDL.( Business Definitibn'
Langﬁage) of IBM{Goldbérg(lQTS)] etc. are known well. Mofeover}‘

there are several papers about the formal specification for
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Database systems[Smith(1977), Lockemann(1979)]. However, a few
papers are presented about the Database System Description using
‘a Requirements Engineering approachIKahn(1976)].

.In this paper, we propose how to describe  the feqﬁirements

of the DB systems and how to utilize them to design the optimal

' systems. DB design process can be devided into the following

phases.

1. information reéuirements.specification and analysis

2. logical DB désign | |

3. evaluation of logical DB design

4, physical DB design

5; evaluation of physical DB .design

6. DB construction énd initialization

7. perfomance evaiuation
Between any pair. of adjacent phases, there 1is a gap of
abstraction level. It is difficult ﬁo bridge over the‘gap in an
rautomatic way with a computer. It is a deéiéner's job to read
and understand the descriptions given as an oufput of a previous
steps, and to map its meaning .onto the description of its
abstraction level. However, when the requirements definer

describes the fequirements of the target DB system with an

intention to be recognized by a computer, some primary design
will be derived automatically. Now, let us investigate the
‘1ogica1 DB design phase more in detail. It may be devided

into the following steps.
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2=1. view modeling
2-2. view investigation
2-3, view restructuring
2-4, schema analysis and mapping
Thesé steps except the last one  are ﬁhe objects of an

automatic design. The design results may not be final ones and

be utilized as design aids for a logical DB designer. That is,

he reads the requirements description, refers the primary design

provided as a result of its analysis by a computer; and designs

the lbgical DB of a target system by himself.

-2, CORRESPONDENCE OF REQUIREMENTS TO DBMS LAYER

We follow the apprecach of the ANSi/SPARC framework JJardine
(1977)1. The_DBMS architecture is partly based on the concept
of "nested machine™. Its modél consists of three lavers, i.e.
external, internal and‘conéeptual schema.

To define DB systems, rtheir two aspects . should be
described, that is, . data structures and data utiliiations. .Wé

call the former aspect static requirements and the latter

dynamic requirements. The requirements descriptions which -

represent a direct interface between the system ‘and users are
treated as an external schema. There may be many external
schemata corresponding with DB applications. Each application

has its own view of the DB corresponding with static

246 5




requirements and procedures defined as dynamic requirements. The
requirements description of DBMS should clarify what kinds of
data a;e stored, rgtrigved and updated, hoﬁ often such'processés
are activaﬁed, and how the data in the DB relate to each other.
Some relations.among the data are éo inherent that they may be
regarded as a fundamental common sense in the DB syétem., Then.
such relations derived from the requirements descriptions will
be regarded as a conceptual schema, more precise;y said,. a
requirements conceptual schema of data structures,

For designing the DB systems, the system parameters such
that process operations, their frequeﬁcies and the cardinalities
of relations should be.also defined to .determine how often a
certain éccess path is used. The requirements about typicai
processes can indicate a dynamié mapping ratio between two rela-—
~tions. The dynamic mapping ratio. means the ratio of £he
cardinality of inputs of the proceés to the cardinality of
outputs. It depends on the characteristics of the preceeding
processes, the functipn of the process, and the database. - Sinée
such a ratio varies from process to process,r we can define
several data structures and data accessing methods which are
suitable for each process, These data structures can be
corresponded to aﬁ external schema. Then we cali it a
requirement external schema. |

With regard to the principle that we should leave. as rmwuch
room as possible for designers' bhoice,“the'user needs not to

describe about an internal schema. Since an internal schema has
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close relation not only to the conceptual schema but also to the

system confiquration, it seems reasonable that the internal
schema is left undefined until the latter phase ' of the éystem
development. |

Thus, in ouf approach, the first phase . of DB design

process mentioned above can be devided into the followings.

1-1. requirements analysis .
1-2. constraction of requirements external schemata
1-3. extraction of a requirements conceptual schema

1-4. analysis of dynamic requirements conceptual schemata

1-2,1-3 correspond to 2-1,2-2 respectively. That is, constract-
ion of requirements external schemata corresponds to view model-~
ing in the logical DB design phase and extraction of a require~

ments conceptual schema tc view integration.

3. REQUIREMENTS DESCRIPTION OF DB _SYSTEM

In this chapter, we present four steps in the requirements

specification phase of DB design prdcess.

3.1 REQUIREMENTS ANALYSIS

In general, prior to requirements description, reguirements
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definer should comprehend the behavior and function of a target
system well, Then he should refine K the system requirements
stepwisely through interviews and review it.

In DB system requirements, the - definer should pay atten-

tion to two aspects, that is, data structure and data'utiliza~.

tion. These aspects are indispensable with DB design.

3.2 REQUIREMENTS EXTERNAL SCHEMA AND REQUTIREMENTS DESCRIPTION

LANGIJAGE

3.2.]1 REQUIREMENTS DESCRIPTION FOR EXTERNAL SCHEMA

The requirements description can he regarded as an external
schema since it defines the interface between a real world and
the DB system., It expresses a static data structure and a
dynamic one. The requirements external schema corresponds to
view model in the logical DB design.

| The static data structure are defined with the déscriptions
of the relation between two entities and the inclusive relation
between the entity and the elements. We call it a static

regquirements.

We ‘may classify data structure defined by static’

requirements into three types; i.e. (l)network {(2)hierachy and

(3}relational structure. These types are well known as typical ‘

data structures in DB system. However, it does not mean that the
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requirements definer should declare what type of them is used in

his description. He can define his data structure model as a

network one in another part. The system designer or implementer

is held responsible for what type of a data structure is adopted
-in the target system. In the requirements description, we

also define the processes which shows how the data in DB are

used through the user's view, how freguently it will occur and :

the the effective cardinality of  the entity determined
dynamically and so on. We call it a dynamic requirements.

It is impossible that the requirements definer . describeé
all procedures accessing to the DB which will appear in ﬁhe real
cperations. Then, he will write only the typical or most
frequently used procedures. It is true that there may be some-~
times the proéedure which is frequently used-éha he passes over.
But it has no problem if it accesses to the DB legally.

Generally speaking, there is no existency without the

perceptiocn in the requirements description. The designer will

make use of this static and dynamic 'requirements to get the
suitéble conceptual schema and its internal schema. He can add
some function and scheﬁa which, he thinks, will be needed in
future or‘in £he extended use. . It can help to recover some

portion of the requirements definers' overlooks.

250 |




3.2.2 REQUIREMENTS DESCRIPTION LANGUAGE FOR DB SYSTEM

We use PSL as a DB requirements description language, since
it has an enough capability from the syntactic view. We add some
semantics to it to éxtract a primary design of the target bB
system. The addition of semantics means the restrictive use of -
some reserved terms such as HAPPENS, CARDINALITY, RELATION etc.

PSL is one of the languages which support to maintain ﬁhe
documentation describing the target system, the environments
_where-it operates, and the project organization. One of the most
important features 6f PSL is a computer-aided management of the
documentations, PSL will give full play when combined with its
analyzer PSA ( Problem Statement Analyzer ).

PSL is invented as a definiﬁign language of the reguire-
ments of arbitrary kinds of information systems. The concept
appeared in the target system may vary £from each other. To
accebt all varieties of the system concepts, PSL has a 'simple
and extensible language structure; Sometimes it'is too simple to
analyze its semantics in detail. The meaning of the descriptions
is left undefined until the common concepts or mutual agreements
are founded between the definer and the reader. For example, the
inputs of a process are defined with USES statement in PSL. We
can defiﬁe'the data and/of the control as its inputs. It is very
diffidult to distinguish them without other information, that is
the meaning of the system and the terms, the environmenté, thé

definer's intensions, etc. However, with a careful investigation
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of PSL, it comes to light that almost all concepts appearing in

DB system requirements can be defined using PSL syntactically.
Wé add Some functions which derive the useful parameters
for the DB system design to PSA. To utilize these additional
functions, the requirements definer should be careful +o use
some special reserved words of PSL. With PSL, we can express
the requirements of any ‘kind of information system. The
flexibility of requirementé lies in the fact that definer can
use any‘labél and can assign meanings to reserve& terms freely
ete. Fér example, " he can.label an object ‘'‘man', *teacher',
‘professor'..etc. ‘and can assign the section INPUT +to control
information in one case,' to processing data in  another case.
. The lack of common concepts among ldefiners will cause
‘misunderstanding. In a particular applicatioﬁ, even if the
. interpretation of some terms is fixed, +the flexibility of
requirements description language will not decrease. The
definers will not feel inconvinient with its restriction.
We show the correspondence of PSIL sections and statements

to the terms in DB requirements.

(a} SET: A SET means one DB. That is a collection of ENTITYs.
Where ENTITYs may bhe thought as logical records, a SET may
be thought as a logical file.

(b) ENTITY: An ENTITY is a record type of CODASYIL or a table of
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a relational DB.

{c) ELEMENT: An attribute of a record are defined as an ELEMENT
of PSL. Notice that an ATTRIBUTE statement of an ELEMENT
section shows a domain of the attribute of DB. That is,
there is no description of each occuréncg in DB.

'(d) RELATION: A RELATION defines a relationship between two
ENTITYs. -Thié-corresponds to a set, i.e., the owner-member
relationships of CODASYL. This section defines the type‘qf
DB. That is, if there is fio RELATTON description, it means
a relational DB. TIf there is, a hierarchical DB or é
network type depending on the existence hi-directional
relation. A CONNECTIVITY statements is used 'to specify
an average ratio of occurences of two ENTITYs.

(e) USES/DERIVES: In PSL, a PROCESS USES some data and DERIVES
another data. If such data is an ELEMENT or an FENTITY
defined as an attribute or a table of a DB, we assume that
this PROCESS will access this DB. Moréover the‘ access is
assumed to be executed through the path defined in RELATION
sectioﬁs. It may happen that a designer need to describe
more than one RELATION to‘ a particular pair of ENTITYs
depending on element relations. If there is more than one

- path, we can define explicitly one of tﬁem using MAINTAIN
statements, .

(£} others: The frequency of the activation of a process is
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defined with HAPPENS statement. The cardinality of

ENTITYs or ELEMENTs is defined CARDINALITY statements,

'3.3 REQUIREMENTS DESCRIPTION FOR CONCEPTUAL SCHEMA

The conceptual schema is a fundamental relation of entities
and doesn't vary with eéch' application %iewm The conceptual
schema corresponds to integrated view, in the 1ogiéal DB desiqn.
The éxémple of these requirements conceptual schema is the
relation hetween an entity and its inherent attributes. A' man
has his name, address, vears, height,...etec. If we deal with
individﬁal people,. wé can not say about a man without his. name
and address. It doesn't depend on its application.

The requirements definer doés not need to-étate the concep-
tual schema. It may be specified by the désigner or implementer.r
However, it is better for a supporting system to providér the
function to derivé the candidate of the conceptual schema with a
"~ computer, if possible. We show the correspondence of‘ the
ANSL/SPARC DB layer with the requirements layer in Fig. 1.

It is a very difficult job for a cémputer to decide what is
a fundamental relations in the reqﬁirements descriptions. The
trivial method to derive a conceptual schema is to make a union

of all external schemata defined as the static requirements.
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3.3.1 REQUIREMENTS SCHEMA CONSTRUCTION

The requirements descriptions written in PSL may be used to

support the whole development of the target system. However, we

will treat only the part of it to get the DB schema of the

requirements phase.

'The'requirements descriptions of DB systems includé_ the
data descriptions and the process descriptions. If the designer
or implementer of the DB systems defines the requirements, they

shall be regarded as an tonceptual schema of DB, On the other

hand, if the application system designer or the wuser, their

descriptions will be external schemata. Here; we consider the
'latter case, that is, in the case that the fequirementsr is
defined by users.

Eaéh description defines the'déta structure derived from
the éiatic requirements. ‘The weights of its .structure' are
attained by the calculation of the utilizing frequency of thé

data.

3.3.2 INTEGRATION OF DATA
.. To design a DB system, we need a certain conceptual sqhema‘

which represents a common concept in user's view, The reguire-

ments in PSL is easy to read and understand because of its
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forﬁétted outputs. However, some terms in one description may be
used to express different meanings in other one. In other case,
the different terms are used for the same meaning. It is véry
'difficult ~tc s0lve these problems with a computer. Some
conversation between the DB design support system and the.
designer is réquired to combine the descriptions written by more
than one requiréments designer.

There is no section to combine the descriptions of different
DBs of requirements description intoc one in PSL., However, ~the
COMBINE command is provided in PSA to correct errors in the
descriptions of a DB. Fer fexample, a requirements definer
remembers a spell of some word incorrectly and has written hisr
descriptions with the errcnecous spell. To correct all errors is
tedious job. If he can find the use of PROF and PROFESSOR as as
a samé meaning aﬁd wants to merge them, then he will send a
COMBINE command. |

A result of the execution of this command is shown in Fig,
2-a. o It is true that it is not a recommanded way to use a
- COMBINE éommand, but a DB designer can use it teo derive. a con-
ceptual schema. _ If some data or its structure is seeﬁed_to be
natural, common or inherent, - he can describe his own ENfITY or
RELATIONS between them and combine such definers® data into his
data. If needed, he should combine also the ELEMENTs  which
appear in CONSISTS statement in the ENTITY se&tion.

On the other hand, the same name may be used in difficult
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meaning by some requirements definers. The logical DB designer

should make a clear distinction among theﬁ. For insﬁance, an
element of the ENTITY "INDEX" represenfs departmént name in one
case and human name in another case. Then he should modify them
to be able to distinguish as shown in Fig. 2-b.

The requireménts conceptual‘schema is defined as a union of

the external schemata combined by the DB designer.

3.4 ANALYSIS OF DINAMIC REQUIREMENTS CONCEPTUAL,SCHEMA

Here, we wilXl consider the dynamic behaviour of the DB
system written as the dynamic regquirements. We should utilize
the information defined in the requirements description as much
as possible to get a suitable system. Then we caluclate the
usage frequencies of the relations, and attach them to the union
as their weights. A static cardinality is defined with CONNEC—
TIVITY statement in ﬁELATION section. Now, we consider tﬁe
dynamic cardinality and relation connectivity specified in
PROCESé section. It is utilized to calculate access frequency.

When a'process Pi recieves an input Ii whose cardinality is
Ci' uses it as an access key of a DB .gﬁd derivé an output Oi,
what is the cardinality of Oi? The cafdinality of Oi may be de-~
fined in the description of Oi' In this case; howeverf the cardF
inality of Oi depends on the number of the occurrences which are

retrieved from the DB with the corresponding key. Of course, it
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depends on also the task of the process. It is very difficult to

caléulate its dynamic cardinality using the task of the process
without undefstanding the meaning of the description. In the
RELATION section, the definer can define its connectivity N in
the CONNECTIVITY statements. A CONNECTIVITY statement speéifies
the number of ENTITY occurrence of the first argument ENTITY in
the BETWEEN statement that are related to 3 rnﬁmber of ENTITY
‘occurrence of the second argument ENTITY. Ifra particular EﬁTITY
occurrence may be related to only one other ENTITY Dccurrence,.
the cardinality is one to one. If a particular ENTITY occurrence
may be related to more than one ENTITY occurrence, the
~cardinality is one to many . ﬁe use the ratio of the cardinality
of two ENTITIES for the CONNECTIVITY if there is no aescriptioﬁ
0f the RELATION like in the case of a relational DB. If there is
-more than one RELATION, we can chose one of them using MAINTAIN
statements. This facility can help to get more precise value
when the definer‘assigns the individual value to the different
prdcess.

We use this wvalue to calculate the dynamic cardinality,
e.g., CiXN in the above case. This is illustlated in Fig.3. If
theré is .a feedback loop, we c¢an assume that the -inputr
cardinality is C/(l—ur) where C means the input cardinality
defined as the static _requiféments, ' and‘ JD means the
probability of the feedback from the output to the input. If

there is more than one DB access in a PROCESS description, the
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dynamic cardinality of the output can not be estimated so

easi;y. For the simplification, however, we define - it with the
maximum number amdng them. These values are regarded as the
' weights of the relations between the data., It is easy to get
these valﬁes in a computer-aided way. The designer can decide
which relation should be maintained by the inverted files with
them. Moreover, he can add the shortcut access path from an
ENTITY to another if all of calculated weights between them are
significantly large. 1
The dynamic aspect of the conceptual Séhema is obtained in
the same way. fhat is, ' the deéigner combines several PROCESSes
into one, if needed., Next, the activation frequencies of the

application programs are multiplied to the weights. Then we sum

up all of them. It is regarded as the weight of the relation in

the requirements conceptual schema.

Consequently, we can show the egquation of the weight W of
the relation as follows;
“h:Z:Pixmax(ciijnik)

i ‘ k

i & all requirements external schemata
Pix: tHe frequency of-the activation.of the process 1 cor-

responding one of the requirements external schema.
Cij: the cardinality of j which is anrinput of the process
R T

n j: the connectivity of the relation. k is defined with
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the path along which the global inputs reach to its

subprocess.

4. EXAMPLE

Let us consider a universiﬁy DB system  which  has
ihformations about professsrs, students and medical checks,

The requirements definer analize; the perfomance, functions
éize, étc required by wusers. There may be more than one
.application system utilizing the university DB. "o define the
requirements of the application system, the " seqguence of
processes which retrieve and update the DB is described. In
this example, we define the external requireheht schema with
‘data structure aspects in PSL and dynamic behaviors of the
system appearing in typical routines. One of typical routines is-
the calculation of correlation between health condition ( e.g.
sight} intelligence quoﬁient ) and score of students. Another
routine is to find the student‘'s mark of the subject which a
particular professor teaches wunder the condition +hat the
student belongs to the labofatry of the professor.

Several numbers of +typical processes .using their dafa
structure are described in PSL. The system definer will combine
some data into 6ne. For‘instance, £he ELEMEﬁT "name"rof the -
ENTITY " professor ™ 1is seemed identical tc the ELEMENT " prof-

1
i
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name " of the ENTITY " subject " in the student DB. Then, the

command
COMBINE CNAME=PROF-NAMF DNAME=NAME

will be issued.  One of the fesulting .external requiremeﬂts
 schema£a.is showh in Fig.4. This can be.regarded as a primary
view model. The requirements definer of each application system
preéents his own view of the DB system with any'combination of a
felational, hierafchy‘and network model.

In general, each requirements definer has his own
requirements DB. If so, we need a facility to :merge several
requirements DBs into one. When DBs are merged, the sfstem
designer shall specify which name in one regquirements DB
corfesponds with a particular name. This‘procedure is not so
easy that he should read through all requirements DBs and take
into-donSideration what the requirementé definer intends. The"
integrated view shown in Fig.4 corresponds to a  conceptual
requirements schema.

In Fig.4, we show the infeg:ated processes also. To merge
processes, we need careful check of what to be intended. It is a
difficult job for a computef.' Then'we extract the conceptua1
schema with union operation lof ail of external requirements
schemata. This process is regarded las view integration in
logical DB design; |

-Next, we calculate the access frequencies to help the DB

designer to recognize the most important the access path. Fig.5 .
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shows the calculation result. The access path along bold lines

is used so fréquently that the direct access path from P-RET-

SUBJ to P~RET~STU may be recommendéd to be added aé_shown with a
dotted line. Note that it is not a computer but a designer that
decides finaly whether the view model is modified or not.

We regard this process as view réstructuring‘ of -coursé,
there may be many other factors tc be considered such as securi-
ty,_future extension ete., to restructure the view models.

The designer combines some processes into ohe and sends a
comménd to calculate éll weights of the relationéw He will

decide the conceptual schema using this requirements conceptual

schema and the careful investigation of the formatted output of

PSA. If needed, he will add several relations which are not

appeared in the requirements descriptions.

-5n‘CONCLUSION

The development of structured or automated HB design meth-.

odology is one of the main subjects in the DB research fields.

The formal description of the requirements of the target DB
system is a first step of it. It is said that the requirements

description should have the property called désign free, that

the requirements description does not impose the particular de~

sign selection. However, the approach described in this paper is
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introduced to propose the particular design selection' for an

automated DB design. of course, some parts of design selection

-are left to be decided by £he designer, e.g., what should be

séemed as a conceptual schemé, what is most important in the DB

apélication, security, privacy or others; etc.

The DB designer shouldzcheck all externai.schemata describ-
ed in the requirements with PSA commands. Since the command tb
get the information along the partiqular pafhes not‘providéd, he
must calculated the access frequency with PSA reports. We have

prbposed ASA ( Assertion Statement Aﬁalyzer ] to verify the re-

quirements descriptions described in PSL. [AGUSA(1979)] It has

the base on the path analysis of the system structure or the

data derivation of the system aspects. We will extend our ASA to

enable to output some reports about the .dYnaﬁic data wutiliza-

tion. Moreover, a facility to help deriving a conceptual schema

from requirements descriptions is now under the implementation.
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Abstract

There are two main preblems in designing the distributed data-
base systems { DDBSs ): 1) heterogeneity problem: and 2) distribution
problem . The heterogeneity problem is how to overcome the differencies
of the data models and languages of database systems ( DBSs ).

The distribution.problem is how to integrate such homogenized DBSs
into one logical and virtual database system. Our approach called

a four-schema structure (.FSS )? first, solves the former and then
the distribution problem.

.Tﬁis paper concentrates on the distribution problem, It contains
three main parts. The first one is called an infegration which is a
process of integratiﬁg the homogenized DBSs ( call them local con-
ceptual schemas or LCSs } intec one logical DBS ( call it a global
conceptual schema or GCS ). The second is a query decomposition ( QD )
which is a process of decomposing a global query into a éequence of
queries execu;able on each DBS. The last is an information required
by the QD and removed in the integration, which represents the
correspondence between the GCS and LCSs.

We propose the GCS definition language ( G5DL )} which is an
extension of a relational calculus language QUEL in the integratiom.
In the QD, the algorithm for transmigssion of data which minimizes the
required information and keeps it static based on the dynamic decisions

is proposed . In the DI, we show its schema in a relatlcomal form,
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1. Introduction

Distributed database systems which aim at cooperating existing
database system through computer networks are called bottom—up distributed
databases (abbreviated DDBSs). There are two problems in the bottom-up
design of the DDBS:

1) how to solve the heterogeneities of databaselsystems which compose
the DDBS, and

‘2) how to integrate to one légical and virtual database system from
database systems distributed on the network, whose databases have dif-
ferent logical meanings.
- We call the former problem heterogeneity problem and the latter distri-
bution problem [TAKIM?S]“ The database systems are composed of several
layers [TSICD78} and each layer provides one data model and one language
based on the model.

Database systems comnnected by the network can communicate with each

other through one of the layers. Therefore, they are assumed to be alblack
box which provides one schema and language based on one data model.’

There are two aspects in considering the Theterogeneity of the
database system. One is characterized by a data model and language
prévided by the database system. It is called the syntactic aspect.
It is also a tool of describing and-accessing the database. The oﬁher
is called the semantic aspect of the database system, which represents
the meaning of stored database. The heterogeneity of tﬁe DBS is defined
as the differencies in these two aspects. The heterogeneity problems are
to solve the differencies of the syntactic aspects of the database systems
and the distribution ones are to overcome the differencies of the semantic

aspects.
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We have already discussed the former problem im [TAKIM79a,b].
So, we would like to concentrate on the distribution problems in this

paper.

2. FourSchema Structure i FSS ) Approach t& Designing DDBS.

Let us consider the design of the bottom—up type DDBS. As men-
ticned in Ch. 1, the heterogeneity of the DBS means that they differ
from each other in tﬁeir semantic and/or syntactic aspects. Table 2.1
shows the heterogeneity relationships between them. The class 1 rep-
resents the case that both aspects of them are equivalent. 1In this
case, it is easy to integrate them. In reality, only the directorf
representing the distfibﬁtion of them is required. The class 2 is
more complicated. Compared with the class 1, they differ in their
syntactic aspects. In addition to the directory, the translation
mechanism of languages and models, i.e. homogenization, is regquired.

We can take EURONET as the examples., The DDBSs classified into the
class 1 or 2 are called special-purpese type ones, because the
semantics of databases are the same, and are dedicated to one appli-
cation, e.g. document retrievals;

In the class 3, although the database systéms have the same syntactic
aspect, their semantic aspects are different. In this case, only the
distributlion problems have to be solved. That is, such different
semantics have to be integrated into one semantic aspect. Designing the
DDBS of the class 4 is the mést difficult, because both syntactic and
semantic aspects are different. Both integration and hoﬁogenization
problems'have to be solved. The DDBSs c¢lassified into_the class 3 or
4 are called general-purpose type ones, because we can define new

meaning of data suited for variocus applications in terms of existing
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database systems. ' We are trying to design and implement the DDBS of the
class 4.

Since the semantic aspect of the database system is independent of
the syntactic one, the heterogeneity apd distribution problems can be
considered independently. As seen in Table 2.1, the bottom-up design
of the general—burpose DDBS requires the integration function in
addition to the homogenizatiog function. Hence, we should, first,
homogenize data models and languages, and then integréte the gemantic
aspects. In our approach to designing the DDBS, therefore, first of all,
we describe the schema of each database system in terms of a common data
model and provide a common access 1anguage for users. After that, wé
integrate such hombgenized DBSs into a logical database system, whose
meaning is of interest tc a specific network community. Our approach 1is
called a four—-schema structure { abbreviated F3S } [TARIM78, 79a).

The FSS as shown in Fig‘ 2.1 consists of the following components:

1) four schema layers: local internal schema { LIS ), local coﬁ—
ceptual schema ( LCS ), global conceptual schema { GCS ),
and external schema { EXS ),

2) mappings among layers: 1) integration ( LCSs to GCS ), 1i) query
‘decomposition { GCS to LCSs }, iii) homogenization ( LCS to
LIS ), iv) query transiation { LCS to LIS ), and

3) required information: network déta directory ¢ NDD )} consisting'
of distribution information ( DI ), and heterogeneity
information ( HI ).

Four schemas are discussed in 2.1, and the NDD is touched on

in 2.2.
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2.1 Four Schemas [TAKIM/8, 79a]

Let us explain briefly four schemas of the FSS in this section.
The schema of the lowest 1ayer is calied a local internal schema
{ LIS ). 1t is a description of data which can be used under a dis-
tributed database system's situation. It may correspond to the schema
or subschema leﬁel of the existing DBMS. It also may correspond to the
conceptual or external schema of the ANSI/X3/SPARC[TSICD78]. The LIS is
describea in terms of one of the éxisting data models: relational,
DBTG, and IMS medels. At the LIS level, one access language based on
the model is also provided. The heterogeneity of the LIS is defined
as the differences of the data models and access languages,

The next schema layer is a local éonceptual schema {( LCS ) layer.
It is generated by describing the LIS in terms of a cdmmon'model'by a
local administrator ( LA ) of each site. At the LCS level, a common
language based on the common model is also provided. We adopt an E-R
model [CHENP76] as the common mddel and QUEL [HELDG75, YOUSK77] as the
ﬁommon access language. The reason for adopting the E-R model is that.
it provides the simplest means of desecribing the concepts of the entities
and relationships among them, and it is easy to correspond it td the
relational model [CODDE/O]. In such a way, the LCS cdrresponds to

the level at which the syntactic aspects of the DBS, i.e. the data

model and language, are homogenized.

The designing of the LCS layer from the LIS 1ayer is called homo-
genization, in which the heterogeneity of each LIS is removed as
_heterogeneity information ( HI ). The Hi represents the correspondpnce
between the LCS and the LIS. In turn, the mapping of therLCS layer to’
the LIS layer is called a query tramslation ('QT ) [TAKIM79b, 80al, in
which a query based on the LCS is tfanslated into an executable séquence

of the access languages based on the LIS. The procéss of the QT based
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on the graph representation is diecussed in [TAKIM79b, 80a]. Since
the QT is en inverse mapping of the homogenization, it utilizes the
heterogeneity information ( HI ) removed in the homogenization.

A global conceptual schema { GCS j is a description of the

meaning of data which is of interest to a specific network

‘community on the basis of the local conceptual schemas ( LGSs ) distributed
over the network. It is described by a global administrator ( GA } through
negotiating with the local administrators { LAs ), taking into consider-
ation the requirements of the community. This process ig gimilar to the
requirement engineering. The GCS is expressed in terms of the E-R model
like the LCS by means of a GGS definition language {call it a GSDL }.
A set of CGSDL statements to define a GCS is called a distribution
description { DD } for the GLS5. This design proeess'in which the GCS
is integraeed from the LCSs is called an integration. Also, the corre-
spondence information between them are removed a8 a distribution informa—
tion ( DI ). At the GCS level, users can access the DDBS without being
any conscious of where the required data is located and what type of DBS
manages it. |

The last schema layer is an external schema {( EXS ) layer. It is
a description of data required by a specific application of the community
in terms of the data model suited for it. It is also deecribed as a
SUbset-oflthe GCS by an application administrator { AA ) taking inte
consideration the usability and security of data. The EXS is equi-
valent to the external schema of the ANSI/X3/SPARC, because at the
GCS level the DDBS is virtualized to be a large database sysfem‘

In this sense, the EXS can be discussed independently of the DDBS.
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Therefore, we would not discuss it in this paper. The design process
in which the EXS is generated from the GCS is called a specialization
and 1its inverse process a generalization. The correspondence informa-

tion between the EXS and GCS is called an external information ( EI ).

2.2 Network Data Directory ( NDD )

The information required by the mapping between the LIS and LCS,
heterogeneity information ( HI ), the LCSs and GCS, and the GCS and EXS,
are respectively called the distribution info;mation ( DI ), and external
information ( EI ). They are corfespondence information between respec-
 tive schema layers. They are totally called a-network data directory
( NDD ).

We have to discuss the NDD with respect to its content and
distribution form. Concerning the contents, the HI and DI are
managed in a relational form. The HI is described in [TAKIM79a].

The schema of the DI is discussed in Ch. 3.

In the DDBS, it is an important problem how to distribute the
NDD, because the performance and control schemes depend on it.

In my opinien, the DDBS functions, i.e. query translation ( QI ) and
decomposition (QD ), and the information, i.e. DI, required by them have

to exist at the same site. Since the query decomposition system exists

at every site in cur architecture, from the access efficiency viewpoint,
the DI should be distributed fully redundantly to each site. The more
statistics the DI contains, the more complete and efficient decision

the QD can do. However, supporting the more statiétics result in the

more redundancies and storage overheads. In order to reduce the over-—
head for controlling the consistency of and concurrent access to redundant

copies, it should be as small and static as possible.

281 .




The HI should be maintained at the corresponding site non-redundantly,

in order not to propagate changes of database system to the DDBS level.

2.3 Design and Implementation

The reason for adopting the E-R model as a common model is
that it provodes the concepts of the entities and relationships
among them in a simple manner, and c¢an be well cerresponded to the
relational model. One of the problems of the relational model is said
to be 1ts lack of these concepts, i.e. its semantic problems.
Howeﬁer, we believe that the major advantage of the relational model
is its simplicity of description oﬁ and access to data. The more
semantics the data model provides, the more complex the description
and access become.

From the above observations, we employ the E—erodel as a
means of designing the DDBS because of its descrivability of
semantics and the relational model as a means of describing and
accessing data because of its simplicity. Hence, the LCSs and the
GCS are described in a relational form. Such descriptions are called
relational descripﬁions { RDs } of these schemas. Users can see and
access the DDBS through the RD of the GCS and each database system
through therRD of the LCS, based on the E-R model description of these

schemas.
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2.4 Unified Architecture

The distributed database‘system ( DDBS ) is based on the advances
of techniques of the DBMS[TSCID78] andrcompgter networks. The repért
[ANSIX75] of the ANSI/SPARC on DBMS has made clear three layérs of the
DBMS, i.e. internal, concepfual, aﬁd external schemas. The IS0/TC97/SC16
[BACHC78] and ANSI/SPARC on Distributed Systems have advanced the
étandardizations of protocols and shown the layers of protocols.

Since the DDBS technique is a conjunction of both techniques, the
ﬁroblem for designing the DDBS is to make clearlthrough which layer
of protocols and at which level of the DBMS layeré database systems
communicate with each qther via the network.

Our DDBS architecture is ghown in Fig. 2.2, which aims at unifying
both DBMS and comﬁunication architecturgs. So, we call it a unified
architecture. The notation in Fig. 2.2 is based on the [ANSTIX75].
[ANSIX75].

The upper half of this figufe shows the bottom-up designing process.
The local administrator ( LA ) seeé the local Internal schema ( LIS ) of
his site through the display interface { interface 9 ) of the-LIS processor
and gives the local conceptual schema ( LCS ) definition to the hémogenizer
through interface 7. The homogenizer generates the LCS and the heterogeneity
information ( HI ), and stores them in the NDD. The global adﬁinistrator;
( GA ) sees the LCSs distributed over the network through tﬁeir display
interface 6, and defines the GCS by a GCS definition language, i.e. GSpL,

( intérface 1 ) to the integrator. The integrator takes its definition,
generates the GCS and the distribution information ( DI ), and stores them
-in the NDD. The applicaticn administraﬁor ( AA ) sees the GCS through the

display interface 3 and defines the external schema { EXS ) to the EXS
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processor. The EXS processor generates the EXS and the extermal informa-

tion ( EI )}, and stores them in the NDD.

On the other ﬁand, Fig. 2.3 shows the top-down designing process.
In this case, first, the GA defines the GCS and the objective funections
based on the system and application requirements. The decomposery takes
the GCS and decides the optimal alloéation of data toc the sites. .The
information { DI ) of correspondence between the GCS and LCSs is generated
and stored in the NID. That is to say, it gives the LCS to each site.
The local administrator { LA )Itakés the LCS generated by the
decomposer and defines the L1S. The heterogenizer generates the LIS
from the LCS and the HI, i.e. the correspondence informatian between
the LCS and LIS, and stores them in the NDD. As seen in Fig. 2.2 and
2.3, the role of the GA and LAs are different in the bottom-up and
top-down designing.

The down half of Fig. 2.2 shows .access to the DDBS. This part
is also the same as the top-down designing. The EXS query based on
the EXS is issued via the interface 21 and is translated to the GCS
query based on the GCS, which is written in QUEL as stated in 2.1,
by the EXS/GCS transform. The transform utilizes the EI in the NDD.
The GCS/LCS transform, i.e. QD, takes the GCS query based on the GCS,
and deéompcses it into a sequence of the LCS gueries.

| The sequence includes the synchronization of executions of each

LCS query, transmissions of data between sites, and error recovery.
This requires a protocol to communicate with the QD and QTs.

The LCS/LIS transform, i.e. QT, takes the LCS query issued by the
QD via the network, and t:ansiates it into a sequence of the LIS DMLs

executable on the DBS.
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3. Integration and Diétribution Information

Under the aséumption that each database system in the DDBS has been
homogenized already, let us discuss the integration of the local con-
ceptual schema ( LCS ) layer into the global conceptual schema ( GCS )
layer and the distribution informafion ( DI ) in this chapter, The
global administrator ( GA ) defines the GCS by means of the language,
GSDL, on the basis of the LCSs distributed over the network. Such a

definition of the GCS, i.e. the set of the GSDL statements, is called a

distribution description ( DD ). The DD represents not only the
definition of the GCS but also the correspondence between the
GCS and LCSs. This correspondence information is a main part of
distribution information { DI }.

At first, semantic relationships between the LCSs are dis-
cussed in 3.1. The DD is discussed in 3.2. The DI is touched on

in 3.3.

3.1 Semantiec Links

In order to integrate more than one database system, any semantic
relationship has to exist among them. To represent such semantic rela-
tionships, we introduce the concept of semantic links. The semantic link
can exist between two relatiomns if both relations share the same domain.
The semantic link alse represents the set-theoretical relationship between
two subsets of both relations [see Fig., 3.1l.

In Fig. 3.1, A} and B) are subsets of relations A and B,,reSpECtiVEIYsV
and have the same scheme. The relationship A; EQ A; indicates fhat two
relations A} and A; have the same occurrence. Aj; € Ap; shows that every

occurrence of A; is included in Ap;. A} 0 Ap represents that both relarions
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Ay and A, ‘have a set of tuples in common. Ay U A, shows that Aj; and Ap

have the same scheme but do not have any tuple in common.
Fig. 3.2 shows the semantie relationship between three relations,

i.e. PROJECTs at site 1 and 2, and PROJ at site 3. Fig. 3.3 shows semantic

link based on Fig. 3.2.

3,2 Distribution Description ( DD )

A set of the GSDL statements for defining a GCS is called a distri-
bution description { DD ) of the GCS. 1In reality, the GCS is dexived
from the RDs of the LCSs. It is also similar to the view definition
[STONM76] of the relational model. In designing ghe relational database,
starting from one universal relation, it is vertically decompoéed into
relations in a normal form. Hence, views which reference hase relations
are defined in terms of relational operations, i.e. projections, restric-
tions, and joins. But in-the bottom-up type DDBS, relations at each site
are not ones decomposed from one universal relation, but cnes which have
existed already at the site. This means that the unieon opération is
required in addition to joins as multi~-relation operations. This is
similar to the relations horizontally decomposed from the reiation.

Consequently, the following functions are required to make up '
the distribution description ( DD ):

"1) naming GCS relations and attributes,
2) corresponding the GCS attributes to the arithmetic expressions

gver the LCS attributes,
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3) felatiopal oprations: jeins, projections, restrictions, and
unions, and
4) translations of wunits and representations of data ( e.g.
minutes to seconds, character to integer. ).
'The required data cén be defined completely and non-procedurally
in the relaticnal calculus language. Hence, QUEL is adopted as the

common access language. It consists largely of twe parts, target—-

list and qualification. The target list represents how the
result attributes are expressed in terms of attributes of the
relations referenced by the query. It plays a role of not ogly
projection but also naming of the result attributes. Thér
qualification represents a condition which the result relation has
to satisfy in a formula including joins and restriétions.
This means we can only vertically join relations. As mentioned
before, the definitlon of the GCS réqiures the union of relations,
i.e. horizontal composition of relations. But we cannot express
the unions in QUEL. Hence, we extend QUEL so as to‘represent the
union. Such an extended QUEL is called a GSDL.

Let us describe the GSDL., It is composed of three kinds of
statements, say, drange, define, and drop statements. The drange
statement is used to define tuple variables against the LCS

relations and is written in a following form.

drange ( XpeneaX )« X1:815..>Xmisn ) 3

each x;,{for i=1,..,,m}, stands for tuple variable which ranges over

the LCS relation Xi at the sire si. Here, each X4 and each sy

need not be necessarily distinet respectively. For example,let
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us suppose there exist three relations EMP, DEPT, SAL at sites 1,

3, 1, respectively. The following statement defines three tuple

variables e, d, s against relations EMP, DEPT, SAL, respectively.

drange ( e, d, s ) ( EMP:1, DEPT:3, SAL:1 ) ;

The define statement is used to define a GCS relation in

terms of the LCS relations in a following form.

‘define <type> <gcs-rel-name> { [ges-att-list > )

< sub-def > {:<sub—def>} H

< ges-rel-name> is a name of the GCS relation to be defined. <type>
indicates whether this GCS relaticon is an ESR  or ﬁSR.

<gcs-att-list > is a list of the GCS attributes which compose the
GCS relation. In it, the unit cof the attribute is also able to be
defined. <sub-def>is called a subdefinition of the GCS relation

and is in a follewing form.
< sub-def > 1:= (< taget-list > ) where < qual >

The target list and qualification are the same as QUEL. Like QUEL
< sub-def> represents conventional vertical joins. The list of
stbdefinitions divided by colon means that tﬁe GCS relation to
be defined is the union of the results each of which is derived
from gach subdefinition. In drder to take the union of the relations,
their schemes have to be the‘same. To dé that, by the target lists
of subdefinitions, the schemes of their result relations can be the
samé.

The drop statement plays a role of removing the GCS relation

defined already. Its form is as follows.
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drop, <gcs—rel-pame >

Let us take Fig. 3.3 as an example. Three LCS relations are
related by means of semantic links as shown in Fig. 3.2. Fig. 3.4
shows the GCS relation of type ESR, PROJECT ( pno, pname, manager,

budget, loc }, defined over three LCS relations; PROJECT at site 1,

"PROJECT at site 2, and PROJ at site 4,

3.3 bistribution Information ( BI )

The distribution information ( DI ) represents the corres—
pondence information bgtween the élements of the GCS and.the LCSs.,
The DI is initiated in the integration, and geperated from the
heterogeneity information {( His ) of sites and the distriﬁution
description-( DD ) defined by the GA.

1) schema information relation (lSIR ).,

2) correspondence information relation { CIR ), and

3) location information relation ( LIR ).

The schemes of these relations and inter-relationships between
them are shown in Fig., 3.5. The SIR is the description of thé
schemes of the GCS relations.

The CIR represents the correspondence between the GCS
relation and the LCS relations. The attribute, subdefinition, of

the CIR takes relational cleulas expressions defined in the

DD as wvalues.
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The LIR represents where each LCS relation is located. In

the LIR, the performance information of the LCS relation and

attribute such as its cardinality, size, and width, can be also

defined. Such information are also stored in the HI of the
correponding LCS. That is, it results in the redundancy. We think
that whether such performance information is kept redundantly in
both DI and HI depends on the query processiﬁg strategy. In my
opinion, the location information which represent the locaticns of
.the LCS relations have to be maintained at every site in order to
gain reasonable performance. Hence, it is desirable for £he DI not
to include the large ﬁerformance informatibn; The other reason 1is
that it is relatively dynamic, time—varying compared with the schema
information in the SIR. If such dynamic informatioﬁ are strongly.
redundantly distributed, it becomes difficult to control the  con-

currency access to and consistency of them.
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4, Query Decomposition ( QD )

The QD decomposes a query based on the GCS ( call it a GCS query
or GQ ) -into a sequence of queries based on the 1CSs { call them LCS
queries or LQgs ). It is comose& of two subparts: translation of ref-
erenéed GCS relations and processing of ihter—site queries. Query

modification technique[STONM76] can be adopted for doing the first.

Tc process inter-site query, either one relation has to be
transmitted into the otﬁer vié a network. Since the network causes
a bottlemeck of the DDBS due to its restricted capacity, the transmis-
sion ordexr of relations affects on the DDBS perfofmance. It is closely
related to a way of designing the DDBES. In a case of top~down designing,
data can be allocated to sites so that query processings are localized.
Furthermore, sizes of intermediate results can be estimated more
'easily. However, in a bottom—up design case, sine data have existéd
already independently of applications' quuifements, mere inter-site
processings may be required and it is difficult to estimate sizes of

intermediates,

4.1 Basic Assumptions

On considering the lQD, we make the following assumptions.on the
network:
1) It is a site-to-site type, bu not a broadcast one.
2) 1t is always lightly loaded. Therefore, there is no need for con-
sidering queueing delay.
3) Its communication cost depends on a distance, and its measure 1is
“time. A logical cost, LCij’ is defineq as a delay time for t:ansmitf
ting a packet from cite 1 to j. It is also propertional to the
number of heps between them.

4) Local processing costs are neglectable compared with communication
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costs.

We alsc make the following aséumptions on processings at sites:
1) Each site has a working spaée { WS ) which is managea in a rela-
tional form. Relations transmitted from fhe otber sites and results
of joins‘are stored in the WS.
2) Each site has two kinds of logical procéssors: a global database
processor ( GDP.) and local database processors( 1.DPs) [TAKIM79a].
The GDP'plays.a role of the QD and mamagément of the HI at each site.
Especially, the GDP. to which user states a 6Q is called a coordinate
GDP ( CGDP ) that is a centralized controller for processing the QD.
The LDP is responsible for the QT and management of the HI and WS,
and exists against a DBS. LDPs which suﬁpart data required by the
QD are cooperated under thé CGDP's control.
3) Let us consider an inter-site join of relations r' at site i and
r at j. When r' is transmitted form i to j, r' aﬁd site i are called a
source relation and site, respectively, and r -and site j a destina-
tion relation and site, respectively. A pair of a transmission of t'
to j, and a join of r' aﬁd-r at j is called a stage. It is a basic

unit of the inter-site query processing. LDP, stands for the LDP at

k

site k.

4.2 Objectives

The pﬁrpose of the QD is to generate an optimal sequence of stéges.
The objectives of thelQD which have been taken up[HEVNA78] are to |
minimize the communication éost and the response time. The network
causes a botfleneck of the DDBS due to its restricted capability. Om

the other hand, each site has some processing'capacities. Therefore,

292




in prder to achieve thése objectives, it is necessary to reduce the
network traffic for query processing and process gueries in parallel
at multiple sites. Works.which have been done so far[CHUW 79,HEVNA7S8,
EPSTR78,WONGE77] aim at achieving the quéctives. Their character-—
istic is that strategies for transmitting relations are determined.
by estimating sizes of intermediates in an off-line manner. This
estimation is based on sfatistics on relations such as selectivities
and cardinalities. The selectivity[HEVNA78,SELIP79] of an attribute
is defined as the ratio of the attribute cardinality to the cardi-
nality of the relation to which it belongs. This definition can be
true under an assumption that values of the attribute are even dis-
tributed. But we think that there are.still problems whether actual
distribution of values foliows well this assumption. In order to
make the selectivity more precise, [CHUW 79] prcoposes a method such
that selectivities of well-used values are accumulated in the di-
rectory each time the values are accessed. However, it is noted that
the more precise statistics on selectivities we have, the mere stof-
ages are required.

We argue the following points. First, the performance information
like selectivities and cardinalities have a dynamic property com—
pared with the schema information. Secondly, the QD and its required
information, i1.e. the DI, have to exist at the same site for the
efficieney purpose. It implies that every site has.to equip a full
copy of the DI. If eaéh site provides such dynamic information
strongly redundantly, the overhead for not only storing them but also
controlling consispency of and concﬁrrent access to them becomes se-
rious and enormous., Besides the objectives as stated above, therefore,

we would like to add onme objective, i.e. to keep the information
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- required by the Qb as small and static as possible,.

We can cummarize these discussions as follows. First, if every
site has the facility of the QD, the DI should not include the per-
formance information like selectivities. Secondly; we cannot obtain
necessary and sufficient information to decide strategies in an off-
line manner. We think, therefore, that it is a good candidate algo-
rithm for the QD to decide strategies operationally and keep the DI

static and small.

4.3 Strategies

Our strategies for processing inter-site queries are as follows.
First, the CGDP decides cosequent stages dynamically based on the
Statistics of result relations of the preceding stages. This results
in small and static DI.

Secondly,  the parts of the query that reference only one site are
processed locally at the site before the inter-gite parts are processed.
Because the local processings are neglectable in cost and results-in
the reduction of sizes of relaticns to be transmitted.

Thirdly, if two relations at different sites are to be joined,
the smaller one.is transmitted to the larger through a path with
minimum transmission cost. We do not consider strategles such that
two relations at different sites are transmitted to the other site and
joined there.

Lastly, even if all the stages issued by the CGDP do not com-
plete, if there exists a relation not being processed and a path with
transmission cost less than some threshold value, then it can be
transmitted through the path. By that, more than one stage can be

processed in parallel.
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Our QD for executing these strategies is cbmposed of four main

modules: query normalization ( QN ), query modification ( QM ), ini-
tial local query processing ( ILQP ), and transmission schéduling ( Is ).
The first two modules trénslate a GCS query into queries referencing
corrésponding LCS relations by means of query modification technique
[STONM76]. The last two are‘concerned wifh the ﬁrocessing of inter-

site queries,

4.4 Query Normalization ( ON )

A gualification part of a GQ is_generally written in an arbitra-
ry boolean combination form of comparison predicates. First, it is
normalized in a disjunctive normal form ( DNF }. Next, the normalized
GQ is further decomposed into a set of queries each of which has each
disjunct as its qualification. Such a query is called a decomposed GQ
{ DGQ }. 'This process is called a horizontal éuery decomposition.
Each DGQ can be executed independently. The result of the original GQ
can be obtained by taking the union of results of the DGQs. |

Then, for each DGQ, by looking up the DI, the semantic correctness
of the target?list and qualification is checked. Finally, its tree-
representations are coﬁstructed;

The QN brings in the easiness of logical handling of relational
queries. But, this does not mean that it :results in the optimal prbc—
essing of the queries. We think that, in order to adoptlthe query
modification method, it is necessary to normalize queries in the DNF.
There are still problems how to enhance the performance to process

"or" like " x.a = y.a or y.a = z.a".
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4.5 Query Modification ( QM )

The DGQ is tramslated into queries referencing corresponding
1LCS relations by means of . query modification[STONM76]. That is, first,
GCS attributes in the DGQ are replaced by expressions defined over
LCS attributes, which are stored in the DI. Then, qualifications in
definitions of the referenced GCS5 relations are conjuncted with the DGQ
qualification. The resultant query is called a global LCS query ( GLQ ).
A GCS definition includes generally more than one subdefinition[see 3.1].
Hence, a GLQ is created with respect to each combination of subdefini-
tions each of which belongs to the definition of each GCS relation
referenced by the DGQf

Let us consider the GCS relation PROJECT in Fig. 3.4 and a follow-
ing query: "find names and managers of the projects which exist at JIP-
DEC and whose budgets .are more than 15,000,000 yen." It is also written
in QUEL és follows:

range pY PROJECT;

DGQ: retrieve into R ( pr.pname, pr.manager ]

where pr.loc = "JIPDEC" and pr.budget =15000000;

It is in a DNF. By looking up the DI for the GCS relation PROJECT, we

can find its definition as shown in Fig.3.4. From the lst and 2nd sub-

definitions marked (1) and (2}, respectively, the following GLQs are gotten:

range ( pl, p2, p ){ PROJECT:1, PROJECT:2, PROJ:1 )3
GLQl: retrieve into R1 { p.pname, manager=pl.leader )

"JIPDEC" and pl.budget 2 15000000 and

)]

where p.loc

(L) p.puo = pl.pnd and p.pname = pl.pname and p.eyar = pl.eyar;

GLG2: retrieve into R2 ( p.pname, manager=p2.leader }

where p.loc = “"JIPDEC" and p2.budget 2 15000000 and

1

(2) p.pno = p2.pno and p.pname = p2.pname and p.eyar = p2.eyar;

The result of the DGQ, R, is the union of Rl and R2.
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4.6 Initial Local Query Processing { ILQP )

The GLQ references the LCS reiations at different sites. Next
problem is how to process such an inter-site query.

The GLQP can be divided into two parts. One references only one
site, and the other multiple sites. A conjunction of both is am origi-
nal GLQ's qualification. The former parts have to be processed, first{
closedly at one site, because it results in reduction of relations to
be tranémitted and‘its cost is assumed to be neglectable. We call such
a local processing an initial local query processing ( ILQP ).

The ILQP is composed of the following functions:

1) to make a query graph[TAKIM79b] of the GLQ, that is called a GLQ
graph ( GLQG )[ see Fig. 4.1 ],

?) to classify nodes in the GLQG into groups each of which consists
of the nodes at the same site and comnected by join-links at the site,
"3) to generate LCS queries ( 1.Qs } each of which corresponds to each
group, and send them to the corresponding sites.

For example, let us consider the GLQG in Fig. 4.1. The boxes represent
tuple variables. The links between nodes are join-links. The arrowed
links are result-links that represent result attributes. The remaining
links are resfriétion links. The dotted circles indicate the groups in
which all nodes are locally connected.

The LQOs generéted in such a manner is written in QUEL. Its target
1ist has to contain attributes for inter—site joining, along with the
result attributes specified .in the original GLQ. The result relations
of the LQs are stored in the WS.

Fig.4.2a showslthe query graph resulted by the ILQP. As seen in
this figure, i; contains only iﬁter—site ioins. Hence, it is called a

join query graph ( JQG ).
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4,7 Transmission Scheduling { TS )

We consider the generation of é transmission scheduling ( TS ), i.e.
an optimal sequence of stages, from the JQG in this section. Let r' and
r bé_a source relation at site i and a destination relation at j, respec-
tively. The stage consists of two subparts: a transmission of r' from i
to j, and a join of r' and r at j and storing of the result as r.- Hence,
let r':i +3j, c{r':i '+ j), and r':ir+ j:r be such a transmission, its
cost, and such a stage, respectively.

OQur algorithm for generating the TS is operatioﬁal but not static.
This means that the CGDP decides consequent stages based on monitored
information on results of preceding stages. To monitor such results,
each GDP manages two kinds of directories along with ﬁhe DI, i.e. logi-
cal transmission cost table { LCT } and query processing information

( QPT ). In the QPI, the performance information of intermediate re-

sults are stored in two relations: OPI/REL ( site-no, rel-no, cardi~

nality, width ) and QPL/ATT ( site-no, rel-mo, att-no, width ). They

maintain the performance information on relations and their attributes
produced by stages, respectively. Such information are carried back
to the CGDP by ACKs of stages from dgstination LDPs.

Each LCT entry, Lcij’ shows the communication cost between sites
i and j. Here, c(r:i » j) is [rI*LCij, where[rl stands for the size of
a relation r.

A priﬁitive unit of our algorithm is composed of following parts:
decision of next stage, reduction of the JQG, and update of the QPI.
Let us suppose that all the nodes in the JQG are marked FREE.

Supposg that a stage r":i -+ j:r is selected as next one. The CGDP
modifies the JQG. First, it marks r' SOURCE and r DEST in the JQG. Then,

join-links except omne between r' and r, each of which corre-
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spﬁhds to a join-link incident on r', are attached to r. If r' has a
"result-link, it is also attached to r'. In relation to such modification
of the JQG, the QPI/ATT is updated so as to meet the new scheme of r,

Let us consider the JQG in Filg.4.2a. Suppose that a stage, R4:4 > 3:
R3, is selected. Then, the JQG is reduced to one in Fig.4.2b. A join-
link, jA’ corresponding to j4 is attached to R3. Thus, j9 is a conjunction
of j, and g A result-link, o, corresponding to 0, is also attached
to R3.

The CGDP sends a transmission {( T ) command to site i and a join
(J ) command to jlsee Fig.4.7]. The T-is in a following form:

T( stage-no, s-site-no, s-rel-no, d-site-no, d-rel-no ).

On reéeiving it, the LDP, transmits r' to j, only if the LDPj is ready

i
for receiving. The J command, J ( stage-no, s-site-no, s-rel-no, d-site-

no, d-rel-no, target-list, qual, s-rel-size ), means that

retrieve into d-rel-no ( target-list ) where qual ;

The s-rel-size is a size of r', which is maintained in the QPI. By it,
the LDPj can allocate the WS for receiving r'. The target-list includes
join-attributes of r' with respect to its adjacent nodes except r and
join-attributes of r witﬁ respect to its adjacent nodes except r' aloﬁg
with result-attributes of r and r'. On receiving it, if the WS is
available for receiving r', the LDPj sends WSA to the LDPi aﬁd walts
for r'. If r' is received, it joins r' and r, stores its result in the
WS, and sends ACK which also carries the information of the result to
the CGDP. The sequence of the executions of Js ﬁas to be the same as
the CGDP's sending érder.

On receipt of an ACK for a stage, r':i - j:r, the CGDP trys to ré—

duce the JQG. First, it removes r' and its related join-links from the

JQG. Then, the QPI relations are updated using information in the ACK.




That is, all the tuples concerning r' are deleted from these relations

and the cardinality of r in the QPI/REL is updated by new value.
Next, we shall decide next stage. A stage, r':i ¥ j:r, that satis-
fies the following conditions is selected:
1) r' is marked FREE,
2} r is adjacent to r' in the JQG,
3) r is marked either FREE or DEST, and
4) c(r':i * j)is not only the minimum in the JQG but aiso less than
some threshold value {( THV }.
The lst condition ensures that r' is not being executed. The 2Znd con-
dition guafantees that there exists a join referencing r' and r.
The 3rd one ensures that, even if r is a destination oﬁ the other.stages
that have not completed yet, r' can be sent to r. It means that trans-
missions of more than one stage can be overlapped in a palallel manner.
Since transmission costs are overwhelming, we think these overlappings
are effective.
The last condition plays a role of protecting relations of larger size
from being transmitted when relations of smaller size are currently
being executed. If nodés with transmission cost < THV are not found, the
CGDP waits for completions of stages being executed. If all nodes are
marked FREE and no ﬂodes satisfying this condition can be found, the
THV value is reset using the QPI. We would like to determine its value
through simulation studies. They are under investigation.
. An ACK from a destination LDP to the CGDP, ACK ( stage-no, d-site-
no, d-rel-no, cafdinality ), carries thelcardinality of the result
relation of the stage. The scheme of the resulf is managed in the QPI

by the CGDE.
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The detalled description of our algorithm for the GDP is shown in

Fig.4.3 and for the LDP in Fig.4.4.

4.8 An Example of the TS

‘Let us consider Fig.4.2. Suppose that all the ILQfs have finishéd,
i.e. all nodes are marked FREE, and the LCT and sizes cf relations are
given in Figs. 4.5 and 4.6, respectively.rForAsimplicity, let each LCT
entry LCij be a minimumn hop numhber between i and j. Let the THV valge be
500. Let STk and-ACKk be the k—th stage and its ACK, respectivelj. THe

communication costs with respect to join-links are calculated as follows:

j2: ¢(R1l:1 + 2)

c(R2:2 » 1) = 500%2 = 1000
5

j4: c(R4:4 » 1) = 100%5 = 500 ; |ra| < |R1j
35: c(R3:3 1) = 200%2 = 400 | |r3| < |Rr1]
%36: c(Rh:h > 3) = 100%1 = 100 < 500 |r4] < |r3]
i8: c(R3:3 + 4) = 200%1 = 200 |R3] < [R5|

Hence, R4:4 - 3:R3 is selected as an STl and T is sent to 4 and J to 3.

R4 is marked SOURCE and R3 DEST. The JQG is modified as shown in Fig.4.2a.

As an STZ’ R5:4 3 3:R3 is selected[see Fig.4.2bl, because R3 and R5
are marked DEST and FREE, respectively, and c(R5:4 + 3) = 300< 500 that
‘is also the minimum. Here, R4 and R5 are transmitted in parallel.

Then, let us try to decide an ST.,. Here, only R, and R2 are marked

3° 1

FREE. Costs for possible transmissions are as follows:
j2: cf{RZ2:2 + 1)
j9: c(R1:1 + 3)

c¢(R1:1 » 2) = 500%2 = 1000> 500
500%3 = 1500 > 500,

Hence, no satisfactory stage can be found. Since R3 is not marked FREE,
we walt for ACK  and ACK,. On receipt of the ACK, R4 is deleted from

the JQG and QPI, and ACK2 is waited for. On receipt of ACKZ’ R5 is de-
leted and R3 becomes FREE. Suppose the size of R3 is 200. Since c(R3:3
+ 1) = 600> 500, the THV value is reset, i.e. THV « (1500 +1000 +500)/3

= 1000.
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‘ 3
SOURCE and R1 DEST.

So, ST. is R3:3 » L:Rl and executed[see Fig.4.2c}. R3 is marked

Since R2 is FREE and c(R2:2 - 1) = 1000, R2:2 - 1:R1l is selected
as STq[see Fig.4.2d], and R2 is transmitted to Rl. When both stages
complete, the JQG is reduced to one node graph[sée Fig.4.2e]., Since
it is a final result, it is transmitted to the CGDP.

Fig.4.2e summarizes this example. The horizontal axis shows time.

4.9 The Architectures of the GDP and LDFPs

Fig.é.f shows the architectures of the GDP and LDPs. User's query
is stated to the CGDP., The QN and QM take it and translate it into
GLQs using the DI. The ILQP creates LQs from the GLQ, issues them to
corresponding LDPs, and creates the JQG. The TS issues T and J ﬁom—
mands for executions of stages generated from the JQG and controls
their executions monitoring their intermediate results.

An LDP exists for one DBS. The LDP is composed of two main
modules. The one is called a QT[TAKIM79b]. It translates the LQ written
in QUEL into an executabie sequence, e.g. DBTG DMLs, executes it, and
stores the result as a relation in the WS. The other is a WS manager (
WsM ). It is composed of four submodules, WS, JOIN, TRANS, and REC. The
WS is a storage for storing intermediates. It will be implemented as a

SAM file., TRANS takes a T command from the CGDP and transmits the
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source relation. REC also sorts it on a join-attribute while receiving.
The JOIN takes a J command and sorts the destination :elation an a
join-attribute. If the source relation is all received, JOIN joins them,
stores the result as the destination relation, and sends ACK with the
information on the result to the CGDP. Since both relations are sorted
alréady, they can be easily joined by means of mwerge-join technique[

SELIP79]. Thus, we think it is easy to implement the WSM.
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5. Concluding Remarks

" In this paper, we have presented mainly the distribution problems
in the distributed database systems ( DDBSs ). The distribution problems
consist of three subproblems: 1) integration, 2) query decomposition,
and 3) distribution information ( DI } of the NDD., The integration is
a process which derives the GC§S relations from the LCS relations.

It is also similar to the view definition [STONM76] in the relational
model. The main difference between them is that only join operations
are used as multi-relation operations in the view definirion, but
the unicn operations are required in addition to joiné in the inte-
gration. We have proposed a GCS definition language ( GSDL ) which
is an extension of a relational calculus language QUEL so as to take
the union of relatiomns.

The set of GSDL statements is called a distribufion description
( Db ) for the GCS. The cerrespondence between the GCS and the 1.CSs
is expressed in a relational caleulus form. It is also stored in the
NDD as the distribution information ( DI } in a relational form.
It is desirable for the directory information to exist at the same
site as the process which requires it. Hence, the process for the
query decompositioﬁ { @b ) has to have the DI at the same site.
This means that the DI is stored fully redundantlf at each site. 1In
order that the DI is fully redundantly stored and the overhead for
controlling the consistency and concurrency of redundant copieslis
reduced, the DI have to be as small and static as possible.

Our query decomposition algﬁrithm which is called a TSA aims
at minimizing the DI and keeping it static. The QD algorithms

developed so far have been based on the estimation of the sizes
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of the intermediate results. The more infermation on statistics of

relations we have, the more complete decision of the strategies we
can do. It requires the information of a lafée size which are also
dynamic. That is to say, there exists a trade-off between complete
decision of the strategies and the management of required infor-
mation. From such observations that trying to decide the complete
strategy in an off-line manner Implies the large amount of infor-
mation required and dynamic, we think that it is better to decide
the strategy operationally,

Every LDP has to have the WS manager ( WSM ) which is also
a relational DBS. One of its important task is ﬁG join two rela-
tions. It is very simple and easy to be implemented, because the
source relation is sorted by the REC and the destination one is
also sorted bgfore joining.

We have implemented already.the ON, QM, TLQP in the (QD. We
are now trying to implement the TS using our in-house computer

network JIPNET.
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Site 2

T [pno, pname, syar, eyar].
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Fig. 3.3 Semantic Links Between Three Databases

drange ( pl, p2, p ) ( PROJECT:1, PROJECT:2, PROJECT:4 );

‘define ESR PROJECT ( pno, pname, manager, budget, loc )]
( p.pno, p.pname, manager=pl.leader, budget=pl.budget, p.loc )
(1) where p.pno = pl.pno and p.pname = pl.pname and p.syar = pl.syar and
p.eyar'= pl.eyar :
( p.pno, p.pnane, managef=p2.leader, p2.budget, p.loc )
(2) where p.pno = pZ2.pno and p.pname = p2Z.pname and p.syar = p2.syar and

p.eyar= p2.eyar ;

Fig. 3.4 The DD of the GCS relation PROJECT 309
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CGDP

algorithm

1)

2)

3)

4)

[

assumptions ]

let r':i > j:r be a stage where r' and r are a source relation at site

i and a destinationa relatiomn at site j.

initial local query processing ]

an ILQP is considered as a stage !+ j:ir where r is a

result relation of it. .

form the LQs each of which corresponds to each subgroup which
consists of the nodes not only at the same site but also connected
by join links. ‘

send the LQs to the corresponding sites.

create the JQG from the GLQG, whose nodes are the results of
the ILQP and links are the inter-site joins.

mark all the nodes in the JQG "FREE". '~ .
initiate the QPI which contains all the relation schemes
corresponding to the nodes in the JQG.

initiate the THV ( threshold value ) using the DI.

wait for ACKs ]

if the ACK from r is received,
then if r' corresponding to r is NIL, i.e. ACK for the ILQFP,

then go toe 4).

reduction of the JQG ]

delete r' from the JQG.
delete the join-links incident on r' from the JQG.

delete tuples concerning r' from the QPI.

update of the QPI ]

if the ACK is not for the most recent stage to r, then go to 2Z).
update the information of r in the QPI using the information
carried by the ACK. 7

mark r "FREE".

Fig. 4.3 TS Algorithm for the CGDP (1)
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5) [ final result ]

- if the reduced JQG contains only cne nede,
then send it to the CGDP, i.e. the node is a final result.

terminate.

6) [ decide a next stape ]

- sélect the nodes r' as a source node and r as a destination
note such that they satisfy the following conditions:
i ) r' is marked "FREE", '
ii ) r is adjacent to r' in the JQG,
iii) r 4is marked either "FREE" or "DEST", and
iv) S e{r':i > j ) is the minimum and.less than the THV value.

Here, efr':i + j ) = Ir'] * LCij"

7) [ form a stage and send it to the destination site ]

~ 1f such r and r' are found,
then
- form a stage, r':i + j:ir.
- send a transmission command { T ) to site 1 and
~ a join commands ( J ) to site j.
-~ mark r' "SOURCE" and r "DEST".
~ gset up the join-links between r and the nodes adjacent to r'
excepﬁ r, each of which corresponds to an link between r'
and each node adjacent to r'. |
1

- if r' has the result-link, move it to r.

- update the QPI/ATT so as to meet a new scheme of r.

b

8) [ satisfiable r and r' are not found j

- if all the nodes are marked '"FREE",
then reset the THV using the QPL. go to 6)
else © go to 2}).

Fig. 4.3 TS Algorithm for the CGDRP ( 2 )
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LDP algorithm
TRANS

1) if the transmission command { T ) is received from the CGDP,

wait for the WSA ( WS allocated ) from the destination site.

2) if the WSA is received,
transmit the scurce relation along with its scheme to the

destination site.

3) if the ACK for the transmission is received, then release the

source relation, r'.

JOIN
1) if the join command ( J ) is received from the CGDP,
then if the WS is available, then send WSA to the source site

sort r' on the join attribute, wait for transmission.

2) if all the scurce relation is received,
send ACK to the source site.
join the source relation to the destination relation with
respect to the target-list and qualification in the join
command using a merge-join (SELIP79].
form the information om the statistics of the result relation
of this join.

send ACK along with this information to the CGDP.

QT

1) if the LQ is received from the CGDP,
translate the LQ into a DML program by the QT.
execute the DML program.
store the result to the WS as a felapion.

send ACK to the CGDP.
REC
1) sort r' on the join attribute while receiving it.

2) if r' is received, send ACK to the source site.

Fig. 4.4 TS Algorithm for the LDFP
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213 2
214 2
314 1

i,j = site numbers

Fig. 4.5 Logical Transmission Cost Table (LCT)

(in byte)}

LCS

relations sizes
R1 500
R2 500
R3 200
R4 100
R5 300

Fig. 4.6 The Sizes of Reiations
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